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Abstract
Mannan-binding lectin (MBL) plays an essential role in the innate immune system, being a first-line 
defense against a variety of pathogens. As a pattern recognition molecule, MBL binds to specific 
carbohydrate structures on the surface of bacteria, viruses, fungi, and parasites. This binding activates 
the lectin complement pathway, resulting in pathogen opsonization, inflammation, and direct lysis. 
Additionally, MBL stimulates phagocytosis by promoting microbe recognition and uptake by immune 
cells. Low levels or variant alleles of MBL are associated with enhanced risk of infection, autoimmune 
diseases, and inflammatory pathologies. In this review, we investigate MBL’s molecular mechanisms 
and physiological role, as well as its clinical relevance and therapeutic opportunities. Based on updated 
knowledge on immunology and genetics, we analyze how deficiencies in MBL affect immune responses 
and diseases. We speculate on the possibility of MBL-based therapies to cure immune-related diseases. 
Despite MBL’s important role in immunity, we are far from a comprehensive understanding of its 
interactions in the larger network of innate immunity. Generating therapeutic strategies that boost 
MBL function in immunocompromised hosts would be of interest.
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INTRODUCTION 

The basics of the immune system
	 The innate immune system is the front 
line of defense against pathogens. It is fast-
acting and nonspecific in response to infections.1 
and is capable of a response without prior 
exposure to a pathogen, unlike the adaptive 
immune system.2 It consists of various physical 
barriers, immune cells, and soluble mediators.3 
Physical barriers, such as the skin and mucous 
membrane, are the first line of defense that 
prevents pathogen entry.4 Immune cells, including 
natural killer cells, neutrophils, dendritic cells, and 
macrophages, are activated when these barriers 
are breached.5 These cells recognize common 
pathogen-associated molecular patterns (PAMPs) 
via pattern recognition receptors, leading to the 
engulfment and elimination of the invaders.6 For 
example, Toll-like receptors (TLRs) on macrophages 
activate phagocytosis and inflammation after 
recognizing bacterial elements.7 A group of plasma 
proteins, the complement system, is critical as 

it either directly kills infections or targets them 
for removal.8 Pathogen lysis is mediated by the 
membrane attack complex (MAC), generated 
following activation of the complement cascade8 
Detachable effectors known as cytokines and 
chemokines facilitate immune cell attraction 
and intensify the work of these cells, thereby 
orchestrating inflammation.9 A cytokine that is 
particularly important for anti-viral defense is 
interferon, which prevents viruses from replicating 
in the host.10 The innate immune system is faster 
but less accurate and has no memory, unlike the 
acquired immune system.11 However, it is critically 
important to the initiation and expansion of 
adaptive defense.11 One such cell type is dendritic 
cells, which process antigens and present them 
to T cells. Thus, dendritic cells bridge innate and 
adaptive responses12 (Figure 1). In summary, the 
network of physical barriers, immune cells, and 
soluble factors comprising the innate immune 
system provides the first line of defense against 
infections, as well as forming the basis for the 
subsequent adaptive immune response. 

Figure 1. The interplay between innate and adaptive immunity. Physical and chemical barriers are the first line 
of defense and are followed by innate immune cells and soluble mediators that sense pathogens and begin the 
process of phagocytosis. This, in turn, introduces antigens to T cells, which form a link between innate and adaptive 
immune responses
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Pattern recognition molecules and mannan-
binding lectin
	 Pattern recognition molecules (PRMs) 
are required for the rapid detection and killing of 
potential pathogens in innate immunity.13 PAMPs, 
which are conserved structures that are absent 
in the host cell system but abundant in microbes, 
can be recognized by these molecules.14 There 
are two classes of PRMs: soluble PRMs (collectins, 
ficolins, and pentraxins); and membrane-bound 
receptors or TLRs.15 Mannan-binding lectin (MBL), 
a soluble PRM, is a key component of the lectin 
complement activation pathway, one of the 
essential components of the innate immunological 
response.16 MBL is mainly synthesized in the 
liver and is a C-type lectin that circulates as an 
oligomeric protein in the blood.17 It is linked 
to MBL-associated serine proteases (MASPs), 
and the activation of the MBL–MASP complex 
leads to complement activation on recognition 
of pathogens. This results in direct lysis of the 
microorganism by the MAC as well as enhanced 
phagocytosis and opsonization.8 In addition to 
its role in pathogen clearance, MBL contributes 
to immunological homeostasis via inflammation 
regulation and apoptotic cell clearance.18 However, 
genetic polymorphisms in the MBL2 gene alter 
MBL levels and functional activity, rendering some 
individuals more susceptible to autoimmune 
diseases, inflammatory diseases, or recurrent 
infections. Due to these properties, MBL has been 
suggested as a useful biomarker for severity of 

and susceptibility to disease.16 Understanding 
the mechanisms underlying MBL activity has 
opened new opportunities to develop therapeutic 
interventions for immune-based diseases.19 
MBL’s complex role in innate immunity and its 
implications for human health and disease warrant 
further consideration. 

