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Inhalation delivery of dexamethasone with iSEND
nanoparticles attenuates the COVID-19 cytokine storm
in mice and nonhuman primates
Qian-Fang Meng1†, Wanbo Tai2,3†, Mingyao Tian4†, Xinyu Zhuang4†, Yuanwei Pan1,5, Jialin Lai1,
Yangtao Xu1, Zhiqiang Xu4, Min Li6, Guangyu Zhao6, Guang-Tao Yu7, Guocan Yu8,
Rongchang Chen9, Ningyi Jin4, Xiao Li4*, Gong Cheng2,3*, Xiaoyuan Chen5,10,11,12*, Lang Rao1*

Dexamethasone (DEX) is the first drug to show life-saving efficacy in patients with severe coronavirus disease
2019 (COVID-19), while DEX is associated with serious adverse effects. Here, we report an inhaled, Self-immu-
noregulatory, Extracellular Nanovesicle-based Delivery (iSEND) system by engineering neutrophil nanovesicles
with cholesterols to deliver DEX for enhanced treatment of COVID-19. Relying on surface chemokine and cyto-
kine receptors, the iSEND showed improved targeting to macrophages and neutralized broad-spectrum cyto-
kines. The nanoDEX, made by encapsulating DEX with the iSEND, efficiently promoted the anti-inflammation
effect of DEX in an acute pneumonia mouse model and suppressed DEX-induced bone density reduction in an
osteoporosis rat model. Relative to an intravenous administration of DEX at 0.1 milligram per kilogram, a 10-fold
lower dose of nanoDEX administered by inhalation produced even better effects against lung inflammation and
injury in severe acute respiratory syndrome coronavirus 2–challenged nonhuman primates. Our work presents a
safe and robust inhalation delivery platform for COVID-19 and other respiratory diseases.
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INTRODUCTION
The coronavirus disease 2019 (COVID-19) pandemic, induced by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) (1, 2), has resulted in broad consequences for public health
and global economy (3, 4). Mechanically, in response to the
SARS-CoV-2 infection, the body stimulates immunocyte activation
and cytokine secretion to eliminate viruses and inhibit infection (5).
However, sustainably high levels of cytokines, characterized as “cy-
tokine storm,” may, in turn, aggravate the inflammation state and
lead to immune dysfunction (6, 7). Clinically, most patients with
COVID-19 showmild or moderate symptoms, but ~20% of patients
progress to severe pneumonia, multiple organ failure, and even
septic shock owing to the cytokine storm (8). Despite the rapid pro-
gress made toward effective control of COVID-19 (9–11),

particularly the very recent encouraging outcomes of oral drugs
molnupiravir and Paxlovid in treating mild or moderate cases
(12), there are only few available drugs or therapeutic strategies
for patients with severe COVID-19 (13).

Dexamethasone (DEX) is the first drug to show life-saving effi-
cacy in patients with severe COVID-19 (14). In the world’s largest
clinical trial involving COVID-19, the use of DEX reduces the
number of COVID-19–mediated deaths by 35 and 20% in patients
who require mechanical ventilation and in nonventilated patients
with oxygen treatment, respectively (15). Moreover, the DEX treat-
ment resulted in a higher hospital discharge rate and in a shorter
hospitalization time (15). DEX is expected to have significant
impact on COVID-19, not only because DEX is the first drug to sig-
nificantly improve patient survival (16) but also because it is widely
available and very cheap (14, 16). Although promising, DEX is a
glucocorticoid and its receptors are widely expressed in most cell
types; thus, the use of DEX may lead to severe side effects (16,
17), such as osteoporosis and fracture, femoral head ischemic necro-
sis, and central obesity, which limit its widespread application, par-
ticularly for long-term treatments at high doses (18, 19). Despite
these concerns, the broad action of DEX on suppressing cytokines
may be beneficial in this special situation (15, 16), especially if DEX
can be delivered to lung tissues and target cells that play a key role in
the acute and progressive phase of COVID-19 (16).

Extracellular vesicles (EVs) are lipid vesicles secreted by cells and
involved in physiological and pathological processes (20–22) and,
thus, have great potential in immunotherapy (22, 23). Moreover,
benefiting from their desirable safety and stability, the EVs have
been regarded as a next-generation drug delivery platform (24–
27). In terms of production, however, the EVs secreted by cells
are insufficient for use in immunotherapy and drug delivery (24,
28). As a result, cell-derived nanovesicles (NVs), which can be pre-
pared by sonication and extrusion of cellular membranes, have been
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used as an alternative to EVs (29–31). The NVs also contain lipids
and specific proteins of source cells and thus inherit unique prop-
erties from source cells (32). For example, we and others have re-
cently demonstrated that NVs could serve as decoys to trap
viruses and broad-spectrum cytokines (33, 34), inhibiting viral in-
fection and lung inflammation (35, 36). In this work, we propose to
use NVs to improve COVID-19 treatment by targeted delivery of
DEX and synergetic neutralization of cytokines.

A recent report has revealed that the use of DEX in patients with
severe COVID-19 affected circulating neutrophils, altered interfer-
on (IFN)active neutrophils, and activated interleukin-1 receptor 2
(IL-1R2)+ neutrophils (13). Inspired by this, an inhalable DEX
nanoformulation (nanoDEX) comprising neutrophil-derived NVs
(N-NVs) loaded with DEX (DEX-N-NVs) was developed to
improve the COVID-19 treatment and complication management
(Fig. 1A). By taking advantages of inhalation delivery and abundant
chemokine receptors on N-NVs (37), the nanoDEX shows en-
hanced retention in inflamed lungs and improved targeting to acti-
vated macrophages and dendritic cells (DCs). The nanoDEX
protects against the COVID-19 cytokine storm through a powerful
two-step strategy: cytokine down-regulation in the first step fol-
lowed by cytokine neutralization in the second step (Fig. 1B). En-
hanced retention of nanoDEX in lungs promotes the cytokine
down-regulation effects of DEX, thus suppressing inflammatory
cell infiltration and lung injury caused by the SARS-CoV-2 infec-
tion. Moreover, relying on abundant cytokine receptors on N-
NVs, the nanoDEX binds and neutralizes broad-spectrum cyto-
kines, improving the COVID-19 treatment efficacy. In addition,
because of the enhanced retention in inflamed lungs, the

nanoDEX treatment significantly attenuates DEX-induced osteopo-
rosis, further highlighting the significance of nanoDEX.

RESULTS
DEX-N-NVs contained abundant cytokine receptors and
showed sustained drug release
The preparation of DEX-N-NVs includes three steps: (i) isolating
neutrophils, (ii) obtaining N-NVs, and (iii) loading DEX into N-
NVs. First, we extracted mature neutrophils from mouse/rhesus
bone marrow and purified them by density gradient centrifugation
(38). Flow cytometric analysis revealed a 91.21% purity of isolated
neutrophils (Ly6G+/CD11b+) (Fig. 2A and fig. S1), with only a small
fraction of cells undergoing early apoptosis [annexin V+/propidium
iodide (PI)−] and late apoptosis (annexin V+/PI+) (Fig. 2A). Fur-
thermore, Wright-Giemsa staining showed a purple color typical
of neutral substances and polymorphonuclear morphology in neu-
trophils (Fig. 2B).

To obtain N-NVs, the intracellular content of isolated neutro-
phils was removed by hypotonic lysis, mechanical disruption, and
gradient centrifugation. N-NVs were prepared by serial sonication
and extrusion of cell membranes through nanopores with a mini
extruder. Transmission electron microscopy (TEM) visualization
and dynamic light scattering (DLS) analysis revealed that N-NVs
were round lipid droplets with an average size of 90 nm (Fig. 2, C
and D, and fig. S2). Notably, N-NVs remained stable over at least 14
days in physiological buffers (Fig. 2E and fig. S3) and showed no
significant cytotoxicity (fig. S4), ensuring downstream in vitro
and in vivo experiments.

Fig. 1. Schematic illustration of inhalable nanoDEX for COVID-19. (A) The inhalable nanoDEX is composed of iSEND nanoparticles loaded with DEX. Benefiting from
inhalational delivery and chemokine receptors on the iSEND, the nanoDEX shows enhanced retention in inflamed lungs and promotes targeting to alveoli immunocytes.
(B) The nanoDEX protects against COVID-19 cytokine storm through a powerful two-step strategy: cytokine down-regulation by DEX in the first step followed by cytokine
neutralization by the iSEND in the second step. Enhanced retention of nanoDEX in inflamed lungs promotes cytokine down-regulation effects of DEX, thus suppressing
the cell infiltration and lung fibrosis caused by the COVID-19 infection. Moreover, depending on specific cytokine receptors on the iSEND, the nanoDEX binds and neu-
tralizes broad-spectrum cytokines, further improving the COVID-19 treatment and complication management.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Meng et al., Sci. Adv. 9, eadg3277 (2023) 14 June 2023 2 of 15



SDS–polyacrylamide gel electrophoresis (SDS-PAGE) suggested
that N-NVs inherited specific protein contents from neutrophils
(Fig. 2F). Furthermore, Western blotting confirmed the existence
of key chemokine and cytokine receptors on N-NVs, but not on
red blood cell–derived NVs (R-NVs) (Fig. 2G), including C-C
motif chemokine receptor 2 (CCR2), C-X-C motif chemokine re-
ceptor 2 (CXCR2), CXCR4, IL-6 receptor (IL-6R), IL-1βR, and
tumor necrosis factor–α receptor (TNF-αR). Relying on these cyto-
kine receptors, N-NVs efficiently adsorbed inflammatory cytokines
(Fig. 2H), including IL-6, IL-1β, and TNF-α in a dose-dependent

manner, indicating the potential of N-NVs on cytokine storm sup-
pression. Notably, compared with other hemocyte- and immuno-
cyte-derived NVs, N-NVs showed better performance on IL-6
neutralization (fig. S5).

