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A B S T R A C T

Lipid nanoparticles (LNPs) were engineered for efficient mRNA delivery and immune enhancement through co- 
encapsulation of adjuvants. CpG-oligodeoxynucleotides (CpG-ODN, TLR9 agonist) and monophosphoryl lipid A 
(MPLA, TLR4 agonist) were incorporated to activate intra- and extracellular Toll-like receptor pathways. 
Formulated via microfluidics, CpG was added in the aqueous phase and MPLA in the lipid phase. The final LNP- 
MPLA-CpG formulation included Luc mRNA and CpG-ODN (5:1 ratio) with ALC-0315/DSPC/cholesterol/ALC- 
0159/MPLA (1 %). Particle characterization by DLS and NTA confirmed neutral, homogeneous nanoparticles 
(~80 nm). Cryo-TEM and SAXS verified structural integrity. The formulation maintained over 80 % mRNA 
encapsulation after storage at 4 ◦C and − 80 ◦C. Transfection of human and murine dendritic cells (MoDCs and 
DC2.4) led to robust protein expression. The LNPs showed minimal hemotoxicity and low cytotoxicity, while 
significantly increasing pro-inflammatory cytokines (IFN-γ, TNF-α, IL-6) in both cell types. DC uptake of LNP- 
MPLA-CpG was efficient. In the in vivo biodistribution, Luc mRNA was primarily expressed in liver and spleen 
following intramuscular injection. Serum cytokine levels peaked at 6 h post-injection, and flow cytometry of 
stimulated splenocytes and liver non-parenchymal cells confirmed a strong innate activation. These results 
support LNP co-delivery of dual adjuvants as a potent platform for enhancing mRNA vaccine efficacy and innate 
immune activation.

1. Introduction

The rapid development of mRNA vaccines during the COVID-19 
pandemic has significantly increased interest in lipid nanoparticles 
(LNPs), establishing them as a powerful platform for efficient RNA 

intracellular delivery [1]. LNPs typically comprise four main lipid 
components: ionizable lipids, phospholipids, cholesterol, and poly
ethylene glycol (PEG) [2]. To date, three RNA/LNP-based drugs have 
been approved by the U.S. Food and Drug Administration (FDA) and are 
commercially available. These include Onpattro®, an siRNA treatment 
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for transthyretin-mediated amyloidosis, followed by Moderna’s Spike
vax® and Pfizer/BioNTech’s Comirnaty® COVID-19 mRNA vaccines, all 
of which have demonstrated the potential of RNA-based drugs. Mean
while, there are numerous ongoing clinical trials exploring novel LNP- 
formulated mRNA vaccines, reflecting the growing pharmaceutical in
terest in this technology. However, further research is required to 
elucidate both the beneficial and adverse immunological effects, upon 
which tailored formulations with specific profiles can be developed [3].

Adjuvants are essential components of vaccines, playing a critical 
role in enhancing immune responses. However, several challenges 
persist, including potential side effects which limits the introduction of 
novel adjuvants into the clinic. Targeted delivery of adjuvants to pro
fessional antigen-presenting cells (APCs) offers a promising strategy to 
reduce the required adjuvant dose while simultaneously promoting 
sustained antigen expression and adjuvant-driven maturation of den
dritic cells (DCs) [4–6].

In general, mRNA vaccine responses can be enhanced through two 
main approaches: the use of adjuvants acting as immunostimulants and 
through optimized delivery systems [7]. Adjuvants induce the activation 
of APCs by acting as danger signal molecules. They interact with pattern 
recognition receptors (PRRs), such as Toll-like receptors (TLRs), which 
in turn amplify the adaptive immune responses by facilitating the anti
gen presentation and induction of co-stimulatory signals, concomitant 
with the production of pro-inflammatory cytokines. In contrast, delivery 
systems improve the immune response by increasing antigen load, 
resulting in prolonged bioavailability of antigens and enhancing their 
targeted delivery to lymph nodes and APCs, thereby boosting the overall 
efficiency of immune response [7].

The selection of adjuvants and nano-carrier formulations depends on 
various factors, including the physicochemical properties of the vaccine 
antigen (i.e. mRNA-encoded versus protein-based), the stability of the 
adjuvant, its hydrophobic/hydrophilic nature, the type of immune 
response required for the target pathology and the potential route of 
administration. Selection of an inappropriate adjuvant could compro
mise the efficacy of a vaccine antigen, e.g. by inducing a cytokine storm 
or suppressing mRNA expression [8–10].

TLRs are a family of PRRs that recognize conserved microbial com
ponents and play a critical role in innate immunity [11]. TLR agonists 
are widely used as natural immune adjuvants and have been extensively 
explored in the context of vaccine development and immunotherapy for 
various infectious and cancer-related diseases [12]. Among these, lipo
polysaccharide (LPS), a component of the outer membrane of Gram- 
negative bacteria, and its less toxic synthetic derivative, mono
phosphoryl lipid A (MPLA), are particularly interesting immunostimu
latory candidates [13]. MPLA activates APCs by binding to and 
activating TLR4 which is located on the cell surface. This activation 
promotes a predominantly T helper 1 (Th1)-biased immune response 
following vaccination [14].

Synthetic oligodeoxynucleotides (ODNs) containing immunostimu
latory CpG motifs represent another promising candidate for enhancing 
vaccine efficacy. CpG-ODNs activate TLR9, which is located within 
intracellular vesicles, triggering an immunomodulatory cascade that 
involves natural killer (NK) cells and professional APCs, such as DCs and 
monocyte/macrophages. This activation promotes a Th1-biases immune 
response and induces the secretion of pro-inflammatory cytokines, 
thereby enhancing antigen-specific T and B cell responses. Consistent 
with this findings, several studies have demonstrated that CpG-ODNs 
enhance the immunogenicity of co-administered vaccines [15,16]. 
However, the therapeutic potential of soluble CpG-ODNs is limited by 
hepatic toxicity and insufficient immune activation in draining lymph 
nodes. Notably, the FDA recently approved CpG 1018 as the first CpG- 
based adjuvant licensed for a human Hepatitis B vaccine (HEPLISAV- 
B) [17]. While clinical trials have demonstrated its safety and efficacy, 
CpG ODNs are typically administered in soluble form, leading to a rapid 
diffusion from the injection site into systemic circulation. This results in 
an unintended off-target activation of the innate immune system and 

hepatocyte apoptosis, significantly reducing the therapeutic applica
bility of CpG ODNs [18].

To overcome these limitations, B-class CpG ODN1826, suitable for 
activation of B cells and induction of IL-6 release, has been incorporated 
within LNPs in which the ionizable cationic lipid binds CpG through 
electrostatic interactions. When administered locally, LNP-formulated 
CpG efficiently drains to lymph nodes and triggers robust innate im
mune activation, a result not observed with soluble CpG [19]. Moreover, 
a study demonstrated that encapsulating a CpG ODN within LNPs at a 
dose of 10.88 μg could enhance the therapeutic vaccine efficiency [20].

Various mRNA-based vaccine platforms have been investigated, 
highlighting the importance of evaluating key parameters such as mRNA 
delivery efficiency, tolerability, and immunogenicity to clearly under
stand the suitability of formulating adjuvants into LNPs. Some reports 
have explored the use of nanoparticle-delivered adjuvants to enhance 
cellular immunity such as the inclusion of α-galactosylceramide into 
LNPs [21], MPLA into stearic acid-doped lipid nanoparticles [22] or CpG 
into LNPs [18].

Combining adjuvants is an emerging strategy in the design of next- 
generation vaccine formulations. Single adjuvants often possess 
inherent limitations and are unable to elicit the entire repertoire of 
immune-stimulatory activities [23]. Consequently, multi-adjuvant for
mulations have gained attention as a promising approach to enhance 
vaccine efficacy [24]. Notably, GlaxoSmithKline (GSK) has pioneered 
the rational combination of adjuvants, exemplified by its use of classical 
adjuvants such as alum alongside novel TLR agonists [25].

To date, and to the best of our knowledge, no reports have described 
the use of LNPs as delivery platform for co-encapsulation of adjuvants 
targeting both intracellular and extracellular TLRs to achieve synergistic 
immune activation. Existing strategies have primarily focus in the 
administration of free TLRs agonists in vaccine formulations against 
complex diseases such as cancer, HIV, malaria and other infectious 
pathogens, as they help to shape adaptive immunity in a very precise 
manner [26]. In particular, the combination of free MPLA and CpG- 
ODNs has demonstrated potential to modulate transcriptional pro
grams in innate immune cells, enhance DC function, and elicit broad- 
based immunity involving Th1, Th2, and antibody responses [27].

In this study, we demonstrate the feasibility of formulating LNPs 
with CpG-ODNs loaded in the aqueous core and MPLA integrated into 
the lipid shell. Structural characterization using small-angle X-ray 
scattering (SAXS) and cryogenic transmission electron microscopy 
(cryo-TEM) confirmed the integrity of the modified LNPs. The resulting 
LNP-MPLA-CpG formulation induced a strong innate immune response 
without compromising mRNA expression, underscoring its potential as a 
next-generation nanovaccine capable of eliciting sustained and robust 
immunity.

