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KEY WORDS Abstract Targeting host factors critical to the viral life cycle instead of direct viral enzyme inhibition
represents a promising alternative strategy for developing broad-spectrum antivirals. Here, we identified
VPS34, a key regulator of autophagosome—lysosome fusion and membrane trafficking, as a conserved
host-dependency factor across coronaviruses. VPS34 gene knockdown significantly attenuates viral repli-

Host-targeting antivirals;
Broad-spectrum anti-
coronavirus;

SARS-CoV-2; cation both in vitro and in vivo. Crucially, this antiviral effect remained potent against emerging severe
HCoV-0C43; acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants, demonstrating that VPS34 is a drug
VPS34; target resilient to viral evolution. Based on the scaffold structure of the VPS34 inhibitor SAR405, we
In vivo, developed YBM, a novel small-molecule inhibitor, via critical group substitutions and aliphatic chain
Pharmacokinetics; introduction. YBM exhibited superior pharmacokinetic properties than SAR405, including enhanced
Inhibitors bioavailability and prolonged plasma half-life. YBM shows significant in vivo efficacy against SARS-

CoV-2 and HCoV-OC43. Crucially, its broad-spectrum potential is underscored by potent in vitro activity
against multiple coronavirus genera (« and ). This study established YBM as a host-targeting antiviral
(HTA) that targets VPS34, offering protection against both extant and evolving coronaviruses. The evolu-
tionarily conserved role of VPS34 in mediating coronavirus replication suggests that this host factor may
become a priority therapeutic target for coronaviruses during future pandemics.
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1. Introduction

The coronavirus disease (COVID-19) pandemic has inflicted
profound socioeconomic disruption on human society, resulting in
millions of deaths and substantial morbidity globally. As of the
latest epidemiological updates, SARS-CoV-2 continues to circu-
late with emerging variants such as JN.1, maintaining its
pandemic potential in multiple regions'. By April 2025, the WHO
has reported 776.9 million confirmed cases and 7 million deaths
worldwide, though Institute for Health Metrics and Evaluation
estimates suggest that actual mortality may be 2.74-fold higher
than reported figures® ©. The FDA has approved three antiviral
agents for COVID-19 therapy, including two RNA-dependent
RNA polymerase inhibitors (remdesivir and molnupiravir) and
one main protease (Mpro) inhibitor (nirmatrelvir). Nirmatrelvir is
co-administered with ritonavir as Paxlovid™ to enhance phar-
macokinetic properties through CYP3A4 inhibition’. Despite the
clinical efficacy of Paxlovid™, potent CYP3A4 inhibition by ri-
tonavir raises significant drug—drug interaction risks, potentially
causing severe adverse events. Growing evidence indicates that
SARS-CoV-2 can develop resistance mutations against direct-
acting antivirals (DAAs), diminishing antiviral efficacy by up to
288-fold®'°. This vulnerability is underscored by emerging clin-
ical reports, including: remdesivir resistance mutation identified
during treatment of persistent SARS-CoV-2 infection, Paxlovid™
resistant variants detected in treated patients'''>. DAAs impose
strong selective pressure on viruses. Combined with the high
mutation rate inherent to RNA viral replication, this accelerates
target site mutations in viral genomes, thus compromising thera-
peutic efficacy. These limitations underscore the urgent need for
host-directed therapeutics targeting conserved coronavirus—host
interactions to achieve broad-spectrum antiviral activity and
mitigate resistance development. Host-targeting antivirals (HTAs)
exhibit distinct therapeutic advantages over DAAs. By targeting
evolutionarily conserved host-dependency factors essential for
viral replication, HTAs achieve broad-spectrum antiviral coverage
across related viral families'*'*. This mechanism enables HTAs to
maintain efficacy against emerging viral variants that develop
resistance to DAAs through mutations in viral enzymes. More-
over, host organisms exhibit significantly lower genetic variability
and mutation rates than viruses.

Viral replication complexes are associated with host intracel-
lular membranes for all positive-stranded RNA viruses studied to
date, although the origins and nature of these membranes vary'>.
Virus-induced double-membrane vesicles (DMVs) exhibit striking
structural similarities to autophagosomes, suggesting that viruses
exploit autophagy or the components involved in autophagosome
formation to generate viral replication organelles. $-Coronavi-
ruses remodel host intracellular membranes into DMVs for
genome replication and transcription. VPS34, a unique member of
the class III phosphatidylinositol 3-kinase (PI3K) family, is highly
conserved in mammals and yeast, and critically involved in bio-
logical functions and disease pathogenesis'®. VPS34 complex 1
(Beclinl—VPS34—ATG14) facilitates autophagosome formation
during autophagy initiation, whereas VPS34 complex 2

(Beclinl—VPS34—UVRAG) promotes autophagosome—lysosome
fusion during autophagosome maturation'’. As a key autophagy
regulator, VPS34 participates in SARS-CoV-2 DMV biogenesis,
and treatment with the VPS34 inhibitor PIK-III reduces the
number of NSP3—NSP4—NSP5-induced DMVs'®, We have
previously demonstrated that autophagy induction facilitates
SARS-CoV-2 infection, while administration of the VPS34
inhibitor 3-MA suppresses viral replication in both xenografted
human lung and hACE2-transgenic mouse models'®. Thus, we
propose that VPS34 is a critical host factor essential for corona-
virus replication. However, a systematic investigation of its
therapeutic efficacy and pan-coronaviral activity as a broad-
spectrum drug target is lacking, with no comprehensive studies
validating its cross-coronavirus applicability reported to date.

The therapeutic efficacy of antiviral drugs is partially deter-
mined by their tissue distribution and metabolism after systemic
absorption. Suboptimal pharmacokinetic (PK) properties are an
inherent limitation of many antivirals and remain a key focus in
antiviral drug development®°. Although several highly specific and
selective VPS34 inhibitors have been identified through screening
campaigns, most have only been tested in animal models of cancer
and no studies have evaluated VPS34 inhibitors for antiviral ap-
plications in vivo®'. This gap holds particular significance owing
to the fundamentally distinct PK profiles required for antiviral and
anticancer therapies. A prime example is SARS-CoV-2, for which
therapeutic success demands optimized pulmonary bioavailability,
metabolic stability, and pharmacological properties that are
markedly different from those prioritized in oncology drug
development. Thus, more effective VPS34 inhibitors should be
developed to validate their antiviral efficacy in vivo and assess
their clinical potential.

In this study, we employed VPS34 gene knockdown in both
cellular and animal models to comprehensively evaluate its utility
as an HTA target both in vitro and in vivo. However, the existing
VPS34 inhibitors have demonstrated suboptimal in vivo efficacy
against coronaviruses. Thus, we performed structure—activity
relationship-guided structural modifications of SAR405, a known
VPS34 inhibitor, to comprehensively enhance its PK profile and
improve tissue distribution. The optimized compound demon-
strated potent antiviral efficacy in vivo, conferring full protection
against a lethal SARS-CoV-2 challenge in mice.

