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Abstract
Development of potent and broad-spectrum drugs against severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) remains one of the top priorities,
especially in the cases of the emergence of mutant viruses and inability of cur-
rent vaccines to prevent viral transmission. In this study, we have generated a
novel membrane fusion-inhibitory lipopeptide IPB29, which is currently under
clinical trials; herein, we report its design strategy and preclinical data. First, we
surprisingly found that IPB29 with a rigid linker between the peptide sequence
and lipidmolecule had greatly improvedα-helical structure and antiviral activity.
Second, IPB29 potently inhibited a large panel of SARS-CoV-2 variants including
the previously and currently circulating viruses, such as Omicron XBB.5.1 and
EG.5.1. Third, IPB29 could also cross-neutralize the bat- and pangolin-isolated
SARS-CoV-2-related CoVs (RatG13, PCoV-GD, and PCoV-GX) and other human
CoVs (SARS-CoV, MERS-CoV, HCoV-NL63, and HCoV-229E). Fourth, IPB29
administrated as an inhalation solution (IPB29-IS) in Syrian hamsters exhibited
high therapeutic and preventive efficacies against SARS-CoV-2Delta orOmicron
variant. Fifth, the pharmacokinetic profiles and safety pharmacology of IPB29-
IS were extensively characterized, providing data to support its evaluation in
humans. In conclusion, our studies have demonstrated a novel design strategy for
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viral fusion inhibitors and offered an ideal drug candidate against SARS-CoV-2
and other coronaviruses.
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1 INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infects cells through fusion of viral and cellular
membranes, which is mediated by its trimeric spike (S)
protein. The S1 subunit of S protein contains receptor-
binding domain (RBD) that is responsible for recognition
of the human angiotensin-converting enzyme 2 (ACE2)
receptor, whereas S2 subunit mediates the membrane
fusion process by assembling a six-helical bundle (6-HB)
structure between two heptad repeat regions, HR1 and
HR2.1–3 Structural data demonstrate that threeHR1 helices
form a trimeric coiled-coil center, aroundwhich threeHR2
helices are entwined in an antiparallel manner.4–6 It is
thought that formation of 6-HB provides the energy to
drive viral and cellularmembranes into close proximity for
fusion and infection.
Peptides derived from HR1 or HR2 are potent inhibitors

of viral entry through blocking the assembly of 6-HB,
as exemplified by anti-human immunodeficiency virs
(HIV) drug enfuvirtide (T20), the first clinically approved
viral fusion inhibitor.7,8 This strategy has been extended
to develop inhibitors against many enveloped viruses,
including the emerging coronaviruses (CoVs) SARS-CoV,
MERS-CoV, and SARS-CoV-2.9,10 Since the outbreak
of coronavirus disease 19 (COVID-19), we have dedi-
cated to characterizing the mechanism of SARS-CoV-2 S
protein-mediated membrane fusion and design of HR2-
based fusion-inhibitory lipopeptides.11–17 As illustrated
in Figure 1, IPB02 and its derivatives were designed with
the HR2 core sequence, whereas P40-LP contained an
N-terminally extended VDLG motif and IPB24 contained
a membrane proximal external region (MPER). These
inhibitors were characterized with very potent and
broad-spectrum activities against divergent SARS-CoV-2
variants, as well as other human CoVs.12,13,15–17 However,
SARS-CoV-2 continues to evolve with larges mutations,
leading to many new variants that can escape vaccines and
antivirals, such as Omicron XBB.1.5 and EG.5.1; therefore,
development of pan-coronavirus inhibitors remains one
of high priorities.

Previous studies have demonstrated that introducing a
flexible linker or adaptor between the peptide sequence
and lipid moiety is crucial for the antiviral activity
of fusion-inhibitory lipopeptides.4,12,13,18,19 For example,
IBP02V2, P40-LP, and IPB24 adopt an 8-unit or 4-unit
polyethylene glycol (PEG8 or PEG4).12,13,17 In order to
further characterize SARS-CoV-2 fusion inhibitors and
develop a more efficient lipopeptide for clinical develop-
ment, here we have optimized IPB24 by a rigid linker, the
helix-facilitating amino acid sequence EAAAK, leading to
a new lipopeptide IPB29withmarkedly improved α-helical
stability and inhibitory activity. IPB29 has been formulated
as an inhalation solution (IPB29-IS) and is currently under
phase II/III clinical trials in China (ChiCTR2300068170,
ChiCTR2300075467); it has been also approved for clinical
investigation by the United States Food and Drug Admin-
istration (US FDA) and Australian therapeutic Goods
Administration (TGA). Herein, we report the data from its
design and preclinical characterizations.

2 RESULTS

2.1 Design of SARS-CoV-2 fusion
inhibitor lipopeptides containing a rigid
adaptor

All the previously reported viral lipopeptide-based fusion
inhibitors were exclusively designed with a flexible linker
between the peptide sequence and lipid molecule, mostly
the short PEG linker or glycine-serine (GS) linker or their
combination.4,12,13,17,19 For the first time, herewe compared
the functionalities of the flexible linker and rigid linker
in designing of fusion-inhibitory lipopeptides. Three new
lipopeptides, IPB28 using a flexible “GSGSG” linker, IPB29
and IPB30 using a rigid “EAAAK” linker, were synthe-
sized (Figure 1B), and they were characterized along with
IPB24, which has an identical HR2 sequence but with a
PEG4 linker. As determined by circular dichroism (CD)
spectroscopy, IPB24 and IPB28 alone displayed anα-helical
content of ∼19–20% and their melting temperature (Tm)
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F IGURE 1 Design strategy and structural characteristics of SARS-CoV-2 fusion inhibitors. (A) Illustration of the S protein and HR1/HR2
sequences. SP, signal peptide; NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide; HR1, heptad repeat 1 region; HR2,
heptad repeat 2 region; MPER, membrane-proximal external region; TM, transmembrane domain; CP, cytoplasmic peptide. The S1/S2 and S2’
cleavage sites and MPER are marked with arrow. The HR1 and HR2 sequences are listed, in which the residues that mediate the potential
HR1-HR2 interactions are colored in red. (B) HR2-derived fusion-inhibitory lipopeptides. Corresponding to the HR2 core sequence, the
N-terminally extended VDLG residues are marked in green and the C-terminally extended MPER residues are colored in purple. Chol,
cholesterol; PEG8 or PEG4, 8-unit or 4-unit polyethylene glycol; SA, stearic acid. (C and D) Structural characterization of fusion inhibitor
lipopeptides by circular dichroism (CD) spectroscopy. The α-helicity (left) and thermostability (right) of lipopeptides alone (C) or in complexes
with HR1-derived target mimic peptide N52 (D) were respectively determined with the final concentration of a lipopeptide or N52 at 10 µM.

values could not be defined, which suggested that they
were largely in a random secondary structure; in a sharp
contrast, IPB29 and IPB30 alone exhibited the α-helical
contents of 74 and 62%, respectively, and they had Tm val-
ues of 48.2 and 46.1◦C, respectively (Figure 1C,D). When
mixed with an HR1-derived target-mimic peptide N52,

the IPB24, IPB28, IPB29, and IPB30 complexes showed
the α-helical contents of 48, 37, 68, and 53%, respec-
tively and Tm values of 90, 89, 86, and 78◦C, respectively.
Therefore, the helix-promotingEAAAKadaptor could ren-
der lipopeptide-based fusion inhibitors with enhanced
α-helicity and thermostability.
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F IGURE 2 Antiviral activities of SARS-CoV-2 fusion inhibitor lipopeptides. The inhibitory activities of lipopeptides against live
SARS-CoV-2 infections (A) and against S protein-mediated cell fusion (B) were respectively determined; data are expressed as
means ± standard deviations (SD).

