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ABSTRACT

Objective: Exosome (Exo)-based therapies have attracted considerable interest due to their potential as carriers for therapeutic
molecules and their capacity to elicit anti-tumor immune responses. The objective of this study was to engineer TC-1 tumor
cell line-derived exosomes with GFP-tagged heat shock protein (Hsp) 27-human papillomavirus (HPV)16 E7 fusion protein and
evaluation of cytokine secretion from antigen-presenting cells (APCs: macrophages and dendritic cells) exposed to the engineered
exosomes in vitro.
Methods: In this study, different in silico methods were employed to evaluate the Hsp27-E7 and Hsp27-E7-GFP fusion proteins
as potential vaccine candidates. Regarding to the in silico data, the Hsp27-E7-GFP fusion gene was subcloned into pCDH
lentiviral vector for production of lentivirions harboring the Hsp27-E7-GFP fusion protein in eukaryotic cells. Subsequently, the
TC-1 tumor cells were transduced with these lentivirions to isolate the engineered exosomes (i.e., Exo-Hsp27-E7-GFP) using the
ExoQuick-TCTM kit and their characterization using physicochemical methods. Finally, the secretion of key cytokines (IFN-γ,
TNF-α, and IL-10) was evaluated through incubation of antigen-presenting cells (APCs) with the engineered Exo-Hsp27-E7-GFP
using enzyme-linked immunosorbent assay (ELISA).
Results: Our in silico data showed that both the Hsp27-E7 and Hsp27-E7-GFP constructs were soluble and non-allergenic, and
exhibited strong interaction with TLR4. Indeed, the linkage of GFP did not affect the physicochemical properties, and interaction
of Hsp27-E7 with the immune receptors. Moreover, western blot analysis confirmed the presence of Hsp27-E7-GFP fusion
protein in the isolated exosomes. The Exo-Hsp27-E7-GFP could significantly enhance the secretion of TNF-α and IL-10 from
APCs compared to Exo and Exo-GFP, as well.
Conclusions: These engineered vesicles derived from tumor cells demonstrate the capacity to induce effective immunity,
suggesting their potential as a promising strategy in the development of cell-free vaccine candidates.
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1. INTRODUCTION
Human papillomavirus (HPV) infection is a significant global
health concern, particularly due to its association with vari-
ous cancers, including cervical cancer.[1] Persistent high-risk
HPV infection is a key factor in cervical precancerous lesions
and cancer, with about 70% of cases linked to oncogenic
HPV types 16 and 18.[2] Despite advancements in screen-
ing and vaccination efforts, HPV-related cancers continue to
pose a challenge, underscoring the urgent need for innovative
treatment strategies.[3, 4] The HPV oncoproteins E6 and E7
are instrumental in oncogenesis, disrupting normal cell cycle
regulation and leading to uncontrolled cell proliferation.[5]

While preventive vaccines have shown efficacy in reducing
HPV infections, they are less effective for individuals with
pre-existing lesions or established cancers.[6, 7] Consequently,
there is an increasing focus on developing therapeutic vac-
cines that can elicit robust immune responses against cells
expressing HPV oncoproteins.[8]

Extracellular vesicles (EVs), particularly exosomes, have
emerged as promising platforms for cancer immunotherapy
due to their ability to modulate immune responses and trans-
port antigenic material.[9] Exosomes facilitate the presenta-
tion of tumor-associated antigens to immune cells, thereby
enhancing the immune response against tumors.[10] Heat
shock proteins (HSPs), such as Hsp27, play a vital role in
this process by acting as chaperones that assist in loading tu-
mor antigens into exosomes.[11–13] This mechanism not only
enhances antigen presentation but also stimulates immune re-
sponses, making HSPs as valuable components in the design
of therapeutic vaccines.[14] On the other hand, green fluores-
cent protein (GFP) is widely utilized as a reporter molecule
for detection of gene expression and protein localization
in vitro or in vivo. Moreover, some studies showed that
GFP could elicit an immune response in various models. In-
deed, GFP induced T-cell-mediated immunogenicity through
MHC class I presentation, leading to cytotoxic T-lymphocyte
recognition and rejection of GFP-expressing cells.[15] The
extent of GFP immunogenicity can vary depending on the an-
imal strain, route of administration, and immunosuppressant
use.[15] Additionally, GFP expression was found to influence
tumor growth and metastasis in mouse models.[16]

In this study, TC-1 mouse lung cancer cell line, a widely used
model for studying HPV-related cancers,[17] were transduced
with lentivirions harboring GFP-tagged Hsp27-HPV16E7
fusion protein. Then, the Hsp27-E7-GFP-carrying exo-
somes were isolated and characterized with different methods
(named as Exo-Hsp27-E7-GFP). The immunostimulatory
effects of the engineered exosomes were investigated by cy-
tokines assay after their incubation with antigen presenting
cells (APCs) including macrophage and dendritic cells (DCs)

in vitro. This approach may provide valuable insight into the
potential of engineered exosomes as a therapeutic strategy
against HPV-related tumors. Indeed, the findings of study
can provide a comprehensive understanding whether GFP
tagging influences the immunogenic potential of the Hsp27-
E7 fusion protein delivered via engineered exosomes or not.
Overview of this study was shown in a graphical abstract for
further clarification (see Figure 1).

2. METHODS

2.1 Study design
A multidisciplinary approach that integrates bioinformat-
ics, molecular modeling, and experimental techniques, has
been used in the current study. In the first phase, we con-
ducted molecular docking simulations with toll-like recep-
tors (TLRs) and HSP-specific receptors to predict immune
interactions, alongside 100-nanosecond molecular dynam-
ics simulations to evaluate the structural stability of fusion
proteins. For the experimental phase, we employed the en-
gineered lentivirions containing Hsp27-E7-GFP fusion pro-
tein to transduce the TC-1 tumor cell line and subsequently
isolate exosomes from the transduced cells. The isolated
exosomes were incubated with murine APCs to assess their
ability in stimulation of cytokine production. This evaluation
is crucial for understanding how engineered exosomes can
stimulate immune responses and contribute to therapeutic
strategies against HPV-related cancers. This study builds
on our previous research that Hsp27-based constructs, par-
ticularly full-length ones (e.g., Hsp27-E7 protein), strongly
interacted with immune receptors, suggesting their potential
to trigger a robust immune response.[18] Herein, we sought
to investigate the potential of GFP as both an immunostimu-
lant and a tracking marker within the context of Hsp27-E7
protein in exosome-based construct.

