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Abstract: Infection with the novel coronavirus SARS-CoV-2, the cause of coronavirus disease
(COVID-19), has emerged as a global pandemic, with a high toll on casualties, economic impact,
and human lifestyle. Despite the recent approval of various vaccines against the virus, challenges
remain, including the limited availability of these vaccines, the prevalent rejection of vaccination
by a large proportion of the population, and the recurrent appearance of new variants of the virus
due to mutations. This context raises the alarm for scientists and clinicians to seek alternative and
complementary therapies. In this context, natural products and their derivatives serve as reservoirs
for potential therapeutic compounds that can be exploited in the research and production of antiviral
drugs against COVID-19. Among these substances, lectin and polysaccharides isolated from fauna
and flora emerge as complementary strategies for treating coronavirus infection. The review objective
is to cover and analyze the specific role of polysaccharides and lectins and their synergy in the fight
against this deadly SARS-CoV-2 virus. For this purpose, a primary literature search was conducted on
Google Scholar, PubMed, and Web of Sciences using relevant keywords like “SARS-CoV-2 Variants”;
“Antiviral Strategies”; “Antiviral Polysaccharides”; “Antiviral Lectins”; and “Synergistic effect”. The
results demonstrate that lectins and polysaccharides exhibit antiviral activities against SARS-CoV-2
via mechanisms related to binding and steric blocking, the binding of glycan-based decoys, chemical
reactions, virus particle disruption strategies, and steric blocking for competitive inhibition to block
SARS-CoV-2 and its variants’ entry. In addition, this review analyzes the rationale behind combining
polysaccharides and lectins, emphasizing complementary mechanisms of action. By simultaneously
targeting multiple stages of the viral life cycle, this dual strategy aims to comprehensively inhibit
viral propagation and enhance the durability of antiviral strategies over time.

Keywords: SARS-CoV-2 variants; antiviral strategies; antiviral polysaccharides; antiviral lectins;
synergistic effect
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emergence has plunged
the world into an unparalleled global health crisis [1]. In a few months, SARS-CoV-2 has
profoundly disrupted our lives, exerting immense pressure on healthcare systems, global
economies, and daily routines. Compounding this challenge, a new variant of the virus,
referred to as “variant JN1”, has heightened concerns due to its presumed increased
transmissibility [2].

The race against SARS-CoV-2 has seen vaccines emerge, but the pressing need for
antiviral strategies remains [3]. The deployment of vaccines against SARS-CoV-2 faces
difficulties, including limited distribution, vaccine reluctance, concerns about side effects,
and widespread rejection of vaccination by a large proportion of the population [4,5]. Vac-
cination campaigns therefore come up against resistance that prevents collective immunity
from being achieved. The constant evolution of new virus variants due to mutations adds
an additional layer of complexity, requiring adaptability in our approach to counteracting
the virus [6]. It is therefore imperative to explore effective antiviral solutions to improve
the response to the pandemic.

This context highlights the critical need to diversify therapeutic avenues, fully justify-
ing the in-depth exploration of alternative and complementary therapies such as natural
substances. With their rich diversity and complex chemical compositions, natural products
stand out as reservoirs of potentially groundbreaking therapeutic compounds. Among
these, lectins and polysaccharides emerge as particularly intriguing candidates for their
unique properties and biological activities [7,8]. Lectin and polysaccharide exploration in
the context of antiviral strategies against SARS-CoV-2 is not merely a scientific curiosity; it
is a response to the limitations and challenges posed by current therapeutic approaches [9].
Lectins, proteins with the ability to bind to specific carbohydrates, have garnered atten-
tion for their involvement in various cellular processes, including immune responses [10].
Polysaccharides, on the other hand, are complex carbohydrates with multifaceted roles in
biological systems, ranging from structural support to immunomodulation [11].

This review aims to explore the specific roles played by lectins and polysaccharides
in combating the SARS-CoV-2 virus. Furthermore, it analyzes the synergistic approach,
investigating the combined use of polysaccharides and lectins to enhance antiviral effects.
This strategy aims not only to impede the SARS-CoV-2 entry but also to comprehensively
inhibit viral propagation by targeting multiple stages of the viral life cycle.

2. SARS-CoV-2: Structure and Replication

Human coronaviruses are the main group of viruses causing respiratory system in-
fections, including coronaviruses responsible for the common cold (229E, NL63, OC43,
HKU1) and rarer coronaviruses that determine severe respiratory illness (the Middle
East respiratory syndrome virus, and severe acute respiratory syndrome viruses) [12,13].
Besides human coronaviruses, previous research in animal epidemiology showed that coro-
naviruses are also found to infect other mammals, causing gastrointestinal inflammation
(cattle, pigs, and mice) [14,15].

The newer severe acute respiratory syndrome coronavirus 2 (SARS-CoV 2), which
was the etiologic agent of the most recent global epidemic, is also part of the coronavirus
group. Thus, SARS-CoV 2 morphology and virulence mechanisms have been thoroughly
described [16–18]. Similar to the other coronaviruses, SARS-CoV-2, the causative agent
of coronavirus disease (COVID-19), is a spherical-shaped single-stranded RNA virus
condensed in a helically symmetric nucleocapsid [19]. The virus particle has a characteristic
crown structure due to the presence of spike (S)-shaped proteins on its surface that play a
crucial role in viral entry into host cells. The viral envelope surrounds the nucleocapsid,
housing the viral genome in RNA. Besides S-proteins, other structural proteins such as
envelope (E) proteins and the membrane (M) contribute to the stability of the viral particle
and are essential for the assembly and release of new virions. The virulence mechanism
includes the coupling of viral protein S to the angiotensin converting enzyme 2 (ACE2)
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receptor causing ACE/ACE2 imbalance and renin-angiotensin–aldosterone system (RAAS)
activation [20]. SARS-CoV-2 replication involves the synthesis of viral RNA and the
translation of viral proteins within host cells [21]. The viral life cycle includes attachment
and entry into host cells, the translation and replication of the viral genome, the assembly
of virions, and, finally, their release [22]. Potential targets for intervention include inhibition
of the interaction between the viral S-protein and the ACE2 receptor, targeting replicase
proteins involved in viral RNA synthesis, and the use of protease inhibitors to disrupt viral
replication [23]. Understanding the structure and replication mechanisms of SARS-CoV-2
is essential for the development of targeted intervention strategies, including vaccines and
antiviral drugs, aimed at combating COVID-19.

3. Polysaccharides in Biological Diversity: Structure, Sources, and Potential
Applications against SARS-CoV-2
3.1. Overview of Polysaccharides: Structure, Sources and Classification

Polysaccharides (carbohydrates or complex glycans), are an essential macromolecule
from a variety of sources, including marine micro- and macro-algae, bacterial and fungal
microorganisms, animals, and plants [24–26].

The classification of polysaccharides can be based on their monomer type, struc-
ture, function, monosaccharide composition, chemical nature, charge, and sources. Ho-
mopolysaccharides, such as starch and cellulose, comprise a single monomer type, while
heteropolysaccharides, like heparin and chondroitin sulfate, consist of multiple monomer
types. Structurally, they may be linear, like amylose, or branched, like amylopectin. Func-
tionally, they serve as storage (e.g., glycogen) or structural (e.g., cellulose) components,
or regulatory agents (e.g., hyaluronic acid). Their composition varies, with glucans domi-
nated by glucose units, fructans by fructose, and galactans by galactose. Chemically, they
can be homopolysaccharides (e.g., chitin) or heteropolysaccharides (e.g., hyaluronic acid).
Polysaccharides may bear a neutral (e.g., cellulose) or charged (e.g., carrageenan) nature,
and they derive from plants (e.g., pectin), algae (e.g., agar), fungi (e.g., chitin), animals (e.g.,
chondroitin sulfate), or bacteria (e.g., xanthan). These classifications provide insights into
their roles, structures, and sources in biological systems [27].

