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Abstract
Sialic acids are a diverse family of monosaccharides widely expressed on all cell surfaces of
vertebrates and so-called “higher” invertebrates, and on certain bacteria that interact with
vertebrates. This overview surveys examples of biological roles of sialic acids in immunity, with
emphasis on an evolutionary perspective. Given the breadth of the subject, the treatment of
individual topics is brief. Subjects discussed include biophysical effects regulation of factor H;
modulation of leukocyte trafficking via selectins; Siglecs in immune cell activation; sialic acids as
ligands for microbes; impact of microbial and endogenous sialidases on immune cell responses;
pathogen molecular mimicry of host sialic acids; Siglec recognition of sialylated pathogens;
bacteriophage recognition of microbial sialic acids; polysialic acid modulation of immune cells;
sialic acids as pathogen decoys or biological masks; modulation of immunity by sialic acid O-
acetylation, sialic acids as antigens and xeno-autoantigens; anti-sialoglycan antibodies in
reproductive incompatibility, and sialic-acid based blood groups.
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Sialic acids (Sias) are unusual sugars with a shared 9-carbon backbone that are widely
expressed on the surfaces of all cells in all animals of the deuterostome lineage (vertebrates
and so-called “higher” invertebrates), and also in certain pathogenic or symbiotic bacteria
that associate with them (Refs. 1–7; Fig. 1A). Given their remarkable diversity in structure,
glycosidic linkage, and underlying glycan chains, as well their exposed location, it is not
surprising that Sias have numerous roles in many aspects of immunity (by “immunity,” we
here mean immunology, as well as aspects of microbiology that are relevant to symbiosis
and pathogenesis). Details regarding the occurrence, biosynthesis, structural diversity,
cellular expression patterns, rapid evolution, and species variations of sialic acids have been
extensively reviewed elsewhere (1–7) and will not be repeated here. This overview surveys
the multifarious roles of sialic acids in selected aspects of Immunity. Given the vast breadth
of the subject under consideration, the treatment of the selected topics is necessarily brief,
and references to the primary literature are not comprehensive. The emphasis is also on
topics with which the authors are more familiar.
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Biophysical effects of sialic acids
Given their ubiquitous presence and abundance at the surface of all cell types (including
those of the immune system), Sias have major biophysical effects (8, 9). The typical cell
displays tens of millions of Sia molecules, and it is estimated that the local concentrations on
the cell surface glycocalyx can approach 100 mM (10). Sialic acids thus provide a large
component of negative charge repulsion between cells, which could alter the biophysical
properties of cellular interactions (Fig. 1B). Many earlier studies removed Sias from
immune cell surfaces using sialidases and showed marked changes in behavior of such cells
(11). However, such studies are often confusing, because wholesale removal of cell surface
Sias has many potentially pleiotropic effects. First, removal reduces the net charge and
hydrophilicity of the cell surface. Second, it can reduce the charge repulsion between
adjacent cell surface molecules. Third, it eliminates ligands for endogenous receptors like
Siglecs and selectins (see below). Fourth, sialic acid removal exposes underlying glycans
(mostly galactose residues), which can be recognized by other endogenous receptors, such
as galectins and the galactose-binding proteins of macrophages. Finally, there is potential for
sialidase treatment to enhance cell surface interactions and lattices of galectins with the
uncapped N-glycans of various surface receptors (see below).

Thus, more subtle alterations in cell surface Sias are needed to investigate their specific
functions. In this regard, the use of mild periodate oxidation to eliminate only the C9 and C8
side chain carbon atoms of Sias is a remarkably specific manipulation, which leaves the rest
of the sialic acid molecule and its negative charge intact, and is not known to affect other
surface structures (12). However, periodate oxidation also generates a C7-aldehyde on the
sialic acid side chain, which can potentially react with lysine residues on adjacent proteins,
cross-linking cell surface glycoproteins. This may help explain some reported dramatic
effects of periodate oxidation on lymphocytes (13). A less risky option would be to modify
the type of sialic acid on the surface. One approach is to feed unnatural (bioorthogonal)
precursors to generate unnatural Sias (14–16). If high levels of incorporation can be
achieved on the cell surface, the altered biophysical properties can then be further studied.
However, Sia recognition phenomena could also be altered. In this regard, it would also be
worth asking whether the single oxygen atom difference between the common Sia (Neu5Ac)
and the non-human one (Neu5Gc) (17) can alter immune cell behavior.

