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Abstract 

Background: Neoantigens are considered ideal targets for immunotherapy, especially tumor vaccine, because of 
their strong specificity and immunogenicity. Here, we developed a neoantigen nanovaccine used liposomes with 
lymph-node targeting characteristic.

Methods: Our nanovaccine was composed of neoantigens, an amphiphilic liposome and an adjuvant Montanide™ 
ISA 51. Small animal imaging system and immunofluorescence staining were used to identify the distribution of 
nanovaccines. A subcutaneous-tumor-resection mouse model of melanoma was established to evaluate the anti-
tumor efficacy. Flow cytometry was performed to assay the immune responses initiated by nanovaccines.

Results: Nanovaccines could traffic to lymph nodes, be uptaken by  CD11c+ DCs and promote DCs maturity. After 
the treatment of our neoantigen nanovaccines, the average recurrence time was extended from 11 to 16 days 
and the median survival time was even prolonged 7.5 days relative to the control group (NS group). Nanovaccines 
increased neoantigen-specific T cells to 10-fold of free vaccines, and upregulated Th1 cytokines, such as IFN-γ and 
TNF-α. The anti-tumor activity of spleen lymphocytes in the nanovaccine group was significantly stronger than that of 
other groups. However, some immune-inhibitory cells or molecules in tumor microenvironment have been detected 
upregulated under the immune pressure of neoantigen nanovaccines, such as Tregs and PD-L1. The efficacy of the 
neoantigen nanovaccine combined with anti-PD1 antibody or Treg inhibiting peptide P60 was better than that of the 
single treatment.

Conclusions: We developed a general vaccine strategy, triggering specific T cell responses, and provided feasible 
combination strategies for better anti-tumor efficacy.
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Introduction
Melanoma is the most lethal skin cancer and the efficacy 
of immune checkpoint inhibitors (ICIs) on it is not satis-
factory. Patients with metastatic melanoma had an objec-
tive response rate (ORR) of only 10.9% with ipilimumab 
[1] and a 5-year survival rate of 41% with pembrolizumab 
[2]. To improve the efficacy of immunotherapy or over-
coming drug resistance, the strategies include changing 
‘cold’ tumors (low mutation load and less tumor infiltrat-
ing lymphocytes) into ‘hot’ tumors, eliminating immu-
nosuppressive factors and so on. At present, the cancer 
vaccine is an active area, can induce and amplify tumor-
specific T cell responses and form long-term immune 
memory, providing bright prospect of clinical application 
[3]. However, only one therapeutic vaccine ‘Provenge’ 
has been approved by USA food and drug administration 
(FDA) for the treatment of prostate cancer, and many 
cancer vaccine clinical trials have modest efficacy [4].

As we previously reviewed, selection of antigens is 
the key factor of the clinical efficacy of cancer vaccines 
[5]. Neoantigens, produced by mutant proteins or onco-
genic viruses integrated into the genome, without thymus 
negative screening and only expressed in tumor tissues, 
are currently recognized as the ideal targets for cancer 
vaccines [6]. With the development of next-generation 
sequencing and bioinformatics, it is possible to identify 
neoantigens for individuals. Personalized neoantigen 
vaccines have begun to achieve good efficacy in small-
scale early clinical trials [7–9].

Most antigens utilized by vaccines are proteins, pep-
tides or nucleic acids, which have poor stability in vivo. 

In order to play an anti-tumor role, vaccines need to be 
effectively delivered to secondary lymphoid organs, in 
which immune responses mainly occur. The nanomate-
rial carrying both tumor antigens and adjuvants, is one 
of the most common and successful methods to acti-
vate antitumor immune responses, due to the ability to 
target tumors, lymph nodes, or antigen presenting cells 
(APCs). In addition, the protective effect of nanomateri-
als on loaded drugs makes the types of antigens available 
for tumor vaccines more abundant [10]. In general, the 
immune system uses major histocompatibility complex 
(MHC) class II pathway to eliminate extracellular soluble 
non-selfantigens [11]. Different from extracellular solu-
ble antigens, the antigens on extracellular nanoparticles 
often undergo a cross-presentation process after being 
ingested by APCs, and are loaded on MHC I and pre-
sented to  CD8+ T cells, the main force to kill tumor cells 
[12, 13].

Therapeutic cancer vaccines still face unique tumor 
microenvironment challenges. Solid tumors often 
obtain immune escape, grow and metastasize rapidly 
by inducing hypoxia and low pH in the microenviron-
ment, expressing immunosuppressive molecules, such as 
programmed cell death protein 1 ligand 1 (PD-L1) and 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), 
and recruiting immunosuppressive cells, such as regula-
tory T cells (Tregs) and myeloid-derived suppressor cells 
(MDSCs). ICIs are monoclonal antibodies against check-
point proteins expressed by immune cells or tumor cells, 
which can reactivate T cell responses by blocking immu-
nosuppressive signal pathways [14–16]. More and more 
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evidence supports the view that if tumor patients lack 
pre-existing tumor infiltrating lymphocytes (TILs), they 
are unlikely to benefit from ICIs treatment [17, 18]. Based 
on the abilities of cancer vaccines to induce and amplify 
TILs, therapeutic vaccines and ICIs may have synergistic 
antitumor effect. Treatments against immunosuppressive 
cells can also be considered as potential targets for vac-
cination. For example, P60, a short peptide, can inhibit 
Tregs function by binding to Forkhead box protein P3 
(Foxp3) [19].