After that, we prepared DEX-N-NVs by sonication, loading DEX
into the resulting N-NVs. The drug loading efficiency was deter-
mined by high-performance liquid chromatography (HPLC) (fig.
S6), and DEX-N-NVs with an optimal loading efficiency of approx-
imately 9.71% was prepared under an initial feeding ratio of 1:5
(Fig. 2I). We also tested the influence of loading strategies on the

Fig. 2. Preparation and characterization of DEX-N-NVs. (A) Flow cytometric analysis of neutrophil purity and apoptosis. (B) Wright-Giemsa staining of neutrophils.
Scale bar, 50 μm. (C) Transmission electron microscopy (TEM) images of (i) neutrophils and (ii and iii) N-NVs. Scale bars, (i) 2 μm, (ii) 200 nm, and (iii) 50 nm. (D) Size
distribution of N-NVs. (E) Stability of N-NVs in phosphate-buffered saline (PBS) and 10% fetal bovine serum (FBS) over 14 days. (F) SDS-PAGE protein analysis of neutrophil
lysates and N-NVs. (G) Western blot analysis of chemokine and cytokine receptors including C-C motif chemokine receptor 2 (CCR2), C-X-C motif chemokine receptor 2
(CXCR2), CXCR4, IL-6 receptor (IL-6R), IL-1βR, and tumor necrosis factor–α receptor (TNF-αR) in red blood cell–derived NVs (R-NVs) and N-NVs. (H) Binding capacity analysis
of R-NVs and N-NVs with TNF-α, IL-6, and IL-1β. (I) Drug loading content and efficiency of DEX into N-NVs after sonication. (J) Drug loading efficiency with different loading
strategies. The initial N-NVs are 200 μg. (K) Drug release profile of DEX-N-NVs. All data are presented as means ± SD (n = 3). Statistical significance was calculated via
ordinary one-way analysis of variance (ANOVA) with Dunnett’s test (J). **P < 0.01 and ***P < 0.001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ns, not
significant.
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efficiency and found that sonication and electroporation were better
for DEX-N-NV preparation compared with incubation and extru-
sion (Fig. 2J). Notably, the sonication loading of DEX did not alter
the size of N-NVs, cytokine receptors, and cytokine neutralization
(fig. S7). Moreover, approximately 71.16% of total DEX leaked out
from N-NVs within 48 hours (Fig. 2K), suggesting a sustained
release profile of DEX-N-NVs.

DEX-N-NVs showed enhanced targeting to inflamed cells
and improved anti-inflammation effect in vitro
Macrophages and DCs are known to engage in SARS-CoV-2 infec-
tion and the COVID-19 cytokine storm, resulting in their activation
and excessive secretion of inflammatory cytokines (5). Here, DEX-
N-NVs were fluorescently labeled and incubated with RAW 264.7
macrophage-like and DC2.4 DC-like cells. R-NVs loaded with DEX
(DEX-R-NVs) were tested as a control because they had similar
structures as DEX-N-NVs, but red blood cells had less cytokine re-
ceptors compared with neutrophils. Significant fluorescence was
observed on the cells after incubation with DEX-N-NVs, but not
with DEX-R-NVs (Fig. 3, A to C, and fig. S8). Lipopolysaccharide
(LPS)–activated cells, when incubated with DEX-N-NVs, showed a
significant fluorescence increase compared with naive cells (Fig. 3, B
and C). Furthermore, the treatment by using cytokine blocking sig-
nificantly decreased the targeting of DEX-N-NVs to inflamed cells
(fig. S9). These results demonstrated the ability of DEX-N-NVs to
target inflamed cells, which is attributed to specific interactions
between cytokine receptors on N-NVs and cytokine molecules
overexpressed by activated macrophages and DCs.

After DEX-N-NVs targeted the inflamed cells, the cells appeared
to take up DEX-N-NVs by clathrin-independent pathways includ-
ing phagocytosis and lipid raft-mediated internalization (31), and
then DEX was released in the cytoplasm to inhibit the secretion
of inflammatory cytokines (13). To test the anti-inflammation ther-
apeutic effect of DEX-N-NVs, the LPS was used to stimulate RAW
264.7 cells to mimic viral infection–induced inflammatory states in
vitro (35). After the stimulation, the secretion of TNF-α and IL-6
was significantly improved (Fig. 3D), confirming the activated in-
flammatory states. The production of IL-1β was not affected obvi-
ously, probably because of negative regulation of nuclear factor κB
signaling in IL-1β secretion (39). On the basis of LPS-stimulated
RAW 264.7 cells, DEX-N-NVs showed a remarkable anti-inflam-
mation effect in a dose-dependent manner (Fig. 3, D to F), which
is probably attributed to a powerful two-step anti-inflammation
strategy: cytokine down-regulation by DEX synergized with cyto-
kine neutralization by N-NVs. Moreover, the treatment with
DEX-N-NVs reduced the production of reactive oxygen species
(ROS) (Fig. 3, E and F), suggesting effective remission of systemic
inflammation.

The iSEND (cholesterol-engineered N-NVs) showed
enhanced retention in inflamed lungs after inhalation
delivery
NVs are lipid vesicles collected from cellular membranes and
inherit certain properties from source cells, including immune
evasion and regulation (23). Especially, relying on their surface
CD47 (40), N-NVs can effectively escape the immune clearance
and realize their accumulation in inflamed lungs. To investigate
the in vivo performance of DEX-N-NVs, the mice received inhala-
tion delivery of phosphate-buffered saline (PBS) or PBS containing

DEX-N-NVs with a commercially available portable nebulizer.
After inhalation delivery, the liquid drops containing DEX-N-
NVs were approximately 3 μm in diameter (Fig. 3G), which is suit-
able for inhalation delivery of specific drugs into pulmonary alveoli
(34, 36). Moreover, the inhalation process had no significant effect
on the physicochemical property of N-NVs and drug release profile
of DEX-N-NVs (Fig. 3H and fig. S10), guaranteeing downstream in
vivo experiments with inhalation delivery. After that, the mice re-
ceived inhalation delivery of fluorescently labeled N-NVs, and the
in vivo biodistribution of N-NVs were studied. As expected, inha-
lation delivery strategy significantly improved the accumulation of
N-NVs in the lungs compared with intravenous injection (Fig. 3I).
In addition, N-NVs were also detected in the spleen, liver, and
kidneys, indicating clearance via the reticuloendothelial system
and the metabolization through the body (fig. S11). Given the exis-
tence of abundant cytokine receptors on N-NVs and the ability of
N-NVs to target inflamedmacrophages andDCs in vitro, we further
tested the ability of N-NVs to target inflamed lung tissues based on a
LPS-induced acute pneumonia model (35). As expected, N-NVs
showed an enhanced accumulation in inflamed lungs (figs. S12A
and `13A). N-NVs could still be found in inflamed lungs 72
hours after inhalation delivery (figs. S12B and S13B), suggesting su-
perior retention of N-NVs.

Considering that NVs are mainly composed of lipids, cholester-
ols, and proteins and cholesterol plays a key role in the physical
stability of cell membranes (41), we tried to engineer N-NVs with
cholesterol conjugation to further improve the inhalation delivery
efficiency. We found that no more than 5.3% of cholesterols
could be engineered onto N-NVs, and these cholesterol-engineered
N-NVs showed significantly improved accumulation in inflamed
lungs (Fig. 3J), which can be attributed to enhanced stability by cho-
lesterols. In the following experiments, we used these N-NVs engi-
neered with 5.3% cholesterols as the iSEND to deliver DEX, and the
resulting DEX-iSEND was named as the nanoDEX. We then tested
the in vivo performance of the nanoDEX and found that DEX after
inhalation delivery showed similar in vivo biodistribution to that
after intravenous delivery (Fig. 3K). Notably, benefiting from spe-
cific cytokine receptors onN-NVs and improved inhalation delivery
stability by cholesterol engineering, the iSEND improved the accu-
mulation of DEX in inflamed lungs for about 14-fold (Fig. 3K). In-
halation delivery of nanoDEX showed superior retention in
inflamed lungs (fig. S14), ensuring anti–COVID-19 treatment by
our inhalable nanoDEX.

Potential systemic toxicity is always a major concern for drug de-
livery system (42). To investigate the in vivo toxicity of iSEND, the
mice received inhalation delivery of PBS or PBS containing iSEND.
Neither death nor significant weight difference was observed
between the PBS andN-NVs groups over 15 days (fig. S15). Further-
more, serum biochemistry, complete blood test, and histological ex-
amination results demonstrated that inhalation delivery of N-NVs
did not induce pathological changes in mice (figs. S16 to S18).
These findings demonstrated that the iSEND has no obvious side
effects on experimental animals.

The nanoDEX attenuated cytokine storm in an acute
pneumonia mouse model and suppressed bone density
reduction in an osteoporosis rat model
The nanoDEX protects against COVID-19 cytokine storm through
a two-step strategy: cytokine down-regulation by DEX in the first
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step followed by cytokine neutralization by the iSEND in the second
step. To test the effect of nanoDEX on the inhibition of COVID-19
cytokine storm, we first tested the formula in an LPS-induced acute
pneumonia mouse model. At 4 hours after the LPS treatment, the
mice received inhalation delivery of nanoDEX, and at 24 hours after
the LPS challenge, all mice were euthanized, and lung tissues were

collected for cytokine measurement (Fig. 4A). In the lung
homogenate, the TNF-α, IL-6, and IL-1β levels were significantly
up-regulated after the LPS challenge (Fig. 4B), demonstrating the
inflammatory status in the lung. The nanoDEX significantly
decreased the cytokine levels in the lung (Fig. 4B), which is attrib-
uted to efficient cytokine down-regulation by DEX synergized with