2. Materials and methods
2.1. Cells, animals, and viruses

Human kidney epithelial cell-derived HEK293-hACE2 and Afri-
can green monkey kidney Vero E6 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1%
penicillin—streptomycin and 10% FBS (Gibco). Lung-specific
VPS34-deficient (Vps34"" Sfipc cre) and Vps34™ mice were
purchased from Cyagen Biosciences (Suzhou, China). Female
BALB/c mice (8—9 months old) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd. The SARS-
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Figure 1  VPS34 knockdown inhibits coronavirus infection in vitro. (A—E) Multi-step growth curve of SARS-CoV-2. 293-ACE2 cells were
transfected with a negative control shRNA or shRNAs targeting human VPS34 for 48 h and then infected with 0.02 MOI SARS-CoV-2 (WT, Beta,
Delta, Omicron). Viral replication was monitored by: (A—D) RT-qPCR quantification of N gene copies in supernatants at indicated time. (E)
Western blot analysis of SARS-CoV-2 N protein levels. (F) SARS-CoV-2 titer was determined by the TCIDs, assay. (G—L) A549 cells were
transfected with si NC, siVPS34, control vector (Ctrl), or myc-VPS34, and infected with 0.1 MOI HCoV-OC43 at indicated time points. (G, J) The
HCoV-OC43 N protein expression was analyzed by Western blot using specific antibodies. (H, K) Viral load in supernatants was assessed through
RT-gqPCR targeting the HCoV-OC43 N gene. (I, L) Intracellular HCoV-OC43 N mRNA levels were quantified by RT-qPCR with GAPDH
normalization. Data are presented as the mean == SEM (n = 3). Statistical significance was analyzed using Student’s r-test. *P < 0.05,
*#*P < 0.01, #*P < 0.001.

CoV-2 strains wild-type (WT; IME-BJO1 strain, GenBank No.
MT291831), Beta (CSTR: 16698.06.NPRC2.062100001), Delta
(CSTR.16698.06.NPRC6.CCPM-B-V-049-2105-6), Omicron
BA.2 (SARS-CoV-2 strain Omicron CoV/human/CHN_CVRI-04/
2022), mouse-adapted strain (SARS-CoV-2/C57TMA14) were
cultured in the biosafety level 3 laboratory as described
previously'®?%,

2.2.  Inhibitors and antibodies
VPS34-IN-1 (HY-12795), VPS34-IN-2 (HY-12473), PIK-III (HY-

12794), and SAR405 (HY-12481) were purchased from MedChem
Express. The antibodies used were as follows: VPS34 (CST,

4263), GAPDH (CST, 5174), SARS-CoV-2 N (SinoBiological,
40143-R001), HCoV-OC43 N (SinoBiological, 40643-T62), HRP-
labeled goat anti-rabbit IgG (Beyotime, A0208), HRP-labeled
goat anti-mouse IgG (Beyotime, A0216), AF488-labeled goat
anti-rabbit IgG (Beyotime, A0423).

2.3.  Cell cytotoxicity and antiviral activity assays

Vero E6 cells (10,000 cells/well) were seeded into 96-well plates
and cultured at 37 °C with 5% CO, for 24 h. The compounds were
serially diluted to the indicated concentrations in DMEM, added
to the plates, and incubated for 48 h. Cell viability was assessed
using CCK-8 assays: 10 pL. CCK-8 reagent was added per well,
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VPS34-deficient mice are resistant to SARS-CoV-2 infection. (A—C) Vps34ﬂ”"/ " and Vps34ﬁ‘”‘/ " Sfipc cre mice were intranasally

challenged with 2000 TCIDs, mouse-adapted SARS-CoV-2. The survival (A) was monitored for 10 days (Vps34"*: n = 8, Vps34"** Sfipc
cre:n = 9). The body weight (B) was monitored for 10 days (n = 6). (C—F) Lung tissues were collected at 3 dpi (n = 4). (C) SARS-CoV-2 N
gene in lung tissues was determined by RT-qPCR. (D) Viral titer in lung tissues was determined by TCIDs, assays. (E) Lung tissues fixed in 4%
paraformaldehyde and H&E-stained at 3 dpi. (F) The expression of pro-inflammatory cytokines and chemokines was quantified by RT-qPCR.
Data are presented as the mean + SEM. Statistical analysis was determined by Student’s 7-test and the log-rank test for survival curves.
*P < 0.05, #P < 0.01, ***P < 0.001.
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Inhibition of VPS34 activity decreases coronavirus replication in vitro. (A, B) Immuno-fluorescence assay of SARS-CoV-2-infected
cells. Vero E6 cells were infected with 0.02 MOI WT SARS-CoV-2 variant and simultaneously treated with VPS34 inhibitors (1 pmol/L). At 48
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incubated for 2 h at 37 °C, and the absorbance was measured at
450 nm.

Vero E6 cells (100,000 cells/well) were seeded into 24-well
plates and cultured in DMEM supplemented with 2% FBS at
37 °C with 5% CO, for 24 h. At 2 h post-infection with 0.02
multiplicity of infection (MOI), the culture medium was replaced
with compound-containing medium. At 48 hpi, viral RNA was
extracted from the supernatant and quantified by amplifying the
SARS-CoV-2 N gene using qRT—PCR23’24. Dose—response curves
were analyzed using four-parameter logistic regression to calcu-
late the half-maximal effective concentrations (ECsy) values
relative to that of DMSO controls.

2.4.  Viral RNA determination

Viral RNA from virus-infected cell supernatants or lysed tissue
supernatants was isolated using a FastPure Viral RNA Kit
(Vazyme, RC311) according to the manufacturer’s instructions.
The viral RNA copy number was amplified using the HiScript 11
U + One Step qRT-PCR Probe Kit (Vazyme, Q223). SARS-CoV-2
RNA copies were determined using a specific probe (5'-FAM-
TTGCTGCTGCTTGACAGATT-TAMRA-3') and primer set
(forward  5-GGGGAACTTCTCCTGCTAGAAT-3';  reverse
5'-CAGACATTTTGCTCTCAAGCT-3'). Following manufacturer
protocol, 18 pL. One Step PrimeScript RT-PCR kit reaction
mixture with 2 pLL RNA template was used to perform RT-qPCR
assays using the ABI QuantStudio 1.

2.5.  Immunofluorescent analysis of SARS-CoV-2 infection

Following viral infection, cells were fixed with 4% para-
formaldehyde (PFA) for 15 min at room temperature (RT), per-
meabilized with 0.1% Triton X-100 for 15 min, and blocked with
5% bovine serum albumin (BSA) for 1 h. The cells were then
incubated with primary antibody against SARS-CoV-2 N protein
overnight at 4 °C, followed by corresponding fluorescent sec-
ondary antibody incubation for 1 h at RT. Nuclear counterstaining
was performed using DAPI for 5 min before fluorescence
microscopy.

2.6.  Western blotting

Total protein was extracted using a SevenFast Total Protein Extrac-
tion Kit (SEVEN BIOTECH, SW-203). Protein concentrations were
determined using the BCA kit (Beyotime, PO010). Samples were
separated by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis and transferred to NC membranes. The membranes were
blocked using QuickBlock Blocking Buffer (Beyotime, P0252),
incubated with the primary antibodies diluted in QuickBlock Primary
Antibody Dilution Buffer (Beyotime, P0256) overnight at 4 °C, and
then with HRP-conjugated secondary antibodies for 40 min. Protein
bands were visualized using the Pierce ECL Western blot substrate.

