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ABSTRACT: Acute myeloid leukemia (AML) is often associated with
poor prognosis and survival. Small molecule inhibitors, though widening
the treatment landscape, have limited monotherapy efficacy. The
combination therapy, however, shows suboptimal clinical outcomes due
to low bioavailability, overlapping systemic toxicity and drug resistance.
Here, we report that CXCR4-mediated codelivery of the BCL-2 inhibitor
venetoclax (VEN) and the FLT3 inhibitor sorafenib (SOR) via T22
peptide-tagged disulfide cross-linked polymeric micelles (TM) achieves
synergistic treatment of FLT3-ITD AML. TM-VS with a VEN/SOR
weight ratio of 1/4 and T22 peptide density of 20% exhibited an
extraordinary inhibitory effect on CXCR4-overexpressing MV4−11 AML
cells. TM-VS at a VEN/SOR dosage of 2.5/10 mg/kg remarkably reduced
leukemia burden, prolonged mouse survival, and impeded bone loss in
orthotopic MV4−11-bearing mice, outperforming the nontargeted M-VS
and oral administration of free VEN/SOR. CXCR4-mediated codelivery of BCL-2 and FLT3 inhibitors has emerged as a prospective
clinical treatment for FLT3-ITD AML.

1. INTRODUCTION
Acute myeloid leukemia (AML) is a highly aggressive and
heterogeneous myeloid cancer diagnosed mainly in elderly
people and is associated with poor prognosis.1−3 Cytarabine
and daunorubicin-based standard chemotherapy, though
improving the survival of eligible younger patients, is
perplexing with high systemic toxicity, making most elderly
patients ineligible, with a 5 year survival rate below 10%.4−6

With an improved understanding of AML genomics, several
important molecular targets influencing prognosis and treat-
ment decisions have been identified.7−9 Mutations in FMS-like
tyrosine kinase 3 (FLT3), including FLT3 internal tandem
duplications (FLT3-ITD) and the FLT3 tyrosine kinase
domain (FLT3-TKD), are most frequently detected in AML
patients (∼30%) and are correlated with an inferior prognosis
compared to wild-type FLT3 AML.10−12 Recent approval of
FLT3 inhibitors, such as midostaurin, sorafenib (SOR) and
gilteritinib, has altered the treatment landscape for FLT3
mutant AML patients.13,14 However, due to the emergence of
drug resistance, FLT3 inhibitors generally have limited
monotherapy efficacy and are often administered in combina-
tion with chemotherapeutics or other small molecular targeted
drugs, such as B-cell lymphoma-2 (BCL-2) inhibitors.15

BCL-2 is an antiapoptotic protein that is overexpressed in
AML cells and promotes leukemic blast survival through

regulation of the mitochondrial apoptotic pathway.16 Ven-
etoclax (VEN), a highly selective BCL-2 inhibitor, in
combination with hypomethylating agents or low-dose
cytarabine has been approved as a standard option for newly
diagnosed AML patients who are unfit for intensive chemo-
therapy.17−19 Recent studies have indicated the synergistic
effect of VEN in combination with FLT3 inhibitors in FLT3-
ITD AML models,20,21 likely due to the simultaneous
downregulation of MCL-1 and BCL-XL antiapoptotic proteins,
which can facilitate VEN resistance.22,23 Moreover, early phase
clinical trials have shown encouraging response rates and
survival benefits in FLT3 mutant AML patients after
combination therapy with VEN and FLT3 inhibitors.24−26

Nevertheless, this combination is associated with poor
bioavailability, dose-dependent myelosuppression, overlapping
systemic toxicity, and drug resistance, limiting its clinical
benefits.
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Herein, T22 peptide-modified disulfide cross-linked poly-
meric micelles (TM) were engineered to enable C-X-C motif
chemokine receptor 4 (CXCR4)-mediated codelivery of BCL-
2 (VEN) and FLT3 (SOR) inhibitors for safe and synergistic
treatment of FLT3-ITD AML (Scheme 1). CXCR4 is

overexpressed in leukemia cells of most AML patients and is
correlated with drug resistance and decreased survival.27−30

The T22 peptide, which is an engineered version of the
polyphemusin II peptide from the horseshoe crab and has high
affinity for CXCR4,31,32 was introduced to the surface of
micelles to target AML. VEN and SOR coloaded micelles
(TM-VS) were prepared with efficacious VEN/SOR loading, a
tailored VEN/SOR ratio, high stability, and reduction
responsive drug release. Intriguingly, TM-VS treatment
markedly reduced leukemia burden in the bone marrow,
blood system, and main organs, prolonged mouse survival, and
impeded bone loss in orthotopic MV4−11 FLT3-ITD AML-
bearing mice, outperforming all the other controls. Moreover,
compared with oral administration of free VEN/SOR at doses
of 150 and 30 mg/kg, TM-VS induced minimal myelosup-
pression and reduced damage to blood cells and major organs.
TM-VS has emerged as a safe and effective dual-molecular
targeting nanoinhibitor for combination therapy of FLT3
mutant AML.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of T22 Peptide-

