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Abstract

Melanoma is the main cause of death among skin cancers and its incidence worldwide has been experiencing an appalling increase.
However, traditional treatments lack effectiveness in advanced or metastatic patients. Immunotherapy, meanwhile, has been shown
to be an effective treatment option, but the rate of cancers responding remains far from ideal. Here we have developed a person-
alized neoantigen peptide-based cancer vaccine by encapsulating patient derived melanoma neoantigens in polyethylenimine
(PED-functionalised poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) and coating them with polyinosinic:polycytidylic
acid (poly(I:C)). We found that PLGA NPs can be effectively modified to be coated with the immunoadjuvant poly(I:C), as well
as to encapsulate neoantigens. In addition, we found that both dendritic cells (DCs) and lymphocytes were effectively stimulated.
Moreover, the developed NP was found to have a better immune activation profile than NP without poly(I:C) or without antigen.
Our results demonstrate that the developed vaccine has a high capacity to activate the immune system, efficiently maturing DCs to
present the antigen of choice and promoting the activity of lymphocytes to exert their cytotoxic function. Therefore, the immune
response generated is optimal and specific for the elimination of melanoma tumour cells.
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Introduction than non-melanoma skin cancers, melanoma is the leading
cause of death among them [1]. In general, the incidence of
Melanoma is an aggressive type of skin cancer that origi-  melanoma has experienced an alarming increase worldwide

nates in melanocytes, the cells that produce the pigment  over the past several decades, particularly in regions with
that gives colour to the skin. Although much less common  fair-skinned populations and high levels of exposure to ultra-
violet (UV) radiation [1, 2]. Surgical excision has always
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all tumours are candidates for tumour resection. Fortunately,
there has been a significant advance in the treatment of mela-
noma in recent years, which has changed the outcome of
the disease [4]. Among them, immunotherapy has proven
to be an effective treatment option for melanoma, even for
advanced or metastatic patients [4], for which traditional
treatments have failed to be successful. However, high cost,
high heterogeneity among patients, and immune-related
adverse effects are the limitations and challenges of cur-
rent immunotherapy [5—7]. Moreover, only a few therapeu-
tic options are available for patients with advanced-stage
melanoma [8].

In immunotherapy, two categories can be differenti-
ated based on their ability to activate the host immune
system: active and passive immunotherapies [9]. Active
immunotherapy focuses on generating an immune
response in the patient to fight cancer cells; and in pas-
sive immunotherapy, immune molecules are administered
to patients, providing immediate but short-lived protec-
tion as the patient does not retain the ability to generate
these molecules by themselves [10]. Examples of pas-
sive immunotherapy include immune checkpoint inhibi-
tors (ICIs), which re-activate the pre-existing immune
response by blocking the inhibitory molecules of effector
lymphocytes. Therefore, for passive immunotherapies to
be effective, there must be a prior immune response in
the patient's body [11], and as a result many people do
not respond to treatment. In fact, the success rate var-
ies significantly among cancers, and even in responsive
cancers it is below 40% [12]. On the contrary, active
immunotherapies boost the response of the immune sys-
tem against cancer cells and install lasting immune pro-
tection [9].

Cancer vaccines are part of active immunotherapies and
represent an exciting approach for cancer treatment. They
can be classified based on their biological formulation or
antigen source [13, 14]. Peptide-based cancer vaccines, as
their name suggests, elicit tumour-specific T cell-derived
immune responses by the administration of tumour anti-
gens. These peptides are purified, recombinant, or syntheti-
cally engineered epitopes derived from tumour cells that
can be presented by antigen-presenting cells (APCs) to
activate T lymphocytes against malignant cells [15]. The
peptides can be derived from tumour neoantigens, that is,
the products of mutated genes specific to tumour cells [16].
These mutations are completely random and each patient
has a unique mutation profile, so their presence is highly
individual. Consequently, the development of peptide vac-
cines derived from neoantigens represents a personalised
therapy. It should be noted that not all mutations give rise to
a neoantigen, and not all neoantigens have the same capac-
ity to generate an anti-tumour effect. Therefore, the neo-
antigens of interest are those mutations that give rise to a

neoepitope that is recognised by T cells and that generate
an antitumour effect [16].

The use of neoantigens as a target is considered a safe and
potent approach because their presence is limited to tumour
cells and the T cells that recognise them are not subjected
to central immune tolerance [17]. In fact, peptide vaccines
derived from neoantigens have shown potential to activate T
cells, while being safe, simple to manufacture and, compared
to traditional treatments, are administered with minimal tox-
icity [18-20]. Moreover, antigen loss and high heterogene-
ity of tumours can be successfully confronted by multiple
neoepitope targeting [18, 21, 22]. Thus, peptide vaccines are
expected to be useful even in metastatic cancers. However,
the lack of efficacy of peptide antigens has been reported,
as they may be degraded in the physiological environment
by peptidases, or because they may be eliminated through
the blood vasculature instead of through the lymphatic ves-
sels draining the injection site [23]. In other words, tumour
antigens often present difficulties in eliciting an effective
immune response.

For effective tumour cell killing, it is essential that den-
dritic cells (DCs), which are highly efficient APCs, partici-
pate in the cross-presentation of specific epitopes on major
histocompatibility complex class I (MHC I) molecules. This
promotes the activation of CD8* T-lymphocytes for direct
cellular immune response [9, 22, 24]. For that aim, peptides
must satisfy certain requirements, which are easily met by
combining them with adjuvants [25]. Hence, in peptide vac-
cines, the requirements to be met by adjuvants include: protect
the peptide and prevent its degradation, promote its uptake
by APCs and induce the correct activation of immune cells.