2.2 IPB29 exhibits greatly improved
inhibitory activity against SARS-CoV-2
infection

We were intrigued to characterize the antiviral activities
of the newly designed lipopeptides. To this end, several
live SARS-CoV-2 strains, including the ancestral Wuhan-
Hu-1 isolate (WT) and three variants of concern (Delta,
Omicron BA.2, and Omicron BA.4), were applied in a
focus reductionneutralization test (FRNT) inVeroE6 cells.
As shown in Figure 2A, IPB24, PB28, IPB29, and IPB30
potently inhibited WT virus with the 50% inhibitory con-
centration (IC50) values of 17.99, 19.93, 2.56, and 72.93 nM,

respectively; inhibited Delta virus with the IC50 values of
30.1, 32.27, 2.69, and 62.07 nM, respectively; inhibited Omi-
cron BA.2 virus with the IC50 values of 6.75, 6.01, 3.51,
and 17.56 nM, respectively; and inhibited Omicron BA.4
virus with the IC50 values of 8.8, 6.95, 1.41, and 15.17 nM,
respectively.
We also characterized the activities of the four lipopep-

tides in blocking S protein-mediated cell–cell fusion by a
dual-split protein (DSP)-based cell fusion assay. As shown
in Figure 2B, IPB24, PB28, IPB29, and IPB30 exhibited
comparable inhibitory activities against the S proteins
derived from the WT virus and eleven Omicron vari-
ants (BA.1, BA.2, BA2.12.1, BA.3, BA.4/5, BF.7, BQ.1.1,
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TABLE 1 Inhibitory activities of novel lipopeptides against diverse SARS-CoV-2 variants (IC50 ± SD, nM).a

Pseudovirus on 293T/ACE2 Pseudovirus on Huh-7
Pseudovirus IPB24 IPB28 IPB29 IPB30 IPB24 IPB28 IPB29 IPB30
Panel 1
WT 5.51 ± 0.27 6.91 ± 0.21 0.57 ± 0.004 4.19 ± 0.05 2.43 ± 0.07 2.88 ± 0.05 0.53 ± 0.001 2.77 ± 0.12
D614G 6.17 ± 0.02 7.26 ± 0.05 0.77 ± 0.05 4.57 ± 0.16 3.15 ± 0.06 4.23 ± 0.17 0.74 ± 0.07 2.47 ± 0.10
Alpha 5.94 ± 0.10 6.12 ± 0.21 1.13 ± 0.04 3.11 ± 0.02 5.42 ± 0.30 4.29 ± 0.39 0.73 ± 0.10 2.05 ± 0.07
Beta 5.65 ± 0.01 5.75 ± 0.16 0.89 ± 0.00 2.41 ± 0.27 3.29 ± 0.76 4.21 ± 0.26 0.65 ± 0.16 1.90 ± 0.10
Gamma 6.41 ± 0.09 5.45 ± 0.02 0.53 ± 0.05 2.97 ± 0.23 3.95 ± 0.71 3.82 ± 0.28 0.57 ± 0.002 2.31 ± 0.47
Delta 4.94 ± 0.03 6.30 ± 0.47 0.79 ± 0.02 3.57 ± 0.28 3.46 ± 0.13 4.34 ± 0.23 0.56 ± 0.05 2.17 ± 0.01
Lamda 6.57 ± 0.01 7.86 ± 0.35 1.14 ± 0.02 4.81 ± 0.09 4.10 ± 0.69 5.36 ± 1.37 0.86 ± 0.10 3.45 ± 0.16
K417N 6.04 ± 0.01 6.49 ± 0.09 1.10 ± 0.06 4.07 ± 0.02 3.93 ± 0.84 5.33 ± 0.43 1.30 ± 0.25 1.78 ± 0.27
E484K 5.61 ± 0.17 8.46 ± 0.39 0.97 ± 0.03 3.91 ± 0.06 4.84 ± 0.13 5.98 ± 0.04 0.99 ± 0.16 2.40 ± 0.48
N501Y 5.24 ± 0.54 6.11 ± 0.18 1.25 ± 0.01 3.50 ± 0.26 3.47 ± 0.57 5.03 ± 0.03 0.97 ± 0.07 2.12 ± 0.03
P681R 4.31 ± 0.22 4.54 ± 0.32 0.79 ± 0.01 3.93 ± 0.15 2.09 ± 0.09 3.71 ± 0.19 0.75 ± 0.08 1.95 ± 0.17
N501Y/△69-70 4.96 ± 0.10 6.12 ± 0.07 1.20 ± 0.13 5.56 ± 0.12 4.51 ± 0.47 5.34 ± 0.54 1.03 ± 0.01 3.37 ± 0.06
N501Y/P681H 3.84 ± 0.13 5.68 ± 0.40 1.01 ± 0.10 3.84 ± 0.19 2.48 ± 0.11 4.55 ± 0.31 0.83 ± 0.06 2.41 ± 0.63
Mean 5.48 6.39 0.93 3.88 3.62 4.54 0.81 2.4
Panel 2
BA.1 4.51 ± 0.15 4.51 ± 0.19 0.47 ± 0.03 1.78 ± 0.09 2.56 ± 0.47 2.46 ± 0.24 0.46 ± 0.02 1.46 ± 0.09
BA.2 1.40 ± 0.32 3.02 ± 0.08 0.32 ± 0.02 2.72 ± 0.51 1.17 ± 0.16 1.48 ± 0.36 0.16 ± 0.06 1.17 ± 0.34
BA.2.12.1 1.50 ± 0.34 3.02 ± 0.33 0.31 ± 0.18 2.73 ± 0.17 1.13 ± 0.01 1.73 ± 0.35 0.26 ± 0.04 1.40 ± 0.53
BA.3 1.40 ± 0.07 2.69 ± 0.22 0.33 ± 0.03 3.29 ± 0.16 1.54 ± 0.04 2.17 ± 0.52 0.14 ± 0.02 1.28 ± 0.37
BA.4/5 1.12 ± 0.17 2.21 ± 0.43 0.23 ± 0.04 3.41 ± 0.33 1.08 ± 0.11 1.69 ± 0.22 0.2 ± 0.020 1.27 ± 0.31
BF.7 1.81 ± 0.13 1.71 ± 0.71 0.34 ± 0.04 1.65 ± 0.26 1.35 ± 0.26 1.6 ± 0.03 0.42 ± 0.14 2.09 ± 0.23
BQ.1.1 1.37 ± 0.3 2.08 ± 0.5 0.46 ± 0.14 1.98 ± 0.19 1.17 ± 0.04 1.69 ± 0.06 0.38 ± 0.14 1.86 ± 0.15
XBB 1.61 ± 0.14 1.98 ± 0.25 0.25 ± 0.03 2.66 ± 0.23 1.34 ± 0.26 1.77 ± 0.46 0.29 ± 0.02 1.4 ± 0.06
XBB.1.1.5 1.55 ± 0.19 2.13 ± 0.3 0.33 ± 0.08 1.94 ± 0.21 1.24 ± 0.11 1.65 ± 0.03 0.22 ± 0.01 1.71 ± 0.4
CH.1.1 1.2 ± 0.12 1.91 ± 0.07 0.33 ± 0.01 2.48 ± 0.54 1.04 ± 0.05 1.46 ± 0.11 0.28 ± 0.02 1.77 ± 0.08
Mean 1.75 2.53 0.34 2.46 1.36 1.77 0.28 1.54

