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A B S T R A C T

Mucosal vaccines offer potential benefits over parenteral vaccines for they can trigger both systemic immune 
protection and immune responses at the predominant sites of pathogen infection. However, the defense function 
of mucosal barrier remains a challenge for vaccines to overcome. Here, we show that surface modification of 
exosomes with the fragment crystallizable (Fc) part from IgG can deliver the receptor-binding domain (RBD) of 
SARS-CoV-2 to cross mucosal epithelial layer and permeate into peripheral lung through neonatal Fc receptor 
(FcRn) mediated transcytosis. The exosomes F-L-R-Exo are generated by genetically engineered dendritic cells, in 
which a fusion protein Fc-Lamp2b-RBD is expressed and anchored on the membrane. After intratracheally 
administration, F-L-R-Exo is able to induce a high level of RBD-specific IgG and IgA antibodies in the animals’ 
lungs. Furthermore, potent Th1 immune-biased T cell responses were also observed in both systemic and mucosal 
immune responses. F-L-R-Exo can protect the mice from SARS-CoV-2 pseudovirus infection after a challenge. 
These findings hold great promise for the development of a novel respiratory mucosal vaccine approach.

1. Introduction

The COVID-19 pandemic brought a great impact on society. Thanks 
to the rapid intervention of vaccines, human social activities have 
gradually returned to normal, marking the beginning of the post- 
epidemic era [1]. However, the threat of emerging and re-emerging 
infectious diseases still exists [2], and how we can do better when fac
ing possible future pandemics remains a vital problem [3–7]. Vaccines 
are the most cost-effective approach to combating infectious diseases 
[8–11]. The research and development of vaccines underwent a revo
lution during the outbreak of COVID-19. Novel vaccine platforms uti
lizing characteristics of viruses were established, such as virus-like 

particle (VLP) vaccines, DNA vaccines, mRNA vaccines, and other 
related microorganism-based vaccines [12–17]. These vaccines have not 
only laid a solid foundation but have also made significant progress in 
optimizing vaccine design and understanding immune activation.

SARS-CoV-2 is an enveloped positive-strand RNA virus that initially 
binds to the angiotensin-converting enzyme 2 (ACE2) receptor in the 
host airway epithelium through the crown-like trimeric Spike (S) protein 
on the viral surface [18,19]. Mucosa serves as the first line of defense 
against the virus, providing scope for sterilizing immunity and allowing 
the immune system to recognize and eliminate the virus [20,21]. 
Accines administered through respiratory mucosa can elicit mucosal 
immune responses and thereby generate secretory immunoglobulin A 
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(sIgA) and tissue-resident memory (Trm) cells in the mucosal area [22,
23]. Though mucosal vaccines can outperform injectable vaccination 
strategies in blocking both viral infection and transmission, significant 
hurdles exist for mucosal vaccine development, including incomplete 
knowledge of the nature of protective mucosal immune responses and 
the difficulties for vaccines to overcome the harsh environment of the 
mucosal barrier [24]. Given the protective nature of the mucosal barrier 
and its unique cellular composition, vaccine strategies should be spe
cifically tailored rather than simply redeploying injectable vaccines [24,
25]. For example, to enhance mucosal immune effects, Xiao et al. used 
cGAMP, mannan, and polyarginine to assemble nanoparticle vaccines 
under electrostatic interaction. Nasal administration of these vaccines 
induced mucosal IgA and IgG responses in bronchoalveolar lavage and 
nasal lavage [26]. To reduce the interference of barriers such as the 
mucus layer, Rakhra et al. covalently conjugated protein antigen and an 
amphipathic lipid, which was used as a lung mucosal vaccine [27]. This 
vaccine can bind to abundant albumin in the lung and be transported 
across the lung mucosal epithelium in a "hitchhiking" fashion by FcRn. 
The results showed that the vaccine under study resulted in a 25-fold 
increase in pulmonary Trm [27]. These studies represent some of the 

approaches that have successfully crossed the epithelial cells of the lung 
mucosa.

Extracellular vesicles (EVs), especially exosomes, which are released 
by almost all cells and have a diameter of 30–150 nm, play a crucial role 
in the transmission of information and exchange of materials between 
cells [28,29]. In recent years, exosomes derived from immune cells, such 
as macrophages, lymphocytes, and dendritic cells, have played an 
important role in regulating immune responses, antiviral immunity, and 
other immunological processes [30,31]. Specifically, DC-derived exo
somes possess various advantages [32]. They carry co-stimulatory fac
tors like CD80, CD86, MHC-I, and MHC-II, which endow them with the 
possibility of directly activating T cells. Meanwhile, by leveraging their 
homing abilities and the size effect of nano-scale particles, DC-derived 
exosomes exhibit significant advantages in delivery and immune acti
vation, thereby enabling them to stimulate and regulate the immune 
system more effectively [33–36]. For example, the immunological effi
cacy of cross-dressing by exosomes was shown in experiments where 
pMHC-I complexes transferred by exosomes isolated from cultured 
human DCs could provide naive DCs with the capacity to efficiently 
prime melanoma-specific CD8 T cells in HLA-A2 transgenic mice [37]. 

Fig. 1. Fc-lamp2b-RBD can induce mucosal-associated immunity in mice to neutralize SARS-CoV-2 and protect their lungs. A. The fusion gene was transfected to 
DC2.4 cells and the exosomes were extracted. B. The exosomes were administrated intratracheally and across the epithelial barrier via FcRn mediated transcytosis. 
This process induced both mucosal and systemic immune response in mice. The schematic was created using Biorender.
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Furthermore, lung-derived exosomes have been explored as carriers for 
mRNA and protein drugs, which were delivered to the lungs of rodents 
and nonhuman primates through dry powder inhalation [38,39]. These 
mRNA-loaded cellular EVs induced a more potent immunoglobulin IgG 
and sIgA response than their counterparts, showcasing their potential 
for mucosal immunization.