Should the role of mannan-binding lectin be 
reviewed?
	 As an important PRM, MBL recognizes the 
carbohydrate part of microorganisms and initiates 
the lectin complement cascade, which destroys the 
invading pathogen.20 However, the importance of 
MBL extends beyond complement activation as 
it also functions in opsonization, inflammation 
modulation, and the clearance of apoptotic cells.15 
The study of MBL in different diseases is important 
because of its broad spectrum of immunological 
activities.21 Interindividual differences in immune 
responses are associated with the genetic diversity 
of the MBL2 gene, which in turn influences MBL 
levels and activity. Increased susceptibility to 
infections has been attributed to MBL deficiency, 
particularly in immunosuppressed individuals, 
neonates, and patients with chronic diseases.22 
Conversely, increased MBL activity is associated 
with autoimmune and inflammatory disorders, 
such as systemic lupus erythematosus and 
rheumatoid arthritis.23 Knowledge of MBL’s role 
in both disease and health may provide insights 
into how its dysregulation affects etiology and its 

Figure 2. The structural organization of mannose-binding lectin (MBL), showing its monomeric domains, assembly 
into homotrimers, and further oligomerization into functional complexes
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potential diagnostic and therapeutic applications.24 
Moreover, the study of MBL as a biomarker could 
be of assistance in prognosis and risk prediction for 
inflammatory and infectious conditions.25 Further 
investigation of the molecular mechanisms of MBL 
activity could expand our ability to manipulate 
immune responses for therapeutic benefit. A 
more thorough understanding of MBL’s function 
is important for the establishment of novel 
therapeutic strategies and improved disease 
management in the broader context of innate 
immunity.

Structure and biochemistry of mannan-binding 
lectin
Structure of mannan-binding lectin at the 
molecular level
	 Mannan-binding lectin is an oligomeric 
protein composed of many subunits, each 
containing a C-type lectin domain that is 
responsible for recognizing carbohydrate patterns 
on the surface of pathogens.26 MBL is a trimer 
composed of 32 kDa polypeptide chains,27 which 
constitute a homotrimer through a triple-helical 
region that is reminiscent of collagen.27 The major 
structural unit of MBL is a trimer of identical 

Figure 3. Mannan-binding lectin’s (MBL’s) binding to microbes activates MASP-1 and MASP-2, resulting in the 
activation of the lectin pathway. MASP-2 cleaves C4 and MASP-1 cleaves C2, leading to the creation of C3 convertase 
(C4b2a). C3 convertase subsequently cleaves C3 to form C3a and C3b, which induce opsonization and increased 
pathogen elimination



	  www.microbiologyjournal.org5Journal of Pure and Applied Microbiology

Abosalif et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.4.01

polypeptide chains with a molecular mass of 
≈kDa. The chains form a homotrimer through 
a collagen-like triple helical domain.16 Optimal 
pathogen recognition and complement activation 
require that the trimers can further oligomerize 
into higher-order oligomers, most often as tetra- or 
hexameric assemblies28 (Figure 2). MBL activates 
the lectin pathway of the complement system by 
binding with high affinity to mannose, fucose, 
and N-acetylglucosamine residues on microbial 
surfaces in certain structural orientations.29 
This activation is mediated by MASPs, including 
MASP-1 and MASP-2, which cleave complement 
factors C4 and C2, leading to the generation of 

the C3-convertase complex.30 Since higher-order 
multimers show greater binding affinity and more 
efficient complement activation, MBL’s oligomeric 
structure is a requirement for functional activity.31 
In addition, genetic polymorphisms affecting MBL 
oligomerization and serum levels could potentially 
contribute to an individual’s predisposition to 
inflammatory and infectious diseases32 (Figure 3). 
Understanding MBL’s structure at the molecular 
level contributes to knowledge about how it 
operates in host defense and how receptor-
interacting protein (RIP) kinases of the immune 
system are affected by MBL deficiencies. 

Figure 4. Mannan-binding lectin (MBL) recognizes specific microbial carbohydrate structures such as mannose 
and fucose. MBL activates the complement system via C3 convertase, leading to opsonization, phagocytosis, and 
pathogen lysis. Additionally, MBL can directly neutralize viruses by preventing their entry into host cells
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Genetics and polymorphisms of mannan-binding 
lectin
	 The MBL  gene (MBL2 )  i s  h ighly 
polymorphic and its changes have a marked 
influence on MBL’s functional efficiency and 
serum levels.32 Transcriptional efficiency and 
protein stability are altered by polymorphisms 
in the promoter and structural regions of the 
MBL2 gene.33 Three common single-nucleotide 
polymorphisms (SNPs) in exon 1—at codons 52 (D 
variant), 54 (B variant), and 57 (C variant)—disrupt 
the collagen-like domain, impair oligomerization, 
and consequently reduce MBL activity.33 In 
addition, MBL expression is regulated by 
polymorphisms in the promoter area, including 
-221 X/Y and -550 H/L.31 These genetic variants 
result in phenotypic variation in susceptibility to 
inflammatory diseases, autoimmune diseases, 
and infection.34 Defective MBL allele carriers 
lack appropriate levels of MBL in serum, which 
limit their ability to trigger the lectin pathway of 
complement activation.16 Although MBL deficiency 
has been shown to be associated with increased 
risk of bacterial, viral, and fungal infections, 
alternative evidence suggests a protective role 
for this molecule in inflammatory diseases such as 
cystic fibrosis and systemic lupus erythematosus.35 

MBL polymorphisms have clinical implications 
for disease severity, susceptibility, and therapy. 
Understanding the genetic basis of variations in 
MBL concentrations provides information about 
host–pathogen interactions and their application 
in personalized treatment, mainly for populations 
showing diversity in the MBL gene.36 Further 
study of MBL polymorphism and its functional 
consequences may provide greater insights into 
innate immune function in health and disease in 
humans.

