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ABSTRACT
The buildup of senescent cells exacerbates metabolic disorders in adipose tissue and contributes to 
aging-related cardiac dysfunction. Targeted clearance of senescent cells can markedly ameliorate these 
aging-related diseases. Here, we developed a novel nanovaccine (GK-NaV) loaded with seno-antigen that 
is self-assembled from the fusion of cationic protein (K36) and seno-antigen peptide (Gpnmb). The GK- 
NaV could be highly engulfed by bone marrow-derived dendritic cells (BMDCs) and efficiently present 
antigens on the cellular surface, thereby promoting DCs maturation and activation of CD8+T cells in vitro. 
Following subcutaneous immunization, GK-NaV not only exhibited a noticeable antigen depot effect but 
also markedly activated specific cellular immune responses, enhancing the immunoreactivity and cyto
toxic effects of CD8+T cells. Consequently, the targeted anti-aging immunity triggered by GK-NaV 
demonstrated the ability to selectively eliminate senescent adipocytes and cardiomyocytes in high-fat 
diet (HFD)-induced progeroid mice, leading to a significant improvement in age-related metabolic 
disorders in adipose tissue and cardiac dysfunction. Hence, our findings indicate that immunization 
with GK-NaV targeting seno-antigens may represent a promising strategy for novel senolytic therapies.
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Introduction

Several lines of evidence suggest that as individuals age, senes
cent cells accumulate in various tissues and contribute to the 
progression of age-related disorders such as cancer, cardiovas
cular diseases, metabolic disorders, kidney diseases, and neuro
degenerative conditions.1–4 Prophylactic removal of senescent 
cells that express the senescence marker p16INK4A reduces tissue 
degeneration, delays tumorigenesis, and prolongs health span in 
mice, suggesting that these senescent cells contribute signifi
cantly to the aging process in organisms.5,6 For instance, senes
cent cells gradually build up in the adipose tissue of aging mice, 
and the removal of these senescent cells from adipose tissue 
helps to mitigate the onset of metabolic abnormalities associated 

with aging.7,8 Consequently, the elimination of senescent cells 
through senolysis or senolytic therapy offers an attractive anti
senescence therapeutic strategy for addressing aging-related 
pathologies. While several small molecules exhibit such activity, 
most are not sufficiently potent and lead to significant side 
effects.9–11

Under physiological circumstances, the immune system is 
capable of eliminating senescent cells.12 The pro-inflammatory 
cytokines released by these cells attract and activate immune 
cells, resulting in their removal through immune-mediated 
processes.12,13 Counterintuitively, senescent cells can build 
up in aging and disease states, evading removal by the immune 
system. This accumulation contributes to inflammation and

CONTACT Jiyan Leng lengjy@jlu.edu.cn Department of Cadre Ward, The First Hospital of Jilin University, 1 Xinmin Street, Changchun 130021, China.
*Kexin Zhang and Qiliang Yin contributed equally to this work.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/21645515.2025.2479229

HUMAN VACCINES & IMMUNOTHERAPEUTICS     
2025, VOL. 21, NO. 1, 2479229 
https://doi.org/10.1080/21645515.2025.2479229

© 2025 The Author(s). Published with license by Taylor & Francis Group, LLC.  
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits 
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the 
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

https://doi.org/10.1080/21645515.2025.2479229
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2025.2479229&domain=pdf&date_stamp=2025-03-15


the progression of various diseases.9,14 With the discovery of 
seno-antigen, vaccination targeting these antigens can elicit 
a specific anti-aging immune response and thus achieve the 
targeted clearance of senescent cells.7,15,16 For example, to 
focus on particular subsets of senescent cells, Suda et al. 
employed an innovative strategy that first involved identifying 
a distinct biomarker (Gpnmb) for senescent endothelial cells, 
followed by the development of a peptide vaccine to selectively 
target these cells.7 However, although peptide vaccines can 
induce specific immune responses against seno-antigenic epi
topes, their immunogenic effects are somewhat limited due to 
factors such as poor stability and weak immunogenicity.17,18 

Thus, there is a need for an efficient vaccine delivery platform 
to enhance the immunogenicity of peptide antigens and to 
augment the specific immune effector responses.

Currently, nanovaccines incorporating antigen peptides 
have been created, offering distinct advantages over traditional 
whole organism-based vaccines to address antigen delivery 
challenges and stimulate targeted immune responses.19–21 

This approach has shown promise in the context of cancer 
and infectious diseases.20–23 Nevertheless, little is known about 
the research on nanovaccines in the field of antisenescence. 
Herein, we constructed an innovative anti-aging nanovaccine 
(GK-NaV) by fusing cationic proteins (K36) with seno-antigen 
peptides (Gpnmb) and facilitating their self-assembly. 
GK-NaV forms stable, spherical nanoparticles that signifi
cantly stimulate the maturation of DCs (as evidenced by the 
upregulation of CD80 and CD86 expression) both in vitro and 
in vivo, and markedly activate CD8+ T cells (immunological 
activity and immunological memory). In high-fat diet (HFD)- 
induced progeroid mice, it was observed that subcutaneous 
immunization effectively targeted and eliminated Gpnmb+ 

senescent cells in adipose and cardiac tissues. This intervention 
remarkably ameliorated metabolic dysregulation in adipose 
tissue and cardiac dysfunction, thereby extending the lifespan 
of the progeroid mice.

