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Abstract
Lectins are non-immunological carbohydrate-binding proteins classified on the basis of their structure, origin, and sugar 
specificity. The binding specificity of such proteins with the surface glycan moiety determines their activity and clinical 
applications. Thus, lectins hold great potential as diagnostic and drug discovery agents and as  novel biopharmaceutical 
products. In recent years, significant advancements have been made in understanding plant and microbial lectins as thera-
peutic agents against various viral diseases. Among them, mannose-specific lectins have being proven as promising antiviral 
agents against a variety of viruses, such as HIV, Influenza, Herpes, Ebola, Hepatitis, Severe Acute Respiratory Syndrome 
Coronavirus-1 (SARS-CoV-1), Middle Eastern Respiratory Syndrome Coronavirus (MERS-CoV) and most recent Severe 
Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2). The binding of mannose-binding lectins (MBLs) from plants 
and microbes to high-mannose containing N-glycans (which may be simple or complex) of glycoproteins found on the surface 
of viruses has been found to be highly specific and mainly responsible for their antiviral activity. MBLs target various steps 
in the viral life cycle, including viral attachment, entry and replication. The present review discusses the brief classification 
and structure of lectins along with antiviral activity of various mannose-specific lectins from plants and microbial sources 
and their diagnostic and therapeutic applications against viral diseases.
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Introduction

Several outbreaks of emerging and re-emerging pathogenic 
infections have plagued the global community in recent 
decades, posing severe concerns for health, immunity and 

the global economy. Due to urbanization, globalization, 
travel, international businesses, aging and climate change, 
newer viruses and their variants are emerging, spreading and 
being transmitted more frequently [1, 2]. As per the World 
Health Organization (WHO) report, RNA viruses such as  
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HIV, Influenza virus, Dengue virus (DENV), Ebola virus 
(EBOV), Nipah virus, Zika virus (ZIKV), Hepatitis virus, 
SARS-CoV-1, MERS-CoV-1 and the current SARS-CoV-2 
are the top global threats to mankind [3]. The global com-
munity is currently dealing with the SARS-CoV-2 pandemic. 
The overall scenario of pandemics has decimated the world 
due to the lack of sufficient vaccines and treatments acces-
sible to the population. To combat severe pandemic situa-
tions, researchers are developing strategies for controlling 
the emergence and re-emergence of viruses with high epi-
demic potential. However, there is little understanding of 
the identity, epidemiology and pathophysiology of newly 
emerging or recurring viral diseases.

Antiviral drugs are known to limit viral infection by 
decreasing viral multiplication, targeting distinct viral 
proteins or host cellular components and neutralizing host 
receptors to inhibit virus uptake and prevent virus entrance. 
However, antiviral and antibiotic therapies are limited due 
to their non-specificity toward viral targets [4]. Viral infec-
tion or vaccination produces an adaptive immune response 
by neutralizing antibodies targeting specific surface viral 
antigens and interrupting the replication cycle before  tran-
scription and translation [5, 6]. However,  early inhibition 
of viral penetration in  target cells,  selection of inhibitors 
and  identification and characterization of the molecules to 
prevent viral entry are critical for treating fast-disseminating 
viral pandemics. Viral transmission and disease progression 
starts once the virus contacts glycoprotein-based host cell 
receptors; glycoproteins expressed on the surface of most 
viruses can be targeted to prevent virus entry [7, 8]. Lectins, 
the carbohydrate-binding proteins, bind to specific sugars 
of viral glycoproteins and have opened a wide range of pos-
sibilities to restrict viral entry to host cells by inhibiting 
the interaction between the viral envelope glycoproteins and 
host cell surface components [9]. Several plant lectins have 
antiviral activity against human-enveloped viruses like HIV 
[10], hepatitis C virus (HCV) [11], herpes simplex virus 
type 1 (HSV-I) [12], influenza virus [13], poxvirus [14], 
human cytomegalovirus (HCMV) [15], respiratory syncytial 
virus (RSV) [16], ebola virus (EBOV) [17] and coronavirus 
(SARS-CoV 2) [18].

Lectins are widely distributed proteins that reversibly and 
non-catalytically bind with high stereo-specificity to various 
sugars without modifying their carbohydrate moiety [19]. 
Lectins exist in animals, plants and microbes and possess high 
diversity in structure, amino acid composition, molecular weight 
and involvement of metal ions [20, 21]. Various lectins exhibit 
multiple biological and pharmacological activities such as anti-
cancer, antiviral, insecticidal, antifungal, antiparasitic and immu-
nomodulatory agents depending on their carbohydrate speci-
ficity and biochemical properties. Because of their significant 
immunomodulatory potential, plant lectins are also known to 
prevent microbial infections in several animal models [22].

On the basis of their carbohydrate-binding specificity, lec-
tins can identify and bind distinct types of glycan structures 
present in the glycan shield of viruses. Antiviral lectins inter-
act with high-mannose glycan structures of virus envelope 
proteins, added as post-translational modifications [23–25]. 
Mannose-binding lectins (MBLs) possess mannose-specific 
glycoconjugates with potent antiviral activity against human 
retroviruses [26]. They are widely found in all living species 
and have been isolated as well as identified most frequently in 
plants, algae, fungi and cyanobacteria [27]. Plant lectins are 
commonly found in storage tissues such as seeds, tubers, bulbs, 
corms, rhizomes, rootstocks and bark [28]. The envelope pro-
teins have N-linked oligosaccharide attachment sites that help 
the virus evade the host immune system when glycosylated 
[29]. The envelope (Env) protein complex facilitates viral 
attachment and entry into target cells followed by activation 
of a cascade of conformational remodeling in the Env protein 
complex, leading to the viral envelope fusion with the host 
cellular membrane [30]. The lectin Griffithsin (GRFT) derived  
from red algae Griffithsia sp., is a mannose specific lectin 
known to bind and inhibit HIV. The HIV-1 Env spikes con-
sist of a transmembrane gp41 trimer linked to an extracellular 
gp120 trimer having high-mannose glycans that help the virus 
to recognize and bind to CD4 cells [31]. The presence of high-
mannose glycans in HCV has been reported to be recognized 
by mannose-specific lectin CVN (Cyanovirin) resulting in 
inhibition of HCV infection [11]. Moreover, Narcissus tazetta 
lectin (NTL) also a mannose-binding lectin, exhibits strong 
antiviral activity against influenza A (H1N1, H3N2, H5N1) 
and B viruses with IC50 values ranging from 0.20–1.33 μg/
mL in a dose-dependent manner [16]. Furthermore, high 
mannose-type glycans have been identified on site N234 
of spike glycoprotein of SARS-CoV-2 while complex-type 
N-glycans and high mannose type glycans have been identi-
fied at sites N165, N331 and N343 [32]. GRFT has also been 
found to inhibit spike protein-mediated SARS-CoV-2 cell-to- 
cell fusion with an IC50 of 323 nmol/L [33].

A pictorial representation of the interaction of different 
viruses with their human cell receptors and the blockade of 
this interaction in the presence of mannose-specific lectins is 
shown in Fig. 1. Each glycan site present on the viral surface 
(Fig. 1) has been modeled using the most prevalent sugar 
compositions, utilizing pre-existing Man5GlcNAc2 residues 
because compositional information was unavailable [34].

Enveloped viruses are highly adaptable pathogens that 
infect a wide range of hosts, including protozoans to mam-
mals and exploit the molecular machinery of the host cell for 
reproduction. They have evolved together with their hosts and 
developed numerous strategies to undermine and evade the 
host's defense mechanisms. It has been found that viral enve-
lope glycoproteins undergo spontaneous mutations causing the 
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loss of oligosaccharide-attachment sites to evade recognition 
by exogenous (host-specific) lectins such as pattern recog-
nition receptors (PRRs) and pathogen-associated molecular 
patterns (PAMPs) that are important components of innate 
immune system of the host. In this way, many viruses sub-
vert and escape the host immune system surveillance leading 
to infection [35]. Depletion of the glycocalyx surrounding the 
envelope glycoproteins is detrimental to viral fitness [36]. In 
light of these facts, mannose-specific lectins can be used for 
developing antiviral medications by targeting the glycans of 
viral envelope proteins.

The present review provides an overview of the classifica-
tion, structure and prospective diagnostic and prophylactic 
potential of mannose-specific lectins against viruses.

Classification of lectins

Lectins are also termed agglutinins or phytohemagglu-
tinins and have the most extended scientific history of  
all plant proteins. The lectin terminology persisted in 
confusion until the most accepted definition came out.  
According to this, the presence of at least one noncatalytic 
domain that binds reversibly to a specific carbohydrate moi-
ety is now considered the criterion for a protein to be called a  
lectin. Based on these considerations, plant lectins were 
recently defined as “all plant proteins” possessing at least  
one non-catalytic domain that binds reversibly to a spe-
cific mono- or oligosaccharide [37]. This definition, far 
less restrictive than all previous definitions, comprises a 

Fig. 1   Role of mannose-specific lectins in preventing viral entry into the host cells. A Interaction of different viruses with their human cell 
receptors. B Blockade of this interaction consequently prevents viral entry in the presence of mannose-specific lectins
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broad range of proteins with different agglutination and 
glycoconjugate precipitation properties [28]. Lectins have 
been classified on the basis of their carbohydrate-binding 
domain.

Over the years, there have been significant advance-
ments in structural analysis techniques such as X-ray 
diffraction and NMR  which are being utilized to  
investigate the molecular interactions between lectins and 
carbohydrates. These findings have resulted in the identifica-
tion of an increasing number of high-resolution novel plant 
lectin  structures [38]. The sequencing of  amino acids of 
lectins has  progressed more rapidly compared to other  
categories of plant proteins and the information obtained 
from lectin sequencing has facilitated  search for lectin genes. 
The molecular study of these has genes provided essen-
tial insights into the fundamental structure of lectins and  
valuable information regarding their synthesis and post- 
translational modifications. Molecular cloning has confirmed 
the presence of extensive lectin gene families in certain plant 
species. Lastly, the genetic cloning of lectin genes from various 
plant species has shed light on the evolutionary connections  
between known plant lectins.

Lectin and glycan generally interact through hydrogen 
bonding and van der Waals forces. Most lectins are mem-
bers of protein families with well-defined carbohydrate rec-
ognition domains (CRDs). The CRDs of different lectins 

within a family exhibit differential specificity and binding 
to N-glycans, O-glycans and glycolipids. Whereas some 
lectins have multiple CRDs that can participate in ligand 
binding, others have only a single CRD that relies on lectin 
clustering for high-affinity binding. CRD clustering allows 
stronger interactions with ligands and adds to the specificity 
of multivalent interactions. The lectin affinity for specific 
glycoconjugates depends on the structure, multivalency and 
density of glycans on molecules [39] (Fig. 2).

Latest classification of lectins based 
on carbohydrate recognition domain (CRD)

Lectins can be broadly divided into merolectins, hololectins, 
chimerolectins and superlectins. Merolectins consist of a  
single carbohydrate-binding domain. Being monovalent,  
they cannot precipitate glyco-conjugates or agglutinate 
cells. At present, only a few examples of merolectins, such  
as Hevein, a chitin-binding protein found in the latex of 
rubber trees (Hevea brasiliensis) [40] and the monomeric 
mannose-binding proteins from orchids [41] are well 
known. Hololectins have at least two identical and similar 
carbohydrate-binding domains. They are divalent and 
multivalent proteins that cause cell agglutination and 
glycoconjugate precipitation. The majority of plant lectins 
belong to this group. One example is Concanavalin A [42].  