When choosing adjuvants, it important to bear in mind
that they can be subdivided into two main classes: antigen
delivery systems, and immunostimulatory molecules. Ide-
ally, both types of adjuvants should be formulated together
with the antigen as their effect is usually synergistic [26, 27].
Delivery systems would protect and transport the peptide,
like nanoparticulate carriers, that are primarily internalised
by APCs [28-30]. As for the activation and maturation of
APCs, optimal and strong activation can be achieved by a
danger signal, or pathogen-associated molecular pattern
(PAMP), via toll-like receptors (TLRs). Therefore, TLR
ligands are often used as immune adjuvants [26, 31, 32].

In this context, the development of poly(lactic-co-glycolic
acid) (PLGA) nanoparticles (NPs) emerges as a simple approach
to improve the efficacy of peptide-based immunotherapy in the
treatment of melanoma. PLGA formulations are approved for
parental applications in humans by the European Medicines
Agency (EMA) and by U.S. Food and Drug Administration
(FDA) due to their good bioavailability, biodegradable and bio-
compatible structure and overall good safety profile [33]. PLGA
consists of a hydrophobic polymeric backbone that can be for-
mulated into particles with an aqueous or hydrophobic core by
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varying the preparation technique. Consequently, depending
on the nature of the loaded substances, they become entrapped
within the polymeric matrix, such as in spherical particles,
incorporated into the core of capsules, or adhered to the surface
of the particle. On top of that, PLGA particles can be easily
modified by surface coating or chemical conjugation, which
expands the repertoire of target molecules and active substances
that can bind to the NPs [34, 35]. PLGA particles can be modi-
fied with several molecules, like polyethylenimine (PEI), a cati-
onic polymer that promotes endosomal escape and positivises
the surface potential of the PLGA NPs [36]. A positive PLGA
NP manages to bind to cell membranes which are negatively
charged, thereby promoting retention in tumour tissue or easing
cellular uptake [37]. In addition, the positive groups of PEI can
interact electrostatically with negatively charged nucleic acids,
among others [36]. Therefore, PLGA-PEI NPs offer a number
of advantages for peptide vaccination not only favouring cross-
presentation, but also protecting peptides from degradation or
co-delivering the peptide with an immunoadjuvant [38—40].
Polyinosinic:polycytidylic acid (poly(I:C) is a synthetic
PAMP that mimics viral genomic double-stranded RNA
(dsRNA), and therefore is a toll-like receptor 3 (TLR-3) ago-
nist [41]. As such, it elicits the secretion of type I interferon
(IFN) and pro-inflammatory cytokines to induce DC matu-
ration and favour antigen cross-presentation, resulting in the
induction of CD8" T cells and a CD4* adaptive T cell response
with a Thl-type profile [42—45]. As a result, poly(I:C) has
been widely used in cancer treatment [46—48]. However, their
efficacy increases when administered in particulate formula-
tions, as the effect of both types of adjuvant is synergistic [41].
In this article, we aimed to develop a poly(I:C) covered
PLGA-PEI NP to deliver a personalised melanoma neoanti-
gen and generate an effective and specific immune activation.
Here, we optimised the developed NP to efficiently entrap the
neoantigen, and to achieve a complete poly(I:C) coating. Next,
we examined its uptake by APCs, as well as its potential toxic-
ity, and we determined the ability of the NP to mature DCs.
Finally, we stablished its ability to induce a specific response.

Materials y methods

Preparation of PLGA NPs

The melanoma neoantigen was custom made from Chi-
naPeptides. The neoantigen originating from a melanoma
patient selected for the experiment as chosen based on pre-
vious work [49]. Briefly, the study identified melanoma
patients' DNA mutations and their corresponding amino

acid sequences. For experimental validation, six neoanti-
gens of 15 amino acids in length were selected per patient.
In this article, neoantigens corresponding to one patient
were selected and synthesised into two peptides (A and B)
(Table 1), both of 45 amino acids in length.

NPs were prepared by the solvent extraction-evaporation
of a double emulsion (w/o/w) method. Briefly, 80 mg of
PLGA (50:50 lactide—glicolide ratio. Resomer-RG503;
MW 40,600; viscosity 0.41 dl/g. Evonik, Germany) and
1.04 mg of PEI (polyethylenimine, branched form with
molecular weight 25,000Da. Sigma Aldrich, Germany)
were dissolved in 1.6 ml of DCM (dichloromethane) and
emulsified with 80 pL of each peptide suspension in miliQ
water using 30 seconds of sonication with a Branson soni-
fier 250 in an ice bath to avoid high temperatures. The
resulting w/o emulsion was then mixed with 8 ml of 5%
(w/v) PVA (polyvinyl alcohol. Sigma Aldrich, Germany)
and sonicated for an additional 1 minute. Finally, the w/o/w
emulsion was poured into a 16 ml 2% (v/v) isopropanol
solution and stirred for 2 hours to allow for solvent evapo-
ration. The resultant NPs were washed 3 times in miliQ
water and freeze-dryed with 15% (w/w) trehalose for 42 h
(Lyobeta 15, Telstar®).

Poly(l:C) coating of PLGA NPs

The negatively charged poly(I:C) (polyinosinic:polycytidylic
acid. Sigma Aldrich, Germany) was attached to the positive
surface of the NPs by electrostatic interaction. Freeze-dryed
NPs were resuspended at different concentrations, ranging
0.9-15 mg/ml, and incubated with poly(I:C) (50-350 pg/
ml) at 4 °C on a rotating mixer. This test was repeated at two
pHs, including neutral pH and an acidic pH of 4.6. After
3 hours, NPs were centrifuged. Supernatant was stored for
poly(I:C) indirect measurement, and NPs were re-suspended
in distilled water for size and Z-potential measurements.

