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new opportunities to design antibodies 
with improved properties to maximize effi-
cacy. However, few therapeutic antibodies 
have been approved as antiviral agents, 
except for those urgently required against 
severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2), whereas many 
therapeutic antibodies have been mar-
keted, mostly as oncology, autoimmune, 
and inflammatory therapeutics. This can 
be due to various reasons, but the limited 
antiviral efficacy of the antibodies them-
selves is likely the primary reason for their 
low success rate.[1]

Antiviral antibodies not only neutralize 
viruses by interfering with the interaction 
between virus and host cells by binding to 
surface proteins such as hemagglutinin 
(HA), but also help to eliminate antibody-
coated infected cells by the immune 
system effector cells. Viruses can be elimi-
nated completely only by immune cells, 
whereas the antibody itself transiently 
reduces virus infectivity by inhibiting 
viral proteins. Virustatic mode of action 
and reversible binding of antibodies with 

viruses are among the reasons for inefficient neutralization and 
resistance mutations. Furthermore, if not cleared by immune 
cells, the antibody bound to the virus may facilitate entry of the 
virus into the target cells through antibody-dependent enhance-
ment (ADE).[2] Thus, we aimed to devise an agent that can 
provide infected cells with the ability to self-eliminate viruses 
which invade host cells even in the presence of neutralizing 
antibodies.

One of the challenges that antibody engineering has been 
able to address is mutation of the virus. Viruses, especially RNA 
viruses, exhibit enormous genetic and antigenic diversity.[3] Fur-
thermore, they become resistant to many antivirals because of 
the high error rate of viral polymerases and selective pressure of 
drugs.[4] Therefore, numerous studies have been conducted to 
develop potent broad-spectrum inhibitors against these viruses. 
Broadly neutralizing antibodies (bnAbs) represent an emerging 
approach that targets conserved epitopes on viral proteins. 
The potency of bnAbs has been shown with various viruses, 
including influenza virus,[5] human immunodeficiency virus 
(HIV),[6] Ebola virus,[7] and coronavirus.[8] Because mutations 
in the globular head domain of HA of the influenza virus tend 

Many antibody-based antivirals, including broadly neutralizing antibodies 
(bnAbs) against various influenza virus strains, suffer from limited potency. A 
booster of the antiviral activity of an antibody is expected to facilitate develop-
ment of antiviral therapeutics. In this study, a nanodisc (ND), a discoidal lipid 
bilayer encircled by membrane scaffold proteins, is engineered to provide 
virucidal properties to antibodies, thereby augmenting their antiviral activity. 
NDs carrying the Fc-binding peptide sequence form an antibody-ND complex 
(ANC), which can co-endocytose into cells infected with influenza virus. ANC 
efficiently inhibits endosome escape of viral RNA by dual complimentary 
mode of action. While the antibody moiety in an ANC inhibits hemagglutinin-
mediated membrane fusion, its ND moiety destroys the viral envelope using 
free hemagglutinins that are not captured by antibodies. Providing virus-
infected host cells with the ability to self-eliminate by the synergistic effect 
of ANC components dramatically amplifies the antiviral efficacy of a bnAb 
against influenza virus. When the efficacy of ANC is assessed in mouse 
models, administration of ANCs dramatically reduces morbidity and mortality 
compared to bnAb alone. This study is the first to demonstrate the novel 
nanoparticle ANC and its role in combating viral infections, suggesting that 
ANC is a versatile platform applicable to various viruses.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smtd.202101516.

1. Introduction

Antibodies and antibody fragments are a substantial part of 
treatment approaches against a variety of diseases, including 
viral infections. Recent antibody engineering technologies, 
such as antibody drug conjugates (ADCs), Fc engineering,  
bi-specific antibodies, and immunocytokines, have provided 
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to allow the virus to escape the host immune response,[9] the 
stalk domain HA2 with a highly conserved region has mostly 
been the therapeutic target of bnAbs.[5c,10] Antibodies targeting 
the globular receptor-binding domain (RBD) of HA or adjacent 
hypervariable loops can inhibit binding to sialic acid of host 
cells and act as entry inhibitors.[11] In contrast, bnAbs against 
the HA stem domain block conformational changes of HA in 
late endosomes, preventing fusion of the viral membrane.[12] 
In this study, we employed a bnAb MEDI8852 to demonstrate 
virus disruption in infected cells because this bnAb has been 
shown to be effective against a broad range of influenza virus 
strains.[13]

Nanodisc (ND) is a patch of lipid bilayer where the acyl tails 
of lipids are encircled with various amphipathic molecules, 
including membrane scaffold proteins,[14] peptides,[15] and poly-
mers.[16] These discoidal membrane nanostructures have been 
used to solubilize membrane proteins in a lipid bilayer envi-
ronment[17] and deliver hydrophobic drugs.[18] Recently, we have 
shown that NDs carrying a receptor for influenza viruses perfo-
rate the viral envelope in the endosome, thereby trapping viral 
RNA.[19] While liposomes with the same composition merely 
show a virustatic activity, leading to low neutralizing efficacy, 
NDs dramatically increase antiviral activity because they physi-
cally destroy viruses by utilizing their own invasion machinery, 
HA. Fusion of a viral envelope with a flat, 2D membrane punc-
tures the virus surface, in contrast to virus-liposome fusion, 
which does not expose the viral cavity to the environment. Fur-
thermore, ND encircled by membrane scaffold protein (MSP) 
does not induce not induce no immune response. immune 
response.[20] Thus, we tested whether a bnAb complexed with 
a ND would enhance the antiviral potency of the antibody by 
aiding disruption of the virus in the infected cells. It was shown 
that the surface area of the ND is crucial for enhancing its anti-
viral activity. Then, the peptide sequence (Fc-III), capable of 
high-affinity binding to the Fc region of immunoglobulin (IgG), 
was inserted into a large-sized end-spliced NDs, resulting in 
a large Fc-binding ND (FLND).[21] The effect of FLND on the 
antiviral activity of antibodies was evaluated using MEDI8852 
through in vitro and in vivo assays against influenza virus 
strains.[13] Their modes of action were revealed by determining 
the intracellular co-localization of the complex with viruses, fol-
lowed by revealing viral RNA entrapment in endosomes. Based 
on reduced viral titers and histopathological effects in mice, we 
suggest antibody-ND complex (ANC) as a potent booster for 
antiviral activity of bnAbs, which enables the infected cells to 
digest invading viruses.

