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Abstract
Cancer vaccines have garnered significant attention in cancer immunotherapy because they trigger tumor-specific immune 
responses. However, their effectiveness is hindered by inefficient antigen and adjuvant delivery at the subcellular level, 
which is essential to stimulate a robust CD8+ T cell response. This study presents PAR/OVA, a cancer nanovaccine devel‐
oped by combining imiquimod (R837)-modified polyamidoamine dendrimers with the model protein antigen ovalbumin 
(OVA). Within the nanovaccine, R837 is an adjuvant for the Toll-like receptor 7 (TLR7) pathway and a structural compo‐
nent that facilitates OVA loading. In dendritic cells (DCs), the high cytoplasmic glutathione levels triggered the breakdown 
of PAR/OVA, releasing OVA and R837, which induced DC activation and antigen cross-presentation. Furthermore, PAR/
OVA vaccination showed a protective effect and effectively inhibited B16-OVA tumor progression, indicating its potential 
in cancer immunotherapy. Combining this vaccine with an immune checkpoint blockade enhanced antitumor efficacy by 
improving the ability of cytotoxic T lymphocytes to target cancer cells within the tumor microenvironment. These findings 
underscore the potential of this adjuvant/antigen-delivering nanovaccine in cancer immunotherapy.
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1　Introduction

Cancer immunotherapy harnesses patients’ immune systems 
to inhibit tumor proliferation and is widely recognized as an 
effective cancer treatment approach [1–3]. Several strategies, 
including immune checkpoint blockade (ICB), chimeric anti‐
gen receptor (CAR)-T cell therapy, and cancer vaccines, have 
been extensively studied and implemented in clinical prac‐
tice [4, 5]. Therapeutic tumor vaccines, which can induce 
long-lasting and tumor-specific immune responses, are gain‐
ing significant attention in cancer research [6–8]. Unlike con‐
ventional vaccines designed for disease prevention, thera‐
peutic vaccines are engineered to activate antigen-specific 
cellular immunity, enabling the targeted destruction of tumor 
cells. This process involves dendritic cells (DCs) internaliz‐
ing exogenous antigenic proteins, resulting in antigen cross-
presentation. This mechanism is essential for presenting ex‐
ogenous antigens on major histocompatibility complex class 
I molecules, thereby boosting cellular immunity [9, 10]. Vac‐
cine adjuvants and carriers can improve cross-presentation 
and foster the development of strong antigen-specific cellu‐
lar immunity. However, the efficient delivery of antigens 
and adjuvants at the subcellular level remains a significant 
challenge [11].

Developing effective cytosolic delivery systems has gar‐
nered growing interest due to their essential role in cross-
presentation. To enhance the cytosolic delivery of antigens 

and adjuvants, various cationic polymers and inorganic 
nanoparticles (NPs) have been explored as carriers, using 
the proton sponge effect, membrane fusion peptides, and 
pore-forming agents to achieve lysosomal escape of exog‐
enous antigens [12–14]. Most of these carriers interact with 
antigens and adjuvants through electrostatic or hydrophobic 
forces, forming unstable complexes under physiological con‐
ditions [15]. Therefore, developing materials with improved 
stability is crucial for efficiently delivering antigens and adju‐
vants to the cytosol.

Recent studies have extensively explored polyamidoamine 
(PAMAM) dendrimers, demonstrating their efficacy as car‐
riers for various biomolecules, including nucleic acids, pro‐
teins, and peptides [16]. The abundant amine groups on the 
surface of PAMAM dendrimers facilitate easy functional‐
ization. Furthermore, the interior tertiary amino groups, with 
a pKa of approximately 6.5, can be protonated under mildly 
acidic conditions, promoting efficient endosomal escape and 
subsequent cytosolic delivery [15]. Surface modification of 
PAMAM dendrimers with hydrophobic groups offers sev‐
eral advantages, including payload compaction, increased 
cellular uptake, and enhanced biocompatibility [17–19]. For 
example, Xu et al. developed a PAMAM dendrimer grafted 
with guanidinobenzoic acid, which effectively binds oval‐
bumin (OVA) and disrupts endosomes [19]. Similarly, Gao 
et al. developed an effective cancer vaccine through multiple 
interactions among manganese ions, benzoic acid-modified 
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PAMAM dendrimer, and OVA [11]. These hydrophobi‐
cally modified PAMAM dendrimers interact with cargo pro‐
teins through multiple interactions, enhancing the stability 
of the resulting complex and promoting efficient cytosolic 
delivery.

Imiquimod (R837) is essential for activating innate and 
adaptive immunity and has been approved by the United 
States Food and Drug Administration as an immunoadju‐
vant for treating cancers and viral infections [20–22]. As a 
Toll-like receptor 7 (TLR7) agonist, R837 triggers an im‐
mune response by inducing cytokine production in immune 
cells, promoting splenocyte proliferation, and facilitating 
DC maturation [23, 24]. However, the poor solubility and 
unfavorable pharmacokinetics of the small molecule R837 
limit its clinical application [25]. To address these challenges, 
NP-based carriers have been explored for R837 delivery, 
including poly(lactic-co-glycolic acid) NPs [26, 27], MnFe2O4 
NPs [28], and mesoporous silica NPs [29]. However, in 
these studies, R837 was predominantly encapsulated physi‐
cally within NPs, which often resulted in low loading effi‐
ciency and premature release, presenting significant chal‐
lenges for effective loading and controlled release in nano‐
vaccine formulations.

