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A B S T R A C T

Effectively controlling cytokine storm is important to reduce the mortality of severe pneumonia. In this work a
bio-functional dead cell was engineered by one-time quick shock of live immune cells in liquid nitrogen, and the
obtained immunosuppressive dead cell could server as both lung-targeting vehicle and cytokine absorption ma-
terial. After loading the anti-inflammatory drugs of dexamethasone (DEX) and baicalin (BAI), the drug-loaded
dead cell (DEX&BAI/Dead cell) could first passively target to the lung after intravenous administration and
quickly release the drugs under high shearing stress of pulmonary capillaries, realizing drug enrichment in the
lung. Then, the immunosuppressive dead cell acted as the camouflage of normal immune cells with various
cytokine receptors exposing on their surface, to “capture” the cytokines and further reduce the state of inflam-
mation. With above formulation design, a synergic anti-inflammatory effect between drugs and carrier could be
achieved. In a lipopolysaccharide-induced pneumonia mice model, this system could calm down the cytokine
storm with high efficacy and elongate the survival of mice.
1. Introduction

Pneumonia is a widespread infection disease of respiratory system,
which is generally caused by the invasion of bacteria or virus, causing
inflammation in the lung tissue [1,2]. When the invaded pathogens are
numerous or severe, these exogenous substances will lead to imbalance
of immune homeostasis with over-activation of immune cells and
excessive production of various cytokine [3–5]. Cytokine storm is
considered as the main lethal factor of severe pneumonia [6–8], and
efficient inhibition of uncontrolled inflammatory responses and reducing
the level of inflammatory cytokines are important to control severe
pneumonia and reduce mortality.

Clinical strategies of attenuating cytokine storm include immuno-
suppressive drugs such as glucocorticoids [9,10], or neutralizing anti-
body such as Tocilizumab [11,12]. However, above two schemes still
have some limitations in practical applications. The use of high dosage of
corticosteroids may lead to serious adverse reactions, such as osteonec-
rosis of the femoral head [13–15]. And single neutralizing antibody
treatment may have limited anti-inflammation efficacy, regarding the
cytokine storm is usually the results of various inflammatory factors [16].
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Immune cells play an important role in mediating the occurrence and
development of cytokine storm [17–19]. For example, the macrophages
in the lung can recognize the exogenous stimuli at the first time and
recruit neutrophils in blood circulation by secreting cytokines to enhance
immune response [20,21]. Our previous work engineered functional
dead cells via treating the live cell by one-time quick shocking with liquid
nitrogen [22]. The obtained cells lost proliferation capability but main-
tained the cellular structure and protein-related bioactivities. Thus, we
designed the immunosuppressive dead cells with similar strategy by
shocking the immune cells with liquid nitrogen, and utilized this kind of
dead cell as delivery vehicles of the anti-inflammatory drugs of dexa-
methasone (DEX) and baicalin (BAI).

In this system, the immunosuppressive dead cell first acted as the lung
targeting vehicle due to its cellular size and quickly released the loaded
anti-inflammatory drugs in the lung, then behaved as “mixed antibodies”
of inflammatory cytokines to further decrease the cytokine levels (Fig. 1).
The drugs and immunosuppressive dead cells worked synergistically to
calm down the cytokine storm of severe pneumonia.
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Fig. 1. Preparation scheme of the drug-loaded immunosuppressive dead cell and the in vivo anti-inflammation mechanisms.
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2. Materials and methods

2.1. Materials

Dexamethasone (DEX), baicalin (BAI), lecithin, cholesterol, octade-
cylamine were bought from Aladdin Corporation (Shanghai, China).
Lipopolysaccharide (LPS) was provided by Shanghai Yuanye Biotech-
nology Co., Ltd (Shanghai, China). The enzyme-linked immunosorbent
assay (Elisa) kits (IL-6, TNF-α, IL-1β, CXCL2) and fluorescence-labelled
antibodies (APC-CXCR2, APC-TLR4, PE-CD121a, PE-gp130, PE-
CD120a, PE-CD14, PE-F4/80, APC-CD11b, PE-Ly6G) were purchased
from Biolegend Corporation (California, USA). Rhodamine labelled
phalloidin (Rhodamine-Phalloidin) was purchased from Suzhou UElandy
Biotechnology Co., Ltd (Suzhou, China). Hoechst 33,342, dulbecco's
modified eagle medium (DMEM) and dimethylsulfoxide (DMSO) were
provided by Jiangsu Kaiji Biotechnology Co., Ltd (Jiangsu, China). Cal-
cein/PI cell viability kit was purchased from Beyotime Biotechnology
Co., Lt (Shanghai, China). Cell counting kit-8 (CCK-8) was provided by
Dalian Meilun Biotechnology Co., Ltd (Dalian, China). The murine
mononuclear macrophage cell line J774A.1 and fetal bovine serum (FBS)
were purchased from Shanghai Fuheng Biotechnology Co., Ltd
(Shanghai, China). Balb/c female mice were supplied by Animal Exper-
imental Center of Shanghai University of Traditional Chinese Medicine.
All animal tests complied with the animal protocol approved by the
institutional animal care and use committee of Shanghai University of
Traditional Chinese Medicine (PZSHUTCM211213020).