Modified VEN and SOR Coloaded Micelles (TM-VS). TM-VS
was prepared via coassembly of T22 peptide-functionalized poly-
(ethylene glycol)-b-poly(ε-caprolactone-co-dithiolane trimethylene
carbonate) (T22-PEG-b-P(CL-co-DTC)) and PEG-b-P(CL-co-
DTC) copolymers at a weight ratio of 1/4 with simultaneous VEN
and SOR loading. By adjusting the VEN/SOR weight ratio (x), TM-
VSx with different T22 surface densities and VEN/SOR ratios could

be obtained. Taking TM-VS1/4 as an example, 100 μL of polymer
solution in N,N-dimethylformamide (DMF) (10 mg/mL) with 20%
T22-PEG-b-P(CL-co-DTC) was mixed with 1 μL of VEN and 5 μL of
SOR solution in DMF (10 mg/mL) and then injected into 900 μL of
phosphate buffer (PB, pH 7.4, 10 mM) under stirring. The suspension
was dialyzed (MWCO: 3.5 kDa) against PB for 6 h to afford T20M-
VS1/4. Nontargeted M-VS, M-V, and M-S were prepared via self-
assembly of PEG-b-P(CL-co-DTC) only. The contents of VEN and
SOR loaded in micelles were measured by high-performance liquid
chromatography (HPLC) after overnight incubation with 10-fold
acetonitrile with excess dithiothreitol. The drug loading content
(DLC) and drug loading efficiency (DLE) were calculated according
to the following formulas:

=

×

DLC(wt. %) weight of loaded drug

/weight of polymers and loaded drug 100

= ×DLE(%) weight of loaded drug/weight of drug in feed 100

The morphology of TM-VS was observed by transmission electron
microscopy (TEM). The self-cross-linking of the micelles was verified
by UV−vis spectrophotometry. The stability of TM-VS after storage
at 4 °C for 20 days, incubation in 10% fetal bovine serum (FBS) for
24 h, 100-fold dilution with PB, or incubation with 10 mM GSH was
determined by dynamic light scattering (DLS). To confirm the
reduction-triggered release of VEN and SOR, TM-VS and that
incubated with 10 mM GSH for 12 h were subjected to HPLC
measurements.
2.2. CXCR4 Levels in AML Cell Lines. To evaluate the CXCR4

expression level in different AML cell lines (MV4−11, MOLM-13-
Luc, HL-60, and OCI-AML3), 1 × 106 cells were suspended in 200
μL of PBS and incubated with 2 μL of APC-conjugated anti-CXCR4
antibody for 30 min in the dark at room temperature. Then, the cells
were washed twice and resuspended in 200 μL of PBS for flow
cytometry analysis.
2.3. In Vitro Cellular Uptake and Targetability of TM-VS.

TyM-Cy5 (y: 10, 20, and 30, the weight percentage of the T22-PEG-b-
P(CL-co-DTC) copolymer) and M-Cy5 were engineered to monitor
the cellular uptake of TM-VS in four types of AML cells (MV4−11,
MOLM-13-Luc, HL-60, and OCI-AML3) via flow cytometry and
confocal laser scanning microscopy (CLSM). For flow cytometry
studies, cells seeded in 6-well plates (2 × 105/well) were cultured for
4 h with 200 μL of TyM-Cy5 (y: 10, 20, or 30), M-Cy5, or PBS at 37
°C with a final Cy5 concentration of 2.0 μg/mL. Afterward, the cells
were collected by centrifugation (1000 rpm, 4 min), washed with
PBS, and resuspended in 200 μL of PBS for immediate flow
cytometry analysis. At least 1 × 104 cells were counted, and the data
were analyzed using FlowJo-10 software. To corroborate the CXCR4-
mediated endocytosis of TM-VS, MV4−11 and MOLM-13-Luc cells
were pretreated with 10 μM free T22 peptide for 2 h at 37 °C prior to
incubation with T20M-Cy5 followed by a similar procedure for flow
cytometry analysis.
2.4. In Vitro Anti-AML Studies. The synergistic anti-AML effect

of M-VS at different VEN/SOR ratios in MV4−11 and MOLM-13-
Luc cells was first assessed by a CCK-8 assay. Cells were seeded in 96-
well plates (2 × 104 cells/well) and treated with M-VS (V/S: 1/1, 1/
2, 1/4 or 1/6, w/w), M-V, or M-S at various drug concentrations.
After 48 h of incubation, 10 μL of CCK-8 solution was added for
another 3 h of incubation. The absorbance at 450 nm was detected by
a microplate reader. Cell viability was determined by comparing the
absorbance of cells treated with different samples with that of PBS-
treated cells (n = 6). The anti-AML effect of M-VS with VEN/SOR
ratios (w/w) of 2/1, 4.8/1, and 5.8/1 in MV4−11 cells was evaluated
similarly. The combination index (CI) was calculated according to
Chou and Talalay’s method.33

= +CI
C
S

C
S

V

V

S

S

Scheme 1. T22 Peptide-Tagged Disulfide Cross-linked
Polymeric Micelles for CXCR4-Mediated Codelivery of
VEN and SOR to Enable Synergistic Treatment of
Orthotopic MV4-11 AML-Bearing Mice
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where SV and SS represent the half maximal inhibitory concentration
(IC50) values of M-V and M-S, respectively. CV and CS are the IC50
values of VEN and SOR in M-VS, respectively. CI < 1, CI = 1, and CI
> 1 indicate synergistic, additive, and antagonistic effects, respectively.
The CI-Fa (fraction affected) curves were fitted by Compusyn
software (Fa: fraction affected rate, 0−1).
After confirmation of the synergistic effect of M-VS, the in vitro

anti-AML activity of T20M-VS was further studied using nontargeted
M-VS and free VS as controls. T20M-VS1/4, M-VS1/4, and free VS1/4
(SOR: 0.01−30 ng/mL) were evaluated in MV4−11 cells, and T20M-
VS1/2, M-VS1/2, and free VS1/2 (SOR: 0.001−2.5 ng/mL) were
assessed in MOLM-13-Luc cells (n = 4).
The cytotoxicity of T20M-VS1/4 and M-VS1/4 (SOR: 0.1−1000 ng/