2. Materials and methods

2.1. Materials

CleanCap® Enhanced Green Fluorescent Protein (EGFP) mRNA and 
CleanCap® Firefly Luciferase (Luc) mRNA were obtained from TriLink 
BioTechnologies (San Diego, CA, USA). Monophosphoryl lipid A (MPLA) 
was sourced from InvivoGen (San Diego, CA, USA), and CpG-ODN 1826 
was acquired from Miltenyi Biotec (Bergisch Gladbach, Germany). 
Lipids including ALC-0315 (((4-hydroxybutyl)azanediyl)bis(hexane- 
6,1-diyl)bis(2-hexyldecanoate)) and ALC-0159 (alpha-[2-(dite
tradecylamino)-2-oxoethyl]-omega-methoxy-poly(oxy-1,2-ethanediyl)) 
were provided by Cayman Chemical (Ann Arbor, MI, USA). Additional 
lipids, such as DSPC and cholesterol, were obtained from Avanti Polar 
Lipids (Alabaster, AL, USA). PolyA was sourced from Merck KGaA 
(Darmstadt, Germany).
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2.2. Synthesis of LNP formulations

LNPs were synthesized using a microfluidic system employing the 
NanoAssemblr® platform (Precision NanoSystems Inc., Vancouver, 
Canada) at a total flow rate of 12 ml/min, N/P ratio of 6 and a flow rate 
ratio (FRR) of 3:1 (aqueous to organic). The Initial and final waste 
volumes were 200 μl and 50 μl, respectively [28]. The self-assembly 
process involved combining a mRNA solution at 120 μg/ml in 50 mM 
citrate buffer at pH 4.0 with a lipid-containing ethanolic phase at 12.5 
mM. The formulations derived from lipid mixtures (LM) with different 
compositions and aqueous phases (Aq.) with a reporter mRNA and CpG- 
ODN (or PolyA) at 5:1 ratio as it is listed in Table 1. After synthesis, LNPs 
were diluted in PBS at a ratio of 1:20 for in vitro experiments and at 1:40 
for in vivo applications. Formulations were then up-concentrated using 
Amicon® centrifugal filters (50,000 MWCO) at 2000 ×g for 5 min per 
fraction to reach total mRNA concentrations in the range of 150–200 μg/ 
ml. The resulting suspensions were sterile-filtered through a 0.22 μm 
membrane and stored at 4 ◦C for subsequent use.

Additionally, two preparation methods for further − 80 ◦C long-term 
storage analysis were tested [29]. In cryo-method 1, after the synthesis 
of LNPs with the microfluidic technique, samples were diluted in cryo- 
preservation buffer composed of Tris 20 mM (pH 7.4), 150 mM NaCl 
and 10 % Sucrose (TBSS-buffer). Then, LNPs were processed as indicated 
before. In cryo-method 2, the final LNP formulations were dialyzed 
overnight from PBS to TBSS-buffer using Slide-A-Lyzer® MINI Dialysis 
Device, 10 K MWCO, 0.5 ml (Thermo Fisher Scientific Inc., Naarden, 
Netherlands).

For uptake experiments in DC2.4 cells, the LNPs composition was 
modified for visualization through fluorescent read-outs. The reporter 
EGFP mRNA was incorporated into the aqueous phase of the formula
tions. Additionally, the lipidic phase was modified through addition of 
the fluorescent labelled lipid DSPE-PEG(2000)-N-Cy5 at 0.1 mol% to the 
LM as a tracer of the nanoparticle uptake.

2.3. Determination of mRNA encapsulation efficiency (EE) by RiboGreen 
assay

mRNA was quantified using RiboGreen reagent (ThermoFisher, 
Waltham, MA, USA) by fluorescence detection at 535 nm (emission) 
after excitation at 485 nm. Measurements were conducted using a 
TECAN Spark® plate reader (Männedorf, Switzerland). The mRNA EE% 
was determined by measuring the mRNA concentration in LNP samples 
under two conditions: total mRNA content after incubation with 2 % 
Triton X-100 at 37 ◦C for 10 min and non-encapsulated mRNA without 
Triton X-100. Encapsulated mRNA was calculated from the difference 
between total mRNA content and the unencapsulated mRNA value.

2.4. Particle size, Zeta potential (Z-Pot), and polydispersity index (PDI)

The mean hydrodynamic diameter and polydispersity index (PDI) of 
the LNP samples were measured following a 1:100 dilution in PBS by 
dynamic light scattering (DLS) in a Nano ZS Zetasizer (Malvern In
struments Corp., Malvern, UK). The reported values for particle size are 

based on intensity-weighted measurements. Z-pot was measured with 
the same instrument using DTS1080 disposable capillary cells. The 
stability of the formulations was monitored weekly for up to one month 
by evaluating changes in particle size, Z-pot, and EE% during storage at 
4 ◦C. Additionally, LNPs stability after storage at − 80 ◦C was 
determined.

2.5. Cryogenic transmission electron microscopy (Cryo-TEM)

Size and morphology of LNPs were analyzed using the cryo-TEM 
technique in a TEM (FEI Titan Krios G4, Thermo Fisher Scientific, 
Naarden, The Netherlands) under cryogenic conditions. For this, sam
ples were vitrified with a Vitrobot Mark V (ThermoFisher, Hillsboro, OR, 
USA) plunge freezing device. A volume of 3 μl of the sample dispersion 
was applied to a glow-discharged Quantifoil or lacey carbon-coated TEM 
grid (treated in an oxygen plasma cleaner, Diener Nano®, Diener elec
tronic, Ebhausen, Germany). Excess solution was removed using filter 
paper, and the grid was immediately immersed in liquid ethane for 
vitrification. The samples were examined at an acceleration voltage of 
300 kV using a 4 k Direct Electron Detection Camera (Gatan K3, 
Pleasanton, CA, USA) under low-dose conditions to preserve sample 
integrity. Micrographs were analyzed using ImageJ® software (version 
1.54) [30].

2.6. Small-angle X-ray scattering (SAXS)

SAXS measurements were conducted at the NCD-SWEET beamline 
(Project ID 2023067620) of the ALBA Synchrotron Light Source in 
Barcelona, Spain. The experiment utilized an incident energy of 10 keV 
and a 3.2 m sample-to-detector distance. Samples were loaded into low- 
scattering polymeric capillaries (2.2 mm external diameter, 0.1 mm wall 
thickness). Data collection employed a Pilatus 1 M detector (Dectris, 
Switzerland), with azimuthal integration performed using the pyFAI 
library to obtain one-dimensional scattering profiles [31]. Scattering 
intensity was plotted against the momentum transfer q, defined as q =
4π
λ sin(θ), where λ is the incident wavelength and 2θ the scattering angle. 

Each sample was measured in 10 frames of 10 s, discarding any affected 
by radiation damage. Experiments were conducted at 22 ◦C.

To investigate structural features, a polydisperse multi-shell spher
ical particle model was employed to represent the electron density 
variations in the outer layers of each product, as detailed in previous 
work [28]. In this approach, the scattering from a single particle is 
derived from contributions of its concentric shells, with the amplitude 
weighted by their respective volumes. The model was adapted from 
strategies used in neutron scattering studies of multi-shell particles [32]. 
Here, a bilayer nanoparticle featuring a homogeneous core was 
considered, with the core’s radius following a Gaussian distribution (20 
% standard deviation). The bilayer shell comprises two high-density 
polar regions and one low-density region, each with a fixed thickness 
of 2 nm. Additionally, a para-crystal structure factor was incorporated to 
describe the lamellar arrangement, with the set at 0.01. Under these 
conditions, the key fitting parameters were the mean core radius, the 
electron densities of the concentric shells, and the average number of 

Table 1 
Composition and characterization of the different mRNA-loaded LNP with the inclusion of adjuvants. The mean size, polydispersity Index (PDI), Z-potential (Z-pot), 
and mRNA-encapsulation efficiency (EE%) were determined.

Composition Characterization

Formulation Lipid Phase (Mol%) – 12.5 mM Aqueous Phase (ratio) – 120 μg/ml Size (nm) PDI Z-pot EE%

ALC 0315 DSPC Chol ALC 0159 MPLA Luc mRNA PolyA CpG-ODN

LNP 50.00 10.20 38.10 1.70 – 5 1 – 85.1 ± 0.2 0.08 ± 0.02 − 5.5 ± 1.5 79.4 ± 7.0
LNP-CpG 50.00 10.20 38.10 1.70 – 5 – 1 79.4 ± 1.2 0.03 ± 0.01 − 4.5 ± 2.6 84.1 ± 8.0
LNP-MPLA 49.75 9.95 37.85 1.45 1.0 5 1 – 84.1 ± 0.5 0.06 ± 0.02 − 4.6 ± 0.5 90.7 ± 9.0
LNP-MPLA-CpG 49.75 9.95 37.85 1.45 1.0 5 – 1 86.2 ± 0.5 0.07 ± 0.03 − 5.1 ± 0.3 86.0 ± 8.0

Abbreviations: Chol (Cholesterol); Luc (Luciferase); PolyA (Poly-Adenosines); ODN (oligodeoxynucleotides).
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layers. Equations can be found in the previews published work [28].

2.7. Nanoparticle tracking analysis (NTA)

LNPs size and Z-Pot were also determined by NTA. Measurements 
were obtained in a ZetaView PMX-230 Twin Laser (Particle Metrix, 
Mebane, NC, USA), following previous indication for optimal NTA 
analysis [33]. LNPs were also live monitored with a high-resolution 
camera to check the presence of aggregates and the degree of 
homogeneity.