Mode of binding to pathogens
	 Mannan-binding lectin, being one 
of the key components of the innate immune 
system, recognizes and binds to PAMPs such 
as those present on the surface of various 
bacteria.37,38 Structurally, MBL is an oligomeric 
protein with numerous carbohydrate-binding sites 
or recognition domains, which serve to increase 
the avidity of MBL binding through multivalent 
association with the pathogen surface.39 On 
binding to a potential target, MBL activates the 
lectin complement pathway, in cooperation 
with MASPs. This causes the complement 
factors C4 and C2 to cleave, thus creating the C3 
convertase complex.16 This activation results in 

Figure 5. The lectin pathway of the complement system. Mannan-binding lectin (MBL) binds to the surface of the 
microbe and becomes the receptor for MASPs, which subsequently cleave C4 and C2 to produce C3 convertase 
(C4b2a). C3 convertase splits C3 to C3a and C3b, resulting in the membrane attack complex (MAC), phagocytosis, 
and opsonization



	  www.microbiologyjournal.org7Journal of Pure and Applied Microbiology

Abosalif et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.4.01

the production of the MAC that leads to pathogen 
lysis and opsonization, thereby aiding immune cell 
phagocytosis.40 Moreover, MBL can recognize and 
directly kill some viruses and thus prevent them 
from infecting host cells by blocking their binding 
to host cell receptors. MBL has been shown to 
induce immune cell recruitment and inflammation 
as well as complement activation, which clears 
pathogens.41 The role of MBL-dependent immune 
responses varies from person to person according 
to their genotype, which affects both the functional 
capacity of the lectin and its serum levels; this 
susceptibility to infection is then determined by 
the state of the antigen-presenting cells42 (Figure 
3). Understanding the molecular mechanisms 
associated with MBL–pathogen interactions 
will not only increase our knowledge about the 
function of MBL in host defense but will also be 
invaluable in the development of MBL-based 
strategies for the treatment of infectious diseases 
and immunodeficiencies.

Mannan-binding lectin in pathogen recognition
Role in recognizing microbial carbohydrate 
patterns
	 Mannan-binding lectin, which recognizes 
and binds to certain sugar structures on the 
surface of various bacteria, is necessary for 
innate immunity.43 MBL, as a pattern recognition 
receptor, recognizes PAMPs, such as mannose 
and N-acetylglucosamine residues, present on 
bacteria, viruses, fungi, and parasites. It is a critical 
component of the lectin pathway of complement 
system activation.13 MBL binds to these microbial 
carbohydrates and then cleaves the complement 
proteins C4 and C2, leading to conformational 
changes that stimulate the activation of MASPs.44 
The end products of this cascade are the MAC, 
opsonization, and enhanced phagocytosis by 
immune cells.45 MBL not only contributes to 
opsonophagocytosis and inflammation, but also 
increases activation of the complement system, 
thereby enhancing the immune system. Its 

Figure 6. The function of mannan-binding lectin (MBL)-associated serine proteases (MASPs) in the lectin pathway. On 
ligation by microorganisms, MBL, MASP-1, -2, and -3 are activated by conformational alterations. MASP-2 produces 
C3 convertase that cleaves C3 into C3a and C3b, which activate phagocytosis, inflammation, and coagulation
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importance for the first-line defense mechanism is 
demonstrated by its broad pathogen recognition.46 
Furthermore, MBL’s crucial role in microbial 
detection and clearance is highlighted by the 
association between MBL deficits and increased 
risk of infection.47 Differences in the expression 
and polymorphisms of the MBL gene can influence 
the binding of MBL and its immune efficiency48 
(Figure 4). By accurately characterizing microbial 
carbohydrate patterns, MBL yields information on 
the phylogenetic relationships between host and 
pathogen and potential therapies. As an important 
guardian, it bridges innate and adaptive immunity 
through successful immune responses.

