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Introduction

Hematopoietic stem cells (HSCs) reside in a specialized microen-
vironment (or niche). The niche ensures hematopoietic homeosta-
sis by controlling the self-renewal, differentiation, and migration
of HSCs under steady-state conditions and in response to emer-
gencies and injury (1-3). Data suggest that the bone marrow (BM)
niche has a similar role in controlling the behavior of leukemia cells
(4, 5); therefore, normal HSCs and leukemia cells reside in and
compete for the same niche (6, 7). Moreover, leukemia cells can
remodel the local environment to create a unique leukemia-per-
missive niche that supports leukemia cell survival at the expense
of normal hematopoiesis (8-12). Targeting the active, bidirectional
crosstalk between leukemia cells and their remodeled niche might
be a potential strategy for leukemia therapy (13-19).

Small extracellular vesicles (SEVs) function as important cell-
cell messengers (20). After being secreted by one cell, SEVs can
induce physiological and pathological changes in recipient cells
by transmitting molecular cargo that includes mRNA, microRNA,
and proteins (20). The SEVs released by leukemia cells can pro-
mote leukemia cell growth in an autocrine manner (21, 22), or can
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Small extracellular vesicles (SEVs) are functional messengers of certain cellular niches that permit noncontact cell
communications. Whether niche-specific SEVs fulfill this role in cancer is unclear. Here, we used 7 cell type-specific mouse
Cre lines to conditionally knock out Vps33b in Cdh5* or Tie2* endothelial cells (ECs), Lepr* BM perivascular cells, Osx*
osteoprogenitor cells, Pf4* megakaryocytes, and Tcf21* spleen stromal cells. We then examined the effects of reduced SEV
secretion on progression of MLL-AF9-induced acute myeloid leukemia (AML), as well as normal hematopoiesis. Blocking
SEV secretion from ECs, but not perivascular cells, megakaryocytes, or spleen stromal cells, markedly delayed the leukemia
progression. Notably, reducing SEV production from ECs had no effect on normal hematopoiesis. Protein analysis showed
that EC-derived SEVs contained a high level of ANGPTL2, which accelerated leukemia progression via binding to the LILRB2
receptor. Moreover, ANGPTL2-SEVs released from ECs were governed by VPS33B. Importantly, ANGPTL2-SEVs were also
required for primary human AML cell maintenance. These findings demonstrate a role of niche-specific SEVs in cancer
development and suggest targeting of ANGPTL2-SEVs from ECs as a potential strategy to interfere with certain types of AML.

suppress normal hematopoiesis (23, 24) and remodel the niche
through a paracrine mechanism (24-30). One study showed that
direct injection of leukemia cell-derived SEVs can suppress nor-
mal hematopoiesis in vivo, mimicking the effects of leukemia cells
(31). These studies suggest that targeting leukemia-derived SEVs
might be a potential therapeutic strategy.

Although accumulating studies have demonstrated the impact
of leukemia cell-derived SEVs on normal hematopoiesis and the
BM niche (27, 32, 33), little is known about how the SEVs from a
specific niche cell type regulate normal HSCs and leukemia cells.
To our knowledge, most studies have used SEV injection or in vitro
coculture when exploring SEV function; however, this approach
does not distinguish the origins of specific SEVs secreted by a spe-
cific cell type in vivo, which is a current knowledge gap in the field.
Furthermore, it is unclear which SEV components contribute to
leukemia progression and by which pathways they act. Therefore,
the exact roles of SEVs secreted by different niche cells in regu-
lating homeostasis and hematological malignancies in vivo are
unknown.

Here, we applied an MLL-AF9-induced acute myeloid leuke-
mia (AML) model and aimed to determine the roles of different
niche cell-derived SEVs in HSC function and AML progression.
In our previous study, we showed that vacuolar protein sorting
33b (Vps33Db) is required for SEV maturation and secretion (21).
In the present study, we used 7 cell type-specific mouse Cre lines
to conditionally knock out Vps33b in endothelial cells (ECs), BM
mesenchymal stem cells (MSCs), osteoprogenitor cells (OPCs),
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Figure 1. BM fluid SEVs bind to LSCs. (A) The experimental procedure. BM cells were flushed out, and BM fluid SEVs were isolated by ultracentrifugation.
The SEVs (100 pg) were labeled with CFSE and cocultured with 2 x 10° L-GMP cells or Mac-1*c-Kit* AML cells. (B) Western blot analysis of GM130, TSG101,
FLOT1, and VPS33B protein levels in BM cells and BM fluid SEVs. GM130 is a cis-Golgi marker. TSG101 and FLOT1 are SEV markers. (C) Left: Images of LSCs
(L-GMP cells) after coculture with CFSE-labeled SEVs. Scale bars: 5 um. Right: The statistics of membrane-bound and internalized SEVs. In total, 145 AML
cells were counted after staining. (D) Flow cytometry (left) and histogram (right) analysis of the CFSE signal of L-GMP cells (n = 3). Ctrl, control. The data
represent the means + SD; ***P < 0.001, Student’s t test. Experiments were conducted 2 times for validation.

megakaryocytes (Mks), and spleen MSCs. We then examined the
effects of reduced SEV secretion on AML progression as well as
normal hematopoiesis.

