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A B S T R A C T   

Four years after its outbreak, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) remains a global 
challenge for human health. At its surface, SARS-CoV-2 features numerous extensively glycosylated spike pro
teins. This glycan coat supports virion docking and entry into host cells and at the same time renders the virus 
less susceptible to neutralizing antibodies. Given the high genetic plasticity of SARS-CoV-2 and the rapid 
emergence of immune escape variants, targeting the glycan shield by carbohydrate-binding agents emerges as a 
promising strategy. However, the potential of carbohydrate-targeting reagents as viral inhibitors remains 
underexplored. Here, we tested seven plant-derived carbohydrate-binding proteins, called lectins, and one crude 
plant extract for their antiviral activity against SARS-CoV-2 in two types of human lung cells: A549 cells 
ectopically expressing the ACE2 receptor and Calu-3 cells. We identified three lectins and an Allium porrum (leek) 
extract inhibiting SARS-CoV-2 infection in both cell systems with selectivity indices (SI) ranging between >2 and 
>299. Amongst these, the lectin Concanavalin A (Con A) exerted the most potent and broad activity against a 
panel of SARS-CoV-2 variants. We used multiplex super-resolution microscopy to address lectin interactions with 
SARS-CoV-2 and its host cells. Notably, we discovered that Con A not only binds to SARS-CoV-2 virions and their 
host cells, but also causes SARS-CoV-2 aggregation. Thus, Con A exerts a dual mode-of-action comprising both, 
antiviral and virucidal, mechanisms. These results establish Con A and other plant lectins as candidates for 
COVID-19 prevention and basis for further drug development.   

1. Introduction 

Since the outbreak of the COVID-19 pandemic, more than three 
quarters of a billion confirmed severe acute respiratory syndrome virus 2 
(SARS-CoV-2) infections with a fatality rate of approximately 1% have 
been reported (as of December 2023) (“WHO Coronavirus (COVID-19) 
Dashboard,” 2023). Moreover, chronic COVID-19-induced illnesses, or 
long COVID, became an increasing burden to the human population 
(Huang et al., 2022). As of 2023, only few licensed antiviral drugs are 
available; and there is only limited or no access to SARS-CoV-2 vaccines, 
drugs, and tests (Duma et al., 2022; Hashmi et al., 2020) in least 

developed and low to middle income countries where the majority of the 
world population resides. 

SARS-CoV-2 infection involves binding of the spike (S) protein 
homotrimer anchored in the envelope of the virus to the angiotensin- 
converting enzyme 2 (ACE2) receptor on the host cell. The S protein 
of SARS-CoV-2 is extensively glycosylated with 66 N- and 6 O-glyco
sylation sites per spike homotrimer (Watanabe et al., 2020). In addition, 
predictions based on other coronaviruses indicate that also the highly 
abundant membrane (M) protein residing in the viral envelope carries 8 
glycosylation sites (Dawood, 2021). With this large carbohydrate cape 
the virus efficiently masks potential structures and epitopes for the 
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innate and adaptive immune system. At the same time, the glycan shield 
of the S1 part of the spike protein is crucial for virus’ binding and entry 
into the host cell by conveying certain steric properties to the virus 
(Casalino et al., 2020; Harbison et al., 2022) and by directly interacting 
with host receptors (reviewed in: Gong et al., 2021; Lardone et al., 2021; 
Reis et al., 2021). Recent studies show that the glycosylation state of at 
least three residues at the receptor-binding domain (RBD) of S1 can 
substantially affect spike conformation and receptor binding (Casalino 
et al., 2020; Harbison et al., 2022). 

While the overall mutation rate of SARS-CoV-2 is high, glycosylation 
sites in S are relatively conserved, underlining their role for virion 
infectivity. Moreover, glycosylation during SARS-CoV-2 maturation af
fects virion morphology and virus spread (Reis et al., 2021), making the 
glycosylation shield an attractive target for drug development. 
Carbohydrate-binding agents such as lectins could (1) render the virus 
particle more susceptible for antibody recognition; (2) interact with the 
glycan shield of the virion and/or host receptor, reducing the probability 
of virus docking and/or host cell entry; and (3) impede virus spread via 
interfering with glycan-dependent maturation processes. 

Lectins are natural proteins that target glycans of high diversity and 
are widely distributed in all living organisms. Plants feature a large 
repertoire of lectins that evolved as part of the plant immunity against 
pathogens. Several lectins exhibit antiviral properties against different 
viruses, including human immunodeficiency virus, hepatitis C virus, 
influenza viruses, herpes simplex viruses (reviewed in Mazalovska and 
Kouokam, 2018), and, importantly, SARS-CoV (Keyaerts et al., 2007; 
Kumaki et al., 2011). Recent studies related to the effect of plant lectins 
on SARS-CoV-2 predicted (Barre et al., 2021; Sabzian-Molaei et al., 
2022) and unraveled first promising candidates exerting antiviral ac
tivity in kidney cells (Liu et al., 2020; Wang et al., 2021), lung epithelial 
cells (Auth et al., 2021), and in infected rodents (Chan et al., 2022). This 
underscores the high anti-viral potential of lectins and prompted us to 
test a panel of lectins to further explore the diverse repertoire of plant 
lectins. Given that cell type-specific glycosylation differences could 
tremendously influence treatment efficacy of lectins, we carried out our 
study using human cell lines relevant for SARS-CoV-2 pathology and 
used full virus assays reflecting virus replication under physiological 
conditions. 

Recent advances in super-resolution microscopy can visualize the 
nanostructure of cells and viruses with 10–20 nm localization precision, 
yet only few studies employed super-resolution methods to provide in
sights into SARS-CoV-2 inhibition (Cortese et al., 2020; Storti et al., 
2021; Wang et al., 2022) and infection pathways (Cortese et al., 2020; 
Scherer et al., 2022). We took advantage of direct stochastic optical 
reconstruction microscopy (dSTORM) (Heilemann et al., 2008) to 
directly visualize SARS-CoV-2 virions and their interaction with target 
cells in the presence of seven plant lectins and one plant extract against 
SARS-CoV-2. Furthermore, we examined the potency of these lectins to 
interfere with SARS-CoV-2 infection in two human lung epithelial cell 
lines and addressed the mechanism of action of selected lectins using 
time-of-addition experiments. Our data acquired by viral assays and 
aided by dSTORM analysis demonstrate the potential of plant lectins as 
antiviral agents to reduce SARS-CoV-2 infection. 

2. Materials and methods 

2.1. Lectins and other antiviral substances 

Concanavalin A (Con A), Hippeastrum hybrid agglutinin (HHA), 
Morus rubra lectin (MRL), Narcissus pseudonarcissus agglutinin (NPA), 
Pisum sativum agglutinin (PSA), Urtica dioica agglutinin (UDA), wheat 
germ agglutinin (WGA) were purchased from bioWORLD (OH, USA: 
22070010, 21510863, 21511394, 21510256, 21510009, 21511038, 
21510011). Remdesivir (MedChemExpress, NJ, USA: HY-104077) 
served as a control in virus inhibition assays. The Allium porrum (AP) 
extract was prepared as described below. 

2.2. Preparation of Allium porrum extract 

For the crude leek extract, (1) leek sprouts grown until bolting or (2) 
fresh leek purchased in a grocery store (REWE, Cologne, Germany: 
8311846) were used. Stalks, bulbs, and leaves of the bolting leek or 
leaves of the purchased leek (100 g) were plunge-frozen in liquid ni
trogen and grinded using a food processor (Bosch, Stuttgart, Germany: 
MaxoMixx MS8CM6120). Blended powder was brought to a tempera
ture of 4 ◦C and squeezed through a sterile cheese cloth. During the 
squeezing process, 40 ml of ice cold 20 mM Tris with 60 mM NaCl (pH 
7.3) was added resulting in 100 ml extract in total. After AP extract was 
centrifuged at 13,000 rpm at 4 ◦C for 15 min, the supernatant was 
filtered through 0.22 μm sterile filters (Merck Millipore, Darmstadt, 
Germany: S2GPU05RE). For application in virus assays, leaf extract was 
used due to (1) its high APA contents and (2) its relatively low alliinase 
activity (Peumans et al., 1997) that is undesirable for our experiments as 
it could degrade a substantial amount of the lectin. The relatively low 
alliinase to lectin ratio in leek leafs may also be reflected in SDS gels 
shown in our study (Fig. S1D) with the bands for the leaf extract being 
rather confined compared to the more diffuse appearance in the bulb 
extract lane, which could indicate a higher activity of the alliinase 
peptidase resulting in various degradation products. To further reduce 
the amounts of the undesired homodimeric 110 kDa alliinase, the leek 
filtrate was additionally passed through 100 kDa centrifugation filters 
(Merck Millipore: UFC910096) , at 4000 rpm for 40 min. The concen
tration of the resulting leek filtrate was increased to 4 mg/ml or 17.2 
mg/ml using 3 kDa concentrators (Sartorius, Göttingen, Germany: 
VS0192). Leek extract concentrations were evaluated using Bradford 
assay reagent (Sigma, MO, USA: B6916) at the spectrophotometer 
(Nanodrop, 2000c; Thermo Scientific, IL, USA). The extraction and pu
rification process is illustrated in Fig. S1A–C. 