Fig. 3. The nanoDEX showed enhanced targeting to inflamed cells and improved retention in inflamed lungs. (A) Fluorescence images of nonactivated or LPS-
activated RAW 264.7 cells after incubation with DEX-R-NVs or DEX-N-NVs. Scale bars, 100 μm. DEX-R-NVs and DEX-N-NVs are labeled with 3,3′-dioctadecyloxacarbocya-
nine perchlorate (DiO) (green) before the incubation. (B and C) Fluorescence intensity analysis of DiO (green) in (B) RAW 264.7 and (C) DC2.4 cells after indicated treat-
ments. (D) TNF-α, IL-6, and (E) ROS levels in the supernatant of LPS-stimulated RAW 264.7 cells after indicated treatments. (F) Dose-dependent effects of DEX-N-NVs on
TNF-α, IL-6, and ROS expression in the supernatant of LPS-stimulated RAW 264.7 cells. (G) Size distribution of the droplets containing DEX-N-NVs after inhalation delivery.
(H) Hydrodynamic diameter and zeta potential of DEX-N-NVs before and after inhalation delivery. (I) Fluorescent images showing the lung accumulation of R-NVs or N-
NVs after intravenous or inhalation delivery. Scale bars, 50 μm. R-NVs and N-NVs are labeled with DiO (green) before inhalation delivery. (J) Lung accumulation of cho-
lesterol-engineered N-NVs at 24 hours after inhalation delivery in LPS-infected mice. (K) Biodistribution of DEX, DEX-R-NVs, DEX-N-NVs, or nanoDEX in major organs at 24
hours after intravenous or inhalation delivery in LPS-infected mice. All data are presented as means ± SD (n = 4). Statistical significance was calculated via ordinary one-
way ANOVA with Tukey’s test (B, C, and K) or Dunnett’s test (D, E, and J). *P < 0.05, **P < 0.01, and ***P < 0.001. a.u., arbitrary units; i.h., inhalation; i.v., intravenous.
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Fig. 4. The nanoDEX attenuated lung injury in an acute pneumonia mouse model and suppressed bone density reduction in an osteoporosis rat model. (A)
Schematic showing the treatment schedule in an acute pneumonia mouse model. (B) The cytokine productions in the lung homogenate after indicated treatments. (C)
Hematoxylin and eosin (H&E)–stained lung tissues after indicated treatments. Scale bars, 50 μm. (D) Schematic showing the treatment schedule in a GIO rat model. (E)
Body weight change curves after indicated treatments. (F) Bone mineral density (BMD) analysis in total body, femur shaft, and femur neck. (G) Bone gray weight, dry
weight, and gray/dry ratio analysis after indicated treatments. (H) Ca2+ and P5+ content in the bone after indicated treatments. All data are presented as means ± SD [n = 6
(B) and n = 8 (E to H)]. Statistical significance was calculated via ordinary one-way ANOVAwith Dunnett’s test (B and F to H) or two-way ANOVAwith Tukey’s test (E). *P <
0.05, **P < 0.01, and ***P < 0.001. i.t., intratracheal; ELISA, enzyme-linked immunosorbent assay; q.o.d., every other day.
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cytokine neutralization by the iSEND. Moreover, the LPS treatment
significantly improved the proportion of CD3+CD45+ T cells,
CD14+CD45+ inflammatory infiltrating monocytes, and
CD11blowF4/80hi resident macrophages in the lungs (fig. S19),
which play crucial roles in acute pneumonia (43). The proportion
of these key immune cells was significantly lower in mice treated
with nanoDEX than in those treated with DEX or iSEND alone
(fig. S19), indicating effective suppression of immune disorder
status. Furthermore, histological examination revealed that the
nanoDEX significantly suppressed the LPS-induced severe lung
injury characterized by alveolar cavity disappearance, alveolar wall
incrassation, inflammatory cell infiltration, and vascular dilatation
and congestion (Fig. 4C and table S1), indicating the potential of
nanoDEX against the COVID-19–associated lung injury.

Despite its promising anti-inflammation effect, DEX, as a gluco-
corticoid, may lead to severe side effects such as femoral head ne-
crosis (16, 17). To investigate the safety of nanoDEX, we developed a
rat model of glucocorticoid-induced osteoporosis (GIO) (44). The
rats received low-calcium feed and inhalation management of DEX
or nanoDEX every other day (q.o.d.) (Fig. 4D).We observed that the
rats lost weight rapidly after the DEX treatment, whereas the rats
treated with nanoDEX exhibited weight stabilization and gradually
maintained their health after 4 weeks (Fig. 4E). All rats were eutha-
nized for bone health analysis after a 6-week monitoring. Both in
the femur shaft and neck, the bone mineral densities (BMDs)
were significantly decreased after the DEX treatment; in contrast,
inhalation delivery of DEX with iSEND suppressed DEX-induced
BMD decrease (Fig. 4F). Moreover, we demonstrated that the
DEX treatment caused the decrease of bone gray/dry weight and
the loss of bone calcium/phosphorus contents (Fig. 4, G and H),
demonstrating typical GIO status in rats. Notably, the nanoDEX
treatment significantly protected rats from bone weight decrease
and calcium/phosphorus loss (Fig. 4, G and H). These results sug-
gested that inhalation delivery of nanoDEX significantly protected
rats from DEX-induced side effects, which is attributed to reduced
nonspecific distribution of DEX.

The nanoDEX attenuated lung inflammation and injury in
K18-hACE2 transgenic mice challenged with SARS-CoV-2
The K18-hACE2 transgenic mice expressing human SARS-CoV-2
receptor [i.e., angiotensin-converting enzyme 2 (hACE2)] under a
cytokeratin 18 promoter (K18) are susceptible to SARS-CoV-2 in-
fection, resulting in a dose-dependent lung inflammation disease
course (45). We thus selected the K18-hACE2mice to test anti–CO-
VID-19 efficacy of the nanoDEX. At days 2 and 4 after the challenge
with live SARS-CoV-2 by intranasal route (46, 47), the K18-hACE2
mice received noninvasive inhalation delivery of DEX or nanoDEX
(48). At day 6 after the challenge, all mice were euthanized, and
blood samples and lung tissues were collected for cytokine/chemo-
kine measurement and histological examination (Fig. 5A). At
genetic level, SARS-CoV-2 infection induced the up-regulation of
most of the detected cytokines/chemokines in the lung including
IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, IL-12α, monocyte chemoattrac-
tant protein-1 (MCP-1), macrophage inflammatory protein-1α
(MIP-1α), monokine induced by IFN-γ (MIG), TNF-α, and
stromal cell–derived factor-1 (SDF-1) (Fig. 5B and fig. S20A) but
had little or down-regulation effect on specific cytokines/chemo-
kines (fig. S20B), suggesting the COVID-19 cytokine storm in the
lung (8, 49). The nanoDEX treatment effectively inhibited SARS-

CoV-2 infection–induced cytokine/chemokine up-regulation in
the lung as compared to the DEX treatment (Fig. 5B), which is prob-
ably attributed to enhanced delivery of DEX into lung tissues and
synergetic cytokine neutralization by iSEND. Furthermore, histo-
logical examination of lung tissues from SARS-CoV-2–infected
mice showed a variety of inflammatory lesions including inflamma-
tory cell infiltration, alveolar edema, alveolar cavity disappearance,
and alveolar wall incrassation (Fig. 5C and table S2). Notably, inha-
lation delivery of nanoDEX significantly suppressed the lung injury
(Fig. 5C), indicating the potential of this inhalable nanoDEX for the
COVID-19–associated immune disorder and lung injury. Consis-
tent with local inflammation findings, multiplex immunoassay
analysis of cytokines/chemokines in the serum confirmed that the
nanoDEX effectively suppressed systemic inflammation induced by
the SARS-CoV-2 infection (Fig. 5D and fig. S21). In addition, we
observed that the mice lost weight rapidly after the DEX treatment,
whereas the mice treated with nanoDEX exhibited better weight sta-
bilization (fig. S22), further suggesting the biosafety of our inhal-
able nanoDEX.

A 10-fold lower dose of nanoDEX attenuated lung
inflammation and injury in rhesus macaques challenged
with SARS-CoV-2
Furthermore, we used rhesus macaques to test anti–COVID-19 ef-
ficacy of our inhalable nanoDEX. Considering that the nanoDEX
had about 14-fold improved accumulation in inflamed lungs
based on mouse models, the macaques were infected live SARS-
CoV-2 and then received inhalation delivery of DEX (0.1 mg/kg)
or a 10-fold lower dose of nanoDEX (0.01 mg/kg) once daily. At
day 7 after the challenge, all macaques were euthanized, and
blood and tissues were collected for measurement and analysis
(Fig. 6A). At genetic level, SARS-CoV-2 infection induced the up-
regulation of most of the detected cytokines in the serum (Fig. 6B
and figs. S23 to S27), suggesting the COVID-19 cytokine storm in
macaques (50). The nanoDEX treatment effectively inhibited SARS-
CoV-2 infection–induced cytokine/chemokine up-regulation as
compared to the DEX treatment (Fig. 6B), which is probably attrib-
uted to enhanced delivery of DEX into lung tissues and synergetic
cytokine neutralization by the iSEND. Furthermore, histological ex-
amination of trachea and lung tissues from SARS-CoV-2–infected
macaques showed a variety of inflammatory lesions including in-
flammatory cell infiltration, tracheal mucosal cilia exfoliation, and
alveolar structure destruction (Fig. 6C and table S3). Notably, inha-
lation delivery of nanoDEX significantly suppressed the lung injury
(Fig. 6C), suggesting the great potential of this inhalable nanoDEX
for the COVID-19–associated immune disorder and lung injury.

Consistent with the results at genetic level, multiplex immuno-
assay analysis of cytokines/chemokines in the serum confirmed that
the nanoDEX effectively suppressed systemic inflammation
induced by the SARS-CoV-2 infection (Fig. 6D and figs. S28 to
S32). Moreover, transcriptome results showed that most of the
genes involved in inflammation and injury repair were up-regulated
in the nanoDEX group but not in the DEX group (Fig. 6E and fig.
S33A). Consistent with the volcano findings, the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) analysis demonstrated more
new coronavirus pathways involved in the nanoDEX group (fig.
S33B). Furthermore, gene set analysis showed that, after the
nanoDEX treatment, the gene sets associated with inflammatory
repair began to be highly expressed, while the gene sets of the
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Fig. 5. The nanoDEX attenuated lung inflammation and injury in K18-hACE2 transgenic mice challenged with SARS-CoV-2. (A) Schematic showing the treatment
schedule in K18-hACE2 transgenicmice challenged with SARS-CoV-2. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of cytokine gene expression
in the lungs after indicated treatments. (C) H&E-stained lung tissues after indicated treatments. Scale bars, 100 μm. (D) Multiplex immunoassay analysis of cytokine/
chemokine levels in the serum after indicated treatments. All data are presented as means ± SD (n = 5). Statistical significance was calculated via ordinary one-way
ANOVA with Dunnett’s test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. The nanoDEX attenuated lung inflammation and injury in rhesusmacaques challengedwith SARS-CoV-2. (A) Schematic showing the treatment schedule in
rhesus macaques challenged with SARS-CoV-2. (B) qRT-PCR analysis of cytokine gene expression in the serum after inhalation delivery of DEX (0.1 mg/kg) or nanoDEX
(0.01 mg/kg). (C) H&E-stained trachea and lung tissues after indicated treatments. Scale bars, 50 μm. (D) Multiplex immunoassay analysis of cytokine/chemokine levels in
the serum after indicated treatments. (E) Volcano of differentially expressed genes in lungs among different groups. The genes associatedwith inflammationweremarked
by black boxes. (F) Heatmap of genes associated with inflammation- and injury-related pathways in different groups. All data are presented as means ± SD (n = 4).
Statistical significance was calculated via ordinary one-way ANOVAwith Dunnett’s test. *P < 0.05, **P < 0.01, and ***P < 0.001. cAMP, cyclic adenosine monophosphate;
MARK, microtubule affinity-regulating kinase; TH17, T helper cell 17.
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apoptosis pathway were significantly decreased (Fig. 6F), suggesting
that the nanoDEX treatment actively participated in the process of
inflammation and injury repair after COVID-19 infection. Overall,
these results demonstrated that inhalation delivery of DEX with
iSEND significantly improved the safety and efficacy of hormono-
therapy for COVID-19.