In this study, we synthesized an R837-modified fourth-
generation (G4) PAMAM dendrimer, termed PAR, to act as 

a carrier for the protein antigen OVA in the development of 
a nanovaccine (Scheme 1a). In the resulting PAR/OVA nano‐
vaccine, R837 served as both a TLR7 adjuvant and a key 
facilitator of OVA loading and nanovaccine assembly. The 
PAR/OVA nanovaccine enhanced the uptake of both anti‐
gens and R837 by antigen-presenting cells. When PAR/OVA 
entered the acidic endosomal compartment, the reduced pH 
activated the endosomolytic action of the carrier, enabling 
PAR/OVA to escape into the cytosol (Scheme 1b). High 
glutathione (GSH) levels in the cytoplasm led to the break‐
down of PAR/OVA, releasing OVA and R837, which acti‐
vated DCs and facilitated antigen cross-presentation. The 
PAR/OVA nanovaccine was tested for both prophylactic 
and therapeutic efficacy in B16-OVA tumor models, with 
results significantly outperforming alternative treatments.

2　Materials and methods

2.1　Materials and characterization

The G4 PAMAM dendrimer was purchased from Weihai 
Chenyuan Co., Ltd. (Shandong, China). R837 was obtained 
from MedChemExpress LLC (USA). Bis(2-hydroxyethyl) 
disulfide and p-nitrophenyl chloroformate (NPC) were pur‐
chased from Energy Chemical (Shanghai, China). All other 

Scheme 1  A schematic illustration of the PAR/OVA preparation process (a) and its antitumor mechanism (b). TLR7: Toll-like receptor 7; αPD-1: 
anti-programmed cell death 1; MHC-I: major histocompatibility complex class I; ER: endoplasmic reticulum; TCR: T cell receptor; PD-L1: pro‐
grammed cell death ligand 1
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chemicals used in the experiments were purchased from 
Sigma-Aldrich Co., LLC (Shanghai, China) and used without 
further purification.

The nuclear magnetic resonance (NMR) spectra were mea‐
sured with a Bruker ARX 400 NMR spectrometer (Billerica, 
MA, USA) using deuterated dimethyl sulfoxide (DMSO) as 
the solvent. Particle size and size distribution were mea‐
sured in an aqueous solution using a Malvern ZS90 dynamic 
light scattering (DLS) instrument (Malvern Instruments Ltd., 
UK). Confocal images were acquired using a confocal laser 
scanning microscope (CLSM, ZEISS LSM880, Germany).

2.2　Cell lines and animals

The melanoma cell line B16-OVA and mouse dendritic cell 
line DC2.4 were obtained from the American Type Culture 
Collection (ATCC) and cultured in RPMI-1640 medium 
(Gibco, Thermo Fisher Scientific, MA, USA) supplemented 
with 10% (volume fraction) fetal bovine serum (FBS) in a 5% 
CO2 atmosphere at 37 °C. Female C57BL/6 mice (5–6 weeks 
old) were purchased from Hunan SJA Laboratory Animal 
Co., Ltd. (Hunan, China).

2.3　Synthesis of PAR

Under an N2 atmosphere, bis(2-hydroxyethyl) disulfide 
(154.0 mg, 1.0 mmol) was dissolved in CH2Cl2 (5.0 mL). 
NPC (504.0 mg, 2.5 mmol) and triethylamine (303.0 mg, 
3.0 mmol) were added to the solution. The mixture was 
stirred for 2 h, followed by the addition of R837 (240.0 mg, 
1.0 mmol). After stirring for an additional 12 h, the solvent 
was removed under reduced pressure. The crude product was 
purified using silica gel flash chromatography with a 
dichloromethane/methanol gradient (60∶1 to 10∶1), yielding 
Product 1 with an 85% yield. The PAMAM dendrimer (100 mg, 
1 equiv) and Product 1 (82.4 mg, 20 equiv) were dissolved in 
anhydrous DMSO under an N2 atmosphere and stirred over‐
night. After the reaction, the mixture was dialyzed using a 
3500-Da molecular weight cutoff (MWCO) membrane, first 
against DMSO and then against ultrapure water. The solution 
was then lyophilized, resulting in a final yield of 78%.

2.4　Preparation and characterization of PAR/
OVA

PAR (10 mg) was dissolved in 0.5 mL of DMSO and slowly 
added to 5 mL of water while stirring for 1 h. The mixture 
was transferred to a dialysis bag (MWCO: 3500 Da) and 
dialyzed against ultrapure water for 24 h to remove the 
DMSO, resulting in PAR NPs. The PAR NPs were mixed 
with OVA in water, vortexed, and incubated for 10 min to 
form PAR/OVA. The size and zeta potential of the prepared 
complexes were analyzed using DLS.