2.3. Purification of Allium porrum agglutinin (APA) 

To prove that the most prominent bands around 12.5 kDa, 25 kDa, 
37.5 kDa, and 50 kDa correspond to the Allium porrum agglutinin (APA) 
monomeric, dimeric, trimeric, and tetrameric form, respectively, we 
performed affinity chromatography using a mannose column. For pu
rification, fresh leek from the grocery store was used. All extraction steps 
up to the filtration through the 0.22 μm filters were performed as 
described above (Preparation of Alliium porrum extract). The leek filtrate 
at pH 6.4 was subjected to affinity chromatography. The Enco-Pac 
chromatography column (Bio-Rad Laboratories, CA, USA: 732–1010) 
containing 7 ml Sepapore 4B-CL resin suspension (bioWORLD, OH, USA: 
20111005) was washed with H2O and equilibrated with binding buffer 
(20 mM Tris, 60 mM NaCl). In total, 20 ml of filtrate diluted in 80 ml 
binding buffer were applied to the mannose column. Bound glycopro
teins were eluted either with D-mannose (bioWORLD: 20840070) and 
α-methyl-D-mannoside (bioWORLD: 21511337) elution buffer or using 
24 ml of 20 mM 1,3-diaminopropane (DAP) elution buffer. Eluates were 
concentrated to 3 ml using 3 kDa centrifugal filter concentrators 
(Thermo Fischer Scientific: 88514). D-mannose and α-methyl-D-man
noside eluates were pooled together for SDS-PAGE analysis. Dialysis of 
mannose and DAP eluates was performed at 4 ◦C in 3 ml 3,5 K Slide-A- 
Lyser cassettes (Thermo Fischer Scientific: 87723) in five 2 h dialysis 
steps, each using 500 ml fresh 20 mM Tris pH 7.4. Concentrations of 
eluates and dialyzed eluates were evaluated using Bradford assay re
agent at the spectrophotometer. 

2.4. SDS-PAGE 

SDS-PAGE was done on 4–20% and 8–16% (w/v) polyacrylamide 
gradient gels (Bio-Rad Laboratories: 4561094, 4561104). The procedure 
was carried out as described by Laemmli (1970) using a Bio-Rad Pow
erPac HC apparatus and Bio-Rad Mini-Protean Tetra System. Electro
phoresis was conducted at currents of 10–20 mA for 60 min. 
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Subsequently, proteins were stained with Coomassie Brilliant Blue 
G-250 (Carl Roth, Karlsruhe, Germany: A152.1). Washing was per
formed using 25% MeOH for 2 h. 

2.5. Cell culture of lung epithelial cells and virus stock 

Calu-3 cells were obtained from ATCC (VA, USA) and cultured in 
Dulbecco’s modified Eagle medium (DMEM, Life Technologies) con
taining 10% or 20% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml 
streptomycin, and 1% non-essential amino acids (complete medium). 
Human ACE2-overexpressing A549 stable cell line (A549-ACE2) was 
generated as described in Klein et al. and cultured in complete medium 
containing 250 μg/ml G418 (Klein et al., 2020). 

For virus stock production, SARS-CoV-2 isolated from nasopharyn
geal and oropharyngeal swabs of PCR-confirmed SARS-CoV-2 positive 
patients was amplified in Vero E6 cells and further passaged in Calu-3 
cells, aliquoted and stored at − 80 ◦C. Virus titer was measured by plaque 
assay in VeroE6 cells (Mallm et al., 2021). 

2.6. Antiviral assays 

A549-ACE2 cells were seeded at 1.5 x 104 cells per well, or Calu-3 
cells at 3 x 104 cells per well in clear 96-well plates (Corning, NY, USA). 
Next day, cells were treated with lectins or remdesivir as a positive 
control in 10 different concentrations resulting from three-fold serial 
dilutions and inoculated with SARS-CoV-2 at multiplicity of infection 
(MOI) of 1. At 24 h post infection, plates were fixed with 6% of form
aldehyde and the extent of virus infection was measured by immuno
staining with viral nucleocapsid antibody (40143-MM05, Sino 
Biological, Beijing, China) diluted 1:1000. Subsequently, absorbance 
was measured at 405 nm. Values were normalized to those obtained 
with cells treated with solvent control (complete medium) with or 
without virus infection. 

To determine cytotoxicity of test molecules, cell viability was 
measured in parallel to the antiviral activity test using CellTiter Glo® 
Luminescent Cell Viability Assay (Promega, WI, USA) according to 
manufacturer’s instruction without virus inoculation. Values were 
normalized to those of cells treated with solvent control (complete 
medium). 

2.7. Time-of-drug-addition experiments 

Calu-3 cells were seeded at 3 x 104 cells per well in a clear 96-well 
plate (Corning). Next day, cells were treated with 1 μM Con A or 10 
μM HHA at designated time points (− 1 h, 0 h, 2 h, or 6 h) pre- or post- 
infection and inoculated with SARS-CoV-2 at MOI of 1. Pre-exposure of 
Calu-3 cells with the lectins 1 h before inoculation (− 1 h) was conducted 
in two ways: with washing out the lectins after 1 h incubation before 
inoculation (lectin exposure: 1 h–0 h) or leaving the lectins until cells 
were fixed (lectin exposure: 1 h–24 h). At 24 h post-infection, plates 
were fixed with 6% formaldehyde and virus infection was evaluated as 
described in the previous section. Values were normalized using the 
untreated control as a reference for 100% infection. 

2.8. Lectin and antibody staining for dSTORM 

The lectins Con A, PSA, UDA, and HHA were purchased as Alexa 
Fluor 647 (AF647) conjugates (bioWORLD, OH, USA: 21511462, 
21511543, 21511581, 21511503). WGA and Con A (in multiplex ex
periments) were used as CF680 conjugation (Biotium, CA, USA: 29029, 
29020). SARS-CoV-2 S protein was detected using a recombinant anti- 
SARS-CoV-2 spike protein S1 domain primary minibody (fusion of the 
single-domain antibody to a rabbit Fc domain) obtained from NanoTag 
Biotechnology (Göttingen, Germany: N3583) and CF680-conjugated 
anti-rabbit secondary F(ab’)2 fragment antibody (Merck, Darmstadt, 
Germany: SAB4600362) or an AF647-conjugated anti-rabbit secondary 

F(ab’)2 fragment antibody (Abcam, Cambridge, UK: ab181347). Actin 
was stained using CF680-labeled phalloidin (Biotium: 00053). Clathrin 
staining was done using an AF647-labeled CHC17 antibody (Novus Bi
ologicals, CO, USA: NB300-613AF647). 

For super-resolution experiments, glass-bottom dishes were coated 
with poly-L-lysine (Merck: P4832) and Calu-3 cells were seeded as a 
suspension of 2 × 105 cells/2 ml. Next day, Calu-3 cells were infected 
with SARS-CoV-2 at MOI of 5. At 24 h post-infection, cells were fixed 
with 4% PFA/PBS for 15 min. Samples were three times washed with 
Tris buffer (50 mM Tris with 150 mM NaCl) for a total of 15 min. In the 
first step, samples were stained with the anti-SARS-CoV-2 S1 domain 
primary minibody (1:200) in Tris buffer for 45 min. After three washing 
steps for a total of 15 min, the secondary anti-rabbit antibody (1:400) 
and fluorescently labeled lectins were added for further 45 min. Lectins 
were supplemented with recommended ions and diluted in Tris buffer as 
follows: Con A-AF647 (1:20) with 5 mM CaCl2 and 5 mM MnCl2, HHA- 
AF647 (1:10), PSA-AF647 (1:20) with 5 mM CaCl2 and 5 mM MnCl2, 
UDA-AF647 (1:20) with ZnCl2, WGA-CF680 (1:400) with 5 mM CaCl2. 
The staining procedure was followed by three 5 min washing steps. For 
measurements of lectin signal at SARS-CoV-2 particles, we selected 
sample areas with isolated virions (without cells). 

For multiplex super-resolution experiments, glass-bottom dishes 
were coated with 0.17 mg/ml fibronectin, and A549-ACE2 cells were 
seeded as a 2 × 105 cells/2 ml suspension, infected and chemically fixed 
as described for Calu-3 cells. Multiplex experiments were performed 
according to the previously established maS3TORM procedure (Kle
vanski et al., 2020). In brief, one to two targets per round were auto
matically stained by a pipetting robot at the STORM setup and imaged. 
After each imaging round, signal was removed via photo-bleaching 
followed by the next staining round. Fluorescent fiducials were used 
to align images from different acquisition rounds. 