2.7.  Animal experiments

Vs34 Sfipe cre, Vps34"*, and BALB/c mice were anes-
thetized and injected intranasally with SARS-CoV-2. Body
weights and survival were monitored daily. At 3 days post-
infection (dpi), the mice were euthanized and lung tissues were
collected for processing. Tissue samples were divided into two
groups: one homogenized in PBS for viral load analysis and the
other homogenized in TRIzol reagent (Sangon Biotech, B511321)
for RNA extraction. The PBS-homogenized tissues were centri-
fuged at 12,000x g for 10 min at 4 °C and the supernatants were
analyzed by qRT-PCR to quantify the viral RNA copies. The in-
fectious viral titers were determined using TCIDs, assays in Vero
E6 cells. The total RNA (2 pg) was reverse-transcribed into cDNA
using HiScript II Q RT SuperMix (Vazyme, R223), followed by
qPCR amplification with SYBR Green Master Mix (Promega,
A6001) and primers listed in Supporting Information Table S1.
Gene expression was calculated using the 27" method,
normalized to GAPDH expression. All experiments were per-
formed in accordance with the Guide for the Care and Use of
Laboratory Animals (Approval number: AMMS-11-2023-007).

2.8.  Histopathological evaluation

The lung tissues were collected and fixed in 4% PFA for 24 h,
followed by sequential dehydration in ethanol and paraffin
embedding. The sections were stained with hematoxylin and eosin
(H&E) following standard histological protocols. Histopatholog-
ical evaluations were performed using a bright-field microscope.

2.9.  PK profile and tissue distribution study

For the PK study, the mice received a single intraperitoneal (ip)
injection of 10 mg/kg compound. Blood samples were collected 5,
15, 30 min, 1, 2, 4, 6, and 12 h post-dose. Plasma was isolated by
centrifuging whole blood at 3000xg for 10 min. Plasma com-
pound concentrations were quantified using a validated liquid
chromatography—tandem mass spectrometry (LC—MS/MS)
method. PK parameters, including Ciyax, Tmax, and ty, were
calculated by noncompartmental analysis using Phoenix
WinNonLin v8.0. For tissue distribution analysis, the mice were
euthanized 10, 30 min, and 2 h post-ip administration. The liver,
lungs, kidneys, heart, and trachea were harvested immediately,
rinsed with ice-cold isotonic sodium chloride solution, blotted dry,
weighed, and homogenized in 1:10 (w/v) ice-cold saline. The
homogenates were centrifuged at 12,000xg for 15 min and the
supernatants were analyzed using LC—MS/MS to determine the
compound concentrations in the tissue.

2.10.  Compound synthesis

Step 1: 3-Bromo-5-methylpyridin-2-amine ~ (25.00 g,
133.67 mmol) was placed in a dried eggplant-shaped flask and

hpi, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and stained using an antiviral nucleocapsid (NP)
antibody paired with an Alexa Fluor 488-conjugated secondary antibody (green). The nuclei were counterstained with DAPI (blue). Scale bars:
400 pm. (C—F) Dose-dependent inhibition of SARS-CoV-2 variants by VPS34 inhibitors. Vero E6 cells were infected with 0.02 MOI SARS-CoV-
2 variants (WT, Beta, Delta, and Omicron) and simultaneously treated with serially diluted VPS34 inhibitors (VPS34-IN-1, VPS34-IN-2, PIK-III,
SAR405). Viral RNA copies in supernatants collected at 48 hpi were quantified via RT-qPCR. Inhibition potencies (ECso) were calculated based
on viral RNA reduction relative to DMSO controls. (G—J) Cytotoxicity evaluation of VPS34 inhibitors. Cell viability was assessed using the
CCK-8 assay after 48-h compound exposure. Data represent mean + SEM from three independent experiments (n = 3).
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In vivo evaluation of SAR405 against SARS-CoV-2 infection. (A) Diagram of the experimental procedure. BALB/c mice were

intranasally infected with 2 x 10° TCIDsy, SARS-CoV-2. SAR405 (10 mg/kg) or Vehicle was intraperitoneally i.p. administered approximately 2 h
pre-infection, followed by once-daily dosing for 7 consecutive days. (B, C) The body weight and survival were monitored for 7 days. (D, E) Lung
tissues harvested at 3 dpi were analyzed for SARS-CoV-2 N gene copies by RT-qPCR (D) and infectious viral titer by TCIDsq assay (E) (n = 3).
(F, G) Histopathological analysis. Lung tissues were fixed in 4% paraformaldehyde and hematoxylin and eosin (H&E)-stained at 3 dpi. (H) The
plasma concentration—time profiles of SAR405 in C57BL/6 mice (n = 3) after a single intraperitoneal injection (10 mg/kg). (I) Degradation of
SAR405 in liver microsomes. (J) Screening of cytochrome P450 enzymes responsible for SAR405 degradation. Data are presented as the
mean + SEM. Statistical analysis was determined by Student’s #-test and the log-rank test for survival curves. ns, not significant.

dissolved in 300 mL DCM under a nitrogen atmosphere. The
solution was cooled to 0 °C and malonyl dichloride (1.10 equiv,
147.00 mmol, 14.30 mL) was added dropwise via a pressure-
equalizing dropping funnel. The mixture was heated to 25 °C
and stirred for 24 h. The precipitated solid was collected by
filtration, washed with DCM, and dried to obtain a pale-yellow
powder.

Step 2: The product from Step 1 (4.94 g, 19.30 mmol, 1.00
equiv) was charged into a dried eggplant-shaped flask under ni-
trogen. POCl; (50 mL) was added and the reaction mixture was

heated under reflux at 110 °C for 24 h. After cooling to RT, the
mixture was poured into ice-cold water and extracted with DCM
(3 x 50 mL). The combined organic layers were dried (Na,SO,4)
to yield the intermediate for further use.

Step 3: The intermediate obtained from Step 2 was transferred
to an eggplant-shaped flask, followed by the addition of anhydrous
ethanol (50 mL) and R-methylmorpholine (5 g, 49.43 mmol). The
mixture was heated under reflux at 80 °C for 24 h. Upon cooling to
RT, a white precipitate formed, which was filtered, washed with
ethanol, and dried.
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Step 4: The white solid from Step 3 (338.00 mg, 1.00 mmol,
1.00 equiv) was combined with 1-amino-3,3-dimethylbutan-2-one
(1.20 equiv), Pd(dppf)Cl, (45.00 mg), and -BuONa (2.00 equiv,
2.00 mmol, 193.00 mg) in THF (25 mL). The mixture was then
refluxed for 24 h. After removing THF by rotary evaporation, the
residue was extracted with 1:1 (v/v) H,O/DCM. The organic layer
was dried (Na,SO,) and purified by column chromatography
(silica gel, hexane/EtOAc) to obtain the final product.

