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ARTICLE INFO ABSTRACT
Keywords: Acute lymphoblastic leukemia (ALL), one of the most frequently diagnosed malignancies in children, is associ-
Polymersomes ated with a high relapse rate and drug resistance, even with intensive multidrug chemotherapy regimens. The

Drug delivery
Combination therapy
Leukemia

rational combination with molecular targeted agents holds promise for sensitizing patients to chemotherapies
and overcoming drug resistance. However, precise codelivery of different drugs in vivo is challenging, often
leading to suboptimal therapeutic effects. Herein, we report a vincristine/volasertib polymersome (Ps-VCR/Vol)-
based nanocombo for synergistic inhibition of microtubules and polo-like kinase 1, enabling high-efficacy
treatment of ALL in vivo. Ps-VCR/Vol, which has a small size (~26 nm) and tailored VCR/Vol mass ratios
from 1:12 to 1:48, exhibited strong synergy in different ALL cells, with 3.3-6.8-fold greater anti-ALL activity than
the free VCR/Vol combination. Intriguingly, treatment with Ps-VCR/Vol at a VCR/Vol dosage of 0.25/6 mg/kg
markedly inhibited leukemia progression and invasion in orthotopic CCRF-CEM, Nalm-6-Luc and patient-derived
xenograft ALL mouse models without inducing toxicity, resulting in a significantly prolonged survival time
compared with that of the free drug combination and single-drug polymersome formulations. Ps-VCR/Vol pol-
ymersome injection provides a powerful synergistic combination therapy for ALL.

Statement of significance: Multidrug combination therapies have increased the remission rates of acute lympho-
blastic leukemia (ALL) patients. However, the therapeutic efficacy remains suboptimal due to the dissimilar
physicochemical properties of the different drugs involved, and overlapping toxicities pose a critical concern.
Herein, we show that intelligent polymersomes mediate the precise codelivery of vincristine sulfate (VCR), a
frontline drug for ALL, and volasertib (Vol), a polo-like kinase 1 inhibitor, enabling synergistic treatment of ALL.
Compared with free VCR/Vol, VCR/Vol polymersomes with tailored drug ratios substantially inhibited leukemia
progression in both cell line- and patient-derived orthotopic ALL models without inducing toxicity, leading to a
significant survival benefit. This synergistic polymersome injection may provide a powerful and safe combination
therapy for ALL patients.

Nanomedicines

1. Introduction decades, the optimization of multidrug combination-based intensive
chemotherapy has markedly improved the remission and cure rates of

Acute lymphoblastic leukemia (ALL) is one of the most common ALL patients [5-7]. However, a significant number of patients experi-
malignancies in pediatric patients and is characterized by the abnormal ence drug resistance and relapse, leading to a poor prognosis, with a
proliferation of lymphoid progenitor cells within the bone marrow and 5-year survival rate of only approximately 40 % [8]. Furthermore, sur-
blood as well as their extramedullary invasion [1-4]. Over the past vivors often endure heavily compromised quality of life as a result of
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Fig. 1. Vincristine/volasertib polymersome injection (Ps-VCR/Vol) for synergistic therapy of ALL and characterization of Ps-VCR/Vol. (A) Schematic showing
synergistic Ps-VCR/Vol for high-efficiency combination therapy of ALL. (B) Size distributions of Ps-VCR/Vol with different VCR/Vol mass ratios. Inset: transmission
electron microscopy (TEM) image of Ps-VCR/Vol; /24. (C) Size distribution of Ps-VCR/Vol; /24 following 24 h of incubation with 10 % fetal bovine serum (FBS). (D) In

vitro VCR/Vol release from Ps-VCR/Vol; 24 under different conditions.

severe long-term side effects [9].

The advancement and approval of small-molecule targeted agents,
characterized by enhanced specificity and safety, has changed the
therapeutic strategies for ALL and numerous other malignancies
[10-13]. Notably, the rational combination of these agents with con-
ventional chemotherapy has the potential to overcome drug resistance
and elicit synergistic anticancer effects. Polo-like kinase 1 (PLK1), an
oncogene that is overexpressed in a variety of malignancies, including
ALL, is reported to be correlated with poor prognosis and resistance to
many chemotherapeutics [14-17]. This has greatly propelled the
development of PLK1 inhibitors, with volasertib (Vol) emerging as the
most extensively studied [18,19]. It has been granted breakthrough
therapy by the Food and Drug Administration (FDA) for treating acute
myeloid leukemia (AML). The combination of Vol with cytarabine
effectively increased the response rate and survival of elderly AML pa-
tients unsuitable for intensive chemotherapy [20]. Preclinical studies
have demonstrated that PLK1 inhibitors (e.g., Vol) synergize with
microtubule-interfering drugs such as vincristine sulfate (VCR), a
first-line and standard chemotherapy for ALL, in Ewing sarcoma and
rhabdomyosarcoma cells [21,22]. However, the clinical dosage of Vol
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approaches its maximum tolerated dose, resulting in dose-limiting
toxicity, which may exacerbate toxic effects when it is used in combi-
nation with chemotherapeutics. Furthermore, the dissimilar pharma-
cokinetics and biodistributions of different drugs make it difficult to
deliver synergistic drug ratios to the tumor site, thus hindering the
translation of synergistic effects observed in vitro to in vivo [23-25].
Herein, we report on a vincristine/volasertib polymersome injection
(Ps-VCR/Vol) for delivery at synergistic drug ratios and high-efficiency
treatment of ALL in vivo (Fig. 1A). Ps-VCR/Vol, with a negatively
charged hydrophilic cavity surrounded by a disulfide-crosslinked hy-
drophobic membrane, effectively and stably loaded VCR/Vol at tailored
drug ratios. Interestingly, Ps-VCR/Vol with fixed VCR/Vol ratios not
only displayed synergistic antileukemic activity against T-ALL and B-
ALL cells but also substantially reduced the leukemia burden in ortho-
topic ALL mouse models. This reduction in leukemia burden effectively
relieved osteolytic bone destruction and significantly prolonged the
survival of the mice. In an orthotopic T-ALL patient-derived xenograft
(T-ALL PDX) mouse model, Ps-VCR/Vol at a low drug dosage of 0.25/6
mg/kg potently inhibited the proliferation of primary T-ALL cells in
mice, leading to a remarkable survival benefit compared with the free
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VCR/Vol combination and single-drug polymersomes.
2. Experimental section
2.1. Preparation of vincristine/volasertib polymersomes (Ps-VCR/Vol)

