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Abstract
Integrating peptide epitopes in self-assembling materials is a successful strategy to obtain nanovaccines with high antigen 
density and improved efficacy. In this study, self-assembling peptides containing MAGE-A3/PADRE epitopes were designed 
to generate functional therapeutic nanovaccines. To achieve higher stability, peptide/polymer hybrid nanoparticles were 
formulated by controlled self-assembly of the engineered peptides. The nanoparticles showed good biocompatibility to both 
human red blood- and dendritic cells. Incubation of the nanoparticles with immature dendritic cells triggered immune effects 
that ultimately activated CD8 + cells. The antigen-specific and IgG antibody responses of healthy C57BL/6 mice vaccinated 
with the nanoparticles were analyzed. The in vivo results indicate a specific response to the nanovaccines, mainly mediated 
through a cellular pathway. This research indicates that the immunogenicity of peptide epitope vaccines can be effectively 
enhanced by developing self-assembled peptide-polymer hybrid nanostructures.
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Introduction

Cancer is one of the most important causes of death worldwide 
accounting for 9.6 million casualties in 2018. The most estab-
lished therapies for cancer are chemotherapy and radiotherapy, 
which have adverse side effects on normal cells and are inef-
fective to produce a durable protection, especially in the case 
of malignant tumors. Cancer immunotherapy has shown to be 
effective to fight against micro-metastases, and to produce a 
long-lasting immune response. However, there is still a huge 
demand to find new cancer immunotherapies with less side 
effects and reduced response variability across patients.

Controlling the development and progression of tumor 
cells, known as immune surveillance, is a physiologic func-
tion of the immune system [1]. Adaptive immune protec-
tion against tumor cells and their elimination is mediated by 
CD8 + cytotoxic T lymphocytes (CTLs). These cells are pro-
grammed to recognize and kill malignant cells that display 
peptide tumor epitopes within a class I MHC complex. Anti-
gen Presenting Cells (APCs), particularly dendritic cells, 
ingest tumor cells and process their antigens to smaller pep-
tide sequences. These peptides are bound to the class I MHC 
molecules peptide binding groove and exhibited on the APC 
surface for recognition by CD8 + T cells. CD4 + helper T 
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(Th) cells role in anti-tumor immune responses is mediated 
by the secretion of several cytokines, such as tumor necrosis 
factor (TNF) and interferon-γ (IFN-γ), which activate mac-
rophages and improve CD8 + T cell responses [2]. The pan-
DR epitope (PADRE) is a general Th epitope able to bind 
to most of the MHC class II alleles. It has been extensively 
used in the vaccine development research to enhance the 
immune responses [3].

Over the last years, more than 70 proteins have been 
identified as tumor-associated antigens (TAAs). The 
whole protein structure of these antigens or a collection 
of their antigenic epitopes could be used in a therapeutic 
vaccine. The ideal TAAs for vaccination are those that are 
overexpressed in tumors compared to normal tissues [4, 5]. 
Cancer-testis antigens (CTA), including MAGE, GAGE, 
BAGE, and NYESO-1, are a group of TAAs shared among 
different tumor types, but absent in normal somatic cells 
except in testis and placenta. It is essential to point out 
that since MHC I is not expressed by testis and placenta 
cells, CTAs are not presented on their surface. MAGE-A3 
is a CTA expressed in different cancer types, especially, 
melanoma and non-small cell lung cancer (NSCLC) [6, 7], 
and is a promising candidate TAA for vaccine development. 
Indeed, DERMA and MAGRIT are phase III clinical trials 
based on MAGE-A3 conducted on patients with melanoma 
skin cancer and NSCLC, respectively. In MAGRIT 
(NCT00480025) a recombinant MAGE-A3 together with 
the AS15 adjuvant, was administrated intramuscularly to 
1515 NSCLC patients. This trial could not meet its primary 
endpoint of improving overall patient survival [8], indicating 
that new strategies for the delivery of TAAs are needed.

Proteins have complex supramolecular structures and 
might comprise different subunits. It is known that only spe-
cific sequences in a polypeptide chain are effective antigenic 
epitopes. These sequences can be identified and applied as 
antigenic epitopes instead of the whole protein. Feltkamp 
et al. were the first to prevent HPV tumor growth by immu-
nizing mice with an E7 peptide vaccine [9]. However, sev-
eral studies have demonstrated unspecific binding of short 
peptide vaccines to MHC molecules on the surface of any 
cell, which make them prone to induce T-cell tolerance and 
anergy [10, 11]. Synthetic long peptides are an alternative to 
short peptide vaccines, but they have shown limited induc-
tion of immune responses, especially due to degradation by 
blood proteases and endo-/ exopeptidases on the surface of 
DCs, which result in their rapid clearance from the injec-
tion site. Besides, long peptides usually show poor uptake 
by DCs [12, 13].

Improved delivery of peptide epitopes to DCs could be 
achieved by using nanoparticles that enhance their uptake 
and that provide a steric shield towards enzymatic degrada-
tion [14–19]. However, the problems associated with nano-
particulate systems, including low loading capacity and 

difficult fabrication, have limited their application in clini-
cal trials and the pharmaceutical market. Self-assembling 
(SA) peptides are biodegradable carriers of considerable 
interest as biomaterials for drug delivery and immunother-
apy [19]. These peptides associate in a structured way by 
intramolecular interactions when dispersed in an aqueous 
solvent. By connecting SA blocks to an epitope, particles 
with a high density of surface-exposed epitopes can be 
formed in an aqueous media [20]. In contrast to vaccines 
based on virus-like-particles, where the viral peptides could 
be immunogenic but toxic, the SA domain of these peptide 
vaccines is perfectly biocompatible, and the immune system 
interacts only with the incorporated epitopes [21, 22]. Some 
studies have shown that incorporating the peptide epitopes 
to a self-assembling fragment can effectively enhance the 
desired immune response by minimizing the possibility 
of T cell anergy and increasing cellular uptake. In 2016, a 
vaccine delivery system was designed by Hennink et. al., 
by introducing a SA peptide (Ac-AAVVLLLW-COOH) to 
the N-terminal of peptide epitopes from OVA and HPV-E7. 
Administration of a vaccine formulation containing these 
peptide nanoparticles and a CpG adjuvant to tumor-bearing 
mice could efficiently stimulate antigen-specific CD8 + T 
cells, which in turn reduced the tumor growth and improved 
the survival in a C57BL/6 mice [23].

In this study, a cancer vaccine was designed by 
connecting peptide epitopes MAGE-A3 and PADRE to the 
N-terminal of a self-assembling peptide. These peptides 
were used to generate nanovaccines by simple dispersion in 
a water/poloxamer solution. The resulting structures were 
characterized pharmaceutically and tested for their capacity 
to induce tumor antigen-specific immune responses in cell 
culture and in a murine model.

Materials and methods

Materials

SATC and SATH peptides were purchased from ChinaPeptides 
(Shanghai, China). The side-chain protected Fmoc-amino 
acids were obtained from Zhejiang Materials Industry Co. 
(Zhejiang, China). 2-chlorotrityl chloride (2-CTC) resin, 
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 
tetrafluoroborate (TBTU) and N, N-diisopropylethylamine 
(DIPEA) were purchased from GL Biochem. (Shanghai, 
China). Pluronic® F127 (F127) was obtained from BASF 
(Ludwigshafen, Germany). Potassium chloride (KCl), 
D-(+)-Trehalose dehydrate, Nile Red, Escherichia coli 
lipopolysaccharide (LPS), complete and incomplete Freund’s 
adjuvant, Ficoll (Histopaque®-1083) and p-nitrophenol 
phosphate substrate solution (N2770-5SET) were purchased 
from Sigma-Aldrich (Missouri, USA). Ficoll-Paque™ PLUS 
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(density 1.077 g/mL) was purchased from GE Healthcare 
Bio- Science AB (Illinois, USA). PBS and RPMI-1640 
were obtained from GIBCO® (Thermo Fisher Scientific, 
Massachusetts, USA). Granulocyte–macrophage colony-
stimulating factor (GM-CSF), interleukin 4 (IL-4), 
allophycocyanin (APC)-conjugated anti-human CD83 (CD83- 
APC), phycoerythrin (PE)-conjugated anti-human CD80 
(CD80-PE), and fluorescein (FITC)-conjugated anti-human 
CD1a (CD1a-FITC), were purchased from Miltenyi Biotec 
(Bergish Gladbach, Germany). Anti CD4-APC, anti CD25-PE, 
anti CD8a-APC, and anti CD28-PE antibodies were obtained 
from Tonbo Biosciences (California, USA). Goat Anti-Mouse 
IgG H&L (alkaline phosphatase, ab97020) were obtained from 
Abcam (Massachusetts, USA). Fetal bovine serum (FBS), 
PSG (100 U/mL penicillin, 0.1 mg/mL streptomycin, and 
2 mM L-glutamine) were purchased from Invitrogen (CA, 
USA). MTS CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay kit was provided by Promega (Madison, 
USA). Interferon gamma (IFN-γ) was purchased from 
Peprotech (London, UK). ELISPOT kit was purchased from 
U-CyTech (Biosciences, Utrecht, The Netherlands). All other 
chemicals were of reagent grade or higher purity.

Methods

Vaccine design

Self-assembly sequence was added to the N-terminal of the 
cytotoxic T cell (TC) and Helper T cell (TH) epitopes using 
AAY and KFERQ linkers, respectively. The N-acetylated 
peptides which were used in this study are listed in Table 1. 
The selected peptide epitopes were tested for their charac-
teristics in open web platforms. The binding affinity and 
processing of SATC and SATH peptides for the MHCI/
MHCII pathways were calculated with the Immune Epitope 
Database (IEDB). The allergenicity of the designed vaccine 
was evaluated in AllerTOP v2.0 (http://​www.​ddg-​pharm​fac.​
net/​Aller​TOP/) server [24]. The toxic/non-toxic nature of 
peptides was predicted using the ToxinPred module (http://​
crdd.​osdd.​net/​ragha​va/​toxin​pred/​multi_​submit.​php) [25]. 
The prediction of the physicochemical characteristics of the 

vaccine was done using the ProtParam tool of the ExPASy 
database server (http://​web.​expasy.​org/​protp​aram/) [26].

Peptide synthesis, purification, and detection

The TC and TH peptides were synthesized based on the stand-
ard protocols of solid-phase peptide synthesis [27, 28]. The 
synthesized peptides were purified in preparative RP-HPLC 
using a C18 column (Knauer, Germany). The peptide masses 
were confirmed with High-resolution LC–MS Triple Quad 
6410 (Agilent, Japan) instrument using the ESI method in 
positive mode. The [m + H]+ peaks of TC and TH appeared at 
1055 and 1205, respectively, a similar value to that predicted 
for those peptides. Solid phase synthesized SATC and SATH 
peptides were purchased from ChinaPeptides (Shanghai, 
China). The supplier analysis sheet indicated > 90% purity, as 
determined by RP-HPLC using a C18 column.

To determine peptide contents of the purchased peptide 
powders, 1 mg of each peptide powder was introduced to 
an Elemental Analyzer (Eager 300 for EA1112, USA) and 
burned in pure oxygen to produce combustion products of 
CO2, H2O, and N2. Net weights of each peptide in the powder 
(Table 1) were calculated using the following equations [29]:

The difference between gross and net weight might be 
due to the presence of humidity or salts.

Preparation and characterization of peptide nanoparticles

Preparation of peptide epitope nanoparticles  Peptide 
epitope nanoparticles were prepared by an optimized sol-
vent displacement method. In this method, organic phase 
was an ethanolic solution of SATC peptide or the mixture of 
SATC and SATH peptides; hereinafter we called it SATC/
TH. For ethanolic solution of SATC/TH, the mass ratio 
between the two peptides was set to be 6 SATC/ 1 SATH. 