2.2 In silico studies
Various bioinformatics tools were used to compare some
physicochemical and immunostimulatory properties of the
full-length Hsp27-E7 and Hsp27-E7-GFP fusion proteins as
follows. The protein sequences for mouse HSP27 (P14602),
HPV16 E7 (P03129), and GFP (P42212) were obtained from
the UniProt server (https://www.uniprot.org/).

2.2.1 Tertiary structure modeling, refinement, and valida-
tion

To model the 3D structures of the constructs, we utilized the
RoseTTAFOLD tools available on the Robetta server (http
s://robetta.bakerlab.org/). RoseTTAFOLD employs
a deep learning-based method, TrRosetta, known for its speed
and accuracy.[19] The Robetta server generated five models
for each construct. These initial models were then refined us-
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ing the GalaxyRefine 2 server (http://galaxy.seoklab
.org/cgi-bin/submit.cgi?type=REFINE2) to further
enhance structural quality. GalaxyRefine 2 implements short
molecular dynamics simulations and side-chain repackag-
ing to improve model stability.[20] The quality of the refined
structures was assessed using the SAVE5.0 server (https://

servicesn.mbi.ucla.edu/SAVES/).[21, 22] We analyzed
the Ramachandran diagram using PROCHECK to assess the
favored, allowed, and disallowed regions of the backbone
dihedral angles, indicating the quality of the modeled struc-
ture. ERRAT calculates an overall quality score, with higher
scores indicating better model quality.

Figure 1. Graphical abstract: Overview of this study
Created in BioRender. Fontana, T. (2024) https://BioRender.com/a23j248

2.2.2 Molecular docking with immune receptors
We conducted molecular docking simulations to investi-
gate the potential interactions of our vaccine constructs
with key immune receptors. We focused on receptors in-
volved in both innate and adaptive immunity, including
TLR2, TLR3, TLR4, TLR5, TLR7, and TLR8 (for innate
immunity), and scavenger receptor expressed by endothelial
cells-1 (SREC-1), CD14, lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) (for adaptive immunity).
Receptor structures were obtained from the Protein Data
Bank (PDB) (http://www.rcsb.org/). Molecular dock-
ing was performed using the HDock server (https://http:
//hdock.phys.hust.edu.cn/), which predicts based on
a hybrid algorithm of template-based modeling and ab initio

free docking. Finally, the LigPlot+ software was used to visu-
alize the interactions between the fusion proteins and TLR4,
highlighting the specific amino acids involved in complex
formation.

2.2.3 Physicochemical property analysis

To determine the physical and chemical properties of the de-
signed constructs, we employed the ProtParam online server
(https://web.expasy.org/protparam/). This server
provided multiple physicochemical parameters, including
molecular weight, isoelectric point (pI), instability index (II),
and grand average of hydropathicity (GRAVY). The molec-
ular weight (MW) and theoretical pI were calculated by
ProtParam. The instability index (II) was determined based
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on dipeptide instability values, providing an estimate of the
protein’s inherent stability. GRAVY, calculated using hydro-
pathic values of all amino acids, indicates the amphipathic
nature of a protein; negative and positive values suggest a hy-
drophilic or hydrophobic nature, respectively.[23] To evaluate
the allergenicity of fusion proteins, we utilized the AllerTop
v. 2.0 server (https://www.ddg-pharmfac.net/AllerT
OP/index.html). Protein solubility is critical for indus-
trial and therapeutic applications. We used the Protein-Sol
server (https://protein-sol.manchester.ac.uk/) to
predict the protein solubility. A QuerySol score greater than
0.45 suggests that proteins are more soluble than average.[24]

2.2.4 Disulfide bonding prediction
To anticipate disulfide bond formation, we used the DIpro
scratch protein predictor server (http://scratch.proteo
mics.ics.uci.edu/). This tool is specifically designed to
predict protein structural features, including disulfide bridges.
It was selected for its reliability in determining the presence
or absence of disulfide bonds, estimating their quantity, and
predicting the bonding state of each cysteine residue with
paired bonds. The predictor demonstrates an accuracy of
85% and a recall rate of 90%.[25] DIpro integrates 2D-RNN
architectures with support vector machines (SVMs) to dif-
ferentiate proteins that have disulfide bonds from those that
do not. It also uses graph matching algorithms to effectively
match cysteine residues.[26, 27]

2.2.5 Molecular dynamics simulation
To investigate the dynamic stability and interactions of the
validated protein structures with TLR4, we conducted molec-
ular dynamics (MD) simulations using GROMACS v5.0.
This open-source software is widely utilized for dynamic sim-
ulations of biomolecules and provides a comprehensive suite
for system preparation, simulation, and analysis tools. The
simulation began with preparing the validated protein-TLR4
complex structure, which was solvated using the SPCE water
model and electro-neutralized with appropriate ions. Energy
minimization was conducted using the steepest descent algo-
rithm to eliminate any initial unfavorable contacts. Following
this, the system underwent equilibration in two phases. The
first phase involved a 100 ps equilibration run under con-
stant volume and temperature (NVT) conditions at 310 K,
utilizing a Nose-Hoover thermostat. This was followed by
a second phase, where another 100 ps run was conducted
under constant pressure and temperature (NPT) conditions
at 310 K and 1 bar, employing a Parrinello-Rahman barostat.
Once equilibration was complete, we carried out a 100 ns
MD simulation of the complex using the leap-frog algorithm.
The resulting trajectory was then analyzed using standard
MD metrics. We assessed the overall stability of the com-
plex through root mean square deviation (RMSD), identified

regions of flexibility within the complex using root mean
square fluctuation (RMSF), and evaluated the compactness
and structural integrity of the complex by calculating the ra-
dius of gyration (Rg). This comprehensive approach provides
valuable insights into the dynamic behavior and stability of
the protein structure in its interaction with TLR4.

