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Introduction

Antiviral activity of navy bean (Phaseolus vulgaris)
extract against influenza A virus via
haemagglutinin interaction and interferon
pathway modulation

Ji-Yeong Choi,* Se-Young Cho,
Dal Sik Kim" and Duwoon Kim*-<9

+°€ Bipin Vaidya, ¢ Iksoon Kang,® Chyer Kim,®

Phaseolus vulgaris agglutinins (PHAs), lectins derived from navy beans, are recognised for their limited
antiviral effects and toxicity in Madin—Darby canine kidney (MDCK) cells. In this study, fermented navy
bean extract (FBE) produced with Bacillus subtilis was analysed using ultra-performance liquid chromato-
graphy coupled with tandem mass spectrometry, identifying various lectins, including monomeric forms
of PHA-L and PHA-E (~32 kDa). Pre-treatment with FBE exhibited 2.6- and 12.6-fold greater inhibition of
influenza A virus (IAV) HIN1 replication than commercially available PHA-E and PHA-L (12.5 ug mL™Y,
respectively. Additionally, a synthesised 10-amino acid peptide derived from PHA-L (antifungal lectin, AFL)
exhibited antiviral properties, reducing the viral load by 1.95log under pre-treatment conditions. This
effect was attributed to AFL-induced type | interferon responses, which led to the upregulation of key
antiviral genes (IFN-a, IFN-p, STAT1, and STAT2). Co-treatment with FBE and IAV H1IN1 effectively inhibited
viral-host interaction and entry. To further investigate the underlying mechanism, FBE was neutralised
with haemagglutinin (HA)—His proteins, and immunoprecipitation—mass spectrometry analysis identified a
36 kDa protein (UniProt accession number: V7BGE3), previously annotated but newly implicated as an
HA-binding protein. Transmission electron microscopy revealed that FBE binding to HA glycoproteins
induced structural alterations on the outer surface of IAV HIN1 particles, potentially blocking viral entry.
These findings highlight the multifunctional antiviral mechanisms of FBE and its potential as a novel thera-
peutic agent against IAV, warranting further exploration.

cines and antiviral drugs, the viruses continue to impose a sig-
nificant burden owing to their rapid mutation rate and devel-

Influenza A viruses (IAVs) present a persistent global health
challenge, causing seasonal epidemics and occasional pan-
demics. Despite efforts to mitigate IAV infections through vac-
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opment of drug resistance.' IAV is an enveloped RNA virus
characterised by surface glycoproteins, such as neuraminidase
(NA) and haemagglutinin (HA), which facilitate viral entry by
binding to receptors on host cells.”> HA, the major antigen of
IAV, attaches to sialic acid receptors on host cells, initiating
infection and prompting the step of neutralising antibody
production.®* However, frequent mutations in HA lead to the
emergence of novel IAV strains, undermining the efficacy of
existing vaccines.>® Current antiviral strategies targeting the
M2 ion channel and NA have been limited by the emergence
of resistant IAV strains. Additionally, viral RNA polymerase
inhibitors (e.g., favipiravir) exhibit variable therapeutic out-
comes. These limitations underscore the urgent need for
alternative antiviral therapies that address the challenges of
1AV infections.”

Lectins, carbohydrate-binding proteins of nonimmune
origin, have shown potential as antiviral agents against IAV
owing to their selective binding capabilities. This selectivity
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offers distinct advantages over current therapies utilising anti-
bodies and enzymes.®® Plant-derived lectins, in particular,
play an essential role in antiviral defence by binding to viral
carbohydrates, effectively disrupting interactions between viral
HA and host-cell sialic acid receptors.'® Lectins with affinities
for mannose, glucose, and N-acetylglucosamine (GlcNAc) have
demonstrated inhibitory effects against IAV."""? Several plant-
derived lectins, including cyanovirin-N, hyacinth bean lectin,
Hippeastrum hybrid agglutinin, and Galanthus nivalis aggluti-
nin, act as IAV inhibitors by interacting with HA, thereby hin-
dering virus entry and release."®'* Engineered banana lectin
has also demonstrated efficacy in protecting against IAV by
blocking viral fusion with the endosome.'® However, the anti-
viral activity of lectins from certain plant sources, such as navy
beans, remains underexplored.

Among bean-derived lectins, Phaseolus vulgaris agglutinin
(PHA), a prominent component of navy beans, distinguishes
itself owing to its well-defined structure and specific carbo-
hydrate-binding domains that facilitate interactions with viral
surface glycoproteins.'® The structural and binding properties
of PHA suggest potential applications in disrupting virus-host
cell interactions, a mechanism observed in other antiviral
lectins.”” Although the carbohydrate-binding properties of
PHA are well-documented, its antiviral potential, particularly
against IAV HIN1, remains unexplored. Previously, our
research team identified a novel lectin, Tcan, by fermenting
sword beans (Canavalia gladiata) with Bacillus subtilis. This
lectin demonstrated significant antiviral efficacy against
SARS-CoV-2, highlighting the potential of fermentation-
derived lectins in combating viral infections."® Leveraging this
success, we applied a similar fermentation method to navy
beans using B. subtilis, hypothesising that the approach would
exhibit anti-IAV HIN1 potential in vitro by mitigating
cytotoxicity.

This study aimed to investigate the antiviral properties of
fermented navy bean extract (FBE), identify the active antiviral
components of FBE, and evaluate the efficacy of these com-
ponents in inhibiting IAV H1N1. It focused on viral cell attach-
ment and the modulation of immune-related gene expression
in Madin-Darby canine kidney (MDCK) cells.