In this study, we designed a novel chimeric protein by fusing Fc and 
the receptor binding domain of SARS-CoV-2 (RBD) to lysosomal- 
associated membrane protein 2b (Lamp2b). After transfecting DC2.4 
cells with the plasmid encoding the fusion protein, the exosomes were 
decorated with Fc fragments on the ectodomain and RBD segments on 
the internal domain. Fc endowed the exosomes with good lung epithelial 
layer transmission ability via FcRn-mediated transcytosis [40], Lamp2b 
served as an exosome membrane anchor to increase the fusion protein 
density [41], and RBD played a vital role in activating the anti-viral 
immune response [42]. By engineering exosomes with this fusion pro
tein, we hypothesize that the exosomes will elicit a better mucosal im
mune response by crossing the epithelial layer more effectively (Fig. 1).

2. Materials and methods

2.1. Cell culture

DC2.4 was derived from the American Type Culture Collection 
(ATCC), and the cells were cultured in Dulbecco’s Modified Eagle Me
dium (DMEM) complete medium (with 10 % fetal bovine serum and 1 % 
penicillin/streptomycin). After the cells had grown to 80–90 % conflu
ence, the culture supernatant was discarded, the cells were washed with 
PBS 1–2 times, and 2 mL of 0.25 % trypsin was added. After 30 s to 1 min 
of digestion, twice the amount of medium was added to terminate 
digestion. After centrifugation at 1000 rpm for 3 min, the supernatant 
was removed and the cells were resuspended in fresh complete medium, 
which was then distributed to a new dish.

2.2. Plasmid design and construction

First, the Fc sequence was obtained from the pUSE-higG1-FC2 
plasmid and loaded into the plasmid vector pCDNA3.1 through 
enzyme digestion and ligation. The Lamp2b sequence (GenBank: 
AK304405.1) and RBD sequence (YP_009,724,390) were searched on 
the NCBI website. A linker (GGGGS)*3 was added between each protein, 
and a Flag tag protein was appended to the end of the sequence to create 
the Fc-Lamp2b-RBD plasmid. This process was performed by Tsingke 
Biotechnology Co., Ltd. Similarly, the Fc or RBD sequences were 
removed to form Lamp2b-RBD plasmids or Fc-Lamp2b plasmids.

2.3. Exosomes isolation and characterization

When the growth density of non-transfected DC2.4 cells reaches 
80%–90 %, wash them twice with PBS. Then, add DMEM medium 
without serum and penicillin/streptomycin and culture for two days. 
Next, subject the DC2.4 cell supernatant to gradient centrifugation at 
500g for 10 min, followed by 2000 g for 10 min, and finally 10,000 g for 
30 min. This process helps remove any remaining cells and debris. After 
that, transfer the supernatant to a 100 kDa Amicon centrifugal filter 
device (Millipore Sigma) and collect the filtered exosomes by centri
fuging at 3500 rpm for 10 min. The obtained filtrate should then be 
subjected to centrifugation at 150,000 g for 1 h and 30 min. Remove the 
supernatant and use Dulbecco’s phosphate-buffered saline (DPBS, 
Solarbio) along with 25 mM trehalose (Millipore Sigma) to resuspend 
the exosomes for further analysis.

The collection of engineered exosomes requires the extraction of 
exosomes after the transfection of DC2.4 cells. Simply put, DC2.4 cells 
need to be treated with (1.5 μg/mL) plasmid in each dish, and then the 
medium should be replaced with complete DMEM medium after 8 h to 
continue the culture. After 60 h, the cell supernatant is collected, and the 

exosome extraction process is repeated to obtain engineered exosomes.
After the obtained exosomes were diluted, F-L-R-Exo and L-R-Exo 

were analyzed by Nanoparticle Tracking Analysis (NTA). The obtained 
exosomes were immobilized on a copper mesh, stained with tungsten 
phosphate, and analyzed by transmission electron microscopy (Hitachi 
HT7800) to observe the particle size and shape changes of the exosomes 
before and after engineering. In order to verify that the Fc protein is 
embedded on the surface of exosomes, F-L-R-Exo was incubated with 
IgG H&L (6 nm Gold)-pre-adsorbed secondary antibody (ab105294, 
abcam) directly in the refrigerator at 4 ◦C overnight. After ultracentri
fugation at 10,000 g for 30 min, the unbound antibody was removed. 
Finally, the sample was stained and observed.

2.4. Expression and characterization of the fusion protein

Using CD9 (ab236630, abcam), CD63 (ab134045, abcam), Alix 
(ab275377, abcam), GM130 (ab52649, abcam), and the DDDDK tag 
(ab205606, abcam), the primary antibodies were used to perform 
Western blotting analysis on the engineered exosomes or DC2.4 cells in 
order to characterize the specific markers of exosomes and the expres
sion of target proteins. After being transfected, DC2.4 cells were incu
bated with a DDDDK tag antibody, washed twice with PBS, conjugated 
to a FITC secondary antibody, observed under a confocal laser scanning 
microscope (CSIM 100/110, SUNNY), or harvested for examination in a 
flow cytometer (Attune NxT, Invitrogen).

2.5. Exosome content detection

Exosomes were extracted from transfected DC2.4 cells and collected 
in RIPA or PBS. The concentration or yield of exosomes was determined 
using NTA. Then, SARS-CoV-2 (2019-nCoV) Spike RBD ELISA Kit was 
used to detect the RBD proteins contained in the exosomes, based on the 
corresponding particle count, according to the instructions provided. 
Finally, the number of RBD proteins carried by each exosome was 
calculated based on the molecular weight of the fusion protein.