Results

Bone marrow microenvironment-derived SEVs directly bind to leuke-
mia stem cells. We first wanted to understand whether SEVs exist-
ing in the BM microenvironment can physically bind to leukemia
cells or even leukemia stem cells (LSCs). To do so, we isolated SEVs
from the BM and labeled them with CFSE (a cell-permeable dye)
before coculturing with immunophenotypical LSCs (L-GMP cells)
(34) or Mac-1*c-Kit* LSCs for 2 hours (Figure 1A). Western blotting
and electron microcopy confirmed the purity and characteristics
of the isolated SEVs (Figure 1B and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI138986DS1). After 2 hours of coculture, 79%-
85% of SEVs bound the membrane of LSCs, and 15%-21% SEVs
were found in the cytoplasm (Figure 1, C and D, and Supplemental
Figure 1B). In addition, prolonged coculture time did not obviously
change the internalization percentage (Supplemental Figure 1C).
These data indicate that BM microenvironment-derived SEVs can
indeed target LSCs.

Reducing EC-derived SEV secretion prolongs survival in AML
mice. To determine whether Vps33b is required for SEV release by
the different niche cells, we knocked down the Vps33b gene with
shRNA lentivirus in primary mouse MSCs and ECs, isolated SEVs
from supernatant by ultracentrifugation, then quantified the SEVs
with nanoparticle tracking analysis and a bicinchoninic acid kit.
The data demonstrated that knockdown of Vps33b in MSCs and
ECs indeed decreased the number of nanoparticles and protein
levels of secreted SEVs (Supplemental Figure 2).

To define which cell sources of the SEVs are important
for leukemia progression, we generated Cdh5-Cre;Vps33b¥/4,
Lepr-Cre;Vps33b?,  Osx-CreER;Vps33b¥, Pf4-Cre;Vps33bi/f,
and Tcf21-CreER;Vps33b?® mice to block SEV secretion from
ECs, BM MSCs (35), OPCs (36), Mks (37, 38), and spleen MSCs
(39), respectively (Figure 2A). The deletion efficiency of Vps33b
in different models was confirmed by real-time quantitative PCR
(qPCR) (Supplemental Figure 3). We injected 5000 AML cells
together with 2 x 10° whole BM cells into lethally irradiated hosts
and then monitored the effects on survival (Figure 2A). Survival
was significantly extended up to 12 days in Cdh5-Cre;Vps33bf/t
and Osx-CreER;Vps33b?? AML mice, in which EC-derived or
OPC-derived SEVs were reduced. No effect on AML progression
was observed after reducing SEV secretion from BM MSCs, Mks,
and spleen MSCs (Figure 2, B-F). We thus focused on EC-derived
SEVs (EC-SEVs) in our subsequent experiments.

We next examined leukemia cells in peripheral blood (PB) from
recipient mice 3 weeks after injection and found that the percentage
of yellow fluorescent protein-positive (YFP*) AML cells was signifi-
cantly decreased in Cdh5-Cre;Vps33b¥? mice compared with their
control counterparts (22.5% vs. 9.05%, respectively; Figure 3A).
To exclude the possibility that the delay in leukemia progression in
Cdh5-Cre;Vps33b¥ mice was due to a homing defect of AML cells,
we measured the homing efficiency of AML cells in Vps33b¥! and
Cdh5-Cre;Vps33b¥! mice. We did not observe any significant chang-
es in the percentage of homed AML cells in either the BM or the
spleen (Supplemental Figure 4A). However, because the transplant-
ed leukemia cell number was much more than that used for the sur-
vival analysis (2.5 x 10° vs. 5000), we have to admit that we cannot
completely exclude the homing effect of Vps33b deletion on the AML
progression unless other solid evidence is provided.
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Figure 2. Blocking SEV secretion from ECs delays AML progression. (A) The experimental design. (B-F) Survival curves of AML recipients with different
genotypes. Cdh5-Cre;Vps33b™™ (B), Lepr-Cre;Vps33b™/f (C), Osx-CreER;Vps33b™ (D), Pf4-Cre;Vps33b/f (E), and Tcf21-CreER;Vps33b™/f (F) are shown (n =
5-8; **P < 0.01, ***P < 0.001, log-rank test). Experiments were conducted 3 times for validation.

LSCs are thought to be a key cellular element in leukemia initi-
ation, maintenance, and relapse (40, 41). We next evaluated the fre-
quency of Mac-1'Gr-1" leukemia cells (enriched for LSCs). The pro-
portion of these cells was markedly reduced in Cdh5-Cre;Vps33b#/t
mice (44.9% vs. 18.5%; Supplemental Figure 4B). The sizes of
spleens and livers from Cdh5-Cre;Vps33b¥ recipients were much
smaller compared with those in control recipients, indicating
reduced infiltration in these organs (Figure 3B). More importantly,
the number of L-GMP cells in Cdh5-Cre;Vps33b¥ recipients was
lower than that in control recipients (Figure 3C). In addition, we
obtained similar results in Tie2-Cre;Vps33b¥! mice, in which SEV
secretion was also reduced from ECs (Supplemental Figure 4, C-F).
Taken together, with 2 independent EC reporter mouse strains, our
data strongly suggest that reducing EC-derived SEVs delays leuke-
mia onset, decreases LSC numbers, and impairs LSC infiltration.

