Journal of Controlled Release 384 (2025) 113934

ontrolled
release

Contents lists available at ScienceDirect “@ " journal of

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

ELSEVIER

Check for

Antibody-mediated ratiometric delivery of FLT3 and CDK4/6 dual | e
inhibitors for targeted treatment of acute myeloid leukemia

Zhenzhen Zhai®, Chenming Li®, Lin Chen?, Yan Zhao®, Xueling Tang ", Li Cao ", Huanli Sun®",
Zhiyuan Zhong *"
& State Key Laboratory of Bioinspired Interfacial Materials Science, Biomedical Polymers Laboratory, College of Chemistry, Chemical Engineering and Materials Science,

Soochow University, Suzhou 215123, PR China
b College of Pharmaceutical Sciences, Soochow University, Suzhou 215123, PR China

ARTICLE INFO ABSTRACT

Keywords:

Molecular targeted drug
Blood cancer
Combination therapy
Targeted delivery
Nanomedicines

Molecularly targeted agents have revolutionized the paradigm of cancer treatment; however, their efficacy is
often downplayed by rapid clearance in vivo, inferior cellular delivery and drug resistance. The combination of
targeted drugs could improve the clinical efficacy only to some extent, due to overlapping toxicities and difficulty
in maintaining certain drug ratios. Here, we report on ratiometric codelivery of FLT3 and CDK4/6 dual in-
hibitors, gilteritinib and palbociclib, by daratumumab-decorated polymersomes (GIPA@DP) for high-efficacy
targeted therapy of acute myeloid leukemia (AML). GIPA@DP showed synergistic anti-AML effects on MV-4-
11 cells, with a half-maximal inhibitory concentration of ca. 2.6 ng/mL for each drug, which was further
reduced to below 1 ng/mL by pretreating the cells with all-trans retinoic acid. GIPA@DP maintained an
essentially constant GI/PA ratio in vivo and actively targeted AML cells at different leukemia sites. Selective
AML-targeting in conjunction with ratiometric drug codelivery and synergistic anti-AML effects of GIPA@DP
collectively led to significant survival benefits in CD38-upregulated MV-4-11 and Molm-13-Luc AML models,
outperforming the nontargeted control (GIPA@P) and a mixture of two targeted single drug formulations
(GI@DP + PA@DP). This targeted ratiometric delivery of dual inhibitors provides a new treatment strategy for
AML and other malignancies.

1. Introduction therapeutic efficacy via potential synergy [14-16]. Cyclin-dependent

kinase 4 and 6 (CDK4/6) inhibitors that target overactivated CDK4/6

The emergence of molecular targeted drugs that are specific to tumor
biomarkers has revolutionized the treatment of a variety of malig-
nancies, including acute myeloid leukemia (AML) [1-4]. AML is among
the most intractable blood cancers and is mortal to the majority of pa-
tients, with a 5-year overall survival rate of less than 30 % [5-7]. Recent
approval of small-molecule targeted drugs specific for mutated or
overexpressed proteins, such as gilteritinib (GI) and midostaurin in-
hibitors against mutated FLT3, has advanced the treatment of AML
[8-11]. Nevertheless, the success and efficacy of small-molecule tar-
geted drugs, including FLT3 inhibitors, are typically hindered by rapid
in vivo metabolism, low cellular delivery and drug resistance, leading to
inferior clinical outcomes as monotherapies [12,13].

The rational combination of FLT3 inhibitors with drugs targeting
other signaling pathways can circumvent drug resistance and enhance

in various cancers, including AML, have been shown to overcome
resistance to certain drugs [17-20]. Palbociclib (PA), a clinically
approved CDK4/6 inhibitor, was reported to regulate FLT3 transcription
and overcome resistance to FLT3 inhibitors, thus generating synergistic
effects [16,21]. However, the combination efficacy of small-molecule
drugs remains hampered by several challenges, such as uncontrollable
in vivo drug ratios as a result of inherent differences in physicochemical
properties and overlapping toxicities resulting from high-dose admin-
istration [22].

Nanomedicines provide a promising approach to increase drug effi-
cacy via ratiometric drug codelivery and diminish toxicity via a reduc-
tion in drug dosage [23-25]. In a typical example, the commercially
available CPX-351 liposome injection maintains a synergistic ratio of
cytarabine to daunorubicin in vivo, thus exhibiting superior efficacy in
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AML patients compared with standard 7 + 3 chemotherapy (i.e., the free
drug combination) [26-28]. Nevertheless, CPX-351, which is based on
cytotoxic chemotherapeutics, is still associated with severe adverse ef-
fects, and its therapeutic efficacy remains suboptimal because of inef-
fective drug delivery. Actively targeted nanomedicines, particularly our
strategy that employs all-trans retinoic acid (ATRA)-mediated exoge-
nous CD38 upregulation to enhance AML targeting by daratumumab-
engineered nanomedicines [29-32], are anticipated to significantly
amplify the synergistic effects of drug combinations.

In this study, we report on ratiometric codelivery of GI and PA dual
inhibitors by daratumumab-decorated polymersomes (GIPA@DP) for
coinhibition of FLT3 and CDK4/6, thus potentiating targeted therapy of
AML (Scheme 1). The coinhibition of FLT3 and CDK4/6 can not only
synergistically induce cell apoptosis but also promote the differentiation
of AML cells to nonmalignant cells. Daratumumab is an FDA-approved
antibody that specifically targets CD38 and has preliminarily demon-
strated potential in the treatment of AML patients [33,34]. Strikingly,
GIPA@DP selectively targeted CD38-upregulated AML cells, exhibited
enhanced synergistic effects, and maintained a stable drug ratio during
circulation and accumulation at different leukemic sites, leading to
potent leukemia inhibition and a significant survival benefit in two
different AML models. In particular, 50 % of the mice bearing CD38-
upregulated MV-4-11 AML achieved complete remission following
treatment with GIPA@DP, significantly outperforming all the control
groups. Compared with liposomal CPX-351, GIPA@DP has high stabil-
ity, controlled drug release and specific CD38 targeting, which not only
enables selective targeting to AML cells but also ensures a more stable

CD38 upregulated AML model GIPA@DP
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drug ratio in vivo. Furthermore, GIPA@DP elicits anti-AML effects via
targeted delivery of molecular targeted drugs, offering a more precise
and safer therapeutic approach than chemotherapeutics-based CPX-351.

