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Single-dose infusion of engineered viral
receptor binding domain confers rapid and
durable protection against viral infection

M| Check for updates

Haigiao Sun ® '3, Bei Tong ® 28, Deshan Ren'?, Ao Hu®?, He Li', Yixin Zhang®, Shuang Liu', Xiang Duan’,
Zijian Zhang', Wei Liu', Haokun Yang*, Jian Chen?, Tunyu Jian?, Huanying Zheng?®, Bixia Ke®, Hanri Zeng®,
Changwen Ke®, Xiaofang Peng®, Yongzhen Liu', Kai Deng ® °0<, Xianchi Dong*[< & Yan Li® "’

Developing both rapid- and long-acting antiviral drugs for single-dose administration can improve
medication adherence and protect people at risk of infection. To provide proof of this concept, here,
we designed multimerized form of viral receptor-binding domains (RBDs) to immediately occupy viral
receptors to block infection and subsequently induce virus-specific protective immunity. We
engineered SARS-CoV-2 RBD, enhancing its affinity to ACE2 and immunogenicity through
multimerization and Fc modification. A single administration of 4RBD-Fc not only effectively blocked
ACE2-dependent SARS-CoV-2 infections but also elicited robust virus-specific mucosal and
systemic immunity in the absence of adjuvants, providing superior early and long-lasting protection
compared to adjuvanted vaccines in mice. These findings demonstrate the feasibility and efficacy of
engineered viral RBD as immediate-acting and long-lasting single-dose antiviral drugs through rapid
receptor blocking and ensuing adaptive immunity induction.

Certain viral infections are initiated by events that individuals can be aware
of, such as insect bites (dengue fever), animal bites (rabies), unprotected
sexual activities and sharing injection needles (HIV, HCV), and community
outbreaks (respiratory viruses). In these scenarios, proactive use of antiviral
drugs for pre-exposure prophylaxis (PrEP) or post-exposure prophylaxis
(PEP) can prevent infection'”. However, taking HIV PEP as an example,
due to the short efficacy of antiretroviral drugs and the need for repeated
dosing, adherence to the 28-day PEP regimen has historically been low,
leading to reduced prevention®®. Fewer medical interventions, such as
reducing multiple daily doses to once a day™"’, and extending the duration of
antiviral drug efficacy, such as with the long-term antiviral drug
cabotegravir’, help improve medication compliance and preventive out-
comes. Therefore, there is an urgent need to develop both immediate- and
long-acting antiviral drugs for single-dose administration. Indeed, during

the pandemic, such agent is also needed for providing immediate and long-
lasting protection to vulnerable population.

To initiate the infection cycle, viral particles must use viral surface
proteins to interact with viral receptors on the cell, in order to achieve viral
attachment or membrane-fusion'’. Therefore, using the fusion protein or
their components may pre-emptively occupy viral receptors and exert an
antiviral effect. For example, antiviral peptides derived from the gp120 (185-
192) on HIV (peptide T) can bind to CCR5 to block HIV infection of CD4™
T cells'*". We propose that using the entire viral receptor binding domain
(RBD) instead of virus-derived peptides could stimulate greater antibody
responses, as peptides generally have weaker immunogenicity for humoral
immunity'’. In this context, the antiviral effect of viral RBDs can be
maintained and extended by the activated adaptive immune system. This
concept, to our knowledge, has not been explored in vivo before, and thus

"MOE Key Laboratory of Model Animal for Disease Study, Model Animal Research Center, Department of Oncology, Nanjing Drum Tower Hospital, Affiliated
Hospital of Medical School, Nanjing University, Nanjing, 210061, China. Jiangsu Key Laboratory for the Research and Utilization of Plant Resources, Institute of
Botany, Jiangsu Province and Chinese Academy of Sciences, Nanjing, 210014, China. *MOE Key Laboratory of Tropical Disease Control, Department of
Immunology and Microbiology, Advanced Medical Technology Center, The First Affiliated Hospital, Zhongshan School of Medicine, Sun Yat-sen University,
Guangzhou, 510275, China. “State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, Engineering Research Center of
Protein and Peptide Medicine, Ministry of Education, Nanjing, 210023, China. *Guangdong Provincial Center for Disease Control and Prevention, Guangzhou,
510060, China. ®ChemBioMed Interdisciplinary Research Center at Nanjing University, Nanjing, 210061, China. "Wuxi Xishan NJU Institute of Applied Bio-

technology, Wuxi, 214101, China. ®These authors contributed equally: Haigiao Sun, Bei Tong, Deshan Ren, Ao Hu.

xianchidong@nju.edu.cn; yanli@nju.edu.cn

e-mail: dengkai6@mail.sysu.edu.cn;

Communications Biology | (2025)8:1279


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08704-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08704-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-025-08704-6&domain=pdf
http://orcid.org/0009-0005-2573-9842
http://orcid.org/0009-0005-2573-9842
http://orcid.org/0009-0005-2573-9842
http://orcid.org/0009-0005-2573-9842
http://orcid.org/0009-0005-2573-9842
http://orcid.org/0000-0002-6863-6019
http://orcid.org/0000-0002-6863-6019
http://orcid.org/0000-0002-6863-6019
http://orcid.org/0000-0002-6863-6019
http://orcid.org/0000-0002-6863-6019
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0002-9973-8130
http://orcid.org/0000-0001-7612-3953
http://orcid.org/0000-0001-7612-3953
http://orcid.org/0000-0001-7612-3953
http://orcid.org/0000-0001-7612-3953
http://orcid.org/0000-0001-7612-3953
mailto:dengkai6@mail.sysu.edu.cn
mailto:xianchidong@nju.edu.cn
mailto:yanli@nju.edu.cn
www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08704-6

Article

our work represents an initial proof-of-concept effort to evaluate its feasi-
bility and potential advantages over conventional antiviral strategies.

SARS-CoV-2 virus was chosen as our prototype for concept testing
since it has a clear RBD (amino acids 319-541 on the Spike protein) and
interacts with the viral receptor ACE2 with nM affinity">'®. Meanwhile, the
RBD of SARS-CoV-2 contains multiple immunodominant epitopes that
can elicit a potent antibody response and induce the production of neu-
tralizing antibodies'*"®. On the other hand, since SARS-CoV-2 infects
through mucosal routes”, testing whether this drug can be administered via
the respiratory route to activate mucosal immunity is an intriguing idea
since inhalation has better adherence compared to injection, and mucosal
vaccines have shown better clinical outcome in many studies due to their
ability to elicit effective mucosal immunity at the site of infection like
mucosal antibodies and tissue-resident immune cells**".

To achieve the goal of preempting viral receptors and activating the
immune system, the SARS-CoV-2 RBD needs to be engineered with a
higher affinity for ACE2 than its natural counterpart, while maintaining its
sequence to preserve immunogenicity. Meeting this requirement is the
multimerization to enhance receptor-binding affinity”. Additionally, to
effectively activate the immune system, the drug must cross the mucosal
barrier to reach lymphatic tissue. Recombinant protein fused with a Fc
region from human IgG has been demonstrated to bind neonatal Fc
receptors (FcRn) on epithelial cells, facilitating their transportation into
tissue™ . Therefore, multimerization and Fc fusion may enhance the
receptor-blocking effect and immune activation capacity of RBD-based
antiviral drugs.

To develop a single-dose long-acting antiviral drug against
SARS-CoV-2, we optimized RBD’s binding capacity for ACE2 and
immunogenicity to competitively block virus entry while simulta-
neously activating an anti-RBD immune response in the respiratory
mucosa, where SARS-CoV-2 initially infects host cells. Through
structure-based protein design, we generated an RBD multimer,
named 4RBD-Fc, with higher binding affinity towards ACE2 and
stability than other RBD constructs. Pre-incubating 4RBD-Fc with
ACE2-expressing cell lines can block the infection of multiple SARS-
COV-2 variants. Intranasal (i.n.) administration of 4RBD-Fc to K18-
hACE2 mice persisted in pulmonary tissues for at least 7 days post-
administration. Notably, prophylactic treatment with 4RBD-Fc could
protect K18-hACE2 mice from the lethal SARS-CoV-2 Delta variant
infection. Additionally, after i.n. administration, 4RBD-Fc selectively
drains to respiratory-associated lymphoid tissues, activating a de
novo immune response against RBD, providing a more robust sys-
temic and mucosal immune response than traditional mucosal vac-
cines with adjuvants. SARS-CoV-2 challenge in K18-hACE2 mice
experimentally verified that a single dose treatment of 4RBD-Fc in
the absence of adjuvant could offer a stronger anti-viral effect than
multiple doses of conventional vaccines. Given the lack of prior
in vivo investigations into the use of viral RBDs as receptor-blocking
prophylactic agents, this study is exploratory in nature and aims to
provide proof-of-concept evidence for the design, delivery, and effi-
cacy of such agents. This dual-function strategy supports the further
development of viral RBDs as both pre-exposure and post-exposure
prophylactic interventions against viral infections.

