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A B S T R A C T   

LCB1 is a computationally designed 56-mer miniprotein targeting the spike (S) receptor-binding motif of SARS- 
CoV- 2 with high potent activity (Science, 2020; Cell host microbe, 2021); however, recent studies have 
demonstrated that emerging SARS-CoV-2 variants are highly resistant to LCB1’s inhibition. In this study, we first 
identified a truncated peptide termed LCB1v8, which maintained the high antiviral potency. Then, a group of 
lipopeptides were generated by modifying LCB1v8 with diverse lipids, and of two lipopeptides, the C-terminally 
stearicacid-conjugtaed LCB1v17 and cholesterol-conjugated LCB1v18, were highly effective in inhibiting both S 
protein-pseudovirus and authentic SARS-CoV-2 infections. We further showed that LCB1-based inhibitors had 
similar α-helicity and thermostability in structure and bound to the target-mimic RBD protein with high affinity, 
and the lipopeptides exhibited greatly enhanced binding with the viral and cellular membranes, improved 
inhibitory activities against emerging SARS-CoV-2 variants. Moreover, LCB1v18 was validated with high pre
ventive and therapeutic efficacies in K18-hACE2 transgenic mice against lethal SARS-CoV-2 challenge. In 
conclusion, our studies have provided important information for understanding the structure and activity rela
tionship (SAR) of LCB1 inhibitor and would guide the future development of novel antivirals.   

1. Introduction 

As of October 6, 2022, the global pandemic of coronavirus disease 
2019 (COVID-19) has resulted in ~617 million confirmed cases, 
including more than 6.5 million deaths (https://covid19.who.int/). 
Although over 12.6 billion vaccine doses have been administered, SARS- 
CoV-2 continues to spread with evolutionary mutations, leading to the 
emergence of many variants with significantly changed infectivity and 
pathogenesis (Callaway, 2021; Garcia-Beltran et al., 2021; He et al., 
2021; Hoffmann et al., 2021; Kuzmina et al., 2021; Saito et al., 2022). As 
defined by the World Health Organization (WHO), there are currently 
five variants of concern (VOCs), including Alpha (B.1.1.7), Beta 
(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529), 
and seven variants of interest (VOIs), including Eta (B.1.525), Iota 
(B.1.526), Kappa (B.1.617.1), Lambda (C.37), B.1.617–3, Zeta (P.2), and 
Mu (B.1.621). Among divergent variants, Omicron emerged with the 

largest number of mutations in November 2021, and it has now evolved 
into several sublineages to dominate the worldwide pandemic (Shrestha 
et al., 2022). 

Like other coronaviruses (CoVs), the spike (S) protein of SARS-CoV-2 
not only plays a central role in viral infection through mediating the cell 
receptor binding and membrane fusion steps, it is also a major antigen to 
induce neutralizing antibodies (Walls et al., 2020; Wrapp et al., 2020); 
thus, the rapid emergence of various variants poses great challenges to 
the efficacies of S protein-targeting vaccines and antibody therapy. 
Previous studies demonstrated that the S protein mutations, especially 
in the receptor-binding domain or motif (RBD/RBM), can greatly affect 
the antibody binding and neutralization capacity (Bowen et al., 2022; 
Wang et al., 2021; Zhang et al., 2021). To develop inhibitors that can 
block the early entry step of infection, Cao and coworkers generated a 
group of miniproteins by using a computational de novo design 
approach, which could mimically bind to the RBM sequences with high 
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affinities thus blocking the interaction between the S protein and 
angiotensin-converting enzyme 2 (ACE2) efficiently (Cao et al., 2020). 
As expected, the miniproteins, including a 56-amino acid lead mini
protein termed LCB1, exhibited highly potent antiviral activity, and 
LCB1-based derivatives effectively blocked SARS-CoV-2 infection in 
human ACE2 (hACE2)-expressing transgenic mice when administrated 
as both pre-exposure prophylaxis and post-exposure therapy (Case et al., 
2021). Unfortunately, several recent studies have indicated that SARS 
variants can display high resistance to LCB1’s inhibition, thus chal
lenging its potential as a candidate for drug development (Hunt et al., 
2022; Javanmardi et al., 2021; Wu et al., 2022). Our results revealed 
that the Beta, Gamma, and Omicron variants caused high LCB1 resis
tance, whereas the Alpha, Delta, and Lambda variants were mildly 
resistant to the inhibition (Wu et al., 2022). Furthermore, we identified 
that substitutions of K417N, E406Q, L455F and N501Y in RBD critically 
determined the resistance phenotype (Wu et al., 2022). Therefore, here 
we devoted to develop novel LCB1-based inhibitors that could overcome 
the resistance problem. As results, we found that truncated LCB1-based 
lipopeptides possessed highly potent activities against SARS-CoV-2 and 
emerging variants. 