2.6. LNPs self-assembly

Dissolve the lipid components (SM-102, cholesterol, DSPC, DMG- 
PEG2000) in ethanol to obtain a clear lipid solution. The molar ratio 
of SM-102, cholesterol, DSPC, and DMG-PEG2000 is 50:38.5:10:1.5. The 
total concentration of lipids is 10 mM. Prepare 25 mM citrate buffer 
solution at the pH 4.0, which acts as the aqueous phase. Load the lipid 
solution into a syringe and the aqueous buffer into another syringe. 
Connect the syringes to the microfluidic mixing device. Set the total flow 
rates at 8 ml/min. The flow rate ratio of lipid solution and aqueous phase 
is 1:3. Collect the LNP dispersion at the outlet of the microfluidic device. 
The LNPs were eluted twice with phosphate-buffered saline (PBS, pH 
7.4) and centrifuged at 4 ◦C (~3500 rpm) using a 100 kDa MWCO 
centrifugal filter (Millipore, Burlington, MA). Subsequently, they were 
eluted and concentrated using PBS solution containing 10 % sucrose. 
LNPs were eventually filtered through a 0.22 μm filter membrane.

2.7. Stability study of exosomes

Exosomes were collected in DPBS containing 25 mM trehalose, and 
their morphology, particle size, and RBD protein content were observed 
under NTA and transmission electron microscopy after being cultured at 
room temperature for 2 days, room temperature for 2 weeks, and 4 ◦C 
for 2 weeks.

2.7.1. The targeting ability of F-L-R-Exo/LNPs following intratracheal 
injection

F-L-R-Exo/LNPs were labeled with fluorescent dye 1,1-dioctadecyl- 
3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) (dye concentra
tion, 0.05 mM). After incubation at 37 ◦C for 2 h, the unbounded dye was 
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separated using an Exosome Spin Columns (Invitrogen), and removed by 
centrifugation at10,000 g, 4 ◦C for 15 min. Then, the resultant DiR- 
labeled F-L-R-Exo/LNPs were intratracheal injected into the lung at a 
dose of 109 particles per mouse. The IVIS Spectrum Imaging System 
(PerkinElmer) was used for observation of the fluorescent signal. For ex 
vivo visualization, the major organs were harvested at any time points, 
and the DiR fluorescent signal was measured.

2.8. Construction of lung epithelial model

Calu-3 cells (CL-0054; Pricella) were cultured in Minimum Essential 
Medium (containing NEAA), supplemented with 10 % fetal bovine 
serum and 1 % penicillin/streptomycin to create a complete medium. 
Calu-3 cells were changed every other day when they were seeded on 
Petri dishes. After three passages, the cells were digested with trypsin- 
EDTA and counted using a cell counter (Countess 3, Invitrogen). The 
cells were resuspended in complete medium to achieve a cell density of 
about 2 × 105 cells/mL. Once the cells were full in the transwell 
membrane, the culture medium in the transwell chamber was discarded, 
and only the culture medium on the lower side was supplied to initiate 
air-liquid interface culture. The resistance value was measured every 3 
days during the air-liquid culture. After equilibrating in the incubator 
for 20–30 min, a resistance meter was connected, an electrode tip was 
inserted into the transwell chamber, and the measurement and reading 
were started. Three different positions were measured in each well, the 
average value was calculated, and the value of the blank well was sub
tracted. The transwell membrane surface area (1.12 cm2) is used to 
calculate the trans-epithelium electrical resistance (TEER), which is the 
resistance across the epithelial layer. When the TEER value of Calu-3 
cells cultured with ALI reached 500–800 Ω•cm2, the tight junction 
epithelial model was formed. The extracted F-L-R-Exo and L-R-Exo were 
incubated with FcRn antibody (ab228975, abcam) in the transwell 
model for 24 h, and NTA was used to detect the number of particles 
containing fluorescence in the lower side of the transwell medium at a 
488 nm wavelength.

2.9. Internalization of exosomes by DC2.4 cells

Commercial RBD protein (40592-V08B, SinoBiological) was labeled 
with FITC, and engineered exosomes’ RBD protein was labeled with 
antibody. DC2.4 cells were cultured for another 4h, and then washed 
with PBS twice. The cells were collected and analyzed by flow 
cytometry.

2.10. Biosafety and ethics

All studies complied with the requirements of the Institutional Ani
mal Care and Use Committee (IACUC-DWZX-2023-516). Female BALB/c 
mice or K18-hAEC2 mice, aged 6–8 weeks, were obtained from Beijing 
Vital River Laboratory Animal Technology Co. Ltd. L-R-Exo, F-L-R-Exo 
treatments (1010 per kg of mouse weight) and RBD-Lipo treatments 
(1.26 × 1010 per kg of mouse weight) were given in two doses, once a 
week for 2 weeks, via nebulization or IV injection. All animal studies 
were conducted under ethical codes and approved by the local ethics 
committee.

