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HIGHLIGHTS

e NanoVi/Vo boosts robust ICD effects
and antigen generation in AML cells.

e Combining nanoVi/Vo with nanoCpG
adjuvants effectively stimulates DC
maturation and cytokine release.

e The combination of nanoVi/Vo and
nanoCpG elicits a potent in situ vacci-
nation effect and enhances anti-AML
immunotherapy.

e Combining nanoVi/Vo with nanoCpG
substantially inhibits leukemia growth
and improves survival benefit in AML-
bearing mice.
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Acute myeloid leukemia (AML) is difficult to treat because of the difficulty in completely removing leukemia
cells. Therapeutic vaccines that show promise in curing different cancers have achieved relatively little progress
in the treatment of AML. Herein, we report the facile in situ generation of an anti-AML vaccine via an immu-
nogenic vincristine/volasertib dual-drug nanomedicine (nanoVi/Vo) and a polymersomal CpG immunoadjuvant
(nanoCpG). NanoVi/Vo boosted the generation of diverse tumor antigens by inducing immunogenic cell death
(ICD) while synergistically inhibiting the growth of AML cells. Combining nanoVi/Vo with nanoCpG provoked a
strong vaccination effect, which efficiently promoted dendritic cell (DC) maturation and facilitated T-cell acti-
vation and infiltration in the bone marrow, eliciting strong antitumor immunity in an orthotopic WEHI-3-Luc
AML model. Notably, nanoVi/Vo combined with nanoCpG substantially suppressed leukemia progression in
the bone marrow and infiltration to other organs, resulting in a significant survival benefit, with 57% of the mice
surviving. This in situ vaccine generation strategy has promising potential as an effective immunotherapy
approach for AML.
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1. Introduction

AML is one of the most refractory hematological malignancies, with
an inferior prognosis and a 5-year overall survival rate of less than 28 %
[1,2]. Despite recent advances in molecular targeted drugs and their
combination with standard chemotherapy, most patients are still
intractable as a result of incomplete depletion of leukemia cells, which
can cause relapse [3-7]. Therapeutic cancer vaccines are deemed to
eradicate residual tumor cells and induce tumor regression by educating
the host’s immune system [8-11]. For example, personalized cancer
vaccines that codeliver tumor-derived antigens and immunoadjuvants
have demonstrated promising efficacy in treating different tumor
models, including AML [12,13]. However, personalized cancer vaccines
often result in suboptimal immune responses due to the weak immu-
nogenicity of antigens and involve a tedious process [14,15].

In situ cancer vaccines, which employ endogenous tumor antigens at
the tumor site to provoke effective antitumor immune responses, can
overcome the abovementioned challenges and offer great potential for
treating tumors [16,17]. The ICD is one of the key strategies used to
generate in situ vaccines and can release tumor-associated antigens, thus
stimulating DC maturation and T-cell activation and promoting anti-
tumor immunity [18-21]. For example, most anthracycline and anti-
microtubule chemotherapeutics have been demonstrated to induce
ICD during the killing of tumor cells, which increases therapeutic effi-
cacy via chemoimmunotherapy [22-24]. However, their low delivery
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efficiency, tendency toward drug resistance and potential for immune
system impairment due to severe toxicity have significantly hampered
their clinical efficacy. In recent years, chemotherapeutic-based ICD in-
ducers have been loaded into nanoparticles to enhance tumor drug de-
livery, thus amplifying the ICD effects and reducing toxicity [25-27].
For example, Park et al. reported that loading doxorubicin into self-
immolative polymeric micelles significantly enhanced its ICD effect
and antitumor activity in a breast tumor mouse model [28]. However,
the therapeutic efficacy of most single chemotherapeutic-loaded ICD
nanoinducers remains suboptimal, likely because of uncontrollable drug
release and drug resistance.

In this work, we report on potent in situ anti-AML vaccination via
immunogenic dual-drug polymersomes containing vincristine sulfate
and the polo-like kinase 1 (PLK1) inhibitor volasertib (nanoVi/Vo), in
combination with nanoCpG (Scheme 1). PLK1 inhibitors, which specif-
ically target PLK1, an oncogene closely associated with chemoresistance
and poor prognosis, can sensitize lung cancer cells to chemotherapy and
have recently been shown to induce ICD [29,30]. CpG, a well-known
Toll-like receptor 9 (TLR9) agonist that can activate DCs and poten-
tiate the innate immune system, is a widely explored vaccine adjuvant to
increase the immunogenicity of cancer vaccines [31-33]. Our recent
work demonstrated that, compared with free CpG, nanoCpG substan-
tially enhances immune responses in solid tumors and enables systemic
injection by overcoming the limitations of CpG itself, such as its sus-
ceptibility to degradation and lower cellular uptake [34]. NanoVi/Vo
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Scheme 1. Schematic showing that nanoVi/Vo enhances ICD and the generation of tumor antigens while synergistically inducing apoptosis in AML cells, which, in
combination with the nanoCpG adjuvant, elicits robust in situ vaccines to enhance anti-AML immunotherapy.
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synergistically increased ICD and the generation of diverse tumor anti-
gens, which, in combination with nanoCpG, promoted DC maturation,
T-cell activation and immune cell infiltration at the leukemic site.
Notably, combining nanoVi/Vo with nanoCpG significantly inhibited
leukemia progression and invasion to major organs in an orthotopic
WEHI-3-Luc AML mouse model, with 57 % of the mice surviving for at
least 75 days.