2. Materials and methods 

2.1. Plasmids and cells 

Plasmids encoding the mutant S proteins of SARS-CoV-2 (Alpha, 
Beta, Gamma, Delta, Lambda, and Omicron) were a kind gift from Linqi 
Zhang at the Tsinghua University (Beijing, China). Plasmids encoding a 
panel of mutant S proteins with single, double or triple mutations and 
293T/ACE2 cells stably expressing human ACE2 were constructed in our 
laboratory and used in the previous studies (Yu et al., 2021a; Zhu et al., 
2022a). HEK293T and Huh-7 cells were purchased from the American 
type culture collection (ATCC) (Rockville, MD, USA). Cells were 
cultured in complete growth medium consisting of Dulbecco’s minimal 
essential medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS), 100 U/ml of penicillin-streptomycin, 2 mM L-glutamine, and 1 
mM sodium pyruvate under 5% CO2 and 37 ◦C. 

2.2. Synthesis of peptides and lipopeptides 

LCB1 and its truncated peptides (LCB1v1~ LCB1v13) were synthe
sized on rink amide 4-methylbenzhydrylamine (MBHA) resin using a 
standard solid-phase 9-flurorenylmethoxycarbonyl (FMOC) protocol as 
described previously (Yu et al., 2021a). The N-terminally conjugated 
lipopeptides (LCB1v14, LCB1v15, and LCB1v16) were generated by 
directly linking stearicacid (SA), linoleicacid (LA) or a cholesterol (Chol) 
molecule to the N-terminal amino group of the peptide chain. To prepare 
C-terminally stearicacid-conjugated lipopeptides (LCB1v17, LCB1v19, 
and LCB1v21), the template peptide contained a C-terminal lysine with 
a 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) side 
chain-protecting group, enabling the conjugation of stearicacid that 
requires a deprotection step in a solution of 2% hydrazine hydrate-N, 
N-dimethylformamide (DMF). The C-terminally Cholesterol-conjugated 
lipopeptides (LCB1v18, LCB1v20, and LCB1v22) were prepared by 
amidation of a C-terminal lysine side chain with cholesteryl succinate 
monoester. The lipopeptides were synthesized with or without a flexible 
8-unit or 4-unit polyethylene glycol (PEG8 or PEG4) linker as described 
previously (Yu et al., 2021a). All the peptides and lipopeptides were 
acetylated at the N-terminus prior to resin cleavage, followed by puri
fication by reverse-phase high-performance liquid chromatography 
(HPLC) to greater than 95% homogeneity and characterized with mass 
spectrometry. 

2.3. Inhibition of pseudovirus infection 

The inhibitory activities of peptides or lipopeptides on diverse SARS- 

CoV-2 pseudoviruses were measured by a single-cycle infection assay as 
described previously (Yu et al., 2021a). Briefly, pseudoviruses were 
packaged by cotransfecting HEK293T cells with an S protein-expressing 
plasmid and pNL4-3.luc.RE plasmid encoding an Env-defective 
HIV-1NL4-3 genome with luciferase reporter. Cell supernatants contain
ing pseudovirus particles were collected after transfection 48 h and 
stored at − 80 ◦C. A serially three-fold diluted peptide or lipopeptide was 
incubated with an equal volume of pseudoviruses at 37 ◦C for 1 h, and 
the inhibitor-virus mixture was then added to 293T/ACE2 or Huh-7 
target cells at a density of 104 cells/100 μl per well in a 96-well cul
ture plate. After incubation at 37 ◦C for 48 h, cells were harvested, lysed 
in reporter lysis buffer, and measured for luciferase activity using 
luciferase assay reagents and a luminescence counter (Promega, Madi
son, WI, USA). 

2.4. Inhibition of live SARS-CoV-2 infection 

The inhibitory activities of four representative inhibitors (LCB1, 
LCBv8, LCB1v17, and LCB1v18) against authentic SARS-CoV-2 (Wuhan- 
Hu-1 strain) infection were determined as described previously (Yu 
et al., 2021a; Zhu et al., 2022a). Brief, a serially three-fold diluted 
peptide or lipopeptide was incubated with 0.1 multiplicity of infection 
(MOI) of live wild-type (WT) virus at 37 ◦C for 1 h, and the 
inhibitor-virus mixture was then added into Vero E6 cells that were 
seeded in a 96-well plate one day before infection at a concentration of 1 
× 104 cells/well. After 1 h incubation, cell supernatants were replaced 
with opti-MEM containing 1% bovine serum albumin (BSA) and 
cultured at 37 ◦C for 24 h. Next, the supernatants were collected for viral 
RNA extraction with a Direct-zol RNA MiniPrep kit (Zymo Research, CA, 
USA). Viral RNA copies were measured by real-time RT-PCR using 
primers and probe targeting the specific N gene. PCR amplification 
conditions were 50 ◦C, 15 min, 95 ◦C, 3 min; 95 ◦C, 15 s, 60 ◦C, 45 s +
Plate Read, 50 cycles. The viral copy numbers (VCN) were calculated 
according to the standard curve, and percent inhibition was obtained by 
dividing the number of copies of the virus in the vehicle control group. 

