
Bafilomycin A1 targets patient-derived CD34+CD19+

leukemia stem cells

Leukemia stem cells (LSC) are responsible for the
occurrence, therapeutic resistance, and relapse of
leukemia. LSC are typically found in a dormant state and
thus are less likely to respond to standard chemothera-
peutic agents, which preferentially eradicate actively
cycling cells and can have significant toxicity to normal
hematopoietic cells.1-3 Identifying agents that target both
LSC and leukemia cells is thus an important step in the
development of novel therapies for leukemia. Despite the
uncertainty over the phenotype, biological properties,

and hierarchical organization of B-cell acute lymphoblas-
tic leukemia (B-ALL) LSC,4-7 CD34 and CD19 together are
robust markers for B-ALL LSC.5,8 Notably, these LSC have
been shown to occur more frequently in high-risk B-ALL
than in other hematopoietic malignancies,3,9 making it
more difficult to target them. An in vitro study indicated
that Tenovin-6 induces apoptosis in B-ALL cells and elim-
inates CD133+ B-ALL LSC.10 LSC of patient-derived ALL
are sensitive to TNF-related apoptosis inducing ligand
(TRAIL),11 and the sensitivity of B-ALL LSC to recombi-
nant human CD19L-sTRAIL is greater.12 Nevertheless,
attempts at targeting B-ALL LSC or precursor cells have
been limited compared to efforts combating acute
myeloid leukemia stem cells. Recent immunotherapies
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Figure 1. Low-dose bafilomycin A1 extends the lifespan of humanized leukemia mice engrafted with CD34+CD19+cells derived from patients with B-cell acute
lymphoblastic leukemia. (A) Flow cytometric analysis of the frequency of CD34+CD19+ cells in primary mononuclear cells from eight patients (ALL#1-8) with B-
cell acute lymphoblastic leukemia (B-ALL) and normal bone marrow (NBM) mononuclear cells from nine healthy donors after 1 nm bafilomycin A1 treatment.
(B) Reduction of primary B-ALL CD34+CD19+ cells by bafilomycin A1 is dose-dependent. Left, ALL patients (#9-14), n=6; right, normal hematopoietic cells from
healthy donors, n=6. (C) Reduction of primary B-ALL CD34+CD19+ cells is time-dependent. Left, 24 h and 48 h n=3, ALL#12,15,16; 72 h n=6, ALL#9-14; right,
24 h and 48 h n=3, 72 h n=6, NBM CD34+ cells from healthy donors. (D) Schematic experimental design for NSG mice engrafted with B-ALL CD34+CD19+ sam-
ples after bafilomycin A1 treatment either ex vivo (n=4, ALL#14,17-19) or in vivo (n=5, ALL#20-24). (E) Ex vivo treatment with 1 nm bafilomycin A1 prolonged
the lifespan of the NSG mice engrafted with B-ALL CD34CD19 cells (n=4, ALL#14,17-19). (F) Survival curve reflecting time to lethal leukemia burden in NSG
mice injected with 1-5x106 B-ALL CD34+CD19+ cells, and 7 days later, treated with vehicle or bafilomycin A1 (0.1 mg/kg) (n=5/group, ALL#20-24). Ctrl: control;
DMSO: dimethylsulfoxide; Baf-A1: bafilomycin A1.
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have shown promise in long-term remissions for B-ALL,
but have potential side-effects. Chimeric antigen receptor
T-cell (CAR-T) therapy, for example, targets antigens on
the surface of B cells, and attacks not only leukemic B
cells, but also normal B cells, consequently preventing
them from making the antibodies needed to protect
against infection.13 Targeting both LSC and leukemia cells
for B-ALL while also sparing normal hematopoietic stem
cells and their progeny cells is therefore critical. Yet it
remains difficult, primarily due to the relative lack of safe
agents capable of precisely targeting both the leukemia
cells and their LSC in human B-ALL. 
Bafilomycin A1, a natural macrolide antibiotic from

