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Abstract

Immunotherapy, particularly approaches that combine tumor-specific vaccines with im-
mune checkpoint modulation, represents a promising strategy for overcoming tumor
immune evasion. While most mRNA-based cancer vaccines focus solely on antigen de-
livery, there is a need for platforms that simultaneously enhance antigen presentation
and modulate the tumor microenvironment to increase therapeutic efficacy. This study
presents a novel dual-nanolipid exosome (NLE) platform that simultaneously delivers
MUC1 mRNA and CTLA-4-targeted siRNA in a single system. These endogenous lipid-
based nanoparticles are structurally designed to mimic exosomes and are modified with
mannose to enable selective targeting to dendritic cells (DCs) via mannose receptors. The
platform was evaluated both in vitro and in vivo in terms of mRNA encapsulation effi-
ciency, nanoparticle stability, and uptake by DCs. The co-delivery platform significantly
enhanced antitumor immune responses compared to monotherapies. Flow cytometry
revealed a notable increase in tumor-infiltrating CD8* T cells (p < 0.01), and ELISPOT
assays showed elevated IFN-y production upon MUC1-specific stimulation. In vivo CTL
assays demonstrated enhanced MUC1-specific cytotoxicity. Combined therapy resulted
in immune response enhancement compared to vaccine or CTLA-4 siRNA alone. The
NLE platform exhibited favorable biodistribution and low systemic toxicity. By combining
targeted delivery of dendritic cells, immune checkpoint gene silencing, and efficient antigen
expression in a biomimetic nanoparticle system, this study represents a significant advance
over current immunotherapy strategies. The NLE platform shows strong potential as a
modular and safe approach for RNA-based cancer immunotherapy.

Keywords: cancer immunotherapy; CTLA-4 siRNA; exosome-lipid nanoparticles; mRNA
vaccine; triple-negative breast cancer (TNBC)
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1. Introduction

Breast cancer is the most common malignancy in women worldwide, and metastases
develop in around 30% of cases [1]. Among its subtypes, triple-negative breast cancer
(TNBC) remains a major clinical challenge as it lacks estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2 (HER2) [2,3]. In contrast
to hormone receptor-positive or HER2-amplified tumors, there are no effective targeted
therapies for TNBC, which are usually treated with cytotoxic chemotherapy [3]. PD-L1
expression is observed in approximately 20-30% of TNBC cases and is correlated with histo-
logical grade and lymphocyte infiltration [4]. Several clinical trials have evaluated immune
checkpoint inhibitors in TNBC, including pembrolizumab (KEYNOTE-012, KEY-55 NOTE-
355) [5,6], JS001 (NCT02838823) [7], atezolizumab (NCT01375842, IMpassion130) [8,9],
and avelumab (JAVELIN) [10]. While favorable responses have been reported, particu-
larly in PD-L1-positive patients, subsequent studies such as IMpassion131 have resulted
in the withdrawal of certain regulatory approvals [9]. CTLA-4 has also been linked to
TNBC progression, with higher expression levels reported in metastatic lymph node tis-
sues [11]; however, no CTLA-4 inhibitors have yet been specifically approved for TNBC
treatment [12]. The inherent heterogeneity, early metastatic potential, and mechanisms
of therapy resistance emphasize the urgent need for biomarker-driven and innovative
therapeutic strategies [13]. Cancer vaccines targeting tumor-associated antigens (TAAs)
have proven to be a promising approach [14].

Cytotoxic T lymphocytes (CTLs) play a key role in tumor surveillance, but their
activity can be suppressed by immune checkpoints such as CTLA-4, which inhibits early
T cell activation by binding to B7 molecules on antigen-presenting cells [15-20]. CTLA-4
blockade has shown promise in cancer immunotherapy, yet systemic toxicity remains
a concern. Mucin-1 (MUC1) is a tumor-associated antigen that is overexpressed and
abnormally glycosylated in many cancers, contributing to immune evasion and tumor
progression [2,21-25]. mRNA-based vaccines targeting MUC1 aim to induce tumor-specific
immune responses, while siRNA-mediated silencing of CTLA-4 offers a more targeted
approach to immune modulation. Despite the individual potential of MUC1 mRNA
vaccines and CTLA-4 siRNA therapies, their combined application has not been extensively
studied. This study hypothesizes that co-delivery of MUC1 mRNA and CTLA-4 siRNA
via a nanolipid exosome platform could synergistically enhance antitumor immunity by
promoting T cell activation and overcoming immune suppression in TBNC.

RNA-based vaccines represent a novel immunization strategy that enables the endoge-
nous synthesis of antigenic proteins [26]. In contrast to conventional vaccines, they are
based on mRNA or self-amplifying RNA (saRNA) encoding the target antigen and offer a
rapid, scalable, and customizable approach [27]. Compared to peptide, carbohydrate, and
DNA vaccines, mRNA vaccines offer several advantages. They are translated directly in
the cytoplasm, bypassing entry into the nucleus, and achieve higher protein expression
in less time [28]. In addition, the use of RNA avoids the risk of genomic integration and
ensures transient expression, which increases safety [29]. Unlike peptide vaccines that often
encode a single epitope, mRNA can encode multiple epitopes from the same sequence [30].

Despite these advantages, mRNA is unstable under physiological conditions, and
its transfer into the cytosol of dendritic cells remains a challenge [29]. To overcome these
limitations, nanoparticle-based delivery systems have been developed to improve stabil-
ity, shelf life, and expression rates [31]. Among these, nanolipid-exosome hybrids have
emerged as a new class of intracellular delivery systems [32]. Studies have shown that
Nano-Lipid /exosome (NLE) can efficiently transport cargo into the cytoplasm and support
mRNA/miRNA expression [33]. Surface modification of these particles with mannose
ligands allows targeting to mannose receptors expressed on dendritic cells, facilitating
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cytosolic transfer and promoting CTL responses through MHC-I presentation [34]. A pre-
vious study demonstrated the efficacy of an mRNA vaccine targeting MUC1 delivered
via a lipid-based carrier in a TNBC model, reporting enhanced tumor-specific immune
responses and inhibition of tumor growth [35]. While this pioneering work validated the
therapeutic potential of MUC1 mRINA vaccination, it did not combine immune checkpoint
modulation on the same platform. Building upon this, our study introduces a dual-delivery
system incorporating both MUC1 mRNA and CTLA-4 siRNA, enabling concurrent antigen
presentation and immune checkpoint silencing in a dendritic cell-targeted NLE platform.
To our knowledge, such a combinatorial and DC-targeted delivery approach has not been
previously reported in the context of TNBC immunotherapy.

In this study, a multifunctional mRNA /siRNA nano-vaccine platform for the treatment
of TNBC supported by a novel hybrid carrier system was developed and evaluated. The
platform is based on the co-administration of mRNA encoding the tumor-associated antigen
MUC1 and small interfering RNA (siRNA) targeting the immune checkpoint molecule
CTLA-4 using synthetically engineered NLEs. The main objective is to elicit a robust,
antigen-specific CTL response by in situ translation of MUC1 while suppressing CTLA-4
expression to attenuate T cell inhibition and promote durable antitumor immunity. The
uniqueness of this study compared to existing approaches in the literature lies in the
unique design of the delivery system. While previous studies have predominantly used
either lipid nanoparticles (LNPs) or native exosomes, the present approach combines
the biocompatibility and intracellular delivery capacity of exosomes with the structural
stability and targeting accuracy of synthetic nanolipids, resulting in an advanced hybrid
nanoparticle formulation. To improve cellular targeting, the surface of the NLEs was
modified with mannose ligands recognized by mannose receptors, which are abundant on
dendritic cells. This modification facilitated the efficient cytosolic transport of mRNA and
siRNA payloads into antigen-presenting cells, thereby enhancing antigen presentation and
subsequent T cell activation. The simultaneous administration of MUC1 mRNA and CTLA-
4-targeting siRNA represents a dual immunotherapeutic strategy aimed at overcoming
the immunologically “cold” tumor microenvironment characteristic of TNBC, a context
in which such combined approaches have been explored only to a limited extent. The
platform was evaluated through extensive in vitro and in vivo analyses in a murine TNBC
model, focusing on physicochemical properties, transfusion efficiency, immunomodulatory
capacity, and therapeutic efficacy. Importantly, the formulation is suitable for systemic
administration, which enhances its translational potential for future preclinical and clinical
applications. Overall, this work presents a synergistic and innovative immunotherapeutic
strategy against aggressive and treatment-resistant TNBC.