aSamples were tested in triplicate, the experiments were repeated three times, and data are expressed as means ± SD.

XBB, XBB.1.5, CH.1.1, and EG.5.1), with the IC50 values at
subnanomolar ranges.

2.3 IPB29 is a highly potent inhibitor of
SARS-CoV-2 variants and other CoVs

Given that a large number of SARS-CoV-2 variants
emerged and caused the previous COVID-19 pandemics
worldwide, we constructed two large panels of pseu-
doviruses (PsV) carrying the corresponding mutant S
proteins. The panel 1 viruses included the previously circu-
lated variants (D614G,Alpha, Beta, Gamma,Delta, Lamda)
and several mutants with specific substitutions (K417N,
E484K, N501Y, P681R, N501Y/Δ69-70, and N501Y/P681H);
the panel 2 viruses represent divergent Omicron sublin-
eages, including the recently emerged BF.7, BQ.1.1, XBB,
XBB.1.5, and CH.1.1 variants. As determined by a single-

cycle infection assay (Table 1), IPB24, PB28, IPB29, and
IPB30 inhibited the panel 1 viruses with the average IC50
values of 5.48, 6.39, 0.93, and 3.88 nM, respectively, in
293T/ACE2 cells and of 3.62, 4.54, 0.81, and 2.4 nM, respec-
tively, in Huh-7 cells. And the four lipopeptides inhibited
the panel 2 viruses with average IC50 values of 1.75, 2.53,
0.34, and 2.46 nM, respectively, in 293T/ACE2 cells and
of 1.36, 1.77, 0.28, and 1.54 nM, respectively, in Huh-7
cells.
After we achieved the inhibitory data above, Omicron

EG.5.1 variant emerged and has dominated the current
pandemic; thus, we continued to characterize the lipopep-
tides. As shown, each of inhibitors maintained the potent
activities in inhibiting EG.5.1 cell fusion (Figure 3A), PsV
entry in 293T/ACE2, Huh-7, or Caco-2 cells (Figure 3C,D),
and live virus infection in Vero E6 cells (Figure 3E). Taken
together, these results demonstrated that IPB29 was the
most potent inhibitor of divergent SARS-CoV-2 variants,
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F IGURE 3 Inhibitory activity of SARS-CoV-2 fusion inhibitor lipopeptides against Omicron EG.5.1 variant. The inhibitory activities of
lipopeptides against EG.5.1 S protein-mediated cell fusion (A), pseudovirus infection in 293T/ACE2 (B), Huh-7 (C), or Caco-2 (D) cells, and
live virus infection in Vero E6 cells were respective determined; data are expressed as means ± SD.

and that Omicron sublineages even exhibited increased
susceptibility to the fusion inhibitors.
Our previous studies showed that SARS-CoV-2 HR2-

derived fusion inhibitors could effectively inhibit other
human CoVs, including the highly pathogenic SARS-CoV
and MERS-CoV, as well as HCoV-NL63 and HCoV-229E,
two viruses that cause mild respiratory infection.12,13,17
Herein, we first examined the inhibitory activities of
IPB24, PB28, IPB29, and IPB30 on three SARS-CoV-
2-related CoVs, namely the bat-isolated RaTG13 and
pangolin-isolated PCoV-GDandPCoV-GX.As determined
by PsV-based single-cycle infection assay, IPB29 displayed
the highest potency in inhibiting three SARS-CoV-2-
related CoVs in 293T/ACE2 cells among the lipopeptides
tested (Table 2). Similarly, IPB29 inhibited the infection of

SARS-CoV PsV in Huh-7 cells more efficiently. As antic-
ipated, all four lipopeptides also neutralized the PsV of
MERS-CoV, HCoV-NL63, and HCoV-229E efficiently.

2.4 IPB29 displays low cell toxicity and
high in vitro stability

To validate the in vitro antiviral potencies of the inhibitors
determined above, we measured their cytotoxicity in the
target cells used in the inhibition assays. As shown in
Figure S1A, each of the lipopeptides exhibited the median
cytotoxic concentration (CC50) values at two digit macro-
molar (µM) levels in 293T/ACE2, Huh-7 or Vero E6 cells.
Specifically, IPB29 exhibited the CC50 values of 23.94 µM
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TABLE 2 Inhibitory activities of novel lipopeptides against SARS-CoV-2-related CoVs and other human CoVs.a

IC50 ± SD (nM)
Pseudovirus Target cells IPB24 IPB28 IPB29 IPB30
Bat RaTG13 293T/ACE2 5.08 ± 1.37 4.94 ± 1.97 1.23 ± 0.56 2.33 ± 0.79
PCoV-GD 293T/ACE2 7.92 ± 0.38 7.10 ± 0.03 1.35 ± 0.11 7.30 ± 0.62
PCoV-GX 293T/ACE2 5.83 ± 0.28 5.15 ± 1.04 1.25 ± 0.26 6.76 ± 1.28
SARS-CoV Huh-7 18.81 ± 1.27 18.69 ± 3.98 6.17 ± 0.57 65.29 ± 0.44
MERS-CoV Huh-7 70.36 ± 7.96 140.36 ± 49.23 100.32 ± 17.70 719.73 ± 30.5
HCoV-NL63 Huh-7 186.97 ± 49.45 304.93 ± 38.94 80.78 ± 8.81 712.77 ± 17.40
HCoV-229E Huh-7 287.97 ± 54.82 748.35 ± 19.63 309.3 ± 12.63 2054.17 ± 109.13

aSamples were tested in triplicate, the experiments were repeated three times, and data are expressed as means ± SD.