2.8. Determination of LNPs pKa

The apparent pKa of nanoparticles was measured by the 6-(p-tolui
dino)-2-naphthalenesulfonic acid sodium salt (TNS) fluorescence 
method [34]. Cayman’s LipidLaunch™ LNP Apparent pKa Assay Kit/ 
TNS Method was used in the determination of pKa of LNPs. TNS exhibits 
fluorescence when interacting with positively charged membranes, 
allowing for easy quantification in a plate reader (TECAN Spark® plate 
reader (Männedorf, Switzerland) at λex = 320 nm and λem = 450 nm. As 
TNS dissociates, its fluorescence decreases. Consequently, titrating the 
pH in the presence of LNPs generates a curve, with the point at which 
fluorescence reaches 50 % of its maximum defined as the apparent pKa 
of the particle. The measurements and calculations were performed 
according to manufacturer’s instructions.

2.9. Evaluation of in vitro mRNA expression levels

To evaluate the ability of LNP formulations to deliver and effectively 
express the encapsulated reporter mRNA, transfection experiments were 
performed in different DCs types. Mouse DCs (DC2.4) and human 
monocyte-derived DCs (MoDCs) were selected as cellular models of DCs 
from mice or human origin. Luciferase expression was measured 
following previous protocols with the Promega Luciferase Assay kit (WI, 
USA), according to manufacturer’s recommendations in a TECAN 
Spark® plate reader (Männedorf, Switzerland), equipped with an 
automatic injector.

2.9.1. DC2.4 cell line transfection
DC2.4 cells were cultured in RPMI-1640 medium supplemented with 

10 % iFBS, 1 % antibiotics (100 U/ml penicillin and 100 μg/ml strep
tomycin), 1 % L-glutamine (2 mM), 1× non-essential amino acids, 1 mM 
HEPES, and 0.0054× β-mercaptoethanol. Cells were seeded in 96-well 
plates at a density of 1.5. ×104 cells per well for 24 h. LNP formula
tions at mRNA concentration of 0.67 μg/ml and 6.67 μg/ml per well, 
respectively, were used for transfection over a 24 h period. A 30 μl 
aliquot of supernatant was collected from each well and stored at − 20 ◦C 
for subsequent cytokine analysis [35].

2.9.2. MoDCs transfection
Monocytes were isolated from human peripheral blood mononuclear 

cells (hPBMCs) obtained from at least five healthy donors using the 
CD14 MicroBeads Human MACS kit (Miltenyi Biotec Bergisch Gladbach, 
Germany) following the manufacturer’s protocol. Briefly, hPBMCs were 
counted and a total number of 4.5 × 108 cells was pelleted by centri
fugation. The cell pellets were resuspended in 80 μl of MACS buffer and 
20 μl of CD14 MicroBeads per 107 cells were added. After a 15 min in
cubation at 4 ◦C, the cells were washed with MACS buffer and subse
quently resuspended in 500 μl of MACS buffer per 108 cells.

The cell suspension was applied to a LS column (Miltenyi Biotec) 
placed in a magnetic field and the column was washed three times with 
MACS buffer to remove unbound cells. Finally, the column was me
chanically flushed with MACS buffer to elute the CD14-positive mono
cytes. The eluate was centrifuged, and the resulting cell pellet was 
resuspended in MoDCs medium (RPMI1640, 10 % FBS, 1 % L-Gluta
mine). The monocyte cell suspension was then counted, and 3 × 106 

cells were seeded in 3 ml in each well on a 6-well plate with MoDCs 
culture medium supplemented with the granulocyte-macrophage col
ony-stimulating factor (GM-CSF) at a concentration of 100 ng/ml for 
differentiation to MoDCs and, IL-4 at a concentration of 25 ng/ml to 
prevent concomitant macrophage differentiation. Following a 48 h in
cubation at 37 ◦C, half of the culture medium was replaced with new 
MoDCs fresh culture medium containing IL-4 (50 ng/ml) and GM-CSF 
(200 ng/ml). After an additional 72 h incubation, cells were seeded as 
required in a 96-well plate and used for transfection.

2.10. Cellular uptake and expression kinetics

The kinetics of uptake and expression of LNPs by DCs (2.4 cell line) 
were studied at different exposition times. For transfection 2.5 × 104 

cells per well were seeded in a 48-well plate and transfected with 0.67 
μg/ml of EGFP mRNA loaded into fluorescent LNPs (Cy5 labelled). Ki
netic measurements, after 3, 6 and 24 h were performed. Cells were 
washed twice with PBS and consequently the fluorescence intensity of 
Cy5 was measured using a TECAN Spark® plate reader (Männedorf, 
Switzerland) (λex = 620 nm and λem = 680 nm). EGFP expression and the 
Cy5 signal in the cells were also analyzed by fluorescent microscopy on 
an Olympus CKX41 instrument (Tokyo, Japan). Afterwards, PBS su
pernatant was discarded, and cells were detached by trypsinization. 
Following a 5 min of incubation at 37 ◦C, cells were resuspended in FACS 
buffer (1× PBS with 2 % iFBS), transferred to a 96-v bottom plate and 
centrifuged (400 ×g, 5 min). The supernatant was discarded by inver
sion and cells were resuspended in 200 μl of FACS buffer. Flow cytom
etry data were acquired using a FACSymphony™ A3 (Becton, Dickinson 
and Company, Franklin Lakes, NJ) and analyzed using FlowJo™ soft
ware version 10.8 (Ashland, OR, USA; Becton, Dickinson and Company).

2.11. Cryopreservation study

The suitability of different cryo-preservation buffers to facilitate 
long-term storage at − 80 ◦C of mRNA-loaded LNPs was studied. 
Therefore, DC2.4 cells were transfected with LNPs directly prepared in 
TBSS buffer (cryo-method 1) or dialyzed from PBS to TBSS (cryo-method 
2). Transfection efficiency was measured by fluorescence microscopy 
and flow cytometry after 7 and 28 days of cryopreservation. The phys
icochemical properties of cryopreserved LNPs were also determined in 
terms of size and PDI by DLS, and EE by RiboGreen.

2.12. Cytokines and chemokines quantification

Cell culture supernatants or serum samples were collected after LNP 
treatment. The levels of TNF-α, IFN-γ and IL-2 (primarily associated with 
Th1-cells); IL-4 and IL-10 (associated with Th2-cells); IL-6 and IL-17 A 
(associated with Th17-cells) were measured using multiplex Cytometric 
Bead Array (CBA). For MoDCs supernatants, the LEGENDplex™ HU 
Essential Immune Response Panel was used, while for DC2.4 cell su
pernatants, the LEGENDplex™ MU Th Cytokine Panel was employed 
(BioLegend, San Diego, CA, USA). The release of IL-12p70 was specif
ically measured in MoDCs. Samples were acquired using a FACSym
phony™ A3 (BD) and data were analyzed with the LEGENDplex™ data 
analysis software version 8.0 at https://legendplex.qognit.com/workfl 
ow.

2.13. Hemotoxicity studies

Heparinized venous blood from healthy donors was collected with 
written informed consent from the Institute of Transfusion Medicine of 
the University Medical Center, Mainz. Whole blood was placed in a 12- 
well culture plate containing Hankś balanced salt solution (HBSS) in a 
1:100 ratio and transfected with 0.67 μg/ml of each LNP formulation at 
37 ◦C for 1 h. After incubation, the blood–LNP suspension was centri
fuged at 2500 ×g, 37 ◦C for 5 min, and the resulting precipitate was 
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discarded. The extent of red blood cell lysis was quantified by measuring 
the released hemoglobin at λmax = 540 nm. Hemolysis was defined as 
100 % by exposing erythrocytes to 1.0 % Triton X-100 and PBS incu
bation as negative control [36].

2.14. Cellular viability by MTT assay

To measure cellular proliferation and viability, a colorimetric assay 
based on MTT ((3-(4,5-Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium 
Bromide)) was performed according to manufacturer’s protocol (Roche, 
“Cell Proliferation Kit I (MTT): Colorimetric assay for the non- 
radioactive quantification of cell proliferation and viability” Cat. No. 
11465 007001). 2 × 104 DC2.4 cells were seeded in a 96-well plate with 
100 μl of culture medium per well and incubated for 24 h at 37 ◦C with 5 
% CO₂. After incubation, 50 μl of supernatant was carefully removed, 
and cells were treated with either LNP (0.67 μg/ml), EtOH (positive 
control, C+), or culture medium alone (negative control, C− ). Culture 
medium was then added to bring the final volume to 100 μl per well. 
Following incubation, 10 μl of MTT reagent (final concentration 0.5 mg/ 
ml) was added to each well, and plates were incubated for an additional 
4 h. Next, 100 μl of solubilization solution was added. Plates were 
incubated overnight at 37 ◦C with 5 % CO₂, after which absorbance at 
570 nm was measured using a TECAN Spark® plate reader (Männedorf, 
Switzerland).

2.15. In vivo mRNA expression and cytokine release after LNP 
administration

Three groups of mice (each n = 5; BALB/cAnNCrl) were intramus
cularly (i.m.) injected with 50 μl of the following: (i) PBS, (ii) 5 μg of Luc 
mRNA/LNP and (iii) 5 μg of Luc mRNA/LNP-MPLA-CpG, respectively. 
After 5.30 h, submandibular blood was collected, and serum was iso
lated for cytokine analysis. For the biodistribution experiment, at 6 h 
timepoint luciferin was intraperitoneally (i.p.) administered, and the 
mice were anesthetized with isoflurane mixed with oxygen. Luciferase 
expression was monitored by bioluminescence in an IVIS Spectrum CT 
instrument (PerkinElmer, USA) and exposure of 0.5, 1, 3 or 5 s were 
recorded. Cervical dislocation was used for euthanasia and organs, 
including the heart, lungs, liver, kidneys, spleen, auxiliary lymph nodes 
and muscle, were dissected and imaged. For quantification liver and 
spleen were weighed. Images were analyzed using Living Image Soft
ware (PerkinElmer, USA).