Ps-VCR/Vol was obtained from the one-step self-assembly of poly
(ethylene glycol)-b-poly(trimethylene carbonate-co-dithiolane  tri-
methylene carbonate)-b-poly(aspartic acid) (PEG-P(TMC-DTC)-KD;j,
5.0-(15.0-2.0)-1.3 kg mol’l), synthesized according to our previous
report [26], with concurrent encapsulation of VCR and Vol via elec-
trostatic interactions. The mass feed ratios of VCR to Vol were set to 1:8,
1:16, and 1:32, and the theoretical mass ratio of Vol to polymer was
fixed at 1:5. Taking 1:16 as an example, 2.2 mL of Vol solution in
dimethyl sulfoxide (DMSO, 20 mg/mL) was mixed with 5.5 mL of PEG-P
(TMC-DTC)-KD; solution in DMSO (40 mg/mL) and then injected into
an aqueous solution containing 0.55 mL of VCR (5 mg/mL) and 55 mL of
4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES, 5 mM, pH
6.8) at 37 °C with stirring. After overnight incubation at 37 °C, the
suspension was dialyzed (MWCO: 3.5 kDa) against HEPES (5 mM, pH
7.4) and concentrated by centrifugal ultrafiltration (Vivaspin, MWCO:
10 kDa) to yield Ps-VCR/Vol with a polymersome concentration of ~10
mg/mL. Ps-VCR and Ps-Vol were prepared similarly, wherein only VCR
or Vol was added during the assembly of the polymers.

The size, size distribution, and stability of the polymersomes in the
presence of 10 % FBS or diluted with HEPES, phosphate-buffered saline
(PBS), water or RPMI-1640 medium supplemented with 10 % FBS were
determined via dynamic light scattering (DLS, Zetasizer Nano-ZS, Mal-
vern) with a 633 nm He-Ne laser via back-scattering detection. The VCR
content was determined via high-performance liquid chromatography
(HPLC) at a wavelength of 298 nm using a mixture of methanol and
water (v/vv= 70/30) as the mobile phase. The concentration of Vol was
measured with a UV-Vis spectrophotometer (Hitachi UH5300) at a
wavelength of 330 nm. The drug loading content (DLC) and drug loading
efficiency (DLE) were calculated via the following equations:

mass of loaded VCR or Vol

100
mass of Ps — VCR/Vol X

DLC (Wt.%) =

mass of loaded VCR or Vol
mass of VCR or Vol in feed

VCR/Vol release from Ps-VCR/Vol was investigated under three
different conditions, including HEPES at pH 7.4, pH 6.0 and pH 7.4
containing 10 mM glutathione (GSH). The experiments were conducted
in triplicate by dialyzing 0.5 mL of Ps-VCR/Vol against 20 mL of release
medium. At predetermined timepoints, 5 mL of the medium was
sampled, and an equivalent volume of fresh medium was supplemented.
The samples were lyophilized, dissolved in 300 uL of a mixture of
methanol and water (1:1, v/v), and filtered for HPLC analysis.

DLE (%) = x 100

2.2. Cellular uptake and the intracellular drug ratio of Ps-VCR/Vol

The cellular uptake of Ps-VCR/Vol was observed via confocal laser
scanning microscopy (CLSM) using Did-loaded polymersomes (Ps-Did).
In brief, CCRF-CEM cells were seeded on polylysine-pretreated glass
slides in 12-well plates (5 x 10° cells/well) to facilitate adhesion, fol-
lowed by incubation with Ps-Did (Did: 3.45 uM) for 4 h. The cells were
then washed with PBS, fixed with 4 % paraformaldehyde solution, and
stained with WGA-AF488 and DAPI sequentially. The glass slide was
mounted onto a microscope slide with glycerol for CLSM observation.

The intracellular drug ratio of Ps-VCR/Vol in CCRF-CEM cells was
quantified after 2-6 h of incubation, and free VCR/Vol was used as a
control. CCRF-CEM cells in 6-well plates (2 x 10° cells/well) were
incubated with Ps-VCR/Vol, /24 or free VCR/Vol; /24 for 2, 4 or 6 h at
VCR and Vol concentrations of 21 and 500 pg/mL. After incubation, the
cells were washed, collected via centrifugation and lysed with 1 %
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Triton X-100 at 37 °C and 200 rpm for 12 h. The supernatant was then
incubated with 10 mM DTT for 12 h and measured by HPLC to quantify
the VCR and Vol.