in 293T/ACE2, 22.75 µM inHuh-7, and 45.27 µM in Vero E6
cells. These results indicated that the lipopeptides possess
relatively low cytotoxicity and high therapeutic selection
index (CC50/IC50).
Herein, we also determined the in vitro stability of IPB29

along with IPB24, including their sensitivities to the treat-
ment of proteolytic enzymes, human serum, human liver
microsome, or high temperature. After two lipopeptides
were treated with different experimental conditions, their
inhibitory activities against D614G PsV were examined by
the single-cycle infection assay. As shown in Figure S1B,
both IPB24 and IPB29 were highly resistant to the diges-
tions of proteinase K, trypsin, and chymotrypsin; however,
IPB24 showedmarkedly decreased antiviral activities after
incubation with the human serum and liver microsome or
storage at 37◦C overtime, whereas the inhibitory activities
of IPB29 were almost unchanged. Especially, while IPB24
was highly sensitive to the incubation of 20%human serum
at 37◦C, IPB29 could largely tolerate the treatment at the
same condition. Thus, IPB29 has excellent in vitro stability
and druggability.

2.5 Nebulized IPB29 exhibits high
therapeutic efficacies against Delta variant

Considering the characteristics of SARS-CoV-2 infection
and lung disease, IPB29 was formulated as an inhalation
solution (IPB29-IS). Initially, a Syrian hamster infection
model of SARS-CoV-2 Delta variant with an intranasal
challenge of 1 × 104 TCID50/animal was established and
two dose exploratory studies were conducted to deter-
mine the effective dose of the drug. In the first study, 20
male hamsters were randomly divided into four groups of
five animals each: vehicle control group (water for injec-
tion), high-dose group (20 mg/mL), middle-dose group
(10 mg/mL), and low-dose group (5 mg/mL). After 0.5 h
of viral challenge, nebulized inhalation of different doses
of IPB29-IS was performed for 30 min and was adminis-
trated once daily for 3 consecutive days. The hamsterswere

then dissected and lung tissues were taken for viral load
testing. As shown in Figure 4A, the lung viral loads of all
dosing groups were significantly lower than that of vehi-
cle control group; and surprisingly, the 5 mg/mL treated
group exhibited the largest reductionwith the Log10 vRNA
copies/g from 6.71 to 2.49. Thus, the second dose explo-
ration study was carried out to examine the efficacy of
reduced IPB29-IS dosage in 20male hamsters (five/group).
After being challenged with the virus, the hamsters were
nebulized with different doses of IPB29-LP (5 mg/mL
group, 2 mg/mL group, or 0.8 mg/mL group) or vehicle for
30 min, once daily for 3 days. Comparing with the vehi-
cle control group, three groups of drug-treated animals had
significantly reduced viral loads in the lung tissues, and
the 5 mg/mL group showed the highest efficacy with its
Log10 vRNA copies decreased from 6.84 to 2.71 (Figure 4B).
As monitored, the body weights of hamsters of all test
article groups increased, but no significant difference was
observed between the dosing groups and the control group.
We also evaluated the therapeutic effect of IPB29-IS

administered at different time points after SARS-CoV-2
infection. For this, 30 male hamsters were divided into six
groups of five animals each and were nebulized for 30 min
with the vehicle at 0.5 h postinfection (control group) or
with 5 mg/mL of IPB29-IS at 0.5 h (post-0.5 h group), 2 h
(post-2 h group), or 8 h (post-8 h group) postinfection, once
daily for 3 days. As shown in Figure 4C, the lung viral loads
of three IPB29-IS groups were significantly lower than that
of vehicle control, and no significant difference for body
weight changes was observed.

2.6 Nebulized IPB29 has high
therapeutic and preventive efficacies
against Omicron variant

After we finished the animal challenge studies above,
Omicron variants emerged and have now become domi-
nant viruses. Herein, we evaluated the therapeutic efficacy
of IBB29-IS with a hamster infection model of Omicron
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F IGURE 4 Therapeutic efficacy of IPB29 inhalation solution against SARS-CoV-2 Delta variant. (A) The first dose-exploratory study, in
which 20 Syrian hamsters were challenged by SARS-CoV-2 Delta variant and after 0.5 h the hamsters were treated with 5, 10, 20 mg/mL of
IPB29-IS or vehicle for 30 min through nebulization, once daily for 3 days. (B) The second dose-exploratory study, in which 20 hamsters were
challenged by the Delta variant and after 0.5 h the hamsters were treated with IPB29-IS at 0.8, 2, 5 mg/mL or vehicle for 30 min through
nebulization, once daily for 3 days. (C) The time-exploratory study, in which 30 hamsters infected by the Delta virus were nebulized for
30 min with 5 mg/mL of IPB29-IS at 0.5, 2, or 8 h postinfection or with the vehicle at 0.5 h postinfection, once daily for 3 days. The lung viral
loads (left) and body weights (right) of hamsters were monitored for comparisons.

BA.2 variant at an intranasal challenge dose of 1 × 104
TCID50/hamster. Thirty-six hamsters were randomly
divided into three groups of 12 animals each (half of each
sex): vehicle control group, 2 mg/mL, or 5 mg/mL dosing
group of IBB29-IS. At 0.5 h postinfection, the animals
were nebulized for 30 min, once daily for 3 or 5 days.
Comparing with that of the control animals, the lung viral
loads of the 5 mg/mL group, but not the 2 mg/mL group,
significantly reduced after treatment 3 days (Figure 5A,

left); however, the lung viral loads of both IBB29-IS groups
significantly reduced after treatment 5 days (Figure 5B,
left). When the infectious viruses in the lung tissues were
determined at TCID50, it revealed that the lung viral titers
after treatment 3 days were undetectable in all animals of
the 2 mg/mL group and in four animals of the 5 mg/mL
group (Figure 5A, right); after treatment 5 days, the lung
viral titers could not be detected in all animals of the
5 mg/mL group and in four animals of the 2 mg/mL group
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F IGURE 5 Therapeutic and preventive efficacies of IPB29 inhalation solution against SARS-CoV-2 Omicron variant. (A and B) The
therapeutic efficacy of IPB29-IS against Omicron BA.2 variant. Thirty-six Syrian hamsters were challenged by the virus at 0.5 h prior to the
treatment; the hamsters were then nebulized with 2 or 5 mg/mL of IPB29-IS or vehicle control for 30 min, once daily for 3 days (A) or 5 days
(B). The lung viral loads were determined for both RNA copies (left panels) and TCID50 (right panels). (C) The preventive efficacy of IPB29-IS
against Omicron BA.2 variant. Sixty Syrian hamsters were nebulized for 30 min with a single dose of 5 mg/mL IPB29-IS at 0.5, 4, 8, or 12 h or
10 mg/mL IPB29-IS at 8 h or vehicle control at 0.5 h prior to the virus challenge. The lung viral loads were measured on day 2 after challenge.