2.5. Cytotoxicity of LCB1-based inhibitors 

The cytotoxicity of LCB1-based peptides or lipopeptides was 
measured on 293T/ACE2, Huh-7, and Vero E6 cells using Cell-Counting 
Kit-8 (Abbkine, Wuhan, China). In brief, cells were seeded on a 96-well 
tissue culture plate (1 × 104 cells per well), and 50 μl volumes of in
hibitors at graded concentrations were added to the cells. After incu
bation at 37 ◦C for 48 h, 20 μl of CCK-8 solution was added into each well 
and incubated 2 h at 37 ◦C. Absorbance at 450 nm was measured using a 
Multiskan MK3 microplate reader (Thermo Fisher Scientific, Waltham, 
MA, USA), and percentage of cell viability was calculated. 

2.6. Circular dichroism spectroscopy 

The α-helicity and thermostability of LCB1-based inhibitors were 
determined by circular dichroism (CD) spectroscopy as described pre
viously (Zhu et al., 2020). In brief, a peptide or lipopeptide was dis
solved in phosphate-buffered saline (PBS; pH 7.2) with a final 
concentration of 20 μM and incubated at 37 ◦C for 30 min. CD spectra 
were obtained on Jasco spectropolarimeter (model J-815) a using a 1 nm 
bandwidth with a 1 nm step resolution from 195 to 270 nm at room 
temperature. The spectra were corrected by subtracting a solvent blank, 
and the α-helical content was calculated from the CD signal by dividing 
the mean residue ellipticity [θ] at 222 nm by with a value of − 33,000 
deg cm2 dmol− 1 that corresponds to a 100% helix. Thermal denaturation 
was performed by monitoring the ellipticity change at 222 nm from 20 
to 98 ◦C at a rate of 2 ◦C/min, and melting temperature (Tm) was defined 
as the midpoint of thermal unfolding transition. 
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2.7. Biolayer interferometry 

The binding affinities of LCB1-based inhibitors to a target-mimic 
RBD protein were determined by biolayer interferometry (BLI). 
Briefly, a His-tagged recombinant RBD protein (Sino Biological, Beijing, 
China) was loaded on a NTA biosensor (ForteBio, San Francisco, CA, 
USA) at a concentration of 10 μg/ml for 120s in PBS, and a peptide or 
lipopeptide was gradient-diluted in PBS-T buffer (PBS plus 0.2% Tween 
20). The binding kinetics was guided by associating in analyte substrates 
for 120s and disassociating in PBST alone for 300s. 

2.8. Binding ability of peptide inhibitors with viral and cellular 
membranes 

To determine the binding ability of inhibitors with the SARS-CoV-2 
membrane, a polyethylene glycol (PEG) 6000-based method was used 
to separate the virus particles from the inhibitors as described previously 
(Zhu et al., 2019). In brief, a serially three-fold diluted peptide was 
incubated with an equal volume of D614G pseudovirus at 4 ◦C for 1 h. 
Then, 3% PEG 6000 was added to the virus and incubated 1 h at 4 ◦C. 
The mixture was centrifuged on a microcentrifuge at 14,000 rpm for 40 
min, and the supernatants were removed. The virus pellet was washed 
two times with 1 ml of 3% PEG 6000 containing 10 mg/ml bovine serum 
albumin (BSA) and then resuspended in 100 μl of Dulbecco’s modified 
Eagle medium (DMEM). The inhibitor-treated virus was mixed with 100 
μl of Huh-7 cells (1 × 105/ml) to initiate the infection. After 48 h of 
culture, the inhibitory activity of the viral membrane-bound inhibitors 
was determined by luciferase assay reagents. 

To determine the binding ability of inhibitors with the target cell 
membrane, Huh-7 cells were plated in a 96-well plate (104/well) and 
incubated at 37 ◦C overnight. An inhibitor was diluted and added to the 
cells and incubated 1 h at 37 ◦C. The cells were washed two times with 
PBS, followed by addition of D614G pseudovirus. After incubation at 
37 ◦C for 48 h, the inhibitory activity of the inhibitors that survived the 
washing steps was measured by luciferase assay reagents. 

