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Abstract

Adaptive immunity provides the unique ability to respond to a nearly infinite range of antigenic 

determinants. Given the inherent plasticity of the adaptive immune system, a series of tolerance 

mechanisms exist to reduce reactivity toward self. While this reduces the probability of 

autoimmunity, it also creates an important gap in adaptive immunity: the ability to recognize 

microbes that look like self. As a variety of microbes decorate themselves in self-like carbohydrate 

antigens and tolerance reduces the ability of adaptive immunity to react with self-like structures, 

protection against molecular mimicry likely resides within the innate arm of immunity. In this 

essay, we will explore the potential consequences of microbial molecular mimicry, including 

factors within innate immunity that appear to specifically target microbes expressing self-like 

antigens and therefore provide protection against molecular mimicry.
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INTRODUCTION:

The capacity of adaptive immunity to respond to a nearly infinite range of antigenic 

determinants reflects genetic diversity generated following recombination events that result 

in an entire array of lymphocyte receptors [1]. Stimulation of the adaptive immune system 

induces proliferation of antigen-specific clones [2], as well as additional genetic alterations 

that further refine the specificity and affinity of lymphocyte receptors [3]. This process is 

governed through a fascinating array of factors that provide immunological memory shaped 

entirely by an individual’s exposure to environmental antigens [4]. The ability of adaptive 

immunity to not only be molded in response to microbial exposure, but also generate 

immunological memory, serves as the key premise behind vaccination. The inherent 

plasticity of adaptive immunity not only enables an individual’s resources to be tailored to 
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their own microbial exposure, but also provides a compelling mechanism to compete in the 

ongoing arms race with evolving antigenic determinants [5]. Thus, adaptive immunity 

provides a highly effective mechanism of immunological protection against a variety of 

distinct microbes.

While the unique flexibility of adaptive immunity enables individuals to effectively respond 

to a wide variety of potential pathogens, the same plasticity that affords adaptive immunity 

unique and evolving responses also increases the probability of autoimmunity. Indeed, a 

complex series of tolerance mechanisms exist to reduce self-reactivity, which ultimately 

serves to eliminate self-reactive clones or render them ineffective at mounting an immune 

response. Although these regulatory networks reduce the probability of autoimmunity, they 

also create an important gap in adaptive immunity: the ability to recognize microbes that 

look like self. As a result, while adaptive immunity can respond to a nearly infinite range of 

antigenic determinants, the Achilles’ heel of adaptive immunity is its inability to effectively 

recognize and respond to antigens that look like self. Not surprisingly, many microbes 

appear to utilize this gap in adaptive immunity by decorating themselves in host-like 

antigens as a form of molecular mimicry. In this essay, we will explore the intriguing 

paradox that confronts immunity when challenged by microbes that utilize molecular 

mimicry and examine data suggesting that unique innate immune factors may exist to fill 

this gap in adaptive immunity and thus protect individuals against microbes that utilize 

molecular mimicry.

Distinguishing self versus non-self

While adaptive immunity offers one of the most intriguing examples of evolutionary 

adaptation to microbial exposure, the plasticity afforded by acquired immunity is not 

without risk. Genetically-driven changes in receptor specificity may provide a nearly infinite 

range of potential receptors, but these alterations can also increase the risk of neoplastic 

transformation [6]. Many neoplastic diseases of lymphoid cells harbor mutations that likely 

represent misguided recombination events [6]. Equally important, the very requirement for 

the relatively random DNA recombination that generates this nearly limitless repertoire also 

increases the probability of reactivity with self. As this represents an ongoing process within 

an individual, effectors within adaptive immunity must learn to distinguish self from non-

self within an individual’s lifetime, unlike innate immune factors that benefited from 

repertoire selection throughout evolutionary history [7]. This requirement must be 

maintained following new and unpredictable exposures that may challenge checkpoints that 

evolved to prevent autoimmunity [8]. Thus, while receptor diversification within adaptive 

immunity provides the theoretical ability to respond to an infinite range of continuously 

evolving antigenic determinants, it also comes with a significant risk of developing 

autoimmunity [8].