2. Results

2.1. Size-Dependent Antiviral Activity of Nanodiscs

As the first step toward antiviral ANCs, NDs were engineered 
to have better stability and antiviral activity. We reasoned that 
the surface area of a ND should be sufficiently large to interact 
with at least a few HA trimers to efficiently induce HA-medi-
ated perforation, as these trimers cooperate for membrane 
fusion.[22] The cooperation of fusion proteins has also been 
confirmed in the case of soluble N-ethylmaleimide sensitive 

factor attachment protein receptor (SNARE)-driven fusion.[23] 
Furthermore, it has been shown that the HA trimer involved 
in receptor binding cannot induce subsequent membrane 
fusion.[24] A conventional ND made of membrane-scaffold pro-
tein MSP1E3D1 (hereafter abbreviated as MSP) has an average 
diameter of <12  nm  and does not provide sufficient surface 
area for interaction with a sufficient number of trimers with an 
average diameter of approximately 9 nm (Figure 1A).[25]

To test whether the antiviral effect of a ND was proportional 
to its size, an LND was generated by increasing the length of 
the MSP, which could be controlled by altering the number 
of α-helical segments.[26] Therefore, the MSP1E3D1 sequence 
was repeated, and its end terminals were circularized to form 
cMSPs (Figure  1B).[27] It has been recently demonstrated that 
circular NDs, made of cMSPs, offer advantages over conven-
tional NDs in terms of consistency in size and stability against 
heat.[27b,c] Split-intein-based trans-splicing was used to circu-
larize MSPs because end-splicing occurred inside the cells 
without the need for a subsequent sortase-mediated circulariza-
tion process and the separation of linear MSPs from circular 
MSPs after the reaction. The end-spliced and elongated MSPs 
(eslMSPs) were formed from a precursor protein of two MSPs 
flanked by Cfa split inteins,[28] namely CfaN at the C-terminal 
and CfaC at the N-terminal. Although the size of the precursor 
protein was expected to be 77.5 kDa, purified proteins appeared 
at approximately 62.0 kDa on an SDS-PAGE gel, which corre-
sponded to the size of eslMSP with an intein excised after the 
circularization of the MSP. The eslMSP did not show a reduc-
tion in size by the exopeptidase DAPase, confirming the circu-
larization of MSPs through trans-splicing, whereas MSP1E3D1 
was shortened by the same treatment, resulting in two bands. 
(Figure 1C).

Next, MSP1E3D1 and eslMSP were used to assemble conven-
tional NDs and LND, respectively. The lipid-to-protein ratio was 
480:1 in the LND and 120:1 in the ND because the surface area 
was expected to increase fourfold by doubling the length of the 
MSP. After fractionation of the assembled NDs through size 
exclusion chromatography (SEC) (Figure S1, Supporting Infor-
mation), the hydrodynamic diameters of ND and LND were 
determined to be 12.4 and 25.7  nm, respectively (Figure  1D). 
Transmission electron microscopy (TEM) images confirmed 
the enlarged size of the LNDs (Figure 1E).

The reduction of virus-induced cytopathic effects (CPEs) by 
ND and LND was compared to determine whether the size of 
the ND was related to its antiviral efficacy. After the incorpora-
tion of total ganglioside (TG) into the NDs as the receptor for 
influenza virus (Figure S2, Supporting Information), they were 
introduced into the cells infected with the A/Puerto Rico/8/34 
(H1N1) influenza virus. LND reduced CPEs very efficiently, 
with a half-maximal inhibitory concentration (IC50) of 123  nm 
(Figure  1F). Furthermore, when LND contained a highly puri-
fied receptor, GD1a ganglioside (G), the IC50 of CPE reduction 
by LNDG was as low as 2.6  nm (Figure  1G). Thus, we con-
cluded that the size of the ND was a critical determinant of the 
virucidal effect, leading to an investigation of the relationship 
between ND size and virus perforation induced by membrane 
fusion.

A series of experiments were performed to analyze the 
perforation of the virus envelope by NDs: lipid-mixing assay, 
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sulforhodamine B (SRB) release assay, RNase A accessibility 
assay, and TEM. First, the lipid mixing between the ND mem-
brane and influenza virus envelope was analyzed. We added 
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-
2-1,3-benzoxadiazol-4-yl) (NBD-PE) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B  
sulfonyl) (Rhod-PE) to the NDs as a fluorescence resonance 
energy transfer pair, along with 30  mol% TG. After NDs and 
H1N1 viruses were mixed and equilibrated at 37 °C, the pH was 
lowered to 5.0 (endosomal pH) using 100 mm citric acid. Both 
NDs showed similar rates and degrees of lipid mixing (Figure 
S3, Supporting Information). Lipid mixing occurred upon low-
ering the pH (Figure S3a, Supporting Information), whereas no 
apparent lipid mixing was observed at pH 7.4. The fluorescence 
intensity did not increase in the absence of the influenza virus 
(Figure S3b, Supporting Information). Thus, the size of NDs 
did not alter the lipid-mixing kinetics of the ND-virus envelope 
fusion. Next, we monitored the release of SRB from the influ-
enza virus after labeling with the self-quenching fluorophore 
SRB (Figure 1H). In contrast to the lipid-mixing assay, the two 

NDs showed different rates of SRB release. SRB release by 
LNDTG was approximately six times faster than that by NDTG 
after a pH drop. Next, perforation of the envelope was con-
firmed by measuring the accessibility of RNase (13.5 kDa, 3.8 × 
2.8 × 2.8 nm3) to viral RNA (Figure 1I). After mixing the influ-
enza virus with NDG or LNDG containing 30 mol% ganglioside 
GD1a, the pH was lowered as described earlier. The samples 
were treated with 1  mg  L−1 RNase for 1 h, and the viral RNA 
was quantified by qRT-PCR. The amount detected after LNDG 
treatment was 2.6 times lower than that in the NDG-treated 
group. Both the SRB release assay and RNase accessibility assay 
suggested that virus envelope perforation was enhanced with 
an increase in the size of the ND. Finally, TEM images showed 
that perforation with NDs resulted in the collapse of the virus 
envelope (Figure S4, Supporting Information). These results 
suggest that larger NDs facilitated perforation of the viral enve-
lope, leading to stronger antiviral activity of LND than conven-
tional ND.

Although trypsin activates HA allowing the structural rear-
rangements necessary to fuse with cell membranes, it was 

Figure 1. Size-dependent antiviral efficacy of nanodiscs. A) Hypothesis for size-dependent interaction of NDs with HA timers. B) Schematic diagram of 
the assembly process for ND (left) and LND (right). C) Resistance of linear and circularized MSPs against DAPase digestion, analyzed by SDS-PAGE.  
D) The average hydrodynamic diameter of ND (12.4 nm) and LND (25.7 nm) measured by dynamic light scattering (DLS) spectroscopy. E) TEM analysis 
of negatively stained ND and LND. Scale bars: 50 nm. F,G) Size-dependent CPE inhibition against H1N1 influenza virus. H) Time-dependent SRB-
release after mixing NDTG or LNDTG with SRB-stained H1N1 virus. Triton X-100 (0.1%, v/v) was used as a positive control. The arrow indicates the time 
of pH drop. I) RNA accessibility assay. Viral RNA was quantified by qPCR after the virus envelope was perforated with NDs followed by 1 mg L−1 RNase 
treatment for 1 h. Results are expressed as a fold change of viral RNAs compared with those untreated with RNase. Data represent mean ± SD (n = 3).
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not included in the assays of lipid-mixing, SRB release, RNA 
accessibility, and immunofluorescence staining because virus 
stocks used in this study were prepared from eggs, where HA 
is already activated by egg proteases. However, trypsin was 
supplemented in the following plaque reduction assay, which 
requires multiple rounds of infection to form clear plaques. In 
other words, trypsin was added in the overlay media when viral 
progenies, which proliferated from infected cells, needed to be 
activated while it was not included in the reaction buffer when 
single round fusion event was measured.