2.9. Animal challenge experiment 

The preventive and therapeutic efficacies of LCB1v18 were evalu
ated in an infection animal model as described previously (Sun et al., 

2021). A total of 40 K18-hACE2 transgenic mice aged 6 ~ 8-weeks 
(GemPharmatech Co. Ltd., China) were kept in biosafety level-3 housing 
and given access to standard pellet feed and water ad libitum. All in
fectious experiments followed the standard operating procedures of the 
approved biosafety level-3 facility and were approved by the Animal 
Experiment Committee of Laboratory Animal Center, Institute of 
Microbiology and Epidemiology, AMMS (approval number: 
IACUC-IME-2021-017). Mice were intranasally inoculated with 1.5 ×
103 PFU of SARS-CoV-2 (BetaCoV/Beijing/IMEBJ08/2020). The mice in 
prophylactic groups received nasal administration of LCB1v18 (3 mg/kg 
body weight) in 40 μl 2 h before challenge. The mice in therapeutic 
group were intranasally treated with the same amount of LCB1v18 (3 
mg/kg) for 5 consecutive days from 2 h post challenge. Mice received 
normal saline as a sham. Body weight and survival of challenged mice 
were daily recorded within 14 days post challenge. On day 6 post 
challenge, lung tissues of 5 sacrificed mice in each group were harvested 
for further viral RNA loads measurement. Mice were anesthetized by 
intraperitoneal injection of sodium pentobarbital (100 mg/kg) prior to 
each nasal inoculation. Viral RNA in lung tissues was quantified by 
real-time RT-PCR. Briefly, total RNA in TRIzol (Ambion)-lysed lung 
tissues was extracted and reverse-transcribed to cDNA by using a reverse 
transcription kit (Takara, Japan). Subsequently, the viral copies tar
geting the E gene of SARS-CoV-2 were measured by real-time quanti
tative PCR using the following probe and primers: E_Sarbeco_P1: 
FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ; E_Sarbeco_F: ACAGG
TACGTTAATAGTTAATAGCGT; Sarbeco_R: ATATTGCAGCAGTACGCA 
CACA. 

2.10. Statistical analyses 

The percent inhibition of virus infection and 50% inhibitory con
centration (IC50) of LCB1-based inhibitors were calculated using 
GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, 
USA). Statistical comparison of survival curves was conducted using 
Log-rank (Mantel-Cox) test, and the statistical comparisons of viral loads 
in lung tissue and the inhibitory activities of membrane-bound in
hibitors were conducted using Student’s unpaired t-test. Significance of 
differences was set at *p < 0.05, **p < 0.01, and ***p < 0.001. 

Fig. 1. Structural and functional characterization 
of LCB1-based inhibitors. For clarity, the sequence 
structures of truncated peptides (LCB1v1 ~ LCB1v13) 
and lipid-conjugated lipopeptides (LCB1v14 ~ 
LCB1v22) are illustrated, with four representative 
inhibitors (LCB1, LCB1v8, LCB1v17, and LCB1v18) 
marked in red. The inhibitory activities of LCB1- 
based inhibitors against wild-type SARS-CoV-2 pseu
dovirus infections on 293T/ACE2 or Huh-7 cells were 
determined by a single-cycle infection assay. The 
experiments were performed in triplicate and 
repeated three times, and the IC50 values are 
expressed as mean values ± standard deviation (SD).   
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3. Results 

3.1. Identification of a truncated LCB1 peptide with similar antiviral 
activity 

We recently reported the resistance profile and underlying mecha
nism of divergent SARS-CoV-2 variants to a peptide-based LCB1 inhib
itor (Wu et al., 2022). In order to develop an effective inhibitor that can 
overcome the resistance problem, here we continued our efforts to 
characterize the structure and activity relationship (SAR) of LCB1 by 
truncation. As indicated by the peptides from LCB1v1 to LCB1v7 illus
trated in Fig. 1, deletion of two or four N-terminal residues did not 
significantly affect the inhibitory activities of inhibitors; however, 
further N-terminal truncation resulted in dramatically reduced antiviral 
activities. By using the N-terminally truncated LCB1v2 peptide as a 
template, we found that two C-terminal residues could be further 
removed without impairing the inhibitory activity of the peptide, but 
deleting more residues from the C-terminal was not tolerable, as indi
cated by the peptides from LCB1v8 to LCB1v13 (Figs. 1 and 2). There
fore, LCB1v8 was initially identified as a minimal unmodified peptide, 
which could be used as a starting template for inhibitor optimization. 

