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Abstract
Background Early-onset bone dysplasia is a common manifestation of hypophosphatasia (HPP), an autosomal 
inherited disease caused by ALPL mutation. ALPL ablation induces prototypical premature bone ageing 
characteristics, resulting in impaired osteogenic differentiation capacity of human bone marrow mesenchymal stem 
cells (hBMMSCs). As angiogenesis is tightly coupled with osteogenesis, it also plays a necessary role in sustaining 
bone homeostasis. We have previously observed a decrease in expression of angiogenesis marker gene CD31 in 
the metaphysis of long bone in Alpl+/− mice. However, the role of ALPL in regulation of angiogenesis in bone has 
remained largely unknown.

Methods Exosomes derived from Normal and HPP hBMMSCs were isolated and identified by ultracentrifugation, 
transmission electron microscopy, and nanoparticle size measurement. The effects of ALPL on the angiogenic 
capacity of hBMMSCs from HPP patients were assessed by immunofluorescence, tube formation, wound healing and 
migration assay. exo-ELISA and Western Blot were used to evaluate the exosomes secretion of hBMMSCs from HPP, 
and the protein expression of VEGF, PDGFBB, Angiostatin and Endostatin in exosomes respectively.

Results We verified that ALPL ablation resulted in impaired pro-angiogenic capacity of hBMMSCs, accounting for 
reduced migration and tube formation of human umbilical vein endothelial cells, as the quantities and proteins 
composition of exosomes varied with ALPL expression. Mechanistically, loss of function of ALPL enhanced ATP 
release. Additional ATP, in turn, led to markedly elevated level of ATP receptor P2X7, which consequently promoted 
exosomes secretion, resulting in a decreased capacity to promote angiogenesis. Conversely, inhibition of P2X7 
increased the angiogenic induction capacity by preventing excessive release of anti-angiogenic exosomes in ALPL 
deficient-hBMMSCs.
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Introduction
Tissue nonspecific alkaline phosphatase (TNSALP) is 
a cellular enzyme that is encoded by the ALPL gene in 
liver, bone, and kidney [1, 2]. Loss of function of the 
ALPL gene results in hypophosphatasia (HPP), a heredi-
tary disease with high incidence. HPP is characterized by 
loss of bone mass and decreased bone density and can 
lead to osteoporosis, pathological fracture, and skeletal 
deformities over time. However, as osteogenesis is cou-
pled with angiogenesis in bone repair and regeneration 
[3], increasing the capacity for angiogenesis can promote 
restoration of physiologic homeostasis in the damaged 
tissues. In our previous study, ALPL deficiency not only 
impaired the lineage differentiation of human bone mar-
row mesenchymal stem cells (hBMMSCs) and weakened 
osteogenesis [1, 4, 5], but also inhibited blood vessel for-
mation in the metaphysis of long bone in Alpl+/− mice 
[6]. However, the exact mechanism by which ALPL regu-
lates the angiogenesis ability of hBMMSCs has remained 
poorly defined, including whether the regulation is direct 
or indirect. Thus, we aim herein to elucidate the patho-
genic mechanism, with the aim to provide new insights 
into bone defect repair and regeneration for precision 
treatment of the disease.

Mesenchymal stem cells (MSCs) possess highly pro-
liferative and multilineage differentiation potential and 
coordinate with the vascular system to maintain homeo-
stasis of the bone environment [7, 8]. Physiologically, 
molecular crosstalk between MSCs and endothelial cells 
(ECs) provides a paracrine environment to activate ECs 
and promotes all processes of angiogenesis [9]. Exo-
somes, which are important mediators of the communi-
cation between MSCs and ECs, are membrane vesicles 
secreted by various types of cells and appealing candi-
dates as vectors of MSCs efficacy [10]. They are created 
by budding at both plasma and endosome membranes, 
have the same topology as the cell, and are enriched in 
certain proteins, lipids, and nucleic acids [11, 12]. Exo-
somes have multifaceted roles in modulation of various 
biological responses, including the angiogenic regulation 
of MSCs’ crosstalk with ECs [13, 14]. It has been sug-
gested that MSCs-derived exosomes have been suggested 
to play an active part in blood vessel development and 
progression in the repair of multiple tissue types [15, 16]. 
Angiogenesis is critical in maintaining bone homeostasis 
and promoting bone regeneration; however, it remains 
unclear whether MSCs can affect newly blood vessels 

formation through exosomal signalling and lead to path-
ological changes in HPP patients.

The quantity and quality of exosomes vary between 
physiological and pathological conditions, which can be 
regulated by genetic manipulation of the parental MSCs 
and potentially inverte the fate of the target cells com-
pletely [17, 18]. Aberrant exosomes secretion is associ-
ated with various human diseases, including Parkinson’s 
disease [19], multiple sclerosis [20], and Alzheimer’s dis-
ease [21]. Adenosine triphosphate (ATP) is a highly ver-
satile extracellular molecule that has been implicated in 
a variety of cellular activities, from energy provision to 
cell-to-cell communication [22]. P2X7 as an ATP-gated 
cation channel, the activation of which has been proved 
to not only promote secretion of extracellular vesicles, 
but also alter the content of exosomes [23]. It has been 
confirmed that P2X7 promotes metastatic spreading by 
enhancing production of miRNA-containing exosomes 
and microvesicles from melanoma cells [24]. Our previ-
ous study proved that ALPL deficiency in MSCs could 
result in redundancy ATP accumulation, exhibited the 
fate switch in MSCs differentiation and senescence [4]. 
However, whether this excessive ATP could account for 
aberrant exosomes secretion in MSCs and impaired cell–
cell communication with ECs by regulating the P2X7 has 
not been determined.

In the present study, hBMMSCs with a loss-of-function 
mutation in the ALPL gene were obtained from HPP 
patients. Investigation of the effects of ALPL on cell–cell 
communication between hBMMSCs and ECs suggested 
that ALPL promoted the pro-angiogenic capability of 
hBMMSCs via boosting of hBMMSCs–ECs communica-
tion. Then, we investigated the manner by which ALPL 
in hBMMSCs regulated the angiogenic potential of ECs 
and observed that ALPL mediated the pro-angiogenic 
capacity of hBMMSCs by an exosomes pathway. Spe-
cifically, we focused that ALPL altered the quantity and 
protein composition of exosomes, which may contrib-
ute to explaining the angiogenic potential induction of 
hBMMSCs. Mechanistically, we revealed that the ALPL–
ATP axis regulated exosomes secretion of hBMMSCs by 
the P2X7 receptor. Hence, the results of the current study 
provide new insights, including that the ALPL–ATP axis 
plays an essential role in regulation of new blood vessel 
formation during bone regeneration through regulating 
release of exosomes, suggesting a need for further explo-
ration of the function of the ALPL gene and the potential 
for new treatment methods via the revaluation ALPL.

