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A B S T R A C T

Therapeutic vaccines introduce a potentially ultimate cure for cancers including leukemia. The personalized 
vaccines relying on neoantigens though exhibiting clinical benefits are afflicted by long and delicate manufacture 
procedure, high cost, and possibly incomplete coverage of heterogeneous tumor cells. Here, we report a facile 
strategy to generate potent in situ therapeutic vaccines, which effectively eliminate leukemia and induce long- 
term anti-leukemia immunity, by homoharringtonine-nano-dual-adjuvant (HHT-NDA) therapy. HHT effec
tively kills leukemia cells and generates abundant tumor antigens via inducing immunogenic cell death. NDAs 
cooperatively promote the maturation and antigen-presentation of dendritic cells by activating both nucleotide- 
binding oligomerization domain-containing protein 2 and toll-like receptor 9. The HHT-NDA treatment of mu
rine MLL-AF9 acute myeloid leukemia model leads to 57–71 % complete regression and 100 % protection from 
rechallenge, in accordance with expansion of memory CD8+ T cells. This standard-of-care chemotherapy in 
tandem with nano-dual-adjuvant offers a novel strategy to generate in situ therapeutic vaccines for leukemia.

1. Introduction

Therapeutic cancer vaccines have demonstrated promising potential 
in early clinical trials [1–3]. To effectively elicit robust and sustained 
immune responses against tumor cells, these vaccines require both 
tumor antigens (Ags) and immunostimulatory adjuvants as essential 
components [4]. Tumor heterogeneity and the scarcity of shared tumor 
Ags have significantly heightened interest in personalized cancer vac
cines [5]. Neoantigens, which arise exclusively from somatic mutations 
in cancer cells and are uniquely expressed by tumor cells, have enabled 
personalized vaccines to achieve clinical benefits [1,2]. However, 
further development of these vaccines faces substantial challenges, 
including the limited chance of identifying immunogenic neoantigens, 
time-consuming manufacturing processes, technical complexity, high 
cost, and potentially incomplete coverage of heterogeneous tumor cells 
[6,7]. In contrast, employing tumor cell lysate, tumor cell components 
or whole tumor cells as Ag sources can bypass the need for identifying 

and synthesizing neoantigens [8,9]. Nevertheless, challenges persist in 
acquiring sufficient tumor cells for vaccine production and ensuring 
stringent quality control [10,11].

In situ cancer vaccines can circumvent these issues by generating Ags 
from tumors in vivo [12]. To treat solid tumors, various strategies 
including chemotherapy, radiotherapy, photodynamic therapy, photo
thermal therapy, or their combinatorial approaches have been employed 
to trigger immunogenic cell death (ICD) of tumor cells, thereby facili
tating Ag production [13–19]. ICD can also induce damage-associated 
molecular patterns (DAMPs) on tumor cells to enhance adjuvanticity 
[20]. However, ICD as a standalone approach often fails to elicit robust 
and durable anti-tumor immunity [21]. Additional adjuvants are often 
required to augment the potency of in situ cancer vaccines by stimulatng 
dendritic cells (DCs) and subsequently activating cytotoxic T lympho
cytes (CTLs) [22,23]. Despite the development of in situ vaccines for 
solid tumor treatment, reports on hematologic malignancies (HM) are 
rare. Acute myeloid leukemia (AML) is one of the most aggressive, 
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intractable and heterogeneous type of HM [24,25]. The 5-year survival 
rate of AML is only 30–50 % in adults, dropping to 7 % in patients over 
65 years old [26]. The development of therapeutic vaccines against AML 
has been impeded by the absence of leukemia-specific neoantigens and 
the pronounced heterogeneity of AML cells [27]. We recently developed 
potent anti-AML vaccines by loading AML cell lysates and CpG into 
chimeric polymersomes formed from poly(ethylene glycol)-b-poly(tri
methylene carbonate-co-dithiolane trimethylene carbonate)-b-spermine 
(PEG-P(TMC-DTC)-SP) and muramyl dipeptide (MDP)-functionalized 
PEG-P(TMC-DTC) [28]. These personalized vaccines, however, need to 
be customized for each individual, which is associated with long pro
cessing time, high cost and difficulty in quality control.

The chemotherapeutic agent homoharringtonine (HHT), a plant- 
derived alkaloid, has been used extensively to treat HM especially leu
kemia for over 40 years in China. Its efficacy was confirmed in multiple 
clinical trials in the United States [29–31]. A semisynthetic derivative of 
HHT, omacetaxine, has been approved by the US FDA for the treatment 
of chronic myeloid leukemia (CML) [32]. HHT is a potent inhibitor of 
protein translation and has demonstrated efficacy against leukemia cells 
harboring mutations in genes such as FLT3, KIT, BCR-ABL1, RUNX1 and 
BCL2, which cover a substantial portion of AML cells [33–36]. There
fore, HHT can facilitate the generation of diverse leukemia Ags that 
might address the heterogeneity issue of AML.

