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Abstract Metastatic lung cancer continues to cause a high number of deaths due to high malignancy

and poor prognosis, and the efficacy of typical chemotherapy or immunotherapy is less than ideal due to

the low pulmonary accumulation and targeting of therapeutics. Here, a submicron-sized biomimetic lipo-

some was formulated for the lung-targeted co-delivery of bacterial superantigen and paclitaxel. Recom-

binant staphylococcal enterotoxin C2 (rSEC2), a bacterial superantigen, was expressed with the

Escherichia coli system and showed potent immunostimulatory activities to mediate tumor cell death.

The submicron-sized (w800 nm) biomimetic liposomes, namely 4T1 cell membrane-hybrid rSEC2

paclitaxel liposomes (TSPLs), exhibited high lung-accumulation efficiency and tumor homologous effect

due to the suitable particle size and membrane hybridization of cancer cell membranes with phospho-

lipids. Intravenous TSPLs remarkably inhibited metastatic lung cancer with limited systemic immune re-

sponses. TSPLs reversed the immunosuppressive state and increased the proportion of local CD4þ and

CD8þ T cells in the lung; moreover, paclitaxel increased tumor cell apoptosis and reduced tumor burden.

In summary, the high lung cancer targeting was achieved by particle size control and cell membrane hy-

bridization, and the highly efficient anticancer effect was achieved by the co-delivery of superantigens

and chemotherapeutic drugs.
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1. Introduction

Cancer continues to claim lives and has emerged as one of the
principal causes of human mortality globally. Lung cancer is the
leading cause of cancer mortality in males and is the second
leading cause in females, surpassed only by breast cancer, with an
estimated 2.2 million new cases and 1.8 million deaths in 20201.
The lung represents the most prominent target organ for cancer
metastasis, with metastatic lung cancer occurring in 20%e54% of
patients diagnosed with metastatic malignancies2. Systemic
chemotherapy is a common treatment modality for lung metasta-
ses. However, due to issues with pulmonary accumulation and
targeting, its efficacy is less than ideal3. The organ targeting is
primary for lung cancer, followed by drug release and delivery in
the microenvironment4,5. The modification of drug delivery car-
riers with bioactive materials significantly improves drug distri-
bution, where various toolkits are used to enhance cancer targeting,
such as ligand-receptor binding, homologous biomembrane affin-
ity, and polymer molecular motors6-8. The complex multi-
molecular modified delivery carriers increase the difficulty of
drug clinical translation, therefore, the control of the physical
properties of carriers is recommended to achieve lung targeting.

Liposomes have shone brilliantly in recent years, particularly
during the COVID-19 pandemic9-11. Tumor-targeted liposomes
have been proven to enhance drug bioavailability and reduce side
effects12-14, yet improving the tumor-targeting capability of lipo-
somes remains a challenge. Cell membrane-modified liposomes
represent an emerging class of nanocarriers15, yielding biomimetic
nanoformulations with several properties typically associated with
the source cell, including improved biocompatibility, immune
evasion, and tumor targeting16-19. The bio-interface provided by
the cell membrane is enriched with membrane proteins, which
confers a stronger affinity for homologous cells20,21. However, cell
membrane-mediated tumor targeting represents a passive
approach that relies on accumulating nanoformulations at the
tumor site. Despite the enhanced permeability and retention (EPR)
effects of liposomes leading to their retention in the body for a
long time22,23, particles below 500 nm tend to indistinguishably
accumulate in the liver24,25. Liposomes mostly accumulate in the
reticuloendothelial system organs, such as the liver, spleen, and
lung, within 15e30 min after intravenous administration26. In
general, liposomes with a particle size >5 mm can be passively
retained by the vascular network of the lung27,28. The poly(lactic-
co-glycolic acid) (PLGA) microspheres with a diameter of 12 mm
displayed almost exclusive distribution to the lungs29. Neverthe-
less, solid and micron particles pose a risk of causing pulmonary
embolism30. Particles with a size of <1 mm are particularly
attractive, based on a combination of various lung-targeting stra-
tegies26. An anti-ICAM-1 antibody-modified nanoparticle ach-
ieves efficient lung targeting with a particle size of 237 nm31,
while the size effect of cell membrane-modified liposomes on lung
targeting has not yet been explored.

The immunotherapies utilize the power of leveraging the im-
mune system in the fight against cancer and have achieved success
in fields, including immune checkpoint inhibitors, chimeric antigen

receptor (CAR) T-cell therapy, cancer vaccines, and immuno-
modulators32,33. Bacterial superantigens, as a typical immuno-
modulator, have significant potential in the treatment of cancer34,35.
They are produced by only a few bacteria, among them, staphy-
lococcal enterotoxins (SEs) produced by Staphylococcus aureus,
are one of the most studied and fully elucidated bacterial super-
antigens36. At present, two drugs with SE as the main component
have been approved for marketing in China for adjuvant treatment
of cancer37. The excellent anti-tumor activity of SEs is attributed to
sufficient stimulation for T lymphocytes. In vitro, femtomolar
concentrations of SEs can stimulate profound proliferation and
cytokine production in up to 20% of all peripheral T cells38-40.
However, due to the organ accumulation issues and targeting
challenges, SEs are prone to induce systemic cytokine storms
leading to a toxic shock syndrome41. The local accumulation of
SEs within tumors holds promise for recruiting a large number of T
cells at the tumor site while limiting systemic side effects.

Chemotherapy and immunotherapy have respectively repre-
sented the classical methods and emerging modalities for the
treatment of pulmonary metastases over the past decades42.
Nevertheless, the former generally exhibits poor targeting and
may result in immunosuppression, while the clinical response rate
(w20%) of the latter is far from satisfactory43,44. Furthermore,
immunomodulators such as SEs are considered to be solely
applicable as adjuvant therapy for cancer45,46. Therefore, a new
chemoimmunotherapy strategy that integrates the advantages of
immunotherapy and chemotherapy has currently emerged as a
more promising therapeutic approach for cancer treatment47.