Conclusion The ALPL–ATP axis regulates the pro-angiogenic ability of hBMMSCs by controlling exosomes 
secretion through the P2X7 receptor. Thus, P2X7 may be proved as an effective therapeutic target for accelerating 
neovascularization in ALPL–deficient bone defects.
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Materials and methods
Human subjects
Two HPP patients (male) aged 8 years were treated by the 
Affiliated Hospital of the Fourth Military Medical Uni-
versity for osteodynia. The healthy human bone marrow 
(BM) samples were collected from three teenagers aged 
12–14 years (male) who underwent the bone defect in an 
open lower limb fracture with bone grafting. The clini-
cal study was approved by the Ethics Committee of the 
Fourth Military Medical University (IRB-REV-2013-002), 
and informed consent was obtained from all parental/
legal guardian prior to tissue collection. It also conducted 
in accordance with the guidelines outlined in the Decla-
ration of Helsinki.

Isolation and culture of hBMMSCs
Cells were purified from BM using the Percoll den-
sity gradient centrifugation method and cultured in 
alpha minimum essential medium (α-MEM, Gibco, 
41090036,  USA) with 10% fetal basal medium (FBS, 
Gibco, 10099141,  USA), 2  mmol·L−1 L-glutamine, 
100  U·mL−1  penicillin and 100  mg·mL−1 streptomycin 
(Invitrogen, 15140148, USA) at 37 ℃ in 5% CO2 condi-
tion. After 48  h, non-adherent cells were washed with 
phosphate buffered saline (PBS, Gibco, 10010023, USA) 
and the attached cells were passaged with trypsin con-
taining 1mM EDTA after being cultured for 14 days.

Wound healing assay
For investigating the paracrine effect of hBMMSCs on 
ECs migration, 3 × 104 hBMMSCs were seeded into 
upper chamber of 6-well Corning Transwell plates (an 
0.4 μm pore size; Corning, USA). Then, 5 × 104 ECs were 
then seeded in the lower chamber. Following growth to 
100% confluence, cells were subjected to single vertical 
scratches using a 200  µL pipette tip. The upper cham-
ber of the transwell, which were already seeded with 
hBMMSCs, were washed three times with PBS and then 
co-cultured with ECs, and images were recorded at 0 
and 12  h after scratching. To investigate the effect of 
hBMMSCs exosomes on ECs migration, ECs were seeded 
in 6-well plates, with hBMMSCs derived exosomes 
(25  µg/mL) were added. Images were then recorded at 
0 and 12 h after scratching using an optical microscope 
(Lecia, Germany). The rate of wound closure was calcu-
lated as follows: (mean wound width-mean remaining 
width) / mean wound width × 100%.

Migration assay
Transwell migration assays were used to determine 
the effects of hBMMSCs derived exosomes on the abil-
ity to recruit ECs. Briefly, 3 × 104 ECs were seeded in the 
upper chamber of 24-well transwell plates containing 
a membrane of pore size 8 μm in each well. hBMMSCs 

exosomes (25 µg/mL) were added to the upper chamber 
containing serum-free medium. 500  µL of conditioned 
medium was placed in the lower chamber. Migrated cells 
were cultured for 6 h and then fixed for 15 min, followed 
by crystal violet staining for 10 min. Non- migrating cells 
in the upper chambers were gently removed using cotton 
swabs, and cells on the outside of the filters were counted 
and photographed by an optical microscope (Lecia, 
Germany).

Tube formation assay
The tube formation assay were conducted using the 
Matrigel basement membrane matrix (Corning, 356234, 
USA) according to the manufacture’s instructions. To 
study the paracrine effect of hBMMSCs on tube forma-
tion, they were co-cultured with ECs using 24-well tran-
swell plates containing a 0.4 μm pore size membrane in 
each well. Firstly, approximately 3 × 104 hBMMSCs were 
seeded in an upper chamber with 500 µL medium con-
taining exosomes-deprived FBS. After 48 h, Matrigel was 
added to the lower chamber about 300 µL per well using 
ice-cold tips and incubated at 37  ℃ for solidification. 
Then, 1.2 × 105 ECs were seeded into solidified Matrigel 
and co-cultured with hBMMSCs. After 3  h incubation, 
the cells were photographed using an inverted optical 
microscope (Lecial, Germany) and the number of tube 
formation and branch length was calculated by ImageJ 
software. To examine the effect of hBMMSCs exosomes 
to induce new vessels formation, Matrigel was dissolved 
and 96-well plates were coated. ECs were seeded on 
Matrigel-coated wells and cultured in medium supple-
mented with 1% FBS and hBMMSCs exosomes (25  µg/
mL). Cells were then incubated for 3 h and photographed 
using an inverted optical microscope (Lecial, Germany).

Exosomes extraction and characterization
After hBMMSCs had grown to approximately 80% 
fusion, the culture medium was replaced with exosomes-
deprived medium. After an additional 48  h culture, the 
medium was collected and firstly centrifuged at 2000  g 
for 10  min. The supernatant was then centrifuged at 
10,000  g for 30  min. After that, the supernatant was 
ultracentrifuged at 100,000 g for 70 min. The pellet was 
finally washed with PBS and ultracentrifuged at 100,000 g 
for a further 70 min again. The exosomes at the bottom 
of the tube were then resuspended in PBS. To identify 
exosomes, the morphology of exosomes was detected 
using a Thermo Fisher transmission electron microscopy 
(TEM; Thermo, USA). Nanoparticle tracking analysis 
(NTA) was used to determine the size of exosomes. For 
analysis of hBMMSCs exosomes secretion. Western Blot 
was used to compare the content of exosomes proteins 
from equal volumes of culture supernatant from different 
hBMMSCs. Exosomes ELISA complete kit (SBI, USA) 
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was used to quantify vesicles number, following the man-
ufacturer’s instruction [22].

Exosomes uptake assay
hBMMSCs derived exosomes was labeled with PKH26 
fluorescence dye (Sigma-Aldrich, USA) according to the 
manufacturer’s protocol. ECs were then incubated with 
PKH26-labelled exosomes for 12  h. After fixation with 
4% paraformaldehyde for 15 min, cells were blocked with 
5% BSA for 20–30 min, followed by staining with a solu-
tion of fluorescent phalloidin in PBS for 20 min at room 
temperature. Nuclei were counterstained using DAPI for 
10  min. Lastly, the uptake phenomenon was observed 
using a laser scanning confocal microscope (Nikon, 
Japan).

Quantification of angiogenic protein by ELISA
The secreted VEGF,  PDGFBB,  Angiostatin and End-
ostatin in the samples were quantified using human 
VEGF ELISA Kit (Proteintech, KE00216, China), human 
PDGFBB ELISA Kit (Proteintech, KE00161,  China), 
human Angiostatin ELISA kit (Neobioscience Technol-
ogy, E-EL-H6165,  China) and human Endostatin ELISA 
Kit (Proteintech, KE00259, China) according to manufac-
ture’s instruction. The level of VEGF, PDGFBB, Angio-
statin and Endostatin was determined at 450 nm.

Measurement of ATP concentration
The hBMMSCs were collected by ATP lysis byffer and 
centrifuged at 12,000 g at 4 ℃ for 5 min; then, the super-
natants of the hBMMSCs were examined by an Enhanced 
ATP Assay Kit (Beyotime, China).

Immunofluorescent staining
hBMMSCs were seeded onto chamber slides (Nunc, 
USA) (4 × 104/well), and cells were fixed with 4% PFA. 
Primary antibodies (1:100) were added to the cham-
ber slides and incubated at 4℃ overnight. After being 
washed in PBS three times, the slides were treated with 
secondary antibodies (1:200) for 75 min at room temper-
ature. Positive cells were examined using a laser scanning 
confocal microscope (Nikon, Japan).