Here we report a facile strategy to generate potent in situ therapeutic 
vaccines for AML through the sequential application of HHT chemo
therapy and nano-dual-adjuvants (NDAs) (Scheme 1). NDAs, formed by 
encapsulating CpG into polymersomes co-self-assembled from PEG-P 
(TMC-DTC)-SP and MDP-PEG-P(TMC-DTC), are able to activate both 
nucleotide-binding oligomerization domain-containing protein 2 
(NOD2) and Toll-like receptor 9 (TLR9) signaling pathways. HHT 
effectively eliminates leukemia cells, reducing tumor burden and 
generating leukemia Ags in vivo. NDAs stimulate Ag-specific and long- 
term anti-AML immunity, facilitating the clearance of residual leuke
mia cells and promoting immune memory generation to prevent recur
rence. Unlike personalized vaccines, in situ anti-AML vaccines are robust 
and can be applied for different entities. Remarkably, HHT-NDA therapy 
achieved 57–71 % complete regression of murine AML and provided 
100 % protection against leukemia cell rechallenge. HHT-NDA therapy 
provides an appealing strategy for generating in situ therapeutic vaccines 

for leukemia.

2. Materials and methods

2.1. Materials

CpG ODN 1826 (CpG, 5’-TCCATGACGTTCCTGACGTT-3′) and Cy3- 
labeled CpG (CpGCy3) were purchased from Sangon Biotech. Muramyl 
dipeptide (MDP, Synpeptide Co.,Ltd.), ovalbumin (OVA, Sigma- 
Aldrich), GM-CSF (TargetMol), Homoharringtonine (HHT, purity: 
99.75 %, MedChemExpress), D-Luciferin potassium salt (99 %, Bridgen 
Co., Ltd.), Cell Counting Kit-8 (CCK-8, Suzhou Fcmacs Biotech Co., Ltd.), 
and Annexin V-APC/7-AAD apoptosis detection kit (MultiSciences 
Biotech Co., Ltd) were used as received. Zombie NIR™ Fixable Viability 
Kit (Biolegend), Enhanced ATP Assay Kit (Beyotime Biotechnology), 
Mouse enzyme-linked immuno sorbent assay kits (ELISA kits, Invi
trogen) for tumor necrosis factor alpha (TNF-α), interferon gamma (IFN- 
γ), interleukin 6 (IL-6), interleukin 1 beta (IL-1β) and high mobility 
group box 1 (HMGB-1 ELISA kits, Solarbio) were used as indicated by 
the manual. Antibodies (Abs) used for flow cytometry analysis are listed 
in Table S1.

2.2. Animals, cells and AML models

C57BL/6 mice and Balb/c mice (6-week-old, female) were purchased 
from Beijing Vital River Laboratory Animal Technology and Shanghai 
Jihui Laboratory Animal Care, respectively. Mice were housed in 
pathogen-free conditions at the Soochow University and all animal ex
periments were approved by the Animal Care and Use Committee of 
Soochow University. All protocols of animal studies were conformed to 
the Guide for the Care and Use of Laboratory Animals (approval number: 
202308A0034, 202310A0238).

GFP+ MLL-AF9 primary AML cells and WEHI-3-Luc AML cell line 
were obtained from the First Affiliated Hospital of Soochow University. 
Bone marrow-derived dendritic cells (BMDCs) were isolated from 
healthy C57BL/6 mice and were activated with GM-CSF for 7 days. MLL- 
AF9 AML model was established by intravenous (i.v.) infusion of 5 × 105 

GFP+ MLL-AF9 cells into C57BL/6 mice via tail vein. WEHI-3 AML 
model was established by i.v. infusion of 5 × 106 WEHI-3-Luc cells into 

Scheme 1. Schematic illustration of NDA structure and in situ therapeutic vaccine HHT-NDA for AML treatment. NDAs with CpG in the core and MDP on the surface 
are formed by co-self-assembly of PEG-P(TMC-DTC)-SP and MDP-PEG-P(TMC-DTC) in the presence of CpG. HHT chemotherapy reduces leukemia burden and 
generates tumor Ags in vivo. NDAs activate NOD2 and TLR9 dual signaling pathway to induce anti-AML immunity for removal of residual leukemia cells and 
prevention of recurrence. HHT: homoharringtonine; NDA: nano-dual-adjuvant; DC: dendritic cell. Illustration was created in Biorender.com.
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Balb/c mice via tail vein as previously described [28].

2.3. Preparation of NDA

Polymer PEG-P(TMC-DTC)-SP and MDP-PEG-P(TMC-DTC) were 
synthesized as previously reported [28,37]. Briefly, Two polymers (40 
mg/mL) were mixed at a 1:1.2 M ratio in 100 μL DMF before addition to 
HEPES buffer (900 μL, 5 mM, pH 6.8) containing CpG at 4 wt% of 
polymer. The resulting mixture was dialyzed against membrane with 
MWCO at 1000 kDa in HEPES buffer for 3 h and then Phosphate Buffer 
(10 mM, pH 7.4) for another 3 h with fresh medium exchanged every 
hour.