Because neither Cdh5-Cre nor Tie2-Cre is absolutely specific
to ECs, we further generated a new Cdh5-CreER knockin mouse
strain. We first generated Cdh5-CreER;R26-tdTomato mice to
verify the utility of this new knockin mouse strain (Supplemen-
tal Figure 4, G and H). Consistent with our previous findings,
Cdh5-CreER;Vps33b¥! recipients also exhibited longer survival
than control mice when injected with AML cells (Figure 3D). To
further demonstrate the importance of EC-SEVs to AML cells,
we isolated ECs from Cdh5-CreER;Vps33b?f and control mice
(42, 43) and cocultured them with the same number of AML cells
(Figure 3E). We confirmed the purity of the isolated ECs by flow
cytometry (Figure 3F). We also characterized the SEVs secret-
ed from the cultured ECs (Supplemental Figure 4, I-K). After 3
days of coculture, AML cells were collected and transplanted into
WT mice. We found that exposure to AML cells cocultured with
Vps33b-knockout ECs prolonged the survival of AML mice (Figure
3G). Collectively, our data demonstrate that EC-SEVs are of bona
fide importance to leukemia progression.

Reducing EC-derived SEV production has no effect on hematopoie-
sis. To test whether reducing EC-SEVs in vivo affects normal hema-
topoiesis, we treated 4-week-old Cdh5-CreER;Vps33b#f and lit-

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986

termate control mice with tamoxifen for 5 days. After 1 month, we
measured the cellularity of the BM and the frequencies of hema-
topoietic stem cells and progenitor cells. We found similar results
between Cdh5-CreER;Vps33b¥! mice and littermate controls (Fig-
ure 4, A-C, and Supplemental Figure 5A), indicating that reducing
EC-SEVs does not affect normal hematopoiesis in hemostasis. We
confirmed this result by using spectral cytometry (Supplemental
Figure 5, B and C). We also found no changes in EC numbers in the
bone, BM, or spleen (Supplemental Figure 5, D and E), suggesting
that EC-SEVs are not required for EC survival under steady state.
To stringently test whether reducing EC-SEVs affects HSC
function in vivo, we performed a competitive BM transplanta-
tion assay. We found that the repopulation ability of BM cells from
Cdh5-CreER;Vps33b¥ mice was similar to that of BM cells from con-
trol mice (Figure 4D). The donors (CD45.2") from the 2 groups had
the same capacity to generate myeloid (Mac-1*) and lymphoid (CD3*
and B220") lineages (Figure 4E) and to output HSCs (Figure 4F).
These results indicate that reducing EC-SEVs has no effect on the
reconstitution potential of HSCs from Cdh5-CreER;Vps33b® mice.
We then performed a reciprocal transplantation experi-
ment in which we transplanted WT BM cells (CD45.1%) into
Cdh5-CreER;Vps33b¥® and littermate control mice. The reconsti-
tution ability of the donor cells in Cdh5-CreER;Vps33b¥? mice did
not differ from that in controls with respect to repopulation efficien-
cy (Figure 4G), lineage regeneration (Figure 4H), and HSC output
(Figure 41). We confirmed this finding in another independent
transplantation experiment in which we transplanted WT CD45.1*
cells into Tie2-Cre;Vps33b¥ or Vps33b¥ mice. After 16 weeks of
reconstitution, we sorted CD45.1* BM cells from the primary recip-
ients and cotransplanted them with CD45.2* competitor cells at a
1:1 ratio into secondary recipients (Supplemental Figure 6A). We
found that CD45.1* donor cells from Tie2-Cre;Vps33b?® mice had
the same reconstitution capacity as cells from Vps33b®® mice (Sup-
plemental Figure 6, B-D). Together, these data demonstrate that
reducing EC-SEVs has no effect on HSC function in vivo. We thus
conclude that EC-SEVs are dispensable for normal hematopoiesis.
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Figure 3. EC-SEVs support leukemia development. (A) Flow cytometry (left) and histogram (right) analysis of the percentage of YFP* leukemia cells in
the peripheral blood (PB) of recipients 20 days after transplantation (n = 5; the data represent the means + SD; **P < 0.01, Student’s t test). (B) Recipient
spleen and liver size (left) and weight (right) 20 days after transplantation (n = 3; the data represent the means + SD; **P < 0.01, Student’s t test). (C)
Flow cytometry (left) and histogram (right) analysis shows the percentages of L-GMP cells in the BM of recipients (n = 3; the data represent the means +
SD; **P < 0.01, Student’s t test). (D) Survival curves of Cdh5-CreER;Vps33b™ mice and Vps33b™* control mice after AML cell injection (n = 4-5; **P < 0.01,
log-rank test). (E) The experimental procedure for BM EC isolation and coculture with AML cells. In brief, BM from Cdh5-CreER;Vps33b™f mice or Vps33b™
fl control mice was crushed and digested, and enriched using anti-CD31 beads. The enriched ECs were transduced with AKT lentiviruses and cocultured
with AML cells for 3 days. After coculture, the AML cells were injected into C57BL/6J recipients. (F) Left: The morphology of the enriched and cultured ECs.
Scale bar: 40 um. Right: Flow cytometry analysis to determine the purity of cultured ECs. (G) Survival curves of C57BL/6] recipients injected with AML cells
cocultured with WT ECs or Vps33b-null ECs (n = 5; **P < 0.01, log-rank test). Experiments were conducted 2-4 times for validation.