In this study, we explored a submicron-sized biomimetic
bacterial superantigen liposome for chemoimmunotherapy of
breast cancer lung metastasis. Simultaneous lung targeting of
superantigen and chemotherapeutic agent (paclitaxel) was ach-
ieved through the concise submicron-sized biomimetic liposomes.
Our data demonstrated that the superantigen-loaded biomimetic
paclitaxel liposome mediates a high level of antitumor immune
response locally in the lung, avoiding systemic inflammatory
storm, and paclitaxel further kills lung cancer cells. Our study
provides a new targeting strategy for chemoimmunotherapy of
lung metastasis, and the formulation has prospects for medical
translation due to its simple preparation process.

2. Materials and methods

2.1. Materials

The Escherichia coli (E. coli) DH5a and BL21 (DE3) competent
cells, BM2000þ DNA Marker were purchased from Beijing
Biomed Gene Technology Co., Ltd. (Beijing, China). Q5 DNA
polymerase, SspI, and T4 polymerase were purchased from New
England BioLabs Company (Ipswich, UK). Mouse IFN-g, IL-2,
IL-4, and IL-10 ELISA kits were purchased from Shanghai
Enzyme-linked Biotechnology Co., Ltd. (Shanghai, China). A
murine lymphocyte separation kit, and LuriaeBertani (LB) cul-
ture medium were purchased from Solarbio Biotech. Co., Ltd.
(Beijing, China). Egg yolk lecithin (EPC) and cholesterol were
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bought from AVT (Shanghai) Pharmaceutical Technology Co.,
Ltd. (Shanghai, China). Sephadex LH-20 was purchased from GE
HealthCare Technologies Inc. (Chicago, IL, USA). RPMI 1640
culture media, trypsin-ethylene diamine tetraacetic acid (EDTA),
and fetal bovine serum (FBS) were purchased from Gibco Life
Technologies (Carlsbad, CA, USA). Cell counting kit-8 (CCK-8)
was purchased from DOJINDO Laboratories (Kumamoto, Japan).
The CD44, CD47, EpCAM, and b-actin antibodies were pur-
chased from Servicebio Biotechnology Co., Ltd. (Wuhan, China).

2.2. Cells and animals

Luciferase labeled 4T1 (4T1-luc) cells, and 4T1 cells (a mouse
breast cancer cell line) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China), and cultured in
the RPMI 1640 supplemented with 10% FBS at 37 �C with a
humidified 5% CO2 atmosphere. L929, HT29, and RAW264.7 cells
were deposited in the laboratory, and cultured following previous
methods47,48.

Female BALB/c mice (18e20 g) were provided from Beijing
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). They were housed under the constant conditions of hu-
midity (50 � 5%) and temperature (25 � 1 �C) with 12‒12 h
lightedark cycles. Food and water were available ad libitum. All
experimental procedures were approved by the Animal Care and
Use Committee of the Beijing Institute of Radiation Medicine and
complied with the principles of laboratory animal care and use
guidelines.

2.3. Expression and purification of recombinant SEC2

The SEC2 gene was synthesized according to the GenBank record
(accession number: 1CQV_A). The gene was introduced into
pMCSG7 by previously reported ligation-independent cloning
(LIC) method49, to generate pMCSG7-SEC2. The super fold green
fluorescent protein gene (sfGFP) was amplified from pT7-sfGFP
and recombined into pMCSG7-SEC2 to generate pMCSG7-
SEC2-sfGFP. Both plasmids were verified by sequencing and
transformed into E. coli BL21 (DE3) for protein expression. The
pMCSG7-SEC2 and pMCSG7-SEC2-sfGFP were used for pro-
ducing recombinant SEC2 (rSEC2) and green fluorescence-labeled
rSEC2 (GS). The protein expression and purification process fol-
lowed the previous report50. The purity of rSEC2 was analyzed by
SDS-PAGE. The protein content of rSEC2 was determined by
bicinchoninic acid (BCA) protein assay and stored at �80 �C.

2.4. Western blotting and MALDI-TOF-MS

Different samples were mixed with loading buffer for sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins in the gel were transferred onto polyvinylidene
fluoride membranes and then blocked with 5% non-fat powdered
milk (in TBST). The membrane was incubated with CD44, CD47,
EpCAM, and b-actin antibodies (all antibodies were diluted at
1:5000) as the primary antibody overnight at 4 �C. Then, the
membrane was incubated with anti-mouse IgG conjugated to
horseradish peroxidase (HRP, diluted at 1:3000) for 1.5 h for
imaging (Guangzhou light instrument Biotechnology Co., Ltd.,
Ol600MF Plus, Guangzhou, China). The purified rSEC2 solution
was added to sinapic acid for drying, then the dried sample was
measured by an AB SCIEX TOF/TOF5800 system (Applied Bio-
systems, Inc., AB SCIEX TOF/TOF5800, Milwaukee, WI, USA).

2.5. Immunostimulatory activity assays of rSEC2

The splenic lymphocytes from mice were isolated using the murine
lymphocyte separation kit and counted by a cell counter (Shanghai
Ruiyu Biotechnology Co., Ltd., Countstar IC1000, Shanghai,
China). Lymphocyte density was adjusted to 1 � 105 cells/well,
then rSEC2 was added at various concentrations from 1 mg/mL to
10 mg/mL. After 24 h co-incubation, 10% CCK-8 solution was
added. The optical density (OD) at 450 nm was recorded by a
microplate reader (Tecan Trading AG, Spark, Männedorf,
Switzerland). Cell viabilities were calculated as Eq. (1):

Cell viability ð%ÞZ �
ODsample�ODblank

� � ðODcontrol�ODblankÞ
� 100

ð1Þ

For in vitro assay of tumor cell proliferation inhibition, 4T1-luc
cells (3.125 � 103 cells/well in a 96-well plate) were added to the
aforementioned co-incubation product of splenic lymphocytes and
rSEC2. After 24 h incubation, the cell supernatant and suspended
cells were removed, and the fresh medium with 10% CCK-8
solution was added to the remaining viable cells for a 1-h incu-
bation. Cell viability was calculated using the same method.