2. Experimental section
2.1. Cells and AML models

Molm-13-Luc AML cells and normal human T cells were kindly
provided by Dr. Fengtao You from Persongen Bio Therapeutics (Suzhou)
Co., Ltd. Mouse peripheral blood mononuclear cells (PBMCs) were iso-
lated from the peripheral blood of healthy BALB/c mice. MV-4-11
human AML cells were purchased from the National Collection of
Authenticated Cell Cultures. The cells were cultured in a humidified
atmosphere of 5 % CO; at 37 °C in RPMI 1640 medium (Gibco) sup-
plemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/
streptomycin (Genom Biopharmaceutical Technology Co., Ltd., China).
CD38-upregulated AML cells were obtained via pretreatment with ATRA
(1 pM) for 48 h. Patient-derived primary AML cells isolated from the
bone marrow aspirates of an AML patient and human PBMCs isolated
from a healthy donor were kindly provided by Prof. Yang Xu and Dr.
Tianhui Liu from the First Affiliated Hospital of Soochow University.

All the animal experiments were approved by the Animal Care and
Use Committee of Soochow University (Suzhou, China), and all the
protocols of the animal studies conformed to the Guide for the Care and
Use of Laboratory Animals (Approval Nos: SYXK 2021-0065,
202404A0287, 202409A0221, and 202409A0226). Orthotopic MV-4-11
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Scheme 1. Schematic showing the composition of GIPA@DP, which, after intravenous injection, ratiometrically delivered FLT3 and CDK4/6 inhibitors to the
leukemic site, selectively targeted AML cells and ratiometrically released drugs inside cells, thus leading to potent targeted therapy in a CD38-upregulated

AML model.
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and Molm-13-Luc AML models were established by injecting 5 x 10°
MV-4-11 or Molm-13-Luc cells into the tail vein of each B-NDG mouse
(Biocytogen, 6-8 weeks old). CD38-upregulated models were estab-
lished by intraperitoneal injection of ATRA (200 pL, 10 mg/kg) for two
consecutive days prior to each injection with daratumumab-
polymersome formulations.

2.2. Materials and characterizations

Gilteritinib (GI, 99.8 %) and palbociclib (PA, 99.8 %) were pur-
chased from Med Chem Express. The APC-Cy7 Zombie NIR™ fixable
viability kit (Cat: 423106), APC-anti-mouse/human CD11b antibody
(Cat: 101211), PE anti-human CD33 (Cat: 366607), PE anti-human
CD45 antibody (Cat: 304008), APC anti-human CD45 antibody (Cat:
304012), and FITC anti-human CD45 antibody (Cat: 304006) were
purchased from BioLegend. The additional materials and characteriza-
tions used in this work are detailed in the Supporting Information.

2.3. Preparation of GIPA@P

GI and PA were coloaded into chimaeric polymersomes based on the
poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane tri-
methylene carbonate)-b-N-terminal acetylated poly(aspartic acid) (PEG-
P(TMC-DTC)-Ac-KD1() copolymer through electrostatic interactions at
mass feeding ratios of 2:1, 1:1 and 1:2. The detailed synthesis procedure
of the copolymer is provided in the Supporting Information. Taking the
1:1 ratio as an example, 0.8 mL of the GI solution in dimethyl sulfoxide
(DMSO, 5 mg/mL), 0.4 mL of the PA solution (DMSO, 10 mg/mL) and 1
mL of the polymer solution in DMSO (40 mg/mL) were mixed uniformly
and then slowly injected into 17.8 mL of the 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid (HEPES) buffer (5 mM, pH 6.8) at 37 °C
and 300 rpm. After overnight incubation at 37 °C, the suspension was
dialyzed (MWCO: 3.5 kDa) against HEPES buffer (5 mM, pH 7.4) to
obtain GIPA; ,; @P. Subsequently, it was concentrated to a polymersome
concentration of 20 mg/mL in an ultrafiltration tube (Vivaspin, MWCO:
10 kDa). Single drug polymersomes, namely GI@P and PA@P, were
prepared similarly. The size and size distribution of GIPA@P, GI@P and
PA@P were determined by dynamic light scattering (DLS). The amounts
of GI and PA in the polymersomes were determined via high perfor-
mance liquid chromatography (HPLC). The drug loading content (DLC)
and drug loading efficiency (DLE) were calculated via the following
formulas:

weight of loaded GI or PA

DLC (wt.%) =
(wt.%) total weight of drug loaded polymersomes

100

_ weight of loaded GI or PA

%) =
DLE (%) weight of GI or PA in feed x 100

The storage stability of GIPA;,;@P at 4 °C was assessed by moni-
toring the size change and drug leakage. The drug release profiles of
GIPA;,;@P were studied in triplicate in HEPES (5 mM, pH 7.4) or
HEPES containing 10 mM glutathione (GSH). Briefly, 0.5 mL of GIPA;,
1@P (P: 2 mg/mL) was dialyzed (MWCO: 14 kDa) against 20 mL of
release medium at 37 °C and 100 rpm. Five milliliters of release medium
was collected at 1, 2, 4, 6, 8, 10, 12 and 24 h for quantification of the
released drugs by HPLC, and fresh dialysate was replenished after each
sampling.