EC-derived SEVs contain high ANGPTL2 protein levels. Giv-
en that SEVs can transmit molecular cargos into recipient cells,
we presumed that EC-SEVs might deliver proteins to support
AML development. To address this hypothesis, we undertook
a global comparison of the protein cargos contained within
SEVs from WT ECs, Vps33b-knockdown ECs (Supplemental
Figure 7A), and BM fluid by mass spectrometry (Figure 5A).
Compared with the BM fluid and Vps33b-knockdown ECs, the
WT EC-SEVs contained a very high level of angiopoietin-like

:

protein 2 (ANGPTL2) (Figure 5B). Western blot analysis con-
firmed this observation (Figure 5C).

There are 6 murine ANGPTL family members: ANGPTLI,
2, 3, 4, 6, and 7. We next isolated CD45" cells, HSCs, AML cells,
Mks, MSCs, osteoblasts (OBs), OPCs, and ECs by flow cytome-
try (Supplemental Figure 7, B-I) and performed real-time qPCR
to examine the ANGPTL expression levels in these cells. Among
the 6 members, Angpti2 exhibited the highest mRNA expression
in ECs (Figure 5D and Supplemental Figure 7J). These data sug-
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Figure 4. EC-SEVs have no effect on normal hematopoiesis. (A-C) Cellularity analysis of Cdh5-CreER;Vps33b™f mice and Vps33b™/f littermate control
mice. The total BM cell numbers (A), frequencies of hematopoietic progenitor cells (B), and frequencies of HSCs/multipotent progenitors (MPPs) (C)
are shown (n = 4-6; the data represent the means + SD, Student’s t test). (D) The percentage of CD45.2* donor cells in the PB of recipient mice at the
indicated time points after competitive BM transplantation. The donor cells from Cdh5-CreER;Vps33b™/f mice and Vps33b®/f littermate control mice
were CD45.2* (n = 10; the data represent the means + SEM, Student’s t test). (E) The short-term and long-term multilineage reconstitution capacities
of donor-derived (CD45.2) PB cells in recipients (n = 6; Student’s t test). (F) The percentage of CD45.2* donor-derived HSCs in the BM of recipients (n
= 6; the data represent the means + SD, Student’s t test). (G) The percentage of CD45.1* donor cells in the PB of recipient mice at the indicated time
points after BM transplantation. The donor cells were CD45.1* (n = 10; the data represent the means + SEM, Student’s t test). (H) The short-term and
long-term multilineage reconstitution capacities of donor-derived (CD45.1) PB cells in recipients (n = 6; Student’s t test). (I) The percentage of CD45.1*
donor-derived HSCs in the BM of recipients (n = 6; the data represent the means + SD, Student’s t test). Experiments were conducted 2-3 times for
validation. GMP, granulocyte-macrophage progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte-erythrocyte progenitor; CLP, common

lymphoid progenitor; MkP, megakaryocyte progenitor.

gest that ANGPTL2 expression in EC-SEVs might have important
roles in supporting AML development. To test this hypothesis, we
conducted a functional assay whereby we transduced 293T cells
with an empty vector (Ctrl) or ANGPTL1, ANGPTL2, ANGPTL3,
ANGPTL4, ANGPTL6, or ANGPTL7 vector and collected the
supernatant. Then we purified the SEVs via ultracentrifuga-
tion (Supplemental Figure 7K) and confirmed ANGPTL protein
expression by Western blot (Supplemental Figure 7L). We cocul-
tured 1 x 10° AML cells with each set of transduced SEVs (3 ug)
for 3 days, then collected the AML cells for in vivo transplantation
and in vitro colony assay (Supplemental Figure 7K). Compared

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986

with Ctrl-SEVs, ANGPTL2-SEVs and ANGPTL4-SEVs accelerated
AML progression and reduced the survival of AML mice, where-
as ANGPTL1-, ANGPTL3-, ANGPTL6-, or ANGPTL7-containing
SEVs did not affect AML progression (Figure 6, A-C). In addi-
tion, ANGPTL2-SEV and ANGPTL4-SEV exposure resulted in an
increase in the colony numbers of AML cells after coculture (Fig-
ure 6D). Notably, ANGPTL2-SEVs had a stronger effect on leu-
kemia progression than ANGPTL4-SEVs. Because the EC-SEVs
contained a very high level of ANGPTL2 (Figure 5C), we took
ANGPTL2 forward for further analysis. We collected SEVs from
the EC culture medium and injected them into AML mice every 5
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Figure 5. EC-SEVs contain high levels of ANGPTL2 protein. (A) The experimental procedure for mass spectra analysis. The SEVs were collected from the
culture supernatant of WT ECs, Vps33b-knockdown ECs, and normal BM fluid. The proteins were extracted from the SEVs for mass spectrometry. (B) Mass
spectra results. The overlap in the proteins enriched in WT EC-SEVs versus BM-SEVs and WT EC-SEVs versus Vps33b-knockdown (KD) EC-SEVs is shown.
(C) Western blot analysis of ANGPTL2 (A2), B-actin, and CD63 protein levels in BM ECs and EC-SEVs. (D) qRT-PCR detection of Angpt/2 mRNA in the indi-
cated cells (n = 3; the data represent the means + SD). B-Actin was used as an internal control. Experiments were conducted 2-3 times for validation.