In the absence of inflammation and/ or microbial stim-
ulation, the antigen presented by dendritic cells (DCs) in 
a stable state will induce immune tolerance rather than 
activate immunity, indicating that the antigen admin-
istered alone is a weak inducer of adaptive immunity. 
So effective vaccination requires additional immune 
adjuvants [11]. Montanide™ ISA 51 is an oil-in-water 
emulsion immune adjuvant. It can keep in the injec-
tion site and attract APCs to capture and process vac-
cine antigens [20–22]. In a clinical trial, patients with 
high-risk vulvar intraepithelial neoplasia (precancerous 
lesions) were inoculated with the long peptides of HPV 
E6 and E7 mixed with Montanide™ ISA 51. This vaccine 
induced  CD4+ and  CD8+ T cell responses targeting these 
two antigens, and 47% of patients had complete clinical 
responses [20].

In this study, we developed a novel amphiphilic neoan-
tigen nanovaccine, composed of neoantigens and a poly-
ethylene glycol phospholipid derivative approved by USA 
FDA, mixed with an adjuvant Montanide™ ISA 51. Here, 
we verified its lymph node-targeted characteristic, evalu-
ated anti-tumor effect and safety of the neoantigen nano-
vaccine in the mouse model of preventing recurrence and 
metastasis after subcutaneous tumor resection of mela-
noma and examined neoantigen-specific T cell immune 
responses elicited by the nanovaccine. Furthermore, we 
explored some strategies to improve the efficacy of our 
neoantigen nanovaccine, including immune checkpoint 
blockade as well as Treg inhibiting peptide P60.

Materials and methods
Mice and cell lines
C57BL/6 mice aged 6–8  weeks were purchased from 
Changzhou Cavens laboratory animal Co. Ltd. (Chang-
zhou, China). All mice were kept in the specific 

pathogen-free (SPF) Laboratory Animal Center of Affili-
ated Nanjing Drum Tower Hospital of Nanjing University 
Medical School (Nanjing, China). All animal experimen-
tal protocols were approved by the Laboratory Animal 
Care and Use Committee of the Affiliated Nanjing Drum 
Tower Hospital of Nanjing University Medical School.

B16F10 melanoma cells were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China) and cultured in RPMI 1640 medium containing 
10% fetal bovine serum (FBS) at 37  °C under an atmos-
phere of 5%  CO2.

Preparation and characterization of nanovaccines
DSPE-PEG2000-NHS (Xi’an ruixi Biological Technology, 
China) and antigen peptide (Tyrp1: TAPDNLGYM, M20: 
FLHWYTGEAMDEMEFTEAE, M27: LCPGNKYEM, 
synthesized by ChinaPeptides, China) were mixed in 
phosphate buffer saline (PBS) at pH 7.4 in a molar ratio of 
1:1 and vibrated at room temperature for 24 h. The prod-
uct DSPE-PEG2000-peptide was dialyzed overnight and 
the dialysate was changed every 2 h for at least 3 times 
to remove unreacted DSPE-PEG2000-NHS and peptide. 
The obtained product was freeze-dried and then veri-
fied by 1H NMR (Bruker, German) and MALDI-TOF-MS 
(Bruker, German).

DSPE-PEG2000-peptide freeze-dried powder was dis-
solved in PBS or  ddH2O to form nanoparticles. The parti-
cle size and zeta-potential of nanoparticles were detected 
by a particle-size potentiometer (Malvern, UK). The 
size and morphology of nanoparticles were observed by 
transmission electron microscope (TEM, JEOL, Japan) 
without negative staining.

The encapsulation efficiency and drug loading content 
of DSPE-PEG2000-peptide nanoparticles were determined 
by high performance liquid chromatography (HPLC). For 
each peptide, the detection template was set according to 
the HPLC report provided by the production company. 
(column temperature: 25  ℃, injection quantity: 10  μl, 
velocity of flow: 1 ml/min, mobile phase ratio: 1/1000 TFA 
Acetonitrile: 1/1000 TFA water = 20:80–61:39 12  min 
Tyrp1, 25:75–60:40 20  min M20; 15:85–43:57 17  min 
M27) The peak areas of free peptide at different concen-
trations (500  μg/ml, 250  μg/ml, 125  μg/ml, 62.5  μg/ml, 
31.25 μg/ml) were tested to draw the standard curve. The 
drug loading content and encapsulation efficiency can be 
obtained according to the following calculation formula.
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In vitro release of peptide from nanovaccines
Equivalent DSPE-PEG2000-peptide was dissolved respec-
tively in 1 ml PBS and 0.5 ml PBS + 0.5 ml adjuvant Mon-
tanide™ ISA 51 (Seppic, France). The two samples were 
placed in a 2000 Da dialysis bag and dialyzed with double 
distilled water (dialysate). Detect the peptide concentra-
tion in dialysate by HPLC at 6 h, 24 h, 48 h, 72 h, 96 h, 
120 h and 144 h.

In vivo distribution of nanovaccines
Peptides were labeled with dye NIR797 (Xi’an ruixi, 
China), and then DSPE-PEG2000-peptide-NIR797 nano-
particles were prepared according to the above method. 
Equivalent peptide-NIR797 and DSPE-PEG2000-peptide-
NIR797 were separately injected subcutaneously at the 
tail base of mice. Mice were anesthetized with isoflurane 
and imaged by an optical and X-ray small animal imaging 
system (IVIS Lumina, Perkin Elmer, German) at 2 h, 24 h 
and 48  h respectively. Then, mice were sacrificed and 
inguinal Lymph nodes, spleens and livers were excised 
and imaged. Image analysis: ROI was used to delineate 
specific areas to obtain the average fluorescence intensity.