2.3. The synergistic effect of Ps-VCR/Vol in leukemia cells

The synergistic antileukemic effects of Ps-VCR/Vol with different
VCR/Vol ratios were evaluated in CCRF-CEM T-ALL and Nalm-6-Luc B-
ALL cells via a cell counting kit-8 (CCK-8). The cells were seeded in 96-
well plates (2 x 10* cells/well) and incubated with different formula-
tions, including free VCR/Vol; /24, Ps-VCR, Ps-Vol, Ps-VCR/Vol; /12, Ps-
VCR/Vol; /24 and Ps-VCR/Voly 48, for 48 h. For the Ps-VCR group, the
VCR concentrations ranged from 0.01 to 100 ng/mL, and for the other
groups, the Vol concentrations were set from 1 to 50 ng/mL. After in-
cubation, 10 uL of CCK-8 solution was added to each well and further
incubated for 4 h. Then, the absorbance at 450 nm in each well was
measured with a microplate reader. Cell viability was calculated by
comparing the absorbance of cells treated with different drug formula-
tions with that of cells treated with PBS only (n = 6). The synergistic
effect of Ps-VCR/Vol was assessed by calculating the combination index
(CI) via the following equation:

I ICso,vcr for Ps — VCR/Vol  ICsye for Ps — VCR/Vol
~ ICspycr for Ps — VCR ICsp.yo1 for Ps — Vol

CI <1, CI =1 and CI > 1 indicate synergistic, additive and antag-
onistic effects, respectively, as clarified in previous reports [27,28].

Human T cells from normal donors were used to investigate the
toxicity of Ps-VCR/Vol; 24 toward normal cells. T cells were cultured
with T-cell-specific medium containing IL-7, IL-10 and TransAct. Acti-
vated T cells were seeded in 96-well plates (2 x 10* cells/well) and
incubated with Ps-VCR/Vol, 24 or free VCR/Vol; 24 at final Vol con-
centrations ranging from 1-100 ng/mL. After 48 h of incubation at 37
°C, the cell viability was determined as described above.

2.4. Cell cycle arrest and cell apoptosis analysis

Both VCR and Vol are known to induce cell cycle arrest and hence
cell apoptosis. CCRF-CEM and Nalm-6-Luc cells were used to study the
anti-ALL mechanisms of Ps-VCR/Vol in cell cycle arrest and apoptosis. A
total of 1.8 mL of cell suspension was added to 6-well plates (4 x 10°
cells/well) and incubated with 0.2 mL of PBS, Ps-VCR, Ps-Vol, Ps-VCR/
Volj /24, or free VCR/Volj /24. The concentration of Vol was fixed at 10
ng/mL, except for Ps-VCR, which had a VCR concentration of 0.42 ng/
mL. After incubation for 24 h, the cells were collected via centrifugation,
washed twice with PBS, resuspended in 1 mL of ice-cold PBS, and then
slowly added to 4 mL of 95 % ice-cold ethanol in a vortex state. After
fixation at 4 °C for 24 h, the cells were washed once with PBS and
resuspended in 0.4 mL of a prepared staining solution, which consisted
of 0.4 mL of staining buffer, 15 uL of propidium iodide, and 4 pL of
RNase A. The cells were subsequently stained for 30 min at 37 °C prior to
analysis via flow cytometry.

The apoptosis of ALL cells was studied via an Annexin V-APC/7-AAD
double-stained apoptosis kit. Briefly, 1.8 mL of Nalm-6-Luc or CCRF-
CEM cells were seeded in 6-well plates (4 x 10° per well), after which
0.2 mL of PBS, Ps-VCR, Ps-Vol, Ps-VCR/Vol; /24 or free VCR/Vol; /24 was
added. The concentration of VCR was 0.21 ng/mL for the Ps-VCR group,
and for the other groups, the concentration of Vol was fixed at 5 ng/mL.
After 48 h of incubation, the cells were collected via centrifugation,
washed twice with PBS, and resuspended in 0.5 mL of binding buffer.
Then, 5 pL of Annexin V-APC and 10 pL of 7-AAD were added to each
well, and the cells were stained for 5 min at room temperature in the
dark for flow cytometry analysis. A minimum of 10,000 cells were
collected for each sample.
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Table 1

Characterization of Ps-VCR/Vol with different drug ratios.
Polymersomes Mass ratio of VCR/Vol VCR Vol Size PDI¢

¢
Theor. Deter. DLC (wt. %) ® DLE (%) DLC (wt. %) ® DLE (%) (nm)

Ps-VCR / / 4.0 80.3 / / 25.8 0.07
Ps-Vol / / / / 13.8 80.0 25.1 0.07
Ps-VCR/Voly 12 1/8 1/12.8 1.0 46.2 12.8 74.3 25.9 0.09
Ps-VCR/Vol; 24 1/16 1/24.8 0.5 48.8 13.1 75.8 25.8 0.12
Ps-VCR/Vol; 48 1/32 1/48.6 0.3 51.5 13.2 76.4 24.9 0.11

a Measured by HPLC, ® Measured by UV-vis, ¢ Measured by DLS.
2.5. In vivo acute toxicity of Ps-VCR/Vol

