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Chemotherapy is the primary treatment option for acute myeloid leukemia (AML), but leukemic stem cells (LSC) can sur-
vive chemotherapy for disease recurrence and refractory. Here, we found that AML cells obtained from relapsed patients
had increased autophagy levels than de novo AML cells. Furthermore, doxorubicin (DOX) treatment stimulated autophagy
in LSC by repressing the mTOR pathway, and pharmaceutical inhibition of autophagy rendered chemoresistant LSC sen-
sitive to DOX treatment in MLL-AF9 induced murine AML. Moreover, we developed a self-assembled leucine polymer,
which activated mTOR to inhibit autophagy in AML cells by releasing leucine. The leucine polymer loaded DOX (Leu-DOX)
induced much less autophagy but more robust apoptosis in AML cells than the DOX treatment. Notably, the leucine
polymer and Leu-DOX were specifically taken up by AML cells and LSC but not by normal hematopoietic cells and hema-
topoietic stem/progenitor cells in the bone marrow. Consequently, Leu-DOX efficiently reduced LSC and prolonged the
survival of AML mice, with more limited myeloablation and tissue damage side effects than DOX treatment. Overall, we
proposed that the newly developed Leu-DOX is an effective autophagy inhibitor and an ideal drug to efficiently eliminate

LSC, thus serving as a revolutionary strategy to enhance the chemotherapy efficacy in AML.

Introduction

Acute myeloid leukemia (AML) is a heterogeneous hema-
tologic malignancy originating from hematopoietic
stem/progenitor cells with gene mutations and genomic
rearrangements.”? The chromosomal translocation at
t(9;11)(p22;923) that encodes the MLL (mixed-lineage
leukemia)-AF9 fusion protein was detected in AML pa-
tients with poor prognosis.®>* The traditional 7+3 chemo-
therapy regimen, consisting of 7 days of cytarabine (Ara-C)
and 3 days of doxorubicin (DOX), remained the standard
treatment against AML for decades.®” However, less than
50% of AML patients achieve an overall 5-year survival
after initial remission®™ due to the chemoresistant leu-
kemic stem cells (LSC) that survive chemotherapy and

generate progeny leukemic cells for disease recurrency
through multiple mechanisms.™™

Autophagy is an important cell survival mechanism that
senses the cellular metabolic stress to provide energy and
molecular structure by digesting and recycling damaged
cellular components through lysosomes.™" Multiple in-
tracellular and extracellular stress signals, including
metabolic stress, hypoxia, redox stress, and immune sig-
nals, induce autophagy, which alters chemotherapeutic
responses in solid tumor cells.® For example, gut micro-
biota regulates autophagy through inflammation pathways
for chemoresistance in colorectal cancer.” Co-treatment
with chemotherapy and autophagy inhibitor overcomes
the chemoresistance in hepatoma carcinoma cells.?® De-
pletion of the autophagy-key regulator, Atgb or Atg7, re-
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duces functional leukemia-inhibiting cells and enhances
the efficacy of chemotherapy drugs in AML treatment.?
Pharmaceutical inhibition of autophagy is also suggested
to improve chemotherapy efficacy in leukemia cells.??
However, a therapeutic approach to inhibit autophagy and
improve chemotherapy efficacy in eliminating LSC for AML
treatment remains undeveloped.

The mTOR complex 1 (mTORC1) acts as the master regu-
lator of autophagy by regulating various processes of
autophagosome formation.?® Deprivation of nutrients,
growth factors, or cellular energy, inhibits mTORC1 activity
to induce autophagy.? Branched-chain amino acids, es-
pecially leucine, are effective autophagy repressors by ac-
tivating the mTORC1 complex.?-2® Therefore, inhibition of
autophagy by leucine might be a rational strategy to en-
hance the chemotherapy efficacy to eradicate the chemo-
resistant LSC, thus overcoming disease recurrence. Here,
we developed a novel self-assembled leucine polymer
(8L6) as a functional drug carrier that specifically targeted
LSC in the bone marrow (BM) to inhibit their autophagy
levels in AML mice. Furthermore, we developed a leucine
polymer-loaded doxorubicin (Leu-DOX) to improve the
DOX efficacy in eliminating LSC in preclinical AML models.