3.2. Development of lipopeptide-based inhibitors retaining the high 
potency 

Our previous studies demonstrated that lipid conjugation could 
render peptide-based inhibitors with greatly improved antiviral activity, 
especially against those inhibitor-resistant viruses (Xue et al., 2022; Yu 
et al., 2021a; Zhu et al., 2022a). Importantly, comparing the unconju
gated native peptides the lipopeptide-based inhibitors also exhibited 
sharply increased stability thus conferring an extended in vivo half-life. 
Herein, we modified LCB1v8 with diverse lipids through N- or C-ter
minal conjugation, thereby resulting in a panel of lipopeptides from 
LCB1v14 to LCB1v22 (Fig. 1). Similarly, the inhibitory activities of 
lipopeptides against the pseudovirus infections on 293T/ACE2 and 
Huh-7 cells were measured. It was found that all the lipopeptides from 
LCB1v14 to LCB1v20 maintained the highly potent antiviral activity, 
with LCB1v17 and LCB1v18 being the most effective inhibitors. Spe
cifically, LCB1v17 and LCB1v18 inhibited the pseudoviruses with mean 
IC50 values of 0.26 nM and 0.17 nM on 293T/ACE2 cells and of 0.2 nM 
and 0.11 nM on Huh-7 cells (Figs. 1 and 2). In comparison, two 
C-terminally conjugated lipopeptides LCB1v21 and LCB1v22, which had 
no a flexible PEG linker between the peptide sequence and lipid mole
cule, exhibited obviously reduced antiviral potencies. None of 
LCB1-based inhibitors displayed appreciable cytotoxicity in 293T/ACE2 

Fig. 2. The antiviral activity and cytotoxicity of LCB1 and its derivatives. (A) The inhibitory activities of four representative LCB1-based inhibitors (LCB1, 
LCB1v8, LCB1v17, and LCB1v18) were determined by the pseudovirus-based single-cycle infection assay. (B) The cytotoxicity of LCB1 and its derivatives was 
measured by Cell-Counting Kit-8. Data shown are from three independent experiments and presented as means ± SD. 
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and Huh-7 cells at a concentration as high as 25 μM. 
Next, we determined the activities of template peptides and two 

lipopeptides in inhibiting infection of replicative SARS-CoV-2 (Wuhan- 
Hu-1 strain). As shown in Fig. 3, while LCB1 and LCB1v8 inhibited 
SARS-CoV-2 infection in Vero cells with mean IC50 of 0.07 and 0.18 nM, 
respectively, LCB1v17 and LCB1v18 inhibited this authentic virus with 
mean IC50 of 0.11 and 0.11 nM, respectively. No cytotoxicity was found 
in Vero cells either. 

3.3. Biophysical characterization of LCB1-based inhibitors 

To know the structural properties of LCB1-based inhibitors, we first 
used CD spectroscopy to determine their secondary structure and ther
mal stability. As shown in Fig. 4A, the CD spectra of LCB1, LCBv8, 
LCB1v17, and LCB1v18 displayed typical double minima at 208 and 
222 nm with similar α-helical contents (77–79%); however, their ther
mal unfolding transition could not be finely determined due to a melting 
temperature (Tm) greater than 95 ◦C. Subsequently, we applied biolayer 
interferometry (BLI) to measure the binding affinity of each inhibitor to 
a target-mimic RBD protein. As shown in Fig. 4B, LCB1 and LCBv8 
peptides exhibited the equilibrium dissociation constants (Kd) of 2.64 
and 6.11 nM, respectively, whereas LCB1v17 and LCB1v18 lipopeptides 
had Kd values of 0.34 and 1.83 nM, respectively. In addition, we 
demonstrated that the antiviral activities of LCB1-based inhibitors had 
no significant changes after they were stored at 4 ◦C, 25 ◦C or 37 ◦C for 6 
weeks (Fig. 4C). 

3.4. Cholesterylated inhibitors can efficiently bind to cellular and viral 
membranes 

We previously demonstrated that cholesterol-conjugated fusion 

inhibitor lipopeptides can preferentially bind to both the viral and 
cellular membranes (Chong et al., 2018; Zhu et al., 2019). To further 
characterize the mechanism underlying the high potency of the 
LCB1-based lipopeptides, here we compared the membrane-binding 
abilities of LCB1 and LCB1v18. To determine the binding and inhibi
tory abilities of inhibitors with viral membrane, the inhibitors were 
preincubated with SARS-CoV-2 pseudoviruses, and the unbound ones 
were removed away by precipitating the viruses with PEG 6000. The 
antiviral activities of the virus-bound inhibitors were determined in 
Huh-7 cells by a single-cycle infection assay. As shown in Fig. 5A, LCB1 
with the washsing step inhibited the viruses with a mean IC50 of 110.3 
nM, which indicated a more than 1000-fold reduction in its antiviral 
activity; in contrast, LCB1v18 with and without washing exhibited IC50 
values of 15.5 nM or 0.11 nM, which calculated a 141-fold difference. 