Fig. 2   Different organizations of CRD. A Single carbohydrate binding site. B Extended carbohydrate binding site. C Additional hydrophobic site 
in the CRD. D Dimerization of CRD. E Multifunctional lectin. F Multiple CRDs in the extracellular regions of lectin
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This tetrameric protein specifically binds to α-D-mannosyl 
and α-D-glucosyl residues (two hexoses differing only 
by the alcohol on carbon-2) [43]. Another example 
is peanut (Arachis hypogaea) agglutinin, a 110-kDa 
homotetrameric, non-glycosylated protein  with high 
specificity towards  tumor-associated T-antigen disaccharide 
Galβ1, 3GalNAc [44]. Chimerolectins are fusion proteins 
comprising one or more carbohydrate-binding domains 
arrayed in tandem with an unrelated domain. This  
unrelated domain has a well-defined biological activity and 
function independent of the carbohydrate-binding domain. 
Depending on the number of carbohydrate-binding domains, 
chimerolectins correspond to merolectins or hololectins. 
For example, ricin can be classified as lectin and type II 
ribosome-inactivating protein (RIP). Ricin protein is made 
up of A chain (with N-glycosidase activity/RIP activity)  
and a B chain (with  hemagglutinating/lectin activity) 
capable of binding different carbohydrates such  
as β-D-glucose and β-D-galactose [45, 46]. Superlectins 
are a type of hololectins, classified as a unique group of 
chimerolectins. They have two distinct carbohydrate-binding 
domains that identify sugars with different structures [47].  
TxLCI, for example, is a tulip bulb lectin with two 
distinct carbohydrate-binding domains that bind mannose 
and GalNAc sugar residues [28]. On the basis of  their 
carbohydrate binding specificity, all known lectins are 
currently classified into twelve families [48].

Agaricus bisporus agglutinin (ABA)

A. bisporus agglutinin (ABA) was first isolated from 
the edible mushroom A. bisporus. Although fungi pos-
sess numerous homologs of this lectin, only a fewABA 
homologs have been found in lower plants, most notably 
the liverwort Marchantia polymorpha expresses at least 
four functional lectin homologs, which are dimeric proteins 
made up of subunits with 140–142 amino acid residues [48].  
The occurrence of ABA homologs in lower plants most likely 
evolved as a result of horizontal transfer from a fungal ances-
tor, probably an endosymbiont [49]. ABA has been thor-
oughly investigated with respect to its biochemical proper-
ties, biological activities, and structure. Studies on specificity 
have revealed that ABA selectively interacts with the T anti-
gen glycan (Gal β1,3GalNAc) and that the affinity of the lec-
tin is strongly enhanced by the presence of high‐density poly-
valent glycotope [50]. According to X-ray diffraction studies, 
the monomers of these fungal lectins are composed of a β‐
sandwich of two bundles of β‐sheets joined by a helix-loop-
helix motif comprised up of two short α helices. The struc-
tural analysis has additionally demonstrated that the ABA  
monomer has two distinct binding sites that are on the oppo-
site side of the helix-loop-helix motif [51].

Amaranthin domain

The amaranthin family is named after  Amaranthus caudatus 
seed lectin found in various amaranthus species. Amaran-
thin is a GalNAc-specific lectin with a high affinity towards 
T-antigen disaccharide Galβ(1,3) GalNAc [52]. This class 
of lectins has two identical subunits of around 33 kDa. The 
protomer has 300 amino acid residues and contains homolo-
gous domains N and C connected by a short α‐helical 310 
segment. Each domain comprises six strands of antiparallel 
β-sheet with β-hairpin capping forming a β-barrel assem-
bly [53]. A specific hydrogen-bonding pattern is required 
to bind carbohydrate residues to amaranthine on surface 
exposed hairpins and turns. Amaranthins naturally occur as 
hololectins, however, several chimerolectins have also been 
identified containing an amaranthin domain with an aeroly-
sin toxin domain [54].

Class V chitinase‑related agglutinin (CRA)

A novel class V chitinase-related lectin was initially 
reported from the bark of the legume tree Robinia pseu-
doacacia (black locust) in 2007 and shares nearly 50% 
sequence identity with plant class V chitinases but devoid 
of chitinase activity [55]. This CRA is a homodimer of 337 
amino acid residue subunits. It interacts with the high man-
nose N-glycans that comprises the proximal pentasaccha-
ride core structure with considerable affinity despite being 
a weak agglutinin. The crystal structure of CRA domain 
has revealed a TIM-barrel scaffold. This fold is composed 
of β‐sheet strands surrounded by an outer crown of α‐helices 
and an extra hairpin‐shaped loop consisting of three antipar-
allel strands of β ‐sheet that protrude from one edge of the 
TIM‐barrel structure [48].

Cyanovirin domain

The Cyanovirin family is named after a virucidal pro-
tein Cyanovirin‐N (CVN) that was initially purified from  
cyanobacterium (blue green alga) Nostoc ellipsosporum 
[56]. NMR and X-ray  crystallography  investigations 
have revealed that each CVN monomer has two binding 
sites which are positioned in deep clefts at the opposite 
extremities of the elongated structure made up of a triple-
stranded β‐sheet and a β‐hairpin. It consists of a single 
polypeptide of 101 amino acid residue with an internal 
duplication [57]. Only a few other bacteria, except N. ellip-
sosporum, have genes that encode proteins like CVN. Simi-
lar proteins have recently been discovered in various kinds 
of fungi and the fern Ceratopteris richardii. A phylogenetic 
evaluation of the various subdomains of a number of bac-
terial, fungal, and plant CVN sequences revealed that the 
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CVN domain evolved from a special ancient duplication 
that occurred in an associated ancestor [58]. Based on this 
distribution, it seems probable that the family originated 
through a horizontal transfer between bacteria and fungi as 
well as between fungi and Embryophyta. CVN irreversibly 
inactivates human immunodeficiency virus (HIV) and sim-
ian immunodeficiency virus (SIV). Due to the high affinity 
interactions of CVN with high‐mannose N‐glycans, it dis-
plays strong anti‐HIV activity for the viral surface envelope 
glycoprotein gp120 [59].

Euonymus europaeus lectin (EUL) domain

A lectin  isolated and characterized from the arilli of spindle 
tree Euonymus europaeus (EUL), represents a novel family 
of plant lectins [60]. It is a homodimeric protein composed 
of 152 residue subunits that interacts with both blood group 
B oligosaccharides and high‐mannose N‐glycans [61]. In 
addition to being important in the classification of plant 
lectins, the uncovering of the EUL domain as a novel car-
bohydrate binding module also provides new insight into 
the potential roles of these lectins in plants. According to 
the genome and transcriptome databases, mosses, gymno-
sperms, bryophytes, filicophytes and angiosperms all con-
tain this carbohydrate-binding domain. Additionally, all 
Poaceae members contain (many) genes that encode cyto-
plasmic EUL proteins with single and double domains. 
In contrast, dicotyledonous species only have one or two 
genes that encode a single domain EUL protein whereas sev-
eral forms of single and double EUL domain proteins are 
synthesized by gymnosperms [48].

Galanthus nivalis agglutinin (GNA)

A lectin from snowdrop (Galanthus nivalis) bulbs has 
been isolated and characterized with exclusive specific-
ity towards mannose and exhibits high affinity towards 
oligomannosides and high-mannose N-glycans [62]. It 
was initially called the ‘monocot mannose-binding lectin’, 
and as a result, after the first identified member, this group 
of lectins was termed 'GNA-related lectins' as they share 
a significant amount of sequence and structural similarity 
[62, 63]. Similar lectins have been found in plants other 
than the Liliopsida (monocots) family, including liver-
wort (Marchantia polymorpha), microbes and animals 
[64]. X-ray crystallography has shown that each β-prism 
fold subunit comprises of three antiparallel four-stranded 
β-sheets which form three mannose binding sites. GNA‐
related lectins consist of 12–14 kDa subunits and exist 
either as monomers, dimers, or tetramers [48].

Hevein domain

The hevein domain was named after lectin isolated and puri-
fied from the latex of Hevea brasiliensis (rubber tree). Hev-
ein is made up of a single 43 amino acid polypeptide that 
creates a distinctive structural motif in combination with two 
short α-helical segments and three antiparallel β-sheets. Four 
disulfide bridges (between eight exceptionally conserved 
Cys residues) stabilize the overall secondary structure of the 
backbone. Due to the availability of an expanded binding 
site, the hevein domain has a stronger affinity for longer Glc-
NAc oligomers [59]. The current distribution and domain 
architecture indicate that the hevein domain was vertically 
transmitted in plants and fungi, where it further evolved by 
domain duplication and/or fusion to unrelated domains and 
is thought to have originated in an early eukaryote (before 
the division of Viridiplantae and fungi/metazoa) [48].

Jacalin‑related domain

All proteins with one or more domains structurally identical 
to jacalin, a Gal-binding lectin found in jack fruit (Artocar-
pus integrifolia) seeds, are classified as jacalin-related lectins 
[65]. These proteins  have been further subdivided into two 
sub-families, each having its distinct specificity and molecular 
structure. First is Gal-specific jacalin-related proteins located 
in the vacuole, comprising of a small β (20 amino acid resi-
dues) and a large α (133 amino acid residues) subunit, which 
have a marked preference for Gal over Man residues [66]. 
Another is  Man-specific jacalin-related lectins residing in the 
cytoplasm and nucleus, comprising ~ 150 amino acids each, 
with exclusive specificity towards Man. The Jacalin lectin 
family includes lectins from the family Moraceae (jacalin, 
MPA, artocarpin), Convolvulaceae (calsepa, conarva), Aster-
aceae (heltuba), Gramineae (barley and wheat lectins) and 
Musaceae (banana lectin) [67]. They can be found in seeds 
and vegetative tissues, have a low sequence similarity and 
differ in carbohydrate-binding specificity. The 3D structure of 
jacalin [68] is composed of a three-fold symmetric β-prism as 
revealed in X-ray diffraction analysis. Each β-prism further 
consists of three four-stranded β-sheets. Out of the twelve 
strands, eleven strands are constructed by α-chains, whereas 
β-chain forms the twelfth strand. Four protomers form a 
tetrameric structure linked to each other through noncovalent 
interaction. Each protomer contains a single carbohydrate-
binding site with Gly, Tyr, Trp, Asp of the α-chains forming 
a network of hydrogen bonds with O3, O4, O5 and O6 of 
methyl α-D-Gal. Gal-specific subgroup shows a high affinity 
for Galβ(1,3)GalNAc [65, 69]. In contrast, the Man-specific 
jacalin-related lectins bind specifically to Man and maltose 
and show a high affinity for oligosaccharides [70, 71].
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Legume lectin domain

Legume lectins represent the largest family of carbohydrate 
binding proteins and their physicochemical and biological 
properties have been broadly studied. Legume lectins have 
demonstrated promising antiviral activity against various 
pathogens, including human pathogenic microorganisms 
[72]. They have been identified as selective viral entry 
inhibitors, making them potential candidates for antiviral 
therapy [73]. Some legume lectins, such as those bind-
ing to mannose/glucose/N-acetylglucosamine, have been 
suggested to have inhibitory activity against SARS-CoV-2 
[74]. The unique status of legume lectins as metallopro-
teins sets them apart from other plant lectins. They contain 
strongly bound Mn2+ and Ca2+ ions within their protomers, 
that are crucial for their carbohydrate-binding affinity [75]. 
Most legume lectins comprise two protomers that interact 
in a two-fold symmetric plane. This interaction forms a 
twelve-stranded β-sandwich structure with the two mono-
mers at each end serving as the monosaccharide binding 
sites. The dome-shaped protomers also possess specific 
amino acid residues at their top, contributing to the mono-
saccharide binding sites.

LysM domain

Several enzymes involved in the breakdown of bacte-
rial cell walls have the lysin domain (also known as the  
LysM domain).  LysM domain-containing receptor-like 
kinases in plants that are involved in the perception of rhizo-
bial signals were the first to be discovered. Previous stud-
ies have revealed that over 4000 proteins from prokaryotes 
and eukaryotes are reported to contain one or more LysM 
domains [48]. The secondary structure of the LysM domain 
is composed of two α-helices placed on the same side of an 
anti-parallel β-sheet [76].

Nicotiana tabacum agglutinin (Nictaba)

Nictaba, a jasmonate-inducible lectin, was initially identi-
fied in tobacco (Nicotiana tabacum) leaf samples. Nictaba 
is a homodimer comprising of two 19 kDa subunits having 
a high affinity for high‐mannose N‐glycans, and is synthe-
sized in the cytoplasm, after which it is partially transported 
into the nucleus where it is thought to interact with a vari-
ety of glycoproteins [77]. According to molecular mode-
ling, Nictaba has a β-sandwich structure comprising of two 
β-sheets linked by extented loops [78].