2.9. dSTORM imaging and initial processing steps 

3D direct STORM (dSTORM) images were acquired in 85 mM 
β-mercaptoethylamine (MEA) in Tris buffer adjusted to pH 8 by addition 
of 35 mM KOH using a 661 nm laser at high power (~2 kW cm− 2) for 
20,000 frames with an exposure time of 30 ms. Single-molecule locali
zations were fitted using rapidSTORM software (Wolter et al., 2010). 
The STORM setup allows astigmatism-based 3D measurements and 
dual-color imaging of two spectrally close fluorophores in the far-red 
range employing a 690 nm dichroic filter. Single-molecule localization 
data was post-processed using a custom written post-processing soft
ware that was used to separate localizations produced by AF647 and 
CF680 fluorophores, to correct lateral drift, and to merge blinking 
events that lasted for more than one imaging frame. Further details on 
the SMLM imaging and processing can be found in our previous publi
cation (Klevanski et al., 2020). 

2.10. Clumping experiment 

Calu-3 produced SARS-CoV-2 was mixed with Con A in 20 mM Tris 
buffer supplemented by 5 mM CaCl2 and 5 mM MnCl2 for 10 s. The 
mixture was applied onto a poly-L-lysin coated glass-bottom dish and 
incubated at 37 ◦C for 1 h. Subsequently, for immobilization of virions 
on the glass surface, the buffer was aspirated and the virions were left for 
drying for 1 min. Subsequently, the dishes were three times washed with 
Tris buffer for a total of 15 min. The negative control was treated in the 
exactly same manner, except that no Con A was added to the virions. 

2.11. dSTORM data analysis 

For the analysis of lectin signal at SARS-CoV-2 virions, the signal 
produced by a minibody directed against S1 was semi-automatically 
segmented in ImageJ. The localization data was analyzed using a 
custom-written software yielding number of blinking events of different 
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lectins and S1 antibodies per virion. Background signal of the lectins was 
evaluated by shifting the selection window by 3000 nm to a random 
adjacent region lacking S1 signal. Signal used for the lectin versus S1 
correlation plots was normalized according to the used fluorophores: as 
the two fluorophores AF647 and CF680 used in these experiments have 
different blinking dynamics, we determined the ratio of their blinking 
behavior and used that factor to normalize S1 minibody anti-rabbit 
CF680 signal to expected AF647 levels. Analogously, the WGA-CF680 
signal was normalized. The diameter of SARS-CoV-2 virions based on 
fluorophore-labeled S1 antibodies or Con A was measured using line 
profiles laid through a 2D data cloud with a width of 30 nm rotated by 
30◦ around the center of mass defined based on the S1 signal; the 
average of the six resulting line profiles was calculated per virion 
(illustrated in Fig. S5). Only virions with a minimum of 40 blinking 
events were measured; this is done to avoid measuring incomplete 
spheres, which could lead to an underestimation of diameter. 

For the clumping experiment, an ImageJ script was created to 
automatically segment virus signal and measure area of the virions and 
clumps and determine the number of blinking events. Number of virions 
per area was quantified using the mean number of blinking events 
determined per isolated virion in negative control experiments. 3D 
renderings of clustered and non-clustered virions were generated using 
ViSP software (Beheiry and Dahan, 2013). 

3. Results 

3.1. Plant-derived lectins and leek extract inhibit SARS-CoV-2 in 
ACE549-ACE2 cells 

We selected seven lectins and one lectin-rich extract from the leek 
with diverse carbohydrate specificity and tested their effects on SARS- 
CoV-2 infection of human lung epithelial cells. The initial screening of 
antiviral activity and cytotoxicity of lectins and the leek extract (for 
details on extract preparation see Materials and Methods section, Sup
plementary Note 1, and Fig. S1) was carried out using A549 cells stably 
expressing ACE2. To determine the antiviral effect of lectins on SARS- 
CoV-2, we treated infected cells with 10 increasing concentrations of 
lectins or leek extract and used the established antiviral drug remdesivir 
as a positive control. Four lectins and the leek extract showed profound 
inhibition of SARS-CoV-2 replication (Fig. 1A, Table 1, and Fig. S2). 
Concanavalin A (Con A), a lectin that is one of the most widely used in 
different research areas, e.g. as a ligand for chromatography of glycans, 
showed best inhibitory properties. Con A reached a remarkably low half- 
maximal inhibitory concentration (IC50) at 1.39 ± 1.45 μg/ml (≈13 nM) 
with a half-maximal cytotoxic concentration (CC50) above 416 μg/ml (4 
μM) resulting in a selectivity index (SI––CC50/IC50) of >299 (Fig. 1B). 
Hippeastrum hybrid agglutinin (HHA), Urtica dioica agglutinin (UDA), 
and Morus rubra lectin (MRL) also showed antiviral activities with IC50 
values of 56.25 ± 68.43 μg/ml, 9.57 ± 3.71 μg/ml, and 167.16 ±
179.77 μg/ml, respectively (Fig. 1A andC, Fig. S2A and B, Table 1). 
Narcissus pseudonarcissus agglutinin (NPA) application resulted in a SI of 
>32 (Fig. S2C). Strikingly, the crude leek extract (Supplementary Note 1 
and Fig. S1) showed a robust antiviral effect with IC50 = 8.76 ± 3.23 μg/ 
ml and CC50 > 78 μg/ml (Fig. 1A and D, Table 1). No measurable 
antiviral activity in A549-ACE2 cells was found for Pisum sativum 
agglutinin (PSA) and wheat germ agglutinin (WGA) (Fig. 1A, Fig. S2D 
and E, Table 1) although WGA was previously described as a potent 
lectin against SARS-CoV-2 (Auth et al., 2021; Wang et al., 2021). Hence, 
ConA, UDA, and the leek extract effectively inhibited infection of 
A549-ACE2 cells with Con A demonstrating molar concentrations that 
are lower than those of remdesivir. 

3.2. Cell type-dependent differences in inhibitory activity of lectins on 
SARS-CoV-2 

Our lectin-based approach aims to target the carbohydrate coat of 

SARS-CoV-2. However, glycosylation of the virus is conveyed by the host 
cells and diversity of posttranslational modification among different cell 
types is a well-known phenomenon (Goh and Ng, 2018). Therefore, 
testing carbohydrate-binding drugs against SARS-CoV-2 produced by 
different host cell types is mandatory. To identify lectins that could 
represent universal anti-SARS-CoV-2 drugs, we repeated the antiviral 
assays in Calu-3 cells endogenously expressing the ACE2 receptor and 
the transmembrane serine protease 2 (TMPRSS2) (Koch et al., 2021) 
whose proteolytic activity is required to prime the spike protein for 
virion envelope fusion with the plasma membrane of the host cell 
(Jackson et al., 2022). In line with previous studies, showing that Calu-3 
cells are less prone to respond to antiviral treatment (Koch et al., 2021; 
Steuten et al., 2021), most lectins showed diminished or undetectable 
inhibitory properties against SARS-CoV-2 in Calu-3 cells (Fig. 1, Fig. S2, 
Table 1). However, Con A, HHA, UDA (in 3 out of 8 experiments), and 
leek extract maintained antiviral effects, with Con A demonstrating best 
SI score of up to >174. 

3.3. Con A inhibits different SARS-CoV-2 variants 

To investigate the potential of lectins against different epidemic 
variants, we compared the effect of Con A and HHA against the original 
SARS-CoV-2 strain (B.1) and the Alpha (B.1.1.7), Beta (B.1.351), Delta 
(B.1.617.2), and Omicron variants (B.1.1.529 BA.1 and BA.5) in A549- 
ACE2 (Table S1) and Calu-3 cells (Fig. 2, Table S1). Con A exhibited 
broad antiviral activity against all tested SARS-CoV-2 variants (Fig. 2C, 
Table S1), including Delta and Omicron. Moreover, when considering 
the average IC50 values pooled across all tested virus variants, an 
approximately 49-fold lower molar amount of Con A was required to 
reach a half-maximal inhibitory effect (IC50: 0.05 ± 0.02 μM) compared 
to remdesivir (IC50: 2.46 ± 2.30 μM), indicating a higher potency. 

3.4. Con A and HHA inhibit an early step of the SARS-CoV-2 life cycle 

To explore the mechanism by which Con A and HHA inhibit SARS- 
CoV-2, we applied these lectins at four different time points before, at, 
or after infection. For this purpose, Calu-3 cells were infected with SARS- 
CoV-2 at a multiplicity of infection (MOI) of 1. Lectins were applied to 
the cells 1 h prior to SARS-CoV-2 inoculation and washed away before 
virus was introduced (− 1 h–0 h), or added pre-inoculation and left 
throughout the experiment (− 1 h to end), or introduced simultaneously 
with the virus (0 h to end), or added 2 h or 6 h post-infection (4 h/6 h to 
end) and in each of these three cases kept until cell fixation. The mea
surement of the inhibitory activity of lectins in comparison to infected 
untreated control cells showed that Con A and HHA effectively inhibited 
SARS-CoV-2 replication (by 45%–64%) when lectins were added before 
or at the time of virus inoculation whereas at later time points the 
antiviral effect vanished (Fig. 3A and B). Additionally, pre-exposure of 
Calu-3 cells with Con A or HHA for 1 h followed by washing (− 1 h–0 h) 
showed no inhibitory effect. These results suggest that both lectins 
impeded an early step of the viral replication cycle, most likely virus 
entry, without interfering with the target cells themselves. A significant 
inhibitory effect of HHA could be also achieved by post-infection 
treatment (2 and 6 h after infection). 