DISCUSSION
In summary, we have developed an inhalable nanoDEX for COVID-
19. By taking advantage of inhalation delivery strategy and chemo-
kine receptors on iSEND, the nanoDEX showed enhanced retention
in inflamed lungs and improved targeting to activated macrophages
and DCs, thus promoting the cytokine down-regulation effects of
DEX and suppressing inflammatory cell infiltration and lung
injury caused by the SARS-CoV-2 infection. Moreover, depending
on cytokine receptors on iSEND, the nanoDEX neutralized broad-
spectrum cytokines. The synchronous down-regulation and neu-
tralization of cytokines enable efficient protection against the
COVID-19 cytokine storm. Different from free DEX, the
nanoDEX down-regulated certain SARS-CoV-2 infection–
induced genes, which may be related to the involvement of
iSEND. The iSEND showed superior in vivo safety, and inhalation
delivery of nanoDEX effectively attenuated DEX-induced osteopo-
rosis. Emerging biomaterials promise a variety of synthetic nano-
particles including inorganic and organic ones for targeted
delivery of DEX (16), while the in vivo biocompatibility of these
nanoparticles needs to be further investigated. The simplicity,
safety, and robust inflammation inhibition make our nanoDEX
an attractive candidate for clinical development.

DEX is a highly active antiedema and antifibrotic agent (15).
Because pulmonary edema and fibrosis have recently emerged as
major complications in the management of COVID-19 (8), the
nanoDEX could further potentiate the antiedema and antifibrotic
effects of DEX by increasing drug activity and availability in hyper-
activated immunocytes of inflamed lungs (16). The SARS-CoV-2
infection involves a complex mixture of immunocytes including
monocytes, macrophages, DCs, and T cells, which together regulate
COVID-19 development (5). Thus, the NVs of these cells can also
be used for DEX delivery and combined with other therapeutic
agents for synergistic treatment of COVID-19. While the current
design uses DEX, it is envisioned that this nanomedicine platform
can be generalized to many other types of glucocorticoids, such as
methylprednisolone and betamethasone. Meanwhile, similar to
COVID-19, other infections, chronic diseases, and traumatic inju-
ries are alsomarked by inflammatory responses that can cause tissue
injury and even organ dysfunction (37). The nanoDEX developed
here is probably able to be expanded as a broad-spectrum platform
to address some of these diseases and can be expected to ultimately
improve clinical outcomes.

In realizing clinical application of the nanoDEX, we should be
alerted to its in vivo biocompatibility. Much work is needed for
comprehensive investigation of its short- and long-term toxicity,
but our small-scale pilot study, together with the safety data in pre-
clinical studies involving EVs (22, 24), could more or less clear the
safety concerns of iSEND. Scalability is also an essential factor that
deserves to be considered for clinical translation (51). Regarding the
source materials of iSEND, ex vivo production of neutrophils by ad-
vanced bioprocesses can supply clinical grade iSEND (37).

Meanwhile, rapid development has been made in producing cells
with universal immune compatibility, which also ensures the
source supply for iSEND (52). Looking toward the future, the
iSEND may open an exciting new area of personalized medicine.
The cells can be collected from patients and the iSEND can be en-
gineered before infusing them back, which guarantee the maximi-
zation of immune tolerance (7, 37, 40, 53). Although further studies
and optimizations are necessary, the nanoDEX represents a signifi-
cant technological advancement with the potential to expand the
therapeutic armamentarium for COVID-19 and other inflammato-
ry diseases.

MATERIALS AND METHODS
Study design
The objective of the study was to develop an inhalable DEX nano-
medicine to improve COVID-19 treatment and complication man-
agement. The in vivo anti-inflammation effect was assessed in an
acute pneumonia mouse model, the in vivo bone density reduction
investigation was assessed in an osteoporosis rat model, and the in
vivo anti–COVID-19 infection study was assessed in K18-hACE2
transgenic mice and rhesus macaques challenged with SARS-
CoV-2. All infectious experiments involving live SARS-CoV-2
were performed in an approved Animal Biosafety Level 3 facility.
Sample sizes were determined on the basis of previous studies
and experimental experience. Animals were randomly assigned to
groups on the basis of animal age and body weight. The investiga-
tors were not blinded to allocation during experiments and
outcome assessment. All experiments were run at least in triplicate.

Cells and animals
The murine cell lines of RAW 264.7 macrophage-like cells and
DC2.4 DC-like cells were obtained from the American Type
Culture Collection (ATCC) and cultured under the guidelines
offered by the ATCC. The Institute of Cancer Research (ICR)
mice (male, 6-week-old) and rattus norvegicus rats (female, 3-
month-old) were both purchased from Hunan Silaike Jinda Labo-
ratory Animal Co. Ltd. (China). The K18-hACE2 mice (14-week-
old) were purchased from GemPharmatech Co. Ltd. (China). The
rhesus macaques (male, 3- to 4-year-old) were purchased from
Anhui Shengpeng Experimental Animal Technology Co. Ltd.
(China). All animal care and experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee of
Shenzhen Bay Laboratory, Southern Medical University, and
Chinese Academy of Agricultural Sciences in accordance with the
guidelines for the protection of animal subjects.

Neutrophil collection
Neutrophils were isolated from the bone marrow of mice or rhesus
macaques following established protocols (38). First, fresh bone
marrow was flushed from the bone with RPMI 1640 (Gibco,
USA), filtered through a 70-μm filter, and centrifuged at 450g for
10 min. After successive resuspension in erythrocyte lysate
(TianGen, China) and PBS (Gibco, USA), neutrophils were isolated
from the mixture with a Percoll (Solarbio, China) gradient method.
Briefly, the obtained cell pellets were added to Percoll working sol-
ution with a Percoll gradient of 78, 70, and 58% (v/v) in PBS. After
centrifugation at 490g for 30 min, neutrophils were recovered from
the 58 and 70% interface and cultured in RPMI 1640 containing
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10% exosome-depleted fetal bovine serum (FBS) (System Bioscienc-
es, USA). The cell population purity (Ly6G+CD11b+) and cell apo-
ptosis (Beyotime, China) were identified using a CytoFLEX flow
cytometer (Beckman Coulter, USA) with CytoExpert software
(Beckman Coulter, USA). The isolated neutrophils were stained
with Wright-Giemsa (Solarbio, China) and observed under an
optical microscope (IX71, Olympus, Japan). The morphology of
neutrophils was also characterized using a transmission electron
microscope (JEM-2010HT, JEOL, Japan). The TEM sample of ultra-
thin section of neutrophils was prepared by engineers (Medical Re-
search Center for Structural Biology, School of Basic Medical
Sciences, Wuhan University, China).

The iSEND preparation
To obtain N-NVs, the isolated neutrophils were disrupted by a hy-
potonic lysing buffer and a Dounce homogenizer. The solution was
then treated with deoxyribonuclease and ribonuclease (Invitrogen,
USA) and then centrifuged at 3200g for 5 min. The enriched super-
natants were further centrifuged at 20,000g for 30 min and 80,000g
for 1.5 hours, respectively. After that, the pellets were collected,
washed with PBS mixing protease inhibitor tablet (Roche, Switzer-
land) for three times, sonicated for 5 min, and finally extruded step-
wise through 400-, 200-, and 100-nm nanopore polycarbonate
membranes on a mini extruder (Avanti Polar Lipids, USA). The hy-
drodynamic diameter and zeta potential of N-NVs were character-
ized with a dynamic light scatter (Nano-Zen 3600, Malvern
Instruments, UK). The morphology of N-NVs was also character-
ized by TEM. The TEM samples were negatively stained with uranyl
acetate. The stability of N-NVs in PBS and 10% FBS was monitored
for 2 weeks by DLS. As a control, R-NVs were also prepared with
similar protocols. To prepare the cholesterol-engineered N-NVs
(iSEND), 100 μg of N-NVs was mixed with 20 μg of cholesterol
and sonicated for 20 min. The samples were then centrifuged at
15,000g for 15 min to remove N-NVs, and the concentrations of
cholesterols in the supernatant were measured using the Cholesterol
Quantitative Assay Kit (Abcam, China) according to the manufac-
turer’s instructions.

SDS-PAGE and Western blotting
For SDS-PAGE, neutrophil lysates and N-NVs were added into the
protein extraction buffer, and the protein contents were measured
with a bicinchoninic acid kit (Sigma-Aldrich, USA). The samples
were heated at 95°C for 5 min, and 20 μg of each sample was
loaded into a 10% SDS–polyacrylamide gel. The samples were run
at 120 V for 2 hours, and the gel was stained with Coomassie blue
for 4 hours and then decolorated overnight before the observation.
For Western blotting, the protein samples obtained from R-NVs
and N-NVs were denatured and loaded into 10% SDS–polyacryl-
amide gel. The segregated proteins were then transferred onto poly-
vinylidene fluoride membranes; blocked with 5% (w/v) skimmed
milk at 25°C for 1 hour; incubated with CCR2, CXCR2, CXCR4,
IL-6R, IL-1βR, and TNF-αR primary antibodies (all from Abcam)
at 4°C overnight; and then further incubated with horseradish per-
oxidase–conjugated secondary antibody (Thermo Fisher Scientific,
USA), and the blots were developed using aWest Pico PLUS chemi-
luminescent substrate kit (Thermo Fisher Scientific, USA). The
stability of the cytokine/chemokine receptors in N-NVs over 14
days and the stability of the cytokine/chemokine receptors before

and after DEX loading into N-NVs were also investigated by
Western blotting.

