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Neutrophil /Leukemia-Tropic Dual-Drug Nanomedicine
Potentiates the Treatment of Acute Myeloid Leukemia

Shujing Yue, Zhenzhen Zhai, Jingnan An, Huanli Sun,* Jiaying Li, Cenzhu Zhao, Yang Xu,

and Zhiyuan Zhong*

Acute myeloid leukemia (AML) poses severe clinical challenges due to its
heterogeneity and the scattered nature of therapeutic targets. Moreover,
suboptimal drug delivery to the bone marrow, combined with the protective
effects of the niche that shelters residual leukemia cells, frequently underlies
chemotherapy failure and relapse. Here, a neutrophil /leukemia-tropic
polymersome vincristine/volasertib dual-drug nanoformulation (NLP-Vi/Vo) is
reported to selectively bind to leukemia cells and neutrophils, and to
ratiometrically release clinical chemotherapeutics and a polo-like kinase 1
inhibitor, thereby potentiating the treatment of AML. NLP-Vi/Vo induces
synergistic anti-AML effects by sensitizing AML to chemotherapy, and homes
to bone marrow by hitchhiking on neutrophils, cooperatively depleting
leukemia in both the bloodstream and bone marrow. NLP-Vi/Vo shows
excellent therapeutic efficacy in malignant murine AML and human AML
xenograft models. Collectively, neutrophil/leukemia-directing dual-drug

peripheral blood, is fatal to most
patients.'-*!  Chemotherapy has long
been the gold standard treatment, but is
associated with dismal clinical efficacy and
a high relapse rate as a result of serious
toxic effects and drug resistance.l*’] Recent
advances in a small number of molec-
ular targeted drugs and the integration
of them with chemotherapeutics have
demonstrated certain improvements in
therapeutic efficacy by potentially sensi-
tizing AML to chemotherapy, inducing
synergistic effects, and/or overcoming
drug resistance.®?) However, the clinical
outcome of drug combinations remains
limited by several critical challenges, in-
cluding uncontrollable drug ratios in vivo

nanomedicines offer a promising treatment strategy for AML.

1. Introduction

Acute myeloid leukemia (AML), characterized by the abnor-
mal proliferation of myeloid blasts in the bone marrow and
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and overlapping toxicities.l'”) Co-loading

two drugs in one nanomedicine presents

an exciting approach.'2] For example, the
clinically successful liposomal dual-drug CPX-351 (Vyxeos) ra-
tiometrically delivers cytarabine and daunorubicin chemothera-
peutics, leading to an increased response rate in AML patients
compared with the free drug combination.['**] However, a small
population of leukemia cells is often resistant to chemother-
apy, which makes their complete eradication particularly difficult
when chemotherapy alone is used.[*>1°]

Inferior drug delivery to the bone marrow poses an-
other critical challenge hampering leukemia depletion and
causing relapse.'7!8] To address this issue, bone-targeting
bisphosphonate-directed nanodelivery systems have been
developed;[1*2% however, drug accumulation in the bone mar-
row is still limited owing to the bone marrow-blood barrier.
Neutrophils, the most common type of circulating leukocyte
in the body, have a short lifespan, and senescent neutrophils
naturally home to the bone marrow for apoptosis.!?!"?2] Leverag-
ing this advantage, neutrophils were engineered ex vivo to load
single-drug nanomedicines and increase drug accumulation
in the bone marrow, resulting in improved treatment of bone
metastatic breast tumors and osteoporosis in mice.!?}]

In this contribution, we propose a neutrophil/leukemia-
tropic polymersome-based dual-drug nanoformulation (NLP-
Vi/Vo) that induces synergistic anti-AML effects by ratiometri-
cally delivering the chemotherapeutic vincristine and the polo-
like kinase 1 (PLK1) inhibitor volasertib to the leukemic cells
(Figure 1a,b). By hitchhiking on neutrophils, the polymersomes
are homed to the bone marrow to potentiate the treatment
of AML. Elevated PLK1 expression is frequently associated
with poor prognosis and resistance to chemotherapy in diverse

© 2025 Wiley-VCH GmbH
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Figure 1. Preparation of a neutrophil/leukemia-tropic polymersome dual-drug nanoformulation (NLP-Vi/Vo) for enhanced treatment of AML. a)
Schematic showing the composition of NLP-Vi/Vo. b) Schematic showing that NLP-Vi/Vo binds to AML cells in the blood and home to the bone marrow
by hitchhiking neutrophils, thus inducing synergistic AML depletion via ratiometric release of the two drugs. c) Size distribution of NLP-Vi/Vo, 4. d)
In vitro drug release curves of NLP-Vi/Vo (n = 3), GSH: glutathione. e) Intracellularly released Vo/Vi ratios in NLP-Vi/Voy 54- or FreeVi/Vo, o,-treated
Molm-13-Luc cells (n = 3). f) Mouse plasma Vo/Vi ratios at different time points after intravenous injection of NLP-Vi/Voy o4 or FreeVi/Vo 54 (n = 3).