Net peptide Content =
%N obtained by CHN

theoretical %N

Pure peptide weight = Gross Weight ∗ Net Peptide Content (%) ∗ HPLC purity

Table 1   List of the peptide 
sequences used in this study

Name Sequence Molecular 
weight
(g/mol)

Net weight
(%)

Function

TC Ac-KVAELVHFL 1055 83 CD8 + T-cell epitope
SATC​ Ac-AAVVLLLWAAYKVAELVHFL 2268 81 CD8 + T-cell epitope with

self-assembly properties
TH Ac-AKFVAAWTLKA 1205 76 CD4 + T-cell epitope
SATH Ac-AAVVLLLWKFERQAKFVAAW-

TLKA
2808 69 CD4 + T-cell epitope with

self-assembly properties

http://www.ddg-pharmfac.net/AllerTOP/
http://www.ddg-pharmfac.net/AllerTOP/
http://crdd.osdd.net/raghava/toxinpred/multi_submit.php
http://crdd.osdd.net/raghava/toxinpred/multi_submit.php
http://web.expasy.org/protparam/
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The optimization was carried out on the protocol regard-
ing the ethanol percentage, the mixing method, the stirring 
speed, and duration of the stirring (Fig. S2). Next, a series 
of F127 concentrations were prepared (Fig. S3). Upon opti-
mization, four different nanoformulations listed in Table 3, 
with two different peptide compositions and two different 
F127 concentrations were prepared as follows. Briefly, 450 
μl of aqueous F127 solution (5.5 mg/ml or 1.375 mg/ml 
F127 to achieve a 0.20 mM and or 0.05 mM F127 concen-
tration in the formulation, respectively) was added dropwise 
to an HPLC vial containing 50 μl ethanolic peptide (SATC 
or SATC/TH) solution (10 mg/ml) under 500 rpm stirring 
for 30 min. Then, 500 μl PBS 10 mM was added dropwise 
to the sample, and stirring was continued for 30 min. The 
final concentration of the peptide in the nanoformulations 
was kept at 0.5 mg/ml. The prepared nanoformulations were 
immediately used for further analysis.

Critical aggregation concentration determination  The criti-
cal aggregation concentration (CAC) of the self-assembling 
peptide epitopes was determined using a Nile red assay. Dif-
ferent dilutions of nanoparticles in PBS (0.2–200 μg/ml) 
were prepared from the stock solution (0.5 mg/ml). A Nile 
red solution (0.2 µl, 1.25 mM in acetone) was added to 200 
µl of each dilution. After overnight incubation at room tem-
perature, fluorescence emission (Ex550/Em635) was meas-
ured by a synergy H4 ELISA reader (Biotek, Winooski, US) 
[30]. To determine the critical aggregation concentration 
(CAC), the fluorescence intensity at 635 nm was plotted 
versus the logarithm of peptide concentrations and the inter-
section was considered the CAC value.

Particle size and zeta potential measurement  The hydrody-
namic diameter and polydispersity index (PDI) of the nano-
particles were analyzed using photon correlation spectros-
copy (Zetasizer Nano-ZSTM, Malvern Instruments, UK). 
Zeta potential was determined by Laser Doppler Anemom-
etry (Zetasizer Nano-ZS, Malvern Instruments, UK), meas-
uring the mean electrophoretic mobility after 10X dilution 
of the nanoparticles in KCl 1 mM. All the analyses were 
performed in three replicates with a detection angle of 173° 
at 25 °C.

Nanoparticle tracking analysis (NTA) was performed to 
confirm particle size and nanoparticle concentration (Malvern 
Panalytical Ltd., Malvern, UK). For the analysis, nanoparticle 
samples were diluted 100X in ultrapure water. Each sample 
analysis was measured five times for 60 s using the Nanosight 
automatic analysis setting.

AF4 analysis method  Asymmetric Flow Field-flow Frac-
tionation (AF4) analysis on different nanoformulations was 
performed with an AF2000 Multi Flow FFF instrument 
(Postnova Analytics, Landsberg, Germany) fitted with a 

series of detectors including RI (Refractive Index), UV and 
MALS (Multi-Angle Light Scattering). The fractionation 
was performed using a regenerated cellulose membrane 
(MWCO 10 kDa) and PBS 10 mM as carrier liquid. The 
channel flow was kept constant at 0.5 ml/min throughout the 
fractionation. The cross-flow was kept at 2 ml/min during 
the focusing step (5 min), the transition step (1 min) and the 
first 5 min of the fractionation. It was then lowered to 0.25 
ml/min in 5 min, then to 0.1 ml/min in 5 min and finally to 
0 ml/min in other 10 min. The cross-flow was then kept at 0 
ml/min for further 15 min, to wash the channel and to ensure 
the complete elution of the sample (Fig. S4a). The formula-
tions were analyzed as prepared without any further dilu-
tion or manipulation. The fractogram recorded by the UV 
detector at 280 nm was applied to examine the nanoparticles 
(Fig. S4b). The amount of free F127 in each sample was 
determined building a calibration curve with F127 standards 
of known concentration.

Circular dichroism  Circular dichroism spectra of the nan-
oparticles in PBS (at a concentration of 0.22 mM) were 
obtained by a double beam CD spectrometer (JASSCO with 
the model J-1100) using quartz cuvettes. Six measurements 
at a wavelength range from 180–250 nm were performed 
using 1 nm intervals at 25 °C. Then, the spectrum of the 
PBS was subtracted from the averaged spectrum of the 
samples.

Field emission scanning electron microscopy  For field 
emission scanning electron microscopy (FESEM) studies 
(ZEISS, Germany), the nanoparticles were diluted 10000X 
in water. Ten microliters of this mixture were placed on sili-
con wafers for 5 min and then washed with 1ml ultrapure 
water. The samples were left to dry at RT. Iridium sputtering 
was performed on dried samples for 10 min to make a 10 
nm Iridium layer on the sample surface. The samples were 
observed on the microscope using InLens detectors, keep-
ing the working distance (WD) at 2.3 mm and the extra high 
tension (EHT) at 3.00 kV.

Freeze‑drying studies  A 500 µl trehalose solution (10% 
w/v) was added to 500 µl of the nanoparticles in a 5 ml 
freeze-drying glass vial and shaken horizontally for at least 
10 min. The vials were quickly frozen in liquid nitrogen 
and then transferred to a -80 °C freezer at least 12 h before 
starting the 50 h freeze-drying process (Genesis 25 EL, S.P 
Industries, USA). First, samples were left in the freeze-drier 
at − 40 °C and a 200 mTorr vacuum for 4 h to guarantee that 
samples are completely frozen. The first drying phase was 
done at a temperature ranging from − 40 to + 20 °C, increas-
ing the vacuum gradually from 200 to 20 mTorr for a period 
of 43 h. In the final step, the secondary drying phase was 
carried out for 3 h at + 22 °C and 20 mTorr. The freeze-dried 
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nanoparticles were stored at 4 °C, and at fixed time points, 
they were resuspended in ultra-pure water and their proper-
ties were measured by DLS according to “Particle size and 
zeta potential measurement” section.

Colloidal stability in culture medium  A stability study was 
performed in RPMI supplemented with 10% FBS. Nanopar-
ticle samples were diluted 10X with RPMI + FBS and then 
incubated at 37 °C while they were shaken at 100 rpm using 
a constant-temperature shaker. The size of the nanoparticles 
in RPMI media was measured by DLS every 2 h up to 8 h, 
with the attenuator fixed at 7.

Hemolysis test  Hemolysis test was conducted according 
to a standardized protocol [31]. Fresh human blood sam-
ples from healthy volunteers were obtained from Organ and 
Blood Donation Agency (ADOS; Santiago de Compostela. 
Spain) following informed consent and appropriate permis-
sion from the Institutional Ethics Committee (Comité Ético 
de Investigación de Galicia, CEIC; nº 2014/543). The sam-
ples were stabilized with ethylenediamine tetraacetic acid 
(EDTA). Blood samples were centrifuged at 300 g for 5 min 
to remove serum from the blood. The remaining red blood 
cells (RBCs) were washed 4 times with sterile PBS (10 mM) 
and then diluted 2X with sterile PBS. To determine the tox-
icity of nanoparticles against RBCs, 0.8 ml of nanoparticles 
at different concentrations (2, 10 and 20 μg/ml) were added 
to 0.2 ml of RBCs suspension, taking PBS and Triton-X-100 
as the negative and positive control, respectively. Samples 
were vortexed, and then incubated at room temperature for 
2 h. The nanoparticles and intact RBCs were removed by 
centrifugation. The absorbance (A) of hemoglobin in the 
supernatant was measured with a microplate reader (Synergy 
H1 Hybrid Multi-Mode, BioTek, Winooski, US) at 550 nm 
[32]. The absorbance at 655 nm was set as the reference, and 
the hemolysis percentage was calculated as:

In vitro study of peptide nanoparticles with primary  
human DCs

Human DC generation  The buffy coats of human blood sam-
ples were collected following the same protocols and per-
missions stated in “Hemolysis test” section. Peripheral blood 
mononuclear cells (PBMCs) were isolated by Ficoll density 
gradient centrifugation [33]. Briefly, blood samples were 
diluted 2X with PBS and gently deposited on a Ficoll gra-
dient in a 1:2 (Ficoll: blood) volume ratio. Different blood 
components were separated by centrifugation (400 g, 30 
min, room temperature (RT), without brake). After remov-
ing the upper phase containing the plasma, PBMCs were  

% hemolysis =
Sample A550−655 − Negative control A550−655

Positive control A550−655 − Negative control A550−655

× 100

collected from the interface. After washing twice with PBS  
(300 g, 10 min, RT), PBMCs were resuspended in the cul-
ture medium. Monocytes were isolated by surface adhesion 
to the culture plates. For this, the PBMCs were re-suspended 
in R2 (RPMI-1640 containing 2% FBS) and then 10 ml of 
this suspension was added to a 75 cm2 flask (T75, Thermo 
Scientific TM Bio Lite) and incubated for 2 h at 37 °C. 
Then, the non-adherent cells were removed by washing 3 
times with PBS, and monocytes were cultivated for 6 days in 
R10 media (RPMI-1640 completed with 10% FBS) contain-
ing GM-CSF and Il-4, both at 100 ng/ml, to induce differen-
tiation of monocytes to immature DCs (iDCs). To generate 
mature DCs (mDCs), bacterial lipopolysaccharide (LPS) and 
IFN-γ were added to iDCs at 10 ng/ml and 100 U/ml con-
centrations, respectively. The cells were incubated for 48 h 
at 37 °C to obtain mDCs.

Toxicity of the nanoparticles on iDCs  Once iDCs were 
generated, they were harvested by washing with cold PBS 
(300 g, 10 min, RT) and then re-suspended in RPMI. The 
obtained iDCs were incubated for 24 h with the different 
nanoparticles and at different concentrations (2, 22, and 45 
μg/ml). PBS was used as a negative control. After the incu-
bation period, cells were harvested and washed with PBS 
(1800 rpm, 5 min, RT). The toxicity of the different nano-
formulations was determined by the MTS assay using a com-
mercial kit (CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay). After 4 h incubation of the cells with 
10 μL of MTS reagent, the absorbance at 490 nm (consider-
ing λ = 630 nm as the reference wavelength) was measured 
and the viability percentage was calculated as:

Human DCs phenotype analysis  iDCs were incubated with 
the different nanoparticles at a final concentration of 10 µM 
for 48 h. PBS was used as a negative control and a combina-
tion of LPS (10 ng/ml) and IFN-γ (100 U/ml) were used as 
the maturation cocktail (positive control). To analyze the iDC 
phenotype, cells were washed twice with PBS and stained with 
anti CD1a-FITC, anti CD83-APC, and anti CD80-PE antibod-
ies for 30 min, at 4 °C, in darkness. After washing with PBS, 
the phenotype of these DCs was analyzed by flow cytometry 
(BD FACSCalibur, Becton Dickinson, San Jose, CA, US) [34] 
and levels of maturation markers were quantified. Data were 
analyzed using the Flowing software (Cell Imaging Core, Turku 
Centre for Biotechnology, Turku, Finland).