2.2. Preparation of Antibody–Nanodisc Complex

Fc-III, a 13-mer peptide, enables proteins bind to human IgG with 
a binding constant of 16 nm,[21] but not to mouse or rat IgG iso-
types.[29] Fc-III has been shown to endow a fluorescence protein 
with a long circulation half-life of ≈8 h in mice, a 75-fold increase 
compared to unmodified fluorescence protein when it is admin-
istered with human IgG. Furthermore, Fc-III has been employed 
in a variety of studies to attach nanoparticles, proteins, and small 
molecules to antibody.[29] Although off-rate constant between 
Fc-III with IgG1 predicts a half-life of several minutes, efficient 
delivery of cargo molecules to target sites in previous studies sup-
ports Fc-III-mediated conjugation to IgG1 is likely maintained 
during circulation. The one-pass circulation time of blood in a 
mouse has been determined to be approximately 15 s.[30]

Therefore, Fc-III was introduced before the two repeating 
units of MSPs on eslMSP to provide the ND with an affinity for 
MEDI8852 (Figure 2A and Figure S5, Supporting Information). 
In addition, flexible linkers (GGGGS) were inserted at each 
end of Fc-III to avoid steric hindrance between the ND and the 
antibody. F-eslMSP expressed in Escherichia coli (E. coli) (BL21 
(DE3)) was purified using a His-tag (Figure S6, Supporting 
Information). This recombinant protein (F-eslMSP) formed 
a large ND (Figure  2B–D). The FLND made of F-eslMSP had 
a lipid composition of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 
(DOPS),, and cholesterol at a molar ratio of 55:15:30 with a 
480:1 lipid-to-protein ratio (Figure 2A). The large size of FLND 
was confirmed using SEC (Figure  2B), DLS (Figure  2C), and 
TEM (Figure  2D). FLND has a molecular weight of approxi-
mately 900 kDa and a diameter of 23.3 nm.

Next, we investigated whether FLND could bind IgGs. Multi-
angle light scattering coupled with SEC (SEC-MALS) was per-
formed because the intensity of light scattering (LS) depends 
on the concentration of macromole cules (Figure  2E).[31] The 
relative LS intensity of MEDI8852 showed the highest peak at 
a retention time of 70 min. When MEDI8852 was mixed with 
FLND at the same molar ratio, the peak of MEDI8852 decreased 
by more than 80%. Furthermore, the peak disappeared when 
mixed with MEDI8852 at a 2:1 molar ratio. On the contrary, 
MEDI8852 did not form complexes with LND, lacking Fc-
binding motifs, in a 2:1 molar ratio (Figure S7, Supporting 

Figure 2. Preparation of antibody-nanodisc complexes. A) Plasmid constructed for expressing F-eslMSP required for FLND assembly. B) Size exclusion 
chromatography of the assembled FLND with F-eslMSP and lipids. The asterisk denotes the FLND peak. C) DLS histograms of FLND. The average 
hydrodynamic diameter was estimated to be 23.3 nm. D) TEM analysis of FLND. Scale bar, 25 nm. E) SEC-MALS analysis of antibody-ND complexation 
at molar ratios between MEDI8852 and FLND 1:0 (black), 1:1 (gray), and 1:2 (red). F) Structural representation of FLND (green and wheat) binding to 
Fc region of IgGs (cyan). The inter-CH2/CH3 domain (M252, I253, S254, H433, N434, and H435; yellow) of Fc region interacts Fc-III (red) of FLND. 
The model of IgG-FLND complex is composed of the ND, Fc-III, and antibody, which was modified from PDB IDs 6CLZ, 1DN2, and 1IGT, respectively.
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Information). This result indicates the binding affinity of FLND 
to MEDI8852 (Figure 2F). Thus, we used a twofold higher con-
centration of FLND for the preparation of the antibody-ND 
complex MEDI8852-FLND.

2.3. Amplification of the Antiviral Activity of MEDI8852 by FLND

A bnAb MEDI8852 in scFv-Fc form, where a single-chain vari-
able fragment was fused with the Fc region of IgG1, was pre-
pared (Figure S8, Supporting Information). The antiviral efficacy 
of MEDI8852, with or without FLND, was evaluated by a plaque 
reduction assay against three strains of influenza A viruses 
(H1N1, H3N2, and H5N2) (Figure 3A). Each strain of virus  

(100 PFU) and inhibitors (MEDI8852 alone or MEDI8852-FLND 
complex) were mixed, and MDCK cells were treated with this 
mixture for 1 h. Then, the cells were covered with a DMEM-
agarose overlay. Trypsin was included in the overlay media to 
induce multiple rounds of infection by viral progenies. After  
72 h, MEDI8852-FLND showed a 10.9-fold decrease in IC50 value 
compared to MEDI8852 alone (18.6 nm vs. 1.7 nm) against H1N1. 
When FLND was complexed with MEDI8852, the antiviral effi-
cacy of MEDI8852 against H3N2 and H5N2 also increased, 
showing 2.8- and 4-times lower IC50 values, respectively.

Before testing the in vivo efficacy of FLND, the stability 
of FLND was improved through PEGylation because it was 
unstable (Figure S9, Supporting Information) compared with 
the conventional small NDs. NDs (LND and FLND) were 

Figure 3. Antibody-nanodisc complexes amplify the antiviral effects of the anti-HA stalk antibody. A) Evaluation of the antiviral activity of MEDI8852 
or MEDI8852-FLND by plaque reduction assays against influenza virus strains H1N1 (left), H3N2 (middle), and H5N2 (right). B) A representative 
SDS-PAGE image. The soluble fraction of FLND or pFLND following incubation with TPCK-treaked trypsin at 37 °C for the designated time-points 
was subjected to SDS-PAGE analysis (left). Quantification of the band intensity in the SDS-PAGE gel image was performed with Image J (right).  
A,B) Data represent mean ± SD (n = 3) of three independent experiments. C) A schematic for evaluating in vivo antiviral efficacy of the following 
formulations; MEDI8852, MEDI8852-FLND, and MEDI8852-pFLND. Mice treated with the indicated formulations were monitored daily for 14 days, 
following inoculation with 8× MLD50 of H1N1. D) Kaplan–Meier survival curves (left) and change in body weight (right) of mice. Data represent mean ± SD 
(5 mice/group).
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PEGylated to the cysteine residue of F-eslMSP on its trans-
spliced scar using maleimide-functionalized polyethylene 
glycol. The PEGylated LND and FLND (pLND and pFLND, 
respectively) showed a significant improvement in stability. The 
soluble fraction of NDs was analyzed by SDS-PAGE after incu-
bating them at 37 °C for 48 h in the presence of 100 nm trypsin 
(Figure 3B and Figure S9, Supporting Information). PEGylation 
effectively reduced digestion by trypsin and the aggregation 
of NDs. The half-life (t1/2) was estimated to be 7.2 h for FLND 
and 25.7 h for pFLND. After 24 h of incubation, 97% of FLND 
was cleaved by protease, whereas 60% of pFLND remained 
undigested.

