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SUMMARY
The continual emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of
concern (VOCs) poses amajor challenge to vaccines and antiviral therapeutics due to their extensive evasion
of immunity. Aiming to develop potent and broad-spectrum anticoronavirus inhibitors, we generated A1-
(GGGGS)7-HR2m (A1L35HR2m) by introducing an angiotensin-converting enzyme 2 (ACE2)-derived peptide
A1 to the N terminus of the viral HR2-derived peptide HR2m through a long flexible linker, which showed
significantly improved antiviral activity. Further cholesterol (Chol) modification at the C terminus of
A1L35HR2m greatly enhanced the inhibitory activities against SARS-CoV-2, SARS-CoV-2 VOCs, SARS-
CoV, and Middle East respiratory syndrome coronavirus (MERS-CoV) pseudoviruses, with IC50 values
ranging from 0.16 to 5.53 nM. A1L35HR2m-Chol also potently inhibits spike-protein-mediated cell-cell fusion
and the replication of authentic Omicron BA.2.12.1, BA.5, and EG.5.1. Importantly, A1L35HR2m-Chol distrib-
uted widely in respiratory tract tissue and had a long half-life (>10 h) in vivo. Intranasal administration of
A1L35HR2m-Chol to K18-hACE2 transgenic mice potently inhibited Omicron BA.5 and EG.5.1 infection
both prophylactically and therapeutically.
INTRODUCTION

The ongoing COVID-19 pandemic has resulted in more than 6

million deaths. Althoughmany approved vaccines and therapeu-

tics are effective in alleviating hospitalization and mortality

caused by severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) infection, different SARS-CoV-2 variants of

concern (VOCs), especially the Omicron variant, have been

shown to extensively evade immunity, which significantly com-

promises the efficacy of vaccines and therapeutics.1–7 There-

fore, there remains a high demand to develop highly effective

and broad-spectrum antivirals that can inhibit current and future

emerging SARS-CoV-2 variants.

Similar to other coronaviruses, SARS-CoV-2 infection requires

fusion between the viral envelope and the cell membrane, a pro-
Cell Repo
This is an open access article under the CC BY-N
cess mediated by the viral spike (S) glycoprotein. The SARS-

CoV-2 S protein consists of S1 and S2 subunits and employs a

type I enveloped virus fusion mechanism for cell entry.8–11 The

S1 subunit binds to the cellular receptor angiotensin-converting

enzyme 2 (ACE2) through the receptor-binding domain (RBD) to

trigger conformational changes in the S2 subunits, which leads

to the formation of a six-helix bundle between the heptad repeat

1 (HR1) and HR2 domains, driving target cell and viral membrane

fusion.10–13 Since the HR1 and HR2 domains are exceptionally

conserved among different coronaviruses, peptides derived

from these two domains are thus considered promising antiviral

drugs.10,11,14 In fact, peptides derived from both the HR1 and

HR2 domains have been shown to inhibit viral infection, with

IC50 values in the micromolar range.15–18 Several HR2 helical

conformation stabilization strategies, such as chemical stapling
rts Medicine 5, 101418, February 20, 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The design and characterization of A1L35HR2m, HR2mL35A1, A1L5HR2m, and A1HR2m

(A) Design of the A1L35HR2m, HR2mL35A1, A1L5HR2m, and A1HR2m peptides and the sequences of the A1 and HR2m peptides.

(B and C) Characterizations of A1L35HR2m, HR2mL35A1, A1L5HR2m, and A1HR2m by SDS-PAGE (B) and liquid chromatography-mass spectrometry (LC-MS)

(C).
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and the introduction of salt bridges, have also been reported to

improve the activity of these peptide inhibitors, with IC50 values

in the low-micromolar to high-nanomolar range.14,19 Cholesterol

(Chol) modification of HR2-derived peptides is another

effective method that can significantly enhance inhibitory activ-

ity, with IC50 values reaching low nanomolar concentrations in

general.20–22

Peptides derived from the ACE2 protein have been explored as

antiviral agents in thepast. However, due to the lowSprotein bind-

ing affinity of ACE2-derived peptides, these peptides have shown

limited success in inhibiting SARS-CoV-2 infection.23–25 Recent

studieshavesuggested thatcombining ligands that targetdifferent

sites on the S protein of the SARS-CoV-2 virusmay result in a syn-

ergistic inhibitory effect.26–29 It has been shown that ACE2 protein

binding could destabilize the S protein to trigger its conformational

changes.30 Inspired by these findings, we hypothesize that a pep-

tidederived fromACE2maysimilarlydestabilize theSproteinupon

binding to the RBD, ultimately leading to the exposure of the HR1

domain. Subsequently, a peptidederived fromHR2maybeable to

bind to HR1 to inhibit the virus. Given this hypothesis, we propose

that a fusion peptide derived fromACE2 and the HR2 domainmay

exhibit a synergistic antiviral effect, potentially yielding even

greater activity than either peptide alone.
2 Cell Reports Medicine 5, 101418, February 20, 2024
RESULTS

Conjugating an ACE2-derived peptide to the N terminus
of the HR2-derived peptide enhanced the inhibitory
activity
Aiming to develop potent and broad-spectrum anticoronavirus

inhibitors, we first introduced an ACE2-derived peptide A1 to

the N terminus of the HR2m peptide through a relatively long

flexible linker (GGGGS)7 to generate A1-(GGGGS)7-HR2m

(A1L35HR2m) (Figure 1A). We also constructed three other

fusion peptides by swapping the positions of the A1 peptide

and the HR2m peptide (HR2mL35A1) or by shortening the linker

length to generate A1L5HR2m and A1HR2m (Figure 1A). All four

fusion peptides were prepared through recombinant expression,

and the purity of the obtained peptides was characterized using

SDS-PAGE and liquid chromatography-mass spectrometry

(Figures 1B and 1C).

We next evaluated the inhibitory activities of A1L35HR2m,

HR2mL35A1, A1L5HR2m, and A1LHR2m using the SARS-

CoV-2 pseudotyped virus infection assay. As shown in Figure 2A,

A1L35HR2m was highly potent in inhibiting SARS-CoV-2 infec-

tion with an IC50 value of 27 nM. HR2mL35A1, A1L5HR2m,

and A1LHR2m all showed dramatically reduced antiviral
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Figure 2. Conjugating the ACE2-derived peptide A1 to the N terminus of the HR2m peptide significantly enhanced the inhibitory activity

against SARS-CoV-2 infection

(A) Inhibitory activity of A1L35HR2m, HR2mL35A1, A1L5HR2m, and A1HR2m against SARS-CoV-2 pseudovirus infection in Caco-2 cells.

(B) Inhibitory activity of A1L35HR2m, HR2m, A1, and A1/HR2m mixtures against SARS-CoV-2 pseudovirus infection in Caco-2 cells.

(C and D) A1L35HR2m, HR2m, and A1 inhibition of SARS-CoV-2 D614G S-mediated cell-cell fusion in Caco-2 cells (C) and Calu-3 cells (D). Each sample was

tested in triplicate, and the data are presented as the mean ± SEM. Each experiment was repeated at least twice.

(E) Binding affinity of A1L35HR2m to HR1 was determined by BLI.

(F) The binding affinity of HR2m to HR1 was determined by BLI. The fitting curves were analyzed by ForteBio Data Analysis 12.0 software.
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activities. We then compared the inhibitory activities of

A1L35HR2m, A1 (Figures S1A and S1B), HR2m (Figures S1C

and S1D), and the mixture of A1/HR2m against SARS-CoV-2

pseudovirus infection. Again, A1L35HR2m had the highest activ-

ity among these tested peptideswith an IC50 value of 21 nM, indi-

cating that A1L35HR2m was at least 80-fold more potent than

the other peptides (Figure 2B). These results together confirmed

that the addition of an ACE2-derived peptide A1 to the N termi-

nus of the HR2m peptide with a long flexible linker can indeed

significantly increase the anti-SARS-CoV-2 activity.