Blank polymersomes dispersed in DoO were prepared by injecting a
polymer solution in DMSO-de into DO with subsequent ultracentrifu-
gation and redispersion in DO, and then characterized by 'H NMR
spectroscopy. The experimental details on the in vitro and in vivo anti-
AML activity of GIPA@P, as well as GIPA@P induced cell cycle arrest,
cell apoptosis, mRNA regulation and cell differentiation, are described
in the Supporting Information.
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2.4. Preparation of GIPA@DP

GIPA@DP was fabricated by clicking daratumumab (Dar) onto the
surface of azide-functionalized GIPA@P, which was obtained via the
addition of 2 wt% N3-PEG-P(TMC-DTC) (7.9-(15.0-2.0) kg/mol) during
assembly. To enable the click reaction, Dar was first reacted with NHS-
PEG4-DBCO at a molar ratio of 1:3. In brief, 0.1 mL of Dar solution (20
mg/mL) was mixed with 0.1 mL of PBS (PB: 10 mM, NaCl: 150 mM, pH
8.5), and 2.6 pL of NHS-PEG4-DBCO solution in DMSO (10 mg/mL) was
added for an overnight reaction at 25 °C and 100 rpm. Dar-DBCO was
then obtained via ultrafiltration (Vivaspin, MWCO: 10 kDa) twice using
PBS (PB: 10 mM, NaCl: 150 mM, pH 7.4). The DBCO functionality of
Dar-DBCO was characterized by MALDI-TOF-MS with a Dar concentra-
tion of 1 mg/mL. Subsequently, azide-functionalized GIPA@P was
reacted with Dar-DBCO at different Dar-to-azide molar ratios of 0.25:1,
0.5:1, and 1:1 to obtain GIPA@DP with different Dar densities. Taking
the 0.5:1 ratio as an example, 22.7 pL of Dar-DBCO solution (5.3 mg/
mL) was added to 100 pL of azide-functionalized GIPA@P (20 mg/mL),
followed by an overnight reaction at 25 °C and 100 rpm. The mixture
was then diluted with HEPES (5 mM, pH 7.4) and subjected to ultra-
centrifugation (58 krpm, 1 h) to remove unreacted Dar-DBCO, yielding
GIPA@DP. The amount of Dar conjugated to GIPA@DP was calculated
on the basis of the quantification of unreacted Dar-DBCO in the super-
natant via HPLC.

2.5. Invitro selective AML binding of GIPA@DP

To enable effective CD38 targeting, CD38'°Y Molm-13-Luc and MV-
4-11 AML cells were pretreated with 1 pM ATRA for 48 h to increase
CD38 expression, referred to as CD38-upregulated cells, prior to incu-
bation with GIPA@DP. The in vitro AML selectivity of GIPA@DP in a
coculture system of CD38-upregulated AML cells and normal human T
cells was studied via flow cytometry using Cy5-labeled polymersomes
(P-Cy5 and DP-Cy5). A total of 1 x 10® CD38-upregulated MV-4-11 or
Molm-13-Luc cells were stained with 1 pL of Dil solution (1 mg/mL) in
the incubator for 15 min and then at 4 °C for 10 min, followed by
thorough washing. First, 0.9 mL of Dil-stained AML cells (5 x 10° cells/
well) along with 0.9 mL of T cells (5 x 10° cells/well) were added to a 6-
well plate. Then, 0.2 mL of P-Cy5 or DP-Cy5 (P: 5 pg/mL, Cy5: 57.5 nM)
was added. After incubation for 4 h, the cells were washed, collected and
analyzed via flow cytometry.

The selectivity of DP-Cy5 to patient-derived primary AML cells was
investigated similarly. Primary AML cells were pretreated with 1 pM
ATRA for 48 h and stained with carboxyfluorescein succinimidyl ester
(CFSE). A mixture of 2 x 10° primary AML cells and 2 x 10° human
PBMCs was seeded into a 12-well plate, followed by incubation with P-
Cy5 or DP-Cy5 (P: 5 pg/mL, Cy5: 57.5 nM) for 4 h. The cells were then
harvested and sequentially stained with an APC-Cy7 Zombie NIR™
fixable viability kit and PE anti-human CD33 antibody prior to flow
cytometry analysis.

The selective AML binding of DP-Cy5 was further visualized via
confocal laser scanning microscopy (CLSM). CD38-upregulated MV-4-11
and Molm-13-luc cells were stained with Dil as described above. T cells
(5 x 10%) were stained with 1 pL of 1 pM CFSE staining solution for 5
min. A total of 0.45 mL of AML cells (5 x 10° cells/well) and 0.45 mL of
T cells (5 x 10° cells/well) were plated onto a poly-1-lysine-pretreated
coverslip in a 6-well plate. Then, 100 pL of P-Cy5 or DP-Cy5 (P: 300 pg/
mL, Cy5: 3.5 pM) was added, and the mixture was incubated for 4 h at
37 °C. Afterwards, the cells were washed with PBS, fixed with 1 mL of 4
% paraformaldehyde (PFA) for 15 min, stained with DAPI and washed
with PBS. The cells on the coverslip were then transferred to a micro-
scope slide and imaged via CLSM.

2.6. Invitro anti-AML activity of GIPA@DP

CD38-upregulated Molm-13-Luc and MV-4-11 AML cells were plated
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in 96-well plates (80 pL, 2 x 10* cells/well) and then incubated with
GIPA@DP at different Dar densities, GIPA@P or free GIPA, for 48 h (n =
6). Subsequently, 10 pL of CCK-8 solution was added, and the mixture
was handled similarly to above to calculate the cell viability. The syn-
ergistic anti-AML effects of GIPA@DP with different GI-to-PA ratios
were similarly evaluated in CD38-upregulated MV-4-11 cells, with
GI@DP and PA@DP used as controls. The cytotoxicity of GIPA@DP plus
ATRA to normal cells, including mouse PBMCs, DC 2.4 cells and human
T cells, was assessed similarly at GI or PA concentrations of 0.01-10 pg/
mL (n = 6).

GIPA@DP-mediated apoptosis was then studied in CD38-
upregulated AML cells via an Annexin V-APC/7-AAD staining
apoptosis kit. The procedure was the same as those used in the cell
apoptosis study with GIPA@P, which served as a control. The concen-
trations of GI and PA were each set at 5 ng/mL. GIPA@DP-mediated
apoptosis in patient-derived primary AML cells and human PBMCs
was studied similarly, with a GI or PA concentration of 2 pg/mL. The
primary AML cells were stained with PE anti-human CD33 antibody
along with Annexin V-APC/7-AAD. The percentage of apoptosis in pri-
mary AML cells and human PBMCs was determined by subtracting the
apoptosis rate of control cells treated with PBS.