2.4. Cytotoxicity, apoptosis and ICD induced by HHT

MLL-AF9 and WEHI-3-Luc cells were seeded at 2 × 104 cells/well 
while B16-OVA cells were at 4 × 103 cells/well in 96-well plates over
night for cytotoxicity test. Cells were then incubated with HHT (final 
concentration: 0.1–1000 nM) for 1 day before viability evaluation via a 
Cell Counting Kit-8 (CCK-8) following the manufacturer’s instruction. 
Absorbance at 450 nm of each well was measured by a microplate reader 
(Thermo Scientific, USA).

The pro-apoptotic activity of HHT in MLL-AF9 cells was investigated 
using an Annexin V-APC/7-AAD apoptosis detection kit. Cells seeded in 
12-well plates (2 × 105 cells/well) were treated with HHT (Concentra
tion: 5 nM or 15 nM) for 1 day. Cells were then harvested, washed with 
cold saline, resuspended and stained with Annexin V-APC and 7-AAD for 
5 min at 25 ◦C before evaluation by a flow cytometer (FACS Calibur, BD 
Biosciences, USA).

The ICD effect induced by HHT in MLL-AF9 cells was tested as fol
lows: MLL-AF9 cells seeded in 12-well plates (2 × 105 cells/well) were 
treated with saline or HHT (5 nM and 15 nM) for 24 h. Then the amount 
of HMGB-1 and ATP in the supernatant was quantified by ELISA kit and 
ATP assay kit, respectively, by following manufacturer’s instruction. 
The cells were stained by anti-CRT primary Ab and then Alexa fluor 633- 
conjugated secondary Ab for 20 min at 4 ◦C before flow cytometry 
analysis.

2.5. Maturation and ag presentation by BMDCs in vitro

BMDCs were seeded in 12-well plate (5 × 105 cells/well) and then 
incubated with saline, HHT, MLL-AF9 cells or HHT-treated MLL-AF9 
cells (HHT Concentration: 5 nM) for 1 day (n = 4). BMDCs were then 
stained with anti-CD11c-PE-Cy7, anti-CD80-APC and anti-CD86-PE 
before flow cytometry analysis.

According to the design [38], HHT-treated MLL-AF9 cells were 
collected 24 h later and incubated with BMDCs, nanoadjuvants con
taining only MDP (NM) or CpG (NC), NDA or mixture of free dual ad
juvants MDP/CpG (free DA) were then added and continuously 
incubated for 1 day (n = 4). The concentration of MDP and CpG used was 
at 0.25 μg/mL and 1 μg/mL, respectively. Pro-inflammatory cytokines 
(TNF-α, IL-6, IL-1β) in supernatants were quantified by using ELISA kits. 
To evaluate the Ag presentation ability by BMDCs, HHT-treated B16- 
OVA cells (HHT concentration: 5 nM) or OVA protein with/without NDA 
were incubated with BMDCs for 24 h (n = 4). Then BMDCs were stained 
with anti-CD11c-PE-Cy7 and anti-SIINFEKL H-2Kb-PE before flow 
cytometry analysis.

2.6. In vivo biodistribution and immune cell analysis

In vivo biodistribution of free CpGCy3 and NDA loading with CpGCy3 

(NDA-CpGCy3) was studied in mice bearing with MLL-AF9 leukemia (n 
= 3). Formulations containing CpG (0.5 mg/kg) in 200 μL saline were 
injected via tail veins. Heart, liver, spleen, lung, kidney, femur + tibia 
(for bone marrow, BM) and inguinal lymph nodes (LNs) were dissected 
at 8 h post injection and Cy3 fluorescence was measured by In Vivo 

Imaging System (IVIS, PerkinElmer).
MLL-AF9 leukemia-bearing mice were randomly grouped on day 3 

(n = 5). For combination therapy, mice were first treated with HHT 
intraperitoneally (i.p.) at 1 mg/kg to generate Ags in vivo and then i.v. 
injection of different formulations of nanoadjuvants (NM, NC or NDA) 
10 h later to boost the subsequent immune response. [39] The dose for 
HHT, MDP and CpG each time was 1 mg/kg, 0.25 mg/kg and 1 mg/kg, 
respectively. Mice treated with saline or HHT alone served as control 
groups. All treatment were repeated for a total 5 times on day 3, 6, 9, 16 
and 23 post leukemia cells transplantation. At 48 h after the last injec
tion, peripheral blood (PB), LNs, and BM were harvested and processed 
into single cell suspensions. Before surface staining, the samples were 
sequentially incubated with Zombie NIR viability dye and Fc Block. To 
evalute maturation of DCs in LNs, cells were stained with anti-CD45- 
PerCP-Cy5.5, anti-CD11c-PE-Cy7, anti-CD80-APC and anti-CD86-PE. 
To evaluate CD8+ T cells in PB and BM, cells were stained with anti- 
CD45-PerCP-Cy5.5, anti-CD3-APC, anti-CD4-PE and anti-CD8a-PE-Cy7. 
To evaluate Tregs in BM, cells were stained with anti-CD45-PerCP- 
Cy5.5 and anti-CD4-PE before fixation, permeabilization and staining 
with intracellular anti-Foxp3-Alexa Fluor 647. All samples were 
analyzed by flow cytometry. The concentration of IL-1β, IL-6, TNF-α and 
IFN-γ in serum was determined by ELISA kits.