Ricin‑B domain

The very first lectin to be identified, ricin from the castor 
bean (Ricinus communis) represents the ricin-B family, one  

of the most extensive families of naturally occurring car-
bohydrate-binding proteins. Ricin's structural analysis has 
revealed that the basic carbohydrate unit is made up of 
three tandemly arranged subdomains each containing 
around 40 amino acid residues. The term "ricin-B domain" 
is frequently used to signify this carbohydrate-binding 
domain. Type 2 RIPs are the most well-known plant lec-
tins of the ricin-B family [79]. Type 2 RIPs are typical chi-
meric proteins having a functionally and structurally dis-
tinct A chain with a polynucleotide:adenosine glycosidase 
domain (PAG, formerly called RNA N‐glycosidase or RIP 
domain) and a B‐chain with a duplicated ricin‐B domain. 
The N-terminal A-chain (25–30 kDa) exhibits N-glycosi-
dase activity, while the C-terminal B-chain (30–35 kDa) 
possesses two different carbohydrate-binding sites. RIP is 
a catalytic inhibitor of the eukaryotic ribosome by remov-
ing a highly conserved adenine residue from the sarcin/ 
ricin loop of the large ribosomal RNA. [80].The majority 
of plant lectins with ricin-B domains have been considered 
to be GalNAc or galactose-specific. RIPs are prevalent 
among angiosperms [59] and have anti-HIV, antiprolif-
erative, anticancer, and immunosuppressive activities  
[81].

Scaffold organization of the mannose‑ 
binding lectins

Scaffold organization of the mannose-binding lectins has 
biomedical and biotechnological applications, such as  char-
acterization of glycans and as diagnostic and therapeutic 
agents for cancer cells [82, 83]. The possibility for lectin 
engineering and the emergence of cutting-edge therapeu-
tic approaches is provided by the varied structural scaffolds 
of lectins [84]. They are divided into three structural scaf-
folds (Fig. 3) that produce more complicated oligomeric 
structures:

The β‑Sandwich Fold

Legume lectins (Fabaceae) feature a jelly roll scaffold that 
consists of a single or two polypeptide chains. Traditionally,  
they are categorized as single-chain or two-chain lectins 
based on whether their protomers are cleaved. Single-chain 
lectins do not undergo protomeric chain cleavage, while 
two-chain lectins have their protomers separated into a light 
(α-chain) and a heavy (β-chain) through noncovalent link-
ages. The jelly roll scaffold of legume lectins is responsible 
for their carbohydrate-binding abilities. Tetravalent lectins 
with a single chain comprise four non-covalently associ-
ated identical protomers, each containing a carbohydrate 
recognition domain (CRD) that recognizes mannose and its 
derivatives. In two-chain lectins, the noncovalent binding 
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of two identical protomers, each carrying a CRD specific 
for mannose and its derivatives, results in bivalent lectins 
(α2β2). Examples of single-chain and two-chain lectins are 
concanavalin A (Con A) from jack bean seeds (Canavalia 
ensiformis) and lentil lectin (LcA) from Lens culinaris, 
respectively (Fig. 3A) [85].

The β‑Prism I Fold

The β-prism I scaffold is used to construct mannose-binding 
lectins in Moraceae seeds like artocarpin and a lectin found 
in the jackfruit seeds (Artocarpus integrifolia), which serves 
as a prototype for this group [86]. Their protomers are struc-
tured into three bundles of four antiparallel β-strands that 
form a β-prism structure along a longitudinal axis. As per 
the number of identical protomers connected by noncovalent 
bonds, mannose-specific jacalin-related lectins are bivalent, 

e.g., Calsepa from hedge bindweed Calystegia sepium [87]; 
tetravalent, e.g., Artocarpin from black mulberry Artocarpus 
integer [88]; hexavalent, e.g., PPL from the African locust 
bean Parkia platycephala [89]; or octavalent lectins, e.g., 
Heltuba from the Jerusalem artichoke Helianthus tuberosus 
[90] (Fig. 3B).

The β‑Prism II Fold

GNA, a mannose-specific lectin isolated from the snowdrop 
bulbs (Galanthus nivalis), a monocot plant species in the 
Amaryllidaceae family, was the first lectin to be identified 
with the β-prism II scaffold [40]. In the protomer, three 
bundles of four antiparallel β-strands are organized into a 
flattened β-trefoil structure around a central pseudo axis. 
Each of the bundles of β-strands contains a CRD. Lectins 
from GNA-related category are formed by the noncovalent 

Fig. 3   Different structures of 
mannose specific plant lectins. 
A β-sandwich structure- (i) 
Lentil lectin (PDB ID- 1LEM), 
(ii) Con- A (PDB ID-1CVN). 
B β-prism I fold- (i) Calsepa 
lectin (PDB ID- 1OUW), (ii) 
Artocarpin lectin (PDB ID- 
1J4T), (iii) Parkia platycephala 
lectin (PDB ID- 1ZGR), (iv) 
Helianthus tuberosus lectin 
(PDB ID- 1OUW). C β-prism II 
fold- (i) Galanthus nivalis lectin 
(PDB ID- 1NIV), (ii) Narcissus 
pseudonarcissus lectin (PDB 
ID- 1NPL).[Source: RCSB pro-
tein data bank (www.​rcsb.​org)]

http://www.rcsb.org
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interaction of two protomers, with the exception of gastro-
dianin, which comprises a single protomer e.g., the hexava-
lent NPA from daffodil (Narcissus pseudonarcissus) bulbs 
[91]; or four protomers, e.g., the dodecavalent GNA from 
snowdrop (Galanthus nivalis) bulbs [40] (Fig. 3C).

Mannose‑binding interactions

The sugar-binding sites of all MBLs are formed by nonco-
valent interactions between some hydroxyl groups of the 
sugar ring and a few polar amino acid residues, generating a 
shallow depression at the lectin surface. These polar amino 
acid residues interact non-covalently with mannose con-
taining surface glycoproteins of viruses. This non-covalent 
interaction occurs through hydrogen bonding by polar but 
neutral (uncharged) amino acids (Asn, Gln), negatively 
charged polar amino acids (Asp, Glu), and non-polar amino 
acids (Gly) of mannose-specific lectins. Moreover, these 
hydrogen bond interactions are favored by the hydropho-
bic stacking interaction between the aromatic amino acid 
residues (Tyr and Trp) proximal to the mannose binding 
site of lectins and the pyranose ring of mannose residues of 
Env protein of the virus. Many carbohydrate-binding pro-
teins contain aromatic amino acid residues in their bind-
ing sites. These residues interact with carbohydrates in a 
stacking geometry via CH/π interactions. These interactions 
can be found in carbohydrate-binding proteins, including 
lectins, enzymes and carbohydrate transporters. Besides 
this, many non-protein aromatic molecules (natural as well 
as artificial) can bind saccharides using these interactions 
[92]. Thus, stacking interaction is a common property of 
monosaccharide binding exhibited even by non-protein 
aromatic molecules. Additionally, both Asp and Glu play a 
crucial role in binding mannose residues of envelope pro-
teins due to their capacity to create multiple H-bonds with 
the hydroxyl groups emerging from the pyranose ring [26]. 
For instance, Man binding sites of artocarpin lectin form 
a network of 9 H-bonds between four amino acid residues 
(Gly15, Asp138, Leu139, Asp141) located at the top of the 
β-prism protomer and the O1, O3, O4, O5, and O6 atoms 
of the sugar [86, 88]. Gln89, Asp91, Asn93, and Tyr97 
residues of GNA, the Man-specific snowdrop (Galanthus 
nivalis) lectin, exhibits eight H-bonds with O2, O3, O4, and 
O6 atoms of Man glycoproteins [26].

Overview of glycosylation of viral proteins

Glycosylation of viral proteins is a widespread phenom-
enon observed in various viruses, including SARS-CoV-2, 
HIV-1, influenza, Lassa, Zika, dengue and Ebola. Glyco-
sylation is crucial in viral life cycle, including nucleic acid 

replication, virus assembly, new virus particle transport, 
virus release and host-cell recognition. It promotes the for-
mation of specific protein conformations, modulates viral 
protein-receptor interactions and affects viral replication 
and infectivity. Moreover, viral protein glycosylation allows 
viruses to exploit the host-cell machinery to modify their 
proteins. Understanding the glycosylation of viral proteins is 
essential for unraveling virus-host interactions, developing 
antiviral strategies and designing immunogens for vaccine  
development [93–95].

Glycosylation, the most prevalent co- and post- 
translational protein modification, significantly impacts 
protein structure (folding and stability) and function [96, 
97]. It involves host organelles (ribosomes, endoplas-
mic reticulum and Golgi apparatus) and enzymes (gly-
cotransferases and glycosidases) in viral protein syn-
thesis, folding and glycosylation [96, 98]. The selective 
pressure on glycosylation sites arises from the involve-
ment of glycans in viral adhesion and epitope shielding 
[94, 99], however, the current understanding of viral 
glycosylation patterns is somewhat limited [96, 100].  
Different viral proteins follow distinct glycosylation routes  
compared to host glycoproteins [94].

They can be broadly categorized into O-linked and 
N-linked glycosylation. In O-linked glycosylation, the car-
bohydrate moiety is covalently bonded to hydroxyl oxygen, 
primarily in the Golgi apparatus, involving serine, threo-
nine, tyrosine, 5-hydroxylysine, and 4-hydroxyproline [101]. 
Mucin-type O-glycosylation, also known as N-acetylgalac-
tosamine (GalNAc)-type, is the most frequent in viral pro-
teins [102].

In mammalian cells, N-glycosylation of viral proteins 
starts simultaneously with their synthesis. The glycan pre-
cursor, Glc3Man9GlcNAc2, is generated in the cytoplasm 
within [102]. It is then transported to the ER lumen and 
modified with monosaccharides [103]. An oligosaccharide 
transferase attaches the mature glycan structure to the Asn 
residue of an Asn-X-Ser/Thr motif ("X" representing any 
amino acid except proline) in the nascent protein chain [98].

Mucin-type O-glycosylation is more complex than 
N-glycosylation. In the Golgi apparatus, GalNAc mono-
saccharide is inserted into specific amino acid residues (Ser, 
Thr, or Tyr) by a group of GalNAc-transferases [96, 102]. 
The oligosaccharide repertoire remains limited in the ER 
and the early secretory pathway, but in the Golgi complex, 
glycans acquire diverse structures through terminal glyco-
sylation, leading to significant heterogeneity. This variation 
differs among cell types, tissues and species, contributing 
to the diversification of glycan molecules classified as oli-
gomannose, hybrid and complex-type N-glycan structures 
[94, 103].

N-linked glycosylation is the most prevalent form of pro-
tein modification and plays a crucial role in regulating many 
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intracellular and extracellular functions. Several envelope 
glycoproteins have been the subject of viral glycosylation 
studies, including the envelope glycoprotein (Env) of human 
immunodeficiency virus-1 (HIV-1), hemagglutinin glyco-
protein (HA) of influenza virus, spike glycoprotein (S) of 
coronaviruses, glycoprotein (GP) of Ebola virus, envelope 
(E) glycoprotein of dengue, Zika and other flaviviruses 
[104].

SARS‑CoV‑2

SARS-CoV-2 spike protein has 22 N-glycosylation sites with 
key glycosylation sites found at Asn-90 or Asn-322 positions 
of the S protein [32]. However, the detailed mechanisms 
for this site-specific glycosylation regulating the entry of 
SARS-CoV-2 have remained unclear. The glycosylation of 
viral spike protein is done by the host cellular glycosyla-
tion machinery through the secretory pathway. The mannose 
residues in these glycans are crucial moieties for interacting 
with cell surface attachment factors, like sialic acid and gly-
cosaminoglycan (GAGs) containing oligosaccharides [105]. 
Glycans are sometimes referred to as the "glycan shield" 
because they sterically mask the underlying polypeptide 
epitopes from detection by feasible neutralizing antibodies 
[106]. Viruses utilize the host cell machinery for glycosyla-
tion and typically get decorated with host’s glycans (self 
glycans) as a strategy to escape the host immune response 
[107]. Recent characterization of the S-protein glycosylation 
profile in BTI-Tn-5B1-4 insect cells has revealed high-man-
nose N-glycans in all 22 expected sites, particularly covering 
the receptor-binding domain (RBD) areas [108].

HIV

Studies have revealed that N-linked glycans present on 
the surface of envelope glycoprotein (gp120) of HIV are 
essential for proper protein folding. gp120 has been found 
to be highly glycosylated, containing around 24 N-linked 
glycans. Among them, Asn260 glycosylation site defines 
correct expression of gp120 and gp41 [109]. Additionally, 
N-linked glycans may influence how HIV envelope proteins 
function and neutralizes antibodies [110].