2.7. RNA-seq analysis

The underlying mechanism of the combination effect of GIPA@DP
was investigated via RNA sequencing (RNA-seq). Fifteen milliliters of
MV-4-11 cells (3 x 10° cells) in culture flasks were incubated with PBS,
GIPA;,1@P, or GIPA; ,; @DP (CD38-upregulated cells) for 48 h at GI and
PA concentrations of 0.5 ng/mL. After incubation, the cells were
collected, and 1.5 mL of Trizol was added with gentle pipetting. The
samples were then stored at -80 °C. Subsequent testing and RNA-seq
library construction were performed at Beijing Novogene Bioinformat-
ics Technology Co., Ltd.

2.8. Pharmacokinetic study of GIPA@P and GIPA@DP

Two hundred microliters of free GIPA, GIPA;,;@P or GIPA;,; @DP
was injected into the tail vein of 9-week-old female BALB/c mice (n = 3).
Blood was collected from the mouse orbital sinus at 10 min, 20 min, 40
min, 1 h,2h,4h,8h,12h, 24 h, and 48 h and centrifuged at 3000 rpm
for 10 min. Thirty microlitres of plasma was mixed with 1 mL of
methanol containing 20 mM dithiothreitol (DTT) and incubated over-
night in a shaker to extract the GI and PA contents. After centrifugation
at 3000 rpm for 10 min, the supernatant was collected, and the methanol
was evaporated. Subsequently, 0.1 mL of methanol was added to
redissolve the residue, and the drug concentration was determined via
HPLC. The GI-to-PA mass ratio in the blood was then calculated.
PKsolver was used to fit the elimination phase half-life (t1/2,p).

2.9. In vivo biodistribution and AML selectivity of GIPA@DP

The biodistribution of GIPA@DP was studied in an orthotopic MV-4-
11 AML model. To enable imaging, Did was coloaded into the poly-
mersomes, resulting in GIPA;/;/Did@P and GIPA; /;/Did@DP. The mice
were randomly divided into two groups when obvious symptoms of
illness were observed on day 16 (n = 4). For the GIPA;/,;/Did@DP
group, 200 pL of GIPA;,;/Did@DP (GI: 16 mg/kg, Did: 0.2 pg per
mouse) was intravenously injected into a CD38-upregulated model on
day 18. Mice intravenously injected with GIPA;,;/Did@P on day 18
were used as controls. At 1 h, 2 h, 4 h and 8 h post-injection of the
polymersomes, the mice were imaged via a near-infrared fluorescence
imaging system. After 8 h of imaging, the mice were sacrificed, and their
major organs and leg bones were collected for ex vivo imaging. The data
were analyzed via Living Image 2.6 software. The organs and leg bones
were subsequently weighed, soaked in 0.95 mL of methanol each and
homogenized. Afterward, 50 pL of methanol solution containing 400
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mM DTT was added, and the samples were shaken at 37 °C and 200 rpm
for 12 h to release the GI and PA. After centrifugation at 6000 rpm for 10
min, the supernatant was collected, and the solvent was evaporated.
Finally, 0.1 mL of methanol was added to redissolve the sample, which
was then filtered through a 0.22 pM filter and analyzed via HPLC.

The in vivo AML selectivity of GIPA@DP in orthotopic MV-4-11
AML-bearing mice was studied using Cy5-labeled polymersomes (DP-
Cy5), with P-Cy5 serving as a control. Mice with obvious symptoms of
illness were randomly divided into two groups and intravenously
injected with P-Cy5 or DP-Cy5 (P: 0.8 mg per mouse, Cy5: 0.2 pg per
mouse) (n = 3). DP-Cy5 was injected into the tail vein of a CD38-
upregulated model established as described above. At 4 h post-
injection, blood was collected from the orbital sinus. Then, the mice
were sacrificed, and the livers, spleens, lungs, and leg bones were iso-
lated. Half of the spleen and leg bones were fixed with 4 % PFA solution,
embedded in paraffin, sectioned, and stained with DAPI and FITC anti-
human-CD45 for CLSM imaging. The residual tissues were homoge-
nized, subjected to red blood cell lysis, stained with PE anti-human
CD45 antibody and fixed with 0.5 % PFA for flow cytometry analysis.

2.10. In vivo anti-AML activity of GIPA@DP

The anti-AML activity of GIPA@DP at a GI/PA ratio of 1/1 was
subsequently studied in an orthotopic MV-4-11 mouse model. The mice
were randomly divided to receive different treatments, including PBS,
GI@P, PA@P, free GIPA, GIPA@P, GI@DP+PA@DP, and GIPA@DP (n
= 9). For the GI@DP+PA@DP and GIPA@DP groups, a CD38-
upregulated model that received daily intraperitoneal injections of
ATRA from day 1 to day 12 was used. Treatments with different GI/PA
formulations were initiated on day 3 post-modeling via tail vein injec-
tion every 2 days for a total of 6 treatments. The GI and PA dosages were
both set at 8 mg/kg. The body weights of the mice were recorded every
3 days, and survival was continuously monitored. On day 45, 4 mice
from each of the GIPA@P and GIPA@DP groups were sacrificed, and the
major organs, peripheral blood and hindlimbs were collected. The mice
in the PBS group were sacrificed at their endpoint (day 18) for com-
parison. Portions of the liver, spleen, lung and hindlimbs were homog-
enized and stained with an APC anti-human CD45 antibody to determine
leukemia infiltration via flow cytometry. The residual major organs and
hindlimbs were fixed with 4 % PFA, embedded in paraffin, and subjected
to hematoxylin and eosin (H&E) staining and tartrate-resistant acid
phosphatase (TRAP) staining for histological and osteoclast analysis.
The structure and bone tissue morphology of the femur and tibia were
imaged via micro-CT and analyzed via NRecon software.

