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ABSTRACT: Cellular nanoparticles (CNPs), which refer to nanoparticles == "*. e @

coated with natural cell membranes, are promising for neutralizing pathological
agents. Here, we use CNPs as a medical countermeasure against the infection
of SARS-CoV-2 variants in an animal model. CNPs comprise polymeric cores

Golden hamster

SARS-CoV-2

> % -
coated with the plasma membranes of human macrophages. The resulting virus \ ey ¢ averd
nanoparticles (M®-NPs) act as host cell decoys to intercept SARS-CoV-2 and > .. Inhibition of
block its cellular entry, thus inhibiting subsequent viral infection. Our findings 25 3 viral infectivity

indicate that M®-NPs bind to the spike proteins of SARS-CoV-2 variants in a et

dose-dependent manner and inhibit the infectivity of live viruses. In hamsters

infected with SARS-CoV-2 variants, M®-NPs significantly reduce the viral

burden in the lungs, demonstrating their effectiveness in inhibiting viral infectivity in vivo. Furthermore, M®-NPs are primarily taken
up by alveolar macrophages without inducing noticeable adverse effects. Given the crucial role of macrophages in viral infections,
MO®-NPs present a promising approach to combating emerging viral threats.

M®-NPvirus binding
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he emergence of new viruses, like the SARS-CoV-2 virus

responsible for the COVID-19 pandemic, presents
substantial challenges to global health."” Scientists have been
actively researching effective treatments for SARS-CoV-2
infection since its onset.”* Nanotechnology-based approaches,
particularly therapeutic nanoparticles, have shown significant
potential due to their versatility and multifunctionality.”® For
instance, lipid nanoparticles played a crucial role in developing
the first approved vaccines against SARS-CoV-2 by delivering
mRNA into cells.”® Polymeric nanoparticles have been
designed to target antiviral drugs directly to infected cells,
reducing off-target effects and minimizing the required
dosage.”'® Some nanoparticles also offer theranostic capa-
bilities, enabling simultaneous therapeutic intervention and
real-time diagnostic monitoring of treatment efficacy.'""?
Nanoparticles presenting host-binding antigens have effectively
blocked SARS-CoV-2 attachment and subsequent infec-
tion."*™'° Inorganic nanoparticles are also promising due to
their inherent antiviral properties, including disrupting viral
integrity, generating reactive oxygen species, or producing
localized heat to deactivate the virus.'”'® These diverse
nanomedicine platforms highlight their promise in combating
SARS-CoV-2 infection.

In the past decade, cell membrane-coated nanoparticles
(denoted “cellular nanoparticles”, or “CNPs”) have emerged as
a unique biomimetic nanomedicine platform with strong
potential for antiviral applications.'”*° These nanoparticles
inherit essential surface antigens from the source cells, allowing
them to act as host cell decoys. They bind to viruses and divert
them away from their intended host targets, a mechanism that
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stands apart from conventional antiviral compounds, which
require the identification of viral antigens for targeting. This
approach addresses the limitation of traditional “one drug—one
virus” solutions, which are ineffective against the diverse
proteins encoded by different viruses. Since viral infectivity
relies on binding with host cell protein receptors, the CNP
strategy shifts the focus from the viruses to the hosts,
overcoming viral diversity for neutralization. Specific cells,
such as T cells or macrophages, are targets of multiple
viruses.”"”””> Therefore, CNPs made from the membranes of
these cells offer a broad-spectrum neutralization strategy
against viral infection. Unlike conventional antiviral treatments
that suppress viral replication machinery, CNPs mimic host
cell functions for viral neutralization, potentially overcoming
viral genetic diversity while avoiding high selective pressure.””