2.11. Enzyme-linked immunosorbent assay

Commercial RBD proteins were diluted in coating solution (0.1 M, 
pH 9.6) and coated in 96-well EIA/RIA plates (Coning) overnight at 4 ◦C. 
They were then washed three times with PBST (0.05 % Tween-20) and 
blocked with 150 μL of blocking solution (2 % BSA, PBST) added to each 
well for 2 h. Then, 300 μL of PBST wash solution was added to each well 
of the 96-well plate for three washes. Serum/bronchoalveolar lavage 
fluid (BALF) samples were diluted with 0.1 % BSA (PBST) in the first 
well (1/300), and then diluted 3 times further, with 100 μL per well, and 

incubated at 37 ◦C for 1 h. After washing, the samples were assayed for 1 
h with HRP-conjugated goat anti-mouse IgG antibody (1:2000) or HRP- 
conjugated goat anti-mouse IgA antibody (1:5000). For the mouse 
experiment, IgG subclasses were determined for 1 h using HRP- 
conjugated goat anti-mouse IgG2a monoclonal antibody (ab97245, 
abcam) and HRP-conjugated goat anti-mouse IgG1 monoclonal antibody 
(ab97240, abcam), followed by five washes of the plate with PBST. TMB 
substrate (Solarbio) was used for color development, which was then 
terminated by adding 50 μL of termination solution. Absorbance was 
read at 450 nm using a microplate reader within 10 min. An OD value 
higher than twice the OD value of a negative serum was considered 
positive, and the maximum dilution was the titer value of the antigen- 
specific antibody in the serum of that sample.

2.11.1. Cytokine measurement in splenocytes and pneumonocytes
Each vaccinated mouse was challenged with RBD peptide pools (4 

μg/mL/peptide) and placed into Elispot wells (Splenocytes 106/well, 
Lung cell 5 × 105/well) (MSIPS4W10, Millipore) that were coated with 
anti-mouse IFN-γ capture antibody (5179021, biolegend). After 22 h of 
culture, the supernatant was discarded, then the cells were lysed twice 
with precooled pure water, and the cells were incubated for 2 h at room 
temperature with biotinylated IFN-γ detection antibody (505704, bio
legend) in each well. After washing, the incubation was continued with 
HRP Avidin (405103, biolegend) for 1h. Finally, TMB substrate was 
added for color development for 30min, and the color reaction was 
terminated using a clear rinse board. The plates were then placed in a 
dry environment in the dark until completely dry. The number of spots 
formed was analyzed and counted by a plate reading instrument 
(ImmunoSpot® Analyzers).

2.11.2. Immune activation of pneumocytes
Splenocytes were harvested on day 21 post-inoculation and seeded 

into 96-well plates at a density of 106 cells/well. The splenocytes were 
stimulated with SARS-CoV-2-S RBD (PP002-A, SinoBiological) (5 μg/ 
mL) for 1h in a cell incubator. Then Brefeldin A (1 μg/mL) was added to 
the splenocytes for another 5 h, and the cells were collected. CD3-PE 
(100205, biolegend), CD4-FITC (100405, biolegend), and CD8a-Pacific 
Blue (506715, biolegend) were used for phenotypic staining. For intra
cellular factor staining, IFN-γ (505809, biolegend), TNF-α (506307, 
biolegend), IL-4 (504105, biolegend), and IL-2 (503809, biolegend) 
were used. After 1 h of intracellular factor staining incubation, the cells 
were washed and examined by flow cytometry (Attune NxT, Invitrogen).

2.12. SARS-CoV-2 D614G pseudovirus challenge

For in vitro imaging experiments, mice were immunized with F-L-R- 
Exo and L-R-Exo for two weeks. On day 21, 40 μL of SARS-CoV-2 
(D614G)-GFP-Luc pseudovirus (XCV03, Novoprotein) was delivered to 
the lungs of each mouse. The lungs of the mice were injected with 100 μL 
of potassium fluorescein solution, and 2 min later, the lungs were 
removed. The experimental data were quantitatively analyzed using a 
mouse in vivo imager (IVIS Spectrum, PerkinElmer) and Living Image 
software.

2.13. Pseudovirus microneutralization assay

After immunization, 150 μL of blood was collected from the inner 
canthus vein of the mouse. The blood samples were left at room tem
perature for 4h, centrifuged at 5000 rpm for 10min, and inactivated with 
complement at 56 ◦C for 30min. The Hela-hACE2 cells were resuscitated 
and adjusted to the desired state. The cells were screened with G418 
(ant-gn-1, InvivoGen), HygromycinB Gold (ant-hg-1, InvivoGen), and 
cultured for 3 days, with the solution being changed every other day. 
The diluted serum sample was added to a 96-well plate, and 10 μL of 
SARS-CoV-2 D614G was added to each well. The plate was then placed 
in an incubator at 37 ◦C for 1h. After that, adjusted Hela-hACE2 cells 

F. Meng et al.                                                                                                                                                                                                                                    Bioactive Materials 42 (2024) 573–586 

576 



(5.0 × 104/well) were added to the virus-serum complexes, and the cells 
were incubated for 48 h. After incubation, the cell supernatant was 
removed, the cells were lysed, and the luciferase signal was detected 
using the Bright-Glo firefly luciferase kit (Promega). The neutralization 
rate was calculated, and the EC50 titer was determined.

2.14. Statistical analysis

All quantitative experiments were repeated three times indepen
dently, and data are presented as mean ± SD. The unpaired nonpara
metric Mann-Whitney test was used to compare the values between the 
two groups. A one-way ANOVA was used to compare the differences 
between the two groups. GraphPad Prism was used for all statistical 
analyses. P value less than 0.05 is considered to indicate statistical 
significance.