Materials and methods

Gene expression and protein purification

K36 is an elastin-like protein with self-assembly capabilities. 
The plasmids encoding the K36 (pET25b-K36) were gener
ously provided by Prof. HaoFan Jin. The Gpnmb gene, which 
encodes the Glycoprotein nonmetastatic melanoma protein 
B (sequences: AGGAGGGGAGACGGCAGGTGGAAGGAC), 
was synthesized by (GENEWIZ, The U.S.A), and the Gpnmb 
peptides (sequences: RRGDGRWKD) from mice were synthe
sized by Sangon Biotech Company (China). The plasmids 
encoding Gpnmb-K36 were constructed in our laboratory. In 
brief, the Gpnmb and K36 were genetically fused via homolo
gous recombination at the gene level, and the resulting construct 
was then transfected into competent Escherichia coli DH5α cells 
(Novagen, The U.S.A). Plasmids encoding Gpnmb-K36 were 
acquired following the amplification and cultivation of the 
competent cells. Ultimately, the pET25b-Gpnmb and pET25b- 
Gpnmb-K36 expression vectors were introduced into chemi
cally competent E. coli BLR (DE3) cells (Novagen, The U.S.A). 
The protocols for protein production were consistent with those 

previously outlined.24 For protein purification, please refer to 
previously published articles from our research group.25,26 

Finally, the high-purity Gpnmb-K36 protein (Figure S1a) was 
obtained. The Gpnmb-K36 protein was then dissolved in triple- 
distilled water and its concentration was adjusted to 200 µg/mL 
in a 1.5 ml centrifuge tube. The solution was placed in a shaker 
at 4°C, 800 rpm, and shaken for 12 hours. The self-assembled 
nanovaccine was subsequently obtained and used for further 
experiments. Similarly, an equimolar concentration of Gpnmb 
peptide was dissolved in triple-distilled water and subjected to 
the same procedure.

Characterization of GK-NaV

For transmission electron microscope (TEM) analysis, the 
samples were readied on copper specimen grids which were 
covered by a carbon support film. These grids were posi
tioned with the carbon film facing downwards and placed 
right on top of a 10 μl droplet containing nanoparticles 
suspension (at a concentration of 10 μg/ml in H2O). 
Subsequently, the grids were left to dry at 37°C for 
6 hours. Finally, images were observed through a 200 kV 
TEM (JEOL-2010, Japan). Similarly, the samples were sub
jected to energy dispersive spectrometer analysis after being 
prepared on silicon wafers.

In the case of dynamic light scattering (DLS) and Zeta 
potential analysis, the samples were first completely lyophi
lized. After that, they were redissolved in H2O within a 1.5 ml 
tube to achieve a concentration of 1 mg/ml. Then, the DLS and 
Zeta potential of the prepared samples were examined using 
a Zetasizer Nano ZS (Malvern Instruments, UK).

Acquisition of bone marrow-derived dendritic cells 
(BMDCs)

Female wild-type C57BL/6 mice aged 6–8 weeks were used to 
obtain bone marrow-derived dendritic cells (BMDCs) under 
aseptic conditions. The femurs and tibias of these mice were 
the sources for extracting BMDCs. Subsequently, the BMDCs 
were seeded in 6-well culture plates, with 2 ml of RPMI 1640 
complete medium (at a density of 1 × 106 cells/ml) added to 
each well. This complete medium contained 10% fetal bovine 
serum (Inner Mongolia Opcel Biotechnology Co., Ltd), along 
with interleukin-4 (IL-4) at a concentration of 10 ng/ml 
(PeproTech, The U.S.A) and granulocyte-macrophage colony- 
stimulating factor (GM-CSF) at a concentration of 20 ng/ml 
(PeproTech, The U.S.A). Then, the seeded BMDCs were 
placed in a cell incubator for culturing. On the 2nd and 4th 
days of culturing, the original culture medium was replaced 
with fresh culture medium that had been supplemented with 
IL-4 (10 ng/ml) and GM-CSF (20 ng/ml). Finally, on the 
6th day, the immature BMDCs were collected to be used in 
further experiments.

Animals immune model

All animal experiments adhere to the ARRIVE guidelines and 
are carried out in line with the U.K. Animals (Scientific 
Procedures) Act of 1986, as well as the related guidelines and
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EU Directive 2010/63/EU regarding animal experiments. The 
C57BL/6 mice were procured from Changsheng Company 
(Shenyang, China). In this study, an HFD was employed to 
accelerate aging in mice and to induce the emergence of age- 
related pathological phenotypes.7,15 These mice were provided 
with an HFD starting from the age of 4 weeks. At 8 weeks of 
age, the mice were administered 100 µl of the vaccines via 
subcutaneous injections (200 μg/ml Gpnmb or GK-NaV). 
Immunological analysis was carried out when they reached 
9 weeks of age, and then efficacy analysis was performed at 
48 weeks of age.

Phagocytosis of antigens, intracellular distribution, and 
surface presentation in dendritic cells

BMDCs were placed in an incubation environment with either 
Gpnmb-FITC-loaded Gpnmb or GK-NaV (keeping the 
Gpnmb concentration at 5 μg/ml) for 4 hours. Subsequently, 
the cells were rinsed using PBS. Next, they were stained with 
4′,6-diamidino-2-phenylindole (DAPI) (Beyotime, China) for 
5 minutes. Finally, the phagocytosis of Gpnmb was observed 
through a confocal laser scanning microscope.