2.2.6 Normal mode analysis
To characterize the dynamic flexibility of the vaccine-
receptor complex, we employed normal mode analysis
(NMA) using the iMODS server (http://imods.chacon
lab.org/).[28] NMA is a technique that describes the col-
lective motions of a protein around its equilibrium struc-
ture, providing insights into its dynamic behavior.[29] While
MD simulations can explore a larger conformational space,
NMA offers a computationally efficient method for identi-
fying key flexible regions.[30, 31] The iMODS server utilizes
NMA in internal (dihedral) coordinates, which is particularly
well-suited for analyzing the collective motions of macro-
molecules.[32] This server generates a range of outputs, in-
cluding deformability, B-factor, eigenvalues, variance, co-
variance maps, and elastic networks, which provide insights
into the complex’s flexibility and potential for conforma-
tional changes.[32] We leveraged these outputs to analyze the
proteins’ flexibility in relation to its interaction with TLR4,
focusing particularly on eigenvalues that show the rigidity of
the system.

2.2.7 In silico cloning
In our computational analysis, we found no significant differ-
ences between two fusion constructs (Hsp27-E7 and Hsp27-
E7-GFP) in terms of their docking with receptors, dynamic
stability, flexibility, and other features. Given the findings
from other studies highlighting the importance of GFP as an
immune modulator,[15] we opted to evaluate the GFP-tagged
construct in the experimental phase. This evaluation will
allow us to assess the functionality of the engineered Hsp27-
E7-GFP exosome. Thus, the Hsp27-E7-GFP fusion gene
was successfully cloned into the pCDH-CMV-MCS-EF1α-
Puro lentiviral vector (Catalog number CD510B-1; System
Biosciences; USA) using SnapGene software (version 5.2.3)
(https://www.snapgene.com/).

2.3 Experimental studies
2.3.1 Vector design and construction
The Hsp27-E7 fusion gene was constructed by amplifying
the HPV16 E7 gene from pQE30-E7 using Pfu DNA poly-
merase (Fermentas, Germany) and ligating it into the lin-
earized pET24a (+)-Hsp27 vector. Both constructs were
previously prepared by our group. The fusion construct was
verified by PCR, restriction digestion with EcoRI/SalI (Fer-
mentas, Germany), and Sanger sequencing. Then, the Hsp27-
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E7 fusion gene was ligated to the GFP sequence within
pEGFP.N3, creating the Hsp27-E7-GFP fusion construct.
The Hsp27-E7-GFP gene was subcloned from pEGFP.N3-
Hsp27-E7 into the pCDH lentiviral vector using NheI/NotI
enzymes (Fermentas, Germany), preparing it for gene deliv-
ery. The pCDH-Hsp27-E7-GFP was purified using a plasmid
Giga kit (Qiagen, Germany) and quantified by NanoDrop
spectrophotometry. Moreover, the psPAX2 and pMD2.G vec-
tors (System Biosciences; USA) were purified from DH5α

E. coli to prepare the recombinant lentiviral particles.

2.3.2 Lentiviral particles production and characterization
Lentiviral particles were generated by co-transfecting Lenti-
XTM 293T cells with the pCDH-Hsp27-E7-GFP (or pCDH-
GFP; Catalog number CD513B-1; pCDH-CMV-MCS-EF1α-
Green Puro; System Biosciences; USA), psPAX2, and
pMD2.G packaging plasmids using TurboFectTM reagent
(Fermentas, Germany). Supernatants containing the lentiviral
particles were harvested at different time intervals after trans-
fection (24 h, 48 h and 72 h) and concentrated through high-
speed centrifugation. Transfection efficiency was measured
by quantifying the percentage of cells that expressed the
Hsp27-E7-GFP fusion protein using fluorescent microscopy
and flow cytometry. The multiplicity of infection (MOI)
was determined by diluting the concentrated virions and as-
sessing the percentage of GFP-positive cells through flow
cytometry, following a formula previously outlined by Zhang
et al.[33] An optimal MOI of 20 was established to achieve
high transduction efficiency.

2.3.3 Transduction of TC-1 cell line with lentivirions
The TC-1 cell line was transduced with the lentivirions con-
taining Hsp27-E7-GFP or GFP in the presence of polybrene
(8 µg/mL) to enhance transduction efficiency. Transduction
was confirmed by comparing the GFP expression levels in
transduced and non-transduced cells using fluorescent mi-
croscopy and flow cytometry. These cells served as a valu-
able tool for isolating exosomes in subsequent experiments.

2.3.4 Exosome isolation and characterization
This study sought to isolate and characterize exosomes de-
rived from TC-1 cells expressing the Hsp27-E7-GFP fusion
protein (Exo-Hsp27-E7-GFP). To achieve this, we employed
the ExoQuick-TCTM kit (System Biosciences, USA) for ex-
osome isolation as the optimal technique. This kit facili-
tated rapid and gentle exosome isolation, crucial for pre-
serving the integrity of the engineered exosomes. Super-
natants from non-transduced TC-1 cells, and those trans-
duced with either lentivirion harboring the pCDH-GFP or
lentivirions harboring the pCDH-Hsp27-E7-GFP, were pro-
cessed using the ExoQuick-TCTM kit (named as Exo, Exo-
GFP and Exo-Hsp27-E7-GFP, respectively). Exosome quan-

tification was carried out using a bicinchoninic acid (BCA)
assay kit (Parstous, Iran). Furthermore, transmission electron
microscopy (TEM) was utilized to visualize the morphology
and size of the isolated exosomes. The zeta potential of the
isolated exosomes was determined using a Zetasizer Nano
ZSP (Malvern Instruments), providing information about
their surface charge.

To confirm the presence of exosomal markers and the trans-
duced proteins within the isolated exosomes, western blotting
was performed. The membrane was probed with primary
antibodies against the exosomal markers CD63 (1:5,000 v/v;
Abcam, USA) and CD9 (1:500 v/v; Abcam, USA), and sub-
sequently with a secondary HRP-conjugated antibody (total
IgG, 1:10,000 v/v; Sigma, Germany). To assess the presence
of the desired transduced proteins, the membrane was probed
with HRP-conjugated polyclonal GFP antibody (1:5,000 v/v;
Abcam, USA).