A1L35HR2mwas more effective than the HR2m peptide
in inhibiting SARS-CoV-2 D614G S-protein-mediated
cell-cell fusion
We next explored the A1L35HR2m viral inhibition mechanism

employing the S-protein-mediated cell-cell fusion assay, as

described previously.31 We found that A1L35HR2m potently in-

hibited SARS-CoV-2 D614G S-protein-mediated cell-cell fusion

between 293T/EGFP/S and Caco-2 cells with an IC50 value of

7.0 nM, which was approximately 62-fold more potent than

that of HR2m (IC50 = 436 nM) (Figure 2C). We also found that

the A1L35HR2m inhibitory activity (IC50 = 9.5 nM) of D614G

S-protein-mediated cell-cell fusion between 293T/EGFP/S and
Calu-3 cells was much higher than that of HR2m (IC50 =

745 nM) and A1 peptide (IC50 > 50 mM) (Figure 2D). These results

suggested that the enhanced anti-SARS-CoV-2 activity of

A1L35HR2m likely resulted from its improved ability to inhibit

SARS-CoV-2 fusion with the target cells.

Improved anti-SARS-CoV-2 activity of A1L35HR2m may
result from its high binding affinity to the HR1-derived
peptide
Many studies have shown that SARS-CoV-2 HR2-derived pep-

tides can competitively interact with the HR1 domain to block

viral and target cell membrane fusion.12,21,32 To investigate

whether the introduction of the A1 peptide in A1L35HR2m alters

the original function of the HR2mpeptide, we performed biolayer

interferometry (BLI) experiments to characterize the HR1 peptide

(Figure S1E) binding affinity. We found that the affinity of

A1L35HR2m with HR1 was 3-fold higher (KD = 35.3 nM) than

that of the original HR2m peptide (KD = 116 nM) (Figures 2E

and 2F). This suggested that the addition of peptide A1 in

A1L35HR2m indeed increased HR1 binding affinity, which prob-

ably contributed to the improved viral inhibitory activity.

To gain insights into the mechanism of the observed synergis-

tic effects of the AL35HR2m peptide, we employed circular
Cell Reports Medicine 5, 101418, February 20, 2024 3
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Figure 3. Secondary structures of A1, HR2m, and A1L35HR2m alone or in complex with HR1

(A–C) The secondary structures of A1 (A), HR2m (B), and A1L35HR2m (C) alone or in complex with HR1 were analyzed with CD. The experiments were performed

twice, and representative data are shown. NA, not available.
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dichroism (CD) spectroscopy to investigate the secondary struc-

ture of the peptide complexes with HR1. Our results indicate that

both AL35HR2m and HR2m peptides interacted with HR1 to

form complexes with a-helical structures (Figures 3B and 3C).

Notably, the AL35HR2m peptide exhibited a higher a-helicity

upon binding to HR1 than the HR2m peptide did, suggesting

that the enhanced activity of the AL35HR2m peptide may be

attributed to its stronger interactions with HR1. In contrast, we

observed no significant a-helical structure upon mixing A1 pep-

tide and HR1 (Figure 3A), indicating that the A1 peptide may not

directly interact with HR1.

To investigate the binding affinity of AL35HR2mwith the RBDor

S protein, we performedBLI assays. However, we did not observe

any significant binding between AL35HR2m and the RBD or S

protein under our experimental conditions. This lack of binding

may be due to the weak affinity of AL35HR2m with the RBD or

S protein that only becomes apparent when the S protein un-

dergoes conformational changes that expose the HR1 domain

for binding. Indeed, our results suggest that the inhibitory activity

of AL35HR2m may be largely dependent on its ability to interact

with the HR1 region of the S protein in its active conformation.

To further validate the mechanism of inhibition of AL35HR2m,

we examined the ACE2/RBD and HR1/HR2 complex structures

and then introduced different mutations in the A1 or HR2m

peptide to construct three ACE2-HR2 fusion peptides

(A3L35HR2m, A7L35HR2m, and A1L35HR2mdCdN) to investi-

gate their antiviral activities (Figures S2A and S2B).

A3L35HR2m, A7L35HR2m, and A1L35HR2mdCdN displayed

significantly reduced inhibitory activity against SARS-CoV-2

D614G pseudovirus, with IC50 values of 0.6, 3.4, and 0.4 mM,

respectively (Figure S2C). These values were about 15-, 78-,

and 10-fold less potent than A1L35HR2m (Figures 4B and

S2C). These results confirm that the key residues involved in

the formation of either the ACE2/RBD or HR1/HR2 complex

are critical for the synergistic inhibitory activity of A1L35HR2m.

A1L35HR2m-Chol exhibited broad and potent inhibitory
activity against different SARS-CoV-2 VOCs, SARS-CoV,
and MERS-CoV
It has been reported that lipid modification of HR2-derived

peptides can markedly increase the antiviral activity.20–22,32,33
4 Cell Reports Medicine 5, 101418, February 20, 2024
Considering that the antiviral mechanism of A1L35HR2m is

similar to that of HR2-derived peptides, we site-specifically

modified A1L35HR2m at the C terminus with Chol to generate

A1L35HR2m-Chol (Figures 4A and S3A). We also modified A1

and HR2m peptides with Chol to generate A1-Chol and HR2m-

chol as control peptides (Figures S3B–S3E). We confirmed that

HR2m-Chol was effective in inhibiting the infection of the pseu-

dotyped SARS-CoV-2 and Middle East respiratory syndrome

coronavirus (MERS-CoV) with IC50 values of 5.3 and 10.5 nM,

respectively (Figures S4B and S4C), while A1-Chol showed a

lower inhibitory activity with an IC50 of 2.32 mM (Figure S4A). In

comparison, A1L35HR2m-Chol exhibited potent anti-SARS-

CoV-2 inhibitory activity with an IC50 value reaching 134 pM (Fig-

ure S4D). The inhibitory activity of A1L35HR2m-Chol on SARS-

CoV-2 pseudovirus infection was about 39- and 17,313-fold

more potent than that of HR2m-Chol and A1-Chol, respectively.

A1L35HR2m-Chol could also effectively block D614G S-protein-

mediated cell-cell fusion between 293T/EGFP/S and Caco-2 or

Calu-3 cells with IC50 values of 0.17 and 0.31 nM, respectively

(Figure S4E).

We further evaluated the antiviral activities of A1L35HR2m-

Chol and A1L35HR2m against pseudotyped SARS-CoV-2

D614G, SARS-CoV-2 VOCs, SARS-CoV, and MERS-CoV. We

found that A1L35HR2m-Chol exhibited significantly more potent

inhibitory activity against SARS-CoV-2 D614G, SARS-CoV-2

VOCs, and SARS-CoV (IC50 values ranging from 0.16 to

1.3 nM) than A1L35HR2m did (IC50 values ranging from 17 to

176 nM) (Figure 4B–4I). We also found that A1L35HR2m-Chol

potently inhibited MERS-CoV (IC50 = 5.5 nM) (Figure 4J), while

A1L35HR2m only had minimal activity against the MERS-CoV

pseudovirus. Both A1L35HR2m-Chol and A1L35HR2m showed

no inhibitory activity against the negative control vesicular sto-

matitis virus G (VSV-G) pseudovirus, which demonstrated the

specificity of our fusion peptides (Figure 4K).

A1L35HR2m-Chol showed no in vitro or in vivo toxicity
To study the in vitro cytotoxicity of A1L35HR2m-Chol, Caco-2 or

Calu-3 cells were treated with a concentration gradient of

A1L35HR2m-Chol and A1L35HR2m for 48 h, and their viability

was evaluated using the Cell Counting Kit-8. A1L35HR2m-Chol

and A1L35HR2m showed no significant cytotoxicity to Caco-2
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Figure 4. A1L35HR2m-Chol broadly and potently inhibited pseudotyped coronavirus infection

(A) The chemical structure of A1L35HR2m-Chol.