2.2. Cell culture

J774A.1 were cultured in the cell incubator (37 �C, 5% CO2) with the
culture medium of DMEM supplemented with 10% FBS and 1% penicillin
streptomycin. The cells were passed after reaching 70–80% confluence.

2.3. Preparation of J774A.1 dead cell

Live J774A.1 cells were suspended in a cell suspension medium (75%
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DMEM, 20% FBS, 5% DMSO) and quickly immersed in liquid nitrogen
overnight. Before use, the frozen cells were thawed at 37 �C and washed
with phosphate buffered saline (PBS). After centrifuging at 200 g for 5
min, the dead cells were obtained.

2.4. Characterization of J774A.1 dead cell

The cellular structure of the dead cell was analyzed by confocal laser
microcopy after fluorescence staining. 1 � 106 J774A.1 dead cells were
suspended in 200 μl PBS and 5 μl Rhodamine-Phalloidin stock solution
was added to stain the cells at room temperature for 20 min. After that,
the cells were centrifuged at 200 g for 5 min and washed with PBS. The
cells were resuspended in 1 ml Hoechst 33,342 staining solution and
stained for 10 min. After washing with PBS, the cells were suspended in
100 μl PBS and observed by laser confocal microscope. Live J774A.1 cells
were first seeded into confocal dishes and washed with PBS before use.
After fixing with 4% paraformaldehyde, 0.1% Triton X-100 solution was
added to destroy the cell membrane. After washing with PBS twice, the
cells were stained with Rhodamine-Phalloidin and Hoechst 33,342
similar as the dead cells. For cell viability analysis, the cells were stained
with Calcein/PI kit according to the manufacturer's protocol. After
staining by calcein AM and PI, the cells were analyzed by confocal mi-
croscopy. For scanning electron microscopy (SEM) characterization, both
J774A.1 dead cells and live cells were fixed with 2.5% glutaraldehyde
solution at 4 �C for 12 h. Then the cells were further treated with 1%
osmic acid for 2 h. After washing with PBS three times, the cells were
treated with different concentrations of ethanol for gradient dehydration
(30%, 50%, 70%, 80%, 90% once, 15 min each time, 100% twice, 20 min
each time) and dropped on silica plates. After drying and gold spraying,
the samples were photographed by SEM.

2.5. In vitro proliferation of dead cell

J774A.1 dead cells were suspended in the cell culture medium (90%
DMEM, 10% FBS) and seeded into 96-well plate with a cell density of 5�
103 cells per well. After 0.5 h, 24 h, 48 h and 72 h, 10 μl CCK-8 solution
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was added to each well and further incubate the cells for 2.5 h. The
absorbance was measured at 450 nm with the microplate reader.

2.6. Cytokine secretion of the dead cells

J774A.1 dead cells were seeded in 24-well plate (1 � 105 per well)
and stimulated with LPS (50 ng ml�1). 8 h later, the supernatant of the
cell culture medium was collected and centrifugated at 300 g for 10 min.
The cytokine levels of IL-6, TNF-α and CXCL2 were detected by ELISA
kits. In comparison, the cytokine secretion of live J774A.1 cells after LPS
stimulation was set as positive control, while J774A.1 dead cells without
LPS stimulation as the negative control.

2.7. Biosafety evaluation of the dead cell

Healthy Balb/c female mice were randomly divided into saline group
and dead cell group (2� 106). After intravenous injection, the survival of
mice was recorded.

The biosafety of J774A.1 dead cells was also evaluated in pneumonia-
model mice. The model was established by intratracheal instillation of
LPS (10 mg kg�1). After 4 h, saline, dead cells (2 � 106), live cells (2 �
106) were intravenously injected, respectively. 24 h later, the blood was
collected from the eyeballs of mice. After centrifuging at 3000 rpm for 10
min, the levels of serum cytokines were measured by ELISA kits. Mean-
while, the survival of mice was recorded.

2.8. Screening of drug combination proportion

First, the anti-inflammatory effects of DEX and BAI were investigated
by evaluation of the cytokine secretion of J774A.1 cells after stimulation
by LPS. In brief, live J774A.1 cells were seeded in a 24-well plate (1� 105

per well) and cultured overnight. LPS (50 ng ml�1) was added in the
culture medium to stimulate the cells for 2 h. Then DEX solutions
(0.5,1,5,10 μM) or BAI solutions (6.25, 12.5, 25, 50 μM) were added in
the well. After further incubating the cells for 8 h, the supernatant of the
culture medium in each well was collected and IL-6 concentration was
determined by ELISA kit. Second, half inhibitory concentration (IC50) of
DEX (IC50, DEX) and BAI (IC50, BAI) were calculated by the software
Compusyn. The combination ratios were set as: 100% IC50, DEX, 95% IC50,

DEX þ 5% IC50, BAI (19:1), 93.33% IC50, DEX þ 6.67% IC50, BAI (14:1), 90%
IC50, DEX þ 10% IC50, BAI (9:1), 80% IC50, DEX þ 20% IC50, BAI (4:1), 50%
IC50, DEX þ 50% IC50, BAI (1:1), 20% IC50, DEX þ 80% IC50, BAI (1:4), 10%
IC50, DEX þ 90% IC50, BAI (1:9), 6.67% IC50, DEX þ 93.33% IC50, BAI (1:14),
5% IC50, DEX þ 95% IC50, BAI (1:19) and 100% IC50, BAI. Determine IL-6
levels of different groups with similar procedure described above to
investigate the synergetic anti-inflammatory effects of the two drugs.