Next, we sought to characterize the cell membrane-binding abilities 
of LCB1 and LCB1v18. For this, two inhibitors were preincubated with 
Huh-7 cells, followed by thorough washing to remove unbound in
hibitors. The virus was then added to initiate infection, and the antiviral 
activities of the membrane-bound inhibitors that survived the washing 
steps were similarly determined. As shown in Fig. 5B, LCB1 also 
dramatically reduced its inhibitory activity, whereas the activity of 
LCB1v18 was largely sustanined. Taken together, these results suggested 
that LCB1v18 interacts preferentially with the viral and cellular mem
branes, thus raising the local concentration of the inhibitors to block the 
virus infecftion more efficiently. 

3.5. LCB1v17 and LCB1v18 are highly potent inhibitors of SARS-CoV-2 
variants 

We were intrigued to know the inhibitory activities of LCB1-based 
lipopeptides against divergent SARS-CoV-2 variants. To this end, a 

Fig. 3. Inhibitory activity of LCB1-based inhibitors against authentic SARS-CoV-2 infection. The inhibitory activities of LCB1 and its derivatives were 
determined with replicative SARS-CoV-2 (Wuhan-Hu-1 strain) on Vero E6 cells. The cytotoxicity of each inhibitor on Vero E6 cells was similarly measured by Cell- 
Counting Kit-8. Data shown are from three independent experiments and presented as means ± SD. 
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large panel of pseudoviruses corresponding to five VOCs and one VOI 
(Lambda) as well as various mutants was packaged and applied in the 
single-cycle infection assay. As shown in Table 1, LCB1v17 and LCB1v18 
displayed greatly improved activities in inhibiting diverse LCB1- 
resistant viruses. For example, while LCB1 inhibited the Beta variant 
with IC50 values of 940.47 nM on 293T/ACE2 and 446.33 nM on Huh-7 
cells, LCB1v17 and LCB1v18 generated the IC50 values of 40.41 nM and 
18.25 nM on 293T/ACE2 and of 47.99 nM and 26.15 nM on Huh-7 cells, 
which indicated that the lipopeptides had a 9 – 52-fold increased po
tency than LCB1. In the inhibition of Omicron, LCB1 had the IC50 values 
of 925.4 nM on 293T/ACE2 and 712.17 nM on Huh-7, whereas LCB1v17 
and LCB1v18 exhibited the IC50 values of 53.58 nM and 31.22 nM on 
293T/ACE2 and of 51.9 nM and 26.67 nM, indicating a 14 – 30-fold 
increased potency for the lipopeptides over LCB1. Additionally, the two 
lipopeptides also demonstrated the advantages against the Gamma 
variant and the mutant of triple mutations and so on. As controls, a 

fusion-inhibitory lipoeptide IPB24 (Yu et al., 2021a; Zhu et al., 2022b), 
which is currently under clinical trails in China, exhibited potent, 
broad-spectrum inhibitory activities against all the tested muatants, 
whereas the combination therapy of two human neutralizing antibodies 
(BRII-196 and BRII-198), which has already been approved for the 
treatment of mild COVID-19 in patients (Group, 2022; Hoy, 2022), had a 
obviously decreased potency in inhibiting the Omicron variant. 

3.6. LCB1v18 exhibits high prophylactic and therapeutic efficacies in 
K18-hACE2 mice 

Based on the above results, the cholesterol-conjugated lipopeptide 
LCB1v18 behaved with the most active antiviral activity; thus, we 
evaluated its prophylactic and therapeutic effects in K18-hACE2 trans
genic mice that infected with a lethal dose of SARS-CoV-2 (illustrated in 
Fig. 6A). In the prophylaxis experiment, 10 mice were intranasally 