In 1983, Painter emphasized the structural complexity of polysaccharides by men-
tioning the numerous methods for analyzing their structure, such as chromatography and
spectroscopy [28]. He concluded that the complexity of polysaccharides is due to the
combination of various types of monosaccharides and other components that form the
molecule [28]. In general, the formula for polysaccharides is [Cx (H2O)y]n−(where x is
usually a number between 200 and 2500 and y is usually x − 1) [29]. All polysaccharides,
including homopolysaccharides, heteropolysaccharides, and glycoproteins are formed by
the same basic process in which identical or dissimilar monosaccharides are linked together
by glycosidic bonds [30]. These glycosidic bonds result from a dehydration synthesis
reaction and consist of an oxygen molecule connecting two carbon rings: carbon-1 of one
residue and carbon-4 of the other residue [31]. Monosaccharide composition, configuration,
glycosidic linkage, and the sequence of the combined molecules affect the structures and
properties of the resulting polysaccharide [32]. Understanding the different structures of
polysaccharides is crucial for better understanding their properties and potential appli-
cations. In the plant kingdom, polysaccharides are involved in the structural support of
cells. For example, cellulose, the main component of plant cell walls, provides rigidity
and strength [33]. Additional polysaccharides, such as starch, act as energy stores in seeds
and tubers [34], while, in the animal kingdom, polysaccharides play a crucial role, with
glycogen, a glucose polymer, serving as an energy reserve stored primarily in the liver
and muscles [35]. Another polysaccharide type, glycosaminoglycan, plays a major role in
connective tissue, contributing to joint structure and lubrication [36,37]. Bacteria also have
the ability to synthesize polysaccharides, including lipopolysaccharide (LPS), an essential
component of the cell wall of Gram-negative bacteria [38]. This component is potentially of
crucial importance in bacterial pathogenicity, triggering immune responses in hosts [38].
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In addition to their structural functions, polysaccharides may possess beneficial bio-
logical properties [27]. The increasing enthusiasm for medical and nutritional research is
driven by the observed immunomodulatory, anti-inflammatory, and antioxidant properties
exhibited by specific extracts from plants and mushrooms rich in polysaccharides [27].
Apart from their biological implications, the physical, chemical, and structural properties
of polysaccharides influence their industrial applications. They are used in various sec-
tors, such as agriculture, food, chemistry, petroleum, and pharmaceuticals, for various
applications, notably as viscosity-promoting additives, prebiotics, gelling agents, sensory
activators, stabilizers, dietary fibers, and substitutes of fat and resistant starch [39–42].

3.2. Polysaccharides as Guardians: Exploring Their Potential against SARS-CoV-2

Polysaccharides, the most abundant natural biopolymers, comprising about two-thirds
of the dry weight of the total biomass [43], have very diverse structures and properties,
as well as sources, from animal and plant to fungal and microbial. The animal-sourced
polysaccharides with antiviral interest can be broadly grouped into several classes of
glycosaminoglycan (GAG) mucopolysaccharides with polyanionic character, made of
a linear chain of two repeating sugar units, a N-acetylated or N-sulfated hexosamine
(glucosamine or galactosamine) and either a uronic acid (glucuronic acid or iduronic acid)
or galactose. The four main GAGs notable for their potential against coronaviruses are
the heparins, the chondroitin sulfates, the dermatan sulfates/keratan sulfates, and the
hyaluronans [44,45]. However, the sulfated polysaccharides, which retain their antiviral
activity due to their anionic charge, a counter to the positive charge of the pathogen surface
receptors [46], are predominantly the marine polysaccharides extracted from algae [47].

Heparin, the most widely used clinical anticoagulant worldwide, is a highly sulfated
polysaccharide extracted from animal tissues such as bovine lung and porcine intestine [48].
Its glycosaminoglycan-type (or repeating disaccharide units) structure is made of tri-
sulfated disaccharide glucosamine and uronic acid repeating units, together with less
sulfated and variably sulfated domains [48]. The linear highly sulfated glycosaminoglycans
units of heparin are known as heparan sulfates (HSs) [49]. Besides a variety of beneficial
physiological roles derived from its binding ability at the surface of cells [50], heparins,
however, particularly the heparan sulfate, act as first pathogen receptors enabling the
coronavirus to anchor to its proteoglycans before interacting with the ACE2 entry receptor
of the host cells (Table 1) [51–54]. Multiple binding motif sequences have been identified
at different sites within the SARS-CoV-2 spike S-protein receptor-binding domain, such
as the S1/S2 proteolytic cleavage motif and Y453–S459 and P681–S686, S2′ proteolytic
cleavage S810–S816, [55,56] or near various amino acid-rich residues in different Omicron
variants [57]. These sites bind tightly to heparin or heparan sulfate through electrostatic
interactions driven by the higher degree of sulfation [56]. However, the versatility of
heparin as an effective inhibitor of viral attachment was also suggested based on its
polyanionic nature from as early as 2020 [58]. The use of soluble HS and other xyloside
GAGs, such as heparin, dermatan, and chondroitin sulfates as competitive inhibitors to
SARS-CoV-2, preventing the binding at the HS attachment sites, is suggested [53] based on
recent evidence [59]. Preclinical evidence was brought by a series of studies that reported
that exogenous heparin and derivatives such as enoxaparin can inhibit the viral infection by
inducing conformational changes in the spike protein receptor-binding domain S1 in a dose-
dependent manner and at concentrations used during anti-coagulation therapy [59,60].
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Table 1. Summary of the antiviral activity of polysaccharides against SARS-CoV-2.

Polysaccharide Source Structure Antiviral Activity against
SARS-CoV-2 References

Heparin Animal tissues Highly sulfated
glycosaminoglycan

Binds to RBD protein,
inhibits viral attachment,
induces conformational
changes in spike protein
receptor-binding domain,
reduces viral titers

[48,49,51–56,58–66]

Chondroitin Sulfates
Bovine, porcine,
chicken cartilage,
shark cartilage

Linear polysaccharide with
varying sulfation patterns

Competitive inhibitor of
S-protein RBD binding,
inhibit viral replication

[45,67–76]

Hyaluronans Non-sulfated GAG

Repeating D-glucuronic
acid and
D-N-acetylglucosamine
residues

Bind to SARS-CoV-2 spike
glycoprotein, promote
ARDS, contribute to
cytokine storm

[77–81]

Marine
Polysaccharides Algae Varied structures with high

degree of sulfation

Block replication phase,
destabilize SARS-CoV-2
spike protein

[82–128]

Galactans, Sulfated
Galactans Red seaweeds Chains of alternating

residues with sulfation

Inhibit viral binding and
penetration, suppress
viral replication

[129–138]

Alginate Brown algae
Alternating α-L-guluronic
acid and β-D-mannuronic
acid residues

Inhibits ACE2-S-protein
RBD binding, suppresses
viral gene expression

[104,118–126]

Plant Polysaccharides Medicinal plants Diverse structures
and derivatives

Inhibit S-protein binding,
suppress viral replication [139–146]

Mushroom
Polysaccharides

Edible, medicinal
mushrooms

Immunomodulatory,
antioxidant, antiviral

Inhibit viral entry,
replication, and
protein expression

[147–161]

A systematic assessment of the antiviral activity of seven different preparations of
unfractionated heparins or low-molecular-weight heparins in vitro against live wild-type
SARS-CoV-2 using the plaque inhibition assay with Vero E6 cells confirmed that hep-
arin binds and destabilizes the RBD protein and directly inhibits the binding of RBD
(Table 2) [61]. Interestingly, the unfractionated heparin preparations showed a significantly
stronger antiviral activity compared to low-molecular-weight heparin (LMWH). Synthetic
mimetics such as the heparan sulfate mimetic pixatimod, tested in vitro against four SARS-
CoV-2 variants of concern and in vivo in a K18-hACE2 mouse model (Table 2) [62], and
Pentosan Polysulfate, a sulfated plant-derived xylan with a similar structure as heparin [63],
inhibited the viral invasion by the same S1-RBD binding mechanism; in mice, the pixati-
mod mimetic reduced viral titers in the upper respiratory tract and virus-induced weight
loss [62]. More well-established beneficial effects of heparin and low-molecular-weight
heparin in COVID-19 patients are derived from their anticoagulant properties, neutraliza-
tion of chemokines, cytokines, and other inflammatory factors, and neutralization of the
extracellular cytotoxic histones often encountered in patients [64]. In this direction, heparin
has been evaluated as a thromboprophylactic drug in a series of randomized clinical trials
in hospitalized patients with COVID-19 with risk for venous and arterial thromboem-
bolism [65,66]. Largely, the conclusions of these trials confirm heparin as reducing major
thromboembolism and decreasing the odds of death but not being significantly linked with
a decrease in the primary outcome [65,66].
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Table 2. Methods for evaluating antiviral activity of polysaccharides against SARS-CoV-2.

Method Description In Vitro/In Vivo Advantages Disadvantages

Plaque Inhibition
Assay

Assesses antiviral activity of
heparins against live
SARS-CoV-2 by measuring
plaque formation in Vero
E6 cells.

In Vitro Provides direct evidence of
antiviral activity.

Limited to assessing
activity in cell culture; may
not fully replicate
in vivo interactions.

Docking Models

Evaluate binding affinity of
specific polysaccharides to
S-protein of SARS-CoV-2 using
docking models.

In Vitro Enable screening of
compounds for further testing.

Results may not always
correlate with
experimental data;
simplifications in
computational model.

Cytopathic Assay

Determines antiviral activity of
ulvan extracts from Ulva sp.
against SARS-CoV-2 in VERO
E6 cells.

In Vitro Provides quantitative data on
antiviral activity.

Relies on cell culture
systems; may not fully
replicate in vivo conditions.

Binding Affinity
Studies

Evaluate binding affinity of
polysaccharides to COVID-19
main protease using in
silico methods.

In Vitro Offer insights into potential
therapeutic targets.

Computational results may
not fully represent
biological reality.

Mouse Model
Studies

Assess in vivo antiviral
activity of synthetic mimetics
and natural polysaccharides in
K18-hACE2 mouse models.