NP size, size distribution and Z potential
determination

The mean particle size (Z-average diameter) and the poly-
dispersity index (PDI) of the NPs were analysed by Dynamic
Light Scattering (DLS) and Nanoparticle Tracking Analysis
(NTA). The Z-potential was determined through Laser Dop-
pler micro-electrophoresis. A Malvern® Zetasizer NanoZ$S
Model ZEN3600 (Malvern Instruments Ltd., UK) was used
for DLS and Z-potential measurements.

NTA analysis were performed with NanoSight LM 10 sys-
tem (Malvern Panalytical, Malvern, UK). Brownian motion

Table 1 Sequences of the

peptides A and B Peptide A

Peptide B

DWLEWLRQLSLELLKFRDQSLSYHHTMVVQIGRFANYFRNLLPSN
MRHSFFSEVNWQDVYRLFMHHVFLEPITCVCSRRFYQFTKLLDSV
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rate was measured with a fast video-capture and particle-
tracking software. Each video was analysed to obtain the
mean, mode, and median NP size. 3 consecutive video record-
ing of 60 s each were taken for every sample quantified.

Peptide encapsulation

Peptide encapsulation was determined by microBCA assay
(Thermo Fisher Scientific, Massachusetts, USA). NPs
were disrupted with 0.1 N NaOH at 37°C for 30 min under
orbital rotation to determine encapsulation efficiency (EE%)
(Eq. (1)). The same process but suspending NPs in PBS was
used to determine surface absorbed protein (SAP) (Eq. (2)).
After incubation, SAP was released to the PBS and the NPs
were removed by centrifugation at 10,000 g for 5 min. Pro-
tein quantification by microBCA was performed in a linear
working range of 0-30 pg/ml.

EE (%) = Protein loading

100
Theoretical protein loading M

Amount of protein in the surface

SAP (%) = x 100  (2)

Protein loading

Amount of protein in NP
Amount of NP

X 100
©)

Protein loading (W/w %) =

Poly(I:C) coating assessment

Poly(I:C) coating was indirectly assessed using a SimpliNano
spectrophotometer (GE Healthcare, UK). Briefly, after
poly(I:C) coating, NPs were centrifuged and the collected
supernatant was measured by quantifying absorbance at
260 nm and calculating the 260/280 and 260/230 ratios. The
detected signal was extrapolated to quantity by means of a
standard line prepared with known concentrations of poly(L:C).
The resulting concentration of the difference between the the-
oretical concentration and the detected concentration is the
amount bound to the NPs.

SEM

A Hitachi S-4800 FEG-SEM (Field Emission Gun — Scanning
Electron Microscope) was used for image acquisition. Prior
to observation, 5 pl of the suspended NPs were deposited on
a silicon sheet and left to dry. Subsequently, the silicon sheets
(5 X5 mm) were mounted on an aluminium support using
carbon adhesive tape. Once dried and mounted on the support,
10 nm of gold was deposited on the sample using an Emitech
K550X ion sprayer.

Phagocytosis of the NPs

To analyse NP phagocytosis in microscopy, NPs were
stained. During NP preparation 0.5% DiD was added in the
PLGA phase. The rest of NP preparation was performed
without changes.

The macrophage cell line RAW 264.7 (ATCC, USA) was
cultured following the manufacturer’s instructions. RAW
264.7 cells were cultured in covers, previously sterilized
and placed in a 24 well plate, at a concentration of 20,000
cells/cm?®. Cells were kept incubating overnight to ensure
cell adhesion, and the following day they were cultured with
dyed NPs for 24h.

Covers were gently washed with DPBS (Dulbecco’s -
Phosphate Buffered Saline) and cells were fixed with 4%
formaldehyde for 10 min. Then, macrophages were permea-
bilised with 0.1% Triton for 3-5 min, and dyed with Alexa
Fluor™ 488 Phalloidin (1:40) (Thermo Fisher Scientific, Mas-
sachusetts, USA) for 3040 min. After, cells were stained with
DAPI (1:100) (4',6-diamidino-2-phenylindole, Thermo Fisher
Scientific, Massachusetts, USA) for 10 min. Finally, covers
were placed on microscope slides and fluorescence images
were taken using Nikon TMS microscope (Virginia, USA).

Phagocytosis determination in flow cytometry was per-
formed in monocyte-derived DCs from donors to verify
that both types of APCs efficiently capture NPs. DCs were
obtained as specified in "Generation of monocyte-derived
DCs" section of this article, and the doses used correspond
to those previously tested in RAW 264.7.

Cytotoxicity assay

NP cytotoxicity was assessed using the Cell Counting Kit
— 8 (CCK-8) (Sigma-Aldrich, Darmstadt, Germany) by
measuring viability of RAW 264.7 cells. Cells were grown
in a 96-well plate and conditioned with poly(I:C) covered
NPs (NP poly(I:C)) or non-covered NPs (NPs) at 1 ug/ml or
5 pg/ml poly(I:C). As a positive control, 100% viability was
set to untreated cells; and as a negative control, cells cultured
with 10% DMSO. After 24 h, the medium was replaced with
CCK-8 solution following manufactures instructions, for at
least 2 h. Then, supernatant was collected and the absorb-
ance read at 450 nm, using 650 nm as the reference wave-
length in a plate reader (Infinite® 200 PRO series, Tecan
Trading AG, Minnedorf, Switzerland).