Fig. 4. Biophysical characterization of LCB1- 
based inhibitors. (A) The α-helicity (left panel) 
and thermostability (right panel) of LCB1, LCB1v8, 
LCB1v17 or LCB1v18 at 20 μM were determined by 
CD spectroscopy. (B) The binding affinity of each 
inhibitor with a target-mimic RBD protein was 
determined by biolayer interferometry (BLI), in 
which a His-tagged recombinant RBD protein was 
loaded onto an NTA biosensors and equilibrated 
before the baseline was set to zero at t = 0. The 
binding kinetics was guided by associating in 
different concentrations of an inhibitor for 120s and 
disassociating for 300s. The equilibrium dissociation 
constant (Kd) was calculated. (C) The pseudovirus- 
inhibitory activities of LCB1-based inhibitors after 
storing at different temperatures for 6 weeks were 
measured on 293T/ACE2 cells by a single-cycle 
infection assay. Data shown in (A–B) are representa
tive of two independent experiments. Data shown in 
(C) are from three independent experiments and 
presented as means ± SD.   
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administrated once with LCB1v18 2 h before challenge, and 10 mice in 
the therapy group received intranasal treatment of LCB1v18 once-daily 
for a total of 5 times. Saline was used as a control in the prevention and 
treatment experiments, respectively. On day 6 post-challenge, 5 mice 
per group were sacrificed and lung tissues were collected to assess viral 
loads and histopathological damages, and body weight changes and 
survival of other mice were recorded daily for 14 days post-challenge. As 
shown in Fig. 6, mice in the prophylaxis group obtained complete pro
tection against lethal viral challenge, all mice survived (Fig. 6B) and 
their body weight steadily increased from day 3 (Fig. 6D). Although the 
therapy group showed a certain degree of weight loss in the middle of 
the 14-day period, it was able to recover later (Fig. 6E), which still 
enabled the mice to obtain a 60% survival rate against the lethal chal
lenge (Fig. 6C). In contrast, control mice all died 5–7 days after chal
lenge, accompanied by severe weight loss. These results suggest that 
LCB1v18 can inhibit SARS-CoV-2 infection in vivo, as confirmed by 
detection of lung viral loads. Mice receiving LCB1v18 before or after 
challenge showed significantly lower viral copies in lungs (P < 0.01) 
than that in control (Fig. 6 (F and G)). Further examination of associated 
histopathological changes illustrated that both prophylactic and thera
peutic LCB1v18 administrations significantly alleviated lung injury 
caused by lethal SARS-CoV-2 infection (Fig. 6H). The LCB1v18-treated 
mice under lethal challenge exhibited fewer histopathological dam
ages accompanied by little inflammatory cell infiltration (Fig. 6Hb), and 
no obvious histopathological change was observed in prophylactic- 
administered mice (Fig. 6Ha). In contrast, severe lung damage was 
observed in a control group of prophylactic or treated mice (Fig. 6Hc and 
d), which showed similar interstitial pneumonia characterized with lots 
of inflammatory cell infiltration, denaturation of alveoli epithelial cells, 
and quantities of erythrocytes (blue arrow) or collapsed bronchiolar 
epithelium cells (green arrow) in bronchiole tubes. Overall, LCB1v18 
has potent prophylactic and therapeutic efficacies in protecting sus
ceptible animal models against lethal SARS-CoV-2 challenge. 

4. Discussion 

In this study we first identified a truncated LCB1 peptide termed 
LCB1v8, which had a length of 49 amino acids but fully retained the 

potent antiviral activity of the parent peptide. A group of lipopeptides 
were accordingly created by conjugating LCB1v8 with various lipid 
molecules, with the C-terminally stericacid-modified LCB1v17 and 
cholesterol-modified LCB1v18 being the most active inhibitors in 
inhibiting both S protein-based pseudovirus and authentic SARS-CoV-2 
infections. With CD spectroscopy and biolayer interferometry, we 
demonstrated that LCB1-based peptides and lipopeptides possessed 
similar α-helicity and thermostability and bound to the target-mimic 
recombinant RBD protein efficiently. As anticipated, the lipopeptides 
can preferentially bind to the viral and cellular membranes, which in
crease the local concentration of the inhibitors to block the virus 
infecftion more efficiently. Promisingly, LCB1-based lipopeptides 
possessed greatly improved activities against divergent emerging SARS- 
CoV-2 variants, and LCB1v18 exhibited very high efficacies when 
administrated as pre-exposure prevention and post-exposure treatment 
against lethal SARS-CoV-2 challenges in human ACE2-transgenic mouse 
models. In one-sentence conclusion, our studies have provided valuable 
information for understanding the structure and activity relationship of 
LCB1 inhibitor and would guide the rational design of novel antivirals 
for combating the COVID-19 pandemic. 

Since the SARS-CoV-2 outbreak, we have dedicated to develop in
hibitors that can efficiently block virus’s entry step. As consequences, 
several membrane fusion-inhibitory lipopeptides were generated with 
highly potent activity against SARS-CoV-2 and emerging variants (Yu 
et al., 2021a, 2021b; Zhu et al., 2020, 2021, 2022a). Our previous 
studies demonstrate that a lipopeptide-based virus entry inhibitor has 
multiple advantages comparing to its unmodified parental peptide (Xue 
et al., 2022; Yu et al., 2021a; Zhu et al., 2019, 2020, 2022a). First, lip
opeptides can bind to the viral and cell membranes, which greatly ele
vates the local concentration of the inhibitor thus enhancing the 
antiviral activity dramatically. Second, the lipid conjugation strategy 
does sharply increase the stability of a peptide drug thus conferring a 
significantly extended in vivo half-life. Third, the lipopeptide inhibitors 
can enable activity against virus entrance from both the cell surface and 
endosomal pathways (de Vries et al., 2021; Outlaw et al., 2020). After 
LCB1 inhibitor was first reported in September 2020 (Cao et al., 2020), it 
attracted our attention because of its design strategy as a peptide-like 
miniprotein and high antiviral potency by targeting the spike RBM to 