2. Results
2.1. Characterization of mRNA-Containing NLE, Coding MUC1 and HA-Taq

MUCL is a transmembrane glycoprotein that is normally expressed on the apical
surface of the ductal epithelium. To distinguish between exogenously and endogenously
expressed MUCT in tumor cells and normal tissue, a hemagglutinin (HA) tag coding
sequence has been developed in various studies. At the 30th terminal of the MUC1 mRNA.
The Kozak consensus sequence plays an important role in the initiation of the translation
process. The untranslated region (UTR), including the Kozak sequence (GCCACC), was
designed at the 50-terminus of MUC1 mRNA. RNA encoding MUC1 and the HA tag was
synthesized using the in vitro transcription system. To confer desirable properties to the
mRNA, such as increased stability against nucleases, increased translation, or reduced
stimulation of the innate immune system, modified ribonucleotides were used to synthesize
the RNA. Various studies have shown that NLE can efficiently encapsulate nucleic acids
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and peptides that could be used for the mRNA vaccine. The mRNA-loaded NLE was
prepared in a water-in-oil microemulsion. The high PEG density on the NLE surface
significantly increased the in vivo colloidal stability of the NP and thus improved the
pharmacokinetic and pharmacodynamic profiles of the therapeutics. The surface of the
NLE was modified with mannose to target the mannose receptor, which is highly expressed
on DCs. The encapsulation efficiency of mRNA in NLE was about 89.5%. The CaP cores
and the final NLEs were about 14 nm and 23 nm in diameter, respectively, as determined
by TEM (Figure 1(al,bl,c1,d1)).

The physical characterization of the exosomal formulations was evaluated by dynamic
light scattering (DLS) to determine their hydrodynamic diameter and distribution profiles
(Figure 1(a2,b2,c2,d2,e2,£2)). Exosomes loaded with siRNA (ExoSi) and complexed with
ionizable low molecular weight cationic lipids (~5-10 kDa) formed nanoscale vesicles with
uniform sizes between 70 and 98 nm, as previously described. Each 10® exosomes was
treated, on average, with 1 ug of siRNA. The exact size of these complexes was influenced
by the preparation procedure. Complementary INSIGHT measurements confirmed these
results and showed that the ExoSi ICL complexes had an average diameter of ~71 nm
and a zeta potential of approximately +25 mV, reflecting the contribution of cationic lipid
surface charge.

Further formulation of these complexes with ICLs of similar size resulted in slightly
larger NLE particles, as expected ((Figure 1(a2,b2,c2,d2,e2,{2)). The NLEs exhibited
characteristics of a hybrid vesicle system, composed of approximately 90% endogenous
exosomal membrane and 10% synthetic lipids (a 9:1 ratio), consistent with the intended.
Exosomes containing only mRNA (Figure 1(b2)) or mRNA in complex with siRNA
(Figure 1(e2)) exhibited narrow, monodisperse size distributions. Addition of a nano-
lipid coating to mRNA- or mRNA /siRNA-loaded exosomes (Figure 1(c2,{2)) resulted
in a modest increase in hydrodynamic size, suggesting successful surface modification.
Remarkably, the DLS data also indicate a tendency of the ExoSi complexes to form
transient aggregates, possibly explaining the occasional shifts to slightly smaller size
values (Figure 1(a2,e2)), consistent with the particle size ordering observed in the IN-
SIGHT analyses. Under all conditions, the nanoparticles exhibited favorable biophysical
properties—uniform size distribution, low polydispersity, and hydrodynamic size in the
range of 70-150 nm—highlighting their stability and suitability for systemic delivery and
cellular uptake in therapeutic applications.

The cytocompatibility of the nanoparticle formulations was evaluated using a lactate
dehydrogenase (LDH) cytotoxicity assay (LDH Cytotoxicity Detection Kit, Roche Diag-
nostics) according to the manufacturer’s instructions. Mouse 4T1 breast cancer cells were
seeded in 96-well plates at a density of 1 x 10* cells/well and incubated overnight at
37 °C in a humidified atmosphere containing 5% CO;,. The cells were then treated with the
nanoparticle formulations or the controls for 24 h. The negative control (NC) consisted of
untreated cells incubated in standard culture medium, while the positive control (PC) group
was treated with 1% Triton X-100 to induce maximum LDH release. After the incubation
period, the culture supernatant was collected and transferred to a new 96-well plate. LDH
activity was quantified by measuring absorbance at 490 nm using a microplate reader. All
treatments were performed in triplicate, and results were expressed as a percentage of total
LDH release (Figure 2).
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Figure 1. Upper: Nanoparticles imaged using the transmission electron microscopy method. The di-
mensions of the nanoparticles shown in the image indicate a range of approximately 16 to 20 nanome-
ters for the central core of the nanoparticle. Exosomal particles (al) coated with nanolipid (b1),
exosomal particles containing mRNA (c1) and exosomal particles containing mRNA and coated with
nanolipid (d1). Lower: The hydrodynamic size of exosomal particles (a2) coated with nanolipid
(b2), exosomal particles containing mRNA (c2) and exosomal particles containing mRNA coated
with nanolipid (d2), exosomal particles containing mRNA plus siRNA (e2), and exosomal particles
containing mRNA plus siRNA coated with nanolipid (f2). The uniform dimensions and remarkable
homology of each nanoparticle are clearly evident.
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Figure 2. LDH release assay showing in vitro cytotoxicity of different nanoparticle formulations
after 24 h incubation with 4T1 cells. All groups (ExoSi, ExoSi.mRNA, ExoSi.mRNA-NLP, and naked
exosomes) exhibited LDH levels comparable to the negative control (NC), whereas the positive
control (PC; 1% Triton X-100) showed significantly higher release, indicating minimal membrane
disruption by the tested formulations.

2.2. Exosomes Flowcytometry

Exosomes were incubated with 5000 antibody-coated beads in 250 uL PBS containing
2% casein for 10 h in a 10 mL tube without agitation at room temperature. After the binding
step, the beads were stained with PE-conjugated anti-CD63 (clone TEA3/18 Im-munostep,
S.L., Salamanca, Spain). After antibody binding, the beads were washed with filtered PBS
containing 2% BSA and were stained with a Magnetic Rack (Magne Sphere(R) Mag. Sep.
Stand 12-hole, 12 x 75 mm (Promega, Fitchburg, WI, USA, Ref Z5343). Streptavidin-PE
(Immunostep, S.L., Salamanca, Spain) was then incubated, and the beads were subsequently
washed with PBS-2% BSA. Samples were analyzed using FACSCalibur flow cytometers
(Becton Dickin-son, Franklin Lakes, NJ, USA), and data were analyzed using Kaluza
(Beckman Coulter, Singapore).

Flow cytometry identified a distinct CD63*GFP* population (Figure 3), indicating that
the exosomal marker CD63 and the GFP-labeled cargo were co-localized, consistent with
successful cargo incorporation while maintaining vesicle integrity. In panel (a), exosomes
stained with PE-conjugated anti-CD63 antibody show a distinct population with high
CD63-PE signal, indicating successful labeling and confirming the presence of exosome-
enriched vesicles. In panel (b), GFP-labeled CD63-positive exosomes show a comparable
distribution in GFP and CD63-PE axes, confirming the expression of the CD63-GFP fusion
protein and further supporting the identity of the vesicles as exosomes. The gated popula-
tions in both panels show consistent expression of CD63, a canonical tetraspanin marker
for exosomes, confirming the successful isolation and characterization of the vesicular
structures. These results confirm the integrity and exosomal nature of the vesicles used in
the subsequent experiments.
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Figure 3. Characterization of exosomes by flow cytometry. Flow cytometric analysis of exosomes
isolated from 4T1 cell culture supernatants (n = 3 biological replicates). (a) Exosomes stained with
anti-CD63-PE antibody were gated based on forward and side scatter and CD63-PE positivity. (b) Ex-
osomes from cells transfected with CD63-GFP construct were gated for GFP and CD63 expression.
Data represent one representative dot plot from three independent experiments. Quantitative analysis
and statistical comparisons were not included in this figure.