Results

Structure-based RBD multimer design to enhance stability and
human ACE2 binding affinity

Extensive characterization of spike protein residues 319-541, previously
considered the RBD required for human ACE2 (hACE2) binding™”,
showed that this recombinant RBD protein fragment tends to dimerize,
potentially forming higher-order multimers, due to the presence of an
unpaired cysteine residue (C538) close to the C-terminus'®*. To prevent
this dimerization activity in our constructs, we used a previously reported
cryo-electron microscopy structure (PDB ID: 6VXX) to design a longer
truncated RBD spanning residues 319-591 that allows formation of disulfide

bonds between C538 and C590 (Fig. 1A)"°. Subsequent molecular dynamics
(MD) simulations showed that RBD (319-591) was more stable than RBD
(319-541), and had a lower RMSD than that of RBD (319-541) (RMSD =
2.5 A versus ~5 A, RBD (319-591) versus RBD (319-541); Fig. 1B), we
therefore used RBD (319-591) in the following experiments.

In order to counteract the binding of the trimeric SARS-CoV-2 spike
protein to the hACE2 receptor, the recombinant RBD needs to exhibit high
affinity towards hACE2. To achieve this, we engineered several RBD
(319-591) constructs, including a monomer, a set of oligomers (2-3 RBD
units in length), and a set of oligomers (2-4 RBD units) fused to a human
IgG1 Fc domain (Fig. 1A), as attempts to incorporate additional RBD copies
led to significantly reduced protein yields. We then verified their size and
purity through SDS-PAGE and size-exclusion chromatography (Fig. 1C
and Supplementary Fig. 1A).

Characterization of the tertiary structure of 4RBD-Fc by negative-stain
electron microscopy (EM) revealed that it tends to form a beads-on-a-
string-like architecture, with multiple RBD subunits loosely arranged
around a central base, suggesting the dimerization of two 4RBD-Fc mole-
cules (Fig. 1D). Each RBD subunit appeared intact and was connected via
flexible glycine-serine linkers, while the central base was composed of two
dimerized human IgGl Fc domains. Due to the flexible linkers, the exact
orientation of the receptor-binding motifs (residues 437-508) could not be
precisely resolved; however, the arrangement appears compatible with
accessibility for ACE2 binding.

To probe interactions between the RBD oligomers and hACE2, we next
conducted cell-surface-binding assays using flow cytometry. Series-diluted
RBD constructs were incubated with hACE2-expressing cell line (293T-
hACE?2) in the presence of 100 nM AlexaFluor 488-labeled RBD protein.
This analysis revealed that the Ky value of RBD monomer was
36.6 £ 10.2 nM, whereas the Ky values for the oligomers were 1.7 + 0.5 nM
(2RBD), 14+04nM (3RBD), 48+14nM (RBD-Fc), 2.7 +0.8nM
(2RBD-Fc¢), 19+0.6nM (3RBD-Fc), and 0.8+02nM (4RBD-Fc)
(Fig. 1E). 3RBD in the RBD oligomers and 4RBD-Fc in the Fc-fused RBD
oligomers exhibit the two strongest binding capability for hACE2, being 26-
fold and 46-fold higher than the RBD monomer, respectively. Therefore,
they were chosen for further experiments. These results suggested that the
oligomeric and Fc-fused RBD proteins retained the functionality of native
RBD and could potentially interact with ACE2 more robustly.

Evaluation of 4RBD-Fc as an effective broad-spectrum blocker
for SARS-CoV-2 variants in vitro

The inhibitory effects of RBD oligomers on viral entry was assessed using
SARS-CoV-2 pseudovirus blocking assays. 293T-hACE2 cells, pre-
incubated with RBD oligomers and then infected with a luciferase-
reporter pseudovirus displaying the wild-type (WT) SARS-CoV-2 spike
protein”, exhibited reduced luminescence compared to non-pre-incubated
cells, suggesting inhibition of spike protein-mediated entry. Dose-
dependent luminescence reduction post-infection was observed with RBD
monomer, 3RBD, and 4RBD-Fc (Fig. 1F), while 4RBD-Fc showed the
highest inhibition (ICsy=0.27 +0.08 nM), outperforming both RBD
monomer (IC5y=4.7 + 1.5 nM) and 3RBD (IC5, =0.27 + 0.08 nM). Con-
sequently, 4RBD-Fc was selected for further study.

Acknowledging the limitation of pseudovirus studies, we further
extended our investigation to clinically isolated SASR-CoV-2 viruses
using Vero E6 cells in a biosafety level 3 (BSL-3) laboratory. Similar to the
results of pseudovirus blocking assays, 4RBD-Fc pre-incubation effec-
tively reduced viral load (measured by qRT-PCR) in Vero E6 cells infected
with WT SARS-CoV-2 and two variants, including Delta (B.1.617.2) and
BA2 (B.1.1.529.2), with ICs, of 17.3+4.3nM, 52+42nM, and
11.6 £ 5nM, respectively (Fig. 1G). These outcomes suggest that the
interaction of 4RBD-Fc with ACE2 effectively blocks the entry of various
SARS-CoV-2 variants in vitro. Overall, these results demonstrate the
exceptional blocking activity of 4RBD-Fc for SARS-CoV-2 among the
other RBD constructs, and its potential as a broad-spectrum antiviral
agent for SARS-CoV-2 variants.
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Fig. 1 | Characterizing of engineered RBD constructs. A Schematic of the 4RBD-
Fc design. Four serially connected RBD (amino acid residues 319-591 of SARS-CoV-
2 spike protein, green) were fused to a human IgG1 Fc domain at the C-terminal
(yellow), with two 4RBD-Fc monomers forming a dimer. B The stability of RBD
(319-591) and RBD (319-541) was compared by computing the backbone RMSD of
the entire trajectories, carried out by VMD software. RMSD, root mean square
deviation. C SDS-PAGE (left) of the eluted 4RBD-Fc samples, showing 4RBD-Fc
assembly and purity. Size exclusion chromatography analysis of 4RBD-Fc (right).
The ultraviolet absorption at 280 nm were shown. mAU, milli-absorbance units. M,
marker; NR, non-reducing; R, reducing. D Representative raw images of 4RBD-Fc
from negative-stain EM were shown. (Scale bar: 10 nm). Schematic of 4RBD-Fc
dimer are shown to the right. E Competitive cell-surface binding of different RBD
constructs. Relative binding (%) is calculated by measuring the reduction in mean
fluorescence intensity (MFI) from RBD-FITC through flow cytometry. K4 values
were calculated using the Cheng-Prusoff equation. K4 values were shown. F SARS-
CoV-2 pseudovirus blocking assay. 293T-hACE2 cells were pre-incubated with
serially diluted concentrations of RBD, 3RBD, or 4RBD-Fc and then infected with a

luciferase-reporter SARS-CoV-2 pseudovirus. Blocking rate is calculated as the
percent reduction in luminescence relative to control cells, which were not pre-
incubated. G SARS-CoV-2 authentic virus blocking assay. VeroE6 cells were pre-
incubated with 4RBD-Fc at indicated concentrations then infected with clinical
isolated SARS-CoV-2 variants, the blocking rate is calculated as the percent
reduction in viral load relative to control cells, measured by quantitative PCR with
reverse transcription (QRT-PCR). Non-linear three-parameters inhibitor-response
curve was used to determine the ICs, values. H BALB/c mice were i.m. immunized
with RBD (n =7),3RBD (n = 7) or 4RBD-Fc (n = 12) as indicated and all adjuvanted
with Alum and CpG, while mock group i.m. immunized with Alum and CpG only
(n = 6), mice were sacrificed at 14 days-post immunization. I Serum was collected at
day 14 for analysis, and anti-RBD IgG antibody titers were measured by ELISA.
Endpoint titers were presented. J Neutralizing assay of day 14 serum in (H) use
SARS-CoV-2 WT pseudovirus. ICs, was shown. Data are presented as mean = s.d.
The dashed line indicates the limit of detection (LOD). Undetectable values were set
to LOD - 0.2 log units to distinguish them.
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Immunogenicity assessment of RBD oligomers

Next, we assessed whether these RBD oligomers retained immunogenicity
by testing a single dose of intramuscular (i.m.) immunization with 10 pg of
RBD, 3RBD, or 4RBD-Fc antigens in BALB/c mice, using CpG and alu-
minum hydroxide gel (Alum) as adjuvants. Serum samples were then col-
lected for antibody titers and pseudovirus neutralization analysis (Fig. 1H).
Enzyme-linked immunosorbent assay (ELISA) analysis of anti-RBD IgG
antibodies in serum revealed that the 4RBD-Fc group exhibited the highest
antibody titers (1 x 10*), surpassing those of the RBD (3.2 x 10°) and 3RBD
groups (5 x 10%) (Fig. 11). Additionally, pseudovirus neutralization assays
demonstrated that serum from the 4RBD-Fc group had a significantly
higher neutralization capacity against WT SARS-CoV-2 pseudovirus
(IC50=3934) compared to the RBD (ICso=1086) and 3RBD groups
(ICsp = 796.8) (Fig. 1]). These data suggest that the RBD oligomers retained
their immunogenicity, with 4RBD-Fc generating stronger binding and
neutralizing antibody levels compared to RBD and 3RBD.