Methods

Acute myeloid leukemia model and in vivo treatment
C57BL/6J mice were purchased from the Laboratory Ani-
mal Center of Sun Yat-sen University. For the AML murine
model, MSCV-MLL-AF9-IRES-GFP infected preleukemic
cells (4x10°%) were intravenously injected into lethally ir-
radiated (9 Gy) recipients (6-8-weeks old) together with
1x10° rescue cells. For chemotherapy, cytarabine (Ara-C,
HY-13605, MCE) at 100 mg kg™ bodyweight, and doxorubi-
cin (DOX, HY-15142A, MCE) at 3 mg kg™ bodyweight, were
intravenously injected into AML mice for a 5-day-treat-
ment protocol (3-day-DOX and 5-day-Ara-C). For DOX
treatment, DOX or Leu-DOX were intravenously injected
into AML mice at 3 mg kg bodyweight for 3 consecutive
days as indicated. Chloroquine (CQ) was intravenously in-
jected into AML mice at 50 mg kg~ bodyweight for 5 con-
secutive days as indicated. The numbers of animals used
per experiment are shown in the figure legends. All animal
experiments were performed according to protocols ap-
proved by the Institutional Animal Care and Use Commit-
tee.

Cell culture and in vitro treatment

THP-1 cells were cultured in RPMI 1640 with 10% fetal bov-
ine serum and 2 mM glutamine. Murine AML cells were
cultured in StemSpan™ serum-free expansion medium
(SFEM) (09650, STEMCELL™ Technologies) supplemented
with 50 ng ml' SCF (Peprotech), 10 ng mL" TPO (Pepro-
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tech), 10 ng mL" IL-3 (Peprotech), and 10 ng mL" IL-6 (Pe-
protech). Cells were treated with DOX (1 pM), Leu-DOX (1
uM), DOX@PLGA (1 uM), 8L6 (10 uM), CQ (HY-17589A, MCE,
10 M), rapamycin (HY-10219, MCE, 10 nM) where indicated.
Cell proliferation fold changes were calculated by the ratio
between the cell numbers at indicated time points after
treatments compared to cell numbers before treatment.
For apoptosis analysis, cells were stained by Annexin V\*
ROMAN (640907, Biolegend) and further incubated with
0.01 pg YL Dapi (1306, Thermo Fisher Scientific) or 7-AAD
(00699350, eBioscience) for 30 minutes (min) at room
temperature. For y-H2AX and LC3 staining, the cells were
transferred to a glass slide and allowed to stand for 1 hour
(h) to make the cells adhere to the glass slide. After fix-
ation with 4% paraformaldehyde for 15 min, cells were
permeabilized with 0.5% Triton X-100 at room temperature
for 30 min, blocked with 10% goat serum solution at room
temperature for 1 h, washed, and incubated with anti-y-
H,AX primary antibody (rabbit, 1:100, 613404, Biolegend)
and LC3 primary antibody (rabbit, 1:100, 4108S, Cell Sig-
naling Technology) for overnight. After that, the secondary
antibody was added dropwise and incubated at room
temperature for 1 h, and the high-speed confocal imaging
system (Dragonfly CR-DFLY-202 2540, Andor) was used for
imaging.

Synthesis of leucine polymer (8L6)

The leucine polymer was synthesized through three steps:
(1) The monomer-1 (N8, dip-nitrophenyl ester of dicar-
boxylic acids) was synthesized from the reaction of di-p-
nitrophenol and succinyl chloride; (2) the monomer-2
(Leu-6, toluenesulfonic acid salt of L-leucine) was ob-
tained from the reaction between L-leucine and 1,6-hexy-
lene glycol; (3) the leucine polymer (8L6) was synthesized
from the polycondensation of monomer-1 and monomer-
2. Other methods are described in the Online Supplemen-
tary Appendix.

Results

Autophagy protects leukemic stem cells from
chemotherapy in acute myeloid leukemia