3.5. Super-resolution imaging of lectin attachment to SARS-CoV-2 

We used dSTORM to visualize whether lectins that showed high (Con 
A) and moderate (HHA and UDA) inhibitory properties interfere with 
virus particle binding to cells or virion uptake. We also included lectins 
with no measurable anti-SARS-CoV-2 properties (PSA and WGA) to the 
dSTORM analysis. For PSA, the aim was to clarify whether a lectin that 
has a similar sugar specificity as Con A but no anti-viral effect would 
show a different degree of staining or staining pattern at virus particles. 
For WGA, that represents a lectin with inconsistent anti-SARS-CoV-2 
properties ranging from no effect in the present study to a moderate 
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Fig. 1. Antiviral activity of lectins and plant extract against SARS-CoV-2 in two types of human lung epithelial cells. (A) Antiviral activity of seven lectins, the leek 
extract, and remdesivir (positive control) represented as mean 50% inhibitory concentration (IC50) from individual inhibition curves. A549-ACE2 and Calu-3 cells 
were treated with serial dilutions of tested compounds and inoculated with SARS-CoV-2, fixed after 24 h, and assessed for virus infection by immunostaining with 
viral nucleocapsid antibody. Data are shown as mean ± SD. Arrows above individual graph bars indicate instances where lectins at the highest concentration failed to 
inhibit SARS-CoV-2 infection. (B–D) Representative curves of inhibitory and cytotoxic effect of Concanavalin A (Con A) lectin (B), Allium porrum (AP) extract (C), and 
Hippeastrum hybrid agglutinin (HHA) (D) in A549-ACE2 cells (left panels) and Calu-3 cells (right panels). The percentage of inhibition of SARS-CoV-2 infectivity and 
respective IC50 values (B–D) are plotted/denoted in red and the cytotoxic effect with the 50% cytotoxic concentration (CC50) of the substance is represented in blue. 
Selectivity index (SI) was quantified as CC50/IC50 ratio. Each graph shows representative data from two dose-response antiviral activity assays. (A–D) For details on 
underlying data sets, see Table 1. 
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(against SARS-CoV-2 pseudovirus in Huh7 cells) or strong inhibitory 
effect (against different SARS-CoV-2 variants in Vero B4 and Calu-3 
cells) in previous studies (Auth et al., 2021; Wang et al., 2021), we 
aimed to clarify whether super-resolution investigations could explain 
these inconsistencies. Staining was performed using a primary minibody 
against the S1 domain of the S protein combined with a secondary F 
(ab’)2 antibody and lectins. Both, the secondary antibody and the lectin 
were conjugated to the photoswitchable fluorophores Alexa Fluor 647 
(AF647) or CF680 (Fig. 4A). Dual-color dSTORM imaging of virions 
produced by Calu-3 cells revealed individual S1 minibody-stained 
SARS-CoV-2 virions, with an unstained core visible in many examples 
(Fig. 4B, insets). The high number of blinking events for Con A (44 ±
22), PSA (44 ± 20), and WGA (149 ± 88) in the S1-positive area sug
gests multiple bound lectin molecules per virion (Fig. S3A). 
Virion-specific signal of these three lectins substantially exceeded the 
background signal arising from lectin binding to the glass surface 
(Fig. 4B, Fig. S3A). UDA showed particularly low signal, predominantly 
occurring in areas occupied by virions; although this trend did not reach 
statistical significance. Strikingly, despite its anti-viral effect, HHA 

showed no measurable signal at S1-positive area (Fig. 4B and C and 
Fig. S3B and C), raising the question of whether it might act via binding 
to the cells rather than virions. Likewise, the S1 minibody revealed 
multiple spike proteins of the virion. To quantify colocalization of lectins 
and spike protein signal, we determined Manders’ A and B coefficients 
using the coordinate-based 3D colocalization approach Coloc-Tesseler 
(Levet et al., 2019). Our analyses revealed a high degree of overlap 
between signals of Con A, PSA, and WGA with S1 (Fig. 4C and Fig. S3B 
and C). The pronounced signal of the mannose-binding lectin Con A at 
immediate SARS-CoV-2 proximity, supported by the known 
sugar-specificity of Con A against glycosylation types that are present at 
the spike protein (Barre et al., 2021; Harbison et al., 2022), argues for a 
direct interaction of Con A with the virion. This is in good agreement 
with the time-of-addition experiments (Fig. 3A), pointing towards a 
block of an early step of infection by Con A. 

To analyze whether the amount of lectins showing signal at close 
proximity of SARS-CoV-2 is directly dependent on the number of spike 
proteins, we plotted lectin signal versus S1 signal per virion. Indeed, 
regression analysis reveals linear dependencies between Con A and S1 

Table 1 
Antiviral activity of plant lectins against SARS-CoV-2 in A549-ACE2 and Calu-3 cells.  

Lectin or 
substance 

MW [kDa]; No of 
SUs 

General glycan 
specificity 

N1/ 
Ntot, 
N2/Ntot 

IC50 ± SD [μg/ 
ml] 

CC50± SD [μg/ 
ml] 

IC50 ± SDa 

[μM] 
CC50 ± SD 
[μM] 

SI from 
average 

A549-ACE2 cells 

AP extract 52; 4b Man 5/8,  8.76 ± 3.23, >78,  n.q. n.q. >8.9, 

3/8 n.a. >104 n.a. 
Con A 104; 4 Man, Glc 4/4 1.39 ± 1.45 >416 0.013 ± 0.014 >4 >299.1 
HHA 50; 4 Man, GalNAc 4/4 56.25 ± 68.43 >750 1.13 ± 1.37 >15 >13.3 
MRL 52; 1 Gal, GlcNAc 3/4,  167.16 ± 79.77, >520,  3.33 ± 3.46, >10,  >3.1, 

1/4 n.a. >520 n.a. >10 n.a. 
NPA 59; 4 Man 4/6,  26.26 ± 32.80, 842.9 ± 963.3,  0.45 ± 0.56, 14.29 ± 16.33,  ~32.1, 

2/6 n.a. >295 n.a. >5 n.a. 
PSA 53; 2 Man, Glc 1/4,3/ 

4 
12.33, >530,  2.3, >10,  >43.0, 

3/4 n.a. >530 n.a. >10 n.a. 
UDA 8.5; 1 Man, GlcNAc 5/6 9.57 ± 3.71 >100 2.74 ± 3.98 >11.77 >10.5 
WGA 38; 2 GlcNAc, SA 4/4 n.a. >360 n.a. >10 n.a. 

RDV 0.6; n.a. – 8/8 0.15 ± 0.13 >6.02 0.25 ± 0.22 >10 >40.3 

Calu-3 cells 

AP extract 52; 4b Man 5/8,  58.45 ± 51.01, >104,  1.12 ± 0.98, >2,  >1.8, 

3/8 n.a. >104 n.a. >2 n.a. 
Con A 104; 4 Man, Glc 4/4,  2.04 ± 1.24,  >260,  0.020 ± 0.012,  >2.5,  >127.4,  

4/4c 5.75 ± 0.75 >1000 0.055 ± 0.007 >9.62 >173.9 
HHA 50; 4 Man, GalNAc 4/4 92.26 ± 61.82 >500 1.85 ± 1.24 >10 >5.4 
MRL 52; 1 Gal, GlcNAc 6/6 n.a. >260 n.a. >5 n.a. 
NPA 59; 4 Man 4/4 n.a. >295 n.a. >5 n.a. 
PSA 53; 2 Man, Glc 4/4 n.a. >265 n.a. >5 n.a. 
succ-Con A 52; 2 Man, Glc 4/4c 23.45 ± 8.20 >1000 0.451 ± 0.158 >19.23 >42.7 
UDA 8.5; 1 GlcNAc 3/8,  46.99 ± 25.88, >100,  5.53 ± 3.05, >11.77,  >2.1, 

5/8 n.a. >42.5 n.a. >5 n.a. 
WGA 38; 2 GlcNAc, SA 4/4 n.a. >180 n.a. >5 n.a. 