In Vivo Provide insights into in vivo
efficacy and safety.

Results may not always
translate to humans;
ethical considerations limit
use of animal models.

Randomized
Clinical Trials

Evaluate therapeutic effects of
heparin in hospitalized
COVID-19 patients for
thromboprophylaxis.

In Vivo Provide crucial data on
therapeutic efficacy.

Time-consuming and
expensive; large sample
sizes may be needed;
ethical considerations;
results may not generalize
to all patient populations.

Chondroitin sulfates are synthesized from the precursor chondroitin, a linear polysac-
charide composed of repeating disaccharide units of (1,3)-β-N-acetyl-galactosamine and
(1,4)-β-glucuronic acid that are sulfated in four main sulfation patterns according to the
position of the sulfated C in the sugar unit [45]. Chondroitin sulfate (CS) can usually be
isolated from bovine, porcine, and chicken cartilaginous tissues, shark cartilage, and nu-
merous other animal sources [45,67]; the fucosylated chondroitin sulfate (CS with sulfated
fucosyl branching units linked to the acid residues) is obtained from other marine animals,
such as holothurians [68]. CSs play pivotal biological roles in various processes, such as the
construction and maintenance of the extracellular matrix, tissue development, cell signaling
to the extracellular matrix, angiogenesis, skeletal and brain development, pathogen adhe-
sion, and others [69], and has very wide-ranging clinical applications, among which the
principal is the treatment of osteoarthritis symptoms and cartilage repair [70]. The antiviral
activity of CS is well established against human immunodeficiency virus (HIV), dengue
virus (DENV), and herpes simplex virus (HSV) and seems to be specifically correlated
to the CS-E sulfation pattern, which occurs often in the CS from marine-animal-derived
sources [71,72]. In a high-sensitivity screening of 20 distinct GAGs’ binding specificity to
the spike protein of SARS-CoV-2, the CS-E was reported for its competitive specific binding
to the S2 subunit in a concentration-dependent manner [73]. The inhibitory activity of
CS has been investigated in in vitro studies and has provided promising results: while
the shark CS-C type yielded modest results [74], the holothurian fucosylated chondroitin
sulfates from Pentacta pygmaea and Isostichopus badionotus exerted highly competitive
inhibition of the S-protein RBD binding with host surface HS at IC50 values up to 25 times
more efficient than heparin (Table 1). In this case, the molecular weight and homogenous
composition of α-Fuc2,4S units were more relevant than the sulfation degree for the an-
tiviral activity [75]. The bovine low-sulfated chondroitin sulfate sCS3 was also reported
to efficiently inhibit in vitro the viral replication of Alpha and Beta SARS-CoV-2 and the
related bovine coronavirus BCoV at low IC50 concentrations of 1.756 µM [76]. Interesting, in
this study, assessing also the very efficient antiviral activity of another GAG, the modified
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high-sulfated hyaluronan sHA3, is the observation that the molecular weight and structure
particularities of the disaccharide-repeating units determine the efficiency of the binding
behaviors of sHA3 and sCS3, which have a similar degree of sulfation [76].

Hyaluronans or hyaluronic acids are anionic, non-sulfated GAGs, composed of repeat-
ing D-glucuronic acid and D-N-acetylglucosamine residues, that are not covalently attached
to a peptide (Table 1) [77]. Key regulators of endothelial cell functions, hyaluronans may
serve as a binding site for the SARS-CoV-2 spike glycoprotein and were found to promote
acute respiratory distress syndrome in COVID-19 and contribute to the cytokine storm and
to vascular manifestations [78,79]. However, due to its biodegradable nature, hyaluronic
acid may represent an alternative for new vaccine delivery systems or for various chemical
modifications [80]. The in silico testing of a hyaluronan–hydroxychloroquine conjugate and
a hyaluronic acid derivative was carried out to assess the antiviral activity toward different
SARS-CoV-2 proteases and helicase targets. Superior binding affinity and interactions with
the majority of the screened SARS-CoV-2 molecular target proteins were reported for the
hyaluronan–hydroxychloroquine conjugate (Table 2) [81].

Marine polysaccharides composed of monosaccharides with α- or β-glycosidic link-
ages, which have a high degree of sulfation, are among the most efficient polysaccharides
with antiviral activity (Table 1) [82]. Algae function as a primary source for the extraction of
polysaccharides. Ulvans are derived from green macroalgae, carrageenans and agar from
red macroalgae, and fucoidans and laminarians from brown macroalgae. Salih et al. [83]
have compiled a list of approximately 80 studies spanning the last 25 years, focusing
on marine sulfated polysaccharides with antiviral effects against a total of 22 different
viral strains. Out of their 80 entrances, less than 10 studies report compounds with anti-
SARS-CoV-2 activity, the majority of which belong to the carrageenans [83]. The antiviral
potential of marine polysaccharides is, arguably, related primarily to the overall sulfate
content and the sulfate group position within the chemical structure [84]. Additionally,
sugar composition, molecular weight, and the branched-chain length, particularly the
polyanionic charge, significantly contribute to inhibiting the positively charged region of
viral glycoproteins [47].

Galactans and sulfated galactans are the main polysaccharide structures in red sea-
weeds (Rhodophyceae), chains of alternating three-linked β-D-Galp and four-linked α-Galp
residues, the latter with a D-configuration in the carrageenans group or L-configuration in
the agarans group (Table 1) [71]. Carrageenans are sulfated polymers with a high molecular
weight, featuring repeating disaccharide units composed of D-galactose residues connected
through alternating β-1-4- and -1-3-glycosidic bonds. There are three primary forms of
carrageenans—λ-, ι-, and κ-carrageenan—distinguished by variations in sulfation degree,
solubility, and gelling properties [85]. Their antiviral properties have been described at
multiple levels: inhibition of viral binding and penetration by forming a barrier on the
mucosal cellular surface, thereby preventing further interaction between virus and surface;
also, the suppression of the allosteric activity or of the replication process of the virus [86].
Carrageenans have been described as effective nasal spray in respiratory viruses [87,88],
and Salih et al. [83] describe their activity against a spectrum of 12 different viruses, en-
compassing SARS-CoV-2, Rift Valley fever virus (RVFV), HSV, influenza virus (InfV), hRV,
DENV, hCoV-OC43, HIV, hCV, human papillomavirus (HPV), tobacco mosaic virus (TMV),
and Japanese encephalitis virus (JEV). A series of in vitro studies mention the particular
efficacy of ι-carrageenan as nasal or oral spray against SARS-CoV-2 pseudovirion vari-
ants [89,90] in inhibiting the cell entry or blocking the production of progeny virions, but
with cytotoxic effects in some cases [91]. While the other forms of carrageenan, such as
λ-, have been reported previously to successfully block the viral S-protein attachment to
cellular receptors [92], the majority of the studies consistently indicate that ι-carrageenan
is the most potent in inhibiting the in vitro SARS-CoV-2 systems’ viral replication, includ-
ing the spreading variants of concern (VOCs), Alpha, Beta, Gamma, and Delta [93]. The
antiviral activity of ι-carrageenan reaches up to a ten-fold superior efficacy compared to
λ- and κ-carrageenans at similar IC50 values [89]. The action mechanism of ι-carrageenan
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is supposedly the same as that of other polysaccharides in nebulized forms: the binding
of its negatively charged molecules to the positively charged virions at the nasal cavity
level, steric hindrance, and non-specific enveloping of the viruses, followed by mucociliary
clearance [93]. More importantly, the antiviral ι-carrageenan nasal spray was tested in
several randomized clinical trials in adults or children with symptoms of the common cold
(Table 2) [87,94,95], showing robust antiviral efficacy in comparison to a placebo, along
with a favorable safety profile [96], and in patients recovering from coronavirus infections,
in which it showed an impressive 139% increase in the recovery rate [97].

Agarans are polysaccharides composed of neutral agarose and highly sulfated agaropectin
units [98]. The structure consists of disaccharide repeat units, specifically 1,3-linked β-
D-galactopyranose and 1,4-linked 3,6-anhydro-α-L-galactopyranose (the agarose units).
The agaropectin units, forming the main chain, feature methoxyl, sulfate, and/or pyru-
vate substituents at various positions [98]. More than 53% of the global agar produc-
tion is derived from two primary species of red seaweed, namely Gracilariopsis and
Gracilaria, as highlighted by Nasrollahzadeh et al. [98]. The high antiviral activity of
agarans, evaluated mainly against herpes simplex virus HSV-1 and HSV-2 from the en-
capsulated viruses [99–102], is considered to be correlated with the high-molecular-weight
galactan sulfate fractions [103] and is mediated through direct interaction with the virus
particle rather than by interaction with the host cells or with erythrocytes [104]. Currently,
there is only one study, that of Farfour et al., 2022, that has investigated the dynamics
of SARS-CoV-2 directly in agar media. In this study, the viability and persistence of a
suspension of SARS-CoV-2 was evaluated following incubation on different agar plate
types in order to determine the risk of infections for laboratory workers when handling
bacterial culture plates inoculated with samples from infected patients. The incubation
varied between 1 and 42 days at room temperature or at 35 ◦C. The results showed that
viral RNA could be detected for up to 42 days; however, no viable virus was detected in
the culture media [105].