2.5　Determination of OVA loading efficiency

To determine the OVA loading efficiency, PAMAM/OVA 
and PAR/OVA were placed in an ultrafiltration tube with 
100 kDa MWCO and centrifuged. The filtrate was col‐
lected, and the OVA concentration was determined using an 
enhanced bicinchoninic acid (BCA) protein assay kit (Beyo‐
time, China) according to the manufacturer’s instructions. 
These data were then used to estimate the OVA loading in 
the nanovaccines.

2.6　Cellular uptake and intracellular 
localization of OVA

The cellular uptake and intracellular localization of the vac‐
cine formulations were assessed in DC2.4 cells using flow 
cytometry and confocal microscopy. DC2.4 cells were 
seeded in 24-well plates at a density of 1×105 cells/well and 
incubated overnight at 37 °C. The cells were then treated 
with Cyanine 5 (Cy5)-labeled OVA (OVA-Cy5), PAMAM/
OVA-Cy5, OVA-Cy5+R837, or PAR/OVA-Cy5 (OVA-Cy5 
concentration: 5 μg/mL) for 4 h. After washing three times 
with phosphate-buffered saline (PBS), the cells were tryp‐
sinized and collected for the analysis of cellular uptake using 
a flow cytometer (BD, Biosciences, USA).

To assess the intracellular localization of OVA, DC2.4 
cells were seeded into laser confocal plates (diameter: 20 mm) 
at a density of 2×106 cells/dish and incubated overnight. 
The cells were treated with PAR/OVA-Cy5 (OVA-Cy5 con‐
centration: 5 μg/mL) for 2, 4, and 8 h to assess endosomal 
escape. After a 30-min incubation with LysoTracker Green 
(200 nmol/L), the nuclei were stained with Hoechst 33342. 
Following three washes with PBS, the cells were imaged 
using CLSM.

2.7　Cytotoxicity assessment of PAR/OVA

The in vitro cytotoxicity of PAR/OVA was assessed using 
the Cell Counting Kit-8 (CCK-8) assay. DC2.4 cells were 
seeded into 96-well plates at a density of 1×104 cells/well and 
incubated overnight. After removing the culture medium, 
RPMI-1640 medium containing PAR/OVA at varying con‐
centrations (0, 0.75, 1.5, 3, 6, 12, and 24 μg/mL OVA) was 
added, followed by a 24-h incubation. The cells were then 
treated with 10 μL of CCK-8 solution and incubated for 
another 4 h. Absorbance at 490 nm was then measured using 
a microplate reader (Biotek, Thermo Fisher Scientific).

2.8　In vitro DC maturation and cross-
presentation assay

Immature bone marrow-derived DCs (BMDCs) (2×105 cells/
well) were seeded into 24-well nontreated plates and stimu‐
lated with PBS, OVA, PAMAM/OVA, OVA+R837, or 
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PAR/OVA (OVA concentration: 10 μg/mL) for 24 or 48 h. 
After treatments, BMDCs were harvested, resuspended in PBS 
buffer containing 0.1% bovine serum albumin (BSA), incu‐
bated with anti-CD16/32 at 4 °C for 15 min, and stained with 
anti-CD11c-FITC (fluorescein isothiocyanate), anti-CD86-
APC (allophycocyanin), and anti-CD80-PE (p-phycoerythrin) 
for 25 min. The cells were analyzed using flow cytometry. The 
supernatant was collected to measure tumor necrosis factor-
alpha (TNF-α) and interleukin-6 (IL-6) levels using an 
enzyme-linked immunosorbent assay (ELISA) kit (Giled Bio‐
technology, China) following the manufacturer’s instructions.

For cross-presentation analysis, immature BMDCs (2×105 
cells/well) were seeded into 24-well nontreated plates and 
stimulated with PBS, OVA, PAMAM/OVA, OVA+R837, 
or PAR/OVA (OVA concentration: 10 μg/mL) for 24 or 48 h. 
After treatments, the cells were harvested, resuspended in PBS 
buffer containing 0.1% BSA, incubated with anti-CD16/32 
at 4 °C for 15 min, and stained with anti-CD11c-FITC and 
anti-SIINFEKL-H-2Kb-PE at 4 °C for 25 min. The cells 
were analyzed using flow cytometry.

2.9　Prophylactic and therapeutic trials of 
nanovaccines

In the prophylactic trial, female C57BL/6 mice in each group 
received one of the following vaccine formulations: OVA, 
PAMAM/OVA, OVA+R837, or PAR/OVA through subcu‐
taneous injection at weekly intervals for three doses. Seven 
days after the final vaccination, the mice were subcutane‐
ously challenged with 3.5×105 B16-OVA cells. Tumor 
volume was measured every other day using calipers and 
calculated as

V=lw2/2,
where l represents the length (in mm) and w represents the 
width (in mm). The mice were euthanized when the tumor 
volume reached 2000 mm3.

In the therapeutic trial, female C57BL/6 mice (six weeks 
old) were subcutaneously injected with 3.5×105 B16-OVA 
cells. Once the tumor volume reached approximately 80 mm3, 
the mice were randomly divided into five groups (n=6) and 
administered subcutaneous vaccinations with one of the fol‐
lowing formulations: OVA, PAMAM/OVA, OVA+R837, 
or PAR/OVA. Tumor volume and body weight were recorded 
every other day. On Day 26, the mice were euthanized for 
immunological analysis.