Lymphocyte activation capacity of iDCs pre‑incubated with 
different nanoparticles  After incubation of iDCs with the 
different nanoparticles for 48 h (10 µM), cells were har-
vested, washed with PBS, and plated with allogeneic T cells. 

% DC viability =
Sample A490−630

Negative control A490−630

× 100
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After 2 weeks’ incubation, cells were harvested, washed 
with PBS, and stained with fixed amounts of dye-conjugated 
antibodies, including, anti CD4-APC, anti CD25-PE, anti 
CD8a-APC, and anti CD28-PE antibodies [35]. Lymphocyte 
activation was analyzed by flow cytometry using a BD FAC-
SCalibur cytometer (Becton Dickinson, San Jose, CA, US).

In vivo studies

Immunization of C57BL/6 mice  To evaluate the immune 
response against the SATC (0.20 mM F127) nanoparticles 
in vivo, C57BL/6 mice were divided in four groups. Those 
in the untreated group were injected by PBS. The rest were 
immunized subcutaneously with i. soluble peptide (100 
µg), ii. soluble peptide mixed 1:1 with complete Freund's 
adjuvant (CFA) (Sigma-Aldrich) as positive control and iii. 
nanoparticles (100 µg). After 12 days, mice were adminis-
tered with their corresponding booster dose and after another 
7 days, the animals were sacrificed by CO2 inhalation. The 
peripheral blood was taken, and the serum was collected 
after centrifugation at 16000 g for 10 min and it was frozen 
at − 20 °C until use. The spleens were extracted to prepare 
the cell suspension of splenocytes in PBS. All the experi-
mental procedures were approved by the internal ethical 
research and animal welfare committee (Comité de Ética de 
Experimentación Animal, CEEA, nº 15010/16/002).

Isolation and culture of splenocytes  To obtain single-cell 
suspensions, spleens were passed through a 70-mm por size 
filter (Corning cell strainer; Corning, Sigma Aldrich) and 
centrifuged over a Ficoll gradient (Histopaque®-1083) in 
15 mL falcon tubes. The different components were sepa-
rated by centrifugation (400 g 30 min, RT, without brake). 
The upper fraction was removed and the cells from the inter-
face were collected with a pasteur pipette. The cells were 
diluted with RPMI to 5 ml for washing (400 g, 10 min, RT), 
counted and re-suspended in the R10 culture medium to 
achieve a concentration of 5*106 cell/well.

Determination of serum IgG antibody level by indirect 
ELISA  The presence of IgG antibody response in mouse 
blood sera were determined using an in-house indirect 
ELISA method. Epitope concentration, dilution of sera and 
secondary antibody were optimized by 2X serial dilutions. 
Based on the optimization data, 96-well plates were coated 
with 10 µg/ml of TC peptide and then blocked for 1 h with 
0.2% of Tween-20 in PBS (PBST) containing 1% BSA. After 
removal of the blocking solution, sera at 25X and 50X dilu-
tions were added, incubated for 2 h at room temperature, 
washed with PBST, and then incubated for 2 h with alkaline 
phosphatase conjugated secondary antibody (Goat Anti-
Mouse IgG H&L, Abcam ab97020) at 10000X and 20000X 
dilutions. Plates were washed followed by incubation with 

p-nitrophenol phosphate substrate solution (N2770-5SET) 
for 30 min at RT. The reactions were terminated by addi-
tion of NaOH 0.75 M and optical densities were read using 
an ELISA plate reader (Synergy H1 Hybrid Multi-Mode, 
BioTek, Winooski, US) at 405 nm.

Analysis of antigen‑specific responses by IFN‑γ quantification 
by ELISPOT  IFN-γ enzyme-linked immunospot (ELISPOT) 
assays (U-CyTech Biosciences, Utrecht, The Netherlands) 
were used to detect antigen specific responses in treated 
mice according to the manufacturer’s instructions. Briefly, 
flat bottom 96-well plates (Maxisorp F96, NUNC) were 
filled with the coating antibody (37 °C 3 h). After washing 
the plates with PBS containing 0.5% Tween®20 (PBS-T) 
(Sigma Aldrich), they were blocked with blocking solution 
supplied by the manufacturer (at least 1 h at 37 °C). After the 
blocking period, the solution was removed by decanting and 
4 × 103 splenocyte cells were added in triplicate and incu-
bated for 24 h to allow the capture of IFN- γ. Supplemented 
RPMI (R10) and TC soluble peptide epitope (5 µM) were 
used as negative and positive controls, respectively. Cells 
were removed by vigorous shaking, adding 200 µl/well of 
cold water and incubating the plates in an ice / water bath 
for 10 min. The plates were washed twice with PBS and 6 
times with PBS-T. Then the biotinylated secondary antibody 
was added in a volume of 100 µl. The plate was incubated 
for 1 h (37 °C) and then washed 8 times with PBS-T before 
the addition of GABA (gold-labelled anti-biotin antibodies) 
in a volume of 50 µL. The plate was again incubated for 1 h 
(37 °C), washed 8 times with PBST and then emptied by a 
firm shake. 35 µl of the Activator I/II solution was added 
to each well (uniformly) in a dark place and after 10 min 
the development of spots was monitored. Once the spots 
have developed, the Activator I/II was removed, the plate 
washed with distilled water several times and dried in dark-
ness until analysis. The number of IFN-γ secreting cells as 
the spot-forming cells (SFCs) were counted manually in an 
inverted optical microscope (Nikon Eclipse TS100). The 
average number of spots counted upon incubation with R10 
(i.e., background) was subtracted from the number of spots 
counted upon peptide stimulation, and data are represented 
as the number of SFC per 106 cells.

Statistical analysis

Data were analyzed with GraphPad Prism version 8.0 
(GraphPad Inc.). The numbers are expressed as the 
mean ± standard deviation (SD) and mean ± standard error 
(SE) for physicochemical characterization of the nanopar-
ticles and in vitro/in vivo studies, respectively. P values of 
0.05 or less were considered statistically significant. All the 
experiments were repeated at least three times, except as 
otherwise specified.
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Results and discussion

In the present work, we aimed to design hybrid nanostruc-
tures consisting of peptide epitopes from MAGE-A3 anti-
gen and PADRE attached to a self-assembling peptide as 
efficient systems capable of inducing CD8 + /CD4 + T cells 
responses (Fig. 1).

Selection of the CD8+ and CD4+ T cell epitope sequences

The sequence (Ac-AAVVLLLW-COOH) is a self-assembly 
peptide domain (SA block) that has been previously reported 
[23]. The sequence KVAELVHFL (TC block) is a linear cyto-
toxic T-cell epitope (IEDB ID 33943) derived from MAGE-
A3 (aa 112–120), which is a cancer-specific antigen present 
in 55% of the NSCLC patients [6]. A pan HLA-DR epitope 
(PADRE) with the sequence AKFVAAWTLKA was used as a 
universal helper T-cell epitope capable of binding a high num-
ber of MHC class II alleles (TH block) [36]. Peptides with 
a SA block at the N-terminus of both TC and TH epitopes 
were used to induce the formation of nanoparticles. Binding 
of epitopes to the transporters associated with antigen pro-
cessing (TAP) is key for proper epitope presentation. AAY 
and KFERQ were used as linkers between SA and TC/TH 
segments, respectively. These sequences were selected aim-
ing to generate C terminus epitopes suitable for binding to 
TAP and other chaperones [37, 38]. N-terminal of the peptides 

was acetylated to achieve a sequence with increased poten-
tial to enter the cells and degrade in the proteasome [39]. 
Therefore, the final designed sequences to induce CD8 + and 
CD4 + T-cells are Ac-AAVVLLLWAAYKVAELVHFL and 
Ac-AAVVLLLWKFERQAKFVAAWTLKA, referred here 
as SATC and SATH, respectively (Table 1).

In the IEDB server, the total score for the intrinsic poten-
tial of the peptides as T cell epitope is generated by com-
bining predictors of proteasomal processing, TAP transport, 
and MHC binding. The binding affinity of SATC peptide 
to MHC-I was predicted using the IEDB analysis resource 
Consensus tool, which combines predictions from ANN 
aka NetMHC (4.0), SMM, and Comblib [40]. The IC 50 
of TC to bind the HLA-A*02:01 human MHC-I allele, was 
11 nM, well below 50 nM, the threshold for a high-affinity 
HLA-A*02:01 peptide epitope. The same prediction for the 
H2-Kb mouse MHC-I allele, showed again that TC has the 
best score among the computed epitopes, with an IC 50 of 
241 nM. This value is below the 500 nM threshold and indi-
cates an intermediate affinity for the H-2-kb allele.

Even though these peptides consist of L-amino acids, 
experimental and theoretical studies suggest that they do 
not induce an adaptive immune response that interferes 
with our TC (KVAELVHFL) and TH (AKFVAAWTLKA) 
epitopes. A previous study using a peptide with the same 
self-assembly domain (AAVVLLLW) demonstrated that 
the immune response is specifically directed to the epitope 

Fig. 1   Scheme of the technological strategy: peptide diblocks consisting of PADRE/MAGE-A3 are self-assembled as nanoparticles. These 
immunoactive nanoparticles can interact with dendritic cells to activate CD4 + and CD8 + T-cells capable of killing cancer cells
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domain and not the self-assembly domain [41]. Further-
more, the IEDB server's predictions for MHC I and MHC 
II binding affinity revealed that the SA (AAVVLLLW) 
sequence has a minimal probability of being a potential 
epitope for CD8 + or CD4 + T cells. The calculated IC50 
values for SA binding to the HLA-A*02:01 human MHC-I 
allele and H2-Kb mouse MHC-I allele were 8115 nM and 
22,705 nM, respectively. Both values exceed the threshold, 
indicating a low affinity of SA for these alleles.

The location of proteasomal cleavage for the SATC peptide 
on the antigen delivery pathway through MHC-I was analyzed 
in IEDB by using the MHC-NP tool, which predicts the natu-
rally processed peptides by the MHC method. The predictions 
are based on in vitro proteasomal digests of the enolase and 
casein proteins [42]. The prediction data showed that in both 
human and mouse, TC sequence has the highest score among 
the other possible peptide segments for proteasomal cleavage 
through the MHC-I antigen-presenting pathway.

MHC-II binding predictions were performed by the IEDB 
analysis resource SMM-Align (ver. 1.1) [43]. The analysis 
showed that TH is a high-affinity peptide epitope for human 
MHC-II, with a predicted IC 50 for the binding between TH 
and HLA-DRB*01:01 of 49 nM. The prediction output for 
the H2-IAb allele of mouse MHC-II showed that TH has 
the best score among the computed epitopes. The estimated 
binding IC 50 was 980 nM, a value that classifies TH as 
a possible T-helper epitope for H2-IAb. Applying MHC II 
NP tool to predict the naturally processed MHC-II ligands 
of SATH, the TH sequence scored among the top 3 peptides 
regarding its possibility for cleavage through the MHC-II 
antigen-presenting pathway.

The allergenicity of the peptide sequence is one of the 
most important characteristics that need to be predicted 
before developing a vaccine formulation. The allergenicity 
of the designed peptide sequences was evaluated by Aller-
TOP, which is among the most accurate (88.7%) servers for 
this type of prediction [24]. Both SATC and SATH were 
found to be probably non-allergic. These peptides were also 
non-toxic as it was verified by using the ToxinPred module.

The theoretical isoelectric points (pI) of SATC and SATH 
were 5.1 and 10.93, respectively. The instability indexes 
of SATC and SATH were estimated to be 4.39 and 17.67, 
respectively, both below 40, which is indicative of stable 
peptides capable of initiating immune reactions. The com-
puted aliphatic index for SATC and SATH were found to 
be 180.50 and 126.25, respectively, indicating that these 
sequences are thermostable. All peptides were insoluble in 
water and standard buffers. Exceptionally, SATC was soluble 
in basic aqueous solutions (NaOH 0.2M), but not SATH. 
Both peptides were soluble in hexafluoroisopropanol and 
ethanol. Due to its amenability for easy processing and bet-
ter regulatory outlook, ethanol was used for nanoparticle 
preparation procedures.