The fucans of brown algae, also called fucoidans [106], are fucose-rich sulfated polysac-
charides that make up to 25–30% of seaweed dry weight and consist of alternating α-(1-3)
and α-(1-4)-linked L-fucopyranose residues with a sulfate group mainly substituted on
C-2 or C-4, and can also contain various amounts of mannose, galactose, and glucose [107].
Fucoidans are noted for their numerous biological, pharmacological, and pharmaceutical
applications [108], and have been investigated for their antiviral activity against multiple
viruses, such as human immunodeficiency virus type-1 (HIV-1) [109], herpes simplex virus
(HSV) [110], hepatitis virus, [111], influenza virus [112], and, recently, against SARS-CoV-2.
The screening of specific sulfated polysaccharides, including glycosaminoglycans such as
heparin, heparan sulfates, and fucoidans, in terms of their in vitro binding affinity to the S-
protein of SARS-CoV-2, using a docking model of the chimeric RBD–angiotensin-converting
enzyme 2 (ACE2) complex (surface plasmon resonance), evidenced the fucoidans RPI-27
and RPI-28 extracted from the seaweed Saccharina japonica [113] as the compounds with
the highest competitive binding profile and lowest cytotoxicity [114]. Supposedly, the
high-branched basic structure of RPI-27 and RPI-28 would confer multivalent interactions
with the SARS-CoV-2 S-protein in three-dimensional space [114]. However, linear polysac-
charides, such as heparin and its chemo-enzymatically derivative tri-sulfated TriS-heparin,
showed similar competitive binding and were suggested for further testing in human pri-
mary epithelial cells under a nebulized form. [114]. Fucoidans extracted from brown algae
also inhibited the in vitro SARS-CoV-2 infection at a concentration as low as 15.6 µg/mL
more efficiently than red algae ι-carrageenans, which prevented the infection, in the same
conditions, but at concentrations of 125 µg/mL [74]. Differences in the antiviral activity can
be explained by structural features, such as the sulfate content richness, which in fucoidans
was reported at a value of 22.8%, and mainly by a certain structural flexibility, essential
for the binding of the viral S-glycoproteins—which would otherwise manifest its specific
preference to the heparan sulfate chains on the host cell surface proteoglycans [115].
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Sulfated fucans can also be isolated from other marine animals such as echino-
derms [116], particularly from holothurians, sea cucumbers, which are a rich source of
fucans and specific fucosylated chondroitin sulfates (FucCSs), disaccharide chains com-
posed of alternating residues of N-acetylgalactosamine and glucuronic acid, with fucosyl
branches linked to GlcA and/or GalNAc residues [117]. FucCSs extracted from different
species of sea cucumbers (Isostichopus badionotus, Holothuria floridana, and Pentacta
pygmaea) or sulfated fucans from sea cucumbers and the sea urchin (Lytechinus variegatus)
generally exhibit a similar and (slightly) weaker inhibitory activity against SARS-CoV-2
Wuhan and Delta strains compared to heparin, but this antiviral activity could not be
correlated with structural features such as the sulfation degree or monosaccharide com-
position [44]. However, in the case of a sulfated polysaccharide, extracted from another
sea cucumber species, Stichopus japonicus, mainly comprising FucCS and fucoidan, a very
strong SARS-CoV-2 antiviral activity, superior to brown algae fucoidans and ι-carrageenan,
was correlated with its high sulfation degree [74].

Alginates are another class of highly acidic and linear polysaccharides extracted from
brown algae, composed of alternating α-L-guluronic acid (G blocks) and β-D-mannuronic
acid (M blocks) residues with no sulfate ester (Table 1) [104,118]. The brown algae, includ-
ing Laminaria sp., Macrocystis pyrifera, and Ascophyllum nodosum, but also two genera
of bacteria, Pseudomonas and Azotobacter, are recognized as important sources of algi-
nate [119]. Alginates are commonly used as gels and hydrogels, can be combined with other
materials for specific applications, are reportedly nontoxic, biocompatible, and biodegrad-
able, and are invaluable in biomedicine as encapsulation vehicles for biomolecules and
biologically active agents [120]. In terms of antiviral activity, the alginate gel has been
tested against HIV, hepatitis C virus (HCV) infection, and HSV-1 tobacco mosaic virus infec-
tion with promising results [47,104]. The 911 alginate-containing polysaccharide inhibited
in vitro the acute and chronic infection of HIV-1 and also interfered in vivo in the virus
replication cycle. The mechanisms underlying the anti-HIV actions were the blockade of
the binding of HIV-1 to MT_(4) and H_(9) cells and suppression of the activity of reverse
transcriptase [121]. The results of the chemical derivatives of alginate, such as sulfated
alginate, which was reported for its inhibition activity against HSV-1 [122], and alginate
nanocomposite films with therapeutic compounds incorporated into them, such as green
tea extract and grape seed extract, which showed significant antiviral activity against
murine norovirus and hepatitis A virus [123], seem very promising. In light of these and
other reports, Serrano-Aroca et al. [124], who described in a recent review no fewer than
17 types of viruses that alginate-based materials displayed antiviral activity against, sug-
gest the potential for this family of materials in treating the coronavirus. However, only one
study to date brings more direct evidence of the antiviral potential on the alginate against
SARS-CoV-2. Yang et al. [125] reported that a derivative of alginate, the phosphate of poly-
mannuronate (PMP), exhibits favorable spike/ACE2 inhibitory activity. PMP, a derivative
of the polymannuronate, the linear polymer composed of the M blocks of β-d-mannuronic
acid, was investigated in this study due to its recently identified antidiabetic effects and the
study being based on the close relationship between T2DM and COVID-19 infection [126].
The PMP mechanism of action is dependent on the presence of the monophosphate group
and involves binding via hydrogen bonds to the spike RBD site that would otherwise inter-
act with ACE2. In addition, the sulfated derivatives polyguluronate sulfate and propylene
glycol alginate sodium sulfate shows excellent 3-chymotrypsin-like protease (3CLpro) in-
hibitory activities. These compounds achieve this inhibition by disrupting the dimerization
interface interactions of 3CLpro, which is the primary viral protease. The structure–activity
studies indicate that both the polyguluronate backbone and the sulfate were essential for
their inhibitory activity [126].

Several sulfated polysaccharides extracted from marine green algae (Chlorophytae)
species, such as ulvans and caulerpins, were tested against SARS-CoV-2, with good results
in blocking the replication phase of enveloped viruses or destabilizing the otherwise
highly stable SARS-CoV-2 spike protein in combination with other medications [127,128].
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Caulerpin, a polysaccharide with two indole rings, isolated from Caulerpa racemosa and
the red alga Chondrus armatus, showed an in silico high-binding affinity for the crystal
structure replications of the main protease Mpro 6LU7 and the 6VYB spike protein [128].
Ulvans, gelling sulfated polysaccharides, derived particularly from green algae such as
Ulva sp., are mainly composed of repeating disaccharides composed of a uronic acid linked
to sulfated neutral sugars (xylose and rhamnose) and have multiple applications, including
antiviral, antioxidant, anticancer, or immunostimulatory [129]. In a very recent study, a
total of twelve phyco-compounds obtained from Ulva fasciata methanolic extract were
characterized for their in silico binding affinity with the 6Y84 target protein, the catalytic
site of the COVID-19 main protease. Promising results were reported for the acyclic
hydrogenated diterpene alcohol 3,7,11,15-tetramethyl-2-hexadecen-1-OL, recommended
for future in vivo experimental evaluations [84]. The extraction method is reported to have
a significant impact on various key fractions of the extracts, determining their antiviral
effectiveness. The ulvan extracts from U. rigida and U. lactuca obtained by an ammonium-
oxalate-based extraction protocol exhibited an antiviral activity 11.3-fold higher than the
HCl-based extracts in a cytopathic assay on VERO E6 cells (Table 2) [130], the mammalian
cell lineage used for expression of the angiotensin-converting enzyme 2 receptor to which
SARS-CoV-2 typically binds [131].

The ubiquitous blue–green cyanobacteria are also rich in sulfated polysaccharides,
which can present antiviral activity, and the effects of calcium spirulan from Arthrospira
platensis (Spirulina), nostoflan, from the terrestrial cyanobacterium Nostoc flagelliforme, or
naviculan, derived from the diatom Navicula directa, have been reviewed elsewhere for
their inhibitory proved effects against enveloped viruses such as HSV-1, HCMV (human
cytomegalovirus), MeV (measles virus), MuV (mumps virus), influenza A virus, human
herpesvirus 6 (HHV-6), and others [132,133]. Some earlier studies of Hayashi et al. [134,135]
evaluating the effect of Spirulina calcium spirulan against HIV-1 and HSV-2 in mice describe
significantly higher antiviral potential compared with the standard dextran sulfate via
a selective inhibition of penetration mediated through a chelating mechanism of sulfate
groups [136]. Interestingly, the dry powder of Arthrospira maxima dissolved in Dulbecco’s
modified Eagle medium (DMEM) or dimethyl sulfoxide (DMSO) solvents was reported
to provide good antiviral protection against the SARS-CoV-2 infection of Vero cells at
50 TCID50/mL and partial protection at 100 TCID50/mL; in the same in vitro conditions, the
dry fucoidan powder showed minor antiviral activity [137]. This could reflect an important
antiviral action of Spirulina polysaccharides given that the polysaccharide yield of the algae
dry weight mass reaches around 8.3% [138]; however, the exact role of these nutraceutical-
derived polysaccharides in SARS-CoV-2 infections remains insufficiently studied.