2. Materials and methods
2.1. Materials

CpG ODN 1826 (> 95 %, Sangon Biotech (Shanghai) Co., Ltd.),
vincristine sulfate (Vi, 99.9 %, Dalian Meilun Biotechnology Co., Ltd.),
volasertib (Vo, 99.4 %, Med Chem Express), p-luciferin potassium salt
(99 %, Bridgen Co., Ltd.), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT, 99.9 %, Macklin Biochemical Co., Ltd.), 4 %
paraformaldehyde tissue fixative (Biosharp Life Sciences), and cell
counting kit-8 (CCK-8, Shanghai Enzyme-linked Biotechnology Co.,
Ltd.) were used as received. N,N-Dimethylformamide (DMF, > 99.5 %)
and dimethyl sulfoxide (DMSO, > 99.5 %) were obtained from Sino-
pharm Chemical Reagent Co., Ltd. Poly(ethylene glycol)-b-poly(tri-
methylene carbonate-co-dithiolane trimethylene carbonate)-b-N-
terminally acetylated poly(aspartic acid) (PEG-P(TMC-DTC)-Ac-KD;j,
Mp: 5.0-(15.1-2.0)-1.3 kg/mol) and PEG-P(TMC-DTC)-SP (M,: 5.0-
(14.5-2.0)-0.2 kg/mol, SP: spermine) were synthesized as described in
our previous reports [35,36].

Apoptosis kit (MultiSciences Biotech Co., Ltd.), enhanced adenosine
triphosphate (ATP) assay kit (Beyotime Biotechnology, S0027), high
mobility group box chromosomal protein 1 (HMGB1) enzyme-linked
immunosorbent assay (ELISA) kit (MB-5840A, Meibiao Biotech-
nology), ELISA kits for mouse interferon-y (IFN-y), interleukin-6 (IL-6),
interleukin-12 p70 (IL-12p70), and tumor necrosis factor-o (TNF-a)
(InvivoGen), eBioscience™ FoxP3/Transcription Factor Staining Buffer
Set (Invitrogen, 2400631), calreticulin (CRT) antibody (Abcam,
Ab2907), Alexa Fluor 647-conjugated goat anti-rabbit IgG H&L (Invi-
trogen), and anti-mouse CD16/CD32 antibody (Selleck) were used ac-
cording to the manufacturers’ protocols. Zombie NIR™ and
fluorescently labeled antibodies for mouse markers, including CD45-
PerCP/Cyanine5.5, CD45-PE, CD3-FITC, CD8-PE, CD8-PE/Cy7, CD4-
PE, IFN-y-APC, TNF-a-PerCP/Cyanine5.5, Granzyme B-PE, Perforin-
APC, CD107a-Alexa Fluor 647, CD25-PE/Cy7, FoxP3-Alexa Fluor 647,
CD11c-FITC, CD80-APC, CD86-PE/Cy7, CD86-PE, MHC II-PerCP/
Cyanine5.5, CD11b-FITC, F4/80-PE, and CD206-Alexa Fluor 647, were
purchased from BioLegend and used as instructed.

2.2. Cell source and culture

Murine WEHI-3 AML cells tagged with luciferase (WEHI-3-Luc) were
provided by the Institute of Hematopoietic Stem Cell Transplantation,
Soochow University. Human T cells isolated from the peripheral blood
of healthy donors were obtained from the Hematology Research Center
of the Tang Zhongying Medical Institute, Soochow University. WEHI-3-
Luc cells were cultured in RPMI-1640 medium (HyClone) supplemented
with 10 % fetal bovine serum (Gibco) and 1 % penicillin-streptomycin at
37 °C under 5 % CO,, Bone marrow-derived dendritic cells (BMDCs)
were isolated from the femurs of healthy female BALB/c mice (6 weeks
old, 18-20 g, Vital River Laboratory Animal Technology Co., Ltd., Bei-
jing). Briefly, the mice were euthanized and sterilized with ethanol, and
the femurs were aseptically excised. Bone marrow cells were flushed
with RPMI-1640 medium, filtered through a cell strainer, and treated
with ammonium chloride potassium (ACK) lysis buffer to remove
erythrocytes. The cells were then seeded at 5 x 10° mL in complete
RPMI-1640 medium supplemented with 20 ng/mL gran-
ulocyte-macrophage colony-stimulating factor (designated day 0). The
medium was replenished with fresh medium on day 3, and the BMDCs
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were harvested on day 6.

2.3. Characterizations

The hydrodynamic diameter and size distribution of the polymer-
somes were measured via a ZetaSizer Nano-ZS dynamic light scattering
(DLS) instrument equipped with a 633 nm He-Ne laser. The concentra-
tions of Vi and Vo were determined via high-performance liquid chro-
matography (HPLC, Waters 2695) with a C18 reverse-phase column
(Sepax BR-C18, 5 pm, 4.6 x 250 mm). The mobile phase consisted of
acetonitrile/water (60/40, v/v) at a flow rate of 1 mL/min, with UV
detection wavelengths of 298 nm and 330 nm, respectively. The con-
centration of CpG was quantified via a NanoDrop 2000 spectropho-
tometer (Thermo Scientific). The levels of HMGB1 and cytokines (IFN-y,
IL-6, IL-12p70, and TNF-a) were assessed via ELISA, with detection
performed on a Thermo Varioskan LUX multimode microplate reader.
Hematoxylin and eosin (H&E) staining images were captured via an
inverted fluorescence microscope (Nikon Eclipse Ti). Apoptosis, CRT
surface expression, BMDC maturation, and immune cell populations
were analyzed via flow cytometry (BD FACS). Bioluminescent signals in
the mice were detected via an IVIS Lumina II imaging system, and the
data were processed with Living Image 2.6 software.