2.3.5 Exosome-APC interaction assay

To assess the immunostimulatory properties of the engi-
neered exosomes harboring Hsp27-E7-GFP (Exo-Hsp27-
E7-GFP), we investigated their effects on APCs. Firstly,
dendritic cells were isolated from the bone marrow of naïve
C57BL/6 mice (n = 4; 5-7-week-old; Pasteur Institute of Iran)
and cultured in complete RPMI medium (20% FBS) supple-
mented with GM-CSF (20 ng/mL) and IL-4 (10 ng/mL)
(PeproTech; USA), as described in our previous study.[34]

These DCs (5 × 105 cells/well) were then seeded in a 24-
well plate, and individually incubated with 20 µg of each
antigen candidate including Exo-Hsp27-E7-GFP, Exo-GFP,
and Exo. The cells were incubated for 48 h at 37◦C and
5% CO2, and the levels of IL-10, TNF-α, and IFN-γ were
measured using a sandwich ELISA kit (Mabtech; Sweden).
Untreated DCs served as a negative control.

Additionally, macrophages (RAW 264.7 cell line) were
cultured in DMEM supplemented with 10% FBS and 1%
penicillin-streptomycin at 37◦C in a humidified atmosphere
with 5% CO2. Cells were seeded in 24-well plates at a density
of 1 × 105 cells/well and allowed to adhere overnight. The
following day, cells were treated with Exo-Hsp27-E7-GFP,
Exo-GFP, and Exo, individually. Untreated macrophages
served as a negative control. After 48 h incubation, the cell
culture supernatants were collected and analyzed for TNF-α,
and IFN-γ, and IL-10 production using a sandwich ELISA
kit (Mabtech; Sweden), according to the manufacturer’s in-
structions. It should be mentioned that in vitro studies were
conducted in strict adherence to approved protocols and in
compliance with the highest standards of animal care at the
Pasteur Institute of Iran. This study was conducted in accor-
dance with ethics code IR.PII.REC.1400.025.
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2.3.6 Statistical analysis

Statistical analyses were performed by Prism software ver-
sion 8 (GraphPad; USA) using one-way ANOVA test and
was conducted to evaluate the differences among groups. The
results were shown as mean ± standard deviation (SD) for
each group, with a p-value less than 0.05 (p < .05) deemed
statistically significant.

3. RESULTS

3.1 Bioinformatics studies

Comprehensive in silico analysis of Hsp27-E7-GFP fusion
protein as a potential antigen candidate was performed
as compared to Hsp27-E7 fusion protein for evaluating
the physicochemical and immunostimulatory properties of
Hsp27-E7 as well as the effects of GFP on these properties.

3.1.1 3D structure modeling and validation
Based on the final models generated by the RoseTTAFOLD
server, Model 1 was selected for presentation, with Part
I representing the Hsp27-E7 structure and Part II for the
Hsp27-E7-GFP structure. The GalaxyRefine server results
indicated the most refined model as illustrated in Fig 2A.
For the Hsp27-E7 model, Ramachandran plot analysis indi-
cated that a significant majority (86.3%) of protein residues
adopted favored conformations, with the remaining residues
distributed as follows: 12.2% additional allowed, 0.4% gen-
erously allowed, and 1.1% disallowed. (Part I in Fig 2B). In
contrast, the analysis for the Hsp27-E7-GFP model showed
83.5% of residues in the favored region, 12.8% in additional
allowed, 2.1% in generously allowed, and 1.6% in disallowed
regions (Part II in Fig 2B). The ERRAT server, which eval-
uates non-bonded interactions, yielded scores of 78.235 for
Part I and 73.731 for Part II (Fig 2C). Generally, an ERRAT
score above 50 indicates good model quality.[35]

Figure 2. Final model and validation results
(A) Structure of the final model; (B) Ramachandran plot analysis, indicating that 86.3% of residues in Part I and 83.5% in Part II fall
within the favored and allowed regions; (C) ERRAT plot demonstrates that the overall quality factor for the residues of the multi-epitope
protein is 78.2% for Part I and 73.7% for Part II

3.1.2 Molecular docking outcomes

Among the evaluated TLRs, molecular docking results of the
fusion proteins with TLRs and Hsp- specific receptors were
obtained using the HDock server (see Table 1).

Docking analysis demonstrated that both the Hsp27-E7 and
Hsp27-E7-GFP fusion proteins exhibited a strong affinity for
TLR4, with docking scores of -294.94 and -286.96, respec-
tively. This finding suggests a preferential engagement of
these fusion proteins with TLR4, a critical receptor involved

in innate immune responses. Moreover, the Hsp27-E7 and
Hsp27-E7-GFP fusion proteins indicated a strong affinity for
LOX-1 receptor with docking scores of -309.68 and -281.68,
respectively as compared to other HSP-specific receptors.
However, the linkage of GFP to the Hsp27-E7 fusion pro-
tein led to a considerable decrease in docking scores across
Hsp-specific receptors, indicating that the presence of GFP
may interfere with the binding of the fusion protein to its
target receptors. The interaction between the fusion protein
and TLR4 was visualized using LigPlot+ software (see Fig-
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ure 3). The DIMPLOT program identified hydrogen bonds
interactions. Specifically, residues Asp 59, Asp 83, Ser 85,
Glu 134, His 158, Asp 208, Asp 264, Lys 263, Arg 337,
Asp 41, Arg 233, and Arg 288 from TLR4 formed hydrogen
bonds with Lys 109, Thr 112, Glu 111, Arg 106, Thr 115,
Ser 103, Asp 101, Arg 68, Asp 100, and Asp 99 from the
Hsp27-E7-GFP fusion protein. Analysis of the docking files
using the PyMOL software revealed that both the Hsp27-E7
and Hsp27-E7-GFP constructs engage with TLR4 through
amino acids situated in the N-terminal region of the Hsp27
sequence. Importantly, both constructs exhibited a compara-
ble interaction pattern with TLR4, suggesting that the Hsp27
sequence is essential for mediating this interaction.