For the intracellular distribution analysis, BMDCs were 
incubated with Gpnmb-FITC-loaded Gpnmb or GK-NaV for 
24 hours. Following incubation, the cells were washed with 
PBS and stained with Lysotracker Deep Red and Hoechst 
33,342 for nuclear visualization (Beyotime, China) for 
25 minutes. Fresh medium was then added, and the intracel
lular localization of Gpnmb was examined using a confocal 
laser scanning microscope.

In the surface presentation studies, after being treated for 
36 hours, the BMDCs were incubated with FITC-conjugated 
H-2Kb/Gpnmb (RRGDGRWKD) tetramer (GENEWIZ, The 
U.S.A) for 60 minutes. Subsequently, the cells were washed 
with PBS. Then, they were stained with DAPI (Beyotime, 
China) for 5 minutes. Finally, the surface presentation of 
Gpnmb was observed under a confocal laser scanning 
microscope.

Acquisition of spleen lymphocytes and sorting of CD8+ 

T cells

Once the mice were euthanized, their spleens were taken out 
and then dispersed to form single-cell suspensions in mouse 
lymphocyte isolate (DAKEWEI, China). Subsequently, the 
cells were passed through a strainer (Thermo Fisher 
Scientific, The U.S.A) twice in order to get rid of any remain
ing tissue fragments. After that, the cells were centrifuged at 
3000 rpm for 10 minutes and then resuspended in ACK lysis 
buffer (Biosharp, China) for the purpose of removing erythro
cytes. After being incubated for 5 minutes, the cells were 
washed with PBS three times. Eventually, the lymphocytes 
were centrifuged again and then resuspended in RPMI 1640 
complete medium.

The spleen lymphocytes were resuspended in a sorting 
buffer. Then, 100 μl of the cell suspension (containing 1 ×  
107 cells) was added to the flow cytometry tubes. After 
that, 2 μl of Biotin Antibody Mix (Beaver, China) was 
added to the tubes. The resulting mixture was incubated 

at 4°C for 10 minutes. Next, 20 μl of BeaverBeads (Beaver, 
China) along with Streptavidin (Beaver, China) were put 
into the flow cytometry tubes. The contents were thor
oughly mixed and then incubated at 4°C for another 
10 minutes. Subsequently, 2.5 ml of the sorting buffer was 
added into the flow cytometer tubes. The sorting flow tube 
containing the cells was then placed on a magnetic rack for 
5 minutes. After that, the cell suspension was carefully 
transferred into a sterile centrifuge tube which housed 
the purified mouse CD8+T cells. Finally, after centrifuga
tion, the CD8+T cells were obtained.

Isolation of adipocytes and cardiomyocytes

After euthanizing the mice, the visceral adipose and cardiac 
tissue were collected and minced as finely as they could be. 
Subsequently, the tissue was put into a composite enzyme 
digestion solution (with the concentrations of different 
enzymes being as follows: Collagenase I at 1 mg/ml, 
Collagenase II at 0.5 mg/ml, Collagenase IV at 0.5 mg/ml, 
and Trypsin at 0.25 mg/ml) in a ratio of 1:10 and then 
incubated at 37°C for 40 minutes. After the digestion process 
was completed, the reaction was stopped by adding DMEM 
supplemented with 10% FBS. Then, the mixture was centri
fuged at 400 g for 5 minutes. Finally, the pellet obtained was 
resuspended in PBS for the subsequent flow cytometry 
analysis.

Flow cytometry

The single-cell suspensions from various treatment groups 
were washed with PBS three times. Subsequently, the cells 
were stained with fluorescence-labeled antibodies at 4°C for 
30 minutes. After that, the cells were centrifuged and then 
washed with PBS twice before being analyzed by flow cytome
try. The flow cytometry panel consisted of the following anti
bodies (BioLegend, The U.S.A): APC-CD11c, FITC-CD80, PE- 
CD86, FITC-CD8, PE-CD69, APC-CD25, PE-IFNγ, APC- 
GzmB, PE-PDL1, PE-CD44, APC-CD62L, and PE-CD31. 
The antibody of eFluor™ 660-Gpnmb (Thermo Fisher 
Scientific, The U.S.A) was excited by APC. The data were 
collected on a BD FACS CantoII flow cytometer.

Histological analyses

Tissue samples were gathered and then fixed overnight in 10% 
formalin. After that, they were processed and embedded in 
paraffin. The paraffin sections underwent hematoxylin and 
eosin (HE) staining following standard procedures. For HE 
staining of adipose tissue, the cross-sectional areas of adipo
cytes were measured with the help of an Image analyzer 
(Keyence). Additionally, for WGA staining, following heat- 
induced antigen repair using the EDTA antigen repair buffer, 
the slides of cardiac tissue were incubated with FITC- 
conjugated WGA (Sigma-Aldrich, located in St. Louis, MO, 
USA) for 1 hour at 37°C. After that, the slides were stained 
with DAPI for 10 minutes. Images of the stained sections were 
taken by observing them under an inverted light microscope or 
a fluorescence microscope (IX73, Olympus, Japan). Six
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different fields in each section were randomly selected for 
analysis with the help of ImageJ software (The US National 
Institutes of Health, located in Bethesda, MD, USA).