(B–K) Inhibitory activity of A1L35HR2m-Chol and A1L35HR2m in pseudovirus infection assays against SARS-CoV-2 D614G (B), SARS-CoV-2 Alpha variant (C),

SARS-CoV-2 Beta variant (D), SARS-CoV-2 Delta variant (E), SARS-CoV-2 Omicron BA.1 variant (F), SARS-CoV-2 Omicron XBB variant (G), SARS-CoV-2

Omicron BQ.1.1 variant (H), SARS-CoV (I), MERS-CoV (J), and VSV-G (K). Each sample was tested in triplicate, and the data are presented as the mean ± SEM.

Each experiment was repeated at least twice.
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or Calu-3 cells at concentrations up to 2.5 and 10 mM, more than

18,656- and 57-fold higher than their IC50 values for SARS-CoV-

2 inhibition (Figures S5A and S5B).

To investigate the potential in vivo toxicity of A1L35HR2m-Chol,

BALB/c mice were intranasally administrated with PBS (n = 3),

5 mg/kg A1L35HR2m (n = 3), 5 mg/kg A1L35HR2m-Chol (n = 3),

or 20 mg/kg A1L35HR2m-Chol (n = 3). The levels of alanine

aminotransferase (ALT), aspartate aminotransferase (AST),

gamma-glutamyl transferase (GGT), and creatinine in the sera of

the peptide-treated mice were measured. The results indicated

that the levels of ALT (Figure S5C), AST (Figure S5D), GGT (Fig-

ure S5E), or creatinine (Figure S5F) in the sera of the mice in

A1L35HR2m, A1L35HR2m-Chol, and PBS treated groups

showed no significant difference (p＞0.05) at all time points, sug-

gesting that administration of A1L35HR2m-Chol at a low or high

dose had no impact on the hepatic and renal functions of mice.

A1L35HR2m-Chol distributed in respiratory tract tissue
and exhibited long-lasting ex vivo anti-SARS-CoV-2
activity
Previous studies have shown that lipid HIV-1 fusion inhibitors

could enhance the ex vivo anti-HIV-1 activity and improve in vivo

stability.34,35 Here, we investigate whether A1L35HR2m-Chol

also exhibits enhanced ex vivo anti-SARS-CoV-2 activity and

extended in vivo half-life (t1/2). A1L35HR2m-Chol (5 mg/kg, n =

3) or A1L35HR2m (5 mg/kg, n = 3) was administered intranasally

to mice, and the plasma samples at each time point were diluted

to determine the SARS-CoV-2 pseudovirus infection inhibition

activity. The peptide concentration was then estimated based
on the dilution factor that can achieve 50%pseudovirus infection

inhibition (Figures 5A and 5B). Plasma samples from mice

treated with A1L35HR2m-Chol showed peak ex vivo inhibition

activity, corresponding to peak peptide concentration, at 8 h

post-administration, with a mean dilution of 10,284-fold that in-

hibited 50% of SARS-CoV-2 D614G pseudovirus infection.

A1L35HR2m-Chol appeared to maintain a high plasma concen-

tration even after 336 h. In contrast, the peak ex vivo inhibition

activity, corresponding to peak peptide concentration, of

A1L35HR2m was significantly lower, with rapid clearance 8 h

post-administration (Figures 5A and 5B). Based on the estimated

concentration, we calculated the pharmacokinetic parameters of

A1L35HR2m-Chol and A1L35HR2m by using PKSolver soft-

ware. The plasma t1/2 of A1L35HR2m-Chol was approximately

81.8 h, 30-fold longer than that of A1L35HR2m (t1/2 = 2.6 h) (Fig-

ure 5B; Table S1). The mean area under the concentration-time

curve of A1L35HR2m-Chol was 1,172 mg/mL*h, approximately

58-fold higher than that of A1L35HR2m (20 mg/mL*h) (Table S1).

We also found high concentrations of A1L35HR2m-Chol in the

lung, nose, and trachea, organs that are particularly relevant in

the course of SARS-CoV-2 infection. The peptide concentration

in the lung, nose, and trachea peaked at 8 h, with mean dilutions

of 58,770-, 18,231-, and 1,959-fold that inhibited 50% of SARS-

CoV-2 D614G pseudovirus infection. The t1/2 of A1L35HR2m-

Chol in the lung, nose, and trachea were about 89.8, 49.0, and

10.6 h, respectively (Figures 5C and 5D). These results sug-

gested that Chol conjugation to the C terminus of A1L35HR2m

can significantly prolong the in vivo t1/2. A similar phenomenon

has been observed for other fusion peptide inhibitors.34,35
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Figure 5. Ex vivo anti-SARS-CoV-2 D614G

activity and peptide concentration in plasma

or tissue homogenate samples of the pep-

tide-treated mice

(A and C) Dilution fold of the plasma (A) or tissue

homogenate (C) samples from mice intranasally

treated with A1L35HR2m (5 mg/kg, n = 3) or

A1L35HR2m-Chol (5mg/kg, n = 3) that can achieve

50% SARS-CoV-2 D614G inhibition.

(B and D) Estimated concentrations of functionally

active peptides in the plasma (B) or tissue ho-

mogenate (D) samples. Each sample was tested in

triplicate, and the data are presented as themean ±

SEM. Each experiment was repeated at least

twice.
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A1L35HR2m-Chol potently inhibited authentic SARS-
CoV-2 variants in vitro and in hACE2 transgenic mice
We evaluated the antiviral efficacy of A1L35HR2m-Chol against

authentic Omicron BA.2.12.1 and BA.5 strains. We first per-

formed microneutralization assays on VeroE6-TMPRSS2 cells.

The results indicated that A1L35HR2m could inhibit BA.2.12.1

and BA.5 replication with IC50 values of 507 and 879 nM, respec-

tively, while A1L35HR2m-Chol potently suppressed BA.2.12.1

and BA.5 replication with IC50 values of 22.0 and 23.7 nM,

respectively (Figures 6A and 6B). We also conducted viral load

reduction assays of Omicron BA.2.12.1 and BA.5 in VeroE6-

TMPRSS2 cells. The inhibitory activity was analyzed by quanti-

fying the viral yields in the cell culture supernatants using

RT-qPCR. We consistently found that A1L35HR2m-Chol was

significantly more potent in inhibiting authentic Omicron

BA.2.12.1 and BA.5 infection (IC50 = 5.9 nM for BA.2.12.1 and

10.4 nM for BA.5) than A1L35HR2m (IC50 = 109 nM for

BA.2.12.1 and 236 nM for BA.5) (Figures 6C and 6D).

We next used an established K18-hACE2 transgenic mouse

model to evaluate the prophylactic and therapeutic efficacy of

A1L35HR2m-Chol (Figure 6E).36 In the prophylactic study,

A1L35HR2m-Chol (2 mg/kg, n = 5) was administered intranasally

to mice twice 2 days and 1 day before viral infection, respectively.

On day 0,Omicron BA.5 (10,000 plaque-forming units [PFUs]) was

used to challenge each mouse via the intranasal route. At 2 days

post-infection (dpi), mice were sacrificed for viral RNA and infec-

tious viral titer analyses. We found that mice receiving

A1L35HR2m-Chol treatment had significantly lower viral RNA

copies in their lung homogenates (>2 log10 reduction, p < 0.01;

Figure 6F) and nasal turbinates (>1 log10 reduction, p < 0.01; Fig-

ure 6F) than mice in the control group. We also found that the in-
6 Cell Reports Medicine 5, 101418, February 20, 2024
fectious viral titers in A1L35HR2m-Chol-

treated mice were significantly lower than

those in the control group (>2 log10 reduc-

tion, p < 0.01; Figure 6G). Remarkably,

almost no infectious viral titer was de-

tected in the nasal turbinates of mice

receiving A1L35HR2m-Chol, which indi-

cates that A1L35HR2m-Chol has the po-

tential to inhibit viral transmission.