Cytokine binding quantification
To determine the cytokine binding capability of N-NVs, 100 μl of
PBS containing different concentrations of R-NVs and N-NVs was
mixed with 100 μl of PBS containing 1 ng of IL-6, IL-1β, and TNF-α
and incubated for 2 hours at 37°C. The samples were then centri-
fuged at 15,000g for 15 min to remove the R-NVs and N-NVs, and
the concentrations of IL-6, IL-1β, and TNF-α in the supernatant
were measured by the corresponding enzyme-linked immunosor-
bent assay (ELISA) kit (eBioscience, USA) according to the manu-
facturer’s instructions. The ability of cytokine binding before and
after DEX loading into N-NVs was also investigated.

Drug loading and release
The loading of DEX (Sigma-Aldrich, USA) into N-NVs was
achieved as follows: 80 μg of DEX was mixed with indicated
amounts of N-NVs and sonicated for 20 min. DEX-N-NVs were
centrifuged and repeatedly washed with PBS to remove free DEX.
All the washing solutions were collected, and the concentration of
DEX was measured using a high-performance liquid chromato-
graph (Alliance E2695, Walters, USA). The loading efficiency was
calculated from the difference of the initial and left DEX in the su-
pernatant. Side-by-side comparison of incubation, sonication, ex-
trusion, and electroporation on DEX loading was further carried
out. The release of DEX from N-NVs was investigated using the di-
alysis method. Briefly, DEX-N-NVs containing 100 μg of free DEX
were loaded into dialysis bags with a molecular weight cutoff of 10
kDa (Millipore, USA). Dialysis bags were immersed in 50 ml of PBS
and incubated for different times at 37°C with constant shaking at
70 rpm. At the indicated time points, 100 μl of the external medium
was removed, and the same volume of fresh PBS was added. The
concentration of DEX released into the bulk dialysis medium was
determined by HPLC. As a control, DEX was also loaded into R-
NVs with similar protocols.

In vitro toxicity
Cell counting kit-8 (CCK-8) assay was used to evaluate the biocom-
patibility of N-NVs in vitro. Briefly, RAW 264.7 or DC2.4 cells were
seeded in 96-well plates at a desired density and cultured for 12
hours. Then, different concentrations of R-NVs or N-NVs were
added to the medium, and cells were incubated for 48 hours.
Cells grown without any particles were used as a control. At the
end of the incubation, CCK-8 (Sigma-Aldrich, USA) was added
to test the cell viability according to themanufacturer’s instructions.

In vitro targeting
RAW 264.7 or DC2.4 cells were seeded in 12-well tissue culture
plates at 50% confluency and cultured overnight. Cell culture
medium was changed, and LPS (100 ng/ml) from Escherichia coli
(Sigma-Aldrich, USA) was added. After 4 hours of stimulation,
cells were washed with PBS and fixed with 10% phosphate-buffered
formalin (Thermo Fisher Scientific, USA) for 10 min and blocked
with 1% BSA for 1 hour. DEX-R-NVs or DEX-N-NVs were labeled
with 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO; Thermo
Fisher Scientific, USA), and the cells were then incubated with
DiO-labeled DEX-R-NVs or DEX-N-NVs (0.2 mg/ml) in PBS at
4°C for 60 s. After incubation, cells were washed five times with

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Meng et al., Sci. Adv. 9, eadg3277 (2023) 14 June 2023 11 of 15



ice-cold PBS, mounted with VECTASHIELD Antifade Mounting
Medium with 4,6-diamidino-2-phenylindole (Vector Laboratories,
USA), and imaged with confocal laser scanningmicroscopy (CLSM;
LSM700, Zeiss, Germany). For flow cytometric analysis, cells were
scraped and collected after PBS wash and then analyzed using a flow
cytometer. Furthermore, DiO-labeled DEX-N-NVs (0.2 mg/ml)
were mixed with IL-6, IL-1β, and TNF-α (10 ng/ml) and incubated
for 2 hours at 37°C. The samples were further centrifuged at 15,000g
for 15 min to remove residual cytokines, and the cells were then in-
cubated with DiO-labeled DEX-N-NVs in PBS at 4°C for 60 s. After
incubation, the cells were imaged with CLSM for florescence
measurement.

In vitro inflammation inhibition
RAW264.7 cells were first cultured with LPS (100 ng/ml) for 1 hour,
and R-NVs, N-NVs (equal concentration to R-NVs), DEX, or DEX-
N-NVs (equal concentration to DEX and N-NVs) were added and
incubated for additional 30 min. The supernatants were then col-
lected and centrifuged at 15,000g for 15min to remove the nanopar-
ticles. TNF-α and IL-6 in the supernatant were measured by ELISA
as described previously. The production of ROS was detected using
a ROS assay kit (Sigma-Aldrich, USA). After the treatment of DEX-
N-NVs, the cells were cultured with 20 mM 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA; Sigma-Aldrich, USA) at 37°C for
30 min and then washed three times with a serum-free medium.
The fluorescence signal intensity of DCFH-DA oxidatively trans-
formed fluorescent dichlorofluorescein that was measured by flow
cytometry, and the change of intracellular ROS level was measured.

In vivo biodistribution
The ICR mice received intravenous or inhalation delivery of PBS
containing 200 μg of DiO-labeled R-NVs or N-NVs with a commer-
cially available portable nebulizer. At 24 hours after the treatment,
the mice were euthanized, and all organs were carefully harvested
and cryosectioned for further immunofluorescence analysis of the
in vivo biodistribution of N-NVs after inhalation delivery. To test
the inflammation targeting of N-NVs, an acute pneumonia model
was developed according to previous report (35). The mice were
anesthetized, placed in a supine posture, and then received inhala-
tion delivery of PBS containing LPS (8 mg/kg). At 24 hours after the
LPS challenge, the mice with acute pneumonia received inhalation
delivery of PBS containing 200 μg of DiO-labeled R-NVs or N-NVs.
At 24 hours after the treatment, the mice were euthanized, and all
organs were carefully harvested for immunofluorescence analysis.
The mice with acute pneumonia also received inhalation delivery
of PBS containing 200 μg of DiO-labeled R-NVs or N-NVs. At
24, 48, and 72 hours after the treatment, the mice were euthanized,
and all organs were carefully harvested for immunofluorescence
analysis. The mice with acute pneumonia also received inhalation
delivery of PBS containing the DiO-labeled N-NVs engineered
with different concentrations of cholesterols. At 24 hours after the
treatment, the mice were euthanized, and all organs were carefully
harvested for immunofluorescence analysis. The mice with acute
pneumonia also received intravenous or inhalation delivery of
PBS containing DEX, DEX-R-NVs, DEX-N-NVs, or nanoDEX.
At 24 hours after the treatment, the mice were euthanized, and all
organs were carefully harvested for biodistribution analysis mea-
sured by HPLC. The mice with acute pneumonia received intrave-
nous or inhalation delivery of PBS containing DiO-labeled

nanoDEX (containing 200 μg of N-NVs). At 12, 24, and 48 hours
after the treatment, the mice were euthanized, and lungs were care-
fully harvested and the fluorescence signal was measured by an IVIS
imaging system (PerkinElmer).

In vivo toxicity
To investigate the in vivo toxicity of iSEND, the ICR mice received
inhalation delivery of PBS or PBS containing iSEND q.o.d. with a
commercially available portable nebulizer. The body weight of mice
was monitored and recorded over 15 days, and the mice were eutha-
nized on day 15 after the first inhalation delivery. The blood samples
were collected for complete blood test and serum biochemical ex-
amination with a blood biochemical autoanalyzer (7080, Hitachi,
Japan). Major tissue samples were routinely made into sections de-
scribed as above and stained with hematoxylin and eosin (H&E) for
histological examination.

In vivo inflammation inhibition in an acute pneumonia
mouse model
The mice were anesthetized, placed in a supine posture, and then
received inhalation delivery of PBS containing LPS (8 mg/kg) into
the lung. At 4 hours after the challenge, the mice received inhalation
delivery of PBS or PBS containing DEX (1 mg/kg) or equal amount
of iSEND or nanoDEX. At 24 hours after the LPS challenge, all mice
were euthanized, and the lungs were routinely collected. A part of
lung tissues was weighed and homogenized with a lung homogeni-
zation medium. The IL-6, IL-1β, and TNF-α in the lung tissue ho-
mogenate were determined by the corresponding ELISA kit
(eBioscience, USA). The other part of lung tissues was fixed in
4% neutral buffered formalin, processed into paraffin, and sec-
tioned at 4 μm. The remaining lung tissues were used for flow
cytometry.

Flow cytometry
For flow cytometric analysis, single-cell suspensions of lung tissues
were prepared using the lung dissociation kit (Miltenyi Biotech,
China) according to the manufacturer’s instructions. Briefly, the
lung tissues were perfused and dissected into single lobes. The re-
sulting lobes were washed with PBS in a petri dish, placed in a C
tube containing the enzyme mix to cut into small pieces using gen-
tleMACS tissue dissociators, digested in an incubator for 1 hour at
37°C, and then filtered with 70-μm cell strainers (Becton Dickinson,
USA). The cells were stained with fluorescence-labeled antibodies:
Live/Dead (AF700; Becton Dickinson, USA), CD45 (APC-Cy7,
clone 30-F11; Becton Dickinson, USA), CD3 (BV510, clone 145-
2C11; Becton Dickinson, USA), CD14 (APC, clone Sa14-2; Biole-
gend, USA), CD11b (BB515, clone M1/70; Becton Dickinson,
USA), F4/80 (APC, clone BM8; Becton Dickinson, USA), and
CD206 (PE, clone BM8; Becton Dickinson). The samples were
run on a CytoFLEX flow cytometer (Beckman Coulter, USA)
with CytoExpert software.