Materials and methods

Cell culture, virus propagation, and antifungal lectin (AFL)
preparation

The MDCK cell line (KCLB #10034), sourced from the Korean
Cell Line Bank, was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Thermo Fisher Scientific, Inc.,
Waltham, Massachusetts, USA) supplemented with 1% strepto-
mycin-penicillin and 10% foetal bovine serum (FBS; Gibco,
Thermo Fisher Scientific, Inc., Waltham, Massachusetts, USA).
The cells were incubated at 37 °C in a 5%-CO, incubator
(VS-2180C; Vision Scientific, Daejeon, South Korea). For virus
propagation, a low-pathogenic human IAV HIN1 strain A/PR/8/
34 (ATCC VR-1469; American Type Culture Collection,
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Manassas, VA, USA) was cultured in MDCK cells using serum-
free DMEM supplemented with 2 pg mL™' of N-p-tosyl-i-
phenylalanine chloromethyl ketone-treated trypsin (Sigma-
Aldrich, Burlington, Massachusetts, USA) and 1% streptomy-
cin-penicillin under 35 °C and 5% CO, conditions (TPCK-
treated DMEM,, + 1% S/P). To validate the sequence-specific
antiviral activity of the synthetic peptide, a 10-amino acid
peptide (SNDIYFNFQR), designated AFL, was synthesised
based on the lectin domain of the Phaseolus vulgaris agglutinin
(PHA) sequence. A scrambled version of this peptide,
SNDIYFSFDR (denoted as AFL™), was also synthesised by
Dandicure Co., Ltd (Cheongju, South Korea), where two resi-
dues were substituted to serve as a negative control for anti-
viral activity. PHA leucoagglutinin (PHA-L) and erythroaggluti-
nin (PHA-E) were purchased from Sigma-Aldrich.

FBE preparation

To prepare FBE, dried navy beans (P. vulgaris) were initially
ground into a fine powder. The powdered beans were sub-
sequently fermented under controlled conditions using
B. subtilis at 37 °C for 4 days under constant agitation at 150
rpm. During fermentation, the dissolved oxygen level was
maintained at 20-40% saturation, and the pH was kept at 7.0.
After fermentation, the mixture was subjected to ultrafiltration
to isolate the fraction containing components within the
10-100 kDa molecular-weight range. This fraction was then
freeze-dried to produce a stable product, which was sub-
sequently stored at —80 °C until further analysis.

Cytotoxicity assay

MDCK cells were seeded at a density of 2 x 10* cells per well in
a 96-well plate, with each well containing 100 pL of DMEM
supplemented with 10% FBS (DMEM,,). The cells were incu-
bated for 24 h at 37 °C and 5% CO,. After incubation, the
culture medium was carefully removed, and the cells were
exposed to 100 pL of varying concentrations (25-400 pug mL ™)
of FBE and other compounds prepared in DMEM;,. The cells
were incubated for an additional 48 h under similar conditions
(37 °C, 5% CO,). For the negative control, cells were treated
with DMEM;, without FBE or other compounds. Following
treatment, 10 pL of Cell-Counting Kit-8 solution (CCK-8;
Dojindo Molecular Technologies, Rockville, MD, USA) was
added to each well and the plate incubated for 2 h.
Absorbance was measured at 450 nm using a microplate
spectrophotometer (Synergy™; BioTek, VT, USA). Cytotoxicity
was determined by comparing the absorbance of the treated
wells with that of the control wells. The concentration of FBE
and other compounds resulting in a 50% reduction in cell via-
bility (CCs,) was determined.

Anti-IAV assay in MDCK cells

The antiviral activity of FBE, the synthetic peptide AFL, and
PHAs was evaluated in MDCK cells infected with influenza A
virus (H1N1) using three treatment strategies: pre-treatment,
co-treatment, and post-treatment. MDCK cells were seeded at a
density of 2 x 10* cells per well in a 96-well plate, with 100 pL

This journal is © The Royal Society of Chemistry 2025
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of medium added to each well, and incubated for 24 h at 37 °C
in a 5%-CO, incubator. Following incubation, the cultured
cells were washed twice with phosphate-buffered saline (PBS)
to remove any residual medium. In the pre-treatment assay,
the cells were exposed to varying concentrations of FBE
(0-100 pg mL™Y), AFL (0-100 pg mL™'), PHA-E (0-12.5 pg
mL "), and PHA-L (0-12.5 ug mL™") for 12 h at 37 °C in a 5%
CO, atmosphere, followed by two washes with PBS to remove
unbound compounds. The cells were subsequently infected
with H1N1 and incubated at 35 °C for 72 h in 5% CO,. In the
co-treatment assay, equal volumes of the virus dilution and
test compound were mixed and incubated at 32 °C for 2 h to
facilitate direct interaction between viral particles and the
treatment agents. Following incubation, the virus-compound
mixture was directly applied to MDCK cells and incubated at
35 °C in 5% CO, for 72 h. This approach aimed to determine
whether the compounds could directly bind to and neutralise
viral particles before their entry into host cells. In the post-
treatment assay, MDCK cells were initially infected with HIN1
at 35 °C in 5% CO, for 2 h. After removing unbound virus by
washing with PBS, the cells were treated with the test com-
pounds for an additional 12 h at 35 °C in 5% CO,. Following
another PBS wash, the medium was replaced with TPCK-
treated DMEM,, supplemented with 1% S/P and, the cells were
incubated for 72 h. Infection with IAV H1N1 was performed at
a multiplicity of infection of 10. After the treatment period,
culture supernatants were harvested, and viral RNA was sub-
sequently extracted and quantified using the quantitative
reverse transcription-polymerase chain reaction (qRT-PCR), as
detailed below.