All the animal experiments were approved by the Animal Care and
Use Committee of Soochow University, and all the protocols conformed
to the Guide for the Care and Use of Laboratory Animals. Kunming mice
(Charles River, 6 weeks old) were used to study the acute toxicity of Ps-
VCR/Vol. The mice were randomly assigned to five groups, with each
group comprising 5 male and 5 female mice. One group was used as a
control, while the remaining groups received a single intravenous in-
jection of HEPES or Ps-VCR/Vol (VCR/Vol: 2/48, 2.5/60 or 3/72 mg/
kg) through the tail vein. The status, weight and survival of the mice
were monitored continuously for 14 days. Then, another 8 mice were
further divided into two groups (n = 4, 2 females and 2 males) to receive
a single injection of HEPES or Ps-VCR/Vol (2/48 mg/kg). On day 7 after
injection, blood was collected for blood routine and blood biochemical
analyses.

2.6. In vivo biodistribution

The biodistribution of Cy5-labeled polymersomes (Ps-Cy5) was
studied using an orthotopic CCRF-CEM T-ALL model, which was
established via the injection of 150 uL of a CCRF-CEM cell suspension (1
x 10° cells) into the tail vein of an NCG mouse (female, 7-8 weeks old;
Jiangsu Collective Pharmacies Biotechnology Co., Ltd.). Free Cy5 was
used as a control. On day 23 after model establishment, 150 uL of Ps-Cy5
or free Cy5 (Cy5: 0.2 ug per mouse) was injected via the tail vein, and the
mice were monitored via an IVIS imaging system at 2 h and 4 h post-
injection. Afterwards, the mice were sacrificed, and the forelimbs and
hindlimbs were collected for ex vivo imaging.

2.7. Synergistic anti-T-ALL activity of Ps-VCR/Vol in vivo

The synergistic anti-T-ALL activity of Ps-VCR/Vol in vivo was first
evaluated in an orthotopic CCRF-CEM T-ALL model established via tail
vein injection of 5 x 10° CCRF-CEM cells into an NCG mouse. The day of
inoculation of CCRF-CEM cells was recorded as day 0. On day 5, the mice
were grouped randomly and intravenously administered Ps-VCR/Vol at
VCR/Vol dosages of 0.25/6 mg/kg. PBS, Ps-VCR, Ps-Vol and free VCR/
Vol were used as controls. The mice were treated every four days for a
total of five doses. Each group included 10 mice, of which 6 were used
for body weight and survival monitoring, and 4 were used for moni-
toring leukemia infiltration and performing micro-CT and histological
analyses. On days 25 and 39, blood was collected from the eyes of the
mice to monitor leukemia progression. For the Ps-Vol, free VCR/Vol and
Ps-VCR/Vol groups, 4 mice each were dissected on day 40 to collect the
peripheral blood, spleen, liver, lung and bone marrow. The samples
were subsequently ground into single-cell suspensions, lysed with ACK
lysis buffer, and stained with APC-conjugated anti-human CD45 to
determine the leukemia burden via flow cytometry. The leukemia bur-
dens of the PBS- and Ps-VCR-treated mice were measured similarly at
their experimental endpoints (day 27 and day 34, respectively) for
comparison. Moreover, the hindlimbs and major organs of the mice were
collected from each group, fixed with 4 % paraformaldehyde, embedded
in paraffin, and stained with hematoxylin and eosin (H&E) for
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pathological and histological analyses. Furthermore, micro-CT was used
to observe the bone structure of each group of mice.

To further corroborate the synergistic anti-T-ALL effect of Ps-VCR/
Vol, a patient-derived orthotopic T-ALL PDX model was established in
which 200 uL of patient-derived T-ALL cell suspension (2 x 10° cells)
was injected into a female NPG mouse (7-8 weeks old; Beijing Vitonda
Biotechnology Co., Ltd.) via the tail vein. The day of inoculation was
recorded as day 0, and the mice were randomly grouped on day 3, with 6
mice in each group to start treatment. PBS, Ps-VCR, Ps-Vol, Ps-VCR/Vol
or free VCR/Vol was injected via the tail vein at the same dose and
schedule as those in the orthotopic CCRF-CEM T-ALL model. The body
weights and survival of the mice were continuously monitored during
and after drug administration, and tumor infiltration in the peripheral
blood was examined on days 24, 32, 39, 46 and 52.

2.8. Anti-B-ALL activity of Ps-VCR/Vol in vivo

To further validate the anti-B-ALL effect of Ps-VCR/Vol, an ortho-
topic Nalm-6-Luc B-ALL model was subsequently established via tail
vein injection of 200 pL of Nalm-6-Luc cell suspension (5 x 10° cells)
each into 7- to 8-week-old NCG female mice. The day of inoculation was
recorded as day 0, and the mice were randomly grouped to administer
PBS or Ps-VCR/Vol under the same schedule as above. For each group, 6
mice were used for body weight and survival monitoring, and 4 were
used for monitoring leukemia progression via bioluminescence imaging.
On day 23, 4 mice in each group were dissected to determine leukemia
infiltration in the peripheral blood, spleen, liver, lung and bone marrow
via flow cytometry. The collected major organs and hindlimbs were also
stained with H&E as described above for histological analysis.