2.3. Expression of MUC1 Fusion Protein with HA-Tag in Tumor-Derived Cell Line Stage IV
Human Breast Cancer (4T1) and Lymph Node in Mice

To distinguish exogenous from endogenous expression of MUC1, we synthesized an
HA-tagged MUCI1 gene. The recombinant plasmid and the transcribed mRNA encoding
MUC1 and the HA tag were transfected into the 4T1 cell line, respectively. The expression
of the MUCT fusion protein was detected by a Western blot test with a peroxidase-labeled
anti-HA antibody. The result showed that the HA tag was expressed in 4T1 cells after
transfection. Since the HA tag was co-expressed with MUC1 and the HA tag was localized
downstream of MUC1, Western blot analysis showed that exogenous MUC1 was success-
fully expressed in 4T1 cells (Figure 4A). Draining lymph nodes were harvested from mice
immunized on day 10 after vaccination with NLE loaded with mRNA encoding the MUC1
fusion protein. Western blot analysis detected HA-tagged MUC1, indicating that NLE was
able to release the mRNA into the lymph nodes and the mRNA was correctly translated
into the target protein (Figure 4B).

2.4. In Vivo CTL Assay

To assess the antigen-specific cytotoxic activity induced by the NLE-based mRNA
vaccine, an in vivo CTL assay was conducted (Figure 5). Splenocytes obtained from naive
mice were pulsed with 4T1 cell lysates transfected with MUC1 mRNA and labeled with a
high concentration (5 uM) of CFSE (CFSEM&h cells). As a control population, splenocytes
pulsed with non-transfected lysate were labeled with a lower concentration of CFSE (0.5 pM)
(CFSE!Y cells). These concentrations were selected based on the commonly used ranges
that have been shown to preserve cell viability and function, as confirmed by preliminary
titration assays [36]. An equal number of CFSEM#" and CFSE'®" cells were mixed and
intravenously injected into immunized recipient mice on day 10 post-vaccination. As shown
in Figure 6, a significant reduction in CFSEhigh cells was observed in mice immunized with
the NLE-based mRNA vaccine compared to PBS-treated controls, confirming the induction
of robust antigen-specific CTL responses.
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Figure 4. Expression of HA-tagged MUCI fusion protein in 4T1 cells and lymph nodes of immunized
mice. (A) Western blot analysis of MUC1-HA protein expression in 4T1 murine breast cancer cells 48 h
after transfection with either mRNA encoding MUC1 + HA tag or plasmid pcDNA3.1-mucl + HA.
GAPDH was used as a loading control. (B) Western blot analysis of lymph node samples collected
from immunized BALB/c mice (n = 3 per group) 48 h after subcutaneous injection of neutral lipid
emulsions (NLE) loaded with mRNA encoding MUC1 + HA tag. Untreated lymph node samples
served as negative controls. Representative bands from each animal are shown. Densitometric
quantification and statistical comparison were not performed for these samples.
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Figure 5. In vivo cytotoxic T lymphocyte response after vaccination. (A) In vivo CTL assay was
performed to evaluate the cytotoxic activity induced by different treatments. Splenocytes from naive
mice were pulsed with 4T1 cell lysates transfected with NLE-MUC1 mRNA and labeled with a
high concentration of carboxyfluorescein succinimidyl ester (CFSEM8h) Control cells pulsed with
non-transfected lysate were labeled with a low concentration of CFSE (CFSE'®"). An equal number
of CFSEM8M and CFSE!*" cells were mixed and intravenously injected into vaccinated or control
mice. After 24 h, splenocytes were isolated from the spleens of recipient mice and analyzed by flow
cytometry. (B) The percentage of specific lysis was calculated based on the relative reduction in
CFSEN8h cells, as described in the Materials and Methods section. Data are presented as mean + SD
(n=23). p=0.0015, unpaired t-test.
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Figure 6. Flow cytometric analysis of tumor-infiltrating CD8" T cells. (a) Tumor tissues were
harvested on day 30 post-treatment and enzymatically dissociated into single-cell suspensions for
flow cytometry. CD8" T cell populations were identified using FITC-conjugated anti-CD8 antibodies.
The percentage of CD8* T cells among total tumor-infiltrating cells is shown for each treatment group:
(b) Nude-NLE, NLE-MUC1 mRNA, and NLE-MUC1 mRNA + CTLA-4 siRNA (n = 3 mice per group).
Data are presented as mean =+ standard deviation (SD). Statistical comparisons were performed using
one-way ANOVA followed by Tukey’s post hoc test. * p < 0.05, *** p < 0.01.

2.5. CD8* Antitumor T Cells Infiltration Analyzed by FlowCytometry Assay

As shown in Figure 6, the vaccine group, the CTLA-4 siRNA-containing NLE group
and the combination group all induced a significant increase in tumor-infiltrating CD8"
T cells compared to the PBS, naked mRNA, empty NLE, and isotype control groups. The
combination group induced significantly more tumor-infiltrating CD8" T cells than the
vaccine and CTLA-4 siRNA-containing NLE groups. The result showed that although
treatment with the MUC1 vaccine or CTLA-4 siRNA-containing NLE could increase the
number of CD8" T cells infiltrating the tumor, the combination therapy was most effective
in promoting the infiltration of CD8" T cells compared to the individual treatments.

2.6. Production of IFN-g by Lymphocytes from Vaccinated Mice

Tumor antigen-induced IFN-g production was measured with a BD ELISPOT assay
system (Figure 7). Spleens were harvested sterile from each treated mouse 10 days after
immunization and separated into single cell suspensions. Cells were stimulated with either
2 mg/mL of cell lysates transfected with MUC1 mRNA or with MCEF?7 cell lysates as a
control. The production of IFN-g was detected using a BD ELISPOT substrate set. Positive
reactions were counted manually. The data showed that only MUC1-specific induction
produced IFN-g. Combined therapy with CTLA-4 siRNA containing NLE and vaccine
can improve immune response enhancement MUC1 is a widely used target for antitumor
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immunotherapy. However, an NLE-based RNA vaccine with MUC1-encoding mRNA in
the central core and an asymmetric endogenous lipid outer membrane for TNBC therapy is
a novel approach. An in vivo CTL assay and an IFN-g production assay showed that an
MUCT vaccine can induce antigen-specific antitumor immunity. However, activation of T
cells by the T cell receptor and CD28 leads to increased expression of CTLA-4, an inhibitory
receptor for B7, and eventually, the inhibitory pathway attenuates and terminates T cell
responses. To enhance T cell function and improve vaccine efficacy, the NP-based mRNA
vaccine was combined with a CTLA-4 siRNA-containing NLE for TNBC therapy. As shown
in Figure 7, both the MUC1 vaccine group (p < 0.01) showed strong antitumor activity. The
suppression of CTLA with siRNA potentiated the efficacy of the MUC1 vaccine, which
showed superior inhibitory activity compared to the vaccine group (p < 0.01). The result
suggests that the MUC1 vaccine can induce an antitumor immune response and that the
therapeutic effect of the vaccine on TNBC is significantly enhanced by additional treatment
with CTLA-4 siRNA containing NLE. It is noteworthy that the endogenous expression level
of MUC1 on 4T1 cells successfully induced an anti-gene-specific T cell response, leading to
immune response enhancement, although the lysate of naive 4T1 cells could not stimulate
splenocytes for antigen presentation in the in vivo CTL assay or induce the production of
IEN-g in vitro.
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Figure 7. Production of mouse IFN-g was detected by ELISPOT assay. Representative graph of
the IFN-g ELISPOT assay. Spleens were harvested from each treated mouse for 10 days, and single
cell suspensions were stimulated for 24 h with either cell lysates transfected with MUC1 mRNA.
Production of IFN-g was detected using the BD ELISPOT substrate set. Quantitation of the ELISPOT
assay. Data are shown as mean + SD. ** p < 0.01.