2.9. Preparation and characterization of drug-loaded dead cell

The drug loading process included two typical procedures, prepara-
tion of DEX&BAI/liposomes (DEX&BAI/Lip) and the incubation of
DEX&BAI/Lip with J774A.1 dead cells. The drugs could be loaded via the
electrostatic interactions between cationic liposomes and dead cells. The
liposomes were prepared by thin-film hydration method. In brief, 19.8
mg lecithin, 6 mg cholesterol, 1.65 mg DEX, 1.65 mg BAI and 3 mg
octadecylamine were added in the round-bottom bottle and dissolved by
12 ml mixed solvent of chloroform and methanol (chloroform: methanol
¼ 1:2, V/V). The sample was vacuumized with a rotary evaporator
(rotational speed of 60 rpm, 25 �C) until a uniform film was formed. After
hydration with 6 ml PBS for 2 h, the solution was conducted ultra-
sonication for 15 min (40 Hz probe) and passed through 0.45 μm and
0.22 μm filter to obtain DEX&BAI/Lip. The obtained DEX&BAI/Lip were
further incubated with 1 � 106 J774A.1 dead cells for 1 h. After 200 g
centrifugation for 5 min, the drug-loaded dead cells (DEX&BAI/Dead
cell) were obtained. For drug loading analysis, the loaded drugs were
extracted with 500 μl methanol and ultrasound for 15 min. After
3

centrifuging at 12,000 rpm for 10 min, the supernatant was analyzed by
HPLC to determine the drug content. To visualize the drug loading state
in dead cells, coumarin 6 (Cou-6) was adopted as the model drug. The
preparation procedure of Cou-6/Dead cell was similar as stated above
and Cou-6/Dead cell was observed by laser confocal microscope.

2.10. In vitro drug release of drug-loaded dead cells

DEX&BAI/Lip was added to the dialysis bag (molecular interception
3500 Da), and immersed in a dissolution cup containing 80 ml PBS (37
�C, 100 r min�1). 2 ml PBS was collected from the dissolution cup at 10
min, 20 min, 30 min, 1 h, 2 h, 4 h, 8 h and 12 h, respectively. The con-
centrations of dexamethasone and baicalin in the sample were deter-
mined by HPLC.

The drug shedding behavior from dead cells was evaluated with a
peristaltic pump to mimic the in vivo blood flow. In brief, the initial
fluorescence intensity of Cou-6/Dead cell was determined and recorded.
After starting the peristaltic pump (shearing force of 0 Pa, 2 Pa, 6 Pa), the
fluorescence intensity of each time (10 min, 30 min, 60 min and 90 min)
of the circulating medium (4 ml PBS) was detected after filtration with
0.8 μm filter, each set of data is repeated three times. The unreleased drug
percentage was calculated by the equation: remaining fluorescence in-
tensity/initial fluorescence intensity � 100%.

2.11. Protein expression of J774A.1 dead cells

The protein expression of J774A.1 dead cells was evaluated by
immunofluorescent staining. The dead cells were suspended in 500 μl
PBS (1% FBS) and stained with fluorescence-labelled antibodies (APC-
CXCR2, APC-TLR4, PE-CD121a, PE-gp130, PE-CD120a and PE-CD14) for
30 min. After incubation, 10 ml PBS (1% FBS) was added to and
centrifuge at 250 g for 5 min twice. Then 400 μl PBS (1% FBS) was added
to resuspend the cells and further the cells were analyzed by laser
confocal microscope and flow cytometry. The live J774A.1 cells were
treated similar as dead cells after scraping the cells with cell scraper.

2.12. Absorption of cytokines by J774A.1 dead cells

10 μl FAM-NHS solution (10 ng ml�1) was added to 250 μl IL-6 so-
lution (10.4 ng ml�1) and incubated at 4 �C for 8 h. Free FAM was
removed by 12,000 rpm centrifugation for 10 min with 3 KD ultrafil-
tration tube and washed with 300 μl PBS for 3 times. Then the dead cells
were incubated in fluorescent labelled IL-6 solution for 1 h and washed
with PBS. The dead cells were re-suspended in PBS and observed by laser
confocal microscope.

IL-6 standard solution (250 pg ml�1) was incubated with dead cells (2
� 106 cells) and added in 96-well plate. 2 h later, the supernatant was
collected after centrifugation and the concentration of IL-6 was detected
by Elisa kit, and the untreated IL-6 standard solution (without dead cell
incubation) was used as negative control.