2.10　Therapeutic study in combination with 
anti-programmed cell death 1 (αPD-1)

In the combination therapy study, female C57BL/6 mice 
(six weeks old) were subcutaneously injected with 5×105 
B16-OVA cells. Once the tumor volume reached approxi‐
mately 80 mm3, the mice were randomly assigned to five 

groups (n=6). Each group received subcutaneous vaccina‐
tions with PBS, OVA, PAMAM/OVA, OVA+R837, or 
PAR/OVA on Days 6, 13, and 20 post-tumor implantation. 
Additionally, αPD-1 was administered intravenously at a 
dose of 20 μg per mouse following each vaccination.

2.11　Statistical analysis

Data are presented as mean±standard deviation. Statistical 
comparisons between two groups were performed using 
Student’s t-test, and one-way analysis of variance (ANOVA) 
was used for comparisons among multiple groups. The desig‐
nation “ns” indicates nonsignificance. Statistical signifi‐
cance was set at *P<0.05, **P<0.01, and ***P<0.001.

3　Results and discussion

3.1　Preparation and characterization of PAR/
OVA nanovaccine

PAR was synthesized by conjugating R837 to a G4 PAMAM 
dendrimer through GSH-sensitive disulfide bonds (Scheme 
S1 in the supplementary information), facilitating the release 
of R837 in the cytoplasm of antigen-presenting cells where 
GSH is abundant. The chemical structures of the product 
and intermediates were confirmed using 1H NMR spectros‐
copy (Figs. S1 and S2 in the supplementary information). 
The synthesized PAR was insoluble in water, likely due to 
the high density of hydrophobic ligands on the PAMAM 
dendrimer. However, it was transformed into PAR NPs 
through a nanoprecipitation process, resulting in particles 
with a size of 50.6 nm (Fig. 1a). PAR NPs were then mixed 
with OVA in water via vortex agitation and incubated for 
10 min to prepare the PAR/OVA nanovaccine, which exhib‐
ited a diameter of 198.2 nm and a spherical structure (Fig. 1b; 
Fig. S3 in the supplementary information). The PAR/OVA 
nanovaccine reduced the zeta potential of the PAR NPs 
from 37.3 to 12.4 mV (Fig. 1c).

The OVA loading efficiency of PAR/OVA was 88.3%, 
significantly higher than that of PAMAM/OVA (53.6%) 
(Fig. 1d). We then explored the role of R837 in the synthe‐
sis of the PAR/OVA nanovaccine. DLS analysis revealed 
that the PAMAM dendrimer had a particle size of approxi‐
mately 5 nm and a zeta potential of +25.7 mV (Figs. S4a and 
S4c in the supplementary information). Due to the increased 
hydrophobicity, PAMAM-R837 self-assembled into larger 
PAR NPs in water (Fig. 1a). These PAR NPs exhibited a 
higher zeta potential (+37.5 mV) and GSH-triggered size 
reduction, along with a decrease in zeta potential (Figs. S4b 
and S4c in the supplementary information). Based on these 
findings, we hypothesized that electrostatic and hydropho‐
bic interactions between PAR and OVA were key to OVA 
loading and PAR/OVA nanovaccine synthesis.
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The stability of the PAR/OVA nanovaccine was assessed 
in both PBS and PBS supplemented with FBS. As shown 
in Fig. 1e, the particle size in both media remained rela‐
tively unchanged over the 72-h incubation period, indicat‐
ing that the PAR/OVA nanovaccine was stable under physi‐
ological conditions. Furthermore, the release profiles of 
OVA and R837 were evaluated under simulated cytoplas‐
mic conditions containing 10 mmol/L GSH. The results 
showed that R837 and OVA had similar release profiles at 
10 mmol/L GSH (Figs. 1f and 1g), indicating coordinated 
release behavior.

3.2　Cellular uptake and intracellular 
localization of OVA

Cellular uptake of the different vaccines was quantified 
using flow cytometry. As shown in Figs. 2a and 2b, treat‐
ment with PAR/OVA resulted in a significantly higher mean 
fluorescence intensity (MFI) of OVA-Cy5 in DC2.4 cells 
than those in the OVA, PAMAM/OVA, and OVA+R837 
groups. This enhanced cellular uptake of PAR/OVA could be 
attributed to the positive charge properties of PAMAM and 
the more efficient encapsulation of OVA by PAR NPs. The 
intracellular distribution of OVA-Cy5 in DC2.4 cells was fur‐
ther examined using CLSM. Figure 2c shows that the red 
fluorescence from OVA-Cy5 colocalized with the green sig‐
nal from LysoTracker, indicating that OVA was effectively 
internalized by DC2.4 cells and transported to lysosomes. Ex‐
tended incubation periods resulted in the separation of green 

and red fluorescence signals, with an increased presence of 
red signals in the cytoplasm, indicating a successful escape 
from endo/lysosomal compartments. Fluorescence colocaliza‐
tion analysis confirmed this, showing a decrease in Poisson’s 
coefficient from 0.89 to 0.62 as the incubation time in‐
creased from 2 to 8 h (Fig. 2d). These results suggest that 
PAR/OVA possesses a strong propensity for endosomal 
escape in DCs. Given the coordinated release profiles of 
OVA and R837, along with the endosomal escape capabil‐
ity of the carrier, the PAR/OVA nanovaccine effectively 
enhanced the cytosolic delivery of both components. This 
coordinated delivery is crucial for the efficient activation of 
BMDCs and antigen cross-presentation.