Immunofluorescence staining
A model antigen ovalbumin (OVA) was used to evaluate 
the distribution of nanovaccines. DSPE-PEG2000-OVA-
FITC nanoparticles (OVA-FITC: CSSIINFEK- FITC) 
were prepared according to the above method. Inguinal 
lymph nodes were obtained 48  h after immunization, 
made into frozen sections, and incubated with anti-CD3 
rat monoclonal antibody (1:200) (Abcam, UK), anti-
CD11c rabbit monoclonal antibody (1:200) (Cell Signal-
ing Technology, USA) overnight at 4  °C. After washing 
with PBS 3 times, the sections were stained with goat 
anti-rabbit IgG H&L (Cy3, 1:200) (Abcam, UK), goat 
anti-rat IgG H&L (Cy5, 1:200) (Abcam, UK) and DAPI 
(Sangon Biotech, China). After sealed with 50% glycerol, 
fluorescence images were taken by confocal microscope 
(Leica, German).

Nanovaccines activate BMDCs in vitro
Bone marrow derived dendritic cells (BMDCs) of 
C57BL/6 mice were cultured with 20  ng/mL GM-CSF 
(Peprotech, USA) and 10 ng/mL IL-4 (Peprotech, USA). 

Drug loading content% =

Weight of the drug in nanoparticles

Weight of the nanoparticles
× 100%

Encapsulation efficiency% =
Weight of the drug in nanoparticles

Weight of the feeding drug
× 100%

Media was replaced on day 3; non-adherent and loosely 
adherent immature dendritic cells (iDCs, routinely 
60–80%  CD11c+) were collected on day 6. Then, iDCs 
were incubated with free peptide (Tyrp1, M20 or M27, 
10  μg/ml) and equivalent nanoparticles (Tyrp1-NP, 
M20-NP or M27-NP). Cells were collected 48 h later and 
stained with CD11c-FITC, CD80-APC and CD86-PE 
antibodies (Biolegend, USA). BD Accuri C6 (BD Biosci-
ence, USA) were used to detect activated DCs.

Animal experiments
B16F10 melanoma cells were subcutaneously injected to 
the left lower abdomen of C57BL/6 mice (2 ×  105 cells per 
mice, D0). About 3 days later, when the tumor size was 
almost 50  mm3, the tumor was surgically removed (sur-
gical margin: tumor-cell positive). Penicillin was injected 
intramuscularly for 3  days after surgery (2 ×  104 UI per 
mouse). After that, mice were randomly divided into four 
groups: normal saline (NS, 100  μl per mouse), vehicle 
(DSPE-PEG2000-NHS), free vaccine (Tyrp1 + M20 + M27, 
each peptide 20  μg dissolved in 50  μl NS and mixed 
with 50  μl adjuvant Montanide™ ISA 51), nanovaccine 
(equivalent nanoparticles prepared from the above three 
antigens, mixed with Montanide™ ISA 51). Vaccine treat-
ment was started on D6, once every other day, five times 
in total. The tumor sizes and body weights were meas-
ured once every two or three days. Mice were euthanized 
when the length diameters of tumors reached 1.5  cm. 
On D20, mice were taken MRI pictures. On D21, hearts, 
livers, lungs and kidneys were excised for hematoxylin–
eosin staining (HE staining), and spleens, lymph nodes 
and tumors were collected for flow cytometry.

Combination therapy of vaccine and systemic anti-
programmed cell death protein 1(PD1) antibody: anti-
PD1 antibody (100  μg per mouse) was intraperitoneally 
injected on D8, D10 and D12. Murine anti-PD1 antibody 
(G4C2) was provided by Shanghai Junshi Biosciences Co., 
Ltd (Suzhou, China).

Combination therapy of nanovaccine and P60 (RDFQS-
FRKMWPFFAM): DSPE-PEG2000-P60 nanoparticles 
(P60-NP) were prepared according to the above method. 
P60-NP treatment (P60: 20 μg per mouse) procedure was 
the same as neoantigen nanovaccinestreatment, started 
on D6, once every other day, five times in total.
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a mixture of H-2  Kb/M27-Ig dimers (BD Biosciences, 
5  μg/ml) and APC-anti-mouse IgG1 (BD Biosciences, 
5 μg/ml) for 1 h at 4 °C in the dark. After washing, CD3-
FITC and CD8-PE-Cy5 were added for an additional 
30 min at 4 °C and followed by flow cytometry.

BD™ Cytometric Bead Array (CBA) Mouse Interleu-
kin (IL)-6 Flex Set, Mouse Interleukin (IL)-6 Flex Set and 
Mouse Th1/ Th2 Cytokine Kit were used to detect and 
analyze the level of IL-6, IL-10, IL-2, IL-4, IL-5, IFN-γ, 
TNF-α.

Statistical analysis
For all experiments, biological replicates were performed 
unless otherwise stated. One-way ANOVA with Tukey’s 
multiple comparisons test or two-way ANOVA with 
Tukey’s HSD multiple comparison post hoc test was 
performed to compare several groups. Survival benefit 
was determined with the Log-rank (Mantel-Cox) test. 
All statistical analysis and statistical charts are com-
pleted by Graphpad Prism 8.0 software. The data were 
expressed as mean ± standard deviation (mean ± SD) or 
mean ± standard error (mean ± SEM). P < 0.05 showed 
statistical significance.