Given the challenge of distinguishing host from microbe, an equally impressive system 

evolved to reduce potential reactivity toward self and thus combat the risk of autoimmunity 

[9]. Fundamental in the process of preventing self-reactivity is the ability to distinguish self 

from non-self [10]. While evolution selected a variety of mechanisms to achieve pathogen-

targeted specificity, each of these fundamentally relies on the recognition of key features that 
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differentiate pathogenic targets from the host [10]. This resulted in a complex array of 

programs that reduce or eliminate cells that acquire self-reactivity, or convert these cells into 

vehicles that suppress immunity [8]. In contrast, innate immunity benefited from selective 

pressures over a long period of evolutionary history to avoid self-injury [7]. In each of these 

settings, immune factors either specifically recognize molecular motifs exclusively found on 

microbes or fail to respond if self antigens are present. While the former mechanism reflects 

the type of target specificity used by adaptive immunity and most innate immune factors, 

exclusive reactivity toward organisms that may be “missing self” serves as an ancient 

mechanism whereby complement and later natural killer cells distinguish self from non-self 

[11,12]. Regardless of the mechanism, each of these systems evolved to target cytotoxic 

effector molecules specifically toward potentially pathogenic organisms by discriminating 

key differences in the molecular signature of microbes versus self.

Microbial mechanisms of avoiding immunity

While a variety of tolerance mechanisms confer the ability to specifically direct immunity 

toward microbes, many microbes appear to take advantage of the inherent difficulty in 

differentiating self from non-self [13]. Bacteria, viruses, and parasites each utilize a variety 

of factors to divert or otherwise avoid host immunity by inducing self-like programs [13,14] 

(Table 1). Expression of immune-related functional or decoy receptors that recognize 

cytokines, chemokines, or other host immune factors can modulate immune function in favor 

of microbial survival by coopting programs designed to induce peripheral tolerance toward 

self [14]. Each of these mechanisms targets host immunity in a variety of ways that often 

cripple the ability of host immune cells to adequately recognize or respond to an offending 

pathogen [13,14]. Regardless of the mechanism, each of these microbe-induced pathways 

can significantly impair immune function and may similarly be utilized by neoplastic cells to 

avoid immune detection and elimination [15].

In addition to actively inhibiting immune function, microbes also evolved mechanisms to 

simply avoid immunological detection. Several studies demonstrate that molecular mimicry 

of T cell epitopes might bypass T cell-mediated immune activation as a result of deletion of 

T cells with reactivity toward self-like peptides [16]. Presentation of host-like microbial 

peptides may also induce the activation of tolerogenic immune responses that could facilitate 

infection [16,17]. However, while most of these antigenic determinants reflect short 

stretches of amino acid sequences that may be very similar to host proteins, these epitopes 

often reside within a larger protein sequence quite foreign to the host. As a result, these 

forms of molecular mimicry may indeed reduce or suppress T cell help toward microbes 

bearing self-like peptides, but additional peptides that are unrelated to self may still facilitate 

immune recognition. These types of molecular mimicry may reduce an overall response to a 

given microbe, but do not typically render all microbes undetectable by host immunity [18]. 

This is especially important when considering that other antigenic determinants, in particular 

those on the microbial surface, often serve as the key point of initial immunological 

recognition [19].
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Complex carbohydrates: a unique substrate for molecular mimicry

Prior to host cell-mediated microbial removal and peptide presentation, each microbe must 

first be recognized through cell surface interactions. Consistent with this, the most common 

variations observed between different microbes reflect alterations in the surface coating of 

each microbe; this variability likely occurred secondary to selective pressures induced by the 

arms race between host detection and microbial evasion [5]. Although many 

macromolecules could potentially decorate a microbial surface, most microbes, similar to 

host cells, cover themselves in complex carbohydrates, sometimes referred to as the 

glycocalyx [20]. As carbohydrate synthesis results from the coordinated effort of many 

different enzymes and a diverse array of substrates, the combinatorial diversity provided by 

complex carbohydrates enables the generation a variety of signature structures that decorate 

the microbial surface [21]. Given this plasticity and the rapid rate of microbial evolution, 

microbes appear to use these complex carbohydrates as the macromolecular substrates to 

generate antigenic diversification. Indeed, unique strains within various microbial species 

can be completely defined by serological discrimination of different O-carbohydrate surface 

antigens [22], demonstrating the significant structural diversity that these macromolecules 

can afford.

Unlike mammalian cell surface glycans, which often consist of a variety of different 

carbohydrate structures, microbes typically decorate themselves in a single type of repeating 

carbohydrate antigenic unit. This carbohydrate motif is often presented as the outermost 

sequence of lipopolysaccharide (LPS) in gram-negative microbes or as a capsular structure 

in both gram-negative and gram-positive organisms [22]. This provides a uniform antigenic 

motif enveloping the microbe. Given this unique microbial carbohydrate cloak, microbes can 

readily mask other antigenic determinants in this carbohydrate covering [21,23] (Figure 1). 