Plants, particularly medicinal plants, are a major source of polysaccharides that could
have significant antiviral activity against SARS-CoV-2 and post-COVID complications
(Table 1). A great diversity of plant polysaccharides, such as fucoidans, glucans, xy-
lans, sulfated xylomannans, glucoarabinans, etc., as well as diverse chemical sulfated
derivatives, exhibit antiviral and also immunomodulating and anti-inflammatory activ-
ities [139,140]. Ginseng polysaccharides, including arabinogalactan, pectin, and acidic
polysaccharides [141], are one of the most important active ingredients of ginseng, which
was demonstrated to inhibit inflammasome-activated inflammatory responses in SARS-
CoV-2 infection [142]. Actually, polysaccharides are the main active ingredients of tra-
ditional Chinese medicine decoctions, which have shown notable therapeutic effects in
COVID-19 patients [143]. However, given the complexity of these traditional prescriptions,
whether these polysaccharides exert antiviral activity remains an open question [144]. Bio-
bran, an arabinoxylan extracted from rice bran and treated with hydrolyzing enzymes from
shiitake mushrooms, has been shown to significantly inhibit in vitro ACE2--SARS-CoV-2 S-
protein RBD binding and to significantly suppress SARS-CoV-2 gene expression and protein
levels [145]. An interesting perspective on cereals as a source of bioactive compounds with
anti-hypertensive activity describes their role as inhibitors of the angiotensin-converting
enzyme, suggesting that their consumption could be indirectly associated with reducing
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the virulence of COVID-19. Among these bioactive compounds are mentioned the fibers
polysaccharides, β-glucans, arabinoxylan, cellulose, and fructans [146].

In mushrooms, there are high concentrations of polysaccharides with important biolog-
ical activities, including immunomodulatory, antioxidant, antiviral, and anti-inflammatory
activity (Table 1) [147]. Polysaccharides derived from both edible and medicinal mushrooms
have demonstrated antiviral activity against a wide range of pathogenic viruses [148]. For
instance, the acidic protein-bound polysaccharide extracted from Ganoderma lucidum hin-
ders the entry of HSV-1 and HSV-2 into Vero cells [148,149], lentinan, obtained from Lentinus
edodes (shiitake mushroom), impedes the viral replication of the infectious hematopoietic
necrosis virus (IHNV) [148,150,151], and mycelial extracts of Auriporia aurea, Trametes versi-
color, Pleurotus ostreatus, and Fomes fomentarius exhibit antiviral activity against influenza
virus and HSV-2 [152]. The structure and especially the sulfation degree significantly
influence the direct antiviral activity of fungal polysaccharides [153]. The modified sulfated
forms of Auricularia auricula polysaccharide by the chlorosulfonic acid–pyridine method
showed a higher in vitro inhibitory rate of the Newcastle disease virus [154]. Structurally,
polysaccharides are a very heterogeneous group, made up of sugar monomers linked either
linearly or as branched chains; alpha- and beta-glucans, galactans, mannans, xylans, and
chitin are the most important molecular forms [155]. There is a relatively low number of
studies carried out to assess the antiviral activity of fungal polysaccharides in the context
of coronavirus disease, the majority of these following the different classes of beta-glucans,
polymers of β-D-glucose. Notably, the extracts of lentinan, a class of 1,3-1,6-β-glucans from
the edible shiitake mushroom, Lentinus edodes, demonstrated effective immunomodulatory
and anti-inflammatory properties in a human epithelial cell model of lung injury [156].
These results are confirmed by another study in which the extract of Lentinus edodes al-
leviated the in vivo acute lung injury induced in mice, prevented oxidative stress, and
reduced the pulmonary levels of inflammatory factors [157]. This suggests a promising
perspective for counteracting the SARS-CoV-2 acute respiratory distress syndrome [156].
In another mice model with dihydrotestosterone-induced transmembrane protease serine 2
(AR-TMPRSS2) overexpression, which is a putative receptor for coronavirus entry into the
host cells, the oral administration of a β-glucan-rich preparation from Agaricus bisporus (a
white button mushroom) interrupted the expression of AR-TMPRSS2 in putative COVID-
19-targeted organs and attenuated the serum pro-inflammatory cytokines, reminiscent of a
cytokine storm [158]. Another promising compound for SARS-CoV-2 infection repression
may be schizophyllan, a β-1-3-glucan extracted from the mushroom Schizophyllum com-
mune that significantly diminishes the ACE2 and TMPRSS2 protein expression in vitro (on
HEK 293T and HepG2 cell lines) and in vivo in mice without inducing cell damage [159].
Pullulan, consisting of maltotriose units linked with α-1,6 glycosidic bonds, is a biodegrad-
able polymer secreted by Aureobasidium pullulans remarkable for its capacity to produce
biogenic silver nanoparticles and for forming nanocomposites suited for the delivery of
macromolecules. A future application of pullulan could lie in the delivery of transmucosal
protein, with a specific emphasis on nasal and pulmonary routes [160,161].

4. Lectin and SARS-CoV-2 Virus
4.1. Lectins: Molecular Recognition and Functional Diversity

Lectins are a diverse group of naturally occurring proteins that bind to carbohydrates
in a reversible manner with high selectivity for mono- and oligosaccharides. Lectins may
bind to glycoprotein sugar complexes, and all lectins contain two or more carbohydrate-
binding sites with the critical ability to agglutinate cells without altering carbohydrate
properties [162]. The molecular weights of lectins range from 60 to 400 kDa. Lectins are
adaptable in their ability to recognize the glycan-specific framework found on cell surfaces,
resulting in an interaction that results in cell signaling [163].

Numerous scientific fields, like medicine, cellular and molecular biology, biochemistry,
immunology, clinical analysis, and pharmacology, have accepted lectins as a crucial tool
because of their variety and capacity to attach to carbohydrates. As a result, in addition
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to their antiviral action, which is the major topic of this article, they also have the unique
ability to stimulate mitogenesis and drive dormant cells to grow and multiply. Another
application area for lectins is cancer diagnosis and therapy [164–166]. Future research on
antivirals might benefit greatly from a thorough examination of the lectin sector.

Even though lectins were initially discovered in plants (abrin from Abrus precatorius
and ricin from Ricinus communis), it has now been discovered that they are present in all
living things [167]. Lectins’ fundamental job in every living thing is to bind and recognize
carbohydrates biologically so that they may be transported or stored. Lectins are crucial to
the colonization of microbes because they aid in cell surface attachment [168]. Pathogenic
viruses, fungi, bacteria, and symbiotic microbes must engage with the host through these
interactions, which are crucial for their survival. The interaction between cells in animals
depends on lectins. Although their precise function in plants is not entirely understood,
lectins are believed to be a part of the plant defense system [169]. The ability of lectins is to
selectively detect various groupings of carbohydrates and their glycoconjugates and form a
reversible reaction-based bond with them. The lectins themselves may exist as free proteins
or may be linked to various cell surfaces by means of certain sites of binding [170].

Lectins are architecturally variable proteins that have a high level of selectivity for
various carbohydrates. The three-dimensional (3D) layout of these proteins reveals the
existence of a conserved amino acid (AA) sequence determining their specificity. These
proteins contain a non-catalytic carbohydrate binding (CBD) site. The CBD has hydropho-
bic as well as metal ion binding sites that help to increase binding specificity and affinity
by keeping AA residues in their designated locations within the protein and preserving
the integrity of subunits [167,170]. Depending on the lectin’s type, oligomerization state,
and specific carbohydrate, lectins can contain 1 or up to 12 interaction sites [171]. Lectins
can combine with various effectors to produce reversible complexes that result in multi-
functional supramolecules. The co-functional characteristics of distinct lectins demonstrate
their evolutionary interaction with one another [167].

Lectins are typically classified according to the similarity of their structure and se-
quence, localization within a cell or organism, origin and source, number of binding sites,
organization of their domains and epitopes, specificity of their carbohydrate-binding, etc.,
as shown in Table 2. Each grouping overlaps with the others. Finally, according to the many
functions that they carry out, lectins are divided into toxins, adhesins, hemagglutinins,
galectins, collectins, selectins, and pentraxins (Table 3).

Table 3. Classification of lectins.