2.7. Anti-AML efficacy of HHT-NDA in murine MLL-AF9 model

MLL-AF9 leukemia-bearing mice were randomly sorted into 7 groups 
on day 3 (n = 7) after inoculation with MLL-AF9 leukemia cells. For 
combination therapy, mice were first treated with HHT (i.p.) and 10 h 
later injection (i.v.) with different formulations of adjuvants (NM, NC, 
NDA or free DA). Control groups included saline, HHT-only, and NDA- 
only treatments. Doses were standardized at 1 mg/kg HHT, 0.25 mg/ 
kg MDP, and 1 mg/kg CpG per administration, delivered on day 3, 6, 9, 
16, and 23 post-transplantation. PB (~50 μL) was collected retro- 
orbitally from each mouse at regular intervals. Harvested PB was then 
treated with ACK lysis buffer for 10 min to remove red blood cells and 
the percentage of GFP+ AML cells in PB was quantified via flow 
cytometry. Evaluation of the efficacy of HHT-NDA for AML at advanced 
stages, the initial treatment starts on day 6. Mice treated with saline or 
HHT were served as controls. The percentages of GFP+ AML cells in PB 
were quantified as described above.

For leukemia burden analysis, MLL-AF9-bearing mice were divided 
into 5 groups on day 3 (n = 5). For combination therapy, mice were 
treated with HHT (i.p.) and 10 h later injection (i.v.) with different 
formulations of adjuvants (NM, NC or NDA). The dosages of treatment 
were the same as above. After mice were sacrificed on day 25, PB, BM, 
spleen, liver and lung were harvested and processed into single cell 
suspensions. Percentages of GFP+ AML cells in these tissues were 
analyzed via flow cytometer.

2.8. Evaluation of generated anti-AML immune memory

Cured mice (n = 4) were re-challenged with GFP+ MLL-AF9 cells (5 
× 105 cells per mouse). MLL-AF9-bearing mice and naive mice (healthy 
mice without leukemia transplantation) were served as positive and 
negative controls, respectively. PB was collected from each mouse at 
regular intervals until day 24 post re-challenge and the percentages of 
GFP+ AML cells in were quantified as described above. All mice were 
sacrificed on day 24. Hind leg bones and spleens from each group were 
photographed for macroscopic evaluation and the weights of spleen and 
liver were recorded. The leukemia burden in BM, spleen, liver and lung 
were analyzed via flow cytometry. Moreover, CD8+ effector memory T 
cells (TEM, CD44+CD62L− ) in spleen were also quantified by flow 
cytometry. Before surface staining, all spleen samples were incubated 
with Zombie NIR viability dye and Fc Block as described above. Then 
these samples were stained with anti-CD45-BV605, anti-CD3-APC, anti- 
CD8-PE-Cy7, anti-CD44-PerCP-Cy5.5 and anti-CD62L-BV421 before 
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analysis.

2.9. Anti-AML efficacy of HHT-NDA in murine WEHI-3-Luc model

WEHI-3-Luc-bearing mice were randomly divided into 3 groups on 
day 3 (n = 7). For combination therapy, mice were first treated with 
HHT (i.p.) and then intravenously infused with NDA 10 h later. Saline- 
and NDA-only groups served as controls. Doses were standardized at 1 
mg/kg HHT, 0.25 mg/kg MDP, and 1 mg/kg CpG per administration, 
delivered on day 3, 6, 9, 16, and 23 post-transplantation. The whole- 
body bioluminescence signals from WEHI-3-Luc cells were monitored 
by IVIS for every 10 days. Each mouse was injected (i.p.) with D-Lucif
erin (75 mg/kg) and images were acquired 10 min post-injection. The 
bioluminescence signals were analyzed by Living Image 4.7.4 software.

2.10. Statistical analysis

The data were presented as mean ± SD and analyzed by Prism 8.1. 
Flow cytometry data was analyzed by FlowJo version 10. Comparisons 
between multiple groups were analyzed by one-way ANOVA with Tukey 

post-test unless otherwise indicated. Comparison between two groups 
were done by two-tailed paired Student t-test. Kaplan-Meier survival 
curves were analyzed by log-rank test. *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001.