As alterations in carbohydrates can occur in the absence of significant functional changes to 

these macromolecules, these substrates provide a tool to allow modifications at the microbial 

surface without significantly altering function. In contrast, while proteins can acquire 

diversification, this commonly impacts protein activity and therefore would not be predicted 

to possess the inherent flexibility needed to change antigenicity without compromising 

function [24]. Furthermore, while different lipid species exist, their thermodynamic 

properties often preclude them from playing a significant role in direct host interactions at 

the microbial surface. Thus the ability of complex carbohydrates to form a shield at the cell 

surface not only provides a unique and diverse structural coating, but also prevents or 

reduces the ability of immune factors to recognize other carbohydrates, proteins, or lipids 

under this layer that do possess unique structural motifs required for microbial function. 

Thus, this carbohydrate coating enables microbes to perform functions that require specific 

structural components that would otherwise be potential targets of host factors if not masked 

by the glycocalyx [23].

The carbohydrates covering microbes appear to reduce sensitivity to immune recognition 

and removal, and may also represent a strategy employed by microbes to avoid 

immunological detection altogether. Indeed, some microbes possess the ability to synthesize 

carbohydrates identical to host glycans [23] (Figure 1). As innate immune factors often 

recognize microbial motifs unique to pathogens, these defense mechanisms no longer 
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possess the capacity to recognize and respond to microbes that look like self [7]. Equally 

important, as tolerance programs educate adaptive immunity to avoid self-reactivity, 

adaptive immunity likewise does not recognize self-like microbes [8,9]. Thus, despite the 

fascinating ability of adaptive immunity to respond to nearly any antigenic determinant [3], 

the necessity of immunological tolerance generates the Achilles’ heel of adaptive immunity: 

its inability to respond to microbes that cloak themselves in self-like antigens. As microbial 

recognition represents the first and foremost strategy in host protection, molecular mimicry 

poses a real challenge to host defense [23]. Although microbes contain thousands of unique 

antigenic determinants, most of these structures do not serve as the initial point of 

immunological detection. Indeed, as engulfment, processing, and presentation of unique 

underlying antigenic determinants often first requires recognition of the microbial surface, 

microbial decoration in carbohydrate self-like antigens would be predicted to inhibit this key 

initial step of host recognition. Furthermore, while some immune regulators recognize self 

in the context of tissue injury through damage associated molecular patterns, these 

interactions often reflect highly conserved carbohydrate-independent structural motifs that 

serve to activate the immune system following injury and therefore do not provide direct 

protection against molecular mimicry[25]. As a result, the mechanism for protection against 

microbes that decorate themselves in host-like antigens remains a fundamental question that 

confronts current paradigms regarding host immunity.

Microbial decoration in molecular mimics

One of the most classic examples of carbohydrate molecular mimicry occurs on 

Trypanosoma cruzi [26]. T. cruzi directly acquires the terminal carbohydrate structure sialic 

acid from host glycans and places this monosaccharide on the terminus of its own cell 

surface carbohydrates [26]. This trans-sialidase reaction is critical to T. cruzi survival as loss 

of this activity and/or loss of T. cruzi sialic acid in general results in rapid clearance of the 

organism [27]. Some strains of Haemophilus influenza also acquire sialic acid from the host 

[28]. However, instead of directly facilitating transfer from existing host glycans directly to 

the microbial surface, H. influenzae simply acquires host sialic acid and then funnels this 

substrate into existing machinery used to generate carbohydrates that decorate the cell [28].

In contrast to H. influenza and T. cruzi, which cannot synthesize their own sialic acid, other 

organisms appear to have evolved the ability to generate sialic acid mimics. For example, 

various strains of Streptococcus agalactiae generate sialic acid capping structures that also 

look like self [29].

Acquisition of sialic acid, the most common terminal carbohydrate structure expressed on 

our own cells, may not only provide a mechanism of avoiding adaptive immune recognition, 

but may also directly and favorably influence immune regulation for microbial survival. 

Engagement of sialic acid on host cells appears to reflect a key mechanism whereby hosts 

distinguish self from non-self [30,31]. In contrast to host cell glycans, most microbes are not 

decorated in sialic acid [31]. A series of unique sialic acid binding receptors, siglecs, 

expressed on host immune cells recognize host sialic acid. This engagement subsequently 

inhibits potential immune responses as a consequence of self-recognition [32]. Lack of sialic 

acid-siglec interactions following microbial recognition can therefore facilitate 
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immunological removal since this siglec-mediated inhibitory process is not triggered. This 

program appears to be operationally similar to other systems that utilize missing self to 

differentiate self from non-self, such as complement and possibly Fc receptors [33,34]. In 

contrast, microbial decoration with sialic acid structures may not only reduce immune 

effector detection, but also enable microbial engagement of inhibitory siglec receptors [35]. 

Similar to recognition of host sialic acid structures, siglec recognition of microbial sialic 

acid containing glycans induces inhibitory programs that may compromise effective immune 

responses towards the microbes [35]. It should be noted that several sialic acid binding 

receptors also possess scavenging receptor activity and may have evolved, in part, to 

counterbalance the impact of this form of microbial mimicry [36].