2.9. Statistical analysis

The data were presented as the means + standard deviations (SDs)
and were analyzed with GraphPad Prism 8.0. One-way analysis of
variance (ANOVA) with Tukey’s post hoc test and Student’s t-test were
used for comparisons between groups. Kaplan—-Meier survival curves
were constructed and compared via the log-rank Mantel-Cox test. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

3. Results and discussion
3.1. Preparation and characterization of Ps-VCR/Vol

Ps-VCR/Vol was constructed via one-step self-assembly of PEG-P
(TMC-DTC)-KDj copolymers with simultaneous VCR and Vol loading
through electrostatic interactions (Fig. S1). By tuning the theoretical
drug ratios, Ps-VCR/Vol with VCR/Vol mass ratios of 1/12.8, 1/24.8,
and 1/48.6, respectively, were obtained and defined as Ps-VCR/Vol; /12,
Ps-VCR/Vol; /24 and Ps-VCR/Vol; /48, respectively. Given the VCR (0.25
mg/kg) and Vol dosages (6 or 9 mg/kg) that we previously explored for
in vivo antileukemia studies [29-31], as well as the synergistic ratio of
free VCR to Vol observed in Ewing sarcoma cells [21], Ps-VCR/Vol with
lower or higher ratios was not tested in this study. Ps-VCR/Vol with
different drug contents presented a similar size of ca. 26 nm and a
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Fig. 2. Cellular uptake and anti-ALL activity of Ps-VCR/Vol with different VCR/Vol ratios. (A) CLSM images of CCRF-CEM cells after 4 h of incubation with Ps-Did.
Scale bar is 25 pm. (B) VCR/Vol ratios in CCRF-CEM cells after incubation with free VCR/Vol or Ps-VCR/Vol. Cell viability of (C) CCRF-CEM T-ALL cells and (D)
Nalm-6-Luc B-ALL cells following 48 h of incubation with different formulations (n = 6). Cell cycle analysis of (E) CCRF-CEM and (F) Nalm-6-Luc cells after treatment
with different formulations for 24 h (VCR: 0.42 ng/mL, Vol: 10 ng/mL). (G) Apoptosis of CCRF-CEM cells after 48 h of incubation with different formulations (VCR:

0.21 ng/mL, Vol: 5 ng/mL).
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spleens isolated from mice in d

ifferent groups (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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narrow size distribution with a polydispersity index (PDI) of ~0.1,
similar to those of Ps-VCR and Ps-Vol single-drug formulations (Fig. 1B
and Table 1). TEM image further confirmed the spherical and vesicular
structure of Ps-VCR/Vol. As a result of the disulfide-crosslinked struc-
ture, Ps-VCR/Vol maintained a small size and narrow size distribution
after incubation with 10 % FBS for 24 h or high-fold dilutions with
HEPES, PBS, water or RPMI-1640 complete medium (Fig. 1C and S2).
Moreover, Ps-VCR/Vol displayed <18 % drug leakage after 24 h of in-
cubation at pH 7.4 and 6.0, but nearly completely released VCR and Vol
with similar rates after treatment with 10 mM GSH, mimicking the
intracellular reductive conditions (Fig. 1D).

3.2. Intracellular drug localization and in vitro anti-ALL activity

To visualize the cellular uptake and localization of drugs in ALL cells,
CCRF-CEM cells were incubated with Ps-Did and observed via CLSM. As
shown in Fig. 2A, Ps-Did was efficiently internalized in CCRF-CEM cells,
resulting in strong Did fluorescence. A controllable intracellular drug
ratio is important for inducing synergistic antitumor effects. Ps-VCR/Vol
maintained a relatively stable intracellular VCR/Vol mass ratio of close
to 1:24 within 6 h of incubation, which was in sharp contrast to the free
VCR/Vol, with the ratio deviating to 1:87 (Fig. 2B). The synergistic anti-
ALL effect of Ps-VCR/Vol with different VCR/Vol ratios was investigated
using CCRF-CEM T-ALL and Nalm-6-Luc B-ALL cells. As shown in Fig. 2C
and Table S1, Ps-VCR/Vol with VCR/Vol mass ratios of 1:12, 1:24 and
1:48 potently inhibited the proliferation of CCRF-CEM T-ALL cells and
displayed a similar and strong synergistic effect, with CI values of ca.
0.46. For example, Ps-VCR/Vol; 24 presented ICsq values of 0.24/5.69
ng/mL for VCR and Vol, which were 8.1- and 3.0-fold lower than those
of Ps-VCR (1.94 ng/mL) and Ps-Vol (16.98 ng/mL), respectively. In
addition, Ps-VCR/Vol; 24 had 3.3-fold greater anti-T-ALL activity than
free VCR/Vol, 24 did, likely due to its controllable intracellular drug
ratio and different cellular uptake pathways, as previously reported for
dual-drug formulations [32-34]. Similarly, Ps-VCR/Vol with different
VCR/Vol ratios (1:12 to 1:48) also exhibited strong synergy in
Nalm-6-Luc B-ALL cells, with CI values ranging from 0.32-0.54.
Ps-VCR/Vol; 24 was the most synergistic, with an ICso of 0.17/4.16
ng/mL (VCR/Vol), which was 23.4-, 3.6- and 6.9-fold lower than those
of Ps-VCR (3.98 ng/mL), Ps-Vol (15.14 ng/mL) and free VCR/Volj 24
(1.17/28.18 ng/mlL), respectively (Fig. 2D and Table S1). Hereinafter,
Ps-VCR/Vol; 24 with a fixed VCR/Vol ratio of 1:24 was used and
denoted Ps-VCR/Vol unless otherwise specified. Free VCR/Vol at the
same ratio was used as a control. For normal human T cells, Ps-VCR/Vol
showed negligible toxicity, with a cell viability of over 90 %, even at
VCR/Vol concentrations as high as 5/100 ng/mL (Fig. S3). However,
the viability of T cells decreased to ~52 % after incubation with free
VCR/Vol at a lower concentration of 2.5/50 ng/mL, suggesting that drug
coloading improved their safety.