Interaction with pathogenic fungi, bacteria, 
viruses, and parasites
	 As a key component of the innate immune 
response in humans, MBL plays a role in host 
defense against numerous harmful pathogens, 
such as bacteria, viruses, parasites, and fungi.49 
As a pattern recognition molecule, MBL binds 
to carbohydrate moieties, such as mannose and 
N-acetylglucosamine, present on the surface of 
a variety of pathogens. This contact activates the 
complement system’s lectin pathway, leading 
to opsonization, enhanced phagocytosis, and 
direct microbial kill.50 MBL has been shown to 
recognize Aspergillus fumigatus and Candida 
albicans in fungal infections and facilitate immune 
clearance.51 Similarly, MBL is able to bind to 
bacterial pathogens such as Escherichia coli and 

Streptococcus pneumoniae and thereby promote 
complement activation and the killing of these 
bacteria.52 As MBL has the ability to recognize 
glycosylated viral envelope proteins, such as 
those in influenza, HIV and coronaviruses, it may 
bind to viral particles and prevent them from 
entering and infecting host cells.53 Moreover, MBL 
enhances parasite recognition and immunological 
clearance in immune responses against protozoan 
parasites such as Plasmodium falciparum and 
Leishmania species.54 MBL’s significance for 
innate immunity is highlighted by the fact that 
its variations or abnormalities can result in 
heightened vulnerability to infections.55 A better 
understanding of how the MBL system contributes 
to the outcome of various pathogens could lead 
to novel therapeutic strategies for infectious 
diseases.

Mannan-Binding Lectin and the Complement 
System
Lectin pathway activation
	 Mannan-binding lectin can recognize and 
bind to a variety of pathogens, such as bacteria, 
viruses, fungi, and parasites, which express 
carbohydrate structures on their surfaces.56 MASP 
is derived from these complexes and cleaves the 
complement components C4 and C2, leading to 
the formation of C3 convertase (C4b2a).57 One 
of the critical steps in the complement cascade, 
C3 convertase generation, leads to the creation 
of C3b, which can promote phagocytosis and 

Figure 7. The mechanism of deregulated mannan-binding lectin (MBL) activity and the consequences of excessive 
inflammation. Microbial recognition activates the lectin pathway, leading to opsonization and phagocytosis. If not 
under control, the hyper-production of cytokines can lead to inflammatory diseases
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opsonization and, in concert with other factors, 
the formation of the MAC, resulting in pathogen 
lysis.58 The lectin pathway is an important frontline 
defense against infection, as it does not require 
activation by antibodies, unlike the classical 
pathway.59 MBL’s broader immunoregulatory 
functions are also illustrated by its contribution 
to inflammation inhibition and apoptotic cell 
clearance.16 MBL or MASP defects, in the context 
of protease deficiencies, can also predispose 
to infection in some circumstances, particularly 
when the immune system is susceptible.60 
Knowledge about the molecular mechanisms 
of MBL activation in the lectin pathway could 
enhance the therapeutic application of MBL 
in infectious diseases and immune-related 
diseases61 (Figure 5). Due to their roles in pathogen 
recognition and immunoregulation, MBL and 
the lectin pathway remain a major subject of 
immunological research in the context of host 
defense and innate immunity.

Molecular associations with mannan-binding 
lectin-associated serine proteases
	 The activation of the MBL pathway of the 
complement system entails the binding of different 
serum proteins, collectively termed MASPs. 
The activation of this group of proteins by MBL 
engenders a cascade of immune responses. After 
PAMPs bind to it, MBL undergoes conformational 
changes, which are facilitated by its ability to 
associate with MASPs (principally MASP-1, MASP-
2, and MASP-3).30 MASP-1, in particular, initiates 
complement activation by autoactivating and 
cleaving MASP-2, whose product then cleaves C4 
and C2 to give C3 convertase (C4b2a).62 MASP-3, 
whose role is less well understood, is also believed 
to control the activity of MASP-1 and to participate 
in alternative pathway activation.63 MBL is linked 
to coagulation and inflammation as a result of the 
activation of these proteases on non-complement 
substrates.64 MASPs have a number of domains, 
including complement control protein domains 
and a catalytic serine protease domain, which 
are understood to be involved in the interaction 
with MBL.65 The physiological relevance of these 
molecular interactions is reinforced by the 
relationship between immune disorders, such as 
thrombotic disorders, MBL deficiency, and MASP 
activity dysregulation30 (Figure 6). Elucidating the 

MBL–MASP interaction is crucial for designing 
therapeutic strategies to modulate complement 
activation in infectious and inflammatory diseases.

The downstream effects of opsonization and 
inflammation
	 Mannan-binding lectin is important 
for innate immunity due to its mediation of 
opsonization and inflammation.44 MBL associates 
with carbohydrate motifs on pathogen surfaces 
and activates the complement lectin pathway.66 
Consequently, complement components, in 
particular C3b, are deposited on the surface of 
the microbe, thereby enhancing opsonization 
and thus facilitating phagocytosis by neutrophils 
and macrophages.67 The binding of opsonized 
pathogens by complement receptors on phagocytes 
further promotes their removal and thus reduces 
the likelihood of systemic infection. MBL also plays 
a role in regulating cytokine synthesis, which has an 
impact on the inflammatory response.50 The pro-
inflammatory mediators required for pathogen 
resolution (including IL-6, IL-1b, and TNF-a) are 
secreted following their recognition by immune 
cells.68 However, high levels of or unregulated 
MBL activity may promote inflammatory diseases 
through the tissue damage caused by complement 
activation and cytokine storms inside the body.69 
MBL deficiency leads to defective opsonization, 
resulting in reduced pathogen clearance, which 
increases susceptibility to infection, particularly in 
immunodeficient individuals.70 Conversely, MBL’s 
double duty of host defense and immune regulation 
is exemplified by its involvement in autoimmune 
and inflammatory diseases when overactivated71 
(Figure 7). This demonstrates that MBL is essential 
for both normal and aberrant immune responses, 
which underscores its significance in innate 
immunity. Understanding how MBL influences 
opsonization and inflammation downstream could 
help to unlock how it might be used as a therapy, 
particularly to reset the immune system response 
to infectious and inflammatory diseases.