days for 40 days (Figure 6E). We found that EC-SEVs could accel-
erate leukemia progression (Figure 6, F and G). We thus conclude
that ANGPTL2-SEVs secreted by ECs support AML development.
VPS33B regulates ANGPLT2-SEV release from ECs to support
AML development. Because SEV maturation and release is reg-
ulated by VPS33B (21), we attempted to investigate whether
ANGPTL2-SEVs from ECs are also controlled by VPS33B. Western
blot analyses showed decreased ANGPTL2 protein level in BM flu-
id from Cdh5-CreER;Vps33b¥® mice compared with the expres-
sion levels in control mice (Figure 7A). Vps33b knockout in ECs or
VPBS33B knockdown in 293T cells impaired ANGPTL2-SEV for-
mation (Figure 7B and Supplemental Figure 8A), indicating that
VPS33B is a key regulator of ANGPTL2-SEV maturation. Our pro-
tein analyses also confirmed that the ANGPLT2 protein level was
reduced in EC-SEVs from Vps33b-knockdown ECs (Figure 5B).
Next, we wanted to determine whether the SEVs from the
293T cells after VPBS33B knockdown were deficient in support-
ing AML cells. Here, we infected 293T cells with shScramble (Ctrl,
#1) or shVPS33B (#2), then transduced the Ctrl or knockdown cells
with an ANGPTL2 vector. We purified SEVs from the supernatant
(#1 and #2) and then incubated them with AML cells. After 3 days
of culture, we injected the AML cells into recipient mice to induce
leukemia (Supplemental Figure 8B, #1 and #2). We found that the
SEVs from shVPS33B-knockdown 293T cells impaired AML cell

function and that this effect resulted in extended survival of the
recipient mice (Supplemental Figure 8, C and D). We next estab-
lished a rescue experiment whereby we added normal ANGPTL2-
SEVs to the SEVs collected from shVPS33B-transduced 293T cells
(#3) and cocultured these with AML cells. This coculture restored
AML cell function, as injection of these AML cells into recipients
could accelerate leukemia progression (Supplemental Figure 8, C
and D). This finding indicates that VPS33B controls ANGPTL2-
SEV release to support leukemia development.

To further demonstrate the role of VPS33B in regulating
ANGPTL2-SEV release in ECs, we injected AML cells cocul-
tured with Ctrl-SEVs or ANGPTL2-SEVs (Supplemental Figure
7K) into Cdh5-CreER;Vps33b"" mice. We found that including
ANGPTL2-SEVs in the culture medium enhanced the function
of AML cells, as exhibited by the accelerated leukemia pro-
gression in injected mice (Figure 7C) and the shortened surviv-
al time of leukemia recipients (Figure 7D). In an independent
experiment, we directly injected ANGPTL2-SEVs into the tibia
of recipients every 5 days for 20 days after AML cell injection
(Figure 7E). Cdh5-CreER;Vps33b?? recipient mice injected
with ANGPTL2-SEVs showed a survival profile similar to that
seen in Vps33b¥f control recipients (Figure 7F), indicating that
ANGPTL2-SEVs alone can rescue delayed AML progression
caused by impaired ANGPTL2-SEV release from ECs. In addi-

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986
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Figure 6. ANGPTL2-SEVs from ECs support leukemia development. (A and B) Flow cytometry (A) and histogram (B) analysis of the percentages of GFP*
leukemia cells in the PB of recipients 16 days after transplantation (n = 5; the data represent the means + SD; *P < 0.05, **P < 0.01, 1-way ANOVA followed
by Dunnett’s test). Ctrl, control. (C) Survival analysis of recipients injected with AML cells cocultured with the indicated SEVs (n = 5; *P < 0.05, **P < 0.01,
log-rank test). (D) The colony-forming ability of AML cells cocultured with the indicated SEVs (n = 3; the data represent the means + SD; *P < 0.05, **P

< 0.01, 1-way ANOVA followed by Dunnett’s test). (E) The in vivo administration of EC-SEVs. Equal volumes of PBS or EC-SEVs (40 pg) were intravenous-

ly injected every 5 days for 40 days. (F) The percentages of GFP* leukemia cells in the PB of the recipients at indicated time points (n = 4-6; **P < 0.01,
***p < 0.001, Student’s t test). (G) Survival curves of AML recipients injected with PBS or EC-SEVs (n = 4-6; **P < 0.01, log-rank test). Experiments were

conducted 2-3 times for validation.

tion, ANGPTL2-SEV injection increased the LSC number to the
same level as in Vps33b?f controls (Figure 7G). We also cocul-
tured Angpti2-knockdown BM ECs (Supplemental Figure 9, A
and B) with AML cells for 3 days in Transwell. AML cells were
then collected, counted (Supplemental Figure 9C), and trans-
planted into WT mice. The dynamics of AML cells in peripher-
al blood (Supplemental Figure 9D) and the survival of recipient
mice (Supplemental Figure 9E) were examined, which showed
that knockdown of Angpti2 in ECs indeed reduced the protein
level of ANGTPL2 in EC-SEVs and delayed the AML progression.
The results demonstrate that VPS33B regulates ANGPTL2-SEV
release by ECs to support AML development.