IAV H1N1 replication via qRT-PCR assays

To quantify viral copies in cells using qRT-PCR, cell super-
natants were collected at the endpoint of infection. RNA was
extracted from the collected supernatant using RNAiso Plus
(Takara Bio, Inc., Shiga, Japan), according to the manufac-
turer’s protocol. In brief, the extraction process involved
chloroform addition for phase separation, RNA precipitation
with isopropanol, centrifugation, 75% ethanol wash, and
final resuspension in ribonuclease (RNase)-free water. The
extracted RNA was quantified using a NanoVue™ Plus
Spectrophotometer (GE  Healthcare, Little Chalfont,
Buckinghamshire, UK). For complementary DNA (cDNA) syn-
thesis, 10 pL of quantified RNA was combined with 1 pL of a
6-mer random primer (Takara, Kyoto, Japan) and incubated at
65 °C for 10 min. The reaction mixture was subsequently sup-
plemented with 4 pL of 5x PrimeScript® reverse transcription
buffer, 2 pL of dithiothreitol, 2 pL of deoxynucleotide tripho-
sphate, 0.5 pL of PrimeScript® reverse transcriptase, and
0.5 pL of RNase inhibitor. This mixture was incubated at 37 °C
for 1 h, followed by heat inactivation at 95 °C for 5 min. cDNA
was synthesised using a PCR Thermal Cycler Dice Gradient
System (Takara). The synthesised cDNA was subsequently uti-
lised to measure viral replication using IAV PA gene primers
(forward: 5-GAG CCT ATG TGG ATG GAT TC-3' and reverse: 5'-
CCC ATT CGG AAG TCT AAG TG-3"). qRT-PCR was performed
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with the following cycling parameters: 95 °C for 10 min
initiation, 45 cycles of 95 °C for 5 s denaturation, 55 °C for 10
s annealing, and 72 °C for 20 s elongation. PA gene expression
was determined by substituting the Ct values into the PA gene
standard curve, which was constructed using known concen-
trations of the PA gene and expressed as copies per mL.

Relative mRNA gene expression using the qPCR assay

MDCK cells were seeded into 96-well plates at a density of 1 x
10> cells per well in 100 pL of DMEM,,. The cells were incu-
bated at 37 °C in 5% CO, for 24 h and subsequently washed
twice with PBS. Thereafter, they were treated with varying con-
centrations of FBE or AFL at 37 °C for 12 h. Afterward, the
cells were infected with IAV HIN1 and further incubated at
35 °C in 5% CO, for 72 h. Following incubation, the super-
natant was discarded, and the cells were lysed using 100 pL of
RNAiso reagent. The lysed cells were subsequently incubated
at 35 °C for 5 min to facilitate RNA extraction. RNA was
extracted as described previously, and gene-specific primers
(as detailed in Table S1) were used for the qPCR assay. Relative
gene expression levels were calculated using the 2744¢
method, with gene expression in the lectin-treated samples
normalised to that of the untreated control group.

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE)

SDS-PAGE was performed using a 15% sodium dodecyl sul-
phate-polyacrylamide gel, following the manufacturer’s proto-
col. Initially, the samples were mixed with a loading buffer
containing 0.2% SDS and heated at 100 °C for 5 min to
denature the proteins. The samples were subsequently loaded
onto the SDS-PAGE gel and subjected to electrophoresis at a
constant voltage of 100 V for 2 h. After electrophoresis, the gel
was stained with Coomassie brilliant blue to visualise the
protein bands. A protein molecular-weight marker (HiQ Pre-
Stained Protein Marker; BioD, Korea), detecting molecular
weights ranging from 11 to 75 kDa, was used to estimate the
size of the lectin bands.

Immunoprecipitation-mass spectrometry (IP-MS/MS)

To isolate His-tagged proteins, 10 ug of HA-His protein was
diluted with 1x binding/washing buffer (50 mM sodium phos-
phate, pH 8.0, 300 mM NacCl, 0.01% Tween-20) and incubated
with Dynabeads™ His-tag Isolation and Pulldown (Thermo
Fisher Scientific, Inc. USA) for 5 min with gentle mixing. After
magnetic separation and removal of the supernatant, the
beads were washed four times with the same buffer. The FBE
protein was subsequently diluted (1:1) with 2x pulldown
buffer and incubated with the washed Dynabeads™ at 30 °C
for 30 min. After incubation, the beads were washed with 1x
binding/washing buffer to eliminate any non-specifically
bound proteins. His-tagged proteins were eluted from the
beads by adding His-elution buffer (300 mM imidazole,
50 mM sodium phosphate, pH 8.0, 300 mM NacCl, 0.01%
Tween™-20) and collected for nano UPLC-MS/MS analysis.

