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A B S T R A C T

Background: Endothelial cells (ECs) function as an instructive platform to support haematopoietic stem cell
(HSC) homeostasis. Our recent studies found that impaired bone marrow (BM) ECs are responsible for the
defective haematopoiesis in patients with poor graft function (PGF), which is characterised by pancytopenia
post-allotransplant. Although activated autophagy was reported to benefit ECs, whether EC autophagy plays
a critical role in supporting HSCs and its effect on PGF patients post-allotransplant remain unclear.
Methods: To evaluate whether the autophagy status of ECs modulates their ability to support haematopoiesis,
human umbilical vein endothelial cells (HUVECs) and primary BM ECs derived from healthy donors were
subjected to knockdown or overexpression of Beclin-1 (an autophagy-related protein). Moreover, BM ECs
derived from PGF patients were studied.
Findings: Beclin-1 knockdown significantly reduced the haematopoiesis-supporting ability of ECs by sup-
pressing autophagy, which could be restored by activating autophagy via Beclin-1 upregulation. Moreover,
autophagy positively regulated haematopoiesis-related genes in HUVECs. Subsequently, a prospective case-
control study demonstrated that defective autophagy reduced Beclin-1 expression and the colony-forming
unit (CFU) plating efficiency in BM ECs from PGF patients compared to matched patients with good graft
function. Rapamycin, an autophagy activator, quantitatively and functionally improved BM ECs from PGF
patients in vitro and enhanced their ability to support HSCs by activating the Beclin-1 pathway.
Interpretation: Our results suggest that the autophagy status of ECs modulates their ability to support haema-
topoiesis by regulating the Beclin-1 pathway. Defective autophagy in BM ECs may be involved in the patho-
genesis of PGF post-allotransplant. Rapamycin provides a promising therapeutic approach for PGF patients.
Funding: Please see funding sources.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Endothelial cells (ECs), which line the interior of blood vessels, are
not only passive channels for nutrient transfer but also scaffolds that
provide essential paracrine signals for tissue maintenance and regen-
eration [1�3]. Emerging evidence from mouse studies indicates that
ECs are key elements that support haematopoiesis in the bone mar-
row (BM) microenvironment [4�7] by providing critical signals, such
as colony stimulating factor-1 (CSF-1) [8], that regulate haemato-
poietic stem cells (HSCs). Moreover, EC infusion promoted haemato-
poietic recovery in mice [9]. Poor graft function (PGF), which is
characterised by pancytopenia after allogeneic HSC transplantation
(allo-HSCT), is an appropriate model of human BM failure for
studying haematopoiesis [10�17]. Our series of reports have
shown that impaired BM ECs are responsible for defective haema-
topoiesis post-allotransplant [14,15,17�20], whereas prophylactic
strategies to improve BM ECs promoted haematopoietic reconsti-
tution in this context [18], further validating the vital role of BM
ECs in accelerating the haematopoietic recovery of engrafted
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Research in context

Evidence before this study

We conducted a review of the published work relating to
autophagy in endothelial cells (ECs) as it relates to the regula-
tion their haematopoiesis-supporting ability before initiating
this study on January 1, 2017. We repeated this review of the
literature before submission of our paper on October 19, 2019.
We conducted a systematic search on PubMed using the MeSH
terms (“endothelial cells” [Title/Abstract] AND “autophagy”
[Title/Abstract] AND “haematopoiesis” [Title/Abstract]). We did
not restrict the search by date, language, or article type. We
also screened the reference lists of articles identified for rele-
vant titles. ECs, which have been identified as preferential ele-
ments of the bone marrow (BM) microenvironment, possess
the capacity to support and regulate haematopoiesis in animal
studies. The impaired BM ECs were recently reported to be
responsible for the defective haematopoiesis in patients with
poor graft function (PGF), which is characterised by pancytope-
nia post-allotransplant. Autophagy, an essential homeostatic
process responsible for nutrient deprivation, can be activated
as a cytoprotective mechanism. Although activated autophagy
was reported to benefit ECs, whether EC autophagy plays a crit-
ical role in supporting HSCs and its effect on PGF patients post-
allotransplant remain to be elucidated.

Added value of this study

To the best of our knowledge, this is the first study to demon-
strate that Beclin-1 knockdown significantly reduced the haema-
topoiesis-supporting ability of ECs by suppressing autophagy, and
this ability could be restored by activating autophagy through
Beclin-1 upregulation. Subsequently, a prospective case-control
study illustrated that defective autophagy in BM ECs may be
involved in the pathogenesis of PGF post-allotransplant. The
impaired haematopoiesis-supporting ability of ECs could be
improved by activating autophagy in PGF patients, thus providing
a promising therapeutic approach.

Implications of all the available evidence

The current study demonstrated for the first time that the
autophagy status of ECs modulates their ability to support hae-
matopoiesis via regulation of the Beclin-1 pathway. Defective
autophagy in BM ECs may be involved in the pathogenesis of
PGF post-allotransplant. Rapamycin could improve the
impaired HSC-supporting ability of ECs by activating autoph-
agy, thus providing a promising therapeutic approach for PGF
patients post-allotransplant in the future.
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donor HSCs post-allotransplant. These findings suggest that BM
ECs play an essential role in regulating HSC homeostasis. How-
ever, the underlying mechanism by which ECs regulate HSCs
remains unclear.

Autophagy is a cellular pathway involved in protein and organelle
degradation and is primarily a protective cellular response [21]. Cyto-
protective autophagy in ECs exerts an antithrombotic effect by regulat-
ing von Willebrand factor secretion [22]. Paradoxically, overactivated
autophagy in ECs exacerbates vascular dysfunction by decreasing nitric
oxide production [23]. Beclin-1, an autophagy-related protein, plays a
critical role in the formation of autophagosomes [24�26]. In human
umbilical vein endothelial cells (HUVECs), the activation of autophagy
prevents cell death upon exposure to oxidative stress by activating
Beclin-1 [27]. Moreover, rapamycin, a pharmacological activator of
autophagy, was shown to attenuate cardiac hypertrophy by promoting
autophagy via modulation of Beclin-1 expression [24]. Accumulating
evidence has demonstrated the essential roles of ECs in supporting
HSCs and of autophagy in regulating the antithrombotic function of
ECs, raising the question of whether EC autophagy plays a critical role
in supporting HSCs. Moreover, it is unknown whether the effect of
autophagy on the HSC-supporting ability of ECs can be validated in a
human pancytopenia model.