Generation of monocyte-derived DCs
Heparin blood tubes were obtained from healthy donors
at the University of the Basque Country (UPV/EHU). The

research protocol was approved by the Ethic Committee for
Research involving Human Beings (CEISH) of the UPV/
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EHU (M10_2022_131MR1). Volunteers gave written
informed consent to use their blood samples as research
material. Likewise, the handling of these cells was approved
by the Research Ethics Committee with Biological Agents
and Genetically Modified Organisms (CEIAB) of the UPV /
EHU (M30_2022_132MR1). Peripheral blood mononuclear
cells (PBMCs) were separated by Ficoll-Paque density gra-
dient centrifugation.

Monocytes were magnetically isolated from PBMCs using
anti-CD14 MicroBeads (MB), and cultured in RPMI 1640
medium with 5% AB human serum, penicillin/streptomycin
(P/S), 1% L-glutamine, 200 IU/ml interleukin 4 (IL-4), and
400 IU/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) (complete medium) for 5 days, at a 500,000 cell/
ml and 0.5 ml/well in a 24 well plate, in order to differenti-
ate to immature DCs (iDCs). The rest of the PBMCs were
frozen and stored in liquid nitrogen with 90% serum and 10%
dimethyl sulfoxide (DMSO). Medium was replaced on the
3th day with 200 IU/ml IL-4 and 800 IU/ml GM-CSF. On
day 5 maturation studies were performed.

DC maturation

On day 5, iDCs were collected and seeded in a 24 well/
plate at 200,000 iDC/well, in complete medium with differ-
ent maturation stimuli. The experimental conditions were:
unstimulated iDC, cytokine matured DCs (mDCs), free
poly(I:C), uncovered NPs and NP poly(1:C). All of them
maintained 1 pg/ml or 5 pg/ml poly(I:C) in culture, and
uncovered NPs were added in the same quantity as covered
ones to maintain NP amount constant in all conditions. After
24h and 6h of incubation respectively, DCs were harvested.
Supernatant was used for tumour necrosis factor alpha
(TNF-a) enzyme-linked immunosorbent assay (ELISA) and
DCs were analysed by flow cytometry (human leukocyte
antigen (HLA)-DR, CD80, CD83, CD86 and CD14).

Activation-induced marker assay

To determine an effective T cell activation against the for-
mulations, PBMCs were cultured with NPs.

Buffy coats from healthy donors were obtained at the
Basque Biobank, which were isolated from the blood of
healthy donors at the Basque Transfusion Centre. The transfer
of samples has been designed in accordance with the require-
ments of Law 14/2007, of 3 July, on Biomedical Research
and Royal Decree 1716/2011, of 18 November, which estab-
lishes the basic requirements for the authorisation and opera-
tion of biobanks for biomedical research purposes and the
treatment of biological samples of human origin, and regu-
lates the operation and organisation of the National Register
of Biobanks for biomedical research (CEIm CES-BIOEF

@ Springer

2023-06). Then, PBMCs were separated by Ficoll-Paque den-
sity gradient centrifugation and suspended at 4 x 10° cell/ml
in RPMI 1640 medium with 10% inactivated FBS, penicillin/
streptomycin (P/S) and 1% L-glutamine. 2 10° cells/well
were cultured in a 48 well plate.

All wells were treated with 2 pg/well of anti-human CD40
(InVivoMADb, BioXcel, New Hampshire, USA) to avoid
CD154 internalization. The groups studied were stimulated
with 1 uM of each peptide, and for the groups without Ag,
the dose of poly(I:C) or NP to be added was established
based on the complete formulation. Groups used were as
follows: free neoantigen peptide (Ag), free poly(I:C), nano-
particulated antigen (NP(Ag)), poly(I:C) covered NP (NP
poly(I:C)) and poly(I:C) covered and antigen containing NP
(NP(Ag) poly(I:C)). Both antigens, named A and B, or the
NPs with antigens (NP-A and NP-B) were added simultane-
ously in the same groups, so for ease of understanding, they
are referred to as Ag and NP(Ag), respectively. The negative
control group was established with unstimulated cells, and
the positive control group cells were treated with 10 pl/ml
hexavalent vaccine Infanrix (EU/1/00/152/005; GlaxoSmith-
Kline Biologicals s.a., Belgium).

The following day, supernatant was collected for inter-
feron gamma (IFN-y) cytokine quantification by ELISA and
the surface expression markers of T cells were analysed by
flow cytometry.

Flow cytometry analysis

Maturation marker upregulation on DCs was determined by
flow cytometry. First, cells were harvested and stained with
the following fluorochrome-conjugated human monoclonal
antibodies: anti-CD80/APC, CD83/PEVio770, CDS86/FITC,
CD14/PE and HLA-DR/ VioBlue (Miltenyi Biotech, Ger-
many). Then, cells were selected with a forward vs. side
scatter chart (FSC vs. SSC) gating. In addition, expression
of the monocyte marker CD14 was assessed to confirm the
DC phenotype. Finally, maturation markers were analysed.

In T cell analysis, PBMCs were harvested, stained with
fixable far red dead cell stain kit for live/dead cell dis-
crimination, (Thermo Fisher Scientific, USA), and further
stained with the following fluorochrome-conjugated human
monoclonal antibodies: anti-CD3/PEVio770, CD4/VioBlue
(both from Miltenyi Biotech, Germany), CD69/FITC and
CD154/PE (both from Becton Dickinson, S.A., USA).
Compensation was carried out with compensation beads
anti-REA (Miltenyi Biotech, Germany) and anti-Mouse Ig
(Becton Dickinson, S.A., USA). A control for dead cells
(heat-killed PBMCs) was included in all experiments. In
analysis, singlets of living CD3* cells were selected, follow-
ing by a FSC vs SSC gate selection. CD3" cells were then
divided into CD4" and CD4~, the latter being assumed to be
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CDS8™. Activation markers for each lymphocyte type were
then quantified. Activation of CD4* cells was determined by
CD154 and CD69 presence, and CD4™ cells only by CD69.