2.4. Preparation of nanoVi/Vo and nanoCpG

NanoVi/Vo was fabricated through one-step self-assembly of a PEG-P
(TMC-DTC)-Ac-KD;¢ amphiphilic copolymer with simultaneous loading
of Vi and Vo. The Vi/Vo feeding mass ratio was set at 1:16 on the basis of
our previous study to obtain nanoVi/Vo with an actual Vi/Vo mass ratio
of 1:24, which has been demonstrated to have the strongest synergistic
effect in acute lymphoblastic leukemia cells [37]. In brief, a Vi solution
(5 mg/mL) was mixed with N-2-hydroxyethylpiperazine-N-2-ethane
sulfonic acid buffer (HEPES, 5 mM, pH 6.8) under stirring, followed by
slow injection with a mixture of PEG-P(TMC-DTC)-Ac-KD;o (DMSO, 40
mg/mL) and Vo solutions (DMSO, 20 mg/mL). After stirring for 30 min
and incubation for 24 h, the suspension was dialyzed (MWCO: 3.5 kDa)
against HEPES (5 mM, pH 7.4) for 6 h to obtain nanoVi/Vo. Similarly,
nanoCpG was prepared by injecting a DMF solution of PEG-P(TMC-
DTC)-SP into phosphate buffer (PB, 2 mM, pH 6.0) containing CpG,
and the theoretical drug loading content (DLC) of CpG was 5 wt%. The
size and polydispersity index (PDI) of nanoVi/Vo and nanoCpG were
measured via DLS. The amounts of Vi and Vo in nanoVi/Vo were
determined via HPLC, and the content of CpG was determined via a
NanoDrop on the basis of the corresponding standard curves. The DLC
and drug loading efficiency (DLE) were then calculated via the following
formulas.

weight of loaded drug

weight of drug loaded polymersomes x 100

DLC (wt.%) =

weight of loaded Vi, Vo or CpG

DLE (%) =
(%) weightof Vi, Vo or CpGin feed

x 100

2.5. Invitro anti-AML effects of nanoVi/Vo

The anti-AML effect of nanoVi/Vo was evaluated in murine WEHI-3-
Luc cells, with nanoVi and nanoVo single-drug polymersomes as well as
a physical mixture of nanoVi and nanoVo (nanoVi + nanoVo) used as
controls. The cells were plated in 96-well plates at a density of 3 x 10°
cells per well and incubated with various concentrations of nanoVi,
nanoVo, nanoVi/Vo and nanoVi + nanoVo for 48 h (n = 6). Subse-
quently, 10 pL of MTT solution (5 mg/mL) was added to each well for
another 4 h of incubation. The medium of each well was then aspirated
and replaced with 150 pL of DMSO to dissolve the formazan, and its
absorbance at 570 nm was determined via a microplate reader. Cell
viability was calculated, and dose-response curves were fitted via
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GraphPad Prism to obtain the half-maximal inhibitory concentration
(ICsp) values. The combination index (CI) for Vi and Vo was calculated
via the following formula:

ICsp of Vo in combination
ICso of nanoVo

ICs, of Viin combination

Cl =
ICso of nanoVi

The CI value signifies synergistic (<1), additive (=1), or antagonistic
(>1) effects.

Normal human T cells and mouse BMDCs were used as controls to
evaluate the toxicity of nanoVi/Vo via a CCK-8 kit. The cells plated in
96-well plates (2 x 10* cells per well) were incubated with nanoVi,
nanoVo, or nanoVi/Vo at various concentrations. After 48 h of incuba-
tion in the incubator, 10 pL of CCK-8 solution was added to each well for
an additional 4 h of incubation. The absorbance of each well at 450 nm
was measured via a microplate reader, and the cell viability was
calculated (n = 6).

An Annexin V-PE/7-AAD apoptosis kit was used to assess the syn-
ergistic proapoptotic effect of nanoVi/Vo in AML cells (n = 3). WEHI-3-
Luc cells plated in 12-well plates (3 x 10° cells per well) were incubated
with phosphate-buffered saline (PBS), nanoVi, nanoVo or nanoVi/Vo for
24 h at different Vi (1, 2, or 5 ng/mL) and/or Vo concentrations (24, 48,
or 120 ng/mL). Afterwards, the cells were collected via centrifugation
and resuspended in 0.5 mL of binding buffer. Then, 5 pL of Annexin V-PE
and 10 pL of 7-AAD solution were added, and the cells were stained at
room temperature for 5 min. The cells were subsequently analyzed via
flow cytometry. The data were analyzed via FlowJo_V10 software.

2.6. NanoVi/Vo-induced ICD effects

The ICD effect of nanoVi/Vo was evaluated in WEHI-3-Luc cells by
determining typical ICD markers, including CRT, ATP and HMGB1 (n =
3). The cells were plated in 12-well plates (2 x 10° cells per well) and
incubated with nanoVi (Vi: 1, 5 ng/mL), nanoVo (Vo: 24, 120 ng/mL), or
nanoVi/Vo (Vi/Vo: 1/24 ng/mL) for 24 h. Afterwards, the culture me-
dium was collected to measure the ATP and HMGBI levels via an
enhanced ATP assay kit and an HMGB1 ELISA kit, respectively. The cells
were collected and sequentially stained with the CRT antibody and
Alexa Fluor 647-labeled goat anti-rabbit IgG H&L on ice for 1 h and 30
min, respectively. After each staining step, the cells were washed twice
with PBS. CRT expression on the surface of WEHI-3-Luc cells was sub-
sequently analyzed via flow cytometry.