In vivo suppression of bone density reduction in an
osteoporosis rat model
The rats received low-calcium feed daily and inhalation delivery of
DEX (1mg/kg) or equal amount of nanoDEX q.o.d. for 45 days. The
body weight of rats was monitored to indicate the total health. After
45-day monitoring, all rats were euthanized, and the femur tissues
were collected for BMD measurement by a bone density analysis
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system (X-Ray DXA, Kubtec, USA). All bone tissues were weighted
and heated in muffle furnace for 6 hours, and the gray weight of
bone tissues was further determined. Furthermore, a small
amount of burned bone tissues was added into 10 ml of perchloric
acid–concentrated sulfuric acid mixture (v/v, 1:5). After high-tem-
perature digestion for 4 hours, the digested solution was kept for
later use. The calcium and phosphorus contents in the bone were
determined by flame atomic absorption spectrophotometry and ul-
traviolet spectrophotometry, respectively.

In vivo suppression of lung injury in K18-hACE2 mice
challenged with SARS-CoV-2
The K18-hACE2 transgenic mice were intranasally inoculated with
1.5 × 103 plaque-forming units (PFU) of SARS-CoV-2 (the
BetaCoV/Beijing/IMEBJ08/2020 strain) (46). On days 2 and 4 post-
infection (p.i.), the mice received inhalation delivery of PBS or PBS
containing DEX (1 mg/kg) or equal amount of nanoDEX separately
via the pulmonary delivery method (48). Body weight was moni-
tored daily. The body weight was monitored daily. On day 6 p.i.,
the mice were euthanized, and lung tissues and serum samples
were harvested for cytokine measurement and histopathology anal-
ysis. The harvested lung tissue was fixed in 10% buffered formalin
solution, and fixed tissues were then embedded in paraffin and sec-
tioned at a thickness of 3 μm. The sections were stained with H&E
and finally observed under an optical microscope.

In vivo suppression of lung injury in rhesus macaques
challenged with SARS-CoV-2
The rhesus macaques were intranasally inoculated with 1.2 × 106
PFU of SARS-CoV-2 (the IME-BJ01 strain). On days 1 to 6 p.i.,
the macaques received inhalation delivery of PBS or PBS containing
DEX (0.1 mg/kg) or nanoDEX (0.01 mg/kg) once daily (15). On day
7 p.i., the macaques were euthanized, and major tissues and serum
samples were harvested for analysis. The harvested trachea and lung
tissues were fixed, embedded, sectioned, stained with H&E, and
finally observed.

Measurement of cytokines/chemokines in lungs and serum
The levels of cytokine/chemokine in lungs were measured by quan-
titative real-time polymerase chain reaction (qRT-PCR). Total RNA
was isolated from lung tissues using a multisource RNA miniprep
kit (Axygen, USA) and reverse transcribed to cDNAs using an
iScript cDNA synthesis kit (Bio-Rad, USA). The target genomes
were quantified with qRT-PCR using the iTaq Universal SYBR
Green Supermix (Bio-Rad, USA). qRT-PCR was performed using
a Bio-Rad CFX-96 touch real-time detection system (the primers
are shown in tables S4 and S5). The level of inflammatory factors
was normalized with glyceraldehyde-3-phosphate dehydrogenase.
The levels of cytokine/chemokine in serum of mice were quantified
using a commercial ProcartaPlex mouse cytokine/chemokine mul-
tiple panel 1A kit (Thermo Fisher Scientific, USA). A panel of cy-
tokines and chemokines including ENA-78 (epithelial neutrophil-
activating protein 78; CXCL5), GRO-α (growth-regulated onco-
gene; CXCL1), G-CSF (granulocyte colony-stimulating factor),
IFN-γ, IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-9, TNF-α, IL-13, IL-15/
IL-15R, IL-17α, IL-22, IL-23, IL-27, IL-28, LIF (leukemia inhibitory
factor), MCP-1 (CCL2), MCP-3 (CCL7), and MIP-1α (CCL3) were
measured for samples from mice according to the manufacturer’s
protocols. The levels of cytokine/chemokine in serum of macaques

were quantified using a commercial ProcartaPlex NHP cytokine/
chemokine/growth factor panel 37plex kit (Thermo Fisher Scien-
tific, USA). A panel of cytokines and chemokines including
BDNF (brain-derived neurotrophic factor), B lymphocyte chemo-
kine (CXCL13), Eotaxin (CCL11), FGF-2 (fibroblast growth factor
2), G-CSF (CSF-3), GM-CSF (granulocyte-macrophage colony-
stimulating factor), IFN-α, IFN-γ, IL-1β, IL-10, IL-12p70, IL-13,
IL-15, IL-17A (CTLA-8), IL-18, IL-1RA, IL-2, IL-23, IL-4, IL-5,
IL-6, IL-7, IL-8 (CXCL8), interferon Gamma induced protein 10
(CXCL10), I-TAC (CXCL11), MCP-1 (CCL2), MIG (CXCL9),
MIP-1α, MIP-1β (CCL4), NGF-β (β-subunit of NGF), PDGF-BB,
sCD40L, SCF, SDF-1α (CXCL12a), TNF-α, VEGF-A (vascular en-
dothelial growth factor A), and VEGF-D was measured for samples
from macaques according to the manufacturer’s protocols.

RNA sequencing and bioinformatic analysis
Rhesus macaque lung homogenates were subjected to RNA se-
quencing. Total RNA was extracted using the TRIzol (Invitrogen,
USA) according to the manufacturer’s protocol. RNA purity and
quantification were evaluated using the NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific, USA). RNA integrity was as-
sessed using the Agilent 2100 Bioanalyzer (Agilent Technologies,
USA). The libraries were constructed using the TruSeq Stranded
mRNA LT Sample Prep Kit (Illumina, USA) according to the man-
ufacturer’s instructions. The transcriptome sequencing and analysis
were conducted by OE Biotech Co. Ltd. (China). The libraries were
sequenced on an Illumina HiSeq X Ten platform, and 150–base pair
paired-end reads were generated. Raw data (raw reads) of fastq
format were first processed using Trimmomatic, and the low-
quality reads were removed to obtain the clean reads. The clean
reads were mapped to the mouse genome (Mus_musculus
GRCm38.99) using HISAT2 (54). The fragments per kilobase
million of each gene was calculated using Cufflinks, and the read
counts of each gene were obtained by HTSeq-count (55). Differen-
tial expression analysis was performed using the “edgeR” in R
version 4.2.0 (version 4.2.0; www.r-project.org/). P < 0.05 and
fold change > 2 were set as the threshold for significantly differential
expression. Hierarchical cluster analysis of differentially expressed
genes (DEGs) was performed to demonstrate the expression
pattern of genes in different groups and samples. Gene Ontology
enrichment and KEGG pathway enrichment analysis of DEGs
were performed using the R package “clusterprofiler.” Heatmaps
of gene expression levels were constructed using the “pheatmap”
package in R.

Statistical analysis
All results are presented as means ± SD. Ordinary one-way analysis
of variance (ANOVA) with Tukey’s test (or Dunnett’s test) or two-
way ANOVAwith Tukey’s test was used for multiple group compar-
isons. All statistical analyses were performed with Prism 8.0.1 soft-
ware (GraphPad).

Supplementary Materials
This PDF file includes:
Figs. S1 to S33
Tables S1 to S5

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Meng et al., Sci. Adv. 9, eadg3277 (2023) 14 June 2023 13 of 15

http://www.r-project.org/


REFERENCES AND NOTES
1. N. Zhu, D. Zhang, W. Wang, X. Li, B. Yang, J. Song, X. Zhao, B. Huang, W. Shi, R. Lu, P. Niu,

F. Zhan, X. Ma, D. Wang, W. Xu, G. Wu, G. F. Gao, W. Tan; China Novel Coronavirus Investi-
gating and Research Team, A novel coronavirus from patients with pneumonia in China,
2019. N. Engl. J. Med. 382, 727–733 (2020).

2. C. Wang, P. W. Horby, F. G. Hayden, G. F. Gao, A novel coronavirus outbreak of global health
concern. Lancet 395, 470–473 (2020).

3. T. Lecocq, S. P. Hicks, K. Van Noten, K. van Wijk, P. Koelemeijer, R. S. M. De Plaen, F. Massin,
G. Hillers, R. E. Anthony, M.-T. Apoloner, M. Arroyo-Solórzano, J. D. Assink, P. Büyükakpınar,
A. Cannata, F. Cannavo, S. Carrasco, C. Caudron, E. J. Chaves, D. G. Cornwell, D. Craig,
O. F. C. den Ouden, J. Diaz, S. Donner, C. P. Evangelidis, L. Evers, B. Fauville, G. A. Fernandez,
D. Giannopoulos, S. J. Gibbons, T. Girona, B. Grecu, M. Grunberg, G. Hetényi, A. Horleston,
A. Inza, J. C. E. Irving, M. Jamalreyhani, A. Kafka, M. R. Koymans, C. R. Labedz, E. Larose,
N. J. Lindsey, M. M. Kinnon, T. Megies, M. S. Miller, W. Minarik, L. Moresi, V. H. Márquez-
Ramírez, M. Möllhoff, I. M. Nesbitt, S. Niyogi, J. Ojeda, A. Oth, S. Proud, J. Pulli, L. Retailleau,
A. E. Rintamäki, C. Satriano, M. K. Savage, S. Shani-Kadmiel, R. Sleeman, E. Sokos,
K. Stammler, A. E. Stott, S. Subedi, M. B. Sørensen, T. Taira, M. Tapia, F. Turhan, B. van der
Pluijm, M. Vanstone, J. Vergne, T. A. T. Vuorinen, T. Warren, J. Wassermann, H. Xiao, Global
quieting of high-frequency seismic noise due to COVID-19 pandemic lockdown measures.
Science 369, 1338–1343 (2020).

4. J. Zhang, M. Litvinova, Y. Liang, Y. Wang, W. Wang, S. Zhao, Q. Wu, S. Merler, C. Viboud,
A. Vespignani, M. Ajelli, H. Yu, Changes in contact patterns shape the dynamics of the
COVID-19 outbreak in China. Science 368, 1481–1486 (2020).