Mannan-Binding Lectin Deficiency and Clinical 
Aspects
Molecular epidemiology of genetic variants
	 Variations in the MBL gene (MBL2) 
modulate immune responses with strong genetic 
effects.72 These include archetypal, promoter 
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region variants, and structural polymorphisms 
(codon 54, 57 and 52). These mutations may cause 
low or no production of MBL.73 These genetic 
differences have been shown to affect the body’s 
ability to bind to carbohydrates on pathogens such 
as bacteria, viruses, and fungi, which in turn affects 
pathogen recognition and opsonization.74 From an 
epidemiological perspective, MBL deficiency or 
the presence of low MBL levels is associated with 
increased susceptibility to infections, particularly 
in individuals with genetic alterations that impact 
MBL functionality or production.75 For example, 
subjects with homozygous mutations in MBL2 
are more prone to develop severe respiratory 
infections, sepsis, and autoimmune diseases 
due to their inability to adequately activate the 
complement system.76 Studies on different ethnic 

populations have shown different frequencies 
of these genetic variants, which suggest the 
evolutionary forces that shape immune responses 
throughout the world.77 Not all MBL variants 
may be protective and some may increase risk 
in regions of high disease prevalence, such as 
tuberculosis- or malaria-affected regions.78 Thus, 
not all MBL deficiencies have adverse effects, while 
some infectious diseases have been associated 
with poor recovery of function, other than the 
immune response, which might increase the risk 
of these infections.79 MBL’s paradoxical immune 
modulating action reveals the complex relationship 
between genetic variation and immune function. 
Understanding these genetic factors is crucial for 
improving personalized medicine and treatment 
strategies for immunocompromised populations.

Figure 8. Mannan-binding lectin (MBL) interaction with microbial pathogen-associated molecular patterns (PAMPs) 
and induction of several immune responses. Such mechanisms complement activation (through lectin, classical, 
and alternative pathways), site-mediated enhancement of opsonophagocytosis, Toll-like receptor (TLR) synergy, 
and modulation of coagulation, all of which contribute to inflammation. Furthermore, MBL modulates the immune 
system by influencing cytokines for a balanced immune response
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Mannan-binding lectin levels in health and 
disease
	 Mannan-binding lectin levels can vary 
under different pathological and physiological 
conditions.80 MBL, predominantly synthesized in 
the liver and present at low levels in the serum 
of healthy individuals, is a key component of the 
body’s primary immune defense against infection, 
as it can promote the immune response and 
pathogen recognition.81 MBL binds to specific sugar 
motifs on microorganisms, thereby opsonizing 
microorganisms and initiating activation of 
the complement cascades through the lectin 
pathway.82 However, there is evidence that 
MBL levels can increase as well as decrease in 
pathological situations.16 It may increase in some 
infections, such as viral or bacterial infections, 
to act as an acute-phase reactant and facilitate 
pathogen clearance.83 Conversely, patients with 
genetic polymorphisms leading to defective MBL 
production or function are at increased risk of 
infections when they are also MBL-deficient.84 Low 
MBL levels increase the risk of repeated infections, 
especially in the respiratory and gastrointestinal 
tracts.85 Furthermore, low MBL levels can influence 
the progression of chronic diseases such as 
inflammatory and autoimmune diseases.22 MBL 
levels are elevated in inflammatory diseases, 
suggesting that it may be a marker of disease 
activity.86 Understanding the regulation of MBL 
expression and its impact on immune responses is 
necessary to clarify the role of MBL in health and 
disease.

Vulnerability to infections and autoimmune 
diseases
	 As the main component of the first line 
of defense against infection, MBL is important 
for the innate immune response.29 Mannose and 
N-acetylglucosamine located on cell surfaces 
bind to bacteria, viruses, and fungi.87 This contact 
initiates the complement system’s lectin pathway, 
which opsonizes pathogens and activates immune 
cells to enhance pathogen killing.88 Genetic 
polymorphisms may affect the activity and levels 
of expression of MBL.89 Such disparities may 
render some individuals, in particular subjects 
with low MBL levels with impaired immune 
status, more vulnerable to infections. MBL is also 
involved in the control of autoimmune diseases.89 

Dysfunction of the complement system, including 
MBL, may lead to the maintenance of chronic 
inflammation and immune system hyperactivity 
in, for example, rheumatoid arthritis and systemic 
lupus erythematosus.90 For instance, elevated 
MBL levels in some circumstances may lead to 
immune complex formation and tissue damage.91 
Alternatively, deficient MBL could result in a lack of 
autoantigen clearance, which might also enhance 
autoimmunity.91 Consequently, MBL has a dual 
role: defense against infection; and participation 
in the pathogenesis of autoimmune diseases under 
certain circumstances.92 Understanding the two-
fold system is important for the discussion on MBL 
as a therapeutic intervention in order to adjust the 
immune response for improving infectious and 
autoimmune conditions.