2.6. Formulations preparation

SEC2 liposomes (SLs) were prepared by reverse evaporation
(RSLs) and freeze-drying (DSLs) methods. RSLs: Phosphatidyl-
choline and cholesterol were dissolved in absolute ethyl ether.
rSEC2 containing phosphate buffer solution (PBS, pH7.4) was
added for hydration after a film forming. The uniform emulsion
liquid was the RSLs. DSLs: The process was similar to RSLs
preparation, but the hydration solution did not contain rSEC2.
After adding the mannitol solution, the uniform emulsion liquid
was freeze-dried to obtain the blank liposomes. rSEC2 (500 mg)
solution was added to the freeze-dried products and incubated for
30 min at 37 �C, and then extruded through 0.22 mm filters.

The 4T1 cells were cultured, and dispersed in membrane
extraction buffer solution A. Then, the membranes were collected
using a Membrane Protein Extraction Kit. The mixture was centri-
fuged (700�g, 10 min, 4 �C), and the supernatant was further
centrifuged at 14,000�g for 30 min (Thermo Fisher Scientific Co.,
Ltd., Sorvall LegendMicro 21R,Waltham,MA,USA). The extracted
cell membranes (TMs) were quantified by the bicinchoninic acid
(BCA) protein quantitation method. The purified membranes were
mixed with SLs with 500 mg/mL rSEC, and through the poly-
carbonate membrane with the pore size of 200 nm to prepare TSLs.

For liposome size control, a Sephadex� column (LH-20) was
used for liposome separation, and the initial eluate was collected
to obtain large-sized liposomes, following the aforementioned SLs
preparation process to obtain w800 nm SLs (SL-800). The ratio
of SL-800 to total liposomes was approximately 1:7. The
extracted 4T1 cell membranes were mixed evenly with SL-800
suspension, and then co-extruded 3 times using a liposome
extruder (ATS, AE001, Suzhou, China) with a 1-mm poly-
carbonate semipermeable membrane to prepare TSL-800. For
formulations visualization, the rSEC2 was replaced with GS to
obtain various green fluorescence-labeled formulations, including
green fluorescence-labeled SEC liposomes (GSLs), 4T1 cell
membrane hybrid GSLs (TGSLs), and larger particle size GSL-
800, TGSL-800. In the initial stage of the preparation of TSL-
800, paclitaxel (Fujian South Pharmaceutical Co., Ltd.,
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Sanming, China) was added to the formulation, then following the
aforementioned process to obtain 4T1 cell membranes hybrid
rSEC2 paclitaxel liposomes (TSPLs).

2.7. Circular dichroism spectrum, size, zeta potential, and TEM
of formulations

RSLs and FSLs were disrupted using 1% Triton X-100 to obtain
the loaded SEC2. The rSEC2 and the denatured SEC2 (dSEC2,
boiled in water for 10 min) were used as the positive and negative
controls, respectively. The circular dichroism (CD) spectra of the
four samples mentioned above were detected using a spectrometer
(JASCO Corporation, J-1500, Tokyo, Japan).

The size and zeta potential of formulations were determined
with the dynamic light scattering (DLS) method on Zetasizer
(Malvern Instruments Inc., Nano ZS, Malvern City, UK). The
morphology of formulations was inspected using a transmission
electron microscope (TEM) (Hitachi Co., Ltd., H-7650, Tokyo,
Japan) after staining with 2% sodium phosphotungstate solutions.

2.8. Hemolysis assay

The hemolysis assays of formulations were conducted with rat red
blood cells (RBCs). Briefly, a 2% RBC suspension was mixed
with different formulations, PBS (negative control), and 1% Triton
X-100 solutions (positive control) at 37 �C for 2 h, respectively.
After the suspensions were centrifuged at 2000 rpm in a centrifuge
(Thermo Scientific), the OD540 of supernatants was measured
using a microplate reader. The hemolysis rates were calculated
according to Eq. (2):

Hemolysis rate (%) Z (ODsample�ODnegative)/(ODpositive

�ODnegative) � 100% (2)

2.9. Formulations safety evaluation

The L929 cell toxicity of the formulations with different rSEC2
concentrations was evaluated using the CCK-8 method. L929 cells
(1 � 104 cells/well) were seeded in 96-well plates and incubated
overnight. Different concentrations of rSEC2, SL, and TSL were
added following 24 h co-incubation. Then, CCK-8 reagents were
added and the cell viability was calculated following the afore-
mentioned method.

The mice (n Z 5) were injected with PBS and various for-
mulations with a rSEC2 dose of 4 mg/kg, and another group
without any treatment was defined as negative control (NC). The
mice were sacrificed after being administered once a day for three
consecutive times, and their blood was collected for serum
Aspartate aminotransferase (AST), Alanine aminotransferase
(ALT), blood urea nitrogen (BUN), and creatinine (CREA)
detection following manufacturer’s manuals.

2.10. Co-localization of formulations and cells

RAW264.7, HT29, L929, and 4T1-luc cells were cultured to the
logarithmic growth phase for trypsin digestion and then seeded
into 12-well plates (1 � 105 cells/well) for 24-h incubation at
37 �C. TGSLs (1 mg/mL) were added to the wells, followed by a 4-
h incubation at 37 �C. The supernatants of the cell cultures were
discarded, and then Dil and DAPI staining were performed for
laser confocal imaging (Nikon, TiE-A1, Tokyo, Japan).

2.11. In vivo imaging and rSEC2 quantification

Mouse models of metastatic lung cancer were established and
referred to the previous reports51,52. Briefly, the 4T1 cells
(2 � 105) were intravenous (i.v.) injected into the female mice,
and the lungs were separated to test the success of the model after
2 weeks. The mice were randomly separated into different groups
to i.v. with 4 mg/kg of GS, GSLs, TGSLs, GSL-800, and TGSL-
800, respectively. The main organs, including the heart, liver,
spleen, lung, and kidney, were dissected out after 1, 4, and 12 h
after injection for in vivo imaging using an in vivo imaging system
(IVIS) (Tanon, ABL-X5, Shanghai, China). The lungs were
homogenized for rSEC2 quantification using the enterotoxin
ELISA kit according to the manufacturer’s manual.