mL) toward peripheral blood mononuclear cells (PBMCs, 5 × 105
cells/well), DC 2.4 and L929 cells (5 × 103 cells/well) was assessed
similarly using a CCK-8 assay (n = 5). The cytotoxicity of blank
micelles (T20M and M) toward MV4−11 and MOLM-13-Luc cells
was also evaluated similarly with micelle concentrations ranging from
1 to 400 μg/mL (n = 4).
2.5. Western Blot Analysis. Western blotting was used to

investigate the influence of different drug formulations on
antiapoptotic proteins in MV4−11 and MOLM-13-Luc cells. Cells
in 6-well plates (1 × 106 cells/well) were incubated for 48 h with
T20M-VS, M-VS, free VS, M-V, or M-S. The VEN and SOR
concentrations were set at 2 and 8 ng/mL for the MV4−11 cells and 1
and 2 ng/mL for the MOLM-13-Luc cells, respectively. After
incubation, the cells were lysed using ice-cold RIPA buffer for 30
min and centrifuged at 12000 rpm and 4 °C. The protein in the
supernatant was quantified, and 20 μg of protein from each sample
was mixed with bromophenol blue solution, boiled for 10 min, and
separated by 10% SDS−PAGE. The proteins were then transferred to
a poly(vinylidene difluoride) membrane, which was blocked with 5%
skim milk at 25 °C for 1.5 h and incubated overnight with BCL-2,
MCL-1, and BCL-XL antibodies or β-actin antibodies at 4 °C. After
washing with Tris-buffered saline/0.1% Tween-20 (TBST), the
membrane was incubated with horseradish catalase-labeled secondary
antibody for 1.5 h at room temperature and washed with TBST to
acquire images using an electrochemiluminescence detection system
(Pierce).
2.6. Cell Apoptosis and Mitochondrial Membrane Perme-

ability. The pro-apoptotic activity of different formulations (M-V, M-
S, free VS, M-VS1/4, and T20M-VS1/4) in MV4−11 and MOLM-13-
Luc cells was investigated using an Annexin V-APC and 7-amino-
actinomycin D (7-AAD) apoptosis detection kit. Cells seeded in 12-
well plates (2 × 105 cells/well) were treated with different
formulations (VEN/SOR: 2/8 ng/mL for MV4−11 cells, 1/2 ng/
mL for MOLM-13-Luc cells) for 48 h. Then, the cells were harvested,
washed twice with cold PBS, and resuspended in 300 μL of binding
buffer followed by 5 min of staining with 5 μL of Annexin V-APC and
10 μL of 7-AAD at 25 °C. Flow cytometry measurements were
performed immediately, and at least 2 × 104 cells were analyzed per
sample. Cells treated with PBS only and those treated with apoptosis-
positive control solution were used as negative and positive controls,
respectively.
To study the influence of different formulations on mitochondrial

membrane permeability, MOLM-13-Luc and MV4−11 cells seeded in
6-well plates (5 × 105 cells/well) were incubated with T20M-VS, M-
VS, free VS, M-V, or M-S for 48 h. The drug concentrations were the
same as those used in the apoptosis studies. After removing the
culture medium, the cells were treated with JC-1 at 37 °C for 20 min
according to the manufacturer’s instructions for the mitochondrial
membrane potential assay kit. The percentage of cells with red and
green fluorescence was analyzed by flow cytometry using PE and
FITC channels.
2.7. In Vivo Acute Toxicity Experiments. All animal procedures

were handled under protocols approved by the Soochow University
Laboratory Animal Center and the Animal Care and Use Committee
of Soochow University. The acute toxicity of TM-VS and free VS in
vivo was evaluated by using female BALB/c mice (n = 4). PBS was
used as a control. T20M-VS at 2.5/10 mg V/S equiv/kg was

administered intravenously every 2 days for a total of 4 injections.
Free VS (150/30 mg/kg) was administered every day by oral gavage
for 7 days as previously reported.22 The body weight and health status
of the mice were continuously monitored for 8 days. On day 9 after
drug administration, blood was collected from the abdominal cavity of
the mice in each group for routine blood and blood biochemistry
analyses.
2.8. Ex Vivo Imaging. To assess the targetability and

biodistribution of different formulations, an orthotopic MV4−11
model was established by intravenous transplantation of 200 μL of
MV4−11 cells (5 × 105 cells per mouse) via the tail vein into B-NDG
mice (female, 8 weeks, 19−22 g). On day 20 after tumor inoculation,
a single dose of T20M-Cy5 or M-Cy5 (Cy5:0.5 μg per mouse, n = 3)
in PBS (200 μL) was intravenously injected via the tail vein. After 8 h,
the mice were sacrificed, and the major organs and limb bones were
isolated and ex vivo imaged on an IVIS imaging system using Living
Image 2.6 software.
2.9. In Vivo Anti-AML Efficacy in an Orthotopic MV4−11