RDV 0.6; n.a. – 8/8 0.37 ± 0.25 >6.02 0.62 ± 0.42 >10 >16.4 

Mean IC50 and CC50 values and respective standard deviations (SD) were calculated for the total number of experiments (Ntot) or, if pooled quantification was not 
possible, for data subsets (N1, N2). SI was calculated as mean CC50 divided by mean IC50. Molecular weight (MW) is provided according to the estimated number (No) of 
lectin subunits (SUs) predominantly found under experimental conditions. 

a Molar concentration is calculated according to the No of SUs and MW stated in this table. 
b For the crude AP extract, MW refers to the lectin Allium porrum agglutinin (APA). Note that molar concentration is not quantifiable (n.q.) for the leek extract as it 

represents a mixture of multiple molecules. 
c For the purpose of direct comparison between unmodified Con A and succinylated Con A, the data (sub)sets were acquired in a pairwise manner. AP: Allium porrum, 

Con A: Concanavalin A, HHA: Hippeastrum hybrid agglutinin, MRL: Morus rubra lectin, NPA: Narcissus pseudonarcissus agglutinin, PSA: Pisum sativum agglutinin, UDA: 
Urtica dioica agglutinin, WGA: wheat germ agglutinin, RDV: Remdesivir. Gal: galactose, GalNAc: N-acetyl galactosamine, Glc: glucose, GlcNac: N-acetyl glucosamine, 
Man: mannose, SA: sialic acid, n. a.: not available. 
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and PSA and S1 signals (Fig. 4D and E), implicating direct interaction 
between the spike protein and the tested mannose-binding lectins. By 
contrast, no obvious correlation between WGA and S1 signals could be 
observed (Fig. 4F). 

To assess possible differences in cell type-specific glycosylation 
conferred to SARS-CoV-2 particles by the glycosylation machinery of the 
host cells, we also evaluated binding of fluorophore-conjugated lectins 
to SARS-CoV-2 virions generated in A549-ACE2 cells. In line with Calu- 
3-produced virions, we found that Con A colocalized with SARS-CoV-2 
particles produced by A549-ACE2 cells (Fig. S4). By contrast, PSA and 
WGA showed minor signal and HHA was completely absent in S1- 
positive areas. The minor to absent WGA signal at SARS-CoV-2 pro
duced in A549-ACE2 cells disagrees with the WGA enrichment observed 
in Calu-3-produced virions (Fig. 4B). This could point towards the high 
relevance of the host cell in which the virus is produced for WGA binding 
but does not explain the inconsistent anti-viral activity measured by 

different laboratories (see Discussion). 
By contrast, Con A signal could be detected at SARS-CoV-2 virions 

produced in both tested cell lines. Therefore, the presumed binding of 
Con A, which exhibits the strongest antiviral effects, to SARS-CoV-2 
virions, was not substantially affected by the cell-specific glycosylation 
machinery. Taken together, these findings suggest that binding of lectins 
to the spike protein can explain SARS-CoV-2 inhibition, yet it appears 
that direct interaction is not the exclusive mechanism at play. 

3.6. Morphometric analysis of lectin-labeled virions 

We also characterized the relative label positions by measuring the 
diameter of virions labeled by two small antibodies, primary minibody 
and secondary fluorophore-conjugated F(ab’)2 antibody, against the 
receptor binding domain (RBD) of S1 and the directly labeled Con A. 
Morphometric analysis of dSTORM data reveals a mean diameter of 

Fig. 2. Con A lectin effectively inhibits infections by six different SARS-CoV-2 variants in Calu-3 cells. (A and B) Treatment efficacy of Con A (A) compared to the 
control compound remdesivir (B) against six different SARS-CoV-2 variants: the original strain (B.1) and Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and 
Omicron (B.1.1.529 BA.1 and BA.5) variants. For comparison, concentrations in A and B are plotted in μM. (C) Comparison of 50% inhibitory concentration (IC50) for 
Con A and remdesivir against different SARS-CoV-2 variants. Data in A, B, and C are shown as mean ± SD from four experiments (N = 4). For comparison, taking into 
account very different molecular weights of Con A and remdesivir, the concentration in this figure is provided in μM with the assumption that Con A is predominantly 
present as a tetramer. 

Fig. 3. Time-of-addition experiments using Con A and HHA. (A and B) Inhibition of SARS-CoV-2 replication was evaluated in Calu-3 cells after treatment with Con A 
(A) and HHA (B) given at different time points before or after infection: 1 h to 0 h, addition 1 h prior and washing out before inoculation with the virus (0 h); − 1 h to 
end, addition 1 h before inoculation until the end of the experiment (24 h post-inoculation); 0 h to end, addition at the time of viral inoculation for the experiment’s 
duration; 2 h/6 h to end, addition 2 h or 6 h post-inoculation for the experiment’s duration. Data in A and B are shown as mean ± SD from six to fifteen experiments 
(untreated N = 15, treated N = 6). Asterisks denote statistical significance compared to the untreated control group (ns = not significant, ***p ≤ 0.001, ****p ≤
0.0001; One-way ANOVA with Dunnett’s post hoc test). 
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160.3 or 164.6 nm (imaged using AF647 or CF680 fluorophores, 
respectively) and 152.5 nm for the S1- and the Con A-based measure
ment, respectively (Fig. 4G; for details, see Materials and methods and 
Fig. S5). These values agree well with previous morphometric data ob
tained from cryo-electron tomographs that show a mean diameter of 
96.6 nm of SARS-CoV-2 without spikes and a length of 22.5 nm for spike 
trimers that would result in a total diameter of 141.6 nm for virions with 
maximally extended spike proteins (Laue et al., 2021). The length of the 
two small antibodies used to detect S1 are expected to measure 12–14 
nm in total; and the Con A tetramer is expected to have an extension of 
maximally 7 nm (PDB ID: 5CNA). Therefore, we would expect a diam
eter of 167.6 nm for the S1 signal and 155.6 nm for Con A signal in case 
it would bind the RBD of S1. Hence, the discrepancy between antibody- 
and lectin-based measurements is expected to be approximately 12 nm. 
Our dSTORM-based measurements reveal a difference of 8–12 nm, 
suggesting that most of the lectin signal is localized at the RBD of the 
spike protein. These results demonstrate that labeled Con A can be used 
as a tool in super-resolution microscopy to image individual 

SARS-CoV-2 particles at their native size. Furthermore, we could 
demonstrate that dSTORM is a powerful approach for the study of 
single-virus particles and the relative position of virion interactors, such 
as lectins. 

3.7. Lectin-based super-resolution imaging of SARS-CoV-2-infected 
A549-ACE2 and Calu-3 cells 

To study SARS-CoV-2 in the context of infected cells and endocytosis, 
we performed multiplexed 3D dSTORM experiments (Klevanski et al., 
2020) of lectins bound inside or at the surface of A549-ACE2 cells 
(Fig. 5). These cells exhibit a flatter morphology compared to Calu-3 
cells and allowed measurements for selected lectins. Con A, PSA, and 
WGA showed high signal levels at the cell surface and revealed filopo
dial protrusions (Fig. 5A–C) of A549-ACE2 cells. Interestingly, HHA did 
not stain the glycocalyx of A549-ACE2 cells (Fig. 5D). 

In addition, to explore potential overlap of lectins with endocytic 
compartments, we monitored whether lectins showed intracellular 

Fig. 4. Visualization of lectin colocalization with SARS-CoV-2 virions using dSTORM. (A) For the super-resolution microcopy method direct stochastic optical 
reconstruction microscopy (dSTORM), SARS-CoV-2 particles produced in Calu-3 cells were stained using small antibodies (minibodies) targeting the receptor binding 
domain (RBD) of the S1 part of the spike protein and fluorophore-conjugated F(ab)’2 antibodies. Lectins conjugated to fluorophores were used to evaluate their 
binding to glycosylated regions of SARS-CoV-2 particles. For dual-color dSTORM, two types of fluorophores were used: Alexa Fluor 647 (AF647) and CF680. Please 
note, that virus, lectin, cell, and receptor dimensions are not to scale. (B) Dual-color 3D dSTORM images of SARS-CoV-2 stained with primary and fluorophore-labeled 
secondary mini-antibodies against S1 region of the spike protein and fluorophore-labeled lectins. Scale bar corresponds to 200 nm in overview images and 50 nm in 
inserts. (C) Coordinate-based colocalization analysis of lectin and S1 labeling in 3D space using Coloc-Tesseler (Levet et al., 2019). Product between Manders’ A and B 
are represented in a box-and-whisker plot from 4 independent experiments per lectin (N = 4) and 4–7 dSTORM images per experiment (4 ≤ n ≤ 7). (D–F) Correlation 
analyses between lectin signal and S1 signal. Each dot represents normalized signal per SARS-CoV-2 sphere. Linear regression fitting (purple) confirms correlation 
between S1 and Con A (D) and S1 and PSA (E) while WGA signal did not show clear correlation with S1 signal (F); unreliable regression fit is shown in gray. (G) The 
diameter of virions was measured based on rotated line profiles (N = 4 experiments per data set, n = 135 to 888 virions per experiment). Median values and quartiles 
are shown in the violin plot. Mean values ± SD are indicated. For more details on STORM analysis, see Materials and Methods section. Asterisks in C and G denote 
statistical significance of pairwise comparisons between data sets connected by staple-shaped lines or summarized comparisons between all pairs covered by hor
izontal lines (ns = not significant, *p ≤ 0.05, ****p ≤ 0.0001; ANOVA with Tukey’s post hoc test). 
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signals at clathrin-positive areas, the main endocytic pathway predicted 
for SARS-CoV-2 entry into A549-ACE2 cells lacking TMPRSS2 (Koch 
et al., 2021). Indeed, dSTORM imaging confirmed that SARS-CoV-2 
entered A549-ACE2 cells via clathrin-mediated endocytosis. S1 mini
body staining revealed SARS-CoV-2 particles, which were located at the 
cell surface and often at the tips of the filopodial protrusions (Fig. 5E). 
Interestingly, at filopodial protrusions we found two populations of 
SARS-CoV-2 particles: (1) particles devoid of proximal clathrin signal 

that might represent budding virions or early stages of virus entry, and 
(2) particles that coincided with clathrin staining at the tips of filopodia 
that may represent virus particles that are entering host cells (empty and 
filled arrowhead in close-up images in Fig. 5E, respectively). The latter 
observation further strengthens recent findings demonstrating that 
endocytosis of SARS-CoV-2 can selectively take place at the tips of 
cellular protrusions (Wu et al., 2023). Both SARS-CoV-2 populations 
coincided with comparably pronounced Con A staining (not shown), 