Fig. 1 Design of the neoantigen nanovaccine. a Chemical structural formula of DSPE-PEG2000-peptide. b Pattern diagram of a nanoparticle.Brown 
lines gathered together in the center represent DSPE, blue lines represent  PEG2000, and red circles represent various peptides. c Pattern diagram of 
the neoantigen nanovaccine treatment combined with anti-PD1 antibody

Flow cytometry
Single cell suspension preparation: lymph nodes and 
spleens were ground, filtered and suspended in NS 
(0.5–1 ×  106 cells/ml); tumors were cut into small 
pieces, incubated with collagenase type IV (1  mg/ml, 
Sigma, USA) at 37 ℃ for 3–4  h, filtered and suspended 
in NS (0.5–1 ×  106 cells/ml). Most tested antigens are 
expressed on cell membranes. In this situation, samples 
were stained with specific antibodies for 20 min in 4  °C 
in dark, and then washed before analysis. Specially, the 
True-Nuclear Transcription Factor Buffer Set (Bioleg-
end, USA) was used to test Foxp3, which is expressed in 
nucleus. The following monoclonal antibodies (mAbs) 
were used for flow cytometry and purchased from Bio-
legend: CD11c-FITC (5  μg/ml), CD80-APC (2  μg/ml), 
CD86-PE (2  μg/ml), CD3-FITC (5  μg/ml), CD4-PE-Cy7 
(2  μg/ml), CD8-PE-Cy5 (2  μg/ml), CD44-PE (2  μg/ml), 
CD62L-APC (2  μg/ml), PD-L1-PE (2  μg/ml), Foxp3-PE 
(2 μg/ml).

To detect the frequency of M27-specific  CD8+ T cells 
by pMHC multimer staining, cells were incubated with 
anti-mouse CD16/CD32 (BD Biosciences, 10  μg/ml) for 
30 min at 4 °C to block Fc receptors, then incubated with 
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Results
Synthesis and characterization of neoantigen 
nanovaccines
We synthesized an amphiphilic nanoparticle (DSPE-
PEG2000-peptide) by additive reaction of DSPE-PEG2000-
NHS and peptide (two neoantigens of B16F10 melanoma 

cells: M20 and M27, with a highly-expressed peptide 
Tyrp1). Figure 1a shows its chemical structural formula. 
When DSPE-PEG2000-peptide is dissolved in PBS, hydro-
phobic DSPE ends will gather together to form nanopar-
ticles (Fig. 1b). We developed a neoantigen nanovaccine 
based on this nanoparticle and adjuvant Montanide™ 

Fig. 2 Characterization and in vitro DC-activation of neoantigen nanovaccines. a 1H NMR of DSPE-PEG2000-NHS (vehicle), DSPE-PEG2000-peptide and 
peptide (peptide: M27). b MALDI-TOF–MS of DSPE-PEG2000-peptide (peptide: M27). c Size, PDI, encapsulation efficiency, drug loading content and 
zeta-potential of nanovaccines. d Size of nanovaccines. e The transmission electron microscopy (TEM) image of nanovaccines. f Curves of peptide 
(M27) release from nanovaccines in different solutions. g Proportion of mature DC  (CD11c+CD80+CD86+) after incubation with normal saline (NS), 
peptide (Tyrp1, M20 or M27) or nanovaccines (Tyrp1-NP, M20-NP or M27-NP) for 48 h. P-values were determined by one-way ANOVA with Tukey’s 
multiple comparisons test. **P = 0.0026 (M20 vs M20-NP), **P = 0.0029 (NS vs M27), *P = 0.0429 (M27 vs M27-NP), ***P < 0.001
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ISA 51, combined with anti-PD1 antibody, to trigger and 
amplify tumor specific T cell responses (Fig. 1c).

The synthetic DSPE-PEG2000-peptide was verified by 
1H NMR and MALDI-TOF–MS (Fig. 2a, b, Additional 
file  1: Fig. S1a). It is known that the molecular weight 
of DSPE-PEG2000-NHS is about 2000  Da and that of 
peptide (M27, 9-mer) is about 1000  Da. The molecu-
lar weight of DSPE-PEG2000-peptide shown in Fig. 2b is 
about 3000  Da, which is consistent with the expected 
value. The encapsulation efficiency and drug loading 
of nanovaccines were determined by HPLC, and the 
average values were 33.45 ± 7.46% and 11.85 ± 1.19% 
respectively (Fig.  2c, Additional file  1: Fig. S1b). The 
size of nanovaccines was about 24  nm (Fig.  2c–d, 

Additional file 1: Fig. S1b). The TEM image also shows 
that the morphology of nanovaccines was spherical 
with a diameter of 20–30  nm (Fig.  2e). Nanovaccines 
completely released the peptide (M27) in PBS for 48 h, 
while it took 72  h to fully release the peptide in PBS 
mixed with adjuvant Montanide™ ISA 51 (Fig. 2f ).

In vitro DCs‑activation of neoantigen nanovaccines
BMDCs of C57BL/6 mice were cultured and incubated 
with these three peptides or equivalent nanovaccines, 
after stimulation with GM-CSF and IL-4. The propor-
tion of mature DCs  (CD11c+CD80+CD86+) was signifi-
cantly upregulated compared with NS group (Fig.  2g). 