Restricted 4RBD-Fc distribution in the respiratory system avoids
inducing inflammation or allergic reactions

To assess the suitability of 4eRBD-Fc as an antiviral agent, we investigated its
in vivo distribution kinetics via i.n. administration of 1 mg AlexaFluor 750-
labeled 4RBD-Fc (4RBD-Fc-AF750) to K18-hACE2 mice (Fig. 2A). Given
that murine ACE2 receptor does not bind to the RBD of SARS-CoV-2", we
employed K18-hACE2 mice, which express hACE2 driven by the
cytokeratin-18 (K18) promoter in epithelial cells’'. Bioimaging of whole
mice in vivo and in ex vivo dissected organs showed that 4RBD-Fc rapidly
localized to lungs within 4 hours (Fig. 2B-E) and remained detectable in
both the upper and lower respiratory tract (Fig. 2C, D) for at least 168 hours
(Fig. 2B, E), indicating high stability of 4RBD-Fc in the respiratory tract
microenvironment. During the initial 96 hours post-administration, the
AF750 signal in the bioimaging data was confined to the respiratory tract,
suggesting restricted localization of the 4RBD-Fc (Supplementary
Fig. 2A-C). However, at 96 hours post-administration, 4RBD-Fc signal
could be observed in ex vivo liver and kidney tissues, suggesting possible
degradation or transport of 4RBD-Fc (Supplementary Fig. 2B, C). Impor-
tantly, by 336 hours (14 days) post-administration, AF750 signals had
become undetectable in the respiratory tract in the majority of mice, with
only one mouse showing a faint signal in the nasal cavity and lungs—
demonstrating effective clearance of the protein from the respiratory system
over time (Fig. 2E). Overall, these findings indicate that 4RBD-Fc exhibits
strong and specific localization to the respiratory tract at early stage, pro-
longed local stability, and minimal systemic exposure, making it a promising
candidate for intranasal antiviral therapy.

To further assess the safety of intranasally administered 4RBD-Fc, we
conducted both pulmonary and systemic evaluations in K18-hACE2
mice. Mice were intranasally administered with either 1 mg of 4RBD-Fc or
an equal volume of PBS (vehicle control) (Supplementary Fig. 3A).
Throughout the 7-day observation period, mice were monitored daily for
body weight, behavior (including activity and grooming), and general
appearance (fur condition and posture), and no adverse clinical signs were
observed in the 4RBD-Fc-treated group compared to the vehicle group. At
7 days post-administration, flow cytometry analysis of lung single-cell
suspensions showed no significant difference in immune cell infiltration,
including total leukocytes and four types of granulocytes (neutrophils,
eosinophils, basophils, and mast cells), between the two groups (Supple-
mentary Fig. 3B).

Given that allergic reactions are characterized not only by eosinophil
infiltration but also by T helper type 2 (Th2) immune responses, we further
employed an in vitro RBD peptide library stimulation method to assess the
presence of RBD-specific Th2 cells. Lung cells were stimulated with the RBD
peptide library for 6 hours, followed by intracellular cytokine staining and
flow cytometric detection of CD3"CD4'IL-4" cells (Supplementary
Fig. 3C). No significant difference in pulmonary Th2 cell frequency was
observed between groups (Supplementary Fig. 3D), suggesting that intra-
nasal 4RBD-Fc did not trigger a Th2-skewed immune response. These

findings demonstrate that intranasal administration of 4RBD-Fc did not
induce pulmonary inflammation, allergic reactions, or systemic toxicity
in vivo.

Prophylactic and therapeutic effects of i.n. administered 4RBD-
Fc in SARS-CoV-2-infected mice

To assess the antiviral activity of 4RBD-Fc as a preventive or therapeutic
treatment for SARS-CoV-2, we administered 4RBD-Fc (1 mg i.n.) or the
PBS vehicle control to K18-hACE2 mice at either 2 hours before (PrEP
group) or 24 or 48 hours after (PEP group) infection with the SARS-CoV-2
Delta strain with 4 x 10’ plaque-forming units (PFU) per mouse (Fig. 2F), as
a well-established infection system™. At 5 days post-infection (dpi), sig-
nificant weight loss (21.5%) was observed in the vehicle group, with all
animals being euthanized by 5 dpi (a = 15% loss of body weight compared to
baseline was considered as the humane endpoint) (Fig. 2G). In contrast, all
mice in the PrEP group and 66.7% (4/6) of the mice in the PEP group
survived at 5 days post-infection (dpi). Both PrEP and PEP groups showed
markedly lower viral loads in the upper respiratory tract (lower than LOD in
PrEP, 2.8 x 10° copies/ml in PEP versus 8.3 x 10* copies/ml in vehicle
controls) and lower respiratory tract (lower than LOD in PrEP, 3.1 x 10*
copies/ml in PEP versus 8 x 10’ copies/ml in vehicle controls), as confirmed
by viral titer assays of throat swabs and lung tissues. Complete viral clear-
ance (viral load < limit of detection: 1 x 10° copies/ml) was achieved in 66.7%
(2/3) of the PrEP group (Fig. 2H, I). These results thus supported that
4RBD-Fc administration could effectively reduce viral load of the SARS-
CoV-2 Delta variant in vivo.

Given these findings, we next evaluated whether 4RBD-Fc affected
transmission of SARS-CoV-2. Index mice, infected with the Delta strain at 4
x 10* PFU, ten-fold higher than lethal concentrations, were co-housed with
contact mice treated with 4RBD-Fc or PBS vehicle. By 5 dpi, all index mice
succumbed, whereas none died in the contact groups (Fig. 2]). Viral titer
assays indicated that vehicle-treated contact mice had obvious accumulation
of viral loads (8 x 10’ copies/ml in throat swabs and 2.6 x 10" copies/ml in
lungs at 5 dpi) following contact with the index group (Fig. 2K), whereas no
virus (below limit of detection) was detected in the 4RBD-Fc contact group
by 5 dpi. These data were consistent with viral titer assays from throat swabs
and lung tissue samples by 5 dpi (Fig. 2K, L). However, we observed
detectable viral titers in the throat swabs of one mouse in the 4RBD-Fc
contact group at both 1 dpi and 3 dpi.

Histopathological examination of the vehicle controls and index
groups revealed diffuse hemorrhage, severe alveolar thickening, and
bronchiole structure loss, indicative of fatal pneumonia progression,
whereas only mild alveolar thickening was noted in the vehicle-treated
contact groups (Supplementary Fig. 4A). Notably, no lung lesions were
observed in the PrEP and 4RBD-Fc-treated contact groups. Altogether,
these results advocate for the potential of i.n. delivered 4RBD-Fc as both
prophylactic and therapeutic agent against SARS-CoV-2 infection and
transmission.

Activation of anti-RBD de novo immune responses in respiratory-
associated lymphoid tissues via i.n. administration of unadju-
vanted 4RBD-Fc

Next, we examined the ability of 4RBD-Fc to drain to lymph nodes after in.
administration. We assessed the distribution of 4RBD-Fc-AF750 in sec-
ondary lymphoid organs of K18-hACE2 mice (Fig. 3A). After 1 mg 4RBD-
Fc-AF750 in. administration, 4RBD-Fc rapidly drained to respiratory-
associated lymphoid tissues such as nasal-associated lymphoid tissues
(NALT), mandibular lymph nodes (maLN), and mediastinal lymph nodes
(mdLN) (Fig. 3B, C), but not to other secondary lymphoid tissues at early time
points (Supplementary Fig. 4A-C). The 4RBD-Fc-AF750 signal in lymphoid
tissues progressively rose, showing a 15.7-fold (NALT), 22.7-fold (maLN),
and 12.6-fold (mdLN) increase by 96 hours, and a 17.2-fold (NALT), 60.1-
fold (maLN), and 41.7-fold (mdLN) increase by 168 hours compared to
48 hours, indicating active accumulation of 4RBD-Fc in respiratory-
associated lymphoid tissues by 96 hours (Fig. 3B). In addition, at 96 and
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Fig. 2 | 4RBD-Fc treatment prevents SARS-CoV-2 infection in either prophy-
lactic or therapeutic use. A Schematic illustrating the experimental design to assess
the bio-distribution of 4RBD-Fc. B Quantitative analysis of AF750 fluorescence
signals in nasal cavity and lung at different post-hours (post-h). C, D Representative
ex vivo images of dissected organs (C), representative whole-body images (D).
Abbreviations: Bl, blood (20 pl); Br, brain; H, heart; K, kidney; Lu, lung; Lv, liver; Na,
nasal cavity; S, spleen. E Representative ex vivo dynamic imaging of AF750 fluor-
escence changes in the nasal cavity and lung. F A SARS-CoV-2 infection protocol
using K18-hACE2 mice. In PrEP experiment mice were i.n. administrated with 1 mg
4RBD-Fc or vehicle (equal volume of PBS), then infected with 4 x 10° PFU SARS-
CoV-2 Delta strain. In PEP experiment, mice were infected with 4 x 10° PFU SARS-
CoV-2 Delta strain, then received 1 mg 4RBD-Fc i.n. at 24- or 48-hours post-

infection. G Relative weight was measured as a percent of the starting weight on day
5 after infection with SARS-CoV-2 Delta strain (n = 3). The dashed line indicates the
starting weight. Viral loads in throat swaps (H) and in the lungs (I) were detected by
qRT-PCR.J A SARS-CoV-2 transmission protocol using K18-hACE2 mice (n = 3).
Mice were infected with 4 x 10* PFU of the Delta strain (index group) and then co-
housed for 5 days with two other groups (contact group), which were i.n. admi-
nistered 1 mg 4RBD-Fc or a vehicle (equal volume of PBS) 2 hours before co-
housing. Viral load in throat (K) and lungs (L) was detected by qRT-PCR. The
dashed line indicates the limit of detection (LOD). Undetectable values were set to
LOD - 0.2 log units to distinguish them. Statistical significance was calculated by
one-way ANOVA with Dunnett correction. Data are presented as mean =+ s.d.