For the in vivo characterization of ANC, 6-week-old female 
BALB/c mice were intranasally infected with an 8 × 50% lethal 
dose (8× MLD50) of H1N1 (Figure  3C), and after an hour, the 
mice were administered MEDI8852 alone (1.25 mg kg−1), ANC 
of MEDI8852-FLND complex (1.25 and 5 mg kg−1, respectively), 
or ANC of MEDI8852-pFLND complex (1.25 and 5  mg  kg−1, 
respectively) through a single intravenous (IV) injection. The 
weights of the mice were monitored daily for 14 days post-
infection (dpi). The viral titer was lethal enough that none 
of the mice injected with phosphate-buffered saline (PBS) 
or MEDI8852 survived after 5 dpi (Figure  3D). In contrast to 
MEDI8852 alone, MEDI8852-FLND and MEDI8852-pFLND 
rescued 1 and 4 out of 5 mice, respectively. Mice treated with 
MEDI8852-pFLND restored most of their body weight loss. The 
ANC MEDI8852-pFLND could elevate the antiviral efficacy even 
at lower concentration (0.5 mg kg−1 MEDI8852 and 2 mg kg−1 
pFLND). In contrast, pLND lacking antibody-binding ability did 
not show such an improvement in the antiviral activity of the 
antibody (Figure S10, Supporting Information). In addition, the 
body weight showed no significant difference among the group 
of mice treated with PBS, 10 mg kg−1 pFLND, and 20 mg kg−1 
pFLND in H1N1-infected mice (Figure S10C, Supporting Infor-
mation). Furthermore, the MEDI8852-pFLND complex rescued 
60% of mice when administered 1 day after infection, while 
MEDI8852 alone did not increase the survival rate (Figure S11, 
Supporting Information). These results collectively indicate 
that pFLND greatly enhances the antiviral effect of MEDI8852 
in vitro and in vivo.

2.4. Reduced In Vivo Symptoms and Rapid Recovery by ANC

Histopathological analysis was performed to understand 
the enhanced antiviral effect of the ANC MEDI8852-pFLND 
(Figure 4). Drugs were injected into mice intravenously 1 h 
after infection with H1N1 (4× MLD50), and lung tissues were 
extracted at 6 and 9 dpi for analysis (Figure  4A). Although 
none of the mice survived at 7 dpi without any treatment, the 
lower dose of infection allowed some mice to survive after 
MEDI8852-only treatment. Conjugation of pFLND (2 mg kg−1) 
with MEDI8852 (0.5 mg kg−1) resulted in a 100% survival rate 
and the complete recovery of body weight loss (Figure  4B). 
The ANC MEDI8852-pFLND reduced the lung viral titer by 
>90% at 6 dpi (Figure S12, Supporting Information). We also 
observed reduced pulmonary lesions following ANC treatment. 
Severe pulmonary lesions that could be observed in all treat-
ment groups at 6 dpi were recovered at 9 dpi in mice receiving 

the ANC MEDI8852-pFLND (Figure  4C). The recovery from 
infection was further analyzed by hematoxylin and eosin (H&E) 
staining of lung tissues. At 6 dpi, infiltration of inflammatory 
cells, such as monocytes and neutrophils, was observed in 
the tissues of the infected mice. As the mice began to recover 
from the viral infection, the peribronchial and alveolar regions 
in the MEDI8852-pFLND-treated mice showed reduced infil-
tration of inflammatory cells (Figure  4D). The lung weight of 
the mice at 6 dpi was measured because viral infection could 
induce hemorrhagic edema (Figure  4E). There was no signifi-
cant difference in lung weight between the uninfected group 
and the MEDI8852-pFLND group, whereas the virus-infected 
and the MEDI8852-only groups showed 50% and 37% heavier 
lung weights, respectively. Both MEDI8852 and pFLND were 
colocalized in the lung alveolar epithelial cells, indicating 
that the in vivo antiviral efficacy was due to the activity of the 
ANC MEDI8852-pFLND, which could reach the target cells 
(Figure  4F). These results suggest that the ANC MEDI8852-
pFLND efficiently reduced pulmonary damage caused by viral 
infection, leading to reduced mortality and morbidity compared 
to MEDI8852 alone.

We note that nanodiscs, regardless of whether they are com-
posed of MSPs or peptides, are not immunogenic.[18,20] ND 
alone does not increase total serum levels of IgA, IgM, IgG, 
and proinflammatory cytokines such as IL-1β, IL-12, IL-6, IFNγ, 
IL-2, and TNFα in mice immunized with ND. MEDI8852 is a 
human IgG1 isolated from human memory B cells followed by 
optimization in vitro for increased potency.[13] Human IgG sub-
classes have similar relative FcγR-mediated biological activities 
in mice.[32] MEDI8852 not only directly inhibits HA-mediated 
membrane fusion it also clears infected cells through the Fc 
effector functions. Human IgG1 induces antibody-dependent 
cellular cytotoxicity and antibody-dependent cellular phagocy-
tosis in mouse models. [33] Mixture of MEDI8852 with pLND 
lacking the ability to bind to the antibody showed in vivo results 
similar to those by MEDI8852 alone, while ANC formed by 
pFLND dramatically decreased mortality of mice (Figure S10, 
Supporting Information). Recently, it has been shown that, 1B07 
mAb, a chimeric mouse Fv-human Fc (IgG1) antibody directed 
to SARS-CoV-2 did not induce pro-inflammatory cytokines and 
chemokines (IL-6, CCL2, CCL5, CXCL10, CXCL11, IFN-λ, and 
IFN-β) in bulk lung homogenates from mice compared with 
the isotype control.[34] Overall, it is not likely that ANC merely 
played as an immunogen.

2.5. Mode-of-Action of Antibody–Nanodisc complex

The mechanism underlying the enhanced antiviral activity by 
the ANC MEDI8852-pFLND was investigated. First, MEDI8852-
mediated binding of pFLND to the H1N1 virus was analyzed 
using TEM (Figure 5A). While no pFLND was bound to a virion 
in the absence of antibodies, pFLNDs were observed on the sur-
face of the virus in the presence of MEDI8852, consistent with 
the SEC-MALS analysis (Figure 2E). Second, MEDI8852-medi-
ated binding of the NDs to influenza virus was further visual-
ized by confocal microscopy (Figure 5B). After 2 h of infection 
of human lung epithelial (A549) cells with H1N1 virus, the 
cells were treated with either pFLND or MEDI8852-pFLND  
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for a further 2 h at 37 °C. Both viruses and pFLND (or 
MEDI8852-pFLND) were primarily present inside the cells at 
the early stage of infection. While the spots corresponding to 
pFLND and virus particles were separated from each other in 
the absence of MEDI8852, they could overlap in the presence of 
MEDI8852. This result suggests that MEDI8852 not only binds 
to the virus, but also mediates co-endocytosis of pFLND upon 
viral infection.