Characterization of peptides and pure  
peptide nanoparticles

The peptides that were used in this study and their charac-
teristics are listed in Table 1. The CAC values of the SATC 
and SATC/TH were both ca. 6 μM, which is half of the value 
reported for SA2 [20] and indicate that the CAC in these for-
mulations is dictated by the TC peptide sequence, as well as 
the self-assembly domain. On the other hand, the CAC value 
for SATH was 13.5 µM (data not shown), showing a minor 
impact of TH sequence on the CAC. This could be related to 
the higher hydrophilic/hydrophobic ratio in SATH as com-
pared to SATC, due to the presence of the polar aminoacids 
threonine and glutamine in the SATH sequence. Addition of 
SATC to SATH decreased its CAC to levels indistinguish-
able from pure SATC (Table 2). Because of the hydrophobic 
nature of SATC and SATH and their limited solubility in 
buffered aqueous media, the corresponding nanoparticles 
were prepared using a solvent displacement method. This 
approach involved using ethanol as the solvent and water as 
the non-solvent (Table 2). The final pH of these formulations 
was acidic (Fig. S3d), and the protein nanoparticles showed 
a positive zeta potential more than 30 mV.

Peptide nanoparticles were stable when formed in 
ultrapure water. However, they underwent quick fibrillation 
in any buffered media simulating physiological conditions, 
as observed by FESEM imaging (Fig. 2). This observation 
was not unexpected since these peptides form β-sheet sec-
ondary structures in PBS (see “Physicochemical characteri-
zation of selected peptide nanoparticle compositions” sec-
tion), and those tend to self-assemble into fibrils [23]. The 
immune response induced by fibrils does not significantly 
involve cellular immunity, and thus, it is critical to maintain 
a nanoparticulated granulometry to evoke a cellular immune 
response [22, 44, 45].

Synthesis of stabilized self‑assembled peptide 
nanoparticles

Stabilized nanoparticles from the self-assembling peptide 
epitopes were prepared by a solvent displacement method 
(Table 3, Supplementary Information Fig. S1).

To control the self-assembly and fibrillation of the pep-
tide nanoparticles, a stabilizing agent (poloxamer) was 

Table 2   Physicochemical characterization of the free peptide nano-
particles (mean ± S.D., n ≥ 3)

Name CAC (µM) DLS size 
(nm)

PDI pH Zeta 
potential 
(mV)

SATC​ 6.27 ± 0.21 129 ± 14 0.35 4.00 ± 0.12 38 ± 3
SATC/TH 6.41 ± 0.63 133 ± 19 0.25 3.55 ± 0.02 30 ± 4
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added to the external medium. Poloxamers have an amphi-
philic nature, allowing them to form a sterically stabilizing, 
hydrated polyoxyethylene shell for nanostructures [46–50]. 
Besides its stabilization function, poloxamers are biocom-
patible and have other beneficial pharmaceutical proper-
ties, as cryoprotectants for lyophilization [47, 51–53] and as 
modulators of immune responses [54]. Herein, the peptide 
nanoparticles were stabilized with Pluronic F127 (Polox-
amer 407; F127), and the presence of this pharmaceuti-
cal excipient prevented indefinite assembly of β-sheets to 
form fibrils. F127 has been previously utilized to stabilize 
poly(propylene sulfide) (PPS) nanoparticles [45] and self-
assembling silk sericin protein nanoparticles [55], among 
others.

The DLS analysis of the nanoparticles with different F127 
concentrations showed no difference in particle size and PDI 
(Fig. S3a and b). However, there is a significant increase 
in terms of count rate as we decrease the concentration of 
F127 in the formulation (Fig. S3c). This could be related 
to fibril formation in the absence of polymeric stabilizers, 
as suggested by FESEM images, where nanoformulations 
appear as elongated precipitate structures (see “Characteri-
zation of peptides and pure peptide nanoparticles” section). 
F127 concentrations in our peptide nanoparticles were 0.05 
and 0.20 mM, which are below its CAC, 0.5 mM. This was 
important to prevent the formation of a second population 
of pure F127 micelles.

Physicochemical characterization of selected 
peptide nanoparticle compositions

CAC determination showed effective assembly in nanopar-
ticle preparations (Table 3). The CAC values of the pep-
tides increased as we increased the concentration of F127, 
but they remained consistently low in all cases (< 8 µM; 
Table 3). Size determination of the nanoparticles by DLS 
showed that all the nanoparticles were smaller than 200 nm, 
which has been suggested to be the optimum range for effi-
cient uptake by DCs, and for generating cellular immune 
responses [56–60]. PDI was always consistently low (< 0.2).

To investigate the inner structure of the peptide nanoparti-
cles, we performed circular dichroism analysis (Fig. 3a). The 
CD spectra of the nanoparticles in PBS had one strong mini-
mum at 215 nm, indicating the formation of β-sheets within the 
structure of the peptide nanoparticles. This data confirms that 
self-assembly is directed by these secondary structures.

Unlike the free nanoparticles, the final pH of all the sta-
bilized nanoformulations were neutral (Table 3). Protein 
nanoparticles presented a positive zeta potential, which has 
great importance for efficient uptake by DCs [58, 61]. The 
zeta potential values for all the nanoparticles were in the 
range between + 10 and + 30 mV (Fig. 3b), which suggest 
enough ionic repulsion to maintain the colloidal stability of 
the nanoformulations [62]. It has been shown that subcu-
taneous administration of positively charged nanoparticles 

Fig. 2   FESEM images of a SATC and b SATC/TH nanostructures at 106X dilution

Table 3   Physicochemical 
characterization of the F127 
stabilized peptide nanoparticles 
used in this study (mean ± S.D., 
n ≥ 3)

Name CAC (µM) DLS size (nm) PDI pH

SATC (0.05 mM F127) 7.25 ± 0.08 157 ± 29 0.14 7.31 ± 0.02
SATC (0.20 mM F127) 7.54 ± 0.22 167 ± 43 0.17 7.30 ± 0.09
SATC/TH (0.05 mM F127) 6.78 ± 0.51 153 ± 32 0.15 6.83 ± 0.15
SATC/TH (0.20 mM F127) 7.52 ± 0.42 133 ± 32 0.12 7.03 ± 0.05
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with size larger than 100 nm might result in their capture by 
APCs and drainage to the lymph nodes [63]. These types of 
nanoparticles are assumed to stimulate cross-presentation 
of CD8 + T-cell responses through increasing the lysosomal 
pH in DCs and limiting antigen degradation [64]. The zeta 
potential of the nanoparticles decreased as the concentration 
of F127 was increased (Fig. 3b). This is a typical charge 
shielding effect related to the displacement of the nanopar-
ticles shear plane, resulting from the formation of a hydro-
philic polyoxyethylene shell. Besides, SATC/TH protein 
nanoparticles showed a lower zeta potential than pure SATC 
nanoparticles. This could be related to charge neutralization 
and higher number of electrostatic interactions between the 
residues with opposite charge in SATH and SATC in com-
parison to the formulations that only contain SATC pep-
tide. Due to these two factors, the lowest zeta potential was 
observed for SATC/TH (0.20 mM F127).

DLS size measurements were confirmed by NTA and 
AF4 (Fig. 4), following orthogonal analysis recommenda-
tions of EUNCL and NCI-NCL [65]. DLS correlate the aver-
age fluctuation in the intensity of the scattered light to the 
size of the nanoparticles. Since in NTA the scattered light of 
the individual nanoparticles is monitored, it provides more 
accurate and independent size measurements compared to 
DLS [62]. Nanoparticles with 0.05 mM F127 concentration 
showed more differences between these two techniques. The 
NTA size was approximately 40 nm lower than the DLS size 
for these peptide nanoparticles (Fig. 4a). These differences 
in size suggest that these formulations are less homogenous 
than the formulations with lower F127 concentration.

It is considered that the size distribution of nanoparticles 
determined by separative techniques of high resolution such 

as AF4 is more accurate than those obtained by techniques 
such as DLS [66]. Besides, AF4 is particularly interesting 
for the characterization of complex systems, where different 
species populations can be formed. Since unbound mono-
meric poloxamer could also be present in our samples, we 
characterized our nanoparticle suspension by this technique. 
The fractogram reported with the UV detector at 280 nm 
indicated peaks at 5–10 min and 20–27 min (Fig. S4b). The 
first one is the void peak formed by non-separated particles. 
The second peak corresponds to the nanoparticles. The free 
poloxamer cannot be detected by the UV spectrometer, and 
no further populations were identified in this UV fractogram. 
The small hump at 35–37 min was attributed to the release 
of a small quantity of larger particles when the fractionation 
is interrupted. The fractogram recorded with the refraction 
index detector could be used to quantify the free poloxamer 
(Fig. 4b). Between 8–12 min two peaks corresponding to 
free poloxamer were observed. The area of the second peak 
at 9–12 min was used to build the calibration curve between 
F127 sample concentration and the observed signal, as it 
resulted in the best linearity. By applying this calibration 
curve to the peaks observed in the formulations, we could 
calculate that the free poloxamer for all the formulations 
was around 80% of the total. The fractogram recorded by 
the MALS detector only indicated one major peak that could 
be assigned to the peptide nanoparticles (Fig. 4c). This frac-
togram with the MALS detector could also be used for an 
absolute determination of particle size distribution based on 
the angular dependence of the light scattered. For this sample, 
a random coil model was used to determine the radius of the 
nanoparticles. In general, all the particle sizes data measured 
by the three techniques stayed within a narrow range. The 

Fig. 3   a CD spectra of the nanoparticles in PBS at 0.22 mM peptide concentration. b Zeta potential of the nanoparticles (mean ± S.D., n ≥ 3). 
Data were analyzed with one-way ANOVA, Tukey test, P < 0.05
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best agreement among these three techniques was observed 
for SATC/TH (0.2 mM F127) nanoparticles, with less than a 
10 nm difference (Fig. 4d).

FESEM images showed the spherical morphology of the 
nanoparticles and supported the data obtained by AF4, DLS 
and NTA regarding the general particle size range (Fig. 5).

Cell culture medium and blood‑nanoparticle 
compatibility

Nanoparticle stability in culture media is essential to ensure 
that their pharmaceutical properties are maintained for cell 
experiments. Also, since RMPI is a neutral pH buffer, a sta-
bility study in this medium would provide information on 
how the system might behave upon injection. Therefore, the 
size of the nanoparticles was monitored for 8 h (RPMI sup-
plemented with FBS at 10%, 37 °C). No significant changes 
in the main parameters characterizing the particle size dis-
tribution were observed during this period: average particle 
size (Fig. 6a), count-rate and PDI were all constant (Fig. S5a 

and b). This result suggests that these poloxamer-coated pro-
tein nanoparticles have adequate colloidal stability in cell 
culture and buffered media.

Since all the nanoparticles, regardless of administration 
route, would pass the blood to reach their target tissues, it is 
necessary to evaluate nanoparticles-erythrocyte compatibil-
ity [67]. To check this, we performed a test where the release 
of haemoglobin into the plasma is measured as a readout for 
erythrocyte lysis. After 2h incubation of the peptide nano-
particles with red blood cells, we observed no haemoglo-
bin release, even at the highest concentration tested (20 µg/
ml). This result indicated that the peptide nanoparticles are 
highly compatible with blood cells (Fig. 6b), and the overall 
results suggest the suitability of these peptide nanoparticle 
formulations for IV administration.