Mannan-binding lectin in immune modulation 
and beyond
Involvement in inflammation regulation
	 The function of MBL is to recognize and 
bind to defined carbohydrate structures on the 
surface of pathogens, including bacteria, fungi, 
and viruses, as a component of the complement 
system’s lectin pathway.93 As a result of this 
binding, the complement cascade is turned on; 
this opsonizes pathogens, enhances phagocytosis, 
and aids in pathogen clearance.94 However, the 
influence of MBL is not limited to pathogen 
recognition and immune activation; it is also 
involved in the regulation of the inflammatory 
response, which, in turn, may contribute to 
the control or aggravation of inflammation.95 
Via its interaction with immune cells such as 
macrophages, dendritic cells, and neutrophils, MBL 
becomes an immune modulator that regulates the 
release of pro-inflammatory cytokines and other 
immune modulators.96 MBL has the ability to 
modulate the release of cytokines, such as TNF-a, 
IL-6, and IL-1b that are important mediators of 
inflammation, from immune cells and their binding 
to certain receptors on these cells.97 Additionally, 
MBL is essential for maintaining immune balance 
through its participation in the inhibition of over-
inflammation, which can lead to tissue damage 
and the occurrence of chronic inflammatory 
diseases.98 On the other hand, in certain disease 
states, a hyperactive response mediated by 
MBL might also increase inflammation and, 
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subsequently, the predisposition to autoimmunity 
or inflammation.82,98 Thus, MBL is critical for a 
balanced innate immune response to enable 
effective protection against pathogens and to 
prevent excessive, uncontrolled inflammation.

Cross talk with immune sites
	 The recognition of PAMPs on microbial 
surfaces by the innate immune system is mediated 
by MBL.99 MBL facilitates host defense through 
association with various immune responses, as well 
as its role in the direct response to C3 activation 
through the lectin pathway.71,100 Significant cross 
talk occurs between the classical and lectin 
pathways, with MBL being capable of controlling 
their activation for optimal opsonization and 
pathogen clearance.101 In addition, MBL engages 
with TLRs, TLR2, and TLR4 in particular, to 
promote inflammatory responses by enhancing 
cytokine production from macrophages and 
dendritic cells.102 Furthermore, MBL modulates 
the function of phagocytic cells by mediating 
opsonophagocytosis, due to its ability to bind 
to their surface, making it easier for neutrophils 
and macrophages to recognize microorganisms 
via complement receptors.103 This interaction 
is required to balance pathogen clearance and 
overzealous inflammation.104 As MBL binds to 
fibrinogen and plasminogen to bridge innate 
immunity to thrombotic responses, the role 
of MBL in coagulation regulation is another 
critical aspect of its inclusion in immunological 
circuits.105 Furthermore, MBL also participates 
in immunological homeostasis by promoting 
the production of anti-inflammatory cytokines 
associated with immune regulation.106 The role of 
MBL in connecting innate and adaptive immunity 
is demonstrated by the increased risk of infection 
under MBL deficiency107 (Figure 8). Taking all 
these aspects into consideration, the interactions 
of MBL with different immunological pathways 
demonstrate its multifaceted role in host defense 
and in ensuring a successful and well-regulated 
immune response to invasive pathogens.

Non-canonical functions in tissue repair and 
homeostasis
	 As an essential factor of the humoral 
immune response, MBL, which acts as a component 

of innate immunity, is responsible for the activation 
of the complement system and recognition of 
pathogens.44 However, our understanding of its 
physiological role is no longer confined to aspects 
of host defense, as newer studies have suggested 
that Phosphorylated Glucocorticoid Receptor 
(P-GR) signaling has non-classical functions in 
tissue repair and homeostasis.108 By modulating 
inflammation and promoting cellular proliferation, 
as well as participating in extracellular matrix 
remodeling, MBL contributes to tissue repair.109 
MBL aids in the clearance of injured extracellular 
matrix components and apoptotic cells, preventing 
excessive inflammation that results in fibrosis or 
persistent tissue injury.110 Additionally, MBL is 
strongly implicated in the modulation of immune 
cell recruitment and polarization, which further 
affects macrophage activity.111 MBL can regulate 
macrophage phenotypes, from pro-inflammatory 
(M1) to reparatory (M2), which are critical for tissue 
regeneration, by binding to damage-associated 
molecular patterns.112 This is particularly crucial 
for diseases such as fibrotic disease, wound repair, 
and ischemic injury when tissue integrity calls for 
tightly controlled immune downregulation.113 MBL 
also participates in tissue homeostasis.114 through 
interactions with complement components and 
other lectins. Its importance extends beyond rapid 
immunological responses, as it is important for 
senescence and matrix biology, serves to eliminate 
senescent cells, and maintains extracellular matrix 
integrity.82,115 Understanding these non-canonical 
roles of MBL can provide the basis for new 
therapeutic options for diseases, such as fibrotic 
diseases and autoimmune diseases, or chronic 
wounds characterized by impaired tissue healing.