ABO blood group molecular mimicry

In 1900 Karl Landsteiner described the existence of carbohydrate ABO(H) blood group 

polymorphisms and corresponding anti-blood group antibodies, which ultimately resolved a 

long-standing mystery regarding the varied outcomes of red blood cell (RBC) transfusion 

[37]. Following the discovery of ABO(H) blood group antigens, Landsteiner and others 

demonstrated that individuals given ABO(H) compatible blood displayed a therapeutic 

response to RBC transfusion, whereas transfusion of ABO(H) incompatible RBCs could 

cause adverse events that often resulted in death [38]. This discovery not only provided the 

foundation for modern transfusion medicine and eventually transplantation, but also 

represented the first and what continues to be the most common example of personalized 

medicine[38]. However, despite the discovery of ABO(H) blood group polymorphisms and 

corresponding anti-blood group antibodies over a century ago, the factors responsible for the 

development of these antibodies and potential consequences of ABO(H) antigen expression 

on an individual remained unknown for many years[38].

Unlike acquired RBC alloantibodies, which typically form following RBC transfusion or 

pregnancy [39,40], so-called naturally occurring anti-ABO(H) antibodies develop 

spontaneously within the first few months of life. Over 60 years ago, Georg Springer 

hypothesized that microbes may exist that decorate themselves in blood group carbohydrate 

antigens similar to those that decorate our own cells and that exposure to these microbes 

may induce naturally occurring anti-blood group antibodies [41]. To examine this, Springer 

and colleagues examined potential anti-A and anti-B seroreactivity toward various microbes 

obtained from clinical isolates. These studies demonstrated that nearly half of microbes 

cultured from the gut expressed some blood group antigen reactivity, with nearly 10% 

displaying fairly specific seroreactivity [42]. As seroreactivity was used to identify blood 

group positive microbes, Wang and colleagues later demonstrated that one of the strains 

isolated, Escherichia coli O86, indeed synthesizes the blood group B antigen [43]. To 

determine whether blood group positive microbes possess the capacity to induce naturally 

occurring anti-ABO(H) blood group antibodies, blood group negative individuals were 

exposed to the blood group B positive (BG B+) E. coli O86. Exposure of BG B+ E. coli 
resulted in a significant increase in anti-blood group antibody formation [44], strongly 

suggesting that microbial exposure within the first few months of life may contribute to or 

even be entirely responsible for the development of naturally occurring antibodies.
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While the ability of BG B+ E. coli to induce anti-B antibodies in blood group O or A 

individuals provided a potential mechanism whereby blood group negative individuals may 

develop anti-blood group antibodies, these results also suggest that molecular mimicry may 

not be limited to microbial incorporation of sialic acid. Instead, these early studies suggested 

that a variety of microbes decorate themselves in a diverse range of self-like carbohydrate 

antigens. In doing so, these studies raised a fundamental question in immunology [42]. If 

BG B+ microbes exist, how do BG B+ individuals, who cannot make anti-BG B antibodies, 

protect themselves from these microbes? As BG B+ microbes reflect some of the earliest 

examples of molecular mimicry and adaptive immunity is clearly limited toward BG B in 

BG B+ individuals, recent studies sought to determine whether innate immune factors may 

exist that can recognize BG B+ microbes and in so doing provide some form of 

immunological protection against blood group molecular mimicry.

Unique tools needed to examine immunity against molecular mimicry

Although investigators recognized the challenge that microbial carbohydrate mimics of host 

glycans pose to immunity many years ago, the tools necessary to discover unique factors that 

may distinguish molecular mimics of host glycans only recently became available. Unlike 

proteins, which can be readily cloned and altered by genetic approaches, complex 

carbohydrates reflect the coordinated effort of a variety of glycosyltransferases and unique 

substrates that ultimately results in the development of a complex post-translational 

modification [45,46]. As a result, carbohydrates cannot be individually cloned and 

sequenced in a similar manner as nucleic acids and proteins. Thus, generating large libraries 

of carbohydrates often requires chemical and/or chemoenzymatic synthesis [47]. This 

process can take years and significant resources to develop a sufficient library of defined 

carbohydrate test ligands needed to adequately discern the carbohydrate binding specificity 

of a given innate immune factor [48]. Consequently, for many years, the tools needed to 

elucidate the carbohydrate binding specificity of innate immune factors were simply not 

available, despite elegant studies that provided some insight into carbohydrate binding 

specificity of several immune factors [49,50]. As a result, while many studies recognized 

and catalogued a variety of innate immune factors [7], whether any of these possessed the 

capacity to protect against carbohydrate molecular mimicry remained unknown.