Streptomyces griseus, selectively inhibits the vacuolar 
H+-ATPase and prevents acidification of organelles that
contain this enzyme. The disruption of vesicular acidifi-
cation by bafilomycin A1 has been shown to keep
autophagic vesicles from maturing by inhibiting the
fusion between autolysosomes and lysosomes, ultimate-
ly disrupting functional autophagy. Although bafilomycin
A1 at doses of 0.1-1 mM is widely used as an in vitro
autophagy inhibitor,14 its unfavorable toxicity profile has
limited its use as a clinical intervention in vivo. Our previ-
ous study, however, indicated that bafilomycin A1 at low
doses targets patient-derived B-ALL cells and extends the
lifespan of NOD-SCID mice engrafted with primary B-
ALL cells.15 We thus hypothesized that LSC of B-ALL
patients may also be susceptible to low-dose bafilomycin
A1. 
To test this hypothesis, we first briefly examined the

effect of bafilomycin A1 on CD34+ bone marrow cells
from B-ALL patients (Online Supplementary Figure S1).
The cells were sorted from primary samples of B-ALL
patients and a control group of healthy volunteer donors,
because B-ALL LSC in high-risk ALL with chromosomal
translocations t(9;22) and t(4;11) are present in primitive
lymphoid-restricted CD34+ but CD19– cells.4 The CD34+
cell population from B-ALL patients exhibited an obvious
sensitivity to 1 nM bafilomycin A1 in vitro, while normal
primitive bone marrow cells from the control group were
unaffected (Online Supplementary Figure S1). To examine
the difference in self-renewal potency or proliferation
between CD34+ and CD34– cell populations from the 
B-ALL patients, we performed a colony-forming unit
assay, and the result showed that CD34+CD19+ B-ALL
cells have a stronger self-renewal capacity or prolifera-
tion than CD34–CD19+ B-ALL cells (Online Supplementary
Figure S2). IgM is a marker for B-cell terminal differentia-
tion. Detection of its expression revealed that the
CD34+CD19+ B-ALL cells virtually did not express IgM, in
contrast, CD34–CD19+ B-ALL cells significantly expressed
IgM (Online Supplementary Figure S3A). In addition, after
3 days of culturing the cells with a modified recipe
(Online Supplementary Table S2), CD34+CD19+ B-ALL cells
were differentiated into CD34– cells (Online
Supplementary Figure S3B). Examination of the culture
condition for the B-ALL LSC with Giemsa staining and
flow cytometry showed no significant difference in the
morphology and viability of CD34+ CD19+ B-ALL cells
between day 0 and day 3 of cell culturing (Online
Supplementary Figure S4A,B), suggesting that our method
is valid for culturing B-ALL LSC. Collectively, these data
support the concept that CD34+CD19+ cells are in an ear-
lier stage than CD34– cells in the B-ALL hierarchy.
Patients’ samples used in this study shared the same

expression pattern in double-positive CD34CD19, which
are reliable B-ALL LSC markers (Online Supplementary
Table S1).5,8 Upon in vitro treatment with 1 nM
bafilomycin A1, the percentage of the CD34+CD19+ pop-

ulation derived from patients (n=8) was significantly
reduced, while normal B-cell stem and progenitor cells
(Figure 1A) were unaffected. Indeed, 1 nM bafilomycin
A1 was sufficient to induce clear cytotoxicity after 48 h
or 72 h of treatment in B-ALL LSC from patients, but not
in normal hematopoietic stem cells isolated from healthy
donors (Figure 1B, C). 
To determine whether bafilomycin A1 treatment in

vitro weakens the capacity of primary LSC in B-ALL
patients to initiate disease in mice, primary CD34+CD19+
cells were treated for 72 h with bafilomycin A1 at 1 nM,
and then transplanted into humanized immunodeficient
NSG mice (NOD-SCID IL-2Rγ-/-). The animals were then
monitored until death from overt leukemia (Figure 1D).
In vitro bafilomycin A1 treatment of the LSC before trans-
plantation significantly reduced the mice’s leukemic bur-
den (Figure 1E). 
To determine the effect of bafilomycin A1 on B-ALL

patient-derived LSC in vivo, we tested the compound’s
ability to suppress the primary LSC in the humanized
mouse model. We transplanted primary CD34+CD19+
B-ALL cells from B-ALL patients into NSG mice. The LSC
were allowed to complete homing and proliferate for 7
days, followed by 7 successive days of injection with 0.1
mg/kg bafilomycin A1. The animals were then moni-
tored until their death from palpable leukemia (Figure
1D). Bafilomycin A1 significantly extended the survival
of the treated mice, delaying the onset of disease com-
pared to that in control mice (Figure 1F).
To examine whether in vivo treatment with bafilomycin