2.12. Model, administration, and treatment

The metastatic lung cancer model was established following the
above method. The mice were randomly assigned to 8 groups
(n Z 7), i.e. the healthy, model, rSEC2, SL, SL-800, TSL-800,
paclitaxel liposome (PL), and TSPL. The mice began to receive
treatment on Day 3 after modeling and were administered formu-
lations once every other day for a total of three times. All rSEC2-
containing formulations were i.v. injected with a dose of 4 mg/kg
rSEC2, while all paclitaxel-containing formulations were i.v.
injected with a dose of 10 mg/kg paclitaxel. The mice weight, final
lung weight, and final spleen weight were recorded every other day
until the end of the experiment. On Day 21 after modeling, the mice
were sacrificed for blood white blood cells (WBCs) counting
(DYMIND, DF52-Vet, Shenzhen, China), biochemical analyses of
the lung and spleen. The spleen index was defined as Eq. (3):

Spleen index Z Weight of spleen (mg) / Weight of mouse
(g) (3)

2.13. Histopathologic examination

The upper lobes of the right lung were excised and fixed with 4%
paraformaldehyde for 24 h, followed by paraffin embedding,
sectioning, hematoxylineeosin (H&E), and terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL) stain-
ing. The pathological sections were observed under a microscope
(Invitrogen, EVOS M5000, Waltham, MA, USA).

2.14. Immunofluorescence of lung tissue sections

The left mice’s lungs were embedded in paraffin. The sections were
deparaffinized, rehydrated, and microwave-heated for 15 min in the
EDTA antigen retrieval solutions (pH 8.0) for antigen retrieval. The
CD4 and CD8 immunofluorescence probes were used to detect the
differentiated lymphocytes in the lung sections. The F4/80 and
CD206 immunofluorescence probes were used to detect TAMs in
the lung sections. The images of the above sections were recorded
on a fluorescent microscope (Nikon). The ImageJ was used to
quantify the fluorescence intensity of each group of sections.

2.15. ELISA detection

The upper lobes of the left lungs and the spleens were homoge-
nized using a tissue homogenizer (Servicebio, KZ-II, Wuhan,
China) at 60 Hz for 5 min. Then, the homogenates were
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centrifuged at 5000�g and 4 �C for 10 min, and the supernatant
was collected for ELISA detection. IL-2, IL-4, IL-10, and IFN-g
levels were detected using the ELISA kits according to the man-
ufacturer’s instructions.

2.16. Statistics

Statistical analysis and graphical output of the data were per-
formed with GraphPad Prism (GraphPad Software Company,
v 8.0.2, Boston, MA, USA). Single comparisons were made using
unpaired two-tailed t-tests. Multiple comparisons were analyzed
using one-way or two-way analyses of variance (ANOVA).

3. Results

3.1. Immunostimulatory effect of rSEC2

Due to the low natural production of SEC2 in S. aureus and the
difficulty of purification, we used the classical E. coli expression
system to recombinant express rSEC2. The sec2 gene was

synthesized according to the previously reported sequence and
cloned into the pMCSG-7 expression vector53. The pMCSG-7-
sec2 plasmid was transformed into the E. coli BL21 strain for
protein expression, and the purified rSEC2 was obtained by one-
step Ni-NTA affinity column purification (Fig. 1A). The purified
rSEC2 was digested by TEV protease to remove His6 tag for SDS-
PAGE and MS analyses. The purified rSEC2 showed high purity
and expected molecular weight (27.9 kD) according to the SDS-
PAGE and MS results (Fig. 1B and C).

To verify the biological activity of the obtained rSEC2, the
mouse spleen lymphocytes were extracted for proliferation index
(PI) test and cytokines quantification induced by rSEC2. After
co-incubation with rSEC2, the PI of the mouse spleen lympho-
cytes was significantly increased in a dose-dependent way,
compared to negative control (Fig. 1D), demonstrating the
excellent T cell activation activity of rSEC2. The levels of IFN-g,
IL-2, IL-4, and IL-10 of the stimulated spleen lymphocytes also
increased significantly, indicating that rSEC2 significantly induces
immune cell differentiation and release of inflammatory factors
(Fig. 1EeH). Among them, the significant increase in IL-10
mediated by rSEC2 was noteworthy, as the role of IL-10 in

Figure 1 Preparation and characteristics of rSEC2. (A) Preparation procedure of rSEC2. SDS-PAGE analysis (B) and MS (C) of rSEC2. (D)

Proliferation index (PI) of mouse spleen lymphocytes after treatment with various concentrations of rSEC2. IFN-g (E), IL-2 (F), IL-4 (G), and IL-

10 (H) levels of mouse spleen lymphocytes after rSEC2 treatment. (I) 4T1 cell viability after treatment with various concentrations of rSEC2. (J)

4T1 cell inhibition rate after treatment with various concentrations of rSEC2, when adding mouse spleen lymphocytes to the culture system. Data

are presented as mean � SD (n Z 3), *P < 0.05, ***P < 0.001.
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antitumor immunity was complex. The inhibitory activity of
rSEC2 on the proliferation of 4T1 cells, a mouse breast tumor cell
line, was evaluated. Interestingly, rSEC2 did not affect the pro-
liferation of 4T1 cells (Fig. 1I), while when the mouse spleen
lymphocytes were added to the mixture, rSEC2 showed a dose-
dependent inhibitory effect on 4T1 cell proliferation (Fig. 1J),
indicating rSEC2 as an immune modulator exert antitumor effects
by activating lymphocytes. Thereby, we obtained high-purity
rSEC2 with high immunostimulatory activity through recombi-
nant expression.

3.2. Characteristics of tumor cell membrane-hybrid biomimetic
liposomes

To improve the antitumor effects of rSEC2, we anticipated
improving the distribution of rSEC2 at the tumor site by using
biomimetic liposome hybridized with homologous tumor cell
membranes as a vehicle. rSEC2 loaded liposomes (SL) were first
prepared and then co-extruded with tumor cell membranes to
obtain hybrid biomimetic liposomes. However, due to the poor
tolerance of proteins to organic solvents, we prepared SLs using
the reverse-phase evaporation (RSLs) and freeze-drying (FSLs)
methods and compared the differences in CD spectrum between
the two liposomes to evaluate the maintenance of rSEC2 structure.
FSL was derived from blank liposomes through lyophilization,
followed by reconstitution with rSEC2 solution (Fig. 2A). FSLs
exhibited a CD spectrum comparable to that of rSEC2, whereas
RSL displayed a CD spectrum analogous to that of denatured
SEC2 (dSEC2), indicating FSL retained the active SEC2 (Fig. 2B).