Meanwhile, the high densities of Sias found on surface polysaccharides of various
pathogenic bacteria (see below) can also markedly alter the biophysical properties of these
organisms (3–7). But again, simply eliminating these Sias by genetic or enzymatic means
can have secondary effects, due to exposure of underlying glycans. Overall, while it is clear
that the biophysical properties of Sias modulate many cellular and microbial interactions in
the immune system, these effects are not easy to study, because the experimental approaches
may perturb the very thing that is being explored in a pleiotropic fashion. This is an
important and challenging area for future studies.

Sialic acid regulation of fluid phase innate immunity
Classic studies showed a role for Sias in regulating the alternative pathway of the
complement activation (18, 19). The mechanism involves the major serum protein factor H,
which recognizes Sias as “self," gets recruited to native cell surfaces, and so helps to
downregulate the constant “tick-over” of the complement pathway on all surfaces (Refs. 18–
21; Fig. 1C). Details of this mechanism have been elucidated, including accelerated
dissociation of the C3bBb C3 convertase and acting as a cofactor for factor I-mediated
cleavage of C3b (21). While Sias may thus act as “self-associated molecular patterns”
(SAMPs) (22) for recognition by factor H, this does not fully explain the relative specificity
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of factor H for sialoglycan structural variants. There are also complexities involving the type
of glycosidic linkage of Sias to the underlying glycan (its presentation in space), which may
alter recognition (23, 24). Furthermore, studies have shown that this factor H self-
recognition is mediated by certain anion binding sites, which can also recognize sulfated
glycosaminoglycans as “self.” The factor H domains involved in these recognition
phenomena are largely domains 19–20 (Refs. 25–28), and this mechanism is also hijacked
by bacteria that express Sias on their surface polysaccharides (21, 23) (see below).
Interestingly, mutations in some of these domains were found by genome-wide association
studies to correlate with increased risk of complement-mediated inflammatory processes,
such as hemolytic-uremic syndrome, membranoproliferative glomerulonephritis, (29) and
age-dependent macular degeneration (27, 30). These experiments of nature provide evidence
of the functional significance of Sias as SAMPs for recognition by factor H.

Variation in sialic acid side chain O-acetylation can also affect factor H binding. Classic
studies suggested that the amount of sialic acid on red blood cells on erythrocytes of
different strains of mice might restrict the extent of control of the alternate complement
pathway activation (31). It was then shown that the difference was not the amount of sialic
acid, but in the extent of sialic acid side-chain O-acetylation, that is, such modified Sias are
not good targets for factor H binding (32). These older observations need to be revisited in
the light of modern evidence regarding the mechanisms that control Sia O-acetylation (1,
33), as well as genetic and genomic sequences of these strains. Also of note is that ficolins
(circulating soluble activators of the lectin pathway of complement activation) can recognize
sialic acids, particularly on the surfaces of sialylated bacteria (34–36). This appears to be a
host response to molecular mimicry by bacteria (see below).

Modulation of leukocyte trafficking via sialylated selectin ligands
Until the 1980s, factor H was the only known intrinsic vertebrate sialic acid–binding protein.
A classic study (37) then noted that pre-treatment of lymph node sections with a sialidase
abolished the interaction of lymphocytes with the high-endothelial venules, which normally
provide exit sites for lymphocytes. These and other observations eventually led to
recognition of the selectin family of cell adhesion molecules and their role in leukocyte
trafficking (Refs. 38–42; Fig. 1D). Different isoforms of these endogenous lectins were
found expressed on leukocytes (L-selectin), platelets (P-selectin), and endothelium (P- and
E-selectin). It then became apparent that Sias in the glycan sequence Siaα2–
3Galβ1-3/4(Fucα1-3/4)GlcNAcβ1-R (Sialyl Lewis X/A) are critical components of the
natural ligands for these selectins (38, 39, 43–50). In some instances, Sialyl Lewis X/A
motifs combine with other features such as sulfation on the Gal or GlcNAc residues (L-
selectin ligands), and/or sulfation of adjacent tyrosine residues (P-selectin) and contribute
towards specific recognition sites on specific proteins, particularly mucin-like glycoproteins
(51). A particularly striking example was the elucidation of a defined amino-terminal
sulfoglycopeptide motif on P-selectin glycoprotein ligand-1 (PSGL-1), which serves as a
specific high affinity ligand of P-selectin (52).