Senescence-associated (sa)-β-galactosidase (gal) assay

The visceral adipose tissue (The white adipose tissue con
nected to the epididymis) was collected from mice that had 
been induced by an HFD. It was then sliced into pieces that 
were around 1 mm thick and fixed at room temperature for 
30 minutes. Subsequently, the tissue slices were incubated 
overnight at 37°C with the freshly prepared SA-β-gal staining 
solution (Beyotime, Shanghai), following the manufacturer’s 
instructions. Eventually, the stained adipose tissue was photo
graphed and analyzed using ImageJ software.

Immunoblot analysis

The adipose or cardiac tissues of mice were homogenized in lysis 
buffer to obtain tissue lysates. Subsequently, the lysates (40–50
μg) were resolved by SDS – polyacrylamide gel electrophoresis. 
After that, the proteins were transferred onto PVDF membranes 
(Millipore, The U.S.A). These membranes were then incubated 
with the primary antibody, and afterward, they were incubated 
with horseradish peroxidase-conjugated antirabbit or antimouse 
immunoglobulin-G (Jackson, The U.S.A). Enhanced chemilu
minescence (Amersham, Sweden) was used to detect specific 
proteins. The primary antibodies (Proteintech, The U.S.A) for 
immunoblotting included Gpnmb, P53, P21, P16 and GAPDH. 
All of these primary antibodies were diluted at a ratio of 1:1000, 
with the exception of the GAPDH antibody, which was diluted 
at 1:2000. The secondary antibody was peroxidase-conjugated 
AffiniPure goat anti-mouse IgG (light chain specific) 
(Proteintech, The U.S.A). All secondary antibodies were added 
at a dilution of 1:2000. The immunoblot images were acquired 
using the Tanon 4600 (China).

Assessment of systemic metabolic parameters

Before the experiments began, the mice were housed indivi
dually for one week. On the day when the glucose tolerance 
test (GTT) was conducted, the mice were fasted for six hours. 
Then, in the early afternoon, they received an intraperitoneal 
injection of glucose at a dosage of 1 g/kg of their body weight. 
Regarding the insulin tolerance test (ITT), human insulin was 
administered intraperitoneally to the mice at a dose of 1 U/kg 
of their body weight. Blood samples were then collected from 
the tail vein at 0, 15, 30, 60, and 120 minutes after the admin
istration of each agent. Subsequently, the blood glucose levels 
were measured by using a glucose analyzer (Sanwa Kagaku 
Kenkyusho).

Echocardiography

Cardiac function was evaluated by means of transthoracic 
echocardiography. Briefly, after the chest hair of the mice 
was shaved, they were anesthetized with pentobarbital. Then, 
the mice were placed flat on their backs on a plate. 
Subsequently, parameters such as left ventricular ejection 

fraction (EF), left ventricular fractional shortening (FS), left 
ventricular posterior wall thickness in diastole (LVPWd), left 
ventricular internal diameter in diastole (LVIDd), and the 
mitral valve (MV) E/A ratio were measured through 
echocardiography.

Statistical analysis

The data are represented as mean ± standard deviation (SD), and 
each experiment was performed at least three times, with more 
than three replicates for each trial. Representative data from four 
independent experiments with similar results. Survival curves 
were drawn by the Kaplan – Meier method and compared with 
the log-rank test. GraphPad Prism 8.0 and FlowJo v10 software 
were used for constructing graphs and analyzing flow cytometry 
data, respectively. Groups were compared by one-way analysis of 
variance using GraphPad Prism software package: ****p < .0001, 
***p < .001, **p < .01, and *p < .05.

Results

Synthesis and characterization of GK-NaV

GK-NaV is created by fusing seno-antigen peptides Gpnmb 
with the cationic protein K36. Gpnmb seno-antigens are endo
genous type 1 transmembrane glycoproteins that are specifi
cally expressed in senescent cells.7,27 The Gpnmb peptides, 
derived from seno-antigens, were cloned and engineered 
alongside K36, which features a highly repetitive unit charac
terized by (VPGKG)36. This process resulted in the formation 
of the cationic fusion protein Gpnmb-K36 (GK36) (Figure 1a). 
Through hydrogen bonding interactions formed between 
amino acid residues, this fusion protein self-assembles to 
form structurally stable, spherical-like nanovaccine GK-NaV 
(Figure 1b), and the mean sizes of GK-NaV detected by 
dynamic light scattering (DLS) were about 15 nm in an aqu
eous solution (Figure 1c), as well as the zeta potentials of GK- 
NaV were about +9.6 mV (Figure 1d). Remarkably, the energy 
dispersive spectrometer reveals that the primary elements con
stituting GK36 include carbon (C), oxygen (O), nitrogen (N), 
phosphorus (P), and sulfur (S), which aligns with the composi
tional constituents of proteins (Figure 1e). Furthermore, to 
investigate the stability of GK-NaV under neutral conditions, 
GK-NaV was incubated in PBS at pH 7.5 at 37°C. At various 
time points, the degradation of GK-NaV was observed by SDS- 
PAGE and the concentration of Gpnmb was detected by 
ELISA. The results indicated that GK-NaV remained intact 
for over 8 days (Figure S1a), with the concentration of Gpnmb 
gradually increased after 8 days (Figure 1f). To evaluate the 
biocompatibility of GK-NaV, BMDCs were cultured with PBS, 
Gpnmb, and GK-NaV at concentrations of 25, 50, 100, 200 μg/ 
ml. Cytotoxicity assays showed that the treatments did not 
significantly affect cell viability (Figure S1b).