Flow cytometry was conducted on MACSQuant cytom-
eter, and data analysis was performed using the MACSQuan-
tify software (Miltenyi Biotech, Germany).

ELISA from supernatants

DC and PBMC supernatants were collected, and stored
at -80°C until analysis. Cytokines were measured in each
supernatant: TNF-a in DCs, and IFN-y for T cells. The con-
centration of each cytokine was measured using specific
ELISA kits according to the manufacturer’s instructions
(BioLegend, San Diego, CA, USA).

Statistics

The results are expressed as mean + standard deviation
(SD) for each group. Statistical computations were per-
formed using SPSS (IBM SPSS, Chicago, IL, USA) and
GraphPad Prism 5.0 software (GraphPad Software, San
Diego, CA, USA). The normal distribution of the data was
checked using the Shapiro-Wilk test. For multiple compari-
sons, one-way ANOVA was performed, using Levene’s or
Brown-Forsythe test to determine the homogeneity of vari-
ances. If homogeneous Bonferroni's Multiple Comparison
post hoc test was applied, otherwise the Tamhane post-hoc
test was used. For comparisons between 2 paired groups,
paired Student's t-test was used when the data followed a
normal distribution, while for non-normally distributed data
the non-parametric Wilcoxon test was used. P-values below
0.05 were considered significant in all analyses.

Results and discussion
NP characterization
Biodegradable polymeric PLGA-PEI NPs were prepared

by the solvent extraction-evaporation of a double emulsion
(w/o/w) method. DLS was used to analyse the Z-average

diameter and PdI of the NPs, and the Z-potential was deter-
mined through Laser Doppler micro-electrophoresis. Both
of them measured by a Malvern® Zetasizer NanoZS Model
ZEN3600 (Malvern Instruments Ltd., UK). NPs exhibited
homogeneous size and low PdI (below 0.2), which confirms
narrow size distribution. Positive Z-potential values were
also obtained, which confirms efficient PEI coating. These
results are consistent with other PLGA NPs functionalised
with PEI [50, 51], and meet the requirements for cellular
uptake as nanometric particles have demonstrated bet-
ter uptake than bigger particles [52]. Moreover, a similar
encapsulation efficiency (EE%) and protein loading for both
peptides were observed (Table 2), which fall within the usual
range of antigen encapsulation in PLGA NPs [53, 54].

Poly(l:C) covering of NPs

Poly(I:C) is a negatively charged molecule that can interact
with the positively charged surface of NPs. Due to the abil-
ity of a single poly(I:C) molecule to bind with multiple NPs
simultaneously, establishing the correct NP:poly(I:C) ratio
is crucial to avoid NP aggregation and ensure full surface
coverage (Fig. 1). To achieve this, we first determined the
optimal NP concentration by using a fixed concentration of
poly(I:C) and increasing concentrations of NPs. After iden-
tifying the optimal NP concentration, we then determined
the best concentration of poly(I:C) by testing a range of con-
centrations. Size analysis was used as a means of detecting
potential NP aggregation.

An important factor to bear in mind when covering the
NPs is that the interaction among NPs affects the detected
size. Positively charged particles covered with negatively
charged poly(I:C), can interact with poly(I:C) attached to
other particles. This charge interaction affects NP movement
in the fluid — or Brownian motion —, and therefore, greater
sizes were detected.

To stablish the optimal NP:poly(I:C) ratio, firstly, 150 pg/
ml of poly(I:C) was used at different NP concentrations, rang-
ing from 0.9-15 mg/ml. We observed a greater tendency for
aggregation at 15 mg/ml NP concentration, which indicated
high NP:poly(I:C) ratio. However, the smaller ratios signifi-
cantly reduced NP aggregation, resulting in an adequate NP

Table 2 Characterization of

Zeta potential (mV) SAP (%) EE (%) Protein
loading

(%)

Formulation Size (nm) PdI
NPs

NP A

NP B 245.9+5.45

NP 268.6+22.2

249.3+£21.22 0.048+0.048 31.2+2.05
0.064+0.024 31.9+2.09
0.144+0.061 24.6+2.33 - - -

1.43+0.72 53.11+5.21 2.18%
1.76 +£0.72 56.28+5.89 2.31%

Mean NP size (Z-average diameter), polydispersity index (PdI) and Z-potential values are determined for
all NPs. For NPs containing antigens, surface absorbed protein (SAP), encapsulation efficiency (EE%) and
protein loading of antigens (A and B) are also represented. Data represent mean values + SD

@ Springer



2794

Drug Delivery and Translational Research (2024) 14:2788-2803

A Poly(I:C)

PLGA PEI

Fig. 1 w/o/w PLGA-PEI nanoparticles with poly(I:C) covering and
charge interaction diagram. A Positively charged PLGA-PEI NP cov-
ered with negatively charged poly(I:C). B Suboptimal coverage of the

size (Fig. 2A). For the following experiments, the concentra-
tion of 7.5 mg/ml NPs was selected as it allowed an efficient
coating of the NPs with the smallest possible volume, thus
optimising the experimental conditions.