Fig. 3 Lymph node-targeting characteristic of neoantigen nanovaccines. a Equivalent peptide-NIR797 (Free vaccine group) and 
DSPE-PEG2000-peptide-NIR797 (Nanovaccine group) were separately mixed with Montanide™ ISA 51 and injected subcutaneously at the tail base 
of mice. The fluorescence distribution in mice at different time points was photographed by small animal in vivo imaging (n = 3). b Fluorescence 
image of inguinal lymph nodes 48 h after injection. c The average radiant efficiency of inguinal lymph nodes, spleens and kidneys 48 h after 
injection. P-values were determined by one-way ANOVA with Tukey’s multiple comparisons test. **P = 0.0062. d–e A FITC labeled model antigen 
ovalbumin (OVA) was used to evaluate the distribution of nanovaccines. d Localization of nanovaccines and  CD3+ T cells in inguinal lymph nodes 
48 h after subcutaneous injection of DSPE-PEG2000-OVA-FITC, was shown by immunofluorescence staining. Nanovaccine: green (FITC); T cells (CD3): 
gray (Cy5); Scale: 500 μm. e Localization of nanovaccines and DCs in lymph nodes 48 h after subcutaneous injection of DSPE-PEG2000-OVA-FITC. 
Nanovaccine: green (FITC); DCs (CD11c): red (Cy3); Scale: 25 μm
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Moreover, for the two neoantigens, M20 and M27, the 
proportion of mature DCs in the nanovaccine group 
was 1.5-fold higher than that in the free peptide group.

Lymph node‑targeting characteristic of neoantigen 
nanovaccines
Free vaccines (peptide-NIR797) and nanovaccines 
(DSPE-PEG2000-peptide- NIR797) were separately mixed 
with Montanide™ ISA 51 and injected subcutaneously 
at the tail base of mice. Fluorescence photos taken at 
2  h, 24  h and 48  h showed that although the fluores-
cence signal of the lymph node area was declining with 
the passage of time, the signal in nanovaccine group 
was stronger than that in Free vaccine group at each 
time point (Fig. 3a). After 48 h, mice were sacrificed and 
inguinal lymph nodes, spleens and livers were excised 
and imaged. Nanovaccines showed a 2.5-fold greatly 
enhanced lymph-node accumulation compared with that 
of free vaccines (Fig. 3b). In addition, no significant dif-
ference of vaccine accumulation was found in spleens 
and livers (Fig. 3c).

Inguinal lymph nodes were excised and made into fro-
zen sections 48 h after subcutaneous injection of DSPE-
PEG2000-OVA-FITC nanovaccines. Figure  3d shows the 
distribution of T cells (CD3-gray) and nanovaccines 
(FITC-green) in lymph nodes. Nanovaccines can be 
seen in the T-cell gathering area. There is co-localization 
between DCs (CD11c-red) and nanovaccines (FITC-
green), suggesting that nanovaccines can be uptaken by 
DCs in lymph nodes (Fig. 3e).

Anti‑tumor efficacy and safety of neoantigen nanovaccines
In order to verify the efficacy of this melanoma neoanti-
gen nanovaccine, we established a recurrence-prevention 
mouse model. After tumor resection, mice were ran-
domly divided into four groups: NS group, vehicle group, 
free vaccine group and nanovaccine group. The treatment 
scheme is shown in Fig. 4a. Figure 4b and c show that the 
tumor recurrence and growth of mice in NS group and 
vehicle group are quite rapid. The tumor growth of mice 
in Free vaccine group is slightly slower than that of the 
first two groups. The average recurrence time in nano-
vaccine group is about 4 days longer than that of free vac-
cine group (16 vs 12, p = 0.0014), and the tumor growth 
is significantly inhibited. MRI images of mice in each 
group on the 20th day post tumor inoculation, also shows 
that tumors in the nanovaccine group are the small-
est at this time point (Fig. 4d). Accordingly, the median 
survival time of mice in the nanovaccine group was also 
prolonged 7.5 days than that of NS group (p < 0.001), and 
3 days that of free vaccine group (p = 0.0254, Fig. 4e).

The trend of body weights in each group kept stable 
during treatment (Fig. 4f ). Hearts, lungs, livers and kid-
neys were excised and made into paraffin sections, one 
week after the last treatment. After HE staining, no obvi-
ous abnormality was found in all sections (Fig. 4g).

T cell responses activated by neoantigen nanovaccines
To explore the anti-tumor mechanism of neoanti-
gen nanovaccines, lymph nodes and spleens of mice 
in each group were excised to evaluate the systemic 
immune response one week after the last treatment. 
Compared with NS group, the proportion of mature 
DCs in lymph nodes and spleens was upregulated in 
other two groups (Fig. 5a). Especially in the nanovac-
cine group, the proportion of mature DCs was about 
1.5-fold higher than that in the NS group. Accord-
ingly, the neoantigen reactive T cells in the spleen and 
tumor of nanovaccine group were also significantly 
upregulated and reached 10-fold that of free vac-
cine group (Fig. 5b, c). Memory effector T cells  (TEM, 
 CD3+CD8+CD44+CD62L−) in nanovaccine group 
were also detected about 1.5-fold higher than NS 
group (Fig. 5d). To further verify the function of neo-
antigen reactive T cells, we examined the tumor-killing 
ability of spleen lymphocytes. Figure  5e shows that 
when effector target ratio (number of spleen lympho-
cytes: number of tumor cells) is 10:1, the proportion 
of dead tumor cells was the highest after incubation 
with spleen lymphocytes of nanovaccine group. The 
supernatant after co-incubation of lymphocytes and 
tumor cells was used to detect Th1 and Th2 cytokines. 
IL-2, IFN- γ and TNF-α, mainly secreted by Th1 cells, 
showed significant upregulation in nanovaccine group 
(Fig.  5f ). IL-10 mainly secreted by Th2 cells was also 
slightly upregulated in nanovaccine group. In the 
tumor microenvironment, TNF-α was upregulated and 
IL-6 was down-regulated significantly in nanovaccine 
group (Fig. 5g, h).