Communications Biology | (2025)8:1279


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08704-6

Article

A B c h.cm2.s.sr"
= Antigen draining 0 PR-EMTSTST 5 6 x 101
4RBD-Fc-AF750 g
i.n. T NALT
(2]
LN Imagin o e = malN NALT
\‘ , gng \ 2 ____——— -+ mdN
< p °
1L 1 g
K18-hACE2 | 1l 11 | % malN
Oh 48 h 96 h 168 h 5
z . mdLN
168
4RBD-Fc )
D in Serum ELISA E Gateon B cells in mdLN _ o
; \ days post-immunization
\‘ LN FACS 0 2 4 7
L | o
cseue b t—t—t+—t—+— s ¥
005 2 4 7 14 28 42 56 Q ey
w | [0
days post-immunization a e RBD* B s RBD* B
@ Lx  0.031% '~ 0.037%
. . . . RBD-APC
Antibody induction RBD-specific B cells %
2y Gate on RBD* B cells
g z 20 .
< o o o T Naive = Naive [ -
23 5 ° o " 100 |7 95.7@
g a\e 5 10 . [ |1 1]
D A
B2®ed————————- @ 05 ° #Z [:GC —Bmem| iGC —Bmem iGC——Bmem
Il 8 ol alio 0 0 0 0 435
EQanxi > ® @ & X 0052 4 7 2
< N oW e CD38-BV421
days post-immunization days post-immunization
H . . ) - J ) K " . .
RBD-specific B cells # RBD-specific B cells differentiation DC recruitment RBD-specific T cell induction
3 o Naive
3100d0 o o o Bmem tDD% 2
z E G =z o 3
5 c 8040 © 5 - iDC :
B & 60 ? £
N
£ N 40 £ X
3+ a * .
& 20 z
@
T 0 10— : . =
9\3 005 2 4 7 005 2 4 7 0 05 2 4 7

days post-immunization days post-immunization

Fig. 3 | L.n. administration of 4RBD-Fc elicits anti-RBD de novo immune
responses in respiratory-associated lymphoid tissues. A Schematic of the
experimental design for evaluating the drainage of 4RBD-Fc to secondary lymphoid
tissues after i.n. administration (n = 3). B Quantitative analysis of 4RBD-Fc presence
in respiratory-associated lymphoid tissues. NALT, Nasal-Associated Lymphoid
Tissue; maLN, Mandibular Lymph Nodes; mdLN, Mediastinal Lymph Nodes.

C Representative images showing the distribution of 4RBD-Fc-AF750 in
respiratory-associated lymphoid tissues. D Schematic representation of the immune
response dynamics following 1 mg i.n. administration of 4RBD-Fc in C57BL/6 mice
(n = 3). E Representative flow cytometry plots of the kinetics of RBD-specific B cell
responses in mediastinal lymph nodes (mdLN), RBD™ B cells are defined as
(B220"RBD-PE-Cy7 ‘RBD-APC"). RBD" B cell are differentiated from naive B cell
(Naive, CD38"IgD") to memory B cell (Bmem, CD38"IgD") and germinal center B

days post-immunization days post-immunization

cell (GC B, CD381gD"). F Anti-RBD IgG antibodies titers in serum at dynamic
timepoint, measured via ELISA (#n = 3). The dashed line indicates the limit of
detection (LOD). Undetectable values were set to LOD -0.2 log units to distinguish
them. Quantitative analyses of RBD-specific B cell responses in mdLN, including
RBD* B cells percentage (G) and numbers (H). I Quantitative analyses of RBD* B
cell differentiation in mdLN at dynamic timepoint. J The dynamics of DC subsets in
mdLN following i.n. administration of 4RBD-Fc. cDC (MHC-II*CD11c"), iDC
(MHC-II*CD11c"), tDC (MHC-I"CD11c"). K The percentage of T cells responsive
to RBD peptide library stimulation in mdLN, including CD4* and CD8" T cells.
Data are presented as mean + s.d. Symbols indicate data collected from individual
mice. Statistical significance was calculated by one-way ANOVA with Dunnett
correction.

168 hours post-administration, weak but detectable 4RBD-Fc signals were
also observed in other secondary lymphoid organs, suggesting limited dis-
semination beyond the respiratory-associated lymphoid tissues at later stages.

We further validated whether 4RBD-Fc draining to respiratory-
associated lymphoid tissues could activate local immune responses,
including innate and adaptive immunity. We in. administered 1 mg of
4RBD-Fc to a group of C57BL/6 mice and collected serum and mdLN at 0,
12, 48, 96, and 168 hours for analysis (Fig. 3D). By 168 hours post-admin-
istration, anti-RBD IgG antibodies became detectable in the serum of these
mice at a titer of 9.3 x 10” using ELISA (Fig. 3F). Since the activation of B cell
responses involves the expansion and differentiation of antigen-specific B
cells, we used fluorescence-labeled RBD tetramers and flow cytometry to
detect RBD" B cells in mdLN (Fig. 3E, G). Robust RBD* B cell expansion
was detected at 168 hours in mdLN (Fig. 3G), characterized by significant

increases in both proportions (1.2% versus 0.05%) and numbers (2 x 10*
versus 2 x 10°) of RBD" B cells (Fig. 3G, H). Through further B cell phe-
notypic analysis, we observed differentiation in these RBD" B cells. The
proportion of Naive B cells (Naive, CD38"IgD") significantly decreased
among RBD" B cells at 168 hours (95.2% at 96 hours versus 15.7% at
168 hours). Concurrently, the proportion of Memory B cells (Bmem,
CD38"IgD’) in RBD" B cells increased at 96 hours (0% at 48 hours versus
4.1% at 96 hours), and germinal center B cells (GC, CD38IgD’) appeared at
168 hours (0% at 96 hours versus 78.9% at 168 hours), suggesting differ-
entiation of RBD" Naive B cells into GC and Bmem (Fig. 31). These data
indicate thati.n. administration of 4RBD-Fc triggered an RBD-specific B cell
response in mdLN.

To assess the longevity of the anti-RBD immune response elicited by a
single intranasal dose of 4RBD-Fc (1 mg, no adjuvant), we measured serum
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IgG endpoint titers at Days 14, 28, 42 and 56 post-administrations (Fig. 3E).
Titers at Day 42 showed less than a 20% decline versus Day 14, indicating
sustained antibody production. Consistently, serum collected at Day 42
exhibited pseudovirus ICs, values statistically indistinguishable from those
at Day 14 (Supplementary Fig. 7F), demonstrating persistent functional
neutralization capacity. These findings suggest that, although additional
long-term follow-up is needed to fully confirm durability, the neutralizing
antibody activity remains effective at least up to Day 42 post-immunization,
providing evidence for lasting antiviral protection.

To better understand 4RBD-Fc elicited immunity, we investigated the
dynamic changes of immune cell subsets within these draining lymph nodes
using flow cytometry, including dendritic cells (DCs), and antigen-specific T
and B cells. Migratory DCs (tDCs) have been demonstrated to actively
collect respiratory antigens and initiate adaptive immunity in mdLN"**. In
mdLN, a cohort of tDCs was the first to respond to i.n. 4RBD-Fc, showing a
significant increase at 48 hours post-administration (2.3 x 10* at 0 hour
versus 1.3 x 10’ at 48 hours) (Fig. 3]). By 96 hours, lymph node cells sti-
mulated with an RBD peptide library exhibited a marked increase in IFN-
y'CD4" (0.06% at 0hour versus 0.32% at 96 hours) and IFN-y"CD8"*
T cells (0.06% at 0 hour versus 1.25% at 96 hours), indicating the initiation of
a Thl-biased RBD-specific cellular immunity (Fig. 3K). Similar RBD-
specific B cell responses were observed in NALT and maLN, but not in the
lungs (Supplementary Fig. 6A-F). Together, these findings provide cellular-
level evidence that i.n. administration of 4RBD-Fc activates RBD-specific
immunity in respiratory-associated lymphoid tissues.

Requirement of both Fc-fusion and antigen dosage for adjuvant-
free mucosal immunogenicity of 4RBD-Fc

Typically, protein antigens require adjuvants to activate mucosal immunity”
#5%_However, the antiviral formulation of 4RBD-Fc demonstrates the ability
to achieve mucosal immune activation without adjuvants, which may
attribute to its unique structure or dosage. To investigate the mechanism of
this adjuvant-free immune activation, we administered 4RBD-Fc or 3RBD—
which is also multimeric but lacks Fc-fusion—at low (lo, 20 pg) or high doses
(hi, 1 mg) via in. administration in C57BL/6 mice, all without adjuvants.
While the mock group received an equal volume of PBS (Fig. 4A). ELISA
analysis of mice serum at day 7 revealed that anti-RBD IgG antibodies in the
4RBD-Fc (hi) group has an average titer of 2.5 x 10°. Conversely, only 25%
(1/4) of mice in 3RBD (lo) and 3RBD (hi) groups showed detectable anti-
RBD antibodies at a much lower titer of 1 x 10” (Fig. 4B). These results
demonstrated effective anti-RBD antibody response could only be achieved
in the 4RBD-Fc (hi) group. Flow cytometry analysis of RBD-specific B cells
in 4RBD-Fc (hi) group revealed an RBD-specific GC response and B cell
differentiation, marked by an increase in percentages and numbers of RBD*
B cell (Fig. 4C, D), a decrease in naive B cells (98.1% versus 28.1%), and an
increase in GC B cells (0% versus 60%) and Bmem (0.6% versus 5.9%)
(Fig. 4E) in mdLN. Meanwhile, only a notably higher frequencies of RBD
peptide reactive IFN-y"CD4" and IFN-y"CD8" T cells were observed in the
4RBD-Fc (hi) group, compared to all other groups (Fig. 4F, G). Consistently,
DC subsets in mdLN were also significantly elevated in the 4RBD-Fc (hi)
group (Fig. 4H). This indicating that RBD-specific T cell response are
exclusively generated in the 4RBD-Fc hi group. Together, these results
suggest that both Fc-fusion and high antigen dosage contribute to the
adjuvant-free mucosal immunogenicity of 4RBD-Fc in mice.