GK-NaV effectively promoted robust cross-presentation to 
CD8+ T cells

To verify the activation effect of GK-NaV on antigen- 
presenting cells, we co-cultured BMDCs with PBS, Gpnmb,
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and GK-NaV in vitro. After a 4-hour co-culture, BMDCs in 
the GK-NaV group showed significantly enhanced uptake of 
Gpnmb antigen (Gpnmb-FITC) compared to the other 
groups, while a moderate level of phagocytosis of Gpnmb- 
FITC was noted in the Gpnmb group as well (Figure S2a). 
Following 24 hours of co-culture, we performed a cellular dis
tribution experiment. As shown in Figure 2, GK-NaV resulted 
in a notable increase in cytosolic peptide fluorescence, which is 
quantified in Figure S2b according to the method described in 
reference.28 In contrast, in the groups pre-treated with 
Gpnmb, the majority of the Gpnmb-FITC was found within 
lysosomes, with only a faint fluorescence signal detected in the 
cytoplasm. This suggests that GK-NaV has strong transmem
brane capabilities and exhibits remarkable lysosomal escape 
activity. We subsequently found that after 36 hours, GK-NaV 
resulted in a significantly greater surface presentation of 
Gpnmb compared to free Gpnmb. This was demonstrated by 
the staining of Gpnmb−H-2Kb complexes on the surface of 
BMDCs using a specific antibody (Figure 2b). This finding 
highlights the unique advantage of GK-NaV in facilitating 
antigen cross-presentation. Notably, the maturation of DCs is 
essential for effective antigen presentation and the initiation of 
subsequent immune responses.29,30 We then evaluated the 
maturation of BMDCs using flow cytometry after 48 hours of 

treatment with different formulations. Remarkably, BMDCs 
that were pulsed with GK-NaV showed the most significant 
upregulation of co-stimulatory molecules (CD80 and CD86) 
when compared to those treated with free Gpnmb or PBS 
(Figure 2c,d, S2c, S2d). In line with the maturation data of 
BMDCs, those treated with GK-NaV demonstrated the great
est production of IL-12 (Figure 2e). Additionally, BMDCs were 
incubated with PBS, Gpnmb, and GK-NaV for 48 hours. The 
treated BMDCs were subsequently co-incubated with sorted 
Carboxyfluorescein succinimidyl ester (CFSE)-labeled mouse 
CD8+ T cells for an additional 36 hours. Flow cytometry results 
indicated that BMDCs treated with GK-NaV were more effec
tive in stimulating the proliferation of CD8+ T cells compared 
to those treated with free Gpnmb or PBS (Figure 2f,g). These 
findings demonstrate that GK-NaV enhances the intracellular 
delivery of antigens, induces sustained antigen presentation, 
and leads to the maturation of DCs. Consequently, this process 
promotes the effective cross-priming of CD8+ T cells.

GK-NaV immunization induced specific cellular immunity

Motivated by the encouraging in vitro results, we aimed to 
evaluate the immunization efficacy of GK-NaV in vivo.

Figure 1. Synthesis and characterization of GK-NaV. (a) The synthesis routes of the GK-NaV. (b) Representative transmission electron microscope (TEM) image of the GK- 
NaV (n = 4). (c) The particle size and distribution of GK-NaV were measured by dynamic light scattering (DLS) (n = 4). (d) Zeta potential of Gpnmb, K36 and GK-NaV (n =  
4). (e) Energy dispersive spectroscopy was utilized to analyze the primary elemental composition of GK-NaV. (f) The concentration of Gpnmb was determined using 
ELISA (n = 4).
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Figure 2. GK-NaV induced strong cross-presentation to CD8+ T cells. (a) The cytosolic delivery of Gpnmb in BMDCs was observed using confocal laser scanning 
microscopy (CLSM) (n = 4). Blue, nucleus; red, lysosomes stained with Lyso-Tracker Deep red; green, Gpnmb-FITC. (b) Staining of the H-2Kb-Gpnmb complex to assess 
surface presentation of Gpnmb by BMDCs after incubation with Gpnmb and GK-NaV for 36 hours. Blue, nucleus; green, antibody against H-Kb-Gpnmb (n = 4). (c, d) 
Quantitative analysis of CD80 and CD86 expression on CD11c+ BMDCs (n = 4). (e) The secretion of IL12 by BMDCs following treatment with PBS, Gpnmb and GK-NaV 
was detected by ELISA (n = 4). (f) The proliferation of CD8+ T cells was assessed by flow cytometry (n = 4). (g) Quantitative data on proliferation of CD8+ T cells.
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C57BL/6 mice were placed on an HFD starting at 4 weeks of 
age. They received subcutaneous vaccinations at 8 weeks of 
age, and subsequent immunological analyses were conducted 
at 9 weeks (Figure 3a). Firstly, we employed intravital ima
ging to examine the retention kinetics of Gpnmb and GK- 
NaV at the injection site following subcutaneous administra
tion (Gpnmb labeled with Cy5). As shown in Figure 3b, GK- 
NaV group exhibited a notable antigen retention effect, dis
playing gradual clearance with distinct fluorescence still visi
ble at 7 days. In contrast, the fluorescence signals in the 
Gpnmb group diminished rapidly, nearly disappearing by 
1 day after injection (Figure 3b, Figure S3a). Furthermore, 
Consistent with the in vitro experiments, GK-NaV signifi
cantly enhanced the maturation of DCs (upregulation of 
CD80 and CD86) in the inguinal lymph nodes of mice 
compared to the control group (Figure 3c,d, S3B, S3C). As 
anticipated, we observed that GK-NaV vaccination signifi
cantly elevated the expression of CD25 (Figure 3e, S3d) and 