In d—f, the data are presented as the mean + standard deviation (SD).

malignancies, including AML.2#%] NLP-Vi/Vo selectively binds
to leukemia cells and neutrophils and sensitizes AML to
chemotherapy, cooperatively eradicating leukemia cells in the
bloodstream and bone marrow. The effectiveness of NLP-Vi/Vo
has been demonstrated by the complete cure of three different
AML models. This neutrophil/leukemia-directing polymersome
dual-drug strategy presents a novel potential treatment for AML.

2. Results and Discussion

2.1. Design of NLP-Vi/Vo for Ratiometric Codelivery of
Vincristine and Volasertib

Chemotherapy alone is difficult to deplete leukemia due to its het-
erogeneity and drug resistance. Molecular targeted drugs, such
as PLK1 inhibitors, have been shown to simultaneously induce
the apoptosis of cancer cells and increase their sensitivity to
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chemotherapy.[?*?’] However, the combination of chemothera-
peutics with molecular targeted drugs has achieved only limited
clinical success, partly owing to their shifting drug ratios, rapid
clearance, and poor bone marrow delivery. Polymersomes, fea-
turing a bilayered structure, offer significant advantages in deliv-
ering a variety of drugs, particularly water-soluble drugs, thereby
increasing their therapeutic efficacy.?*-3% Here, we developed a
neutrophil /leukemia-tropic polymersome for bone marrow hom-
ing and ratiometric codelivery of Vi and Vo to potentiate the treat-
ment of AML. Vo has been designated as an orphan drug for treat-
ing AML by the Food and Drug Administration (FDA), which can
sensitize Vi, a potent chemotherapeutic drug for leukemia, and
collectively induce mitotic arrest and cell apoptosis. NLP-Vi/Vo
consists of a poly(ethylene glycol) outer shell, a disulfide-cross-
linked polycarbonate membrane, and a negatively charged cavity,
enabling ratiometric loading of Vi and Vo via electrostatic interac-
tions. NLP-Vi/Vo formulations with different Vi/Vo mass ratios
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of 1/12, 1/24, and 1/48, which were denoted as NLP-Vi/Vo, ;,,
NLP-Vi/Vo, ,, and NLP-Vi/Vo, s, respectively, were readily pre-
pared by controlling the drug feed ratios. Single-drug polymer-
somes, NLP-Vi and NLP-Vo, were also prepared for comparison.
All the nanoformulations presented consistent sizes of ~#30 nm,
narrow size distributions (PDI < 0.10), mildly negative zeta po-
tentials (—4.1 — —5.5 mV), and comparable drug loading efficien-
cies (Figure 1c; Table S1, Supporting Information). NLP-Vi/Vo,
featuring a spherical vesicular structure, exhibited remarkable
stability against dilution, 10% fetal bovine serum (FBS), or 300
days of storage at 4 °C (Figures S1 and S2, Supporting Informa-
tion). The exposure of NLP-Vi/Vo to 10 mm GSH, which mimics
that inside cancer cells,[*) triggered the rapid and ratiometric re-
lease of Vi and Vo (Figure 1d). Moreover, NLP-Vi/Vo, ,, ratiomet-
rically released Vi and Vo in AML cells, contrasting sharply to the
free drug combination (FreeVi/Vo, ,,), with a drug ratio deviating
to 1/145 (Figure le). Additionally, the amount of intracellularly
released Vi or Vo from NLP-Vi/Vo was consistently higher than
that from FreeVi/Vo (Figure S3, Supporting Information). After
intravenous injection into BALB/c mice, NLP-Vi/Vo maintained
a nearly constant Vi/Vo ratio in the blood within 24 h, whereas
the Vi/Vo ratio of FreeVi/Vo shifted to 1/224 after only 40 min
(Figure 1f; Figure S4, Supporting Information). The ratiometric
delivery of two drugs is essential for achieving synergistic antitu-
mor effects in vivo.[?%

2.2. In vivo AML Binding, Neutrophil Hitchhiking, and Bone
Marrow Homing of NLP-Vi/Vo

To evaluate the AML selectivity of NLP-Vi/Vo, Cy5-labeled poly-
mersomes (NLP-Cy5) were intravenously injected into orthotopic
Molm-13-Luc AML-bearing mice, and peripheral blood was col-
lected for analysis. As shown in Figure 2a, NLP-Cy5 selectively
and rapidly bound to circulating AML cells, resulting in signifi-
cantly higher Cy5 intensity than that of normal peripheral blood
cells. We then determined the type and population of normal pe-
ripheral blood cells associated with NLP-Cy5 in normal BALB/c
mice. After intravenous injection, NLP-Cy5 quickly bound to
leukocytes in the blood, and 98.4% of the Cy5-positive leuko-
cytes were neutrophils at 1 h (Figure 2b—d; Figure S5, Supporting
Information), supporting the exceptional neutrophil hitchhiking
capability of NLP-Vi/Vo.