Given the metastatic lung cancer model in this study was
generated by the 4T1 breast cancer cells, tumor cell membranes
(TMs) were extracted from 4T1 cells to prepare targeting rSEC2-
loaded liposomes (TSLs). The diameters of SL and TSL were both
w200 nm, with TSL being marginally larger than SL (Fig. 2C).
SL, TSL, and TM all exhibited negative electrical charge (Fig. 2D)
and were quasi-spherical in morphology (Fig. 2E). The size dis-
tribution of TSL exhibited a uniform normal distribution (Fig. 2F).
To characterize the proteins on the cell membrane surface, SDS-
PAGE and Western blotting were respectively performed on 4T1
cells, TM and TSL. After staining with Coomassie Brilliant Blue
G-250, all three samples exhibited a multitude of protein bands
with varying molecular weights (Fig. 2G). TSL demonstrated a
distinct band corresponding to rSEC2, indicating a high loading of
rSEC2. CD47 is expressed on the surface of cancer cells, which
are considered as a receptor protecting cancer cells from the host
immune system54. CD44 and EpCAM respectively denoted the
glycoproteins and epithelial adhesion molecules that are highly
expressed on the surface of malignant tumor cells, which partic-
ipate in cellecell interaction, cell adhesion, and cell migra-
tion55,56. Using b-actin as a control, we specifically identified
CD44, CD47, and EpCAM on TSL. All three key surface proteins
exhibited good retention in TSL (Fig. 2H), indicating their supe-
rior tumor-targeting capability.

The stability and safety of the cell membrane hybridized SEC2
liposomes were evaluated. Three samples of TSL were placed at
4 �C and monitored for changes in particle size and zeta potential
for 7 consecutive days. It was found that the particle size fluctu-
ated within a small range while the potential slightly decreased
(Fig. 2I), indicating good stability of the formulation. The he-
molysis test showed that rSEC2 and its formulations did not cause
a hemolysis rate higher than 0.5% (Fig. 2J), indicating that the
formulations have good blood compatibility and can be

administered intravenously. Although the above experiments
verified that rSEC2 does not affect the proliferation of tumor cells,
the safety of their formulations on normal cells was still unknown.
We incubated different concentrations of rSEC2 and its formula-
tions with L929 cells, a mouse fibroblast cell line, and investigated
their effects on cell growth using the CCK-8 assay. rSEC2 and its
formulations maintained high cell compatibility across a wide
range of rSEC2 concentrations from 0.001 to 10 mg/mL (Fig. 2K).
We injected healthy mice with rSEC2 and its formulations at a
dose of 4 mg/kg to investigate their hepatotoxicity and nephro-
toxicity. Neither rSEC2 nor its formulations caused significant
differences in AST, ALT, CREA, and BUN levels compared to the
healthy group and PBS group (Fig. 2LeO), indicating that the
formulations were safe at this dose.

3.3. Pulmonary tumor accumulation effect of i.v. biomimetic
liposomes

The affinity of TSLs for different cells was initially investigated.
HT29, L929, and RAW264.7 cell lines were used as controls to
investigate the affinity of TSL for 4T1 cells. To facilitate the
visualization of the formulation, we prepared a rSEC2 (GS) with
sfGFP fused to the C-terminus to make TSL have green fluores-
cence and used it to prepare rSEC2 liposomes (GSL) and bio-
mimetic liposomes (TGSL) with green fluorescence. Only 4T1
tumor cells recruited a large number of green fluorescent formu-
lations that adhered to the cell surface, while the rest of the cells
did not (Fig. 3A and B), indicating that TSL has a strong affinity
for homologous tumor cells.

Then, GS, GSL, and TGSL were respectively injected intra-
venously into model mice to observe their in vivo organ targeting.
Unexpectedly, all formulations were more distributed in the liver
and kidneys than in the lung though TGSL was more distributed in
the lung compared to the others (Fig. 3C and D). Although the
hybridization of homologous tumor cell membranes can enhance
the affinity of liposomes for the target cells, it is challenging to
determine the in vivo tumor targeting properties of the formulation.

Given the abundance of capillaries in the lung, particles with
larger diameters within the bloodstream are prone to be trapped in
the lung57. We postulated that larger-diameter liposomes were
more likely to be blocked in the lung. The empty liposomes with a
diameter of w800 nm (SL-800) were separated using a Sephadex
gel column to prepare large-diameter biomimetic liposomes (TSL-
800, Fig. 3E and F). Meanwhile, in pursuit of more efficacious
tumor chemoimmunotherapy, we prepared paclitaxel liposomes
(PLs) using the reverse evaporation method and subsequently
isolatedw800 nm liposomes using the same technique to fabricate
biomimetic liposomes (TSPL, Fig. 3E and F). The zeta potentials
of SL, SL-800, TSL-800, and TSPL all ranged from �15 to �20
mV (Fig. 3G), indicating their stability. Additionally, the submi-
cron liposomes, including SL-800, TSL-800, and TSPL, also dis-
played standard normal-size distribution (Fig. 3H). Similarly, we
administered the formulations (GS, GSL, GSL-800, and TGSL-
800) loaded sfGFP fused SEC2 to observe their in vivo distribution.