Prior to a comprehensive evaluation using cellular and 
animal assays, the biocompatibility of the vaccine was as‐
sessed. After 24 h of treatment with various concentrations 
of PAR NPs or PAR/OVA, cell viability was assessed using 
the CCK-8 assay. As illustrated in Fig. 2e and Fig. S5 
(supplementary information), PAR NPs showed mild cyto‐
toxicity within a specific concentration range, whereas the 
incorporation of OVA significantly improved the cellular 
biocompatibility of the vaccine.

3.3　In vitro DC maturation and cross-
presentation assay

DC activation is crucial in antigen presentation, initiating 
adaptive immunity against tumors. Previous studies have 
shown that targeting TLRs promotes DC maturation in 

Fig. 1  Characterization of PAR/OVA nanovaccine. (a) Size distribution of PAR NPs measured using DLS. (b) Size distribution of PAR/OVA 
measured using DLS. (c) Zeta potentials of PAR NPs and PAR/OVA. (d) OVA loading efficiency of PAMAM/OVA and PAR/OVA. (e) Stability 
of PAR/OVA in PBS and PBS supplemented with 10% FBS. (f) R837 release profiles from PAR/OVA in the presence or absence of 10 mmol/L 
GSH. (g) OVA release profiles from PAR/OVA in the presence or absence of 10 mmol/L GSH. Data are presented as mean±standard deviation 
(n=3). Statistical significance was determined using the Student’s t-test (***P<0.001)
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murine and human models. To assess the impact of R837 on 
DC maturation and activation, we analyzed the phenotype 
of primary murine BMDCs, focusing on the expression of 
costimulatory markers CD80 and CD86, which indicate 
BMDC maturation and closely reflect the in vivo state of 
DCs. Our results showed that after treatment with PAR/OVA 
for 24 h, approximately 55.2% of BMDCs were CD86+CD80+ 
BMDCs, significantly higher than those treated with OVA 
(29.4%), PAMAM/OVA (38.2%), or OVA+R837 (44.8%) 
(Figs. 3a and 3b). This indicates that adding R837 effec‐
tively stimulated DC activation. After extending the incuba‐
tion period to 48 h, the proportion of mature DCs in the 
PAR/OVA-treated group increased to 67.8%, further con‐
firming the effectiveness of the PAR/OVA nanovaccine in 
activating the immune response.

To examine antigen cross-presentation in BMDCs, we 
treated BMDCs with different vaccine formulations and ana‐
lyzed the OVA-specific peptide-positive BMDCs using flow 
cytometry. The results showed that OVA alone produced 
negligible proportions of OVA-specific peptide-positive DCs 
compared to those in the PBS group. Conversely, treatments 
with PAMAM/OVA and OVA+R837 for 48 h resulted 
in approximately 7.0% and 5.4% of BMDCs displaying 

OVA-specific peptides, respectively. However, treatment 
with PAR/OVA significantly increased the proportion of 
OVA-specific peptide-positive DCs to 15.0% (Fig. 3c), indi‐
cating that PAR/OVA can enhance antigen presentation. 
Additionally, the PAR/OVA nanovaccine induced the high‐
est level of proinflammatory cytokine secretion, including 
TNF-α and IL-6 (Figs. 3d and 3e).

Subsequently, we examined the in vivo immune responses 
triggered by nanovaccine in lymph nodes, with the vaccina‐
tion timeline shown in Fig. 3f. Initially, we assessed the 
delivery efficiency of PAR/OVA to the lymph nodes. 
Lymph nodes were excised and analyzed using flow cytom‐
etry 24 h after subcutaneous administration of different vac‐
cine formulations. Figure 3g illustrates that following PAR/
OVA treatment, OVA-Cy5 exhibited a significantly higher 
MFI in the lymph nodes than those in other formulations, 
highlighting the superior lymph node trafficking capability 
of the nanovaccine. Furthermore, flow cytometry analysis 
revealed that the proportion of mature DCs in the lymph 
nodes after treatment with PAR/OVA reached approximately 
29.7%, 2.7 times that of the treatment with OVA alone 
(Fig. 3h). Overall, these findings indicate that PAR/OVA 
elicited a robust immune response.