Storage stability

Long-term stability during storage conditions is an essen-
tial feature for the pharmaceutical development of vaccine 

Fig. 4   a Representative image of the particle size distribution 
obtained by nanoparticle tracking analysis (mean ± S.D.). b Fracto-
grams of the nanoparticles recorded by RI detector. c Fractograms 
of different nanoparticles recorded by MALS detector. The signal of 

the blank (blank = 40 μL of MilliQ water) was subtracted to all the 
series. d Size of the nanoparticles measured by different methods 
(mean ± S.D., n ≥ 3). Data were analyzed with two-way ANOVA, 
Tukey test, P < 0.05
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formulations. In our case, we checked the possibilities for 
freeze-drying our nanovaccines both by themselves, and in 
the presence of a cryoprotectant. We selected trehalose as a 
cryoprotectant because it has low hygroscopicity and chemi-
cal reactivity, capacity to form hydrogen bonds, and a high 
glass transition temperature [68–70]. Freeze-drying in the 
absence of the trehalose resulted in aggregates that could 
not be redispersed. By adding 5% trehalose, the freeze-dried 
cakes became completely redispersable. The DLS analysis of 
the nanoparticles after freeze-drying showed that the nano-
particles maintain their size and PDI, except for SATC (0.05 
mM F127), where particle size increased significantly, around 
50 nm (Fig. 6c). In general, this data indicates a successful 
freeze-drying process, and this presentation could be used 
as the final vaccine dosage form, to provide better stability.

In vitro study of the interaction of peptide 
nanoparticles with primary human DCs: cytotoxicity

DCs, are professional APCs broadly distributed throughout 
the body and capable of recognizing multiple molecular struc-
tures present in pathogens [71]. As the only skilled cells of 
the immune system at cross-presentation, they can capture, 

process, and present exogenous antigens. DCs can migrate 
from peripheral tissues to lymphoid tissues, where they acti-
vate naïve lymphocytes and direct them towards differentiation 
into effector cells [72]. These characteristics make DCs key 
players for producing an immune response against various anti-
gens. Because of the importance of DCs activation, we studied 
the interaction of peptide nanoparticles and DCs in vitro, as the 
first measure of their potential as a cancer vaccine.

DCs could be generated from PBMCs following the treat-
ment with GM-CSF and interleukin 4(IL-4) [73]. The non-toxic 
nature of the peptide sequences was confirmed by ToxinPred 
module (“Selection of the CD8+ and CD4+ T cell epitope 
sequences” section). To prevent unspecific effects, we first ana-
lysed the cytotoxicity of peptide nanoparticles against dendritic 
cells was evaluated by MTS assay, for 24 h, and at three nano-
particle concentrations (Fig. 6d). The nanoparticles showed no 
cytotoxicity even at the highest concentration tested (45 µg/
ml). The results indicate that these peptide sequences are highly 
cell compatible, even in nanoparticulated form. This compat-
ibility would be the result from sequences with low amounts 
of cationic residues, since it has been previously shown that 
soluble cationic substances show higher cell adhesion proper-
ties [74]. These results imply that final combination of the size, 

Fig. 5   FESEM images of a SATC (0.20 mM F127), b SATC/TH (0.20 mM F127), c SATC (0.05 mM F127) and d SATC/TH (0.05 mM F127)
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zeta potential and concentration of these peptide nanoparticles 
are within the compatibility range for the cells.

Change in iDCs phenotype

The process of T cell proliferation and differentiation 
involve signals provided by mature DCs. Phenotypic 
maturation of DCs upon antigen uptake is associated with 
upregulation of the costimulatory molecules CD80 and 
CD83 (Fig. S6a) [75]. To evaluate the effect that differ-
ent peptide nanoparticles may have on iDCs phenotype 
and functionality, the expression of these markers were 
analyzed by flow cytometry. The two peptide sequences 
without the self-assembling domain, TC and TC/TH, were 
used as controls. TC and its combination with TH are sol-
uble peptides and do not form nanoparticles. To achieve a 
more accurate quantification of the monocytes differen-
tiation, CD1a was selected as a DC marker. Analysis of 
DCs phenotype demonstrated that iDCs incubated with 

peptide nanoparticles showed a tendency for the upregula-
tion of CD80 and CD83 activation markers, but without 
reaching statistical significance (Figs. 7a and b, and S6b). 
Indeed, most nanovaccine groups showed markers that 
were not significantly different from neither the negative 
(iDC) nor the positive (mDC) controls. Even without a 
clear indication of DCs phenotype shift, it is possible 
that these cells could affect T lymphocyte activation. We 
checked this possibility as a next step.

Stimulation of CD8+ and CD4+ T lymphocytes

During T lymphocyte activation, CD28, a T cell ligand from 
the B7 family, is expressed on the surface of the mature DCs 
providing the necessary co-stimulation to these cells. Interleu-
kin-2 (IL-2) cytokine, mainly secreted by CD4 + T lympho-
cytes, binds to CD25, the high-affinity IL-2 receptor expressed 
on the surface of an antigen-stimulated CD4 + T cell, during 
their late-stage proliferation and differentiation [76]. We 

Fig. 6   a Size stability of the nanoparticles during 8 h incubation in 
RPMI supplemented with 10% FBS at 37  °C  (Mean ± S.E., n = 3). 
b Viability of RBCs after 2 h incubation with the Nanoparticles 
(mean ± S.E., n = 4). c Particle size evolution of the freeze-dried nan-

oparticles upon storage at 4 °C (mean ± S.D., n = 3). All formulations 
were freeze-dried with trehalose. d Viability of DCs after 24h incuba-
tion with nanoparticles (mean ± S.E., n = 4). All Data were analyzed 
with two-way ANOVA, Tukey test, P < 0.05
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performed a flow cytometry analysis to assess the capacity of 
iDCs, previously stimulated by peptide nanoparticles, to act 
as activators of allogeneic CD8 + and CD4 + T lymphocytes 
(Fig. 7c and d). The results were compared to cells activated 
with non-stimulated iDCs and iDCs stimulated with TC/TH 
(peptides without the self-assembly domain). The results 
showed that pre-incubation of iDCs for 48 h with the peptide 
nanoparticles at 10 µM, could increase the number of activated 
CD4 + T lymphocytes (determined as CD4 + CD25 + cells) 
(Fig. 7c). Besides, all the peptide nanoparticles demonstrated 
an increase in activated CD8 + T cell numbers (determined as 
CD8 + CD28 + cells) compared to free peptide controls. On the 
other hand, iDCs primed with the soluble peptides, TC and TH, 
were unable to activate CD8 + T cells (Fig. 7d). This could be 
related to enhance cellular uptake of the particulate systems, 

and the high density of antigenic epitopes on the surface of the 
nanoparticles. These results are also in agreement with previous 
studies where other peptide epitopes were extended by incor-
porating a self-assembling domain [77], which suggest that 
this might be a general approach to mount enhanced immune 
responses by reducing T cell anergy [23]. Since the nanoparti-
cles of SATC (0.20 mM F127) showed higher levels for CD83, 
CD4 + /CD25 + and CD8 + /CD28 + T cells activation in com-
parison to other nano-formulations, it was selected to perform 
the in vivo studies. The better performance of these nanopar-
ticles in stimulating T lymphocytes in vitro could be related 
to a more efficient uptake and cross-presentation by DCs, as 
these nanoparticles contain the higher concentration of F127 
stabilizing poloxamer (0.20 mM) along with a relatively higher 
positive zeta potential compared to the other formulations [64].

Fig. 7   In vitro immune activation studies. a CD80 + and b 
CD83 + dendritic cell phenotype by incubation of iDCs with nanopar-
ticles at 10 µM for 48 h. Data are shown as the ratio (%) between 
the mean fluorescence intensity (MFI) of the corresponding marker 
in iDCs incubated with the different nanoparticles versus the MFI 
of iDC incubated in culture media (mean ± S.E., n = 4). Data were 
analyzed with one-way ANOVA, Sidak test, P < 0.05. The capac-
ity of the iDCs treated by nanoparticles to activate allogeneic 

CD4 + (c) and CD8 + (d) T lymphocytes was determined by flow 
cytometry and quantifying the upregulation of CD25 (c) and CD28 
(d), respectively. Results are shown as the ratio between the total 
event number of CD4 + CD25 + (CD8 + CD28 + T) cells using 
iDCs incubated with nanoparticles versus total event number of 
CD4 + CD25 + (CD8 + CD28 +) T cells using iDCs incubated in cul-
ture media (mean ± S.E., n = 4). Data were analyzed with one-way 
ANOVA, Tukey test, P < 0.05
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In vivo humoral and cellular responses

Based on the previous data, an in vivo study was performed 
where the peptide nanoparticles were administered to C57BL/6 
mice in a prime-boost regimen. The treatment group received 
nanoparticles of SATC (0.20 mM F127). One group received 
soluble peptide without a self-assembling domain, TC peptide, 
and the positive control group was vaccinated with TC peptide 
associated to Freund's adjuvant. In the IgG-ELISA analysis, 
treated mice groups showed significant levels of IgG antibody 
responses in comparison to the negative control groups, but 
equal among themselves (Figs. 8a and S7). This IgG antibody 
response suggests a CD4 + Th-cell dependent antibody class 
switching mechanism. If the peptide nanoparticles are taken and 
processed by lysosomes and late endosomes they will undergo 
a class II MHC pathway, and their epitopes are presented to 
CD4 + T cells. The results agree with the in vitro CD4 + lym-
phocyte stimulation results, where we observed an elevated 
number of activated CD4 + T-lymphocytes (CD4 + CD25 +) for 
nanoparticles of SATC (0.20 mM F127; Fig. 7c). Studies on the 
cytokines related with CD4 + activation, such as IL4, could help 
to understand better the activation mechanisms, and whether this 
antibody production is T cell dependent or not.

IFN-γ ELISPOT is a sensitive assay to quantify the level of 
cellular immune response, since CD8 + and CD4 + effector T 
cells and activated DCs produce IFN-γ. Subcutaneous immu-
nization of C57Bl/6 mice followed by a booster dose on day 
12 with the nanoparticles of SATC (0.20 mM F127) induced 
activated specific T cells that secreted IFN-γ, while soluble 
peptide groups failed to induce any significant T cell responses 
in mice (Fig. 8b). These results confirm the in vitro results on 

antigen presentation by DCs, where self-assembling peptide 
nanoparticles could efficiently activate DCs. As mentioned 
earlier, activated DCs produce IFN-γ, which initiate the T cell-
DC crosstalk and thereby elicit T-cell priming [78]. The lack of 
IFN-γ response detected in the soluble TC peptide group (no 
self-assembly domain) could be caused by a transient effector 
CD8 response, rather than by a memory response, as previ-
ously reported by other studies [79, 80]. These results agree 
with other studies reporting limited uptake of soluble peptides 
by DCs [13]. Moreover, previous works have shown significant 
degradation of soluble peptides by proteolytic peptidases on 
the surface of DCs [81]. F127 in the nanoparticles of SATC 
(0.20 mM F127) could protect peptide epitopes against pro-
tease degradation by providing a prolonged antigen presenta-
tion to APCs through peptide epitope exposed to the immune 
system. The results of IgG-ELISA and IFN γ-ELISPOT indi-
cates that both class II and class I MHC pathways are involved 
in the immune response against the TC epitope. However, the 
MHC I pathway is the most dominant immune pathway in 
the case of SATC nanoparticles compared to the TC soluble 
peptide epitopes.

Overall, our results are in consistent with previous 
approaches using self-assembling peptide epitopes in their 
particulate form [80, 82, 83]. In these studies, long peptide 
sequences were used to drive the self-assembly process that 
trigger uncontrolled immune reactions. Although there are 
various studies on development of self-assembled peptide-
based vaccines to raise cellular response against cancer, 
most of them employ self-assembling peptides only as drug 
delivery vectors. The main nanostructure in these studies 
are nanofibers, which are less effective than a particulate 

Fig. 8   In vivo immune activation studies. a Optical densities (λ = 405 
nm) observed at 25X and 50X mice sera dilutions one week after 
receiving booster doses at 10000X dilution of the secondary antibody. 
Data were analyzed with two-way ANOVA, Tukey test, P < 0.05 
(mean ± S.E., n = 3 mice per group). All groups were statistically 

different from PBS and equal among them. b IFN-γ production was 
determined by ELISPOT assay in response to stimulation with TC 
epitope. Data are expressed as spots/106 splenocytes ± S.E. for each 
group (n = 3). A t-test analysis was performed comparing the values 
of immunized mice versus naïve (non-immunized) mice (P < 0.05)
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structure to stimulate the cellular immune response. In this 
study, we took advantage of a nanoparticulated antigen by 
co-assembly of self-assembling peptide epitopes with polox-
amer. This would help us to overcome the limitations related 
to the use of long peptide sequences and fibrous structures.