An orthotopic Molm-13-Luc AML model was further used to confirm
the anti-AML activity of GIPA@DP. On day 3 post-inoculation, the mice
were randomly divided and treated with PBS, free GIPA, GIPA@P,
GI@DP+PA@DP, or GIPA@DP at the same dosage and schedule as those
used for the MV-4-11 model (n = 5). A CD38-upregulated model was
used for the last two groups. Body weight was recorded every 3 days
during the treatment period, and survival was continuously monitored.
Leukemia progression was monitored weekly via bioluminescence im-
aging, in which the mice were intraperitoneally injected with D-luciferin
potassium salt (1.5 mg per mouse) 10 min prior to imaging. The images
were analyzed via Living Image 2.6 software.

2.11. Statistical analysis

All the data are presented as the means + standard deviations
(means + SDs). Differences between two groups were analyzed via
Student’s t-test, and differences among three or more groups were
analyzed via one-way analysis of variance (ANOVA) with Tukey’s
multiple comparisons test. Survival curves were constructed via the
Kaplan-Meier method, and differences between groups were compared
via the log-rank (Mantel-Cox) test. *p < 0.05 indicates a significant
difference, and **p < 0.01, ***p < 0.001 and ****p < 0.0001 indicate
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highly significant differences.

3. Results and discussion

3.1. Preparation and synergistic anti-AML activity of GIPA@P

To improve the synergistic efficacy of GI and PA, they were coloaded
into chimaeric polymersomes with a negatively charged inner surface
via electrostatic interactions, yielding polymersomal dual-drug nano-
formulations (denoted as GIPA@P). Chimaeric polymersomes were
assembled from the PEG-P(TMC-DTC)-Ac-KDj(y copolymer (Fig. S1),
which was synthesized according to our previous report with slight
modifications [35]. The 'H NMR spectrum of chimaeric polymersomes
in D20 showed strong signals from PEG, whereas the signals associated
with hydrophobic P(TMC-DTC) were very weak, and the signals from
Ac-KD;y were undetectable (Fig. S2). These observations suggest that
PEG is predominantly located on the outer surface of the polymersomes,
while Ac-KDjy is located on the inner surface. By adjusting the feeding
drug ratios, GIPA@P with different GI-to-PA mass ratios of 2.1:1, 1:1 and
1:1.9 were obtained, which were defined as GIPAy,;@P, GIPA; 1 @P,
and GIPA;,»,@P, respectively (Table S1). Compared with PA@P (45
nm), GIPA@P exhibited a smaller size of 27-43 nm, which increased
with increasing PA content (Fig. S3A). Both GIPA@P and single drug
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polymersomes (GI@P, PA@P) had narrow size distributions, with
polydispersity indices of 0.08-0.11 (Table S1). GIPA@P presented a
spherical hollow structure and high stability during 60 days of storage at
4 °C with limited drug leakage (< 5 %) (Fig. S3B—D). Owing to the
presence of disulfide crosslinking, GIPA@P showed slow drug release
under physiological conditions, while exposure to 10 mM GSH triggered
almost complete release of GI and PA in 24 h with similar release ki-
netics (Fig. 1A). The superb stability of GIPA@P, characterized by
limited drug leakage, combined with the GSH-triggered simultaneous
release of GI and PA, is beneficial for ratiometric drug delivery. Anti-
AML studies in MV-4-11 and Molm-13-Luc AML cells demonstrated
that GIPA@P with three different GI-to-PA ratios had synergistic effects,
with a low combination index (CI) of 0.39-0.47 (Table S2). GIPA; ,; @P,
with the lowest CI value, potently inhibited MV-4-11 cells, with a half-
maximal inhibitory concentration (ICsg) of 2.2 ng/mL for both GI and
PA, which were 2.8- and 33.1-fold lower than those of GI@P (6.1 ng/
mL) and PA@P (72.8 ng/mL), respectively (Fig. 1B). Similarly, GIPA@P
presented markedly lower ICsg values in Molm-13-Luc cells than did
GI@P, PA@P and free GIPA (Fig. S4).

FLT3 inhibitors and CDK4/6 inhibitors have been reported to arrest
the cell cycle at the GO/G1 phase by inhibiting FLT3 receptor phos-
phorylation and CDK4/6 activity, respectively, thus inducing cell
apoptosis and differentiation [36,37]. We then investigated the
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Fig. 1. Characterization and in vitro anti-AML activity of GIPA@DP. (A) In vitro drug release curves of GIPA@P under different conditions (n = 3). (B) Anti-AML
activity of GIPA@P at different drug ratios in MV-4-11 cells, with GI@P and PA@P used as controls. (C) Selective binding of DP-Cy5 to CD38-upregulated MV-4-11
cells in a coculture system with T cells (n = 3). P-Cy5 was used as a control. (D) CLSM images showing cocultured CD38-upregulated MV-4-11 cells and T cells after
incubation with DP-Cy5 or P-Cy5 (scale bars: 50 pm). (E) Selective binding of DP-Cy5 to CD38-upregulated patient-derived primary AML cells in a coculture system

with human PBMCs (n = 3). (F) Viability of CD38-upregulated MV-4-11 and Molm-

13-Luc cells after treatment with different formulations for 48 h (n = 6). (G)