In order to investigate the autophagy pathways, we ana-
lyzed the clinical response and gene expression profile of
AML patients from the Therapeutically Applicable Re-
search To Generate Effective Treatments (TARGET) data-
set, which included the remission group (n=91), relapse
group (n=163), and death group (n=41). The gene set en-
richment analysis (GSEA) showed that autophagy-related
genes were significantly more enriched in the relapsed
group than in the remission group (Figure 1A), indicating
that autophagy might be involved in the disease recur-
rence after chemotherapy. We then compared the ex-
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Figure 1. Autophagy activity is high in chemoresistant acute myeloid leukemia cells. (A) Gene set enrichment analysis of auto-
phagy pathways in acute myeloid leukemia (AML) patients with remission or relapse. (B) Distribution of ATG5 (left) and ATG7
(right) expression in AML patients. (C) Western blots (left) and quantification (right) of LC3B and p62 in primary-diagnosed and
relapsed AML patients. 1#, 2#, 3# indicate 3 individual patients. (D) Schematic depicting the strategy to analyze murine AML cells
by single-cell RNA-sequencing. Chemotherapy (chemo) included doxorubicin (DOX) and cytarabine (Ara-C) treatments. (E) tSNE
(left) and quantification of clusters (right) of bone marrow cell from AML mice with chemotherapy (right, n=5 mice) or placebo
(left, n=5 mice) treatment. (Black circle: chemoresistant leukemic cell clusters; grey circle: chemosensitive leukemic cell clusters).
(F) Gene ontology (GO) analysis of pathways enriched in chemoresistant AML cells compared to chemosensitive AML cells (left)
and differentially-expressed autophagy-related genes in chemosensitive AML cells and chemoresistant AML cells (right).

pression of canonical autophagy genes, ATG5, ATG7, and
microtubule-associated protein light chain 3B-II (LC3B-
II) in each group. AML patients with higher ATG5 or ATG7
expression had a higher risk of relapse and cancer-re-
lated death after chemotherapy (Figure 1B). The protein
levels of LC3B-Il were higher, but autophagy targeted
LC3 interacting protein p62/SQSTM1 (p62)2° levels were

lower in specimens from relapsed AML patients com-
pared to remission AML patients, indicating autophagy
activity is higher in relapsed samples (Figure 1C).

We next investigated how chemotherapy influences
leukemic cell transcriptional profile at single-cell res-
olution. We transduced wild-type BM with retrovirus
expressing MLL-AF9 to recapitulate aggressive human

Haematologica | 107 October 2022
2346



ARTICLE - Eliminate leukemic stem cells by inhibiting autophagy

t(9;11)* AML in mice.?° Using single-cell RNA sequencing
(scRNA-seq), we profiled the AML cells in BM 2 days
after Ara-C and DOX combined chemotherapy or
placebo treatment (Figure 1D). Unbiased clustering of
the BM cells from AML mice defined 16 clusters with
three major groups: chemoresistance leukemic cell
clusters (cluster 1, 5, 6, 7, and 8), chemosensitive leu-
kemic cell clusters (cluster 0, 2, 3, 4, and 11), and the
normal hematopoietic cell clusters (cluster 9, 10, 12, 13,
14, and 15) (Figure 1E). Gene ontology (GO) analysis re-
vealed that chemoresistance leukemia cell clusters had
distinguished pathways in the cell cycle, myelocyte dif-
ferentiation, and autophagy compared to chemosensi-
tive leukemia cell clusters (Figure 1F). Notably,
autophagy-related genes were significantly enriched in
chemoresistance leukemia cells than in chemosensitive
leukemic cells (Figure 1F).

We further investigated the autophagy levels in AML
cells after chemotherapy treatment in AML mice. We
found that phosphorylated mTOR, S6, 4EBP1 decreased,
but LC3B-Il increased in the LSC-enriched cells (GFP*c-
KIT*, GFP co-expressed from the MLL-AF9-carrying
retrovirus)®' obtained from MLL-AF9Q induced AML mice
(hereafter referred as to AML mice) 2 days after chemo-
therapy treatment in vivo (Figure 2A). These results in-
dicated that chemotherapy might inhibit the mTOR
pathway to stimulate autophagy in LSC. Next, we in-

A
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vestigated the potential function of autophagy in
chemotherapeutic responses by pharmaceutically in-
hibiting autophagy using autophagy inhibitor chloro-
quine (CQ), a lysosome inhibitor blocking downstream
effects of autophagy, in purified GFP*c-KIT* cells from
AML mice for in vitro treatment. We found that the cell
proliferation rate was significantly decreased in the
DOX treatment group when CQ was administrated (CQ
21.4% decrease, DOX 40.2% decrease, DOX+CQ 78.9%
decrease, Figure 2B). More importantly, autophagy in-
hibition dramatically increased the DOX-induced apop-
tosis in GFP*c-KIT* cells compared to DOX treatment
(Figure 2C). Furthermore, we explored the effect of CQ
treatment in vivo (Figure 2D). Consistent with the in
vitro observations, DOX in vivo treatment increased
LC3B-Il and decreased p62 to activate the autophagy
pathway in AML cells. However, CQ treatment attenu-
ated the activation of the autophagy pathway in AML
cells induced by DOX treatment in AML mice (Figure
2E). Consequently, combined treatment with DOX and
CQ more efficiently reduced the leukemic burden in pe-
ripheral blood of AML mice than DOX treatment (Figure
2F).