2.16. Splenocytes and liver non-parenchymal cells (NPCs)

Spleens were mechanically disrupted using a pestle and a cell 
strainer (40 μM; Greiner Bio-One, Frickenhausen, Germany). Spleen 
cells (4 × 106/ml) were cultured in IMDM-based media supplemented 
with 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin 
(all from Sigma-Aldrich), 50 μM ß-mercaptoethanol (Roth), and 5 % FBS 
(PAN-Biotech, Aidenbach, Germany). To isolate liver NPCs, livers were 
subjected to enzymatic dissociation (Liver Dissociation Kit; Miltenyi 
Biotec, Bergisch-Gladbach, Germany) as recommended by the manu
facturer. Liver tissue was cut into small pieces that were transferred into 
prepared C tubes (Miltenyi Biotec) and minced in a gentle MACS Dis
sociator (program m_liver_03). The obtained cell suspension was incu
bated under continuous shaking (30 min at 37 ◦C), followed by another 
dissociation step (m_liver_04). Liver NPCs were enriched by density 
centrifugation (30 % Histodenz-HBSS; Sigma-Aldrich) and resuspended 
(106/ml) in RPMI 1640-based media containing 10 % FBS (PAN 
Biotech), 50 μM ß-mercaptoethanol (Roth), 1 % L-L-glutamine, 1 % non- 
essential amino acids, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 
mM HEPES, 1 mM sodium pyruvate (all from Sigma-Aldrich). Spleen 
cells and liver NPCs were seeded into sterile round –bottom polystyrene 
tubes (each 500 μl) and differentially treated as indicated. The next day, 
supernatants were retrieved for subsequent cytokine detection and cells 

were assayed by flow cytometric analysis using an Attune NxT Flow 
Cytometer (Thermo Scientific), equipped with Attune NxT software 
(ThermoScientific).

2.17. Statistical analysis

A one-way ANOVA followed by Fisher’s LSD test was employed to 
compare groups. For comparisons involving multiple variables, a two- 
way ANOVA was applied. The p-values were interpreted as follows: p 
< 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) were 
considered statistically significant. Non-significant differences were 
labelled as “ns”.

3. Results

3.1. LNP formulation design

To study the effect of incorporating CpG-ODN and MPLA adjuvants 
into the structure of LNPs, different combinations of organic and 
aqueous phases were investigated (Table 1).

LNPs were generated using a microfluidic platform by combining the 
lipid phase (LM) and aqueous phases (Aq.) as presented in Table 1: LNP 
(ALC-0315/DSPC/cholesterol/ALC-0159) + (Luc mRNA + PolyA (at 5:1 
ratio)); LNP-CpG: (ALC-0315/DSPC/cholesterol/ALC-0159) + (Luc 
mRNA + CpG-ODN at (5:1 ratio); LNP-MPLA: (ALC-0315/DSPC/ 
cholesterol/ALC-0159/MPLA 1 %) + (Luc mRNA + PolyA in (5:1 ratio); 
and LNP-MPLA-CpG: (ALC-0315/DSPC/cholesterol/ALC-0159/MPLA 1 
%) + (Luc mRNA + CpG-ODN in (5:1 ratio)). Formulations were 
developed by incorporation of CpG into the aqueous phase of the LNPs, 
while MPLA was included into the lipidic phase due to their respective 
hydrophilic and lipophilic characteristics (Fig. 1).

Physicochemical characterization of LNPs demonstrates their integ
rity after adjuvant incorporation.

Size, polydispersity, Z-pot and EE% were relevant parameters to 
determine the stability of the developed formulations, as well as the 
effect on the properties after incorporation of each adjuvant into LNPs. 
These physicochemical characteristics are crucial for assessing the 
quality and potential efficacy of LNP-based vaccine formulations 
(Table 1 and Fig. 2).

The intensity-weighted size values of LNPs were in the range of 85 to 
90 nm. Incorporation of CpG, MPLA and the combination of both 
resulted in LNPs with a similar mean size (Fig. 2a). The PDI of all for
mulations was lower than 0.1, suggesting the presence of highly mon
odispersed nanoparticles (Fig. 2b). Size and PDI are important factors 
influencing the biodistribution, pharmacokinetic and cellular uptake of 
LNPs. Typically, LNPs with a size range of 50–200 nm and a PDI below 
0.3 are considered optimal for vaccine delivery [37]. The Z-pot of all 
formulations was close to neutrality, with values in the range of 0 to − 8 
mV (Fig. 2c). Furthermore, the presence of adjuvants did not signifi
cantly affect the surface charge of LNPs (p˃0.05). The EE is another 
critical parameter that determines the amount of mRNA successfully 
incorporated into LNPs. All developed formulations showed EEs higher 
than 85 % (Fig. 2d).

To confirm the stability of LNPs formulations over time, their 
physicochemical properties in terms of mean size, PDI, Z-pot and EE 
were monitored at regular intervals over 28 days of storage at 4 ◦C. The 
results showed that LNPs, with or without adjuvants, maintained 
consistent size, stable Z-pot and low PDI throughout the study period, 
indicating robust structural integrity and uniform particle size 
distribution.

To further investigate the structural properties of LNPs after adjuvant 
incorporation, cryo-TEM measurements were complemented by SAXS 
analysis (Fig. 2 e-f). Cryo-TEM images revealed consistent LNP sizes of 
all formulations with a mean diameter of approximately 40–60 nm, in 
agreement with previous observations [38] (Fig. 2e). TEM and other 
microscopic techniques provided a direct visualization of the 
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nanoparticle core in a dehydrated state. This discrepancy in size with 
DLS is also observed after determination of the core size with SAXS 
(Fig. 2f).

Deeper morphology observations also allowed the detection of 
“bleb” structures in the LNP formulations containing MPLA, CpG and 
both adjuvants (Fig. 2e and Fig. S1). A similar architecture was observed 
in control LNP without adjuvants, suggesting that the inclusion of these 
adjuvants has minimal impact on the typical structural properties of 
LNPs Such two-compartment structures are frequently observed in LNPs 
encapsulating mRNAs or other large nucleic acids [39]. As seen across 
all images, the nanoparticles were predominantly spherical, exhibiting 
homogeneous size and shape.

SAXS studies revealed the presence of characteristic concentric 
structures of LNPs (Fig. 2f). According to the SAXS patterns, the presence 
of spherical nanoparticles with potentially bilamellar structures could 
be elucidated, showing a distinctive broad peak near 1 nm− 1. Based on 
previous studies, the pattern could be related to nanoparticles size as 
well as lipid stacking [35]. The mean nanoparticle size could also be 
estimated from the small-angle region. All formulations displayed a 
polydispersity around 15 %, which could be decreased by considering 
the presence of smearing effects or surface LNP defects into the model. 
While LNPs showed a mean particle size around 67.4 nm, LNP-CpG, 
LNP-MPLA and LNP-MPLA-CpG exhibited diameters around 66.4, 74.0 
and 72.8 nm, respectively. This slight increase in LNP size after MPLA 
inclusion suggests the effective inclusion of the lipopolysaccharide 
analogue into the LNP architecture.

Additionally, the mean size and Z-pot of LNP and LNP-MPLA-CpG 

formulations were determined by NTA (Fig. 3a-b). LNP showed a nar
row peak around 91.7 nm, whereas LNP-MPLA-CpG exhibited a mean 
size around 87.8 nm, consistent with the values obtained by DLS. Z-pot 
for both formulations were − 13.1 and − 9.2 mV respectively, sug
gesting the presence of slightly negative nanoparticles. Furthermore, 
live monitoring images of LNPs revealed the presence of well dispersed 
nanoparticles without the presence of aggregates and a high degree of 
homogeneity.

The apparent pKa of LNPs was determined before and after the 
incorporation of both adjuvants (Fig. 3c). After titration in the presence 
of the fluorescent dye 6-(p-toluidino)-2-naphthalenesulfonic acid across 
a range of pH, the pKa values were determined to be 6.5 for LNP and 6.4 
for LNP-MPLA-CpG. These values fall within the expected range for 
conventional LNPs and represent a critical parameter, as the pKa 
significantly influences endosomal escape and, consequently, the effi
ciency of cellular transfection [34].

3.2. LNPs containing adjuvants maintain high mRNA translation levels in 
human and mouse DCs

The Luc mRNA expression levels in murine DC2.4 cell line and 
human MoDCs were evaluated using a luciferase assay detection method 
(Fig. 4 a-b). Maintenance of protein expression levels is crucial for the 
efficient delivery of mRNA to target cells and tissues [40]. MoDCs were 
used as a primary human immunological model. All examined immune 
cell types were transfected with an mRNA concentration of 0.67 μg/ml. 
Higher mRNA concentrations of 6.67 μg/ml did not result in increased 

Fig. 1. Schematic design and composition of different LNPs with the theoretical structural incorporation of adjuvants (Created in BioRender. Meyer, C. (2025) 
https://BioRender.com/z00n558). CpG-ODN was included in the aqueous phase of LNPs, while MPLA was incorporated in the lipid mixture during LNPs preparation. 
Luc mRNA was used as reporter, while polyA as an inert RNA-like sequence.
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mRNA expression (Fig. S2). Therefore, subsequent experiments were 
conducted using an mRNA concentration of 0.67 μg/ml. After 24 h in
cubation with the LNP formulations, the levels of released cytokines in 
the supernatants were measured (Fig. 4 c-d).