Conclusion

Stable nanoparticles can be formed from engineered self-
assembling peptide antigenic sequences. These structures 
are suitable as injectable nanovaccines when stabilized 
with poloxamer. These nanoparticles can activate DCs and 
effector cells and are able to elicit a strong cellular response 
in vivo. On the contrary, the peptide antigens lacking the 
self-assembling sequence induce sub-optimal responses. 
This data supports the interest of these peptide nanoparticles 
as a new therapeutic nanovaccine platform.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13346-​023-​01410-y.

Author contribution  Saeedeh Khazaei was in charge of the overall 
Investigation, data analysis, writing, and figure preparation. Ruben 
Varela-Calvino was involved in the design and supervision of the 
in vitro and in vivo experiments, reviewing, and editing the manuscript. 
Mazda Rad-Malekshahi played a role in conceptualizing the project and 
provided supervision for both the synthesis of peptides and the analysis 
of bioinformatics. Federico Quattrini contributed to the AF4 analysis 
and writing. Safura Jokar and Saeed Balalaie provided oversight for 
the synthesis and characterization of the peptides. Nima Rezaei and 
Ismaeil Haririan were involved in supervision of peptide synthesis and 
bioinformatic analysis. Noemi Csaba was involved in supervision of 
the pharmaceutical design & characterization, reviewing, editing, and 
project design. Marcos Garcia-Fuentes contributed to the conceptu-
alization of the project, development of the methodology, design of 
the project, overall supervision of the project, manuscript review and 
editing, and final approval of the manuscript.

Funding  Open Access funding provided thanks to the CRUE-
CSIC agreement with Springer Nature. This work was supported by 
Ministerio de Ciencia e Innovación – Agencia Estatal de Investigación 
and European Regional Development Fund (ERDF), Ref. PID2021-
124986OB-I00 (Project “IMMMA”), and Instituto de Salud Carlos III 
(ISCIII)/ AC21_2/00046 (Project “RAIN”)/Financiado por la Unión 
Europea – NextGenerationEU/EURONANOMED 3. This research was 
a part of a Ph.D. thesis and supported by Tehran University of Medical 
Sciences, Tehran, Iran [grant no. 35632].

Data availability  The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Ethics approval  All the experimental procedures on mice were 
approved by the internal ethical research and animal welfare com-
mittee (Comité de Ética de Experimentación Animal, CEEA, nº 
15010/16/002). The study on human blood samples was conducted 
after obtaining patients' informed consent and receiving the required 

authorization from the Institutional Ethics Committee (Comité Ético 
de Investigación de Galicia, CEIC; nº 2014/543).

Consent to participate  All the authors consent to participate in this 
manuscript.

Consent to publish  All the authors consent the publication of the pre-
sent manuscript.

Competing interest  The authors declare no competing interests related 
to this work.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Burnet FM. The concept of immunological surveillance. Prog Exp 
Tumor Res. 1970.

	 2.	 Abbas AK, Lichtman AH, Pillai S. Cellular and molecular immu-
nology e-book. Elsevier Health Sciences; 2017.

	 3.	 Alexander J, del Guercio M-F, Maewal A, Qiao L, Fikes J, 
Chesnut RW, et al. Linear PADRE T helper epitope and carbo-
hydrate B cell epitope conjugates induce specific high titer IgG 
antibody responses. J Immunol. 2000;164(3):1625. https://​doi.​
org/​10.​4049/​jimmu​nol.​164.3.​1625.

	 4.	 He X, Abrams SI, Lovell JF. Peptide delivery systems for cancer 
vaccines. Adv Ther. 2018;1(5):1800060. https://​doi.​org/​10.​1002/​
adtp.​20180​0060.

	 5.	 Kessler JH, Melief CJ. Identification of T-cell epitopes for cancer 
immunotherapy. Leukemia. 2007;21(9):1859–74. https://​doi.​org/​
10.​1038/​sj.​leu.​24047​87.

	 6.	 Gure AO, Chua R, Williamson B, Gonen M, Ferrera CA, Gnjatic 
S, et al. Cancer-testis genes are coordinately expressed and are 
markers of poor outcome in non-small cell lung cancer. Clin 
Cancer Res. 2005;11(22):8055–62. https://​doi.​org/​10.​1158/​1078-​
0432.​CCR-​05-​1203.

	 7.	 Kim Y-D, Park H-R, Song M-H, Shin D-H, Lee C-H, Lee M-K, 
et al. Pattern of cancer/testis antigen expression in lung cancer 
patients. Int J Mol Med. 2012;29(4):656–62. https://​doi.​org/​10.​
3892/​ijmm.​2012.​896.

	 8.	 Vansteenkiste JF, Cho BC, Vanakesa T, De Pas T, Zielinski M, 
Kim MS, et al. Efficacy of the MAGE-A3 cancer immunothera-
peutic as adjuvant therapy in patients with resected MAGE-
A3-positive non-small-cell lung cancer (MAGRIT): a randomised, 
double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 
2016;17(6):822–35. https://​doi.​org/​10.​1016/​S1470-​2045(16)​
00099-1.

	 9.	 Feltkamp MCW, Smits HL, Vierboom MPM, Minnaar RP, De Jongh 
BM, Drijfhout JW, et al. Vaccination with cytotoxic T lymphocyte 
epitope-containing peptide protects against a tumor induced by 
human papillomavirus type 16-transformed cells. Eur J Immunol. 
1993;23(9):2242–9. https://​doi.​org/​10.​1002/​eji.​18302​30929.

https://doi.org/10.1007/s13346-023-01410-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.4049/jimmunol.164.3.1625
https://doi.org/10.4049/jimmunol.164.3.1625
https://doi.org/10.1002/adtp.201800060
https://doi.org/10.1002/adtp.201800060
https://doi.org/10.1038/sj.leu.2404787
https://doi.org/10.1038/sj.leu.2404787
https://doi.org/10.1158/1078-0432.CCR-05-1203
https://doi.org/10.1158/1078-0432.CCR-05-1203
https://doi.org/10.3892/ijmm.2012.896
https://doi.org/10.3892/ijmm.2012.896
https://doi.org/10.1016/S1470-2045(16)00099-1
https://doi.org/10.1016/S1470-2045(16)00099-1
https://doi.org/10.1002/eji.1830230929


471Drug Delivery and Translational Research (2024) 14:455–473	

1 3

	10.	 Aichele P, Brduscha-Riem K, Zinkernagel RM, Hengartner H, 
Pircher H. T cell priming versus T cell tolerance induced by syn-
thetic peptides. J Exp Med. 1995;182(1):261–6. https://​doi.​org/​
10.​1084/​jem.​182.1.​261.

	11.	 Toes RE, Offringa R, Blom RJ, Melief CJ, Kast WM. Pep-
tide vaccination can lead to enhanced tumor growth through 
specific T-cell tolerance induction. Proc Natl Acad Sci USA. 
1996;93(15):7855–60. https://​doi.​org/​10.​1073/​pnas.​93.​15.​7855.

	12.	 Arens R, van Hall T, van der Burg SH, Ossendorp F, Melief CJ. 
Prospects of combinatorial synthetic peptide vaccine-based immu-
notherapy against cancer. Semin Immunol. 2013;25(2):182–90. 
https://​doi.​org/​10.​1016/j.​smim.​2013.​04.​008.

	13.	 Bijker MS, Melief CJM, Offringa R, van der Burg SH. Design 
and development of synthetic peptide vaccines: past, present and 
future. Expert Rev Vaccines. 2007;6(4):591–603. https://​doi.​org/​
10.​1586/​14760​584.6.​4.​591.

	14.	 Chen W, Huang L. Induction of cytotoxic T-lymphocytes and anti-
tumor activity by a liposomal lipopeptide vaccine. Mol Pharm. 
2008;5(3):464–71. https://​doi.​org/​10.​1021/​mp700​126c.

	15.	 De Geest BG, Willart MA, Hammad H, Lambrecht BN, Pollard C, 
Bogaert P, et al. Polymeric multilayer capsule-mediated vaccination 
induces protective immunity against cancer and viral infection. ACS 
Nano. 2012;6(3):2136–49. https://​doi.​org/​10.​1021/​nn205​099c.

	16.	 Dimier-Poisson I, Carpentier R, Nguyen TTL, Dahmani F, 
Ducournau C, Betbeder D. Porous nanoparticles as delivery sys-
tem of complex antigens for an effective vaccine against acute and 
chronic Toxoplasma gondii infection. Biomaterials. 2015;50:164–
75. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2015.​01.​056.

	17.	 Irvine DJ, Hanson MC, Rakhra K, Tokatlian T. Synthetic 
nanoparticles for vaccines and immunotherapy. Chem Rev. 
2015;115(19):11109–46. https://​doi.​org/​10.​1021/​acs.​chemr​ev.​
5b001​09.

	18.	 Rosalia RA, Cruz LJ, van Duikeren S, Tromp AT, Silva AL, 
Jiskoot W, et al. CD40-targeted dendritic cell delivery of PLGA-
nanoparticle vaccines induce potent anti-tumor responses. Bio-
materials. 2015;40:88–97. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​
2014.​10.​053.

	19.	 Thomas C, Rawat A, Hope-Weeks L, Ahsan F. Aerosolized PLA 
and PLGA nanoparticles enhance humoral, mucosal and cytokine 
responses to Hepatitis B vaccine. Mol Pharm. 2011;8(2):405–15. 
https://​doi.​org/​10.​1021/​mp100​255c.

	20.	 van Hell AJ, Costa CICA, Flesch FM, Sutter M, Jiskoot W, 
Crommelin DJA, et al. Self-assembly of recombinant amphiphi-
lic oligopeptides into vesicles. Biomacromol. 2007;8(9):2753–
61. https://​doi.​org/​10.​1021/​bm070​4267.

	21.	 Glover DJ, Lipps HJ, Jans DA. Towards safe, non-viral therapeu-
tic gene expression in humans. Nat Rev Genet. 2005;6(4):299–
310. https://​doi.​org/​10.​1038/​nrg15​77.

	22.	 Rudra JS, Tian YF, Jung JP, Collier JH. A self-assembling pep-
tide acting as an immune adjuvant. Proc Natl Acad Sci U S A. 
2010;107(2):622–7. https://​doi.​org/​10.​1073/​pnas.​09121​24107.

	23.	 Rad-Malekshahi M, Fransen MF, Krawczyk M, Mansourian M, 
Bourajjaj M, Chen J, et al. Self-assembling peptide epitopes as novel 
platform for anticancer vaccination. Mol Pharm. 2017;14(5):1482–
93. https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​6b010​03.

	24.	 Dimitrov I, Flower DR, Doytchinova I. AllerTOP - a server 
for in silico prediction of allergens. BMC Bioinformatics. 
2013;14(6):S4. https://​doi.​org/​10.​1186/​1471-​2105-​14-​S6-​S4.

	25.	 Gupta S, Kapoor P, Chaudhary K, Gautam A, Kumar R, Open 
Source Drug Discovery Consortium, et al. In silico approach 
for predicting toxicity of peptides and proteins. PLoS ONE. 
2013;8(9):e73957. https://​doi.​org/​10.​1371/​journ​al.​pone.​00739​57.

	26.	 Wilkins MR, Gasteiger E, Bairoch A, Sanchez JC, Williams KL, 
Appel RD, et al. Protein identification and analysis tools in the 
ExPASy server. Methods Mol Biol (Clifton, NJ). 1999;112:531–
52. https://​doi.​org/​10.​1385/1-​59259-​584-7:​531.

	27.	 Merrifield B. Solid phase synthesis. Science. 1986;232(4748):341–
7. https://​doi.​org/​10.​1126/​scien​ce.​39614​84.

	28.	 Merrifield RB. Solid phase synthesis (Nobel Lecture). Angew 
Chem Int Ed Engl. 1985;24(10):799–810. https://​doi.​org/​10.​1002/​
anie.​19850​7993.