Basis of Classification Categories References

Based on their source Plant lectins, animal lectins, microbial lectins, etc. [167]

Based on sequence and
evolutionary similarity Galectins, C-type lectins, P-type lectins, etc. [172,173]

Based on their structural
characteristics Helix-rich lectins, β-sheet-rich lectins, etc. [174]

Based on their number of
binding sites

Monovalent lectins, bivalent lectins, multivalent
lectins, etc. [175]

Based on cellular localization Intracellular lectins, extracellular lectins,
membrane-bound lectins, etc. [176]

Based on lectin specificity for
binding carbohydrates

Galactose-specific lectins, Mannose-specific
lectins, etc. [172,173]

4.2. Mechanisms of Action of Lectins in Combating Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2)

Lectins have been the tool of choice for the biochemical and histochemical analysis of
cell glycol conjugates because of their high specificity for different glycans. Many biologi-
cal events, including viral adherence to host cell membranes, depend on the interaction
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between lectins and glycoproteins. By interacting with glycoproteins, many lectins prevent
the reproduction of viruses [177]. It has been reported that numerous lectins have antiviral
activities against a variety of viruses, such as influenza, hepatitis C virus (HCV), respiratory
syncytial virus (RSV), and herpes simplex virus type 2 (HSV-2) viruses, as well as human
immunodeficiency virus (HIV). Lectins have also been shown to suppress Middle East
respiratory syndrome coronavirus (MERS-CoV), severe acute respiratory syndrome coron-
avirus (SARS-CoV), and other avian and mammalian coronaviruses [165,178,179]. While
the glycan shield of the SARS-CoV-2 spike protein is similar to that of other coronaviruses,
variations in surface glycan patterns and glycosylation sites do exist. The effectiveness of
lectins against SARS-CoV-2 and its antigenic variants remains unclear. The two possible
sites for antiviral intervention in SARS-CoV-2 are the virus’ replication cycle, and toward the
end of the infectious virus cycle. Infection prevention may be aided by targeting the cellular
receptors or structural proteins of SARS-CoV-2, such as the human angiotensin-converting
enzyme 2 (ACE2) gene and S-protein (Figure 1) [180].
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The SARS-CoV spike protein is extensively glycosylated, featuring 23 potential N-
glycosylation sites, with 12 confirmed to be efficiently glycosylated [181]. Consequently,
lectins capable of recognizing the glycans present in the spike glycoprotein should be
effective in suppressing coronavirus infectivity. The non-catalytic carbohydrate recognition
domain (CRD), often known as the lectin domain, is one of the numerous molecular
domains found in each lectin polypeptide. Its capacity to detect and interact with particular
glycoconjugates without changing their structure is due to the lectin domain.

For various RNA viruses, including SARS-CoV-2, lectins exhibit strong anti-infectivity
capabilities. Lectins exhibit a strong affinity for the N-glycosylated spike glycoprotein of
the SARS-CoV virus [182]. It has been shown that mannose-specific/mannose-binding
lectins (MBLs) have strong complement cascade induction, anti-infectivity, DC-SIGN antag-
onists, immunoadjuvants, and glycomimetic approach efficacies that may be useful against
COVID-19, as well as antiviral immunity and glyco-biological aspects of SARS-CoV-2
infections [183]. For instance, in vivo, in vitro, and in silico tests have demonstrated that
the mannose-specific lectins Frutalin (FRIL), BanLac, Griffithsin (GRFT) from red algae, and
lentil can suppress and neutralize the infection with SARS-CoV-2.

Plants have been the focus of extensive research on lectin domains [184]. The plant
lectins’ antiviral activity spectrum varies greatly depending upon the specificity of their
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sugar binding. MBLs are generally very potent against SARS-CoV-2. Depending on the
location of the glycans targeted, plant lectins with different specificities may potentially
obstruct distinct targets necessary for viral entry [171]. Significantly reducing viral entry
into ACE2-expressing HEK293T cells was achieved by genetically and chemically inhibiting
N-glycan production during the oligomannose stage. Partial viral entry was also prevented
by inhibiting O-glycan elaboration [185].

Recent studies indicate that FRIL, a plant-derived lectin with the ability to directly bind
to virus particles, demonstrates antiviral activity against a SARS-CoV-2 strain originating
from Taiwan (Table 4) [186]. According to reports, the wheat germ agglutin/lectin exhibits
antiviral efficacy against SARS-CoV-2 and its two main variants of concern (VoCs), Alpha
and Beta (Table 4) [187]. The lentil lectin derived from Lens culinaris, exhibiting a specific
binding affinity for oligomannose-type glycans and GlcNAc at the non-reducing end ter-
minus, demonstrated highly potent and broad-spectrum antiviral activity (Table 4). This
efficacy extended to various mutant strains and variants, encompassing epidemic variants
such as B.1.1.7, B.1.351, and P.1, as well as naturally occurring amino acid mutants and arti-
ficially induced mutants at the N-/O-linked glycosylation site [188]. Recombinant lectins
can serve as new anti-SARSCoV-2 agents by targeting SARS-CoV-2-associated glycans [189].
According to previous coronavirus investigations, mannose-specific plant lectins may be
useful in preventing human infection with SARS-CoV-2 [190]. Ahan et al. [191] showed that
GRFT may bind to the SARS-CoV-2 spike protein and prevent it from infecting IFNAR−/−
mouse model and Vero E6 cell lines (Table 4). Another study found that the H84T-banana
lectin (H84T-BanLec), which was rationally engineered, can effectively inhibit SARS-CoV-2,
MERS-CoV, and other human-pathogenic coronaviruses at nanomolar concentrations by
specifically recognizing high mannose present on viral proteins but not frequently on
healthy human cells (Table 4) [192]. NTL-125, a new plant lectin, blocks SARS-CoV-2 inter-
action with human angiotensin-converting enzyme 2 (hACE2) (Table 3) [193]. Lectins are
effective antiviral agents with a bright future in diagnosing and treating viral diseases [194].
Acmella japonica rhizome lectin (AcmJRL), a jacalin-related lectin produced from pineapple,
binds the SARS-CoV-2 spike protein in a carbohydrate-dependent manner (Table 4) [195].

Table 4. Antiviral activity of lectins against SARS-CoV-2.

Lectin Source Antiviral Activity References

Mannose-specific/mannose-
binding lectins (MBLs) Various sources

Strongly complement cascade induction, anti-infectivity,
DC-SIGN antagonists, immunoadjuvants, and glycomimetic
approach efficacies useful against COVID-19 and
SARS-CoV-2 infections

[183]

FRIL Plant-derived Directly binds to virus particles; demonstrates antiviral
activity against a SARS-CoV-2 strain originating from Taiwan [186]

Wheat germ agglutin/lectin Plant-derived Exhibits antiviral efficacy against SARS-CoV-2 and its
variants of concern (VoCs), Alpha and Beta [187]

Lentil lectin Derived from Lens culinaris

Demonstrates highly potent and broad-spectrum antiviral
activity against various SARS-CoV-2 mutant strains and
variants, including epidemic variants such as B.1.1.7, B.1.351,
and P.1

[188]

Recombinant lectins Synthetic Serve as new anti-SARS-CoV-2 agents by targeting
SARS-CoV-2-associated glycans [189]

Plant lectins Various sources Varied antiviral activity spectrum against SARS-CoV-2; potent
against viral entry targets [171,185,190]

Griffithsin lectin (GRFT) Source unspecified Binds to the SARS-CoV-2 spike protein and prevents infection [191]

H84T-banana lectin
(H84T-BanLec) Engineered

Inhibits SARS-CoV-2, MERS-CoV, and other
human-pathogenic coronaviruses at
nanomolar concentrations

[192]

NTL-125 New plant lectin Blocks SARS-CoV-2 interaction with hACE2 [193]

AcmJRL Pineapple-derived Binds the SARS-CoV-2 spike protein in a
carbohydrate-dependent manner [195]
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These findings indicate that lectins have robust and specific anti-coronavirus action
that should spur a future investigation into the identification of additional carbohydrate-
binding molecules, such as synthetic low-molecular-weight compounds.

5. Unveiling the Interplay: Complementary and Competitive Actions of Lectins and
Polysaccharides in Combating SARS-CoV-2

Polysaccharides, essential macromolecules found in various organisms, and lectins,
proteins playing a crucial role in sugar recognition, offer unique characteristics enhanc-
ing antiviral effects when combined together. This synergistic approach arises from the
understanding of the complementary mechanisms of action of both compounds.

Alsaidi et al. [196] revealed the synergistic antiviral effects of carrageenan (sulfated
polysaccharide) and griffithsin (lectin) against SARS-CoV-1 and SARS-CoV-2, showcasing
potent activity as well as a promising combination for neutralizing both SARS-CoV-1 and
SARS-CoV-2. The synergistic mechanism involves griffithsin targeting viral spikes through
binding to high-mannose arrays, while sulfated polysaccharides inhibit viral entry by poten-
tially binding directly to viral particles, preventing adsorption and internalization into host
cells. This finding highlights a potential broad-spectrum approach against coronaviruses.