AML Model. On day 3 after inoculation, orthotopic MV4−11 AML-
bearing mice were randomly divided into 9 groups (n = 9) and treated
with different formulations. TM-VS1.25/5, M-VS1.25/5, M-V1.25, M-S5,
and free VS1.25/5 at V/S dosages of 1.25/5 mg/kg, TM-VS2.5/10 at V/S
dosages of 2.5/10 mg/kg, TM-VS10/10 at V/S dosages of 10/10 mg/kg
and PBS were intravenously administered via the tail vein every 3 days
for a total of 10 injections. The free VS (p.o.) group was given at V/S
doses of 150/30 mg/kg every day via a gavage needle for two cycles,
with five administrations in each cycle and a 10 day break before the
second cycle.22 The V/S dosages of intravenously injected
formulations were determined based on the oral bioavailability of
SOR (30−40%) and the in vitro synergistic ratio of M-VS (e.g., V/S
1:4). The mice were weighed, and the weights were recorded every 2
days. On day 32 after model establishment, 3 mice from each group
were randomly sacrificed, and blood, hind limbs, and major organs
were collected for routine blood analysis, blood biochemistry, and
leukemia burden analysis. Three mice in the PBS group were
sacrificed on day 20 to monitor the leukemia burden and make
comparisons. Single-cell suspensions of blood and different tissues in
PBS (containing 1% v/v FBS) were treated with red blood cell lysis
buffer solution for 10 min. Then, the cells were stained with an APC-
conjugated anti-CD45 antibody for 15 min and measured by flow
cytometry. A total of 2 × 104 cells were analyzed per sample. The
major organs as well as the tibia and femur of one mouse from each
group were stained with hematoxylin and eosin (H&E) for
histological analysis. The tibia and femur were also stained with a
tartrate-resistant acid phosphatase (TRAP) kit to identify osteoclasts.
To observe the bone structure, the femur and tibia were scanned by
micro-CT (SkyScan 1176, Belguim). The reconstructed images and
relevant parameters were analyzed by NRecon, DataViewer, and
CTAn software. The other five mice were used for monitoring the
survival rate.
2.10. Statistical Analysis. The data are presented as the means ±

standard deviations (SDs). Significant differences among groups were
determined using GraphPad Prism 8 by two-tailed Student’s t test or
one-way ANOVA. For bioinformatics analysis, the statistical
significance was assessed by the Wilcoxon test. For survival analysis,
the log-rank (Mantel−Cox) test was applied. Statistical significance
was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p <
0.0001.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of TM-VS. To

engineer TM-VS, PEG-b-P(CL-co-DTC) (5.0-(4.2−2.0) kg/
mol, Mw/Mn = 1.1) and NHS-PEG-b-P(CL-co-DTC) (5.0-
(3.7−1.9) kg/mol, Mw/Mn = 1.2) were first synthesized via
ring-opening copolymerization of ε-CL and DTC using
mPEG−OH and NHS-PEG−OH as macroinitiators, respec-
tively (Figure S1 and Table S1), similar to our previous
report.34 T22-PEG-b-P(CL-co-DTC) was constructed by
amidation of NHS-PEG-b-P(CL-co-DTC) with DBCO-NH2
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and subsequent click reaction with azide-functionalized T22
peptide (T22-N3) (Figure S1B). The 1H NMR spectra
confirmed the successful synthesis of T22-PEG-b-P(CL-co-
DTC), which showed signals characteristic of the T22 peptide
at δ 1.50, 2.60−3.20, 3.74, 4.20, 6.60, and 6.87−7.72 (Figure
S2). The T22 functionality was 88.2%, as determined by a
BCA protein assay kit.
TM-VS was prepared via coassembly of T22-PEG-b-P(CL-

co-DTC) and PEG-b-P(CL-co-DTC) at a weight ratio of 1/4
with simultaneous VEN and SOR loading via hydrophobic
interactions (Scheme S1). TM-VS bearing different VEN/SOR
weight ratios (1/1, 1/2, 1/4) had a small size of ca. 40 nm and
a uniform dispersion (PDI < 0.1), which was similar to that of
nontargeted M-VS, single inhibitor-loaded micelles (M-V, M-
S) and blank micelles (Figure 1A, Table 1, and Table S2).
Notably, both TM-VS and M-VS displayed high loading
efficiencies for VEN (DLE: 76−99%) and SOR (DLE: 76−
84%), with VEN coloading enhancing the DLE of SOR in
comparison to M-S (∼60%), likely due to π−π stacking
between VEN and SOR (Table 1 and Table S2). Moreover,
the DLE of SOR in TM-VS was superior to that of other SOR-
loaded nanoparticles, with DLEs ranging from 20 to 60%.35−37

As shown in Figure 1B, the UV absorbance of the PEG-b-
P(CL-co-DTC) polymers at 330 nm decreased obviously after
assembly into micelles, demonstrating the self-cross-linking of

the micelles by ring-opening polymerization of the dithiolane
rings. The TEM image showed that TM-VS had a spherical
structure (Figure 1C, inset). Similar to other disulfide-cross-
linked nanomedicines,38,39 TM-VS has good stability, main-
taining its size and size distribution after incubation with 10%
FBS for 24 h, storage at 4 °C for 20 days, or 100-fold dilution
with PB (Figure 1C). In contrast, TM-VS displayed apparent
destruction upon treatment with 10 mM GSH (Figure 1D)
and consequently released both VEN and SOR in their native
forms (Figure 1E). In vitro drug release data further revealed
that TM-VS leaked approximately 16% of the VEN or SOR
under physiological conditions, while more than 80% of the
VEN and SOR were released in 12 h upon treatment with 10
mM GSH (Figure 1F). Interestingly, the release profiles of
VEN and SOR were almost the same, which is important for
maintaining the optimal intracellular drug ratio.
3.2. Cellular Uptake of TM-VS in AML Cell Lines.

CXCR4 is an important molecule involved in the spread and
progression of AML and is a marker for poor prognosis.40

Bioinformatics analysis of data from The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) databases
revealed that the survival rate of AML patients with high
CXCR4 expression (n = 31) was significantly lower than that
of AML patients with low CXCR4 expression (n = 101) (*p =
0.032, Figure 2A). The CXCR4 expression levels in 4 kinds of

Figure 1. Characterization of TM-VS. (A) Size distribution of M, M-S, M-V, M-VS, and TM-VS determined by DLS. (B) UV absorbance of a
PEG-b-P(CL-co-DTC) solution in DMF and after assembly in PB (pH 7.4, 10 mM). (C) Stability of TM-VS1/4 at 1.0 mg/mL after 20 days of
storage at 4 °C, 100-fold dilution or 10% FBS at 37 °C. Insert: TEM image of TM-VS1/4. Scale bar: 50 nm. (D) Changes in the size of TM-VS1/4 in
response to 10 mM GSH at 37 °C. (E) HPLC chromatograms of TM-VS1/4 before or after treatment with 10 mM GSH for 12 h. (F) In vitro VEN
or SOR release profiles from TM-VS1/4 at 37 °C with or without 10 mM GSH (n = 3).