A1 at low doses improved the pathology of the human-
ized leukemia model, we analyzed blood cells from three
groups of mice (control mice, disease model and
bafilomycin A1-treated disease model) using human
CD45, CD34 and CD19 antibodies alone or in combina-
tion. Flow cytometric results showed that bafilomycin
A1 significantly reduced the number of both human
leukemia cells and B-ALL CD34+CD19+ cells in the bone
marrow and peripheral blood (Figure 2A-D). The mice in
the B-ALL model group showed signs of mental dysfunc-
tion, hind limb paralysis, and back curvature, whereas
the mice in the bafilomycin A1 treatment group did not
have spinal curvature (Figure 2E). Additionally, mice from
the disease model group had serious hepatosplenomegaly
compared to mice in the control group, while both the
size and weight of livers and spleens in the bafilomycin
A1-treated group were significantly normalized (Figure
2F, G). Livers from the disease model group were also sig-
nificantly infiltrated. In contrast, considerably fewer ALL
cells infiltrated the livers of bafilomycin A1-treated mice
(Figure 2H). These data suggest that bafilomycin A1 dra-
matically inhibited B-ALL engraftment by diminishing
the patient-derived CD34+CD19+ LSC in vivo. Peripheral
blood counts showed that in the disease model group,
the number of white blood cells increased, while in the
bafilomycin A1-treated group they were significantly
normalized (Figure 2I). In the B-ALL model group, the red
blood cell count was significantly reduced, together with
hemoglobin level and particularly the platelet count,
whereas these blood parameters in the bafilomycin A1-
treated group were significantly normalized (Figure 2I).
These data suggest that bafilomycin A1 was well-tolerat-
ed, and that the treatment reduced the leukemia burden
without causing significant anemia or thrombocytopenia.
To evaluate the safety of bafilomycin A1 in vivo, the

compound or vehicle was administered daily to NSG mice
by intraperitoneal injection for 7 days at a dose of 0.1
mg/kg. The organ coefficients of treated mice were not
significantly different (Online Supplementary Figure S5A).
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Figure 2. Low-dose bafilomycin A1 improves the pathology of mice engrafted with primary human B-acute lymphoblastic leukemia CD34+CD19+ cells. (A, B)
Representative FACS scatter plots showing the proportions (%) of human CD45 cells in the bone marrow (BM) or peripheral blood (PB) from NSG xenografts fol-
lowing in vivo treatment with vehicle or 0.1 mg/kg bafilomycin A1 (n=5/group, ALL#21-23,25-26). (C, D) Flow cytometric analysis of B-cell acute lymphoblastic
leukemia (B-ALL) CD34+CD19+ cells in the BM or PB from NSG mice treated with vehicle or 0.1 mg/kg bafilomycin A1 (n=5/group). (E) In vivo bafilomycin A1
(0.1 mg/kg) treatment after transplantation significantly reduced leukemic burden (n=5/group). (F) Upper panel, photographs of livers recovered from NSG mice
engrafted with B-ALL CD34+CD19+ cells after the indicated days of treatment with bafilomycin A1 (0.1 mg/kg ) or vehicle. Lower panel, the liver coefficient (the
ratio of the weight of liver to the total body weight). (G) Upper panel, photographs of spleens recovered from NSG mice engrafted with B-ALL CD34+CD19+ cells
after the indicated days of treatment with bafilomycin A1 or vehicle. Lower panel, the spleen coefficient (the ratio of the weight of spleen to the total body weight).
(H) Upper panel, hematoxylin and eosin–stained sections from livers of NSG mice engrafted with B-ALL CD34+CD19+ cells after treatment with vehicle or
bafilomycin A1 (0.1 mg/kg). Leukemic infiltration is indicated by arrows. Lower panel, immunohistochemistry of livers stained for cells expressing human CD19;
leukemic infiltration is indicated by arrows. (I) Analysis at days 40-90 for the indicated PB cells, as measured by complete blood count. (J) A proposed working
model of bafilomycin A1 targeting both B-ALL cells and their leukemia stem cells. Ctrl and C: control; M: model; T: treatment; Baf-A1: bafilomycin A1; WBC, white
blood cells; RBC, red blood cells; HGB, hemoglobin; PLT, platelets.  
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Flow cytometric analysis indicated that bafilomycin A1 at
this low dose had no negative impact on hematopoietic
stem and progenitor cells, or on total hematopoietic cells
in NSG mice (Online Supplementary Figure S5B, C). In addi-
tion, peripheral blood counts were unchanged (Online
Supplementary Figure S5D). Bafilomycin A1 at a dose of 0.1
mg/kg did not cause toxicity in the mice, as shown by
unchanged liver size, the levels of serum aspartate amino-
transferase and alanine aminotransferase, which repre-
sent normal liver function, and urea and creatinine, which
represent normal kidney function (Online Supplementary
Figure S5E, F). In addition, hematoxylin and eosin staining
showed no liver injuries in NSG mice after treatment
(Online Supplementary Figure 5G). Thus, while bafilomycin
A1 is potent, it is a safe compound.
To understand how bafilomycin A1 at a dose of 1 nM