VCR is a microtubule-destabilizing compound that interferes with
mitosis and arrests the cell cycle at the M phase, leading to cell apoptosis
[35-37]. Vol is reported to inhibit PLK1, a key regulator of the cell cycle,
thus disrupting spindle formation and inducing G2/M cell cycle arrest
and apoptosis [38,39]. Therefore, the synergistic anti-ALL effect of
Ps-VCR/Vol was further explored via cell cycle and apoptosis analyses.
Ps-VCR/Vol effectively induced G2/M phase arrest in CCRF-CEM cells
after 24 h of incubation, and the proportion of cells in the G2/M phase
significantly increased from 8.0 % (in the PBS group) to 46.7 % and was
obviously higher than that in the Ps-VCR (11.2 %) and Ps-Vol (22.1 %)
groups (Fig. 2E). However, free VCR/Vol induced limited cell cycle ar-
rest, with 12.9 % of the cells in the G2/M phase, which was 3.6-fold
lower than that of Ps-VCR/Vol. Consistently, treatment with
Ps-VCR/Vol increased the percentage of G2/M arrest of Nalm-6-Luc cells
to 50.8 %, which was significantly greater than that in the Ps-VCR (28.4
%), Ps-Vol (22.8 %), and free VCR/Vol (22.6 %) groups (Fig. 2F).

In line with the cell cycle arrest data, the results of the apoptosis
analysis revealed that Ps-VCR/Vol caused the most significant apoptosis
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in CCRF-CEM cells, with 48.4 % of the cells undergoing early- and late-
stage apoptosis, which was obviously greater than those of Ps-VCR (12.5
%), Ps-Vol (20.2 %) and free VCR/Vol (20.8 %) (Fig. 2G). Similarly, Ps-
VCR/Vol also had the strongest proapoptotic effect on Nalm-6-Luc cells,
with an apoptosis rate of 80.8 %, which was 5.8-fold higher than that of
free VCR/Vol (14.0 %) (Fig. S4). Taken together, these results corrob-
orate that Ps-VCR/Vol can synergistically induce the arrest of ALL cells
in the G2/M phase, thus promoting cell apoptosis and enhancing the
inhibition of ALL cells.

3.3. In vivo acute toxicity and anti-T-ALL activity of Ps-VCR/Vol

In vivo acute toxicity studies in Kunming mice demonstrated that Ps-
VCR/Vol had good tolerability at a VCR/Vol dose of 2/48 mg/kg. The
blood routine and biochemical parameters of these mice were compa-
rable to those of untreated mice, and their weights at the end of moni-
toring were similar to those of the controls, leading to a survival rate of
100 % (Fig. S5). When the dosage was further increased to 2.5/60 or 3/
72 mg/kg, the mortality rate increased to 50 % or 100 %, respectively,
during the 14-day observation period. To investigate the in vivo per-
formance of Ps-VCR/Vol, an orthotopic CCRF-CEM T-ALL mouse model
was first established via the tail vein injection of CCRF-CEM cells into
each NCG mouse. The biodistribution of Ps-Cy5 was studied via in vivo
and ex vivo fluorescence imaging when the CCRF-CEM T-ALL mouse
model manifested clear signs of illness. As shown in Fig. 3A, intrave-
nously injected Ps-Cy5 rapidly accumulated in the limbs of the mice, the
primary site of ALL, within 2 h and maintained consistent Cy5 fluores-
cence levels at 4 h post-injection. However, free Cy5 showed obviously
lower accumulation in the limbs of the mice at 2 h, and this accumu-
lation further decreased at 4 h, indicating its rapid metabolism. Ex vivo
fluorescence images further confirmed the greater accumulation of Ps-
Cy5 than free Cy5 in the forelimbs and hindlimbs of the mice
(Fig. 3B). Anti-T-ALL treatment was started on day 5 post-injection of
CCRF-CEM cells via intravenous injection of Ps-VCR/Vol, Ps-VCR, Ps-
Vol or free VCR/Vol at VCR/Vol dosages of 0.25/6 mg/kg (Fig. 3C).
The PBS-treated control mice displayed rapid proliferation of CCRF-CEM
cells and a substantial T-ALL burden in the peripheral blood (26.3 % on
day 25), along with hindlimb paralysis, hair lusterlessness and death
(Fig. 3D and S6). In contrast, Ps-VCR/Vol treatment significantly
inhibited T-ALL progression, and there were nearly undetectable CCRF-
CEM cells in the peripheral blood even on day 39. Although the mice in
the Ps-Vol and free VCR/Vol groups presented negligible T-ALL burdens
in the blood on day 25, they presented fast leukemia growth, with the
proportion of CCRF-CEM cells increasing to 27.4 % and 17.5 % on day
39, which were 54- and 35-fold higher than those in the Ps-VCR/Vol
group, respectively. However, Ps-VCR only slightly delayed the pro-
gression of T-ALL, with ~4.0 % CCRF-CEM cells in the peripheral blood
on day 25. Accordingly, Ps-VCR/Vol treatment effectively prolonged the
median survival of the mice to 63.5 days, which was 2.4-fold as long as
that of the PBS group (27 days) and significantly longer than that of the
Ps-VCR (33 days), Ps-Vol (43 days) and free VCR/Vol (48.5 days) groups
(***p < 0.001) (Fig. 3E). Moreover, in contrast to free VCR/Vol, which
exhibited severe systemic toxicity and caused ca. 25 % weight loss in the
mice, Ps-VCR/Vol was well tolerated, and the weight of the mice was
comparable to that of the PBS group (Fig. 3F). The enhanced efficacy
and safety of Ps-VCR/Vol might be due to its improved pharmacoki-
netics and biodistribution, for example, bone marrow accumulation at
synergistic drug ratios, which has been observed for the clinically
approved liposomal formulation CPX-351 and venetoclax/sorafenib-
coloaded micelles in AML models [40,41]