2.11.  Molecular docking

The experimental procedure commenced with retrieval of the
VPS34 crystal structure from the PDB database. The protein
structure was subsequently processed using PyMOL to remove the
crystallographic water molecules and original ligands. The pre-
pared protein structure and small-molecule ligands were imported
into AutoDock Tools for hydrogenation. Molecular docking was
performed using AutoDock Vina to identify optimal conforma-
tions and calculate corresponding binding affinities. The docking
results were visualized using PyMOL for 3D representations and
Discovery Studio for 2D interaction diagrams.

2.12.  Surface plasmon resonance (SPR) assay

The VPS34 protein (Sino Biological, P26-102G) was immobilized
on the sensor chip surface. Each test compound was serially
diluted in a 96-well plate and injected over the target protein-
coupled surface in order of increasing concentration. The injection
parameters were: flow rate 30 pL/min, contact time 150 s. After
each concentration cycle, the chip surface was regenerated for
5 min using 10 mmol/L glycine-HCI (pH 2.0). This process was
repeated until all compound concentrations had been analyzed. Kp
values were obtained by globally fitting the data to a 1:1 Langmuir
binding model using Biacore Insight Evaluation Software (Cytiva,
Marlborough, MA, USA).

2.13.  Statistical analysis

Data were analyzed with GraphPad Prism 8.0 software. The sig-
nificance of each difference was assessed using a #-test or
ANOVA, accompanied by a two-tailed r-test. Statistical signifi-
cance was set at P < 0.05.

3. Result
3.1.  VPS34 knockdown suppresses coronavirus infection in vitro

To determine the critical role of VPS34 in coronavirus infection, we
employed VPS34 knockdown technology by designing three VPS34-
targeting short hairpin RNAs (shRNAs) in 293ACE2 cells. The ef-
ficiency of VPS34 knockdown in 293-ACE2 cells was approximately
80% (Supporting Information Fig. S1A). Then, 293-ACE2 shNC and
293-ACE2 shVPS34 cells were infected with 0.1 MOI SARS-CoV-2
and harvested at 12, 24, 48, and 72 h to measure viral replication.
VPS34 knockdown significantly reduced WT SARS-CoV-2 RNA
levels (Fig. 1A), N protein expression (Fig. 1E), and viral titers
(Fig. 1F). Three SARS-CoV-2 variants, Beta, Delta, and Omicron,
were used to infect shNC and shVPS34 cells. Similarly, VPS34
depletion markedly inhibited the replication of these SARS-CoV-2
variants (Fig. 1B—F). As coronaviruses rely on autophagy machin-
ery to generate DMVs essential for viral replication, it is reasonable

to speculate that VPS34 has broad-spectrum anti-coronavirus activ-
ity*2®. To validate this hypothesis, we evaluated the impact of
VPS34 inhibition on the replication cycle of another $-coronavirus.
The data show that HCoV-OC43 production was significantly
reduced in the A549 siVPS34 cells (Fig. 1G—I). Meanwhile, we
overexpressed VPS34 in A549 cells, and the results showed that
VPS34 overexpression promoted the replication of HCoV-OC43
(Fig. 1J—L). Taken together, these results provide evidence that
VPS34 knockdown inhibits coronavirus infection in vitro.

3.2.  VPS34-deficient mice are resistant to SARS-CoV-2 infection

To further evaluate the important role of VPS34 in pneumonia caused
by SARS-CoV-2 infection, we infected Vps34-deficient mice with
mouse-adapted SARS-CoV-2. This model results in severe lung dis-
ease resembling lung injury in humans and is widely used for eval-
uating SARS-CoV-2 therapeutics and vaccine candidates®™*. A
previous study found that conditional Vps34 knockout caused
muscular dystrophy in mice, which began to exhibit progressive
disease onset and mortality starting at 42 days postnatally®®. We used
the Cre—loxP system to generate tissue-specific Vps34 knockdown
mice (Vps34™®* Sfipe Cre). The VPS34 protein levels in the lungs of
Vs34 Sfipc cre mice decreased, as verified by Western blotting
(Fig. SIB). Vps34"* and Vps34"" Sfipc cre mice were infected
with SARS-CoV-2 and their survival and body weight changes
were monitored daily for 10 days. Among the Vps34™“" mice,
3/8 (37.5%) succumbed by day 7 post-intervention, whereas all
Vps34"™* Sfipc cre mice survived (Fig. 2A). Notably, Vps34™/+
Sftpc cre mice showed attenuated body weight loss (Fig. 2B). The
SARS-CoV-2 titers in lung tissues at 3 dpi were evaluated and
compared, suggesting that the N gene copy number and viral titers
were significantly lower in Vps34™“" Sfipc cre mice than in
Vps34™* mice (Fig. 2C and D). Histopathological analysis of the
lungs revealed distinct phenotypes between the genotypes. Vps34™+
mice exhibited disorganized alveolar architecture with structural
collapse, accompanied by sparse inflammatory cell infiltration and
focal necrotic lesions. In contrast, Vps34™“" Sfipc cre mice showed
preserved alveolar integrity with well-defined septal boundaries and
no significant inflammatory infiltrates or cellular necrosis, consistent
with attenuated pulmonary injury (Fig. 2E, Supporting Information
Fig. S2). Meanwhile, Vps34™“" Sfipc cre mice showed a marked
reduction in the expression of genes encoding pro-inflammatory cy-
tokines and chemokines (Fig. 2F). Taken together, these findings
demonstrate that VPS34 is an essential host factor that facilitates
SARS-CoV-2 infection and pathogenesis.

3.3.  The high antiviral activities of VPS34 inhibitors in SARS-
CoV-2-infected cells

Using genetic editing technology, we confirmed that VPS34 is a
critical host factor for coronavirus replication. Based on this, we
further explored the discovery of highly effective antiviral in-
hibitors targeting VPS34 as potential lead compounds. The anti-
viral efficacy of VPS34 inhibitors against SARS-CoV-2 was
evaluated by immunofluorescence microscopy and quantitative
analysis of viral nucleoprotein expression. The data in Fig. 3A
shows that all VPS34 inhibitors, including VPS34-IN-1, VPS34-
IN-2, PIK-III, and SAR405, exhibited similar inhibition of
SARS-CoV-2 infection. Notably, all four VPS34 inhibitors pro-
tected cells from SARS-CoV-2-induced CPE, highlighting the
critical role of VPS34 in SARS-CoV-2 infection (Fig. 3B). Anti-
viral activity was quantified by measuring viral RNA copies using
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RT-qPCR, with ECs derived from the dose—response curves. Cell
viability assays were performed to determine the half-maximal
cytotoxic concentrations (CCsgy) of each compound. The selec-
tivity index (SI) was calculated as CCsy/ECso. As shown in
Fig. 3C—F, pharmacological profiling of VPS34 inhibitors
against SARS-CoV-2 variants demonstrated that the ECsy of
VPS34-IN-1 were 0.36, 0.99, 0.46, and 0.24 pmol/L against WT,
Beta, Delta, and Omicron variants, respectively; VPS34-IN-2 were
0.57, 1.80, 0.83, and 0.36 pmol/L against WT, Beta, Delta, and
Omicron, respectively; PIK-III were 0.65, 0.57, 0.21, and
0.43 pmol/L. against WT, Beta, Delta, and Omicron variants,
respectively; and SAR405 were 1.05, 0.95, 0.95, and 0.72 pmol/L
against WT, Beta, Delta, and Omicron variants, respectively.
Cytotoxicity assessments revealed that the CCsy of VPS34-IN-1,
VPS34-IN-2, PIK-III, and SAR405 were 11.00, 54.53, 45.78, and
11570 pmol/L, respectively (Fig. 3G—J). The calculated SI
identified SAR405 as the most potent compound, with the SI
range being 110.19 (WT) to 160.69 (Omicron).