Next, poly(I:C) concentration was stablished. The
NP concentration was maintained at 7.5 mg/ml and the
poly(I:C) concentration ranged from 50 to 350 ug/ml.
Following previous observations, low concentration was
related to higher aggregation tendency due to its capacity
to bind more than one NP. On the contrary, high poly(I:C)
concentration allowed complete NP covering, less NP inter-
action, and finally, less aggregation tendency. For nano
size, at least 100 pg/ml of poly(I:C) is needed (Fig. 2B).
Same experiment was carried out in more acidic environ-
ments (pH 4.6) to study the best conditions for the NPs,
however, we observed that an acidic pH did not allow the
desired studies as it favoured the precipitation of the NPs
(Supplementary Table 1). Although the pH of melanoma is
slightly acidic, the intention of this vaccine is phagocytosis
by APCs, with special interest in DCs, so its administra-
tion is intended to be far from the tumour to be treated,
and therefore far from its acidic environment. As a result,
the acidic pH was discarded for the following experiments,
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poly(I:C) causes the different charges of the NPs to interact with each
other causing them to aggregate. C Complete poly(I:C) covering of
the NPs. Created with BioRender.com

which is interesting as a more neutral pH would allow for
subcutaneous administration.

Negatively charged poly(I:C) addition to positively
charged NP decreased surface Z-potential. As in size, lower
immunostimulant concentrations showed lower NP cover-
ing, leading to positive Z-potential values. While increasing
poly(I:C) concentration, Z-potential decreased until around
-20mV values were achieved (Fig. 2C). Results showed good
covering efficiency and higher attachment in a dose depend-
ent manner, with no statistical differences from 150 pg/ml on.

Next we wanted to determine the binding efficiency of the
poly(I:C) to the NPs, as well as poly(I:C) quantity loaded
per mg of NP. Concentrations below 50 pg/ml showed com-
plete poly(I:C) attachment, while higher ones led to lower
covering efficiency (Fig. 2D). Meanwhile, Fig. 2E shows
an increased attachment at higher concentrations, although
no statistical differences were observed. This data indicates
that NP surface was completely covered with concentra-
tions above 100 pug/ml of poly(I:C). Moreover, results were
in accordance with aggregation and surface potential values
(Fig. 2B, C).

Taken together, the results showed that complete covering
of NPs is achieved with 7.5 mg/ml of NPs and with poly(I:C)
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C Z-potential of NPs (7,5 mg/ml) covered with different poly(I:C) con-
centrations. Increasing poly(I:C) concentrations lowered Z-potential
values until no statistical differences were observed form 150 ug/ml

concentrations at least of 150 pg/ml. However, more repro-
ducible values with smaller deviation were detected with
higher poly(I:C) concentrations, so following experiments
were carried out with 250 pug/ml poly(I:C).

NP size alterations were confirmed with NTA (Fig. 2F)
and SEM images (Fig. 2G, H), in which poly(I:C) covered
NPs showed same sizes as non-covered ones. This confirms
NP size was not altered in the covering process and that the
size differences observed with Zetasizer equipment were due
to the charge interaction between NPs.

Poly(I:C) concentration (ug/ml)

Size (nm)

$4800 5.0kV 5.3mm x25.0k SE(M)

on (*p<0.05 and ***p <0.001 in regard to 100 pg/ml of poly(I:C)). D
Percentage of incorporated poly(I:C) that had been efficiently loaded
onto the NPs (¥*p<0.05 and ***p<0.001 in regard to 50 pg/ml of
poly(I:C)). E Poly(I:C) quantity loaded per 1 mg of NP. F Size deter-
mination of NP covered with poly(I:C) in NTA. G, H NP morphology
with H or without G 250 pg/ml poly(I:C), in SEM

Overall, we can conclude that poly(I:C) covering was
successfully achieved by surface functionalisation of
PLGA-PEI NPs.

In vitro studies

NP phagocytosis and cytotoxicity studies

Phagocytosis and cytotoxicity studies were performed to
ensure NPs uptake by cells and assess the potential NP toxicity.
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In phagocytosis studies, RAW 264.7 macrophage cell line
was cultured with NPs dyed with DiD. After 24 h, cells were
fixed in microscopy covers and stained with phalloidine and
DAPI and observed under microscopy. In Fig. 3A we see the
NPs in red, the cytoplasm in green and the nucleus in blue.
The image shows efficient NP uptake and localization within
the cytoplasm, surrounding the nucleus.

To assess NP cytocompatibility, they were incubated with
RAW 264.7 cells. Cells were cultured with two different
concentrations of poly(I:C) or NP poly(I:C) (1 and 5 pg/
ml), and another group was included with uncoated NPs in
an equivalent amount. After 24h, cell viability was measured
by CCK-8 assay. The results illustrated in Fig. 3B show that
none of the concentrations tested were cytotoxic (>70%.
cell viability).

Finally, cytometry analysis carried out in DCs confirmed
NP uptake, in which DCs treated with NPs exhibit more
complexity (SSC signal increase) (Fig. 3C). In particular,
iDC and mDC groups have about 4% of the population in
the complexity gating, while the NP-treated group has more
than 40% of the population.

DC maturation

Adequate DC activation is crucial for T-cell-targeted can-
cer vaccines, as it allows for proper antigen presentation,
and thus effective activation of the immune response [55].
Therefore, to select the most appropriate NP poly(I:C) dose,
the following experiments were carried out on the target
cells, i.e. dendritic cells (DCs). For this purpose, we exam-
ined whether NPs promote the up-regulation of maturation
markers (HLA-DR, CD80, CD83 and CD86) and cytokine
release (TNF-a) by human DCs.