Inspired by the neutrophil hitchhiking effects of NLP-Cy5, we
further investigated its bone marrow homing and AML selec-
tivity in different tissues using orthotopic Molm-13-Luc AML-
bearing mice. NLP-Cy5 effectively accumulated in the fore-
limbs, hindlimbs, and other leukemia-infiltrated organs, includ-
ing the liver, lung, and kidney, at 4 h after injection (Figure 2e).
Rapid bone marrow homing most likely stems from the NLPs
associated with the circulating population of senescent neu-
trophils (CXCR4"8"CD62LY) (Figure S6, Supporting Informa-
tion), which are constitutively present in mice and constitute
~55% of blood neutrophils at peak times.****l More impor-
tantly, NLP-Cy5 enriched in different tissues presented high se-
lectivity for AML cells compared with normal cells (Figure 2f).
Consistently, NLP-Vi/Vo significantly increased drug accumu-
lation in the bone marrow by 7-fold compared with FreeVi/Vo
(Figure 2g). Furthermore, partial depletion of neutrophils via in-
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traperitoneal injection of anti-Ly6G antibody!3>3¢! significantly
reduced the accumulation of NLP-Cy5 in the forelimbs and
hindlimbs (Figure 2h,i), indicating the important role of neu-
trophils in navigating NLP-Vi/Vo to the bone marrow.

2.3. NLP-Vi/Vo Synergistically Inhibits AML Cells

The potential synergies of NLP-Vi/Vo in vitro were first inves-
tigated via cell viability assays using three AML cell lines (MV-
4-11, Molm-13-Luc, and WEHI-3). In MV-4-11 cells, NLP-Vi/Vo
with different Vi/Vo mass ratios of 1/12, 1/24, and 1/48 ex-
hibited strong synergy, with combination indices (CIs) as low
as 0.21-0.25 (Table S2, Supporting Information). For example,
NLP-Vi/Vo, ,, presented a half-maximal inhibitory concentra-
tion (ICsy) of 0.05 ng mL™" for Vi and 1.3 ng mL™" for Vo,
which were 29- and 6-fold lower than those of NLP-Vi and NLP-
Vo, respectively (Figure 3a). Moreover, NLP-Vi/Vo, ,, was 6-fold
more potent than FreeVi/Vo,,,, which is consistent with its
ability to maintain a stable intracellular drug ratio and achieve
higher intracellular drug contents. A similar synergistic effect
of NLP-Vi/Vo was also observed in Molm-13-Luc and WEHI-
3 cells (Figure 3b; Figure S7, Supporting Information). Impor-
tantly, NLP-Vi/Vo, ,, was nontoxic to normal mouse T cells even
at a high Vo concentration of 2.4 ug mL™! (Figure S8a, Support-
ing Information). The blank polymersomes (NLP) exhibited no
discernible toxicity across three distinct AML cell lines (Figure
S8b, Supporting Information).

As Vi and Vo are recognized for their capacity to induce cell
cycle arrest and trigger apoptosis,?’*’] we assessed the potential
synergy of NLP-Vi/Vo in enhancing G2/M arrest and apoptosis
via flow cytometry. NLP-Vi/Vo sharply increased the percentage
of three different AML cell lines in the G2/M phase (Figure 3c;
Figure S9, Supporting Information). As a result, we observed a
marked increase in apoptosis via the mitochondrial pathway in
cells treated with NLP-Vi/Vo compared with those treated with
control formulations (Figure 3d,e; Figures S10 and S11, Support-
ing Information). The synergistic proapoptotic ability of NLP-
Vi/Vo was further observed in primary AML cells isolated from
eight patients, with an apoptosis rate as high as #90% (Figure 3f).
Additionally, NLP-Vi/Vo treatment most significantly reduced
the protein expression of PLK1 as well as B-cell lymphoma 2
(BCL-2) and myeloid cell leukemia 1 (MCL-1) (Figure 3g), two key
antiapoptotic proteins that regulate mitochondrial apoptosis.!8!
Collectively, these data indicate a potent synergistic effect of NLP-
Vi/Vo in inducing cell cycle arrest, causing cell apoptosis, and
suppressing AML proliferation.