MEDI8852 hinders conformational changes of HA2, leading 
to the inhibition of membrane fusion between the viral enve-
lope and endosomal membrane.[13] However, NDs utilize mem-
brane fusion to disrupt the virus inside the endosome.[19a] To 
understand the distinctive antiviral modes of action of ANC, 
perforation of the viral envelope by the ND was investigated 
by assaying for the release a self-quenching SRB from the 
influenza virus. Our results indicated that SRB release was 
not affected by MEDI8852 alone in the absence of pFLND 

(Figure 5C).[35] In contrast, the addition of pFLND in the form 
of ANC induced SRB release from the virus, indicating viral 
envelope perforation. It was not surprising that higher perfora-
tion was observed at lower MEDI8852 concentrations because 
membrane fusion was inhibited at higher MEDI8822 concen-
trations. This result suggests that the mode of action of ANC 
changes depending on the concentration of the antibody.

Viral envelope perforation results from the fusion pore formed 
at the final stage of HA2-mediated membrane fusion between 
the virus membrane and the ND.[19a,36] Because lipid composi-
tion is crucial for membrane fusion, pFLNDpopc composed of 
100 mol% POPC was prepared (Figure 5D). Then, its antiviral 
activity was compared with pFLND containing a negatively 
charged DOPS and cholesterol, which was the lipid composition 
employed throughout this study. MEDI8852-pFLNDpopc  
showed comparably low enhancement in antiviral activity com-
pared to MEDI8852-pFLND. The IC50 values were 30.7  nm 

Figure 4. pFLND augments antiviral efficacy of the neutralizing antibody leading to early recovery from lethal influenza virus infection in mice. A) A 
schematic for evaluating in vivo antiviral efficacy. Mice treated with indicated formulations were monitored daily for 14 days, following inoculation 
with 4x MLD50 of H1N1. B) Kaplan–Meier survival curves (left) and change in body weight (right) of mice. Data represent mean ± SE (10 mice/group) 
of two independent experiments (n = 2). C) Lungs were harvested for evaluating morphological changes. Dashed areas indicate pulmonary lesions.  
D) Lung tissues were stained by H&E for histopathological evaluation. Asterisks indicate the infiltration of inflammatory cells found in the alveolar 
space (× 100 magnification). E) Lung weight of H1N1-infected mice. The lungs were excised from each mouse sacrificed at 6 dpi. Data represent mean 
± SD (n = 3), and p values are shown. F) Fluorescence images of mice lung tissues receiving MEDI8852-pFLND at 6 dpi (× 200 magnification).
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for MEDI8852 alone and 17.9  nm for MEDI8852-pFLNDpopc.  
In contrast, the IC50 of MEDI8852-pFLND was as low as 4.1 nm. 
The charges of phospholipids and cholesterol are related to the 
speed and degree of membrane fusion.[37] Thus, we concluded 
that membrane fusion of NDs with viral membranes leading 
to envelope perforation is one of the underlying mechanisms  
of ANC.

Perforation of the influenza virus envelope by NDs leads 
to the entrapment of viral RNAs in endosomes.[19a] A549 cells 

infected with H1N1 were treated with MEDI8852 alone or with 
the ANC MEDI8852-pFLND. After 4 h of infection, most vRNPs 
were found in the nucleus of A549 cells when MEDI8852 was 
used, indicating that fusion inhibition by MEDI8852 could not 
completely block the endosomal escape of viral RNA. However, 
MEDI8852-pFLND efficiently trapped vRNPs in late endosomes 
by perforating the viral envelope, leading to vRNP release into 
endosomal cavities. We found that approximately half of the 
vRNPs were trapped in the endosome by MEDI8852-pFLND, 

Figure 5. Antibody-dependent perforation of virus envelope by pFLND. A) TEM imaging of pFLND or MEDI8852-pFLND following incubation with 
H1N1. Black arrows indicate pFLND. Scale bar, 25 nm. B) Immunofluorescence images for the evaluation of the intracellular co-localization of pFLND 
or MEDI8852-pFLND with influenza virus, 2 h post-infection. The representative images show nuclei stained with Hoechst 33 258 (blue), H1N1 with 
Alexa Fluor 488 (red), and 1% Rhod-PE (18:1)-labeled pFLND (green). White arrows indicate yellow co-localization spots. Scale bars, 10 µm. C) Time 
course of SRB leakage from influenza virus upon addition of MEDI8852 or MEDI8852-pFLND (above). Triton X-100 (0.1%, v/v) was used to completely 
release SRB from viruses. Arrow indicates the time of pH drop. A working hypothesis of switching antiviral mode of action investigated through the 
release of SRB release from virus by MEDI8852-pFLND (below). At high MEDI8852 concentration, HA2-driven membrane fusion is inhibited, reducing 
envelope perforation. When HA-mediated fusion is allowed at low MEDI8852 concentration, the fusogenic HA is hijacked by a ND leading to envelope 
perforation. D) The effect of the lipid composition of ND on membrane fusion was evaluated by plaque reduction assays. Data represent mean ± SD 
(n = 3) from a representative of three independent experiments. E) Confocal microscopy analysis of residual vRNPs (red) of H1N1 in the endosome 
and nuclei stained with DRAQ5 (blue) (left). Scale bars, 10 µm. Quantitation of vRNPs in the endosome was performed by dividing the intensity of 
vRNP spots in the endosome by that of intracellular space at 4 h post-infection (right). Data are mean ± SD (n = 5), and p values are shown (ns, not 
significant). F) Mechanism of action of ANC. The influenza virus life cycle (1) is inhibited efficiently by MEDI8852 blocking the conformational change 
of HA when the antibody concentration is high enough to bind to a large portion of HA molecules (2). If certain HA molecules evade the antibody, 
which becomes more probable at low antibody concentration, HA can induce membrane fusion with either endosomal membrane or ND. Fusion with 
the ND of a viral membrane results in vRNA entrapment in the endosome (3). The antibody and nanodisc in an ANC complement each other.
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whereas more than 80% of the vRNPs were present in the 
nucleus after MEDI8852-only treatment (Figure 5E).

In summary, the ANC of a fusion-inhibitory antibody and a 
ND functionally complemented each other (Figure  5F). When 
the antibody concentration is sufficiently high to suppress 
the function of most HA2 molecules, inhibition of membrane 
fusion and subsequent endosomal escape of the viral 
genome may protect the cell from infection. However, when 
there are not enough antibodies to completely hinder HA2 mole-
cules, the evading HA2 can mediate fusion with either the ND 
or the endosomal membrane. Fusion with NDs results in enve-
lope perforation and entrapment of vRNP in the endosome. In 
other words, the ND co-delivered with the antibody to the endo-
some destroys the virus by employing the HA2 molecule that 
escapes capture by the antibody.

3. Conclusion

Antibody binding to viral surface proteins can interfere with
their ability to interact with cell receptors, thereby limiting the
ability of the virus to infect cells. In addition, antibodies 
promote the removal and destruction of the virus or the in-
fected cells by cells of the immune system. In this study, we 
devised an agent by which the infected cells gained the ability 
to digest the virus inside the endosome. We demonstrated 
that an ANC is such an agent. NDs were co-delivered to the 
infected cell with the antibody. In the endosome, both compo-
nents of ANC complemented antiviral activity of each other, 
where mode of actions was switched in the antibody’s concen-
tration-dependent manner. While bnAb alone efficiently in-
hibited membrane fusion at high concentrations, thereby 
inhibiting virus infection, HA inhibition was not sufficient at 
low concentrations. We showed that when HA escaped inhibi-
tion by the antibody, the ND near the evading HA perforated 
the viral envelope, thereby complementing antiviral activity. 
Our results suggest that ANC enables the infected cells to 
self-digest evading viruses: Antibodies inhibit HA to prevent 
membrane fusion, while NDs utilize HA-driven membrane fu-
sion to destroy the viral envelope. In conclusion, ANC boosts 
the efficacy of antiviral antibodies that deserve further atten-
tion as a versatile antiviral platform against various viruses.