CD69 (Figure 3f, S3e) on CD8+ T cells in mouse lymph 
nodes, indicative of CD8+ T cell activation, when compared 
to the PBS and Gpnmb groups. Likewise, GK-NaV vaccina
tion increased the proportion of CD8+ IFN-γ+ (Figure 3g, 
S3f) and CD8+ GzmB+ (Figure 3h, S3g) T cells in the lymph 
nodes. In addition, the safety profiles of GK-NaV formula
tions in vivo were evaluated through histopathological ana
lysis to assess any abnormalities in the major organs. Our 
observations revealed no pathological lesions in any of the 
treated groups (Figure S3H). These findings suggested that 
GK-NaV vaccination markedly enhanced specific cellular 
immunity in a mouse model induced by an HFD.

GK-NaV vaccination alleviated metabolic disorders in 
adipose tissue in progeroid mice induced by an HFD

We then assessed the potential of GK-NaV vaccination to 
alleviate metabolic disorders in mice fed an HFD. C57BL/6

Figure 3. GK-NaV immunization induced specific cellular immunity. (a) Timeline of vaccination and immunological analysis in C57BL/6 mice. (b) Representative 
fluorescence images of mice subcutaneously injected with Gpnmb and GK-NaV (n = 4). (c, d) Quantitative flow cytometric analysis of CD80+ and CD86+ BMDCs gating 
on CD11c+ cells in lymph nodes (LNs) of different groups (n = 4). Quantitative flow cytometric analysis of CD8+CD25+ (e) and CD8+CD69+ (f) T lymphocytes in LNs of 
mice (n = 4). Quantitative flow cytometric analysis of CD8+IFNγ+ (G) and CD8+GzmB+ (H) T lymphocytes in LNs of mice (n = 4).

HUMAN VACCINES & IMMUNOTHERAPEUTICS 7



mice were fed an HFD starting at 4 weeks of age. They 
received subcutaneous vaccinations at 8 weeks of age, and 
the effects were analyzed at 48 weeks (Figure 4a, S4a). We 
found that the administration of GK-NaV significantly 
decreased senescence-associated β-galactosidase (SA-β-gal) 
activity in visceral adipose tissue compared to the PBS and 
Gpnmb groups (Figure 4b). Additionally, it downregulated 
the expression of senescence markers P16, P21, and P53, as 
confirmed by the immunoblot analysis (Figure 4c, S4b). 
Likewise, immunization with GK-NaV significantly reduced 
Gpnmb expression in visceral adipose tissue, as confirmed 
by immunoblot (Figure 4c, S4b). Flow cytometry similarly 
confirmed a notable reduction in Gpnmb expression in 
adipocytes rather than in epithelial cells within adipose 
tissue (downregulation of CD31−Gpnmb+) (Figure 4d, 
S4c). This finding underscores the effectiveness of the vac
cine in specifically targeting and eliminating Gpnmb- 
positive senescent cells. Furthermore, histological analysis 
of visceral adipose tissue demonstrated a marked decrease 
in the average cross-sectional area of adipocytes in the GK- 
NaV group compared to the PBS and Gpnmb groups 
(Figure 4e,f).31,32 Importantly, in the glucose tolerance 
test (GTT) and insulin tolerance test (ITT) assays, we 
observed that the administration of GK-NaV prominently 
enhanced metabolic profiles, including improvements in 
glucose tolerance (Figure 4g) and insulin resistance 
(Figure 4h), both of which are major metabolic disorders 
associated with adipocyte senescence.7,32 In addition, to 
investigate the effects of the GK-NaV vaccination on life
span, we assessed the survival rate of the mice. Our find
ings revealed that administration of the GK-NaV noticeably 
extended the median lifespan of the mice (the median 
survival times for the PBS, Gpnmb, and GK-NaV groups 
were 86.5 ± 1.85 weeks, 89 ± 1.6 weeks, and 101 ± 1.45  
weeks, respectively) (Figure 4i). Further, the immune mem
ory activity was analyzed in the 48th week of the HFD 
feeding. We quantified the proportions of CD44+CD62L+ 