In addition, the neoantigen nanovaccine also upregu-
lated the Treg subgroup  (CD3+CD4+Foxp3+) and the 
expression of PD-L1 on tumor cells (Fig. 5i, j). The above 
results show that the neoantigen nanovaccines may syn-
ergy with anti-PD1 antibody or Tregs inhibiting peptide 
P60 to treat post-surgical melanoma.

Combination therapy
In order to investigate the efficacy of neoantigen 
nanovaccines combined with anti-PD1 antibody, we 
established a recurrence-prevention mouse model 
as before. Mice after surgery were randomly divided 
into NS group, nanovaccine group, aPD-1 group and 
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nanovaccine + aPD-1 group for treatment. The treatment 
scheme is shown in Fig. 6a. The average recurrence time 
in nanovaccine + aPD-1 group is about 3  days longer 
than that of nanovaccine group (19 vs 16, p = 0.2172), 
and 3.33 days longer than that of aPD-1 group (19 vs 15.4, 
p = 0.1020, Fig.  6b). Accordingly, the median survival 

time of mice in the nanovaccine + aPD-1 group was also 
prolonged 8 days than that of nanovaccine group (33 vs 
25, p = 0.0982), and 9.5  days than that of aPD-1 group 
(33 vs 23.5, p = 0.016, Fig. 6c). Figure 6d shows that com-
pared with the nanovaccine group, the proportion of 
dead tumor cells increased to 2-fold after incubation with 

Fig. 4 Anti-tumor efficacy and safety of neoantigen nanovaccines. a Treatment schema of neoantigen nanocaccines. C57BL/6 mice were 
implanted with B16F10 melanoma cells (2 ×  105) on the left lower skin of abdomen on Day 0. About 3 days later, when the tumor size was almost 
50  mm3, the tumor was surgically removed (surgical margin: tumor-cell positive). Mice received treatments on Day 6, 8, 10, 12 and 14. b Growth 
curves represent the average tumor volumes of each group. (n = 10). c Tumor growth curves of each mouse in different groups. (n = 10). P-values 
were determined by two-way ANOVA with Tukey’s HSD multiple comparison post hoc test. *P = 0.0115 (NS vs Free vaccine), ***P < 0.001. d MRI 
images of representative mice were taken on Day 20. The tumor of each mouse was circled. e Survival curves. (n = 10). P-values were determined 
by Log-rank (Mantel-Cox) test. *P = 0.0135 (NS vs Free vaccine), *P = 0.0254 (NS vs Free vaccine). f Body weights of mice in each group. (n = 10). g 
Hematoxylin–eosin staining of main organs, including heart, lung, liver and kidney. Scale: 100 μm. P-value: *, P < 0.05; ***, P < 0.001
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spleen lymphocytes of mice in the nanovaccine + aPD-1 
group. We also detected Th1 and Th2 cytokines in the 
supernatant as before. Upregulation of IL-2, IFN- γ and 
TNF-α was detected in the nanovaccine + aPD-1group, 
compared with nanovaccine group (Fig. 6e).

In addition, elimination of Tregs is also a key factor to 
improve the efficiency of cancer vaccines. A simple mel-
anoma-bearing mouse model was established to evalu-
ate the efficacy of neoantigen nanovaccines added with 
P60 nanoparticles (Fig. 6f ). Compared with nanovaccine 

Fig. 5 T cell responses activated by neoantigen nanovaccines. One week after last treatment, Proportions of mature DCs  (CD11c+CD80+CD86+) 
in lymph nodes (a), proportions of neoantigen specific T cells  (CD3+CD8+M27-H2Kb+) in spleens (b) and tumors (c), and proportions of effector 
memory T cells  (CD3+CD8+CD44+CD62L−) in spleens (d) were analyzed by flow cytometry. P-values were determined by one-way ANOVA with 
Tukey’s multiple comparisons test. **P = 0.0034 (a), **P = 0.0026 (d, NS vs Nanovaccine), **P = 0.0056 (d, Free vaccine vs Nanovaccine), ***P < 0.001. 
e Lymphocytes in spleens were incubated with CFSE labeled B16F10 melanoma cells and MFC forestomach cancer cells at effector-to-target 
ratio (E: T) of 10:1. PI was added 4 h after incubation and the percentage of dead tumor cells  (CFSE+PI+/  CFSE+) was analyzed by flow cytometry. 
P-values were determined by one-way ANOVA with Tukey’s multiple comparisons test. *P = 0.0114 (NS vs Free vaccine), **P = 0.0046 (Free vaccine 
vs Nanovaccine). f Cytokines in the supernatant after co-incubation of lymphocytes and tumor cells. P-values were determined by two-way ANOVA 
with Tukey’s HSD multiple comparison post hoc test. ***P < 0.001. The level of TNF-α (g) and IL-6 (h) in the tumor microenvironment. i Proportions of 
regulatory T cells  (CD3+CD4+Foxp3+) in the tumor microenvironment. j The expression of PD-L1 in tumors. P-values were determined by one-way 
ANOVA with Tukey’s multiple comparisons test. **P = 0.0014 (g), ***P < 0.001
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group, although nanovaccine + P60-NP group did not 
show significantly prolonged survival, the tumor growth 
rate became slower (Fig. 6g, h).