Therefore, the current study was performed to investigate
whether the autophagy status in ECs regulates their ability to support
haematopoiesis. Moreover, we evaluated the effect of EC autophagy
on HSC support in PGF patients, and the results may illuminate a
promising therapeutic target for PGF patients post-allotransplant.

2. Materials and methods

2.1. Cultivation of HUVECs

HUVECs were obtained from ScienCell Research Laboratories
(Carlsbad, CA, USA) and cultured in EC medium supplemented with
EC growth supplement, 5% foetal bovine serum, and penicillin/strep-
tomycin solution (ScienCell, Carlsbad, CA, USA) at 37 °C in an incuba-
tor containing 5% CO2. HUVECs were treated with rapamycin (an
autophagy activator, 5 mM) or hydroxychloroquine (HCQ, an autoph-
agy inhibitor, 10mM) for 6 h.

Adherent cells were washed with PBS and gently detached with
trypsin containing 0.25% EDTA. The number of live cells per well was
counted with trypan blue (Solarbio, Beijing, China) by independent
investigators blinded to the group allocation.

2.2. Transfection of HUVECs or primary BM ECs derived from healthy
donors

For Beclin-1 knockdown, small interfering RNA (siRNA) targeting
Beclin-1 (sBECN) was synthesised (target sequence: 50-GGAGCCATT-
TATTGAAACTTT-30). HUVECs or BM ECs derived from healthy donors
were plated at 4 £ 105 cells/60-mm dish 18 h before transfection,
which was performed using the Lipofectamine 3000 protocol (Invi-
trogen, Carlsbad, CA) according to the manufacturer’s instructions.
For Beclin-1 overexpression, pcDNA3.1-BECN1 were transfected into
HUVECs or BM ECs derived from healthy donors using Lipofectamine
3000. Forty-eight hours after transfection, the cells were harvested.

2.3. Functional analysis of HUVECs

The levels of apoptosis and reactive oxygen species (ROS) were
analysed by flow cytometry as previously reported [14,16,19,28,29].
For intracellular protein detection, HUVECs were fixed, permeabi-
lised, and incubated with antibodies against microtubule-associated
protein 1A light chain 3 (LC3), p62 and Beclin-1. Intracellular protein
levels were analysed using an LSRFortessa and the associated soft-
ware (Becton Dickinson Biosciences, San Jose, CA, USA), and the
results are expressed as the mean fluorescence intensity (MFI).

Cell counting and migration assays were performed with HUVECs as
previously reported [14,16,19,28,29]. For DiI-acetylated low density lipo-
protein (DiI-AcLDL) uptake and fluorescein isothiocyanate-labelled Ulex
Europaeus Agglutinin-I (UEA-I)-binding assays, HUVECs were incubated
with DiI-AcLDL (Life Technologies, Gaithersburg, MD, USA) and FITC-
UEA-I (Sigma, St. Louis, MO, USA). To determine the number of double-
positive-stained ECs per well, three random high-power fields under a
fluorescence microscope (Olympus, Tokyo, Japan) were analysed.

2.4. Monodansylcadaverine (MDC) staining assay

HUVECs were cultured in 24-well plates. After three washes with
PBS, the cells were stained with MDC at 37 °C for 40 min, washed
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again, and inspected immediately. MDC-stained autophagic vacuoles
were evaluated using fluorescence microscopy (excitation wave-
length: 390 nm, emission wavelength: 460 nm).

2.5. Electron micrograph

HUVECs were fixed with 2% paraformaldehyde and 2% glutaralde-
hyde in 50 mM phosphate buffer (pH 7.4) for 10 min at 4 °C. The
buffer was then replaced with 2% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.4), and the samples were incubated at 4 °C overnight.
Sample preparation and imaging were conducted at Tokai Electron
Microscopy Inc. (Nagoya, Japan).

2.6. RNA sequencing (RNA-seq) and real-time quantitative polymerase
chain reaction (qRT-PCR)

To elucidate the regulatory mechanism underlying the impaired
haematopoiesis-supporting ability of HUVECs via Beclin-1 inhibition,
RNA-seq analyses were performed in HUVECs with siRNA-mediated
Beclin-1 knockdown as described previously [30]. Differential gene
expression between the Beclin-1-silenced (H-sBECN) group and the
control group was analysed by the DESeq2 package in R (1.16.1).
Gene ontology (GO) enrichment analysis of differentially expressed
genes was performed with the clusterProfiler package in R.

To confirm the RNA-seq results, the relative mRNA levels of
Beclin-1, JAG1, CSF-1, CSF-2, CSF-3, ETS1, IL-7, DLL1, THPO, CXCL-12,
VEGFR2 and E-selectin in the H-sBECN and control groups were ana-
lysed with SYBR Green-based qRT-PCR. The levels of the aforemen-
tioned genes were evaluated after normalisation to Actin mRNA
levels (detailed in Supplementary methods).

2.7. Western blot analysis

Cell lysis and protein concentration determination were performed
according to a previously described technique [14,28]. The membranes
containing the separated proteins were blocked and then incubated
overnight at 4 °C with antibodies against LC3 (1:3000, Proteintech,
Wuhan, China), Beclin-1 (1:1000, Cell Signalling Technology, Danvers,
MA), p62 (1:3000, Proteintech, Wuhan, China) and GAPDH (1:3000,
Cell Signalling Technology). Next, the membranes were washed and
incubated with secondary antibodies (1:5000, Santa Cruz Biotechnol-
ogy, Santa Cruz, California, USA) at room temperature for 60 min. The
protein bands were observed on X-ray films after incubation with ECL
reagents (Millipore, Bedford, MA). Different sample quantities were
used to establish a working range of sample loading. Band intensities
were compared with those of GAPDH by using ImageJ software.

2.8. Coculture of BM CD34+ cells with HUVECs for colony-forming unit
(CFU) assays

BM mononuclear cells (BMMNCs) were isolated by density gradi-
ent centrifugation. BM CD34+ cells were isolated from BMMNCs from
healthy donors with a CD34 MicroBead Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) and cocultured as nonadherent cells with adher-
ent HUVECs for 7 days in StemSpanTM SFEM (Stem Cell Technologies,
Vancouver, BC, Canada) [14,28].