By harnessing the synergistic capabilities of polysaccharides and lectins, a distinctive
opportunity arises for targeting multiple crucial points in the viral life cycle simultaneously.
The potential rationale behind combining lectins and polysaccharides against SARS-CoV-2
might involve the following considerations:

Complementary Mechanisms of Action: Polysaccharides and lectins often target
various phases of the viral life cycle and employ diverse mechanisms of action [47,197].
Polysaccharides may interfere with viral entry, inhibit viral replication, or modulate the
host immune response (Figure 2) [198]. On the other hand, lectins may recognize spe-
cific glycoproteins on the viral surface, blocking viral attachment or entry into host cells
(Figure 2) [199]. By combining these two classes of compounds, there is an opportunity to
target the virus at multiple points simultaneously, increasing the likelihood of inhibiting
viral propagation comprehensively (Figure 2).

Interference with Viral Binding and Entry: The ability of lectins to bind specifically to
glycosylated viral proteins can interfere with the initial steps of viral infection, preventing
the virus from attaching to host cells [199]. Polysaccharides may complement this action by
modifying the viral envelope or glycoproteins, making them less prone to interactions with
cellular receptors [47]. By taking a dual strategy, the possibility of a successful infection
could be decreased by erecting a strong barrier against viral entry.

Potential Reduction in Viral Resistance: Combining polysaccharides and lectins
may mitigate the risk of viral resistance development. Viruses, including SARS-CoV-
2, can adapt and evolve rapidly, potentially acquiring resistance to single-target antiviral
agents [200,201]. However, a combination therapy targeting different aspects of the viral
life cycle makes it challenging for the virus to develop resistance simultaneously against
both polysaccharides and lectins. This may enhance the durability and sustainability of the
antiviral strategy over time.

Improved Immune Modulation: Polysaccharides, known for their immunomodula-
tory effects, stimulate various components of the immune system [147]. Through their
interactions with glycoproteins, lectins can further amplify the immune response [202].
Polysaccharides and lectins, when used in combination, may create a synergistic effect,
potentiating the activation of immune cells, like dendritic cells, macrophages, and lympho-
cytes [203,204]. This enhanced immune modulation not only inhibits the direct replication
of viruses but also plays a vital role in establishing a strong and enduring antiviral defense.

Enhanced antiviral synergies between lectins and polysaccharides mark significant
progress in scientific understanding and potential therapeutic strategies against the pan-
demic of SARS-CoV-2 and possibly other coronaviruses.

The interaction between polysaccharides and lectins in combating SARS-CoV-2 reveals
a fascinating interplay of complementarity action. Polysaccharides, with their intricate
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structures mimicking those of host cell surface glycans, and lectins, known for their selective
binding to viral envelope glycoproteins, operate synergistically and competitively in the
battle against the virus. However, this complementary relationship also entails competition
between polysaccharides and lectins (Figure 2). Both compounds vie for binding sites
on viral envelope glycoproteins and cellular receptors, including those crucial for virus
attachment and entry. This competitive dynamic shapes the efficacy of antiviral strategies,
as polysaccharides and lectins strive to outcompete each other in inhibiting viral infection.
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Polysaccharides and lectins, both integral players in the battle against viruses, exhibit
a complex interplay shaped by their shared affinity for sugar molecules. Lectins, charac-
terized by their ability to bind to viral envelope glycoproteins, impede virus attachment
and entry into host cells by competitively occupying sugar-binding sites, including those
utilized by the spike protein to latch onto host receptors like angiotensin-converting en-
zyme 2 (ACE2) (Figure 2) [205]. On the other hand, polysaccharides, with their structural
complexity, mimic host cell surface glycans, engaging in competitive interactions with
viral glycoproteins and cellular receptors like ACE2, thus impeding virus attachment and
entry (Figure 2) [206]. In the context of targeting viruses, the shared affinity for sugar units
presents a scenario of competition between lectins and polysaccharides. When both lectins
and polysaccharides are present, they may compete for binding sites on the surface of viral
particles or host cells. This competition can influence the effectiveness of each agent in
inhibiting viral infection and replication.

This competition between lectins and polysaccharides for binding sites on viral and
cellular targets outlines a dynamic scenario where both compounds vie for supremacy in
inhibiting viral infection. It is important to note that while competition between lectins
and polysaccharides may occur, there may also be complementary actions between these



Microbiol. Res. 2024, 15 541

two agents. Despite competing for binding sites, lectins and polysaccharides may exhibit
synergistic effects in inhibiting viral infection when used together. Their combined action
could enhance the overall antiviral activity by targeting different stages of the viral life
cycle or by modulating immune responses.
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155. Mirończuk-Chodakowska, I.; Kujawowicz, K.; Witkowska, A.M. Beta-Glucans from Fungi: Biological and Health-Promoting
Potential in the COVID-19 Pandemic Era. Nutrients 2021, 13, 3960. [CrossRef] [PubMed]

156. Murphy, E.J.; Masterson, C.; Rezoagli, E.; O’Toole, D.; Major, I.; Stack, G.D.; Lynch, M.; Laffey, J.G.; Rowan, N.J. β-Glucan Extracts
from the Same Edible Shiitake Mushroom Lentinus edodes Produce Differential In-Vitro Immunomodulatory and Pulmonary
Cytoprotective Effects—Implications for Coronavirus Disease (COVID-19) Immunotherapies. Sci. Total Environ. 2020, 732, 139330.
[CrossRef] [PubMed]

157. Zhang, Y.; Cui, Y.; Feng, Y.; Jiao, F.; Jia, L. Lentinus edodes Polysaccharides Alleviate Acute Lung Injury by Inhibiting Oxidative
Stress and Inflammation. Molecules 2022, 27, 7328. [CrossRef] [PubMed]

158. Chen, S.; Wang, X.; Ha, D.; Yoshitake, R. White Button Mushroom (Agaricus bisporus) Interrupts Tissue AR-TMPRSS2 Expression
and Attenuates Pro-Inflammatory Cytokines in C57BL/6 Mice: Implication for COVID-19 Dietary Intervention; Review. 2021.
Available online: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8010737/ (accessed on 5 April 2024).

159. Sun, T.-K.; Huang, W.-C.; Sun, Y.-W.; Deng, J.-S.; Chien, L.-H.; Chou, Y.-N.; Jiang, W.-P.; Lin, J.-G.; Huang, G.-J. Schizophyllum
commune Reduces Expression of the SARS-CoV-2 Receptors ACE2 and TMPRSS2. Int. J. Mol. Sci. 2022, 23, 14766. [CrossRef]
[PubMed]

160. Nakahashi-Ouchida, R.; Yuki, Y.; Kiyono, H. Cationic Pullulan Nanogel as a Safe and Effective Nasal Vaccine Delivery System for
Respiratory Infectious Diseases. Hum. Vaccines Immunother. 2018, 14, 2189–2193. [CrossRef] [PubMed]

161. Rai, M.; Wypij, M.; Ingle, A.P.; Trzcińska-Wencel, J.; Golińska, P. Emerging Trends in Pullulan-Based Antimicrobial Systems for
Various Applications. Int. J. Mol. Sci. 2021, 22, 13596. [CrossRef]

162. Lam, S.K.; Ng, T.B. Lectins: Production and Practical Applications. Appl. Microbiol. Biotechnol. 2011, 89, 45–55. [CrossRef]
[PubMed]

163. Van Damme, E.J.M. Lectins as Tools to Select for Glycosylated Proteins. In Methods in Molecular Biology; Springer:
Berlin/Heidelberg, Germany, 2011; pp. 289–297.

164. Kilpatrick, D.C. Mechanisms and Assessment of Lectin-Mediated Mitogenesis. Mol. Biotechnol. 1999, 11, 55–65. [CrossRef]
[PubMed]

165. Keyaerts, E.; Vijgen, L.; Pannecouque, C.; Van Damme, E.; Peumans, W.; Egberink, H.; Balzarini, J.; Van Ranst, M. Plant Lectins
Are Potent Inhibitors of Coronaviruses by Interfering with Two Targets in the Viral Replication Cycle. Antivir. Res. 2007, 75,
179–187. [CrossRef] [PubMed]

166. Patel, S.; Goyal, A. Recent Developments in Mushrooms as Anti-Cancer Therapeutics: A Review. 3 Biotech 2012, 2, 1–15. [CrossRef]
[PubMed]

167. Lakhtin, V.; Lakhtin, M.; Alyoshkin, V. Lectins of Living Organisms. The Overview. Anaerobe 2011, 17, 452–455. [CrossRef]
[PubMed]

168. Nizet, V.; Varki, A.; Aebi, M. Microbial Lectins: Hemagglutinins, Adhesins and Toxins. In Essentials of Glycobiology, 3rd ed.; Cold
Spring Harbor Laboratory Press: New York, NY, USA, 2017.