In the model mice, both GS and GSL were still distributed in
the liver and kidneys, whereas GSL-800 and TGSL-800 exhibited
a higher distribution in the lung (Fig. 3I and J). Furthermore,
healthy mice were administered TGSL-800 to investigate whether
its high pulmonary targeting was tumor-specific, revealing that
TGSL-800 still exhibited a high distribution in the lung (Fig. 3I
and J). To quantitatively analyze the pulmonary retention of
various formulations, the amount of SEC2 in lung tissue was
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Figure 2 Preparation, characteristics, and safety of SLs and TSLs. (A) Process flow of rSEC2 liposome preparation by reverse evaporation

(RSLs) and freeze-drying (DSLs) methods. (B) The CD spectrum of rSEC2, dSEC2, RSLs, and DSLs. Size (C), zeta potential (D), and TEM

images (E) of 4T1 cell membranes (TMs), SLs and TSLs. The size distribution (F), SDS-PAGE (G), and Western blotting images (H) of TSLs. (I)

The changes in particle size and zeta potential of TSLs within a week at 4 �C. (J) The hemolysis rate of rSEC2, SLs, and TSLs. (K) The L929 cell

viability after treatment with various concentrations of rSEC2, SLs, and TSLs. ALT (L), AST (M), CREA (N), and BUN (O) levels in mice serum

after receiving i.v. TSLs. Data are presented as mean � SD (n Z 3).
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detected using ELISA. The rSEC2 concentration in the lung tis-
sues of mice administered with GS and GSL was nearly identical,
whereas the rSEC2 levels in the lung of mice administered with
GSL-800 and TGSL-800 approximately doubled, indicating that
an increase in particle size was a key factor in enhancing the lung
targeting of biomimetic liposomes (Fig. 3K). However, the lung
targeting induced by particle size was not specifically tumor-
targeted, as TGSL-800 still exhibited high distribution in the
lungs of the healthy group. Additionally, the rSEC2 content in the
TGSL-800 group was significantly higher than that in the GSL-
800 group, suggesting that the hybridization of tumor cell mem-
branes further enhanced the lung-blocking rate due to the
membrane proteins on the surface of biomimetic liposomes
(Fig. 3K).

3.4. High antitumor effect of TSPLs

The metastatic lung cancer model was established after 4T1 cells
were i.v. Injected into the mice (Fig. 4A). No deaths occurred in
any group of mice throughout the entire experimental process. On
Day 21, the lung of the model group was tumid with many tumor
nodes and hemorrhage compared to the smooth and pink lungs of
healthy mice (Fig. 4B). Furthermore, the lung weight of the model
group was much larger than the healthy lung (Fig. 4B and C); each
treatment group showed a reduction in lung weight increase
caused by modelling, while the order of efficacy was
TSPLs > PLs > TSL-800 z SL-800 > SLs z rSEC2, indicating
the superiority of the combination of large-sized liposomes,
chemotherapy drugs, tumor cell membranes, and immune modu-
lators in combating metastatic lung cancer (Fig. 4C). Moreover,
the H&E staining images of lung tissue also demonstrated the
antitumor effect of TSPLs; dense cancer cells and a large number
of infiltrating inflammatory cells were observed in the model
group; rSEC2, SL, SL-800 and TSL-800 groups showed
improvement in the structure of the cancerous lung, while the
pathological sections of PL showed fewer cancer cells and in-
flammatory infiltrates compared to the above four groups; the
mice treated with TSPLs had been greatly modified (Fig. 4D).

As an important marker of apoptosis, TUNEL was used for
lung tissue staining. Unlike the aforementioned results, the PL
group showed a higher proportion of apoptosis, which was
consistent with the anti-cancer mechanism of paclitaxel. Impor-
tantly, rSEC2 administration alone was able to cause apoptosis in
lung cells, indicating its immune regulatory effect. The TSPL
group showed the highest proportion of apoptosis among all SEC2
formulations, although it was lower than the PL group, which
might be due to the stimulation of lymphocyte proliferation by
SEC2 for anti-tumor purposes, while paclitaxel was a specific
chemotherapeutic drug (Fig. 4D).

3.5. Low systemic immune response of TSPLs

Meanwhile, we focused on the systemic immune response caused
by various SEC2 formulations, which was the main limiting factor
for the anticancer effect of SEC2. The spleen index is an important
parameter for evaluating the degree of spleen enlargement and the
intensity of systemic immune response. Although TSPLs achieved
the best antitumor effects, their spleen index was much lower than
that of the rSEC2 and SL groups. In addition, we found that the
large-sized liposome groups, including SL-800, TSL-800, and
TSPL, had similarly low spleen indexes (Fig. 4E), indicating that

the lung-targeted accumulation of SEC2 caused by particle size
was the key to reducing systemic immune response.

The exploration of the WBC in whole blood also proved that
large-sized liposomes (SL-800, TSL-800, and TSPLs) led to
limited systemic immune responses (Fig. 4F), thereby reducing
the side effects of SEC2. Together, we have shown that the hybrid
submicron SEC2-paclitaxel liposome specifically accumulates in
the lung, thereby avoiding a systemic cytokine storm that may be
caused by the superantigen SEC2.

3.6. Local immune response enhanced by TSPLs

As an immune modulator, SEC2 directly acts on MHC-II mole-
cules without being processed by antigen-presenting cells (APC),
leading to T cell proliferation and secretion of inflammatory
factors, resulting in antitumor immunity58. IL-4 is a multifunc-
tional cytokine secreted by TH2 cells that has antitumor effects
and enhances immune function, playing an important role in the
development of various tumors59. IL-2 is a classic antitumor factor
secreted by iNKT cells and is a key molecule that promotes the
proliferation and differentiation of T cells; its main function is to
promote the expansion and function of lymphocytes, including T
cells and natural killer cells, thereby enhancing their antitumor
ability60. IFN-g is the only type II interferon and is a hallmark
cytokine produced by TH1 cells, CD8þ T cells, etc., exerting
antitumor effects by promoting macrophage activation, upregu-
lating the expression of antigen processing and presentation
molecules, promoting the growth and activation of TH1 cells and
enhancing the function of NK cells61. IL-10 is traditionally
considered to be an anti-inflammatory and immunosuppressive
cytokine, but recent studies have shown that it can prevent den-
dritic cell-mediated apoptosis of CD8þ T cells by regulating
IFN-g, thereby exerting antitumor effects62.