Enhanced systemic and mucosal immunity induced by the anti-
viral formulation of 4RBD-Fc compared to the vaccine
formulation

To assess whether the immune response elicited by the antiviral drug for-
mulation of 4RBD-Fc is sufficient to provide viral protection, we first
compared it to the immune response induced by a validated mucosal vac-
cine formulation™”™. By Fc-fused protein antigens to target the FcRn
receptors expressed on respiratory epithelial cells, mucosal vaccines facil-
itate the crossing of antigens through the mucosal barrier and activate
mucosal immunity in the presence of adjuvants™***. Since human IgG1-Fc

can bind to murine FcRn with similar affinity”’, the 4RBD-Fc construct
meets this criterion. Therefore, we developed a mucosal vaccine formulation
of 4RBD-Fc (20 pg with CpG adjuvant) and compared the systemic and
mucosal immune responses it induced to those triggered by the antiviral
drug formulation (1 mg 4RBD-Fc without adjuvant), while the mock group
received 20 ug CpG in. only (Fig. 5A). Following twice i.n. administration in
C57BL/6 mice, both formulations induced respiratory mucosal immunity
(Fig. 5B-]), including lung-resident memory B cells (BRMs) (Fig. 5B, H),
mucosal antibodies in bronchoalveolar lavage (BAL) (Fig. 5D), GC
responses in mdLN (Fig. 5G) and T cells in the lungs (Fig. 51, J). Notably, the
antiviral formulation demonstrated a rapid antibody production, with anti-
RBD IgG antibodies detectable in serum by day 7 (6.3 x 10°), and con-
sistently surpassed the vaccine formulation at subsequent time points (1.6 x
10* versus 1.3 x 10° at day 14, 6.3 x 10° versus 3.2 x 10* at day 28) (Fig. 5C).
Of note, the antiviral formulation induced 10-fold higher mucosal IgG
antibodies titer in BAL (9.2 x 10%) compared to the vaccine formulation (9.3
x 10%) (Fig. 5D, E). At day 28, serum from mice treated with antiviral
formulation showed neutralizing activity against WT SARS-CoV-2 pseu-
dovirus (ICsy=4716), while the vaccine formulation did not exhibit
detectable neutralizing activity (ICsy not determined) (Fig. 5F). Flow cyto-
metry analysis revealed that antiviral formulation induced significant more
RBD" GC B cells in mdLN (2.1 x 10’ versus 3.6 x 10°) (Fig. 5G). To
distinguish lung-resident B cells from circulating B cells, anti-CD45-APC
antibody was administered intravenously (i.v.) to label circulating immune
cells”. Cells that were CD197CD45i.v. CD38"IgD" were considered to be
lung-resident memory B cells*'. The antiviral formulation (1.3 x 10°) elicited
8.9-fold more RBD" BRMs than the vaccine formulation (1.5 x 10?) in the
lungs (Fig. 5H). Both formulations induced more RBD-specific T cells in the
lungs comparing to the mock group, including IL-2* and TNF-a*CD4*
(Fig. 51) and TNF-a"CD8" T cells (Fig. 5]), detected via RBD peptide library
stimulation and intracellular cytokine staining. Together, these data
demonstrated that when administered intranasally, the antiviral 4RBD-Fc
formulation elicits a stronger mucosal and systemic immune response than
the vaccine formulation, while the vaccine formulation remains effective via
intramuscular administration.

4RBD-Fc antiviral formulation outperforms vaccine formulation
in providing immediate and sustained protection against SARS-
CoV-2 variant

We postulated that the antiviral formulation of 4RBD-Fc would not only
protect mice from imminent infection, as demonstrated in Fig. 2, but also
offer sustained protection through its rapid and strong vaccine-like immune
activation effect. As such, we compared the protectivity of 4RBD-Fc in
antiviral formulation with vaccine formulation against SARS-COV-2
challenge (Fig. 6A). The vaccine group of K18-hACE2 mice was primed
with 20 pg 4RBD-Fc adjuvanted with CpG in. at day 0, followed by two
subsequent boosters at day 14 and day 42, then exposed to a lethal dose of
SARS-CoV-2 Delta strain (4 x 10° PFU) at day 63. Equal volume of PBS
containing CpG in. was used as mock treatments. The antiviral group of
K18-hACE2 mice received a single dose of 1 mg 4RBD-Fc i.n. at day 0 and
were exposed to one lethal dose of SARS-CoV-2 Delta strain (4 x 10° PFU)
either at day 7 (D7) or day 14 (D14), or twice at both day 0 and day 14
(D7 4+ D14) (Fig. 6A). Both formulations effectively shielded K18-hACE2
mice from lethal Delta strain exposures, contrasting with the CpG i.n. group:
16.9% body weight loss and succumbed by 5 dpi (Fig. 6B). Remarkably, the
antiviral formulation group, challenged with the Delta strain on either day 7
or day 14 post-administration, maintained stable body weights (100.4-
100.7% of starting weight) (Fig. 6B) and exhibited significantly reduced
respiratory viral loads (79-fold reduction in throat swaps and 398-fold in
lungs) compared to the CpG i.n. group (Fig. 6C, D). Of note, even after two
lethal challenges with the Delta strain on Day 0 and Day 14, mice receiving a
single dose of the antiviral formulation survived and maintained stable body
weights (105% of starting weight) (Fig. 6B). Compared to the CpG in.
group, these mice exhibited a significant reduction in viral loads in both the
upper (1.5 x 10° versus 1.2 x 10° copies/ml) and lower (2.7 x 10° versus 9 x
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Fig. 4 | Fc-fusion and antigen dosage contribute to the unadjuvanted mucosal
immunogenicity of 4RBD-Fc. A Experimental design evaluating whether dosage or
structure affects the mucosal immunogenicity of unadjuvanted 4RBD-Fc (n = 4).
B Serum anti-RBD IgG antibodies titers among different antigen and dosage
treatment, measured by ELISA. The dashed line indicates the limit of detection
(LOD). Undetectable values were set to LOD - 0.2 log units to distinguish them.
Quantitative analyses of RBD-specific B cell responses in mdLN, including numbers

(C) and percentages (D) of RBD™ B cells, as well as their differentiation status (E).
The percentage of pulmonary T cells responsive to RBD peptide library stimulation,
including CD4" (F) and CD8" T cells (G). H DC subsets in mdLN following i.n.
administration of indicated antigen: cDC (MHC-II"CD11c"), iDC (MHC-
II*CD11c"), tDC (MHC-II"CD11c"). Data are presented as mean + s.d. Symbols
indicate data collected from individual mice. Statistical significance was calculated
by one-way ANOVA with Dunnett correction.

10’ copies/ml) respiratory tracts (Fig. 6C, D). Given the amount of 4RBD-Fc
in the lung was decreased by 50.4-fold at 168 hours post-administration
(Fig. 2B), these results suggested that the protective effect of antiviral for-
mulation, initially derived from hACE2 blockade, and followed by the
activation and presence of anti-RBD immunity.

Both formulations of 4RBD-Fc markedly curtailed viral replication in
throat swabs and lungs (Fig. 6C, D). The pulmonary virus titer assay showed
a significant reduction in mice administered with i.n. vaccine formulations
(21-fold), compared to the mock groups. However, a greater reduction was

observed in those given the antiviral formulation: 735-fold in the D7 group,
191-fold in the D14 group, and 274-fold in the DO + D14 group, compared
to the CpGi.n. group. These data demonstrated that a single dose of antiviral
formulation outperformed three rounds of vaccine formulations in reducing
viral load in the lower respiratory tract for a sustained period of at least
two weeks.

In conclusion, these results demonstrate that the immune responses
activated by 4RBD-Fc are sufficient to protect mice from lethal doses of
SARS-CoV-2 infection. Moreover, the antiviral formulations of 4RBD-Fc
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Fig. 5 | The 4RBD-Fc antiviral formulation induced more robust systemic and
mucosal immunity than the vaccine formulation. A Illustration of the adminis-
tration protocol in C57BL/6 mice: Mice were given i.n. 4RBD-Fc vaccine or antiviral
formulations, with a booster on day 14. The mock group received 20 ug CpG in PBS
(n =5). B Representative flow cytometry plots of RBD" BRMs (CD45i.-
v.CD19*CD38"IgD'RBD-FITC RBD-PE-Cy7"). Cells that were CD45i.v.CD19"
were defined as lung-resident B cells. ELISA detection of anti-RBD IgG titer in serum
(C) and BAL (D) and anti-RBD IgA in BAL (E). F Neutralization assay of serum at
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day 28 using SARS-CoV-2 WT pseudovirus, ICs, values are indicated. RBD* GC B
cell counts (G) in mdLN and counts of RBD" BRMs (H) in lungs at day 28. The
percentage of pulmonary T cells responsive to RBD peptide library stimulation,
including CD4" (I) and CD8" T cells (J). Data are presented as mean + s.d., symbols
denote individual data points collected from mice. The dashed line indicates the limit
of detection (LOD). Undetectable values were set to LOD -0.2 log units to distin-
guish them. Statistical significance was calculated by one-way ANOVA with Dun-
nett correction.

offer superior protection to the lungs compared to vaccine formulations.
Particularly, the dual benefits of immediate hACE2 blocking effects and the
subsequent development of anti-RBD immunity can be attained with just a
single dose of the antiviral formulation of 4RBD-Fc.