Western blot
hBMMSCs were harvested in RIPA lysis buffer (Beyo-
time Co, Shanghai, China, P0013B). After the whole-
cell protein extracts were quantified by a bicinchoninic 
acid (BCA), extracts were separated on SDS polyacryl-
amide gel electrophoresis (PAGE) and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, 
Billerica, MA, USA). After blocking with 5% bovine 
serum albumin (BSA, MP Biomedicals, USA) for 1  h 
at room temperature, the membranes were incubated 
overnight with primary antibodies (1:1000). After being 

washed in Tris-buffered saline-Tween (TBST, solarbio, 
China,  T1081), the membranes were incubated in sec-
ondary antibody (1:10,000) for 1  h. Lastly, signals were 
visualized using electrochemiluminescence (ECL) analy-
sis (Tanon-Bio, 4600) and quantified by ImageJ software.

Antibodies
The antibody to ALPL (11187-1-AP) was purchased 
from Proteintech (Wuhan,  China). Antibody to CD81 
(GTX31381) was purchased from GeneTex (Texas, USA). 
Antibodies to CD9 (ab92726), TSG101 (ab125011), 
PDGFBB (ab16829) and P2X7 (ab48871) were purchased 
from Abcam (Cambridge, USA). Antibodies to VEGF 
(SC-57496) and Endostatin (SC-32720) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Antibody to Angiostatin (AF-226) was purchased from 
R&D (R&D sysstems, USA). Anti β-Tubulin antibody was 
purchased from Cwbiobiotech (Beijing, China).

Lentiviral vector construction and transduction
ALPL was amplified form human genomic DNA by 
PCR in order to construct a lentiviral vector expressing 
the human ALPL. The PCR product was digested with 
BamH I and Xho I restriction enzymes, inserted into 
the pLenti 6.3 vector (Invitrogen, USA), named pLenti-
ALPL. For downregulated ALPL, shRNA sequences 
targeting to human ALPL were inserted into pLko.1 vec-
tor (Invitrogen, USA). To produce lentivirus, 293T cells 
were co-transfected with the transfer vector and two 
packaging vectors (i.e., psPAX2 and pMD2.G). Subse-
quently, the virus was purified using ultracentrifugation. 
hBMMSCs were plated in 75cm2 cultured bottles and 
transducted with lentiviral constructs and 5 µg/mL poly-
brene (Sigma,  USA, 107689). Primers used to construct 
the lentiviral vectors of ALPL are listed in supplementary 
Table 1.

Transfection assay
siRNA duplex oligonucleotides against human P2X7 
were obtained from Ribo (GuangZhou, China). Non-
targeting control siRNAs were used as negative controls. 
The siRNAs were then transfected into the cells at a final 
concentration of 50  nM using a RiboFect CP Transfec-
tion Kit according to the manufacturer’s instructions. 
The medium was replaced after 8 h.

Statistics and reproducibility
All data were presented as mean ± standard deviation 
(SD). Prior to further analysis, the data were evaluated 
for normal distributions and similar variances between 
groups. Unpaired, two-tailed Student’s t-test was used 
for two groups comparisons and one-way analysis of 
variance (ANOVA) with Bonferroni for multiple com-
parisons. P values less than 0.05 were considered to be 
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significant. Despite the highly variable nature of the stud-
ies performed, the size of all the experimental groups 
were chosen to ensure adequate statistical power.

Results
ALPL deficiency in hBMMSCs impairs angiogenesis 
through paracrine pathway
ALPL gene deletion leads to decreased osteogenic dif-
ferentiation ability of BMMSCs [4, 5]. Given that bone 
regeneration relies on the coupling of osteogenesis and 
angiogenesis [3, 25, 26], we speculated whether deletion 
of the ALPL gene would affect the formation of new ves-
sels in bone. First, hBMMSCs with characteristics typical 
of MSCs were successfully isolated (Additional file 1: Fig. 
S1A-C). The transwell co-culture models were applied 
to detect the paracrine effects of MSCs on ECs. Using a 
scratch wound healing assay, we found that co-culture 
of HPP-patient-derived hBMMSCs (HPP hBMMSCs) 
and ECs significantly slowed the ECs migration rate to 
scratched regions at 12  h, compared with co-culture of 
normal-individual-derived hBMMSCs (Nor hBMMSCs) 
and ECs. However, the scratched areas in both the Nor 
hBMMSCs and HPP hBMMSCs groups were signifi-
cantly smaller than that of the ECs alone (control group) 
at each time point (Fig. 1A and D). In the cell migration 
analysis, a significant decrease in the number of migrated 
ECs was observed after culture with HPP hBMMSCs 
compared with those cultured with Nor hBMMSCs 
(Fig. 1B and E). The tube formation assay showed that the 
branch numbers, total tube length, and branching length 
were increased in the co-culture groups compared to 
the control group. Consistent with the results of the cell 
migration assays, the capacity for promoting tube forma-
tion of the HPP hBMMSCs group was lower than that of 
the Nor hBMMSCs group (Fig. 1C and F).

To further examine the angiogenic role of ALPL in 
hBMMSCs, we used lentiviral transduction to down-
regulate ALPL in Nor hBMMSCs (sh-ALPL) and 
upregulate ALPL in HPP hBMMSCs (HPP + pLenti-
ALPL) (Additional file 1: Fig. S1D and E). sh-ALPL 
hBMMSCs led to a significant reduction of ECs migra-
tion rate in the co-culture assay, whereas, the ability of 
HPP + pLenti-ALPL hBMMSCs to induce migration of 
ECs was restored (Fig. 1G and J). Similarly, the sh-ALPL 
hBMMSCs reduced the number of migrated ECs, mim-
icking the HPP hBMMSCs phenotype. Conversely, the 
HPP + pLenti-ALPL hBMMSCs rescued the cell migra-
tion (Fig.  1H and K). Finally, the tube formation assay 
also showed that the sh-ALPL hBMMSCs inhibited the 
tube formation of ECs, whereas the HPP + pLenti-ALPL 
hBMMSCs rescued the impairment in angiogenesis 
capacity, as confirmed by observation of tube formation 
numbers, branch lengths, and total length (Fig. 1I and L). 
These data demonstrate that the angiogenic-promoting 

effects of MSCs on ECs are regulated by paracrine, which 
are reduced by ALPL mutation.

Ability of ALPL to regulate pro-angiogenic capacity of 
hBMMSCs is blocked by GW4869
The formation and biological activity of exosomes can 
be highly regulated under different physiological and 
pathological conditions [27–29]. To determine whether 
ALPL’s angiogenic regulation of ECs is depended on 
the hBMMSCs’ exosomes pathway, we used GW4869 
to block secretion of exosomes from Nor and HPP 
hBMMSCs prior to co-culture with ECs. The migration 
rate and tube formation numbers of ECs co-cultured with 
Nor hBMMSCs showed no statistically significant differ-
ence compared with those cultured with HPP hBMMSCs 
(Fig.  2A–F). To further confirm these findings, we also 
blocked exosomes secretion of HPP + pLenti-ALPL 
hBMMSCs. Consistently, the angiogenic capacity 
restored by ALPL gene overexpression was inhibited 
(Fig. 2G-L). Collectively, these results indicate that ALPL 
in hBMMSCs regulates the angiogenic ability of ECs by 
secreting exosomes.