We further evaluated the anti-HCoV-OC43 activity of VPS34
inhibitors, which showed dose-dependent viral replication sup-
pression. The measured ECsy of VPS34-IN-1, VPS34-IN-2, PIK-
III, and SAR405 were 0.51, 0.75, 0.68, and 0.34 umol/L,
respectively (Supporting Information Fig. S3A—S3D). The cells
were partially protected from the HCoV-OC43-induced CPE by
these inhibitors (Fig. S3E). SAR405 exhibited the most potent
antiviral activity among the tested compounds, which correlated
with its superior enzymatic inhibitory potency against VPS34
(VPS34 IN-I, 25 nmol/L; VPS34 IN-2, 2 nmol/L; PIK-III,
18 nmol/L; SAR405, 1.2 nmol/L)3O'33. Based on this pharmaco-
logical profile, SAR405 was selected for subsequent in vivo
antiviral studies and as a lead compound for structural
optimization.

3.4.  Invivo antiviral efficacy and PK profiling of SAR405

Next, we tested whether SAR405 could inhibit SARS-CoV-2
replication in vivo using BALB/c mice infected with mouse-
adapted SARS-CoV-2 and treated with SAR405 or Vehicle
(Fig. 4A). Consistent with the in vivo protocol established by
Noman MZ?', 10 mg/kg SAR405 was administered to mice via
oral gavage, which significantly suppressed tumor growth. Using
this validated dosage regimen, we conducted a parallel in vivo
antiviral efficacy study. The data in Fig. 4B and C showed that all
SARS-CoV-2-infected mice exhibited similar disease progression
without statistically significant differences. Notably, SAR405
treatment did not reduce SARS-CoV-2 replication in the lungs of
infected mice at 3 dpi (Fig. 4D and E). Furthermore, we collected
the lungs from infected mice to evaluate the histological changes.
The lung tissue injury patterns observed in both SAR405-and
Vehicle-treated groups exhibited comparable severity (Fig. 4F
and G). Histopathological analysis revealed moderate structural
abnormalities characterized by indistinct alveolar architecture
with localized areas of marked collapse and alveolar septal
thickening. A notable increase in epithelial cellularity and sub-
stantial parenchymal consolidation were evident throughout the
tissue sections. Extensive neutrophil infiltration within the
consolidated parenchyma was consistently observed (indicated by

red arrows). Scattered instances of cellular necrosis and karyor-
rhexis (nuclear fragmentation) are occasionally observed (black
arrows). Tissue sections demonstrated significantly elevated red
blood cell extravasation (highlighted by yellow arrows).

Although SAR405 demonstrated potent in vitro antiviral ac-
tivity against SARS-CoV-2, it did not demonstrate comparable
antiviral efficacy in vivo. This discrepancy may arise from sub-
optimal PK properties, including inadequate systemic absorption
and insufficient tissue distribution to viral replication sites, most
critically to the lungs, the principal site of SARS-CoV-2
replication and pathogenesis. To investigate this, we character-
ized the PK profile of SAR405 after a single IP dose and
assessed its tissue-specific accumulation in the heart, liver,
lungs, kidneys, and trachea. The plasma concentration—time
profiles after IP administration of 10 mg/kg SAR405 are
presented in Fig. 4H, and the main pharmacokinetic parameters
are listed in Supporting Information Table S2. After ip
administration of 10 mg/kg SAR405, PK analysis revealed rapid
absorption Kkinetics (Cpax = 5821.66 =+ 723.13 ng/mL;
Timax = 0.14 0.1 h) coupled with accelerated systemic clearance
(CL = 3250.94 + 1081.29 mL/h/kg; t;, = 1.83 4 1.97 h). The
limited systemic exposure (AUCj,q, = 3279.65 &= 930.9 h ng/mL)
indicates pronounced first-pass metabolism. Following IP admin-
istration of SAR405, C,,.« were achieved within 10 min across
cardiorespiratory and renal systems (Supporting Information
Table S3). To further elucidate the specific reasons for the poor
systemic exposure of SAR405, we simulated the in vivo metabolic
environment using liver microsomes. The results demonstrated
that SAR405 was extensively degraded to minimal levels within
15 min in the liver microsomes (Fig. 4I). Concurrently, we
screened the major cytochrome P450 (CYP450) enzymes involved
in SAR405 degradation. The screening results revealed that the
degradation of SAR405 was almost completely attenuated upon
addition of 6@-hydroxytestosterone, a specific inhibitor of
CYP3A4 (Fig. 4J). These findings collectively indicate that
SARA405 is rapidly degraded by CYP3A4 after absorption and
entry into the systemic circulation. Paradoxically, therapeutically
relevant concentrations fail to accumulate in SARS-CoV-2 target
organs. The collective PK—pharmacodynamic (PK/PD) discon-
nect observed in SAR405 highlights a critical therapeutic barrier:
rapid systemic clearance and subtherapeutic target site exposure,
culminating in insufficient antiviral coverage.

3.5.  Design and synthesis of derivatives based on the lead
compound SAR405

To enhance the PK properties and preclinical development of
SAR405, we systematically modified the lead compound struc-
ture. In rational drug design, the introducing isopropoxy
(—OCH(CHg;),), isobutyryl (—COCH(CHs3),), and pivaloyl
(—COC(CH3)3) groups based on chemical group properties
including electronic effects, steric hindrance, and metabolic sta-
bility significantly optimized the PK properties. To overcome the
limitations of SAR405 absorption and metabolism in vivo, we
replaced specific moieties in the scaffold and incorporated
aliphatic chains to generate new compounds (Fig. 5A and B).
Using the VPS34 crystal structure (PDB: 40YS), we proposed the

Figure 5

The discovery of potent and selective VPS34 inhibitors. (A) Schematic representation of group substitutions in SAR405. (B) Syn-

thetic route for SAR405 derivatives. (C—E) Structural formulas of SAR405 derivatives and 3D views of their molecular docking with VPS34.
(F—H) Interactions between SAR405 derivatives and VPS34 were analyzed using SPR.
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Therapeutic evaluation of SAR405 derivatives in SARS-CoV-2-infected mice. (A—C) Dose-dependent inhibition of SARS-CoV-2 by