Although variable antibodies have been employed to treat
lung infections, studies have shown that the concentration of
therapeutic antibodies in broncheoaveolar lavage fluid (BCLF)
is less than a few percent of the antibody in plasma.[38] Poor
distribution of IgG into the lung from the systemic circulation
may result in the IgG concentration in BCLF lower than IC50
of the antibody. Active Ingredient against respiratory syncytial 
virus (Active Ingredient; IC50 ≈ 163–360 ng mL−1),[39] 
MEDI8852 against influ-enza (IC50  ≈  41–4050  ng  mL−1),[13,40] 
and MHAA4549 against influenza (IC50 ≈ 195–6765 ng mL−1)
[41] show IC50s which can be achieved only at very high plasma 
concentration. One obvious way to increase the in vivo efficacy 
of mAb is to lower IC50 value. Indeed, the current anti-SARS-
CoV-2 mAbs in active preclinical and clinical development 
have very high potency (IC50 values <10 ng mL−1 range).[42] 
Thus, the nanodisc boosting the potency of antiviral activity 
when mAb concentration was lowered is likely, especially 
useful for such cases. We note that not only

high-density lipoprotein, which is the origin of nanodisc,[43] but 
also engineered nanodiscs are able to reach the lung.[19a,44] We 
also confirmed that pLND could reach the lung well (Figure S13,  
Supporting Information). This suggests the possibility that 
ANC may not only enter the lung as associated but also re-
form in the lung after delivery as dissociated. Our results sug-
gest that ANC amplifies antiviral activity of mAbs through viral 
envelope perforation in the infected cell even when delivery of 
mAbs to target sites is limited.

4. Experimental Section
Cells: Madin–Darby canine kidney (MDCK; KCLB, 10034) cells

were grown in minimum essential medium (MEM; Hyclone, Logan,
UT, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO, USA), 100 U  mL−1 of Active Ingredient G, 
100 µg  mL−1 of Active Ingredient, and 0.25  µg  mL−1 Active Ingredient B 
(Hyclone). Human epithelial lung carcinoma A549 (A549; KCLB, 10185) 
cells were cultivated in Roswell Park Memorial Institute 1640 
medium (RPMI; Hyclone) containing the same supplements as MDCK 
cell medium. The cells were grown at 37 °C in a 5% CO2 humidified 
incubator and were passaged once they reached 80–90% confluence. 
Human embryonic kidney (HEK) 293F (Invitrogen, Carlsbad, CA, USA) 
cells were cultured in FreeStyle 293 expression medium (Invitrogen) in a 
humidified 37 °C shaking incubator at 125 rpm with 8% CO2. HEK 293F 
cells are typically subcultured when they reach a final density of 2–3 × 
106 viable cells mL−1.

Viruses: Influenza virus strains A/Puerto Rico/8/34 (H1N1),
A/Sydney/5/97 (H3N2), A/X31 (H3N2), A/Philippine/2/82 (H3N2), and
A/aquatic bird/Korea/w81/2005 (H5N2) were propagated in 10-day-old
embryonated eggs at 37 °C and 50% humidity with 1000 PFU of each
virus. After 2–3 days, the allantoic fluid was harvested, and the viruses
were isolated using a 50%, 40%, 30%, and 20% w/v sucrose gradient in
PBS. Viral titers were determined by plaque assays in MDCK cells.

Preparation of Antibodies: The human MED8852 plasmid sequence
was obtained from a previous study.[13] The scFv-Fc MEDI8852 plasmid
(125  µg) was transiently transfected into 200  mL of HEK293F cells
(1 × 106 cells  mL−1) with a DNA:PEI ratio of 1:3 using PEImax
(Polyscience, Inc., Warrington, FL, USA) in the culture medium. After
72 h, the culture medium was centrifuged at 6000 × g for 10 min, and
the supernatant was purified with Protein G resin. Purified proteins were
analyzed by SDS-PAGE and a dot blot assay.

MSP Expression and Purification: MSP-related proteins were prepared
as previously reported.[19a] Briefly, E. coli (BL21 (DE3)) were disrupted
using a high pressure homogenizer Nanogenizer (Genizer LLC, Irvine,
CA, USA), and the proteins were purified using Ni-NTA agarose beads,
and excess imidazole was removed using a PD-10 desalting column.
Purified proteins were stored at −80 °C with 10% v/v glycerol for long-
term storage. Protein concentration was determined using a 
detergentcompatible protein assay (Bio-Rad, Hercules, CA, USA) 
with bovine serum albumin (BSA) as the standard, and purity was 
confirmed by SDS-PAGE. For in vivo studies, the endotoxin of proteins 
was removed using 0.5  mL Pierce High Capacity Endotoxin Removal 
Spin Column (Thermo Fisher Scientific, Waltham, MA, USA).

Nanodisc Preparation: NDs were prepared as previously described.[19a]

Typically, the molar ratio of phospholipids and gangliosides was 100:0 for
empty discs or 70:30 for ganglioside-embedded nanodiscs, and the lipid
composition was adjusted as needed. NDs containing ganglioside were
assembled using 70 mol% POPC and 30 mol% TG or GD1a. Nanodiscs
to measure lipid mixing contained 1.5 mol% NBD-PE and Rho-PE. For
FLNDs, 55 mol% POPC, 15 mol% DOPS, and 30 mol% cholesterol were
mixed. All phospholipids and TG were purchased from Avanti Polar
Lipids (Alabama, USA). Ganglioside GD1a was purchased from Cayman
Chemical (Ann Arbor, USA). Lipid mixtures prepared at the desired
molar ratio were treated with nitrogen gas to evaporate the solvents,
followed by vacuum overnight. The resultant lipid film was hydrated
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with ND assembly buffer (10 mm Tris/HCl, 100 mm NaCl, 0.5 mm EDTA, 
50 mm sodium cholate, pH 7.4). After sonication of the lipid-detergent 
solution at 55 °C for 30 min, each MSP was added to the solution. SM-2 
bio-beads (Bio-Rad) were added to the mixture at 4 °C for 5 h to remove 
the detergent. The NDs were purified by size exclusion chromatography 
using a Superose 6 increase 10/300 GL column (GE Healthcare, Uppsala, 
Sweden). Fractions corresponding to the size of each ND were collected 
and concentrated using an Amicon Ultra (10 kDa cutoff) centrifugal filter 
(EMD Millipore, Billerica, MA, USA).

Light Scattering: The hydrodynamic diameter and size distributions 
of NDs were measured using a DynaPro NanoStar DLS instrument 
(WyattTechnologies, Goleta, CA, USA), followed by analysis using the 
instrument software (Dynamics version 7.0).