ANGPTL2-SEVs bind to PIRB/LILRB2 to support AML develop-
ment. The data thus far suggested that ANGPTL2-SEVs support
AML development, but the underlying mechanisms of this regu-
lation were unclear. To fill this gap, we transduced 293T with an
ANGPTL2-mCherry or Ctrl vector and collected the SEVs from
the 293T culture medium. We then cocultured SEVs with LSCs to
determine whether ANGPTL2-SEVs can bind to LSCs. Flow cyto-
metric analyses showed increased mCherry expression in LSCs
after coculture with ANGPTL2-mCherry-SEVs (Supplemental

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986

Figure 10A). We next used CFSE to label the SEVs from the super-
natant of 293T cells transduced with ANGPTL2 and also found
that the ANGPTL2-SEVs could bind to the surface of Mac-1*c-Kit*
LSCs (Supplemental Figure 10B). Moreover, consistent with our
previous study showing that ANGPTL2-SEVs can bind to LILRB2
on HSCs (21), we observed by immunoelectron microscopy that
ANGPTL2 anchored on the SEV surface (Figure 8A). A report-
er-based system further verified that ANGPTL2-SEVs could bind
to LILRB2 on leukemia cells (Figure 8B). These results indicate
that ANGPTL2-SEVs bind to LSCs via its receptor LILRB2.

Pirb is the murine homolog gene for human LILRB2. Thus, to
demonstrate that ANGPTL2-SEVs support AML development via
LILRB2, we transformed Pirb c-Kit* BM cells into AML cells and
cocultured the resulting cells with Ctrl-SEVs or ANGPTL2-SEVs.
After coculture, we conducted colony assays and transplantation
experiments. First, ANGPTL2-SEV coculture improved the colo-
ny-forming ability of Pirb”* AML cells 1.5-fold, but ANGPTL2-SEVs
were unable to stimulate Pirb”- AML cells to produce more colonies
(Figure 8C). Importantly, Pirb”- AML cells cocultured with Ctrl-SEVs
formed fewer colonies than Pirb** AML cells (Figure 8C), indicating
that ANGPTL2-SEVs exert their effects on AML cells via PIRB in vitro.
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Figure 7. VPS33B regulates ANGPTL2-SEV release. (A) Western blot analysis of ANGPTL2, TSG101, FLOT1, and VPS33B protein levels in BM fluid SEVs from
Vps33b™f mice and Cdh5-Cre;Vps33bf/f mice. (B) Colocalization of CD63 and ANGPTL2 in WT and VPS33B-null ECs. (C) Flow cytometry (left) and histogram
(right) analysis of the percentages of YFP* AML cells in the PB of the indicated recipients injected with AML cells cocultured with Ctrl-SEVs or ANGPTL2-
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0.05, **P < 0.01, 1-way ANOVA with Tukey's multiple-comparison test). Experiments were conducted 2 times for validation.

For the in vivo transplantation experiments, we also found that
Pirb7- AML cells cocultured with ANGPTL2-SEVs had no effect on
leukemia progression, while Pirb*/* AML cells did (Figure 8, D and
E). Pirb”* AML cells cocultured with ANGPTL2-SEVs aggravated
splenomegaly in the recipients compared with Pirb”/* AML cells
cocultured with Ctrl-SEVs (Supplemental Figure 10, C and D). How-
ever, the sizes of spleens from recipients injected with Pirb”~ AML
cells cocultured with Ctrl-SEVs and ANGPTL2-SEVs were similar,
and much smaller than the sizes in recipients injected with Pirb*/*

AML cells (Supplemental Figure 10, C and D). These results indicate
that loss of LILRB2 eliminates the effect of ANGPTL2-SEVs on AML
cells. Moreover, after 24 hours of ANGPTL2-SEV treatment, both
phosphorylated SHP2 (p-SHP2) and p-CREB levels were significant-
lyincreased in WT AML cells, but not in Pirb”~ AML cells, suggesting
that Pirb depletion increases the survival of AML cells through the
p-SHP2/p-CREB pathway, independently of ANGPTL2 presence
(Supplemental Figure 10E). The results indicate that ANGPTL2-
SEVs must bind to LILRB2 to support leukemia development in vivo.

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986
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Figure 8. ANGPTL2-SEVs bind to LILRB2. (A) Immunoelectron microscopy showing the location of ANGPTL2 protein in SEVs. Scale bars: 100 nm. (B) Flow
cytometry (left) and histogram (right) analysis of ANGPTL2-SEVs binding to LILRB2-chimeric reporter cells. In this experiment, LILRB2-chimeric reporter
cells will express GFP when ANGPTL2-SEVs bind to LILRB2 on the cell surface (n = 3; the data represent the means + SD; **P < 0.01, Student’s t test).

The stable chimeric receptor reporter cell system has been previously described (49). The extracellular domain of LILRB2 was chimerically fused with the
intracellular domain of paired immunoglobulin-like receptor (PILR). Upon binding with ANGPTL2-SEVs, the receptor can further recruit the adaptor DAP-12
to activate the NFAT promoter, followed by the increase in GFP expression in reporter cells. (C) Colony-forming ability of Pirb*/* and Pirb~/- AML cells cocul-
tured with control- or ANGPTL2-SEVs (10 pg per 50,000 AML cells) (n = 3; the data represent the means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, 1-way
ANOVA followed by Dunnett’s test). (D) The percentage of AML cells in the PB of recipients injected with Pirb*/* and Pirb~/- AML cells cocultured with con-
trol- or ANGPTL2-SEVs (n = 5; the data represent the means + SD; *P < 0.05, ***P < 0.001, 1-way ANOVA followed by Dunnett’s test). (E) Survival curves of
recipients injected with Pirb*/* and Pirb~/- AML cells cocultured with control- or ANGPTL2-SEVs (n = 5; **P < 0.01, ***P < 0.001, log-rank test). Experiments

were conducted 2-4 times for validation.