For the therapeutic study, all mice were

first challenged with Omicron BA.5
(10,000 PFUs) virus on day 0, followed by intranasal delivery of

A1L35HR2m-Chol (2 mg/kg, n = 5) at 1 and 2 dpi, respectively.

At 3 dpi, mice were sacrificed for viral RNA and infectious viral

titer analyses. We found that the nasal turbinate viral RNA

copy number was significantly reduced (p < 0.05) in mice

receiving A1L35HR2m-Chol compared to the control group,

while the lung homogenate viral RNA copy number did not

show a significant difference between the two groups (Fig-

ure 6H). Importantly, A1L35HR2m-Chol completely suppressed

the infectious viral titer in the lung homogenate without

detectable live SARS-CoV-2 particles (Figure 6I). These results

suggest that A1L35HR2m-Chol exhibited potent protection

against SARS-CoV-2 Omicron BA.5 infection in both prophylac-

tic and therapeutic settings.

We subsequently evaluated the efficacy of A1L35HR2m-Chol

in protecting K18-hACE2 transgenic mice from the lethal Alpha

variant infection. In theprophylactic group, fivemicewere admin-

istrated A1L35HR2m-Chol (2 mg/kg, n = 5) once intranasally 4 h

before the virus challenge. In the therapeutic group, five mice

received intravenous treatment with A1L35HR2m-Chol (2 mg/

kg, n = 5) 4 h after the infection andoncedaily for a total of 6 times.

PBS (n = 5) was intranasally administrated in the control group.

The mice were challenged on day 0 with SARS-CoV-2 Alpha.

Body weight changes and mice survival were monitored until

14 dpi or death (Figure 6J). In the prophylactic group, mice

receiving A1L35HR2m-Chol showed complete protection from

the lethal Alpha infection, demonstrating a 100%survival protec-

tion rate. Mice in the PBS group showed body weight loss from 4

dpi, and all died at 6 dpi (0% survival). Mice in the therapeutic

group showed body weight loss from 5 dpi and survived longer

compared to mice in the PBS group (Figures 6K and 6L).
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Figure 6. A1L35HR2m-Chol potently inhibited authentic SARS-CoV-2 in vitro and in vivo

(A and B) A1L35HR2m and A1L35HR2m-Chol inhibition of authentic Omicron BA.2.12.1 (A) and BA.5 (B) in microneutralization assays.

(C and D) A1L35HR2m and A1L35HR2m-Chol inhibition of authentic Omicron BA.2.12.1 (C) and BA.5 (D) in viral load reduction assays. The viral load was

quantified by RT-qPCR.

(E) Experiment design of the A1L35HR2m-Chol prophylactic and therapeutic efficacy study against Omicron BA.5. K18-hACE2 transgenic mice were challenged

withOmicron BA.5 (10,000 PFUs) at day 0. In the prophylactic study, A1L35HR2m-Chol (2mg/kg) was intranasally administered 2 days and 1 day before infection.

In the therapeutic study, A1L35HR2m-Chol (2 mg/kg) was intranasally administered at days 1 and 2 post-virus infection.

(F and G) In the prophylactic experiment, nasal turbinates and lungs were collected 2 days post-infection and subjected to viral load (F) and infectious viral titer

(G) detection.

(H and I) In the therapeutic experiment, nasal turbinates and lungs were collected 3 days post-infection and subjected to viral load (H) and infectious virus titer

(I) detection.

(J) Schematic diagram of the prophylactic and therapeutic experimental design to evaluate the efficacy of A1L35HR2m-Chol in protecting mice from SARS-CoV-

2 Alpha lethal infection.

(K) Survival rate monitoring of the mice treated with PBS or prophylactic or therapeutic A1L35HR2m-Chol treatment.

(L) Daily body weights of the mice.

(A–D) Each sample was tested in triplicate, and the data are presented as the mean ± SEM. Each experiment was repeated at least twice. (F–L) PBS, n = 5;

A1L35HR2m-Chol, n = 5. The dashed lines in (G) and (I) represent the limit of detection (LOD). Unpaired non-parametric Mann-Whitney test (F–I and L) or log-rank

test (K) was performed. *p < 0.05 and **p < 0.01. ns denotes no significance.
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During the course of the study, Omicron EG.5.1 emerged as

the dominant SARS-CoV-2 strain. We then evaluated the anti-

viral efficacy of A1L35HR2m-Chol against Omicron EG.5.1. We

first performed microneutralization and viral load reduction as-

says using VeroE6-TMPRSS2 cells. The results showed that

A1L35HR2m-Chol can significantly suppress EG.5.1 replication

with an IC50 value of 14.4 nM (Figure 7A). A1L35HR2m-Chol

could also significantly reduce the viral load in the infectious

supernatant with an IC50 value of 3.1 nM (Figure 7B). We subse-
quently evaluated the in vivo prophylactic and therapeutic effi-

cacy of A1L35HR2m-Chol against EG.5.1 using the K18-

hACE2 mouse model. The mice were intranasally administered

a single dose of A1L35HR2m-Chol (2 mg/kg, n = 5) 4 h before

the viral infection in the prophylactic group, while mice were

treated with A1L35HR2m-Chol intranasally (2 mg/kg, n = 5) 4

and 28 h post-infection (hpi) in the therapeutic group. At

48 hpi, micewere sacrificed for infectious viral titer analyses (Fig-

ure 7C). We found that A1L35HR2m-Chol could reduce the viral
Cell Reports Medicine 5, 101418, February 20, 2024 7
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Figure 7. A1L35HR2m-Chol potently in-

hibited Omicron EG.5.1 in vitro and in vivo

(A and B) A1L35HR2m-Chol inhibition of authentic

Omicron EG.5.1 in microneutralization (A) and viral

load reduction (B) assays. The viral load was

quantified by RT-qPCR. Each sample was tested in

triplicate, and the data are presented as themean ±

SEM. Each experiment was repeated at least twice.

(C) Experiment design of the A1L35HR2m-Chol

prophylactic and therapeutic efficacy studies

against Omicron EG.5.1. K18-hACE2 transgenic

mice were challenged with Omicron EG.5.1 at day

0. In the prophylactic study, A1L35HR2m-Chol

(2 mg/kg) was intranasally administered 4 h before

infection. In the therapeutic study, A1L35HR2m-

Chol (2 mg/kg) was intranasally administered 4 and

28 h post-viral infection.

(D) Tissue samples were collected 48 h after viral

infection and subjected to infectious viral titer

detection by plaque assay. PBS, n = 5;

A1L35HR2m-Chol, n = 5. The dashed line repre-

sents the LOD. Unpaired non-parametric Mann-

Whitney test was performed. **p < 0.01. ns de-

notes no significance.
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titer in the nasal turbinate compared to that of the control group

both prophylactically and therapeutically. Notably, 4 out of 5

mice in the prophylactic group and 2 out of 5 mice in the thera-

peutic group showed undetectable virus titer in the nasal turbi-

nate, whereas all PBS-treated mice consistently achieved >105

PFU/mL virus titers. The results indicated that A1L35HR2m-

Chol can eliminate viruses in the upper respiratory tract. Interest-

ingly, 4 out of 5 vehicle-treated mice had no detectable viral titer

in the lung homogenate (<500 PFUs), suggesting that the EG.5.1

mainly infected the upper respiratory tract and did not readily

infect the lung tissue (Figure 7D). These data demonstrated

that A1L35HR2m-Chol can effectively inhibit the newly emerged,

dominating EG.5.1 variant in vitro and in vivo.