3. Results

3.1. Preparation and characterization of exosomes carrying Fc-Lamp2b- 
RBD

To express the fusion protein on exosomes, we fused the mammalian- 
optimized Fc sequence (GenBank: KY053479.1), Lamp2b sequence 
(GenBank: AK304405.1), and RBD sequence (R319-F541; GenBank: 
OP912878.1) in a plasmid using pcDNA3.1 as a vector and named it F-L- 
R (Fig. 2a). Lamp2b-RBD (L-R) was used as a comparison. The intra
cellular expression of F-L-R and L-R was confirmed by immunofluores
cence, showing that the target proteins were localized on the cell 
membrane of DC2.4 cells (Fig. 2b). Flow cytometry and reverse tran
scription quantitative polymerase chain reaction (RT-qPCR) were used 
to further confirm the expression of the target proteins, as 65 ± 5 % of 
cells showed positive staining (Fig. 2c and Supplementary Fig. 1). Exo
somes secreted by DC2.4 cells were obtained through gradient centri
fugation and ultracentrifugation. The presence of positive markers CD9, 
CD63, Alix, and the absence of the negative marker GM130 in the 
exosomes were confirmed (Fig. 2d) Transmission electron microscopy 
(TEM) showed the uniformity of the harvested exosomes, with a typical 
cup-shaped appearance (Fig. 2e). The size of the exosomes was deter
mined using nanoparticle tracking analysis (NTA), and the average 
particle size of the exosomes was found to be approximately 100–120 
nm (Fig. 2f). To confirm the successful loading of F-L-R and L-R, we first 
labeled F-L-R with gold nanoparticles and characterized the exosomes 
by TEM. Results showed that Fc fragments were successfully detected on 
the outer membrane of exosomes, with 3 Fc fragments labeled on each 
exosome (Fig. 2g). Additionally, NTA results showed a slight increase in 
the particle size of F-L-R-Exo (Fig. 2h). Furthermore, Western blot ex
periments using lysates of F-L-R-Exo and L-R-Exo demonstrated the 
presence of specific bands with predicted molecular weights (Fig. 2i). 
These findings provide evidence for the successful loading of fusion 
proteins onto exosomes. To quantify the incorporated RBD antigens in 
the exosomes, an enzyme-linked immunosorbent assay (ELISA) was 
performed using intact exosomes or their lysate. Almost no RBD could be 
detected in intact exosomes, suggesting that the antigens may be 
incorporated into the lumen of exosomes with undetectable leakage. 
After lysis, RBD was quantified to be 332 ± 15 pg per 108 exosomes 
(Fig. 2j). The exosomes could be effectively preserved for at least 2 
weeks at room temperature without observable changes in morphology 
(Fig. 2k and Supplementary Fig. 2), particle size, particle concentration, 
or RBD protein content (Fig. 2l), indicating good stability of the 
exosomes.

3.2. The biodistribution of exosomes in lung is better than that of LNPs

Lipid nanoparticles (LNPs), as the only approved mRNA vaccine 
delivery materials by the U.S. Food and Drug Administration (FDA), 
showed their superiority in combating the pandemic of COVID-19 and 

hold exceptional promise for additional therapeutic strategies. There
fore, LNPs were used as a counterpart to study the retention and dis
tribution of exosomes in mouse lungs [43]. To achieve this, LNPs were 
prepared by a microfluidic chip as previously described (Supplementary 
Fig. 3), and the particle concentrations of LNPs and F-L-R-Exo were 
equalized (1.0E+10 particles/mL) before intratracheal administration 
(Fig. 3a). In vivo imaging demonstrated that both LNPs and exosomes 
reached the lungs after 2 h. However, the distribution and retention of 
exosomes in the lung were significantly higher than that of LNPs after 
24 h (Supplementary Fig. 4). Meanwhile, F-L-R-Exo exhibited substan
tial retention in the lung after 24 h, whereas LNPs decreased rapidly 
after 24 h (Fig. 3c). To further quantify the disparity between LNPs and 
exosomes, the lungs of the mice were removed after 4 h and 24 h after 
administration for immunofluorescence analysis (Fig. 3d). The results 
showed that compared to exosomes, more LNPs were trapped in the 
trachea at both 4 h and 24 h (Fig. 3e). The distribution of exosomes in 
the bronchioles was found to be highest at 24 h after administration 
(Fig. 3f). By Fc decoration, exosomes were supposed to cross the lung 
epithelial cells and penetrate to the lung parenchyma efficiently. As 
expected, exosomes showed a significantly higher fluorescence signal in 
lung parenchyma at both 4h and 24h (Fig. 3g).

To confirm whether F-L-R-Exo pass through lung epithelial cells 
mainly relies on FcRn-mediated transcytosis, we established an in vitro 
model using Calu-3 cells that express FcRn when polarized [44]. In the 
control group, FcRn was blocked using antibodies and the experiment 
was conducted in a transwell chamber. Following incubation, NTA was 
used to measure the number of exosome particles in the lower chamber. 
The results revealed that F-L-R-Exo exhibited a significantly higher 
retention of particles in the lower compartment compared to the L-R-Exo 
and anti-FcRn-Exo groups (Fig. 3h), indicating the dominating role of 
FcRn during the process of exosomes passing through the lung epithelial 
barrier.

To determine whether exosomes could be taken up by DC cells after 
penetrating the lung parenchyma, high levels of CD11c + antigen pre
senting cells, which were induced by F-L-R-Exo, were detected in BALB/ 
c mice 21 days after immunization (Fig. 3i). Flow cytometry was 
employed to quantify the uptake of F-L-R-Exo, and the commercial RBD 
protein was used as a control. Both F-L-R-Exo and the commercial RBD 
protein were incubated in DC2.4 cells at an equivalent RBD concentra
tion. The results revealed that the cells exhibited minimal or no uptake 
of commercial RBD proteins. In contrast, F-L-R-Exo exhibited remark
ably higher uptake ability (Fig. 3j). In addition, RBD protein could not 
only activate DC2.4 cells in vitro (Supplementary Fig. 5), but the F-L-R- 
Exo, which was extracted, also carried costimulatory cytokines CD80 
and CD86, speculated to activate T cells with high intensity and induce 
immune responses (Supplementary Fig. 6).