The levels of inflammatory factors in the lung and spleen were
quantified by ELISA to evaluate the local immune response. As
expected, TSPLs caused the highest levels of cytokines in the lung,
including IFN-g, IL-4, IL-2, and IL-10 (Fig. 5A). However, rSEC2
and SLs caused no significant difference in cytokine levels
comparedwith themodel group except for IL-10, indicating that low
pulmonary retention mediated local antitumor immunity in the lung
was insufficient (Fig. 5A). The spleen of each group showed
different cytokine profiles from the lungs; SLs caused the highest
levels of cytokines in the spleen, not TSPLs (Fig. 5B), again
demonstrating the high local distribution of TSPLs in the lung.
Nonetheless, the formulations of large particle size still caused a
moderate increase in spleen cytokines, which could be because the
spleen is an important immune organ with a large number of lym-
phocytes, and a strong local immune response in the lungs may lead
to activated T cells being transported to the spleen through the cir-
culatory system, thereby causing immune activation in the spleen.

Tumor-associated macrophages (TAM) are closely associated
with the occurrence and development of tumors63. M1 and M2
macrophages represent states of immune promotion and suppres-
sion, respectively, while malignant tumor cells induce macrophage
polarization towards the M2 phenotype to facilitate tumor immune
evasion63. An effective antitumor immune strategy involves
reversing the polarization of macrophages from M2 to M1 state64.
F4/80 is a surface antigen of mature macrophages, while CD206 is
a typical surface antigen of M2 macrophages63. To investigate the
effects of SEC2 on the polarization state of lung tumor-associated
macrophages, F4/80 and CD206 were stained to label immuno-
fluorescence. rSEC2 and its various formulations led to a decrease
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Figure 3 Cellular targeting and organ targeting of various formulations. Co-localization images (A) and semi-quantitative fluorescence in-

tensity analysis (B) of TGSLs with HT29, L929, RAW264.7, and 4T1 cells; the cell nucleus, cell membranes, and TGSLs are labeled in blue, red,

and green fluorescence, respectively. The main organs IVIS images (C) of mice and semi-quantitative fluorescence intensity analysis (D) after

injection of GS, GSLs, and TGSLs. (E) Isolation of large particle size liposomes and TEM images of SL-800, TSL-800, and TSPL. Size (F) and
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Figure 4 Antitumor effects of formulations. (A) Experimental procedure of the pharmacodynamic study. Appearance (B) and weight of the

lungs (C) of the different groups. (D) H&E and TUNEL stained images of the lung tissue sections of the various groups. Spleen index (E) and

WBC (F) of the various groups. Data are presented as mean � SD (n Z 7), *P < 0.05, **P < 0.01, ***P < 0.001.

zeta potential (G) and size distribution (H) of SLs, SL-800, TSL-800, and TSPL. The main organs IVIS images (I) of mice and semi-quantitative

fluorescence intensity analysis (J) after injection of GS, GSLs, GSL-800, and TGSL-800. (K) The rSEC2 contents in the lungs of mice after

injection of various formulations; H and M represent the healthy and model mice, respectively. Data are presented as mean � SD (n Z 3),

*P < 0.05, ***P < 0.001.
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Figure 5 Local immunological effects on spleen and lung formulations. Cytokines (IL-2, IL-4, IL-10, IFN-g) levels in the spleen (A) and lung

(B) of various groups. (C) F4/80 and CD206 stained fluorescent images of the lung tissue sections of the various groups; the cell nucleus, F4/80,

and CD206 are labeled in blue, red, and green, respectively. (D) CD4 and CD8 stained fluorescent images of the lung tissue sections of the various

groups; the cell nucleus, CD4þ T cells, and CD8þ T cells are labeled in blue, red, and green, respectively. Data are presented as mean � SD

(n Z 4), *P < 0.05, **P < 0.01, ***P < 0.001.
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in the ratio of CD206þ cells, while large particle size liposomes
caused an increase in F4/80þ cells (Fig. 5C), with TSPLs resulting
in the highest F4/80þ ratio and a lower CD206þ ratio (Figs. 5C
and 6A and B). This indicated that SEC2 effectively reversed
the M2 to M1 polarization of macrophages, and the combination
of lung targeting and paclitaxel further enhanced the reversal
capability of TSPLs.

The host immune system can eliminate tumor cells through
CD8þ/CD4þ cytotoxic T lymphocytes. CD8þ T cells are effector
cells of tumor-specific immune responses, while CD4þ T cells
help generate CD8þ T cells. TSPLs stimulated the immune system
to generate the highest number of CD4þ/CD8þ T cells in the lung
compared to other groups (Fig. 5D). TSPL had a higher level of
CD4þ/CD8þ T cell ratios compared to TSL-800 (Fig. 6C and D),
which may be attributed to the additional immune response caused
by the fragmentation of dead tumor cells induced by paclitaxel.

4. Discussion

The treatment strategy for lung metastasis of cancer has been
continuously concerned65,66. Although immune checkpoints and
CAR-T are the main strategies for antitumor immunity, the simple
and effective antitumor immune agent of immune modulators
cannot be ignored. More and more clinical data show that the
combination of chemotherapy and immunotherapy is more

practical, so the integration of chemotherapy and immunotherapy
is expected67. SE, as a bacterial superantigen, is a highly effective
immune modulator, but it is prone to cause a systemic immune
response and inflammatory cytokine storm, which limits its
application58. We discussed the use of biomembrane materials and
size control to improve the lung targeting of SEC2 and the com-
bination with paclitaxel for the chemoimmunotherapy of meta-
static lung cancer.

Based on structural and functional differences, SEs are divided
into multiple subtypes, such as SEA-SEE, SEG-SEI, SER, etc.,
and we have selected a well-studied and less toxic SEC236. We
employed E. coli to produce SEC2 protein and obtained highly
purified and active recombinant SEC2. This approach provides an
alternative for potential industrial production in the future. The
preparation process of liposomes affects the activity of protein
drugs, as contact with organic solvents leads to protein denatur-
ation. The lyophilized liposomes reconstituted with an aqueous
solution of SEC2 maintained the CD spectrum of the active SEC2,
while the reverse evaporation-prepared SEC2 liposomes lost their
original CD spectrum characteristics. During the observation of
the changes in particle size and zeta potential of TSL over 7 days,
an interesting phenomenon was the zeta potential gradually
decreased from �10 to �15 mV within 5 days and then stabilized.
We attribute this phenomenon to minor rearrangement of the hy-
bridized liposome membranes and their surface cell appendages