CFU assays were performed using MethoCultTM H4434 Classic
(Stem Cell Technologies, Vancouver, BC, Canada) as described previ-
ously. Cocultured CD34+ cells (2 £ 103) were plated in 24-well plates
and cultured for 14 days. Colony-forming unit erythroid (CFU-E),
burst-forming unit erythroid (BFU-E), colony-forming unit-granulo-
cyte/macrophage (CFU-GM), and colony-forming unit-granulocyte,
erythroid, macrophage and megakaryocyte (CFU-GEMM) values
were obtained by viewing the cultures under an inverted light micro-
scope. Cultures were assayed in duplicate, and the results are
expressed as the mean § SEM.
2.9. Subjects

A prospective case-control study was conducted to evaluate
autophagy levels in BM ECs from patients with PGF and those from
matched patients with good graft function (GGF). Transplant recipi-
ents were identified from among individuals who received an allo-
transplant from March 13, 2017, to July 10, 2018, at Peking
University Institute of Hematology. A total of 40 patients who devel-
oped PGF were eligible. For each case, one matched transplant recipi-
ent with GGF was selected from the same cohort after matching for
age, pretransplant disease state and posttransplant interval (“risk-set
sampling”) [31]. None of the clinical characteristics, such as trans-
planted CD34+ cell dose, history of graft versus host disease (GvHD)
or cytomegalovirus (CMV) infection, or anti-CMV therapy with ganci-
clovir, were significantly different between the PGF and GGF patients
(Table S1).

BM samples from healthy donors (N = 23, 13 males and 10
females; age range, 21�50 years; median age, 35 years) served as
normal controls. The study was approved by the Ethics Committee of
Peking University People’s Hospital, and written informed consent
was obtained from all subjects in accordance with the Declaration of
Helsinki.

3. Definition of PGF and GGF

As previously reported, PGF [10�18] is defined as hypo- or aplas-
tic BM with at least 2 of the following criteria: (1) absolute neutrophil
count (ANC) �0.5 £ 109/L; (2) platelets �20 £ 109/L; and (3) hemo-
globin concentration �70 g/L for at least 3 consecutive days after day
+28 after HSCT or requiring platelet and/or RBC transfusion and/or G-
CSF support in the presence of complete donor chimerism. GGF
[10�20] was characterised by ANC >0.5 £ 109/L for 3 consecutive
days, platelet count >20 £ 109/L for 7 consecutive days, and haemo-
globin level >70 g/L without transfusion support beyond day +28
after HSCT. Patients with evidence of haematologic relapse after allo-
HSCT were excluded.

3.1. Transplantation protocols

Donor selection, HLA typing, graft harvesting, conditioning ther-
apy and GvHD prophylaxis were performed as previously reported
[32�34]. The subjects were screened for CMV infection by serology.
qRT-PCR was performed twice per week to detect CMV reactivation
in blood samples, and CMV infection was treated with ganciclovir or
foscarnet as previously described [14]. After allo-HSCT, rhG-CSF was
administered as previously reported [14].

3.2. Isolation, cultivation, characterisation and function analysis of
primary BM ECs

The isolation, cultivation and characterisation of primary BM ECs
from PGF patients, GGF patients and healthy donors were performed
following our previously published protocols [14,19,28,29]. BMMNCs
(1 £ 106/well) were seeded in 24-well culture plates precoated with
fibronectin (Sigma) and cultured in EGM-2-MV SingleQuots (Lonza,
Walkersville, MD, USA) [35] supplemented with 10% foetal bovine
serum (Gibco, MA, USA) at 37 °C in a humidified incubator with 5%
CO2. After 7 days of cultivation, BM ECs were treated with rapamycin
(5 mM) [24,36,37] or HCQ (10 mM) [38] for 6 h. The cultured BM ECs
were characterised by staining with monoclonal mouse antibodies
targeting human CD34, CD133, and vascular endothelial growth fac-
tor receptor 2 (VEGFR2, CD309) (Becton Dickinson) and running the
labelled cells through a BD LSRFortessa cell analyser (Becton Dickin-
son) [14,19,28,29,39,40]. Aliquots of isotype-matched antibodies
served as negative controls. Data were analysed with BD LSRFortessa
software (Becton Dickinson).
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BM ECs were evaluated with migration assays and DiI-AcLDL and
FITC-UEA-I double-staining assays as previously reported [14,19,28,29].
The levels of apoptosis, ROS and intracellular proteins in BM ECs were
detected by flow cytometry according to previously published protocols
[14,19,28,29]. The MDC staining assay, western blot analysis and the
coculture of BM CD34+ cells with BM ECs were performed using the
same protocol in HUVECs as described above.

3.3. Statistical analyses

Statistical analyses were performed using one-way analysis of
variance (ANOVA) for comparisons among groups. Wilcoxon
matched-pairs signed rank test for paired data was used to identify
drug effects [41�43]. Subject variables were compared using a chi-
squared test for categorical variables and a Mann-Whitney U test for
continuous variables. Analyses were performed with GraphPad Prism
8.0 (GraphPad Software, La Jolla, CA, USA), and P-values <0.05 were
considered significant.