169. Goldstein, I.J.; Hayes, C.E. The lectins: Carbohydrate-binding proteins of plants and animals. Adv. Carbohydr. Chem. Biochem.
1978, 35, 127–340. [CrossRef] [PubMed]

170. Santos, A.F.S.; Da Silva, M.D.C.; Napoleão, T.H.; Paiva, P.M.G.; Correia, M.T.S.; Coelho, L.C.B.B. Lectins: Function, structure,
biological properties and potential applications. Curr. Top. Pept. Protein Res. 2014, 15, 41–62.

171. Balzarini, J. Inhibition of HIV Entry by Carbohydrate-Binding Proteins. Antivir. Res. 2006, 71, 237–247. [CrossRef]
172. Martínez-Alarcón, D.; Blanco-Labra, A.; García-Gasca, T. Expression of Lectins in Heterologous Systems. Int. J. Mol. Sci. 2018,

19, 616. [CrossRef] [PubMed]
173. Catanzaro, E.; Calcabrini, C.; Bishayee, A.; Fimognari, C. Antitumor Potential of Marine and Freshwater Lectins. Mar. Drugs 2019,

18, 11. [CrossRef]
174. Anderson, K.N.; Evers, D.L.; Rice, K.G. Structure and Function of Mammalian Carbohydrate-Lectin Interactions; Springer:

Berlin/Heidelberg, Germany, 2008; pp. 2445–2482.
175. De Bolle, M.F.C.; David, K.M.M.; Rees, S.B.; Vanderleyden, J.; Cammue, B.P.A.; Broekaert, W.F. Cloning and Characterization

of a CDNA Encoding an Antimicrobial Chitin-Binding Protein from Amaranth, Amaranthus caudatus. Plant Mol. Biol. 1993, 22,
1187–1190. [CrossRef] [PubMed]

https://doi.org/10.4014/jmb.0901.013
https://www.ncbi.nlm.nih.gov/pubmed/19809252
https://doi.org/10.1186/1743-422X-9-37
https://doi.org/10.1007/s12250-014-3486-y
https://doi.org/10.1016/j.ijbiomac.2021.05.139
https://www.ncbi.nlm.nih.gov/pubmed/34048833
https://doi.org/10.1016/j.carbpol.2012.06.060
https://www.ncbi.nlm.nih.gov/pubmed/22939338
https://doi.org/10.3390/nu13113960
https://www.ncbi.nlm.nih.gov/pubmed/34836215
https://doi.org/10.1016/j.scitotenv.2020.139330
https://www.ncbi.nlm.nih.gov/pubmed/32413619
https://doi.org/10.3390/molecules27217328
https://www.ncbi.nlm.nih.gov/pubmed/36364151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8010737/
https://doi.org/10.3390/ijms232314766
https://www.ncbi.nlm.nih.gov/pubmed/36499094
https://doi.org/10.1080/21645515.2018.1461298
https://www.ncbi.nlm.nih.gov/pubmed/29624474
https://doi.org/10.3390/ijms222413596
https://doi.org/10.1007/s00253-010-2892-9
https://www.ncbi.nlm.nih.gov/pubmed/20890754
https://doi.org/10.1007/BF02789176
https://www.ncbi.nlm.nih.gov/pubmed/10367282
https://doi.org/10.1016/j.antiviral.2007.03.003
https://www.ncbi.nlm.nih.gov/pubmed/17428553
https://doi.org/10.1007/s13205-011-0036-2
https://www.ncbi.nlm.nih.gov/pubmed/22582152
https://doi.org/10.1016/j.anaerobe.2011.06.004
https://www.ncbi.nlm.nih.gov/pubmed/21723405
https://doi.org/10.1016/s0065-2318(08)60220-6
https://www.ncbi.nlm.nih.gov/pubmed/356549
https://doi.org/10.1016/j.antiviral.2006.02.004
https://doi.org/10.3390/ijms19020616
https://www.ncbi.nlm.nih.gov/pubmed/29466298
https://doi.org/10.3390/md18010011
https://doi.org/10.1007/BF00028991
https://www.ncbi.nlm.nih.gov/pubmed/8400136


Microbiol. Res. 2024, 15 548

176. Van Damme, E. Plant Lectins: A Composite of Several Distinct Families of Structurally and Evolutionary Related Proteins with
Diverse Biological Roles. Crit. Rev. Plant Sci. 1998, 17, 575–692. [CrossRef]

177. Roth, J. Lectins for Histochemical Demonstration of Glycans. Histochem. Cell Biol. 2011, 136, 117–130. [CrossRef] [PubMed]
178. Millet, J.K.; Séron, K.; Labitt, R.N.; Danneels, A.; Palmer, K.E.; Whittaker, G.R.; Dubuisson, J.; Belouzard, S. Middle East

Respiratory Syndrome Coronavirus Infection Is Inhibited by Griffithsin. Antivir. Res. 2016, 133, 1–8. [CrossRef] [PubMed]
179. O’Keefe, B.R.; Giomarelli, B.; Barnard, D.L.; Shenoy, S.R.; Chan, P.K.S.; McMahon, J.B.; Palmer, K.E.; Barnett, B.W.; Meyerholz,

D.K.; Wohlford-Lenane, C.L.; et al. Broad-Spectrum In Vitro Activity and In Vivo Efficacy of the Antiviral Protein Griffithsin
against Emerging Viruses of the Family Coronaviridae. J. Virol. 2010, 84, 2511–2521. [CrossRef] [PubMed]

180. Sohrab, S.S.; Suhail, M.; Kamal, M.A.; Ahmad, F.; Azhar, E.I. The Emergence of Human Pathogenic Coronaviruses: Lectins as
Antivirals for SARS-CoV-2. Curr. Pharm. Des. 2020, 26, 5286–5292. [CrossRef]

181. Tian, Y.; Parsons, L.M.; Jankowska, E.; Cipollo, J.F. Site-Specific Glycosylation Patterns of the SARS-CoV-2 Spike Protein Derived
From Recombinant Protein and Viral WA1 and D614G Strains. Front. Chem. 2021, 9, 767448. [CrossRef] [PubMed]

182. Mitchell, C.A.; Ramessar, K.; O’Keefe, B.R. Antiviral Lectins: Selective Inhibitors of Viral Entry. Antivir. Res. 2017, 142, 37–54.
[CrossRef] [PubMed]

183. Ahmed, M.N.; Jahan, R.; Nissapatorn, V.; Wilairatana, P.; Rahmatullah, M. Plant Lectins as Prospective Antiviral Biomolecules in
the Search for COVID-19 Eradication Strategies. Biomed. Pharmacother. 2022, 146, 112507. [CrossRef] [PubMed]

184. Surya, P.H.; Deepti, M.; Elyas, K.K. Plant Lectins: Sugar-Binding Properties and Biotechnological Applications; Springer:
Berlin/Heidelberg, Germany, 2020; pp. 401–439.

185. Yang, Q.; Hughes, T.A.; Kelkar, A.; Yu, X.; Cheng, K.; Park, S.; Huang, W.-C.; Lovell, J.F.; Neelamegham, S. Inhibition of
SARS-CoV-2 Viral Entry upon Blocking N- and O-Glycan Elaboration. eLife 2020, 9, e61552. [CrossRef] [PubMed]

186. Liu, Y.-M.; Shahed-Al-Mahmud, M.; Chen, X.; Chen, T.-H.; Liao, K.-S.; Lo, J.M.; Wu, Y.-M.; Ho, M.-C.; Wu, C.-Y.; Wong, C.-H.;
et al. A Carbohydrate-Binding Protein from the Edible Lablab Beans Effectively Blocks the Infections of Influenza Viruses and
SARS-CoV-2. Cell Rep. 2020, 32, 108016. [CrossRef]

187. Auth, J.; Fröba, M.; Große, M.; Rauch, P.; Ruetalo, N.; Schindler, M.; Morokutti-Kurz, M.; Graf, P.; Dolischka, A.; Prieschl-Grassauer,
E.; et al. Lectin from Triticum vulgaris (WGA) Inhibits Infection with SARS-CoV-2 and Its Variants of Concern Alpha and Beta. Int.
J. Mol. Sci. 2021, 22, 10205. [CrossRef] [PubMed]

188. Wang, W.; Li, Q.; Wu, J.; Hu, Y.; Wu, G.; Yu, C.; Xu, K.; Liu, X.; Wang, Q.; Huang, W.; et al. Lentil Lectin Derived from Lens culinaris
Exhibit Broad Antiviral Activities against SARS-CoV-2 Variants. Emerg. Microbes Infect. 2021, 10, 1519–1529. [CrossRef] [PubMed]

189. Abdullah Saad, D.A. Recombinant Lectins as Pioneering Anti-Viral Agents against COVID-19. Hematol. Transfus. Int. J. 2021, 9,
77–79. [CrossRef]

190. Gupta, A.; Gupta, G.S. Status of Mannose-Binding Lectin (MBL) and Complement System in COVID-19 Patients and Therapeutic
Applications of Antiviral Plant MBLs. Mol. Cell Biochem. 2021, 476, 2917–2942. [CrossRef] [PubMed]
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