central memory T cells (Tcm) and CD44+CD62L− effector 
memory T cells (Tem) within the CD8+ T cell population 
in the mouse lymph nodes using flow cytometry. Our 
results indicated that, compared to the PBS and Gpnmb 
groups, the GK-NaV treatment elicited the highest propor
tions of both Tcm and Tem (Figure 4j, S4d). These results 
confirm that GK-NaV immunization effectively targets the 
elimination of Gpnmb-positive senescent adipocytes, lead
ing to a significant improvement in the metabolic disorders 
induced by the HFD. In addition, to further validate the 
long-lasting anti-aging immune effects triggered by the 
GK-NaV, we assessed lymph node immune memory activ
ity and the expression level of SA-β-gal in the visceral 
adipose tissue of mice at the 50th and 52nd weeks of 
HFD feeding. We found that, compared to the PBS and 
Gpnmb groups, the GK-NaV immunized group still 
induced the highest levels of Tcm and Tem in the lymph 
nodes of mice (Figure S4e). Likewise, SA-β-gal activity in 
visceral adipose tissue was significantly lower in the GK- 

NaV group compared to the PBS and Gpnmb groups 
(Figure S4f).

GK-NaV vaccination improved cardiac dysfunction in 
progeroid mice induced by an HFD

Next, to further validate the targeted clearance effect of the 
GK-NaV on senescent cells, we explored the impact of the 
GK-NaV on aging-related cardiac dysfunction in the HFD- 
induced progeroid mice model. Similar to the findings in 
adipose tissue, immunoblot analysis revealed that the expres
sion of senescence markers P16, P21, and P53 in the cardiac 
tissue of the GK-NaV group was remarkably lower than that in 
the PBS and Gpnmb group (Figure 5a, Figure S5a). Similarly, 
immunization with GK-NaV resulted in a notable reduction in 
Gpnmb expression in cardiac tissue, as verified by immunoblot 
analysis (Figure 5a, Figure S5a). Flow cytometry also demon
strated a marked decrease in Gpnmb expression specifically in 
cardiomyocytes, rather than in the epithelial cells of the cardiac 
tissue (evidenced by the downregulation of CD31−Gpnmb+) 
(Figure 5b, Figure S5b). Importantly, in echocardiographic 
assessments of the mice, we observed that the GK-NaV sub
stantially improved cardiac dysfunction compared to the PBS 
and Gpnmb groups, evidenced by an increase in left ventricu
lar ejection fraction (EF) and left ventricular fractional short
ening (FS), a reduction in left ventricular posterior wall 
diastolic thickness (LVPWd) and the diastolic left ventricular 
internal diameter (LVIDd), and alleviation of left ventricular 
diastolic dysfunction (MV E/A) (Figure 5c). Furthermore, 
histological analysis of cardiac tissue revealed a significant 
reduction in the average cross-sectional area of cardiomyo
cytes in the GK-NaV group compared to the PBS and Gpnmb 
group mice (Figure 5d). Additionally, to assess the biotoxicity 
of GK-NaV, the body weight of the mice was closely moni
tored. Our observations revealed no significant differences in 
body weight changes among the different groups (Figure S5c). 
These findings indicate that the GK-NaV can selectively target 
and eliminate Gpnmb+ senescent cells in cardiac tissue, result
ing in a marked improvement of cardiac function in progeroid 
mice induced by an HFD.

Discussion

The accumulation of senescent cells within tissues can lead 
to aging-related functional disruptions in the organism.32– 

34 Growing evidence has shown that the targeting and 
removal of senescent cells using anti-aging vaccines can 
mitigate metabolic abnormalities associated with 
aging.7,15,27 For instance, a vaccine designed to target 
CD153-expressing senescent T cells significantly enhanced 
glucose metabolism in obese mice.15 Intriguingly, recent efforts 
aimed at selectively targeting senescent cells linked to various 
pathologies have led to the development of a peptide vaccine 
that specifically targets endothelial cells exhibiting elevated 
levels of Gpnmb, which has recently been identified as 
a biomarker of senescence.7,31,35–37 However, peptide-based
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Figure 4. GK-NaV vaccination alleviated metabolic disorders in adipose tissue in progeroid mice induced by an HFD. (a) Timeline of vaccination and effect analysis in 
C57BL/6 mice. (b) SA-β-gal assay of visceral adipose tissue obtained from PBS, Gpnmb and GK-NaV groups of mice and the quantification of sa-β-gal activity (n = 4). 
(c) Immunoblot analysis was conducted to assess the activation levels of Gpnmb, P16, P21, and P53 in adipose tissue, utilizing specific antibodies for each target protein 
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vaccines often suffer from poor stability, weak immunogeni
city, and typically induce only short-term immune 
responses.38–40 Importantly, aging is a chronic process char
acterized by the continuous production and accumulation of 
senescent cells, which can lead to metabolic dysfunction 
within tissues.3,41,42 Therefore, an anti-aging vaccine need not 

only generate a specific immune response targeting the senes
cence-specific antigens but also effectively induce long-lasting 
immune memory and efficiently activate the immune cells of 
the aging organism.