DISCUSSION

As SARS-CoV-2 continues to spread globally, new variants are

still emerging rapidly, posing significant challenges to current

vaccines and therapeutics. The membrane fusion mechanism

between virus and target cells is very conserved among different

coronaviruses, and the six-helix bundle formation between the

HR1 domain and HR2 domain plays a key role in driving the

membrane fusion.12,15 Since the sequences of HR1 and HR2

are well conserved among different coronaviruses, peptides

derived from HR1 and HR2 are thus considered promising anti-

viral agents that can potentially overcome the viral mutational

escape problem.14,21

Aiming to explore novel HR2 peptide engineering strategies

that could lead to antivirals with enhanced inhibitory activity,

we introduced the short ACE2-derived peptide A1 to the HR2-

derived peptide HR2m through a long flexible linker (GGGGS)7

to construct A1L35HR2m. The RBD and the HR1 are located

quite far away (�100 Å) from each other on the S protein; we
8 Cell Reports Medicine 5, 101418, February 20, 2024
thus chose the long linker to prepare the A1 and HR2m fusion

peptide for potential synergistic effect. We found that a long

linker between A1 and HR2m peptide (A1L35HR2m) possessed

high pseudovirus inhibitory activity even though the ACE2-

derived peptide A1 cannot effectively inhibit pseudovirus infec-

tion and the HR2m peptide only has minimal inhibitory activity.

The long flexible linker probably ensures that A1/RBD and

HR2m/HR1 interactions could happen within a short time win-

dow to inhibit viral infection efficiently. Our binding study indi-

cated that the A1 peptide enhanced the HR2m peptide binding

affinity to the HR1 peptide, which contributed to the improved

inhibitory activity. The A1 peptide may also weakly interact

with viral S protein, which could enrich the local concentration

of A1L35HR2m around the S protein to boost the inhibitory activ-

ity eventually. However, this explanationmay be difficult to prove

since neither the A1 peptide nor A1L35HR2m showed obvious

binding to the S protein in the BLI binding experiments. We

showed that abolishing either key residue involved in ACE2/

RBD or HR2/HR1 binding would significantly diminish the anti-

viral activity of A1L35HR2m, demonstrating that both the A1

and HR2m peptides are important contributors to the observed

enhanced antiviral activity of A1L35HR2m.

Further A1L35HR2m modification with Chol at the C terminus

markedly increased the inhibitory activity of A1L35HR2m-Chol,

with IC50 values reaching 0.16–5.5 nM against different SARS-

CoV-2 VOCs, SARS-CoV, and MERS-CoV pseudoviruses.

A1L35HR2m-Chol was found to effectively inhibit authentic Om-

icron BA.2.12.1, BA.5, and EG.5.1, further demonstrating its

broad-spectrum activity against different coronaviruses and its

robust resistance to viral mutational escape. Chol modification

probably helps A1L35HR2m-Chol to bind to the cell surface or

viral envelope. In either case, this will have a reduction in the

dimension of the A1L35HR2m-Chol peptide diffusion process,
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thus accelerating its binding to HR1 and leading to improved

inhibitory activity. If A1L35HR2m-Chol is bound to the cell,

then the 3-dimensional in solution diffusion is converted to a

2-dimensional diffusion on the membrane to search for the viral

HR1 domain during the fusion process. If A1L35HR2m-Chol is

bound to the viral envelope, then the 3-dimensional search in so-

lution is converted to an intravirus search for the viral HR1

domain. Chol may also directly enhance HR1 binding affinity,

which can directly contribute to improved antiviral inhibitory

activity.20

Importantly, we found that A1L35HR2m-Chol distributed in res-

piratory tract tissues and exhibited long-lasting ex vivo anti-SARS-

CoV-2 activity, with a prolonged in vivo plasma t1/2 of 81.8 h. We

think the prolonged in vivo t1/2 is mainly due to the Chol modifica-

tion. Chol has been shown to bind to serum albumin, resulting in

the increased circulation time of the bound peptide.37 Chol modi-

fication could also cause A1L35HR2m-Chol to form micelles in

solution, leading to slower clearance. Indeed, the dynamic light

scattering experiments showed that A1L35HR2m-Chol formed

micelles (165 nm in diameter) in aqueous solution (Figure S6).

Chol modification might also help A1L35HR2m-Chol to stick to

endothelial cells and the reticuloendothelial systembyphysicalab-

sorption followed by slow release, which could also extend the

in vivo t1/2 of A1L35HR2m-Chol. This dramatically increased t1/2
probably contributed significantly to the in vivo antiviral activity of

A1L35HR2m-Chol. Indeed, we found that intranasal administra-

tion of A1L35HR2m-Chol can potently inhibit Omicron BA.5 and

EG.5.1 infection and replication in the hACE2 transgenic mouse

model both prophylactically and therapeutically.

In summary, we have established a method to improve HR2

peptide viral inhibitory activity drastically, and the engineered

A1L35HR2m-Chol potently inhibits different SARS-CoV-2 VOCs,

SARS-CoV, and MERS-CoV. We believe that A1L35HR2m-Chol

is a promising antiviral molecule that will retain inhibitory activity

against future emerging SARS-CoV-2 variants and thus is worth

further translational investigation.

Limitations of the study
Weelucidated the antiviral mechanism of A1L35HR2mbydisrupt-

ing key residues involved in A1/RBD and HR2m/HR1 interactions,

conclusively establishing the indispensability of both A1 and

HR2m for the enhanced activity. We proved that A1L35HR2m

likely inhibits viral infection by inhibiting the viral and cell mem-

brane fusion process by using S-protein-mediated cell-cell fusion

inhibition assay and CD experiments. However, the specific

contribution of A1 to the heightened activity of A1L35HR2m re-

mains unclear at this stage. The intricate dynamics of the S protein

prefusion conformation transitioning to the postfusion conforma-

tion are not fully understood presently. Consequently, delving

into the detailedmolecular impact of A1L35HR2mon this process

proves challenging at this point.

To assess the efficacy of A1L35HR2m-Chol in a more chal-

lenging context, we conducted an in vivo efficacy study against

the lethal Alpha variant infection. The results revealed that when

A1L35HR2m-Chol was intranasally administered 4 h before viral

infection, it provided complete protection to all mice, ensuring

their survival throughout the study—a testament to its robust

prophylactic efficacy. Notably, when A1L35HR2m-Chol was
administered 24 h prior to viral infection, the survival rate drop-

ped from 100% to 40% (Figure S7). This underscores the

significance of a high concentration of A1L35HR2m-Chol in the

respiratory tract for effectively preventing Alpha variant infection.

In the therapeutic efficacy study, the intravenous administration

of A1L35HR2m-Chol succeeded in extending the survival time of

mice; however, the overall therapeutic efficacy was not as pro-

nounced as the prophylactic efficacy. The lethality of K18-

hACE2 mice is largely due to neuro-invasion and encephalitis

other than pulmonary dysfunction.38 While A1L35HR2m-Chol

exhibited potent efficacy in inhibiting viral replication, its poten-

tial inability to traverse the blood-brain barrier compromises its

effectiveness in inhibiting virus replication within the brain.