SAR405 derivatives. Vero E6 cells were infected with 0.02 MOI SARS-CoV-2 variants (WT) and simultaneously treated with serially diluted
compounds. Viral RNA copies in supernatants collected at 48 hpi were quantified via RT-qPCR. Inhibition potencies (ECs) were calculated based
on viral RNA reduction relative to DMSO controls. (D—F) Cytotoxicity evaluation of SAR405 derivatives. Cell viability was assessed using the
CCK-8 assay after 48-h compound exposure. (G) Diagram of the experimental procedure. BALB/c mice were intranasally infected with 2 x 10°
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binding modes between VPS34 and the three compounds. In
YDT’s binding to the VPS34 protein (Fig. 5C, Supporting Infor-
mation Fig. S4A), the aromatic ring structure of the molecule
forms a key Pi—Sigma interaction with the aromatic side chain of
the Phe612 residue. This is crucial for maintaining the planar
stacking binding mode of the molecule, thereby enhancing bind-
ing specificity and affinity. Multiple alkyl substituents engage in
Pi-Alkyl interactions with the aliphatic side chains of residues
such as Ile634 and I1e760. These hydrophobic interactions eftec-
tively fill the hydrophobic pocket of the protein, improving
binding stability. Additionally, the alkyl chains in the molecule
further reinforce the hydrophobic binding region through Alkyl
interactions with residues such as Leu750 and Ile685. Meanwhile,
van der Waals interactions between the molecular surface and
residues like Met682 and Asp761 assist in the spatial accommo-
dation of the molecule within the active pocket, providing steric
support for the overall binding.

In YBT’s binding to the VPS34 protein (Fig. 5D, Fig. S4B),
the aromatic system forms a Pi—Sigma interaction with the
Phe612 residue, serving as a critical force for anchoring the
molecule in the protein’s active center and laying the founda-
tion for subsequent multidimensional binding. The hydropho-
bic side chains of residues such as Ile634 and I1e760 align with
the Pi—Alkyl interaction sites of the compound, strengthening
hydrophobic binding through Pi-Alkyl interactions. Alkyl
structures of residues like Pro618 and Leu750 form Alkyl in-
teractions with the alkyl portions of YBT, further consolidating
the strength of hydrophobic binding. van der Waals interactions
between residues such as Ser614 and Asp761 and the YBT
molecule contribute to the spatial adaptability of the molecule
within the protein’s active pocket, ensuring a stable binding
conformation.

In YBM’s binding to the VPS34 protein (Fig. SE, Fig. S4C),
the Pi-Sigma interaction between the aromatic group of this
compound and the Phe612 residue serves as the core aromatic
driving force for molecular binding to the protein, playing a sig-
nificant role in the initiation and orientation of binding. The hy-
drophobic regions of residues such as Ile634 and Ile760 tightly
engage with the Pi—Alkyl interaction sites of YBM through
Pi-Alkyl interactions, enhancing the contribution of hydrophobic
effects to binding. Alkyl portions of residues like Pro618 and
Leu750 form Alkyl interactions with the alkyl chains of YBM,
further optimizing hydrophobic binding. Notably, YBM contains
groups capable of forming a Conventional Hydrogen Bond with
the Ser687 residue. This strong polar interaction significantly
enhances the affinity and specificity of the molecule’s binding to
the protein. Simultaneously, van der Waals interactions between
residues such as GIn683 and Met682 and the YBM molecule
facilitate stable binding within the active pocket from a spatial
matching perspective. Multiple forces synergistically ensure the
effective binding of YBM to the VPS34 protein.

To quantitatively evaluate the interaction between these com-
pounds and VPS34, we performed surface plasmon resonance
(SPR) assays. As shown in Fig. SF—H, all three compounds
exhibited concentration-dependent binding to VPS34, with the

following equilibrium dissociation constants (Kp): YDT Kp:
527 x 107® mol/L, YBT Kp: 7.36 x 107 mol/L, YBM Kp:
2.19 x 10~® mol/L. The Kp indicates that YBM has the highest
binding affinity for VPS34. In summary, the compounds (YDT,
YBT, YBM) achieve effective binding with the VPS34 protein
through multiple intermolecular interactions.

3.6.  Inhibitor of VPS34, YBM, blocked SARS-CoV-2 replication

The antiviral potential of SAR405 derivatives (YDT, YBT, YBM)
was systematically evaluated in Vero E6 cells through assessment
of viral inhibition and cellular safety profiles. Quantitative anal-
ysis of SARS-CoV-2 replication inhibition (Fig. 6A—C) revealed
concentration-dependent effects, with YBM demonstrating the
most potent activity (ECso = 0.35 pumol/L), followed by YDT
(ECs9 = 0.52 pmol/L) and YBT (ECsg = 0.96 pmol/L). Cyto-
toxicity assessment via CCK-8 assays (Fig. 6D—F) showed sig-
nificant improvement over SAR405, with CCs( values of 196.40
(YBM), 195.30 (YBT), and 179.60 umol/L. (YDT), representing
1.6-fold increases in safety margins compared to SAR405. These
demonstrate successful retention of antiviral activity alongside
reduced cytotoxicity through structural optimization.

To investigate the PK profile and anti-SARS-CoV-2 efficacy of
the newly synthesized VPS34-targeting compounds (YDT, YBT,
and YBM), we first compared their systemic exposure profiles
with those of the parent compound, SAR405, in mice. As shown in
Supporting Information Fig. S5A, YBM reached a maximum
plasma concentration of 14,327.90 £ 1322.77 ng/mL at 5 min
post-ip injection, approximately 2.6-fold higher than that of
SAR405. This was accompanied by a significantly reduced
clearance rate (Supporting Information Table S4), which corre-
sponded to a 5.3-fold improvement in systemic retention. Tissue
distribution analysis revealed superior lung accumulation of YBM
10, 30, and 120 min post-ip injection, with the concentrations
consistently exceeding those of SAR405, YDT, and YBT
(Fig. S5B, Supporting Information Table SS5).

Antiviral evaluation of the infected mice (Fig. 6G) showed
complete mortality in the Vehicle-, SAR405-, and YBT-treated
groups at 5 dpi. In contrast, the YDT- and YBM-treated groups
showed 33% and 50% survival rates, respectively (Fig. 6H).
Surviving mice in the YDT/YBM group showed transient weight
loss (75% initial weight at 6 dpi), followed by recovery starting at
7 dpi (Fig. 6I). At 3 dpi, YDT and YBM treatments significantly
reduced lung SARS-CoV-2 N gene copies (Fig. 6J) and viral loads
(Fig. 6K) compared to the Vehicle treatment. Histopathological
analysis of H&E-stained lung sections demonstrated that YBM-
treated mice exhibited attenuated inflammatory infiltration and
an absence of overt cellular necrosis despite partial disorganiza-
tion of the alveolar architecture with regional collapse, in contrast
to vehicle-treated controls, which displayed extensive inflamma-
tory pathology (Fig. 6L—M). Owing to SARS-CoV-2-induced
cytokine/chemokine dysregulation, we measured pulmonary pro-
inflammatory cytokine (/I-6, Il-18, Ifn-v, Tnf-o)) and chemokine
(Cxcl3, Cxcl5, Cxcl9, Mcpl) levels. YDT and YBM suppressed
pro-inflammatory mediator expression and mitigated the cytokine