Food Funct, 2025, 16, 8431-8443 | 8433


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo01554e

Open Access Article. Published on 07 October 2025. Downloaded on 3/31/2026 2:39:04 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Nano UPLC-MS/MS

Purified FBE and proteins eluted from the IP-MS/MS assay
were processed into peptides using the tube-gel method." The
resulting peptide mixture was analysed using a nano-ACQUITY
Ultra-Performance Liquid Chromatograph™ (UPLC) equipped
with a Synapt™ G2-Si High-Definition Mass Spectrometry
System (Waters Corp., Milford, MA, USA), as described pre-
viously.”® Chromatographic separation was performed on an
ACQUITY UPLC BEH C18 column (100 x 2.1 mm, 1.7 pm par-
ticle size; Waters Corp., Milford, MA, USA). The mobile phase
comprised solvents A (0.1% formic acid in water) and B (0.1%
formic acid in acetonitrile). The elution gradient was pro-
grammed as follows: 0-1 min, 5% B; 1-10 min, 5-40% B;
10-12 min, 40-85% B; 12-13 min, 85% B; 13-13.1 min, 85-5%
B; and 13.1-15 min, 5% B. The flow rate was set at 0.3 mL
' and column temperature maintained at 40 °C. Mass
spectrometry was performed in positive electrospray ionisation
mode with a capillary voltage of 3.0 kV and source temperature
of 120 °C. Raw data were processed using MassLynx software
(version 4.1, Waters) and searched against the UniProt data-
base (Phaseolus vulgaris; UP000000226) using Mascot (Matrix
Science) for protein identification. Identified proteins were fil-
tered using a false discovery rate of <4% at the protein level
and categorised based on MS/MS spectra using the
ProteinLynx Global Server algorithm. Subsequently, these pro-
teins were compared with known lectin sequences using
BLAST for further characterisation.

min~

Protein structure visualisation and analysis using PyMOL

The three-dimensional (3D) structures of AFL and AFL™, a
modified variant of AFL, were obtained from the UniProt data-
base as protein data bank files (UniProt IDs: Q8RVX9 for AFL
and Q3LA43 for AFL™) and analysed using PyMOL (version 2.6;
Schrodinger, LLC). Structural alignment and overlay were per-
formed to identify conformational variations, with divergent
regions highlighted using distinct colour coding. The charge
distribution of amino acid residues was visualised using
colour mapping, with positively charged, neutral, and nega-
tively charged regions in red, cyan, and blue, respectively.
Active-site residues were highlighted to facilitate a comparative
analysis of functional differences between the two proteins.
Additionally, structural measurements, such as interatomic
distances and angles, were performed to evaluate potential
conformational and functional implications. The resulting
visualisations were exported for figure preparation and further
analysis.

Morphological analysis using transmission electron
microscopy (TEM)

After 2 h incubation at 32 °C, morphological alterations in 1AV
particles, with or without FBE treatment, were observed via
TEM. For sample preparation, 100 pL of each sample was
applied to 200-mesh carbon-coated copper grids (Electron
Microscopy Sciences, Hatfield, PA, USA). Afterward, the
samples were negatively stained with 2% aqueous uranyl
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acetate for 30 s. Excess stain was blotted away, and the grids
were rinsed three times with distilled water and air-dried.
Imaging was performed on a Zeiss LEO 912AB TEM (Carl
Zeiss, Oberkochen, Germany) at an accelerating voltage of 80
kv.

Statistical analysis

All experiments were conducted in triplicate, and the results
are presented as the mean + standard deviation. GraphPad
Prism for Windows (version 6; Graph Pad Software, Inc., San
Diego, CA, USA) was used to generate all figures. The CCs,
values of the MDCK cell lines were calculated using nonlinear
regression analysis to fit a dose-response curve in GraphPad
Prism. Statistical analysis was conducted using IBM SPSS
Statistics software (version 27; IBM Corp., Armonk, NY, USA).
Statistical significance was determined using one-way analysis
of variance followed by Dunnett’s test, with a p-value <0.01
considered statistically significant.

Results and discussion
Cytotoxicities of FBE and AFL

Fig. 1 displays the dose-dependent cytotoxicities of FBE, AFL,
and the purchased standards (phytohaemagglutinin [PHAJ-E
and PHA-L) in MDCK cells. Both FBE and AFL exhibited no
cytotoxicity at concentrations up to 100 pg mL™", a promising
indication of their potential therapeutic applications.
However, at higher concentrations, their effects diverged: at
200 pg mL~', FBE displayed significant cytotoxicity, reducing
cell viability to 12%, whereas AFL was less cytotoxic, maintain-
ing 61.5% cell viability at the same concentration. These find-
ings were further supported by their CCs, values, which were
determined to be 184.8 and 221.0 pg mL~" for FBE and AFL,
respectively, indicating the superior safety profile of FBE to
that of AFL. In contrast, the purchased standards (PHA-E and
PHA-L) demonstrated cytotoxicity effects starting at 50 pg
mL™", with CCs, values of 49.98 and 57.34 ug mL™", respect-
ively. These significantly lower CC50 values suggest greater
cytotoxic potential, limiting their therapeutic applicability as
antiviral agents. This aligns with previous studies that demon-
strated their toxicity in both in vivo and in vitro settings.>'**

Characterisation of lectin from fermented navy bean

SDS-PAGE of FBE—derived from fermented navy bean powder
and purified using a size cut-off ultrafiltration membrane—
yielded a single prominent protein band at approximately
32 kDa (Fig. 2A). In contrast, the non-fermented navy bean
water extract (NWE) exhibited three major protein bands:
>100 kDa, ~32 kDa, and <32 kDa, indicating the presence of
unprocessed or non-selective proteins. The single dominant
band in FBE highlights the enrichment of specific lectin pro-
teins during fermentation and ultrafiltration. Further tandem
mass spectrometry (MS/MS) analysis of FBE identified 26
lectin-related proteins, including phytohaemagglutinin var-
iants such as leucoagglutinating phytohaemagglutinin (PHA-L)

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Cell viability assessment of fermented navy bean extract and lectins in MDCK cells. MDCK cells were treated with fermented navy bean
extract (FBE) (A), antifungal lectin (AFL) (B), phytohaemagglutinin-E (PHA-E) (C), and phytohaemagglutinin-L (PHA-L) (D) at concentrations ranging
from 0 to 400 pg mL™2. Cell viability was measured after 48 h using a CCK-8 kit and expressed as a percentage relative to the untreated control. The
asterisks (*) above the bars indicate significant differences from the untreated control (p < 0.01; Dunnett'’s test). Ns, not significant.