ALPL mutation inhibits pro-angiogenic capacity through 
hBMMSCs exosomes
Next, we identified features of exosomes derived from 
Normal (Nor exo) and HPP hBMMSCs (HPP exo) 
respectively, which were isolated and characterized 
by transmission electron microscopy analysis (TEM), 
nanoparticle tracking analysis (NTA) and Western Blot. 
TEM revealed typically round, bi-layer membrane-bound 
vesicles (Fig. 3A and Additional file 1: Fig. S1F) ranging in 
size from 100 to 200 nm in diameter and NTA exhibited 
a similar size distribution in borth of the Nor and HPP 
exo (Fig.  3B and Additional file 1: Fig. S1G). Western 
Blot revealed the expression of exosomes surface mark-
ers including CD63, CD9, CD81 and TSG101 in Nor and 
HPP exo respectively (Fig. 3C and Additional file 1: Fig. 
S1H). In addition, we found that exosomes labelled with 
fluorescent red dye PKH26 could be internalized by ECs 
(Fig. 3D).

We then investigated the effects of ALPL on regula-
tion of the angiogenic potential of hBMMSCs exo. ECs 
were treated with Nor, HPP and HPP + pLenti-ALPL exo, 
which derived from HPP + pLenti-ALPL hBMMSCs. Nor 
exo enhanced the migration rate of ECs compared with 
HPP exo or control groups. Furthermore, HPP + pLenti-
ALPL exo also promoted the ECs migration rate com-
pared with HPP exo (Fig.  3E, F, H and I). According to 
the results of the tube formation assay, Nor exo efficiently 
promoted the tube like structures formation of ECs, 
including markedly increased number of branches, as 
well as overall length and branch length compared with 
those of ECs alone or HPP exo groups. Furthermore, 
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compared with HPP exo, HPP + pLenti-ALPL exo also 
efficiently promoted the formation of tube-like structures 
of ECs (Fig. 3G and J). Taken together, these data demon-
strate that ALPL affects the angiogenic function of ECs 
by regulating hBMMSCs exosomes.

ALPL controls exosomes secretion in hBMMSCs
As exosomes contain a variety of proteins, we analyzed 
the expression levels of pro-angiogenic and anti-angio-
genic proteins in various exosomes. Western Blot analy-
sis confirmed that the level of pro-angiogenic proteins 
VEGF (vascular endothelial growth factor) and PDGFBB 

Fig. 1 ALPL deficiency in hBMMSCs inhibits ECs angiogenesis by paracrine pathway. (A) The migration rate of ECs co-cultured with Nor and HPP 
hBMMSCs, as assessed by scratch wound healing assay at 0 and 12 h. (B) The migration ability of ECs, as assessed by migration assay after 6 h of co-culture. 
(C) The tube formation capacity of ECs, as assessed by tube formation assay after 3 h of co-culture. (D-F) The quantitative assay for scratch wound heal-
ing assay (D) migration assay (E) and tube formation assay (F) respectively. ECs cultured with medium was served as the control group (Ctrl). To evaluate 
whether ALPL in hBMMSCs could induce ECs angiogenesis, we upregulated or downregualted the expression of ALPL in HPP hBMMSCs with pLenti-ALPL 
(HPP + pLenti-ALPL) or Normal hBMMSCs with ALPL shRNA (sh-ALPL) lentiviral transduction. (G) The migration rate of ECs co-cultured with Nor, sh-ALPL, 
HPP and HPP + pLenti-ALPL hBMMSCs, as assessed by scratch wound healing assay at 0 and 12 h. (H) The migration ability of ECs, as assessed by migra-
tion assay after 6 h of co-culture. (I) The tube formation capacity of ECs, as assessed by tube formation assay after 3 h of co-culture. (J-L) The quantitative 
assay for scratch wound healing assay (J) migration assay (K) and tube formation assay (L) respectively. All results were generated in three independent 
experiments. Data were shown as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 2 Inhibition of exosomes secretion by GW4869 blocks pro-angiogenic ability in the ALPL deficient hBMMSCs. (A) The migration rate of ECs after 
treatment with GW4869 pre-treated Nor hBMMSCs (Nor + GW4869) and HPP hBMMSCs (HPP + GW4869), as assessed by scratch wound healing assay. (B) 
The migration ability of ECs, as assessed by migration assay after 6 h of co-culture. (C) The tube formation capacity of ECs, as assessed by tube formation 
assay after 3 h of co-culture. (D-F) The quantitative assay for scratch wound healing assay (D) migration assay (E) and tube formation assay (F) respec-
tively. ECs cultured with medium was served as the control group (Ctrl). (G) The migration rate of ECs after treatment with HPP, HPP + pLenti-ALPL and 
GW4869 pre-treated HPP + pLenti-ALPL hBMMSCs (HPP + pLenti-ALPL + GW4869), as assessed by the wound healing assay at 0 and 12 h. (H) The migra-
tion ability of ECs, as assessed by migration assay after 6 h of co-culture. (I) The tube formation capacity of ECs, as assessed by tube formation assay after 
3 h of co-culture. (J-L) The quantitative assay for scratch wound healing assay (J) migration assay (K) and tube formation assay (L) respectively. All results 
were generated in three independent experiments. Data were shown as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001

 



Page 8 of 18Dong et al. Journal of Nanobiotechnology          (2024) 22:172 

(platelet-derived growth factor BB) were downregulated 
by more than half in the HPP exo group compared with 
the Nor exo group. However, anti-angiogenic proteins 
Angiostatin and Endostatin were markedly upregulated 
in HPP exo (Fig.  4A and B). ELISA assay also indicated 
that the level of pro-angiogenic proteins VEGF and 
PDGFBB were also reduced and anti-angiogenic proteins 
Angiostatin and Endostatin were elevated in HPP exo 
(Fig.  4C). To further elucidate the effects of anti-angio-
genic exosomes released from hBMMSCs under condi-
tions of ALPL deficiency, we upregulated (pLenti-ALPL) 
and downregulated (sh-ALPL) ALPL gene expression by 
lentiviral transfection of Nor hBMMSCs (Additional file 

1: Fig. S2A and B). Pro-angiogenic proteins were sur-
prisingly upregulated in exosomes derived from pLenti-
ALPL hBMMSCs (pLenti-ALPL exo) compared with Nor 
exo. By contrast, anti-angiogenic proteins were strikingly 
downregulated in pLenti-ALPL exo but upregulated in 
the exosomes of sh-ALPL hBMMSCs (sh-ALPL exo) 
(Additional file 1: Fig. S2C and D). ELISA assay was also 
performed the quantity of pro- and anti-angiogenic pro-
teins in different exosomes, which was consistent with 
Western Blot (Additional file 1: Fig. S2E). Collectively, 
these results indicate that ALPL regulates the angio-
genic protein content of hBMMSCs exosomes, which 