In an effort to overcome limitations in the study of protein-carbohydrate interactions, a 

variety of labs synthesized large libraries of defined glycans and presented these glycans in 

different formats to study the specificity of carbohydrate binding proteins [51,52]. Although 

each of these methods clearly possesses unique advantages and limitations, printing of 

characterized glycans in a microarray format quickly became a practical approach to 

simultaneously analyze a variety of determinants while only requiring a small amount of 

source material [48,53–56]. These platforms completely revolutionized the study of protein-

carbohydrate interactions and in so doing directly facilitated many novel discoveries, most 

of which directly impact our understanding of immunity [55,57–59]. In an effort to use this 

platform to determine whether innate immune factors exist that may specifically target blood 

group positive microbes, recent studies screened over 100 different immune factors with 

putative carbohydrate binding activity to determine whether any possess blood group 

binding activity. Using this approach, several members of the galectin family (Figure 2) 
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displayed high binding to blood group antigens [52,60]. As previous studies demonstrated 

that several of these galectins, in particular galectin-4 (Gal-4) and galectin-8 (Gal-8), 

exhibited strong expression in the gut [61], the binding specificity and location of these 

innate immune factors suggested that they may be uniquely poised to provide immune 

protection against blood group molecular mimicry.

Galectins provide innate immunity against molecular mimicry

Gal-4 and Gal-8 displayed significant binding to blood group antigens on a glycan 

microarray [52,60], but their ability to recognize blood group antigens when presented on 

microbes remained unknown. Consistent with the binding profile of Gal-4 and Gal-8 toward 

characterized glycan determinants presented in an array format [52,60], these innate immune 

factors also recognized BG B+ E. coli. Although previous studies suggested that related 

galectin family members might provide antifungal activity [62], no previous studies 

demonstrated that these innate immune factors possessed any direct antimicrobial effect 

toward bacteria. Consistent with this, incubation of Gal-4 and Gal-8 with most strains of E. 
coli failed to result in any change in microbial viability [63,64]. However, when incubated 

with BG B+ E. coli, Gal-4 and Gal-8 not only bound, but this recognition resulted in rapid 

microbial death [63]. This study strongly suggested that these innate immune factors might 

fill an important gap in adaptive immunity against BG B+ microbes in BG B+ individuals.

As most innate immune factors recognize commonly occurring microbial motifs, often 

referred to as microbe-associated molecular patterns (MAMPs), the proclivity of Gal-4 and 

Gal-8 for BG B+ E. coli stood in stark contrast to previously described innate immune 

factors [7,10]. While the ability of Gal-4 and Gal-8 to kill BG B+ E. coli was consistent with 

the possibility that these innate immune factors may provide a specific form of immunity 

against blood group molecular mimicry, it certainly remained possible that Gal-4 and Gal-8 

may recognize an unknown molecular motif on BG B+ E. coli that occurs independent of 

BG B antigen expression. However, genetic deletion of the ligase required for BG B antigen 

addition to LPS completely prevented Gal-4 and Gal-8 binding and rendered the microbes 

insensitive to galectin-mediated killing [63]. Ligase-deficient microbes also did not appear 

to be impacted by galectins in vivo. Inhibitors of galectin-microbial interactions significantly 

enhanced growth of BG B+ E. coli following introduction into mice, while similar inhibitor 

inclusion failed to alter ligase-deficient microbial viability [63]. Taken together, these 

findings strongly suggest that Gal-4 and Gal-8 provide a very unique form of innate 

immunity by targeting microbes that express distinct antigenic determinants. In so doing, 

these innate immune factors appear to fill an important gap in adaptive immunity against 

blood group molecular mimicry (Figure 3).

While the ability of Gal-4 and Gal-8 to kill BG B+ E. coli provides insight into novel innate 

immune effector functions, as microbial molecular mimicry is not limited to blood group 

antigen expression, galectin-mediated immunity may extend beyond recognition of microbes 

that express blood group antigens. Consistent with this possibility, previous studies 

demonstrated that various galectin family members actually possess broad binding capacity 

toward many of the capping carbohydrate structures that decorate mammalian cells [51]. 