Apoptosis analysis of CD38-upregulated MV-4-11 cells following 48 h of incubation with PBS, GIPA@P or GIPA@DP (n = 3). (H) Apoptosis analysis of CD38-
upregulated patient-derived primary AML cells or human PBMCs following 48 h of incubation with GIPA@DP (n = 3).
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synergistic effects of GIPA@P on cell cycle arrest and cell apoptosis. As
shown in Fig. S5A, GIPA@P with different drug ratios efficiently
induced GO/G1 phase arrest in MV-4-11 cells, and GIPA; ,; @P was most
effective, with 66.6 % of the cells in the GO/G1 phase, which was
significantly greater than that of GI@P, PA@P and free GIPA;,
(42.1-49.3 %). Similar results were also observed in Molm-13-Luc cells
(Fig. S5B). Accordingly, compared with single drug polymersomes and
free GIPA, GIPA; /1 @P induced the highest level of cell apoptosis in the
two different AML cell lines (Fig. S6). For example, treatment with
GIPA;,1@P induced apoptosis in 49.0 % of MV-4-11 cells, which was
significantly greater than that of GI@P (9.9 %), PA@P (8.2 %) and free
GIPA;,1 (27.6 %). Previous reports have shown that treatment with
FLT3 inhibitors such as GI increases the expression of FLT3 in AML cells
[38,39], which may limit its therapeutic efficacy. The results of quan-
titative reverse transcription polymerase chain reaction (qQRT-PCR)
revealed that treatment with GIPA;,; @P effectively reversed the upre-
gulation of FLT3 mRNA induced by GI@P, in which the FLT3 mRNA
level was downregulated by 42 % and 30 % compared with that in cells
treated with GI@P and PBS, respectively. Moreover, treatment with
GIPA; ;1 @P significantly downregulated the expression level of PIM1
mRNA to 16.6 %, which was markedly lower than that of PA@P (87.4
%) and GI@P (36.0 %) (Fig. S7A). Elevated PIM1 expression is observed
in various malignancies, including AML, and is correlated with poor
prognosis [40]. In addition to causing cell apoptosis, FLT3 and CDK4/6
inhibition can also promote the differentiation of AML cells [37,41]. As
expected, GIPA; /; @P facilitated the differentiation of MV-4-11 cells in a
concentration- and time-dependent manner, as evidenced by the
increased surface expression of CD11b, which was superior to that of
GI@P and PA@P (Fig. S7B). In orthotopic MV-4-11 AML-bearing mice,
treatment with GIPA;,1@P or GIPA;,»@P significantly prolonged sur-
vival by more than 2.5-fold without causing toxicity, with GIPA;,;@P
demonstrating greater efficacy (Fig. S8). Given the stronger synergistic
effects observed with GIPA; ,; @P both in vitro and in vivo than that with
other drug ratios, GIPA;,;@P was selected for further studies and
designated GIPA@P unless otherwise specified.

3.2. GIPA@DP selectively targets AML cells and potently inhibits AML in
vitro

GIPA@DP with averages of 1.5, 3 and 6 Dar per polymersome,
denoted as GIPA@D; 5P, GIPA@D3P and GIPA@DgP, respectively, was
prepared by clicking DBCO-conjugated Dar (Fig. S9A) onto the surface
of azide-functionalized GIPA@P. GIPA@DP with different Dar densities
or different GI-to-PA ratios displayed a size of 37-39 nm, which was
slightly larger than that of nontargeted GIPA@P (34 nm), and a narrow
PDI of 0.09-0.12 (Fig. S9B and Table S3). Moreover, the DLE of GI and
PA in GIPA@DP was 64.3-69.6 %, similar to that of GIPA@P, indicating
that no drug leakage occurred during the Dar conjugation process. To
enable selective AML targeting by GIPA@DP, CD38-upregulated AML
cells pretreated with ATRA were utilized. Our previous work demon-
strated that ATRA stimulation can upregulate CD38 levels on cD38l>
YWAML cells by up to 20-fold, thus enabling CD38-targeted therapy [32].
Compared with nontargeted GIPA@P, GIPA@DP at different Dar den-
sities had significantly greater anti-AML effects on CD38-upregulated
MV-4-11 and Molm-13-Luc cells (Fig. S10). GIPA@DP with 3 Dar on
the surface had the most potent effect and was used for subsequent
studies. Moreover, GIPA@DP with different GI-to-PA ratios had strong
synergistic effects in CD38-upregulated MV-4-11 cells, with CI values
(0.39-0.46) similar to those of nontargeted GIPA@P (Fig. S11 and
Table S4). The AML selectivity of GIPA@DP was first investigated via
incubation of Cy5-labeled polymersomes with a coculture system of
AML cells and T cells. Notably, DP-Cy5 selectively targeted CD38-
upregulated MV-4-11 and Molm-13-Luc cells, which presented 26- and
123-fold stronger Cy5 fluorescence intensities than did T cells (Fig. 1C,
S12A). Moreover, the uptake of DP-Cy5 by the two AML cell lines was
also 3-fold greater than that of nontargeted P-Cy5. CLSM images further
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confirmed the selective binding of DP-Cy5 to CD38-upregulated AML
cells and enhanced cellular uptake compared with that of P-Cy5
(Fig. 1D, S12B). The selectivity of DP-Cy5 was further confirmed in a
coculture system of patient-derived primary AML cells and human
PBMCs isolated from a healthy donor, in which primary AML cells dis-
played 14.5-fold stronger Cy5 fluorescence than did human PBMCs
(Fig. 1E).

As a result, GIPA@DP potently inhibited the proliferation of CD38-
upregulated MV-4-11 cells, yielding an ICso of 0.9 ng/mL for both GI
and PA, which were only 1/15 and 1/7 of the ICs( values for GIPA and
GIPA@P, respectively. Similarly, the anti-AML activity of GIPA@DP in
CD38-upregulated Molm-13-Luc cells was also significantly greater than
that of all the other control formulations (Fig. 1F). Importantly,
GIPA@DP exhibited no obvious cytotoxicity against normal human T
cells, DC 2.4 cells or mouse PBMCs with ATRA stimulation, even at high
GI or PA concentrations of 10 pg/mL (Fig. S13). Apoptosis analysis of
CD38-upregulated MV-4-11 cells revealed that treatment with
GIPA@DP dramatically increased the cell apoptosis rate from 4.5 %
(PBS) to 67.7 %, which was greater than that of GIPA@P (41.7 %)
(Fig. 1G, S14). Moreover, GIPA@DP induced apoptosis in 29.9 % of the
primary AML cells, in contrast to only 5.7 % apoptosis in human PBMCs
from a healthy donor (Fig. 1H). Additionally, GIPA@DP treatment
significantly promoted the differentiation of CD38-upregulated MV-4-11
and Molm-13-Luc cells (Fig. S15).