2.4. RNA-Seq Analysis of the Synergistic Mechanism of
NLP-Vi/Vo

Inspired by the strong synergistic anti-AML effect of NLP-Vi/Vo,
we further investigated the underlying mechanism via RNA-seq.
Compared with PBS treatment, treatment with different formu-
lations significantly altered the gene expression of Molm-13-Luc
cells (Figure 4a). Additionally, genes in cells treated with NLP-
Vi/Vo were also differentially regulated compared with those in
cells treated with NLP-Vi, NLP-Vo, or FreeVi/Vo (Figure S12, Sup-
porting Information). The pathway enrichment of the regulated
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Figure 2. In vivo AML selectivity, neutrophil hitchhiking, and bone marrow homing of NLP-Vi/Vo. a) Cy5 fluorescence intensity of AML cells and normal
cells in the peripheral blood after intravenous injection of NLP-Cy5 in orthotopic Molm-13-Luc AML-bearing mice (n = 4). b) Schematic of the sorting
of Cy5* cells, as well as neutrophils and other leukocytes in the blood of BALB/c mice. c) The percentage of Cy5™ cells in leukocytes in the peripheral
blood at different times after intravenous injection of NLP-Cy5 into BALB/c mice (n = 4). d) Percentages of neutrophils and other Cy5* leukocytes in
(c) (n = 4). e) Quantitative analysis of Cy5 fluorescence in various ex vivo imaged tissues at 4 h post-injection of NLP-Cy5 in orthotopic Molm-13-Luc
AML-bearing mice (n = 3). f) Cy5 fluorescence intensity of AML cells and normal cells in different tissues in (e). g) Vo content in the hindlimbs of
Molm-13-Luc AML-bearing mice at 6 h after intravenous injection of NLP-Vi/Voy 54 or FreeVi/Vo, 54 (n = 3). h) Ex vivo fluorescence images of forelimbs
and hindlimbs isolated from Molm-13-Luc AML-bearing mice or those treated with anti-Ly6G antibody to deplete neutrophils at 4 h post-injection of
NLP-Cy5 (n = 3). i) Quantitative fluorescence analysis of (h) (n = 3). Statistical significance was analyzed by an unpaired Student’s t-test for (a,d,f,g,i).

*p <0.05, p <0.01, " p <0.001,”

genes was further assessed via Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. As shown in Figure 4b, the down-
regulated genes observed between different treatments and PBS
were strongly enriched in the cell cycle and DNA replication path-
ways, with NLP-Vi/Vo treatment inducing the most pronounced
enrichment in the cell cycle pathway. Notably, unlike single drug
formulations and FreeVi/Vo controls, NLP-Vi/Vo uniquely in-
duced the activation of necroptosis, ferroptosis, apoptosis, and
Toll-like receptor signaling pathways as well as the inhibition
of microRNAs in cancer and the transforming growth factor-g
(TGF-p) pathways. Emerging evidence indicates that ferropto-
sis activation and TGF-f inhibition can reverse drug resistance
in cancer,** which may contribute to the strong synergistic
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***p < 0.0001. The data are presented as the mean + SD for (a, c-g, i).

effects of NLP-Vi/Vo. Gene set enrichment analysis (GSEA) of
the KEGG datasets further demonstrated the significant down-
regulation of the cell cycle and TGF-g pathways by NLP-Vi/Vo
(Figure 4c). Gene Ontology (GO) analysis additionally revealed
that NLP-Vi/Vo treatment downregulated genes related to the
cell cycle phase transition and mitosis compared with the NLP-
Vi and NLP-Vo controls (Figure S13, Supporting Information).
Moreover, enriched GSEA expression was observed in the p53
signaling pathway after NLP-Vi/Vo treatment, which is in con-
trast to FreeVi/Vo with a negative regulation (Figure 4d). This
is likely due to the increased intracellular delivery of drugs by
NLP-Vi/Vo. The gene heatmaps revealed that NLP-Vi/Vo sig-
nificantly regulated the expression of genes related to the cell

© 2025 Wiley-VCH GmbH
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Figure 3. Synergistic antileukemic activity of NLP-Vi/Vo in vitro. a,b) Anti-AML activity of NLP-Vi/Vo with different Vi/Vo ratios, NLP-Vi, NLP-Vo, and
FreeVi/Vo, 4 in MV-4-11 (a) and Molm-13-Luc cells (b) (n = 6). c) Representative cell cycle analysis of Molm-13-Luc cells following different treatments
via propidium iodide (PI) staining. d) Representative apoptosis pattern of Molm-13-Luc cells following different treatments and e) quantitative analysis
(n = 3). f) Apoptosis analysis of CD33% AML blasts isolated from AML patients after incubation with PBS, NLP-Vi, NLP-Vo, NLP-Vi/Vo, or FreeVi/Vo

(Vi/Vo = 1/24). g) Representative western blot images and grayscale quantifications of PLK1, BCL-2, MCL-1 and GAPDH proteins in Molm-13-Luc cells

following different treatments (n = 3). “p < 0.05, “p < 0.01,

cycle (CDC14B, WEE1, MYC, E2F5, etc.), TGF-g (MYC, E2F5, IN-
HBE, BMP2, INHBC, RHOA), apoptosis (BCL-2, BAX, etc.), and
ferroptosis (CYBB, HMOX1, STEAP3, SLC3A2, etc.) (Figure 4e).
Western blot analysis further showed that NLP-Vi/Vo treatment
significantly elevated cleaved caspase-3 and Bax—hallmarks of
apoptosis—together with the CDK inhibitor p21, while concomi-
tantly reducing total CDK1 and its inhibitory phosphorylation
(pCDK1), confirming G2/M blockade and concurrent apoptotic
induction (Figure S14, Supporting Information).
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“p < 0.0001. The data are presented as the mean + SD for (a,b,e,g).