2.7. BMDC maturation stimulated by the nanoVi/Vo-induced ICD effect
and nanoCpG

WEHI-3-Luc cells were seeded in 12-well plates (1 x 10° cells/well)
and treated with nanoVi, nanoVo, nanoVi/Vo, or PBS for 24 h at Vi and/
or Vo concentrations of 1 and 24 ng/mL. After incubation, BMDCs (1 x
106 cells/mL/well) were added to each well. Subsequently, nanoCpG (1
pg/mL) was added to three PBS- or nanoVi/Vo-treated wells. All the
groups were further incubated for 24 h. The cells were then collected by
centrifugation and blocked with 25 pL of anti-CD16,/32 antibody at 4 °C
for 10 min, followed by the addition of a mixed solution (50 pL) of
CD11c-FITC (diluted 1:200), CD80-APC and CD86-PE antibodies
(diluted 1:400). The cells were then incubated on ice in the dark for 30
min and washed twice with PBS. Finally, flow cytometry was used to
detect CD11c"CD80"CD86" mature BMDCs. Moreover, the culture
medium was collected to determine the levels of the cytokines TNF-a, IL-
6, and IL-12p70 by corresponding ELISA kits.

Similarly, BMDCs were directly incubated for 24 h with PBS, nanoVi,
nanoVo, nanoVi/Vo, nanoCpG, or a combination of nanoVi/Vo +
nanoCpG at Vi, Vo, and CpG concentrations of 1 ng/mL, 24 ng/mL, and
1 pg/mlL, respectively, and analyzed by flow cytometry after staining.
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2.8. In vivo anti-AML efficacy of nanoVi/Vo in combination with
nanoCpG

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 (Approval No:
SYXK 2021-0065). The in vivo anti-AML activity of nanoVi/Vo in com-
bination with nanoCpG was evaluated in an orthotopic murine WEHI-3-
Luc AML model, which was established via tail vein injection of 6 x 108
WEHI-3-Luc cells into each BALB/c mouse (6 weeks old, Charles River).
The day of tumor inoculation was designated day 0. Leukemia pro-
gression was monitored via the detection of bioluminescence signals
derived from WEHI-3-Luc cells. p-luciferin potassium salt was used as a
substrate for luciferase, and it was intraperitoneally injected into each
mouse at a dose of 75 mg/kg 10 min prior to in vivo bioluminescence
imaging. When the average bioluminescence signal reached approxi-
mately 107 photons per second (p/s), the mice were randomly divided
and intravenously injected with nanoVi/Vo at three different doses (Vi/
Vo: 0.028/0.67, 0.083/2, and 0.25/6 mg/kg) along with nanoCpG (CpG:
1 mg/kg) to optimize the dosing regimen. Mice treated with PBS served
as controls. NanoVi/Vo was injected via the tail vein every 3 days for a
total of 4 injections, and nanoCpG was injected via the tail vein
approximately 15 h after each nanoVi/Vo injection. Twenty-four hours
after the last injection of nanoCpG, the mice were euthanized, and their
peripheral blood, bone marrow, spleen, and lymph nodes were collected
for immune analysis. The blood samples were lysed with ACK lysis
buffer, and the other samples were processed into single-cell suspensions
through grinding, filtering, and centrifugation. Subsequently, 100 pL of
Zombie NIR solution (1:200 dilution) was added to each sample and
incubated at room temperature in the dark for 15 min for dead cell
staining. After being washed with PBS, the cells were blocked with an
anti-CD16/32 antibody on ice for 10 min. Antibodies specific for
cytokine-secreting T cells (CD3-FITC, CD4-PE, CD8-PE/Cy7, IFN-y-APC,
TNF-a-PerCP/Cyanine5.5), CD107a-positive T cells (CD3-FITC, CD4-PE,
CD8-PE/Cy7, CD107a-Alexa Fluor 647), Tregs (CD3-FITC, CD4-PE,
CD25-PE/Cy7, FoxP3-Alexa Fluor 647), and DCs (CD45-PE, CD11c-
FITC, MHC-II-PerCP/Cyanine5.5, and CD86-PE/Cy7) were subse-
quently added and incubated on ice in the dark for 30 min. FITC-labeled
antibodies were diluted 200 times, and the other antibodies were diluted
400 times. Finally, the cells were washed with PBS and resuspended in 1
% paraformaldehyde solution. Flow cytometry was used to detect the
proportions of T cells, Tregs, and DCs.

The anti-AML activity of nanoVi/Vo at the optimal dosage (Vi/Vo:
0.25/6 mg/kg) in combination with nanoCpG was subsequently
assessed. On day 10, when the average bioluminescence signal reached
107p/s, the mice were divided into four groups and treated with PBS,
nanoVi/Vo, nanoCpG, or nanoVi/Vo + nanoCpG. NanoVi/Vo was
administered on days 10, 13, 16, and 19, and the combination group
received nanoCpG 15 h after each nanoVi/Vo injection. The group
receiving nanoCpG alone was injected at the same time points as the
combination group. Each group consisted of 14 mice: 7 for monitoring
body weight, survival, and tumor growth; 4 for detecting immune cells
and cytokine secretion in vivo; and 3 for blood routine and leukemia
infiltration analysis. Leukemia progression in the mice was monitored
through bioluminescence imaging every 7 days.