HCV

There are 4 and 11 N-linked glycosylation sites present on 
the envelope glycoproteins E1 and E2 of  HCV, respectively 
[111, 112]. Glycans at positions E2N1, E2N2, E2N4, E2N6 
and E2N11 have been found to attenuate the accessibility 
of neutralizing antibodies to the epitopes of E2.Mutations 
at these glycosylation sites have been found to have a nega-
tive impact on virus particle assembly and/or secretion as 
well as virus entry. Additionally, these glycans may control 

CD81 and E2 binding, which may help to partially explain 
how HCV subverts the immune response [111]. Moreover, 
the glycans at the E2N2 and E2N4 positions are essential for 
facilitating HCV fusion and entry [104]. Hepatitis B virus 
(HBV) encodes three envelope glycoproteins, small (S), 
medium (M) and large (L) which share a potential N-gly-
cosylation site at Asn-146 (N146) of their S domain [113]. 
Early N-glycan modification on the ER has been found to 
have a major impact on the production of infectious virus 
particles [114].

EBOV

The surface glycoprotein of Ebola virus (EBOV) viz. GP1 
contains 15 N-glycosylation sites. Previous studies have been 
shown that the elimination of GP1 N-glycans enhances pro-
tease sensitivity of cathepsin B but does not have any effect 
on the binding of pseudoviral particles to the cell surface. 
Additionally,  removal of N-linked glycans from GP1 can 
greatly increase the sensitivity of antibody neutralization, 
while adding N618D to the GP1 subunit (7Gm8G) could 
further increase the antibody neutralization sensitivity of 
the viral particles [104, 115].

HSV

HSV-1 encodes 12 envelope glycoproteins that play impor-
tant roles in the viral replication. Glycoproteins gB, gC 
and gD have been implicated in the attachment of virus to 
host cell-receptors, while gB, gD and heterodimer gH/gL 
are essential for HSV attachment and penetration. HSV-1 
gH contains 838 amino acids and has 7 consensus sites for 
N-linked oligosaccharides as well as 11 sites for O-linked 
glycosylation [116]. gL contains 224 amino acids and has 
one consensus site for N-linked oligosaccharides and 3 
potential sites for O-linked glycosylation. gC-1 is heavily 
glycosylated which contains 9 consensus sites for N-linked 
glycosylation and numerous clustered O-linked glycans in a 
peptide stretch delimited by amino acids 30 and 124 [104].

Lectins as antiviral agents

The distinctiveness of mannose-specific plant lectins in rec-
ognizing high-mannose and complex N-glycans on the sur-
face of viruses makes them potent inhibitors of viral infec-
tion [26, 117]. Mannose-specific plant lectins by binding 
to specific glycans on the viral surface interfere with the 
attachment of virus to receptors on host cells thus preventing 
viral fusion. [118–121]. Mannose recognition by mannose 
specific lectins is a complex process mediated by distinct 
receptors with unique specificity [122]. The mannose-bind-
ing lectin pathway is activated when mannose complexes 
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bind to pathogens [123, 124]. Mannose-binding lectin is a 
key component of innate immunity and can recognize and 
bind to carbohydrates on microorganisms, leading to com-
plement activation [125]. The binding of mannose-specific 
lectins to viral glycoproteins, such as gp120 in HIV, inhibits 
viral infectivity by blocking the interaction with host cell 
receptors [126, 127]. Additionally, mannose-specific lectins 
can disrupt viral replication by inhibiting the self-assembly 
of viruses [128]. Some virus strains have been found to 
develop an increased number of glycosylation sites to evade 
antibody pressures and change antigenicity [129].

Additionally, lectins from red algae, such as Gratelou-
pia chiangii lectin (GCL), have been characterized for their 
antiviral activities [128]. Mannose-specific lectins have also 
been investigated for their potential applications in the pre-
vention and control of viral infections, including COVID-
19 [130]. Mannose-specific lectins from red algae, such as 
Grateloupia chiangii and Setcreasea purpurea, have been 
shown to possess antiviral activity.

While mannose-specific lectins hold promise as antivi-
ral agents, there are several limitations and challenges that 
need to be addressed. One limitation is the potential safety 
concerns associated with lectin-based therapies, as lectins 
can interact with healthy human cells [131]. Another chal-
lenge is the need for further research to understand the exact 
mechanisms of action of mannose-specific lectins and their 
interactions with viral glycoproteins [132]. Additionally, the 
availability and production of mannose-specific lectins in 
large quantities may pose challenges for their widespread 
therapeutic use [128].

HIV‑specific lectins

The surface of many enveloped viruses is covered with 
virally encoded glycoproteins. Among these,  HIV-1 
envelope glycoproteins gp120 and gp41 are extensively 
glycosylated with N-linked carbohydrates contributing 
up to 50% of  total molecular weight of gp120 [133]. 
Gp120 contains numerous high mannose sugars and con-
served glycosylation sites [134, 135]. The initial step in 
the invasion process of HIV is binding of envelope glyco-
protein gp120 to the host cell receptor CD4. This binding 
is followed by a conformational modification that enables 
co-receptor binding (CCR5 or CXCR4), ultimately lead-
ing to the fusion of virus with host cell membrane [136]. 
Once gp120 interacts with CD4-positive host cells, it is 
delivered to T-lymphocytes and macrophages, resulting 
in the infection of these cells by HIV.

To block viral entry, anti-HIV lectins can bind to oli-
gosaccharide epitopes on the surface glycoproteins of 
HIV. This binding either prevents the interaction between 
HIV and receptors on target cell membranes or affects the 

conformational modifications of the critical viral envelope 
and transmembrane glycoproteins [137].

HIV surface glycoproteins, namely HIV gp120 and HIV 
gp41 interact with CD4 receptors and CCR5/CXCR4 co-
receptors on target cells facilitating the invasion of host 
cells. Initially expressed as gp160 precursors, these glyco-
proteins undergo proteolytic cleavage to form HIV gp120 
and HIV gp41 [138]. In mature HIV viruses, HIV gp120 
and HIV gp41 remain linked through noncovalent inter-
actions. The association of gp120 with the CD4 receptor 
triggers the invasion of HIV into host cells. This interac-
tion induces a conformational change in gp120, enhanc-
ing its affinity for chemokine receptors CXCR4 or CCR5 
[139]. As a result, the transmembrane glycoprotein HIV 
gp41 undergoes another conformational alteration, leading 
to the fusion of viral and host cell membranes [140]. This 
fusion allows for the internalization of the HIV viral capsid, 
containing viral mRNA and crucial viral proteins, into the 
host cellcytoplasm [141, 142].

Studies by Mizuochi [143] have revealed the diverse oli-
gosaccharide structures of HIV gp120. Oligomannoses, pri-
marily composed of five to nine mannose residues, comprise 
approximately 33% of the total carbohydrate structures of 
HIV gp120 [143]. Complex-type glycan chains, including 
mono-, bi-, tri- and tetra-antennary structures, have also been 
found along with variations in N-acetyl lactosamine repeats 
and a core fucose residue [143, 144]. Recent advancements 
in glycoscience, genomics, proteomics and mass spectrom-
etry have allowed for a more comprehensive characterization 
of HIV gp120 glycosylation. Mass spectrometry analyses 
have confirmed the prevalence of high mannose content in 
HIV gp120 across various viral clades and expression sys-
tems. The estimated number of N-glycosylation sites in HIV 
gp120 ranges from 20 to 35 [145–148].

Bonomelli et al. [31] have reported that the oligosaccha-
rides of HIV gp120 derived from virus isolates are predomi-
nantly oligomannoses, while recombinant monomeric HIV 
gp exhibits lower oligomannose content. Additionally, a con-
served mannose patch of Man5–9GlcNAc2 has been identi-
fied on HIV gp120 and is present across primary isolates 
and diverse HIV clades. The presence of this mannose patch 
on HIV gp120 is of significance in the development of an 
effective anti-HIV vaccine [133, 149–151]. HIV gp41, con-
versely, plays a crucial role in mediating membrane fusion, 
which is essential for HIV entrance into target cells, immune 
evasion and infectivity [152].

A mannose-specific plant lectin from Narcissus pseu-
donarcissus (NPL) has been proposed as a potential treat-
ment for AIDS [119]. Lectins such as MAP30 from bitter 
melon, GAP31 from Gelonium multiflorum and jacalin 
have demonstrated inhibitory effects on viral proliferation, 
including HIV and cytomegalovirus [127]. Mannose-spe-
cific lectins have also been investigated for their potential 
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in the treatment of other viral infections, including HIV 
and coronaviruses. HIV-1, for instance, has a high den-
sity of high-mannose glycans on its surface, making it a 
prime target for interaction with mannose-specific lectins 
[153]. Lectins such as GNA, HHA, concanavalin A and 
cyanovirin-N (CV-N) have been shown to bind to the HIV 
envelope glycoprotein (gp120) and inhibit HIV activity by 
preventing the virus from entering cells [154]. Similarly, 
lectins from other plant sources, including Polygonatum 
cyrtonema, Clematis montana, Ophiopogon japonicus and 
Narcissus pseudonarcissus have exhibited antiviral activ-
ity against HIV and HSV [155, 156]. Furthermore, lec-
tins from cyanobacteria such as Nostoc ellipsosporum and 
Scytonema varium have shown antiviral activity against 
influenza and HIV [157, 158].

Recently, researchers have been exploring plant and 
microbial lectins, such as griffithsin (GRFT), actinohivin 
(AH), concanavalin-A (ConA), cyanovirin-N (CV-N), 
microvirin (MVN) and banana lectin (BanLec) for their 
antiretroviral properties [10]. These lectins possess multiple 
sugar-binding sites, allowing multivalent interactions with 
gp120 and neutralizing a broad range of HIV-1 and HIV-2 
strains [9]. Table 1 provides examples of lectins that have 
been studied for their antiretroviral potential against HIV.

Cyanovirin‑N (CVN)

The lectin cyanovirin-N (CVN) was first isolated from the 
cyanobacterium Nostoc ellipsosporum [159]. The CVN 
lectin is mainly composed of 101 amino acids and has a 
molecular weight of 11 kDa. It has two carbohydrate-bind-
ing sites specific for the terminal α1, 2-mannose sugars on 
high-mannose glycans [160]. CVN is mainly found as a 
monomer in solution; however, it forms a domain-swapped 
dimer in crystal. The identical (A) or similar (B) domains 
appear in the dimer, but they are made up of sequences origi-
nating from two different CVN monomers [161]. CVN binds 
large oligosaccharide structures seen in terminal branches 
and has a high affinity for Man α (1–2)  substructures in D1 
and D3 arms of Man-9 [160, 162]. As compared to complex 
N-linked oligosaccharides, CVN has the strongest affinity 
for α -Man-(1,2)- α -Man-(1,2)- α-Man and preferentially 
targets under processed glycans [121]. CVN effectively 
prevents the interaction of HIV gp120 with the CD4 T-cell 
receptor [163]. CD4 conformational changes and interac-
tion with the relevant co-receptors CXCR4 and CCR5 
are prevented by CVN binding to viral gp120 [164]. As a  
result, the virus cannot enter the cell, and transmission from 
an infected to a non-infected cell is inhibited. CVN specifi-
cally binds to the terminal Man α (1–2) Man unit of arms 
D1 and D3 on large high-mannose N-linked oligosaccha-
rides (Man8GlcNAc2 (Man8) and Man9GlcNAc2 (Man9) of  
HIV gp120 [162]. In vitro deactivation of HIV has been reported  

at a nanomolar concentration of the lectin [165]. CVN has 
two binding domains that allow the protein to cross-link  
the branched oligomannosides and association with both domains 
is essential for the lectin's activity. On the other hand, domain B 
has a ten times stronger affinity for α (1–2) linked oligomannose 
than domain A. Resistance has been found to develope in CVN 
exposed HIV strains after the deletion of N-glycans in viral  
gp120 [166]. In addition to interaction with HIV gp120 and 
reduction of HIV (types 1 and 2) infection at a nanomo-
lar level, CVN is active against other enveloped viruses like 
simian immunodeficiency virus (SIV) and the chimeric SIV/
HIV-1 virus(SHIV89.6P) [167], feline immunodeficiency 
virus (FIV), human herpes virus 6 (HHV-6), measles virus 
(MeV) [168], Ebola virus [169], hepatitis virus [170] and 
influenza virus [171] all with the N-linked high mannose  
oligosaccharides as glycoprotein components.