2.5. NLP-Vi/Vo-Mediated Depletion of Leukemia Cells In vivo

The synergistic in vivo anti-AML efficacy of NLP-Vi/Vo at dif-
ferent Vi/Vo dosages of 0.25/3, 0.25/6, and 0.125/6 mg kg™,
which were denoted as NLP-Vi/Vo, 5,3, NLP-Vi/Voy,s, and
NLP-Vi/Voy 1,55, respectively, was first assessed in an ortho-
topic FMS-like tyrosine kinase 3-internal tandem duplication
(FLT3-ITD) mutant Molm-13-Luc AML model (Figure 5a). FLT3-
ITD is the most prevalent mutation in AML and is strongly
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Figure 4. RNA-seq analysis of Molm-13-Luc cells after different treatments (n = 3). a) Volcano plots depicting genes differentially expressed between
cells treated with NLP-Vi/Vo, NLP-Vi, NLP-Vo, or FreeVi/Vo and those treated with PBS. Genes exhibiting a p-value < 0.05 and an absolute log2 (fold
change) > 0.5 were recognized as differentially expressed genes (DEGs). b) Significantly enriched KEGG pathways of genes differentially expressed in
cells after treatment with NLP-Vi/Vo, NLP-Vi, NLP-Vo, or FreeVi/Vo compared to PBS-treated cells. c) GSEA plots showing the downregulated cell cycle
and TGF-f pathways after treatment with NLP-Vi/Vo. ES: enrichment score; NES: normalized enrichment score; Nom p: normalized p value. d) GSEA
plots showing the regulation of the p53 signaling pathway after treatment with NLP-Vi/Vo or FreeVi/Vo. e) Heatmaps of DEGs related to the cell cycle,
TGF-p, apoptosis, and ferroptosis.

associated with poor clinical outcomes.*] NLP-Vi, NLP-Vo, (Figure 5b,c). However, treatment with single drug nanoformu-
FreeVi/Vo (Vi: 0.25 mg kg™, Vo: 6 mg kg™'), and PBS served  lations (NLP-Vi, NLP-Vo) or FreeVi/Vo only retarded leukemia
as controls. Leukemia growth was monitored by biolumines-  progression to a certain extent. As a result, NLP-Vi/Vo signifi-
cence signals from Molm-13-Luc cells. Four injections of NLP-  cantly outperformed the other control formulations in prolong-
Vi/Vo strongly inhibited the proliferation of leukemia cells, and  ing survival, with 100% of the mice in the NLP-Vi/Vo, 5 group
NLP-Vi/Vo, ,5 s presented the most effective leukemia inhibition,  surviving for at least 180 days (Figure 5d). The mice in all treat-
with no detectable bioluminescence signals in any of the mice = ment cohorts maintained stable weights (Figure 5e). Moreover,
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Figure 5. NLP-Vi/Vo-mediated depletion of leukemia cells in the orthotopic Molm-13-Luc AML model. a) Treatment and monitoring scheme. b) Biolu-
minescence images showing leukemia progression in mice treated with PBS, NLP-Vo, NLP-Vi, NLP-Vi/Vog 553, NLP-Vi/Voq 556, NLP-Vi/Vog 156, and
FreeVi/Vo. c) Analysis of bioluminescence intensity across regions of interest within the whole body of each mouse from different groups. d) Survival
curves of the mice in different treatment groups (n = 6). Statistical significance was calculated via the log-rank test: NLP-Vi/Vog 56 versus FreeVi/Vo,
NLP-Vi, NLP-Vo, and PBS, “*p < 0.001. e) Weight variations in mice that received different treatments (n = 6). f), Spleen weight after treatment with
NLP-Vi/Vo or PBS (n = 3). Healthy mice were used as controls. g) Percentages of AML cells in the liver, lung, spleen, peripheral blood, and bone marrow
(n = 3). Statistical significance was analyzed by one-way ANOVA for (f, g), “p < 0.05, “p < 0.01, “*p < 0.001, “**p < 0.0001. The data are presented
as the mean = SD for (e-g).
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Figure 6. Leukemia infiltration analysis and synergistic anti-AML effects in different AML models. a) Representative micro-CT images of femurs and tibias
isolated from mice in different groups. The experiments were repeated three times. b) Quantitative parameter analysis of the femurs and tibias. BMD:
bone mineral density; BV/TV: bone volume fraction; BS/TV: bone surface area/bone volume; Tb.Th: trabecular thickness; Tb.N: trabecular number;
Tb.Sp: trabecular separation (n = 3). Statistical significance was analyzed by one-way ANOVA, “p < 0.05, “p < 0.01, “*p < 0.001, “**p < 0.0001.
c) Survival curves and d) body weight changes of orthotopic MV-4-11-bearing mice receiving different formulations (n = 6). e) Survival curves of orthotopic
WEHI-3 AML-bearing mice receiving different formulations (n = 6). The data are presented as the mean + SD for (b,d). Statistical significance was

analyzed via the log-rank test for (c,e) (NLP-Vi/Vog 556 versus NLP-Vi, NLP-Vo, or PBS, “p < 0.001).

a single injection of NLP-Vi/Vo at 4-fold higher dosages (Vi/Vo:
1/12, 1/24, and 0.5/24 mg kg™!) induced negligible changes in
the blood routine and biochemical parameters of the mice, re-
sulting in a survival rate of 100% (Figure S15, Supporting Infor-
mation).