3.1.3 Physicochemical properties
Bioinformatics analysis of the Hsp27-E7 and Hsp27-E7-GFP
fusion proteins revealed similar physicochemical properties,

suggesting potential for efficient expression and functionality.
The molecular weight of Hsp27-E7-GFP was significantly
higher (63,925.55 Da) than Hsp27-E7 (35,537.70 Da) due to
the added GFP tag, while both proteins exhibited comparable
isoelectric points, indicating similar charge characteristics at
physiological pH. The instability index suggested that both
Hsp27-E7 and Hsp27-E7-GFP were stable proteins. Notably,
both proteins were predicted to be non-allergenic, indicating
potential safety for future applications. Additionally, their
calculated solubility scores, 0.543 for Hsp27-E7 and 0.468
for Hsp27-E7-GFP, suggested that they were likely soluble
in aqueous solutions, facilitating downstream applications
(see Table 2). These bioinformatics predictions offer valu-
able insights for guiding future experimental efforts toward
optimizing protein expression, purification, and functional
characterization of these fusion proteins.

Table 1. Docking scores between final models of fusion proteins and receptors
 

 

Fusion protein TLR2 TLR3 TLR4 TLR5 TLR7 TLR8 LOX-1 CD14 SREC-1 

Hsp27-E7 -260.37 -294.44 -294.94 -284.59 -272.91 -301.25 -309.68 -294.14 -298.91 

Hsp27-E7-GFP -270.30 -283.68 -286.96 -286.86 -263.80 -267.21 -281.68 -275.27 -272 

 

Figure 3. Schematic representation of the interaction between the fusion protein and TLR4 using LigPlot+ software
This figure shows residues involved in hydrophobic interactions, hydrogen bonds, and salt bridges in the best docked conformations;
Green dashed lines represent hydrogen bonds in the Hsp27-E7-GFP/TLR4 complex
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Table 2. Physicochemical characteristics of the fusion proteins
 

 

                      MW pI 

Estimated half-life (hours) 

II 
Aliphatic 

index 
GRAVY Allergenicity Solubility Mammalian 

reticulocytes 
Yeast 

Escherichia 

coli 

mHsp27-E7 35,537.70 5.01 30 > 20 > 10 
37.25 

(stable) 
69.05 -0.471 Non-allergen 

0.543 

(soluble) 

mHSP27-E7-

GFP 
63,925.55 5.31 30 > 20 > 10 

34.53 

(stable) 
69.29 -0.513 Non-allergen 

0.468 

(soluble) 

Note. MW: Molecular weight; II: Instability index; GRAVY: Grand average of hydropathicity 

 3.1.4 Disulfide bonding prediction
The disulfide bond connectivity of the Hsp27-E7 and Hsp27-
E7-GFP constructs was predicted using the DIpro server, a
component of the SCRATCH protein predictor suite. DIpro
makes two independent predictions: first, it determines
whether disulfide bonds are present in the protein, and sec-
ond, it identifies the locations of those bonds.[27] In the case
of the Hsp27-E7 fusion protein, the analysis revealed a total
of 8 cysteine residues. Cysteines at positions 251, 285, 288,
295, 318, and 321 are likely to be involved in the formation
of three disulfide bonds. The Hsp27-E7-GFP fusion protein
possessed 10 cysteine residues. This prediction indicated that
four disulfide bonds would be formed, involving cysteines at
positions 251, 285, 288, 295, 318, 321, 391, and 413.

3.1.5 Molecular dynamics analysis
To determine the structural stability of the confirmed con-
structs (i.e., Hsp27-E7 and Hsp27-E7-GFP) and their interac-
tions with TLR4, we conducted a 10-nanosecond molecular
dynamics (MD) simulation. Analysis of the root mean square
deviation (RMSD) of the trajectory revealed that the complex
attained a stable state after approximately four nanoseconds.
Further evaluations, including root mean square fluctuation
(RMSF) and radius of gyration (Rg) analyses of the con-
structs within the TLR4, as well as the quantification of
hydrogen bonds between the construct and receptor, demon-
strated that the construct maintained stability during its inter-
actions with the receptor.[36]

The stability of the backbone atoms is inversely proportional
to the RMSD values; higher RMSD values indicate greater
instability.[37] The first 20 nanoseconds of the simulation
showed a typical RMSD increase as the proteins adjusted
to the aqueous environment.[38] The Hsp27-E7-GFP/TLR4
and Hsp27-E7/TLR4 complexes reached equilibrium around
45 nanoseconds, displaying consistent behavior throughout
the simulation duration. The average RMSD values for the
Hsp27-E7-GFP/TLR4 and Hsp27-E7/TLR4 complexes were
found to be 0.36 nm (ranging from 0.15 to 0.54 nm) and 0.4
nm (ranging from 0.25 nm to 0.55 nm), respectively. This
suggests that both fusion protein constructs exhibit a stable
interaction with TLR4, with minimal structural deviations

observed throughout the simulations. The RMSD values for
the Hsp27-E7-GFP/TLR4 complex (average 0.36 nm) were
slightly lower than those observed for the Hsp27-E7/TLR4
complex (average 0.4 nm), indicating a potentially tighter
and more stable interaction between the GFP-tagged fusion
protein and TLR4. The consistent RMSD plateaus observed
for each construct demonstrate that the structures settled into
a stable average conformation, justifying the evaluation of
local fluctuations (see Figure 4A).

Within the context of MD simulations, high RMSF values
highlight regions with greater flexibility, while low RMSF
values indicate regions that exhibit restricted movements.[37]

Small proteins generally exhibit acceptable fluctuations when
their RMSF values remain under 2Å. The comparison of fluc-
tuations in the Hsp27-E7-GFP/TLR4 and Hsp27-E7/TLR4
complexes revealed that the presence of proline residues
in the epitope sequence from residues 20 to 60 may have
resulted in greater local flexibility variation in the RMSF
values compared to the complete sequence. The RMSF
plot depicted residual fluctuations in various regions of the
protein for each construct. Also, beyond the N- and C-
terminal residues, the regions spanning residues 625 to 734
in both Hsp27-E7-GFP/TLR4 and Hsp27-E7/TLR4 com-
plexes exhibited the most significant dynamic fluctuations,
with similar behaviors observed in the regions from 1,080
to 1,110 of the Hsp27-E7-GFP/TLR4 complex. The average
RMSF values for the Hsp27-E7-GFP/TLR4 complex was
0.33 nm (ranging from 0.03 nm to 0.6 nm) and for the Hsp27-
E7/TLR4 complex was 0.45 nm (ranging from 0.1 nm to 0.8
nm) (see Figure 4B).