ANGPTL2-SEVs maintain self-renewal of primary human AML
cells. In our final analyses, we investigated whether ANGPTL2-
SEVs could also support human leukemia cell growth. To this
aim, we cocultured primary human AML cells with Ctrl-SEVs
or ANGPTL2-SEVs, then performed colony-forming and xeno-
transplantation assays (Figure 9A). Similar to our findings in the
mouse AML model, CFSE-labeled ANGPTL2-SEVs could target
CD34"-enriched LSCs (Figure 9, B and C). AML cells cocultured
with ANGPTL2-SEVs formed more colonies than those cocul-
tured with Ctrl-SEVs (Figure 10A). Our xenotransplantation assay
showed that ANGPTL2-SEVs accelerated AML progression (Fig-
ure 10B) and shortened the survival of recipient mice (Figure
10C). These data demonstrate that ANGPTL2-SEVs maintain the
function of human AML cells.

To evaluate the supportive roles of human EC-derived SEVs
in human AML cells, we isolated SEVs from primary HUVEC
cells (HUVEC-SEVs) and cocultured them with human AML cells
for 60 hours. We used normal culture medium without SEVs as a
control. First, the HUVEC-SEVs maintained CD34* AML cells in
the culture. We then observed that the percentage of CD34* AML
cells was higher when the cells were cocultured with HUVEC-SEVs
than when they were cultured without SEVs (Supplemental Figure
11A). Importantly, both HUVEC cells and HUVEC-SEVs contained

J Clin Invest. 2021;131(1):e138986 https://doi.org/10.1172/JC1138986

a high level of ANGPTL2 protein (Supplemental Figure 11B), sug-
gesting that HUVEC-SEVs might also maintain CD34* AML cells
through ANGPTL2. In addition, supplementing the culture medi-
um with HUVEC-SEVs enhanced the function of AML cells: these
cells exhibited an increased colony-forming ability (Supplemental
Figure 11, C and D) and accelerated leukemia progression (Sup-
plemental Figure 11, E and F). We demonstrate that VPS33B con-
trols the homeostasis of ANGPTL2-SEVs of ECs, which further
enhances leukemia development via its binding to the LILRB2/
PIRB receptor. These data provide a paradigm as to how niche cell-
derived SEVs support AML development (Figure 11).

Discussion

This study provides the first evidence to our knowledge that SEVs
from a specific niche cell type support cancer development in
the multicellular tissue microenvironment. Specifically, we show
that EC-derived SEVs contained high levels of ANGPTL2 and
support AML development by binding to LILRB2; ANGPTL2-
SEVs released from ECs were controlled by VPS33B. Importantly,
ANGPTL2 SEVs were required for primary human AML cell main-
tenance. A previous study showed that T cell acute lymphoblastic
leukemia (T-ALL) cells directly contact CXCL12-producing ECs,
and that a Cxc/12 deletion in ECs suppresses T-ALL progression
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were performed. (B) Images of CD34* human AML cells captured after coculture with CFSE-labeled SEVs. Scale bar: 5 um. (€) Flow cytometry (left) and
histogram (right) analysis of the CFSE signals of CD34* human AML cells (n = 3; the data represent the means + SD; ***P < 0.001, Student's t test). Experi-

ments were conducted 3 times for validation.

(19). Our imaging analysis also showed that during AML pro-
gression, AML cells prefer to localize around ECs rather than
being stochastically distributed (data not shown), indicating the
importance of ECs in supporting different types of leukemia. In
our previous study, we demonstrated that VPS33B regulates SEV
autocrine signaling to mediate leukemogenesis (21), while this
study dissected different contributions of niche cell-derived SEVs
to leukemia progression and uncovered the mechanism by which
VPS33B regulates SEVs paracrine from ECs to mediate leukemia
development.

BM ECs are heterogeneous and have different subtypes,
including sinusoidal ECs, arterial ECs, and arteriolar/capillary
ECs (44-47). These 3 EC subtypes have different locations and
secrete different levels of cytokines (45, 47), which likely under-
lies their different contributions to HSC maintenance in the BM.
Future studies should use specific Cre mice to dissect the con-
tributions of SEVs from different ECs to AML progression and
explore the common mechanisms underlying how EC-derived
SEVs regulate different types of leukemia.

The BM niche compartment includes a complex network of
MSC, OPCs, osteoblasts, ECs, sympathetic nerves, nonmyelin-
ating Schwann cells, Mks, and adipocytes (2, 3, 8, 11, 12). In this
study, we only included ECs, MSCs, OPCs, and Mks. The impor-
tance of the SEVs derived from other niche cell types deserves
further investigation, as they might provide additional insight
into AML progression. To our surprise, blocking SEV secretion
from MSCs had no effect on AML progression. One possibility
to explain this finding is that VPS33B might regulate the matura-
tion and release of only certain types of SEV present in different

cell types (21). This possibility might lead us to ignore the effects
of MSC-derived SEVs on leukemia. To address this critical
question, different genes that are essential for SEV maturation
and secretion can be knocked out in MSCs. Although we have
shown that Vps33b regulates the SEV maturation and release,
and deletion of Vps33b in ECs inhibits leukemia progression, we
have to admit that Vps33b may regulate leukemia progression
through other pathways in addition to SEV effects. Meanwhile,
as described in our previous study (21), not all of the ANGPTL2
protein exists in the SEVs, and the non-SEV form of ANGPTL2
may also be required for the leukemia progression. Moreover, we
found that leukemia progression was delayed when SEV secre-
tion was blocked from OPCs; we will study the OPC-associated
mechanisms in an independent study.