Fig. 5. Multiplexed dSTORM experiment in SARS-CoV-2-infected A549-ACE2 cells. (A) Pronounced Con A signal in A549-ACE2 cells and in SARS-CoV-2-occupied 
area (magnified images of boxed region 1 and 2) outlined by a dotted-line circle. (B) PSA shows sparse signal at the cell surface and virions. (C) WGA exhibits no 
specific binding to virions produced in A549-ACE2 cells; but is enriched at the cell membrane, filopodia, and rod-shaped structures close to the glass-attached plasma 
membrane (3D image not shown). (D) HHA signal does not colocalize with virions or viruses. (E) Clathrin staining in magnified images of boxed region 3 dem
onstrates SARS-CoV-2 that presumably undergoes clathrin-mediated endocytosis (filled arrowhead). Other SARS-CoV-2 particles do not show colocalization with 
clathrin (empty arrowhead) and might represent just exocytosed or docked virions. (F–I) Close-up views (boxed region 4 in A) of lectins at A549-ACE2 cells and their 
distribution relative to clathrin-enriched regions (outlined by yellow lines). Scale bars correspond to 2 μm in left panels of A-E; to 500 nm in central panels of A-D, 
magnified panels in E, and all panels in F–I; and to 150 nm in right panels of A-D. Multiplex data of seven targets was acquired in four staining rounds (SR) in dual- 
color imaging mode with two spectrally discernible channels (Ch) per round. 
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suggesting that both, entering and budding viral particles possess Con 
A-susceptible glycosylation at their surface. When examining lectin 
signal in the cell soma, we observed that Con A, WGA, and to a very low 
extent PSA, showed only partial overlap with clathrin-coated compart
ments (Fig. 5F–H). While these lectins were stained rather broadly, HHA 
demonstrated confined small signal clusters in the cytoplasm (Fig. 5I) 
that did not overlap with clathrin staining and may reflect small or
ganelles, such as the endoplasmic reticulum-Golgi intermediate 
compartment (ERGIC), suggesting that HHA might exhibit its intracel
lular antiviral effect after clathrin-mediated endocytosis of virus 
particles. 

While our dSTORM data suggested a direct interaction of Con A and 
SARS-CoV-2 spike protein (Fig. 4), it does not explain how UDA and 
HHA, neither of which showed quantifiable signal in spatial proximity to 
the virions, exert their antiviral effect. Therefore, we also examined 
whether UDA and HHA were able to bind specific structures at the 
surface of or inside Calu-3 cells. Please note that the sparse signal of UDA 
and HHA allowed dSTORM imaging at the voluminous Calu-3 cells while 
other lectins Con A and PSA resulted in a very dense signal, which 
precluded reliable dSTORM measurements. Staining of Calu-3 cells with 
fluorophore-labeled UDA revealed very sparse signals (Fig. S6A–C) with 
no staining of the glycocalyx. Interestingly, closer examination of SARS- 
CoV-2-positive areas revealed UDA signal at some virions located in 
immediate Calu-3 proximity (above or underneath the cell) while most 
virions located outside the cell-occupied area did not show UDA signal 

(exemplified in Fig. S6B and C, magnified areas #2 and #3). This sug
gests a potential binding mechanism that operates within a specific time 
window when viral surface proteins and host cell receptors interact, 
triggering structural changes that could create new points of attack for 
UDA. Evaluation of HHA signal in Calu-3 cells revealed round to oval- 
shaped HHA-positive clusters with the diameter/minor axis of ~120 
nm and the major axis up to 500 nm (Fig. S6E and F), similar to dSTORM 
data of HHA in A549-ACE2 cells (Fig. 5I). These clusters did not coloc
alize with F-actin and Con A. Very little colocalization was observed 
with WGA, which is known to bind the glycocalyx, trans-Golgi, trans- 
Golgi network (Vetterlein et al., 2002), and endosomes (Raub et al., 
1990) in eukaryotic cells. Further experiments are needed to confirm the 
specificity of the HHA signal and investigate at which particular or
ganelles HHA could exert its antiviral effect. 

3.8. Con A-induced aggregation of SARS-CoV-2 

To address whether there is some difference in the inhibition mode of 
the various lectins, we also determined the Hill coefficient, which re
ports binding cooperativity, from the neutralization curves that were 
fitted by the sigmoidal dose-response function (Fig. S8A). Statistical 
analysis demonstrates that UDA and HHA exhibit Hill coefficients that 
do not significantly differ from 1, possibly pointing to an independent 
binding mode. In contrast, Con A demonstrates a Hill coefficient of 1.74 
± 0.41, significantly higher than 1 (p = 0.007), suggesting a cooperative 

Fig. 6. Con A agglutinates SARS-CoV-2 particles. (A–F) SARS-CoV-2 particles produced in Calu-3 cells were mixed with 0.5 μM (52 μg/ml) Con A in Tris buffer (A–C) 
or only with Tris buffer without lectin (negative control) (D–F) and applied to a glass-bottom dish for 3D dSTORM imaging (see Materials and Methods section for 
detailed experimental setup). 3D super-resolution images demonstrating formation of bulky SARS-CoV-2 clumps upon Con A application (B) while no clumping was 
observed without lectin addition (E) (rendered using ViSP viewer). Z histograms (corresponding to panels B and E) of Con A-induced SARS-CoV-2 macro-clusters 
extending into the axial direction (C) and single SARS-CoV-2 spheres (F). (G) Cluster analysis of rendered super-resolution images performed in ImageJ. (H) Density 
of clusters with a minimal area of 0.05 μm2. (I) Number of SARS-CoV-2 particles per cluster quantified as number of blinking events in a cluster divided by the median 
number of blinking events per isolated virion (quantified based on negative control experiments). Scale bars in panels B and E correspond to 500 nm in full lateral 
view and 100 nm in magnified views. Data points in G represent individual clusters from 20 to 25 images acquired in 4 independent experiments; horizontal bars 
represent median. Data in H are shown as mean ± SD with individual data points being means from 20 to 25 images acquired in 4 independent experiments. Data in I 
is based on individual clusters from 5 to 7 images and are represented as median ± MAD. Asterisks in panels G–I denote statistical significance (****p ≤ 0.00001; 
Mann-Whiteney U test). 
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binding effect potentially contributing to its antiviral activity. The self- 
induced binding augmentation can be conferred by the ability of the 
substance to engage multiple binding sites simultaneously, increasing 
the likelihood of binding events and/or enhancing the overall binding 
affinity. 

As Con A predominantly forms a multivalent tetramer with high 
agglutinating properties (Greig and Bouillant, 1977; Kuo et al., 2007), 
we explored whether Con A could reduce SARS-CoV-2 infectivity by 
cross-linking the virions. We tested this possibility by 3D dSTORM im
aging of virions incubated with 0.5 μM (52 μg/ml) Con A (Fig. 6A). 
Indeed, Con A application induced strong clumping of SARS-CoV-2 vi
rions (Fig. 6B and Fig. S7A) reflected in the increased number of clusters 
with big areas up to 46 μm2 (Fig. 6G and H). Examination in 3D space 
revealed that virus–Con A aggregates were formed in all three di
mensions (Fig. 6B and C). In contrast, no aggregation was observed for 
the negative control where no lectin was added (Fig. 6D–H, Fig. S7B). 
These data support that Con A could bind the spike protein of 
SARS-CoV-2 and agglutinate the virions resulting in the inhibition of 
SARS-CoV-2 infection. 

We determined the median number of dSTORM localizations per 
single virion and quantified the number of virions per aggregate by 
dividing the number of STORM localizations per aggregate by the 
quantal localization content of a single virion and obtained the median 
aggregate size of 3.6 virions (Fig. 6I) with the biggest aggregate con
sisting of 918 virions. Please note that these numbers may be an un
derestimation of virion numbers per aggregate due to physical 
properties resulting from dense aggregation because of the following 
circumstances. First, the number of penetrating antibodies can be 
reduced by increased molecular crowding. Second, the number of 
blinking events that can be recorded for Alexa Fluor 647 is expected to 
be reduced due to fluorophores that are closer than 10 nm (Helmerich 
et al., 2022), which is expected in case of multivalent cross-linking by 
Con A that is smaller than 7 nm. 