4. Results

4.1. Inhibiting autophagy by knocking down Beclin-1 impaired the
haematopoiesis-supporting ability of HUVECs

To investigate whether genetic regulation of autophagy modu-
lates the haematopoiesis-supporting ability of ECs, Beclin-1 was
knocked down in HUVECs by siRNA. Beclin-1 knockdown in HUVECs
decreased Beclin-1 mRNA expression (Fig. 1a; 0.49 § 0.15-fold;
P = 0.03) and the intracellular levels of Beclin-1 protein (Fig. 1b; 0.89
§ 0.07-fold; P = 0.03; Fig. 1e and Fig. S1b; 0.33 § 0.09-fold; P = 0.02)
and LC3-II (Fig. 1c; 0.89 § 0.12-fold; P = 0.03; Fig. 1e and Fig. S1a;
0.55 § 0.008-fold; P = 0.0003) but increased the levels of p62 (Fig. 1d;
1.36 § 0.15-fold; P = 0.03; Fig. 1e and Fig. S1c; 2.54 § 0.14-fold;
P = 0.009) compared to the control. Moreover, Beclin-1 knockdown
in HUVECs decreased the numbers of autophagosomes and autolyso-
somes (Fig. 1f; 0.85 § 0.05-fold; P = 0.03; Fig. 1g) compared to the
control. Importantly, Beclin-1 knockdown decreased the ability of
HUVECs to support CD34+ cells from healthy donors (Fig. 1h), as
determined by the CFU-E (0.71 § 0.05-fold; P = 0.03), BFU-E (0.65 §
0.03-fold; P = 0.03), CFU-GM (0.80 § 0.07-fold; P = 0.03) and CFU-
GEMM (0.50 § 0.08-fold; P = 0.03) values, and increased the apopto-
sis rate of CD34+ cells from healthy donors (Fig. 1i; 1.39 § 0.07-fold;
P = 0.03). Beclin-1 knockdown decreased the HUVEC cell count
(Fig. 1j; 0.76 § 0.08-fold; P = 0.03) and migration abilities (Fig. 1k;
0.71 § 0.06-fold; P = 0.03) but increased the levels of ROS (Fig. 1l;
1.24 § 0.09-fold; P = 0.03) and apoptosis (Fig. 1m; 1.33 § 0.16-fold;
P = 0.03). These results suggest that downregulating autophagy by
Beclin-1 knockdown can quantitatively and functionally impair
HUVECs, with a noted decrease in their haematopoiesis-supporting
ability.

4.2. The impaired haematopoiesis-supporting ability of ECs was restored
by activating autophagy via Beclin-1 upregulation

To further investigate whether reconstituted expression of Beclin-1
improves EC function by rescuing the deficient autophagy induced by
Beclin-1 knockdown, Beclin-1 was reconstituted expressed in HUVECs,
which resulted in increased Beclin-1 mRNA expression (Fig. 2a; 2.86 §
0.48-fold vs. 0.39 § 0.05-fold; P = 0.03) and intracellular protein levels
(Fig. 2b; 1.25 § 0.14-fold vs. 0.84 § 0.09-fold; P = 0.03; Fig. 2e and Fig.
S1e; 1.15 § 0.09-fold vs. 0.29 § 0.05-fold; P = 0.007) and increased
LC3-II expression (Fig. 2c; 1.03 § 0.15-fold vs. 0.83 § 0.14-fold;
P = 0.03; Fig. 2e and Fig. S1d; 0.87 § 0.009-fold vs. 0.42 § 0.04-fold;
P = 0.01) but decreased p62 levels (Fig. 2d; 0.93 § 0.10-fold vs. 1.32 §
0.11-fold; P = 0.03; Fig. 2e and Fig. S1f; 1.21 § 0.04-fold vs. 3.11 §
0.20-fold; P = 0.01) compared to the levels of the corresponding genes/
proteins in cells with genetic knockdown of Beclin-1 (H-sBECN). Com-
pared to H-sBECN cells, reconstituted expression of Beclin-1 increased
the numbers of autophagosomes and autolysosomes (Fig. 2f; 1.27 §
0.15-fold vs. 0.84 § 0.12-fold; P = 0.03; Fig. 2g). Importantly, reconsti-
tuted expression of Beclin-1 decreased the apoptosis rate of CD34+

cells (Fig. 2i; 0.82 § 0.07-fold vs. 1.14 § 0.07-fold; P = 0.03) from
healthy donors and enhanced the ability of HUVECs to support these
CD34+ cells (Fig. 2h), as determined by the CFU-E (0.96 § 0.03-fold vs.
0.70 § 0.04-fold; P = 0.03), BFU-E (0.99 § 0.04-fold vs. 0.66 § 0.03-
fold; P = 0.03), CFU-GM (1.24 § 0.08-fold vs. 0.88 § 0.08-fold; P = 0.03)
and CFU-GEMM (1.23 § 0.18-fold vs. 0.60§ 0.13-fold; P = 0.03) values.
Reconstituted expression of Beclin-1 increased the cell number
(Fig. 2j; 0.94 § 0.09-fold vs. 0.77 § 0.08-fold; P = 0.03) and migration
(Fig. 2k; 1.07 § 0.09-fold vs. 0.81 § 0.08-fold; P = 0.03) and decreased
the levels of ROS (Fig. 2l; 0.96 § 0.05-fold vs. 1.14 § 0.06-fold;
P = 0.03) and apoptosis (Fig. 2m; 0.85 § 0.08-fold vs. 1.39 § 0.10-fold;
P = 0.03). Similar results were found in primary BM ECs derived from
healthy donors (Fig. S2). These results suggest that autophagy medi-
ated by Beclin-1 can improve EC function, especially their haematopoi-
esis-supporting ability.

4.3. Autophagy positively regulated haematopoiesis-related genes in
HUVECs

RNA-seq analyses were performed in HUVECs with siRNA-medi-
ated knockdown of Beclin-1. Among the 27,652 genes in the volcano
plot, 2579 were significantly differentially expressed between the
control group (HUVECs) and the H-sBECN group. In the H-sBECN
group, 639 genes were upregulated, and 789 genes were downregu-
lated (Fig. 3a). GO term enrichment analysis demonstrated that the
downregulated genes in the H-sBECN group were enriched in haema-
topoiesis-associated biological processes (Fig. 3b). The relative mRNA
expression levels of Beclin-1 and haematopoiesis-regulating genes,
including CSF-1, CSF-2, CSF-3, JAG1, ETS1, IL-7 and DLL1, were further
analysed using qRT-PCR in the H-sBECN, control, and Beclin-1 recon-
stitution (H-sB/pB) groups. Beclin-1 mRNA levels were significantly
different between the H-sBECN and control groups (Fig. 3c, 0.19 §
0.02-fold, P = 0.03; Fig. 3d, 0.37 § 0.02-fold, P = 0.03). Consistent with
the RNA-seq results, CSF-1, CSF-2, CSF-3, JAG1, ETS1, IL-7 and DLL1
mRNA levels were significantly lower in the H-sBECN group than in
the control group (Fig. 3c). Beclin-1 mRNA levels were significantly
upregulated in the H-sB/pB group (Fig. 3d, 5.0 § 2.80-fold, P = 0.03)
compared to the H-sBECN group. In accordance with these results,
the CSF-1, CSF-2, CSF-3, JAG1, ETS1, IL-7 and DLL1 mRNA levels were
significantly higher in the H-sB/pB group than in the H-sBECN group
(Fig. 3d). However, the mRNA levels of THPO, CXCL-12, VEGFR2 and E-
selectin in HUVECs were not modulated by their autophagy status
(Fig. S3). These data suggest that Beclin-1-dependent autophagy
might be one of the underlying mechanisms by which ECs support
HSCs.