In addition to infiltrating the bone marrow and blood, T-ALL cells
usually infiltrate extramedullary organs such as the liver and spleen,
resulting in hepatosplenomegaly [42,43]. The infiltration of CCRF-CEM
T-ALL cells into different sites of mice after treatment with Ps-VCR/Vol,
Ps-Vol, or free VCR/Vol was analyzed by flow cytometry on day 40 and
compared with that of the PBS and Ps-VCR groups at their experimental
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Fig. 4. T-ALL infiltration and osteolysis in orthotopic CCRF-CEM T-ALL-bearing mice following different treatments. H&E-stained images of (A) the spleen, liver,
lung, and (B) hindlimbs collected from different groups. Scale bars: 100 pm. (C) Micro-CT images of representative murine femurs and tibias and (D) quantitative
analysis of the data (n = 3). One-way ANOVA: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

endpoints. As shown in Fig. 3G, H, the PBS-treated mice suffered a se-
vere T-ALL burden, with >90 % CCRF-CEM cells in the bone marrow,
spleen and liver, as well as 65.7 % in the lung and 47.8 % in the pe-
ripheral blood, which was in line with previous reports [44,45].
Compared with those in the PBS group, the T-ALL burdens in different
tissues of the mice in the Ps-VCR and Ps-Vol groups were comparable.
Free VCR/Vol treatment reduced the T-ALL burden in the peripheral
blood and lungs of the mice, but had a negligible effect on those in the
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bone marrow, spleen and liver, with 74.5 %—86.6 % CCRF-CEM cells
remaining. In contrast, Ps-VCR/Vol almost completely depleted the
T-ALL burden in different tissues, with only 0.4-1.9 % CCRF-CEM cells,
which was markedly lower than that in all the other control groups. For
instance, the proportion of CCRF-CEM cells was only 0.8 % at the pri-
mary T-ALL site (bone marrow), which was 90-115-fold lower than that
in the PBS, Ps-VCR, Ps-Vol and free VCR/Vol groups. As a result of the
potent inhibition of T-ALL progression and infiltration, Ps-VCR/Vol
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Fig. 5. Anti-T-ALL activity of Ps-VCR/Vol in an orthotopic T-ALL PDX model. (A) Model establishment, treatment and monitoring schemes. (B) Representative flow
cytometry pattern and (C) quantitative analysis showing the proliferation of T-ALL cells in the peripheral blood of mice in different groups (n = 3). (D) Kaplan-Meier
survival curves (Ps-VCR/Vol versus Ps-VCR, Ps-Vol, or free VCR/Vol, ***p < 0.001) and (E) body weight changes of the mice after different treatments (n = 6).

effectively relieved splenomegaly in the mice, resulting in an average
spleen weight of 61 mg, which was significantly lower than that in the
PBS group (576.1 mg) and only 1/11-1/4 the weight of the other control
groups (Fig. 3I).

H&E-stained images provided further evidence that Ps-VCR/Vol-
treated mice had undetectable T-ALL cells in major organs and bone
marrow, which presented normal histomorphology and was comparable
to that of healthy mice (Fig. 4A, B and S7). However, for the PBS-, Ps-
VCR-, Ps-Vol- or free VCR/Vol-treated mice, a massive T-ALL burden
was detected in the spleen, liver, lung and hindlimbs. The abnormal
proliferation of T-ALL cells in the bone marrow generally causes bone
marrow failure and impairs hematopoietic function, which are typical
symptoms in T-ALL patients [46]. As expected, Ps-VCR/Vol treatment
effectively relieved hematopoietic dysfunction, resulting in abundant
hematopoietic cells in the marrow cavity, which was in sharp contrast to
all the other control groups, which presented obvious loss of hemato-
poietic cells and/or infiltration of T-ALL cells (Fig. 4B). The massive
proliferation of leukemia cells in the bone marrow is also known to
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induce osteolytic destruction, a symptom that is particularly common in
patients with ALL [47]. Therefore, the bone structure of the femur and
tibia collected from each group of mice was further analyzed via
micro-CT. The mice in the PBS group exhibited severe osteolysis in the
femur and tibia with a significant loss of trabeculae, which was sub-
stantially ameliorated in the Ps-VCR/Vol group, and the bone structure
resembled that of healthy mice (Fig. 4C). This is in contrast to the
Ps-VCR, Ps-Vol and free VCR/Vol treatments, which led to only partial
alleviation. A quantitative assessment further demonstrated that the
femur and tibia parameters of Ps-VCR/Vol-treated mice were compa-
rable to those of healthy mice; specifically, their bone mineral density
(BMD), bone volume fraction (BV/TV), trabecular number (Tb.N), bone
surface area and trabecular thickness were significantly greater than
those of the other groups (Fig. 4D and S8).