Overall, these data indicated that chemotherapy stimu-
lated autophagy in LSC, and inhibition of autophagy in-
creased the efficacy of chemotherapy to more
efficiently reduce chemoresistant LSC.
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Figure 2. Autophagy protects leukemic stem cells from chemotherapy in acute myeloid leukemia. (A) Western blots (left) and
guantification (right) of the mTOR pathway and LC3B in GFP*c-KIT* cells from acute myeloid leukemia (AML) mice bone marrow
(BM) 2 days after chemotherapy or placebo treatment as indicated. 1#, 2#, 3# indicate 3 individual AML mice. Chemotherapy
(chemo) included doxorubicin (DOX) and cytarabine (Ara-C) treatments. (B) The cell proliferation rate of isolated GFP*c-KIT* cells
with indicated in vitro treatment (n=5 mice per group). GFP*c-KIT* cells were purified from AML mice 2 days after indicated treat-
ment. (C) The apoptosis rate of GFP*c-KIT* cells at 72 hours (h) after indicated in vitro treatment (n=6 replicates from 3 mice per
group). (D) Schematic depicting the treatment strategy for AML mice. (E) Western blots (left) and quantification (right) of the p62
and LC3B in isolated GFP*c-KIT* cells from the BM of AML mice received DOX and CQ treatment as indicated. (F) The percentage
of GFP+ leukemic cells in peripheral blood with indicated treatments (n=3 mice).
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Leucine polymer-loaded doxorubicin specifically targets
leukemic cells but spares normal tissues in acute myeloid
leukemia mice

As the branched-chain amino acids, especially leucine, can
inhibit autophagy by activating mTOR,*>* we proposed that
self-assembled leucine polymer might facilitate chemo-
therapy by inhibiting autophagy. Therefore, we synthesized
the leucine polymer, 8L6 (Online Supplementary Figure S1A),
and loaded DOX in 8L6 to generate Leu-DOX for the first
time. The average size of Leu-DOX was 104.3%1.19 nm with
a narrow polydispersity index (Online Supplementary Figure
S1B). Leu-DOX showed a uniform spherical shape under the
electron microscope (Online Supplementary Figure S1C). The
encapsulation efficiency and drug loading of DOX in Leu-
DOX detected by fluorescence spectrophotometry were
58.910.3% and 5.9%*0.03%, respectively (Online Supple-
mentary Figure S1D). The particle size of Leu-DOX did not
change significantly after long-term storage in vitro, indi-
cating the favorable stability of Leu-DOX (Online Supple-
mentary Figure S1E). Considering that Leu-DOX will
transport through different pH environments in the body,*
we incubated Leu-DOX in a series of pH solutions to exam-
ine the release efficiency. The release of DOX at pH 5.0 was
significantly higher than at pH 7.4 (Online Supplementary
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Figure ST1F), suggesting that Leu-DOX might rapidly release
DOX in the acid tumor microenvironment.

Drug internalization and persistent retention are critical
for cancer treatment.*® In order to explore the uptake of
Leu-DOX by AML cells, we treated THP-1, a human MLL-
AF9* AML cell line,*® with DOX or Leu-DOX and measured
the DOX uptake by characterizing the DOX-inherited red
fluorescence.* Notably, Leu-DOX achieved higher DOX
content in THP-1 cells than free DOX after incubation (Fig-
ure 3A), although DOX and Leu-DOX represented similar
inherent fluorescent intensity (Online Supplementary Fig-
ure S2A). Flow cytometry analysis of the DOX fluorescence
intensity further confirmed the higher drug content in
THP-1 cells with Leu-DOX treatment than with DOX treat-
ment (Figure 3B).