The luciferase expression levels ranged from 1.0 × 106 to 1.0 × 107 

luminescence units for all tested formulations in DC2.4 (Fig. 4a). No 
significant reduction in mRNA expression was observed for DC2.4 cells 
transfected with LNP-MPLA or the dual-adjuvant formulation LNP- 
MPLA-CpG. The LNP and LNP-CpG formulations exerted low levels of 
cytokine expression after transfection of DCs (Fig. 4c). In contrast, for
mulations containing MPLA, and particularly the combined MPLA and 
CpG co-delivery, yielded significantly higher levels of pro-inflammatory 
cytokine expression. Notably, TNF-α levels were increased by 65-fold 
and 155-fold in the case of LNP-MPLA and LNP-MPLA-CpG, respec
tively, compared to LNP. A similar tendency was observed for IL-6, with 
cytokine expressions rising by 85-fold and 479-fold, respectively, in 
response to treatment with LNP-MPLA and LNP-MPLA-CpG. Addition
ally, the effects of free adjuvants on cytokine release were evaluated in 
DC2.4 cells. The levels induced by free adjuvants were comparable in 
magnitude to those observed with the encapsulated adjuvants (Fig. S3).

Analysis of MoDCs revealed no significant inhibition of reporter 
protein expression following treatment with LNP-encapsulated adju
vants (Fig. 4b). Although luciferase expression levels in these primary 
cultures were between 3 and 4 orders of magnitude lower than those 
observed in the DC2.4 cell line, both cell types exhibited significant 

expression levels. Treatment with LNP-CpG resulted in low cytokine 
release (Fig. 4d). However, consistent with findings in DC2.4 cells, the 
inclusion of MPLA induced robust secretion of TNF-α and IL-10, cyto
kines associated with a Th1 and Th2 response, respectively. Addition
ally, elevated levels of IL-6 were also observed, suggesting a potential 
role in promoting a Th17 response. Notably, the LNP-mediated co-de
livery of MPLA with CpG led to a two-fold increase in TNF-α and IL-10 
levels. This finding demonstrated the synergistic benefits of incorpo
rating multiple adjuvants (MPLA and CpG) into the LNP architecture, 
resulting in an enhanced immune response. Given the critical role of the 
IL-12 cytokine family in cell-mediated immunity, levels of the pro- 
inflammatory cytokine IL-12p70 were measured in MoDCs treated 
with the different LNP formulations. While LNP and LNP-CpG did not 
induce IL-12p70 release, LNP-MPLA triggered the secretion of approxi
mately 1180 pg/ml of IL-12p70. Importantly, the combinatory formu
lation LNP-MPLA-CpG, further increased cytokine levels to 2445 pg/ml 
representing a twofold increase and suggesting an enhanced immune 
response likely to promote Th1 cell differentiation.

3.3. LNPs are taken-up by DCs in a time dependent manner

DCs play a crucial role in bridging innate and adaptive immune re
sponses. To evaluate the ability of DCs to phagocytize LNPs, Cy5- 
labelled DSPE was incorporated into the lipid phase of the LNPs. In 
parallel, the aqueous phase was adjusted by replacing the reporter Luc 

Fig. 2. Physicochemical properties and stability assays of LNP formulations after storage at 4 ◦C. Mean size (a), polydispersity index (PDI) (b) and Z-pot (c) were 
measured by DLS. The encapsulation efficiency (d) was determined by RiboGreen assay. Those parameters were followed at 4 ◦C for 1 month. The graphs represent 
the mean (n = 3) ± SD. Four different LNP formulations were observed by Cryo-TEM (e). The presence of bleb structures in LNP is indicated with dark blue arrows. 
Size analysis and figures were created with ImageJ. SAXS profiles of LNPs were also acquired (f). The left graph shows the Log plot of the experimental SAXS pattern 
and the fitted curve in continuous line. The right column shows the electron density profile obtained from the bilayer mode. Two-way ANOVA followed by Fisher’s 
LSD test was used to compare between groups: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and ns (not significant; p > 0.05).
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mRNA with EGFP-encoding mRNA. A time-course experiment was 
conducted to monitor LNP uptake by assessing Cy5 fluorescence in
tensity as well as the expression of the EGFP protein, providing insights 
into cellular internalization and transfection efficiency, respectively 
(Fig. 5).

Both kinetics were monitored by fluorescence microscopy (Fig. 5a). 
Images illustrate EGFP and Cy5 signal after 0, 3, 6 and 24 h of trans
fection. As the brightfield images depicts, healthy rounded cells with 
consistent morphology across all conditions were observed. Although 
fluorescence signals were low at the earlier time points (0, 3 and 6 h), 
overlapping images at 24 h showed that the same cells that internalized 
LNPs, as indicated by the red Cy5 signal, also expressed EGFP, 

confirming successful mRNA delivery. Notably, LNP-MPLA-CpG showed 
slightly lower EGFP expression and Cy5 signal compared to LNP alone. 
Complementary, the fluorescent Cy5 signal due to LNP internalization 
was followed by fluorescent spectroscopy, indicating a Cy5 signal in
crease over time for both formulations, peaking at 24 h. These results 
confirm efficient uptake and intracellular processing of LNPs by DCs, 
even in the presence of co-encapsulated adjuvants.

The LNP uptake and reporter expression time kinetic results obtained 
were also confirmed by flow cytometric analysis (Fig. 5b). The gating 
analysis of the events acquired demonstrated the gradual migration of 
the DC population toward positive signals for both Cy5 and EGFP over 
time, suggesting simultaneous LNP internalization and mRNA 

Fig. 3. Size and Z-pot distribution of LNP (a) and LNP-MPLA-CpG (b) by NTA. Live monitoring of LNPs was conducted to assess the presence of aggregates and the 
degree of homogeneity. The pKa of those formulations was determined with the Cayman’s LipidLaunch™ LNP Apparent pKa Assay Kit/TNS method (c).
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expression. After 24 h, up to 100 % of DCs had internalized the LNPs and 
expressed the EGFP protein. Overall, LNP-MPLA-CpG exhibited a similar 
nanoparticle uptake rate as LNP but demonstrated lower EGFP trans
fection efficiency.

3.4. LNPs are stable after cryopreservation at − 80 ◦C upon dialysis 
method

To determine optimal cryopreservation conditions for long-term 
storage of LNPs, various preparation methods were evaluated (Fig. 6). 
In cryo-method 1, LNPs were dialyzed from PBS to TBSS (Fig. 6a). No 
significant changes in the physicochemical properties of cryopreserved 
LNPs were observed in terms of size and PDI by DLS, as well as EE by 
RiboGreen (Fig. 6b). Transfection efficiencies in DC2.4 cell line 
confirmed that the method was reliable in maintaining mRNA stability 
after 7 and 28 days of storage. Furthermore, cellular internalization, as 
indicated by Cy5 fluorescence, remained unchanged, supporting the 

stability of LNP uptake properties post-cryopreservation (Fig. 6c).
Cryo-method 2 involved a process in which LNPs were directly 

diluted in TBSS buffer immediately after synthesis (Fig. 6a). Although 
this method resulted in changes to the physicochemical properties of 
LNPs following cryopreservation, both mRNA transfection efficiency 
and LNP cellular internalization properties were maintained (Fig. 6b-c). 
Larger nanoparticles were observed for both LNP and LNP-MPLA-CpG 
formulations upon testing cryopreservation method 2, with mean sizes 
around 150 nm and elevated PDI values, indicating reduced colloidal 
stability. Despite these changes, the EE remained unaffected. The 
observed increase in particle size and PDI suggests the presence of ag
gregates in the formulation, which could compromise the proper de
livery of LNPs to target organs such as the spleen, essential for eliciting 
an effective immune response [41]. Consequently, cryo-method 1 was 
selected for all subsequent experiments.

Fig. 4. Evaluation of Luc mRNA expression and cytokine secretion after LNP transfection in different models of DC types. Transfection of DC2.4 cells (a) and human 
MoDCs (b) with LNPs at 0.67 μg/ml of mRNA was performed. Luciferase measurements were made after 24 h of transfection. The graphs represent the mean n = 4 
(MoDCs) ± SD; and mean n = 3 (DC2.4) ± SD. One-way ANOVA followed by Fisher’s LSD test was used to compare between groups: p < 0.05 (*), p < 0.01 (**), p <
0.0001 (****) and ns (not significant; p > 0.05). Cytokine secretion produced after 24 h of transfection was determined in DC2.4 cells (c) and MoDCs (d) by 
cytometric bead assay. The graphs represent the mean (n = 5) of the most representative cytokines for each cell line.
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3.5. LNPs with encapsulated adjuvants demonstrate biocompatible 
properties

Efficient translation of mRNA delivered by adjuvant-encapsulated 
LNPs is a critical factor to determine vaccine efficacy. Therefore, eval
uating the biocompatibility of these formulations is essential for future 
clinical applications and for initial studies in animal models [42]. Prior 
to conducting in vivo experiments, mouse and human cells were exposed 
to LNP formulations in order to assess their biocompatibility in vitro 
(Fig. 7a).