To further corroborate the synergistic anti-T-ALL activity of Ps-VCR/
Vol, an orthotopic T-ALL PDX model was established via the tail vein
injection of 2 x 10° patient-derived T-ALL cells into each mouse. On day
3 post inoculation, the mice were treated with different formulations via
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Fig. 6. Therapeutic effect of Ps-VCR/Vol in orthotopic Nalm-6-Luc B-ALL-bearing mice. (A) Model establishment and treatment schemes. (B) Bioluminescence
images, (C) quantitative bioluminescence signal analysis (n = 4), (D) Kaplan—Meier survival curves (n = 6, ***p < 0.001) and (E) body weight changes (n = 6) of the
mice after treatment with Ps-VCR/Vol or PBS. (F) Scatter plot and (G) quantitative analysis of the number of Nalm-6-Luc cells in the liver, spleen, lung, bone marrow
(BM) and peripheral blood (PB) of Ps-VCR/Vol- or PBS-treated mice (n = 4). (H) Weights of the spleens of the mice in the different groups (n = 4). (I) H&E-stained
images of the liver, spleen, lung, and bone marrow from PBS- or Ps-VCR/Vol-treated mice. Scale bars: 100 pm.

650



Q. Deng et al.

the same scheme as that used for the orthotopic CCRF-CEM model
(Fig. 5A). Consistently, Ps-VCR/Vol also completely inhibited T-ALL
progression in the peripheral blood of the mice, as reflected by the
absence of T-ALL cells during the observation period of 52 days, which
was in sharp contrast to the 8.5 % T-ALL cells in the PBS group on day 24
and the 8.9-25.5 % T-ALL cells in the other groups on days 32-46
(Fig. 5B, C). As a result, Ps-VCR/Vol markedly prolonged the median
survival of the mice to 71 days, which was 2.8-fold as long as that in the
PBS group and significantly greater than that in the Ps-VCR (53 days,
***p < 0.001), Ps-Vol (39.5 days, ***p < 0.001) and free VCR/Vol (47
days, ***p < 0.001) groups (Fig. 5D). The weight of the mice in all the
groups steadily increased (Fig. 5E). Taken together, these results
demonstrated that Ps-VCR/Vol synergistically inhibited T-ALL progres-
sion in vivo, thus blocking T-ALL invasion into major organs and
significantly prolonging the survival of the mice.

3.4. Anti-B-ALL activity of Ps-VCR/Vol in vivo

To assess the anti-B-ALL activity of Ps-VCR/Vol, an orthotopic B-ALL
mouse model was established via intravenous injection of 5 x 10° Nalm-
6-Luc cells into each mouse, which was subsequently treated with Ps-
VCR/Vol via the same scheme as the CCRF-CEM T-ALL model
(Fig. 6A). As shown in Fig. 6B, C, the bioluminescence signal from B-ALL
cells spread throughout the body of the PBS-treated mice and increased
to ~10'° p/s on day 23 post inoculation; however, it was completely
depleted in the Ps-VCR/Vol group, resulting in a four-order-of-
magnitude low background signal (5.2 x 10° p/s). Consequently, Ps-
VCR/Vol significantly prolonged the median survival of the mice to
63.5 days, which was 2.6-fold as long as that in the PBS group (MST: 24
days, ***p < 0.001) (Fig. 6D), superior to CD19-CAR-T cell therapy [48,
49]. Notably, Ps-VCR/Vol showed no substantial toxicity, and the
weights of the mice were similar to those of the PBS-treated mice
(Fig. 6E). Leukemia burden analysis further evidenced the potent
anti-B-ALL activity of Ps-VCR/Vol, where Nalm-6-Luc B-ALL cells in the
liver, spleen, lung, bone marrow and blood were all reduced to almost
undetectable levels (< 0.6 %), and splenomegaly was effectively
relieved, with a 3.8-fold lower spleen weight (Fig. 6F-H). H&E-stained
images also verified that the major organs and bone marrow of
Ps-VCR/Vol-treated mice had normal histomorphology, which was in
sharp contrast to that of the PBS group with severe infiltration of B-ALL
cells (Fig. 61 and Fig. S9). Taken together, Ps-VCR/Vol is a potent
strategy applicable for both T-ALL and B-ALL treatment.

4 Conclusion

In summary, we have facilely prepared vincristine/volasertib poly-
mersomes (Ps-VCR/Vol) with small sizes and tunable drug ratios, which
enable highly synergistic inhibition of both T-ALL and B-ALL in mice. Ps-
VCR/Vol exhibits strong synergy in different ALL cells and effectively
inhibits leukemia progression, leading to a significant survival benefit in
both cell line- and patient-derived orthotopic ALL models, which is su-
perior to that of single-drug polymersomes and free VCR/Vol. Notably,
Ps-VCR/Vol with a straightforward fabrication process not only aug-
ments the synergistic effects of VCR and Vol via codelivery but also
mitigates systemic toxicity. This approach may provide a combination
therapy for ALL treatment that is both safe and potent.
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