Table 1. Characterization of M-VS and TM-VS with Different VEN/SOR Ratios

VEN/SOR

DLC (wt.%)

entry formulation theo. deter.a DLE (%)a size (nm)b PDIb

1 M-VS1/1 5.0/5.0 3.9/4.1 76/80 40.2 ± 0.5 0.05 ± 0.01
2 M-VS1/2 2.0/5.0 1.7/3.9 84/76 39.0 ± 0.8 0.07 ± 0.03
3 M-VS1/4 1.0/5.0 1.0/4.0 99/78 38.9 ± 0.6 0.07 ± 0.01
4 M-VS1/6 0.7/5.0 0.7/4.2 99/82 38.6 ± 0.3 0.04 ± 0.01
5 TM-VS1/1 5.0/5.0 4.4/4.3 86/84 40.1 ± 0.7 0.06 ± 0.02
6 TM-VS1/2 2.0/5.0 1.9/3.9 97/76 40.2 ± 0.5 0.04 ± 0.01
7 TM-VS1/4 1.0/5.0 1.0/4.0 99/78 39.8 ± 0.8 0.05 ± 0.02

aDetermined by HPLC. bMeasured by DLS (1.0 mg/mL, 25 °C).
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AML cells were measured by flow cytometry using an APC-
conjugated anti-CXCR4 antibody. As shown in Figure 2B,
CXCR4 was highly expressed in MV4−11 and MOLM-13-Luc
cells, for which the CXCR4 level was over 22.5- and 11.1-fold
higher than that in HL-60 and OCI-AML3 cells, respectively.
The cellular uptake of Cy5-labeled micelles was evaluated in

MV4−11, MOLM-13-Luc, OCI-AML3, and HL-60 AML cells
with different CXCR4 levels. In MV4−11 and MOLM-13-Luc
AML cells with high CXCR4 expression, the cellular
internalization of TyM-Cy5 (y: 10, 20, and 30) was clearly
greater than that of M-Cy5 (Figure 2C,D). T20M-Cy5 had the
best targetability in both the MV4−11 and MOLM-13-Luc
cells, which exhibited 13.8-fold and 11.0-fold greater Cy5
fluorescence, respectively, than M-Cy5-treated cells. In HL-60
and OCI-AML3 cells with relatively low CXCR4 levels, TM-
Cy5, which has different T22 contents, exhibited a 1.0- to 2.7-
fold greater cellular uptake than M-Cy5 (Figure 2E,F).
Furthermore, the cellular uptake of T20M-Cy5 in MV4−11
and MOLM-13-Luc cells significantly decreased when the cells

were pretreated with free T22 peptide (Figure 2C,D),
indicating a CXCR4-mediated endocytosis pathway for TM.
In line with the flow cytometry results, CLSM images showed
that the Cy5 fluorescence in the MV4−11 cells incubated with
T20M-Cy5 was much stronger than that in the MV4−11 cells
incubated with M-Cy5 (Figure 2G). In addition, some of the
CXCR4 and Cy5 fluorescence signals overlapped, supporting
the binding of TM-Cy5 to CXCR4. In the following studies,
T20M containing the optimal T22 density (20%) was used and
denoted as TM.
3.3. In Vitro Synergistic Anti-AML Effect of TM-VS.

The anti-AML efficacy of M-VS at different drug ratios was
first evaluated using a CCK-8 kit to determine the optimal
VEN/SOR weight ratio. The results showed that M-VS with a
VEN/SOR weight ratio of 1/1, 1/2, 1/4, or 1/6 had
significantly greater anti-AML activity toward MV4−11 cells
than M-V and M-S, leading to low CI values of 0.27−0.71
(Figure 3A and Table 2). With a further increase of VEN/SOR
weight ratio to 2/1, 4.8/1, and 5.8/1, the CI values increased

Figure 2. CXCR4 expression and cellular uptake studies. (A) Survival curve of AML patients with high or low CXCR4 expression. (B) CXCR4
levels on the surface of four AML cell lines. Cy5 fluorescence histograms of (C) MV4−11, (D) MOLM-13-Luc, (E) HL-60, and (F) OCI-AML3
cells following 4 h of incubation with TxM-Cy5, M-Cy5, or PBS. The Cy5 fluorescence histograms of free T22 peptide-pretreated MV4−11 and
MOLM-13-Luc cells following 4 h of incubation with T20M-Cy5 are also shown in C or D. (G) CLSM images of MV4−11 cells after 4 h of
incubation with M-Cy5 or T20M-Cy5. Scale bars: 20 μm.
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and M-VS showed antagonistic effects at high VEN/SOR
ratios of above 4.8/1 (Table S3). M-VS1/4 had the best
synergistic effect, with IC50 values of 0.61 ng/mL (VEN) and
2.42 ng/mL (SOR), which were 63.2- and 4.0-fold lower than
those of M-V (VEN: 38.58 ng/mL) and M-S (SOR: 9.61 ng/
mL), respectively. In MOLM-13-Luc cells, M-VS with VEN/
SOR ratios ranging from 1/1 to 1/6 exhibited strong synergy,
with CI values less than 0.1, and M-VS1/2 had the most
synergistic anti-AML effect, with IC50 values as low as 0.16 ng/
mL (VEN) and 0.32 ng/mL (SOR) (Figure 3B and Table 2).
The CI-Fa curves simulated by CompuSyn software further
verified the strong synergy of M-VS in both MV4−11 and
MOLM-13-Luc cells (Figure 3C,D).
TM-VS with the optimal drug ratio and T22 peptide density