Discussion
Effective antitumor immunity has been found to be 
related to the existence of T cells targeting cancer neo-
antigens, produced by tumor specific mutations and 
bypassed central thymus tolerance. Increased immune 
cell infiltration was observed in tumors with high neo-
antigen load [23], which was associated with good prog-
nosis and benefit of ICIs in patients with melanoma [24, 
25]. Three small single-arm studies where patients with 
melanoma received a neoantigen-based DC vaccine, an 
mRNA vaccine or a peptide vaccine, indicate that neoan-
tigen vaccines can safely induce and amplify anti-tumor 
T cell responses [7, 26, 27].

The lymph node-delivery efficiency of nanoparticles 
may depend on a series of factors: particle size, shape, 
carrier material, charge and surface modification [28]. 
Studies have shown that small nanoparticles (particle size 
about 10–100  nm) can passively enter the lymph nodes 
through the afferent lymphatic vessels [29] and nanopar-
ticles with a diameter of 20 nm or 45 nm reach more to 
lymph nodes and stay longer than that of 100  nm [30]. 
Due to smaller contact angles, spherical nanoparticles 
have higher APC uptake efficiency than worm-like ones 
[31]. In addition, negatively charged nanoparticles accu-
mulate more easily in lymph nodes than neutral and 
positively charged nanoparticles because of less electro-
static interaction with the matrix. Through fluorescence 
images, we found that our nanovaccine with particle size 
about 24  nm (Fig.  2c, d), trafficked lymph nodes more 
than free vaccines (Fig.  3a–c). DCs are critical for pre-
senting antigens to lymph node-resident T cells and the 
obvious co-localization signal of DCs and nanovaccines 

in lymph nodes (Fig. 3e) suggests that our nanovaccines 
can be ingested by DCs to initiate T cell responses.

Compared with the free vaccine, our neoantigen 
nanovaccine has obvious advantages: (1) more antigen 
accumulation in lymph nodes and higher proportion of 
activated DCs (Fig.  5a); (2) ten-fold the proportion of 
both systemic and tumor-infiltrating neoantigen specific 
T cells (Fig.  5b, c); (3) stronger toxicity of lymphocytes 
and higher secretion level of Th1/ Th2 cytokines (Fig. 5e, 
f ). The production of neoantigen specific T cells is the 
key to successful work by neoantigen vaccines. Th1 cells 
mediated cellular immune response by secreting IL-2, 
IFN-γ and TNF-α. Th2 cells regulated humoral immune 
response by secreting IL-10. The effects of IL-10 on 
tumors are paradoxical [32]. It can inhibit antigen pres-
entation and production of proinflammatory cytokines 
from APCs, and promote the survival and action of 
 Foxp3+ Tregs, but also may contribute to the promotion 
of  CD8+ T cell cytolytic function. When we examined 
the tumor-killing ability of spleen lymphocytes in  vitro, 
the upregulation of IL-10 in both nanovaccine and nano-
vaccine + aPD-1group (Fig. 5e, f ) with increased cytolytic 
effect on tumor cells. PD-1/PD-L1 pathway could pro-
mote the differentiation of  CD4+ T cells to Tregs [33]. 
Since IL-10 cytokines are mainly produced by Th2 cells, 
Tregs and regulatory B cells, PD-1 antibody may slightly 
decrease the secretion of IL-10 through inhibiting Treg 
differentiation. Hence, compared to the nanovaccine 
group, there was no difference and even a decrease of 
IL-10 secretion in nanovaccine + aPD-1group. Interest-
ingly, TNF-α was upregulated while IL-6 was downreg-
ulated in the tumor microenvironment. More and more 
evidence showed that IL-6 cytokine family, especially 
IL-6 and IL-11, promoted tumorigenesis and metastasis 
through IL-6 signaling pathway [34, 35].

The process of cancer vaccine initiating the immune 
system is mainly the process of antigen presentation. DCs 

(See figure on next page.)
Fig. 6 Neoantigen nanovaccines synergy with PD-1 blockade or Tregs targeting peptide to inhibit tumors. a Treatment schema of neoantigen 
nanocaccines combined with anti-PD1 antibody. C57BL/6 mice were implanted with B16F10 melanoma cells (2 ×  105) on the left lower abdomen 
on Day 0. About 3 days later, when the tumor size was almost 50  mm3, the tumor was surgically removed (surgical margin: tumor-cell positive). 
Mice received vaccine treatments on Day 6, 8, 10, 12 and 14, and anti-PD1 antibody treatments on Day 8, 10 and 12. b Growth curves represent 
the average tumor volumes of each group (n = 10). P-values were determined by two-way ANOVA with Tukey’s HSD multiple comparison post 
hoc test. ***P < 0.001, *P = 0.0461 (aPD1 vs Nanovaccine + aPD1). c Survival curves. (n = 10). P-values were determined by Log-rank (Mantel-Cox) 
test. *P = 0.0160 (aPD1 vs Nanovaccine + aPD1). d Lymphocytes in spleens were incubated with CFSE labeled B16F10 melanoma cells and 
MFC forestomach cancer cells at effector-to-target ratio (E: T) of 10:1. PI was added 4 h after incubation and the percentage of dead tumor 
cells  (CFSE+PI+/  CFSE+) was analyzed by flow cytometry. P-values were determined by one-way ANOVA with Tukey’s multiple comparisons 
test. ***P < 0.001. e Cytokines in the supernatant after co-incubation of lymphocytes and tumor cells. P-values were determined by two-way 
ANOVA with Tukey’s HSD multiple comparison post hoc test. **P = 0.0015 (IFN-γ), **P = 0.0051 (TNF-α), ***P < 0.001. f Treatment schema of 
neoantigen nanocaccines combined with P60 nanoparticles. C57BL/6 mice were implanted with B16F10 melanoma cells (2 ×  105) on the left 
lower abdomen on Day 0, and received treatments on Day 3, 5, 7, 9 and 11. g Growth curves represent the average tumor volumes of each 
group. (n = 6). P-values were determined by two-way ANOVA with Tukey’s HSD multiple comparison post hoc test. ***P < 0.001, *P = 0.0248 
(Nanovaccine vs Nanovaccine + P60-NP). h Survival curves (n = 6). P-values were determined by Log-rank (Mantel-Cox) test. **P = 0.0029 (P60-NP vs 
Nanovaccine + P60-NP)
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encounter antigens at the injection site (or for DC vac-
cines, the antigen may be loaded on DCs before injec-
tion), and transport to lymph nodes, where T cells are 
activated. Mature DCs present tumor associated antigens 
on MHC class I and MHC class II molecules to  CD8+ T 
cells (CTLs) and  CD4+ T cells (Th cells) with immature 
or memory phenotypes. Cytokines produced by DCs 
also contribute to the production and expansion of acti-
vated tumor specific  CD8+ and  CD4+ T cell populations. 