Following previous experiments in RAW 264.7 cells,
in which the two doses tested were non-toxic, we treated
monocyte-derived iDCs with 1 and 5 pg/ml of poly(I1:C),
NP poly(I:C) and uncoated NP (NP). In this case, we com-
pared the dose of 1 pug/ml poly(I:C) stimulating for 24 h,
and 5 pg/ml poly(I:C) in culture for 6 h. As a maturation
control, mDCs were prepared using a proinflammatory
cytokine cocktail.

Results revealed that the dose of 5 pg/ml NPpoly(1:C)
for 6 hours was too stimulating (Supplementary Fig. 1).
A reduction in phagocytic capacity compared to uncoated
cells was observed, since a decrease in SSC was apparent.
In addition, the trend of the CD14 marker changed drasti-
cally because the increase in complexity was observed only
in CD14" cells, which were also negative for the matura-
tion markers (Supplementary Fig. 2), and therefore, were not
DCs. Furthermore, no maturation differences were detected
among DCs of stimulated groups. Hence, even reducing the
incubation time to 6h, a dose of NP poly(I:C) equivalent to 5
pg/ml of poly(I:C) was still too strong a stimulus for this cell
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type. Therefore, we concluded that 5 ug/ml NP poly(I:C) for
6 hours was not appropriate for DC stimulation.

In contrast, the 1 ng/ml dose of poly(I:C) provided opti-
mal maturation of DCs (Fig. 4A). On the one hand, the cells
efficiently took up the NPs and increased their complexity
accordingly. On the other hand, DCs increased maturation
markers after stimulation, mainly in the poly(I:C) contain-
ing groups. In particular, compared to iDCs, non-covered
NPs were able to stimulate the activation of DCs for all
three markers, probably because the structure of the NPs
resemble virus particles. However, with the addition of
poly(I:C), the maturation capacity was enhanced. Indeed,
both NPpoly(I:C) and free poly(I:C) show similar maturation
to control mDCs in HLA*CD80" and HLA*CD86" graphs.
Therefore, the addition a dose of NPpoly(I:C) equivalent
to 1 pug/ml of poly(I:C) seemed to help in its purpose of
maturing DCs.

Afterwards, TNF-a secretion of the 1 pg/ml poly(I:C)
group was determined by ELISA. As shown in Fig. 4C,
TNF-a secretion correlated with flow cytometry results since
the poly(I:C)-containing groups showed the highest levels
of the detected cytokine. Although the quantified amount of
TNF-a in both groups were lower than the positive matura-
tion control (mDC), the levels of TNF-a secreted appear to
be sufficient to induce an adequate immune response.

Taking into account the ELISA results together with the
observations made in flow cytometry, the results showed
a better maturation profile with the poly(I:C)-containing
groups compared to the uncovered NPs. Overall, the main
conclusion is that the incorporation of poly(I:C) on NPs
improves DC activation. However, it should be highlighted
that although the level of DC maturation obtained with
NPpoly(I:C) is similar to that achieved with free poly(I:C),
it offers several advantages. On the one hand, the inclusion
of the adjuvant in a nanoparticulate system manages to com-
bine its effects and direct its immunostimulatory capacity
to the same phagocytic cell, thus reducing off-target effects.
On the other hand, the formulation developed allows the
incorporation of another compound to direct the immune
activation to the target of interest, which would allow a spe-
cific response to be achieved.

Specific response studies

After testing the maturation capacity of the NPs, the lym-
phocyte activating capacity was tested. In particular, the
specific response generated by the NPs.

For this purpose, we carried out an activation-induced
marker (AIM) assay in PBMCs of healthy donors: this
approach allows for the identification of T cells recently
activated by antigen, measured as the upregulation of
CD154 and CD69 in CD4* T cells; the quantification of
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«Fig.3 NP internalization. A NP internalizations observed in
microscopy. RAW 264.7 cell membranes are stained in green with
Alexa488-phalloidine. NPs are stained in red with DiD. Blue nucleus
in DAPI. B Quantification of viable cells by CCK8 to determine cyto-
toxicity of NPs. C Phagocytosis of NPs by DCs was analysed by flow
cytometry, in which an increase in complexation (SSC) demonstrates
uptake of NPs

CD69 upregulation also allows for the interrogation of
the activation status of CD8" T cells [56-58]. CD69 is a
membrane receptor used as an early marker of activation.
Its expression is low in resting lymphocytes but increases
rapidly after cell activation [59]. Meanwhile, CD154 —also
known as CD40L— is a transmembrane molecule that is
temporarily expressed on activated CD4* T cells following
T-cell receptor (TCR) stimulation, making its expression
antigen-dependent. CD40L interacts with CD40 expressed
on antigen-presenting B cells and DCs to induce antibody
formation and cellular immune responses [60].

PBMCs were incubated overnight with 1 uM of each pep-
tide or the equivalent amount of poly(I:C) or NPs. After,
cells were harvested and stained for flow cytometry analysis
(Supplementary Fig. 3). Cytometry results of the activated
cells were donor-dependent and varied significantly among
individuals. Consequently, the results were interpreted as a
ratio between the groups of interest, and the statistics were
obtained by pairing the responses of each individual for both
groups compared. In particular, there were three questions
that needed to be addressed in this section.

First of all, does encapsulating the Ag enhance the lym-
phocyte response? The first question was assessed compar-
ing free Ag and encapsulated Ag cytometry results (NP(Ag)
vs Ag). As shown in Fig. 5A, B, after peptide encapsulation
both types of T cells increased the population expressing the
activation markers analysed. In particular, all donors reacted
more strongly to NP(Ag) than to free Ag, probably because
NPs favour antigen uptake and presentation by APCs.