4.4. Upregulating autophagy with rapamycin improved the
hematopoiesis-supporting ability of HUVECs

To investigate whether a pharmacological activator of autophagy
(rapamycin) improves HUVEC function, the expression of autophagy-
related proteins and the quantity and function of HUVECs were ana-
lysed. Compared with the control (no treatment), rapamycin
increased LC3 levels (Fig. 4b; 1.24§ 0.08-fold; P = 0.03) but decreased
p62 levels (Fig. 4c; 0.50 § 0.08-fold; P = 0.03) by upregulating Beclin-
1 expression (Fig. 4a; 1.76 § 0.30-fold; P = 0.03). To further confirm
the increase in autophagy upon rapamycin treatment, MDC staining
was performed to analyse autophagosomes and autolysosomes.
Increased numbers of autophagosomes and autolysosomes were
present in HUVECs after rapamycin treatment compared with the
control treatment (Fig. 4d; 1.50 § 0.08-fold; P = 0.03).



Fig. 1. Inhibiting autophagy via Beclin-1 knockdown impaired the haematopoiesis-supporting ability of HUVECs. (a) Beclin-1 mRNA levels were analysed by qRT�PCR after Beclin-1
knockdown in HUVECs. Intracellular (b) Beclin-1, (c) LC3 and (d) p62 levels in the Beclin-1 knockdown group (H-sBECN) and the control group were analysed by flow cytometry. (e)
Representative western blots of LC3, Beclin-1 and p62. (f) Representative images (left panel) and quantification (right panel) of intracellular autophagosomes and autophagic
vacuoles in the H-sBECN and control groups (original magnification, 10 £ , scale bars represent 50 mm). The numbers of intracellular autophagosomes and autophagic vacuoles
(green) per cell were counted in three random high-power fields and averaged. (g) Transmission electron microscope image of HUVECs in the H-sBECN and control groups. Images
were obtained with a JEOL 1200 EX transmission electron microscope. Double-membrane autophagosomes (open arrows) and single-membrane autolysosomes (filled arrows) con-
taining degraded material clustered at perinuclear sites (magnification: left 6000 £ , scale bars represent 2 mm; right 20,500 £ , scale bars represent 200 nm). (h) The CFU plating
efficiency and (i) apoptosis rate of BM CD34+ cells from healthy donors were analysed after 7 days of coculture with HUVECs. (j) HUVEC count after Beclin-1 knockdown.
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To explore whether pharmacological activation of autophagy
affects the ability of HUVECs to support HSCs, BM CD34+ cells from
healthy donors were cocultured with HUVECs after rapamycin treat-
ment. As shown in Fig. 4E, compared with the control, rapamycin
improved the ability of HUVECs to support CD34+ cells from healthy
donors, as determined by increases in the CFU-E (1.26 § 0.05-fold;
P = 0.03), BFU-E (1.30 § 0.08-fold; P = 0.03), CFU-GM (1.26 § 0.09-
fold; P = 0.03) and CFU-GEMM (1.50 § 0.16-fold; P = 0.03) values.
Rapamycin-treated HUVECs showed a decreased apoptosis rate
(Fig. 4f; 0.8 § 0.11-fold; P = 0.03) of CD34+ cells from healthy donors.
The in vitro upregulation of autophagy significantly increased the
number of cells with DiI-AcLDL and FITC-lectin-UEA-I double-stained
cells (Fig. 4g; 1.89 § 0.04-fold; P = 0.03) and the migration capacity
(Fig. 4j; 3.04 § 0.54-fold; P = 0.03) and decreased the levels of ROS
(Fig. 4h; 0.42 § 0.06-fold; P = 0.03) and apoptosis (Fig. 4i; 0.64 §
0.06-fold; P = 0.03) compared with respective values of the control
group. These data suggest that upregulated autophagy in HUVECs
can enhance their haematopoiesis-supporting ability.
4.5. Inhibiting autophagy with hydroxychloroquine reduced the
haematopoiesis-supporting ability of HUVECs

To investigate whether a pharmacological inhibitor of autophagy
(HCQ) impairs HUVEC function, the expression of autophagy-related
proteins and the quantity and function of HUVECs were analysed.
Compared with control treatment, HCQ decreased LC3 levels (Fig. 4b;
0.79 § 0.10-fold; P = 0.16) and increased p62 levels (Fig. 4c; 1.13 §
0.05-fold; P = 0.03) by downregulating Beclin-1 expression (Fig. 4a;
0.81 § 0.28-fold; P = 0.03). Moreover, HCQ decreased the numbers of
autophagosomes and autolysosomes (Fig. 4d, 0.73 § 0.05-fold;
P = 0.03).

BM CD34+ cells from healthy donors were cocultured with
HUVECs after HCQ treatment to explore whether pharmacological
inhibition of autophagy affects the ability of HUVECs to support HSCs.
Compared to the control treatment, HCQ decreased the ability of
HUVECs to support CD34+ cells from healthy donors (Fig. 4e), as
determined by the CFU-E (0.89 § 0.03-fold; P = 0.06), BFU-E (0.81 §
0.02-fold; P = 0.03), CFU-GM (0.88 § 0.05-fold; P = 0.03) and CFU-
GEMM (0.67 § 0.04-fold; P = 0.03) values. Coculture with HCQ-
treated HUVECs increased the apoptosis rate of CD34+ cells from
healthy donors (Fig. 4f; 1.04§ 0.09-fold; P = 0.22). Furthermore, com-
pared with the control treatment, HCQ decreased the number of DiI-
AcLDL and FITC-lectin-UEA-I double-stained cells (Fig. 4g; 0.83 §
0.06-fold; P = 0.06) and migration abilities (Fig. 4j; 0.84 § 0.07-fold;
P = 0.03) and increased ROS levels (Fig. 4h; 1.25 § 0.04-fold; P = 0.03)
and apoptosis (Fig. 4i; 1.41 § 0.12-fold; P = 0.03). These results sug-
gest that inhibiting autophagy with HCQ can quantitatively and func-
tionally impair HUVECs, with a specific reduction in their
haematopoiesis-supporting ability by regulating the Beclin-1 path-
way.
4.6. Defective autophagy and Beclin-1 pathway downregulation in BM
ECs from PGF patients