(Figure 5B, right). Similarly, no significant difference for
body weights was observed between each test article group
and the vehicle control group (Figure S2A,B).
Next, we conducted a study to evaluate the preven-

tive efficacy of IPB29-IS against Omicron BA.2 infection.
Sixty hamsters were randomly divided into six groups of
10 animals each (half of each sex), nebulized for 30 min

with a single dose of 5 mg/mL IPB29-IS at 0.5 h (pre-
0.5 h group), 4 h (pre-4 h group), 8 h (pre-8 h group),
and 12 h (pre-12 h group) or water for injection (vehi-
cle control) at 0.5 h before the virus challenge of 1 × 104
TCID50/hamster. An additional 10 mg/mL IPB29-IS group
was also carried out 8 h prior to the challenge. Lung tissues
were sampled for viral load testing on day 2 after challenge,
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and the results showed that IPB29-IS-pretreated hamsters
had significantly reduced viral loads in lung tissues com-
pared with the vehicle control group (Figure 5C). Different
from the treatment studies, the body weights of IPB29-
IS-pretreated hamsters significantly increased relative to
those of the control group, but no difference for body tem-
perature was observed (Figure S2C,D). Taken together, our
studies with 166 Syrian hamsters demonstrated that nebu-
lized IPB29-IS solution possessed high in vivo therapeutic
and prophylactic efficacies.

2.7 Pharmacokinetics and drug
metabolism of IPB29 inhalation solution

Nonclinical pharmacokinetics (PK) of IPB29-IS was first
evaluated in 48 Golden hamsters (Table S1). After a sin-
gle oronasal inhalation of IPB29-IS (Table S2), with average
delivery doses at 0.854 or 2.432 mg/kg (in a single induc-
tion cartridge inhalation of IPB29-IS of 2 and 5 mg/mL for
30 min), the Cmax and AUClast of IPB29 in the hamster
plasma increased with increasing dose, and no significant
gender difference was found for the AUClast in the plasma
and lung (Tables S3 and S4). The concentration ratio of
lung tissue to plasma was 446.86 in males and 357.72 in
females (Table S5), and the AUClast ratio of lung tissue to
plasma was 550.82 in males and 409.40 in females (Table
S6).
A total of 24 Beagle dogs were then used for the

PK analysis. They were randomly assigned to four
groups (three/sex/group), including the intravenous group
(1 mg/kg), inhalation groups of low dose (average delivery
dose of 1.566 mg/kg), middle dose (average delivery dose
of 4.885 mg/kg), and high dose (average delivery dose of
13.303 mg/kg) with a single administration for all groups
(Table S7). In the dose range of 1.566 to 13.303 mg/kg, the
Tmax of IPB29 in dogs ranged from 6 to 10 h, the Cmax and
AUClast of IPB29 in dog plasma increased with increasing
dose (Tables S8–S11). After a single inhalationwith average
doses at 1.566, 4.885, 13.303 mg/kg, in relative to the sin-
gle intravenous administration at 1 mg/kg, the calculated
absolute bioavailability of IPB29 ranged from 0.15 to 0.20%
in males and 0.11 to 0.23% in females (Table S12).
The PK and tissue distribution studies of IPB29-IS were

conducted in SD rats (Table S13). In the inhalation dose
range of 3.896 to 32.401 mg/kg, the Tmax of IPB29 ranged
from 3 to 4.5 h, the plasma exposure (AUClast) of IPB29
increased with increasing dose (Tables S14 and S15). After
a single inhalation with delivery doses at 3.896, 11.259,
32.401 mg/kg, in relative to the single intravenous admin-
istration at 3 mg/kg, the calculated absolute bioavailability
based onAUClast of IPB29 ranged from0.02 to 0.03%. There
was no significant gender difference in AUClast in plasma,

lung or trachea of animals, and the AUClast ratios of lung
to plasmawere 3308.35 inmales and 3614.25 in females, the
AUClast ratios of trachea to plasma were 1123.22 in males
and 1128.26 in females (Table S16).
At concentrations of 0.1, 1, and 10 µM, the plasma pro-

tein binding of IPB29 incubated for 6 h in the plasma
of ICR/CD-1 mouse, SD rat, Beagle dog, Cynomolgus
monkey, and humanwas about 99.9% cross species. No sig-
nificant concentration dependence and species difference
were observed (Table S17). After IPB29 at 1 µM was incu-
bated in plasma of ICR/CD-1 mouse, SD rat, Beagle dog,
Cynomolgus monkey, and human, respectively, for 6 h,
the remaining percentages of the parent drug were 104,
109, 109, 107, and 109%, respectively, indicating that IPB29
was very stable in plasma of five species. After IPB29 was
incubated with hepatocytes from ICR/CD-1 mouse, SD rat,
Beagle dog, Cynomolgus monkey, and human at 37◦C for
120min, the remaining percentages of the parent drug was
61.5, 64.4, 7.04, 50.7, and 43.1%, respectively (Table S18).
In the hepatocytes of ICR/CD-1 mouse, SD rat, Bea-

gle dog, Cynomolgus monkey, and human, IPB29 had a
metabolic half-life of 165, 191, 29.7, 175, and 106min, respec-
tively, and its intrinsic clearance rate was 0.00839, 0.00727,
0.0467, 0.00792, and 0.0131 mL/min/106 cells, respectively.
The metabolite profiles of IPB29 were investigated, indi-
cating that they were all mediated by hydrolysis (Table
S18).