Figure 6 Semi-quantitative analyses of immunofluorescence images. The relative fluorescence intensity of F4/80 (A), CD206 (B), CD4þ T

cells (C), and CD8þ T cells (D) in the lung tissue sections of the various groups. Data are presented as mean � SD (n Z 4), *P < 0.05,

**P < 0.01, ***P < 0.001.
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(such as membrane proteins and glycoproteins). Although the
mechanical force during the co-extrusion process is sufficient to
cause the hybridization of phospholipid membranes, it seems
unable to instantly stabilize the proteins on the cell membrane.
The rearrangement of proteins on the TSL membrane may lead to
the presence of additional negative charges on the membrane.
Membrane rearrangement of liposomes leading to surface charge
changes is very common in hybrid liposomes68,69. Due to the
complexity of biomembranes, the surface charge of biomembranes
(e.g., cell membranes) hybrid liposomes is easily affected by
membrane protein rearrangement70.

In the initial design, we thought that the hybridization of the
homologous tumor cell membrane could lead to the accumulation of
biomimetic liposomes at the tumor site to solve the problem of
SEC2 targeting. However, the biomimetic liposomes distributed
more in the liver and kidneys, probably due to insufficient affinity of
the homologous cell membrane. Given the diameter of the pulmo-
nary capillaries57, we separated the submicron liposomes SL-800
with a gel column and prepared the TSL-800, a tumor cell mem-
brane hybrid formulation. Interestingly, both have high lung tar-
geting efficiency and TSL-800 has stronger targeting ability than
SL-800, indicating that the blocking of submicron liposomes in
the lungs leads to lung targeting, while the hybridization of the
homologous tumor cell membrane further improves its retention
efficiency. In general, particles larger than 500 nm injected intra-
venously may pose a risk of pulmonary embolism, primarily due to
the abundant pulmonary capillary network and its micron-sized
diameter (5e10 mm)71. Nevertheless, the particles that can trigger
pulmonary embolism are typically solid and rigid, while the
submicron-sized biomimetic liposomes formulated in this study are
a spherical membrane structure with fluidity and flexibility, which
can be squeezed and deformed during their passage through the
pulmonary capillaries72,73, allowing blood to pass smoothly. In
addition, we did not observe any organic lesions caused by them in
healthy mice (Fig. 3F). The size of the drug delivery vehicle is an
important parameter that determines the drug target, bio-
distribution, drug clearance pathway and rate, and consequently
determines the expected therapeutic effects26,74,75. TSL (w200 nm)
accumulated more in the liver and kidneys (Fig. 3C and D), which
was not a satisfactory biodistribution. Liposomes with larger sizes
were investigated for their lung-targeting properties. The
submicron-sized liposomes (w800 nm) were proven to be the ex-
pected lung targeting, indicating that larger liposomes tend to
accumulate in the lungs (Fig. 3I and J). Continuing to increase the
liposome particle size may lead to higher lung targeting efficiency,
but considering the stability of liposomes and the risk of pulmonary
embolism, the schemewas not adopted. Intriguingly, although TSL-
800 did not lead to a higher lung targeting rate compared to SL-800
in healthy mice, its accumulation in the lung of model mice was
higher than that of SL-800 (Fig. 3J and K). This can be attributed to
the affinity and adhesion of tumor cell membrane components
carried by TSL-800 to homogenous cells.

As expected, TSL-800 effectively reduced lung tumor burden,
and the SEC2-paclitaxel integrated lung targeting formulation,
TSPL showed the best effect. Moreover, the submicron SEC2-
paclitaxel liposomes hybridized with tumor cell membranes
almost did not cause excessive systemic immune response, greatly
reducing the side effects of SEC2, which solved the problem of
difficulty in large-scale clinical use of superantigen drugs. We also
explored the mechanism of TSPL-induced antitumor immunity.
SEC2 directly acts on the MHCeIIeTCR complex, causing
multiple T cell activation and proliferation without APC

presentation76. Therefore, rSEC2 should be released into the
intercellular space to directly act on the cell surface. Although
liposome-mediated intracellular delivery is well known77, the
submicron biomimetic liposomes prepared in this study are prone
to membrane rupture or incomplete membrane fusion, releasing
superantigens into the intercellular space during the penetration of
liposomes into tumor tissues, which also is mentioned in previous
reports78,79. However, some liposomes will mediate intracellular
delivery of rSEC2 by endocytosis or complete membrane fusion,
leading to the inactivation of the superantigens. Nevertheless,
from the perspective of the final pharmacodynamic results, the
intercellular superantigens released by the submicron biomimetic
liposomes are sufficient to reverse the immunosuppressive
microenvironment and mediate anti-tumor immune responses.

We found that SEC2 not only caused an increase in typical
inflammatory factors in the lung but also led to an increase in IL-
10, although the mechanism of IL-10 antitumor activity had only
been clarified in recent years62. SEC2 also led to an increase in
CD4þ/CD8þ T cells, causing antitumor cellular immunity.
Importantly, SEC2 reversed the polarization state of macrophages
from immunosuppressive M2 to immunostimulatory M1. These
results provide insights into clarifying the antitumor mechanism of
TSPLs. Meanwhile, although TSPLs led to the highest level of
antitumor immunity in the lung compared to other formulations,
they did not lead to the highest level of immune response in the
spleen, indicating that biomaterials and particle size jointly
determine the efficient lung retention and low systemic immune
response of TSPLs.

5. Conclusions

We propose a new strategy for lung tumor targeting, a submicron
biomimetic liposome hybridized with the membrane of homolo-
gous tumor cells. This liposome is used to deliver both SEC2, a
bacterial superantigen, and paclitaxel for lung metastasis chemo-
immunotherapy. This therapy has been shown to have excellent
antitumor effects. SEC2 mediates high levels of antitumor
immunity in the lung while avoiding systemic immune responses
and inflammatory storms, indicating that the biomaterial and its
preparation strategy are suitable for protein-based immunomod-
ulators in chemoimmunotherapy. In addition, the bacterial super-
antigen and its formulation preparation method we used are
suitable for industrial production, thus having potential clinical
transformation prospects.
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