Subsequently, a prospective case-control study was conducted to
investigate the functional role of EC autophagy in patients with PGF,
a human model of BM failure after allo-HSCT. White blood cell (WBC)
count, ANC, platelet count and hemoglobin levels were significantly
lower in PGF patients than in GGF patients, but there were no differ-
ences in other demographic and clinical characteristics (Table S1).
(k) Representative images (left panel) and quantification (right panel) of the transwell migra
represent 50 mm). The number of migrated HUVECs per field of view was compared betwee
SEM) and (m) the apoptosis rate were analysed by flow cytometry. Wilcoxon's test for paire
and are provided in the figure. *P<0.05, **P<0.005, ***P<0.0005.
The representative EC phenotype was characterised as positive
expression of CD34, CD133 and CD309 as measured by flow cytome-
try (Fig. 5a). Defective autophagy in BM ECs, characterised by
decreased LC3 levels (Fig. 5b and e; 4579 § 321.5 vs. 5802 § 256.9;
P = 0.006), Beclin-1 downregulation (Fig. 5c and f; 2928 § 166.1 vs.
5924 § 477.3; P<0.0001), increased p62 levels (Fig. 5d and g; 6012 §
410.6 vs. 4324 § 217.0; P = 0.0003), and fewer intracellular autopha-
gosomes and autophagic vacuoles (Fig. 5h; 7.6 § 2.3 vs. 16.9 § 2.7;
P = 0.02) was observed in PGF patients compared with the corre-
sponding levels in GGF patients. These results suggest that autophagy
and Beclin-1 are significantly decreased in BM ECs from PGF patients
compared to those from GGF patients.
4.7. Reduced haematopoiesis-supporting ability of BM ECs from PGF
patients

To explore whether impaired BM ECs affect HSC function in vitro,
BM CD34+ cells from healthy donors were cocultured with BM ECs
from PGF patients and GGF patients. As shown in Fig. 5i and j, the
coculture of BM CD34+ cells with BM ECs from PGF patients led to sig-
nificantly decreased CFU plating efficiency, as evidenced by lower
CFU-E (30.75 § 3.57 vs. 45.63 § 4.33; P = 0.01), BFU-E (22.75 § 1.87
vs. 42.50 § 5.64; P = 0.01), CFU-GM (19.88 § 3.92 vs. 36.0 § 5.42;
P = 0.004) and CFU-GEMM values (1.38 § 0.6 vs. 4.0 § 0.93;
P = 0.03), in PGF patients compared to that in GGF patients. Coculture
of BM CD34+ cells with BM ECs from PGF patients evoked a signifi-
cantly higher apoptosis rate (70.98% § 3.51% vs. 36.88% § 6.59%;
P = 0.001) than did coculture with BM ECs from GGF patients.
4.8. Rapamycin-induced EC autophagy enhanced HSC-supporting
ability in PGF patients

To investigate whether rapamycin enhances autophagy in BM
ECs from PGF patients, the levels of LC3, Beclin-1 and p62 expres-
sion after rapamycin treatment were examined by flow cytometry
and western blot. Compared to the control treatment, rapamycin
increased the levels of LC3 (Fig. 6a; 1.55 § 0.32-fold; P = 0.0005) and
Beclin-1 (Fig. 6b; 1.28 § 0.26-fold; P = 0.005) but decreased the lev-
els of p62 (Fig. 6c; 1.0 § 0.15-fold; P = 0.0005) in BM ECs from PGF
patients. In addition, autophagosomes and autolysosomes were
more abundant (Fig. 6d; 6.0 § 1.75-fold; P = 0.02) in BM ECs from
PGF patients after rapamycin treatment. Taken together, these
results suggest that rapamycin can induce autophagy in BM ECs
from PGF patients.

As shown in Fig. 6e, rapamycin improved the ability of BM ECs
from PGF patients to support CD34+ cells from healthy donors, as
determined by the CFU-E (1.73 § 0.26-fold; P = 0.008), BFU-E (1.50 §
0.24-fold; P = 0.008), CFU-GM (1.48 § 0.23-fold; P = 0.008) and CFU-
GEMM (3.63 § 1.35-fold; P = 0.008) values. Rapamycin-treated BM
ECs from PGF patients decreased the apoptosis rate of CD34+ cells
from healthy donors (Fig. 6f; 0.89 § 0.03-fold; P = 0.0005). Rapamy-
cin-mediated upregulation of autophagy in BM ECs from PGF patients
in vitro increased BM EC number (Fig. 7b; 1.62 § 0.19-fold; P = 0.009)
and the extent of DiI-AcLDL and FITC-lectin-UEA-I double-staining
(Fig. 7a; 2.90 § 0.89-fold; P = 0.005) and reduced the ROS levels
(Fig. 7c; 0.78 § 0.07-fold; P = 0.03) and apoptosis (Fig. 7d; 0.84 §
0.05-fold; P = 0.0005) compared with the corresponding values in the
control treatment group. These results suggest that activating
autophagy can improve the function of BM ECs from PGF patients,
with a particular increase in their HSC-supporting ability.
tion assays in the H-sBECN and control groups (original magnification, 10 £ , scale bars
n the H-sBECN and control groups. In addition, (l) intercellular ROS levels (MFI, mean§
d data was used to identify drug effects. All P-values <0.05 were considered significant