TCIDso SARS-CoV-2. SAR405, YDT, YBT, YBM, and Vehicle were intraperitoneally administered approximately 2 h pre-infection, followed by
once daily for 7 consecutive days. (H, I) The survival and body weight were monitored for 7 days. (J, K) Lung tissues harvested at 3 dpi were
analyzed for SARS-CoV-2 N gene copies by RT-qPCR (J) and infectious viral titer by TCIDs, assay (K) (n = 3). (L—M) Histopathological
analysis. Lung tissues were fixed in 4% paraformaldehyde and H&E-stained at 3 dpi. Data represent mean = SEM. Statistical significance was
determined by two-way ANOVA and log-rank test for survival curves. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7

YBM has broad-spectrum activity against coronaviruses. (A) Dose-dependent HCoV-OC43 inhibition by YBM. BEAS-2B cells were

infected with 0.1 MOI HCoV-OC43 and simultaneously treated with serially diluted YBM. (B, C) Vero E6 cells were infected with 0.1 MOI
PEDV or IBV and simultaneously treated with serially diluted YBM. Viral RNA copies in supernatants collected at 72 hpi were quantified via RT-
qPCR. The ECs, were calculated based on viral RNA reduction relative to DMSO controls. (D—I) In vivo efficacy of YBM against HCoV-OC43
infection in Newborn mice. 3-day-old mice were intranasally infected with 10? TCIDsy, HCoV-OC43. YBM (10 mg/kg) or Vehicle was intra-
peritoneally IP, followed by once-daily dosing for 14 consecutive days. (D, E) The survival and body weight were monitored for 14 days (n = 7).
(F, G) Lung and brain tissues harvested at 5 dpi were analyzed for HCoV-OC43 N gene copies by RT-qPCR. (H, I) Histopathological analysis.
Lung tissues and brain tissues were fixed in 4% paraformaldehyde and H&E-stained at 5 dpi. Data represent mean £ SEM from three independent
experiments. Statistical analysis was determined by Student’s #-test and the log-rank test for survival curves. *P < 0.05, **P < 0.01.
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storm severity (Supporting Information Fig. S6). These results
demonstrate that structural optimization of SAR405, particularly
YBM, enhances both its PK properties and antiviral efficacy by
improving systemic exposure, lung targeting, and dual suppression
of viral replication and inflammation. Thus, YBM can serve as a
potent VPS34-targeting drug candidate for further optimization
and drug development studies.

3.7.  YBM has broad-spectrum activity against coronaviruses

To further investigate the broad-spectrum anti-coronavirus po-
tential of YBM, we evaluated its inhibitory effects against repre-
sentative strains from three coronavirus genera: «-coronavirus
(Porcine Epidemic Diarrhea Virus, PEDV), @-coronavirus (HCoV-
0C43), and ry-coronavirus (Infectious Bronchitis Virus, IBV) in
cellular assays. As shown in Fig. 7A—C, YBM exhibited dose-
dependent inhibition of viral replication across all tested strains,
with ECsy comparable to those observed for SARS-CoV-2. The
in vivo efficacy of YBM against $-coronavirus infection was
evaluated using HCoV-OC43. Mortality analysis revealed striking
differences between the YBM-treated group and the Vehicle group
(Fig. 7D). Continuous body weight monitoring over 14 days
demonstrated that the YBM-treated group maintained steady
weight gain (Fig. 7E). The viral load in the lung and brain tissues
of mice on 5 dpi was detected. The results showed a significant
reduction in the HCoV-OC43 N gene in the lung and brain tissues
in the YBM-treated group, and the viral load was also significantly
lower than Vehicle group (Fig. 7F and G). H&E staining results of
lung tissue revealed extensive atrophy and disorganization of
alveolar structures with significant thickening of alveolar walls,
whereas the YBM-treated group exhibited essentially normal lung
tissue architecture with intact alveoli (Fig. 7H and I). HE staining
of brain tissue showed severe structural abnormalities in the
Vehicle group, characterized by extensive neuronal degeneration,
including shrunken and deeply stained cell. In contrast, the YBM-
treated group displayed only mild structural abnormalities with
abundant neurons in the hippocampal region and minimal
neuronal degeneration (Fig. 7H and I). Together, these results
demonstrate that YBM has broad-spectrum anti-coronavirus
activity.

3.8.  YBM inhibits autophagy and has low toxicity in vivo

Given the important role of VPS34 in autophagy, we investigated
the effects of YBM on this pathway. In A549 cells subjected to
EBSS-induced starvation, a marked increase in LC3-II conversion
was observed, indicative of autophagy activation. Notably, YBM
treatment dose-dependently suppressed this LC3-II conversion
(Supporting Information Fig. S7A). For p62, a selective autophagy
substrate, revealed progressive accumulation upon YBM treat-
ment, further confirming autophagy flux blockade (Fig. S7B).
These data establish YBM as a potent autophagy inhibitor tar-
geting the VPS34 pathway. To address potential safety concerns
from chronic autophagy suppression, longitudinal toxicity studies
were conducted in mice. Body weight monitoring demonstrated
parallel growth trajectories across all treatment groups and the
control group throughout the observation period (Fig. 8A). Serum
biochemical analyses further confirmed the absence of statistically
significant alterations in hepatic (ALT, AST, ALP, TBIL-Z,
DBIL-Z, TP, GGT, TBA, ALB) and renal (UA, BUN, CREA,
MALB, NAG) function biomarkers relative to controls
(Fig. 8B—0). Histopathological assessment of heart, liver, spleen,

lung, and kidney tissues staining revealed no detectable abnor-
malities (Fig. 8P). Collectively, these findings demonstrate
excellent tolerability of YBM at both therapeutic and supra-
therapeutic doses.