The antiviral potential of CNPs was first demonstrated
through the inhibition of HIV.”*** These CNPs are made with
plasma membranes from CD4" T cells coated onto polymeric
cores. They inherited T cell surface antigens critical for HIV
binding, effectively neutralizing HIV infectivity. Following the
COVID-19 outbreak, researchers developed two types of
CNPs from the plasma membranes of human lung epithelial
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type 1I cells and human macrophages (M®s) for neutralizing
SARS-CoV-2.*° These CNPs displayed the same protein
receptors as their source cells, which are required for SARS-
CoV-2 cellular entry. Upon incubation with the nanosponges,
SARS-CoV-2 was neutralized and unable to infect the cells.
Further enhancements included increasing the density of
surface heparin, a critical viral binding molecule, resulting in a
higher capacity of CNPs to neutralize SARS-CoV-2."°

To further demonstrate the antiviral potential of CNPs, this
study systematically assesses the efficacy of M® membrane-
coated CNPs (denoted “M®-NPs”) for treating SARS-CoV-2
infection in an animal model (Figure 1A). Characterization of
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Figure 1. Fabrication and physicochemical characterization of M®-
NPs. (A) Schematic illustration of macrophage-membrane-coated
cellular nanoparticles (M®-NPs) designed to treat SARS-CoV-2
infection in a hamster model. These M®-NPs comprise polymeric
cores encased in macrophage-derived membranes, which preserve key
membrane proteins essential for virus binding. This interaction
effectively inhibits virus—host cell attachment and protects against
infection. (B) Size and zeta potential of the M®-NPs, determined by
dynamic light scattering (DLS). (C) Representative transmission
electron microscopy (TEM) image of the PLGA core (left, before
coating) and M®-NPs (right, after coating). In both images, scale bar
= 50 nm. (D) Evaluation of membrane orientation on M®-NPs
through a comparative analysis of antibody binding between M®s and
M®-NPs. (E) Stability assessment of M®-NPs in 10% sucrose and
50% fetal bovine serum (FBS).

various physicochemical properties confirmed the successful
fabrication of M®-NPs. At the protein level, M®-NPs
effectively bound with the spike (S) proteins of SARS-CoV-2
alpha, beta, and delta strains. At the cellular level, we selected
SARS-CoV-2 XBB1.5 and WA strains.””** We demonstrated
that M®-NPs effectively neutralized live viruses, preventing
them from infecting host cells. Using a golden hamster model,

we showed that treatment with M®-NPs significantly reduced
the viral burden in the lungs. Mechanistically, M®-NPs were
effectively retained in the lungs and were primarily taken up by
alveolar macrophages. Moreover, the retention of M®-NPs did
not induce discernible lung inflammation. These findings
suggest that M®-NPs have great potential for inhibiting the
entry of SARS-CoV-2 variants into host cells and may offer an
effective treatment strategy for protecting against SARS-CoV-2
infections.

The synthesis of M®-NP consists of three steps. First, using
an established differential centrifugation method, we derived
the M® membrane from THP-1 cells, which are a human
monocytic cell line. Second, using a nanoprecipitation method,
we synthesized nanoparticle cores with poly(lactic-co-glycolic)
acid (PLGA). Third, we coated the membrane with the PLGA
core through sonication. Before the coating, the hydrodynamic
diameter of the nanoparticle core was 84.2 + 0.8 nm (Figure
1B). After the coating, this value increased to 100.6 = 1.1 nm,
consistent with adding a cell membrane coating to the
nanoparticle core. Meanwhile, the surface zeta potential of
M®-NP (—33.3 + 1.1 mV) was less negative than that of the
noncoated PLGA core (—44.3 + 0.3 mV). This change in the
zeta potential before and after coating indicated charge
screening by the cell membrane. The transmission electron
microscopy study showed a spherical morphology of the PLGA
core before the membrane coating (Figure 1C, left). After
being coated, the nanoparticles exhibited a spherical core—shell
structure (Figure 1C, right), suggesting the addition of the
membrane on the exterior surface. The thickness of the shell
was approximately 9 nm, consistent with the typical thickness
of a cell membrane.”

We also assessed the membrane orientation of the M®-NPs
by staining ACE2, CLEC10, and CD147 with fluorescently
labeled antibodies on M®-NPs and M®s containing
equivalent amounts of the membrane material (Figure 1D).
The fluorescent intensities measured for each antibody on
M®-NPs and M®s were comparable, indicating a right-side-
out orientation. An inside-out coating would have made
membrane protein receptors inaccessible to the antibodies,
reducing fluorescence intensity. Additionally, when the M®-
NPs were incubated in 10% sucrose for 72 h or in 50% fetal
bovine serum (FBS) for 6 h, their diameter showed negligible
changes, indicating high colloidal stability (Figure 1E). These
results suggest the successful fabrication of M®-NPs.