2.13. In vitro immunosuppression of dead cells and drug-loaded dead cells

DC 2.4 cells were seeded in 6-well plates (1� 106 cells per well). After
culturing for overnight, saline, LPS (50 ng ml�1) and LPS þ dead cells
(50 ng ml�1, dead cell 1 � 106 cells per well) were added respectively.
After 24 h, DC 2.4 cells were collected and stained with FITC-CD11c,
APC-CD86 and PE-CD80 for 1 h. The cells were further analyzed by
flow cytometry.

The mononuclear macrophage J774A.1 were seeded into 24-well
plate with the cell density of 1 � 105 cells per well and cultured for
12 h. LPS (50 ng ml�1) was added into each well to activate the cells for 2
h. Then different groups of saline, dead cell (1 � 105 cells per well) was
added to each well and incubate for further 2 h, 6 h, 10 h, 22 h. The cell
supernatant was collected at different time points, the cytokine levels of
IL-6 were detected by ELISA kits.
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The mononuclear macrophage J774A.1 were seeded into 24-well
plate with the cell density of 1 � 105 cells per well and cultured for
12 h. LPS (50 ng ml�1) was added into each well to stimulate J774A.1
cells for 2 h. Then different groups of saline, dead cell (1 � 105 cells per
well) and drug-loaded dead cell (1 � 105 cells per well, DEX 16.41 μg
ml�1, BAI 5.14 μg ml�1) was added to each well and incubate for further
8 h. The supernatant of the cell culture medium was collected after 300 g
centrifugation for 10 min. The cytokine levels of IL-6, TNF-α and CXCL2
were detected by ELISA kits.

2.14. Lung targeting capability of the dead cells

J774A.1 dead cells were labelled with cy5.5-NHS to obtain
fluorescence-tagged dead cells. Free cy5.5 and cy5.5-dead cell were
intravenously injected into Balb/c mice with cy5.5 dose of 8 μg per mice.
The mice were sacrificed at 0.5 h, 1 h and 1.5 h, respectively, and typical
tissues of heart, liver, spleen, lung and kidney were dissected and imaged
by IVIS imaging system. The fluorescence signal was analyzed by the
software of Living Image.

Balb/c mice were randomly divided into following groups: DEX (5
mg kg�1), BAI (BAI 1.56 mg kg�1), DEX&BAI/Dead cell (DEX 5 mg kg�1,
BAI 1.56 mg kg�1, 2 � 106 dead cells). After 1 h of the drug intravenous
administration, the mice were sacrificed. The tissues of heart, liver,
spleen, lung and kidney were taken out, washed with normal saline and
dried with filter paper. After the tissue was homogenized and concen-
trated, the drug concentration in each tissue was detected by HPLC.

2.15. In vivo anti-inflammation efficacy in LPS-induced pneumonia model

Balb/c mice were anesthetized with isoflurane and 50 μl LPS (10 mg
kg�1) was instilled into the trachea by endotracheal intubation to set up
the pneumonia model. The mice were randomly divided into following
groups: saline, dead cell (2 � 106), DEX (5 mg kg�1), DEX&BAI (DEX 5
mg kg�1, BAI 1.56 mg kg�1), DEX/Dead cell (DEX 5 mg kg�1, 2 � 106

dead cells), DEX&BAI/Dead cell (DEX 5 mg kg�1, BAI 1.56 mg kg�1, 2 �
106 dead cells). 4 h later, the drugs were injected through the tail vein. 24
h post-instillation of LPS, 400 μl blood was collected via the orbital vein
into the serum collection tubes and centrifuged for 10 min at 3000 rpm.
The serum cytokine levels of IL-6, TNF-α, IL-1β and CXCL2 were deter-
mined by Elisa kits. After blood collection, the mice were sacrificed and
bronchoalveolar lavage fluid was collected. In brief, 22G catheter was
inserted into trachea and 1 ml cold PBS (containing 100 μM EDTA) was
slowly injected into the lungs for lavage. The lavage fluid was recovered
within 2 min and repeated 3 times. The supernatant was obtained by
3000 rpm centrifugation for 10 min to evaluate the protein level in the
bronchoalveolar lavage fluid by BCA protein detection kit. The precipi-
tated cells were re-suspended and first incubated with 200 μl red blood
cell lysate for 2 min. Then 1 ml cold PBS was added to stop the lysis and
centrifuged at 400 g for 7 min. The remaining cells were resuspended in
PBS (1% FBS) and the percentages of macrophage (F4/80þCD11bþ) and
neutrophil (Ly6GþCD11bþ) were analyzed by flow cytometry after
antibody staining. The lung tissues were scissored out for following as-
says. The right lung lobe was paraffin-embedded and sliced for HE
staining. The left lung lobe was weighed as the wet weight, and the dry
weight was recorded after drying at 60 �C for 72 h. The wet/dry weight
ratio of the lung tissue was calculated to evaluate the extent of pulmonary
edema. To evaluate the survival of the mice of different groups, the
procedures of modeling and treatments were same as stated above, and
the mice survival was recorded daily.