3.3. RNA-seq analysis reveals the signaling pathways modulated by
GIPA@DP

To demonstrate the mechanism of action of GIPA@DP, RNA
sequencing analysis of MV-4-11 cells after treatment with PBS, GIPA@P
or GIPA@DP was performed. For the GIPA@DP group, CD38-
upregulated MV-4-11 cells were used. As shown in Fig. 2A, GIPA@P
treatment induced 766 differentially expressed genes (227 up, 539
down) compared with PBS, and GIPA@DP treatment further differen-
tially regulated 3595 genes (1796 up and 1799 down versus the GIPA@P
group). A Venn diagram further revealed the relationships of genes
among the three groups (Fig. 2B). Principal component analysis (PCA)
revealed that GIPA@P treatment drastically regulated the gene expres-
sion profile, and treatment with GIPA@DP further substantially
reprogrammed gene expression compared with GIPA@P or PBS treat-
ment (Fig. 2C). Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis was then performed to evaluate the pathway enrichment of
differentially expressed genes. GIPA@P treatment inhibited the cell
cycle, DNA replication and DNA damage repair pathways that favor
tumor growth [42-44], and activated hematopoietic cell lineage,
phagosome, p53 signaling and immune response-related pathways that
are beneficial for suppressing AML progression (Fig. 2D). Moreover,
compared with GIPA@P treatment, GIPA@DP treatment further acti-
vated endocytosis, apoptosis, p53 signaling, and immune response
pathways as well as signaling pathways regulating the pluripotency of
stem cells. Notably, the activation of the endocytosis pathway is
consistent with our findings that CD38 upregulation promoted the up-
take of daratumumab-directed polymersomes in AML cells.

Gene set enrichment analysis (GSEA) revealed that, compared with
GIPA@P, GIPA@DP induced positive enrichment in endocytosis,
signaling pathways regulating pluripotency of stem cells, p53 signaling
pathways and apoptosis (Fig. 2E). Gene Ontology (GO) analysis further
confirmed that GIPA@P downregulated genes associated with cell cycle
phase transition, DNA replication and repair but upregulated genes
involved in cell differentiation and endocytosis (Fig. S16). These effects
were further enhanced by treatment with GIPA@DP. Consistent with
these observations, GIPA@DP significantly regulated genes associated
with endocytosis (CD38, PICALM, RAB5B, etc.), the cell cycle (CDK4,
CDK6, MYC, etc.), differentiation (CEBPB, IL6ST, SMADS5), apoptosis
(BCL-2, the caspase family, PTEN, etc.) and dephosphorylation (DUSP4,
the PTP family) (Fig. 2F).
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Fig. 2. Transcriptome analysis reveals the mechanisms of GIPA@DP treatment in MV-4-11 cells (n = 3). (A) Volcano plots showing differentially expressed genes in
GIPA@P vs PBS and GIPA@DP vs GIPA@P. Genes with p values < 0.05 and absolute log2-fold changes > 0.5 were identified as differentially expressed genes. (B)
Venn diagram showing the interactions between different groups. (C) PCA diagram of different groups. (D) KEGG pathway enrichment in the GIPA@P vs PBS and
GIPA@DP vs GIPA@P comparisons. (E) GSEA plots illustrating the regulation of endocytosis, signaling pathways regulating the pluripotency of stem cells, the p53
signaling pathway and apoptosis in GIPA@DP-treated cells compared with GIPA@P-treated cells. (F) Heatmaps of differentially expressed genes related to endo-
cytosis, the cell cycle, differentiation, apoptosis and dephosphorylation. CD38-upregulated MV-4-11 cells were used for the GIPA@DP group.

3.4. GIPA@DP enables ratiometric drug delivery and selective AML
targeting in vivo

The in vivo pharmacokinetics and plasma drug ratios of different
GIPA formulations were evaluated in healthy BALB/c mice via tail vein
injection of free GIPA, GIPA@P or GIPA@DP. GIPA@P and GIPA@DP
presented similar pharmacokinetic profiles, which significantly pro-
longed and unified the circulation of GI and PA (Fig. 3A and Table S5).
Consequently, GIPA@P and GIPA@DP maintained a relatively stable
plasma GI-to-PA ratio of approximately 1/1 within 48 h, in contrast to
free GIPA with a drug ratio that deviated to 25/1 after only 4 h (Fig. 3B).
The biodistribution of drugs was then studied in orthotopic MV-4-11-
bearing mice via GIPA and Did-coloaded polymersomes (GIPA/
Did@DP and GIPA/Did@P). For the GIPA/Did@DP group, a CD38-
upregulated model was established by injecting ATRA for two

consecutive days prior to each injection with daratumumab-
polymersome formulations (Fig. 3C). The same procedure was applied
in the subsequent in vivo studies. In vivo and ex vivo imaging revealed
that treatment with GIPA/Did@DP led to significantly higher Did
enrichment at primary leukemia infiltration sites, including the hin-
dlimbs, forelimbs, liver and lung, compared with that of GIPA/Did@P
(Fig. 3D,E and S17). Consistently, drug quantification via HPLC further
confirmed the increased accumulation of GI in various tissues of the
mice treated with GIPA/Did@DP (Fig. 3F). Moreover, both GIPA/
Did@DP and GIPA/Did@P maintained relatively constant GI-to-PA ra-
tios (0.78-1.37) in different tissues (Fig. 3G), supporting ratiometric
drug codelivery by the polymersomes. Then, Cy5-labeled polymersomes
(DP-Cy5 and P-Cy5) were further used to assess the AML selectivity of
DP-Cy5 in CD38-upregulated orthotopic MV-4-11 AML-bearing mice.
Notably, DP-Cy5 selectively bound to AML cells in different tissues,
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resulting in 2.7-8.3-fold stronger Cy5 fluorescence than that in normal
cells (Fig. 3H). Compared with nontargeted P-Cy5, DP-Cy5 exhibited
significantly enhanced binding to AML cells while maintaining a similar
binding affinity to normal cells. Inmunofluorescence images of the bone
marrow and spleen further revealed strong colocalization of DP-Cy5
with FITC anti-human CD45 antibody (hCD45)-stained AML cells
(Fig. 31).