Next, we examined the in vivo fate of M®-NPs after
intratracheal administration. To study lung retention, DiD-
labeled M®-NPs (25 mg/kg) were administered to mice, and
their lungs were collected at predetermined time points for
fluorescence measurement. As shown in Figure 2A, the M®-
NP signal in the lung decreased over time: 87% remained at 6
h, 63% at 24 h, and 30% at 96 h postadministration. Using the
Hill equation, we estimated that half of the nanoparticles
remained in the lung after 64.3 h, indicating effective lung
retention. To evaluate alveolar macrophage (M®) uptake of
M®-NPs, bronchoalveolar lavage (BAL) fluid was collected.
Two markers, CD11c and Siglec-F, were stained to identify
alveolar M®s in the BAL fluid, and the percentage of M®s
taking up M®-NPs was examined. As shown in Figure 2B, this
percentage increased over time following nanoparticle
administration and plateaued at 12 h, with approximately
90% of total alveolar M®s effectively taking up M®-NPs. This
result suggests that alveolar M®s mediate the clearance of
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Figure 2. Evaluation of M®-NP lung retention, uptake by alveolar
M®s, and acute lung toxicity. (A) Lung retention of M®-NPs at
various time points following intratracheal administration. (B) Flow
cytometry analysis quantifying M®-NP uptake by CD11c+Siglec-F+
alveolar macrophages at different time points postintratracheal
administration. (C) Measurement of lung inflammatory cytokine
levels following M®-NP instillation. (D) Hematoxylin and eosin
(H&E) staining of representative lung sections 96 h after intratracheal
administration of M®-NPs (scale bar = 50 gm). In all experiments, n
= 3. Panel (A)—(C) data are presented as mean =+ s.d.

M®-NPs from the lung, which is consistent with previous
studies on nanoparticle lung clearance.

We also assessed whether M®-NPs caused an acute lung
toxicity. M®-NPs (25 mg/kg) were administered intra-
tracheally to the mice. On day 1 and day 4 postadministration,
mouse lungs were collected to measure the levels of key
inflammatory cytokines, including IL-6, TNF-a, and IL-12p40.
As shown in Figure 2C, cytokine levels in mice receiving the
nanoparticles were comparable to those administered with the
vehicle, indicating that M®-NPs did not induce acute
inflammation. Additionally, lung histology was examined at
day 4 postadministration. As shown in Figure 2D, hematoxylin
and eosin (H&E) stained lung sections from M®-NP- and
vehicle-treated groups showed comparable morphology,
integrity, and immune cell infiltration, suggesting negligible
toxicity of M®-NPs.

Next, we examined the surface proteins of the M®-NPs.
First, protein profiles of M® lysate, M® membrane vesicles,
and M®-NPs were analyzed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). As shown
in Figure 3A, the protein profile of M®-NPs was modulated
when compared to M® lysate (including intracellular proteins)
but matched well with that of M® membrane vesicles (without
intracellular proteins), indicating the preservation of mem-
brane proteins on M®-NPs throughout the fabrication process.
We next examined the presence of critical viral binding
proteins, including ACE2, C-type lectin domain family 10
(CLEC10), and CD147, on the M®-NPs.*”*' Western blot
analysis revealed comparable expression levels of these proteins
on both the M® membrane vesicles and M®-NPs, with
noticeable enrichment compared to the levels in the M® lysate
(Figure 3B).