Furthermore, to explore the relevance of multivalency, we compared 
the antiviral performance of native Con A with its succinylated variant 
(succ-Con A) that has lower valency and agglutinating properties 
(Gunther et al., 1973) in Calu-3 cells. Indeed, in a side-by-side com
parison in Calu 3 cells, succ-Con A demonstrated lower performance 
with an approximately four times lower SI (Fig. S8B, Table 1). Inter
estingly, in this dataset both Con A and succ-Con A, exhibited an 
increased Hill coefficient of approximately 3, indicating a similar level 
of cooperativity (Fig. S8B and C). This indicates agglutination mecha
nisms for both Con A and succ-Con A. 

In summary, we found that Con A showed a substantial anti-SARS- 
CoV-2 effect at nanomolar concentrations. This inhibitory effect is 
most likely due to blocking virus entry and a virucidal effect caused by 
virus clumping. 

4. Discussion 

Glycosylation of proteins at the surface of SARS-CoV-2 allows the 
virus to evade our immune system but is also crucial for virus docking 
and entry (Casalino et al., 2020; Yang et al., 2020; reviewed in Shajahan 
et al., 2021). Thus, the glycan shield could be seen as the Achilles’ heel 
of SARS-CoV-2 that can be targeted by carbohydrate-binding lectins. In 
the present study, we evaluated the antiviral activity of seven 
plant-derived lectins with diverse glycan specificity and a lectin-rich 
leek extract. Four lectins and the leek extract showed antiviral proper
ties against SARS-CoV-2 in A549-ACE2 cells with the Con A lectin being 
most potent while having low cytotoxicity. Con A showed an IC50 value 
of ~13 nM in A549-ACE2 cells that is comparable to the most potent 
anti-SARS-CoV-2 lectins, FRIL (~7 nM) and H84T-BanLec (~6 nM), and 
outcompetes remdesivir (~250–620 nM in our experiments) – one of the 
first drugs authorized for COVID-19 treatment. Con A exhibited broad 
antiviral activity against all six tested SARS-CoV-2 variants, including 
the predominant Omicron variant, and proved to be highly potent also in 

Calu-3 cells. We suggest that Con A forms a coat around virions and 
causes their aggregation, thereby preventing entry into the host cell. 
Furthermore, we demonstrated that dSTORM is a powerful approach to 
study single-virus particles and the relative position of virion inter
actors, such as lectins. 

4.1. Mode-of-action 

After we identified initial candidates with antiviral properties, we 
first set out to investigate the mechanisms by which various lectins affect 
the infection cycle of SARS-CoV-2. Results from time-of-drug-addition 
experiments suggest that Con A, the lectin that showed highest anti
viral efficacy, acted at early steps of the SARS-CoV-2 infection cycle and 
that its inhibitory effect cannot be attributed to its early interaction with 
Calu-3 cells. This was supported by imaging experiments (dSTORM) that 
revealed that Con A coated and agglutinated virions (Fig. 7). Recent 
research conducted by Coa et al. (Cao et al., 2021) utilized magnetic 
beads coated with Con A to isolate SARS-CoV-2 virions, confirming a 
direct interaction between the lectin and the surface of SARS-CoV-2. Our 
observation of Con A-induced agglutination of SARS-CoV-2 is corrobo
rated by an early study reporting similar cross-linking effects of Con A on 
hemagglutinating encephalomyelitis virus, another coronavirus family 
member (Greig and Bouillant, 1977). This suggests a virucidal effect 
mediated by virus agglutination as a contributing factor to the mode of 
action. Therefore, to further investigate the role of virus clumping, we 
tested the antiviral activity of the divalent succ-Con A, a chemically 
modified variant of Con A, that was reported for its lower agglutinating 
capability (Gunther et al., 1973). Succ-Con A showed a four times higher 
IC50 of 23.45 ± 8.20 μg/ml. A very similar result (IC50: 33.8 ± 3.9 
μg/ml) was revealed in a recent study by Wang and colleagues where 
succ-Con A was tested for its anti-SARS-CoV-2 properties using a pseu
dovirus assay and 293-ACE2 cells (Wang et al., 2021). These observa
tions support the assumption that the antiviral activity of Con A is 
enhanced by its agglutinating properties (Fig. 7B). However, the dif
ference in agglutinating properties of Con A and succ-Con A is not re
flected in the Hill coefficients arguing that the dimeric form 
predominantly found for succ-Con A could be sufficient for high 
agglutinating properties. Alternatively, the cooperative mode of action 
could be attributed to effects beyond agglutination. 

PSA is another dimeric lectin with a lower valence compared to Con 
A, while featuring overlapping sugar specificities (Barre et al., 2021). 
Indeed, at Calu-3-produced SARS-CoV-2 virions PSA exhibited a signal 
that was comparable to Con A as assessed by super-resolution micro
scopy. However, it did not show SARS-CoV-2 inhibition in virus assays, 
which could be due to the reduced ability of the bivalent PSA to 
agglutinate virions. Thus, collectively our findings suggest that the virus 
agglutinating properties of a lectin, rather than its interaction with the 
virus alone, may contribute to the inhibition of SARS-CoV-2 infection. 

In vitro HHA treatment of both, A549-ACE2 and Calu-3 cells infected 
with SARS-CoV-2 resulted in measurable inhibition. At the same time, 
super-resolution microscopy did not reveal spatial proximity to virions. 
Our time-of-drug-addition revealed that HHA exhibited antiviral activ
ity both at early steps of infection but also when it was added 2 and 6 h 
after infection. Previous time-of-addition studies with HHA tested 
against SARS-CoV in Vero E6 cells showed highest inhibitory effect 
around 5 h after infection (Keyaerts et al., 2007). Together with our 
super-resolution data revealing HHA signal at clathrin-free regions of 
A549-ACE2 cells, this points towards HHA-mediated inhibition at 
several steps: during docking and after endocytosis, but also at later 
steps in the viral life cycle such as virion assembly and maturation, e.g. 
by interfering with the endoplasmic reticulum-Golgi intermediate 
compartment (ERGIC). Further super-resolution experiments with ER, 
Golgi, and ERGIC markers and functional analyses could help to prove 
this hypothesis. 

UDA showed a moderate antiviral effect in all in vitro experiments in 
A549-ACE2 cells and in three out of eight experiments in Calu-3 cells. 
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UDA is a lectin that is also specific for N-acetyl-D-glucosamine and high- 
mannose type glycans (Itakura et al., 2017). Interestingly, 
super-resolution imaging revealed only a subtle signal in spatial prox
imity to SARS-CoV-2. This aligns with previous studies of the inhibitory 
effect of UDA against SARS-CoV (Keyaerts et al., 2007; Kumaki et al., 
2011) and recent report on effectivity against SARS-CoV-2 in 
air-liquid-interface cultures (Vanhulle et al., 2022). 
Time-of-drug-addition experiments by Kumaki et al. conducted in Vero 
76 cells infected with SARS-CoV revealed that UDA pre-treatment of 
cells and UDA pre-treatment of SARS-CoV resulted in comparably low 
IC50 concentrations, suggesting that UDA interacts with both cells and 
virions at early steps of infection. In conjunction with the very low UDA 
signal at SARS-CoV-2 particles and to Calu-3 cells compared to a more 
pronounced staining at virions located at the surface of Calu-3 cells, we 
hypothesize that UDA might act at the interface between the S1 RBD and 
host cell receptors. Recent reports confirmed direct attachment of UDA 
to SARS-CoV-2 via in silico ELISA experiments (Sabzian-Molaei et al., 
2022). Interestingly, cell fusion experiments revealed that fusion be
tween spike protein-expressing HEK293T cells or A549-ACE2 cells 
individually pretreated with UDA resulted in comparable or lower (in 
case of a post-application washing step) inhibition levels of fusion be
tween these cells compared to a concomitant UDA treatment of 
HEK293T-spike cells and A549-ACE2 cells; and addition of UDA did not 
reduce the binding strength between RBD and ACE2 in surface plasmon 
resonance experiments (Vanhulle et al., 2022). Taken together, our and 
previous findings argue for a possible synergy between the ACE2 re
ceptor and the RBD that is required for UDA’s efficient integration at the 
ACE2-RBD interface, enabling its antiviral action. Further research is 
needed to clarify how exactly UDA exerts its antiviral effect. 