In order to evaluate the biodistribution of Leu-DOX in vivo,
we intravenously injected DiR, a near-infrared dye for in
vivo imaging or DiIR@8L6, and imaged the dynamic bio-
luminescence levels in AML mice (Online Supplementary
Figure S2B). The fluorescence intensity of free DiR ac-
cumulated in the epigastrium peaking at 24 h, but dim DiR
signals were detected in the BM of the femur and tibia,
indicating a low drug delivery efficiency in the BM. In
contrast, the DIR@8L6 had a 6.92-fold increased accumu-
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Figure 3. Leucine polymer-loaded doxorubicin specifically targets leukemic cells but spares normal tissues in acute myeloid
leukemia mice. (A) Images of THP-1 cells with doxorubicin (DOX) or leucine polymer-loaded doxorubicin (Leu-DOX) treatment
for the indicated time (scale bar=20 pm). (B) Representative flow cytometry profile (up) and quantitative cellular uptake (down)
of DOX in THP-1 cells incubated with DOX or Leu-DOX for the indicated time. (C and D) The fluorescence images (C) and quan-
tification (D) of DiR in the indicated organs of acute myeloid leukemia (AML) mice 24 hours (h) after DiR or DIR@8L6 injection.
(E and F) Representative flow cytometry profile (E) and quantitative (F) of the intensity of DOX fluorescence in different hema-
topoietic cell populations of AML mice. The DOX fluorescence was quantified 4 h after injection (n=3 mice per group).

Haematologica | 107 October 2022



ARTICLE - Eliminate leukemic stem cells by inhibiting autophagy

lation in the BM than free DiR, an 84.8% decrease in the
heart at 48 h after injection, suggesting that 8L6 might be
an efficient drug carrier for leukemic treatment with re-
duced tissue damage (Figure 3C and D).

In order to further evaluate the cellular targeting specifi-
city of Leu-DOX within the BM of AML mice, we examined
the fluorescence intensity in various cell populations in
the BM of AML mice using in vivo cell trace. Notably, Leu-
DOX targeted over 80% of leukemic cells and GFP*ckit*
LSC-enriched cells. Conversely, Leu-DOX targeted ~20-
40% of normal mature hematopoietic cells, such as mac-
rophages, dendritic cells (DC), T cells, B cells, and natural
killer (NK) cells, and much fewer hematopoietic stem and
progenitor cells (~7.89%) in the BM of AML mice. However,
DOX had no cell type specificity. (Figure 3E and F). These
observations indicated that Leu-DOX specifically targets
AML cells but spares normal hematopoietic cells. We con-
sistently observed the similar leukemic cell targeting ef-
ficiency of Dil@8L6 compared to free Dil (red fluorescence
better for single-molecule imaging) (Online Supplementary
Figure S2C and D), indicating that 8L6 might be an effi-
cient and specific drug carrier for AML treatment.

Leucine polymer-loaded doxorubicin enhances the
chemotherapy efficacy for acute myeloid leukemia cells
in vitro

In order to explore the therapeutic effects of Leu-DOX in
vitro, we treated THP-1 cells with 8L6, DOX, and Leu-DOX,

X. Xu et al.

respectively. Our data showed that Leu-DOX inhibited
THP-1 cell proliferation more efficiently than DOX treat-
ment (Figure 4A). Furthermore, Leu-DOX induced more
dramatic apoptosis in THP-1 cells than DOX treatment at
48 h after treatment (Figure 4B). Since DOX blocks topoi-
somerase 2 to trigger DNA damage,*® we further showed
that Leu-DOX treated THP-1 cells had much more DNA
damage than THP-1 cells with DOX treatment examined
by the intensity of yH2AX (Figure 4C) and comet assay (On-
line Supplementary Figure S3).

In order to exclude the possibility that increased cell
toxicity of Leu-DOX was mainly due to nanoparticle facili-
tated cell uptake efficacy, we compared 8L6 with another
Food and Drug Administration (FDA) approved drug nano-
carrier PLGA (polylactic-co-glycolic acid).*®* DOX@PLGA
and Leu-DOX showed comparable increased cellular up-
take of DOX than free DOX in THP-1 cells (Figure 4D), in-
dicating the enhanced drug delivery efficiency in AML cells
of these two drug carriers. However, DOX@PLGA showed
less advantage in inhibiting cell growth and inducing
apoptosis of THP-1 cells than Leu-DOX (Figure 4E and F),
suggesting that 8L6 might facilitate chemotherapy more
than a canonical drug carrier for AML treatment.