Consequently, future studies may benefit from employing a

more physiologically relevant model. Nonetheless, our results

imply that A1L35HR2m-Chol could potentially contribute to pre-

venting future SARS-CoV-2-related outbreaks.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-SARS-CoV-2 N protein In house N/A

goat anti-rabbit Alexa Fluor 488-conjugated

IgG (H + L)

Thermo Fisher Cat#: A-11008; RRID: AB_143165

Bacterial and virus strains

BL21 In house N/A

SARS-CoV-2 Alpha Shuai et al. 202239 GenBank: OM212469

SARS-CoV-2 Omicron BA.2.12.1 Chon et al. 202340 EPI_ISL_13777659

SARS-CoV-2 Omicron BA.5 Chon et al. 202340 EPI_ISL_13777658

SARS-CoV-2 Omicron EG.5.1 Isolated from nasopharyngeal swab of a

laboratory confirmed patient

EPL_ISL_18461518

Chemicals, peptides, and recombinant proteins

A1 This paper N/A

HR2m This paper N/A

HR1 This paper N/A

HR2m-Chol This paper N/A

A1-Chol This paper N/A

A1L35HR2m-Chol This paper N/A

A1L35HR2m This paper N/A

A1L35HR2mdCdN This paper N/A

A3L35HR2m This paper N/A

A7L35HR2m This paper N/A

isopropyl 1-thio-b-D-galactopyranoside Sangon Biotech Cat#: A600168-0005

Vigofect Vigorous Biotech Cat#: T001

EZ-Link NHS-PEG12-Biotin Thermo Fisher Scientific Cat#: 21313

Dulbecco’s Modified Eagle’s Medium Gibco Cat#: 11965-092

Fetal Bovine Serum Gibco Cat#: 16140071

G418 MCE Cat#: HY-17561

Phosphate buffered saline Gibco Cat#: 10010-023

Penicillin/Streptomycin Gibco Cat#: 15140122

0.25% Trypsin-EDTA Gibco Cat#: 25200-072

Critical commercial assays

Luciferase assay system Promega Cat#: E1501

Cell Counting Kit-8 Dojindo Cat#: CK04

Alanine aminotransferase Assay Kit NJJCBIO Cat#: C009-2-1

Aspartate aminotransferase Assay Kit NJJCBIO Cat#: C010-2-1

g- Glutamyl transferase Assay Kit NJJCBIO Cat#: C017-2-1

creatinine (Cr) Assay kit NJJCBIO Cat#: C011-2-1

RNeasy mini kit Qiagen Cat#: 74106

One Step TB Green�
PrimeScriptTM RT-PCR Kit II (Perfect Real

Time)

Takara Cat#: RR086A

Experimental models: Cell lines

293T ATCC CRL-3216

Caco-2 Cai et al., 202029 N/A

Calu-3 Xia et al., 202014 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

VeroE6-TMPRSS2 Japanese Collection of Research

Bioresources (JCRB) Cell Bank

JCRB1819

Experimental models: Organisms/strains

Balb/c mice Laboratory Animal Resources Center of

Westlake University

N/A

K18-hACE2 C57BL/6J mice The Jackson Laboratory Strain#: 034860

Oligonucleotides

SARS-CoV-2 RdRp forward sequence:

50-CGCATACAGTCTTRCAGGCT-30
Integrated DNA Technologies N/A

SARS-CoV-2 RdRp reverse sequence:

50-GTGTGATGTTGAWATGACATGGTC-30
Integrated DNA Technologies N/A

Housekeeping gene mouse beta-actin

sequence forward: 50-
ACGGCCAGGTCATCACTATTG-30

Integrated DNA Technologies N/A

Housekeeping gene mouse beta-actin

reverse sequence: 50-
CAAGAAGGAAGGCTGGAAAAG-30

Integrated DNA Technologies N/A

Recombinant DNA

pcDNA3.1-SARS-CoV-S Xia et al., 201914 GenBank: ABD72979.1

pcDNA3.1-MERS-CoV-S MiaoLingBio N/A

pcDNA3.1-SARS-CoV-2-S Xia et al., 202020 GenBank: QHD43416

pcDNA3.1-SARS-CoV-2 D614G S This paper N/A

pcDNA3.1-SARS-CoV-2 Beta S This paper N/A

pcDNA3.1-SARS-CoV-2 Delta S This paper N/A

pcDNA3.1-SARS-CoV-2 Omicron BA.1 S Genewiz N/A

pcDNA3.1-SARS-CoV-2 Omicron XBB S This paper N/A

pcDNA3.1-SARS-CoV-2 Omicron BQ.1.1 S This paper N/A

pcDNA3.1-EGFP This paper N/A

pcDNA3.1-EGFP- SARS-CoV-2 D614G S This paper N/A

pET28a-A1L35HR2m Genewiz N/A

pET28a-HR2mL35A1 Genewiz N/A

pET28a-A1L5HR2m Genewiz N/A

pET28a-A1HR2m Genewiz N/A

pET28a-A3L35HR2m This paper N/A

pET28a-A7L35HR2m This paper N/A

pET28a-A1L35HR2mdCdN This paper N/A

pNL4-3.Luc.RE Xia et al., 202020 N/A

Software and algorithms

GraphPad Prism Version 6.02 GraphPad https://www.graphpad.com

ImageJ National Institutes of Health https://imagej.nih.gov/ij

Other

Ni-NTA beads Smart-Lifesciences Cat#: SA004100

Amicon column Millipore Cat#: UFC5003BK

TissueLyser II Qiagen https://www.qiagen.com/au/listpages/

ez1-cards/tissuelyser-ii/

SAPPHIRE FL BIOMOLECULAR IMAGER AZURE Biosystems Cat#: IS4000

Stainless Steel Beads, 5mm Qiagen Cat#: 69989

Cell Reports Medicine 5, 101418, February 20, 2024 e2

Article
ll

OPEN ACCESS

https://www.graphpad.com
https://imagej.nih.gov/ij
https://www.qiagen.com/au/listpages/ez1-cards/tissuelyser-ii/
https://www.qiagen.com/au/listpages/ez1-cards/tissuelyser-ii/


Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Bobo Dang (dangbobo@

westlake.edu.cn).

Materials availability
All requests for resources and reagents should be directed to the lead contact author. All reagents, which includes peptides, proteins,

plasmids, and virus, will be made available on request after completion of a Material Transfer Agreement for non-commercial usage.

Data and code availability
All data reported in this study will be shared upon request from the lead contact. This paper does not report original code. Any

additional information required to reanalyze the data reported in this work paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
293T, Caco-2, Calu-3 and VeroE6-TMPRSS2were cultured in DMEMwith 10% fetal bovine serum (FBS). All cell lines were incubated

and routinely maintained at 37�C in humidified air containing 5% CO2.

Virus
Live SARS-CoV-2 variants were isolated from the respiratory tract specimens of COVID-19 patients in Hong Kong.39 All experimental

protocols involving live SARS-CoV-2 followed the approved standard operating procedures of HKU Biosafety Level 3 facility.

Mice
The use of animals was approved by the Committee on the Use of Live Animals in Teaching and Research of The University of Hong

Kong.39 Heterogeneous K18-hACE2 C57BL/6J mice were obtained from The Jackson Laboratory. 6- to 10-week-old male and fe-

male K18-hACE2 were used for all in vivo efficacy experiments. Balb/c mice (aged 6–8 weeks) for the safety and pharmacokinetics

studywere obtained from the Laboratory Animal Resources Center ofWestlake University and the experiments were approved by the

Institutional Animal Care and Use Committee (IACUC) guidelines of Westlake University. Animals were kept in cages with individual

ventilation with 65% humidity and ambient temperature ranging between 21�C and 23�C with 12-hour-interval day/night cycle for

housing and husbandry.

METHODS DETAILS

Chemicals
All chemicals were purchased from commercial vendors and used without further purification. Fmoc-L-Gly-OH, Fmoc-L-Leu-OH,

Fmoc-L-Ile-OH, Fmoc-L-Val-OH, Fmoc-L-Lys(Boc)-OH, Fmoc-L-Lys(Alloc)-OH, Fmoc-L-Ala-OH, Fmoc-L-Cys(Trt)-OH, Fmoc-L-

Gln(Trt)-OH, Fmoc-L-Asn(Trt)-OH, Fmoc-L-Glu(OtBu)-OH, Fmoc-L-Asp(OtBu)-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-L-Phe-OH,

Fmoc-L-Trp(Boc)-OH, Fmoc-His(Boc)-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-L-Thr(tBu)-OH, Fmoc-L-Tyr(tBu)-OH, Fmoc-L-Pro-OH,

Boc-L-Asp(OtBu)-OH, and Fmoc-L-Met-OH were purchased from GL Biochem. Fmoc-Rink amide resin was purchased from

Tjhecheng. Bromoacetic acid, [2-[2-(Fmoc-amino)ethoxy]ethoxy]acetic acid, N,N0-diisopropylcarbodiimide (DIC), ethyl cyanoglyox-

ylate-2-oxime (Oxyma), N,N-dimethylformamide (DMF), dichloromethane (DCM), diethyl ether, trifluoroacetic acid, triisoproprylsi-

lane, 4-methyl pepiridine and HPLC-grade acetonitrile were obtained from Energy Chemical.