After demonstrating the inheritance of membrane proteins
by the M®-NPs, we then examined their binding capacity with
the receptor-binding domain (RBD) of SARS-CoV-2 spike (S)
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Figure 3. Evaluation of M®-NPs binding with the spike (S) proteins
of various SARS-CoV-2 strains. (A) Protein profiles of M® lysate,
M® membrane vesicles, and M®-NPs analyzed via SDS-PAGE. (B)
Western blot analysis of selected protein bands from M® lysate, M®
membrane vesicles, and M®-NPs. (C—E) Dose-dependent binding
profiles of M®-NPs with the spike proteins of different SARS-CoV-2
variants: (C) Alpha, (D) Beta, and (E) Delta strains. (F, G) M®-NPs
neutralize the infectivity of live SARS-CoV-2 (F) XBB.1.5 strain and
(G) the WA strain, respectively (n = 6). Dose-dependent
neutralization profiles indicate the efficacy. The study used lipid—
polymer hybrid nanoparticles (LP-NPs) as the control group.

proteins. The initial test was conducted with RBD proteins
from the SARS-CoV-2 alpha strain. As shown in Figure 3C, as
the concentration of M®-NPs increased, the amount of bound
RBD protein also increased, exhibiting dose-dependent
binding with a typical sigmoidal profile. Based on this
measurement, the half-maximal inhibitory concentration
(ICsy) of M®-NPs was 0.05 + 0.01 mg/mL. In contrast, the
lipid—polymer hybrid nanoparticles (denoted “LP-NPs”) used
as a control showed negligible binding with the RBD protein,
confirming the binding specificity between M®-NPs and the
RBD proteins. Binding studies were also conducted using RBD
proteins from the SARS-CoV-2 beta and delta strains. The
binding of M®-NPs with these proteins exhibited similar
sigmoidal profiles (Figures 3D and 3E). The ICs, values were
calculated as 0.12 + 0.02 and 0.12 + 0.10 mg/mL for the beta
and delta strains, respectively.
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We further examined the capability of M®-NPs in
neutralizing the infectivity of live SARS-CoV-2 viruses by a
plaque reduction neutralization test. In the study, a low passage
sample of SARS-CoV-2 (XBB.1.5) was amplified in Vero E6
cells to make a working stock of the virus. Serial log dilutions
of the M®-NPs were mixed with SARS-CoV-2, followed by
testing of viral infectivity. As shown in Figure 3F, inhibition of
the infectivity increased as the concentration of M®-NPs
increased, suggesting a dose-dependent neutralization effect.
Based on the results, an ICs, value of 0.68 + 0.02 pg/mL was
obtained. In parallel, a similar dose-dependent inhibition of
viral infectivity was observed with the WA strain (Figure 3G).
An ICy, value of 0.08 & 0.02 pg/mL was obtained in this case.
In both experiments, LP-NP control nanoparticles were also
tested in parallel for viral inhibition. The control nanoparticles
were ineffective in neutralizing either SARS-CoV-2 strain,
confirming that the inhibition was due to the macrophage
membrane coating.

Following the in vitro testing, we next evaluated the efficacy
of M®-NP in neutralizing SARS-CoV-2 in Syrian golden
hamsters.”** In the study, M®-NPs were administered
intratracheally, and the animals were then challenged with
the SARS-CoV-2 XBB.1.5 strain through intranasal inoculation
6 h after M®-NP administration. We assessed efficacy by
measuring the viral burden in the lungs 4 days postinfection.
Compared with hamsters receiving the vehicle or LP-NPs,
those treated with M®-NPs exhibited the lowest viral burden,
indicating the effectiveness of M®-NPs (Figure 4A). Similar
results were observed when challenging the hamsters with the
WA strain. As shown in Figure 4B, the M®-NP-treated group
exhibited the lowest viral burden in the lungs. These results
demonstrate that M®-NPs effectively neutralize SARS-CoV-2
variants in hamsters.