2.16. Statistical analysis

The data were expressed as mean � SD. The data were analyzed by
Student's t-test between two groups and one-way ANOVA of three or
more groups. The survival curve was analyzed by Mantel Cox test. All
statistical analysis were conducted with GraphPad Prism and Compusyn
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software. The threshold of a statistically significant difference was
defined as P < 0.05.

3. Results

3.1. Engineering of the immunosuppressive dead cell

The immunosuppressive dead cell was engineered by one-time quick
shock of the live immune cells in liquid nitrogen. In specific, the murine
mononuclear macrophage J774A.1 cells were first suspended in cell
suspensionmedium and immersed in liquid nitrogen. Before use, the cells
were thawed at 37 �C and washed with PBS. The preparation procedure
was illustrated in Fig. 1. DMSO percentage in the suspension mediumwas
crucial to the state of obtained dead cells. The cellular structure was
severely damaged and more easily to be disintegrated after treating with
liquid nitrogen if decreasing the percentage of DMSO. However, high
DMSO percentage could not guarantee that all the cells lost proliferation
capability. After evaluation, the formula of the cell suspension medium
was set as 75%DMEM, 20%FBS and 5%DMSO in this work (Fig. S1). The
cellular structure of the obtained J774A.1 dead cell was viewed by laser
confocal microscope and SEM. J774A.1 dead cell maintained approxi-
mately intact cellular structure as the live cells after staining nucleus and
cytoskeleton with the cellular size of 10–20 μm (Fig. 2A and B, Fig. S2).
Next, the cell activity of the obtained dead cells was tested. As shown in
Fig. 2C, all dead cells were labelled with PI (representing dead cells), but
did not display the fluorescent signal of calcein AM (representing live
cells). In addition, J774A.1 dead cells could not proliferate any more
which was verified by CCK-8 assay (Fig. 2D) and exhibited necrosis-
depended cell death (Fig. S3). We further tested the cytokine secretion
function of J774A.1 dead cells after stimulation by LPS. As shown in
Fig. 2E, the levels of IL-6, CXCL2 and TNF-α was sharply increased after
stimulation for live J774A.1 cells, while there was little change for the
dead cells. Meanwhile, the immune activation effect of the prepared dead
cells was also analyzed. We added J774A.1 dead cells (1 � 105 per well)
in the cell culturing plate containing live macrophages (1� 105 per well).
As shown in Fig. S4, the cytokine levels changed little between the dead
cell group and saline group.

Furthermore, the biosafety of the dead cells was evaluated in vivo. 2�
106 J774A.1 dead cells were intravenously injected into the healthy
mice, and all the mice survived for at least 90 days (Fig. 2F). In addition,
we injected 2 � 106 J774A.1 dead cells into the LPS-induced pneumonia
mice. As shown in Fig. 2G, the injection of J774A.1 dead cells signifi-
cantly elongated the survival of mice compared to untreated group,
whereas the survival was significantly shortened if injecting live
J774A.1 cells. We also quantitatively analyzed the serum cytokine levels
of the LPS-induced pneumonia mice after injection of live and dead
J774A.1 cells. Lower cytokine levels of IL-6, TNF-α, IL-1β and CXCL2
were detected for dead cell group, while significantly higher for live cell
group (Fig. 2H). Above date certified the biosafety of J774A.1 dead cells
to be used as biofunctional material in vivo.

3.2. Preparation of drug-loading dead cells (DEX&Bai/Dead cell)

DEX is a synthetic glucocorticoid that can inhibit the inflammatory
cascade. Due to its strong anti-inflammatory effects, DEX is widely used
in the treatment of a variety of acute and chronic inflammatory diseases,
and low-dose DEX is also recommended for the treatment of COVID-19 in
clinic [23,24]. However, large dose and repeated administration of
dexamethasone will lead to drug resistance and serious local and sys-
temic side effects, such as osteoporosis and femoral head necrosis [25].
BAI is one of the main flavonoid extracts extracted from Scutellaria
baicalensis, which is widely used in the combination therapy of
COVID-19 in clinic in China [24,26]. Thus, we choose the combination of
DEX and BAI to achieve the synergistic anti-inflammation effects.

DEX and BAI were co-loaded in J774A.1 dead cells to decrease the
drug dose and side effects of the glucocorticoid drug dexamethasone. We