Sequence MW (kDa) Charge

AFL: PHA-L (Q8RVX9) 2 N'-SNDIYFIFER-C’ * 1.303 0
AFL™: PHA-L (Q3LA43) 21 N'-SNDIYFSFER-C' 0 1.263 -

—75kDa |
—+63kDa

—+48kDa
—35kDa

—25kDa
—20kDa
—+17kDa

—+11kDa

Fig. 2 Analysis of protein expression in fermented navy bean extract (FBE) and the electrostatic properties of antifungal peptides in PHA-L. (A)
SDS-PAGE analysis showing lane M, molecular weight marker; lane 1, non-fermented navy bean water extract (NWE); and lane 2, FBE. (B) Amino acid
sequence alignment comparing AFL and AFL™, with differing residues highlighted in black. Structural and electrostatic properties of (C) AFL and (D)
AFL™ visualized using stick models based on the phytohaemagglutinin-L (PHA-L) sequence. The charge distributions are indicated as follows: red for
positive, cyan for neutral, and blue for negative. (E) Comparison of overlapping peptide sequences between AFL and AFL™, with red arrows indicating
regions of significant structural differences, highlighting the impact of these modifications on charge distribution and spatial arrangement.
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and erythroagglutinating phytohaemagglutinin (PHA-E), as
well as additional lectin proteins homologous to other
members of the P. vulgaris lectin family. These identified pro-
teins, summarised in Table 1, provide insights into the diver-
sity and specificity of lectin variants enriched during fermenta-
tion and purification.

The antifungal peptide AFL, comprising 10 amino acids
(sequence: SNDIYFNFQR), corresponded to residues 22-31 in
the N-terminal region of PHA-L (UniProt accession number,
Q8RVX9) and shared 100% sequence identity with AFL PVAP
(UniProt accession number, P84869). Identified via HPLC-MS/
MS analysis of the FBE sample (Table 1), AFL was structurally
modelled and visualised using PyMOL to elucidate its 3D con-
formation (Fig. 2B).>* To investigate the structure-function
relationships, a modified variant of AFL, designated AFL™, was
developed based on the PHA-L of P. vulgaris (UniProt accession
number, Q3LA43). AFL™ included specific substitutions
(SNDIYFSFDR; Fig. 2B) that altered the net charge of the
peptide from neutral (0) in AFL to —1 in AFL™. This final
charge was attributed to the negatively charged aspartic acid
(D) and hypothesised to influence peptide folding, stability,
and interaction potential with biological targets.>»** The
differences at the 7" and 9™ positions of the sequence likely
altered the charge distribution and/or hydrogen bonding capa-
bilities, potentially affecting the interactions or specificity of
the peptides (Fig. 2B, C and E). For instance, at the 7™ posi-
tion, asparagine (N) and serine (S) exhibit similar hydrogen
bonding capabilities; however, serine is slightly more hydro-
philic. In AFL, asparagine can form more hydrogen bonds
than serine in AFL™, potentially affecting interactions with
water molecules and overall stability in aqueous solutions. At
the 9™ position, glutamine (Q) is neutral, while aspartic acid
(D) is negatively charged. The substitution of glutamine with
aspartic acid alters the net charge of the peptide, potentially
affecting electrostatic interactions with binding partners.
Additionally, the increased polar nature of serine and aspartic
acid in AFL™ may diminish its tendency to aggregate com-
pared with that in AFL. AFL™ is probably more sensitive to pH
changes owing to the ability of aspartic acid to alter its proto-
nation state.

The substitution of asparagine with serine and glutamine
with aspartic acid may also alter hydrogen bond strength and
electrostatic interactions with the HA protein.”® These modifi-
cations possibly affect the peptides’ ability to recognise and
bind to specific regions of the HA protein, potentially altering
their effectiveness as entry inhibitors.”” Additionally, these
amino acid substitutions may influence the peptides’ second-
ary structure, compromising their ability to mimic or interact
with HA’s functional regions.”””® PyMOL-based structural
alignment and overlay of AFL and AFL™ revealed significant
differences in their 3D conformations, predominantly around
the substituted residues, possibly impacting their interactional
properties and stability (Fig. 2E). Sequence alignment con-
firmed these residue-level differences, emphasising the struc-
tural impact of the substitutions. Collectively, these findings
provide a comprehensive structural and biochemical character-
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isation of the AFL variants. The observed structural differences
between AFL and AFL™, especially the shift in net charge
owing to the 9™ position substitution, underscore the poten-
tial of modifying lectin sequences to explore functional diver-
sity and improve bioactivity. Furthermore, the fermentation-
based enrichment of specific lectins demonstrates the utility
of processing methods in optimising bioactive protein
profiles.