Lower dose 4RBD-Fc maintains respiratory tract retention and
induces anti-RBD immune responses

To further assess the optimal therapeutic dose of i.n. 4RBD-Fc, we con-
ducted biodistribution and immunogenicity studies using lower doses
(50 ug and 200 pg). In vivo imaging and ex vivo organ analysis on day 7
post-administration showed that mice receiving 200 ug of 4RBD-Fc-
AF750 retained a greater fluorescent signal in the respiratory tract (nasal
cavity and lungs) compared to the 50ug group (Supplementary
Fig. 7A-C). Moreover, lower background signal was observed in per-
ipheral organs in the 200 pg group relative to the original 1 mg dose used
in earlier experiments, indicating improved respiratory specificity at the
reduced dose.

To determine whether these lower doses could still elicit an immune
response, we measured serum anti-RBD IgG titers at day 7 following
intranasal administration of unadjuvanted 4RBD-Fc. We found that 200 pg,
but not 50 pg, was sufficient to induce a robust antibody response (Sup-
plementary Fig. 7D, F). These results support the use of 200 pg as an effective

and respiratory-specific intranasal dose that maintains both local retention
and immunogenic potential.

Discussion

Our study presents proof-of-concept and preclinical data demonstrating the
feasibility of using viral RBDs as antiviral drugs. By multimerizing and Fc-
fused the RBD of SARS-CoV-2, we enhanced its binding affinity to the viral
receptor and enabled it to activate the mucosal immune system. This design
allows the immune system to take over the short-term protection provided
by receptor blocking, resulting in long-term protection from a single-dose
administration. We therefore define “durable protection” not merely as the
pharmacologic persistence of 4RBD-Fc, but as the extended interval of
vaccine-like immunity that persists long after the protein has been cleared
from the respiratory tract. Such an approach maximizes the cost-
effectiveness of single-dose antiviral interventions, potentially improving
medication adherence and overall antiviral outcome.

We postulate two criteria for viral RBD to be developed into antiviral
drugs similar to 4RBD-Fc. First, the recombinantly expressed viral RBD
should possess enhanced receptor-binding capabilities. Second, it can serve
as a potent immunogen to elicit neutralizing antibodies. Viruses such as
influenza, rabies, hepatitis C, respiratory syncytial virus, and herpes simplex
virus could potentially be adapted to this 4RBD-Fc design to create antiviral
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Fig. 6 | Antiviral formulation of 4RBD-Fc provides superior and sustained
protection against SARS-CoV-2 compared to vaccine formulation. A Vaccine
immunization protocol for K18-hACE2 mice challenged with SARS-CoV-2 Delta
strain. Mice were primed i.n. or i.m. with 4RBD-Fc and adjuvant, boosted at days 14
and 42, and challenged with 4 x 10 PFU at day 63. Mock groups received only
adjuvant (n = 5). For antiviral formulations, mice were i.n. administered 1 mg
4RBD-Fc, then challenged with SARS-CoV-2 Delta strain (4 x 10° PFU) on days 7
and 14 (single challenge) or on days 0 and 14 (twice challenges) (n = 3). B Relative

weight was measured as a percent of the starting weight on day 5 after infection with
SARS-CoV-2 Delta strain. The dashed line indicates the starting weight. C, D Viral
loads in throat swabs (C) and lungs (D), assessed by qRT-PCR. The dashed line
indicates the limit of detection (LOD). Undetectable values were set to LOD -0.2 log
units to distinguish them. Data are presented as mean * s.d., symbols denote indi-
vidual data points collected from mice. Statistical significance was calculated by one-
way ANOVA with Dunnett correction.

agents. Meanwhile, as primary sites of infection for these viruses are not
restricted to the respiratory tract but rather blood, nerves, genital mucosa,
and other tissues, alternative delivery methods, such as injection at the site of
an animal bite, intravenous administration, or mucosal gels need to be
evaluated for viral infection blocking and immune activation.

In the first week post administration, 4RBD-Fc targets the ACE2
receptor, endowing it with broad-spectrum activity against SARS-CoV-2
and reducing susceptibility to viral mutations*’. Moreover, the rapid onset of
mucosal immunity by 4RBD-Fc antiviral formulation results in a minimum
two-week enduring antiviral effect immediately after the administration.
These advantages implies that a single inhalation of 4RBD-Fc may provide
sustained prophylactic benefits against the threat of emerging virus. Com-
pared to repetitive vaccine boosters or daily antiviral drug administration,
4RBD-Fc can reduce medical resource utilization and improve adherence,
thereby enhancing antiviral effectiveness and transmission control**.
Although ACE2-blocking antibodies can achieve similar effects in blocking
ACE2**, repeated use of such antibodies may lead to anti-drug antibody
responses, diminishing their effectiveness. This type of resistance does not
occur with 4RBD-Fc, as antibodies generated against 4RBD-Fc could
instead offer antiviral protection. These characteristics underscore the
advantages of 4RBD-Fc as an antiviral agent in terms of breadth of action,
duration of effect, and resistance profile.

In the context of immune activation by 4RBD-Fc, it functions as a
mucosal vaccine, addressing a crucial gap in current vaccine development
strategies. While most existing vaccines focus on reducing mortality and
disease severity by inducing systemic immunity, they often fail to elicit
adequate mucosal immunity"”*, a critical shortfall considering the majority
of viruses infecting humans invade through mucosal surfaces". Traditional
i.m. vaccines do not effectively generate mucosal antibodies, BRMs*"**’, and
trained macrophages™, which are essential for preemptive defense against
these pathogens and could break the chain of transmission. A single in.
administration of 4RBD-Fc provided enhanced protection compared to
multiple vaccinations, likely due to the generation of anti-RBD mucosal
antibodies, BRMs, and pulmonary T cells.

We have noted recent reports suggesting that mucosal immunity can
be induced via intranasal administration of adjuvant-free spike or RBD-
hemagglutinin (RBD-HA) proteins following a priming immunization with
an adjuvanted intramuscular vaccine. This approach serves as a mucosal
booster to complement the lack of mucosal protection from intramuscular
vaccinations™”. Interestingly, we found that 4RBD-Fc could induce de

novo mucosal immune responses without prior immunization. In contrast,
RBD-HA proteins rely on pre-existing anti-HA IgG to induce RBD-specific
antibodies®®, and the formation of immune complexes between RBD-HA
and anti-HA IgG is speculated to facilitate the crossing of the mucosal
barrier via the FcRn receptor on respiratory epithelial cells, thereby
enhancing dendritic cell activation and antigen uptake. Our 4RBD-Fc
construct likely mimics the features of immune complexes, with the Fc-
fusion and high antigen valency being crucial for induction of anti-RBD
responses. Furthermore, the preferential draining and accumulation of
4RBD-Fc in the mediastinal lymph nodes (mdLN) might also contribute to
the initiation and persistence of GC responses, as the amount of antigen
dictates the magnitude of GC responses and bronchus-associated memory B
cells originate from GCs in mdLN"*". Given these properties, it would be of
interest in future studies to evaluate the efficacy of 4RBD-Fc in animals with
pre-existing anti-RBD antibodies, as pre-existing immunity could poten-
tially influence antigen handling, mucosal transport, and subsequent
immune activation. As such, our design of 4RBD-Fc as an immunogen
might advance the development of adjuvant-free mucosal vaccines.

In summary, we demonstrated that rational design of RBD-based
antivirals, 4RBD-Fc as an example, could confer long-term protection against
viral infection with a single-dose administration through viral entry blockade
and anti-viral immune activation. Immune responses elicited by such a design
are characterized by high titers of circulating and mucosal antibodies and
featured with more BRMs than multiple rounds of adjuvanted immuniza-
tions. Extension of this strategy to other viral membrane fusion proteins may
accelerate the development of long-acting, single-dose antiviral drugs.

Methods

Study design

We have complied with all relevant ethical regulations for animal use. All
experiments involving the immunization and generation and character-
ization of mice were approved by an Institutional Animal Care and Use
Committee (IACUC) of Nanjing University (AP# LY-01). The Ethics
Committee of Zhongshan School of Medicine of Sun Yat-sen University on
Laboratory Animal Care (SYSU-IACUC-2021-00432) approved all virus
infection experiments and was guided by the Laboratory Monitoring
Committee of Guangdong Province of China. For anesthesia, mice were
administered 1.25% avertin via intraperitoneal (i.p.) injection. Mice were
euthanized by CO, asphyxiation. C57BL/6, BALB/c, and B6/JGpt-
H11em1Cin(K18-hACE2)/Gpt mice (K18-hACE2 mice, Strain No.
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T037657) at 8-12 weeks age old were purchased from GemPharmatech.
Randomization was performed by assigning mice of the same strain, weight,
and age into groups randomly, and administering mice in the same treat-
ment groups randomly with reagents aliquoted from the same stock vial.
Both male and female mice were used in experiments.