Cell viability of DC2.4 cells following transfection with LNP formu
lations was assessed using 7-AAD staining and analyzed via flow 
cytometry (Fig. 7b). The data showed no significant reduction in cell 
viability across any LNP-treated group compared to untreated controls 
(p ˃ 0.05), indicating that the LNP formulations did not induce notable 
cytotoxicity. Although a slight decrease in viability was observed, the 
adjuvants administered in a soluble form did not exert a statistically 
significant reduction in cell viability (Fig. S4a). However, treatment 
with of DC2.4 cell line with free CpG or free MPLA led to a marked 
reduction in cell viability (about 40 %) highlighting the potential 
cytotoxic effects of unencapsulated adjuvants. This finding suggests that 
LNPs provide a safe deliver mode for adjuvants to target cell pop
ulations. These results were further corroborated by metabolic assay, 
which confirmed that DC viability remained above 80 % following 
treatment with all LNP formulations (Fig. 7c).

Hemotoxicity was assessed after exposing whole blood samples to 
different LNPs and adjuvant combinations for 1 h (Fig. 7d). According to 
the ISO/TR 7406 standard, biomaterials which less than 5 % hemolysis 
are considered safe for biomedical applications [43]. LNPs with encap
sulated adjuvants induced minimal hemotoxicity (LNP- CpG, LNP-MPLA 
and LNP-MPLA-CpG). This is relevant considering that free adjuvants 
such as MPLA and its combinations displayed significant hemolysis 
levels close to 5 % (Fig. S4b). This suggests that adjuvants formulated 

into LNPs exert fewer toxic effects compared to non-encapsulated 
adjuvants.

3.6. In vivo biodistribution

Biodistribution of LNPs containing the indicated adjuvants was 
studied in naïve BALB/c mice following i.m. administration of 5 μg of 
encapsulated Luc mRNA (Fig. 8a).

Blood samples were collected within the first 6 h after injection and 
serum was isolated to measure cytokine release induced by LNPs 
(Fig. 8b). Cytokine measurements in blood serum revealed a strong 
stimulation by the LNP-MPLA-CpG formulation after i.m. injection, 
mainly of cytokines associated with a Th1-response. IFN-γ levels 
increased more than 300-fold, accompanied by a remarkable 15-fold 
increase in TNF-α, compared to the PBS group. Only a 10-fold increase 
in IL-6 levels was observed. In contrast, LNP treatment alone did not 
resulted in a significant increase in those cytokines levels.

Whole-body bioluminescence was measured and quantified to assess 
in vivo antigen expression (Fig. 8c). Compared to the LNP group, the 
LNP-MPLA-CpG formulation exhibited lower Luc expression at both the 
injection site and in the liver (p < 0.05). Nevertheless, the biolumines
cence signal remained strong (greater than 107 radiance units) indi
cating effective antigen expression capable of eliciting a potential 
immune response. Interestingly, organ-specific biodistribution imaging 
illustrated that LNPs co-encapsulating adjuvants distributed primarily in 
the liver, spleen, lymph nodes and, importantly, at the injection site in 
the muscle (Fig. 8d).

3.7. Stimulation of splenocytes and NPCs with LNP/adjuvants triggers DC 
immune activation and cytokine release

In light of the biodistribution results, showing predominant accu
mulation of LNPs in the spleen and liver, immunomodulatory effects on 

Fig. 5. Cellular uptake of LNP and LNP-MPLA-CpG by DC2.4. Fluorescence microscopy of time-course analysis of LNPs uptake after 0, 3, 6 and 24 h of transfection. 
The uptake of Cy5-labelled LNPs was followed by fluorescence spectroscopy (a). Complementary, the percentage of EGFP and Cy5 positive cells was detected using 
flow cytometry at 0, 3, 6 and 24 h after transfection (b). Geometric mean of EGFP and Cy5 signal was calculated with FlowJo™ software version 10.8 (Ashland, OR, 
USA; BD). Two-way ANOVA followed by Fisher’s LSD test was used to compare between groups: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) and ns 
(not significant; p > 0.05).
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corresponding cell populations (splenocytes and liver NPCs) were 
further examined in vitro. Splenocytes and liver NPCs were harvested 
and in vitro incubated with the respective LNP formulations for 24 h to 
assess their immune activation potential (Figs. 9 and 10).

Expression of activation markers on different cell subtypes from 
spleen was evaluated (Fig. 9b). In conventional DCs (cDCs 1 and 2), 
treatment with adjuvant-containing LNPs led to increase expression 
levels of the co-stimulatory molecules CD80 and CD86 of 1.5-fold and 2- 
fold, respectively, compared to non-transfected control cells. While 
plain LNP did not elicit a significant increase in these markers, the in
clusion of CpG, MPLA, or their combination induced a clear activation of 
both cDC subsets. Meanwhile, plasmacytoid DCs (pDCs) elicited only a 
slight activation on the expression of CD80 and CD86 in response to the 
formulations. Notably, in the case of PMN, the LNP-MPLA-CpG induced 
an increase of 2 and 1.5 times the expression of CD80 and CD86, 

respectively (Fig. S5).
Stimulation of splenocytes with adjuvant loaded-LNPs triggered the 

release of various cytokines (Fig. 9c). The potential of the LNP formu
lations to induce cytokine and chemokine release associated with Th1, 
Th2, and Th17 immune responses was investigated. Interestingly, LNP- 
CpG induced a robust stimulation, leading to a significant increase in 
cytokines associated with a potential Th1-type response, including IFN- 
γ, TNF-α, IP-10, and CCL5. In particular, IFN-γ levels showed a 
remarkable 46-fold increase compared to the control LNP. In contrast, 
LNP-MPLA induced a more moderate response, with a 10-fold increase 
in cytokine secretion. However, the combination of both CpG and MPLA 
into the LNP demonstrated a potent effect, leading to a 162-fold increase 
in IFN-γ. Additionally, LNP-CpG induced the release of cytokines and 
chemokines associated with a Th2-type response. In that case, IL-10 and 
CCL2 levels increased, reaching approximately 300 pg/ml. Evidence of a 

Fig. 6. Physicochemical properties and stability assay of Cy5 labelled and EGFP mRNA encapsulated LNP formulations after cryopreservation at − 80 ◦C. (a) 
Schematic representation of two methods for LNPs preparation, which involved the dialysis from PBS to TBSS (Cryo Method 1) or the dilution of LNPs in TBSS buffer 
(Cryo Method 2) (Created in BioRender. Islan, G. (2025) https://BioRender.com/p4a9b8o). (b) The mean size, polydispersity index (PDI) and mRNA encapsulation 
efficiency were followed at − 80 ◦C for 1 month under the two cryopreservation conditions. (c) DC2.4 cells were transfected with cryopreserved LNPs following the 
previously mentioned protocol and transfection efficiency as well as LNP uptake was measured via flow cytometry after 7 and 28 days of cryopreservation. The graphs 
represent the mean (n = 3) ± SD. Two-way ANOVA followed by Fisher’s LSD test was used to compare between groups: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p 
< 0.0001 (****) and ns (not significant; p > 0.05).
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potential Th17 response was also observed following LNP-CpG stimu
lation, characterized by a moderate increase in IL-1β and CXCL1, along 
with a pronounced release of IL-6. For MPLA-loaded LNPs, the elevated 
secretion of IP-10 and CCL5, along with a moderate increase in TNF-α, 
suggested the induction of a Th1-type response. However, the concur
rent presence of substantial levels of IL-10, CCL2, and IL-6 also indicated 
possible involvement of Th2 and Th17 pathways. The LNP formulation 
containing both MPLA and CpG elicited a combined cytokine profile, 
integrating the effects observed with the individual adjuvant-loaded 
LNPs.

Since most of the LNPs reached the liver after i.m. administration, 
the immunological response in NPCs was also assessed [44] (Fig. 10a). 
NPCs comprise a complex immune cell population, including Kupffer 
cells (KC), liver sinusoidal endothelial cells (LSECs) and DCs. Within the 
DCs population, only the LNP-MPLA-CpG formulation induced a sig
nificant increase of CD80 and CD86 (p < 0.05) cell surface expression 
markers (Fig. 10b). A similar trend was observed in the case of KC for 
CD80 (Fig. S6). In KCs and LSECs, an upregulation of CD86 was observed 

following treatment with LNP-CpG, LNP-MPLA and LNP-MPLA-CpG. 
LNP treatment did not induce a significant increase in that cell activa
tion marker (p > 0.05).

Cytokine release in LNP-stimulated NPCs was also evaluated 
(Fig. 10c). LNP-CpG induced robust secretion of IFN-γ, IFN-α, and IFN-β, 
along with moderate levels of other cytokines such as TNF-α, IP-10, and 
CCL5. This cytokine profile is consistent with a strong immune activa
tion capable of promoting a Th1-type response. A similar profile was 
observed for LNP-MPLA formulation, which elicited the release of IFN-γ, 
TNF-α and IFN-β at levels between 7 and 60-fold higher than those 
induced by LNP. Additionally, a moderate increase in the levels of Th2- 
related cytokines IL-10 and CCL2, as well as Th17-associated cytokines/ 
chemokines including IL-1β, GM-CSF, IL-6, and CXCL1, was observed. 
Although no synergistic effects were observed by LNP-MPLA-CpG 
treatment, the cytokine secretion levels remained elevated compared 
to control LNPs without adjuvant.