	29.	 Vemuri S. Comparison of assays for determination of peptide con-
tent for lyophilized thymalfasin. J Pept Res. 2005;65(4):433–9. 
https://​doi.​org/​10.​1111/j.​1399-​3011.​2005.​00225.x.

	30.	 Zhang A, Zhang Z, Shi F, Ding J, Xiao C, Zhuang X, et  al. 
Disulfide crosslinked PEGylated starch micelles as efficient intra-
cellular drug delivery platforms. Soft Matter. 2013;9(7):2224–33. 
https://​doi.​org/​10.​1039/​C2SM2​7189C.

	31.	 Li H-C, Hsieh F-J, Chen C-P, Chang M-Y, Hsieh PCH, Chen C-C, 
et al. The hemocompatibility of oxidized diamond nanocrystals 
for biomedical applications. Sci Rep. 2013;3(1):3044. https://​doi.​
org/​10.​1038/​srep0​3044.

	32.	 Dobrovolskaia MA, Clogston JD, Neun BW, Hall JB, Patri AK, 
McNeil SE. Method for analysis of nanoparticle hemolytic prop-
erties in vitro. Nano Lett. 2008;8(8):2180–7. https://​doi.​org/​10.​
1021/​nl080​5615.

	33.	 Posch W, Lass-Flörl C, Wilflingseder D. Generation of human 
monocyte-derived dendritic cells from whole blood. J Vis Exp: 
JoVE. 2016. https://​doi.​org/​10.​3791/​54968.

	34.	 Tedder TF, Jansen PJ. Isolation and generation of human dendritic 
cells. Curr Protoc Immunol. 1997;23(1):7–32. https://​doi.​org/​10.​
1002/​04711​42735.​im073​2s23.

	35.	 Robla S, Prasanna M, Varela-Calviño R, Grandjean C, Csaba N. 
A chitosan-based nanosystem as pneumococcal vaccine delivery 
platform. Drug Deliv Transl Res. 2021;11(2):581–97. https://​doi.​
org/​10.​1007/​s13346-​021-​00928-3.

	36.	 Alexander J, Sidney J, Southwood S, Ruppert J, Oseroff C, 
Maewal A, et al. Development of high potency universal DR-
restricted helper epitopes by modification of high affinity DR-
blocking peptides. Immunity. 1994;1(9):751–61. https://​doi.​org/​
10.​1016/​S1074-​7613(94)​80017-0.

	37.	 Bergmann CC, Yao Q, Ho CK, Buckwold SL. Flanking residues 
alter antigenicity and immunogenicity of multi-unit CTL epitopes. J 
Immunol. 1996;157(8):3242–9. https://​doi.​org/​10.​4049/​jimmu​nol.​
157.8.​3242.

	38.	 Uebel S, Kraas W, Kienle S, Wiesmüller K-H, Jung G, 
Tampé R. Recognition principle of the TAP transporter dis-
closed by combinatorial peptide libraries. Proc Natl Acad Sci. 
1997;94(17):8976–81. https://​doi.​org/​10.​1073/​pnas.​94.​17.​8976.

	39.	 Ree R, Varland S, Arnesen T. Spotlight on protein N-terminal 
acetylation. Exp Mol Med. 2018;50(7):1–13. https://​doi.​org/​10.​
1038/​s12276-​018-​0116-z.

	40.	 Kim Y, Ponomarenko J, Zhu Z, Tamang D, Wang P, Greenbaum 
J, et al. Immune epitope database analysis resource. Nucleic 
Acids Res. 2012;40(Web Server issue):W525–30. https://​doi.​
org/​10.​1093/​nar/​gks438.

	41.	 Radmalekshahi M. Self-assembled peptide nanostructures: 
production, structural characterization and in vivo application 
as cancer vaccine. Utrecht University; 2015. https://​dspace.​
libra​ry.​uu.​nl/​handle/​1874/​325244. Accessed 21 Sept 2021.

	42.	 Tenzer S, Peters B, Bulik S, Schoor O, Lemmel C, Schatz MM, 
et al. Modeling the MHC class I pathway by combining predic-
tions of proteasomal cleavage, TAP transport and MHC class 
I binding. Cell Mol Life Sci. 2005;62(9):1025–37. https://​doi.​
org/​10.​1007/​s00018-​005-​4528-2.

	43.	 Nielsen M, Lundegaard C, Lund O. Prediction of MHC class II 
binding affinity using SMM-align, a novel stabilization matrix 
alignment method. BMC Bioinf. 2007;8:238. https://​doi.​org/​10.​
1186/​1471-​2105-8-​238.

	44.	 De Temmerman ML, Rejman J, Demeester J, Irvine DJ, Gander 
B, De Smedt SC. Particulate vaccines: on the quest for opti-
mal delivery and immune response. Drug Discovery Today. 

https://doi.org/10.1084/jem.182.1.261
https://doi.org/10.1084/jem.182.1.261
https://doi.org/10.1073/pnas.93.15.7855
https://doi.org/10.1016/j.smim.2013.04.008
https://doi.org/10.1586/14760584.6.4.591
https://doi.org/10.1586/14760584.6.4.591
https://doi.org/10.1021/mp700126c
https://doi.org/10.1021/nn205099c
https://doi.org/10.1016/j.biomaterials.2015.01.056
https://doi.org/10.1021/acs.chemrev.5b00109
https://doi.org/10.1021/acs.chemrev.5b00109
https://doi.org/10.1016/j.biomaterials.2014.10.053
https://doi.org/10.1016/j.biomaterials.2014.10.053
https://doi.org/10.1021/mp100255c
https://doi.org/10.1021/bm0704267
https://doi.org/10.1038/nrg1577
https://doi.org/10.1073/pnas.0912124107
https://doi.org/10.1021/acs.molpharmaceut.6b01003
https://doi.org/10.1186/1471-2105-14-S6-S4
https://doi.org/10.1371/journal.pone.0073957
https://doi.org/10.1385/1-59259-584-7:531
https://doi.org/10.1126/science.3961484
https://doi.org/10.1002/anie.198507993
https://doi.org/10.1002/anie.198507993
https://doi.org/10.1111/j.1399-3011.2005.00225.x
https://doi.org/10.1039/C2SM27189C
https://doi.org/10.1038/srep03044
https://doi.org/10.1038/srep03044
https://doi.org/10.1021/nl0805615
https://doi.org/10.1021/nl0805615
https://doi.org/10.3791/54968
https://doi.org/10.1002/0471142735.im0732s23
https://doi.org/10.1002/0471142735.im0732s23
https://doi.org/10.1007/s13346-021-00928-3
https://doi.org/10.1007/s13346-021-00928-3
https://doi.org/10.1016/S1074-7613(94)80017-0
https://doi.org/10.1016/S1074-7613(94)80017-0
https://doi.org/10.4049/jimmunol.157.8.3242
https://doi.org/10.4049/jimmunol.157.8.3242
https://doi.org/10.1073/pnas.94.17.8976
https://doi.org/10.1038/s12276-018-0116-z
https://doi.org/10.1038/s12276-018-0116-z
https://doi.org/10.1093/nar/gks438
https://doi.org/10.1093/nar/gks438
https://dspace.library.uu.nl/handle/1874/325244
https://dspace.library.uu.nl/handle/1874/325244
https://doi.org/10.1007/s00018-005-4528-2
https://doi.org/10.1007/s00018-005-4528-2
https://doi.org/10.1186/1471-2105-8-238
https://doi.org/10.1186/1471-2105-8-238


472	 Drug Delivery and Translational Research (2024) 14:455–473

1 3

2011;16(13–14):569–82. https://​doi.​org/​10.​1016/j.​drudis.​2011.​
04.​006.

	45.	 Storni T, Kündig TM, Senti G, Johansen P. Immunity in response 
to particulate antigen-delivery systems. Adv Drug Deliv Rev. 
2005;57(3):333–55. https://​doi.​org/​10.​1016/j.​addr.​2004.​09.​008.

	46.	 Csaba N, Caamaño P, Sanchez A, Dominguez F, Alonso MJ. 
PLGA: poloxamer and PLGA: poloxamine blend nanoparticles: 
new carriers for gene delivery. Biomacromol. 2005;6(1):271–8.

	47.	 Csaba N, Sanchez A, Alonso MJ. PLGA:poloxamer and 
PLGA:poloxamine blend nanostructures as carriers for nasal gene 
delivery. J Control Release. 2006;113(2):164–72. https://​doi.​org/​
10.​1016/j.​jconr​el.​2006.​03.​017.

	48.	 d’Angelo I, Garcia-Fuentes M, Parajó Y, Welle A, Vántus T, Horváth 
A, et al. Nanoparticles based on PLGA: poloxamer blends for the deliv-
ery of proangiogenic growth factors. Mol Pharm. 2010;7(5):1724–33. 
https://​doi.​org/​10.​1021/​mp100​1262.

	49.	 Parajó Y, d’Angelo I, Horváth A, Vantus T, György K, Welle A, 
et al. PLGA:poloxamer blend micro- and nanoparticles as con-
trolled release systems for synthetic proangiogenic factors. Eur J 
Pharm Sci. 2010;41(5):644–9. https://​doi.​org/​10.​1016/j.​ejps.​2010.​
09.​008.

	50.	 Santander-Ortega MJ, Jódar-Reyes AB, Csaba N, Bastos-González 
D, Ortega-Vinuesa JL. Colloidal stability of Pluronic F68-coated 
PLGA nanoparticles: a variety of stabilisation mechanisms. J Col-
loid Interface Sci. 2006;302(2):522–9. https://​doi.​org/​10.​1016/j.​
jcis.​2006.​07.​031.

	51.	 Guan S, Munder A, Hedtfeld S, Braubach P, Glage S, Zhang L, 
et al. Self-assembled peptide–poloxamine nanoparticles enable 
in vitro and in vivo genome restoration for cystic fibrosis. Nat 
Nanotechnol. 2019;14(3):287–97. https://​doi.​org/​10.​1038/​
s41565-​018-​0358-x.

	52.	 Tobío M, Nolley J, Guo Y, McIver J, José AM. A Novel System 
Based on a Poloxamer/ PLGA Blend as a Tetanus Toxoid Delivery 
Vehicle. Pharm Res. 1999;16(5):682–8. https://​doi.​org/​10.​1023/A:​
10188​20507​379.

	53.	 Sánchez A, Tobı́o M, González L, Fabra A, Alonso MJ. Biode-
gradable micro- and nanoparticles as long-term delivery vehi-
cles for interferon-alpha. Eur J Pharm Sci. 2003;18(3–4):221–9. 
https://​doi.​org/​10.​1016/​s0928-​0987(03)​00019-8.

	54.	 Dumortier G, Grossiord JL, Agnely F, Chaumeil JC. A Review of 
poloxamer 407 pharmaceutical and pharmacological characteris-
tics. Pharm Res. 2006;23(12):2709–28. https://​doi.​org/​10.​1007/​
s11095-​006-​9104-4.

	55.	 Mandal BB, Kundu SC. Self-assembled silk sericin/poloxamer 
nanoparticles as nanocarriers of hydrophobic and hydrophilic 
drugs for targeted delivery. Nanotechnology. 2009;20(35):355101. 
https://​doi.​org/​10.​1088/​0957-​4484/​20/​35/​355101.

	56.	 Abellan-Pose R, Teijeiro-Valiño C, Santander-Ortega MJ, Borrajo 
E, Vidal A, Garcia-Fuentes M, et al. Polyaminoacid nanocapsules 
for drug delivery to the lymphatic system: Effect of the particle 
size. Int J Pharm. 2016;509(1):107–17. https://​doi.​org/​10.​1016/j.​
ijpha​rm.​2016.​05.​034.

	57.	 Fifis T, Gamvrellis A, Crimeen-Irwin B, Pietersz GA, Li J, 
Mottram PL, et al. Size-dependent immunogenicity: therapeutic 
and protective properties of nano-vaccines against tumors. J 
Immunol. 2004;173(5):3148–54.