2.8 General toxicity and genotoxicity of
IPB29 inhalation solution

To support the IND application, general toxicology stud-
ies, a genotoxicity study panel and a systemic anaphylaxis
test (Table S19) were conducted in compliance with the
US FDA Good Laboratory Practice (GLP) regulations.
In the 7-day dose range finding study in SD rats, 5,
10, and 20 mg/mL of IPB29-IS (actual delivered doses
were 4.07 ± 0.44, 12.04 ± 1.06, and 72.46 ± 6.56 mg/kg)
administered daily to rats by repeated inhalation caused
no significant local or systemic toxicity; its no-observed-
adverse-effect level (NOAEL) was 72.46 ± 6.56 mg/kg, the
highest dose tested. Themean systemic exposure (AUClast)
in each dose group increased with the increase of dose on
day 1 and day 7. Therewas no apparent accumulationwhen
animals were repeatedly dosed for 7 days compared with
the first dose (Table S20).
In the 4-week toxicity study in SD rats, administration

of 5, 10, and 20 mg/mL of IPB29-IS (actual delivered doses
of 5.264, 19.246, or 49.570 mg/kg) showed no respiratory
irritation, systemic toxicity, or target organ toxicity; the
NOAEL was 49.570 ± 5.205 mg/kg. At this dose, Cmax and
AUClast were 39.60 ng/mL and 273.11 h ng/mL in males
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and 38.25 ng/mL and 343.77 h ng/mL in females on day 28
(Table S21).
In the 7-day dose range finding study in Beagle dogs,

5, 10, and 20 mg/mL IPB29-IS (actual delivered doses
of 2.154, 5.800, and 13.269 mg/kg) was administered to
dogs by repeated inhalation once daily for 7 days. At
doses up to 13.269 ± 2.860 mg/kg, there was no obvious
local or systemic toxicity observed, giving the NOAEL of
13.269± 2.860mg/kg. Themean systemic AUClast of IPB29
in animals on day 1 and day 7 increased along with increas-
ing dose. After 7-days repeated inhalation administration
of IPB29-IS at low, mid and high doses in dogs, the mean
Cmax ratio (day 7/day 1) of IPB29 ranged from 1.01 to 2.87,
and the mean AUClast ratio (day 7/day 1) ranged from 1.30
to 2.96, indicating no apparent accumulation (Table S22).
In the 4-week toxicity study in dogs, administration of

5, 10, and 20 mg/mL of IPB29-IS (actual delivered doses
of 2.475, 5.568, 14.798 mg/kg) showed no systemic toxic-
ity, respiratory irritation, or target organs of toxicity; its
NOAEL was 14.798 mg/kg. The mean AUClast of IPB29
increased along with increasing of the dose on day 1 and
day 28, and no statistically significant difference in plasma
between female and male animals. After 28-day repeated
dose administration, the mean AUClast ratios (day 28/day
1) of IPB29 ranged from 0.44 to 3.47 (Table S23).
A battery of genotoxicity studies, including a bacterial

reverse mutation assay (Ames), an in vitro mammalian
chromosomal aberration test, and an in vivo micronucleus
assay, were conducted, showing that IPB29-ISwas negative
and did not cause active systemic anaphylaxis in guinea
pigs.
We further verified that IPB29 had no significant effects

on the biological functions of 45 targets selected (except
hERG and AR) in the secondary pharmacodynamics stud-
ies, and its risk of off-target was low on hERG and AR.
IPB29 inhibited the hERG currents of HEK293 cells with
an average IC50 value greater than 12.79 µmol/L (Table
S24). There were no test article-related effects on the cen-
tral nervous system following a single inhalation at target
dosage of 5.657, 21.401, or 59.260 mg/kg IPB29-IS in SD
rats, and no indications of adverse effects on the respira-
tory systems or the cardiovascular safety in Beagle dogs
following inhalation at target dosage of 2.423, 6.777, and
12.094 mg/kg.

3 DISCUSIION

The global COVID-19 pandemic has lasted more than
3 years and caused nearly seven million confirmed
deaths (https://covid19.who.int/). The pathogen SARS-
CoV-2 continues to spread with evolutionary mutations,
leading to many variants that challenge the efficacies

of current vaccines and neutralizing antibodies.20–24 The
Omicron variant emerged as the fifth variant of concern
after Alpha, Beta, Gamma, and Delta variants, having
the largest mutations, higher transmissibility and more
prone to immune evasion.25,26 Currently, Omicron has
already evolved into distinct sublineages, including BA.1,
BA.2, BA.3, BA.4, BA.5, BF.7, BQ.1.1, XBB, XBB.1.5, CH.1.1,
EG.5.1, and so on. To curtail the pandemic, the devel-
opment of potent and broad-spectrum anti-SARS-CoV-2
drugs remains one of the top priorities, especially in the
cases of current vaccines cannot effectively prevent viral
transmission and the failure of antibody-based therapies.
Membrane fusion is an essential step for enveloped

viruses and inhibitors that can impede the functionality of
viral fusion protein have been extensively explored.3,27,28
Peptides derived from the fusion protein HR2 domain
have strong antiviral activity through blocking 6-HB
structure.29,30 Comparing with unmodified template pep-
tides, lipid-modified lipopeptides possess greatly improved
pharmaceutical properties, including binding affinity,
inhibitory activity, and in vivo stability.17,31–33 While a
native HR2 peptide can block the cell surface fusion
pathway, instead of endosomal pathway, lipopeptides also
enables activity against viruses that do not fuse until
they have been taken up through endocytosis. Also,
a lipopeptide can bind to both viral and cell mem-
branes, which greatly elevates the local concentration
of inhibitors thereby enhancing the antiviral activity
dramatically.32,34,35 In a design strategy, a flexible linker or
adaptor between the peptide sequence and lipid molecule
is generally required for lipopeptides; and in practice, a
short PEG linker or GS sequence or their combination has
been widely applied.12,13 As exemplified by the reported
SARS-CoV-2 fusion inhibitors, IPB02- and IPB24-based
lipopeptides used a PEG8 or PEG4 linker12,13; EK1-based
lipopeptides (EK1L1C, EK1C4, and EK1-C16) used GSG or
a tandem of GSGSG and PEG4

4,36,37; SARSHRC–PEG4–chol
and its dimer format used the GSGSGC segment, with the
cysteine side chain as a nucleophilic handle to append a
cholesterol unit via an intervening PEG4 linker.18,19 In this
study, we dedicated to develop more efficient SARS-CoV-2
fusion inhibitors on the basis of our previous achieve-
ments. For the first time, we applied a rigid linker as a
designing strategy of lipopeptides. As shown, the PEG4
in IPB24 was replaced by the helix-facilitating amino acid
sequence EAAAK, which created the lipopeptides IPB29
and IPB30 with dramatically increased α-helicity and
thermostability relative to the flexible linker-embedded
lipopeptides (IPB24 and IPB28). As anticipated, IPB29 was
a more potent inhibitor than IPB24 and IPB28 in inhibit-
ing diverse replication-competent SARS-CoV-2 isolates
and S protein-pseudotypes; and it also potently inhib-
ited SARS-CoV-2-related CoVs isolated from bat (RaTG13)