Fig. 3 ALPL deficiency inhibits the pro-angiogenesis ability of hBMMSCs exosomes. (A) Transmission electron microscopy exhibited the typical 
morphology of hBMMSCs exosomes. Scale bar, 100 nm. (B) Nanoparticle size distribution of hBMMSCs exosomes. (C) Western Blot analysis of exosomal 
proteins including CD63, CD9, CD81 and TSG101. (D) The uptake of hBMMSCs exosomes by ECs. ECs were incubated with PKH26-lablled exosomes 
(PKH26-exo; PKH26 is shown in red). ECs were co-stained with phalloidin (green) and nuclei were stained with DAPI (blue). Scale bar 50 μm. Magnification 
image of the area marked by white box was shown in right panel. Scale bar 25 μm. (E) The migration rate of ECs cultured in different types of exosomes 
at equal concentrations (25 µg/mL), as assessed by scratch wound healing assay at 0 and 12 h. (F) The migration ability of ECs, as assessed by migration 
assay after 6 h of culture. (G) The tube formation capacity of ECs, as assessed by tube formation assay after 3 h of culture. (H-J) The quantitative assay for 
scratch wound healing assay (H) migration assay (I) and tube formation assay (J) respectively. ECs cultured with medium was served as the control group 
(Ctrl). All results were generated in three independent experiments. Data were shown as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001

 



Page 9 of 18Dong et al. Journal of Nanobiotechnology          (2024) 22:172 

Fig. 4 (See legend on next page.)

 



Page 10 of 18Dong et al. Journal of Nanobiotechnology          (2024) 22:172 

in turn serve as crucial regulators of ECs’ function and 
angiogenesis.

In addition to protein composition [28], the quantity 
of exosomes [30] has been previously verified to have 
an important effect on the cellular behaviour. Here, we 
found that exosomes derived from HPP hBMMSCs 
expressed high levels of CD9 and TSG101 compared 
with Nor hBMMSCs (Fig. 4D). Using an exosomes ELISA 
quantitation kit, we also confirmed that exosomes secre-
tion was increased in HPP hBMMSCs (Fig. 4E). Then, to 
further evaluate whether ALPL could regulate exosomes 
secretion, we upregulated and downregulated ALPL 
in hBMMSCs by lentivirus transfection. Western Blot 
demonstrated that exosomes markers CD9 and TSG101 
were highly expressed in sh-ALPL hBMMSCs, consis-
tent with their levels in HPP hBMMSCs (Additional file 
1: Fig. S3A). Application of the exosomes ELISA quan-
titation kit showed that more exosomes were secreted 
in the sh-ALPL group than that in the normal group 
(Additional file 1: Fig. S3B). Given that HPP + pLenti-
ALPL hBMMSCs rescued the capacity of ECs angiogen-
esis, we hypothesized that ALPL overexpression in HPP 
hBMMSCs may reduce aberrant exosomes secretion. As 
predicted, compared with the HPP hBMMSCs, the exces-
sive exosomes release were prevented in HPP + pLenti-
ALPL hBMMSCs, as evidenced by the Western Blot and 
exosomes ELISA quantitation kit (Fig. 4I and J).

To further confirm this phenomenon, we exam-
ined intracellular exosomal proteins (CD9 and CD81) 
and found that the accumulation of exosomes in HPP 
hBMMSCs was significantly reduced compared with 
that in Nor hBMMSCs (Fig.  4F and G). Immunofluo-
rescence staining showed that fewer exosomal proteins 
accumulated in HPP hBMMSCs (Fig.  4H). Next, we 
tested intracellular exosomes accumulation in the nor-
mal, pLenti-ALPL, and sh-ALPL hBMMSCs groups; 
similarly, there were fewer exosomes in the downregula-
tion group, whereas more intracellular exosomes accu-
mulated in pLenti-ALPL hBMMSCs compared with Nor 
hBMMSCs (Additional file 1: Fig. S3C-E). More convinc-
ingly, HPP + pLenti-ALPL hBMMSC exhibited a stronger 
capacity to increase the intracellular exosomal proteins 
accumulation than HPP hBMMSCs as evidenced by 

higher expression levels of CD9 and CD81 by West-
ern Blot and immunofluorescence staining (Fig.  4K-M). 
These results suggest that ALPL is a crucial regulator of 
exosomes secretion in hBMMSCs.

ALPL deficiency in hBMMSCs increases exosomes secretion 
via ATP axis
Next, we explored the pathway by which ALPL regulated 
the secretion of hBMMSCs exosomes. Previous studies 
have shown that deletion of the ALPL gene in hBMMSCs 
leads to increased intracellular and extracellular ATP 
concentrations, which induces senescence of hBMMSCs 
by inhibiting osteogenesis and promoting adipogenesis 
[4, 5]. Hence, we surmised that the increased secretion 
of exosomes would also be regulated by the ALPL–ATP 
axis. Consistently, we also confirmed the extracellu-
lar ATP level in the HPP hBMMSCs was higher than 
that in the Normal hBMMSCs medium and the exces-
sively high level of extracellular ATP concentration was 
also detected in the sh-ALPL hBMMSCs, suggesting 
that ALPL in MSCs regulates ATP release (Additional 
file 1: Fig. S4A and B). Subsequently, we used ATP apy-
rase to hydrolyze an excess of ATP in HPP hBMMSCs 
(HPP + Apy hBMMSCs). Western Blot and ELISA quan-
tification kit indicated that decreased ATP level led to a 
reduction in exosomes secretion compared with HPP 
hBMMSCs (Fig.  5A and B). Moreover, ATP hydrolysis 
resulted in a greater accumulation of intracellular exo-
somes in HPP + Apy hBMMSCs compared with HPP 
hBMMSCs, as evidenced by Western Blot showing that 
intracellular exosomal protein levels in the HPP + Apy 
group were higher than those in the HPP group (Fig. 5C 
and D). Immunofluorescence staining indicated that 
large numbers of CD9-positive and CD81-positive intra-
cellular exosomes accumulated in HPP + Apy hBMMSCs 
(Fig. 5E).

Conversely, addition of exogenous ATP to Nor 
hBMMSCs (Nor + ATP hBMMSCs) increased exosomes 
secretion compared with that of the normal group, even 
without any change in ALPL gene expression (Fig. 5F and 
G). Similarly, fewer intracellular exosomes accumulated 
in Nor + ATP hBMMSCs compared with Nor hBMMSCs, 
as determined by Western Blot and immunofluorescence 