Anti-IAV HIN1 activity of pre-, co-, and post-treatment

The antiviral efficacies of FBE, AFL, AFL™, PHA-E, and PHA-L
against IAV H1N1 were evaluated in MDCK cells under various
treatment conditions by measuring reductions in viral (IAV
H1N1) replication (Fig. 3 and 4). On comparing NWE with
FBE, NWE did not exert any inhibitory effects on IAV HIN1
replication. In contrast, FBE significantly inhibited viral repli-
cation across all treatment conditions (Fig. 3A, D and G).
These findings suggest that fermentation is requisite to produ-
cing bioactive compounds that inhibit viral replication.

Under pre-treatment conditions, FBE inhibited viral replica-
tion in a dose-dependent manner, yielding a reduction of up
to 2.24 log at 100 ug mL~". PHA-E significantly reduced replica-
tion by <1log, whereas PHA-L exhibited no significant effect
(Fig. 3A-C). Notably, treatment with AFL, a 10-amino acid
peptide derived from PHA-L (Q8RVX9), inhibited viral replica-
tion by 1.95 log at 100 pg mL™" in a dose-dependent manner,
whereas its variant, AFL™, exerted no significant antiviral
effects (Fig. 4A and B). Under co-treatment conditions, FBE
exclusively inhibited viral replication in a dose-dependent
manner, achieving a 1.89-log reduction at 100 pg mL™*
(Fig. 3D). In comparison, AFL inhibited viral replication by
<1log at the same concentration (Fig. 4C). PHA-E and PHA-L
significantly inhibited IAV H1N1 replication, displaying a non-
linear dose-response pattern (Fig. 3E and F). AFL™ wielded no
significant antiviral effect (Fig. 4D). Under post-treatment con-
ditions, FBE inhibited IAV H1N1 replication in a dose-depen-
dent manner. However, its efficacy decreased compared with
that under pre- or co-treatment conditions, achieving a 1-log
reduction at 100 pg mL™" (Fig. 3G). Post-treatment with PHA-E
(up to 12.5 pg mL ") reduced viral replication by 1.05 log in a
dose-dependent manner. PHA-L exerted a nonlinear dose-
response effect, reducing viral replication by <1log (Fig. 3F
and I). Remarkably, AFL displayed the most significant
reduction in viral replication during post-treatment, yielding a
1.85-log decrease at 100 pg mL™'. Conversely, its variant, with
specific amino acid modifications, did not exhibit any antiviral
effects (Fig. 4E and F).

Based on the above results, we conclude that while PHA-L
and PHA-E exert modest antiviral effects, their cytotoxicity
limits their application as antiviral agents, unlike FBE. A pre-
vious study found PHA-L and PHA-E to induce apoptosis,
cause direct cytotoxicity to various cell types, and trigger acti-
vation-induced cell death, rendering them unsuitable for
general antiviral use.”” In contrast, pre-treatment with FBE
and AFL yielded the most significant antiviral efficacy (2.24
and 1.95 log, respectively) at 100 ug mL ™", with FBE consist-

This journal is © The Royal Society of Chemistry 2025
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ently outperforming AFL in mitigating IAV H1N1 replication
under pre- and co-treatment conditions. Notably, pre- and co-
treatment were more effective than post-treatment, possibly
because of their ability to block viral entry.

The anti-IAV HIN1 effectiveness of FBE may differ from that
of AFL owing to variations in binding affinity, viral particle
aggregation, and/or immunomodulatory effects.>® FBE poten-
tially enhances immune cell activation, facilitating early viral
recognition and clearance, thus inhibiting viral replication.
Furthermore, differences in carbohydrate-binding specificities
potentially influence antiviral potency. For example, FBE may
share glycan specificity with PHA-E by binding to GlcNAc,*
while AFL targets chitin, a polymer of GleNAc.*' Both FBE and
AFL can bind to GIcNAc but vary in their specificity depending
on whether GIcNAc is free or polymerised. Numerous lectins,
including FBE and AFL, demonstrate significant anti-IAV
H1N1 activity, often related to their glycan-binding specifici-
ties. Mannose-binding lectins, in particular, display strong
antiviral properties against IAV and other viruses. The highly
glycosylated surface proteins of IAV, such as HA, contain
mannose-rich glycans that can be targeted by these lectins.’*?
Studies have revealed that different lectins exhibit varying
degrees of anti-IAV activity. For example, griffithsin (GRFT), an
algae-derived lectin, has demonstrated broad-spectrum anti-
viral effects against IAV infection.>® GRFT and a GRFT-based
bivalent entry inhibitor, GL25E, have proven effective in inhi-
biting IAV infection both in vitro and in vivo.>* Their mecha-
nisms of action typically involve binding to glycans on viral
surface proteins, such as HA for IAV, possibly interfering with
the virus’s ability to attach to and enter host cells.*® This
interaction potentially disrupts the viral life cycle at diverse
stages, including entry, replication, and release.*® While sialic
acid serves as the primary receptor for the HA-mediated entry
of IAV, lectins that bind to glycan structures on HA, such as
mannose and GIcNAc, can also exhibit antiviral effects.>” The
effectiveness of these lectins potentially varies with their
specific binding properties and the glycan composition of the
viral proteins. In contrast to AFL, AFL™, a variant sequence of
AFL, exhibited no significant change in IAV HIN1 replication
compared with the control across all three treatment
methods. This lack of antiviral activity in AFL™ suggests that
the specific amino acid sequence of AFL is critical for main-
taining its functional integrity and antiviral properties. The
loss of antiviral activity in the altered sequence indicates that
even minor changes in amino acid composition can signifi-
cantly impact the ability of the protein to interfere with viral
processes. These findings suggest that AFL may possess key
properties required for its antiviral activity in FBE, specifically
under pre-treatment conditions. Overall, the anti-IAV H1N1
potential of AFL highlights the importance of its specific
amino acid sequence for antiviral activity. Previous studies
also corroborate that mutations in the carbohydrate-reco-
gnition domain of lectins can significantly alter their binding
affinity and specificity, potentially affecting their role in bio-
logical processes such as pathogen recognition and antiviral
activity.*®
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Fig. 3 Comparative analysis of influenza A virus (IAV) HIN1 replication inhibition by fermented navy bean extract (FBE), non-fermented navy bean
water extract (NWE), phytohaemagglutinin-E (PHA-E), and phytohaemagglutinin-L (PHA-L) in MDCK cells. MDCK cells were pre-, co-, and post-
treated with navy bean extract (FBE and NWE; panels A, D, and G, respectively), PHA-E (panels B, E, and H, respectively), and PHA-L (panels C, F, and
I, respectively), followed by qRT-PCR, to quantify IAV HIN1 in virus-infected cells. The asterisks (*) above the bars indicate significant differences in
IAV HIN1 replication between lectin-treated and untreated cells (p < 0.01; Dunnett’s test). ns, not significant.