3.3. F-L-R-exo effectively induced mucosal immune response

BALB/c mice were vaccinated twice a week with placebo (PBS), L-R- 
Exo (intratracheally), F-L-R-Exo (intratracheally), and once with F-L-R- 
Exo (intramuscularly, IM) (Fig. 4a). RBD-specific IgG antibody titers 
were measured at Week 1 and Week 3. Although no significant differ
ence was observed between the groups at Week 1, the antibody titers in 
the F-L-R-Exo group were generally 3 to 9 times higher than those in the 
F-L-R-Exo (IM) group (Fig. 4b). On day 21 after inoculation, F-L-R-Exo 
induced the highest levels of RBD-specific IgG antibodies, with a sig
nificant difference in titers compared to the L-R-Exo and F-L-R-Exo (IM) 
groups (Fig. 4c). Then, the subclass spectrum of RBD-specific antibody in 
serum was evaluated and found that mice treated with F-L-R-Exo 
showed higher IgG2a antibody titers, while mice treated with F-L-R-Exo 
(IM) had higher IgG1 antibody titers. These results suggest that intra
tracheal delivery induced a Th1-type immune response in mice, with a 
ratio of IgG2a/IgG1 > 1. Additionally, the RBD-specific IgG and sIgA 
antibody titers in the bronchoalveolar lavage fluid were detected 
(Fig. 4e and f). The results revealed that the F-L-R-Exo (IM) group had 
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Fig. 2. Characterization of the fusion proteins. a, a schematic illustration of Fc-Lamp2b-RBD loaded on exosomes after transfection of plasmids to DC2.4 cells. b, 
Representative immunostaining of DC2.4 cells for DAPI (blue) and membrane (red) or Flag (green). Scale bar, 10 μm c, Cellular expression of F-L-R and L-R (left) and 
the mean fluorescence intensity (MFI, right), verified by flow cytometry. (n = 3) d, Immunoblotting of CD9, CD63, Alix, and GM130 of lysed cells and Exo. e, TEM 
image of DC-Exo. Scale bar, 100 nm. f, DC-Exo concentration and particle size was detected by NTA, and the original concentration was diluted by 1:1000, (n = 3). g, 
TEM image of F-L-R-Exo. RBD protein signals were found using antibodies labeled with gold nanoparticles with a diameter of 6 nm. Scale bar, 100 nm. h, F-L-R-Exo 
concentration and particle size was detected by NTA, and the original concentration was diluted by 1:1000. (n = 3) i, Immunoblot using lysis of cells, F-L-R-Exo, and 
L-R-Exo. Anti-flag antibody was used for characterization. j, The RBD protein concentration of intact exosomes and their lysis was detected by ELISA. (n = 3) k, TEM 
images of F-L-R-Exo under different storage conditions. Scale bars, 50 nm l, The size and the particle and RBD protein content concentration of F-L-R-Exo under 
different storage conditions. (n = 3) Experiments were performed three times (b–i). Data in c, f, h, j, i are represented as mean ± SD. ns, not significant. All replication 
is biological.
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negligible levels of RBD-specific sIgA antibody titers, whereas the F-L-R- 
Exo group exhibited a 10-fold higher sIgA antibody titer compared to the 
L-R-Exo group. The results of the study showed that intratracheal 
administration successfully induced a mucosal immune response. 
Furthermore, the findings suggested that exosomes modified with Fc 
were more effective in eliciting this response.

Naive B cells were stimulated with antigens and activated with the 
assistance of T cells in peripheral immune organs. Subsequently, they 
entered a proliferative state to form Germinal Center B cells (GC B). The 
induction of high-quality durable B cells relies on the GC response [45]. 
We collected whole lung cells from mice after 2 weeks of immunization 
for GC B cell analysis. Results showed that F-L-R-Exo immunization led 
to a significant increase of GC B cells (Supplementary Fig. 7), while the 
F-L-R-Exo (IM) group did not show a significant difference compared to 
the L-R-Exo group and the PBS group (Fig. 4g). Apart from B cell re
sponses, T cell responses, especially tissue-resident memory T cells, also 
play a vital role in clearing virus at the site of infection [46]. Hence, lung 
Trm response was evaluated at 21 days, and the results showed that 
F-L-R-Exo elicited a potent Trm response (Fig. 4h) (Supplementary 
Fig. 8). Such results were further observed in lung tissue, when 
F-L-R-Exo was immunized intratracheally, but not intramuscularly, 
inducing the formation of bronchial associated lymphoid tissue (iBALT) 
(Supplementary Fig. 9) [32].

3.4. F-L-R-exo induced a strong Th1-biased immune response

Strong immune responses were induced by F-L-R-Exo in the lungs of 
BALB/c mice. FcRn is expressed not only on epithelial cells but also on 
the surfaces of many lymphocytes and actively participates in antigen 
presentation pathways leading to immune cell activation, proliferation, 
and T cell interactions [47]. Thus, FcRn may have the potential to 
amplify the immune response, leading to a higher level of cytokines like 
IFN-γ [48].

To assess T cell responses induced by F-L-R-Exo in mice, splenocytes 
and pneumonocytes were stimulated with an RBD-peptide pool respec
tively, and the RBD-specific T cells were quantified using an enzyme- 
linked immunospot assay (Elispot). Following stimulation of lung cells 
with the polypeptide pool, a robust Th1-polarized T cell response was 
elicited upon immunization, demonstrated by increased levels of RBD- 
specific IFN-γ-producing T cells in both the lung and spleen (Fig. 5a). 
Notably, F-L-R-Exo administered intratracheally induced approximately 
500 spot-forming units per 10∧6 pneumonocytes, which was signifi
cantly higher compared to the other groups. Interestingly, higher levels 
of IFN-γ were observed in splenocytes of the IM group compared with 
the intratracheal instillation group, but with no significant difference 
(Fig. 5b). To investigate the reason, splenocytes of BALB/c mice were 
collected 4 weeks after immunization, and the cytokines released by T 
cells after stimulation with the RBD peptide pool were detected by 
intracellular cytokine staining (ICS) assay. F-L-R-Exo significantly 
increased the release of TH1 type cytokines in RBD-specific CD8+T cells, 
such as IFN-γ, IL-2, TNF-α, and a small amount of IL-4. When F-L-R-Exo 
was administered to the lung, it also caused CD8+T cells to be biased 
towards Th1 immunity (Fig. 5c, d, e, f). On the other hand, intramus
cular administration of F-L-R-Exo led to higher levels of IFN-γ and IL-4 in 
CD4+ T cells (Fig. 5g, h, i, j). These results suggest that F-L-R-Exo may 