(See figure on previous page.)
Fig. 4 ALPL deficiency induces excessive anti-angiogenic exosomes secretion in hBMMSCs. (A-B) Western Blot analysis showed PDGFBB, VEGF, Angio-
statin and Endostatin expression in Nor and HPP exosomes. (C) ELISA analysis of PDGFBB, VEGF, Angiostatin and Endostatin levels in the Nor and HPP 
group. (D) Western Blot showed exosomes from Nor and HPP hBMMSCs expressed CD9 and TSG101. Exosomes proteins from equal volumes of culture 
supernatant of Nor and HPP hBMMSCs were loaded for Western Blot. (E) Exosomes volumes derived from Nor and HPP hBMMSCs were detected by 
exosomes ELISA complete kit. (F-G) The intracellular expression of CD9 and CD81 were assessed by Western Blot analysis. (H) Immunofluorescent stain-
ing showed CD9 and CD81-positive labeled exosomal proteins localized in Nor and HPP hBMMSCs. Scale bar, 10 μm. (I) Western Blot showed exosomes 
from HPP and HPP + pLenti-ALPL hBMMSCs expressed CD9 and TSG101. Exosomes proteins from equal volumes of culture supernatant of HPP and 
HPP + pLenti-ALPL hBMMSCs were loaded for Western Blot. (J) Exosomes volumes derived from HPP and HPP + pLenti-ALPL hBMMSCs were detected by 
exosomes ELISA complete kit. (K-L) The intracellular expression of CD9 and CD81 were assessed by Western Blot analysis. (M) Immunofluorescent staining 
showed CD9 and CD81-positive labeled exosomal proteins localized in HPP and HPP + pLenti-ALPL hBMMSCs. Scale bar, 10 μm. All results were generated 
in three independent experiments. Data were shown as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001
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staining (Fig.  5H-J). Taken together, these data dem-
onstrate that ALPL regulates the exosomes secretion 
of hBMMSCs via the ATP axis, clarifying that there is 
a tight link between the ALPL–ATP axis and exosomes 
secretion.

ALPL–ATP axis regulates exosomes secretion potential of 
hBMMSCs via P2X7 receptor
ATP regulates cellular function through activation of 
ionotropic P2X receptors and metabotropic P2Y recep-
tors [30]. P2X7 is an important ATP receptor that can 

Fig. 5 ALPL mutation increases hBMMSCs exosomes secretion through ATP axis. (A) HPP hBMMSCs was treated with 2 U/mL ATP-apyrase (HPP + Apy) and 
the exosomes markers were analyzed. Exosomes proteins from equal volumes of culture supernatant of Nor, HPP and HPP + Apy hBMMSCs were loaded 
for Western Blot. (B) Exosomes volumes derived from each groups were detected by exosomes ELISA complete kit. (C-D) The intracellular expression of 
CD9 and CD81 were analyzed by Western Blot. (E) Immunofluorescent staining showed CD9 and CD81-positive labeled exosomal proteins localized in 
Nor, HPP and HPP + Apy hBMMSCs. Scale bar, 10 μm. (F) Nor hBMMSCs was treated with 10µmol/L ATP and the exosomes markers were analyzed. Exo-
somal proteins from equal volumes of culture supernatant of Nor and Nor + ATP hBMMSCs were loaded for Western Blot. (G) Exosomes volumes derived 
from Nor and Nor + ATP groups were detected by exosomes ELSA complete kit. (H-I) The intracellular expression of CD9 and CD81 were analyzed by 
Western Blot. (J) CD9 and CD81-positive labeled exosomal proteins localized in Nor and Nor + ATP hBMMSCs, as assessed by immunofluorescent staining. 
Scale bar, 10 μm. All results were generated in three independent experiments. Data were shown as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; 
***P < 0.001
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control exosomes release and exosomes secretion is posi-
tively correlated with P2X7 expression [23]. To identify 
the mechanism involved in the secretion of hBMMSCs 
exosomes, we examined the relationship between the 
ALPL-ATP axis and P2X7. The results showed that P2X7 
expression was increased in HPP hBMMSCs comparing 
to Nor hBMMSCs (Fig. 6A and D). Similar results were 
obtained in sh-ALPL hBMMSCs, however, pLenti-ALPL 

hBMMSCs inhibited P2X7 expression (Additional file 1: 
Fig. S4C and D). To further examine the effects of ALPL 
on P2X7, we added apyrase to HPP hBMMSCs, which 
resulted in a decrease in ATP levels and inhibited P2X7 
expression, suggesting that the abnormally high ATP lev-
els in HPP may stimulate expression of P2X7 (Fig. 6B and 
E). By contrast, the addition of exogenous ATP to Nor 
hBMMSCs resulted in an increase in P2X7 expression 

Fig. 6 P2X7 serves as a key regulator of ALPL-ATP axis mediated exosomes secretion. (A, D) The expression of P2X7 in Nor and HPP hBMMSCs, as assessed 
by Western Blot analysis. (B, E) The expression of P2X7 was analyzed by Western Blot in Nor, HPP and HPP + Apy hBMMSCs. (C, F) The expression of P2X7 
was analyzed by Western Blot in Nor and Nor + ATP hBMMSCs. (G) P2X7 siRNA-treated HPP hBMMSCs (HPP + siP2X7) was collected and exosomes marker 
were analyzed. Exosomal proteins from equal volumes of culture supernatant of Nor, HPP and HPP + siP2X7 hBMMSCs were loaded for Western Blot. (H-I) 
The intracellular expression of CD9 and CD81 were examined by Western Blot. (J) CD9 and CD81-positive labeled exosomal proteins localized in Nor, 
HPP and HPP + siP2X7 hBMMSCs. Scale bar, 10 μm. All results were generated in three independent experiments. Data were shown as mean ± standard 
deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001
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compared with Nor hBMMSCs (Fig.  6C and F). These 
data indicate that ALPL exerts a certain regulatory effect 
on the expression of P2X7 in hBMMSCs through the 
ATP axis, and that this pathway may have a significant 
role in the regulation of exosomes secretion.

To investigate the role of P2X7 in exosomes secretion 
of hBMMSCs, we used short interfering RNA (siRNA) to 
knock down the expression of P2X7 in HPP hBMMSCs 
(HPP + siP2X7 hBMMSCs) and sh-ALPL hBMMSCs 
(sh-ALPL + siP2X7 hBMMSCs) (Additional file 1: Fig. 
S4E-H). As well as P2X7 inhibition, reduced secretion 
of abnormal extracellular exosomes was also observed 
in HPP + siP2X7 hBMMSCs, as evidenced by a decrease 
in expression levels of CD9 and TSG101 (Fig. 6G). West-
ern Blot and immunofluorescence staining indicated 
increased accumulation of intracellular exosomal pro-
teins in HPP + siP2X7 hBMMSCs compared with HPP 
hBMMSCs (Fig. 6H–J). Furthermore, similar to the find-
ings in HPP + siP2X7 hBMMSCs, siRNA knockdown 
of P2X7 in sh-ALPL hBMMSCs reduced the secretion 
of excessive exosomes and increased the accumulation 
of intracellular exosomes (Additional file 1: Fig. S4I-
L). Hence, these data show that the ALPL–ATP axis is 
required to maintain exosomes release from hBMMSCs 
through regulation of P2X7 levels.

P2X7 inhibition rescues angiogenesis impairment through 
reducing excessive anti-angiogenic exosomes release in the 
ALPL-deficient hBMMSCs
To further determine whether P2X7 could regulate 
angiogenesis through hBMMSCs exosomes, we per-
formed knockdown of P2X7 in HPP hBMMSCs using 
siRNA. Scratch wound healing and cell migration assays 
confirmed that ECs co-cultured with HPP + siP2X7 
hBMMSCs migrated more rapidly than those co-cultured 
with HPP hBMMSCs (Fig.  7A, B, D and E). The tube 
formation assay revealed that the formation of tube-
like structures, branches numbers, and overall length 
were all rescued in ECs co-cultured with HPP + siP2X7 
hBMMSCs (Fig.  7C and F). These observations suggest 
that P2X7 can regulate angiogenesis through the control 
of exosomes release. Consistent with this view, accord-
ing to the results of the scratch wound healing and cell 
migration assays, the migration rate of ECs was also sig-
nificantly increased when they were co-cultured with 
sh-ALPL + siP2X7 hBMMSCs (Additional file 1: Fig. 
S5A, B, D and E). Similarly, tube-like structures, branch-
ing length, and total length of ECs co-cultured with sh-
ALPL + siP2X7 hBMMSCs were found to be increased in 
comparison with those in the sh-ALPL hBMMSCs group 
(Additional file 1: Fig. S5C and F).