	58.	 Foged C, Brodin B, Frokjaer S, Sundblad A. Particle size and 
surface charge affect particle uptake by human dendritic cells in 
an in vitro model. Int J Pharm. 2005;298(2):315–22. https://​doi.​
org/​10.​1016/j.​ijpha​rm.​2005.​03.​035.

	59.	 Joshi VB, Geary SM, Salem AK. Biodegradable particles as vac-
cine delivery systems: size matters. AAPS J. 2013;15(1):85–94. 
https://​doi.​org/​10.​1208/​s12248-​012-​9418-6.

	60.	 Oyewumi MO, Kumar A, Cui Z. Nano-microparticles as immune 
adjuvants: correlating particle sizes and the resultant immune 

responses. Expert Rev Vaccines. 2010;9(9):1095–107. https://​
doi.​org/​10.​1586/​erv.​10.​89.

	61.	 Foged C, Arigita C, Sundblad A, Jiskoot W, Storm G, Frokjaer S. 
Interaction of dendritic cells with antigen-containing liposomes: 
effect of bilayer composition. Vaccine. 2004;22(15):1903–13. 
https://​doi.​org/​10.​1016/j.​vacci​ne.​2003.​11.​008.

	62.	 Bhattacharjee S. DLS and zeta potential - What they are and what 
they are not? J Control Release. 2016;235:337–51. https://​doi.​org/​
10.​1016/j.​jconr​el.​2016.​06.​017.

	63.	 Vicente S, Goins BA, Sanchez A, Alonso MJ, Phillips WT. Bio-
distribution and lymph node retention of polysaccharide-based 
immunostimulating nanocapsules. Vaccine. 2014;32(15):1685–92. 
https://​doi.​org/​10.​1016/j.​vacci​ne.​2014.​01.​059.

	64.	 Gao J, Ochyl LJ, Yang E, Moon JJ. Cationic liposomes promote 
antigen cross-presentation in dendritic cells by alkalizing the lyso-
somal pH and limiting the degradation of antigens. Int J Nano-
medicine. 2017;12:1251–64. https://​doi.​org/​10.​2147/​ijn.​s1258​66.

	65.	 Caputo F, Clogston J, Calzolai L, Rösslein M, Prina-Mello A. 
Measuring particle size distribution of nanoparticle enabled 
medicinal products, the joint view of EUNCL and NCI-NCL. A 
step by step approach combining orthogonal measurements with 
increasing complexity. J Control Release. 2019;299:31–43. https://​
doi.​org/​10.​1016/j.​jconr​el.​2019.​02.​030.

	66.	 Kato H, Nakamura A, Takahashi K, Kinugasa S. Accurate size and 
size-distribution determination of polystyrene latex nanoparticles 
in aqueous medium using dynamic light scattering and asymmetri-
cal flow field flow fractionation with multi-angle light scattering. 
Nanomaterials. 2012;2(1):15–30.

	67.	 de la Harpe KM, Kondiah PPD, Choonara YE, Marimuthu T, 
du Toit LC, Pillay V. The hemocompatibility of nanoparticles: 
a review of cell-nanoparticle interactions and hemostasis. Cells. 
2019;8(10):1209. https://​doi.​org/​10.​3390/​cells​81012​09.

	68.	 Abdelwahed W, Degobert G, Stainmesse S, Fessi H. Freeze-drying 
of nanoparticles: formulation, process and storage considerations. 
Adv Drug Deliv Rev. 2006;58(15):1688–713. https://​doi.​org/​10.​
1016/j.​addr.​2006.​09.​017.

	69.	 Crowe JH, Hoekstra FA, Crowe LM. Anhydrobiosis. Annu Rev 
Physiol. 1992;54(1):579–99. https://​doi.​org/​10.​1146/​annur​ev.​ph.​
54.​030192.​003051.

	70.	 Crowe LM, Reid DS, Crowe JH. Is trehalose special for preserving 
dry biomaterials? Biophys J. 1996;71(4):2087–93. https://​doi.​org/​
10.​1016/​S0006-​3495(96)​79407-9.

	71.	 Kapsenberg ML. Dendritic-cell control of pathogen-driven T-cell 
polarization. Nat Rev Immunol. 2003;3(12):984–93. https://​doi.​
org/​10.​1038/​nri12​46.

	72.	 Worbs T, Hammerschmidt SI, Forster R. Dendritic cell migra-
tion in health and disease. Nat Rev Immunol. 2017;17(1):30–48. 
https://​doi.​org/​10.​1038/​nri.​2016.​116.

	73.	 Romani N, Gruner S, Brang D, Kämpgen E, Lenz A, 
Trockenbacher B, et al. Proliferating dendritic cell progenitors in 
human blood. J Exp Med. 1994;180(1):83–93. https://​doi.​org/​10.​
1084/​jem.​180.1.​83.

	74.	 Wischke C, Borchert H-H, Zimmermann J, Siebenbrodt I, Lorenzen 
DR. Stable cationic microparticles for enhanced model antigen 
delivery to dendritic cells. J Control Release. 2006;114(3):359–68. 
https://​doi.​org/​10.​1016/j.​jconr​el.​2006.​06.​020.

	75.	 Al-Ashmawy G. Dendritic cell subsets, maturation and function. 
2018.

	76.	 D’Souza WN, Lefrançois L. IL-2 is not required for the ini-
tiation of CD8 T cell cycling but sustains expansion. J Immunol. 
2003;171(11):5727. https://​doi.​org/​10.​4049/​jimmu​nol.​171.​11.​5727.

	77.	 Pompano RR, Chen J, Verbus EA, Han H, Fridman A, McNeely T, 
et al. Titrating T-cell epitopes within self-assembled vaccines opti-
mizes CD4+ helper T cell and antibody outputs. Adv Healthc Mater. 
2014;3(11):1898–908. https://​doi.​org/​10.​1002/​adhm.​20140​0137.

https://doi.org/10.1016/j.drudis.2011.04.006
https://doi.org/10.1016/j.drudis.2011.04.006
https://doi.org/10.1016/j.addr.2004.09.008
https://doi.org/10.1016/j.jconrel.2006.03.017
https://doi.org/10.1016/j.jconrel.2006.03.017
https://doi.org/10.1021/mp1001262
https://doi.org/10.1016/j.ejps.2010.09.008
https://doi.org/10.1016/j.ejps.2010.09.008
https://doi.org/10.1016/j.jcis.2006.07.031
https://doi.org/10.1016/j.jcis.2006.07.031
https://doi.org/10.1038/s41565-018-0358-x
https://doi.org/10.1038/s41565-018-0358-x
https://doi.org/10.1023/A:1018820507379
https://doi.org/10.1023/A:1018820507379
https://doi.org/10.1016/s0928-0987(03)00019-8
https://doi.org/10.1007/s11095-006-9104-4
https://doi.org/10.1007/s11095-006-9104-4
https://doi.org/10.1088/0957-4484/20/35/355101
https://doi.org/10.1016/j.ijpharm.2016.05.034
https://doi.org/10.1016/j.ijpharm.2016.05.034
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1016/j.ijpharm.2005.03.035
https://doi.org/10.1208/s12248-012-9418-6
https://doi.org/10.1586/erv.10.89
https://doi.org/10.1586/erv.10.89
https://doi.org/10.1016/j.vaccine.2003.11.008
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.vaccine.2014.01.059
https://doi.org/10.2147/ijn.s125866
https://doi.org/10.1016/j.jconrel.2019.02.030
https://doi.org/10.1016/j.jconrel.2019.02.030
https://doi.org/10.3390/cells8101209
https://doi.org/10.1016/j.addr.2006.09.017
https://doi.org/10.1016/j.addr.2006.09.017
https://doi.org/10.1146/annurev.ph.54.030192.003051
https://doi.org/10.1146/annurev.ph.54.030192.003051
https://doi.org/10.1016/S0006-3495(96)79407-9
https://doi.org/10.1016/S0006-3495(96)79407-9
https://doi.org/10.1038/nri1246
https://doi.org/10.1038/nri1246
https://doi.org/10.1038/nri.2016.116
https://doi.org/10.1084/jem.180.1.83
https://doi.org/10.1084/jem.180.1.83
https://doi.org/10.1016/j.jconrel.2006.06.020
https://doi.org/10.4049/jimmunol.171.11.5727
https://doi.org/10.1002/adhm.201400137


473Drug Delivery and Translational Research (2024) 14:455–473	

1 3

	78.	 Garris CS, Arlauckas SP, Kohler RH, Trefny MP, Garren S, Piot 
C, et al. Successful anti-PD-1 cancer immunotherapy requires T 
cell-dendritic cell crosstalk involving the cytokines IFN-γ and 
IL-12. Immunity. 2018;49(6):1148-61.e7. https://​doi.​org/​10.​
1016/j.​immuni.​2018.​09.​024.

	79.	 Bijker MS, van den Eeden SJ, Franken KL, Melief CJ, Offringa R, 
van der Burg SH. CD8+ CTL priming by exact peptide epitopes in 
incomplete Freund’s adjuvant induces a vanishing CTL response, 
whereas long peptides induce sustained CTL reactivity. J Immu-
nol. 2007;179(8):5033–40. https://​doi.​org/​10.​4049/​jimmu​nol.​
179.8.​5033.

	80.	 El Bissati K, Zhou Y, Dasgupta D, Cobb D, Dubey JP, Burkhard P, 
et al. Effectiveness of a novel immunogenic nanoparticle platform 
for Toxoplasma peptide vaccine in HLA transgenic mice. Vaccine. 
2014;32(26):3243–8. https://​doi.​org/​10.​1016/j.​vacci​ne.​2014.​03.​092.

	81.	 Melief CJM, van der Burg SH. Immunotherapy of established 
(pre)malignant disease by synthetic long peptide vaccines. Nat 
Rev Cancer. 2008;8(5):351–60. https://​doi.​org/​10.​1038/​nrc23​73.

	82.	 Kaba SA, Brando C, Guo Q, Mittelholzer C, Raman S, Tropel 
D, et al. A nonadjuvanted polypeptide nanoparticle vaccine con-
fers long-lasting protection against rodent malaria. J Immunol. 
2009;183(11):7268. https://​doi.​org/​10.​4049/​jimmu​nol.​09019​57.

	83.	 Azuar A, Li Z, Shibu MA, Zhao L, Luo Y, Shalash AO, et al. 
Poly(Hydrophobic Amino Acid)-Based Self-Adjuvanting Nanopar-
ticles For Group A Streptococcus Vaccine Delivery. J Med Chem. 
2021;64(5):2648–58. https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​0c016​60.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.immuni.2018.09.024
https://doi.org/10.1016/j.immuni.2018.09.024
https://doi.org/10.4049/jimmunol.179.8.5033
https://doi.org/10.4049/jimmunol.179.8.5033
https://doi.org/10.1016/j.vaccine.2014.03.092
https://doi.org/10.1038/nrc2373
https://doi.org/10.4049/jimmunol.0901957
https://doi.org/10.1021/acs.jmedchem.0c01660

	Self-assembled peptidepolymer hybrid nanoplatform for cancer immunostimulating therapies
	Abstract
	Introduction
	Materials and methods
	Materials
	Methods
	Vaccine design
	Peptide synthesis, purification, and detection
	Preparation and characterization of peptide nanoparticles
	In vitro study of peptide nanoparticles with primary human DCs
	In vivo studies
	Statistical analysis


	Results and discussion
	Selection of the CD8+ and CD4+ T cell epitope sequences
	Characterization of peptides and pure peptide nanoparticles
	Synthesis of stabilized self-assembled peptide nanoparticles
	Physicochemical characterization of selected peptide nanoparticle compositions
	Cell culture medium and blood-nanoparticle compatibility
	Storage stability
	In vitro study of the interaction of peptide nanoparticles with primary human DCs: cytotoxicity
	Change in iDCs phenotype
	Stimulation of CD8+ and CD4+ T lymphocytes
	In vivo humoral and cellular responses

	Conclusion
	Anchor 25
	References