AML cells are known to abnormally proliferate in the bone
marrow and infiltrate extramedullary tissues, leading to char-
acteristic clinical symptoms such as splenomegaly and bone
marrow failure.*#*] NLP-Vi/Vo treatment significantly inhib-
ited splenomegaly in the mice, for which the spleen weight was
similar to that observed in healthy mice and ca. 1/3 the weight
of the spleen from the PBS group (Figure 5f). Additional evi-
dence was provided by the complete suppression of leukemia in-
filtration in various tissues of mice in the NLP-Vi/Vo, 5 ; group
(Figure 5g; Figure S16, Supporting Information). Consistently,
the bone marrow failure in the control groups, characterized by
an apparent reduction in hematopoietic cells!*#”l was completely
relieved in the NLP-Vi/Vo, 55 group (Figure S17, Supporting In-
formation). The expansion of leukemia cells in the bone marrow
can activate osteoclasts and regulate osteolytic activities, result-
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ing in osteopenia.[*®! Tartrate-resistant acid phosphatase (TRAP)-
stained images revealed that the number of osteoclasts in mice
treated with NLP-Vi/Voy,5,; decreased to a level similar to that
in healthy mice (Figure S18, Supporting Information). Micro-CT
was then utilized to assess the bone structure of the hindlimbs.
NLP-Vi/Voy 5 treatment completely prevented bone loss in the
mice, resulting in a normal bone structure and related parame-
ters akin to those observed in healthy mice, outperforming NLP-
Vi and NLP-Vo (Figure 6a,b).

To further corroborate the synergistic anti-AML effect of NLP-
Vi/Vo, we established FLT3-ITD mutant human MV-4-11 as
well as syngeneic, FLT3 wild-type, lysine methyltransferase 2A
(KMT2A) rearranged WEHI-3 AML models. The mice were in-
travenously injected with PBS, NLP-Vi, NLP-Vo, or NLP-Vi/Vo
(Vi/Vo: 0.25/6 and 0.125/6 mg kg™') under the same regimen
as the Molm-13-Luc AML model. In the MV-4-11 model, NLP-
Vi/Vo treatment completely eradicated leukemia cells, resulting
in 100% survival of the mice after 180 days, whereas no mice
in the other control groups survived beyond 30 days (Figure 6c¢).
Similar results were also observed in the syngeneic WEHI-3

© 2025 Wiley-VCH GmbH
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model, in which 100% of the mice survived after treatment with
NLP-Vi/Vog 55 (Figure 6e). Stable body weights were observed
for the mice in all the groups (Figure 6d; Figure S19, Support-
ing Information). Taken together, these findings demonstrated
the applicability of NLP-Vi/Vo in curing FLT3-ITD mutant and/or
KMT2A rearranged AML models and the superiority of ratiomet-
rically codelivering Vi/Vo in leukemia treatment.

3. Conclusion

AML patients continue to face high mortality rates due to limited
targeted treatments and difficulty in eradicating leukemia cells in
the bone marrow. In this work, we report a neutrophil /leukemia-
affinitive polymersome vincristine /volasertib dual-drug nanofor-
mulation (NLP-Vi/Vo) to address this challenge. NLP-Vi/Vo with
superb stability ratiometrically delivered chemotherapeutics and
PLK1 inhibitors to leukemia cells, resulting in a strong synergis-
tic anti-AML effect via the regulation of diverse pathways. NLP-
Vi/Vo was able to selectively bind to AML cells and home to
the bone marrow by hitchhiking neutrophils, completely deplet-
ing leukemia cells in mice and curing different models. Overall,
these neutrophil/leukemia-directing dual-drug nanomedicines
significantly potentiate AML treatment via neutrophil-mediated
bone marrow homing and the ratiometric delivery of chemother-
apeutics and molecular targeted agents. The greater abundance
of circulating neutrophils in humans might afford increased
hitchhiking capacity; however, fundamental interspecific differ-
ences mandate comprehensive humanized assays to ensure reli-
able clinical translation. Moreover, a complete CMC dossier for
both the polymeric excipients and the final NLP-Vi/Vo formu-
lation, underpinned by continuous, scalable manufacturing and
rigorous quality-control strategies, is essential to expedite clinical
development.