In summary, we found that exosomes derived from 
hBMMSCs exhibited pro-angiogenic ability; however, 
ALPL deficiency in hBMMSCs resulted in increased 

Fig. 7 P2X7 inhibition restores the pro-angiogenic capacity of HPP hBMMSCs. (A) The migration rate of ECs co-cultured with Nor, HPP and HPP + siP2X7 
hBMMSCs, as assessed by scratch wound healing assay at 0 and 12 h. (B) The migration ability of ECs, as assessed by migration assay after 6 h of co-culture. 
(C) The tube formation capacity of ECs, as assessed by tube formation assay after 3 h of co-culture. (D-F) The quantitative assay for scratch wound healing 
assay (D) migration assay (E) and tube formation assay (F) respectively. All results were generated in three independent experiments. Data were shown 
as mean ± standard deviation (SD); *P < 0.05; **P < 0.01; ***P < 0.001
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exosomes secretion but inhibited ECs angiogenesis. This 
decreased pro-angiogenic capacity was caused by abnor-
mal activation of the ALPL–ATP axis and increased 
P2X7 receptor expression, resulting in the secretion of 
more anti-angiogenic exosomes. Inhibiting the expres-
sion of P2X7 could rescue impaired angiogenesis through 
reducing excessive release of anti-angiogenic exosomes 
(Fig. 8).

Discussion
In 1988, ALPL was discovered to encode TNSALP, and 
loss-of-function mutation were identified in individu-
als with HPP, a disease characterized by compromised 
bone structure, density, and strength. Our previous 
study suggested that ALPL facilitated bone regeneration 
though ATP-mediated alterations in the differentiation 
lineage of MSCs [4]. Angiogenesis, the development of 
new blood vessels from pre-existing vessels, is intimately 
connected with osteogenesis during the process of skel-
etal development and remodeling [31]. Therefore, in the 
current study, we propose for the first time that ALPL 
orchestrates hBMMSCs exosomes secretion through 

ATP-mediated regulation of P2X7, thereby contribut-
ing to bone angiogenesis. Specifically, ALPL deficiency 
results in an increase in the secretion of exosomes con-
taining excessive anti-angiogenic cargo, which is inter-
nalized by ECs to decrease angiogenesis (summarized 
in Fig.  8). These findings extend the current emerging 
understanding of blood vessel network reconstitution 
during bone regeneration and could provide an alter-
native approach to optimize the therapeutic effects of 
angiogenesis by using MSCs exosomes mediated by 
ALPL-ATP axis.

Bone is a highly vascularized organ, and rapid and 
early vascularization is a prerequisite for both intra-
membranous and endochondral ossification during bone 
development [32]. MSCs are recognized as a pharma-
cological and therapeutic approach to facilitate angio-
genesis, which can increase the growth of ECs and 
enhance the formation of new blood vessels [33]. MSCs 
can be used in the reparative process through paracrine 
effects that are considered to represent the predomi-
nant mechanism in recovery from tissue damage [34]. 
VEGF is regarded as one of the most critical factors in 

Fig. 8 Schematic diagram depicts the detailed pro-angiogenic mechanisms of hBMMSCs exosomes mediated by ALPL-ATP axis. ALPL intact in hBMMSCs: 
hBMMSCs releases exosomes enriched with pro-angiogenic factors and propagates into nearby ECs. P2X7 as a major ion receptor for ATP, which mediates 
exosomes secretion. ALPL loss in hBMMSCs: ALPL deficiency enhances ATP release coupled with elevated expression of P2X7, resulting in excessive anti-
angiogenic exosomes secretion, which in turn inhibits the angiogenic capacity of ECs.
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vascular development and regeneration [27]. Indeed, 
VEGF secreted from catalpol-treated BMMSCs has 
been shown to induce a higher level of ECs angiogen-
esis in the calvaria defect area of OVX rats [35]. Hence, 
elucidating the interaction between BMMSCs and ECs 
within the bone marrow microenvironment is signifi-
cant for further investigation of their contribution to 
vascular remodeling. In bone, ALPL is localized on the 
entire cell surface of BMMSCs and has long been used 
as an osteoblast marker. hBMMSCs isolated from HPP 
patients exhibit extremely low ALP activity and display 
decreased osteogenic differentiation. Given that bone 
formation and pathological fracture healing is associ-
ated with modulating osteogenesis and angiogenesis, 
we aimed to determine whether there was a relationship 
between ALP activity and vascularization in bone, and to 
elucidate the potential mechanism. We illustrated that 
ALPL contributed to the promotion of ECs proliferation, 
migration, and tube formation via boosting BMMSCs–
ECs communication, which may promote vascularization 
and support tissue regeneration. However, the detailed 
mechanisms involved in ALPL-mediated BMMSCs–ECs 
communication via paracrine secretion need further 
elucidation.

Exosomes are major mediators of cell-to-cell commu-
nication and important paracrine factors that can regu-
late the tissue microenvironment, encouraging tissue 
repair and reconstruction, and performing a broad range 
of biological functions. In previous studies, BMMSCs 
exosomes were reported to induce angiogenesis and 
osteogenesis in a rat nonunion model [34]. Given the role 
of BMMSCs in the regulation of biological function in a 
variety of cells via exosomes [36], it is reasonable to spec-
ulate that BMMSCs exosomes might be involved in the 
regulation of ALPL-mediated cell–cell communication in 
angiogenesis. The results of our present study suggested 
that ALPL regulates BMMSCs–ECs communication 
through exosomes secretion pathway, which indirectly 
orchestrates the biological behavior of ECs.

Different physiological and pathological conditions can 
influence the ability of exosomes to induce new vessel 
formation by altering their expression of both pro- and 
anti-angiogenic cargo [37]. In our study, we have shown 
that exosomes-mediated angiogenesis was related to the 
degree of ALPL expression, we investigated the under-
lying mechanisms. We found that compared with those 
derived from normal hBMMSCs, exosomes derived 
from HPP patients’ hBMMSCs markedly reduced the 
proliferation, migration, and tube formation of ECs, and 
exosomes derived from HPP patients’ hBMMSCs with 
recovery of ALPL expression could rescue the angio-
genic capacity of ECs compared with those from HPP 
hBMMSCs. Importantly, exosomes secreted under con-
ditions of ALPL deficiency in hBMMSCs contained high 

level of anti-angiogenic modulatory proteins such as 
endostatin and angiostatin. On the contrary, exosomes 
secreted from ALPL-upregulated in hBMMSCs had 
more pro-angiogenic factors such as VEGF and PDGFBB. 
Overall, our results suggested that the ALPL-mediated 
pro-angiogenic potential of hBMMSCs may be attrib-
uted to the effects of pro- and anti-angiogenic exosomes 
secretion.