5. B. J. B. Moore, C. H. June, Cytokine release syndrome in severe COVID-19. Science 368,
473–474 (2020).

6. M. Merad, J. C. Martin, Pathological inflammation in patients with COVID-19: A key role for
monocytes and macrophages. Nat. Rev. Immunol. 20, 355–362 (2020).

7. Q.-F. Meng, R. Tian, H. Long, X. Wu, J. Lai, O. Zharkova, J.-W. Wang, X. Chen, L. Rao, Cap-
turing cytokines with advanced materials: A potential strategy to tackle COVID-19 cytokine
storm. Adv. Mater. 33, 2100012 (2021).

8. C. Huang, Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. Cheng, T. Yu,
J. Xia, Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, L. Guo, J. Xie, G. Wang,
R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao, Clinical features of patients infectedwith 2019 novel
coronavirus in Wuhan, China. Lancet 395, 497–506 (2020).

9. J. M. Sanders, M. L. Monogue, T. Z. Jodlowski, J. B. Cutrell, Pharmacologic treatments for
coronavirus disease 2019 (COVID-19): A review. JAMA 323, 1824–1836 (2020).

10. L. Lu, S. Su, H. Yang, S. Jiang, Antivirals with common targets against highly pathogenic
viruses. Cell 184, 1604–1620 (2021).

11. Q. Wang, S. Su, J. Xue, F. Yu, J. Pu, W. Bi, S. Xia, Y. Meng, C. Wang, W. Yang, W. Xu, Y. Zhu,
Q. Zheng, C. Qin, S. Jiang, L. Lu, An amphipathic peptide targeting the gp41 cytoplasmic
tail kills HIV-1 virions and infected cells. Sci. Transl. Med. 12, eaaz2254 (2020).

12. J. Couzin-Frankel, Antiviral pills could change pandemic’s course. Science 374,
799–800 (2021).

13. S. Sinha, N. L. Rosin, R. Arora, E. Labit, A. Jaffer, L. Cao, R. Farias, A. P. Nguyen, L. G. N. de
Almeida, A. Dufour, A. Bromley, B. McDonald, M. R. Gillrie, M. J. Fritzler, B. G. Yipp,
J. Biernaskie, Dexamethasone modulates immature neutrophils and interferon program-
ming in severe COVID-19. Nat. Med. 28, 201–211 (2022).

14. H. Ledford, Coronavirus breakthrough: Dexamethasone is first drug shown to save lives.
Nature 582, 469 (2020).

15. P. Horby, W. S. Lim, J. R. Emberson, M. Mafham, J. L. Bell, L. Linsell, N. Staplin, C. Brightling,
A. Ustianowski, E. Elmahi, B. Prudon, C. Green, T. Felton, D. Chadwick, K. Rege, C. Fegan,
L. C. Chappell, S. N. Faust, T. Jaki, K. Jeffery, A. Montgomery, K. Rowan, E. Juszczak,
J. K. Baillie, R. Haynes, M. J. Landray, Dexamethasone in hospitalized patients with Covid-
19. N. Engl. J. Med. 384, 693–704 (2021).

16. T. Lammers, A. M. Sofias, R. van der Meel, R. Schiffelers, G. Storm, F. Tacke, S. Koschmieder,
T. H. Brümmendorf, F. Kiessling, J. M. Metselaar, Dexamethasone nanomedicines for
COVID-19. Nat. Nanotechnol. 25, 622 (2020).

17. M. A. Matthay, B. T. Thompson, Dexamethasone in hospitalised patients with COVID-19:
Addressing uncertainties. Lancet Respir. Med. 8, 1170–1172 (2020).

18. W. M. Stauffer, J. D. Alpern, P. F. Walker, COVID-19 and dexamethasone: A potential strategy
to avoid steroid-related strongyloides hyperinfection. JAMA 324, 623–624 (2020).

19. P. Mehta, D. F. McAuley, M. Brown, E. Sanchez, R. S. Tattersall, J. J. Manson, COVID-19:
Consider cytokine storm syndromes and immunosuppression. Lancet 395,
1033–1034 (2020).

20. J. Wolfers, A. Lozier, G. Raposo, A. Regnault, C. Thery, C. Masurier, C. Flament, S. Pouzieux,
F. Faure, T. Tursz, E. Angevin, S. Amigorena, L. Zitvogel, Tumor-derived exosomes are a
source of shared tumor rejection antigens for CTL cross-priming. Nat. Med. 7,
297–303 (2001).

21. P. D. Robbins, A. E. Morelli, Regulation of immune responses by extracellular vesicles. Nat.
Rev. Immunol. 14, 195–208 (2014).

22. S. El Andaloussi, I. Mäger, X. O. Breakefield, M. J. A. Wood, Extracellular vesicles: Biology and
emerging therapeutic opportunities. Nat. Rev. Drug Discov. 12, 347–357 (2013).

23. E. I. Buzas, B. György, G. Nagy, A. Falus, S. Gay, Emerging role of extracellular vesicles in
inflammatory diseases. Nat. Rev. Rheumatol. 10, 356–364 (2014).

24. I. K. Herrmann, M. J. A. Wood, G. Fuhrmann, Extracellular vesicles as a next-generation drug
delivery platform. Nat. Nanotechnol. 16, 748–759 (2021).

25. M. Zipkin, Big pharma buys into exosomes for drug delivery. Nat. Biotechnol. 38,
1226–1228 (2020).

26. K. W. Witwer, J. Wolfram, Extracellular vesicles versus synthetic nanoparticles for drug
delivery. Nat. Rev. Mater. 6, 103–106 (2021).

27. S. Wang, F. Li, T. Ye, J. Wang, C. Lyu, S. Qing, Z. Ding, X. Gao, R. Jia, D. Yu, J. Ren, W.Wei, G. Ma,
Macrophage-tumor chimeric exosomes accumulate in lymph node and tumor to activate
the immune response and the tumor microenvironment. Sci. Transl. Med. 13,
eabb6981 (2021).

28. W. Tao, A. Yurdagul Jr., N. Kong, W. Li, X. Wang, A. C. Doran, C. Feng, J. Wang, M. A. Islam,
O. C. Farokhzad, I. Tabas, J. Shi, siRNA nanoparticles targeting CaMKIIγ in lesional mac-
rophages improve atherosclerotic plaque stability in mice. Sci. Transl. Med. 12,
eaay1063 (2020).

29. R. Molinaro, C. Corbo, J. O. Martinez, F. Taraballi, M. Evangelopoulos, S. Minardi, I. K. Yazdi,
P. Zhao, E. De Rosa, M. B. Sherman, A. De Vita, N. E. Toledano Furman, X. Wang, A. Parodi,
E. Tasciotti, Biomimetic proteolipid vesicles for targeting inflamed tissues. Nat. Mater. 15,
1037–1046 (2016).

30. P. Zhang, Y. Chen, Y. Zeng, C. Shen, R. Li, Z. Guo, S. Li, Q. Zheng, C. Chu, Z. Wang, Z. Zheng,
R. Tian, S. Ge, X. Zhang, N.-S. Xia, G. Liu, X. Chen, Virus-mimetic nanovesicles as a versatile
antigen-delivery system. Proc. Natl. Acad. Sci. U.S.A. 112, E6129–E6138 (2015).

31. L. Rao, L. Wu, Z. Liu, R. Tian, G. Yu, Z. Zhou, K. Yang, H.-G. Xiong, A. Zhang, G.-T. Yu, W. Sun,
H. Xu, J. Guo, A. Li, H. Chen, Z. J. Sun, Y. X. Fu, X. Chen, Hybrid cellular membrane nano-
vesicles amplify macrophage immune responses against cancer recurrence andmetastasis.
Nat. Commun. 11, 4909 (2020).

32. G. van Niel, G. D’Angelo, G. Raposo, Shedding light on the cell biology of extracellular
vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228 (2018).

33. Q. Zhang, A. Honko, J. Zhou, H. Gong, S. N. Downs, J. H. Vasquez, R. H. Fang, W. Gao,
A. Griffiths, L. Zhang, Cellular nanosponges inhibit SARS-CoV-2 infectivity. Nano Lett. 20,
5570–5574 (2020).

34. H. Zhang, W. Zhu, Q. Jin, F. Pan, J. Zhu, Y. Liu, L. Chen, J. Shen, Y. Yang, Q. Chen, Z. Liu,
Inhalable nanocatchers for SARS-CoV-2 inhibition. Proc. Natl. Acad. Sci. U.S.A. 118,
e2102957118 (2021).

35. L. Rao, S. Xia, W. Xu, R. Tian, G. Yu, C. Gu, P. Pan, Q.-F. Meng, X. Cai, D. Qu, L. Lu, Y. Xie, S. Jiang,
X. Chen, Decoy nanoparticles protect against COVID-19 by concurrently adsorbing viruses
and inflammatory cytokines. Proc. Natl. Acad. Sci. U.S.A. 117, 27141–27147 (2020).

36. Z. Li, Z. Wang, P.-U. C. Dinh, D. Zhu, K. D. Popowski, H. Lutz, S. Hu, M. G. Lewis, A. Cook,
H. Andersen, J. Greenhouse, L. Pessaint, L. J. Lobo, K. Cheng, Cell-mimicking nanodecoys
neutralize SARS-CoV-2 and mitigate lung injury in a non-human primate model of COVID-
19. Nat. Nanotechnol. 16, 942–951 (2021).

37. Q. Zhang, D. Dehaini, Y. Zhang, J. Zhou, X. Chen, L. Zhang, R. H. Fang, W. Gao, L. Zhang,
Neutrophil membrane-coated nanoparticles inhibit synovial inflammation and alleviate
joint damage in inflammatory arthritis. Nat. Nanotechnol. 13, 1182–1190 (2018).

38. J. Wang, W. Tang, M. Yang, Y. Yin, H. Li, F. Hu, L. Tang, X. Ma, Y. Zhang, Y. Wang, Inflam-
matory tumor microenvironment responsive neutrophil exosomes-based drug delivery
system for targeted glioma therapy. Biomaterials 273, 120784 (2021).