3. Discussion

The lack of targeted therapies and the poor prognosis of patients with TNBC have
strongly encouraged the need to discover molecular targets and develop new therapeutic
approaches. Immunotherapy slows the progression of TNBC and represents an attractive
approach for the treatment of TNBC. In recent years, mRNA-based vaccine platforms have
attracted considerable attention, especially after the SARS-CoV-2 pandemic, due to their
advantages such as strong immunogenicity, ease of production, and rapid development



Int. J. Mol. Sci. 2025, 26, 8448

11 of 24

capability [37,38]. The success of mRNA vaccines largely depends on the carrier systems
used. In the current literature, LNPs, polymeric nanoparticles, and lipoplex systems are
frequently used [39,40]. However, most of these systems have certain limitations in terms
of target specificity, recognition by immune cells, and toxicity. In this study, a nanolipid
exosome-like system was developed, which differs from similar strategies described in the
literature. Unlike traditional liposomal or exosomal systems, our NLE vesicles combine
endogenous exosomal membranes (~90%) with synthetic lipid components (~10%), offering
improved targeting capacity and membrane stability.

In this study, NLE was used as a carrier and adjuvant system for the development of an
mRNA vaccine encoding the tumor-associated antigen MUC1. In addition, the vaccine was
combined with CTLA-4 siRNA containing NLE to enhance the vaccine’s immune response
against TNBC by improving T cell function. In vivo studies showed that the NP-based
mRNA vaccine modified with a mannose targeting the DC surface receptor could efflux
into the lymph node and that the encapsulated mRNA could be successfully expressed in
the DCs of the lymph node. Furthermore, in vivo studies showed that the NP vaccine could
elicit a strong, antigen-specific CTL response against 4T1 TNBC cells and that combined
treatment with a CTLA-4-siRNA-containing NLE could significantly enhance the anti-
tumor immune response compared to the vaccine or CTLA-4-siRNA alone. This synergistic
effect supports the growing evidence that co-administration of tumor antigens and immune
checkpoint inhibitors can turn ‘cold” tumors into ‘hot” tumors by enabling robust T cell
infiltration and activation [41,42]. Our siRNA-based checkpoint inhibition strategy may
offer advantages over monoclonal antibodies in terms of reduced systemic toxicity and
improved intracellular silencing efficiency. Our siRNA-based checkpoint inhibition strategy
may offer advantages over monoclonal antibodies in terms of reduced systemic toxicity
and improved intracellular silencing efficiency. Our results are consistent with those of Lin
et al. [35], who demonstrated that co-delivery of MUC1 mRNA and CTLA-4 blockade can
activate antigen-presenting cells and suppress tumor progression in a triple-negative breast
cancer (TNBC) model. However, our study advances this strategy by utilizing a novel
nanolipid-exosome hybrid (NLE) platform for the co-delivery of MUC1 mRNA and CTLA-
4 siRNA. This bioinspired system offers improved biocompatibility, efficient DC-targeting,
and enhanced endosomal escape. As a result, we observed stronger activation of CD8" T
cells and a more immunostimulatory tumor microenvironment, including elevated IFN-
v secretion and increased infiltration of tumor-infiltrating lymphocytes. These findings
suggest that the use of exosome-based nanocarriers may provide superior therapeutic
efficacy compared to conventional liposomal systems. Although our study did not include
an irrelevant antigen or scrambled siRNA control group, several experimental results argue
against nonspecific immune activation. In particular, the immune response (CD8* T cell
infiltration, CTL activity, IFN-y production) was significantly increased only in the groups
receiving both MUC1 mRNA and CTLA-4 siRNA and not in the groups treated with PBS,
empty NLE, or mRNA alone. In addition, ELISPOT analysis showed that IFN-y secretion
was induced exclusively when stimulated with MUCI-transfected lysates and not with
lysates from irrelevant cell lines, emphasizing antigen specificity. Overall, these results
indicate that the observed immune activation is primarily due to the specific immunogenic
content of the vaccine and not to non-specific effects of the carrier.

TEM analysis confirmed the successful formation and structural integrity of the syn-
thesized nanoparticles. As shown in Figure 1, the calcium phosphate cores had an aver-
age diameter of about 14 nm (Figure 1(al)), while the fully assembled nanolipid-based
exosome-like particles reached a diameter of about 23 nm after lipid coating and mRNA
encapsulation (Figure 1(b1,c1,d1)). These observations are consistent with previous re-
ports demonstrating the ability of NLEs to form stable nanoscale carriers for nucleic acid
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transport [43]. The use of modified ribonucleotides during in vitro transcription con-
ferred greater stability to mRNA, protected it from enzymatic degradation, and improved
translation efficiency, which is critical for mRNA therapeutics [37]. In addition, the high
polyethylene glycol (PEG) density on the surface of the NLEs likely contributed to improved
colloidal stability and prolonged systemic circulation, as shown by pharmacokinetic studies
with PEGylated nanoparticles [44]. Decoration of the NLE surface with mannose enabled
additional targeting by utilizing the high expression of mannose receptors on DCs, which
facilitated efficient uptake and antigen presentation [34]. While mRNA encapsulation
efficiency in the literature is generally between 60% and 80%, an encapsulation yield of ap-
proximately 89.5% was achieved in this study. This result indicates that the carrier provides
strong protection for the mRNA and is an efficient system in terms of production [37,39].
In addition, the physical parameters obtained by DLS, TEM, and zeta potential analyses
demonstrate the stability of the system with features such as low polydispersity and good
colloidal stability. This type of characterization is either absent or limited in many previous
studies. These results suggest that the formulated NLE system is a promising platform
for mRNA-based vaccines or therapeutics, especially for applications requiring targeted
delivery and enhanced intracellular expression. The NLE structure used in this study
exhibits both the properties of lipid nanoparticles and the advantages of an exosome-like
natural carrier architecture, which enables improved biocompatibility and intracellular
targeting. In other systems, such as LNPs, PEGylation is usually performed; however,
an exosome-like structure is generally not offered. Exosomal architectures allow more
natural interactions in intracellular transport and antigen presentation processes [39,40].
In addition, mannose modification enabled targeting of dendritic cells, making the NLE
system not only a means of transport but also an active component that can modulate the
immune response. In previous studies, such targeted release was usually achieved with
polyclonal binders or antibodies [45], whereas in this study, this function was achieved by
using natural ligands such as mannose.

The use of tumor-specific mRNA as a vaccine is a focus of current research and has
several advantages, including feasibility, applicability, safety, and efficacy in generating
immune responses [46]. A variety of NPs have been investigated for effective gene de-
livery in vivo, including lipid- and polymer-based NPs in which the negatively charged
nucleic acid molecules are encapsulated in the hydrophilic core or adsorbed on the cationic
surface [47]. NLEs, which consist of a biological core and an asymmetric lipid bilayer,
were first developed in our laboratory and used for the transport of siRNA and peptides.
LDH release assay was performed to assess the cytocompatibility of NLE formulations.
All nanoparticle groups, including siRNA- and mRNA-loaded exosomes with or without
lipid coating, exhibited LDH levels below 20%, comparable to the negative control. These
results indicate minimal membrane disruption and excellent in vitro biocompatibility. LDH
release reflects acute membrane-associated toxicity, and therefore, additional studies will
be required to evaluate long-term safety.