3. Results and discussion

3.1. HHT-pretreated AML cells and NDAs robustly stimulate BMDCs in 
vitro

The development of in situ vaccines relies on the effective elimination 
of tumor cells for Ag production and the availability of potent immu
nostimulatory adjuvants. The chemotherapeutic agent HHT potently 
induced death of MLL-AF9 primary AML cells and WEHI-3 leukemia cell 
line through both apoptotic and necrotic pathways (Fig. S1 A, B). 
Notably, HHT elicited strong ICD, as evidenced by the upregulation of 
surface-exposed calreticulin (CRT) and elevated secretion of high 
mobility group box-1 (HMGB-1) and adenosine triphosphate (ATP) 
(Fig. 1A-D). These DAMP signals enhanced the stimulation of DCs. 
BMDCs co-cultured with HHT-treated MLL-AF9 cells exhibited 

Fig. 1. HHT-NDA substantially promoted the BMDC maturation in vitro. (A-D) MLL-AF9 AML cells were treated with varying concentrations of HHT for 24 h before 
analysis. (A) Sample histogram and (B) quantitative analysis of cell-surface expression of calreticulin (CRT). Quantification of secreted (C) high mobility group box-1 
(HMGB-1) and (D) ATP in culture media. (E-I) BMDCs were co-incubated with HHT-treated MLL-AF9 cells in conjunction with different formulations of adjuvants for 
24 h before analysis. (E) Representative flow cytometry plots and (F) percentage of mature BMDCs (CD80+CD86+ cells in CD11c+ cells). Amount of pro-inflammatory 
cytokine (G) TNF-α, (H) IL-6 and (I) IL-1β secreted by BMDCs. (J) Percentage of BMDCs expressing SIINFEKL H-2kb after co-incubating BMDCs with saline, OVA, OVA 
with NDA, HHT-treated B16-OVA cells, and HHT-treated B16-OVA cells with NDA. n = 4, data was compared by one-way ANOVA with Tukey’s post test, *p < 0.05, 
**p < 0.01, ***p < 0.001.
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significantly higher expression of CD80 and CD86 compared to those co- 
cultured with untreated cells (Fig. S2). Therefore, HHT treatment not 
only effectively generates tumor Ags, but also promotes DC maturation.

To synergize with HHT for generating potent in situ vaccines, we 
utilized NDAs to amplify anti-AML immune responses. We previously 
engineered a polymersome-based system to co-deliver exogenously 
prepared Ags and adjuvants for eliciting robust anti-leukemia immunity 
[28]. In the current study, we employed the nanosystem to co-deliver 
adjuvants MDP and CpG for simultaneous activation of NOD2 and 
TLR9 signaling pathways, enabling complementary activation of DCs 
[40]. The dual-action mechanism of NDAs combined with HHT- 
triggered ICD substantially enhanced DC activation. Nanoadjuvants 
NM or NC upregulated CD80 and CD86 expression on BMDCs while NDA 
induced the highest maturation rate of BMDCs (Fig. 1E, F). In addition, 
NDAs dramatically enhanced the secretion of proinflammatory cyto
kines by BMDCs than NM and NC. Specifically, NDAs induced 6.4 and 
3.5-fold increases in tumor necrosis factor alpha (TNF-α), 4.0 and 2.6- 
fold increase in interleukin-6 (IL-6), and 1.3 and 3.8-fold increase in 
interleukin-1β (IL-1β), in comparison to the single adjuvant NM and NC, 
respectively (Fig. 1G-I). NDAs also outperformed the physical mixture of 
free MDP and CpG in inducing BMDC maturation and secretion of 
proinflammatory cytokines (Fig. 1G-I), demonstrating the critical role of 
the nanodelivery system. Moreover, when employing the model Ag 
OVA, NDAs significantly enhanced the Ag presentation ability of 
BMDCs. Given the absence of OVA-expressing AML cells, B16-OVA cells 
were treated by HHT to serve as the source of Ag OVA instead. NDA also 
improved the presentation of tumor-cell-derived OVA by BMDCs (Fig. 1J 
and Fig. S3).

Our results demonstrated that HHT can efficiently induce ICD in 
AML cells. Although ICD alone often fails to sufficiently activate the 
immune system in vivo [12], HHT-induced ICD synergizes with NDAs to 
amplify immunostimulation, thereby further promoting DC stimulation 
and Ag presentation [21,41].

3.2. HHT-NDA therapy generates potent and systemic anti-leukemia 
immunity in mice

We evaluated the biodistribution of free CpGCy3 and NDA loaded 
with CpGCy3 in mice post i.v. injection. The majority of free CpG was 
observed in the kidneys, indicative of renal clearance of CpG due to its 
small size (Fig. 2A, B). Compared with free CpG, NDA elicited a 1.6-fold 
and 1.9-fold increase in the fluorescence signal in BM and inguinal LNs, 
respectively (Fig. 2A-C), which suggests that NDA would induce sys
temic innate immune activation. HHT is typically administrated via i.p. 
injection and can effectively kill AML cells in PB and major organs, 
generating AML Ags throughout the body [25,42]. Hence, HHT-NDA 
therapy would likely invigorate adaptive, Ag-specific immune response.