Fig. 2. Preparation and characterization of J774A.1 dead cells. (A) Confocal fluorescence images of the live and dead J774A.1 cells. The nucleus was stained with
Hoechst 33,342 (blue) and the cytoplasmic F-actin was stained with rhodamine Phalloidin (red). Scale bar, 10 μm. (B) Scanning electron microscope images of the live
and dead J774A.1 cells. Scale bar, 2 μm. (C) The cell state of the prepared J774A.1 dead cells with Live/Dead staining assay. Calcein AM: live cells; PI: dead cells. Scale
bar, 10 μm. (D) Cell proliferation capability of the cells analyzed by CCK-8 assay (n ¼ 6). (E) Cytokines secretion of indicated groups after LPS activation (n ¼ 3) The
LPS concentration was 50 ng ml�1 and dead cell of 1 � 105 cells per well. (F) Survival of mice after challenge with 2 � 106 J774A.1 dead cells (n ¼ 6). (G) Survival of
pneumonia mice after injection of 2 � 106 live or dead J774A.1 cells (n ¼ 8). (H) Cytokine levels in pneumonia mice after injection of 2 � 106 live or dead J774A.1
cells (n ¼ 6). Statistical significance was calculated via Student's t-test (E), Mantel Cox test (G) and ordinary one-way ANOVA (H). All data are expressed as mean � SD,
*P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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first investigate the combination ratio of the two drugs to achieve the
synergetic anti-inflammatory effects. As shown in Fig. 3A, the half
inhibitory concentrations (IC50) of DEX and BAI on IL-6 secretion of
J774A.1 cells were 5.14 μMand 19.67 μM, respectively. The combination
of DEX and BAI could amplify the anti-inflammatory effect with a wide
combination ratio from 19:1 to 1:19 (95% IC50,DEX þ5% IC50,BAI to 5%
IC50,DEX þ95% IC50,BAI), and the combination ratio of 14:1 (93.33%
IC50,DEX þ6.67% IC50,BAI) achieve highest inhibition efficacy, which was
significantly better than that of DEX or BAI alone (Fig. 3B, Table S1).

Then drugs were loaded in the dead cells via electrostatic interactions
between dead cells and drug-loaded cationic liposomes. As shown in
Fig. 3C, obvious fluorescence signal could be detected in the dead cells
when utilizing coumarin-6 (Cou-6) as the model drug. The loading ca-
pacities of DEX and BAI in DEX&BAI/Dead cell was 65.65 � 1.62 μg and
20.54� 1.04 μg per 1� 106 J774A.1 dead cell, respectively, realizing the
combination mol ratio of 14:1 (Fig. 3D).

According to literature, the shearing stress of blood flow in pulmo-
nary capillaries is around 6 Pa [27,28], thus we evaluated the drug
release behavior of DEX&BAI/Dead cell under different shearing forces
(0 Pa, 2 Pa, 6 Pa) with a peristaltic pump to mimic the blood flow in vitro
after adjusting the circulation speed. During circulation, the drug-loaded
liposomes absorbed on the dead cell could fall off, and the drug shedding
ratio was only 17.2% within 1 h under static conditions (0 Pa), while the
ratio increased to 37.5% under low shearing stress of 2 Pa (blood stream)
and 56.4% under 6 Pa (pulmonary capillaries) (Fig. 3E). Meanwhile, the
drugs were also released from DEX&BAI/Lip in a sustained manner
(Fig. S5).
3.3. Lung targeting capability of dead cells

Particles, of which the particle size are over 7 μm [29–32], could
Fig. 3. In vitro drug loading and release. (A) IL-6 secretion of J774A.1 cells activated b
after treatment with indicated combined proportions of DEX and BAI (n ¼ 3). 19:1
IC50,BAI; 9:1 indicated 90% IC50,DEX þ10% IC50,BAI; 4:1 indicated 80% IC50,DEX þ20%
þ80% IC50,BAI; 1:9 indicated 10% IC50,DEX þ90% IC50,BAI; 1:14 indicated 6.67% IC5

confocal images of drug-loaded dead cells (green fluorescence: coumarin 6). Scale bar
(n ¼ 3). (E) Drug release from J774A.1 dead cells under indicated shearing forces
expressed as mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation o
version of this article.)
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passively target to the lung due to the interception by pulmonary capil-
laries. The particle size of dead cells was between 10 μm and 20 μm
(Fig. 2A and B), which could be leveraged as the lung targeting vehicle.
After labelling with the fluorescence dye of cy5.5, obvious fluorescence
signal could be observed in the lung tissue and significantly stronger than
that of free cy5.5 within 1 h post-injection (Fig. 4A and B), which
guaranteed the drug accumulation in the lung after intravenous injection
of drug-loaded dead cells regarding the fast release of drugs under the
sheer stress of lung capillary. As shown in Fig. 4C and D, the concen-
trations of DEX and BAI in the lungs were increased by 1.9 times and 1.7
times compared to the free drug group, respectively.

3.4. Expression of J774A.1 dead cell surface proteins

Immune cells express various receptors to bind cytokines and exog-
enous substances to induce immune responses. For the dead cell, these
receptors were still maintained, various inflammation-related receptors
of CD14 (LPS receptor), TLR4 (LPS receptor), gp130 (IL-6 receptor),
CD121a (IL-1β receptor), CXCR2 (CXCL2 receptor) and CD120a (TNF-α
receptor) were expressed on J774A.1 dead cells, which was similar as
that of live J774A.1 cells (Fig. 5A and B) as analyzed by laser confocal
microscopy and flow cytometry. The cytokine receptors on the surface of
these dead cells enabling the dead cells to “capture” cytokines and reduce
the extent of inflammatory response. As shown in Fig. 5C, clear fluo-
rescence signal of FAM-labelled IL-6 could be observed after incubation
with the dead cells. Further, we also detected the concentration change of
free IL-6 that could be detected by Elisa kit after incubating with dead
cells. As shown in Fig. 5D, IL-6 concentration was significantly lowered
after the incubation. Above data certified the cytokine absorption capa-
bility of the dead cells.
y LPS after treatment with DEX or BAI (n ¼ 3). (B) IL-6 secretion of J774A.1 cells
indicated 95% IC50,DEX þ5% IC50,BAI; 14:1 indicated 93.33% IC50,DEX þ6.67%
IC50,BAI; 1:1 indicated 50% IC50,DEX þ50% IC50,BAI; 1:4 indicated 20% IC50,DEX