Based on the unique characteristics of aging, we have created 
a novel anti-aging nanovaccine (GK-NaV) by fusing cationic

(n = 3), GAPDH was used as an internal reference. (d) Adipose tissue was digested into single cells, CD31−Gpnmb+ adipocytes were analyzed by flow cytometry (n = 4). 
(e) Representative pictures of hematoxylin and eosin (HE) staining of visceral adipose tissue (n = 10). (f) Quantification of adipocyte cross-sectional area (>150 
adipocytes per animal) (n = 10). Glucose tolerance test (GTT) (G) and insulin tolerance test (ITT) (H) in PBS, Gpnmb and GK-NaV groups of mice (at 48 weeks old) (n = 10), 
the changes from basal glucose levels are shown in the ITT graph. (i) The survival time of mice in PBS, Gpnmb and GK-NaV groups (n = 12). (j) Quantitative flow 
cytometric analysis of CD44+CD62L+ central memory T cells (Tcm) and CD44+CD62L− effector memory T cells (Tem) in lymph nodes of mice (n = 4).

Figure 5. GK-NaV vaccination improved cardiac dysfunction in progeroid mice induced by an HFD. (a) Immunoblot analysis was conducted to assess the activation 
levels of Gpnmb, P16, P21, and P53 in cardiac tissue, utilizing specific antibodies for each target protein, GAPDH was used as an internal reference. (b) Cardiac tissue was 
digested into single cells, CD31−Gpnmb+ cardiomyocytes were analyzed by flow cytometry (n = 4). (c) Representative echocardiography and cardiac parameters 
measured via echocardiography (n = 4). (d) WGA staining of the cardiac tissue for assessing cardiomyocyte size in cross-sections of the heart and the statistical data 
(n = 10).
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protein (K36) with the seno-antigen peptide Gpnmb 
(Figure 1a). The high stability of GK-NaV endows them with 
a significant antigen reservoir effect (Figures 1f, 3b), which is 
a crucial prerequisite for the activation of immune 
responses.17,39 Further, the surface charge of nanovaccines 
plays a critical role in facilitating the delivery of antigens to 
dendritic cells (DCs) and in stimulating immune responses. In 
contrast to anionic nanovaccines, cationic nanovaccines have 
been shown to possess superior immunostimulatory properties, 
including enhanced internalization by DCs, increased T cell 
proliferation, and improved transport efficiency of 
antigens.43,44 In this work, cationic GK-NaV was found to be 
extensively internalized by DCs (Figure S2A), facilitating their 
escape from lysosomes (Figure 2a) and promoting cross- 
presentation of antigens (Figure 2b). Leveraging these advanta
geous properties of GK-NaV notably enhances the maturation 
of DCs (Figures 2c,d, 3c,d), thereby increasing the specific 
cytotoxic activity of CD8+ T cells (Figure 2f,g, 3e–h). 
Undoubtedly, the induction of immune memory is one of the 
most important characteristics of vaccination, as it is crucial for 
ensuring the long-term maintenance of immune surveillance in 
the body.45,46 As expected, GK-NaV greatly increased the pro
portion of central and effector memory CD8+ T cells 40 weeks 
following subcutaneous immunization (Figure 4j, S4e). Thus, 
the GK-NaV-activated specific anti-aging immune response 
selectively targets and eliminates senescent cells within adipose 
and cardiac tissue (Figure 4b–d, 5a,b). Given that targeting the 
elimination of senescent cells in vivo has been reported to 
alleviate various aging and aging-related disorders,7,41,47,48 we 
tested whether GK-NaV-mediated elimination of senescence 
also improves the aging phenotypes. Our research findings 
demonstrated that GK-NaV immunization remarkably ame
liorated the metabolic abnormalities in adipose tissue 
(Figure 4e–h) and cardiac dysfunction (Figure 5c,d), and 
also extended the lifespan of the mice (Figure 4i).

This study has some limitations. We acknowledge that 
aging is the result of multiple factors, such as obesity, oxi
dative stress, genetic mutations, and the regulation of the 
senescence-associated secretory phenotype (SASP). The 
mechanisms underlying aging may vary depending on the 
different factors involved. However, in this study, we only 
used a high-fat diet to establish a model for inducing aging 

in mice, which presents certain limitations. Further, 
although the experiment demonstrated the vaccine’s efficacy, 
the lack of a multi-dose gradient for GK-NaV is a limitation. 
Future studies should explore multiple vaccine dosage gra
dients to evaluate the range from suboptimal protection at 
lower doses to potential adverse reactions or immune over
activation at higher doses. In addition, current anti-aging 
drugs, such as dasatinib and quercetin, have been shown to 
clear senescent cells. Although previous study have demon
strated that the anti-aging effects of peptide vaccines are 
stronger than those of the anti-aging drugs dasatinib and 
quercetin,7 it is still necessary to compare the anti-aging 
effects of the nanovaccine with these drugs in order to 
fully validate the efficacy of the nanovaccine. This will also 
serve as a key focus in our future research.

Conclusions

In summary, anti-aging vaccines must be meticulously designed 
to elicit a potent and sustained anti-aging immune response. 
Here, we demonstrate that nanovaccines possess substantial 
advantages in activating specific anti-aging immune cytotoxi
city. Consequently, our study opens a new avenue for targeting 
the elimination of senescent cells and treating age-related 
pathologies through an anti-aging nanovaccine composed of 
cationic protein (K36) and seno-antigen peptides (Gpnmb) 
(Figure 6). These findings indicate that utilizing nanovaccines 
to target cell- or tissue-specific seno-antigens like Gpnmb could 
provide a promising strategy for next-generation senolytic ther
apy with higher selectivity and fewer off-target effects.
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