Whereas Sias form a critical part of most ligands for selectins, recognition does not seem to
be affected by other structural details of the Sias themselves, except that the α2–3–linkage
to the underlying galactose residue is critical. In keeping with this, some selectin ligands can
function with a sulfate ester at the 3 position of galactose, instead of a sialic acid (53).
Overall, it appears that Sias are primarily acting as conveyers of a necessary negative charge
for selectin interactions, and the details of Sia diversity do not matter. In keeping with this,
some 6-O-sulfated glycosaminoglycans, such as heparan sulfate, can act as alternate selectin
ligands (54, 55). However, if one oxidizes the side chain of sialic acid with periodate and
generates an aldehyde, this reactive group can be cross-linked into the binding pocket of the
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selectin via a covalent interaction (56). Overall it is evident that α2–3–linkage specific-
sialyltransferases play a key role in generating selectin ligands, along with α1-3/4
fucosyltransferases, and GlcNAc sulfotransferases and/or tyrosine sulfotransferases (57).

Siglecs in the control of immune cell activation
In the mid-1980s, some macrophage types were found to form rosettes with sheep
erythrocytes in vitro, and that binding could be abolished by sialidase pretreatment of the
erythrocytes (58). This sialic acid-dependent receptor was purified and shown to be a very
large protein called sialoadhesin, which was then demonstrated to bind sialic acid-containing
ligands in vitro (59). However given the size of the sialoadhesin molecule and the era in
which this work occurred, cloning proved difficult. Meanwhile, expression cloning of the
presumed ligand for a B cell "adhesion molecule" called CD22 had surprisingly yielded a
sialyltransferase (60). In fact, it turned out that CD22 was a sialic acid-binding lectin, with
recombinant soluble CD22 shown to bind Sias through its extracellular domain, and not to
the sialyltransferase identified through expression cloning (the transferase is not at the cell
surface but rather generates sialylated ligands of CD22 in the Golgi).(61) Moreover,
recognition by CD22 was specific for the α2–6–linkage, with no binding to α2–3–linked Sia
(62). Additional studies defined the highly conserved preference of CD22 for this linkage
and characterized the interactions further (63). Soon thereafter, the cloning of sialoadhesin
revealed that its amino-terminal domains had a homology with CD22 and to similar domains
of two other previously known proteins, CD33 and myelin-associated glycoprotein (MAG),
suggesting that these molecules might belong to a single family of sialic acid-binding
proteins (64). Further studies showed that this was indeed the case, resulting in recognition
of a new family of sialic acid-binding proteins (65). It was initially suggested that these
molecules be called sialoadhesins (66–68). However, besides the confusing relationship to
the first molecule already with this name, some of these proteins did not seem to mediate
cell–cell adhesion. The alternate term suggested was Siglec, to stand for sialic acid-
recognizing Ig-superfamily lectins, as a subset of I-type lectins (Ig-like lectins) (69).
Discussions among those working in the field eventually led to general acceptance of this
term, with the founding members sialoadhesin, CD22, CD33, and MAG being designated
Siglecs-1–4 (Ref. 70). Studies of expressed sequence tags and mining of genomic sequence
data then led to extension of this family of intrinsic vertebrate lectins, which now comprise
at least 16 members in primates (71–-79).

Interestingly, a subset of Siglecs seems relatively conserved in mammals (CD22/Siglec-2
and sialoadhesin/Siglec-1), and even among vertebrates (MAG/Siglec-4 and Siglec-15). In
contrast, another subset found in one large syntenic cluster (on chromosome 19q in humans)
shows the highest amount of variation between species (71, 72). This subfamily was named
CD33-related Siglecs (or CD33rSiglecs) and shown to have a variety of Sia- binding
properties. CD33rSiglecs can be further subdivided into two categories. Most have cytosolic
domains containing ITIM motifs that can be tyrosine phosphorylated, resulting in
recruitment of tyrosine phosphates like SHP-1 and -2 (80–84). This in turn results in
dephosphorylation of tyrosine residues on various kinases associated with other receptors,
effectively downregulating their functions (Fig.1E). Thus, these inhibitory CD33rSiglecs
likely serve as innate immune detectors for SAMPs,, thereby downregulating unwanted
inflammation, particularly that occurring in response to tissue damage (85). Notably several
of these CD33rSiglecs also have a second cytosolic ITIM-like motif whose functions are
much less clear. Moreover, there is evidence that some of the inhibitory effects of such
Siglecs do not require either of these tyrosine-based motifs (86, 87). This suggests that more
attention should be paid to the better-conserved extracellular C2-set domains, as mediators
of additional and/or complementary functions.
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In contrast to the inhibitory Siglecs, a positively charged amino acid in the transmembrane
domain of some activating CD33rSiglecs allows them to engage ITAM-containing adapter
molecules like DAP12, which in turn recruits the tyrosine kinase Syk and mediates tyrosine
phosphorylation of various receptors and kinases (88–91). In some instances, CD33rSiglecs
with inhibitory and activatory properties have undergone gene conversion events that
maintain their amino-terminal identity, suggesting that they may be paired receptors,
sending opposite signals on binding of the same ligand(s). In this context, it seems likely
that the activatory Siglecs represent an evolutionary response to bacteria that are “hijacking”
inhibitory Siglecs (see below) (88, 92).