4. Experimental Section

Antibodies: PE anti-human-CD33 antibody (Cat: 366606), APC-Cy7
Zombie NIR fixable viability kit (Cat: 423106), PE-Cy7 anti-mouse
Ly6G/Ly6C (Gr-1) antibody (Cat: 108416), FITC anti-mouse/human CD11b
antibody (Cat: 101206), FITC or PE anti-human CD45 antibody (Cat:
304006, 304008), PE-Cy5 anti-mouse Ly6G antibody (Cat: 127671), PE anti-
mouse CXCR4 antibody (Cat: 146505), and PE-Cy7 anti-mouse CD62L an-
tibody (Cat: 104418) were purchased from BioLegend. InVivoMAB anti-
mouse Ly6G antibody (Cat: BEOO75) was obtained from BioXcell. CDK1
and BCL-2 antibodies were purchased from Proteintech. MCL-1, cleaved
caspase-3, p21, and pCDK1(Tyr15) antibodies were purchased from Cell
Signaling Technology. Bax, PLK1, and GAPDH antibodies were purchased
from Affinity Biosciences, HUABIO, and Abcam, respectively. Goat anti-
rabbit antibody was purchased from Servicebio.

Preparation of NLP-Vi/Vo:  NLP-Vi/Vo was fabricated via self-assembly
of poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane
trimethylene carbonate)-b-poly(aspartic acid) (PEG-P(TMC-DTC)-PAsp,
5.0-(15.0-2.0)-1.29 kg mol~"), synthesized with a similar protocol as the
previous report.[*’l Vi and Vo with different feeding mass ratios of 1:8,
1:16, and 1:32 were simultaneously loaded via electrostatic interactions.
Taking 1:16 as an example, a mixture of PEG-P(TMC-DTC)-PAsp (40 mg
mL~1, 43 mL) and Vo (20 mg mL™", 1.75 mL) dissolved in dimethyl
sulfoxide (DMSO) was slowly injected into 38 mL of HEPES (5 mwm,
pH 6.8) containing 2.2 mg of Vi under stirring. Following an overnight
incubation, the solution was transferred into a dialysis bag (MWCO: 3.5
kDa) and dialyzed against HEPES (5 mm, pH 7.4) for 8 h to remove

Adv. Mater. 2025, 12635

€12635 (9 of 11)

www.advmat.de

unloaded drugs and DMSO. The polymersomes obtained were denoted
as NLP-Vi/Vo. The quantification of encapsulated Vi and Vo was described
in Supplementary Methods. Vi or Vo-loaded single-drug polymersomes
were fabricated as controls, as described for NLP-Vi/Vo, but only one drug
was added during the assembly process. The obtained polymersomes
were denoted as NLP-Vi and NLP-Vo, respectively.

Primary AML Cells and Animals:  Primary human AML cells were iso-
lated from bone marrow aspirates obtained from AML patients at Jiangsu
Institute of Hematology, the First Affiliated Hospital of Soochow Univer-
sity (Suzhou, China), using Ficoll-Hypaque density centrifugation followed
by fluorescent cell sorting. Informed consent was signed by patients and
donors according to the guidelines given by the ethical committee of the
First Affiliated Hospital of Soochow University (approval no. 2017169-2).
The primary AML cells were cultured in IMDM (Gibco) supplemented with
10% FBS, 1% penicillin and streptomycin, 25 ng mL~" interleukin-6, 5 ng
mL~" interleukin-3, 50 ng mL~" stem cell factor, and 10 ng mL~" FLT3
ligand.

Female BALB/c mice (6-7 weeks) and Kunming mice (6-7 weeks, half
male, half female) were obtained from Beijing Vital River. Female B-NDG
mice (6-7 weeks) were purchased from Biocytogen. All the animal experi-
ments were approved by the Animal Care and Use Committee of Soochow
University (Suzhou, China), and all protocols of animal studies conformed
to the Guide for the Care and Use of Laboratory Animals (approval no.
SYXK 2021-0065).

In vitro Synergistic Anti-AML Effects of NLP-Vi/Vo: The synergistic ef-
fects of NLP-Vi/Vo with different Vi/Vo ratios were evaluated in Molm-13-
Luc, MV-4-11, and WEHI-3 AML cells using a cell counting kit-8 (CCK-
8). The cells in 96-well plates (2 x 10* cells per well) were incubated
with NLP-Vi/Voy 15, NLP-Vi/Vo, 54, NLP-Vi/Voy 45, NLP-Vi, NLP-Vo, or
FreeVi/Vo, 4 for 48 h. For the NLP-Vi group, the Vi concentration was
0.007-6.8 ng mL~" for the MV-4-11 cells and 0.007-34 ng mL~" for the
Molm-13-Luc and WEHI-3 cells. For all other formulations, the Vo con-
centration was 0.1-100 ng mL~" for the MV-4-11 cells and 0.1-500 ng
mL~! for the Molm-13-Luc and WEHI-3 cells. After incubation, CCK-8 so-
lution was added (10 pL each) and incubated for an additional 3 h. The
absorbance at 450 nm was determined using a microplate reader (n = 6).
The synergy between Vi and Vo was evaluated by determining the Cl value
using the subsequent formula:

ICsq of Viin combination  1Csy of Vo in combination

Cl = + Q)]

ICsq of Vi alone 1Csq of Vo alone

Cl < 1,Cl=1,and Cl > Tindicate synergistic, additive, and antagonistic
effects, respectively.