Statistics and Reproducibility

All statistical analyses were performed using GraphPad Prism 9.0
(GraphPad Software, San Diego, CA, USA). Prior to statistical testing,
data were assessed for normality using the Shapiro-Wilk test. For nor-
mally distributed data, unpaired t-tests were used for comparisons
between two groups, and one-way ANOVA followed by Dunnett’s
multiple comparisons test was applied for comparisons among more
than two groups. For non-normally distributed data, the Mann-Whitney
U test was used for two-group comparisons, and the Kruskal-Wallis test
followed by Dunn’s post-hoc test was applied when comparing more
than two groups. All tests were two-tailed, and p values < 0.05 were
considered statistically significant. Each experimental group included at
least three biological replicates.

For qRT-PCR assays, both positive and negative controls using
simulated RNA virus particles were included to monitor the integrity and
reliability of the entire experimental process. In competitive cell-surface
binding assays, ICs, values were determined by fitting a non-linear three-
parameter inhibitor-response curve in GraphPad Prism and subsequently
converted to the absolute inhibition constant (Ky) using the Cheng—Prusoff
equation. ICs, values in neutralization assays were similarly calculated using
a non-linear regression model.

Gene cloning, protein expression, and purification

RBD (residues 319-591 of the SARS-COV-2 spike protein) containing a
C-terminal 8xHis tag in pcDNA3.4 modified vector, was synthesized by
GenScript. Indicated number of RBD domains were connected in series to
form 2RBD and 3RBD. RBD-Fc, 2RBD-Fc, 3RBD-Fc and 4RBD-Fc were
composed of the indicated number of RBD connected in series with a Fc
domain of human IgGl. Construct sequences were all verified by direct
DNA sequencing (General Biol). All RBD proteins were expressed in
Expi293 cells (OPM Biosciences) with serum-free medium of OPM-293
CDO05 (OPM Biosciences, P688293). For protein purification of RBD pro-
teins with His-tag, culture supernatant was passed through a Ni-NTA affi-
nity column (Sepax-tech, 280660950), and Fc-tag RBD proteins were
purified using a protein affinity A column (Sepax-tech, 271120980). Proteins
were further purified by gel filtration (SuperdexTM 200 Increase 10/30GL,
GE Healthcare), and determined by SDS-PAGE and Coomassie blue
staining. 4RBD-Fc was labeled with AlexaFluor 750 using an NHS-ester
reaction. The protein was incubated with AlexaFluor 750-NHS (Thermo
Fisher, A20111) in a 3:1 molar ratio for 2 hours at room temperature.
Unbound dye was removed by ultra-centrifugal filtration using a 30 kDa cut-
off filter. The purity and conjugation were confirmed by SDS-PAGE analysis.

Competitive cells-surface binding

Competitive cells-surface binding was performed using RBD protein labeled
with AlexaFluor488 NHS Ester (Yeasen, 40779ES03) according to the
manufacturer’s instructions. 293T-hACE2 cells were resuspended in PBS
buffer and incubated with 100 nM AlexaFluor488 labeled-RBD in the
presence of competitors (unlabeled-RBD proteins). The decrease of MFI
value was directly proportional to the increase in the concentration of
competitors. Competition curves were fitted using nonlinear regression
with the top and bottom values shared.

Negative staining electron microscopy (EM)

4RBD-Fc protein (100 pg/ml) in 20 mM Tris buffered saline (pH 7.4) was
subjected to Superdex 200 gel filtration. Peak fractions were applied to glow-
discharged grids, stained with 0.2% (wt/vol) uranyl acetate, and imaged with
an Talos L120C G2 microscope and CCD camera at 57,000 x magnification
(1.93 A pixel size) and -2.5 um defocus.

Molecular dynamics (MD) simulation

The two candidate RBD molecule were submitted to MD to examine the
stability using Nanoscale MD (NAMD) and analysis by Visual Molecular
Dynamics (VMD). PDB format files were cut off from SARS-CoV-2 spike
glycoprotein (PDB ID: 6VXX), NAMD input files were generated through
psfgen tool. In order to approach the physiological situation, system was
solvated using the TIP3P water model and neutralized with NaCl to an ionic
concentration of 0.15 M. We applied the following simulation protocols for
two system equally: 35 ps minimization by steepest decent method; 2 ns
restrained simulation with gradually decreasing force constant coefficient
(0.5, 0.1, 0.025, 0.008, 0.004) to maintain initial structure, then followed by
unrestrained 100 ns production MD with time step 2 fs. We used a NPT
ensemble with standard NAMD simulation parameters. The cutoff distance
was 12.0 A, the switchdist variable was 10.0 A, and the pairlistdist variable
was 14.0 A. Particle Mesh Ewald (PME) was used to calculate charge
interactions. Langevin dynamics were used to control the temperature and
pressure. The stability of two RBD molecule was compared by computing
the backbone root-mean-squared deviation (RMSD) of the entire trajec-
tories, carried out by VMD software.

Cells and viruses

Vero E6 cells were obtained from ATCC and maintained in Dulbecco’s
Modified Essential Medium (DMEM) (Thermo Fisher, 11960044) supple-
mented with 10% fetal bovine serum (FBS) (Thermo Fisher, 26010074) and
1% penicillin-streptomycin (Thermo Fisher, 15140148) at 37 °C with 5%
CO2. The ACE2-expression cell line used in the pseudovirus neutralization
assay was constructed by transducing 293 T cells with a lentivirus encoding
human ACE2 and transmembrane serine protease 2. The WT SARS-CoV-2
virus (GDPCC-nCOVO01, GISAID: EPI_ISL_403934), B.1.617.2 (GDPCC
2.00096), and B.1.1.529.2 (GDPCC 2.00299) were obtained from the
Guangdong Center for Human Pathogen Culture Collection (GDPCC) at
Guangdong Provincial Center for Disease Control and Prevention.

Pseudovirus neutralization assay

For pseudovirus generation, 293 T cells were transfected with psPAX2,
pLKOI-Luciferase-P2A-GFP, and pcDNA3.1-Spike (WT or Delta strain)
using PEI (Polysciences, 23966). Pseudovirus were obtained from the
supernatant 48 hours after transfection. For neutralization assays, 50 pl of
pseudovirus (2 x 10° TFU/ml) was mixed with 50 pl of diluted serum and
incubated at 37 °C for 30 minutes before being added to 293T-hACE2 cells
(MOI=1). The luminance values were detected using the Firefly Glo
Luciferase Reporter Gene Assay Kit (Yeasen, 11404ES60) according to the
manufacturer’s instructions.

Authentic virus neutralization assay

Vero E6 cells were seeded at a density of 4 x 10* cells/well in 24-well culture
plates. Authentic SARS-CoV-2 was added at a MOI of 0.005. 200 ul of
serially diluted 4RBD-Fc and authentic SARS-CoV-2 were mixed in med-
ium containing 2% FBS and added to the Vero E6 cells. The culture
supernatants were harvested 48 hours post-infection to assess the viral load
via qRT-PCR. Non-linear three-parameters inhibitor-response curve using
GraphPad Prism 8.0 (GraphPad) was used to determine the ICs, values.

Measurement of viral load

For in vitro assay, RN A of culture supernatant was extracted by using TRIzol
reagent (Invitrogen, 15596026). For in vivo assay, lungs of SARS-CoV-2-
infected mice were collected and homogenized with gentle MACS M tubes
(Miltenyi Biotec, 130-093-236) in a gentle MACS dissociator (Miltenyi
Biotec, 130-093-235). Then, the total RNA of homogenized lung tissues was
extracted with RNeasy Mini Kit (QIAGEN, 74104) according to the man-
ufacturer’s instruction. The extracted RNA was performed with gqRT-PCR
assay to determine the viral RNA copies by using a one-step SARS-CoV-2
RNA detection kit (PCR-Fluorescence Probing) (Da An Gene, DA0931). To
generate a standard curve, the SARS-CoV-2 nucleocapsid gene was in vitro
transcribed into RNA for standards. Indicated copies of N standards were
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10-fold serially diluted and proceeded to gqRT-PCR utilizing the same one-
step SARS-CoV-2 RNA detection kit to obtain standard curves. The reac-
tions were carried out on a QuantStudio 7 Flex System (Applied Biosystems)
according to the manufacturer’s instruction under the following reaction
conditions: 50 °C for 15 min, 95 °C for 15 min, and 45 cycles of 94 °C for 15 s
and 55 °C for 45 s. The viral RNA copies of each tissue were calculated into
copies per ml and presented as logl0 scale. The N-specific primers and
probes were: N-F (5-CAGTAGGGGAACTTCTCCTGCT-3"), N-R (5'-
CTTTGCTGCTGCTTGACAGA-3') and N-P (5’-FAM-
CTGGCAATGGCGGTGATGCTGC-BHQ1-3).

Evaluation of potential side effects following intranasal admin-
istration of 4RBD-Fc

To assess the safety of intranasal administration of 4RBD-Fc, K18-hACE2
mice were monitored daily for general health parameters, including body
weight, activity, grooming behavior, and fur condition, for 7 days post-
administration. Mice were intranasally administered with 1 mg of 4RBD-Fc
or an equal volume of PBS as a vehicle control. Body weight was measured
daily, and behavioral observations were conducted in a blinded manner. At
7 days post-administration, lung, spleen, liver, and kidney tissues were
harvested for further analyses. Lung single-cell suspensions were prepared
for flow cytometric analysis to assess immune cell infiltration and Th2 cell
activation after in vitro stimulation with an RBD peptide library. Mice that
lost more than 10% of their initial body weight or exhibited signs of distress
(hunched posture, ruffled fur, reduced activity) would be considered to have
adverse effects, but no such signs were observed in either group.