Peptides
Peptides were synthesized by solid phase peptide synthesis (SPPS) on a Liberty Blue automated microwave peptide synthesizer

(CEM Corporation, North Carolina, USA). Resins were swelled in DMF for 5 min before use. The Fmoc groups of both the resin

and the assembled amino acids were removed by treatment with 20% 4-methylpiperidine in DMF at 40�C. Amino acid coupling

was carried out at 80�C with 5 equiv. Fmoc-amino acids, 5 equiv. Oxyma, and 5 equiv. DIC. The coupling reaction for Fmoc-His

(Trt)-OH was carried out at 50�C for 10 min to prevent side reactions at high temperature. After completion of the stepwise SPPS,

the resins werewashed thoroughly with DCMand dried under vacuum. The peptideswere then cleaved off the resins, and side chains

were deprotected by treatment with 2% (v/v) water and 2.5% (v/v) triisopropylsilane in neat trifluoroacetic acid (TFA) for 2.5 h at room

temperature. The resulting solution containing peptide was precipitated andwashedwith cold diethyl ether three times. The obtained

solid was dissolved in 50% H2O: 50% acetonitrile containing 0.1% TFA and lyophilized. The crude peptides were purified by semi-

preparative reversed-phase high-pressure liquid chromatography (RP-HPLC), and the purities of the peptides were more than 95%,

as determined by RP-HPLC and electrospray ionization mass spectrometry (ESI-MS) characterization. The peptides were solubilized

using dimethyl sulfoxide (DMSO) or PBS.
e3 Cell Reports Medicine 5, 101418, February 20, 2024
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Plasmids and cells
The envelope-expressing plasmids pcDNA3.1-SARS-CoV-S and pcDNA3.1-SARS-CoV-2-S and luciferase-expressing plasmid

pNL4-3.Luc.RE were kindly provided by Drs. Shibo Jiang and Lu Lu at Shanghai Medical College of Fudan University. The SARS-

CoV-2 S mutant envelope-expressing plasmids were generated by using overlap PCR. Cell lines, including 293T, Caco-2 and

Calu-3, were also kindly provided by Drs. Shibo Jiang and Lu Lu and cultured in DMEM with 10% fetal bovine serum (FBS).

Expression and purification of fusion peptides
The genes encoding A1L35HR2m, HR2mL35A1, A1L5HR2m and A1HR2m were synthesized and cloned into a pET28a vector by

Genewiz, Suzhou, China. The genes encoding A3L35HR2m, A7L35HR2m and A1L35HR2mdCdN were generated by using overlap

PCR and cloned into a pET28a. pET28a-A1L35HR2m, pET28a-HR2mL35A1, pET28a-A1L5HR2m, pET28a-A1HR2m, pET28a-

A3L35HR2m, pET28a-A7L35HR2m and pET28a-A1L35HR2mdCdN plasmids were transformed separately into E. coli BL21

(DE3). The cells were shaken at 37�C in LB medium until the OD600 reached 0.8. Protein expression was induced with 0.5 mM iso-

propyl 1-thio-b-D-galactopyranoside for 6 h at 37�C. Then, the cells were harvested, sonicated in PBSwith 1%Triton and centrifuged

at 1,2000 3 g for 10 min. The supernatant was loaded onto Ni-NTA beads (Smart-Lifesciences, Cat. SA004100) and washed with

10 mM imidazole in PBS. Proteins were then eluted with elution buffer (250 mM imidazole in PBS). The peak fractions were collected

and concentrated with a 3 kDa ultrafiltration tube (Millipore, Germany). The proteins were then analyzed by SDS‒PAGE and LC‒MS.

Preparation of A1L35HR2m-Chol protein
His-TEV-A1L35HR2m-Cys protein was expressed in E. coli BL21 and purified by Ni-NTA beads. The purified His-TEV-A1L35HR2m-

Cys protein was digested by TEV protease in 50 mM Tris-HCl (pH = 7.4) with 1 mMDTT at 4�C overnight. Then, the A1L35HR2m-Cys

protein was purified again by semipreparative RP-HPLC and lyophilized, resulting in a white powder. The bromoacetyl-PEG4-chol

molecule was synthesized on the H-Rink-Amid-ChemMatrix resin and then purified by semipreparative RP-HPLC and lyophilized,

resulting in a light yellow powder. The A1L35HR2m-Chol protein was synthesized via a nucleophilic substitution reaction between

the terminal thiol group on the peptide cysteine residue and bromoacetyl-PEG4-chol molecule in acetonitrile/PBS (70/30: v/v)

(pH 8.0) mixture buffer. The final product was purified by semipreparative RP-HPLC and lyophilized, resulting in a white powder.

The identity of the A1L35HR2m-Chol protein was verified by LC-MS (Figure S3A).

Inhibition of pseudotyped virus infection
SARS-CoV-2 and its variants were generated as described previously.20 Briefly, 293T cells were cotransfected with the plasmid en-

coding the S protein of SARS-CoV-2 or its variants and the luciferase-expressing HIV-1 genome plasmid by using Vigofect reagent

(Vigorous Biotech, Beijing, China). The supernatants were collected at 48 h post-transfection, centrifuged at 3,0003 g for 10min and

stored at �80�C for single-cycle infection. The antiviral activities of the proteins were determined by using Caco-2 cells (104/well)

infected by SARS-CoV-2 pseudovirus mixed with the inhibitors. The supernatants were replaced with fresh DMEM with 10% FBS

at 12 h post-infection, and the cells were cultured for an additional 48 h at 37�C. The cells were lysed, and the luciferase activity

was measured by using a luciferase kit (Promega, Madison, WI, USA) on a microplate reader (Thermo, Variokan LUX). All best-fit in-

hibition curves were drawn using GraphPad Prism.

Binding affinity determination using biolayer interferometry (BLI)
The HR1 peptide was biotinylated at a theoretical 1:3 M ratio with EZ-Link NHS-PEG12-Biotin (Thermo Fisher Scientific) according to

themanufacturer’s instructions. The unreacted biotin was removed by ultrafiltration with an Amicon column (3 kDaMWCO,Millipore).

For kinetics analyses, HR1 was captured on streptavidin biosensors. Biotinylated HR1 was diluted to 5 mg/mL in dilution buffer (PBS

with 0.02% Tween 20). The background signal was measured using a reference sensor with HR1 loading but no inhibitor binding and

was subtracted from the corresponding inhibitor binding sensor. Curve fitting was performed using ForteBio data analysis software.

Mean kon, koff, and KD valueswere determined by averaging all binding curves thatmatched the theoretical fit with an R2 value of 0.96.

Inhibition of SARS-CoV-2 D614G S-mediated cell‒cell fusion
The establishment and detection of the cell–cell fusion assay was similar to that for determining HIV-1 Env-mediated cell‒cell
fusion.41 In brief, 293T cells were transfected with the plasmid pcDNA3.1 encoding EGFP and SARS-CoV-2 D614G S protein

(293T/EGFP/S protein) or encoding the EGFP (293T/EGFP) and used as effector cells. Calu-3 cells or Caco-2 cells were used as

target cells. For SARS-CoV-2 D614G S-mediated cell–cell fusion assays, target cells were incubated at 37�C overnight, followed

by the addition of 293T/EGFP/S cells in the presence or absence of the tested inhibitors at different concentrations. After coculture

at 37�C for 5 h, three fields were randomly selected in each well to count the number of fused and unfused cells under an inverted

fluorescence microscope (ZEISS, Germany).