The Rg values calculated from the MD trajectory reveal the
protein’s compactness and rigidity during the simulation.
Higher Rg values suggest a more expanded, less compact
structure, while lower Rg values point to a tighter, more
stable configuration.[37] The Rg analysis indicated a greater
degree of expansion in the Hsp27-E7-GFP/TLR4 complex
compared to the Hsp27-E7/TLR4 complex, implying that
the latter is more stable. The Hsp27-E7/TLR4 complex had
an average Rg of 3.3 nanometers, with values ranging from
3.2 to 3.4 nanometers. In contrast, the Hsp27-E7-GFP/TLR4
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complex had a larger average Rg of 3.63 nanometers, with
values ranging from 3.58 to 3.68 nanometers. Rg plots re-
vealed fluctuations of less than 2Å for all protein systems,
providing evidence for their structural stability (see Figure
4C).

3.1.6 Normal mode analysis
The iMODS analysis revealed crucial insights into the dy-
namic behavior of the Hsp27-E7 and Hsp27-E7-GFP com-
plexes when interacting with TLR4. Utilizing a coarse-
grained alpha-carbon model, the Hsp27-E7-GFP analysis
identified 1,248 model residues and 1,260 pseudo-atoms,
with 2,416 dihedral angles contributing to the protein’s flexi-
bility. The eigenvalue spectrum indicated significant mo-
bility, particularly in mode 5, which exhibited the high-

est deformability (5.728e-05), while mode 1 displayed the
least deformability (9.345e-06). Additionally, the distance-
covariance matrix revealed coupled motions between residue
pairs, highlighting regions of correlated and anti-correlated
dynamics. In a related analysis of the Hsp27-E7 complex
with TLR4, a similar coarse-grained approach identified 970
model residues and 978 pseudo-atoms, with 1881 dihedral
angles contributing to flexibility. The eigenvalue analysis in
this case indicated significant mobility as well, particularly
in mode 2, which exhibited the highest maximum mobility
(2.975) and a maximum deformation value of 3.095e-05 (see
Figure 5). The distance-covariance matrix further empha-
sized the coupled motions between residue pairs, revealing
critical correlated and anti-correlated dynamics.

Figure 4. The RMSD (A), RMSF (B), and radius of gyration (Rg) (C) plots for the constructs in complex with TLR4
receptor: The data presented in these graphs indicate that the docked complexes achieved relative stability rapidly and
exhibited no significant structural deviations
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Figure 5. Normal mode analysis of the Hsp27-E7/TLR4 complex or the Hsp27-E7-GFP/TLR4 complex using dihedral
coordinates: The ligand-receptor interaction was assessed through comparative analysis of (A) B-factor indices, (B)
deformabilities, (C) variance, (D) eigenvalues, (E) covariance of residue indices, and (F) elastic network
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Figure 6. In silico cloning result: Schematic representation of the Hsp27-E7-GFP construct (shown in green) inserted
between the NheI (2,040) and NotI (3,752) restriction sites within the pCDH expression vector (shown in black)

Figure 7. Confirmation of pCDH-Hsp27-E7-GFP (∼6,961
bp for linearized vector and ∼1,750 bp for Hsp27-E7-GFP
gene) using NheI/ NotI enzymes: lane 1: DNA Ladder 1 kb
(Fermentas), lane 2: The digested plasmid, lane 3: The
extracted plasmid

This analysis revealed that both Hsp27-E7-GFP/TLR4 and
Hsp27-E7/TLR4 complexes exhibit significant dynamic flex-
ibility, characterized by coupled motions and deformability.
Moreover, the linkage of GFP tag to the Hsp27-E7 protein

resulted in a lower eigenvalue, indicating potentially reduced
overall flexibility. Furthermore, the GFP tag may influence
local flexibility within the complex, potentially impacting its
interaction with TLR4 or other downstream targets.

3.1.7 In silico cloning results
The nucleotide sequence of Hsp27-E7-GFP (∼1,750 bp) was
inserted into the multiple cloning site (MCS) of the pCDH
vector (∼6,961 bp), positioned between the NheI (2,040) and
NotI (3,752) restriction sites (see Figure 6).

3.2 Experimental results
While bioinformatics analysis suggests minimal impact of
GFP on the HSP27-E7 structure and binding affinities, it
is important to note that the tag could potentially influence
the protein’s function in vivo. This warrants further in vitro
studies as follows. For this purpose, at first, the recombinant
pCDH-Hsp27-E7-GFP was prepared and confirmed by the
presence of the Hsp27-E7-GFP fusion gene as a clear band
of ∼1,750 bp on agarose gel after digestion with specific
restriction enzymes (see Figure 7). Moreover, the sequence
of Hsp27-E7-GFP fusion gene was validated through Sanger
sequencing. Then, the next steps were performed to pre-
pare the engineered exosomes harboring the Hsp27-E7-GFP
fusion protein.
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Figure 8. Exosome characterization tests: Characterization of exosomes (Exo) purified from the culture supernatants of
TC-1 cells expressing Hsp27-E7-GFP: (A) TEM for determination of size and morphology; (B) Zeta sizer for determination
of surface charge/zeta potential

Figure 9. Western blot analysis for identification of
exosome markers and loaded proteins: Lanes 1, 2, 5) for
Exo-Hsp27-E7-GFP: Lane 1) CD63 marker using
anti-CD63 antibody, Lane 2) Hsp27-E7-GFP using anti-GFP
antibody, Lane 5) CD9 marker using anti-CD9 antibody;
Lane 3: GFP using anti-GFP antibody for Exo-GFP; Lane 4:
GFP using anti-GFP antibody for Exo

3.2.1 Production of the TC-1 cells expressing Hsp27-E7-
GFP

Recombinant lentivirions were produced by transfecting
Lenti-XTM HEK cells with pCDH-GFP, pCDH-Hsp27-E7-
GFP, and lentiviral packaging vectors using TurboFectTM

reagent. Flow cytometry analysis indicated a high trans-
fection efficiency, with 93.04% ± 1.4% of cells expressing
GFP and 81.20% ± 1.2% expressing Hsp27-E7-GFP after

48 hours. To maximize transduction efficiency, virions were
harvested from the supernatants of transfected cells at 24
h, 48 h, and 72 h post-transfection and used to transduce
TC-1 cells. Fluorescent microscopy revealed the presence
of green fluorescent TC-1 cells 72 hours post-transduction.
The flow cytometry results revealed that the percentage of
GFP-positive cells was 78.30% ± 1.5% in the transduced
TC-1 cells with lentivirions harboring GFP and 73.26% ±
1.2% in the transduced TC-1 cells with lentivirions harboring
Hsp27-E7-GFP.