Interaction of FBE with IAV HIN1 HA

TEM was utilised to qualitatively evaluate structural modifi-
cations in IAV HIN1 particles following treatment with FBE
(Fig. 5 and S1). Untreated viral particles displayed a character-
istic spherical morphology, with discernible surface projec-
tions indicative of HIN1 HA spikes. In contrast, FBE-treated
particles appeared aggregated and exhibited less-defined
surface structures. Although TEM does not serve as a quanti-
tative or conclusive method for assessing antiviral efficacy, the
observed morphological alterations suggest that FBE may
interact with the viral surface, potentially affecting HA-
mediated entry. This hypothesis is further corroborated by the

8438 | Food Funct,, 2025, 16, 8431-8443

co-treatment assays, which revealed a 1.89-log reduction in
replication, as measured by qRT-PCR (Fig. 3D).
Comparable morphological changes observed via TEM have
been documented in antiviral research, such as the disruption
of influenza virions by graphene oxide nanoparticles, which

viral

resulted in envelope glycoprotein spike loss and particle defor-
mation.*® This morphological transformation indicates that
FBE directly interacts with IAV H1N1 particles, likely inhibiting
viral entry by binding to HA on the viral surface."* These find-
ings provide compelling evidence that FBE can neutralise 1AV
H1N1 particles, suggesting a promising mechanism for pre-
venting viral infection. The interaction between FBE and IAV
H1N1 was further analysed using IP-MS/MS. His-tagged HA

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Comparative analysis of influenza A virus (IAV) HIN1 replication inhibition by antifungal lectin (AFL) and a variant sequence of AFL (AFL™) in
MDCK cells. MDCK cells were subjected to pre-, co-, and post-treatment with AFL (A, C, and E, respectively) and AFL™ (B, D, and F, respectively), fol-
lowed by qRT-PCR, to quantify IAV HIN1 replication in virus-infected cells. The asterisks (*) above the bars indicate significant differences in IAV
H1N1 replication between treated and untreated cells (p < 0.01; Dunnett’s test). ns, not significant.

antigens were incubated with FBE, and HA-interacting proteins
isolated using His-tag-specific magnetic beads.
Immunoprecipitation followed by nano LC-MS/MS identified a
36 kDa protein (UniProt accession: VZBGE3) as the only FBE-
derived candidate that selectively bound to the His-tagged hae-
magglutinin (HA) of IAV H1N1 (Tables S2 and S3). This protein
was captured using HA-conjugated magnetic beads and
remained after multiple washes, indicating a specific inter-
action with the viral surface glycoprotein. This mechanism
may resemble the action of small-molecule inhibitors—
described by Basu et al—that target HA-mediated IAV
fusion.”® V7BGE3 was consistently identified as a potential
HA-binding protein through HA-targeted proteomic analysis,
suggesting its involvement in the antiviral mechanism of FBE.

were

This journal is © The Royal Society of Chemistry 2025

Although direct functional evidence remains limited, ongoing
and future studies employing recombinant protein-based
assays are expected to clarify its mechanistic relevance.

Antiviral immune response gene expression in IAV-infected
MDCK cells treated with FBE and AFL

The effects of FBE and AFL on key antiviral immune response
genes in IAV Hi1N1-infected MDCK cells revealed varied gene
responses across treatments (Fig. 6). Interferon regulatory
factor 3 (IRF3) expression significantly increased at high FBE
and AFL concentrations (100 pg mL™"), yielding 1.53- and 2.06-
fold increases, respectively, suggesting an enhanced antiviral
response. Although the expression was not significantly
different at low concentrations, this increase at higher concen-
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IAV IAV+FBE