Secondly, does the poly(I:C) in the formulation improve
the ability to activate lymphocytes? The effect of the
poly(I:C) on the activation capacity of the NPs was stab-
lished by comparing the results of Ag containing NPs
with poly(I:C) (NP(Ag)poly(I:C)) with the results of NP
without poly(I:C) (NP(Ag)). As shown in Fig. 5A, B, all
donors increased the percentage of activated CD4~ cells
with NP(Ag)poly(I1:C), however, there was no significant
improvement on activated CD4* cells. Evidence suggests
that poly(I:C) acts primarily on cytotoxic lymphocytes as
their activation is greatly enhanced by the addition of the
adjuvant to the particle, which is of interest in cancer immu-
notherapy [61].

And third, is the effect enhanced by adding the Ag and
the poly(I:C)? For that aim, two NPs with poly(I:C) were
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compared (NPpoly(I:C) vs NP(Ag)poly(I:C)), and the
activation gap among them was related to the presence of
the Ag in the formulation, thereby detecting the specific
response. Figure 5A, B shows how the addition of the Ag to
the formulation increased the percentage of activated cells,
once again mainly in the CD4~ group with 90% of donors
responding. Surprisingly, in the CD4* group there was no
statistical difference between the group with or without Ag
in the formulation, but a modest response can be appreci-
ated with a 60% of responding donors. However, it should
be noted that the selected Ag does not come from any of
the volunteers tested, so it could be expected that by using
neoantigens from the patients themselves, these responses
would be improved [62, 63].

Cytometry data was supplemented with an IFN-y ELISA.
IFN-y is a cytokine secreted mainly by activated T-lym-
phocytes and its functions include: regulating the immune
response, stimulating antigen presentation on MHC-I and
MHC-II molecules, coordinating leukocyte-endothelium
interaction, and controlling cell proliferation and apoptosis
[64]. ELISA results showed that IFN-y secretion was highly
influenced by the presence of poly(I:C). The poly(I1:C)
groups secreted significantly more IFN-y than those without
adjuvant, and yet, although the presence of the Ag hints at
an upward secretion trend, the groups did not differ signifi-
cantly (Fig. 5C). This implies that the presence of poly(I:C)
promotes the activation of lymphocytes and produces a large
release of IFN-y, and therefore favors the execution of lym-
phocyte functions.

In summary, nanoparticulating the neoantigen peptides
and adding poly(I:C) improves the immune response by
increasing the number of active cells and their degree of
activation, but without affecting antigen-specific recog-
nition, enabling personalised and effective activation of
the immune system. On the other hand, the addition of
poly(I:C) to the formulation enhances the lymphocyte
response by CD4" cells and promotes IFN-y secretion.
This is of great importance for a complete and compe-
tent cytotoxic response [65, 66]. Compared to previously
published work on poly(I:C) in PLGA particles for immu-
notherapy, our vaccine is the first nano-sized, PEI-func-
tionalised, poly(I:C)-coated particles that encapsulates
melanoma patient-derived neoantigens [37, 67-69]. In
addition, it is the only one that tests NPs in human PBMC
to analyse the specific response generated. All of this
makes the developed vaccine a novelty in various aspects
of particle development and experimental trial design.
Nevertheless, it should be noted that the selection of the
personalised neoantigen was based on the expression on
the patient's tumour cells, and on the affinity with their
HLA. The results obtained, however, come from PBMC
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Fig.4 DC maturation with 1 pg/ml poly(I:C). A Representative flow
cytometry plots from DCs after maturation with 1 pg/ml poly(I:C),
NPpoly(I:C) and non-covered NPs. B DC maturation markers are

from healthy volunteers, where the frequency of lym-
phocytes responding to these patient-derived antigens is
very low. Thus, although this is a clear limitation of the
assay, it is likely that in the case of patients themselves

represented in cell percentage (cell%). C TNF-a cytokine secretion
was measured by ELISA. (*p <0.05, **p <0.005 and ***p <0.001 in
regard to NPpoly(I:C))

this response would be favoured [49]. In summary, the
incorporation of poly(I:C) onto the peptide-based vac-
cine promotes and amplifies the activation of the immune
response, which is expected to be greater in patients.
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Fig.5 Specific response studies of T cells performed in PBMCs. Ag, NP(Ag), NPpoly(I:C) and NP(Ag)poly(I:C) effect comparison on A CD4"
T cells and B CD4™ T cells. C IFN-y cytokine release. (¥*p <0.05, **p <0.005 and ***p <0.001)

Conclusion

In conclusion, NP(Ag)poly(I:C) has proven to be an interest-
ing system for immune activation. The developed NPs were
successfully coated with poly(I:C) after PEI functionalisa-
tion, and the w/o/w emulsion allowed efficient neoantigen
encapsulation, which ultimately led to complete immune
activation. Its effectiveness was associated to its configura-
tion, as it produced a synergistic and combined effect medi-
ated by its components. On the one hand, the NP acted as
a vehicle for the different compounds, i.e. it offered them

@ Springer

transport and protection, support for combining neoantigen
and adjuvant, and ease of phagocytosis by APCs. On the
other hand, the poly(I:C) favoured and amplified immune
activation, and by being formulated in the NPs, potentiation
of the immune response was achieved. Finally, the aim of
the neoantigen was to direct the immune response towards
the target of interest, thus enabling a personalised specific
response. This demonstrates that the formulation can be a
useful tool for eliciting a specific and invigorated immune
response directed to tumour cells, which is the goal of inter-
est in melanoma treatment.
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