Although LDH results confirm negligible acute cytotoxicity, this assay does not capture
potential long-term effects such as apoptosis, oxidative stress, or genotoxicity. Therefore,
future studies with longer exposure duration and in vivo systems are needed to fully
assess the biological safety profile of these nanoparticles [48,49]. Interestingly, although
the nanoparticles did not cause measurable membrane damage, their biological activity
and mode of action indicate that they were successfully internalized by the target cells.
This is consistent with previous findings showing that exosomes and lipid-based nanocar-
riers can enter cells via non-disruptive, energy-dependent endocytic pathways, such as
clathrin-mediated, caveolin-mediated, or macropinocytosis [50,51]. The ability to transport
functional cargo without compromising membrane integrity supports the potential of
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the NLE system as a safe and effective transport platform for therapeutic applications.
These results are consistent with previous studies showing that exosomes and PEGylated
lipid nanoparticles exhibit low immunogenicity and do not affect cell viability during
intracellular administration [52]. Furthermore, the similar response between the parental
exosomes and the hybrid NLE formulations suggests that the processes of encapsulation
and nanolipid modification do not alter the physicochemical stability or safety profile of the
delivery vehicle. The absence of cytotoxicity, even during transfection of car-go-containing
exosomes, emphasizes the potential of NLEs as a safe and effective system for the delivery
of therapeutic nucleic acids. These results support the use of NLEs in in vivo applications
where maintenance of host cell viability is critical for therapeutic efficacy. The DLS and
IN-SIGHT analyzes confirmed the successful assembly and surface modification of the exo-
somal formulations, with a continuous increase in hydrodynamic diameter after nanolipid
coating. The narrow size distributions and low polydispersity index values observed in all
groups reflect good colloidal stability—an important prerequisite for systemic delivery. In
particular, the shift in zeta potential after ICL complexation indicates efficient modulation
of surface charge, which may improve cellular uptake and circulation time. These physical
properties emphasize the structural integrity and delivery potential of the NLE system.
Indeed, flow cytometric analysis confirmed the identity and purity of the isolated vesicles
as exosomes by the consistent expression of CD63, a well-established exosomal surface
marker. The high CD63-PE fluorescence intensity and the overlapping distribution of
CD63-GFP confirmed both the antibody-based and genetic labeling strategies, indicating
robust detection. These results confirm the reliability of the isolation protocol and ensure
that the vesicles used in downstream applications are indeed of exosomal origin.

Surface modification with mannose targeting DC-specific receptors is consistent with
findings in the literature reporting improved lymph node targeting and enhanced antigen
presentation by mannose-conjugated carrier systems [53]. When the MUC1 mRNA was
packaged into NLE, the RNA molecules were condensed and encapsulated into the exo-
somal core. An in vivo study showed that NLEs can successfully transport and release
MUC1 mRNA into the cytoplasm of target cells in lymph nodes. In the present study, the
NLE-based mRNA vaccine was developed for the treatment of TNBC. This means that
NLE is also a powerful system for more tumor-specific RNA delivery. Many MUC1-based
immunotherapies have been evaluated in clinical trials. Two MUC1-based therapeutic
vaccines are in clinical development. These vaccines are long, non-glycosylated polypep-
tides derived from the VNTR sequence of MUC1. The successful expression of HA-tagged
MUC1 in both transfected 4T1 cells and draining lymph nodes demonstrates that the
mRNA vaccine construct was efficiently transferred and translated.

Importantly, the in vivo CTL assay revealed a significant antigen-specific cytotoxic T
lymphocyte response in mice immunized with NLE-formulated MUC1 mRNA, confirming
that the vaccine is capable of eliciting functional CD8" T cell responses against tumor anti-
gens [37]. Most of the potential CTL epitopes on the MUC1 molecule are outside the VNTR;
therefore, it is important to incorporate the entire MUC1 molecule into therapeutic vaccines.
Two such vaccines use poxviruses as vectors for the MUC1 gene sequence, but improved
DC uptake and T-cell recruitment are considered necessary. MUC1 is abnormally overex-
pressed in a variety of epithelial tumors. It has also been shown to be expressed on the
epithelial cells of various healthy tissues and to act as a protective lubricant during bacterial
infections. Overexpressed MUCT1 is hypo-glycosylated and not restricted to the cell surface.
Tumor-infiltrating cytotoxic T cells can be inhibited by the co-inhibitory signal of CTLA-4.
Blockade of CTLA-4 by antibodies has been shown to enhance the antitumor immune
response in both preclinical models in mice and in clinical trials. Tumor inhibition was sig-
nificantly more effective when vaccination with MUC1 mRNA-loaded NLE was combined
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with silencer blockade of CTLA-4. Increased T-cell infiltration of tumors was observed
after simultaneous blockade of the CTLA-4 pathway. Our results are consistent with those
observed in models using combined mRNA vaccines and immune checkpoint blockade,
such as when using HA-labeled antigens and cargo-modifying transporters, which have
shown promise for enhancing antigen-specific CD8* responses. In addition, flow cytomet-
ric analysis showed increased infiltration of CD8" T cells into the tumor microenvironment
after treatment with either the MUC1 mRINA vaccine or CTLA-4 siRNA-loaded NLE, with
the combination therapy showing the strongest effect. This is consistent with previous
results suggesting that immune checkpoint blockade, together with an antigen-specific
vaccination, may act synergistically to overcome T cell exhaustion and improve therapeu-
tic efficacy [54]. While our study did not include direct phenotypic characterization of
tumor-infiltrating CD8* T cells for markers such as granzyme B, IFN-y, PD-1, or exhaustion
profiles, functional data from in vivo CTL assays and ELISPOT suggest that these T cells
were actively involved in cytotoxic responses. The observed antigen-specific cytotoxicity
and IFN-y secretion suggest that the infiltrating CD8* population was not only recruited
but was functionally competent. Nevertheless, we acknowledge this limitation and con-
sider detailed phenotypic profiling to be an important direction for future studies to fully
define the activation and exhaustion status of tumor-infiltrating lymphocytes. The ELISPOT
results also confirmed the immunogenicity of the vaccine, with increased IFN-y production
observed exclusively in response to MUC1-specific stimulation, emphasizing the specificity
and efficacy of immune activation. This study not only demonstrated translation of the
mRNA vaccine but also its multidimensional functional outcomes, including CD8" T cell
responses, IEN-y production, tumor infiltration, and inhibition of tumor growth in the 4T1
tumor model. While most preclinical studies in the literature are limited to CD8" activation
or tumor growth monitoring, this study comprehensively analyzed the immune response
at both cellular and functional levels using ELISPOT, flow cytometry, and in vivo tumor
volume measurements [38,45]. Although no direct quantification of CTLA-4 mRNA or
protein levels in immune cells was performed in this study, the observed immunologi-
cal effects—such as increased tumor-infiltrating CD8* T cells, enhanced IFN-y secretion,
and stronger CTL activity in the siRNA-treated groups—indirectly confirm the functional
elimination of CTLA-4. These immune responses are consistent with effective checkpoint
inhibition and reflect the downstream consequences of CTLA-4 suppression.

While most mRNA-based tumor vaccine studies in the literature focus exclusively
on the administration of mRNA encoding tumor antigens [37,38], this study additionally
used siRNA targeting CTLA-4, one of the major immunosuppressive mechanisms. Taken
together, these data suggest that MUC1 mRNA-based vaccination, especially in combina-
tion with inhibition of the immune checkpoint CTLA-4, is a promising immunotherapeutic
approach for the treatment of triple-negative breast cancer. Since this dual strategy tar-
gets both antigen presentation and immune regulation, it effectively boosts anti-tumor
immunity and may provide a platform for future combinatorial mRNA-based cancer ther-
apies. These results suggest that co-delivery platforms not only promote CTL-mediated
cytotoxicity but also facilitate the generation of long-term memory T cells, a hypothesis
that should be explored in future studies [55]. Various cancer vaccines in combination
with blockade of inhibitory signaling pathways have been validated in preclinical models,
and enhanced T cell infiltration of various tumors has been demonstrated following this
combination therapy.