(20%) was then utilized to enable targeted inhibitor delivery
and augment the anti-AML effect. TM-VS1/4 was 2.4- and 3.2-

fold more potent (IC50: 0.24VEN + 0.96SOR ng/mL) against
MV4−11 cells than M-VS1/4 and free VS1/4, respectively
(Figure 3E). Similarly, TM-VS1/2 exhibited a superior
inhibitory effect (IC50: 0.096VEN + 0.192SOR ng/mL) on
MOLM-13-Luc cells, which was 2.2- and 2.6-fold greater than
that of M-VS1/2 and free VS1/2, respectively (Figure 3F).
Notably, TM-VS1/4 and M-VS1/4 were nontoxic to normal
cells, such as human PBMCs, mouse DC 2.4 cells and mouse
L929 fibroblasts, even at VEN/SOR concentrations of 250/
1000 ng/mL (Figure 3G and Figure S3), indicating that TM-
VS and M-VS loaded with molecular targeted drugs can
specifically target cancer cells but spare normal cells. In
addition, blank micelles (TM and M) were nontoxic to MV4−
11 and MOLM-13-Luc cells at micelle concentrations up to
400 μg/mL (Figure S4).

Figure 3. Cytotoxicity and apoptosis studies. Cell viability of (A) MV4−11 and (B) MOLM-13-Luc cells treated with M-V, M-S and M-VS at
different VS ratios (V/S = 1/1, 1/2, 1/4, and 1/6 (w/w)) for 48 h (n = 6). The synergism of VEN and SOR in (C) MV4−11 and (D) MOLM-13-
Luc cells was evaluated with CI-Fa values by CompuSyn software. The cytotoxicity of free VS, M-VS and TM-VS against (E) MV4−11 and (F)
MOLM-13-Luc cells after 48 h of incubation (n = 4). (G) Cytotoxicity of TM-VS1/4 against PBMCs, DC 2.4 cells and L929 cells (n = 5). (H)
Expression of BCL-2, MCL-1, and BCL-XL genes in AML patients (n = 152) and healthy people (n = 337) isolated from TCGA and GTEx. (I)
Protein expression in MV4−11 and MOLM-13-Luc cells after treatment with different formulations. The apoptosis of MV4−11 cells was assessed
by (J) Annexin V-APC/7-AAD double staining and (K) JC-1 fluorescence. (L) Schematic illustration of the mitochondrial apoptosis pathway
activated by TM-VS.
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Many AML patients express high levels of the antiapoptotic
proteins BCL-2 and MCL-1, especially upon relapse after
chemotherapy.41,42 Bioinformatics analysis based on the
TCGA and GTEx databases demonstrated that the anti-
apoptotic genes BCL-2, MCL-1, and BCL-XL were signifi-

cantly overexpressed in AML patients (n = 152) compared to
healthy people (n = 337) (Figure 3H). Western blot analyses
revealed that BCL-2, MCL-1, and BCL-XL proteins were
overexpressed in the MV4−11 and MOLM-13-Luc AML cells
(Figure 3I). TM-VS treatment efficiently downregulated MCL-
1 and BCL-XL expression, resulting in lower protein levels
than those of M-VS, free VS, and the single inhibitor
formulations (M-S and M-V). The expression of the BCL-2
protein changed little because of the direct binding of VEN to
the hydrophobic groove of the BCL-2 protein, which
prevented the interaction of BCL-2 protein with pro-apoptotic
proteins and resulted in the activation of apoptosis.43 It has
been reported that the combination of a BCL-2 inhibitor and a
FLT3 inhibitor can activate the mitochondrial apoptotic
pathway through combined inhibition of the antiapoptotic
proteins BCL-2, BCL-XL, and MCL-1.20,44,45

The proapoptotic ability of the different formulations was
evaluated by an Annexin V-APC/7-AAD kit and a JC-1 kit.
TM-VS induced the most cell apoptosis in MV4−11 cells, with
a total apoptosis rate of 36.2%, which was greater than that of
M-VS (27.1%), free VS (26.5%), M-S (19.1%), and M-V
(9.9%) (Figure 3J). The loss of mitochondrial membrane
potential is an essential indicator of mitochondria-mediated
early apoptosis.45 Figure 3K shows the excellent early

Table 2. Summary of the IC50 and CI Values of M-VS at
Different Drug Ratios in MV4-11 and MOLM-13-Luc Cells

IC50 (ng/mL)

cell type samples VEN SOR CIa

MV4−11 M-VS1/1 4.84 4.84 0.63
M-VS1/2 3.05 6.10 0.71
M-VS1/4 0.61 2.42 0.27
M-VS1/6 0.74 4.42 0.48
M-V 38.58
M-S 9.61

MOLM-13-Luc M-VS1/1 0.34 0.34 0.09
M-VS1/2 0.16 0.32 0.07
M-VS1/4 0.10 0.40 0.08
M-VS1/6 0.07 0.41 0.08
M-V 12.00
M-S 5.28

aCalculated from the synergy formula in section 2.5.