Fig. 7. Biocompatibility assays of LNP formulations were conducted as follows: (a) scheme of read-outs for biocompatibility analysis of LNPs which were performed 
(Created in BioRender. Islan, G. (2025) https://BioRender.com/zcg5aok); (b) cytotoxicity in the mouse DC2.4 cell line by flow cytometry and (c) MTT assay. (d) 
Hemolytic activity in whole blood samples after 1 h of exposure to the different LNP formulations. The results express the mean ± SD (n = 3). One-way ANOVA 
followed by Fisher’s LSD test was used to compare between groups: p < 0.001 (***), p < 0.0001 (****) and ns (not significant; p > 0.05).
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4. Discussion

While LNP-mRNA vaccines are capable of eliciting antigen-specific 
immune responses, they often fail to induce robust and long-lasting 
immunity. To improve their efficacy and better tailor the immune 
response, combining LNPs with additional adjuvants has emerged as a 
promising strategy [5]. Adjuvants such as CpG (a TLR9 agonist) and 
MPLA (a TLR4 agonist) help direct and strengthen adaptive immunity, 
particularly in the context of therapeutic vaccines aimed to combating 
chronic or dificult-to-eradicate infections [18,20,26,45]. The dual- 
adjuvant formulation, LNP-MPLA-CpG, demonstrated promising out
comes in terms of immunostimulation, mRNA translation, and biocom
patibility. A key strength of this study lies in the systematic, side-by-side 
comparison of all four formulations (LNP, LNP-MPLA, LNP-CpG, and 
LNP-MPLA-CpG), which enabled the direct attribution of specific 
immunological and physicochemical effects to each adjuvant. Incorpo
rating adjuvants into the LNP structure enhanced their innate immune 
activation. While LNP-CpG did not elicit significant in vitro innate 
stimulation in DCs or MoDCs, MPLA induced a robust Th1-associated 
cytokine response. However, stimulation of splenocytes and NPCs with 
LNP-CpG resulted in elevated cytokine secretion, suggesting a potential 
Th1-skewed immune response. The combination of both adjuvants may 
ensure effective immune activation in diverse cellular types, particularly 
in immunologically tolerogenic environments, as observed with NPC 
stimulation. This comparative approach revealed the distinct and syn
ergistic contributions of MPLA and CpG to DC activation and cytokine 
production.

To the best of our knowledge, this is the first time MPLA and CpG 
have been successfully encapsulated into mRNA-delivering LNPs, 
demonstrating excellent stability, homogeneity, and high EE. The 
formulation strategy resulted in the inclusion of CpG into the aqueous 

phase of LNPs, while MPLA was integrated into the lipid architecture. 
The combination of two adjuvants demonstrated enhanced effects on 
immune cells, presumably through concomitant stimulation of the 
intracellular TLR 9 (CpG) and the extracellular TLR 4 (MPLA). Both CpG- 
ODN and MPLA are adjuvants approved for in vivo applications and are 
already used in clinical trials, particularly in several licensed vaccines 
[13,17].

A recent study developed a non-mRNA influenza vaccine by deliv
ering the hemagglutinin H5 antigen alongside CpG and MPLA using a 
squalene-based nanoemulsion (AddaVax) [46]. The combination of both 
adjuvants enhanced vaccine efficacy, leading to increased levels of ho
mologous and cross-reactive IgG, as well as hemagglutination-inhibiting 
antibodies against influenza virus [47]. However, these approaches did 
not include the co-encapsulation of both adjutants into LNPs.

In our study, lipid mixtures were optimized based on previous 
studies from our laboratory [28,35]. The N/P ratio (positive charge on 
cationic lipid to negative charge on CpG/mRNA) was maintained at 6, 
intended for i.m. route of administration [37]. The LNP-MPLA-CpG 
nanoparticles showed desirable size and PDI for development of vac
cines, which are important factors influencing the biodistribution and 
cellular uptake of LNPs. Typically, LNPs with a size range of 50–200 nm 
and a PDI below 0.3 are considered optimal for vaccine delivery [37]. 
Further, the production of LNPs with near-neutral Z-pots is often 
desirable to enhance cellular uptake while minimizing non-specific in
teractions [48]. High encapsulation values are essential for optimizing 
the delivery of mRNA to target cells and tissues [40].

Cryo-TEM images revealed consistent LNP sizes for all formulations, 
displaying a mean diameter of about 40–60 nm in line with literature 
[38]. The low diameter in comparison with DLS values is attributed to 
the fact that DLS measures the hydrodynamic radius of nanoparticles, 
which includes the solvation layers of water [49]. TEM and other 

Fig. 8. In vivo biodistribution and cytokine release of LNPs determined in a naïve BALB/c mouse after i.m. injection of 5 μg of Luc mRNA and LNPs with or without 
adjuvants as indicated. (a) Scheme of the experimental approach and the respective bioluminescence read-outs (Created in BioRender. Islan, G. (2025) https://Bio 
Render.com/z42fvsw). (b) Blood samples were collected within the first 6 h after injection and serum was isolated to measure cytokine release induced by LNPs. (c-d) 
Exposure time was 0.5 s for full body and organ images (from top to bottom: heart, lungs, liver, spleen, kidneys, lymph nodes and muscle). Graphs represent the mean 
of the region of interest (ROI) (n = 5) ± SD. One-way or two-way ANOVA followed by Fisher’s LSD test were used to compare between the groups. p < 0.05 (*), p <
0.0001 (****) and ns: not significant (p ˃0.05).
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Fig. 9. Expression of activation markers in different cell subtypes and cytokine release after stimulation of splenocytes with different LNP/adjuvant formulations (a) 
(Created in BioRender. Islan, G. (2025) https://BioRender.com/nsks9bi). Cultures were treated overnight with LNP containing 1 μg/ml of mRNA; cells treated with 
R848 (1 μg/ml) served as positive controls. CD80 and CD86 were evaluated by flow cytometry (b). Cytokines in the supernatant of splenocyte cultures were 
quantified with cytometric bead arrays (c). Data are the means ± SEM (n = 3). One-way ANOVA followed by Fisher’s LSD test were used to compare between the 
groups. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****) and ns: not significant (p ˃0.05). Abbreviations: cDC1/2: conventional dendritic cell subtype 1 
and 2, pDC: plasmacytoid DCs.
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Fig. 10. Modulation in the expression of activation markers in different cell subtypes and the release of cytokines after stimulation of non-parenchymal cells (NPCs) 
with different LNP/adjuvant formulations (a) (Created in BioRender. Islan, G. (2025) https://BioRender.com/nsks9bi). Cultures were treated overnight with LNPs 
containing 1 μg/ml of mRNA; cells treated with R848 (1 μg/ml) served as positive controls. CD80, CD86 and CD40 were evaluated by flow cytometry (b). Cytokines 
in the supernatant of NPCs cultures were quantified with cytometric bead arrays (c). Data are the means ± SEM (n = 3). One-way ANOVA followed by Fisher’s LSD 
test were used to compare between the groups. p < 0.05 (*), p < 0.01 (**) and ns: not significant (p ˃0.05).
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microscopic techniques provide a direct visualization of the nano
particle core in a dehydrated state. This discrepancy in size was also 
observed after determination of the crystallographic core with SAXS. 
According to the SAXS patterns, the presence of spherical nanoparticles 
with potentially bilamellar structures could be confirmed. Based on 
previous studies, the pattern could be related with nanoparticles size as 
well as lipid stacking [35]. While LNPs showed a mean crystal size 
around 67.4 nm, LNP-CpG, LNP-MPLA and LNP-MPLA-CpG exhibited 
diameters around 66.4, 74.0 and 72.8 nm, respectively. This slight in
crease in LNP size after MPLA inclusion suggests the effective inclusion 
of the lipopolysaccharide analogue into the LNP architecture. The 
developed LNPs exhibited two-compartment structures which are 
frequently found in LNPs encapsulated with mRNAs or other large 
nucleic acids [39]. In addition to that, the presence of bleb structures in 
LNPs has been shown to be related with improved in vivo transfections. 
Consequently, the observation of bleb structures especially in the dual- 
adjuvant formulation is a promising sign for further cellular and in vivo 
expression assays [50].

The pKa is another critical parameter to characterize LNPs, as it in
fluences their ability to efficiently transfect cells [34]. Here the pKa 
values were determined to be 6.5 for LNP and 6.4 for LNP-MPLA-CpG. 
Those values fall within the range of conventional LNPs and represent 
a critical parameter, as pKa influences the efficiency of cellular trans
fection [34].

Determining the optimal storage conditions for mRNA-LNPs remains 
an important but underexplored area, critical for maintaining the long- 
term stability and functional integrity of the formulations [29]. To 
evaluate the optimal cryopreservation parameters, two different 
freezing methods were tested. It was concluded that LNPs remain stable 
after cryopreservation at − 80 ◦C using the dialysis method. Direct 
dilution of LNPs into the cryo-buffer led to the formation of aggregates 
within the formulation, which could compromise the efficient mRNA 
delivery to target organs such as the spleen, essential for mounting an 
effective immune response [41].

The mRNA expression levels of luciferase were high in MoDCs and 
DC2.4 cells after transfection with LNP-MPLA-CpG. High protein 
expression levels are crucial in the delivery of mRNA to target cells and 
tissues [40]. It has been reported that in the presence of certain MPLA 
levels, mRNA-mediated luciferase protein expression decreases but 
subsequently returns to normal levels, indicating an intrinsic balance 
between immune response modulation and protein expression by mRNA 
constructs [22].