39. F. R. Greten, M. C. Arkan, J. Bollrath, L.-C. Hsu, J. Goode, C. Miething, S. I. Göktuna,
M. Neuenhahn, J. Fierer, S. Paxian, N. van Rooijen, Y. Xu, T. O’Cain, B. B. Jaffee, D. H. Busch,
J. Duyster, R. M. Schmid, L. Eckmann, M. Karin, NF-κB is a negative regulator of IL-1β se-
cretion as revealed by genetic and pharmacological inhibition of IKKβ. Cell 130,
918–931 (2007).

40. J. Xue, Z. Zhao, L. Zhang, L. Xue, S. Shen, Y. Wen, Z. Wei, L. Wang, L. Kong, H. Sun, Q. Ping,
R. Mo, C. Zhang, Neutrophil-mediated anticancer drug delivery for suppression of post-
operative malignant glioma recurrence. Nat. Nanotechnol. 12, 692–700 (2017).

41. M. P. Lokugamage, D. Vanover, J. Beyersdorf, M. Z. C. Hatit, L. Rotolo, E. S. Echeverri,
H. E. Peck, H. Ni, J.-K. Yoon, Y. Kim, P. J. Santangelo, J. E. Dahlman, Optimization of lipid
nanoparticles for the delivery of nebulized therapeutic mRNA to the lungs. Nat. Biomed.
Eng. 5, 1059–1068 (2021).

42. A. Nel, T. Xia, L. Mädler, N. Li, Toxic potential of materials at the nanolevel. Science 311,
622–627 (2006).

43. Q. Ma, Q. Fan, J. Xu, J. Bai, X. Han, Z. Dong, X. Zhou, Z. Liu, Z. Gu, C. Wang, Calming cytokine
storm in pneumonia by targeted delivery of TPCA-1 using platelet-derived extracellular
vesicles. Matter 3, 287–301 (2020).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Meng et al., Sci. Adv. 9, eadg3277 (2023) 14 June 2023 14 of 15



44. Z. Chen, J. Xue, T. Shen, G. Ba, D. Yu, Q. Fu, Curcumin alleviates glucocorticoid-induced
osteoporosis by protecting osteoblasts from apoptosis in vivo and in vitro. Clin. Exp.
Pharmacol. Physiol. 43, 268–276 (2016).

45. J. Zheng, L.-Y. R. Wong, K. Li, A. K. Verma, M. E. Ortiz, C. Wohlford-Lenane, M. R. Leidinger,
C. M. Knudson, D. K. Meyerholz, P. B. McCray Jr., S. Perlman, COVID-19 treatments and
pathogenesis including anosmia in K18-hACE2 mice. Nature 589, 603–607 (2021).

46. S. Sun, L. He, Z. Zhao, H. Gu, X. Fang, T. Wang, X. Yang, S. Chen, Y. Deng, J. Li, J. Zhao, L. Li,
X. Li, P. He, G. Li, H. Li, Y. Zhao, C. Gao, X. Lang, X. Wang, G. Fei, Y. Li, S. Geng, Y. Gao, W. Wei,
Z. Hu, G. Han, Y. Sun, Recombinant vaccine containing an RBD-Fc fusion induced pro-
tection against SARS-CoV-2 in nonhuman primates and mice. Cell. Mol. Immunol. 18,
1070–1073 (2021).

47. H. Gu, Q. Chen, G. Yang, L. He, H. Fan, Y.-Q. Deng, Y. Wang, Y. Teng, Z. Zhao, Y. Cui, Y. Li,
X. F. Li, J. Li, N. N. Zhang, X. Yang, S. Chen, Y. Guo, G. Zhao, X. Wang, D. Y. Luo, H. Wang,
X. Yang, Y. Li, G. Han, Y. He, X. Zhou, S. Geng, X. Sheng, S. Jiang, S. Sun, C. F. Qin, Y. Zhou,
Adaptation of SARS-CoV-2 in BALB/c mice for testing vaccine efficacy. Science 369,
1603–1607 (2020).

48. X. Hu, Y. Yu, J. Feng, M. Fu, L. Dai, Z. Lu, W. Luo, J. Wang, D. Zhou, X. Xiong, B. Wen, B. Zhao,
J. Jiao, Pathologic changes and immune responses against Coxiella burnetii in mice fol-
lowing infection via non-invasive intratracheal inoculation. PLOS ONE 14,
e0225671 (2019).

49. J. Sun, Z. Zhuang, J. Zheng, K. Li, R. Lok-Yin Wong, D. Liu, J. Huang, J. He, A. Zhu, J. Zhao,
X. Li, Y. Xi, R. Chen, A. N. Alshukairi, Z. Chen, Z. Zhang, C. Chen, X. Huang, F. Li, X. Lai, D. Chen,
L. Wen, J. Zhuo, Y. Zhang, Y. Wang, S. Huang, J. Dai, Y. Shi, K. Zheng, M. R. Leidinger, J. Chen,
Y. Li, N. Zhong, D. K. Meyerholz, P. B. McCray Jr., S. Perlman, J. Zhao, Generation of a broadly
useful model for COVID-19 pathogenesis, vaccination, and treatment. Cell 182,
734–743.e5 (2020).

50. B. Rockx, T. Kuiken, S. Herfst, T. Bestebroer, M. M. Lamers, B. B. Oude Munnink, D. de
Meulder, G. van Amerongen, J. van den Brand, N. M. A. Okba, D. Schipper, P. van Run,
L. Leijten, R. Sikkema, E. Verschoor, B. Verstrepen, W. Bogers, J. Langermans, C. Drosten,
M. Fentener van Vlissingen, R. Fouchier, R. de Swart, M. Koopmans, B. L. Haagmans,
Comparative pathogenesis of COVID-19, MERS, and SARS in a nonhuman primate model.
Science 368, 1012–1015 (2020).

51. T. Y. Hu, M. Frieman, J. Wolfram, Insights from nanomedicine into chloroquine efficacy
against COVID-19. Nat. Nanotechnol. 15, 247–249 (2020).

52. T. Deuse, X. Hu, A. Gravina, D. Wang, G. Tediashvili, C. De, W. O. Thayer, A. Wahl, J. V. Garcia,
H. Reichenspurner, M. M. Davis, L. L. Lanier, S. Schrepfer, Hypoimmunogenic derivatives of

induced pluripotent stem cells evade immune rejection in fully immunocompetent allo-
geneic recipients. Nat. Biotechnol. 37, 252–258 (2019).

53. Z. Tang, N. Kong, X. Zhang, Y. Liu, P. Hu, S. Mou, P. Liljeström, J. Shi, W. Tan, J. S. Kim, Y. Cao,
R. Langer, K. W. Leong, O. C. Farokhzad, W. Tao, Amaterials-science perspective on tackling
COVID-19. Nat. Rev. Mater. 5, 847–860 (2020).

54. D. Kim, B. Langmead, S. L. Salzberg, HISAT: A fast spliced aligner with low memory re-
quirements. Nat. Methods 12, 357–360 (2015).

55. C. Trapnell, B. A. Williams, G. Pertea, A. Mortazavi, G. Kwan, M. J. van Baren, S. L. Salzberg,
B. J. Wold, L. Pachter, Transcript assembly and quantification by RNA-Seq reveals unan-
notated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28,
511–515 (2010).

Acknowledgments:Wewould like to thank all members of the Imaging Platform at Shenzhen
Bay Laboratory for the tissue imaging and J. Yuan at Renming Hospital of Wuhan University for
the histological analysis. Funding: This work was supported by the National Natural Science
Foundation of China (nos. 82222035 and 82041006), the State Key Laboratory of Pathogen and
Biosecurity (no. SKLPBS2101), the Independent Fund of the State Key Laboratory of Respiratory
Diseases (no. SKLRD-Z-202210), the Guangdong Basic and Applied Basic Research Foundation
(nos. 2021A1515111036 and 2022A1515110308), the Science and Technology Innovation
Commission of Shenzhen (no. JSGG20220606141002004), the Shenzhen Bay Laboratory Open-
Ended Fund (no. SZBL2020090501009), and the Shenzhen Bay Laboratory Startup Fund (no.
21310071). Author contributions:Q.-F.M., W.T., M.T., X.C., and L.R. conceived and designed the
experiments. Q.-F.M., W.T., M.T., X.Z., Y.P., J.L., Z.X., M.L., G.Z., G.-T.Y., and G.Y. performed the
experiments. Q.-F.M., W.T., M.T., Y.X., R.C., N.J., X.L., G.C., and L.R. analyzed the data. Q.-F.M., W.T.,
M.T., X.C., and L.R. wrote the manuscript. All authors have given approval to the final version of
the manuscript. Competing interests: L.R. has applied for patents related to this study. All
other authors declare that they have no competing interests. Data and materials availability:
All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 15 December 2022
Accepted 10 May 2023
Published 14 June 2023
10.1126/sciadv.adg3277

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Meng et al., Sci. Adv. 9, eadg3277 (2023) 14 June 2023 15 of 15


	INTRODUCTION
	RESULTS
	DEX-N-NVs contained abundant cytokine receptors and showed sustained drug release
	DEX-N-NVs showed enhanced targeting to inflamed cells and improved anti-inflammation effect in vitro
	The iSEND (cholesterol-engineered N-NVs) showed enhanced retention in inflamed lungs after inhalation delivery
	The nanoDEX attenuated cytokine storm in an acute pneumonia mouse model and suppressed bone density reduction in an osteoporosis rat model
	The nanoDEX attenuated lung inflammation and injury in K18-hACE2 transgenic mice challenged with SARS-CoV-2
	A 10-fold lower dose of nanoDEX attenuated lung inflammation and injury in rhesus macaques challenged with SARS-CoV-2

	DISCUSSION
	MATERIALS AND METHODS
	Study design
	Cells and animals
	Neutrophil collection
	The iSEND preparation
	SDS-PAGE and Western blotting
	Cytokine binding quantification
	Drug loading and release
	In vitro toxicity
	In vitro targeting
	In vitro inflammation inhibition
	In vivo biodistribution
	In vivo toxicity
	In vivo inflammation inhibition in an acute pneumonia mouse model
	Flow cytometry
	In vivo suppression of bone density reduction in an osteoporosis rat model
	In vivo suppression of lung injury in K18-hACE2 mice challenged with SARS-CoV-2
	In vivo suppression of lung injury in rhesus macaques challenged with SARS-CoV-2
	Measurement of cytokines/chemokines in lungs and serum
	RNA sequencing and bioinformatic analysis
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