3.2.2 Exosome isolation and characterization
SEM analysis confirmed the purity and size uniformity of
exosomes isolated from non-transduced TC-1 cells using the
ExoQuick-TCTM kit. Further characterization using TEM
and DLS techniques revealed an average diameter of 50 nm
and a specific zeta potential for the exosome populations.
TEM provided insights into the size of the exosomes, while
DLS measured their surface charge, which is important for
understanding the membrane nature of engineered exosomes.
All isolated exosomes exhibited a negative surface charge,
with values of -13.9 mV for empty exosomes (Exo), -16
mV for Exo-GFP, and -18 mV for Exo-Hsp27-E7-GFP. This
negative charge was further enhanced by the inclusion of the
Hsp27-E7-GFP protein (see Figure 8).

To fully characterize the isolated exosomes, western blot
analysis detected the well-known markers CD63 and CD9,
which appeared as distinct bands at 53-60 kDa and 24-27
kDa, respectively. Additionally, the proteins contained within
the exosomes were confirmed using an anti-GFP antibody,
which showed clear bands at approximately 65 kDa for the
Hsp27-E7-GFP fusion protein and around 27 kDa for the
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GFP protein (see Figure 9).

3.2.3 Cytokine secretion from murine APCs incubated
with the engineered exosomes

Based on the obtained data, Exo-Hsp27-E7-GFP (G3) trig-
gered a significantly stronger cytokine secretion from both
macrophages and dendritic cells compared to Exo (G1) or
Exo-GFP (G2) (see Figure 10).

The incubation of macrophages and dendritic cells with Exo-
Hsp27-E7-GFP resulted in enhanced TNF-α production com-
pared to Exo and Exo-GFP (p < .0001). Thus, more secretion

of TNF-α can related to the loaded fusion protein (Hsp27-
E7). The similar result was obtained to secret IL-10 from
APCs after incubation with Exo-Hsp27-E7-GFP as compared
to Exo and Exo-GFP (p < .05). However, Loading GFP in
exosomes (Exo-GFP) could significantly increase TNF-α
secretion compared to Exo (p < .05). However, IFN-γ is
commonly not produced by immature DCs and macrophages
as reported by published articles.[39, 40] It is interesting that
TNF-α secreted from DCs is importantly higher than TNF-α
secreted from macrophages likely due to different uptake
mechanisms.

Figure 10. Evaluation of TNF-α, IFN-γ and IL-10 secretion from A) macrophage, B) DC after incubation with Exo,
Exo-GFP and Exo-Hsp27-E7-GFP
All analyses were performed in duplicate for each sample shown as mean absorbance at 450 nm ± SD (*p < .05; ****p < .0001, ns:
non-significant)

4. DISCUSSION

Recent advances in immunotherapy have highlighted the
crucial function of heat shock proteins in stimulating im-
mune responses against cancer cells.[41] The development
of effective vaccines has led to the engineering of new cell
lines as expression platforms, emphasizing the importance
of continuous cell lines for scalability and ethical considera-
tions.[42] Given widespread prevalence of HPV infections, it
is imperative to enhance the efficiency of therapeutic HPV
vaccines.[43] Recombinant proteins often require adjuvants or
delivery systems to augment immunogenicity while simulta-
neously ensuring safety.[44, 45] HSPs have proven to be potent
immunostimulatory components for vaccine development.[46]

Various gene transfer methods, including biological, chemi-
cal, and physical approaches, offer distinct advantages, but
the ideal method must be efficient, safe, and reproducible.[47]

The TC-1 tumor cell line, derived from C57BL/6 mouse lung

epithelial cells, serves as a valuable model for preclinical
lung cancer and HPV-related studies.[48, 49]

The results from the bioinformatics analysis of the Hsp27-
E7 and Hsp27-E7-GFP fusion proteins, alongside structural
predictions made by the RoseTTAFOLD server, provide a
comprehensive understanding of their physicochemical prop-
erties and model quality. The selection of Model 1 from
RoseTTAFOLD for both constructs highlights the effective-
ness of this deep learning-based approach in generating ac-
curate protein models. The Ramachandran plot analysis
revealed that 86.3% of residues in the Hsp27-E7 model were
in the favored region, while 83.5% of residues in the Hsp27-
E7-GFP model were similarly favored. These values indicate
a high level of structural a high level of structural integrity,
which is essential for the functionality of these proteins. Fur-
thermore, the ERRAT scores obtained (78.235 for Hsp27-E7
and 73.731 for Hsp27-E7-GFP) also underscore the mod-
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els’ reliability, as scores exceeding 50 are indicative of good
model quality.[50] These scores are consistent with other
studies that have utilized ERRAT for model validation, rein-
forcing the notion that high-quality models are essential for
downstream applications, such as functional characterization
and therapeutic development.

Moreover, disulfide bond connectivity predictions using the
DIpro server further supported the structural stability of these
constructs.[25, 27] In our analysis, the Hsp27-E7 construct re-
vealed 3 disulfide bonds formed by 8 cysteine residues, while
the Hsp27-E7-GFP construct showed 4 disulfide bonds in-
volving 10 cysteine residues. On the other hand, molecular
dynamics (MD) simulations of the Hsp27-E7-GFP/TLR4
and Hsp27-E7/TLR4 complexes revealed structural stability
after approximately four nanoseconds, aligned with similar
studies on TLR4 complexes.[51] The radius of gyration (Rg)
analysis indicated that the Hsp27-E7/TLR4 complex was
more compact than the Hsp27-E7-GFP variant, consistent
with other studies reporting variations in Rg values correlat-
ing with protein-ligand complex stability.[37] Additionally,
the iMODS analysis provided valuable insights into protein
dynamics and flexibility, consistent with other studies uti-
lizing this tool for analyzing protein-protein docking and
explaining deformability in the main chain.[28, 32, 52] These
analyses collectively reinforced the potential of Hsp27-E7
and Hsp27-E7-GFP as promising antigen candidates.