While this broad and rather promiscuous binding profile historically created a significant 
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challenge when seeking to identify discrete host ligands for galectin-mediated processes 

[51], this binding capacity strongly suggested that these innate immune factors might 

actually provide a more broad form of innate immunity against molecular mimicry. To 

examine this, a microbial glycan microarray was generated using a similar strategy 

pioneered by other investigators [55,64,65]. Using this format, galectins demonstrated the 

unique ability to specifically recognize a variety of microbial glycans, each of which 

possesses mammalian-like features. In contrast, galectins failed to display significant 

binding to non-self microbial glycans on this array. Galectins not only recognized the 

isolated glycan when presented on a microarray, but also readily bound and killed microbes 

represented on the array that express self-like antigens [64]. In contrast, galectins failed to 

bind or kill related strains of microbes that do not express self-like antigenic determinants 

[64]. These studies suggest that the microbial glycan microarray accurately predicts 

previously unrecognized host microbial interactions and demonstrates that galectins possess 

a unique ability to specifically recognize and kill a variety of microbes that express self-like 

antigens. Although the potential antimicrobial activity of many galectin family members 

remains to be elucidated, these previous studies suggest that the galectin family provides a 

unique and unprecedented form of immunity against a variety of microbes that decorate 

themselves in mammalian-like carbohydrate antigens. In doing so, these innate immune 

factors appear to fill an important gap in adaptive immunity by specifically protecting 

individuals against molecular mimicry.

Consequences of innate immunity against molecular mimicry

Most immune factors maintain receptor specificity toward microbes through recognition of 

motifs that are unique to microbes [10]. In contrast, galectins appear to recognize microbes 

through engagement of the same exact antigenic determinant that occurs on our own cells. 

To examine the impact of galectin interactions with mammalian cells, previous studies 

determined whether galectins likewise induce changes in mammalian cell membranes 

following self-antigen engagement. While galectins readily engage mammalian cells, such 

as RBCs, this binding does not induce detectable changes in membrane integrity, while 

galectins induce rapid loss in the membrane integrity of BG B+ microbes [52,63,64]. The 

ability of galectins to recognize microbes through engagement of the same antigenic 

determinant that occurs on a host cell, but only kill the microbe, itself represents a new 

paradigm in immunological recognition (Figure 4).

Galectin recognition of similar antigens on microbes and host departs from fundamental 

rules thought to govern the specificity of host pathogen interactions. However, this very 

specificity is required when considering the molecular interactions needed to adequately 

protect against molecular mimicry. As mimics of host structures on microbes bear features 

that can be identical to self, immune factor protection against these microbes by definition 

will possess the ability to recognize both host and microbe through self-like antigen 

detection. As most immune factors use ligand discrimination to specifically target their 

activity toward potential pathogens, how galectins are able to recognize the same antigenic 

determinant on a microbe and host cell, but only kill the microbe, remains unknown. Other 

structural features unique to microbes may convey additional binding events that actually 

facilitate galectin-mediated killing. It should be noted that while galectins appear to possess 
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the unique ability to provide innate immunity against molecular mimicry, other innate 

immune lectins might also provide a similar form of immunological protection [36]. 

Ongoing studies will seek to utilize unique tools, such as microbial glycan microarrays, to 

define the specificity and role of additional immunological factors in the process of 

immunological protection against molecular mimicry [66].

Galectins are pleiotropic factors involved in many biological processes

While galectins do not appear to induce direct alterations in the membrane integrity of 

mammalian cells, recognition of host ligands is not without consequence. As some of the 

only soluble lectins expressed by mammals with the ability to recognize host glycans, 

galectins likely served as a useful evolutionary substrate that not only provided innate 

immunity against molecular mimicry, but also possessed the capacity to decode host glycans 

to regulate a wide variety of biological processes. Galectins display expression in a variety 

of tissues and recognize a diverse range of cell surface glycans [51,52,60,63,67–71]. This 

allows galectins to induce a variety of responses following cellular engagement. Indeed, the 

first studies describing galectin function demonstrated one of the most well-studied 

properties of this family: their ability to regulate immune function. Galectin-1 (Gal-1), 

galectin-2 (Gal-2), galectin-3 (Gal-3), Gal-4, Gal-8, and galectin-9 (Gal-9) specifically 

impact T cell function, either by regulation of T cell activation and cytokine secretion, or by 

directly inducing apoptotic cell death [72–79]. Galectins also regulate other lymphocytes, 

neutrophils, mast cells, macrophages, dendritic cells and other cells in ways that can 

significantly impact the immunological outcome of infection, inflammation, and even 

neoplastic disease [77,80–88]. Each of these outcomes reflects very specific signaling events 

following engagement of a variety of receptors that are often differentially expressed on 

different immune effector cells [89–94]. Alterations in glycosylation appear to be master 

regulators of galectin-host glycan interactions and in so doing modulate a wide variety of 

immune related processes [93,95]. Galectins also mediate a variety of fundamental processes 

within the cell through carbohydrate independent processes [96–99], providing additional 

evidence regarding their highly pleiotropic activity.