require a sufficient number of CD4+ T helper cells to induce a high- 
quality immune response by intramuscular injection. Ultimately, these 
results are consistent with the IgG2a/IgG1 ratio in vaccinated mice. 
Thus, intratracheally administered F-L-R-Exo could induce a Th1-biased 
immune response.

Safety assessments were performed on BALB/c mice on day 21 of 
immunization. There were no obvious pathological changes in the 
pathological sections of the main organs, and the body weight of mice in 
all groups did not change significantly during the treatment process 
(Supplementary Fig. 10). The systemic toxicity of different vaccines was 
evaluated by measuring biochemical markers. The results showed that 
all serum biochemistry parameters remained at normal levels 
(Supplementary Fig. 11).

3.5. F-L-R-exo can achieve efficient clearance of pseudoviruses

BALB/c mice exhibited good immune responses in immunological 
experiments. To further assess the immune effects in different mouse 
strains, K18-hACE2 transgenic mice were immunized using the same 
procedure (Fig. 6a). After three weeks of immunization, a higher level of 
RBD-specific IgG antibody titers in serum (Supplementary Fig. 12a) and 
a higher level of RBD-specific sIgA titers in BALF were again observed in 
the F-L-R-Exo group (Supplementary Fig. 12b).

On day 21 post-immunization, K18-hACE2 mice were infected with 
SARS-CoV-2 D614G pseudovirus through intratracheal administration. 
Two days after infection, luciferase activity and green fluorescent pro
tein (GFP) expression were detected. Ex vivo lung imaging results 
revealed that mice in the PBS group had a large area of pseudovirus 
infection and the highest fluorescence intensity. Both L-R-Exo and F-L-R- 
Exo (IM) groups showed a high level of viral infection in the lungs, 
though lower than in the PBS group. However, the F-L-R-Exo group 
exhibited extremely low levels of virus infection, indicating a good 
protective effect of the vaccine (Fig. 6b). Immunofluorescence results of 
the lungs again showed that the SARS-CoV-2 D614G pseudovirus was 
less distributed in the trachea in the F-L-R-Exo and L-R-Exo groups 
compared to the F-L-R-Exo (IM)-treated group. Additionally, the GFP 
signal in the lung parenchyma was significantly reduced in the F-L-R- 
Exo group (Fig. 6c–e). These results proved that F-L-R-Exo accelerated 
the clearance of SARS-CoV-2 D614G pseudovirus in the lung paren
chyma. To further investigate the clearance efficiency, lung cells were 
collected and the GFP fluorescence was measured using flow cytometry. 
The results were consistent with the ex vivo imaging of lung tissues, 
showing a significantly higher virus clearance efficiency in the F-L-R- 
Exo group (Fig. 6f). Apart from mucosal immunity, a pseudovirus 
neutralization assay was performed to assess the neutralizing capacity of 
antibodies elicited by the vaccines. Neutralizing antibodies were 
detected in the sera of each vaccinated group. Among these groups, F-L- 
R-Exo exhibited the highest neutralizing antibody titer, while the L-R- 
Exo and F-L-R-Exo (IM) groups had equal levels of neutralizing anti
bodies. These findings suggest that F-L-R-Exo was able to elicit both 
mucosal and humoral immune responses against the SARS-CoV-2 
D614G pseudovirus.

Fig. 3. Distribution and uptake of engineered exosomes in the lungs. a. Exosomes/LNPs were administered intratracheally to monitor lung tissue distribution over 
time in BALB/c mice (n = 3). b, Comparison of biodistribution among LNPs, L-R-Exo and F-L-R-Exo. BALB/c mice were delivered DIR-labeled LNPs, L-R-Exo, and F-L- 
R-Exo to the lungs, and were imaged in vivo at 4, 6, 24, 48 and72 h c, Ex vivo imaging of mouse lung tissue captured at various time intervals, (n = 3). d, Im
munostaining of DAPI (blue), phalloidin (green), and exosomes (red) or LNPs (red) in whole lung, trachea, bronchus, and parenchyma sections. The whole lung. Scale 
bar, 2000 μm. These images were obtained under × 10 magnification. The trachea. Scale bar, 100 μm. The bronchiole and lung parenchyma. Scale bar, 50 μm. e-g, 
Each dot represents the ratio of exosome/LNPs (red) to cytoskeletal (green) fluorescence at a site, (n = 3). h, F-L-R-Exo and L-R-Exo were labeled with DIO, and the 
concentration of nanoparticles in each group in the lower chamber was detected on NTA with an absorption wavelength of 500 nm, (n = 3). i, The lung tissue of 
euthanized BALB/c mice was removed on day 21, and CD11c was used to label the antigen-presenting cells in the lungs of the mice, (n = 3) j, The positive fluo
rescence rate of DC2.4 cells was determined after incubation with FITC-labeled F-L-R-Exo (right) or commercial RBD protein (left) for 6 h. All replicates are 
independent.
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4. Discussion

Through our evaluation of the immune effects induced by various 
modified exosomes, we gained a profound understanding of the influ
ence of Fc protein chimerism in exosomes on intratracheal administra
tion, as well as the variations in immune responses resulting from 
different vaccination approaches. Regardless of the treatment strategy 
for COVID-19, effective vaccination remains critical. Exosome-based 
engineered vaccines demonstrate clinical potential in eliciting anti
body responses that can prevent and neutralize SARS-CoV-2.