WGA showed no antiviral activity in Calu-3 and A549 cells despite 
binding to viral particles generated in A549 cells. This is in contrast to 
two other recent studies that reported an inhibitory activity of WGA 
against SARS-CoV-2 (Auth et al., 2021) and its pseudoviral derivative 
(Wang et al., 2021). One possible explanation for these inconsistencies 
could be that WGA targets various types of glycans by recognizing 
N-acetyl-D-glucosamine found at starting points of almost all types of 
N-linked glycosylation as well as sialic acid. Thus, selective binding to 
the RBD of the spike protein is unlikely. Due to this broad specificity, 

WGA could at the same time exhibit inhibitory and infection-promoting 
effects via cross-linking the viral envelope and the glycocalyx of host 
cells. This can result in a fragile balance where small differences in 
glycosylation profile of cells and in experimental conditions can easily 
leverage between pronounced antiviral effect, no effect, or even adverse 
effects. 

4.2. Inhibitory effect of many lectins differs strongly between cell lines 

We observed considerable differences in antiviral properties of lec
tins in two lung epithelial cell lines, A549-ACE2 and Calu-3, with most 
lectins showing reduced antiviral activity in Calu-3 cells. This could be 
explained by the two different SARS-CoV-2 entry pathways that were 
previously proposed for these two cell lines (Jackson et al., 2022). 
A549-ACE2 cells do not express TMPRSS2, which precludes direct fusion 
with the plasma membrane and results in SARS-CoV-2 entry via 
endosome-mediated endocytosis that is promoted by ACE2 (Koch et al., 
2021). In this pathway, the S1 subunit shedding is realized in the acidic 
environment of endolysosomes by another protease, cathepsin L, and is 
also likely assisted by interaction with ACE2. In contrast, Calu-3 cells 
express TMPRSS2 that upon conformational changes of the spike protein 
induced by ACE2 can shed the S1 subunit of the spike protein leading to 
the exposure of the fusion peptide in the S2 subunit and triggering virus 
entry via fusion with the plasma membrane directly after virion binding. 
Thus, while in Calu-3 cells lectins appear to attenuate or preclude the 
interaction between the S1 subunit and the ACE2 receptor at the cell 
surface, in A549-ACE2 cells lectins might interfere dually: (1) at the cell 
surface by reducing endocytosis and (2) in endolysosomes by reducing 
the probability of S1 shedding and thus membrane fusion. In the latter 
case, the effects could multiply, explaining the enhanced antiviral 
properties of some lectins that we observed in A549-ACE2 cells. 

Another difference between A549 and Calu-3 cells is the higher 
Mucin 1 expression in the latter (Berger et al., 1999), possibly resulting 
in a mucus layer with an overall higher level of glycosylation. While 
Mucin 1 expression had no effect on SARS-CoV-2 replication (Kim et al., 
2021), a possibly thicker mucus layer with the highly glycosylated 
Mucin 1 could sequester various lectins (e.g. via direct interaction of 
lectins with the sugar moieties of Mucin 1), preventing their interaction 

Fig. 7. Two mechanisms proposed for Con A-mediated SARS-CoV-2 inhibition. (A) Con A may block interaction between SARS-CoV-2 and the host cell (red blunt 
inhibition arrow ┬) presumably via a direct interaction with mannose moieties at the spike protein. This would impede the downstream entry of the virus into the 
host cell, indicating an antiviral mechanism. (B) Interaction of multivalent Con A leads to the agglutination of SARS-CoV-2 virions, which could lead to an enhanced 
virus clearance (red arrow), suggesting a primarily virucidal mechanism. It is possible that Con A operates through a dual (A, B) mode-of-action. Please note that 
virus, lectin, cell, and receptor dimensions are not to scale. 
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with the spike protein. 
When comparing our work with recent data on antiviral activity of 

lectins against SARS-CoV-2, we also observed differences for WGA. 
While in our experimental settings, WGA did not show any considerable 
effect, studies in 293-ACE2 cells with pseudovirus (Wang et al., 2021) or 
in Vero B4 and to a lower extent in Calu-3 cells infected with authentic 
SARS-CoV-2 (Auth et al., 2021) revealed potent inhibitory activity. 
These discrepancies could be explained by the fact that the glycosylation 
footprint can substantially differ among cell types (Goh and Ng, 2018) 
and influence the glycosylation profile of the virus produced in these 
cells. This underlines the necessity for further studies where lectins with 
anti-SARS-CoV-2 properties are applied to a broad range of cells, 
including alveolar type II epithelial cells. 

4.3. Treatment concept 

Previously, lectins have been proposed as potential therapeutic 
strategy for treatment of various viral infections, including of those with 
HIV, hepatitis C virus, and coronaviruses (reviewed in Mazalovska and 
Kouokam 2018). However, while a lectin-based treatment is not a suf
ficiently safe strategy against persistent viruses, in the case of acute viral 
infections like SARS-CoV-2, it might be a suitable option because when 
given early enough, it should lower viral load and thus, the likelihood 
for severe course of disease. 

Interestingly, the impure leek extract showed a remarkable IC50 
value of ~9 μg/ml in A549-ACE2 cells. This falls within the concen
tration range of lectin typically found in leek leaves (0.01 g/kg), which 
has been documented as nontoxic for mammals (Peumans and Van 
Damme, 1996). Presumably, the anti-viral effect was conferred by the 
leek lectin APA that has been previously reported to show exceptionally 
high inhibitory effects against SARS-CoV (Keyaerts et al., 2007). The 
observation that impure leek extract was sufficient to inhibit 
SARS-CoV-2 in vitro encourages further investigation of the leek extract 
and the contained APA lectin, which could provide a starting point for 
new prevention and treatment strategies. 

Despite Con A displaying significant inhibitory effects against SARS- 
CoV-2 with minimal cytotoxicity in our assays, in vitro results may not 
fully capture potential in vivo adverse effects, including immune re
actions. Importantly, Con A is known for its mitogenic effects on lym
phocytes (see Ashraf and Khan, 2003 for review) induced by its 
cross-linking interactions with T cell receptors (Schneider et al., 
2012), highlighting such concerns. Previous studies in rodents demon
strated that intravenous injection of high doses (20 mg/kg) of Con A can 
induce T cell-mediated liver injury (Heymann et al., 2015; Trautwein 
et al., 1998) and infusion of 20 mg/ml Con A for 50 min into the lung led 
to morphological deformation in alveolar epithelial cells (Welsch and 
Schumacher, 1983). However, the dosages employed in these experi
ments are orders of magnitude higher compared to the IC50 values we 
measured for Con A. Although developing engineered lectins on the 
basis of Con A that retain their virucidal agglutinating properties 
without T cell receptor cross-linking is warranted, we note that a topical 
application of Con A such as nose spray should further reduce the risk of 
T cell-mediated side-effects. 

In fact, considering the potential drawbacks of injections and in
fusions, intranasal application of lectins emerges as a more viable 
strategy against COVID-19, and acute respiratory infections in general. 
Studies highlighting that the adverse effects of Con A are highly 
dependent of the administration route, with subcutaneous and intra
peritoneal applications showing the least toxicity, lend further support 
to the topical application of lectins (reviewed in Ballerstadt et al., 2006). 
Importantly, multiple research teams have shown that nose sprays 
containing different compounds, including the engineered banana lectin 
H84T-BanLec, can effectively prevent and reduce SARS-CoV-2 infection 
in animals (Chan et al., 2022; de Vries et al., 2021; Shapira et al., 2022). 
Thus, intranasal application of lectins preventing SARS-CoV-2 infection 
and approved for clinical use could provide an effective prophylactic or 

therapeutic option against COVID-19. To advance lectins as antiviral 
agents, assessing the safety of their topical administration to mucosal 
tissues is crucial. 

5. Conclusion 

Overall, our study demonstrates that multiple lectins with specificity 
for high-mannose glycans inhibit SARS-CoV-2 replication in lung 
epithelial cells via different mechanisms. Super-resolution microscopy 
revealed the spatial association of lectins and the virus and together with 
infection assays allowed profiling of different lectins in their antiviral 
activity. Taken together, these results support intranasal application of 
lectins to prevent SARS-CoV-2 infections. However, further research is 
required to comprehensively evaluate the safety of non-invasive 
administration of lectins. 

6. Limitations of the study 

The limitations of this study mostly pertain to the nature of used cell 
lines. Firstly, the cell lines used in this study are cancer-derived. Cancer 
cell lines often show deregulated glycosylation patterns compared to 
healthy non-malignant cells (Peixoto et al., 2019; Pinho and Reis, 2015; 
Wiersma, 2020). Therefore, the cytotoxic effect measured for the lectins 
used here might be an overestimation compared to native non-cancer 
epithelial cells. Furthermore, the potentially increased glycosylation of 
the mucus and the surface of cancer cells might compete for lectin 
binding to the spike protein and therefore the antiviral effect of lectins 
could be underestimated compared to non-cancer lung epithelial cells. 
Secondly, although we used human lung-derived epithelial cells, these 
cells do not fully represent an authentic cell system. In particular, given 
that glycosylation of viral proteins is conferred by the glycosylation 
machinery of the host cell, assessing the relevance of these findings to 
natural isolates is crucial. Further investigation using air-liquid interface 
cell cultures, particularly alveolar type II epithelial cells, is needed to 
confirm the universal inhibitory potential of selected lectins against 
SARS-CoV-2. 
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