4. Discussion

The ongoing emergence of novel coronaviruses, particularly
SARS-CoV-2, has posed unprecedented challenges to global
public health. Recently, there has been an alarming surge in
coronavirus outbreaks including SARS-CoV in 2003, MERS-CoV
in 2012, and the ongoing SARS-CoV-2 pandemic initiated in
2019°*%7_ Although vaccination campaigns have moderately
succeeded in reducing infection rates and transmission dynamics,
persistent threats necessitate the urgent development of broad-
spectrum anti-CoV therapeutics. This is further amplified by the
evolutionary race between host immunity and viral immune
evasion mechanisms, as exemplified by the rapid emergence of
SARS-CoV-2 variants with enhanced transmissibility and
antibody-escape capabilities. While protease inhibitors such as
molnupiravir and Paxlovid™ have received clinical approval,
therapeutic agents targeting host factors essential for coronavirus
replication remain critically underexplored’®. In this study, we
demonstrated that both in vitro and in vivo VPS34 knockdown
significantly attenuated coronavirus replication, validating VPS34
as a promising host-directed therapeutic target against coronavirus
infection. Moreover, building upon the VPS34 inhibitor SAR405
as a lead compound, we rationally designed YBM, a novel
VPS34-targeting inhibitor that demonstrated excellent in vivo
antiviral efficacy while maintaining improved PK properties.
VPS34, the sole PI3K in mammals, plays essential roles in
autophagy, endosomal trafficking, and other cellular processes.
VPS34-mediated phosphatidylinositol 3-phosphate (PI3P) gener-
ation enables the membrane recruitment of effector proteins for
endosomal fusion, assembly of endosomal sorting complexes
required for transport (ESCRT) during multivesicular body for-
mation, and retromer complex stabilization for endosome-to-Golgi
retrograde transport™*°. For RNA viruses, such as Ebola virus
(EBOV) and tomato bushy stunt virus (TBSV), VPS34 is recruited
to viral replication compartments, elevating PI3P levels that
facilitate Rab5-positive early endosome recruitment, thereby
providing phosphatidylethanolamine-enriched membranes for
replication complex assembly*'*>. Mechanistically, both HCV and
SARS-CoV-2 exploit VPS34-catalyzed PI3P production and its
effector DFCP1 to scaffold DMV formation, which serves as a
critical platform for viral RNA replication'®. Although previous
studies have identified the antiviral potential of VPS34 through
high-throughput screening, these findings were predominantly
limited to cell culture systems, leaving the in vivo therapeutic
efficacy uncharacterized*>*°. Using genetic knockdown ap-
proaches, we demonstrated that VPS34 suppression significantly
inhibits coronavirus replication both in vitro and in vivo. Phar-
macological validation using VPS34 inhibitors (VPS34-IN-1,
VPS34-IN-2, PIK-III, and SAR405) confirmed the dose-
dependent SARS-CoV-2 suppression in Vero E6 cells, with
SAR405 exhibiting the highest SI. This superior profile aligned
with SAR405’s potent enzymatic inhibition (VPS34-IN-I:
25 nmol/L, VPS34-IN-II: 2 nmol/L, PIK-III: 18 nmol/L,
SAR405:1.2 nmol/L)**?, establishing it as the most promising
anti-coronavirus candidate among the tested VPS34-targeting
compounds. This aligns with recent findings that VPS34
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Figure 8  The safety assessment of YBM in vivo. (A) Mice were intraperitoneally administered YBM (10, 20, and 50 mg/kg) or vehicle control
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inhibitors suppress SARS-CoV-2 replication in a human airway
epithelial cell line and human lung tissues*®*’. Compared to
direct-acting antivirals (such as Paxlovid™), host-targeting stra-
tegies against VPS34 offer two key advantages: first, the high
genetic barrier to resistance host proteins is less prone to
mutation-driven drug resistance; second, broad-spectrum antiviral
activity against emerging variants, as evidenced by comparable
ECsq values across all tested strains (Fig. 3C—F).

Paradoxically, SAR405 failed to confer protection in a lethal
SARS-CoV-2 mouse model, despite its cellular efficacy (Fig. 4).
SAR405’s lack of in vivo efficacy stems not from intrinsic antiviral
incompetence, but rather from inadequate spatiotemporal coordi-
nation between compound availability and pathogenic vulnera-
bility windows. The compromised in vivo efficacy of SAR405
directly correlates with its suboptimal PK profile, characterized by
rapid systemic clearance (3250.94 + 1081.29 mL/h/kg) and
transient target tissue exposure (Supporting Information Tables S2
and S3). Despite achieving peak plasma concentrations within
10 min post-administration, the compound demonstrated inade-
quate biodistribution to SARS-CoV-2 replication sites, with lung
and tracheal concentrations remaining at a low level. This PK/PD
disconnection, exacerbated by a short elimination half-life,
mechanistically explains the absence of observable antiviral ac-
tivity in murine infection models.

The rational optimization of PK profiles is a promising strategy
for enhancing the therapeutic potential of antiviral agents. By
improving critical PK parameters such as bioavailability, tissue
distribution, and metabolic stability, this approach enables sus-
tained target engagement at viral replication sites while mini-
mizing off-target toxicity. For example, the modified analogs of
tenofovir, azidothymidine, stavudine, and didanosine exhibit
enhanced bioavailability, improved PK profile, increased cell
permeability, and strong anti-HIV activity*®>°. Lipid-based
remdesivir prodrugs have been synthesized and evaluated in
multiple studies, demonstrating high antiviral activity against
SARS-CoV-2, oral bioavailability, and favorable PK proﬁles5 153,
Through systematic structural modifications of the VPS34 inhib-
itor SAR405, we developed three novel compounds: YDT, YBT,
and YBM. Strikingly, YBM exhibited superior PK properties
conducive to in vivo antiviral activity compared with SAR405,
while demonstrating significant therapeutic efficacy against lethal-
dose SARS-CoV-2 and HCoV-OC43 infection in vivo. PK
profiling revealed that YBM achieved 2.5-fold higher peak plasma
concentration and 5-fold lower systemic clearance post-IP
administration. This prolonged PK profile enables sustained
VPS34 inhibition throughout the viral replication cycle. Crucially,
YBM demonstrated enhanced lung tropism and maintained pul-
monary drug concentrations higher than SAR405 at critical time
points. This preferential pulmonary distribution ensures thera-
peutic coverage at the primary coronavirus replication site, which
is a key determinant of antiviral success.

Although YBM (Kp: 2.19 x 1078 mol/L) has a reduced affinity
for VPS34 compared with SAR405 (Kp: 1.44 x 10~° mol/L)
(Supporting Information Fig. S8), it exhibits significantly
improved pharmacokinetic properties. This apparent contradiction
can be explained by considering the overall drug optimization
process. The structural modifications in YBM, while slightly
reducing static binding affinity in a purified system, were deci-
sively successful in mitigating the primary liability of SAR405: its
rapid metabolic clearance. We posit that in the complex physio-
logical environment, the greatly improved metabolic stability and

PK profile of YBM lead to higher and more sustained drug con-
centrations. This effectively compensates for the modestly lower
intrinsic affinity, resulting in superior overall target coverage and
efficacy in vivo. In drug discovery, the goal is not to optimize a
single parameter (like Kp) in isolation, but to achieve the best
possible balance of multiple properties—including potency, PK,
and safety—to yield a successful therapeutic candidate. Our data
demonstrate that YBM represents such a balanced candidate.

Thus, we validated VPS34 as a viable broad-spectrum anti-
coronavirus target both in vitro and in vivo, and developed YBM, a
novel VPS34-targeting compound that demonstrates favorable
antiviral activity in vivo. YBM eftectively inhibited not only (-
coronaviruses but also «-coronavirus and +y-coronavirus un-
derscores its potential as a pan-coronavirus therapeutic. While our
study demonstrated the safety of YBM following 14-day contin-
uous administration, prolonged autophagic activation may still
cause organismal damage®®. Therefore, future studies should
develop inhalation delivery systems to maximize bioavailability
while minimizing systemic exposure. In addition, combination
therapies using viral polymerase inhibitors should be explored to
achieve synergistic effects™.

5. Conclusions

In conclusion, our results show that VPS34 serves as a broad-
spectrum host target for coronaviruses. A novel VPS34-targeting
small-molecule compound was designed and synthesized, which
exhibited favorable bioavailability and lung tissue distribution.
This compound effectively inhibited coronavirus replication both
in vitro and in vivo and holds promise for future structural opti-
mization or combination therapy with viral polymerase inhibitors
as broad-spectrum anti-coronavirus agents.
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