To analyze immune cells, mouse serum was collected 6-8 h after the
last injection of nanoCpG, and the concentrations of proinflammatory
cytokines (IFN-y, TNF-a, and IL-12p70) were measured via ELISA Kkits.
Twenty-four hours after the last injection of nanoCpG (21 days post
leukemia inoculation), 4 mice from each group were euthanized, and the
bone marrow, spleen, and lymph nodes were collected to prepare single-
cell suspensions, following the same procedures as those described
above. Finally, antibody staining was performed, and the proportions of
T cells, Tregs, DCs, and macrophages in various organs were detected via
flow cytometry. The following cellular markers were used: cytokine-
secreting T cells (CD3-FITC, CD4-PE, CD8-PE/Cy7, IFN-y-APC, TNF-
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a-PerCP/Cyanine5.5), T cells secreting granzyme B or perforin (CD45-
PerCP/Cyanine5.5, CD3-FITC, CD8-PE/Cy7, Granzyme B-PE, Perforin-
APC), CD107a-positive T cells (CD45-PerCP/Cyanine5.5, CD3-FITC,
CD8-PE, CD107a-Alexa Fluor 647), Tregs (CD45-PerCP/Cyanine5.5,
CD3-FITC, CD4-PE, FoxP3-Alexa Fluor 647), DCs (CD45-PE, CD11c-
FITC, MHC-II-PerCP/Cyanine5.5, CD86-PE/Cy7, CD80-APC), and

A/‘\/\ b

—— nanoVi
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macrophages (CD45-PerCP/Cyanine5.5, CD11b-FITC, F4/80-PE, CD86-
PE/Cy7, CD206-Alexa Fluor 647).

On day 21 post leukemia inoculation, 3 mice from each group
designated for blood routine and leukemia cell infiltration analysis were
euthanized. Peripheral blood was collected for routine blood testing,
and major organs and limbs were collected for ex vivo bioluminescence
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Fig. 1. (A) Schematic diagram of the preparation of nanoVi/Vo. (B) Size distributions of nanoVi, nanoVo, and nanoVi/Vo. (C) Changes in the particle size and PDI of
nanoVi/Vo during storage at 4 °C for 180 days (n = 3). (D) Viability of WEHI-3-Luc cells after incubation with nanoVi/Vo, nanoVi, nanoVo, or nanoVi + nanoVo
mixture for 48 h (n = 6). (E) Viability of normal human T cells and mouse BMDCs after incubation with nanoVi/Vo for 48 h (n = 6). (F) Representative flow
cytometry patterns and (G) quantitative analysis showing the apoptosis of WEHI-3-Luc cells after incubation with different formulations (n = 3). *p < 0.05, **p <

0.01, ****p < 0.0001.
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imaging and histological analysis. Healthy BALB/c mice were used as
controls. Additionally, the hindlimbs of one mouse from each group
were embedded, sectioned, and subjected to immunofluorescence
analysis for in vivo ICD markers (CRT™), as well as immunofluorescence
imaging analysis of cytotoxic T cells (CD8" T, CTL) and CD11c*CD86™"
DC cells.

2.9. Statistical analysis

The data are presented as the means =+ standard deviations (SDs) and
were analyzed via GraphPad Prism 8.0. Statistical comparisons between
groups were conducted via one-way ANOVA. For survival curves, sta-
tistical significance was assessed 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 in vitro anti-AML activity of nanoVi/Vo

This study aims to program in situ vaccines via the synergistic in-
duction of ICD and the activation of pattern recognition receptors
(PRRs), thus restoring the cancer immune cycle. To stimulate the ICD
effect, nanoVi/Vo was engineered to codeliver Vi and Vo ratiometrically
to leukemia cells, thus increasing synergistic effects and reducing
toxicity. The dissimilar properties of different drugs may cause different
pharmacokinetics and biodistributions in vivo, leading to uncontrollable
drug ratios in cancer cells and gloomy synergistic effects [38].
Nanoparticle-mediated ratiometric codelivery of different drugs is crit-
ical to translate the synergistic effects in vitro to in vivo [39]. The
amphiphilic PEG-P(TMC-DTC)-Ac-KD;q triblock copolymer has been
shown to assemble into chimeric polymersomes, with simultaneous di-
sulfide crosslinking achieved via the ring-opening polymerization of
dithiolane rings within the hydrophobic membrane. The negatively
charged KD;( inner surface in chimeric polymersomes enables the
effective encapsulation of proteins and positively charged small-
molecule drugs through electrostatic interactions [40-42]. Herein,
PEG-P(TMC-DTC)-Ac-KD;p based chimeric polymersomes were
employed to coload Vi and Vo via electrostatic interactions to obtain
nanoVi/Vo. Single-drug polymersomes (nanoVi and nanoVo) were
prepared similarly and used as controls. NanoVi/Vo had a small size of
26 nm and a narrow size distribution (PDI: 0.11), which was close to that
of nanoVi (31 nm, PDI: 0.09) and nanoVo (26 nm, PDI: 0.13) (Fig. 1B
and Table S1). The DLEs of Vi and Vo in nanoVi/Vo were 47.8 % and
76.7 %, respectively, resulting in a Vi/Vo mass ratio of approximately
1:24 and a molar ratio of approximately 1:35. Notably, the resulting
nanoVi/Vo was highly stable after 180 days of storage at 4 °C, with
negligible changes in both size and PDI (Fig. 1C).