In addition to the ability to regulate a broad range of biological processes within individuals, 

previous studies suggest that galectin-mediated immunity may not be limited to molecular 

mimicry, which is the subject of several excellent reviews [100–103] (Figure 5). This 

additional binding activity may actually represent engagement of similar motifs as occur on 

host cells, as the actual binding requirements for many of these interactions remain 

unknown. However, several examples of galectin-microbial interactions clearly suggest that 

in addition to significant preference for microbes that express self-like antigens, galectins 

also recognize non-self related determinants [65,104–106]. This additional binding activity 

may reflect an early ability of galectins to provide immunity in hosts where adaptive 

immunity is not present [100,107]. Consistent with this, previous studies suggest that 

galectins can recognize a variety of microbes. Early reports demonstrated that Gal-3 can 

bind Neisseria gonorrhoeae, Candida albicans, Toxoplasma gondii, Leishmania major, 
Schistosoma mansoni and T. cruzi [62,104,108–112]. Gal-1 and Gal-9 can similarly 

recognize L. major, while Gal-1 can also engage Trichomonas vaginalis [106,113–115]. 

Gal-1 also binds viruses, including Nipah, HTLV, Influenza, and HIV [114,116–118], likely 
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through carbohydrate epitopes very similar to self. While previous studies described the 

specific glycan determinants and overall binding specificity of some of these interactions 

[104–106], most of these galectin-microbial interactions remain to be elucidated.

Unlike the impact of Gal-4 and Gal-8 recognition of bacteria expressing self-like antigens, 

the consequence of galectin recognition of other microbes can be quite varied. While Gal-3 

can induce direct antimicrobial death in C. albicans [62], similar engagement of T. cruzi 
facilitates macrophage recognition, leading to macrophage activation and eventual T. cruzi 
removal [109]. Gal-1 engagement of Influenza or Nipah viruses inhibits viral entry into host 

cells, providing another consequence of galectin-pathogen interactions that results in host 

protection without directly mediating pathogen death [114,116]. In contrast, while some 

intestinally expressed galectins may not actually recognize particular pathogens, galectin 

engagement of epithelial surface glycans may directly compete with microbial attachment 

and therefore inhibit colonization and subsequent invasion [119,120]. Similarly, Salmonella-

induced disruption of phagolysosomes results in Gal-8-mediated interactions with exposed 

glycans that ultimately triggers intracellular autophagy and microbial death [121]. 

Antimicrobial-independent activities of galectin-mediated immune defense are not limited to 

mammals [122,123]. The tetravalent galectin of the oyster Crassostea virinica directly 

mediates pathogen tethering to hemocytes through simultaneous self-recognition on 

hemocytes and engagement of a variety of microbes, such as the protozoan parasite, 

Perkinsus marinus [107,123]. Similar studies demonstrate that additional galectin 

interactions may occur in other marine life [122,124]. Thus, in addition to directly inducing 

microbial death, galectins appear to utilize a variety of mechanisms to prevent or otherwise 

reduce infection.

Similar to the ability of microbes to utilize siglecs to enable survival in a mammalian host, 

several pathogens appear to coopt galectins to actually facilitate infection. Gal-3 appears to 

enhance viral infection of HSV-1 [125], although Gal-3-mediated alterations in cell surface 

glycoproteins may also inhibit viral entry along corneal epithelial cells [126]. Gal-1 

engagement of HIV enhances viral entry, likely through interactions between GP120 and 

CD4 [117,118,127]. Gal-9 may also enhance HIV infection, although this requires Gal-9-

mediated changes in the cell surface redox potential that favorably influence HIV 

engagement [128]. While Gal-1 and Gal-3 may facilitate host defense against Nipah virus 

and T. cruzi, these pathogens may also utilize these galectins to facilitate host cell entry or 

host attachment [129,130]. The timing of galectin exposure in the infectious process may in 

part dictate the outcome of these galectin-mediated events [129]. Gal-1 and Gal-3 

engagement of HTLV also appears to enhance infection of T cells, although the mechanisms 

whereby each galectin facilitates viral entry may also differ [131,132]. Gal-3 similarly 

facilitates infection by Neisseria meningitidis [112] and Gal-3-mediated engagement of 

Pseudomonas aeruginosa may likewise enhance binding to corneal epithelium [133], once 

again potentially enabling infection. Trichomonas vaginalis may similarly use Gal-1 to 

adhere to vaginal epithelium and therefore increase infection [113]. Similar to the utilization 

of galectins in invertebrates for host defense, several organisms use galectins to enhance 

microbial colonization. The intestinal galectin (PgGalec) of the sand fly Phlebotomus 
papatasi facilitates L. Major binding in this intermediate host, thereby facilitating 

development and additional infection [134], while galactose-binding proteins derived from 
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other species may modulate galectin-induced signaling pathways to drive pathogenesis in the 

host [135]. As a result, while galectin pathogen interactions likely evolved to provide host 

protection, some microbes appear to take advantage of these galectin interactions to 

establish host interactions and eventual infection.