Leucine polymer-loaded doxorubicin inhibits autophagy
to enhance chemotherapy efficacy in acute myeloid
leukemia cells

As leucine can activate the mTORC1 complex to inhibit
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Figure 4. Leucine polymer-loaded doxorubicin enhances the chemotherapy efficacy for acute myeloid leukemia cells in vitro.
(A) The cell proliferation rate of THP-1 cells treated with phospate-buffered saline (PBS) (control [Ctrl]), 8L6, doxorubicin (DOX),
or leucine polymer-loaded doxorubicin (Leu-DOX) as indicated (n=5 independent replicates per group). (B) Representative fluor-
escence activated cell sorting plots (left) and the quantification (right) of Annexin V* apoptotic THP-1 cells 48 hours (h) after
treatment (n=6 replicates). (C) Representative Images (left) and quantification (right) of the y-H2AX intensity in THP-1 cells 48 h
after indicated treatment (scale bar=1 pm) (n=6 replicates). (D) Representative Images (left) and quantification (right) of DOX flu-
orescent signal in THP-1 cells at indicated time after treatment with DOX, Leu-DOX, or DOX@polylactic coglycolic acid (PLGA)
(scale bar=20 pm). (E) The cell proliferation rate of THP-1 cells treated with PBS (Ctrl), DOX, Leu-DOX, and DOX@PLGA. (n=5 in-
dependent replicates per group). (F) Apoptotic THP-1 cells at 72 h after indicated treatment (n=6 independent replicates per

group).
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autophagy,*® we further investigated the role of 8L6 and
Leu-DOX in regulating autophagy in AML cells. Intriguingly,
we found that Leu-DOX did not repress the mTORC1 path-
way and induce autophagy as DOX treatment did in THP-
1 cells after in vitro treatment, examined by the pmTOR,
pS6, and p4EBP, LC3B-Il, and LC3 puncta (Figure 5A and
B; Online Supplementary Figure S4A), indicating that Leu-
DOX might enhance the efficacy of DOX treatment by in-
hibiting autophagy. In line with this, we found that
inhibiting autophagy in THP-1 cells by lentivirus-mediated
ATG5 knockdown (Figure 5C and D; Online Supplementary
Figure S4B) improved the cell growth inhibition and apop-
tosis-inducing effects of DOX treatment to similar levels
as Leu-DOX treatment (Figure 5E and F). By contrast, in-
hibiting the mTORC1 pathway by rapamycin (Online Sup-
plementary Figure S4C and D) increased autophagy (Online
Supplementary Figure S4E), which compromised the
growth inhibition and apoptosis-inducing effects of Leu-
DOX treatment to the similar levels as DOX treatment in
THP-1 cells (Online Supplementary Figure S4F and G).

Leucine polymer-loaded doxorubicin inhibits autophagy
and reduces leukemic stem cell frequency in vivo
In order to investigate the effects of Leu-DOX for AML

X. Xu et al.

treatment in vivo, we started the treatment 14 days after
transplantation when the chimeric rate of leukemia cells
(GFP*) reached about 15% in the peripheral blood of AML
mice (Figure 6A). Leu-DOX treatment dramatically reduced
the frequency, and absolute numbers of LSC-enriched
cells due to increased apoptosis in the BM of AML mice,
including GFP*c-KIT* cells, GFP*Lin"Scal—c-
KIT*CD34*FcgRIl/lII* (L-GMP) cells* (Figure 6B and E),
GFP*Lin"Scal*c-KIT* (LSK) cells (Online Supplementary Fig-
ure S5A to C), and GFP*Lin"Scalc-KIT* (LK) cells (Online
Supplementary Figure S5D to 7).*? Conversely, we also no-
ticed that DOX treatment triggered apoptosis and reduced
the absolute number of LSC-enriched cells but enriched
their frequency in the BM of AML mice (Figure 6B to E; On-
line Supplementary Figure S5).

Our data showed that DOX treatment for AML mice signifi-
cantly inactivated the mTOR pathway to induce autophagy
in LSC enriched GFP*c-KIT* cells, examined by the in-
creased LC3B-Il and reduced p62. However, Leu-DOX
treatment did not affect the mTOR pathway or influence
autophagy protein LC3B-Il and p62 levels in GFP*c-KIT*
cells (Figure 6F). In line with this, Leu-DOX dramatically
reduced the colony-forming leukemic cells in the BM of
AML mice and compromised their self-renewal capacity in
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Figure 5. Leucine polymer-loaded doxorubicin inhibits autophagy to enhance chemotherapy efficacy in acute myeloid leukemia
cells. (A) Western blots of the mTOR pathway, LC3B and p62 in THP-1 cells 48 hours (h) after indicated treatment. (n=3 indepen-
dent replicates per group). (B) Representative image (left) and quantification (right) of LC3 puncta in THP-1 cells 48 h after treat-
ment (scale bar=3 pym) (n=20 cells). (C) Western blots of the AGT5, LC3B, and p62 in control and ATG5 KD THP-1 cells 48 h after
indicated treatment. (D) Representative images (left) and quantification (right) of LC3 puncta in control and ATG5 KD THP-1 cells
48 h after indicated treatment (scale bar=2 um) (n=20 cells). (E) The cell proliferation rate of control and ATG5 KD THP-1 cells
after indicated treatment. (n=6 replicates). (F) The apoptosis rate of control and ATG5 KD THP-1 cells 72 h after indicated treat-