Interestingly, we noticed that ANGPTL2 could be localized
on the SEV surface. This finding is consistent with a recent report
showing that PD-L1 can be sorted to the SEV surface to mediate
its immunosuppressive effects via binding to the receptor PD-1
(48). This finding reveals the unique pathway by which SEV com-
ponents exert their pathological function in leukemia progres-
sion and might constitute a general SEV-mediated mechanism
regarding the interactions between niche components and cancer
cells. Although we showed that VPS33B is critical for ANGPTL2
sorting into SEVs, whether other vascular regulator proteins can
also coordinate the precise localization of ANGPTL2 to the SEV
membrane is unclear. ANGTPL2is involved in inflammation, lip-
id metabolism, vascular remodeling, and tumorigenesis. Wheth-
er ANGPTL2-SEVs have major roles in these physiological and
pathological situations needs further investigation.
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In summary, our results in murine and xenograft models  alone, or more likely in combination with established chemother-
demonstrate that ANGPTL2-SEVs or EC-SEVs have cross-spe-  apy regiments, might be a potential treatment. Consistent with a
cies effects. Both murine and human AML cells can be targeted  previous study (13, 14, 19), our data provide definitive evidence
and regulated by EC-derived ANGPTL2-SEVs. Moreover, ECs  that targeting the leukemia microenvironment is a powerful strat-
express much higher Vps33b and Angpti2 in leu-
kemic BM than in healthy BM (Supplemental Fig-

ure 12A), indicating that leukemia cells require BONE O EC-SEV
ANGPTL2-SEVs to survive, and that they therefore O MsC-SEV
stimulate ECs to produce more ANGPTL2-SEVs. (O Mk-SEV
Importantly, the expression of LILRB3 was higher (O OPC-SEV
in AML than in normal HSCs and myeloid progeni-

tors (Supplemental Figure 12B), which may explain * A2

why ANGPTL2-SEVs can affect AML cells but not
normal hematopoiesis. This clinically relevant
finding suggests that targeting of ANGPTL2-SEVs

® A2-SEV (EC-SEV)
I/ B2 receptor
9 VvPs33B

f No effect
Mild effect

Figure 11. A model showing how EC-derived SEVs regulate y
2
D Strong effect

AML development. VPS33B controls the release of ANGPTL2-
SEVs from ECs, which further enhances leukemogenesis via
its binding to the receptor LILRB2.
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egy for leukemia therapy. Although this study is in the context of
leukemia, it is reasonable to believe that SEVs might be relevant
to other cancers as well.

Methods
Supplemental Methods are provided online with this article.

The mass spectrometry proteomics data are available via Proteo-
meXchange with identifier PXD020946.

Animals. To specifically delete Vps33b in murine ECs, BM MSCs,
Mks, OPCs, or spleen stromal cells, Vps33b"" mice were crossed with
Cdh5-Cre, Tie2-Cre, Cdh5-CreER, Lepr-Cre, Pf4-Cre, Osx-CreER, or
Tcf21-CreER, respectively. CreVps33b"! littermate mice served as con-
trols. Tcf21-CreER transgenic mice and Cdh5-CreER knockin mice were
generated by Beijing Biocytogen Co. Ltd. Six- to eight-week-old C57BL/6
CD45.2 mice, CD45.1 mice, and NOD/SCID mice were purchased from
the Shanghai SLAC Laboratory Animal Co. Ltd. or Beijing Vital River
Laboratories. Pirb”7~and Col2.3-GFP mice were kept in our institutes. All
mice used in this study were 8-10 weeks old and female. To induce dele-
tion by CreER, 4- to 6-week-old mice were given 1 mg tamoxifen (Milli-
poreSigma) in 100 uL corn oil (MilliporeSigma) daily by intraperitoneal
injections for 5 consecutive days. All animals were maintained at the Ani-
mal Core Facility of Shanghai Jiao Tong University School of Medicine
and the State Key Laboratory of Experimental Hematology.

Statistics. Statistical analysis was performed using GraphPad
Prism v8.0 and SPSSv19.0 (IBM). Significance was calculated using an
unpaired 2-tailed Student’s # test for data with 2 groups. For data with
more than 2 groups, a 1-way ANOVA with Tukey’s multiple-compari-
son test or a 1-way ANOVA followed by Dunnett’s test was used. The
statistical significance and details of the technical or biological repli-
cates are reported in the respective figure legends. P values less than
0.05 were considered statistically significant. Statistical significance
is indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001.

Study approval. Animal experiments were approved by our insti-
tutes and complied with the Guideline for Animal Care at the Shang-
hai Jiao Tong University School of Medicine and the State Key Lab-
oratory of Experimental Hematology. Human samples were supplied
by the Department of Hematology at the First People’s Hospital,
Xinhua Hospital, or Tongren Hospital, Shanghai Jiao Tong University
School of Medicine. Written informed consent was obtained from the
patients and approved by the Ethics Committee for Medical Research
(IRB) at Shanghai Jiao Tong University School of Medicine.
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