Therapeutic Implications
Mannan-binding lectin as an indicator of diseases 
	 The differences in MBL concentration 
occurs primarily due to MBL2 gene polymorphisms 
and may have a significant impact on susceptibility 
to various diseases.116 In immunocompromised 
individuals,  including those undergoing 
chemotherapy or suffering from primary 
immunodeficiencies, low serum MBL levels 
have been shown to be associated with a higher 
incidence of infection.117 Given its dual role in 
protective immunity and disease pathogenesis, 
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MBL is increasingly recognized as a potential 
biomarker of susceptibility, progression, and 
disease prognosis.118 MBL deficiency is correlated 
with adverse outcomes.118,119 and severe outcomes 
of infectious diseases, such as sepsis, pneumonia, 
and viral infections like COVID-19.120 Conversely, 
increased MBL is indicative of immunological 
dysregulat ion in systemic inf lammatory 
conditions.121 Therefore, a clinical measure of 
MBL may provide significant insights for patient 
risk assessment as well as personalized clinical 
intervention.122 Additional research is needed to 
further explore MBL as a diagnostic and prognostic 
biomarker for a range of diseases.

Mannan-binding lectin’s potential as a therapeutic 
intervention
	 Mannan-binding lect in-mediated 
opsonophagocytosis is promoted through 
MBL’s interaction with carbohydrate moieties 
present on the surface of various pathogens and 
subsequent activation of the lectin pathway of 
the complement system.100 Since MBL plays an 
essential role in immune defense, much attention 
has been paid to its application for therapeutic 
purposes, in particular for MBL-deficient patients 
who show increased susceptibility to chronic 
infections and chronic inflammatory conditions.123 
Recombinant MBL (rMBL) is one of the therapeutic 
approaches to MBL deficiency and enhancement 
of the immune system.124 Several studies have 
suggested potential benefits of rMBL infusion 
for conditions such as sepsis, chronic infections, 
and immune dysregulation-related diseases.125 
In addition, in the case of conditions such as 
autoimmune diseases and systemic inflammatory 
response syndrome, rMBL could also contribute 
to minimizing tissue damage by controlling 
overreactive inflammatory responses.71,124 Despite 
its promise, rMBL remains challenging to deploy 
clinically due to immunogenicity, variability in 
patient response, and dose optimization issues.126 
More investigations are required to refine rMBL’s 
composition, confirm its safety in the long term, 
and verify its efficacy in individual disease settings. 
However, rMBL-based therapies offer an exciting 
alternative for targeted immunomodulation in 
inflammatory and infectious conditions associated 
with innate immune defects.

Challenges in clinical implementation and future 
perspectives
	 Several problems have prevented the 
clinical use of MBL-based therapies.127 A major 
issue is the differences between individuals 
in MBL serum levels due to genetic variation 
affecting the susceptibility to inflammation 
and infection.128 Hyperactivity may result in an 
autoimmune disease, whereas deficiency in MBL 
is associated with repeated infections, particularly 
in immunocompromised individuals.129 This 
variability makes the development of standardized 
therapies challenging.98,129 The problems of MBL 
replacement therapy are further compounded.130 
rMBL has been studied as a potential therapeutic 
agent; however, questions on immunogenicity, 
optimal dosing, and long-term safety remain 
unresolved.131 In addition, it remains to be clarified 
how MBL interacts with other immune system 
factors, such as complement-regulating proteins, 
to prevent accidental activation of immunity.132 
Currently, there is a paucity of clinical data; 
however, future work should focus on personalized 
medicine routes for identifying the patients who 
would derive the greatest benefit from MBL.133 
Modifications to MBL with increased stability and 
under controlled activity could generate newer 
biotechnological advancements.134 Moreover, 
clinical trials are needed to verify whether MBL 
supplementation is safe and efficient in other 
diseases.135,136 Novel strategies, such as selective 
modulation of MBL pathways, could provide fresh 
therapeutic options to treat immune-mediated 
and infectious diseases now that more is known 
about the role of MBL in immunity.

Current research and future trends
Breakthroughs in elucidating the function of 
mannan-binding lectin in immunity
	 Mannan-binding lectin is a pattern 
recognition molecule that binds to carbohydrate 
residues on parasites, fungi, viruses, and bacteria, 
and thus it contributes to the activation of the 
lectin-complement pathway.137 The outcomes 
of this activation are opsonization, enhanced 
phagocytosis, and direct microbial lysis.138 
Discoveries have expanded our understanding of 
the functions of MBL beyond its previously known 
roles.139 MBL modulates inflammatory responses 
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and immunological homeostasis partly through 
interaction with other immune factors such as 
TLRs.140 In addition, recent research highlights the 
importance of MBL for non-infectious diseases, 
including cancer, cardiovascular diseases, and 
autoimmune diseases, in which its regulatory 
functions may act in favor of disease development 
or prevention.141 MBL deficiency or dysfunction can 
predispose patients to infections and inflammatory 
diseases; such deficiencies may be due to genetic 
variation in the MBL2 gene.142,143 The understanding 
of these genetic variants has implications for the 
establishment of new treatment strategies and 
prediction of the likelihood of illness.144 In addition, 
advances in the structural biology of MBLs have 
elucidated their oligomerization and binding 
processes, providing a direct link to the generation 
of therapies based on MBL.71 MBL is increasingly 
recognized as a central immunomodulator, 
underscoring its significance in normal and 
pathological states.145 Understanding how MBL 
performs its protective function may enable 
the development of novel ways to harness this 
property of MBL to enhance immune responses 
and control disease.