LNP formulation is highly dependent on the therapeutic target of the 
delivered mRNA, either harnessing or mitigating innate immune re
sponses is required. For instance, in vaccinations, maintaining a certain 
level of immunostimulatory activity is necessary, whereas in protein 
replacement therapies, the priority is to achieve of high and sustained 
protein expression while minimizing immune activation [51]. Notably, 
the development of new mRNA vaccines involving LNP engineering 
requires a delicate balance between activating innate immune responses 
and mitigating excessive responses to optimize protein expression 
[52,53].

DCs play a crucial role in bridging innate and adaptive immune re
sponses. The ability of immature DCs to phagocytize LNPs was assessed 
by incorporating Cy5-labelled DSPE into the lipid phase of the LNPs. 
Flow cytometric gating analysis demonstrated the migration of the DC 
population over time toward positive signals for both Cy5 and EGFP, 
suggesting subsequent LNP internalization and mRNA expression 
respectively. After 24 h, up to 100 % of DCs internalized the LNPs and 
expressed the EGFP protein. Overall, LNP-MPLA-CpG exhibited a similar 
nanoparticle uptake rate as LNP but demonstrated lower EGFP expres
sion efficiency.

The cytokine profile induced by LNP-mediated adjuvant delivery in 
DCs, primarily revealed an enhanced Th1 immune response, particularly 
as elicited with LNPs co-delivering both MPLA and CpG adjuvants. This 
combination represents a promising strategy for inducing protective 

immunity against certain infectious diseases [54]. Those results also 
demonstrated the synergistic benefits of incorporating distinct and 
complementary adjuvants into the LNP architecture to enhance the 
immune response. Pro-inflammatory cytokines, especially TNF-α and IL- 
6, play an important role in the activation of the innate immune system, 
which is essential for initiating adaptive immunity and controlling 
bacterial and viral infections [55,56]. The high expression levels of TNF- 
α, IFN-γ are characteristic of a Th1 dominated immune response [57]. 
This is in agreement with other works reporting that OVA mRNA LNPs/ 
boosted adjuvant activity by inducing Th1 immune responses through 
the activation of multiple TLRs following intravenous injection [22]. 
Similarly, CpG-ODN encapsulation into LNPs has shown to increase 
levels of IFN-γ and inducing a Th1-biased immune response [58]. This 
Th1-biased immune polarization is particularly relevant for efficient 
immune responses against intracellular pathogens. Furthermore, the 
presence of IL-6 suggested a potential contribution to a Th17 response 
[59]. In the case of MoDCs, an enhanced production of the IL-12p70 
after LNP-MPLA-CpG stimulation was observed. This cytokine, a mem
ber of the IL-12 family, is a key factor in promoting the immune response 
toward a clinically beneficial Th1-type pro-inflammatory immunity. 
Muller-Berghaus et al., reported the importance of IL-12p70 secreted 
from MoDCs in response to bacterial and viral components [60]. Addi
tionally, Carreno et al., highlighted the critical role of IL-12p70 pro
duction in improved clinical outcomes among melanoma patients, 
emphasizing the therapeutic relevance of this cytokine in DC-based 
vaccines [61].

An efficient mRNA expression of LNPs with encapsulated adjuvants 
is a critical factor for their potential use in vaccine development. 
Furthermore, assessing the biocompatibility of these formulations is 
essential for future in vivo studies and consequently for their clinical 
application [42]. It the present study it was observed that LNPs provide a 
safe vehicle for delivering adjuvants to cells and even reduce toxicity 
when compared to the non-encapsulated adjuvants. In vitro results 
showed cell viability higher than 80 % in all LNP formulations. Our 
results align well with previous reports showing that nanoencapsulation 
of different compounds reduced their intrinsic cytotoxicity [62]. Ac
cording to the ISO/TR 7406 standard, biomaterials exhibiting less than 
5 % hemolysis are considered safe for biomedical applications [43]. Our 
LNPs co-encapsulating two adjuvants showed minimal hemotoxicity, 
thereby meeting this safety criterion.

The in vivo biodistribution results are in line with other studies, 
where LNP containing Luc mRNA, showed bioluminescence signals 
primarily in the liver, followed by spleen and lymph nodes [35,63]. 
Targeting the spleen and lymph nodes has emerged as a crucial strategy 
for developing optimal vaccine responses. The observed biodistribution 
provides the characteristics for efficient vaccination strategies [64]. In 
contrast with in vitro experiments, the LNP-MPLA-CpG formulation 
exhibited lower Luc expression at the injection site and in the liver 
compared to the LNP group. However, this fact does not represent a 
limitation for effective vaccine development. In other work from our 
laboratory, the production of antibodies against the OVA-target was not 
affected by the co-application of LNPs with different adjuvants, despite a 
reduction in OVA mRNA expression was observed. The translated OVA 
levels were, nevertheless, enough to mount a humoral response similar 
to that observed for OVA-LNPs alone [5].

Besides lymph nodes the spleen is one of the secondary lymphoid 
organs of preference to initiate and shape an antigen-specific immune 
responses. Its diverse pool of immunological cell populations, including 
T and B lymphocytes, macrophages, and DCs, provides a suitable in vitro 
model for evaluating the effects of LNPs containing adjuvants on im
mune cell activation. The cellular immune response induced by LNP- 
MPLA-CpG was specifically in vitro tested in cells derived from spleen, 
as the critical target organ for successful immunizations [22]. An 
effective up-regulation of CD80 and CD86 activation markers of con
ventional and plasmacytoid DCs in presence of LNP-MPLA-CpG was 
significantly observed. Activation of cDCs is the base of the so-called 
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“cancer immunity cycle” driven by their ability to activate T-cells [65]. 
Stimulation of pDCs, on the other hand, and particularly through TLR9, 
induces the secretion of type I interferons, key cytokine that eradicates 
viral and bacterial infections [65,66]. pDCs influence T cell response by 
promoting their activation and polarization toward a Th1 immunity, in 
conjunction with the induction of cytokine release by cDCs. For 
instance, studies in mice have shown that cDCs stimulated with CpG 
produce interleukins to combat Listeria infection, only when they have 
been previously activated by pDCs [66]. Notably, the observed cytokine 
profile trigged by LNP-MPLA-CpG included elevated secretion of IFN-γ 
and TNF-α as well as in the chemokines CXCL1 and IP-10 by splenocytes, 
which indicates a robust Th1 like immune response [57]. Our results 
support the concept that combining adjuvants within an LNP can 
enhance the immune response [47]. In addition, the increase in IL-10 
indicates an enhancement of Th2 responses.

Given that most LNPs primarily target the liver, understanding the 
immune response within this environment becomes an important and 
necessary area to explore [67]. NPCs are mainly composed of Kupffer 
cells (KC), liver sinusoidal endothelial cells (LSECs) and DCs. The effects 
of our LNP formulations on the immunological relevant NPCs popula
tion of the liver displayed an up-regulation in the expression of CD86 
activation marker after treatment with LNP-CpG, LNP-MPLA and LNP- 
MPLA-CpG. A slight increase in activation of KC and LSECs is crucial 
for maintenance of liver homeostasis and the interplay between them 
could play an important role in immune tolerance processes in the liver 
[68]. It has been reported that KC could interact with LSECs via IP-10 to 
contribute to Con A-induced hepatitis [69]. This cytokine release 
induced by adjuvant loaded LNPs could be beneficial for a strong anti
viral response by innate immunity activation [70]. In the DCs popula
tion, only activation of CD86 was observed with the LNP-MPLA-CpG 
formulation. In terms of cytokine release, the strong response observed 
for encapsulated CpG aligns with other reports on LNPs, which describe 
increased levels of IFN-γ toward a Th1 immune response [18,20]. 
Similarly to the immune activation observed in the spleen, the increase 
in IFN-γ, TNF-α and IP-10 reflects a robust Th1 immune response. 
However, unlike in the spleen, a significant elevation in CCL2, typically 
associated with Th2 responses, was observed in the liver suggesting a 
more complex and organ-specific modulation of the immune response.

In summary, the presented results demonstrated efficient mRNA 
translation in combination with a strong Th1-directed and pro- 
inflammatory cytokine response, essential characteristics for vaccines 
targeting viral, intracellular and parasitic pathogens. Clinically, this 
dual-adjuvant LNP platform holds strong potential for the development 
of next-generation therapeutic vaccines, particularly against chronic 
infections where robust, Th1-based immune responses are critical. The 
combination of two adjuvants, CpG and MPLA, within a LNP formula
tion offers a low toxicity delivery method while maintaining efficient 
mRNA translation, which supports translational pathways toward 
human clinical trials. Industrially, the formulation strategy can be 
applied to enhance the immunogenicity and efficacy of mRNA-based 
vaccines or therapeutics in large-scale manufacturing settings, taking 
advantage of the existing infrastructure for LNP production. In broader 
research contexts, this work provides a versatile platform for studying 
synergistic adjuvant effects, innate immune activation, and tissue- 
specific biodistribution of nanoparticle-based vaccines, offering new 
alternatives for customized immune engineering in applications ranging 
from infectious disease to cancer immunotherapy. Finally, it is impor
tant to mention that although the co-encapsulation of CpG and MPLA 
into LNPs demonstrated efficient innate immune activation both in vitro 
and in vivo, further studies are required to assess the long-term durability 
of the immune response and to evaluate the induction of robust antigen- 
specific immunity following an appropriate immunization scheme. 
Additionally, considering that the study primarily focused on DC- 
mediated immune responses, it would be of interest to investigate the 
effects on other immune cell subsets, including T and B cells. Finally, 
comprehensive safety profiling, along with immunogenicity and efficacy 

studies in a relevant disease model, will be necessary prior to clinical 
applications.
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