Fig. 2  Cellular uptake and intracellular localization of OVA. (a) Flow cytometric analysis of cellular uptake of different OVA formulations after 
a 4-h incubation. (b) Quantitative analysis of the mean fluorescence intensity (MFI) of OVA-Cy5 in DC2.4 cells pretreated with various OVA 
formulations for 4 h. (c) Confocal fluorescence images of DC2.4 cells treated with PAR/OVA-Cy5 for 2, 4, and 8 h, along with fluorescence inten‐
sity distribution profiles for LysoTracker Green and OVA-Cy5. (d) Poisson’s coefficient for colocalization analysis of green and red fluorescence 
in DC2.4 cells treated with PAR/OVA-Cy5 for 2, 4, and 8 h. (e) Cell viability of DC2.4 cells treated with various concentrations of PAR/OVA for 
24 h. Data are presented as mean±standard deviation (n=3). Statistical significance was determined using a one-way ANOVA. ns: nonsignifi‐
cance. **P<0.01, ***P<0.001
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3.4　Prophylactic and therapeutic trials of 
nanovaccines

The prophylactic efficacy of the PAR/OVA nanovaccine 
was assessed in a B16-OVA melanoma tumor model. Mice 
in each experimental group received three doses of 50 μg 
OVA and 15.6 μg R837 per immunization (Fig. 4a). Subse‐
quently, the mice were challenged with B16-OVA cells on 
Day 0, and tumor volumes were measured every 2 d. As 
shown in Fig. 4b, treatment with PAR/OVA significantly 
extended the latency period for tumor formation, whereas 
immunization with OVA or PAMAM/OVA resulted in negli‐
gible tumor growth inhibition (Fig. 4c; Fig. S6 in the supple‐
mentary information). Conversely, immunization with OVA+
R837 resulted in moderate tumor growth inhibition. Notably, 
treatment with PAR/OVA nanovaccine significantly inhibited 
B16-OVA tumor progression, indicating that it elicited a 
strong protective immune response against B16-OVA mela‐
noma. To highlight the differences in tumor volume across 

the groups, we photographed the mice after the treatment 
period (Fig. 4d). The PAR/OVA group exhibited the lowest 
tumor volumes, indicating significant antitumor efficacy.

The primary goal of tumor vaccines is to induce long-
lasting and targeted immune responses against tumors. A 
key component of this process is the generation of memory 
T cells, vital for establishing effective immune memory. 
Memory T cells are classified into two types based on their 
phenotype and biological function: effector memory T cells 
(TEM) and central memory T cells (TCM). TEM, marked by 
CD44+CD62L−, can rapidly respond to antigen re-exposure 
and migrate to peripheral tissues. In contrast, TCM, charac‐
terized by CD44+CD62L+, are predominantly located in sec‐
ondary lymphoid organs, serving as a long-lasting reservoir 
for immune defense with enhanced proliferative potential 
upon re-encounter with antigens [30–33].

To assess the immune memory response triggered by the 
nanovaccine, we euthanized the vaccinated mice and har‐
vested their splenocytes for memory T cell analysis. In mice 

Fig. 3  DC maturation and cross-presentation assay. Representative flow cytometric images (a) and corresponding quantification (b) of mature DCs 
(CD11c+CD80+CD86+) after stimulation with various OVA formulations. (c) Percentage of OVA-specific peptide-positive BMDCs following 
treatment with various OVA formulations. Levels of TNF-α (d) and IL-6 (e) in the supernatants of BMDCs subjected to various treatments. (f) Sche‐
matic illustration of the treatment schedule. (g) Quantitative analysis of the MFI of OVA-Cy5 in DCs in lymph nodes following various treat‐
ments. (h) Percentage of mature DCs in lymph nodes following treatment with various OVA formulations. Data are presented as mean±standard 
deviation (n=3). Statistical significance was determined using a one-way ANOVA. ns: nonsignificance. *P<0.05, **P<0.01, ***P<0.001
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treated with PAR/OVA, the proportion of TEM within the 
CD8+ T cells increased significantly compared to other groups 
(Figs. 4e and 4f). This enhanced immune response suggests 
that PAR/OVA nanovaccine provides strong protection, 
enabling the immune system to more efficiently counter 
tumor cells with the same antigen. This effect is likely due 
to the enhanced activation of DCs and the efficient antigen 
cross-presentation facilitated by PAR/OVA. Conversely, the 
proportion of TCM decreased significantly (Fig. S7a in the 
supplementary information), likely because TCM rapidly dif‐
ferentiated into TEM upon stimulation with the same antigen, 
thereby enhancing tumor cell elimination. CD4+ memory 
T cells are essential for supporting the activation and function 
of both CD8+ T cells and other immune system components. 

As shown in Figs. 4g and 4h and Fig. S7b (supplementary 
information), CD4+ memory T cells exhibited a similar trend, 
with increased TEM and decreased TCM following immuni‐
zation with PAR/OVA. These results indicate that treatment 
with PAR/OVA induces a strong immune memory response, 
effectively preventing tumor development and inhibiting 
tumor growth.