Fig. 5. Binding ability of LCB1-based inhibitors 
with viral and cellular membranes. LCB1 and 
LCB1v18 were pre-incubated with SARS-CoV-2/ 
D614G pseudovirus or Huh-7 cells, followed by the 
washing step. The sustained antiviral activities of the 
virus-bound or cell-bound inhibitors were measured 
by a single-cycle infection assay, and the reduction 
folds of IC50 values were statistically compared. The 
experiments were repeated two times with consistent 
results, and representative data are shown.   
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block the interaction between S protein and ACE2; thus, we have been 
working on the development of novel LCB1-based inhibitors with high 
enthusiasm. Given that LCB1 was computationally designed with 56 
amino acids, which is not convenient for lipopeptide synthesis and large 
production, we began the optimization process by truncating the pep
tide sequences. As indicated by the truncated peptide LCB1v8, five 
N-terminal residues and two C-terminal residues of LCB1 were found not 
necessary for retaining the inhibitory potency. This truncation process 
has not only offered an ideal template for new design but also revealed 
the structure and function relationship of LCB1 inhibitor. As LCB1v8 
was generated as a short peptide through chemical synthesis, rather 
than recombinant protein expression, it is amenable to further chemical 
modification, including the incorporation of non-proteinogenic amino 
acids, with the aim to stabilize the peptide against proteolytic degra
dation, as well as to improve the inhibitory strength and breadth. 

Very recently, several studies also reported the successful develop
ment of truncated LCB1 peptides with the potent antiviral activity 
(Jawad et al., 2022; Khatri et al., 2022; Weissenborn et al., 2022). For 
example, Khatri and coworkers developed a thermostable dimeric 
helix-hairpin inhibitor through truncation of the third helix and opti
mization of the interhelical loop residues, which effectively prevented 
SARS-CoV-2 infection by dimerizing the S protein and protected ham
sters from high dose viral challenge (Khatri et al., 2022). Alternatively, a 
smaller, stronger, more stable inhibitor was generated as a cyclic variant 
of the two-helix peptide (Weissenborn et al., 2022). For the first time, 
here we modified LCB1 as a helical lipopeptide and validated its high in 
vitro and in vivo virus-inhibitory efficacies. Impressively, LCB1v18 could 
efficiently protect transgenic mice from a lethal challenge when it was 
administrated as prophylaxis, whereas all the control mice adminis
trated with a normal saline sham died from the virus challenge. Com
bined, these results underscore the promise of this class of peptides or 
lipopeptides that can strongly inhibit protein-protein interaction. 

Last, we would like point out that our animal challenge studies were 
conducted prior to the emergence of diverse SARS-CoV-2 VOCs, so the 
effectiveness of LCB1-based lipopeptides should be further evaluated 
with emerging SARS-CoV-2 variants, especially using the currently 
circulating Omicron viruses for challenge. Although LCB1-based lip
opeptides remained highly active in inhibiting VOCs and many other 
mutants, its further optimization is also needed to overcome the resis
tance phenotype. The other limitations of this class agents should be also 
considered, particularly in the light of current antiviral therapy. For 
example, the drug delivery route, patient compliance, as well as the 
difficulty of a lage-scale production and cost-effectiveness. 
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Fig. 6. LCB1v18 exhibits high prophylactic and 
therapeutic efficacies in K18-hACE2 mice. (A) 
Schematic map for evaluation on prophylactic and 
therapeutic effects of LCB1v18. (B–C) Mice were 
monitored for 14 days post-challenge to assess sur
vival rate (n = 5). (D-E) The daily body weight was 
recorded post-challenge and the changes in body 
weight within 14 days was calculated. The data are 
expressed as the means ± SD (n = 5). (F-G) Viral load 
was detected in the mouse lung at day 6 post- 
infection. The data are expressed as the means ± SD 
(n = 5). (H) Histopathological changes in lung tissues 
of challenged mice. Representative images from mice 
received prophylactic-LCB1v18(a), LCB1v18-treat
ment (b) or controls (c & d) are shown. Lung tissue 
sections were stained with hematoxylin and eosin (H 
& E) and observed under light microscopy (scale bars, 
100 μm). Blue and green arrows respectively showed 
quantities of erythrocytes and collapsed bronchiolar 
epithelium cells in bronchiole tubes.   
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