Electron Microscopy: The negative staining procedure was slightly 
modified from previously described protocols.[19a] Ten microliters of 
the sample were placed on carbon-coated gold grids (TED PELLA, Inc., 
Redding, CA, USA) for 1  min, and the excess sample was removed 
by blotting with a filter paper. Next, the grids were washed with 10  µL 
ultrapure water and stained with 5  µL of 1% w/v uranyl acetate for  
20 s. During the procedures, excess liquid was removed with filter paper. 
The prepared grids were air-dried until TEM analysis was performed. 
All specimens were analyzed by energy-filtering TEM using a JEM 
3010 microscope (JEOL Ltd., Tokyo, Japan), which was operated at an 
accelerating voltage of 300 kV.

Pull-Down Assay: Ni-NTA agarose beads equilibrated with washing 
buffer (5  mm imidazole in PBS, pH 7.4) were incubated with NDs at 
4 °C for 2 h with rotation. Next, the ND–bead complexes were treated 
with 1 × 108 PFU of H1N1 virus at 4 °C for 2 h with rotation. Next, the 
H1N1 bound to beads was eluted with elution buffer (500 mm imidazole 
in PBS, pH 7.4), followed by washing three times to remove unbound 
viruses. After removing excess imidazole from the elute with an Amicon 
Ultra (10 kDa cutoff) centrifugal filter, H1N1 was detected using dot-blot 
assays as described below.

Dot Blot Assay: Five microliters of each virus were spotted on a 
nitrocellulose blotting membrane (GE Healthcare). The blotted viruses 
dried for 1 h and washed with tris-buffered saline-tween (TBST) (10 mm 
Tris/HCl, 150  mm NaCl, 0.05% v/v Tween-20, pH 8.0) three times. 
After blocking with blocking buffer (TBST containing 0.5% BSA) for 1 h,  
anti-influenza A virus H1N1 HA monoclonal antibody (BioRad) or 
scFv-Fc MEDI8852 in blocking buffer was incubated for 1 h with constant 
shaking. The membranes were washed three times (10 min each) with 
TBST and then incubated with horseradish peroxidase-conjugated goat 
anti-mouse (or anti-human) IgG secondary antibodies (Sigma-Aldrich) 
diluted in blocking buffer for 1 h. After washing three times (10  min 
each) with TBST, the membranes were visualized by chemiluminescence 
with WESTSAVE Gold (Young In Frontier Co., Seoul, Korea). All the 
procedures were carried out at 25 °C.

CPE Inhibition: MDCK cells were seeded at a density of 2.0 × 104 cells/
well into 96-well plates and allowed to adhere for 24 h at 37 °C in 5% 
CO2. NDs were mixed with diluted A/Puerto Rico/8/34 (H1N1) virus 
(multiplicity of infection, (MOI = 0.05) at designated concentrations for 
1 h at 37 °C. After removing the growth medium, the cells were washed 
twice with PBS and infected with ND- or LND-treated virus. After 18 h 
of incubation at 37 °C and 5% CO2, the medium was discarded, and the 
cells were fixed with 4% formaldehyde. The cells were then stained with 
0.5% crystal violet for 1 h at 25 °C. After methanol extraction, CPE was 
examined by measuring the absorbance at 570  nm with a Synergy H1 
spectrophotometer (Biotek, Winooski, VT, USA).

Lipid-Mixing Assay: Membrane fusion between the ND and viral 
envelope was verified by a lipid mixing assay, a commonly used method 
to study fusion. The NDs were labeled with NBD-PE and Rhod-PE  
(1.5 mol% of each was added to 97 mol% POPC), and virus fusion was 
monitored by dequenching NBD fluorescence (excitation at 465  nm 
and emission at 530  nm) using a Spectramax M2 spectrophotometer 
(Molecular Devices, Sunnyvale, CA, USA). The virus (630 µm total viral 
protein) was mixed with target NDs (70  µm total lipid) in a 384-well 
white plate, and then the temperature of the mixture was equilibrated 
at 37 °C for 30  min. Fusion was triggered by acidification to pH 5.0, 

using 100  mm citric acid. After 90  min, 0.1% Triton X-100 was added 
to the mixture to obtain the maximum intensity of NBD when it was 
fully diffused into the solution. Lipid mixing values were collected and 
normalized as follows: F  = (Fobs  − F0)/(Fmax  − F0), where Fobs is the 
observed fluorescence intensity, F0 is the fluorescence value before 
acidification, and Fmax is the fluorescence intensity after the addition of 
Triton X-100.

SRB Release Assay: A/Puerto Rico/8/34 (H1N1) viruses were mixed 
with 2X volume of 20 mm SRB for 20 h at 25 °C to stain the internal space 
of the virions. Free SRB dye was then removed using a PD Minitrap G-10 
desalting column. All the experimental procedures were performed at  
37 °C. Briefly, viruses were mixed with each sample (nanodisc, 
MEDI8852, or ANC) for 30 min at 37 °C before lowering the pH. After a 
pH drop with 100 mm citric acid, fluorescence changes were measured 
at ex/em of 550/590 nm using a spectrophotometer (Spectramax M2).

RNA Accessibility Assay: Briefly, 20  µL of H1N1 (26  mg  L−1) were 
mixed with 10  µL of PBS or 750  nm of each ND for 15  min at 37 °C. 
Subsequently, the mixture was supplemented with 2 µL of 65 mm citric 
acid to lower the pH to 5.0, followed by further incubation for 20 min at 
37 °C. For the degradation of vRNA, each mixture was exposed to 2 µL of 
RNase A (GeorgiaChem, Norcross, GA, USA) (17 mg L−1) and incubated 
for 1 h at 25 °C. To measure undegraded vRNA, reverse transcription 
(RT)-PCR was carried out using M-MLV reverse transcriptase (ELPIS-
BIOTECH, Inc., Daejeon, Korea) with primers for the viral M gene 
of A/Puerto Rico/8/34; 5-TGCACTTTGACATTGTGGATTCTTG-3 and 
5-CCCTCATAGACTTTGGCACTCC-3′. The coding region of the M 
sequence in the RT product was amplified with the described primers by 
using HiPi Real-Time PCR 2x Master Mix (ELPIS-BIOTECH) under the 
following thermal cycling conditions: 45 cycles at 95 °C for 5 s, 56 °C for 
10 s, and 72 °C for 30 s. All experiments were performed in triplicate, and 
the fold change was calculated using the ΔCt method.

SEC-MALS: A DAWN 8+ multi-angle light scattering detector with 
an Optilab T-rEX refractometer (Wyatt Technology, Santa Barbara, CA, 
USA) was combined with a high performance liquid chromatography 
(Waters Corporation, Milford, MA, USA) equipped with Superose 6 
increase 10/300 (GE) SEC column and a refractive index (RI) detector. 
Data collection and analysis were performed using ASTRA 6.1 software 
(Wyatt Technology). The dn/dc (refractive index increment) value was 
defined as 0.185  mL  g−1. All experiments were performed at room 
temperature.