The cytotoxicity of NLP-Vi/Vo, 54 against normal mouse T cells, as well
as that of the blank NLP toward Molm-13-Luc, MV-4-11, and WEHI-3 AML
cells, was assessed in the same manner.

In vivo Neutrophil Hitchhiking, Biodistribution, and AML Selectivity: The
binding of NLP-Cy5 to neutrophils and other normal cells in the blood was
evaluated in BALB/c mice. 150 uL of Cy5-labeled polymersomes (NLP-Cy5)
was intravenously injected into the mice, and 150 uL of blood was col-
lected orbitally at 0, 1, 2, and 4 h after injection (n = 3). After erythrocyte
lysis, APC-Cy7 Zombie NIR was added for dead cell staining, and the sam-
ples were blocked for 10 min with an anti-CD16/32 antibody. Then, FITC
anti-mouse/human CD11b and PE-Cy7 anti-mouse Gr-1 antibodies were
used to stain the neutrophils, which were then detected via flow cytome-
try. To prove the role of neutrophil hitchhiking in the bone marrow homing
of NLP-Cy5, mice bearing orthotopic Molm-13-Luc AML were intraperi-
toneally injected with an anti-mouse Ly6G antibody[3>3¢] on days 15 and
17 after model establishment to partially deplete the neutrophils. Another
three mice without treatment were used as controls. On day 18, the mice
were intravenously injected with NLP-Cy5 (0.2 pg Cy5 for each mouse). 4
h post-injection, blood samples were collected from the orbit to analyze
the percentage of neutrophils by CD11b/Gr-1 staining. The major organs,
along with leg bones, were harvested for ex vivo fluorescence imaging. Af-
ter imaging, the liver, spleen, lung, and leg bones were homogenized and
stained with a PE anti-human CD45 antibody to analyze the AML selectivity
of NLP-Cy5 via flow cytometry.
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The Performance of NLP-Vi/Vo in Different AML Models:  The synergistic
anti-AML performance of NLP-Vi/Vo was first evaluated in mice bearing or-
thotopic Molm-13-Luc AML. On day 3 after model establishment, the mice
were divided randomly into 7 groups (n = 13), and treatment was initiated
with tail vein injections every 3 days for four times. The treatments in-
cluded NLP-Vi/Vo at different Vi/Vo dosages 0f 0.25/3, 0.25/6, and 0.125/6
mg kg™, FreeVi/Vo (0.25/6 mg kg™1), NLP-Vi (Vi: 0.25 mg kg™'), NLP-Vo
(Vo: 6 mg kg™'), and PBS. For each experimental group, six mice were em-
ployed to monitor survival and body weight changes, four mice were uti-
lized to monitor leukemia growth through bioluminescence imaging, and
three mice were used to monitor leukemia infiltration in different tissues
and to conduct micro-computed tomography (micro-CT) and histological
analysis. To enable bioluminescence imaging, each mouse was intraperi-
toneally injected with D-Luciferin (150 uL, 75 mg kg™'), and biolumines-
cence images were acquired 10 min later. The weight of mice was recorded
every 3 days. On day 43, three mice in each NLP-Vi/Vo-treated group
were sacrificed to collect peripheral blood, major organs, and hindlimbs
for leukemia burden, histological, and micro-CT analyses. Samples from
the PBS, NLP-Vi, and NLP-Vo groups were collected at the endpoint for
comparison. The spleen of each sacrificed mouse was weighed. To sys-
tematically evaluate the synergistic anti-AML activity of NLP-Vi/Vo, ortho-
topic human MV-4-11 and mouse WEHI-3 models were further established
through tail vein injection of MV-4-11 cells (5 x 10%) into each female B-
NDG mouse and WEHI-3 cells (5 X 10) into each female BALB/c mouse.
The mice were treated with PBS, NLP-Vi (Vi: 0.25 mg kg™'), NLP-Vo (Vo:
6 mg kg~") or NLP-Vi/Vo (Vi/Vo: 0.25/6 and 0.125/6 mg kg™') under
a similar schedule and drug dosage to that of the Molm-13-Luc model
(n=286).

Statistical Analysis: The data were presented as the mean + SD. Sta-
tistical analysis was performed via GraphPad Prism 8 software. Two-tailed
Student t-tests were used for comparisons between two groups. One-way
analysis of variance (ANOVA) with Tukey’s post hoc test was used for com-
parisons within three or more groups. A log-rank test (Mantel-Cox) was
used to compare the survival of the mice between two groups. “p < 0.05,
p <0.01, " p < 0.001, "p < 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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