To investigate the effects of HHT-NDA therapy on anti-leukemia 
immune responses, MLL-AF9-bearing mice were injected with HHT (i. 
p). to generate Ags systemically in vivo, followed by i.v. administration of 
nanoadjuvants 10 h later. Five consecutive treatment cycles were 
administered and immune cells in LNs, PB and BM were analyzed two 
days after the last dose (Fig. 3A). The average percentages of mature 
(CD80+CD86+) DCs in inguinal LNs from the saline and HHT-only 
groups were lower than those in groups treated with HHT combined 
with single nanoadjuvants (HHT-NM and HHT-NC). The use of HHT 
combined with NDAs elicited the highest DC maturation level (Fig. 3B, 
C), demonstrating the superior efficacy of this combination in stimu
lating DCs within the inguinal LNs.

The presence of anti-tumor immunity in BM is often correlated with 
the treatment outcomes of AML, as AML originates from the myeloid 
progenitors within the BM microenvironment [43,44]. Following 
treatment with HHT-NDA, the proportion of CD8+ T cells in the BM 
increased by at least 7-fold compared to saline and HHT-only controls 
(Fig. 3D, E). Moreover, HHT-NDA also elicited a higher proportion of 
CD8+ T cells than HHT combined with NM or NC. Elevated regulatory T 
cells (Tregs) level in BM are associated with disease progression, and 
reducing Tregs in BM has shown promising efficacy in alleviating 
leukemic burden [45,46]. HHT-NDA reduced BM Treg proportions to 1/ 
4 of that elicited by HHT-only treatment (Fig. 3F, G). Furthermore, the 
CD8+ T/Treg ratio in BM increased to 4.1 post-HHT-NDA treatment as 

Fig. 2. NDAs enhanced the biodistribution of adjuvants in BM and LNs. MLL-AF9-bearing mice were i.v. injected with Cy3 labeled free CpG (Free CpGCy3) or CpGCy3- 
loaded NDA (NDA-CpGCy3). (A) IVIS images of Cy3 fluorescence in major organs. Semi-quantitative analysis of Cy3 fluorescent signals in heart, liver, spleen, lung, 
kidney, and BM (B), and in LNs (C). Statistical analysis was performed by student t-test for B and C, *p < 0.05, ***p < 0.001.
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opposed to 0.05 in Saline controls, indicating the effective reversal of 
immunosuppression.

HHT-NDA treatment also elicited the highest percentage of CD8+ T 
cells in PB, showing 3.8-fold increase from that of the Saline control 
(Fig. 3H, I). In addition, HHT-NDA dramatically enhanced the levels of 
multiple pro-inflammatory cytokines in serum (Fig. 3J-M). MDP pref
erentially induced IL-1β, whereas CpG predominantly elevated IL-6, 
IFN-γ and TNF-α [47]. Consistent with adjuvant-specific effects, HHT- 
NM substantially increased the secretion of IL-1β while HHT-NC boos
ted secretion of IL-6, TNF-α and IFN-γ (Fig. 3J-L). Notably, HHT-NDA 

elicited a significantly higher level of IL-1β than HHT-NM (Fig. 3J) as 
well as 1.9-fold higher IL-6, 1.5-fold higher TNF-α, and elevated IFN-γ 
compared to HHT-NC (Fig. 3K-M). These results demonstrated that 
engaging both NOD2 and TLR9 signaling pathways simultaneously elicit 
complementary stimulation compared to activating single pathway. 
Overall, it is evident that HHT-NDA elicited robust and systemic im
mune responses in leukemia-bearing mice.

Fig. 3. HHT-NDA effectively elicited anti-AML immune responses in LNs, BM and PB. (A) Timeline for analyzing immune responses generated by different treatment 
strategies in murine MLL-AF9 AML model. (B) Representative flow cytometry plots and (C) percentage of matured (CD80+CD86+) DCs in inguinal LNs. (D) 
Representative flow cytometry plots and (E) average percentages of CD8+ T cells in BM. (F) Representative flow cytometry plots and (G) average percentages of Tregs 
in BM. (H) Representative flow cytometry plots and (I) average percentages of CD8+ T cells in PB. (F) Serum levels of pro-inflammatory cytokine (J) IL-1β, (K) IL-6, 
(L) TNF-α, and (M) IFN-γ. n = 5, comparison between multiple groups was done by one-way ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. HHT-NDA yielded remarkable efficacy in murine MLL-AF9 AML model. (A) Timeline for the therapy experiment. (B) Representative flow cytometry plots and 
(C) percentage of GFP+ AML cells engraftment in PB and major organs of mice on day 25 (n = 5). (D) Percentage of GFP+ AML cells in PB at different time points (n =
7). (E) Survival curve (n = 7). (F) Body weight of mice following different treatments (n = 7). (G) Timeline for therapy experiment treating advanced stage of AML. 
(H) Survival curve (n = 7). Log-rank test conducted for E, H and one-way ANOVA analysis was performed for C, *p < 0.05, **p < 0.01, ***p < 0.001.
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3.3. HHT-NDA therapy substantially improves treatment of MLL-AF9 
model