In this study, TC-1 cells were significantly transduced with
lentiviral particles harboring GFP-tagged Hsp27-HPV16 E7
fusion protein. The use of polybrene significantly increased
the transduction efficacy.[53] Determining the optimal MOI is
crucial for maximizing transduction efficiency. Saltanatpour
et al. found that an MOI of 5 resulted in more than 80%
GFP-positive cells in the HT29 tumor cell line.[54] Pellinen
et al. reported varying efficiencies across cancer cell lines,
with the U-87 MG brain cancer cell line achieving the highest
efficiency at 94.9%, while the colon cancer cell line CoCa-2
showed only 8.8%.[55] While increasing the MOI can en-
hance transduction, it may also prolong cell exposure to the
virus, potentially reducing target cell lifespan.[56] In our
study, we achieved optimal transfer results for the TC-1 cell
line using an MOI of 20 and polybrene. Our results demon-
strated that engineered TC-1 cells harboring GFP-tagged
Hsp27-HPV16 E7 fusion protein achieved high expression
levels (73.26% ± 1.2%). This finding is consistent with pre-
vious studies that reported variable transduction efficiencies
among different cell lines.[51, 52]

The production of multicomponent extracellular vesicles was
shown to enhance immunotherapeutic strategies for generat-
ing effective antitumor immunity across various cancers.[57]

The presence of tumor and self-antigens in these vesicles
raises the possibility of autoimmune reactions when they
are presented by DCs.[57] To optimize their effectiveness,
enhancing the transfer of exosomes to APCs while min-
imizing potential immunosuppressive effects is essential.
This can be achieved by modifying the vesicles with fu-
sion proteins.[57, 58] In this study, Hsp27 served as an adju-
vant, utilizing its immunomodulatory properties to enhance
anti-tumor immunity.[59–61] Our study provides a comprehen-
sive evaluation of engineered exosomes harboring Hsp27-
E7-GFP, highlighting their potential as immunotherapeutic
agents. It builds upon earlier research that explored GFP-
induced immune responses and the application of exosome-
based vaccine strategies.[15, 62] Combining immunomodula-
tory molecules with tumor-derived exosomes (TDEs) could
enhance anti-tumor immune responses.[63] Hu et al. showed
that GFP can elicit immune responses, potentially inducing T
cell responses against GFP-expressing cells.[64] Our findings
highlight how exosome-bound antigens, like Hsp27-E7-GFP,
can further improve immune activation, underscoring the
critical importance of both antigen specificity and exosome
engineering in eliciting robust immune responses. Moreover,
our study emphasized the role of engineered exosomes in
enhancing immune responses, demonstrating that exosomes
carrying Hsp27-E7-GFP significantly increased TNF-α and
IL-10 secretion from dendritic cells and macrophages. The
Exo-Hsp27-E7-GFP formulation significantly increased the
level of TNF-α compared to Exo, indicating likely a Th1-
biased immune response.[65] As mentioned above, binding
Hsp27 to TLR4 can activate the release of pro-inflammatory
cytokines (e.g., TNF-α) from APCs, which enhances the
ability of immune system to target and attack tumor cells.
The TNF-α is a key player in mediating immune responses
and inflammation during tumor rejection episodes.[66] Its
anticancer effects primarily stem from the ability to induce
apoptosis in cancer cells, a mechanism that can be leveraged
for therapeutic applications in cancer treatment.[67] This
is particularly promising for anti-tumor immunity, as Th1
responses are crucial for effective cell-mediated immunity
against cancer cells.

Additionally, the DLS analysis revealing a more negative
zeta potential for Exo-Hsp27-E7-GFP compared to Exo and
Exo-GFP suggests improved stability and reduced aggrega-
tion. This characteristic could contribute to enhanced cellular
uptake and more effective antigen presentation, potentially
leading to stronger immune responses.[68]

Our results are consistent with other studies that underscores
the effectiveness of engineered exosomes in enhancing an-
titumor immunity. In a study performed by Morishita et al.,
engineered exosomes from the B16BL6 murine melanoma
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cell line were produced by transfecting cells with vector ex-
pressing streptavidin (SAV) and lactadherin (LA) as a fusion
protein on the surface. Then, the CpG DNA (an immune-
stimulating adjuvant) were added and incorporated with the
engineered exosome. These SAV-LA-CpG exosomes effec-
tively stimulated DCs and presented tumor antigens to the im-
mune system, demonstrating significant antitumor effects.[57]

Paola di Bonito et al. were also evaluated the efficiency
of engineered exosomes containing the HPV16 E7 antigen
and virus-like particles (VLPs). Both approaches effectively
stimulated CD8+ T cell immune responses; however, VLPs
are considered quite effective immunogens, and also exo-
somes virtually eliminate the risk of containing harmful viral
material.[69] On the other hand, Xie et al. engineered the
J558 myeloma cell line to produce exosomes carrying trans-
genic form of membrane-bound HSP70 and the endogenous
P1A tumor antigen. These exosomes exhibited enhanced
ability to stimulate DCs for cytokine secretion in vitro and
demonstrated potent antitumor effects in vivo.[70]

The study acknowledges several key limitations, primarily
its reliance on in vitro experiments, which, while provid-
ing valuable insights, cannot fully replicate the complexities
of in vivo environments, necessitating further research for
validation. Furthermore, while the chosen exosome isola-
tion method was effective, exploring alternative engineering
strategies or surface modifications can improve therapeutic
efficacy.

In conclusion, our findings underscore the promise of engi-
neered Exo-Hsp27-E7-GFP as a candidate for immunother-
apeutic applications such as cancer vaccines. The compre-
hensive bioinformatics analysis, molecular dynamics simula-
tions, and in vitro studies provide a robust foundation for fur-
ther research. Subsequent investigations should prioritize on
optimizing the exosome engineering process, the exploration
of synergistic combinations with other immunomodulatory
agents, and the execution of rigorous in vivo studies to eval-
uate efficacy and safety in animal models. These steps are
essential for elucidating the underlying mechanisms of their
immunomodulatory effects and for paving the way toward
potential clinical applications. Moreover, it is important to
note that while our in vitro results are promising, further in
vivo studies are necessary to fully understand the efficacy
and safety of this approach.
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