In this study, we utilized DC-derived exosomes for lymphatic homing 
and immune activation. When administered via the trachea, F-L-R-Exo 
elicited a robust cellular immune response. F-L-R-Exo demonstrated 
remarkable stability and a high antigen-bearing capacity. Additionally, 

it exhibited prolonged retention time and good distribution ability in the 
lung. F-L-R-Exo proved to be a more advanced mucosal delivery system 
compared to commercial LNPs. In the immunization experiment of 
BALB/c mice, F-L-R-Exo demonstrated effective induction of mucosal 
and systemic immune responses. However, L-R-Exo and F-L-R-Exo (IM) 
exhibited weaker induction effects. F-L-R-Exo was administered intra
tracheally to immunize mice. This method allows F-L-R-Exo to penetrate 
the FcRn lung epithelial cell receptor, thereby activating the mucosal 
immune system and inducing the production of high-titer IgG anti
bodies. This process can also trigger the production of high-titer IgA 
antibodies, activate additional antigen-presenting cells, and stimulate 
tissue-resident memory T cells, thereby inducing a systemic immune 
response. Notably, in BALB/c mice, the injection of the F-L-R-Exo vac
cine into the lungs induced a Th1-biased immune response, as evidenced 

Fig. 4. The engineered exosome vaccine could induce RBD-specific immune responses in mice. a, A schematic illustration of animal immunization. Barb/c mice were 
immunized for two weeks to assess the immunogenicity and protective effects of the vaccine. Barb/c mice were inoculated with either F-L-R-Exo or L-R-Exo at Week 
0 and Week 1. RBD-specific IgG titers were measured by ELISA at weeks 1 and 3, (n = 5). b,c RBD protein specific IgG titers were detected in mouse serum by ELISA 
on days 7 and 21, (n = 5). d, The ratio of RBD-specific IgG2a to IgG1 antibodies generated in serum was measured at week 3, (n = 3). e,f, RBD-specific IgG antibody 
titers (f) and SIgA antibody titers (g) in BALF measured by ELISA, (n = 5). g, On day 21, BALB/c mice were sacrificed, and lung tissues were removed for GC reaction 
detection using FAS+GL7+ and CD19+, (n = 3). h, BALB/c mice were euthanized on day 21, and the lung tissues were taken out, and CD103+CD69+CD45− and CD3+

were detected for Trm cells, (n = 3). All replicates were biological, and the flow chart in a was created with BioRender.

Fig. 5. F-L-R-Exo induced TH1-type cytokine immune responses in mice. a, On day 21 after BALB/c mice were vaccinated, the lungs and spleen of the mice were 
removed and stimulated with an RBD polypeptide pool, and IFN-γ was released on 96-well plates with 1 × 106 spleen cells or lung cells in each well. The spleen and 
lung tissue from mice in each group was obtained from those that had received the corresponding immunizations. b, IFN-γ splenocytes and lung cells shown as spot 
forming cells (SFC) per 106 cells, (n = 3). c-f, IFN-γ+, TNF-α+, IL-2+ or IL-4+ CD8+ T cells. g-j, IFN-γ+, TNF-α+, IL-2+ or IL-4+ CD4+ T cells. c-j, On day 21 after 
vaccination, cytokines produced by splenocytes stimulated with the RBD peptide pool were analyzed by intracellular factor assays. All replicates were biological.
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by increased secretion of related factors in CD4+ and CD8+ T cells. In the 
K18-hACE2 mouse model, the F-L-R-Exo group, administered via 
intratracheal injection, exhibited the lowest degree of infection by the 
SARS-CoV-2 D614G pseudovirus. Neutralizing antibodies were detected 
in the serum of each vaccination group, with F-L-R-Exo demonstrating 
the highest neutralizing antibody titer, while the neutralizing antibody 
levels of the L-R-Exo and F-L-R-Exo (IM) groups were the same.

Dendritic cell-derived exosomes, as naturally occurring biologically 
active materials, have garnered significant attention in recent years due 
to their high degree of biocompatibility and safety. These exosomes 
exhibit low immunogenicity, allowing for natural interaction with target 
cells without the need for exogenous substances, thus reducing the risk 
of immune rejection, which is crucial for clinical treatments [49]. In 
clinical trials, dendritic cell-derived exosomes have also demonstrated 
good safety, such as in the use of Exo vaccines for advanced malig
nancies, which have been proven safe and effective, providing strong 
support for clinical applications [50,51]. Taken together, dendritic 
cell-derived exosomes have excellent qualities, high biocompatibility, 
and immune function, making them an ideal scalable drug delivery 
platform.

Respiratory mucosal immune response plays a crucial role in the 
initial invasion of pathogens [52,53]. The restricted innate immune 
responses in infected lung tissue may contribute to the uncontrolled late 
lung injury observed in late-stage COVID-19 [54]. Currently, some 
studies have begun using freeze-drying technology to store and transport 
exosomes, ensuring that their morphology and function remain intact 
[55,56]. While most vaccines are still administered through injections, 
there is a growing understanding of respiratory tract infection viruses 
and the importance of tissue-resident memory T cells in the mucosal site 
of the respiratory tract. These cells can quickly encounter antigens and 
respond, making mucosal vaccines a potentially more acceptable 
method. Lung vaccination can be administered through inhalation, 
which can indirectly enhance vaccination compliance.
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