diminishes B-ALL LSC, we analyzed the cell cycle of the
CD34+CD19+ cells by Hoechst 33342 and Ki-67 staining
and found a significant decrease in G0 phase (Online
Supplementary Figure S6A). Further analysis with Hoechst
and Pyronin Y staining also showed that bafilomycin A1
induced quiescent B-ALL CD34+CD19+ cells to the cell
cycle, sparing normal hematopoietic stem cells (Online
Supplementary Figure S6B). Next, we used the intracellular
fluorescent label carboxyfluorescein diacetate succin-
imidyl ester (CFSE) to track proliferating primary LSC in
patients’ samples. The results showed that treatment
with bafilomycin A1 for 72 h effectively inhibited cell
division of B-ALL CD34+CD19+ cells only, while sparing
normal hematopoietic stem cells (Online Supplementary
Figure S7A). We also used a CCK-8 assay to measure the
LSC proliferation at multiple time points. At 24 h of treat-
ment, bafilomycin A1 did not alter the proliferation of 
B-ALL LSC compared with the control group (Online
Supplementary Figure S7B). Presumably, the B-ALL LSC
primarily remained in the quiescent state until 24 h of
bafilomycin A1 treatment, and quiescent LSC are not
sensitive to bafilomycin A1. However, the proliferation
of B-ALL LSC was selectively inhibited, as shown by the
data recorded at 48, 72, and 96 h of bafilomycin A1 treat-
ment, while the normal hematopoietic stem cells were
spared (Online Supplementary Figure S7B). This is largely
because at and after 24 h of bafilomycin A1 treatment,
the quiescent LSC were significantly induced to the cell
cycle from G0 phase (Online Supplementary Figure S6).
This possibly made it easier for the compound to target
the cycling B-ALL LSC. Indeed, annexin V-FITC/propidi-
um iodide assay showed that bafilomycin A1 caused
apoptotic death in the primary B-ALL LSC, but did not
induce apoptosis in normal bone marrow CD34+ cells
(Online Supplementary Figure S8). As a result, a colony-
forming unit assay showed impaired self-renewal capaci-
ty in bafilomycin A1-treated human B-ALL CD34+CD19+
cells, but not in normal bone marrow CD34+ cells (Online
Supplementary Figure S9). Finally, flow cytometric analysis
of IgM-stained B-ALL LSC in the presence of bafilomycin
A1 showed that the reduction of LSC number was not
caused by the induction of terminal differentiation, since
bafilomycin A1 only induced marginal cell differentiation
of human B-ALL CD34+CD19+ cells (Online Supplementary
Figure S10). We therefore propose that bafilomycin A1
drives quiescent B-ALL LSC to the cell cycle and subse-
quently inhibits and kills the LSC by induction of apop-
tosis. A cartoon representing the putative mechanism
underlying the action of bafilomycin A1 on B-ALL LSC is
shown in the left panel of Figure 2J. The right panel of
Figure 2J illustrates the mechanism by which bafilomycin
A1 targets B-ALL cells, previously reported by our
group.15

In summary, in contrast to previous studies on recom-
binant proteins targeting primary B-ALL LSC, we show
that bafilomycin A1, a natural compound, at low doses
attenuated CD34+CD19+ LSC of B-ALL patients. The
reduced leukemogenesis in the humanized mouse model
is caused primarily by induction of quiescent LSC to the
cell cycle, leading to apoptotic cell death and inhibition of
proliferation of the LSC upon treatment with bafilomycin
A1. Therefore, our data suggest that bafilomycin A1 not
only preferentially targets the LSC derived from B-ALL
patients, but is also well-tolerated by normal primitive
hematopoietic cells. The capacity to target both leukemia
cells and LSC makes bafilomycin A1 a potentially very
promising candidate for drug development for B-ALL
therapy.
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