Protection against SARS-CoV-2 in K18-hACE2 mice
B6/JGpt-H1 1™ cn(KISAACED /Gt (K18-hACE2 mice, Strain NO. T037657)
were bought from GemPharmatech and housed under SPF facility in the
Model Animal Research Center in Nanjing University (AP# LY-01). The
Ethics Committee of Zhongshan School of Medicine of Sun Yat-sen Uni-
versity on Laboratory Animal Care (SYSU-IACUC-2021-00432) approved
all virus infection experiments and was guided by the Laboratory Mon-
itoring Committee of Guangdong Province of China. Viral infections were
performed in a BSL3 facility in the Zhongshan School of Medicine of Sun
Yat-sen University. K18-hACE2 mice were anesthetized with isoflurane and
inoculated i.n. with 4 x 10° PFU Delta strain SARS-CoV-2 virus (GDPCC
2.00096) or 1 x 10° PFU Omicron BA.2 strain (GDPCC 2.00299). The lungs
were collected at 5 dpi for further assays.

Histopathology

Mice were euthanized, and lungs were isolated and fixed in 4% paraf-
ormaldehyde buffer. Lungs were embedded with paraffin. Sections
(3-4 pm) were stained with hematoxylin and eosin (HE).

Immunization

For i.n. administration/immunization, each antigen was prepared in a 50 ul
mixture diluted with PBS and, where adjuvant indicated, 20 ug CpG ODN
2395 (InvivoGen, tlrl-2395). Mice were anesthetized via ip. injection of
1.25% avertin prior to administration. Mice in the mock groups received an
equal volume of PBS and, where CpG indicated, 20 uyg CpG ODN 2395.
Mouse’s back was kept straight, then add an equal amount of liquid to each
nostril, maintaining this position to allow the fluid to flow through the
respiratory tract. Trained operators ensured the majority of the fluid entered
the lungs through the respiratory tract, minimizing gastric deposition. For
i.m. immunization, antigens were diluted in PBS and combined with 50 pl of
Aluminum hydroxide gel (InvivoGen, vac-alu-50) and 10 pg CpG ODN
2395. The vaccine was delivered into the gastrocnemius muscle usinga 28 G
insulin syringe, with the mock groups receiving an equal volume of PBS/
adjuvant mixture without antigen. Booster immunizations were applied at
the same site using equivalent vaccine doses. For i.p. immunization, anti-
gens, mixed with PBS, were emulsified with 50 pl CFA (Sigma, F5881) using
a25G syringe. The mock groups received an equal volume of PBS emulsified
with CFA.

Tracking 4RBD-Fc bio-distribution in mice

After anesthetizing the mice and i.n. administration of 4RBD-Fc-AF750,
imaging was performed using the NEWTON 7.0 (VILBER) system
(fluorescence ex = 740 nm, em = 800 nm, with consistent aperture and
exposure settings). Images were analyzed using Kuant 2.0 software (VIL-
BER), with background fluorescence removed. The background fluores-
cence was determined by measuring the radiance of the same organs in
untreated mice.

RBD peptide library stimulation to detect RBD-specific T cell
responses

To characterize T cell immunity against RBD, cells harvested from LN or lung
were stimulated with 1 pg/ml RBD peptide library comprising 15 mer pep-
tides overlapping by 11 aa and spanning the entire open reading frame of
RBD (319-591) for 6 hours. The peptide library was synthesized by GenScript
with more than 85% purity as confirmed by HPLC. Brefeldin A (eBioscience,
00-4506-51) was used as a cytokine secretion inhibitor. For detecting intra-
cellular cytokines in T cells, cells were treated with Cytofix/Cytoperm solution
(BD Biosciences, 554714) following the manufacturer’s instructions.

RBD-tetramer for analyzing RBD-specific B cell responses

To characterize B cell immunity against RBD, the RBD (319-591)
monomer protein was biotinylated using the EZ-Link Sulfo-NHS-
Biotinylation Kit (Thermo Scientific, 21425), following the manu-
facturer’s instructions. RBD-biotin was conjugated with streptavidin-
FITC (BioLegend, 405202), streptavidin-APC (BioLegend, 405207), or
streptavidin-PE-Cy7 (BioLegend, 405206) at a molar ratio of 4:1 at room
temperature for 30 minutes to produce fluorescence-labeled RBD-tetra-
mer. Cells harvested from LN or lung were stained with 1 pM RBD-
tetramer in 50 pl FACS buffer (2% fetal bovine serum, 2 mM EDTA, 1%
penicillin-streptomycin in PBS).

Tissue preparation and flow cytometry

SP and LN cells were minced and filtered on 45 um filters. Lungs were cut
into small pieces and washed of mucus in wash buffer (2 mM EDTA in
RPMI-1640), followed by digestion using collagenase D (Sigma,
11088882001) and DNasel (Sigma, 11284932001) at 37 °C for 30 minutes.
Cells were suspended and stained in FACS buffer. Red blood cells were
lysed with Red Blood Cell Lysing Buffer (Sigma, R7757). The flow cyto-
metry samples in this article were acquired by a 5-laser Agilent NovoCyte
Penteon Flow Cytometer (405 nm Violet, 488 nm Blue, 561 nm Yellow,
637nm Red, and 349 nm Ultra violet). To distinguish lung-resident
lymphocytes from circulating lymphocytes, 5 pg CD45-APC was injected
through the tail vein 5 minutes prior to euthanasia. Cells that were CD45-
APC i.v.- were considered to be lung-resident cells. Antibodies catalog
numbers and dilutions used for flow cytometry include CD45-APC
(BioLegend, 103112, 1/50), CD45-BUV395 (BD Biosciences, 563792, 1/
50), CD45-BV711 (BioLegend, 103147, 1/50), CD19-BV650 (BD Bios-
ciences, 563235, 1/50), B220- AF488 (BD Biosciences, 557669, 1/50), CD3-
FITC (eBioscience, 11-0037-42, 1/50), 7. CD4-APC-eFluor 780
(eBioscience, 47-0042-82, 1/50), CD8-PerCP-Cy5.5 (eBioscience, 45-
0081-82,1/50), CD38-BV421 (BioLegend, 102732, 1/50), 1gD-BV786 (BD
Biosciences, 563618, 1/50), CD95-BV605 (BioLegend, 152612, 1/
50),CD138-PE (BioLegend, 142504, 1/50), IFN-y-PE (eBioscience, 12-
7311-82, 1/50), IL2-BV421 (eBioscience, 48-7021-82, 1/50), IL4-PE-Cy7
(eBioscience, 25-7041-82, 1/50), TNF-a-eFluor 610 (eBioscience, 61-
7321-82, 1/50), Ly6G-PerCP-Cy5.5 (BD Biosciences, 560602, 1/50),
FceRlIa-Alexa Fluor 647 (BioLegend, 134310, 1/50), CD11c-AF700 (BD
Biosciences, 560583, 1/50), F4/80-APC-Cy7 (BioLegend, 123118, 1/50), I-
A/I-E(MHC-II)-BV421 (eBioscience, 62-5321-82, 1/50), CD11b-BV605
(BioLegend, 101257, 1/50), NK1.1-BV711 (Biolegend, 108745, 1/50),
Ly6c-BV786 (Biolegend, 128041, 1/50), CD64-PE (BD Biosciences,
558455, 1/50), CD127-PE/Dazzle 594 (Biolegend, 135032, 1/50), CD117-
PE-Cy7 (eBioscience, 25-1171-82, 1/50) and Fixable Viability Dye eFluor
506 (eBioscience, 65-0866-14, 1/400).
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Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) was performed to quantify
antigen-specific IgG levels in mouse serum and BAL. Blood samples were
centrifuged at 3000 rpm for 10 minutes at 4 °C after coagulation at room
temperature for 2 h. Flat-bottom 96-well ELISA plates (NEST, 514201) were
coated with RBD protein (25 ng/100 ul/well) overnight at 4°C, blocked with
2% BSA in PBST, and incubated with serial dilutions of serum samples.
After washing, bound antibodies were detected with Peroxidase AffiniPure
Goat Anti-Mouse IgG (H + L) (Jackson Immuno Research, 115-035-003, 1/
1000), followed by TMB substrate development (Sigma, 860336) solution
(50 ul/well) for 10 minutes. The reactions were stopped with 50 pl/well of
1.0 M H,SOj stop solution and absorbance measurement at 490 nm.

For each sample, the endpoint titer was defined as the highest dilution
that yielded an optical density (OD,q0) value exceeding the cut-off. The cut-
off value was calculated as the mean OD of negative control serum samples
(e.g, pre-immune or mock-immunized mice) plus standard deviations
(mean + s.d.). All samples were measured in duplicates. Raw OD values
were background-corrected by subtracting the mean OD of blank wells (no
serum) and accounting for the background signal from negative control sera.

Reporting Summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the
paper and its Supplementary Information. Unedited gel images were pre-
sented in the Supplementary Fig. 10. All data generated in this study is
available from figshare (https://figshare.com/s/dflccb0934a7ede53cdc)
with the identifier (https://doi.org/10.6084/m9.figshare.28079381).
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