The anti-AML activity of nanoVi/Vo was assessed via the MTT assay
in murine WEHI-3-Luc AML cells, with the nanoVi, nanoVo and a
nanoVi + nanoVo mixture used as controls. NanoVi/Vo exhibited su-
perior anti-AML activity to that of the single-drug polymersomes, with
ICsp values of 0.8 and 19.0 ng/mL for Vi and Vo, which were 5.3- and
6.7-fold lower than those of nanoVi and nanoVo, respectively, resulting
in a strong synergistic effect (CI: 0.3) (Fig. 1D and Table S2). However,
the nanoVi + nanoVo physical mixture displayed 2.4-fold lower anti-
AML activity and much weaker synergy (CI: 0.8) than did nanoVi/Vo,
indicating the advantage of coloading Vi and Vo together. In addition,
nanoVi/Vo showed no significant toxicity to normal human T cells or
mouse BMDCs even at Vi/Vo concentrations up to 20/480 ng/mL
(Fig. 1E), similar to nanoVi and nanoVo (Fig. S1).

Vi reportedly inhibits tubulin polymerization, disrupts the mitotic
process, and arrests cells in the G2/M phase, thus leading to apoptosis
[43]. Vo can also cause G2/M cell cycle arrest and apoptosis by inhib-
iting the activity of the PLK1 protein [44]. We therefore further studied
the synergy of nanoVi/Vo in causing cell apoptosis via Annexin V-PE/7-
AAD double staining. As shown in Fig. 1F, G, nanoVi/Vo induced dose-
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dependent cell apoptosis in WEHI-3-Luc cells, and the total apoptosis
rate increased from 37.1 % to 65.0 % and 79.0 % when the Vi/Vo
concentration increased from 1/24 to 2/48 and 5/120 ng/mL, respec-
tively. Notably, the proapoptotic ability of nanoVi/Vo at Vi/Vo con-
centrations of 1/24 ng/mL not only contrasted sharply with that of
nanoVi and nanoVo at equal drug concentrations, where no obvious cell
apoptosis was observed, but also significantly surpassed that of nanoVi
(21.8 %) and nanoVo (25.7 %) at a 5-fold higher concentration (Fig. S2)

3.2. NanoVi/Vo-induced ICD effects

Vo has been previously shown to induce ICD effect in cancer cells
[45]. To assess the ability of Vi to potentiate the ICD effect of Vo in AML
cells, WEHI-3-Luc cells incubated with nanoVi/Vo, nanoVi or nanoVo
were subjected to flow cytometry analysis via the determination of
typical ICD markers (CRT, HMGB1 and ATP). As shown in Fig. 2A, B,
nanoVi/Vo treatment at Vi and Vo concentrations of 1 and 24 ng/mL
significantly increased the proportion of CRT-positive cells from 4.7 % in
the PBS group to 38.9 %. This increase was notably greater than that in
cells treated with nanoVi (7.7 %) or nanoVo (9.6 %) at the same drug
concentration or even at a 5-fold higher concentration (12.1 %, 14.9 %).
Additionally, compared with other treatments, nanoVi/Vo markedly
increased the secretion of ATP and HMGB1 by WEHI-3-Luc cells to the
greatest extent (Fig. 2C, D).

The CRT, HMGB1 and ATP released during ICD are known to stim-
ulate the maturation of antigen-presenting cells, particularly DCs, thus
provoking tumor-specific immune responses. We therefore investigated
the effects of nanoVi/Vo-induced ICD on DC maturation by coculturing
mouse BMDCs with nanoVi/Vo-pretreated WEHI-3-Luc cells (Fig. 2E).
The results revealed that the number of mature BMDCs (mDCs,
CD80"CD86™) in the nanoVi and nanoVo groups increased by only
0.6-0.8 % compared with that in the PBS group (Fig. 2F, G), likely due to
the limited ICD effect. In contrast, nanoVi/Vo-treated WEHI-3-Luc cells
more efficiently promoted the maturation of BMDCs, with the percent-
age of mDCs increasing from 10.7 % (PBS group) to 18.5 %. However,
nanoVi/Vo itself failed to stimulate BMDC maturation when incubated
directly with BMDCs (Fig. S3), suggesting that the tumoral ICD effect
plays a major role in stimulating DC maturation.

To increase the generation of in situ vaccines, cancer adjuvants such
as CpG were further used to enhance anti-AML immunity. CpG can
enhance antigen presentation in DCs by activating PRRs and has been
utilized in clinical trials for cancer immunotherapy [33]. However, the
use of CpG is limited by inefficient cellular uptake, rapid degradation
and possible immunogenic toxicity in vivo. In this study, CpG was effi-
ciently encapsulated into the polymersomes via self-assembly of the
PEG-P(TMC-DTC)-SP copolymer according to our previous report [46].
The resulting nanoCpG had a size of 58 nm, a narrow size distribution
(PDI: 0.09), a high DLE of 94.8 % and a uniform spherical structure
(Fig. S4A and Table S3). NanoCpG also exhibited high stability against
long-term storage, with minimal size changes and drug leakage over
180 days (Fig. S4B, C). Culturing BMDCs with nanoCpG for 24 h
increased the percentage of mDCs to 19.5 %, which, in combination with
the ICD induced by nanoVi/Vo, further promoted BMDC maturation to
32.1 % (Fig. 2F, G). Consistently, nanoVi/Vo-treated WEHI-3-Luc cells
or nanoCpG effectively promoted the secretion of proinflammatory cy-
tokines (IL-12p70, TNF-a and IL-6) by BMDCs, and the combination of
both further significantly increased the levels of IL-12p70, TNF-a, and
IL-6 (Fig. 2H-J). Taken together, these findings indicate that nanoVi/Vo
can induce ICD in AML cells and generate diverse antigens that coop-
erate with nanoCpG to synergistically promote DC maturation.