CVN is a potent antiviral protein that inhibits the entry of 
HIV-1 by binding selectively and with high affinity to high-
mannose oligosaccharides on the gp120 protein [172]. It has 
shown efficacy against various enveloped viruses, including 
Influenza A and B viruses, Herpes simplex virus type-1, and 
HIV [172]. The structure of CVN consists of an elongated, 
largely beta-sheet protein with internal two-fold pseudosym-
metry [173]. CVN is a domain-swapped dimer in the crystal-
line state, while solution NMR reveals a monomeric form 
[174]. It has also been investigated as a potential component 
of microbicides for HIV prevention [175], and studies have 
demonstrated its protective effect against HIV-1 [176]. CVN 
exhibits strong antiviral properties and holds promise for 
therapeutic and preventive applications.

Microvirin (MVN)

Microvirin (MVN) is a lectin isolated from the cyanobacte-
rium Microcystis aeruginosa consisting of 108 amino acids 
(13 kDa) [177]. In solution, MVN is a monomer with a single 
sugar-binding site that targets terminal α1, 2-mannose sugars 
and binds with HIV gp-120 [178]. The monomers are made 
up of 113 amino acid residues by forming two 50 percent  
identical domains, one is the N-terminal domain (SD1: resi-
dues 1–54), and the other is the C-terminal domain (SD2: 
residues 60–113) that are divided by a five-amino-acid linker 
[179]. Each monomer has two binding sites that have an affin-
ity for N-linked oligomannosides with at least the Manα  
(1–6) Man β (1–4) GlcNAc β (1–4) GlcNAc tetrasaccharide 
core structure [180]. MVN has been found to exhibit anti-
HIV-1 activity by inhibiting syncytium formation between 
HIV-1-infected HUT-78 cells and uninfected HUT-78 cells 
[181]. MVN also  stimulates pro-infammatory cytokines 
secretion by peripheral blood mononuclear cells (PBMCs). 
The neutralizing anti-HIV mAb 2G12 antibody has shown 
affinity against high mannose carbohydrates of HIV gp-120. 
MVN has been shown to bind efficiently with gp-120, 
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Table 1   Mannose-specific plant and microbial lectins against HIV glycoproteins

Kingdom Family Source Lectin Glycan specificity Target Reference

Bacteria Micromonosporaceae Actinomycete 
Longispora albida

AH Manα(1–2)Man, 
Manα(1–3)Man, 
Manα(1–6)Man,

gp120 and gp41 [203]

Pseudomonadaceae Pseudomonas 
fluorescens

PFA Mannose [204]

Myxococcaceae Myxococcus xanthus MBHA Mannose [204]
Burkholderiaceae Burkholideria 

oklahomensis
BOA Mannose [205]

Bacteria
(cyanobacteria)

Nostocaceae Nostoc ellipsosporum CVN Manα(1–2)Man in Man8 
or Man9

gp120, CXCR4 and 
CCR5

[165]

Oscillatoriaceae Oscillatoria agardhii OAA Manα(1–2)Man, 
Manα(1–6)Man, 
3α,6α-mannopentaose

gp120 [206]

Scytonemataceae Scytonema varium SVN Mannose gp120 [207]
Microcystaceae Microcystis viridis MVL Manα(1–6)Manβ(1–4)

GlcNAcβ(1–4)GlcNAc
gp120 [179]

Microcystaceae Microcystis aeruginosa MVN Manα(1–2)Man gp120 [178]
Algae Wrangeliaceae Griffithsia GRFT Glc, Man and GlcNac gp120, gp41, gp160, 

CXCR4 and CCR5
[200]

Boodleaceae Boodlea coacta BCA α1-2(Man) [129]
Halymeniaceae Grateloupia chiangi GCL Mannose [128]

Angiosperms Amaryllidaceae
(Monocot)

Narcissus 
Pseudonarcissus

NPL Manα(1–3)Man; 
Manα(1–2)Man

gp120 [208]

Musaceae
(Monocot)

Musa acuminata BanLec Mannose gp120 [209]

Asparagaceae
(Monocot)

Polygonatum Cyrtonema
Hau

PCL α(1,3) dimannoside [73]

Asparagaceae
(Monocot)

Scilla campanulata SCL α(1,3:1,6)-
mannotriose

[73]

Orchidaceae
(Monocot)

Cymbidium hybrid CA Mannose [210]

Orchidaceae
(Monocot)

Epipactis helleborine EHA Mannose [210]

Orchidaceae (Monocot) Listera ovata LOA Mannose gp120 [210]
Fabaceae
(Dicot)

Canavalia ensiformis Con A α-D-Man and α-D-Glc gp120 [137]

Moraceae
(Dicot)

Artocarpus integrifolia Jacalin GalNAc, α (1,6)
Mannose

[137]

Fabaceae
(Dicot)

dolichos lablab FRIL Trimannosid
Trehalosamine, 

αα-trehalose

[211]

Poaceae
(Monocot)

Hordeum vulgare Horcolin Mannose gp120 [212]

Amaryllidaceae
(Monocot)

Narcissus
pseudonarcissus

NPA Mannose gp120 [210]

Poaceae
(Monocot)

Oryza sativa Orysata Mannose gp120 [212]

Fabaceae
(Dicot)

Canavalia
brasiliensis

ConBr Mannose gp41, gp120 [213]

Fabaceae
(Dicot)

Canavalia maritima ConM Mannose gp41, gp120 [213]

Fabaceae
(Dicot)

Dioclea lasiocarpa DLasiL Mannose gp41, gp120 [213]

Fabaceae
(Dicot)

Dioclea sclerocarpa DSclerL Mannose gp41, gp120 [213]
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interfering with 2G12 mAb binding on HIV-1-infected cells 
[181].

Scytovirin (SVN)

Scytovirin is a 9.71 kDa lectin isolated from the cyanobac-
terium Scytonema varium [24, 182]. It is a single 95-amino-
acid polypeptide chain with two highly symmetric structural 
domains, SD1 (residues 3–42) and SD2 (residues 51–90), that 
are 90% identical. Each domain constitutes three aromatic 
amino acids implicated in carbohydrate binding and two 
intra-domain disulfide linkages. SVN interacts with  Manα 
(1–2), Manα (1–6), Manα (1–6) tetrasaccharides of the viral 
envelope glycoproteins, particularly gp120,   gp160 and with 
gp41 less effectively [24]. Both domains (SD1 and SD2) 
bind oligosaccharides simultaneously. However, SD1 has a 
stronger affinity for oligosaccharides than SD2 [182]. Recom-
binant SVN encoded by the expression of the synthetic gene 
in E. coli has been found to yield 5–10 mg/L of lectin [183].

BanLec

BanLec, a lectin derived from banana (Musa paradisiacal) 
has been found to possess potent anti-HIV activity [184–187]. 
BanLec belongs to the family of jacalin-related lectins. The 
native lectin is a dimer comprising two identical 15 kDa 
subunits, each with 141 amino acids and two sugar-binding 
sites [188]. In vitro analysis of BanLec has been reported to 
prevent infection by a variety of HIV-1 isolates with distinct 
tropisms, with IC50 values in the low nanomolar range. Ban-
Lec, like the other carbohydrate-binding proteins, prevents 
HIV infection at the viral introductory stage by binding to 
high-mannose structures on densely glycosylated gp120 in a 
concentration-dependent manner, preventing virus interaction 
with the cell. According to Swanson et al. [189], BanLec is a 
potent mitogen for murine T-cells, although the effects depend 
on the mouse strain used. Remarkably, a mutation in BanLec's  
sugar-binding region impairs mitogenic activity without  
affecting HIV neutralization.

It has been shown to inhibit HIV fusion in cells with low-
nanomolar IC50 values [185]. BanLec binds to specific viral 
glycans preventing viral attachment, entry and fusion [184]. 
In addition to HIV, BanLec has also demonstrated antivi-
ral activity against other viruses, such as influenza [190], 
herpes simplex viruses [191] and coronaviruses, including 
SARS-CoV-2 [192]. These findings highlight the potential 
of BanLec as a candidate for developing antiviral therapies. 
Identifying BanLec and other lectins with varying bind-
ing, toxicity and anti-HIV activity has provided the basis 
for expansion of the possibilities for lectin-based microbi-
cides [186].

Griffithsin (GRFT)

GRFT, derived from red algae Griffithsia sp., is a potent 
antiviral protein with an impressive track record against HIV 
and enveloped viruses and consists of 121 amino acids that 
form a stable domain-swapped homodimer with three mon-
osaccharide-binding subunits [193]. Its excellent safety and 
efficacy profiles make it a  HIV entry inhibitor [194]. This 
remarkable antiviral activity of the lectin stems from its abil-
ity to bind terminal mannoses on high-mannose oligosaccha-
rides, effectively crosslinking these glycans on viral envelope 
glycoproteins [195]. With a broad spectrum of antiviral activ-
ity, GRFT has shown promise against various viruses like 
HSV-2, HCV and MERS-CoV [196, 197]. Its exceptional 
potency against HIV, even at low concentrations, makes it an 
attractive candidate for preventing sexual transmission of the 
virus [198]. Moreover, GRFT has displayed antiviral activity 
against the porcine epidemic diarrhea virus (PEDV) [199].

With its multifaceted antiviral activity and favorable 
safety profile, GRFT holds promise for developing novel 
therapies against viral infections. It is considered the most 
effective HIV entry inhibitor. GRFT has outperformed 
broadly neutralizing antibodies (bNAbs) like 2G12, which 
also target high-mannose-type glycans [200]. Notably, 
GRFT exhibits remarkable neutralization of HIV even at 
picomolar concentrations.

Efficacy of GRFT extends beyond specific viral clades, 
as it can inhibit both T-tropic and M-tropic viruses of clades 
A, B, and C. Furthermore, it has shown the ability to pre-
vent HIV infection in human cervical explant tissues without 
triggering proinflammatory cytokine production [201]. As 
regards safety, GRFT has demonstrated a unique profile in 
rabbit vaginal irritancy models, exhibiting low toxicity when 
administered in single or chronic subcutaneous dosages to 
mice and guinea pigs [202].

HCV and HBV‑specific lectins

HCV causes chronic blood-borne infection, leading to severe 
liver disease and further causing hepatocellular carcinoma 
[214]. The HCV envelope glycoproteins E1 and E2 are type 
I transmembrane proteins with an N-terminal ectodomain 
and a C-terminal hydrophobic anchor that act during the 
entry and fusion steps of the virus life cycle [215]. Sequence 
analyses of E1 and E2 have identified 5 and 11 potential 
N-glycosylation sites strongly conserved among different 
genotypes [216]. The glycan portion of the E1E2 heterodi-
mer comprises up to one-third of its total molecular weight, 
effectively reducing the immunogenicity of envelope pro-
teins [217]. It has been shown that several of these glycans 
play an essential role in HCV assembly and infectivity 
and can mask access of neutralizing antibodies to epitopes 
presented on the surface of the viral particle [111]. Thus, 
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regions of gpE1E2 critical to the entry step of the HCV life 
cycle are highly conserved and can be an attractive target for 
antiviral drug therapy.

Carbohydrate-binding agents can be an effective strategy 
for determining the presence and function of carbohydrates 
on pathogens. In addition to their carbohydrate specificities, 
these lectins differ in their quaternary structures and valency. 
CVN has two carbohydrate-binding sites allowing for two-
site binding with the branched glycans Man-8 and Man-9; 
MVL is a homodimeric protein with four carbohydrate-
binding sites and GNA is a tetramer with 12 carbohydrate-
binding sites. Similar to HIV, HCV also contains high-Man 
glycans. A similar approach has been employed to examine 
the inhibitory efficacy of the lectins CVN [170]., GNA [11], 
MVN [218], and GRFT [219] against HCV pseudoparticles 
(HCVpp) and HCV cell culture (HCVcc). As a result, lec-
tins are known to inhibit HCV at millimolar to nanomolar 
concentrations and prevent HCV infection during the early 
stages. Among other lectins are Galectin-3-binding protein 
(Gal-3BP), which is suggested to function as a serum marker 
for the severity of hepatitis virus-induced liver fibrosis 
[220]. Pholiota squarrosa lectin (PhoSL), which specifi-
cally binds to core-fucose, has been found to inhibit HBV 
infection [221].