Fig. 2. The impaired haematopoiesis-supporting ability of HUVECs was restored by activating autophagy via Beclin-1 upregulation. (a) Beclin-1 mRNA levels were analysed by qRT-
PCR after Beclin-1 knockdown (H-sBECN) and overexpression (H-sB/pB) in HUVECs. The intracellular levels of (b) Beclin-1, (c) LC3 and (d) p62 in the H-sBECN, H-sB/pB and control
groups were analysed by flow cytometry. (e) Representative western blots of LC3, Beclin-1 and p62. (f) Representative images (left panel) and quantification (right panel) of intracel-
lular autophagosomes and autophagic vacuoles in the H-sBECN, H-sB/pB and control groups (original magnification, 10£ , scale bars represent 50mm). The numbers of intracellular
autophagosomes and autophagic vacuoles (green) per cell were determined in three random high-power fields and averaged. (g) Transmission electron microscope image of
HUVECs in the H-sBECN, H-sB/pB and control groups. Double-membrane autophagosomes (open arrows) and single-membrane autolysosomes (filled arrows) containing degraded
material clustered at perinuclear sites (magnification: above 6000 £ , scale bars represent 2 mm; below 20,500 £ , scale bars represent 200 nm). (h) The CFU plating efficiency and
(i) apoptosis rate of BM CD34+ cells from healthy donors were analysed after 7 days of coculture with HUVECs. (j) HUVEC count and (k) representative images (left panel) and quan-
tification (right panel) of the transwell migration assays for the H-sBECN, H-sB/pB and control groups (original magnification, 10 £ , scale bars represent 50 mm). The numbers of
migrated HUVECs per field of view were compared among the H-sBECN, H-sB/pB and control groups. (l) Intercellular ROS levels (MFI, mean§SEM) and (m) the apoptosis rate were
analysed by flow cytometry. Wilcoxon's test for paired data was used to identify drug effects. All P-values <0.05 were considered significant and are provided in the figure. *P<0.05,
**P<0.005, ***P<0.0005.
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Fig. 3. Haematopoiesis-regulating genes, which were downregulated by Beclin-1 knockdown, were upregulated by Beclin-1 overexpression in HUVECs. (a) Volcano plots of the dif-
ferentially expressed genes between the H-sBECN and control groups. Red dots represent upregulated genes with log2[H-sBECN/control]>0.5 and P<0.05. Blue dots represent down-
regulated genes with log2[H-sBECN/control]<�0.5 and P<0.05. Grey dots represent genes with no significant difference between the H-sBECN and control groups. (b) Bar charts
show the biological processes of the enriched downregulated genes in the H-sBECN group. The bar indicates the -log10 of the P-value. (c) The relative mRNA levels of Beclin-1, JAG1,
CSF-1, CSF-2, CSF-3, ETS1, IL-7 and DLL1 in the H-sBECN and control groups were determined using qRT�PCR. (d) The relative mRNA levels of Beclin-1, JAG1, CSF-1, CSF-2, CSF-3, ETS1,
IL-7 and DLL1 in the H-sBECN, H-sB/pB and control groups were determined using qRT�PCR.
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Fig. 4. The effect of pharmacologic regulation of HUVEC autophagy on cocultured BM CD34+ cells. Intracellular levels of (a) Beclin-1, (b) LC3 and (c) p62 in HUVECs were analysed by
flow cytometry after 6 h of treatment with rapamycin (autophagy activator, 5 mM) or HCQ (autophagy inhibitor, 10 mM). (d) The effects of the different treatments on autophagic
vacuoles in HUVECs were determined: representative images (left panel) and quantification per well (right panel) (original magnification, 10 £ , scale bars represent 50 mm). (e)
The CFU plating efficiency and (f) the apoptosis rate of BM CD34+ cells from healthy donors were analysed after 7 days of coculture with HUVECs. (g) Representative images (left
panel) of HUVECs. Typical HUVECs were characterised as double-positive for DiI-AcLDL (red) and FITC-UEA-I (green) (original magnification, 10 £ , scale bars represent 50 mm).
Quantification (right panel) of HUVECs double-positive for DiI-AcLDL (red) and FITC-UEA-I (green) after 6 h of treatment with rapamycin or HCQ (original magnification, 10 £ , scale
bars represent 50 mm). The (h) intercellular ROS levels (MFI, mean§SEM) and (i) the apoptosis rate of HUVECs were analysed by flow cytometry. (j) Representative images (left
panel) and quantification (right panel) of HUVEC migration assays after 6 h of treatment with rapamycin or HCQ (original magnification, 10 £ , scale bars represent 50 mm). The
number of migrated BM ECs per field of view was counted in three random high-power fields and averaged. Wilcoxon's test for paired data was used to identify drug effects.
All P-values <0.05 were considered significant and are provided in the figure. *P<0.05, **P<0.005, ***P<0.0005.
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Fig. 5. Defective autophagy in BM ECs from PGF patients. (a) The EC phenotype was characterised by the positive expression of CD34, CD133 and CD309, and representative intra-
cellular levels of (b) LC3, (c) Beclin-1 and (d) p62 in precultured BM ECs were analysed by flow cytometry. The intracellular levels of (e) LC3, (f) Beclin-1 and (g) p62 in precultured
BM ECs from PGF patients, GGF patients and healthy donors were analysed by flow cytometry (MFI, mean§SEM). (h) Representative images (left panel) and quantification (right
panel) of intracellular autophagosomes and autophagic vacuoles in cultivated BM ECs from PGF patients, GGF patients and healthy donors (original magnification, 10 £ , scale bars
represent 50mm). (i) The CFU plating efficiency and (j) apoptosis rates of BM CD34+ cells after 7 days of coculture with BM ECs from PGF patients and GGF patients. Continuous vari-
ables were compared using the Mann�Whitney U test. All P-values<0.05 were considered significant and are provided in the figure. *P<0.05, **P<0.005, ***P<0.0005.
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Fig. 6. Rapamycin-induced autophagy of ECs from PGF patients enhanced their HSC-supporting ability. The intracellular levels of (a) LC3, (b) Beclin-1 and (c) p62 in BM ECs from
PGF patients and GGF patients were analysed after 6 h of treatment with rapamycin. (d) Representative images (left panel) and quantification (right panel) of autophagic vacuoles
in BM ECs after 6 h of treatment with rapamycin (original magnification, 10 £ , scale bars represent 50 mm). Three random high-power fields were analysed, and the results were
averaged per condition. (e) The CFU plating efficiency and (f) apoptosis rate of BM CD34+ cells after 7 days of coculture with BM ECs from PGF and GGF patients after 6 h of treatment
with rapamycin. Wilcoxon’s test for paired data was used to identify drug effects. All P-values<0.05 were considered significant and are provided in the figure. *P<0.05, **P<0.005,
***P<0.0005.