To assess the potential of the cancer vaccines against 
established tumors, we tested the PAR/OVA nanovaccine in 
a B16-OVA tumor model. B16-OVA cells were inoculated 
on Day 0, and the mice received subcutaneous injections of 
PBS, OVA, PAMAM/OVA, OVA+R837, or PAR/OVA on 
Days 6, 13, and 20 (Fig. 5a). As shown in Figs. 5b and 5c, 
neither OVA nor PAMAM/OVA significantly inhibited tumor 

Fig. 4  Prophylactic trials of nanovaccines. (a) Schematic illustration of the treatment schedule. (b) Frequency of tumor-free mice after vaccina‐
tion with various formulations and subsequent subcutaneous rechallenge with B16-OVA tumor cells. (c) Relative tumor volumes (normalized to 
Day 0) of mice following different treatments. (d) Representative images of mice from each group after treatment. (e) Representative flow cyto‐
metric analysis of CD8+ memory T cells in lymphocytes. (f) Percentage quantification of effector memory T cells (CD44+CD62L− ) within 
CD8+ T cells. (g) Flow cytometric analysis of CD4+ memory T cells in lymphocytes. (h) Percentage quantification of effector memory T cells 
(CD44+CD62L− ) within CD4+ T cells. Data are presented as mean±standard deviation (n=5). Statistical significance was determined using a 
one-way ANOVA. ns: nonsignificance. *P<0.05, **P<0.01, ***P<0.001
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growth, with no marked difference compared to the control 
group. Conversely, treatment with OVA+R837 resulted in 
moderate tumor growth inhibition, indicating a limited thera‐
peutic effect. However, treatment with PAR/OVA signifi‐
cantly inhibited tumor growth, demonstrating its strong anti‐
tumor efficacy. This pronounced inhibition of tumor pro‐
gression by PAR/OVA highlights its potential as an effec‐
tive therapeutic agent in cancer treatment. Tumor volume 
differences between the groups were further confirmed by 
photographing and weighing the solid tumor tissues at the 
end of the treatment period. The PAR/OVA group exhibited 
the lowest tumor weight (Fig. 5d), confirming its potent 

antitumor efficacy. These findings were corroborated by the 
tumor images (Fig. S8 in the supplementary information), 
which showed a significant reduction in tumor size.

To determine whether treatment with PAR/OVA modi‐
fied the immune cell composition of the tumor microenvi‐
ronment and enhanced systemic antitumor immune responses, 
we examined various immune cells within the tumor tissues. 
As shown in Figs. 5e–5h, treatment with PAR/OVA signifi‐
cantly increased the proportion of CD8+ T cells from 14.2% 
to 30.6% and CD4+ T cells from 18.9% to 24.9% in the tu‐
mor tissues. These results indicate that treatment with PAR/
OVA markedly reversed immunosuppression in the tumor 

Fig. 5  Therapeutic trials of nanovaccines. (a) Schematic illustration of the treatment schedule. (b) Relative tumor volumes (normalized to Day 0) 
of mice following different treatments. (c) Average tumor growth curves for mice subjected to different treatments. (d) Tumor weights at the end 
of the antitumor study following different treatments. Representative flow cytometric analysis (e) and corresponding percentage quantification 
(f) of CD8+ T cells in tumor-infiltrating leukocytes. Representative flow cytometric analysis (g) and corresponding percentage quantification 
(h) of CD4+ T cells in tumor-infiltrating leukocytes. Data are presented as mean±standard deviation (n=5). Statistical significance was determined 
using a one-way ANOVA. ns: nonsignificance. *P<0.05, **P<0.01, ***P<0.001
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microenvironment and activated the antitumor immune 
response, confirming its potent ability to induce the antican‐
cer immune response.

Cytokines in the tumor microenvironment play a pivotal 
role in cancer immunotherapy by regulating innate and adap‐
tive immune responses, enhancing T cell activity, and pro‐
moting tumor cell apoptosis. To assess the systemic immune 
response triggered by the PAR/OVA nanovaccine, we quan‐
tified key cytokine levels using ELISA. Treatment with PAR/
OVA resulted in a significant increase in T cell-derived 
cytokines, including TNF-α, interferon-gamma, and IL-6 
(Figs. S9a–S9c in the supplementary information). This 
increase indicates a potent antitumor immune response char‐
acterized by DC activation and significant cytotoxic T lym‐
phocyte infiltration, further supporting the efficacy of treat‐
ment with PAR/OVA in inducing robust antitumor immunity.

Furthermore, treatment with PAR/OVA had no impact on 
body weight (Fig. S10 in the supplementary information). To 
assess its systemic safety, hematological indices were evalu‐
ated seven days following treatment with PAR/OVA. Liver 
function was assessed by quantifying alanine aminotransfer‐
ase, aspartate transaminase, and alkaline phosphatase, while 

kidney function was assessed by blood urea levels. Further‐
more, total cholesterol and blood glucose levels were exam‐
ined to monitor lipid and glucose metabolism. As shown in 
Fig. S11 (supplementary information), all hematological 
indices showed no significant differences compared to the 
PBS group. These findings indicate that treatment with 
PAR/OVA had mild side effects, supporting its potential 
safety for therapeutic use.