Figure 4. Acute toxicity, hemolysis and biodistribution studies. (A) Schematic illustration of the drug administration schedule for the acute toxicity
study. (B) Body weight changes (n = 4) and (C) routine blood analyses of mice injected with free VS, TM-VS or PBS (WBC: white blood cell;
RBC: red blood cell; HGB: hemoglobin; PLT: platelet; Neut: neutrophil; Lymph: lymphocyte) (n = 3). (D) Hemolysis rates of erythrocytes after 3
h of incubation with free VS or TM-VS at various drug concentrations at 37 °C and 200 rpm (n = 4, V/S weight ratio was 1/4). Erythrocytes
treated with PBS or 1% Triton-X 100 served as negative and positive controls, respectively. (E) Ex vivo Cy5 fluorescence images of the hind and
fore limbs and (F) quantitative fluorescence analyses of major organs and hind/fore limbs from orthotopic MV4−11 tumor-bearing mice at 8 h
after the injection of TM-Cy5 or M-Cy5 (n = 3). The concentration of Cy5 was 2.5 μg/mL.
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apoptotic ability of TM-VS (early apoptosis rate: 90.7%) in
MV4−11 cells. Similarly, TM-VS also exhibited a strong
proapoptotic effect on MOLM-13-Luc cells (Figure S5).
Collectively, these results confirm that TM-VS can specifically
target CXCR4+ AML cells, inhibit the antiapoptotic protein
BCL-2, and downregulate MCL-1 and BCL-XL, leading to
increased cell apoptosis and enhanced tumor cell growth
inhibition (Figure 3L).
3.4. In Vivo Acute Toxicity, Hemolysis, and Biodis-

tribution. Female BALB/c mice (healthy mice) were used to
evaluate the acute toxicity of TM-VS and free VS in vivo (n =
4). TM-VS (2.5/10 mg V/S equiv/kg) was administered
intravenously once every 2 days for a total of 4 injections, and
free VS (150/30 mg/kg) was administered orally every day via
gavage for 7 days (Figure 4A). PBS was used as a control. The
results showed that TM-VS-treated mice maintained a steady
weight during administration, approaching that of healthy mice

(Figure 4B). However, mice dosed with free VS suffered
continued weight loss (15% on day 8), accompanied by
obvious adverse effects such as loss of hair and appetite,
darkening of fur, and weakness of the hind limbs. Routine
blood tests showed that TM-VS-treated mice had blood cell
counts comparable to those of healthy mice, while mice in the
free VS group exhibited significant abnormalities in all
parameters (Figure 4C). Stacking toxicity is one of the main
challenges of combination therapies, and nanosystems enable
more precise control of drug release and reduce systemic side
effects.46 TM-VS significantly reduced hemolysis to less than
5% at SOR concentrations ranging from 1 to 100 μg/mL,
which was in sharp contrast to free VS (****p < 0.0001)
bearing a rate up to 100% (Figure 4D). The encapsulation of
inhibitors by TM significantly improved drug hemocompati-
bility, which is in line with the results of other studies,43,47 and
offers the potential for intravenous administration of

Figure 5. In vivo anti-AML efficacy of TM-VS in orthotopic MV4−11 AML-bearing mice (n = 9). (A) Schematic illustration of the treatment
schedule. (B) Kaplan−Meier survival curves (TM-VS2.5/10 versus all other groups, **p < 0.01) and (C) body weight changes of mice following
different treatments (n = 5). (D) Weights of spleens isolated from mice in different treatment groups (n = 4). H refers to healthy mice. (E)
Representative scatter plot and (F) quantitative analysis of MV4−11 cell infiltration in the bone marrow, liver, spleen, and peripheral blood of mice
in different treatment groups (n = 3).
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combination therapies. To further investigate the in vivo
performance of TM-VS, an orthotopic MV4−11 AML model
was established by tail vein injection of MV4−11 cells (5 ×
105) into NSG mice, similar to our previous reports.48 Ex vivo
imaging revealed that TM-Cy5 efficiently accumulated in the
hind/fore-limbs, liver, and spleen of mice where the leukemia
cells highly enriched, at 8 h after i.v. injection, as indicated by
the significantly stronger Cy5 fluorescence in the TM-Cy5-
injected mice than in the M-Cy5-injected mice (Figure 4E,F).
These results demonstrated that compared with the free drug
combination, TM-VS minimized weight loss and hematologic
toxicity while increasing drug enrichment in the bones, liver,
and spleen with high leukemia burden.
3.5. In Vivo Therapeutic Effect of TM-VS in an

Orthotopic MV4−11 AML Mouse Model. An orthotopic
MV4−11 AML model was established to evaluate the anti-
AML activity of TM-VS at different drug ratios and dosages.
On day 3 post inoculation of MV4−11 cells, the mice were
randomly divided into groups to receive TM-VS at V/S
dosages of 1.25/5, 2.5/10, and 10/10 mg/kg, denoted as TM-
V/S1.25/5, TM-V/S2.5/10, and TM-V/S10/10, respectively, via
intravenous injection (i.v.) (Figure 5A). Mice administered
with M-VS1.25/5, M-V1.25, M-S5, or free VS1.25/5 at a V/S dosage
of 1.25/5 mg/kg (i.v.), free VS (p.o.) at a V/S dosage of 150/
30 mg/kg, or PBS served as controls. The results showed that
the MV4−11 AML model was quite aggressive, with a short
median survival time (MST) of 20 days in the PBS group
(Figure 5B). After treatment with M-VS1.25/5, the MST of the
mice was prolonged to 34 days, which was significantly better
than that of the M-S5 (26 days), M-V1.25 (21 days), and free
VS1.25/5 (25 days) groups. In comparison to M-VS1.25/5, TM-
VS1.25/5 at the same dosage further significantly extended
mouse survival, with an MST of 39 days (**p), supporting the
targetability of TM-VS to CXCR4+ MV4−11 cells. Interest-
ingly, TM-VS2.5/10 at a higher dosage further prolonged the
MST of the mice to 46 days (**p). Notably, after treatment
with TM-VS10/10 at a dosage of 10/10 mg V/S equiv/kg, mice
only reached a median survival of 41 days, revealing the
importance of maintaining an optimal drug weight ratio of 1/4.
It should further be noted that free VS (p.o.) at a high dosage
of 150/30 mg/kg, though extending the MST of mice to 38
days, was inferior to TM-VS2.5/10 (**p) and caused severe loss
of mouse weight (∼13%) as well as darkened fur (Figure 5C).
Free VS1.25/5 (i.v.) also induced mouse shivering, which usually
needed 1−2 min to be relieved. In sharp contrast, TM-VS at
different dosages and M-VS were well tolerated in mice,
showing a steady weight increase, likely due to the shielding of
the systemic toxicity of VEN and SOR via micelle
encapsulation.
Leukemia cells often infiltrate the spleen, causing spleno-