3.5. GIPA@DP effectively inhibits leukemia progression in vivo

The anti-AML efficacy of GIPA@DP was first investigated in ortho-
topic MV-4-11 AML-bearing mice, with GI@P, PA@P, free GIPA,
GIPA@P and a mixture of single drug-loaded daratumumab polymer-
somes (GI@DP+PA@DP) serving as controls. Different GI and/or PA
formulations were intravenously injected every 2 days at GI and PA
dosages of 8 mg/kg for 6 times (Fig. 4A). For the GIPA@DP and
GI@DP+PA@DP groups, the CD38-upregulated MV-4-11 model was
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Fig. 4. Anti-AML efficacy of GIPA@DP in CD38-upregulated orthotopic MV-4-11 mice. (A) Treatment and monitoring scheme. (B) Survival curves of the mice after
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micro-CT images of femurs and tibias extracted from mice in different groups. (H) Quantitative analysis of the femur- and tibia-related parameters (n = 3).

employed. In the PBS-treated group, MV-4-11 cells rapidly proliferated
and substantially infiltrated the bone marrow, liver, spleen, lung and
blood on day 18, leading to rapid mortality, with a median survival time
(MST) of 19 days (Fig. 4B, S18). GIPA@P treatment significantly pro-
longed the survival of the mice (MST: 48 days), which was in sharp
contrast to the findings that GI@P and PA@P single drug polymersomes
had limited survival benefits (MST: 24 and 25 days) and free GIPA (MST:
34 days), suggesting that GIPA@P has synergistic effects with ratio-
metric drug delivery. Notably, GIPA@DP treatment further remarkably
extended the survival of the mice, with 50 % of the mice surviving for at

least 165 days (Fig. 4B). This outcome significantly outperformed that of
the GI@DP+PA@DP treatment (MST: 95 days), supporting the impor-
tance of co-formulating two drugs in one polymersome. Moreover, there
were no significant body weight changes in the mice that received
different treatments (Fig. 4C). The absence of splenomegaly, a typical
feature in AML patients [45,46], in GIPA@DP-treated mice provided
additional evidence (Fig. 4D). Furthermore, GIPA@DP treatment almost
completely depleted the leukemia burden in various tissues and was
superior to GIPA@P treatment (Fig. 4E, S18). Consistently, H&E stain-
ing revealed obvious leukemia infiltration in the bone marrow, spleen
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and lung of the mice in the PBS and GIPA@P groups; however, this
infiltration was significantly alleviated in the GIPA@DP-treated mice
with similar histological appearance of all organs to that of the healthy
mice (Fig. 4F, S19).

Leukemia progression in the bone marrow often results in osteolytic
destruction [47]. Therefore, micro-CT imaging was performed to
observe and analyze the internal structure of the hindlimbs of mice
following different treatments. As visualized in Fig. 4G, GIPA@DP
treatment completely prevented osteolysis, and the bone structure of the
mice was similar to that of the healthy mice, which contrasted sharply
with that of the mice in the PBS and GIPA@P groups, with obvious bone
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destruction in the femur and tibia. The quantitative data further
confirmed that the bone microstructure parameters of the femurs and
tibias of the GIPA@DP-treated mice, including the bone mineral density
(BMD), bone volume fraction (BV/TV), bone surface area/bone volume
(BS/TV), trabecular separation (Tb.Sp), and trabecular number and
thickness, were comparable to those of the healthy mice (Fig. 4H,
S20A). Increased osteoclasts as a result of leukemia infiltration in the
bone marrow are one of the primary causes of osteolysis [48]. We then
stained the hindlimbs of the mice with TRAP, a characteristic marker of
osteoclasts [49], to detect osteoclasts. The results revealed that the
number of osteoclasts in GIPA@DP-treated mice was obviously lower
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than that in control mice but was comparable to that in healthy mice
(Fig. S20B).

To further validate the anti-AML efficacy of GIPA@DP, an orthotopic
Molm-13-Luc AML mouse model was established and treated under the
same schedule and drug dosage as the MV-4-11 model (Fig. 5A). The
treatments included PBS, GIPA, GIPA@P, GI@DP+PA@DP and
GIPA@DP, and the last two groups were studied in a CD38-upregulated
model. Bioluminescence images revealed that Molm-13-Luc AML cells
proliferated exponentially in the mice, leading to a short MST of 19 days
(Fig. 5B-E). Treatment with free GIPA slightly retarded leukemia growth
by approximately 1 week. In contrast, GIPA@DP significantly inhibited
leukemia proliferation, with no detectable bioluminescence signals for
at least 42 days, outperforming GIPA@P and GI@DP+PA@DP (Fig. 5B-
D). As a result, GIPA@DP effectively prolonged the survival of mice with
an MST of 67 days, which was markedly longer in comparison to that of
the PBS, GIPA (25 days), GIPA@P (33 days) and GI@DP+PA@DP (44
days) groups (Fig. 5E). Importantly, all the treatments were well toler-
ated by the mice, with no significant decrease in body weight observed
(Fig. 5F).

4. Conclusions

In this study, we have demonstrated that daratumumab-
polymersome mediated ratiometric codelivery of GI and PA dual in-
hibitors (GIPA@DP) enables high-efficacy coinhibition of FLT3 and
CDK4/6 and potentiates targeted therapy of AML. GIPA@DP selectively
targeted AML cells and enhanced drug delivery to CD38-upregulated
AML cells, resulting in potent synergistic effects on the induction of
cell apoptosis and differentiation. Moreover, GIPA@DP was effectively
enriched in the bone marrow and other leukemia-infiltrated organs of
CD38-upregulated AML-bearing mice with synergistic drug ratios and
selectively targeted AML cells, thus significantly inhibiting leukemia
progression in different AML models. Strikingly, GIPA@DP treatment
markedly improved survival, with 50 % of the mice achieving remission
in the CD38-upregulated MV-4-11 AML model, significantly out-
performing nontargeted GIPA@P and a mixture of two single drug-
loaded targeting polymersomes (GI@DP+PA@DP). This antibody-
targeted ratiometric codelivery of dual inhibitors may provide a new
and promising targeted therapy for AML.
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