Plaque Reduction Assay: The number of plaques was analyzed to 
assess antiviral activity. MDCK cells were seeded at a density of 1.2 × 106  
cells/well into six-well plates and allowed to adhere for 24 h at 37 °C  
in 5% CO2. Each inhibitor was mixed with 100 PFU of each influenza 
virus strain at 37 °C for 1 h. After two washes with PBS, the cells were 
treated with a mixture of virus and inhibitor at 37 °C for 1 h. Next, 
the infected cells were washed with PBS and 2  mL of agarose overlay 
medium consisting of 1% w/v agarose, 1 × Dulbecco’s modified Eagle’s 
medium, and 1 µg mL−1 tosyl phenylalanyl chloromethyl ketone (TPCK)-
treated trypsin was added to each well. The plates were incubated at 37 °C  
in 5% CO2 for 3 days, fixed with 4% formaldehyde, and stained with 
0.5% w/v crystal violet.

PEGylation of Nanodiscs: PEGylation is performed via the maleimide-
thiol bond between 1,11-bismaleimido-triethyleneglycol (BM(PEG)3) 
and a cysteine scar at the splice junction. First, NDs were mixed with 
tris (2-carboxyethyl)phosphine hydrochloride (TCEP-HCl) at a final 
concentration of 5 mm for 30 min, followed by removal of TCEP through 
buffer exchange using PD-10 desalting columns. Next, a 20-fold molar 
excess of BM(PEG)3 dissolved in dimethyl sulfoxide was added to the 
proteins and incubated for 1 h. Next, dithiothreitol (DTT) was added at 
a final concentration of 10  mm to stop reaction, and the mixture was 
incubated for 15  min. Then, PD-10 desalting columns were used to 
remove the DTT. All the procedures were conducted 25 °C.

Trypsin Resistance Tests: The procedure used for the proteolytic 
digestion of NDs with trypsin was modified from a previously described 
protocol.[45] Briefly, 3  µm NDs in PBS were incubated with 100  nm of 
TPCK-treated trypsin at 37 °C for the indicated time. Digested samples 
were centrifuged at 10 000 × g for 10 min, and the soluble fractions were 
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analyzed by SDS-PAGE. GelAnalyzer software (GelAnalyzer 2010a by 
Istvan Lazar, www.gelanalyzer.com) was used to quantify the gel images.

Animals: Six-week-old female BALB/c mice (Koatech, Inc., 
Pyeongtaek, Korea) were infected intranasally with two- or fourfold 50% 
mouse lethal dose (4× MLD50) of A/PR/8/34 H1N1 virus (50 PFU or 100 
PFU). Mice were then intravenously administered once with each drug 
at the indicated times. Body weight was measured daily, and survival 
was evaluated. In addition, the lung tissues of mice from each group 
were harvested on days 6 and 9, weighed, and homogenized in PBS to 
determine viral titers using a plaque assay. When a mouse lost more 
than 20% of its initial body weight, it was defined as dead and humanely 
killed. The remaining mice were sacrificed at the end of the experiment 
14 days post-infection. All animal experiments complied with the policies 
of the Institutional Animal Care and Use Committee of Sungkyunkwan 
University (IACUC number: SKKUIACUC2021-01-47-1).

Immunofluorescence Staining: For colocalization analysis, the NDs 
were labeled with Rhod-PE (18:1) (Avanti Polar Lipids, Inc., Alabaster, AL, 
USA) and mixed with MEDI8852, followed by incubation with H1N1 for 
1 h. A549 cells were inoculated with the mixture (MOI = 0.1) at 37 °C for  
2 h. After incubation, the cells were fixed with 3.7% formaldehyde in PBS 
for 15  min and permeabilized with 0.5% Triton X-100 in PBS for 5  min. 
After blocking with 3% BSA in PBS (blocking buffer), the fixed cells were 
treated with mouse anti-H1N1 HA monoclonal antibody (1:500 dilution) 
(Abcam, Cambridge, UK) in blocking buffer for 1 h. After washing three 
times with PBS, the cells were treated with Alexa Fluor 488-conjugated 
goat anti-mouse antibody (1:200 dilution) (Invitrogen) in blocking buffer 
for 1 h. After washing three times with PBS, the cells were stained with 
Hoechst 33258 (1:500 dilution; Invitrogen) for 5  min and mounted with 
ProLongTM Diamond Antifade Mountant (Molecular Probes, Eugene, OR, 
USA). To quantify vRNP entrapment, A549 cells were inoculated with 1000 
PFU of H1N1 (MOI = 0. 01) for 1 h following mixing with PBS, MEDI8852 
(500  nm), or MDI8852-NDs (500  nm and 1  µm, respectively) for 1 h to 
quantify the amount of vRNPs in endosomes. After the inoculums were 
washed with PBS, the cells were treated with RPMI medium and incubated 
at 37 °C. At 4 h post-infection, the cells were treated as described above, 
except that the primary antibody was reacted with mouse anti-NP 
monoclonal antibody (1:200 dilution) (Abcam), and nuclei were stained 
with DRAQ5 (1:500 dilution) (Invitrogen). All images were acquired using 
a Leica TCS SP8 HyVolution confocal microscope with a 40 × objective (HC 
PL APO 40 × /1.10 W CORR CS2, FWD = 0.65 mm; Leica Microsystems, 
Wetzlar, Germany), and the images were processed identically.

Histopathological Staining: Lung tissues harvested from the mice 
euthanized on days 6 and 9 in each group were weighed, fixed in 10% 
buffered formalin, dehydrated, and embedded in paraffin wax. Sections 
(5  µm) were mounted on slides, and histopathological changes were 
examined by H&E staining.

For immunofluorescence analysis, 5  µm thick tissue sections were 
washed with PBS and blocked with PBS containing 10% FBS and 
0.2% Triton X-100 for 1 h. The sections were stained with polyclonal 
rabbit His-tag antibody (1:200 dilution) (Invitrogen) for the His-tag of 
MSP-related proteins, followed by goat anti-rabbit IgG Alexa Fluor 594 
secondary antibody (1:200 dilution) (Invitrogen) and goat anti-human 
IgG Fc FITC (1:200 dilution) (Abcam) to detect MEDI8852. The cells 
were then incubated with Hoechst 33258 (1:500 dilution; Invitrogen) 
at 25 °C for 5  min, followed by mounting with ProLongTM Diamond 
Antifade Mountant (Molecular Probes). Images were acquired using a 
Zeiss LSM 700 confocal microscope at a magnification of 200 ×.

In Vivo Biodistribution of Nanodiscs: Nanodisc was labeled with 
lipophilic DiR fluorophore (Thermo Fisher Scientific) before injection. 
Then, Balb/c mice were intravenously administered 50  µg of ND-DiR. 
After 1 day, the mice were euthanized and the heart, lung, liver, spleen, 
and kidney were removed. DiR fluorescence intensity was measured 
using the IVIS Lumina XR (Caliper Life Sciences, Hopkinton, MA, USA).

Statistics: No statistical methods were used to determine sample size. 
All statistical analyses were performed using GraphPad Prism software 
(GraphPad Software Inc., San Diego, CA, USA). Statistical significance 
was determined using the Student’s t-test. Statistical significance was 
set at p < 0.05.
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