Conclusions:

Although most studies examining galectin function historically focused on their apparent 

roles in regulating immunity [94], the ability of galectins to directly provide innate immunity 

likely represents one of their first and foremost evolutionary functions [100–103]. As the 

most ancient mammalian lectin family described, galectins likely evolved to provide innate 

immunity in early metazoans. Importantly, despite the apparent specificity of galectins for 

bacterial glycans with mammalian-like features [63,64], galectin-mediated interactions with 

many microbes do not appear to require the presence of mammalian-like structures [100–

103], suggesting that early galectin-mediated immunity may have possessed an even broader 

form of microbial recognition. This may reflect a lack of adaptive immunity in these 

organisms and therefore a greater reliance on relatively broad binding characteristics of 

innate immune factors, as occurs for other innate immune lectins involved in host immunity 

[10]. However, as microbes evolved the ability to diversify their glycan repertoire, these 

unique structures likely outstripped the ability of galectins and possibly other innate immune 

factors to adequately recognize them. These changes likely set the stage for the selective 

pressures necessary for the evolution of adaptive immunity [5]. However, inherent 

limitations of adaptive immune reactivity against microbes coated in host-like glycans 

maintained the need for innate immunity against molecular mimicry. Thus, galectins appear 

to fill a unique and important gap in adaptive immunity, by binding and killing microbes that 

utilize molecular mimicry.
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Figure 1: 
Microbial carbohydrate molecular mimicry. While many constituents at or near the 

membrane are very unique to microbes, outer carbohydrate structures can closely mimic 

those found on the surface of mammalian cells. As these structures can completely envelope 

a microbe and host adaptive immunity is tolerized to these structures, microbes that decorate 

themselves in host-like glycans can become undetectable to most host immune factors 

(molecular mimicry, on the right). In contrast, many microbes decorate themselves in 

antigen motifs that are quite distinct from the host (nonself antigens). As a result, these 

structures can readily become the target of host immunity (left side).
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Figure 2: 
The galectin family. Human galectins have been classified into three primary classes: 

prototypical, chimeric, and tandem repeat. Each of these galectins possesses at least one 

unique carbohydrate recognition domain (CRD) that displays unique and overlapping 

binding specificity with other family members. Tandem repeat galectins possess two distinct 

carbohydrate recognition domains, each of which can exhibit very distinct binding 

preferences.
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Figure 3: 
Galectins provide innate immunity against blood group molecular mimicry. Blood group 

expression in blood group positive individuals results in the deletion of potentially blood 

group reactive B cells. While this reduces the probability of autoimmunity, it also creates an 

important gap in adaptive immunity against blood group positive microbes. Innate immune 

galectins secreted by host cells, such as epithelial cells, engage and kill blood group positive 

microbes. In this way, galectins possess the unique ability to fill an important gap in adaptive 

immunity by providing innate immunity against blood group molecular mimicry.
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Figure 4: 
Galectins recognize the same antigenic determinant expressed on host cells and microbes but 

only kill microbes. The very nature of immunological protection against molecular mimicry 

requires immune factor recognition of very similar features on host cells and microbes. 

However, as most immune factors direct their activity specifically toward a microbe through 

engagement of molecular motifs that are unique to microbes, the ability of galectins to 

recognize the same antigenic determinant on a microbe and host cell, but only kill the 

microbe, represents a new paradigm in immunological recognition and killing.
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Figure 5: 
Galectin family members possess the ability to recognize many microbes with various 

outcomes. Galectins represent one of the most ancient mammalian lectin families described. 

As these proteins are present in all metazoans, it is likely that their recognition and response 

to invading pathogens represents one of their earliest evolutionary functions. However, 

microbial diversification of carbohydrate cloaks likely outstripped galectin and other innate 

immune factor recognition, setting the stage for the evolution of adaptive immunity. While 

adaptive immunity provides the ability to respond to a nearly infinite range of microbial 

glycans, tolerance reduces reactivity toward self. As a result, it appears that galectins 

maintained the ability to recognize microbes that utilize molecular mimicry, in addition to 

other microbes, to fill this gap in adaptive immunity and thereby protect individuals against 

molecular mimicry. Red arrows indicate an activity that the respective galectin increases, 

while blue arrows signify galectin-induced decreases in the accompanying activity.
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Table 1.

General microbial avoidance strategies

Molecular mimicry Immune deviation to a nonproductive immune response

Growth in immune privileged environments Down regulation of immune activators (major histocompatibility, etc.)

Induction of immunological tolerance Inhibition of immune effectors (complement, etc.)

General overview of some of the strategies microbes use to avoid host immunity.
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