megaly, a typical feature of AML.49,50 Consistent with the
survival data, the spleen weights of mice treated with TM-
VS2.5/10 and TM-VS10/10 were similar to those of healthy mice
on day 32, in significant contrast to those of the M-VS1.25/5
(***p), TM-VS1.25/5 (**p), free VS (p.o.) (*p), and PBS
(****p) groups with massive splenomegaly (Figure 5D). The
leukemia infiltration data further provided evidence that TM-
VS2.5/10 had negligible leukemia blasts in the bone marrow
(0.07%), liver (0.1%), spleen (0.2%), and peripheral blood
(0.02%), which were more than 30-fold lower than those of
free VS (p.o.) (4.0%, 18.0%, 9.0%, and 0.6%, respectively) and
lower than those of TM-VS10/10 (Figure 5E,F). In comparison
with M-VS1.25/5, TM-VS1.25/5 significantly reduced leukemia

engraftment in the bone marrow, liver, and spleen, likely due to
its ability to target AML cells and its high accumulation in the
bone marrow. Notably, highly efficient inhibition of leukemic
cells in the bone marrow ecotone is particularly important, as
most anti-AML therapies have failed due to difficulties
accessing the bone marrow.51,52

H&E-stained images further confirmed that TM-VS treat-
ment not only inhibited leukemia infiltration in the bone
marrow, spleen, and liver but also caused no obvious damage
to the major organs (Figure 6A and Figure S6). This is in

contrast to the M-VS1.25/5 group, which exhibited distinct
leukemia infiltration, and free VS (p.o.) group, which exhibited
hemorrhage in the spleen, demonstrating the efficacy and
safety of TM-VS. As shown in Figure 6A, the femurs and tibias
of mice receiving TM-VS2.5/10 possessed similar hematopoietic
cells and bone histomorphology to those of healthy mice, in
sharp contrast to those of M-VS1.25/5-treated mice, which
exhibited obvious leukemia infiltration and a reduction in
hematopoietic cells. The free VS (p.o.) group, in which the
mice were treated with a high dose, still exhibited visible tumor
infiltration in the bone marrow. The progression of AML cells
in the bone marrow is reported to activate osteoclasts, resulting
in osteopenia/osteoporosis.53 TRAP is known as a key marker
of osteoclasts.54 TRAP-stained images showed that the
numbers of osteoclasts in the femurs and tibias of mice
treated with TM-VS2.5/10 were similar to those in healthy mice
and significantly lower than those in the free VS (p.o.), M-
VS1.25/5, and TM-VS1.25/5 groups (Figure 6B). Micro-CT

Figure 6. Analysis of the tibias and femurs of orthotopic MV4−11
AML-bearing mice in different treatment groups. Healthy mice were
used as controls. (A) H&E-stained images. Scale bars: 100 μm. (B)
TRAP-stained images for identifying osteoclasts (crimson). Scale
bars: 100 μm. (C) Micro-CT images. (D) Quantitative analysis of the
trabecular thickness (Tb.Th), bone mineral density (BMD), and bone
volume fraction (BV/TV) (n = 3).
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analysis revealed that the tibia and femur of TM-VS2.5/10-
treated mice had a normal bone structure and comparable
trabecular thickness (Tb.Th), bone mineral density (BMD),
and bone volume fraction (BV/TV) parameters to those of
healthy mice, which were significantly greater than those of the
other groups (Figure 6C,D). The progression of AML causes
severe suppression of hematopoiesis and an imbalance in the
number of blood cells.55 Routine blood analysis of mice treated
with TM-VS2.5/10 or TM-VS10/10 had similar levels of
erythrocytes, platelets, hemoglobin, and neutrophils to healthy
mice (Figure S7), revealing the low systemic toxicity and AML
burden. However, free VS (p.o.)-treated mice presented
significantly lower levels of blood cells, which may be caused
by stacking toxicity of dual drugs.

4. CONCLUSIONS
We have demonstrated that CXCR4-mediated targeted
codelivery of clinically used BCL-2 and FLT3 inhibitors,
venetoclax and sorafenib, achieves strong synergetic therapy of
orthotopic FLT3-ITD AML in mice. Notably, dual inhibitor-
loaded micelles at the optimum drug ratio have not only
markedly reduced the drug dosage and thereby relieved the
side effects but also greatly improved the therapeutic effect,
leading to significantly prolonged median survival time of
MV4−11 AML-bearing mice. This dual-inhibitor nano-
formulation (TM-VS) exhibit many favorable properties such
as small size of about 40 nm, stable drug encapsulation, and
redox-responsive release of both drugs. The targeted nano-
delivery of BCL-2 and FLT3 inhibitors offers a potential
treatment strategy for FLT3-ITD AML patients and warrants
further investigation.
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apoptosis of MOLM-13-Luc cells; H&E-stained images
of major organs; blood routine parameters of mice in
different treatment groups (PDF)
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