To demonstrate the superior efficacy of HHT-NDA therapy, MLL- 
AF9-bearing mice received HHT (i.p.) followed by i.v. adjuvant infu
sion 10 h later (Fig. 4A). Two therapy experiments were conducted to 
evaluate the short term and long term efficacy respectively. By day 25 
post MLL-AF9 transplantation, massive invasion of GFP+ AML cells was 
observed in PB and major organs such as BM, spleen, liver and lungs in 
mice treated with saline (Fig. 4B, C). While treatment with HHT alone or 
in combination with adjuvants systemically reduced AML cells, HHT- 
NDA achieved the maximal efficacy, suppressing tumor cells to <0.6 
% of total cells in examined organs and PB (Fig. 4B, C).

The long-term efficacy of in situ vaccines was then evaluated by 
monitoring the number of GFP+ AML cells in PB during disease pro
gression (by day 100) and the overall survival of mice (by day 110). HHT 
or NDA monotherapy induced modest delays in leukemia progression 
and all mice ultimately succumbed to AML. In contrast, HHT-NDA 
combination therapy profoundly suppressed AML proliferation and 
achieved complete remission in 57 % of leukemic mice (Fig. 4D, E). A 
similar enhancement in efficacy was observed when other chemother
apeutics such as cytarabine and doxorubicin were combined with ad
juvants [39,48,49]. Notably, HHT-NDA also outperformed HHT plus 
free dual adjuvants (DA) (Fig. 4D, E), underscoring the crucial role of 
designed polymersome delivery system in augmenting adjuvant po
tency. The robust immunostimulation of NDA originates from its high 
stability in circulation and efficient intracellular delivery of MDP and 

CpG [28], which targets NOD2 in the cytosol and TLR9 in the endosomal 
membrane of DCs, respectively [50]. The polymersomes employed by 
NDA can not only facilitate the internalization of adjuvants into DCs but 
also promote rapid release of adjuvants inside cells [28,51]. Despite the 
robust and systemic stimulation of anti-AML immune responses, all 
therapies were well tolerated, as evidenced by the absence of overt body 
weight changes in any group of mice (Fig. 4F).

To assess HHT-NDA efficacy in advanced AML, therapy was initiated 
at later disease stages (Fig. 4G). Initiating HHT-NDA therapy on day 3 
(T1) achieved a 71 % cure rate this time (Fig. 4H and Fig. S4). Delaying 
treatment initiation to day 6 (T2) reduced efficacy but still eradicated 
leukemia in 43 % of mice, which remained tumor-free for >300 days 
post-inoculation (Fig. 4H and Fig. S4). These results suggest that HHT- 
NDA is effective even in treating more advanced stages of AML.

HHT-NDA therapy achieved cure rates comparable to the highest 
efficacies reported for combinations of chemotherapy and immunosti
mulatory adjuvants, yet it required only a 2 to 20-fold lower doses of 
chemotherapeutics [39,48,49,52]. The superior efficay of HHT-NDA 
therapy can be attributed to several factors. Firstly, HHT can generate 
abundant leukemia Ags in vivo by more effective killing of tumor cells. 
HHT has demonstrated improved treatment efficacy against AML, both 
as monotherapy and in combination with conventional chemotherapy 
regimens [53–55]. Consequently, a reduced dosage of HHT is sufficient 
to achieve similar potency.

Secondly, in HHT-NDA therapy, adjuvants were administered 10 h 
after each chemotherapy dose to improve the development of Ag- 
specific immunity. Conversely, some studies completed induction 

Fig. 5. HHT-NDA induced effective and long-lasting immune memory to prevent AML recurrence. (A) Timeline for the rechallenge experiment. (B) Percentage of 
GFP+ AML cells progression in PB post re-challenge. (C) Phenotype of bones, (D) weight/size of spleens (scale bar: 1 cm) and (E) weight of livers from mice in 
different groups on day 24 post re-challenge. (F) Percentage of GFP+ AML cells in BM, spleen, liver and lung on day 24 post re-challenge. (G) Representative flow 
cytometry plots and (H) ratio of TEM (CD44+CD62L− ) among CD8+ T cells. (I) Calculated percentage of CD8+ TEM cells (CD8+CD44+CD62L− ) in splenocytes on day 
24 post re-challenge. n = 4, one-way ANOVA was performed for statistical analysis, **p < 0.01, ***p < 0.001, ns, not significant.
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chemotherapy doses before introducing immunoadjuvants, leading to 
suboptimal utilization of chemotherapy-induced Ags [49,52]. In cases 
where chemotherapy preceded adjuvant administration by weeks, it was 
necessary to supplement exogenously prepared Ags to effectively syn
ergize with the adjuvants [49].