3.3. Combining nanoVi/Vo with nanoCpG induces potent
immunotherapeutic efficacy in a syngeneic AML model

Encouraged by the promising in vitro anti-AML and DC stimulation
results, an orthotopic WEHI-3-Luc AML model was established to
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Fig. 2. The effect of nanoVi/Vo on ICD in WEHI-3-Luc cells and the subsequent stimulation of DC maturation. (A) Representative flow cytometry plots and (B)
quantification of CRT-positive WEHI-3-Luc cells after incubation with nanoVi/Vo, nanoVi or nanoVo (n = 3). Concentrations of (C) ATP and (D) HMGBI1 in the
culture medium of WEHI-3-Luc cells treated with different formulations (n = 3). The numbers in the subscript denote the concentrations of Vi or Vo. (E) Experimental
scheme for stimulating BMDC maturation with nanoVi/Vo-pretreated WEHI-3-Luc cells and nanoCpG. (F) Representative flow cytometry plots and (G) quantification
of BMDC maturation promoted by different treatments (n = 3). Concentrations of secreted (H) IL-12p70, (I) TNF-a, and (J) IL-6 by BMDCs (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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evaluate the immunotherapeutic effects of the combination of nanoVi/
Vo and nanoCpG against AML (Fig. 3A). First, we explored the effects of
nanoVi/Vo at three different dosages in combination with nanoCpG on
the activation of the immune system. The results revealed that the
activation of the immune response was dose dependent, with the most
pronounced effect observed at Vi/Vo doses of 0.25/6 mg/kg (Fig. S5).
Specifically, the percentages of CD4" and CD8™ T cells that secrete IFN-y
and TNF-a, CD107a-positive CD8" T cells and CD86"/MHC-II" DCs
were notably increased. Subsequently, anti-AML studies of nanoVi/Vo
+ nanoCpG were performed at Vi, Vo and CpG dosages of 0.25, 6 and 1
mg/kg, respectively. NanoVi/Vo, nanoCpG or PBS served as controls.
The treatment was initiated on day 10 after inoculation, when the
average bioluminescence signal of the mice reached approximately
10”p/s. In PBS-treated mice, bioluminescence signals from leukemia
cells were first detected in the hindlimbs and then exponentially
increased and rapidly spread throughout the body over time (Fig. 3B, C),
leading to weight loss, hindlimb paralysis, and death. Notably, treat-
ment with nanoVi/Vo + nanoCpG significantly inhibited the prolifera-
tion of leukemia cells, with 5 out of 7 mice showing undetectable
bioluminescence signals on day 38 following implantation. However,
treatment with either nanoVi/Vo or nanoCpG alone only partially
inhibited the proliferation of leukemia cells during the first week, which
was subsequently renewed and exhibited a dramatic growth trend
similar to that observed in PBS-treated mice. Accordingly, the nanoVi/
Vo + nanoCpG combination treatment significantly extended the sur-
vival of the mice, with 4 out of the 7 mice surviving for at least 75 days,
which was significantly superior to that of the PBS group (25 days),
nanoVi/Vo (38 days) or nanoCpG (33 days) treatment alone (Fig. 3D).
Moreover, no significant weight loss was observed in the mice treated
with nanoVi/Vo or nanoCpG alone or with their combination (Fig. 3E).

Leukemic infiltration in the bone marrow and extramedullary organs
is one of the typical features of AML patients [47,48]. Ex vivo biolumi-
nescence imaging revealed that PBS-treated mice suffered severe leu-
kemia burdens in the liver, spleen, lungs, and hindlimbs, whereas
nanoVi/Vo + nanoCpG treatment efficiently inhibited leukemia infil-
tration in different tissues, with no detectable bioluminescence signals
(Fig. 3F and S6). H&E-stained images provided further evidence that
mice in the combination treatment group presented normal histological
morphology in major organs and bone marrow, similar to that of healthy
mice (Fig. S7, S8). The abnormal proliferation and accumulation of
leukemia cells in the bone marrow often leads to an increase in WBCs in
the blood [49]. Blood routine analysis revealed that the leukocyte count
in the peripheral blood of the PBS-treated mice was significantly
elevated, reaching 8.4-fold greater than that of the healthy mice; how-
ever, this increase was completely alleviated after treatment with
nanoVi/Vo + nanoCpG (Fig. 3G). Importantly, the combination treat-
ment had a limited effect on the levels of red blood cells or platelets
(Fig. S9).