0,DEX þ93.33% IC50,BAI; 1:19 indicated 5% IC50,DEX þ95% IC50,BAI. (C) Typical
, 10 μm. (D) The loading capacity of DEX and BAI per 1 � 106 J774A.1 dead cell
(n ¼ 3). Statistical significance was calculated via Student's t-test. All data are
f the references to color in this figure legend, the reader is referred to the Web



Fig. 4. Lung targeting capability of dead cells. (A) In vivo distribution of free cy5.5 and cy5.5-labelled dead cells. (B) Fluorescence radiance of major organs at
indicated timepoints (n ¼ 3). DEX (C) and BAI (D) tissue concentrations in mice after 1 h of i. v. administration of indicated formulation (n ¼ 4). Statistical significance
was calculated via Student's t-test. All data are expressed as mean � SD, *P < 0.05, **P < 0.01.
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3.5. Immunosuppression of dead cell and DEX&Bai/Dead cell in vitro

The immunosuppression efficacy of dead cells and drug-loaded dead
cells were evaluated. First, J774A.1 dead cell could inhibit the activation
and maturation of dendritic cells. After LPS stimulation, the biomarkers
of CD80 and CD86 were elevated with 13.2% CD80þCD86þ DCs, while
the number was only 6.6% if the existence of the dead cells (Fig. 6C and
Fig. S6). The reason may attribute to the retention of LPS receptors on
J774A.1 dead cells (Fig. 5B), enabling the absorption of the exogenous
stimuli of LPS to some extent and inhibit its further contact with live
immune cells.

Further, we measured the secretion of various cytokines of J774A.1
cells after LPS activation. As shown in Fig. 6B, the secreted cytokines of
IL-6, CXCL2 and TNF-α by J774A.1 cells after LPS activation were
significantly lowered if the culture medium containing J774A.1 dead cell
and DEX&BAI/Dead cell, and this effect became more obvious after the
incubation time longer than 4 h (Fig. 6C).
3.6. In vivo anti-inflammation efficacy in LPS-induced pneumonia model

Themice were intratracheally instilled LPS to build up the pneumonia
7

model, and treated with different formulations of saline, dead cell, DEX,
DEX&BAI and DEX&BAI/Dead cell (Fig. 7A). Compared with other
groups, the degree of lung injury in DEX&BAI/Dead cell group was the
most modest, with thinner alveolar walls and less inflammatory cell
infiltration (Fig. 7B). The protein concentration in bronchoalveolar
lavage fluid (BALF) could reflect the vascular permeability, and this value
of DEX&BAI/Dead cell group was significantly lower than that of all
other groups. Consistently, the wet/dry weight ratio which indicated the
state of pulmonary edema also decreased most in mice treated with
DEX&BAI/Dead cell (Fig. 7C and D). The immune cells in BALF were also
evaluated by flow cytometry, the cell percentage of both neutrophils
(Ly6GþCD11bþ) and monocyte-derived macrophages (F4/80þCD11bþ)
were diminished after DEX&BAI/Dead cell treatment (Fig. 7E and F,
Fig. S7). The serum cytokine levels are direct indicators to evaluate the
anti-inflammation efficacy, and the cytokine levels of IL-6, TNF-α, CXCL2
and IL-1β were significantly decreased in DEX&BAI/Dead cell group
(Fig. 7G). Moreover, DEX&BAI/Dead cell treatment elongated the sur-
vival of pneumonia mice. As shown in Fig. 7H, after LPS stimulation all
the mice died at day 4 for saline group, while 83.3%mice still survived at
day 14 post-stimulation of LPS for DEX&BAI/Dead cell group. Above data
certified the anti-inflammation and cytokine storm attenuation efficacy



Fig. 5. Expression of J774A.1 dead cell surface proteins. Receptor expression of J774A.1 live cells (A) and dead cells (B) analyzed by confocal microscopy (top) and
flow cytometry (bottom). Scale bars, 10 μm. (C) Laser confocal images of dead cells after incubating with FAM-labelled IL-6. Scale bar, 10 μm. (D) Changes of IL-6
concentration detected by Elisa kit after incubation with J774A.1 dead cells. (n ¼ 6). The IL-6 concentration was 250 pg ml�1 and dead cell of 2 � 106 cells. Statistical
significance was calculated via Student's t-test. All data are expressed as mean � SD, **P < 0.01, ***P < 0.001.