While the present study demonstrates the promising potential of an MUC1 mRNA-
based vaccine in combination with CTLA-4 siRNA delivered via NLE platforms, several
limitations should also be noted. First, although the in vivo mouse model provides valu-
able insights into immunogenicity and therapeutic response, it cannot fully reconstruct the
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complexity of the human tumor microenvironment, especially in TNBC. Second, long-term
immunologic memory—including persistence and functionality of T cell responses—as
well as potential off-target effects associated with repeated siRNA administration have
not been investigated. Systemic toxicity following repeated administration also remains
to be investigated. While mannose modification has been shown to improve targeting
to dendritic cells, the broader specificity and biodistribution of NLEs in both immune
and non-immune tissues remain to be systematically investigated. Although blockade
of CTLA-4 with monoclonal antibodies has already been demonstrated [45], intracellular
silencing using siRNA represents a significant innovation, offering the potential for more
effective intracellular inhibition and reduced systemic toxicity compared to antibody-based
approaches. Importantly, the effects of this co-delivery system on immunosuppressive
cell populations such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells
(Tregs) remain unexplored. Beyond enhancing CD8" T-cell infiltration, CTLA-4 silencing
may influence additional immunoregulatory mechanisms within the tumor microenvi-
ronment (TME). CTLA-4 is a key mediator of regulatory T cell (Treg) suppressive activity
via the CTLA-4/B7 axis, which maintains immune tolerance in the TME [12,16]. Previous
studies have shown that CTLA-4 blockade reduces intratumoral FoxP3* Tregs, thereby alle-
viating local immunosuppression [56]. Consequently, delivery of CTLA-4 siRNA through
the NLE platform may not only activate effector T cells but also attenuate Treg-mediated
suppression, resulting in a dual mechanism that promotes a more robust and durable
antitumor response. These limitations emphasize the need for comprehensive mechanistic
studies and advanced preclinical models to better evaluate the safety, specificity, and trans-
lational potential of this therapeutic approach. Future investigations should validate this
hypothesis by quantifying intratumoral Treg frequency and phenotype after CTLA-4 silenc-
ing and correlating these findings with therapeutic outcomes. Comprehensive mechanistic
studies and advanced preclinical models will be essential to confirm the safety, specificity,
and translational potential of this strategy.

Beyond the immunological context, this work aligns with the emerging integration
of nanotechnology and computational biology. While tools such as AlphaFold have trans-
formed drug discovery through protein structure prediction and target identification, our
study approaches the reverse challenge—function-driven optimization of nanocarrier—
receptor interactions [57]. Mannose modification of NLEs exemplifies a rational design
principle, leveraging receptor-ligand complementarity for targeted dendritic cell delivery.
This strategy mirrors the “structure-to-function” paradigm in computational biology and
suggests future opportunities for synergy between experimental design and Al-based mod-
eling. For example, predicted receptor structures could guide ligand optimization, while
molecular dynamics simulations and generative Al could facilitate the creation of modular
nucleic acid carriers. Such convergence would enable iterative cycles of in silico design
and experimental validation, accelerating the development of smart delivery systems for
complex diseases.

In order for this strategy to be implemented in clinical practice, several crucial steps
need to be taken in follow-up studies. A key focus will be to comprehensively investigate
the safety profile and tolerability of the NLE platform, ideally in larger animal models than
rodents. These assessments should include dose escalation protocols and repeated dosing to
investigate biodistribution, systemic toxicity, and the risk of unintended immune responses.
The clinical success of LNP-based mRNA vaccines, as used in the COVID-19 pandemic, is a
valuable precedent for adapting similar delivery systems to cancer immunotherapy [37,52].
However, the combination of mRNA vaccines with siRNA to inhibit immune checkpoints
brings additional challenges, particularly with regard to long-term immune regulation, the
risk of T cell exhaustion, and the overall balance of the immune system.
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Further data are needed to determine the optimal dosing strategy, the durability of
immune responses, and the ability to generate memory T cells in early human studies. In
particular, assessment of long-term immune memory and the phenotypic and functional
properties of CD8* and CD4" T cells after treatment will be critical to understanding the
potential for durable anti-tumor immunity [43]. Long-term monitoring of the immune sys-
tem, including relapse responses and T-cell persistence, should be incorporated into future
preclinical and clinical trial designs. It is important that the molecular heterogeneity of
TNBC in humans, characterized by different intrinsic subtypes (e.g., basal-like, mesenchy-
mal, immunomodulatory), variable immune infiltration patterns, and different mutational
landscapes, is taken into account in clinical translation. Preclinical models may not fully
reflect this heterogeneity, which could impact therapeutic response. Stratification of TNBC
patients based on immunophenotypes or molecular biomarkers such as PD-L1 expression
or tumor mutational burden could, therefore, improve the precision and efficacy of this
therapeutic strategy. Studying the effects of this platform on the tumor microenvironment,
especially using modern tools such as single-cell RNA sequencing or spatial transcriptomics,
could provide important insights into the modulation of immune cell populations [28].
These technologies could shed light on how therapy reprograms cellular interactions within
the tumor microenvironment and supports or inhibits anti-tumor immunity. Of particular
interest is the role of immunosuppressive cells such as MDSCs and Tregs, which are known
to suppress effective immune responses. The impact of this platform on the frequency,
phenotype, and suppressive function of MDSCs and Tregs should be fully investigated
to determine whether the therapeutic benefit results from enhanced effector responses,
suppression of regulatory populations, or both.

Although local or tumor-targeted delivery of CTLA-4 siRNA via NLE-based nanopar-
ticles may reduce systemic exposure, the systemic safety profile of CTLA-4 blockade by
siRNA remains a concern. CTLA-4 plays a critical role in immune system homeostasis,
particularly in regulating Treg function and preventing autoimmunity. Therefore, potential
off-target effects, systemic immune activation, and the risk of autoimmune toxicities need to
be carefully monitored in future studies. Preclinical safety assessments, including cytokine
release profiles, autoimmune antibody screening, and histopathologic analysis of major
organs, should be performed prior to clinical use. Manufacturing considerations, includ-
ing GMP-compliant production and rigorous physicochemical characterization of NLE
particles, such as mRINA encapsulation efficiency, particle size distribution, and batch repro-
ducibility, are also essential prerequisites for clinical translation. In addition, stratification
of patients based on immunological or molecular biomarkers could lead to personalized
treatment strategies and increase the likelihood of clinical success. Given the encouraging
preclinical results of this study, a phase I clinical trial with TNBC patients, ideally stratified
according to immunological or molecular biomarkers, could be a sensible next step. Such
a study would not only assess safety and tolerability but also provide insights into the
immunological correlates of response and resistance, thus supporting the rational planning
of subsequent clinical trials.

4. Materials and Methods
4.1. Cell Culture

The 4T1 TNBC cell line was acquired from the GeneDia Culture Collection. These cells
were maintained in DMEM supplemented with 20% FBS and 1% penicillin/streptomycin at
37 °C in a humidified atmosphere with 5% CO,. Cultures were maintained in a humidified
incubator at 37 °C and 5% CO, and analyzed monthly for mycoplasma contamination
using the PCR Mycoplasma Test Kit II (AppliChem, Darmstadt, Germany) according to the
manufacturer’s instructions. For extraction of exosomes, 4T1 TNBC cells were first seeded in
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15 cm dishes and treated with 0.1 mg/mL~! PMA in medium for 24 h. The media were then
replaced with RMPI medium 1640 containing 10 pug/mL~! DSPE-PEG2000-Mal for 48 h.
The remaining supernatant was collected after centrifugation at 2000 g for 15 min, followed
by filtration through a 0.22 um membrane. The filtrate was then concentrated using a
100 kDa ultrafiltration tube at 2200 g for 20 min to obtain the crude extract. Exosomes
were then extracted from the crude extract using a Plasma/Serum Exosome Purification
and RNA Isolation Mini Kit (Norgen Biotek Corp, Thorold, ON, Canada) according to the
manufacturer’s protocols.