T cells then transport to the tumor site and kill tumor 
cells through cytotoxicity against homologous antigens 
and secretion of cytokines such as IFN-γ and TNF-α. 
Finally, the killed tumor cells release a large amount of 
tumor antigens, which can be captured, processed and 
presented by APCs to induce polyclonal T cell responses, 
so as to increase the breadth and intensity of anti-tumor 
immune responses [36].

Fig. 6 (See legend on previous page.)
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In this setting, after the treatment of our neoanti-
gen cancer vaccine, the average recurrence time was 
extended from 11  days (control) to 16  days and the 
median survival time was even prolonged 7.5 days than 
that of NS group (Fig. 4b, c, e). These results were simi-
lar with other neoantigen nanovaccines with lymph-
node-targeting characteristic, such as the vaccine 
nanodisc [37] and PEGylated reduced graphene oxide 
nanosheet [38] listed in the Additional file 1: Table S1. 
All vaccines loaded with neoantigens, which could 
induce powerful neoantigen specific T cell responses, 
achieved greater tumor-inhibition effects. But, com-
pared to the vaccine nanodisc and nanosheet, our syn-
thetic process is more simple and safe, with greater 
potential of clinical translation.

However, many inhibitory molecules and cells in the 
tumor microenvironment were upregulated under the 
immune pressure of cancer vaccines, such as Tregs and 
PD-L1 (Fig. 5i, j). In the clinical trial of a neoantigen RNA 
vaccine, Ugur Sahin et al. found that PD-L1 in tumor tis-
sues was upregulated after vaccination as well [7]. Block-
ing PD1 was reported to be capable of enhancing the 
efficacy of cancer vaccines by inhibiting TGF-β and reti-
noic acid induced Tregs in the tumor microenvironment 
[39]. Therefore, we considered combining anti-PD1 anti-
body to eliminate the inhibitory effect of tumor micro-
environment on T cells and improve the antitumor effect 
of neoantigen nanovaccines. The efficacy of the com-
bined treatment group was significantly better than that 
of the vaccine or anti-PD1 antibody group alone (Fig. 6b, 
c). Moreover, after adding anti-PD1 antibody, T cells in 
spleens have stronger ability to kill tumor cells, indicat-
ing the systemic anti-tumor immune response is more 
effectively activated (Fig.  6d, e). It is suggested that this 
neoantigen nanovaccine and anti-PD1 antibody have 
synergistic antitumor effect, which provides a potential 
combined treatment strategy for patients with advanced 
tumors. Currently several clinical trials (NCT03639714, 
NCT03223103, NCT02721043, NCT04163094, 
NCT04015700 and NCT04251117) are exploring the 
combined efficacy of neoantigen vaccines and ICIs.

Local accumulation of immunosuppressive cells such 
as Tregs is linked to tumor immunoresistance via expres-
sion of inhibitory receptors, production of immunosup-
pressive cytokines and suppression of T cell functions 
[40]. An increase in the numbers of Tregs has reported 
to inhibit the efficacy of anti-PDL1 antibody [41] and 
associated with progression of a melanoma patient after 
CHP-NY-ESO-1 vaccination [42]. Depletion of Tregs 
could enhance anti-tumor immune responses by abro-
gating immunological unresponsiveness to syngeneic 
tumors [43]. Foxp3 is an important factor for the Treg, 

associated with its function [44]. P60 was able to inhibit 
nuclear translocation of Foxp3 and released the inhibition 
of the transcription factors NF-κB and NFAT [45, 46]. We 
also tried adding P60 to make nanovaccines and found a 
slight improvement of efficacy (Fig. 6f ). In the future, with 
deeper knowledge of shared neoantigens and the tumor 
microenvironment, our vaccine platform can be further 
improved and applied into a variety of solid tumors.

Conclusion
Overall, we developed a novel neoantigen nanovaccine 
based on PEG phospholipid derivatives and neo-peptides 
with strong tumor specificity and immunogenicity. This 
nanovaccine strategy targeting lymph nodes, can deliver 
neoantigens to DCs, and activate the tumor specific T 
cell immune responses more efficiently. The anti-tumor 
effect and safety of the neoantigen nanovaccine have 
been verified in melanoma mouse models, indicating its 
great potential for clinical translation. In addition, the 
combination of the neoantigen nanovaccine and anti-
PD1 antibody or Treg inhibiting peptide P60 can further 
enhance the tumor inhibition effect, providing a feasible 
combination strategy for tumor immunotherapy.
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