Moreover, Ags generated by chemotherapy in vivo proved to be more 
effective than those prepared exogenously. In the absence of chemo
therapeutics, treatments utilizing cryoshocked leukemia cells with 
adjuvant MPLA or leukemia cell membranes supported by STING 
agonist demonstrated limited anti-AML efficacy. However, co- 
administration of doxorubicin (Dox) with these platforms significantly 
enhanced therapeutic outcomes [39,48]. As Dox typically displayed 
weak efficacy in murine AML models, the enhanced efficay was likely 
attributable to the induced Ag-specific immune responses.

3.4. HHT-NDA therapy elicits effective and durable anti-AML immune 
memory

Beyond direct leukemic cell eradication, HHT-NDA therapy also 
established durable immunological memory to prevent AML relapse. 
Mice cured by HHT-NDA treatment (HHT-NDA group) were rechal
lenged with MLL-AF9 cells at day 77 after the last dosing, while un
treated healthy mice were inoculated with the same quantity of 
leukemia cells (MLL-AF9 group) to serve as controls (Fig. 5A). In the 
MLL-AF9 group, rapid proliferation of AML cells was observed in PB, 
and by day 24, these mice exhibited pale (as opposed to the normal dark 
red) bones, swollen spleens and enlarged livers due to the extensive AML 
cell infiltration (Fig. 5B-F, and Fig. S5). On the contrary, the anti-AML 
immune memory elicited by HHT-NDA therapy effectively prevented 
the outgrowth of rechallenged leukemia cells in PB and major organs in 
100 % of mice (Fig. 5B, F, and Fig. S5), maintaining organ phenotypes 
similar to those of naive healthy mice (Fig. 5C-E). Additionally, HHT- 
NDA treatment led to a 2.3-fold increase in the percentage of effector 
memory T cells (TEM, CD44+CD62L− ) among CD8+ T cells and a 11.8- 

fold increase in the proportion of CD8+ TEM cells in splenocytes 
compared to that from the MLL-AF9 group (Fig. 5G-I). These findings 
indicate that HHT-NDA therapy can induce effective and durable im
mune memory to safeguard cured mice from disease relapse.

3.5. HHT-NDA therapy demonstrates broad applicability in diverse 
leukemia models

The therapeutic efficacy of HHT-NDA was further validated in the 
WEHI-3 orthotopic AML model (Fig. 6A). Saline or NDA monotherapy 
groups exhibited rapid leukemia progression, bioluminescence from 
WEHI-3-Luc cells increased rapidly, leading to death from leukemia in 
all cases (Fig. 6B-D). HHT-NDA therapy effectively reduced biolumi
nescence signals, doubling the MST compared to NDA monotherapy and 
achieving durable complete responses in 43 % of mice over 160 days 
(Fig. 6B-D). These findings demonstrate HHT-NDA’s broad efficacy 
across AML subtypes in various murine models.

To further enhance treatment outcomes, HHT can be combined with 
conventional chemotherapies such as cytarabine and doxorubicin to 
generate a broader spectrum of Ags [54–56]. Additionally, prior to HHT- 
NDA therapy, it might be beneficial to apply targeted therapies, 
including CD123/CD33-targeted antibodies (Abs) or chimeric antigen 
receptor T cell (CAR-T) therapies, to selectively eliminate subsets of 
AML cells, thus providing complementary sources of Ags [27,57,58]. 
Moreover, immune checkpoint inhibitors (ICIs), such as Abs against PD- 
1 and PD-L1, have been used to augment the efficacy of anti-AML 
chemo-immunotherapies [59–61]. These ICIs may also boost the func
tion of leukemia-specific T cells generated by HHT-NDA therapy, further 
improving the efficacy of in situ vaccines.

4. Conclusion

In summary, we developed HHT-NDA therapy, a potent in situ ther
apeutic vaccine targeting the highly heterogenous and aggressive AML. 

Fig. 6. HHT-NDA therapy effectively debulked WEHI-3 leukemia. (A) Timeline for the therapy experiment (n = 7). (B) Representative bioluminescence IVIS image 
and (C) bioluminescence signals of mice at different time points. (D) Survival curve. Statistical analysis was performed by log-rank test, ***p < 0.001.
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HHT chemotherapy substantially reduced leukemia burden and induced 
ICD of AML cells, thereby enhancing the in vivo generation of abundant 
tumor Ags. NDAs co-delivering adjuvant MDP and CpG activated NOD2/ 
TLR9 dual pathways and promoted complementary stimulation of DCs. 
Combinatorial HHT-NDA therapy elicited robust and durable anti-AML 
immunity, markedly improving treatment outcomes in multiple 
aggressive murine AML models. More importantly, HHT-NDA estab
lished long-term immune memory, protecting 100 % of the cured mice 
from disease recurrence. This study extends the concept of in situ 
vaccines-traditionally used for solid tumor treatment-to blood cancers, 
presenting a simple and effective strategy with broad potential for 
treating various blood cancers.
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