Notably, in addition to the role of exosomes in altering 
expression of pro- and anti-angiogenic cargo, we found 
that the quantity of exosomes was the primary factor in 
regulating angiogenesis. Various microenvironmental 
factors including inflammatory cytokines, mutations, and 
hypoxia are known to regulate the secretion and bioactiv-
ity of MSCs exosomes [23]. Recent studies have revealed 
that PDGF participated in new vessels formation by 
stimulating MSCs after injury, which not only facilitated 
secretion of exosomes but also altered their proteomic 
content [37]. However, it is still unknown whether MSCs 
exosomes secretion is modulated by ALPL. Our previ-
ous studies have confirmed that bone ageing was partially 
orchestrated by the ALPL–ATP axis, which regulated the 
differentiation and senescence of MSCs [4]. It has been 
well established that ATP, once outside the cell, acts as 
an autocrine signal regulating multiple cellular functions, 
or as a paracrine signal that aids cell-to-cell communica-
tion [38–40]. Therefore, we propose here a mechanism 
by which the ALPL–ATP axis may function as a regulator 
of exosomes release, thereby modulating the formation 
of new blood vessels. Abundant evidences suggested that 
MSCs can release ATP spontaneously under both physi-
ological and pathological conditions [41–43]. Moreover, 
extracellular ATP can, in turn, regulate MSCs differen-
tiation, proliferation, migration, and tissue homing [44]. 
Here, we found that ALPL deficiency in hBMMSCs led to 
secretion of increased exosomes, which could be attrib-
uted to elevation of extracellular ATP concentrations. 
Hydrolyzation of additional extracellular ATP could res-
cue exosomes release in ALPL-deficient hBMMSCs. We 
also found that ALPL deficiency in hBMMSCs resulted 
in increased exosomes secretion but inhibited ECs angio-
genesis, suggesting that ALPL not only regulates the 
release of exosomes but also alters their proteomic con-
tent. Indeed, in contrast to normal hBMMSCs, downreg-
ulation of ALPL in hBMMSCs resulted in the secretion 
of large numbers of anti-angiogenic exosomes and aggra-
vated the inhibition of angiogenesis and neovasculariza-
tion. According to the literature, the effects of exosomes 
on angiogenesis seem to be dose dependent [45]. More 
specifically, low concentrations of MSCs-derived exo-
somes (1–10 µg/mL) were found to be more effectively in 
promoting proliferation, migration, and tube formation 
than a high concentration (100 µg/mL) [46]. In the pres-
ent study, we demonstrated that the low concentrations 
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of exosomes secreted by normal hBMMSCs increased 
pro-angiogenic capacity, whereas high-concentration 
exosomes derived from ALPL-deficient hBMMSCs had 
inhibitory effects. Collectively, our results showed that 
the ALPL–ATP axis could orchestrate secretion of pro- 
and anti-angiogenic exosomes by hBMMSCs and had a 
significant impact on vascularization, supporting tissue 
regeneration.

ATP as a soluble factor released into the cellular matrix 
in response to various stimuli, which modulates signals 
in an autocrine or paracrine manner through specifically 
binding to cell surface P2X and P2Y receptors [47]. Mul-
tiple P2X and P2Y receptors have been reported in MSCs 
preparations from different species and tissues, albeit 
with some noticeable variations in receptor type [48]. In 
particular, the purinergic receptor P2X7, a ligand-gate 
ion channel, produces a diverse range of membrane traf-
ficking responses in leucocytes and epithelial cells [49]. 
Evidence from previous studies suggested that P2X7 not 
only modulates the PI3K/AKT pathway but also acts on 
downstream effectors such as GSK3β, HIF-1α, and VEGF 
to regulate angiogenesis [50]. This evidence prompted us 
to further examine the functional role of P2X7 in regu-
lating BMMSCs exosomes secretion and vasculariza-
tion. We demonstrated that ALPL deficiency abnormally 
elevated P2X7 expression through ATP, leading to exces-
sive release of anti-angiogenic hBMMSCs exosomes and 
inhibited ECs function. Furthermore, it is well-known 
that there is a relationship of P2X7 receptor overexpres-
sion with tumor growth, migration, and invasion, which 
can reduce survival and accelerate progression [50]. On 
the contrary, blockade of P2X7 using short hairpin RNA 
(shRNA) or antagonists could represent a highly effective 
strategy to inhibit tumor growth. Indeed, the results of 
our experiments indicated that the exosomes secretion 
by hBMMSCs with downregulation of ALPL could be 
rescued by P2X7 siRNA. Moreover, the angiogenic effects 
of ALPL-deficient hBMMSCs-derived exosomes on ECs 
could be ameliorated by inhibiting P2X7 expression, indi-
cating a role of P2X7 in angiogenesis and its potential 
use in regeneration of bone and other tissue. At present, 
various P2X7 antagonists are undergoing clinical trials 
for the treatment of inflammatory diseases and appear 
to be safely tolerated by humans [51]. Nevertheless, there 
have been few reports of clinical trials involving blockade 
of the P2X7 receptor to reconstruct vascular networks 
in patients with pathological bone defects. Therefore, 
additional animal experiments are required to further 
examine whether P2X7 contributes to ALPL–ATP-medi-
ated angiogenesis and bone regeneration by controlling 
hBMMSCs exosomes secretion. Further, a P2X7-blocking 
antibody to promote new blood vessel formation during 
bone regeneration could be tested in clinical trials.

In summary, we have demonstrated a previously unrec-
ognized role of ALPL in vascularization involving in reg-
ulating hBMMSCs exosomes secretion mediated by ATP, 
and shown that P2X7 receptor blockade could represent 
an effective therapy for promoting angiogenesis in ALPL-
deficient bone defects. The discovered mechanisms could 
inspired us to design much more effective treatments for 
HPP, for example, bioengineering particles [52, 53] that 
could be used to capture and clear the abnormally excess 
of anti-angiogenic exosomes in HPP patients, thereby 
rescuing impaired angiogenic capacity. Furthermore, 
P2X7 antagonists could represent an effective therapy 
to promote new vesslel formation and accelerate new 
bone formation by inhibiting excess exosomes secretion 
of hBMMSCs in HPP patients. However, the extensive 
application and clinical popularization of P2X7 antago-
nists will need further validation in animal experiments, 
complicated disease models and large sample sizes. 
Finally, studies are needed to explore whether and how 
ALPL–ATP-mediated pro- and anti-angiogenic cargo 
assembles in hBMMSCs exosomes through mechanisms 
involving the P2X7 receptor.

Conclusion
In this study, we demonstrated that ALPL might be as 
a distinct regulator to control exosomes secretion and 
subsequently regulate the pro-angiogenic potential of 
hBMMSCs. ALPL deficiency impaired angiogenic abil-
ity of hBMMSCs, while inhibiting the expression of P2X7 
could rescue such impairment through reducing the 
excessive secretion of anti-angiogenic exosomes. These 
novel insights into the mediation of exosomes release 
by the ALPL–ATP axis may contribute to the devel-
opment of new strategies for vascularization in bone 
regeneration.
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