Fig. 5 Transmission electron micrographs (TEMs) of influenza A virus (IAV) HIN1 with and without fermented navy bean extract (FBE) treatment.
TEM images of IAV before (A) and after (B) FBE treatment were obtained. The arrowheads and arrows indicate distinct alterations on the outer
surface of IAV HIN1. Scale bar = 100 nm.
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Fig. 6 Expression analysis of antiviral immune response genes in influenza A virus (IAV) HIN1-infected MDCK cells treated with fermented navy
bean extract (FBE) and antifungal lectin (AFL). The effects of FBE and AFL on the mRNA expression levels of (A) IRF3, (B) IFN-a, (C) IFN-p, (D) STAT1,
(E) STAT2, and (F) ISG15 in IAV-infected cells were assessed using gRT-PCR. All expression levels were normalized to the control. The asterisks (*)
indicate significant differences compared with the untreated mock, as determined using Dunnett’'s multiple-comparison test (* p < 0.05, ** p < 0.01,
and *** p < 0.001), while hash (#) indicates significant differences compared with the corresponding sample (# p < 0.05, ## p < 0.01, and ### p <
0.001), as determined using Student'’s t-test. ns, not significant.
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trations aligns with the critical role of IRF3 in interferon pro-
duction and interferon-stimulated gene (ISG) regulation.**
Both treatments exhibited a dose-dependent activation of
the interferon response in IAV-infected cells. FBE and AFL
treatments significantly increased interferon alpha (IFN-a)
expression in IAV-infected cells. AFL exerted a more pro-
nounced effect on IFN-a expression than FBE at 50 and 100 pg
mL ™", resulting in 12.64- and 23.00-fold increases compared
with the control, while FBE produced 9.62- and 15.30-fold
increases, respectively. These findings suggest that AFL may
more effectively enhance the antiviral immune response, as
IFN-a is essential to the innate immune defence against viral
infections.*> At low concentration (50 pg mL™"), the treatment
did not significantly affect interferon beta (IFN-f) expression;
however, at 100 pg mL™', AFL notably elevated IFN-§
expression (3.02-fold) compared with FBE at the same concen-
tration, further suggesting AFL’s ability to enhance antiviral
defences. Although IFN-B is crucial in the early stage of the
immune response, its prolonged IFN-f signalling can lead to
harmful inflammation,*® potentially exacerbating the severity
of 1AV infection in later stages.** STAT1 and STAT2 were signifi-
cantly upregulated in IAV-infected cells, yielding 10.53- and
26.82-fold increases, respectively, compared with mock treat-
ments. AFL treatment further amplified their expression, par-
ticularly at higher doses, with STAT1 and STAT2 exhibiting
49.37- and 121.97-fold increases, respectively. This indicates a
strong activation of the type I interferon pathway, consistent
with the indispensable role of STAT1 and STAT2 in driving
interferon-mediated antiviral responses.***® ISG15 expression
increased dramatically (407.50-fold) in IAV-infected cells com-
pared with that in the uninfected control, reflecting its vital
role in the antiviral innate immune response against IAV
infection.””*® Interestingly, FBE treatment downregulated
ISG15 expression in IAV-infected cells, whereas AFL signifi-
cantly upregulated it, yielding a 3-fold upregulation at 100 pg
mL~". The contrasting effects of FBE and AFL on ISG15
expression indicate that FBE may control IAV replication
through alternative mechanisms, possibly precluding the need
for the ISG15 response. The significant alterations in ISG15
expression under different conditions suggest its potential as a
biomarker for assessing both IAV infection and the antiviral
treatment efficacy of antiviral treatments.?””** These findings
suggest that FBE and AFL exert antiviral activity through dis-
tinct mechanisms: FBE primarily via direct viral surface
binding and AFL through the activation of type I interferon sig-
nalling. In this study, AFL significantly enhanced type I inter-
feron responses in IAV-infected MDCK cells, including the
notable upregulation of IFN-a, IFN-B, STAT1, STAT2, and
ISG15. These results indicate a robust activation of interferon-
stimulated gene (ISG) expression consistent with canonical
antiviral signalling pathways. Notably, ISG15 was significantly
elevated only in AFL-treated infected cells, whereas FBE, which
exhibited strong antiviral effects, did not induce comparable
ISG15 expression. This indicates that AFL and FBE may
operate through distinct antiviral mechanisms: AFL primarily
by potentiating host immune responses and FBE potentially

This journal is © The Royal Society of Chemistry 2025
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through direct interaction with viral components. These find-
ings suggest that AFL’s immunomodulatory activity is likely
infection-dependent rather than resulting from non-specific
interferon stimulation. Moreover, no cytotoxicity was observed
under the tested conditions, indicating a low likelihood of off-
target inflammatory effects. Further in vivo studies are war-
ranted to confirm the specificity and safety profile of AFL-
mediated immune activation. These findings underscore the
importance of considering multiple components of host-virus
interactions when assessing antiviral agents.

Conclusions

This study establishes FBE as a promising antiviral agent
against IAV H1N1. Its findings indicate that FBE exhibits mul-
tiple antiviral mechanisms. First, FBE effectively suppresses
viral gene expression, especially that of the PA gene, which is
crucial for viral replication. Second, the V7BGE3 protein identi-
fied in FBE probably interacts directly with IAV HIN1 particles
by binding to HA, thereby modulating viral-host interactions
and potentially inhibiting viral entry. Finally, AFL, an FBE-
derived peptide, significantly boosts interferon responses, acti-
vating the antiviral defences of the host. These complex anti-
viral mechanisms accentuate the potential of FBE as a thera-
peutic agent against IAV HIN1. The combination of direct viral
inhibition and host immune-response modulation renders
FBE a valuable candidate for further research and development
in antiviral therapeutics.
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