The efficacy of the M®-NP treatment was further confirmed
using a subgenomic RT-qPCR assay targeting the SARS-CoV-2
E gene, which indicates active viral replication. In hamsters
infected with the XBB.1.5 strain, viral RNA levels at 4 days
postinfection were approximately 10° RNA copies per gram of
tissue in both the vehicle and LP-NP groups (Figure 4C). In
contrast, hamsters treated with M®-NPs exhibited a 100,000-
fold reduction in viral RNA levels. A similar level of efficacy
was observed in hamsters infected with the WA strain (Figure
4D). Additionally, the expression levels of inflammatory
markers, including MIP-1a, MCP-1, and IL-10, were measured
in the lung tissues of hamsters infected with either the XBB.1.5
or WA strains (Figure 4E,F). In both groups, a significant
increase in the expression levels of these markers was observed
in hamsters treated with the vehicle or LP-NPs. Conversely,
hamsters treated with M®-NPs showed significantly lower
expression levels of these markers. These results further
confirm the protective effect of M®-NPs against SARS-CoV-2
infection in vivo.

In summary, we developed M®-NPs by coating polymeric
cores with human macrophage membranes and demonstrated
their broad-spectrum antiviral capabilities against SARS-CoV-2
variants. M®-NPs were stable in buffer solutions and
possessed antigens that were crucial for viral entry. We showed
that M®-NPs bound to the spike proteins of the SARS-CoV-2
alpha, beta, and delta variants. In vitro, M®-NPs effectively
blocked the cellular entry of SARS-CoV-2. In vivo, treatment
with M®-NPs in golden hamsters infected with SARS-CoV-2
variants inhibited viral infection, as evidenced by the reduced
viral burden in the animals. Importantly, M®-NPs were
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Figure 4. M®-NPs neutralize SARS-CoV-2 in vivo. (A, B) Lung viral
load in hamsters infected with SARS-CoV-2 (A) XBB.1.5 (n = §) and
(B) WA strains (n = 6), respectively, and treated with M®-NPs. The
vehicle (10% sucrose) and the LP-NPs were used as two controls in
the study. (C, D) Viral load in the lung tissue of hamsters infected
with SARS-CoV-2 (C) XBB.1.5 and (D) WA strains, quantified with a
subgenomic RT-qPCR assay targeting the E gene of SARS-CoV-2. (E,
F) Levels of MIP-1a, MCP-1, and IL-10 in lung tissues of hamsters
infected with (E) XBB.1.5 and (F) WA strains, respectively. The
dashed line represents the cytokine baseline measured from healthy
animals. Statistical analysis was performed using a paired two-tailed ¢-
test. Data presented as mean =+ s.d. Statistical comparisons are

indicated by **’: * for P < 0.05, ** for P < 0.01, *** for P < 0.001;.

predominantly taken up by alveolar macrophages without
causing noticeable inflammation in the lungs, indicating a high
safety threshold. Overall, these findings show M®-NPs as a
promising broad-spectrum antiviral platform for treating
various SARS-CoV-2 variants.

In this study, we selected human macrophage membranes
due to their relevance for future clinical translation to humans.
Using human macrophage membranes in hamsters may
potentially trigger an immune response. However, as M®-
NPs are nonliving, they do not amplify the immune response
but rather undergo faster clearance, which could reduce their
efficacy. The significant effectiveness of human M®-NPs
observed in hamsters suggests their high potential for future
use in humans. In addition, macrophages have M1 and M2
polarization states, but the present study used the THP-1 cell
line that was not polarized.

In our investigation, M®-NPs function as cellular decoys
that bind to viruses, effectively blocking viral entry. Given the
complex roles of macrophages in viral infections, this binding
may also inhibit various signaling processes, resulting in faster
viral clearance, more efficient inflammation resolution, and
better sugpression against viral replication or virion
release.”””> Unraveling these mechanisms will enrich our
understanding of the biointerfacial properties of cellular
nanoparticles. Furthermore, nanoparticle—virus complexes
formed in situ may stimulate an antiviral immune response,
contributing to a meaningful antiviral immunity. Previous
studies have shown that complexes formed between nano-
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particles and viruses or viral components can elicit effective
antiviral responses.’®*” Additionally, nanoparticles that capture
bacterial components in situ have demonstrated success in
generating antibacterial immunity.’® This in situ immunization
approach holds exciting potential for antiviral vaccine design,
opening new avenues for research and enhancing antiviral
effectiveness. Given these potentials of M®-NPs, we expect
that they can be an effective approach for the treatment of
other respiratory viral infections.
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