T. Ci et al. Materials Today Bio 20 (2023) 100684
of the drug-loaded immune dead cells.

4. Discussion

Cell-derived vehicles are intriguing more interests in developing drug
delivery systems due to their unique biological functions [33–48].
Herein, we focused on the function of the dead cells, that were engi-
neered by the one-time quick shock of live cells with liquid nitrogen. The
obtained J774A.1 (mononuclear macrophage cell line) dead cell was
8

proved to be immunosuppressive, attributing to the retaining of typical
cell membrane proteins of CXCR2 [49], CD120a [50], gp130 [51] and
CD121a [52] on cell surface, which enabled the dead cells to “capture”
various cytokines of IL-6, TNF- α, CXCL2 and IL-1β in vivo and reduce the
severity of cytokine storm.

Besides function as the mixed antibodies of cytokines, the dead cell
could also serve as lung-targeting carriers due to its cellular size (10–20
μm) that can be trapped by pulmonary capillaries to achieve passive
targeting to the lungs. However, the key point is how to load the drugs.



Fig. 6. In vitro immunosuppression of J774A.1 dead cell and DEX&BAI/Dead cell. (A) The maturation of dendritic cells 24 h post-LPS activation of CD11cþ DC2.4 cells
of indicated groups (n ¼ 6). The LPS concentration was 50 ng ml�1 and dead cell of 1 � 106 cells per well. (B) Cytokine secretion of macrophages after treatment with
indicated groups (n ¼ 3). The LPS concentration was 50 ng ml�1 and dead cell of 1 � 105 cells per well, and DEX 16.41 μg ml�1, BAI 5.14 μg ml�1. (C) IL-6 secretion of
J774A.1 cells activated by LPS after treatment with dead cells (n ¼ 3). The LPS concentration was 50 ng ml�1 and dead cell of 1 � 105 cells per well. Statistical
significance was calculated via ordinary one-way ANOVA (A and B) and Student's t-test (C). All data are expressed as mean � SD, **P < 0.01, ***P < 0.001.
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Direct chemical modification of the drugs or drug-loaded particles to the
dead cell will influence the activity of membrane proteins to some extent
and inhibit the capability of “cytokine antibodies” of the dead cells. Thus,
we load the drugs by physical forces, that drug-loaded cationic liposomes
were adsorbed on the surface of J774A.1 dead cells by electrostatic
interaction. The loading capacity of dexamethasone on J774A.1 dead
cells reached to 65 μg per 1 � 106 dead cell, which could satisfy the
clinical drug dosing requirement (5 mg kg�1). After intravenous injec-
tion, the adsorbed drugs could fall off from the dead cells due to the high
vascular shearing force in lung capillaries, then the dead cells further
behave as the mixed antibodies as stated before. This formulation design
guaranteed the effectivity of the drug-loaded dead cells in the treatment
of pneumonia.

In this work, the anti-inflammatory efficacy was attributed to the
synergistic anti-inflammatory effects of anti-inflammatory drugs and the
cytokine adsorption capability of the drug carrier. The dead cells serve as
lung targeting vehicle to deliver drugs to the lung and exert anti-
inflammatory efficacy after drug releasing, which exhibited advantages
to other red blood cell or membrane-coated nanoparticles to some extent.
In specific, the immunosuppressive dead cell exhibited better anti-
inflammation capability than erythrocyte-based vehicles, and easy pro-
duction process than other membrane-based systems.

This freeze-shock cell engineering technology is feasible to good
9

manufacturing practice (GMP) and the drug loading procedures are also
easy to operate, which enabled the feasibility of the quality control of the
drug-loaded dead cell in practical use. In addition, besides the mono-
nuclear macrophage J774A.1, other immune cells that act in the pro-
gressing of cytokine storm in pneumonia might also utilize this liquid-
nitrogen shocking technique to engineer the immunosuppressive dead
cell, and the potential of the universality could be evaluated in the future.

5. Conclusions

An immunosuppressive dead cell was engineered as drug lung-
targeting carrier and cytokine absorption material, to exhibit syner-
getic anti-inflammation efficacy in the treatment of pneumonia.
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Fig. 7. In vivo anti-inflammation efficacy. (A) The scheme of LPS-induced pneumonia model set-up and treatments. (B) Representative H&E staining of lung tissues
(Black arrow: inflammatory cell infiltration). Scale bars, 500 μm (upper line) and 50 μm (lower line). (C) Total protein level in the BAL fluid (n ¼ 8). (D) Wet-dry
weight ratio of lung tissue (n ¼ 8). (E) Flow cytometry analysis of neutrophils (CD11bþ Ly6Gþ) in BAL fluid (n ¼ 3). (F) Flow cytometry analysis of macrophages
(CD11bþ F4/80þ) in BAL fluid (n ¼ 3). (G) Serum cytokine levels (n ¼ 8). (H) Survival of the mice of different treatment groups (n ¼ 6). Statistical significance was
calculated via ordinary one-way ANOVA. All data are expressed as mean � SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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