According to Kachko et al. [11], GNA has high speci-
ficity to HCV that recognizes glycans present in E1E2 
region, which remains accessible for post-binding and can 
be susceptible to E1E2-directed inhibitors. MVL also binds 
oligomannosides containing the chitobiose core such as 
Man3GlcNAc2 and Man6GlcNAc2 with sub-micromolar 

affinities, while CVN binds to the Man1,2Man termini of 
Man8GlcNAc2 (Man-8) and Man9GlcNAc2 (Man-9) [11]. 
Moreover, GNA has a unique carbohydrate recognition 
profile, binding to Man termini in hybrid-type and com-
plex-type N-glycans found at the termini of O-linked gly-
cans [222]. Several plant lectins active against the hepatitis 
viruses are listed in Table 2.

Influenza virus‑specific lectins

Influenza, an acute viral-borne respiratory disease, mani-
fests with high fever, coryza, cough, headache, prostra-
tion, malaise and upper respiratory tract inflammation. The 
viruses causing influenza belong to the Orthomyxoviridae 
family and are enveloped negative-stranded RNA viruses, 
possessing seven to eight gene segments in their genomes 
and exhibiting viral surface envelope proteins of haemag-
glutinin and neuraminidase subtypes [227].

Types A and B classified under the same genus among 
the influenza viruses, while type C belongs to a distinct 
category, each differing in terms of host range and path-
ogenicity. Notably, types B and C predominantly affect 
humans [228]. Influenza B viruses have been found in seals 
and influenza C viruses have been isolated from pigs and 
dogs. However, history has witnessed devastating influ-
enza pandemics, such as the one in 1918, which claimed 
approximately 40 million lives worldwide [229]. Similarly, 
the H1N1 pandemic in 2009 resulted in over 18,000 deaths 
within a year, as reported by the WHO. Furthermore, a new 
influenza virus, H7N9, emerged in eastern China, spreading 

Table 2   Mannose-specific plant and microbial lectins against Hepatitis viruses E-glycoprotein 

Kingdom Family Source Lectin Glycan specificity Reference

Cyanobacteria Microcystaceae Microcystis viridis MVL Man9GlcNAc2 (Man-9) [11]
Nostocaceae Nostoc ellipsosporum CVN Man9GlcNAc2 (Man-9) [11]
Scytonemataceae Scytonema varium SVN Man9GlcNAc2 (Man-9) [223]

Algae Wrangeliaceae Griffithsia GRFT Mannose [219]
Angiosperms Amaryllidaceae

(Monocot)
Galanthus nivalis GNA α1-3 or α1-6 linked

mannoses
[11]

Amaryllidaceae
(Monocot)

Hippeastrum hybrid
agglutinin

HHA α1-3 or α1-6 linked
mannoses

[137]

Fabaceae
(Dicot)

Dolichos biflorus DBA Mannose [224]

Fabaceae
(Dicot)

Ulex europaeus UEA-1 Mannose [224]

Fabaceae
(Dicot)

Glycine max SBA Mannose [224]

Fabaceae
(Dicot)

Arachis hypogaea PNA Mannose [224]

Fabaceae
(Dicot)

Mucuna pruriens (L.) DC MpLec Mannose [225]

Fabaceae
(Dicot)

Pisum sativum PSA Mannose [226]
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to Vietnam and causing 13 deaths and 60 infections (WHO, 
April 14, 2013 report).

Lectins derived from the genus Pseudomonas and Malay-
sian banana have shown antiviral activity against influenza 
by blocking viral entry into host cells [230]. Viruses have 
a remarkable ability to mutate, posing challenges in devel-
oping effective treatments. Mutations that reduce antibody 
binding to haemagglutinin (HA) receptors decrease treat-
ment efficacy [231]. Nonetheless, targeting virus particle 
components, such as post-translational glycosylations has 
shown promise as an antiviral approach against influenza. 
N-glycans attached to influenza surface glycoproteins play 
crucial roles in protein folding, trafficking, HA receptor 
binding and evasion of host antibody detection [232]. How-
ever, the potential toxicity of exogenous lectin treatment due 
to their ability to detect sugar moieties in host cells poses a 
significant obstacle.

Intranasal application of lectins such as CVN and H84T 
Banlec, which bind to high-mannose structures, has dem-
onstrated protective effects against influenza virus chal-
lenges in mice [189]. Moreover, when administered intra-
peritoneally, H84T Banlec exhibited protective properties 
against  influenza virus [233]. Lectins such as Nicotiana 
tabacum agglutinin (NTA) and Urtica dioica agglutinin 
(UDA), which bind to complex-type glycans, have also been 
found to suppress  influenza virus [234]. Similarly, post-
exposure treatment with the antiviral lectin CVN, which 
targets mannobiose substructures on oligomannose glycans, 

has shown significant survival benefit in a murine influenza 
model [202]. Additional plant lectins active against Inflenza 
viruses can be found in Table 3.

Studies involving three-dimensional modeling have 
revealed the structure of Narcissus tazetta lectin (NTL), a 
potent antiviral lectin. NTL consists of two identical 13-kDa 
subunits forming a homodimer and exhibits three subdo-
mains, each containing a conserved mannose-binding site. 
This lectin shares significant homology with existing mono-
cot mannose-binding lectins [235, 236]. NTL has potent 
antiviral activity against influenza A (H1N1, H3N2, H5N1) 
and influenza B viruses with  IC50 values ranging from 
0.20  to 1.33 µg/ml. Nonetheless, more research is needed 
to explore the therapeutic potential of lectins in combating 
influenza and other viral diseases caused by the remarkable 
mutability of viruses.

HSV‑specific lectins

HSV is an enveloped DNA virus of types HSV-1 and 2  
that are genetically similar but epidemiologically distinct. 
HSV-1 typically infects the mouth, leading to oral herpes 
and is primarily transmitted through oral-to-oral contact. On 
the other hand, HSV-2 is commonly associated with genital 
illness. These infections can have catastrophic consequences 
and even be fatal in patients with immature or weakened 
immune systems [242].

Table 3   Mannose-specific plant and microbial lectins against Influenza virus Hemagglutinin 

Kingdom Family Source Lectin Glycan specificity Reference

Algae Solieriaceae Eucheuma serra ESA-2 Mannose [237]
Solieriaceae Kappaphycus alvarezii KAA-2 α1-3 (Man) [238]
Ulvophyceae Boodlea coasta BCA α1-2(Man) [238]
Halymeniaceae Grateloupia chiangi GCL Mannose [128]

Angiosperms Amaryllidaceae (Monocot) Narcissus tazetta NTL Mannose [16]
Musaceae
(Monocot)

Musa acuminate BanLec α-1,6 mannotetrose [233]

Urticaceae
(Dicot)

Urtica dioica UDA Mannose [239]

Amaryllidaceae
(Monocot)

Galanthus nivalis GNA Mannose [239]

Amaryllidaceae
(Monocot)

Hippeastrum hybrid
agglutinin

HHA Mannose [239]

Pandanaceae
(Monocot)

Pandanus amaryllifolius 
Roxb

Pandanin Mannose [240]

Fabaceae
(Dicot)

Lablab purpureus HCN Glc/Man [241]

Fabaceae
(Dicot)

Dioclea sclerocarpa DSclerL Mannose [213]
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Researchers have been exploring the potential of lectins 
in combating HSV infections. For instance, the jackfruit lec-
tin (JFL) isolated from Artocarpus heterophyllus has dem-
onstrated inhibitory action against HSV-2 in vitro and has 
shown a cytopathogenic effect [243]. Another lectin with 
antiviral properties is derived from Typhonium divaricatum 
(L) Decne, a plant belonging to the family Araceae. This 
lectin has Man-binding capabilities and has been shown to 
inhibit HSV-2 [244]. Other Man-specific lectins have shown 
inhibitory efficacy against HSV infection and have been 
summarized in Table 4.

Recently, lectins NML-1 and -2, isolated from Nostoc 
muscorum have been tested for their resistance to HSV-1 
infection using a plaque assay. NML-1 demonstrated early 
suppression of HSV-1 infection while NML-2 inhibited 
HSV-1 infection at a later stage. The findings suggest that 
Nostoc muscorum might serve as a novel source of antivi-
ral lectins with diverse mechanisms of action, making it a 
promising candidate for antiviral therapeutic research [12]. 
Furthermore, BanLec  has shown excellent antiviral activ-
ity against HSV-1 with a selectivity index (SI) of 10.8 and 
an effective concentration (EC50) of 16.0 µg/mL. However, 
its antiviral efficacy against HSV-2 is significantly less as 
evidenced by SI of 2.6 and an EC50 of 67.7 µg/mL [191].

EBOV‑specific lectins

In December 2013, the WHO reported a new EBOV infec-
tion outbreak in the Republic of Guinea [249]. This outbreak 
extended to other West African nations, including Sierra 
Leone and Liberia. Despite efforts, the number of cases 
recorded in Guinea, Liberia and Sierra Leone from January 
to September 2014 showed little evidence that EBOV infec-
tion was declining [250].

 EBOV belongs to the family Filoviridae and the order 
Mononegavirales. It is a negative-stranded, non-segmented 

RNA virus that causes a severe hemorrhagic illness. 
Alongside EBOV, the Marburg virus is the second genus 
in this family and causes a disease similar to EBOV infec-
tion. The third genus Cuevavirus  [251] is only found in 
bats. Bats, particularly the fruit bat species Myonycteris 
torquata, appear to be the most plausible reservoir for 
EBOV infections, although they do not seem to get sick 
[252].

In contrast, humans experience symptoms after an incu-
bation period of 1–25 days, including fever, headache, 
joint muscle and abdominal pain, diarrhea and vomiting. 
At this stage, EBOV infection can be easily mistaken for 
other tropical fevers, such as malaria or dengue. However, 
internal and subcutaneous bleeding during the hemorrhagic 
terminal phase distinguishes EBOV infection [253]. One 
potential treatment for EBOV infections involves the use 
of lectins. GRFT is a lectin that binds to the Asn(N)-linked 
Man5-9 GlcNAc2 structures on the envelopes of various 
viruses, including HIV-1, HIV-2, HCV, SARS coronavirus 
and EBOV. Therefore, GRFT and other lectins have shown 
potential in treating EBOV infections [202]. High-dose 
treatment with MBL has been shown to ameliorate EBOV 
infection and protect against Ebola virus disease (EVD) in 
vivo [17, 202]. Several lectins, such as Con A, syanovirin N 
and other Man-specific plant lectins listed in Table 5, have 
been considered as potential antiviral drugs.

Coronavirus‑specific lectins

On January 12, 2020, the WHO confirmed the spread of 
a novel coronavirus (SARS-CoV-2) in Wuhan, China and 
termed the ensuing disease as "coronavirus disease 2019 
(COVID-19)", an acute respiratory tract infection posing 
a severe threat to global health and economy [256]. Hun-
dreds of millions of patients have been diagnosed as of 
February 2021 and millions more have died. The fatality 

Table 4   Mannose-specific plant and microbial lectins against HSV E-glycoprotein

Kingdom Family Source Lectin Glycan specificity Reference

Bacteria
(cyanobacteria)

Nostocaceae Nostoc ellipsosporum CVN Mannose [245]

Algae Nostocaceae Nostoc muscorum NML Mannose [12]
Wrangeliaceae Griffithsia GRFT Mannose [246]
Halymeniaceae Grateloupia chiangi GCL Mannose [128]

Angiosperms Araceae
(Monocot)

Typhonium divaricatum (L.) Decne TDL Mannose [244]

Asparagaceae (Monocot) Polygonatum odoratum POL Mannose [247]
Amaryllidaceae (Monocot) Narcissus pseudonarcissus NPL Mannose [248]
Pandanaceae
(Monocot)

Pandanus amaryllifolius Roxb Pandanin Mannose [240]

Musaceae
(Monocot)

Musa paradisiaca L Banlec Mannose [191]
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rate has varied from 1 to 10% in different countries, and the 
disease is more contagious than SARS and MERS [257]. 
SARS-CoV, a coronavirus strain identified for its potential 
to cause severe acute respiratory syndrome (SARS), was 
discovered in China's Guangdong province in 2002 [258]. 
Another coronavirus variant, MERS-CoV, was isolated in 
Saudi Arabia in 2012. It was later confirmed to be clini-
cally similar to SARS-CoV [259]. SARS, MERS and SARS-
CoV-2 can cause life-threatening illnesses in humans. Coro-
naviruses are a vast family of RNA viruses (with a positive 
sense, single-stranded RNA molecule having size range of 
27–32 kb) that belong to the Orthocoronavirinae subfamily 
of the Coronaviridae family in the order Nidovirales [260]. 
According to genome sequencing and phylogenetic analy-
sis, SARS-CoV, MERS-CoV and SARS-CoV-2 are zoonotic 
diseases that originated from bat Coronaviruses and infected 
humans directly or indirectly through an intermediate host 
[261].