https://covid19.who.int/
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or pangolin (PCoV-GD and PCoV-GX) and other human
CoVs (SARS-CoV, MERS-CoV, HCoV-NL63, and HCoV-
229E). By referring to the previously reported lipopeptides
IPB21 and IPB22,13 it is conceivable that IPB30 described
in this study is more active than the inhibitors that are
modified by the same fatty acid molecule. IPB29 displayed
relatively lower cytotoxicity and higher resistance to the
treatment of human serum, liver microsome, and high
temperature, providing additional evidence to support its
druggability. Based on the CD spectroscopy data, here we
speculate that the secondary structure of the lipopeptide
inhibitors might correlated with their chemical stability.
Taken together, we conclude that the EAAAK linker can
render lipopeptide-based fusion inhibitors with improved
pharmaceutical profiles, and this strategy in designing
fusion inhibitors against other enveloped viruses, such
as HIV, influenza virus, and respiratory syncytial virus,
should be exploited.
Since the SARS-CoV-2 outbreak, tremendous efforts

have been devoted to the development of drugs that tar-
get different stages of viral life-cycle, generating a group
of inhibitors approved for urgent use, and of which
neutralizing antibody therapy is a mainstay.38,39 For exam-
ple, bamlanivimab/etesevimab, casirivimab/imdevimab
(REGN-COV2), tixagevimab/cilgavimab (Evusheld), and
BRII-196/BRII-198 are cocktails of twononcompeting, neu-
tralizing human antibodies that target the spike RBD,
whereas sotrovimab (VIR-7831) and bebtelovimab (LY-
CoV1404) recognize the relatively conserved RBD epitopes
thus being developed as a single antibody therapy.40,41
Unfortunately, the continuously emerging SARS-CoV-2
variants have dramatically reduced the effectiveness of
the antibody-based therapies, leading to the withdrawn
of their emergency use authorization.41–43 In contrast,
the HR2-based fusion inhibitors could fully maintain the
antiviral efficacy against various SARS-CoV-2 variants,
even being highly active inhibitors of pan-sarbecoviruses,
as demonstrated by the data described previously and in
the current study.15,16,44–46 Different from the actionmech-
anism of other classes of antivirals such as paxlovid and
molnupiravir, which target the key enzymes (3CL orRdRP)
required for viral replication and exert their inhibition after
the virus enters the targeting cells, the membrane fusion
inhibitors block the early step of infection38–41; thus, we
think that IPB29 has multiple advantages in the treatment
and prevention of SARS-CoV-2 infection.
So far, no fusion inhibitor-based drugs have been

approved for use to treat or prevent COVID-19 in clinical
settings. In this racetrack, we formulated IPB29 as nebu-
lized solution (IPB29-IS) and systemically investigated its
PK, drug metabolism, safety pharmacology, and antiviral
efficacy in animal models. IPB29-IS exhibited high ther-
apeutic and prophylactic efficacies against SARS-CoV-2

infection in Syrian hamsters, which provided solid data
to support its clinical development. The results have also
validated the nebulization treatment strategy for human
coronaviruses and other respiratory infections. In an
advanced stage, IPB29 is currently under phase II/III clini-
cal trials. As reported, EK1 peptide and P315V3 lipopeptide
have also been advanced to clinical trials.46,47 Therefore,
we are looking forward to the coming of a new class of
drugs that can be used in the battle against the SARS-
CoV-2 pandemic. Definitely, we will continue our efforts
to develop novel viral fusion inhibitors that can over-
come the limitations of the current lipopeptides, including
their in vivo half-life, route of administration, as well as
the cost effectiveness. In this regard, we have produced
two highly potent, long-lasting HIV fusion inhibitor drugs
being evaluated under clinical trials,31 which would also
inform the advantages and disadvantages of the technical
platforms.

4 MATERIALS ANDMETHODS

4.1 Plasmids and cells

Plasmids encoding the SARS-CoV-2 wild-type (WT) and
mutant S proteins, as well as the S proteins of SARS-CoV,
MERS-CoV,HCoV-NL63 andHCoV-229E, and 293T/ACE2
cells were previously constructed in our laboratory.13 The
plasmids encoding the S proteins of SARS-CoV-2 variants
were kindly provided by Linqi Zhang at the Tsinghua Uni-
versity (Beijing, China). The plasmids encoding the S pro-
teins of the bat-isolated RaTG13 and the pangolin-isolated
PCoV-GD and PCoV-GX were a gift from Zhaohui Qian
at the Institute of Pathogen Biology, Chinese Academy of
Medical Sciences (Beijing, China).HEK293T,Huh-7, Caco-
2, and Vero E6 cells were purchased from the American
Type Culture Collection (Rockville, MD, USA).

4.2 Production of peptides and
lipopeptides

Peptides were synthesized by a standard solid-phase
9-flurorenylmethoxycarbonyl method as described
previously.13 Three cholesterol-conjugated lipopeptides
(IPB24, IPB28, and IPB29) were prepared by amida-
tion of a C-terminal lysine side chain with cholesteryl
succinate monoester, in which 4-unit PEG (PEG4),
GSGSG or EAAAK was introduced as a flexible or rigid
linker. IPB30 was prepared with the template peptide
containing a C-terminal lysine with a 1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl side chain-protecting group,
enabling the conjugation of fatty acid C18. All peptides
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were purified by reverse-phase high-performance liquid
chromatography to homogeneity of greater than 95%
and their molecular weights were characterized by mass
spectrometry.

4.3 CD spectroscopy

Theα-helicity and thermostability of lipopeptide inhibitors
as well as their complexes with an HR1-derived target-
mimic peptide N52 were measured by CD spectroscopy
as described previously.13 In which, lipopeptides were
diluted with a final concentration of 10 µM in phosphate-
buffered saline (pH 7.2). CD spectrum was obtained on
Jasco spectropolarimeter model J-815, and melting tem-
perature (Tm) was defined as the midpoint of thermal
unfolding transition.

4.4 Inhibition of authentic SARS-CoV-2
infection

To measure the inhibitory activity of fusion inhibitors
on replicative SARS-CoV-2 infection, a FRNT was con-
ducted in a certified biosafety level-3 facility with minor
modification.48 In brief, serially threefold dilutions of
lipopeptide were added to Vero E6 cells seeded in 96-well
plates and incubated for 1 h at 37◦C. Then, 200 foci form-
ing unit of a live virus were added to the culture wells and
incubated for 1 h at 37◦C. After replacing the supernatants
with medium containing 1.6% carboxymethylcellulose and
2% FBS, the plates were incubated at 37◦C for an additional
24 h. The cells were then fixed with 4% paraformaldehyde
solution, permeabilized with Perm/Wash buffer (BD Bio-
sciences, Franklin Lakes, NJ, USA) containing 0.1% Triton
X-100, followed by incubation with HRP-conjugated anti-
SARS-CoV-2 N protein antibody P301-F7. The reactions
were developed using KPL TrueBlue peroxidase substrate
(Seracare Life Sciences Inc., Cambridge, MA, USA). The
number of virus fociwas quantified using anEliSpot reader
(Cellular Technology Ltd., Cleveland, Ohio, USA). The
percent inhibition of virus infection and 50% inhibitory
concentration (IC50) of inhibitors were calculated using
GraphPad Prism software (GraphPad Software Inc., San
Diego, CA, USA).