ment, knockdown (KD) (n=6 replicates).
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Figure 6. Leucine polymer-loaded doxorubicin inhibits autophagy and reduces leukemic stem cell-enriched cells in acute myeloid
leukemia mice. (A) Schematic of drug treatment and analysis. (B) Representative fluorescence activated cell sorting (FACS) plots
of GFP*c-KIT* cells (left) and GFP*Lin-Scal-c-KIT*CD34*FcgRIl/IlI* cells (right, L-GMP) in the bone marrow (BM) of acute myeloid
leukemia (AML) mice 2 days after indicated treatments. (C) The frequency of GFP*c-KIT* cells (up) and GFP*Lin-Scal-—c-
KIT*CD34*FcgRII/III* cells (down) in the BM of AML mice 2 days after indicated treatments (n=4 mice). (D) The absolute number
of GFP*c-KIT* cells (up) and GFP*Lin"Scal-c-KIT*CD34*FcgRII/III* cells (down) in the BM of AML mice 2 days after indicated treat-
ments (n=4 mice). (E) The apoptosis rate of GFP*c-KIT* cells (up) and GFP*Lin-Scal-c-KIT*CD34*FcgRII/IlI* cells (down) in the BM
of AML mice 2 days after indicated treatments (n=4 mice). (F) Western blots (left) and quantification (right) of mMTOR pathway,
LC3B, and p62 in GFP*c-KIT* cells from AML mice 2 days after indicated treatment. 1#, 2#, 3# indicate 3 individual AML mice.
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serial plating assay (81.6% reduction in the primary plating,
89.9% reduction in the secondary plating). However, DOX
treatment enriched the frequency of colony-forming cells
in an equal number of BM cells from AML mice than mice
receiving placebo treatment (1.72-fold increase in the pri-
mary plating, 1.56-fold increase in the secondary plating)
(Figure 7A and B). In order to investigate how Leu-DOX
treatment impacts functional LSC in vivo, we further per-
formed a limiting dilution assay using BM cells from AML
mice 2 days after DOX, Leu-DOX, or placebo treatment
(Figure 7C). We found that Leu-DOX treatment dramatically
reduced the frequency of functional LSC in the BM of AML
mice. Notably, Leu-DOX treatment reduced ~1,000-fold
functional LSC (1/58) in the BM of AML mice than AML mice
received DOX treatment (1/50,385) (Figure 7D to F).

Leucine polymer-loaded doxorubicin enhances the
chemotherapy efficacy in acute myeloid leukemia mice
with reduced tissue toxicity

We further investigated the therapeutic efficacy of Leu-
DOX in treating AML mice (Figure 8A). Leu-DOX treatment
robustly reduced the leukemia burden in peripheral blood
(73.6% decrease on d21, and 64.3% decrease on d28),
which was much more efficient than DOX treatment alone
(36.8% decrease on d21, and 29.9% decrease on d28) (Fig-
ure 8B). Blood smear assay showed that Leu-DOX-treated

X. Xu et al.

group had much fewer immature leukemic cells than DOX
or placebo groups (Figure 8C).

Leu-DOX treatment also more efficiently recovered the
bodyweight of AML mice than DOX treatment (Online Sup-
plementary Figure S6A) compared to placebo treatment,
indicating the reduced tissue toxicity in Leu-DOX treated
mice. DOX exhibits toxicity in the heart, liver, kidney, and
nervous tissue, which causes severe complications in AML
patients receiving standard chemotherapy in clinical.**-%*
Our data showed that Leu-DOX treatment caused much
less side effect toxicity in the structural integrity and re-
duced leukemic cell infiltration in the heart, liver, spleen,
lung, and kidney than DOX treatment in AML mice (Online
Supplementary Figure S6B to D).