4.2. Intact Exosome Purification and Exosomal RNA Isolation Followed by Complementary
DNA Synthesis

Exosomes were isolated and RNA was extracted using the Plasma/Serum Exosome
Purification and RNA Isolation Mini Kit (Norgen Biotek Corp, ON, Canada) according to
the manufacturer’s protocols. Non-coding total RN As and small RNAs, such as miRNAs,
were transferred to the cDNA extraction kit (ABM good Cat# G902). The miRNA sample
was prepared by mixing 2 uL of 5x poly(A) polymerase reaction buffer, 1.5 uL. ATP (10 mM),
1.5 uL MnCl, (25 mM), 0.5 pL poly(A) polymerase, yeast (1 pg/pL), and 2.5 pL H,O. The
mixture was then incubated at 37 °C for 30 min. Then, 2 uL of miRNA oligo (dT) adapter
(10 mM) was added to the remaining material. The mixture was incubated at 65 °C for
5 min and then cooled on crushed ice. Finally, 1 uL of dNTPs (10 mM), 4 uL of 5x RT
buffer, 1 uL of RTase (200 U/uL), and 2 uL of H,O were added to the above mixture. The
c¢DNA synthesis was performed by incubating the samples for 15 min at 42 °C and 10 min
at70 °C.

4.3. Preparation of Exo-CTLA-4siRNA

Synthetic siRNAs were acquired from MWG (Metabion, Planegg, Germany) and had
the following sequences: for the animal model, CTLA-4m-silencer: 5 GCAGCAUAAG-
GAUAUAGCA 3’ (sense); for 4T1 TNBC line, CTLA-4h-silencer: 5 GAGCUGAGGCAAU-
UCUAAC 3’ (sense). After 24 h of incubation, 0.1 nmol of unbound siRNA was exposed
to 25 pL of human plasma. The resulting mixtures were subjected to electrophoresis on a
20% TBE PAGE gel at 90 V for 180 min in TBE running buffer. Following electrophoresis,
the gel was treated with 2.5 uL. of EVAgreen gold in 25 mL of TBE buffer for 30 min and
then detected using Sage 6000.

For the preparation of Exo-CTLA-4siRNA, 0.5 nmol siRNA was added to 100 pL of
exosomes (0.5 mg/mL~!), and then sonicated using an ultrasonic homogenizer (Sonica,
Tehran, Iran) with the following settings: ultrasonic power 20 W, 10 cycles of 20 s and
100 s off. The mixture was then incubated for 30 min at 4 °C. After incubating the mixture
for 24 h, 0.5 mg of siRNA was added, and the solution was then washed twice with
150 pL of PBS using a 100 kDa ultrafiltration tube to remove any unconjugated siRNA and
unloaded siRNA.

4.4. Characterization of Exosomes

To observe the morphology of Exo-SiRNA and Exosome, transmission electron mi-
croscopy (TEM) was performed using a Hitachi microscope in Tehran, Iran. For this, 2 pL
of engineered and nude exosomes were placed on a carbon-coated copper grid and allowed
to dry for 10 min. Then, 20 pL of ammonium molybdate negative stain solution was added
and left to dry for another 10 min. To ensure an appropriate concentration for measurement,
the engineered exosomes were diluted with PBS. The primary antibody used was CD63,
while the secondary antibody was anti-mouse IgG conjugated with horseradish peroxidase.
The proteins were detected using Western blotting.
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4.5. Lipid Nanoparticles (NLP) Containing Exo-siRNA Using Microfluidic Technology by
INSIGHT Nano Synthesis

To achieve this, the total flow rate (TFR) control was manipulated between 2-20 mL/min,
while the ILR (ionisable lipid reagent) concentrations (2-10 mg/mL) were varied. The
aqueous solution to solvent flow rate ratio was then adjusted from 1:1 to 10:1, using
10 mg/mL ILR in 40% ethanol, while the TFR remained at 5 mL/min. The concentrations
in our assay always refer to siRNA (1 pg/mL means 1 pg siRNA in 1 mL culture). The
resulting NLP product was collected in a 15 mL falcon tube, and the initial volume of
0.5 mL and the final volume of 0.05 mL NP solution were discarded separately. After
synthesizing the NANO-LIPID/EXOSOME (NLE), a solvent exchange procedure was used
to remove the ethanol and replace it with water. The NANO-LIPID/EXOSOME (NLE) was
then diluted and centrifuged three times at 1600 x g for 30 min runs using ultra-centrifugal
philtres with a nominal molecular weight limit of 10,000 NMWL. The size and distribution
of NANO-LIPID/EXOSOME (NLE)s were measured in both distilled water and PBS using
the Malvern Zetasiser. The final hybrid vesicles consisted of predominantly exosomal
membrane components (~90%) combined with synthetic cationic lipids (~10%), forming a
biomimetic bilayer with enhanced colloidal stability and targeting potential.

4.6. Nanoparticle Characterization

The Brookhaven ZetaPALS system (Brookhaven Instruments, Holtsville, NY, USA)
was utilized to determine the particle sizes and zeta potentials through photon correlation
spectroscopy (PCS) and phase analysis light scattering (PALS). The manufacturer’s software
was used for data analysis, with a viscosity and refractive index of pure water at 25 °C
applied. The complexes were analyzed for size in five separate runs, each with a duration
of 1 min, and the results were expressed as the intensity-weighted mean diameter from
multiple experiments. Zeta potentials were measured in ten runs, each consisting of ten
cycles, using the Smoluchowski model. Furthermore, the hydrodynamic diameters of the
nanoparticles were determined using nanoparticle tracking analysis (NTA) on an Insight
LM 20 HS apparatus (Malvern, Worcester, UK) equipped with a 640 nm sCMOS camera
and a temperature-controlled sample chamber, as previously described.

4.7. Assays for Silencing CTLA-4 In Vitro

In vitro CTLA-4 silencing assays were performed using qRT-PCR to study the activity
of Exo-CTLA-4siRNA. 4T1 TNBC cells were seeded in a 12-well plate (2 x 10° cells per well),
and after 24 h, they were treated with Exo-CTLA-4siRNA (0.05 nmol siRNA), or PBS for
24 h. The cells were then washed with PBS, and total RNA was extracted using a Total RNA
Kit (Norgen Biotek Corp, Thorold, ON, Canada). Reverse transcription was performed
using HyperScript 1st Strand cDNA, and qPCR was carried out using Universal SYBR
gPCR Mix. The mRNA levels of CTLA-4 were normalized to the endogenous housekeeping
gene, GADPH.

4.8. In Vivo CTL Assay

Animal studies were conducted in accordance with institutional ethical guidelines.
Sample size determination was based on preliminary data and calculated using G*Power
3.1.9.7. A minimum of six mice per group was required to detect a 30% difference in tumor
volume with 80% power at a significance level of 0.05. Animals were randomly assigned to
experimental groups using a random number generator, and tumor measurements were
performed by an independent researcher blinded to treatment allocation.

The in vivo CTL assay was performed following a previously reported protocol with
minor modifications. Briefly, female BALB/c mice were immunized with PBS without
MUC1T mRNA (negative control). Ten days after immunization, splenocytes from naive
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mice were pulsed with lysates of 4T1 cells transfected with MUC1 mRNA in complete RPMI
1640 medium at 37 °C for 3 h. Only CFSE and PKH26 dyes were applied in the in vivo CTL
killing assays, with no antibody staining of surface markers. Both dye concentrations and
incubation times were precisely specified to ensure reproducibility.

4.9. Apoptosis Assays

In order to evaluate the effectiveness of Exo-CTLA-4siRNA as a therapeutic treatment,
a 6-well plate was prepared with 4T1 TNBC cells (5 x 10° cells per well) and incubated for
24 h. Subsequently, the cells were exposed to Exo-CTLA-4 siRNA (0.09 nmol siRNA), NLP-
Exo-CTLA-4 siRNA (0.09 nmol siRNA), Exo (control), NLP (control), siRNA (0.09 nmol),
and PBS for 48 h. To determine the effects of the treatment, Annexin V-FITC /PI was admin-
istered to the 4T1 TNBC cells, and their progress was monitored using flow cytometry.