New approaches to research on mannan-binding 
lectin
	 C o n t e m p o r a r y  t e c h n o l o g i c a l 
developments have returned a comprehensive 
view of MBL in host immunity.146 Recent 
technologies, including CRISPR-Cas9 gene editing, 
high-throughput sequencing, and advanced 
proteomics, have facilitated more precise analysis 
of MBL’s functions and genetic variants and their 
clinical significance.147 Cryo-electron microscopy 
and X-ray crystallography have helped to illuminate 
MBL’s binding mechanisms and interactions with 
pathogens.137 Additionally, researchers have begun 
to use single-cell RNA sequencing for exploring 
the multiple ways that MBL is expressed within 
different immune cells, and novel aspects of its 
function in host defense have been revealed.148 
Furthermore, computational modeling and AI-
driven analysis are facilitating the discovery of 
new therapeutic targets by predicting MBL’s 
interactions with other immune components.149 
In vitro organ-on-a-chip models can better mimic 
the in vivo environment than conventional cell 
cultures, which allow better evaluation of MBL’s 

performance under different disease states.150 
The role of MBL in immunity and immune 
modulation remains to be clarified by in vivo 
studies using genetically modified animal models, 
especially MBL-knockout rodents.151 These new 
methodologies have advanced our knowledge 
of the biological significance of MBL and have 
enabled prospective clinical usage.151,152 With the 
aid of these advanced techniques, investigators 
can design interventions that specifically regulate 
MBL activity, leading to improved immune defense 
and, ultimately, more effective therapies for 
infectious and inflammatory conditions.

Emerging pathogens and mannan-binding lectin
	 Global health is severely imperiled 
by novel pathogens, which demand a robust 
and efficacious innate immune response.153 
MBL, a member of the lectin pathway of 
the complement system, is involved in the 
maintenance of homeostasis through recognition 
and neutralization of infections.154 MBL is a pattern 
recognition molecule that binds to carbohydrate 
structures on the surface of bacteria, viruses, 
fungi, and parasites.155 This binding elicits a 
variety of immunological responses, including 
opsonization, activation of the complement 
system, and enhancement of phagocytosis by 
immune cells.50 The adaptive immune system 
may not be very efficient initially in recognizing 
new pathogens; therefore, MBL is crucial for 
early protection against disease.44,156 MBL can 
recognize conserved PAMPs so that the immune 
response is induced faster than antigen-specific 
immunity.157 Mutations in the MBL gene can lead 
to variations in MBL’s serum levels and functional 
activity of the protein that may modulate 
susceptibility to infection.158 Most importantly, 
MBL-deficient individuals are susceptible to severe 
infections, particularly when exposed to novel or 
reemerging pathogens such as coronaviruses and 
drug-resistant bacteria.159 Understanding MBL’s 
role in innate immunity against novel pathogens 
contributes to potential therapeutic strategies.50,160 
Enhancing MBL’s function, either by rMBL 
treatment or complement-directed modalities, 
could offer new options for the management 
of infectious diseases.161 With the continual 
emergence of novel diseases, further study of 
MBL-related immunity is crucial for combating 
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new infectious diseases using prophylactic and 
therapeutic measures.

CONCLUSION

	 This review aimed to highlight the 
significance of MBL for innate immunity, 
particularly in pathogen recognition, activation of 
the complement system, and immunoregulation. 
Its main findings indicate that some MBL gene 
polymorphisms are highly important for MBL 
serum levels and functional activity and, therefore, 
might be associated with susceptibility to several 
infectious, autoimmune, and inflammatory 
diseases. MBL-deficient individuals are prone 
to recurrent infections, whereas elevated MBL 
levels have been found in chronic inflammatory 
disorders.
	 These observations emphasize the 
double-faceted character of MBL as a host 
defense and disease promoter. In the clinic, MBL 
can be a useful biomarker for predicting disease 
risk, outcomes, and treatment selection. Its 
insufficiency is associated with severe infections 
in patients with immunodeficiencies, further 
suggesting that MBL supplementation or specific 
immune modulation could be used therapeutically. 
Moreover, insights into MBL’s relationships with 
other parts of the immune system may have 
therapeutic consequences for precision medicine. 
Further studies are necessary to reveal the 
exact pathways by which MBL modulates both 
inflammation and immune homeostasis. 
	 Exploration of MBL-based therapies, such 
as rMBL and gene therapy interventions, also has 
the potential to transform treatment regimens 
for immunopathology. In addition, prospective 
studies in different populations are required 
to confirm the impact of MBL polymorphisms. 
A further understanding of MBL’s role in the 
immune response in light of current diagnostic 
and therapeutic challenges may lead to precision 
medicine for infectious and autoimmune diseases.
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