It has been reported that the lectin  from Urtica dioica 
(UDA) interacts with GlcNAc-like residues on glycosylated 
envelope glycoprotein of SARS-CoV, limiting its binding to 
host cells [262].  MERS-CoV   has been  inhibited using lec-
tin GNA, which can detect the disaccharide Man(1–3)Man 
near the end of the glycoprotein viral envelope [263]. SARS-
CoV-2 spike protein is highly glycosylated with 23 poten-
tial N-glycosylation sites, 12 of which are adequately gly-
cosylated [264]. As a result, lectins specific to the glycans 
found in the spike glycoprotein should be expected to limit 
SARS-CoV-2 infectivity.

The spike glycoproteins (S) of the SARS-CoV and SARS-
CoV-2 bind to angiotensin-converting enzyme 2 (ACE2) 
allowing them to enter into host cells [265]. The difference 
in viral proteins between SARS-CoV and SARS-CoV-2 is 
only 25%  [266]. Several N-glycosylated surface sites rich in 
Man, hybrid N-glycans and complex N-glycans are found on 
SARS-CoV spike protein (S) [267]. Furthermore, high-Man 
glycans are found at the top of the S-glycoprotein, whereas 
complex N-glycans are located at the bottom near the viral 
envelope surface [268]. S-glycoprotein can be the primary 
target for antiviral medications and is expected to prohibit 
coronavirus from adhering to these cells. Lectins such as Con 
A, and those from Lathyrus sativus (LEC), Lens culinaris 
(LCA), Onobrychis viciifolia (OVA), Pisum sativum (PSA), 

Vicia faba agglutinin (VFA) and Vicia cracca (VCA) can 
interact with S-glycoprotein [269].

SARS-CoV-2, like other RNA viruses, is prone to genetic 
evolution as it adapts to new human hosts. Over time, muta-
tions occur, forming variants with distinct features from the 
original strains. Since then, additional SARS-CoV-2 variants 
have been identified, with a number categorized as vari-
ants of concern (VOCs) due to their public health concerns 
[270]. According to a recent WHO epidemiological bulletin, 
five SARS-CoV-2 VOCs have been diagnosed since the pan-
demic began in December, 2019. All five recognized VOCs 
have mutations in the RBD and NTD viz. Alpha (B.1.1.7); 
Beta (B.1.351); Gamma (P.1); Delta (B.1.617.2); and Omi-
cron (B.1.1.529) [271], of which N501Y mutation located on 
the RBD is common to all variants except the Delta variant. 
As a result of the spike proteins' affinity for ACE2 receptors, 
viral attachment and subsequent invasion into host cells are 
enhanced [272].

The RBD is found in the S1 subunit of S-glycoprotein, 
which allows coronavirus to bind to the peptidase domain 
of ACE2. In contrast, the S2 subunit is majorly involved 
in membrane fusion during viral infection [93]. S-gly-
coprotein of SARS-CoV-2 has shown 22 N-glycan resi-
dues when the protein was expressed in human HEK-293 
cells, indicating extensive glycosylation [273, 274]. 28% 
of the total molecular weight of the S protein comprises 
oligomannose-type glycans and the N234 glycoside 
beside the RBD exhibits Man5-GlcNAc2 oligomannose-
type glycans [273].

GRFT has been reported to block the entry of the SARS-
CoV-2 into  Vero E6 cell lines and the type I interferon 
(IFN) receptor (IFNAR) knockout mouse models by attach-
ing to the spike protein of the SARS-CoV-2 [275]. FRIL 
derived from Lablab purpureus is a Glc/Man-specific 
plant lectin, effective both in vivo and in vitro for neutral-
izing SARS-CoV-2 by binding to complex type N-glycans 
on viral glycoproteins [241]. In addition, a Man-specific 
plant lectin isolated from Lens culinaris has a significant 
SARS-CoV-2 inhibitory impact in the early stages of infec-
tions. This lectin obstructs the ACE2-S trimer by binding 
to oligomannose-type glycans and N-acetylglucosamine at 
glycosylation sites N165, N234 and N343 located around 
the receptor-binding domain and epidemic variants B.1.1.7,  

Table 5   Mannose-specific plant and microbial lectins against EBOV E-glycoprotein

Kingdom Family Source Lectin Glycan specificity Reference

Bacteria
(cyanobacteria)

Nostocaceae Nostoc ellipsosporum CVN Man-8 and Man-9 [254]
Scytonemataceae Scytonema varium SVN Mannose-oligosaccharides [10]

Angiosperms Musaceae
(Monocot)

Musa acuminate BanLec Mannose [17]

Amaryllidaceae
(Monocot)

Hippeastrum hybrid lectin HHL Mannose [255]
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B.1.351 and P.1. Antiviral activity of lentil lectin has also been  
observed against both SARS-CoV and MERS-CoV [276].

According to molecular docking and MD simulation stud-
ies, BanLec targets N-glycans of S-glycoprotein to lower 
SARS-CoV-2 infectivity [277]. Some antiviral plant and 
microbial lectins are reportedly potent inhibitors of Coro-
naviruses as listed in Tables 6, 7 and 8. Withania somnif-
era (L.) Dunal,  known as Indian ginseng has been reported 
as an antiviral medicinal herb with the potential to alleviate 
COVID-19 [278]. In silico docking and molecular dynamics 
studies have shown that the phytochemicals in W. somnifera 
(WS) can also stop the SARS-CoV-2 virus from infecting 
and replicating in host [279]. WS phytochemicals have dis-
played potent binding to  host ACE2 receptor complex as 

well as the RBD of S protein of SARS-CoV-2 [280]. It is 
worth mentioning that a Man-specific lectin has been iso-
lated from the leaves of WS W. somnifera having potential 
affinity for S protein of SARS-CoV-2 [281]. CVN has been 
found to have high binding energy scores with the spike pro-
tein, main protease (Mpro), and papain-like protease (PLpro) 
of SARS-CoV-2 [282].

Lectins as  Adjuvants

The role of lectins as adjuvants in vaccines has been 
extensively studied and documented in the literature. Lec-
tins are proteins that have the ability to bind to specific 

Table 6   Mannose-specific plant and microbial lectins against SARD-CoV Spike (S) protein

Kingdom Family Source Lectin Glycan specificity Reference

Algae Wrangeliaceae Griffithsia GRFT Man [283]

Angiosperms

Amaryllidaceae
(Monocot)

Hippeastrum hybrid agglutinin HHA Mannose [284]

Amaryllidaceae
(Monocot)

Galanthus nivalis agglutinin GNA Mannose [284]

Orchidaceae
(Monocot)

Cymbidium agglutinin CA Mannose [284]

Urticaceae
(Dicot)

Urtica dioica UDA Mannose [262]

Amaryllidaceae
(Monocot)

Galanthus nivalis GNA α1-3 or α1-6 linked
mannoses

[27]

Amaryllidaceae
(Monocot)

Hippeastrum hybrid
Agglutinin

HHA α1-3 or α1-6 linked
mannoses

[27]

Amaryllidaceae
(Monocot)

Allium ampeloprasum L APA Mannose [284]

Amaryllidaceae
(Monocot)

Allium ursinum AUA​ Mannose [284]

Fabaceae
(Dicot)

Canavalia ensiformis Succinyl-Con A Man [285]

Fabaceae
(Dicot)

Cladrastis lutea CLA Man [27]

Fabaceae
(Dicot)

Lens culinaris LCA Man [276]

Moraceae
(Dicot)

Morus nigra Morniga-M Man [27]

Fabaceae
(Dicot)

Phaseolus vulgaris PHA Complex glycans [286]

Table 7   Mannose-specific plant and microbial lectins against MERS-COV Spike (S) protein

Kingdom Family Source Lectin Glycan specificity Reference

Algae Wrangeliaceae Griffithsia GRFT Man [197]

Angiosperms

Amaryllidaceae
(Monocot)

Galanthus nivalis
agglutinin

GNA disaccharide mannoseα 
(1–3)

[284]

Musaceae
(Monocot)

Musa acuminata Colla H84T-BanLec Mannose [192]

Fabaceae
(Dicot)

Lens culinaris LCA Man [276]
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carbohydrates and they have been shown to enhance immune 
responses when used as adjuvants in vaccines [290]. In 
mammals, lectins have been widely used as adjuvants in 
vaccines against viral infections because they attract more 
cells to the site of inflammation and regulate the immune 
functions of the recruited cells. Lectins have a role in immu-
nological recognition and host defense against pathogens 
[290]. For example, lectins are up-regulated in response to 
microorganismal/viral infection in fish cells inducing an 
antiviral state [290]. Lectins also display enhanced immune 
responses to intranasally co-administered HSV glycoprotein 
D2 [291].

Additionally, lectins have been explored as potential adju-
vants for antiviral vaccines, including those against mem-
bers of the Coronaviridae family [292]. The use of lectins 
as adjuvants for viral vaccines, particularly those against 
SARS-CoV-2, is an option that needs to be evaluated  with 
COVID-19 vaccines [293]. Lectins can modulate dendritic 
cells resulting in the selective up-regulation of costimulatory 
molecules, making them strong mucosal adjuvants [291]. 
They have also been found to interact with glycosylated toll-
like receptors (TLR) on macrophages and dendritic cells, 
fulfilling the role of vaccine adjuvants [294]. Furthermore, 
lectins have been investigated as potential adjuvants in 
development of coccidial vaccines [295].

Plant-derived lectins such as those from Abrus precato-
rius and Synadenium carinatum latex, have been shown to 
have immunostimulatory and adjuvant effects [296, 297]. 
Legume lectins, such as SBA, PNA, ConA and PHA induce 
Th1 response and are considered potential vaccine adju-
vants [294]. Lectins from Xylaria hypoxylon and Pleurotus 
ostreatus have been reported to enhance immune responses 
in mice [298]. Moreover, lectins from mistletoe (Viscum 
album L.) have been used in adjuvant cancer therapy for 

more than 50 years [299]. The immunostimulatory activities 
of mistletoe lectins is exerted through lectin-carbohydrate 
interactions [299].

In conclusion, lectins have been extensively studied as 
adjuvants in vaccines and have shown promising results in 
enhancing immune responses. They have been used in mam-
malian systems, including humans as well as in aquaculture. 
Lectins have been found to modulate immune functions, 
induce antiviral states and enhance immune responses to 
specific antigens. They have also been explored as potential 
adjuvants for viral vaccines including those against SARS-
CoV-2. Lectins from various sources, including plants and 
mistletoe have been investigated for their immunostimula-
tory and adjuvant effects. Using lectins as adjuvants offers 
the potential for developing highly effective vaccines and 
immunotherapies. Further research is needed to fully under-
stand the mechanisms of action and optimize the use of lec-
tins as adjuvants in different vaccine formulations.

Mannose‑specific lectins as prophylactic, 
diagnostic and therapeutic agents

In Prophylaxis

Plant lectins have been investigated for their immunomod-
ulatory properties and their potential to improve the host 
immune response against microbial infections [22]. Experi-
mental studies have shown that plant lectins are used prophy-
lactically to enhance the survival of mice under microbial 
challenge. Additionally, lectins have been used in combina-
tion with parasite antigens to induce more efficient immuni-
zation [22]. These findings suggest that immunomodulatory 

Table 8   Mannose-specific plant and microbial lectins against SARS-COV-2 Spike (S) protein

Kingdom Family Source Lectin Glycan specificity Reference

Algae Wrangeliaceae Griffithsia GRFT Man [287]

Angiosperms

Fabaceae
(Dicot)

Lablab purpureus FRIL Glc/Man [241]

Musaceae
(Monocot)

Musa acuminata Colla H84T-BanLec Mannose [192]

Fabaceae
(Dicot)

Lens culinaris LCA oligomannose-
type glycans and
GlcNAc

[276]

Fabaceae
(Dicot)

Canavalia ensiformis Con A α-D-Man and α-D-Glc [285]

Amaryllidaceae
(Monocot)

Galanthus nivalis GNA Man [288]

Fabaceae
(Dicot)

Phaseolus vulgaris PHA Complex glycans [289]
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plant lectins have the potential to be used as prophylactic 
agents against microbial infections.