3.5　Therapeutic study in combination with 
αPD-1

Although ICB has significantly improved the survival of 
patients with cancer, long-term therapeutic responses are only 
observed in a minority of cases, likely due to insufficient 
immune cell infiltration. Since PAR/OVA effectively stimu‐
lates a strong CD8+ T cell response, we combined PAR/OVA 
and αPD-1 to investigate their synergistic antitumor effects. 
As shown in Fig. 6a, mice were randomly assigned to four 
groups—PBS, PAR/OVA, αPD-1, and PAR/OVA+αPD-1. 
They received three vaccine doses (20 μg OVA per mouse) on 
Days 6, 13, and 20, along with intravenous injections of αPD-1 

Fig. 6  Therapeutic study in combination with αPD-1. (a) Schematic illustration of the treatment schedule. (b) Relative tumor volumes (normalized 
to Day 0) of mice following different treatments. (c) Average tumor growth curves of mice following different treatments. (d) Survival curves of 
mice following different treatments. (e) Representative immunofluorescence images of CD8+ T cell infiltration in tumor tissues following different 
treatments. Data are presented as mean±standard deviation (n=5). Statistical significance was determined using a one-way ANOVA. ***P<0.001
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(20 μg per mouse) on Days 8, 10, 15, and 17. Figures 6b and 
6c show that treatment with αPD-1 alone had minimal impact 
on tumor growth, likely due to the low injection dose. Treat‐
ment with PAR/OVA significantly reduced tumor growth. 
Notably, treatment with PAR/OVA+αPD-1 exhibited supe‐
rior therapeutic efficacy by suppressing tumor growth. Sur‐
vival rates were also significantly improved in the combina‐
tion therapy group. All mice in the PBS and αPD-1 groups died 
within 32 d, while those in the PAR/OVA group survived 
for approximately 38 d. Notably, 40% of the mice in the 
PAR/OVA+αPD-1 group survived for 42 d (Fig. 6d). This 
extended survival is likely due to the ability of PAR/OVA to 
significantly enhance CD8+ T cell infiltration into tumor tis‐
sues, while αPD-1 blocks PD-1 signaling on CD8+ T cells, 
thereby preventing immune escape by PD-L1-overexpressing 
tumor cells (Fig. 6e; Fig. S12 in the supplementary informa‐
tion). In summary, combining PAR/OVA with αPD-1 signifi‐
cantly enhances antitumor efficacy and survival compared to 
either treatment alone, highlighting the potential of this com‐
bination therapy for more effective cancer immunotherapy.

4　Conclusions

In this study, we developed the PAR/OVA nanovaccine by 
combining an R837-modified PAMAM dendrimer with OVA 
to enhance the delivery of both antigens and adjuvants at 
the subcellular level. The PAMAM dendrimer endows the 
nanovaccine with an excellent loading capacity for R837 
and OVA while facilitating the lysosomal escape of OVA 
and enabling cross-presentation. R837 acts as an adjuvant 
for the TLR7 pathway and as a structural agent that aids in 
OVA loading. In vitro studies showed that the PAR/OVA 
nanovaccine enhanced the uptake of OVA and R837 by 
antigen-presenting cells and promoted the escape of OVA 
and R837 into the cytoplasm. High cytoplasmic GSH levels 
triggered the breakdown of PAR/OVA, releasing OVA and 
R837, thereby activating DCs and facilitating antigen cross-
presentation. In vivo studies showed that PAR/OVA effec‐
tively activated DCs in lymph nodes, enhanced antigen pre‐
sentation, and stimulated T cell activation and proliferation, 
resulting in strong antitumor immune responses. Moreover, 
the nanovaccine exhibited enhanced antitumor efficacy 
through synergistic interaction with ICB, resulting in tumor 
growth suppression. The design of this nanovaccine offers a 
novel strategy for the spatiotemporal codelivery of antigens 
and adjuvants, thereby presenting a promising approach to 
cancer immunotherapy.

Our study has several limitations. First, although the PAR/
OVA nanovaccine showed strong antitumor effects in preclini‐
cal mouse models, its clinical application may encounter 
challenges, including immune-related side effects and requir‐
ing dose optimization. As R837 is a potent immunoadjuvant, 

high doses could lead to excessive inflammation and adverse 
reactions. Therefore, optimizing the grafting density of R837 
on the PAMAM is crucial. Further research should focus on 
exploring the structural properties, stability, and immunoge‐
nicity of PAR/OVA with varying R837 grafting densities to 
strike an effective balance between efficacy and safety in 
tumor immunotherapy. Last, although the combination of 
PAR/OVA with ICB shows promising antitumor effects, its 
clinical application requires further exploration. For ex‐
ample, assessing the synergy between PAR/OVA and other 
ICB, such as anti-PD-1, anti-CTLA-4, or novel agents target‐
ing the tumor microenvironment, will offer valuable insights 
into its broader therapeutic potential. Additionally, combin‐
ing PAR/OVA with other immunotherapies, such as CAR-T 
cell therapy or oncolytic virus treatments, may further enhance 
its therapeutic efficacy.

In summary, the PAR/OVA nanovaccine offers a promis‐
ing approach to cancer immunotherapy by efficiently deliv‐
ering antigens and adjuvants via the PAMAM dendrimer 
platform. R837 exhibits a dual function by serving as both 
an immune adjuvant and a structural component of the vac‐
cine, thereby boosting immune activation. However, for 
successful clinical translation, optimizing the R837 grafting 
density is crucial to balance immune activation with safety. 
Future research should focus on overcoming challenges 
related to immune side effects, dose optimization, and the 
development of personalized therapeutic strategies.
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