4.5 Cell–cell fusion assay

The inhibitory activities of lipopeptides on S protein-
mediated cell fusion were measured by a DSP-based cell
fusion assay as described previously,17 inwhich the effector
293T cells were cotransfected with S-expressing plasmid

and DSP1–7 plasmid, whereas the target 293T/ACE2 cells
were transfected with DSP8–11 plasmid. The lipopeptides
were serially diluted at threefold.

4.6 Single-cycle infection assay

The inhibitory activities of lipopeptides against various
SARS-CoV-2 PsV in 293T/ACE2, Caco-2, or Huh-7 cells
were determined by a single-cycle infection assay as
described previously.17 PsV was packaged in HEK293T
cells by cotransfecting the S-expressing plasmid and a
lentiviral backbone plasmid (pNL4-3.luc.RE). The 50%
tissue culture infectious dose (TCID50) of PsV was deter-
mined in target cells by the Reed-Muench method. The
lipopeptides were serially diluted at threefold, and 500
TCID50 of PsV were applied.

4.7 Formulation of IPB29 inhalation
solution

IPB29 was formulated as an inhalation solution (IPB29-IS)
containing IPB29 peptide, citric acid, sodium citrate, man-
nitol, and water for injection, and it was supplied as sterile
lyophilized powder in a single-dose transparent glass vial
fitted with a rubber stopper and a combined aluminum-
plastic cap. Each vial contained 20 mg of IPB29 based on
the drug substance molecular formula (C251H414N60O74),
reconstituted with 2 mL of water for injection prior to use.
Stability studies on three batches of drug product demon-
strated that IPB29-IS remained chemically and physically
stable during one month of storage at accelerated condi-
tion (25 ± 2◦C/60% ± 5% RH) and one month at long term
stability condition (5 ± 3◦C).

4.8 Nebulization of IPB29 inhalation
solution

The nebulizer system (PARI TurboBOY, Germany) and a
customized transparent induction box with a three-cage
stainless isolation cage was connected through a flexible
hose and used for the inhalation administration of IPB29-
IS in Syrian hamsters. The compressor of the nebulizer
system had a mean output of 7.2 L/min during nebuliza-
tion and the aerosol had ameanmassmedian aerodynamic
diameter of 3.5 µm, and the percentage of particles smaller
than 5 µm was 67%. To start the nebulization, 5 mL of
IPB29-IS or solvent control was firstly added in an atom-
izing cup, three hamsters were placed in the isolation cage
in the induction box, then turning on the nebulizer system
power and continuing into dry running of the cup for about
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30 min, so that the hamsters could inhale the drug aerosol
through normal breathing. The hamsters were removed
and put back into the original cage for further feeding.

4.9 Quantitation of viral loads in lung
tissues

Total RNA was extracted from homogenized hamster
tissues using a TRIzol reagent (Thermo Fisher Scien-
tific). SARS-CoV-2 RNAs were detected by one-step
RT-PCR using a THUNDERBIRD Probe One-Step qRT-
PCR (TOYOBO, Japan) following the manufacturer’s
protocols. The primers targeting the N protein were
used, including 5′-GGGGAACTTCTCCTGCTAGAAT-
3′, 5′-CAGACATTTTGCTCTCAAGCTG-3′, probe
5′-FAM-TTGCTGCTGCTTGACAGATT-TRMRA-3′. Serial
dilutions of the SARS-CoV-2 RNA reference standard
(National Institute of Metrology, China) were used in each
run, in parallel to calculate copy numbers in each sample
on ViiA 7 Real-Time PCR System (Applied Biosystems).

4.10 PK of IPB29 inhalation solution

Nonclinical PK of IPB29-IS was evaluated in Golden ham-
sters by a single inhalation administration and in Beagle
dogs by a single inhalation or intravenous administra-
tion. A PK and tissue distribution study of IPB29-IS was
also conducted in SD rats by intravenous and inhala-
tion administrations. The method details were described
in the Supporting Information. An LC–MS/MS method
was developed and validated for the quantification of
IPB29 concentrations in rat and dog plasma. The linear-
ity range in rat plasma was 0.5–50 ng/mL and the lower
limit of quantification (LLOQ) was 0.5 ng/mL. The linear-
ity range in dog plasma was 1–100 ng/mL and the LLOQ
was 1 ng/mL. The fully validated LC–MS/MS method
was well used for the PK and toxicokinetic (TK) stud-
ies of IPB29 in SD rats and Beagle dogs. An LC–MS/MS
method was developed and validated for the quantifi-
cation of IPB29 concentrations in rat lung tissues. The
developed methods were validated with a linear range
of 1–100 ng/mL. The fully validated LC–MS/MS method
was well used for the determination of IPB29 in rat lung
tissues. The precision, accuracy and other parameters
results met the acceptance criteria. In addition, respec-
tive ELISA method was validated for determination of
anti-IPB29 antibody in SD rat serum and Beagle dog
serum, and the stability of anti-IPB29 antibody in SD rat
serum and Beagle dog serum in different conditions was
assessed.

4.11 Toxicity of IPB29 inhalation
solution

To support the IND application, general toxicology studies,
a genotoxicity study panel and a systemic anaphylaxis test
were systemically conducted in compliance with the US
FDA GLP regulations. The method details were described
in the Supporting Information. Specifically, these stud-
ies included 4-week toxicity and TK studies in SD rats
and Beagle dogs with 4-week recovery periods; a bacterial
reverse mutation assay (Ames), an in vitro chromoso-
mal aberration test, an in vivo mammalian erythrocyte
micronucleus assay in mice; and an active systemic ana-
phylaxis test in guinea pigs. In addition, exploratory (non-
GLP) 7-day repeat dose range finding studies of IPB29-IS
were conducted in rats and dogs. IPB29-IS was prepared
equivalent to that proposed for the clinic. In vivo studies
were conducted via inhalation, the intended route (and
using the method) of administration in humans. The high
dose for the general toxicity studies was based on a maxi-
mum feasible dose, using the test article at the maximum
solubility (20 mg/mL) delivered over a period of time
that was acceptable for repeat dose inhalation studies in
the chosen species. Inhalation of clean air served as the
negative control in the studies.

4.12 Statistical analysis

The data were analyzed using GraphPad Prism 7 software
(GraphPad Software Inc.). One-way ANOVA with Dun-
nett’s multiple comparisons test was used to analyze the
differences between the experimental groups (ns, not sig-
nificant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****,
p< 0.0001), in which p< 0.05 is considered as a significant
difference.
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