Circular dichroism (CD) spectroscopy
CD spectroscopy was conducted, as previously described.18 Briefly, the HR1 peptide was incubated at equal molar concentration

with A1, HR2m or A1L35HR2m at 37�C for 30 min. These four individual peptides were used as control. The final concentration of

each peptide was 10 mM in phosphate buffer (PB, pH 7.2). The CD spectra were measured on a Chirascan Spectrometer (model
Cell Reports Medicine 5, 101418, February 20, 2024 e4
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Chirascan V100; Applied Photophysics Ltd., UK), using a 1-nm bandwidth with a 1-nm step resolution from 190 to 280 nm at room

temperature. The spectra were corrected by subtraction of a solvent blank (PB).

Cell viability assay
The potential cytotoxicity of peptides to Calu-3 and Caco-2 cells was measured by using the Cell Counting Kit-8 (CCK-8, Dojindo)

according to the manufacturer’s instructions. Briefly, 100 mL of peptides at the indicated concentrations were added to equal vol-

umes of cells (104 cells/well) in a 96-well plate. Cell viability was evaluated using the CCK-8 kit after incubation at 37�C for

2 days. After incubation with CCK-8 reagents at 37�C for another 2 h, the absorbance at 450 nmwasmeasured with an ELISA reader,

and the percentage of cytotoxicity was calculated.

Safety of A1L35HR2m-Chol in vivo

Twelve Balb/c mice (6–8 weeks old) were assigned randomly to 4 groups and administrated intranasally with PBS (n = 3), 5 mg/kg

A1L35HR2m (n = 3), 5 mg/kg A1L35HR2m-Chol (n = 3), or 20 mg/kg A1L35HR2m-Chol (n = 3). ALT, AST, GGT and creatinine in the

sera were measured by using the ALT, AST, GGT and creatinine assay kits (NJJCBIO, Nanjing, China) before administration and 4 h,

1, 3, and 5 days post-administration, respectively.

Ex vivo inhibition and in vivo half-life of fusion peptides
The ex vivo anti-SARS-CoV-2 D614G activity of A1L35HR2m or A1L35HR2m-Chol in plasma or tissue homogenate samples was

detected as described previously.34,41 Briefly, Balb/c mice were intranasally administered 5 mg/kg A1L35HR2m (n = 3) or

A1L35HR2m-Chol (n = 3). Sera were collected from these mice before (0 h) and 2, 4, 8, 12, 24, 48, 72, 120, 168, 240 and 336 h after

injection. Lung, nose and trachea tissue were also collected from A1L35HR2m-Chol treated mice, homogenized in 0.3 mL PBS of

tissues and frozen. The inhibitory activities of plasma and tissue homogenate samples were tested against SARS-CoV-2 D614G

infection as described above. The dilution fold of the serum achieving 50% inhibition (DF-IC50) was calculated. Based on the calcu-

lated DF-IC50 values, the concentration of peptides in the plasma or tissue homogenate samples was estimated, and the in vivo half-

life and other pharmacokinetic parameters were calculated using PKSolver software as previously described.41

Microneutralization assays
The inhibitory activity of A1L35HR2m-Chol against authentic Omicron BA.2.12.1 and BA.5 infection was determined as described

previously.36,40 Briefly, TMPRSS2-overexpressing VeroE6 cells were seeded into 96-well plates at 2 x 104 cells/well one day before

infection. Peptides at serially diluted concentrations were preincubated with 2,500 plaque-forming units (PFU) of SARS-CoV-2 Om-

icron BA.2.12.1, BA.5 or EG.5.1 for 1 h at 37�C. The virus-peptide mixture was then inoculated into the cells and kept at 37�C in a 5%

CO2 incubator for 36 h. After incubation, the supernatants were removed, and the cells were fixed with 10% formaldehyde solution.

After fixation, the cells were penetrated by 0.2% Triton X-100 in PBS and then stained with rabbit anti-SARS-CoV-2 N protein for 1 h

at room temperature, followed by staining with goat anti-rabbit Alexa Fluor 488-conjugated IgG (H + L) cross-adsorbed secondary

antibody (Thermo Fisher). The signals were quantitated by a Sapphire Biomolecular Imager (Azure Biosystems), and the images were

analyzed by ImageJ software. The IC50 values were plotted by fitting a nonlinear regression curve in GraphPad Prism.

Viral load reduction assay
A viral load reduction assay was performed on VeroE6-TMPRSS2 cells by RT‒qPCR as described previously.42 The cell culture su-

pernatants or animal tissue homogenates were lysed in RLT buffer, followed by RNA extraction using a RNeasy mini kit (Qiagen). The

viral load was quantified by a one-step TB green RT‒PCR kit (Takara) according to the protocol of the LightCycle 480 real-time PCR

system (Roche). The primers used for quantification targeted SARS-CoV-2 RdRp genes: forward sequence: 50-CGCATACAGTCTTR-

CAGGCT-3’; reverse sequence: 50-GTGTGATGTTGAWATGACATGGTC-3’.

Prophylactic and therapeutic efficacy of A1L35HR2m-Chol against omicron variants and alpha infection in K18-
hACE2 transgenic mice
K18-hACE2 transgenic mice were obtained from the Center for ComparativeMedicine Research, University of Hong Kong. All exper-

imental protocols were approved by the Animal Ethics Committee in the HKU and performed according to the standard operating

procedures of the biosafety level 3 animal facilities.

The peptide prophylactic experiment was performed in a K18-hACE2 transgenic mousemodel. Briefly, 6- to 8-week-old malemice

(n = 5) were anesthetized and treated intranasally with lipopeptide A1L35HR2m-Chol or vehicle once daily at 2 days and 1 day prior to

infection, respectively. At day 0, the mice were inoculated with 10,000 PFU of Omicron BA.5 intranasally. The mice were sacrificed at

2 days post-infection. The nasal turbinate and lungs were collected for qPCR and infectious titer analyses. For the dominant circu-

lating EG.5.1 infection experiment, the mice were intranasally administered a single dose of A1L35HR2m-Chol (2 mg/kg, n = 5) or

vehicle at 4 h before virus infection. At 48 hpi, the nasal turbinate and lungs were collected for infectious viral titer analyses. For

the SARS-CoV-2 Alpha lethal infection experiment, the mice were intranasally administered a single dose of A1L35HR2m-Chol

(2 mg/kg, n = 5) at 4 h before virus infection., and surviving mice and body weight changes were monitored until the study endpoint

(14 dpi)
e5 Cell Reports Medicine 5, 101418, February 20, 2024
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For the therapeutic experiment, 6- to 8-week-old male K18-hACE2 mice (n = 5) were intranasally challenged with 10,000 PFU of

Omicron BA.5. At days 1 and 2 post-infection, the mice were intranasally treated with A1L35HR2m-Chol or vehicle, respectively. At

day 3 post-infection, themicewere sacrificed, and the nasal turbinate and lungswere harvested and homogenized. The viral load and

infectious titer in tissues were determined as described previously.43 For the EG.5.1 infection experiment, mice were treated with

A1L35HR2m-Chol (2 mg/kg, n = 5) or vehicle at 4 and 28 hpi in the therapeutic group. At 48 hpi, the nasal turbinate and lungs

were collected for infectious virus titration. For the survival rate experiment, the mice were challenged on day 0 with 200 PFU

SARS-CoV-2 Alpha per mouse, mice were intravenously administered of A1L35HR2m-Chol (2 mg/kg, n = 5) after 4 h infection

and once-daily for a total of 6 times. Body weight changes were monitored until death or 14 dpi.

QUANTIFICATION AND STATISTICAL ANALYSIS

All sample sizes and replicate number are included in the Figure Legends. All data are shown as mean ± SEM. The p values are rep-

resented as follows: *p < 0.05, **p < 0.01, and not statistically significant when p > 0.05. All statistical analysis was performed using

GraphPad Prism (Version 6.02). IC50 values were determined by least squares fit nonlinear regression in GraphPad Prism

(Version 6.02).
Cell Reports Medicine 5, 101418, February 20, 2024 e6
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