3.4. In vivo immunological analysis

To provide better insight into the role of the nanoVi/Vo + nanoCpG
combination in generating in situ vaccines and activating the anti-AML
immune response, we further analyzed immune cells in the mice on
day 21, i.e., one day after the last injection of nanoCpG. The combina-
tion treatment significantly increased DC maturation in the lymph
nodes, bone marrow and spleen, as evidenced by the elevated expression
of costimulatory (CD80/CD86) and antigen presentation molecules
(MHC-II) in CD11c™ cells (Fig. 4A-D and $10). For example, the per-
centages of CD11c" cells with high expression of CD86 or MHC-II in the
lymph nodes of mice following combination treatment were increased
by 4.3- and 16.5-fold, respectively, relative to those in the PBS group,
which was significantly higher than those in the nanoCpG and nanoVi/
Vo monotherapy groups (Fig. 4A, B). Moreover, markedly increased
numbers of mDCs were also observed in the bone marrow, the primary
site of AML, of the mice treated with nanoVi/Vo + nanoCpG (Fig. 4C, D).
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Immunofluorescence imaging further demonstrated that the combina-
tion treatment group presented the highest proportion of mDCs and the
strongest CRT signals in the bone marrow compared with all other
groups (Fig. 4E, F).

Mature DCs are known to activate T cells, promote T-cell infiltration
in the tumor site and modulate the immune response [50,51]. Compared
with the other control treatments, the combination treatment signifi-
cantly increased the numbers of CD4" T and CD8™" T cells in the spleens
of the mice but decreased the number of Tregs (Fig. 4G-I and S11).
Among the CD4" T and CD8™ T cells, IFN-y- and TNF-a-positive T cells
were notably increased in the combination group (Fig. 4J-M), indicating
enhanced activation of T-cell immunity. Moreover, the ratio of CD8" T
cells expressing CD107a (Fig. 4N) and perforin (Fig. S12), two critical
markers of activated cytotoxic T cells, was also significantly greater in
the mice treated with nanoVi/Vo + nanoCpG.

The bone marrow microenvironment is an important factor affecting
the immunotherapeutic effects of AML. We therefore investigated the
ability of nanoVi/Vo 4+ nanoCpG to regulate immune cells in the bone
marrow via flow cytometry analysis. Compared with monotherapy,
nanoVi/Vo + nanoCpG combination treatment induced a significant
increase in the ratio of CD4" T and CD8" T cells, resulting in 18.4- and
5.2-fold greater numbers, respectively, than those in PBS-treated mice
(Fig. 5A, B). Immunofluorescence images provided further evidence that
the highest number of CD8" T cells was observed in the combination
treatment group (Fig. 5C). More importantly, nanoVi/Vo + nanoCpG
outperformed all the other control treatments in increasing the number
of CD8™ T cells expressing perforin and granzyme B (Fig. 5D, E). In
addition, the ratio of M1/M2 macrophages (Fig. 5F) in the bone marrow
also increased to the highest level after the combination treatment. IFN-
¥, TNF-a and IL-12p70 are key proinflammatory cytokines in immuno-
therapy and can enhance the function of cytotoxic T cells. We next
examined their levels in the plasma via ELISA kits. Compared with
monotherapy, the combination of nanoVi/Vo and nanoCpG significantly
increased the plasma concentrations of IFN-y, TNF-a and IL-12p70, with
39.7-, 18.4-, and 17.2-fold higher levels, respectively, than those in the
PBS group (Fig. 5G-I). Collectively, the above results confirmed that
nanoVi/Vo can induce ICD in AML cells, which, in combination with
nanoCpgG, effectively induces an in situ vaccination effect and promotes
the maturation of DCs and the activation of T cells, eliciting a strong
anti-AML immune response.

4. Conclusion

In this work, we demonstrated that an immunogenic vincristine/
volasertib dual-drug formulation (nanoVi/Vo) in combination with
nanoCpG effectively induced in situ vaccination effects and elicited a
strong antileukemic immune response in vivo. Our strategy conveniently
integrates synergistic leukemia inhibition, potent ICD induction and
robust immunoadjuvancy, which are advantageous for generating a
powerful in situ vaccination effect and eliciting strong antitumor im-
munity. NanoVi/Vo, with a Vi/Vo mass ratio of ca. 1:24, not only syn-
ergistically inhibited the proliferation of AML cells with a CI value of ~
0.3, but also induced strong ICD, boosting the generation of abundant
tumor antigens in situ. Compared with previously reported ICD-inducing
dual-drug nanomedicines that exhibit slow drug release, poor stability
or significantly different drug release profiles for two drugs [52,53],
disulfide-crosslinked nanoVi/Vo with high stability and rapid intracel-
lular drug corelease is beneficial for synergistic leukemia inhibition and
the induction of ICD. The combination of nanoVi/Vo with nanoCpG
immunoadjuvant promoted high-efficiency DC maturation and antigen
presentation. This combination hence stimulated strong anti-AML im-
munity in an orthotopic WEHI-3-Luc AML mouse model, as evidenced by
the increased recruitment and activation of T cells, reduced Tregs and
upregulated levels of proinflammatory cytokines. The combination
treatment significantly inhibited leukemia progression in syngeneic
AML-bearing mice and markedly improved survival, with 57 % of the
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mice achieving long-term survival, outperforming all the control groups.
Compared with personalized anti-leukemia vaccines, which are associ-
ated with individual tailoring, tedious processing and inconsistent
quality [13,54], this work innovatively combines synergistic ICD
nanoinducers and CpG nanoadjuvants to overcome these challenges and
generate vaccines in situ. Given the broad-spectrum antitumor activity of
vincristine and the overexpression of PLK1 in diverse types of malig-
nancies, future work will further investigate the therapeutic effects and
applicability of this combinatorial strategy in treating other blood can-
cers and solid tumors. Overall, this study provides a powerful in situ
vaccination strategy that may potentiate immunotherapy for AML and
other malignancies.
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