Z.-S. Lyu et al. / EBioMedicine 53 (2020) 102677 11
5. Discussion

The current study is the first to demonstrate that autophagy in ECs
modulates their ability to support haematopoiesis. Activating
autophagy in ECs enhanced their haematopoiesis-supporting ability
by upregulating the Beclin-1 pathway. Moreover, defective autoph-
agy in BM ECs may be involved in the pathogenesis of PGF after
allo-HSCT, which could be rescued by rapamycin through improve-
ment of the impaired HSC-supporting ability of BM ECs by activating
autophagy. Our data may provide new insights into the underlying
mechanism by which ECs support HSCs.

Autophagy in ECs contributes to inflammation and the recruitment
and regulation of innate and adaptive immune cells [44,45]. In haemo-
lytic anaemia, upregulating autophagy protected ECs from a heme-



Fig. 7. Rapamycin-induced autophagy quantitatively and functionally improved BM ECs from PGF patients. (a) Representative images (left panel) of BM ECs. Typical ECs from PGF
and GGF patients were characterised by double-positive staining (merge, yellow) with DiI-AcLDL (red) and FITC-UEA-I (green) at day 7 of culture (original magnification, 10 £ , scale
bars represent 50mm). Quantification (right panel) of double-positive BM ECs (merge, yellow) stained with DiI-AcLDL (red) and FITC-UEA-I (green) after 6 h of treatment with rapa-
mycin (original magnification, 10 £ , scale bars represent 50 mm). The (b) cell count, (c) intercellular ROS levels and (d) apoptosis rate of BM ECs from PGF and GGF patients were
analysed after 6 h of treatment with rapamycin. Wilcoxon's test for paired data was used to identify drug effects. All P-values <0.05 were considered significant and are provided in
the figure. *P<0.05, **P<0.005, ***P<0.0005.
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induced oxidative state by repairing dysfunctional mitochondria [46].
Rezabakhsh et al. reported that upregulating autophagy protected
HUVECs from damage induced by high glucose levels [47]. Villalba et al.
showed that upregulating autophagy maintained the vasomotor func-
tion of the endothelium by regulating NO signalling [48]. In the current
study, upregulating autophagy quantitatively and functionally improved
HUVECs and primary BM ECs derived from healthy donors, with a par-
ticular increase in their haematopoiesis-supporting ability. Conversely,
downregulating autophagy in HUVECs resulted in opposite outcomes.
We provide further experimental evidence in patients with PGF, which
is characterised by pancytopenia after allo-HSCT, to validate the vital
role of autophagy in EC function, especially in their ability to support
HSCs. Based on our previous work [14,15,17,18] and the current study,
we speculate that insufficient induction of autophagy in BM ECs may
hamper the haematopoietic reconstitution of successfully engrafted
donor HSCs, ultimately leading to PGF after allo-HSCT. By contrast,
improvement of autophagy in BM ECs may be a promising therapeutic
approach to enhance haematopoietic activity of HSCs in PGF patients.
However, the pathogenesis of PGF is complicated, and further studies
with key functional data obtained from primary BM ECs of PGF patients
are needed to clarify the functional roles of defective EC autophagy in
PGF after allo-HSCT.

Recently, rapamycin has been suggested as an adjunct to cyclo-
sporine and mycophenolate mofetil as immunosuppressive agents in
patients receiving a non-myeloablative HSCT [49�52]. Consistently,
we found that rapamycin, an autophagy activator, improved the
impaired HSC-supporting ability of ECs from PGF patients by activat-
ing autophagy in vitro. However, it should be noted that the anti-leu-
kemic effects of rapamycin and their underlying mechanism in
patients after allo-HSCT remain controversial [53�58]. Considering
the potential adverse effects of rapamycin, further clinical studies are
needed to validate our preliminary findings in the future.

Beclin-1 plays a role in the formation of autophagosomes [24,25]
and regulates autophagy and apoptosis, two processes crucial for tis-
sue homeostasis [59,60]. The Beclin-1 gene has been implicated in
numerous cases of prostate, breast, and ovarian cancers and non-
Hodgkin lymphoma [61-66], whereas its role in ECs is rather limited.
Nicotra et al. reported a significant correlation of Beclin-1 with
autophagy in non-Hodgkin lymphoma cells [61]. Wang et al. revealed
that Beclin-1 knockdown inhibited autophagy and survival in ox-
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LDL-treated HUVECs [67]. Similarly, the current data indicate that
Beclin-1 knockdown disrupted the ability of ECs to support HSCs by
inhibiting autophagy. Conversely, upregulating Beclin-1 ameliorated
this effect on ECs. RNA-seq data further revealed that classical hae-
matopoiesis-regulating genes such as CSF-1, CSF-2, CSF-3, TLR3 and
JAG1 were significantly downregulated [8,68�72], whereas no signif-
icant different levels of THPO, CXCL-12, VEGFR2 or E-selectin were
detected in Beclin-1-silenced HUVECs [6,73,74]. Therefore, our data
provide further evidence that autophagy plays a critical role in regu-
lating EC function, especially for supporting haematopoiesis.

Considering the crucial role of ECs in supporting haematopoiesis
in BM microenvironment [1,3�8] and the current study, it is conceiv-
able that higher autophagy in ECs regulated by the Beclin-1 pathway
might be one of the underlying mechanisms by which ECs enhance
haematopoietic activity of HSCs. However, we are aware that the
underlying molecular mechanism of autophagy-related effect of ECs
in the homeostasis of HSCs, such as the upstream and downstream
proteins related to Beclin-1 pathway, need to be further explored.

In summary, the current study demonstrated that autophagy in ECs
modulated their ability to support haematopoiesis by regulating the
Beclin-1 pathway, and defective autophagy in BM ECs may be respon-
sible for the pathogenesis of PGF. Although further validation is
required, our data suggest that improving autophagy in BM ECs may
be a potential therapeutic approach in PGF patients after allo-HSCT.
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