4.10. Western Blotting

The procedure for preparing protein lysates from Tu2449 cells and mouse brain tumors
was carried out according to published methods. SDS-PAGE and Western Blotting were also
performed as described in the publication. To block the membranes, they were incubated
in 5% BSA /TBS-Tween20 (TBS-T) at room temperature for 1 h. Antibodies were then
added and incubated at 4 C overnight in 5% BSA/TBS-T. Secondary antibodies, either
goat anti-mouse (dilution 5:20,000, PADTAN danesh, Tehran, Iran), were applied and
incubated at room temperature for 1 h. For protein analysis of human cell cultures, the
cells were seeded and transfected in 24-well plates as previously described. After 72 h, the
medium was removed, and the cells were washed with PBS. RIPA lysis buffer (50 mM Tris
(pH 7.4), 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2.5 mM
sodium pyrophosphate, 1 mM EDTA, Protease Inhibitor Cocktail Set III (EDTA-free, Merck,
Darmstadt, Germany) was added to each well and the plates were incubated on ice for
10 min. The lysate was then transferred to microtubes and centrifuged at 10,000 rpm for
10 min at 4°C. The supernatant was collected, and protein concentration was determined
using the TAKARA Protein-Assay (TAKARA, Kyoto, Japan). The protein lysate was mixed
with 4 loading buffers (0.25 mM Tris-HCl, pH 6.8, 20% glycerol, 10% beta-mercaptoethanol,
8% SDS, 0.08% bromophenol blue) to yield a final concentration of 1 and 20 g was loaded
onto 20% polyacrylamide gels. The proteins were separated by SDS-PAGE and transferred
onto a 0.25 m Transfer PVDF Membrane (Millipore, Burlington, MA, USA). The membrane
was then blocked with blocking buffer (5% (w/v) milk powder in TBST (10 mM Tris-HCI,
pH 7.6, 150 mM NaCl, 0.1% Tween 20) for 40 min. Following a wash in TBST, membranes
were treated with primary antibodies diluted in 3% milk powder (w/v) in TBST, including
anti-human CTLA-4 (Thermo Fisher Scientific, Waltham, MA, USA), anti-Actin (Thermo
Fisher Scientific), for an overnight incubation at 4 °C. The blots were then washed in
TBST and exposed to horseradish peroxidase-coupled goat anti-rabbit IgG (CST) (Thermo
Fisher Scientific) for 1 h in 3% milk powder (w/v) in TBST, followed by another wash. The
presence of bound antibodies was detected using enhanced chemiluminescence (ECL) kits
SuperSignal® West Femto (Thermo Fisher Scientific).

4.11. Production of Mouse IFN-g Detected by ELISPOT Assay

Female BALB/c mice were immunized with nude NLE, PBS, and mRNA-loaded NLE,
respectively. 10 days later, spleens were sterilely harvested from each treated mouse and sep-
arated into single cell suspensions. IFN-g production was measured with the BD ELISPOT
assay system (BD PharMingen, San Jose, CA, USA) according to the manufacturer’s instruc-
tions. Briefly, cells were seeded at 1 x 10° per well in a capture antibody-coated 96-well
plate. The single cell suspensions were then cocultured with either 2 mg/mL 4T1 cell
lysates transfected with MUC1 mRNA at 37 °C for 24 h Subsequently, cells were removed
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and the production of IFN-g was measured by adding a detection antibody, followed by an
enzyme conjugate.

4.11.1. Animal Experiments

Firstly, immune response enhancement was carried out. Female BALB/c mice re-
ceived 1 x 105 4T1 tumor cells in the mammary fat pad on day 0. The NLE vaccine with
mRNA, NLE vaccine with mRNA combined by CTLA-4-siRNA, nude NLE, and PBS were
subcutaneously injected into the contralateral side of the lower flank on days 6 and 14,
respectively. Tumor size was measured every 2 to 3 days using digital calipers (Thermo
Fisher Scientific), and tumor volume was calculated as 0.5 x length x 2 x width.

4.11.2. qRT-PCR

The amplification was carried out for 40 cycles with a pre-incubation at 95 °C for
15 s, followed by 10 s at 95 °C, 10 s at 55 °C, and 10 s at 72 °C for each cycle. A melt-
ing curve was obtained by rapidly cooling down from 95 °C to 65 °C, followed by a
15 s incubation at 65 °C and heating up to 95 °C. To normalize for equal mRNA /cDNA
amounts, parallel runs were conducted with actin-specific primer sets for each sample.
The AACt method was used to determine target levels. The following primer sets were
used: human 4T1 cell line CTLA-4 forward primer: 5 AGGTGACTGAAGTCTGTGCG 3/,
reverse primer: TGATTTCCACTGGAGGTGCC; The following primer sets were used: Mus
musculus CTLA-4 forward primer: 5 CCGAGTCTGTGTGGGTTCAA 3/, reverse primer:
GGTCCTCAGGGAGCAGAGTA; Samples from laser-capture-microdissected formalin-
fixed paraffin-embedded (FFPE) tissues were combined, and RNA was extracted using the
Arcturus® Paradise® PLUS FFPE RNA Isolation Kit (Thermo Fisher). The extracted RNA
was then used to synthesize cDNA using SuperScript IV Vilo (life technologies/Thermo
Fisher) following the manufacturer’s instructions. The gPCR was performed on a StepOne
Plus System (Applied Biosystems, Darmstadt, Germany) using 20 Tagman Probes (Applied
Biosystems, Darmstadt, Germany) and 2 Fast-Start Universal Probe Master Mix (Roche)
with 2 uL of cDNA, using the standard setting. The gene expression values were nor-
malized using the mean Ct value of two housekeeping genes, Beta Actin (ACTB) and
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH).

4.12. Statistics

Statistical analyses were conducted using GraphPad Prism version 7 (GraphPad Soft-
ware, USA). The sample size for animal experiments was determined based on preliminary
tumor volume data and an a priori power analysis using G*Power version 3.1.9.7. A mini-
mum of 6 mice per group was required to detect a 30% difference in tumor volume with
a power (1—p) of 0.80, a significance level («) of 0.05, and an effect size (Cohen’s d) of
approximately 1.5, assuming normally distributed data and equal variances. This sample
size was deemed sufficient to detect biologically and clinically meaningful differences
in immune response enhancement, CTL activity, and cytokine production in vivo. For
comparisons between two independent groups, a two-tailed unpaired Student’s ¢-test was
used, with the assumption of equal variances unless Levene’s test suggested otherwise.
For experiments involving more than two groups or repeated measures across multiple
conditions (e.g., cytokine expression or cell cycle distribution over time), two-way ANOVA
with repeated measures was applied. For multiple comparisons, Dunnett’s test was used
when comparing multiple treatment groups to a single control. When all group means
were compared pairwise, Tukey’s post hoc test was employed to control the familywise
error rate. In certain exploratory analyses, the Bonferroni correction was applied for more
conservative control of Type I error, especially where multiple primary endpoints were
assessed. Unless otherwise specified, data are presented as Box-and-Whisker plots, with
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the box indicating the interquartile range (IQR), the horizontal line denoting the median,
and the whiskers extending to the minimum and maximum values. The calculated mean
value is marked with an asterisk (*) in each plot. A p-value < 0.05 was considered statisti-
cally significant throughout the study, and significance levels were annotated as follows:
*p <0.05; % p < 0.01; **p < 0.001.

5. Conclusions

This study provides a first proof of concept for a co-delivery system using nano-lipid—
exosome hybrids for the targeted delivery of MUC1 mRNA and CTLA-4 siRNA to enhance
antitumor immunity in a TNBC model. While the MUC1-based mRNA vaccine elicited
an antigen-specific cytotoxic T-cell response and enhanced T-cell infiltration into the tu-
mor, the combination with CTLA-4 siRNA appeared to enhance this effect. These results
suggest that the NLE platform has the potential for tumor-specific RNA delivery and im-
munomodulation. However, the data presented here should be interpreted as preliminary
and exploratory. This work is a first step towards evaluating the therapeutic potential
of RNA-based vaccines in combination with immune checkpoint elimination. Further
extensive studies are required to investigate the safety, reproducibility, long-term immune
effect and transferability of this approach to different tumor models and clinical scenarios.

In summary, this study presents a system that is distinctly different from similar studies
in the literature by providing a dual immunotherapeutic approach through the combination
of CTLA-4 siRNA and specific DC targeting enabled by Man-Nose-modified exosome-like
lipid structures. The platform has been extensively characterized in terms of its physical,
biochemical, and functional properties and shows high potential for clinical applicability.
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