Vaccination is probably the most effective approach 
for assisting the immune system's activation of protec-
tive responses against illnesses and reducing morbidity 
and mortality, as proven by historical records. During 
public health emergencies, however, new and alternative 
vaccine design and development approaches are neces-
sary for rapid and widespread immunization coverage in 
order to manage a disease outbreak and prevent the epi-
demic from spreading. Traditional vaccine approaches, 
such as attenuated or dead microorganisms, have failed 
to protect against numerous illnesses due to a variety of 
factors, including inability to trigger immune responses 
and low efficiency. Therefore, it is necessary to include a 
robust immunomodulatory adjuvant capable of enhancing 
and directing immune responses against specific disease 
antigens with vaccination [300]. The most challenging 
aspect of vaccination is induction of long-lasting immu-
nity, which is typically lower using live or inactivated 
organisms [301, 302]. Plant lectins are being consid-
ered for exploration in adjuvant/carrier formulations for 
chemotherapeutic and preventive vaccine manufacturing 
due to their potential in medicinal applications [295]. 
Lectin-mediated vaccine formation has been found to 
enhance the potency of oral vaccines by targeting intes-
tinal M-cells [303]. Certain plant-derived lectins such as 
SBA, PNA, Con A and PHA can act as TLR agonists by 
interacting with the glycosylated TLR receptor on mac-
rophages and dendritic cells [295, 304].

Extensive studies have been conducted on the role of 
lectins as adjuvants in various fields including infectious 
diseases, cancer therapy and vaccine development. Lec-
tins can serve as biopharmaceuticals, biomedical tools or 
design components of drugs. Lectins have demonstrated 
both promotive and suppressive roles in human cancers 
depending on their homology or heterology. Addition-
ally, lectins have been investigated as potential therapeu-
tics against viral infections including COVID-19, with 
advancements in protein engineering to enhance their 
efficacy. Furthermore, lectins have been explored as 
immunoadjuvants by promoting an immune response when 
co-administered with other antigens. They have also been 
identified as mediator molecules for bacterial adhesion to 
specific carbohydrate receptors on host tissues. Moreover, 
lectins can modulate the immune system depending on the 
context, acting as immunostimulants or immunoinhibitors. 
The fine structure of lectins and their binding affinity to 
carbohydrates play a crucial role in their adjuvant proper-
ties. Overall, lectins show promise as versatile and effec-
tive adjuvants in various applications, including vaccine 
development and cancer therapy [300–304].

In Disease Diagnosis

In addition to their antiviral activity, mannose-specific lec-
tins have been widely used in viral diagnostics. Lectins can 
be immobilized on surfaces to trap viral particles and inhibit 
their spread and replication [119]. Concanavalin A (Con A), 
a mannose-specific lectin, has been used to separate coro-
naviruses from crude viral suspensions so that they can be 
used in molecular diagnostic methods [305]. Con A is the 
most commonly employed glucose- and mannose-selective 
lectin. In order to make glucose and hydrogen peroxide sen-
sors, Con A is great for immobilizing enzymes like glucose 
oxidase (GOx) and horseradish peroxidase (HRP) to solid 
supports that are covered in intrinsic hydrocarbon chains. 
Con A biosensors that are sensitive to glucose, cancer cells 
and harmful microorganisms  can be made using modified 
electrodes [306]. A Con A based zinc oxide nanobiosensor 
can identify mannose-glucose residues in viruses such as 
DENV2, Zika, Chikungunya and Yellow fever as well as 
discriminate between arboviral infections [307].

Another lectin utilized in biosensors for dengue detec-
tion is Cramoll, a glucose/mannose-binding lectin isolated 
from Cratylia mollis seeds [308]. A sensitive and selective 
dengue serotyping biosensor has been constructed using a 
gold nanoparticle polyaniline hybrid composite designed to 
immobilize Bauhinia monandra lectin (a galactose-specific 
lectin) [309]. Thus, mannose, glucose, galactose, N-acetyl-
glucosamine and N-acetyl-galactosamine specific plant 
and microbial lectin-based biosensors have been designed 
to detect specific viruses in biological samples sensitively, 
including coronavirus [284, 310, 311].

Lectins are also used in clinical laboratory for the iden-
tification and taxonomic classification of microorganisms, 
including viruses [312]. The ability of lectins to bind to car-
bohydrates on the surface of cells and viral envelopes makes 
them valuable tools for the detection and characterization of 
viruses [9].

In Therapy

Apart from their diagnostic applications, mannose-specific 
lectins have been utilized in drug delivery systems. The 
tetrameric structure of dendritic cell-specific intercellular 
adhesion molecule-3-grabbing nonintegrin (DC-SIGN), a 
mannose-binding lectin, allows for great selectivity toward 
mannose- and/or fucose-containing glycopolymers [313]. 
This selectivity can be exploited to target drugs specifically 
to dendritic cells, which play a crucial role in the immune 
response to viral infections [313]. Mannose-specific lectins 
have also been investigated for their potential as carriers for 
the delivery of chemotherapeutic agents [314].
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In recent years, several lectins from plants and microbes 
have been identified and studied including griffithsin 
(GRFT), actinohivin (AH), concanavalin-A (ConA), cyano-
virin-N (CV-N), microvirin (MVN) and banana lectin (Ban-
Lec). Like GRFT, another lectin CV-N has been found to 
inhibit entry and cell-to-cell spread of HSV-1. Moreover, a 
mannose-binding lectin from Typhonium divaricatum (L.) 
Decne and Jackfruit lectin (JFL) from Artocarpus hetero-
phyllus have shown potent antiviral activity against HSV-
II. Furthermore, a GNA-related mannose-binding lectin 
from Polygonatum odoratum (POL) has been found to exert 
remarkable anti-HSV-II effects [10, 247]. Other investi-
gations have shown that CV-N, Microcystis viridis lectin 
(MVL) and Galanthus nivalis agglutinin (GNA) inhibit 
HCV in vitro with IC50 values of 0.6 nM, 30.4 nM and 
11.1 nM, respectively [11]

Lectins from red alga Kappaphycus alvarezii (KAA-2), 
green alga Boodlea coacta (BCA) and the mannose-specific 
Narcissus tazetta lectin (NTL) have been found to exert 
potent anti-influenza effects by directly binding hemagglu-
tinin (HA) of multiple strains of influenza virus [10]. Addi-
tionally, by specific binding to the spike glycoprotein of 
coronaviruses, agglutinins like Hippeastrum hybrid agglu-
tinin (HHA), GNA, Cymbidium agglutinin (CA), GRFT, 
and Urtica dioica agglutinin (UDA) have been found to 
exhibit antiviral activity against coronaviruses in vitro and 
in vivo [10].

Conclusion

The inadequacy of primary healthcare infrastructure in the 
underdeveloped countries of the world explains the dispari-
ties in health status and illness burden. As a result, research 
towards speedy, simple, cost-effective and uncomplicated 
diagnostics for infectious diseases is required to address the 
issue. Using millions of distinct tags of viruses and their sero-
vars/serotypes, the science of glycoproteins holds immense 
potential. Many health-related issues can be addressed by 
using molecular biology and nanotechnology techniques at 
the point of-use to make quick diagnoses. As a result, we 
must revisit our current health-related research and practices 
to improve our diagnostic and healthcare delivery systems. 
Biosensors can become promising technologies for detecting 
viruses by using MBLs and other lectins as biolgical rec-
ognition elements in the biosensor. Biosensors are sensitive 
and analytical devices that translate biological responses into 
electrical, optical or mass signals [315]. They have grown in 
popularity over time due to benefits such as rapid real-time 
detection, portability, ease of use and multi-pathogen identi-
fication in field and laboratory tests [316].

These immunotherapeutic investigations have improved 
the understanding of the host-pathogen relationship, which 

may aid in the development of new therapeutic strategies. 
Plant lectins are known to have distinct biological targets 
yet their effects have not been studied clinically except in 
cancer therapy. Another disadvantage is the scarcity of suit-
able purification strategies for the synthesis of numerous 
lectins. Protein engineering and drug delivery technique 
improvements would enable production of large quantities 
of smaller lectin fragments with higher target specificity. 
Antiviral therapies can limit virus multiplication or prevent 
virus entry into host cells. Understanding host-pathogen 
interactions is central to developing modern treatments for 
infectious diseases.

Lectins, including cyanovirin-N, scytovirin and grif-
fithsin, have shown antiviral activity against various 
enveloped and non-enveloped viruses. Investigations to 
understand in vivo efficacy of lectins as prophylactic, 
diagnostic and therapeutic agents, including their toxico-
logical aspects, immunogenicity and large-scale produc-
tion for clinical use are currently underway. The present 
review highlights recent improvements in understanding 
of antiviral potential of lectins and provides an update 
of the most recent research findings in this fiercely dis-
puted area. Overall, more knowledge of "glycovirological" 
aspects, antiviral lectins and glyco-biotechnology would 
lead to the development of highly effective next-gener-
ation antiviral biotherapeutics and prophylactics against 
the  currently raging SARS-CoV-2 pandemic and possibly 
other emerging viruses in the twenty-first century. The 
envelopes of many viruses are rich in mannose, hybrid and 
complex N-glycans. The envelope glycoprotein is crucial 
to the viral life cycle and is a primary target for antiviral 
drugs. The specificity of the viral envelope glycoproteins 
must be defined. Several attempts have been made in the 
context of developing potent antiviral compounds based 
on glycans to prevent many viral infections. Lectins have 
various applications  as antimicrobial agents, absorbents, 
biological tools in nanosensors/ biosensors and diagnos-
tics. Certain lectins are additionally utilized as adjuvants 
to formulate effective vaccines. Lectins can be promis-
ing R&D interventions  against viruses  and drug resist-
ance issues, but their effectiveness as biopharmaceuticals 
depends on future advancements in research.

Future prospectives

Lectins, notably mannose-specific plant and microbial lec-
tins, have shown potential as antiviral agents. They have 
been found to inhibit the replication of coronaviruses by 
interfering with multiple targets in the viral replication cycle 
[284]. Mannose-specific plant lectins derived from seaweed 
have demonstrated the ability to block the replication of 
various enveloped viruses including influenza virus, herpes  
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virus and HIV-1 [268]. These lectins have also been shown to 
have anti-coronavirus properties, except garlic lectins [317]. 
Mannose-binding lectins have been suggested as potential 
antiviral agents due to their ability to interact with glycans 
involved in viral entry mechanisms [119]. Plant-derived 
mannose-specific lectins have been found to inhibit and neu-
tralize SARS-CoV-2 infectivity in vitro, in vivo and in silico 
[18]. Additionally, antiviral mannose-binding plant lectins 
have potential applications in preventing and controlling viral 
infections [130]. Depending on their origin, mannose-specific 
lectins from plants, fungi, algae and bacteria have been found 
to recognize either complex-type N-glycans or high-man-
nose-type N-glycans [27]. Some authors consider mannose/
glucose/N-Acetylglucosamine binding lectins potent antiviral 
agents against coronaviruses, including SARS-CoV-2 [74]. 
A high-mannose specific lectin derived from the green alga 
Halimeda renschii has exhibited potent anti-influenza virus 
activity through high-affinity binding to the viral hemagglu-
tinin [318]. MBLs also play a crucial role in the lectin path-
way of complement activation. [319]. MBL status in host can 
be either advantageous or disadvantageous when considered 
from the viewpoint of the severity of a particular illness. It 
is known that people having higher levels of MBL are better 
able to modulate inflammation in contrast to those deficient 
in MBL who are at risk of sepsis and systemic inflamma-
tory response syndrome (SIRS). For these reasons, we believe 
that analyses of the relevance of MBLs should extend beyond 
their established role in infectious diseases and include clini-
cal areas such as autoimmunity and inflammatory disorders.
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