Furthermore, Leu-DOX significantly reduced the leukemia
burden in BM (68.7% reduction) than placebo treatment,
which was much more efficient than the DOX treatment
(31.8% reduction) (Figure 8D). Consistently, Leu-DOX more
efficiently reduced the weight of the liver and spleen,
which were infiltrated with leukemic cells in AML mice
(61.9% reduction spleen and 37.3% reduction liver) than
DOX treatment (39.4% reduction spleen, and 24.4% reduc-
tion liver, Figure 8E). More importantly, the Leu-DOX treat-
ment significantly prolonged the overall survival of AML
mice than AML mice receiving placebo or DOX treatment
(Figure 8F).
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Figure 7. Leucine polymer-loaded doxorubicin reduces leukemic stem cells in acute myeloid leukemia mice. (A and B) Repre-
sentative images (A) and quantification (B) of colony-forming cells in the bone marrow (BM) of acute myeloid leukemia (AML)
mice 2 days after indicated treatments. (C) Schematic illustration of limited dilution assay of BM cells of AML mice 2 days after
indicated treatments. (D and F) The percentage of GFP* leukemic cells in peripheral blood (D), the quantification of morbidity in
recipients (E), and competitive repopulating unit (CRU) analysis for the leukemic stem cell (LSC) frequency (F) (n=5 mice per

group).
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Figure 8. Leucine polymer-loaded doxorubicin enhances the chemotherapy efficacy in acute myeloid leukemia mice. (A) Sche-
matic of acute myeloid leukemia (AML) mouse treatment. (B) The percentage of GFP* leukemic cells in peripheral blood at the
indicated time after treatment. (C) Representative peripheral blood smear (left) and quantification (right) of blast cells in the pe-
ripheral blood smear from AML mice at day 21 (d21) with indicated treatment (n=15 replicates from 5 mice). (D) The percentage
of GFP* leukemic cells in the bone marrow (BM) of AML mice at d21 with indicated treatment (n=5 mice). (E) Images (left) and
weight of spleen and liver (right) of AML mice at d21 with indicated treatment (n=5 mice) (scale bar=1 cm). (F) The survival curve
of AML mice with indicated treatments (n=5 mice). MOS: median overall survival.

Discussion

Autophagy plays an essential role in normal hematopoietic
stem cell maintenance.*¢“” Depletion of autophagy-associ-
ated genes, such as Atg5 or Atg7, impairs the self-renewal
and hematopoietic reconstruction of HSC by increasing the
accumulation of dysfunctional mitochondria and reactive
oxygen species.”® Furthermore, inhibition of autophagy re-
pressed leukemia progress when the disease enters the
maintenance phase.***° However, the therapeutic approach
targeting the enhanced autophagy in chemoresistant LSC
to improve chemotherapy efficiency for AML treatment re-
mains unexplored. Here, we found that autophagy up-
regulation was associated with chemotherapy recurrence
in AML patient specimens. More importantly, inhibition of
autophagy by a self-assembled leucine polymer dramati-
cally enhanced the effect of DOX in eliminating LSC.

mMTORC1 can phosphorylate and inactivate the autophagy
mediators, such as ULK1, ATG13, AMBRA1, and ATG14L,%" to
suppress the autophagy initiation, autophagosome nucle-
ation, and autophagy elongation.5>%® Furthermore, mTORC1
promotes TFEB (transcription factor EB) nuclear entry to
repress autophagy-associated genes.** It is known that
DOX treatment can induce autophagy in cancer cells.%®
Consistently, we found that DOX treatment inactivated the

MTORC1 pathway to stimulate autophagy in LSC enriched
cells of AML mice. Leucine activates mTOR complex 1
(mTORC1) by directly destroying the mTORC1 repressor,
Sestrin2-GATOR2 complex, and producing the metabolite
acetyl-coenzyme A (AcCoA), which indirectly activates
MTORC1.%%%” Recent work shows that leucine directly acti-
vates SAR1B, a small GTPase, which undergoes a con-
formational change and dissociates from GATOR2,
resulting in mTORC1 activation.*® In line with this, we found
that our newly developed self-assembled leucine polymer,
8L6, inhibited autophagy by activating mTORC1 in leukemic
cells. Furthermore, Leu-DOX had enhanced the chemo-
therapeutic efficacy in eliminating functional LSC in AML
than DOX treatment. We also found that this amino acid-
based delivery system can release drugs in a low pH en-
vironment. Therefore, the high intracellular acidity in
leukemic cells caused by high aerobic glycolysis®® allowed
Leu-DOX to specifically target leukemic cells and LSC in
AML.

Overall, the bifunctional Leu-DOX, which inhibits auto-
phagy and targets leukemic cells simultaneously, is a
promising therapeutic approach for AML treatment.
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