The general subject of Siglecs and their biology and evolution has been extensively
discussed elsewhere (73, 74, 76, 77, 79, 84, 93–98) and details will not be repeated here.
However, certain features are worthy of special note. First, most Siglecs are typically bound
by so-called “cis ligands”, that is, sialylated glycans on the same cell surface (99, 100).
However, another cell surface or a soluble ligand with a high enough density of sialylated
ligands can compete out the cis ligands and cause engagement (76, 101, 102). Second, the
amino terminal V-set Ig-like domain contains the sialic acid recognition site, including a
canonical conserved arginine residue that is critical for interaction with the carboxylate of
sialylated ligands (103–107). Interestingly, this arginine residue can be naturally mutated,
affecting one or more Siglecs unique to a given species or taxon (71, 88, 107). One
possibility is that these events occur randomly because the arginine codon (CGN) is highly
mutable. However, there are instances where the arginine appears to mutate and then
reappear in one phylogenetic branch, for example, for Siglecs-5 and -14 in humans versus
great apes.(88) Taken together with the high frequency of such events, it is more likely that
these mutations are an evolutionary mechanism for rapidly "retiring" a Siglec, that is,
curtailing its interactions with sialic acid–containing ligands without losing the entire
molecule, leaving the option to “resurrect” it later. By convention, such Siglecs are referred
to by a Roman numeral (e.g., Siglec-XII in humans and Siglec-V in chimpanzees). Both the
arginine mutations and the paired receptors mentioned above are likely to be evolutionarily
related to the interactions of sialylated microbes with Siglecs (see below).

Sialic acids as host ligands (receptors) for microbes
Given the location and abundance of Sia on cell surfaces, it is not surprising that numerous
viruses and some bacteria use host-sialylated structures as targets for binding and
recognition (Refs.108–112; Fig. 1F). The same is also true of several important bacterial
toxins (112). In the case of viruses that bind Sia via a hemagglutinin, most also often express
a sialidase (neuraminidase) that cleaves the same receptor (113). This dualistic recognition
and removal of sialic acid is best studied for influenza viruses (114). The traditional term
neuraminidase is being replaced by sialidase, since neuraminic acid (with a free amino
group) is not only vanishingly rare in nature but is also actually resistant to the
neuraminidases studied to date.

Unfortunately, given the history of virology, where viruses were originally characterized by
their hemagglutinin (H) or neuraminidase (N), by antigenicity/serology, and now by their
RNA genotypes, it would be difficult to ask this particular field to change nomenclature, for
example from H1N1 to H1S1.

When it comes to natural sialic acid modifications as pathogen ligands, further subtleties
abound. For example, some viruses recognize O-acetyl-Sias and have a receptor-destroying
enzyme that removes the O-acetyl group (115–125). Several eukaryotic pathogens also
employ sialic acid recognition as part of interactions with hosts (the falciparum malarial
merozoite) (126–129). Meanwhile, a bacterial SubAb toxin selectively recognizes ligands

Varki and Gagneux Page 5

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



bearing the Neu5Gc sialic acid (130). Examples of such binding phenomena are numerous
and have been reported in detail elsewhere (108, 109, 112).

Impact of microbial sialidases on the immune system
We have already mentioned the striking effects on immune cell function of adding
exogenous sialidases. Given the marked instability of vertebrate sialidases in extracellular
fluids, the only sialidases that could have been used for such studies have been of microbial
origin, particularly soluble bacterial sialidases, which are easily found in nature (113, 131).
Why would so many bacteria express sialidases? The most obvious answer is that the first
structure encountered by them on and around most cell surfaces is likely to be a sialic acid.
Thus, without a mechanism to bind to sialic acid (as is the case with a majority of bacteria),
it is useful to bacteria remove this negatively charged sugar. This may help in the
breakdown of both soluble mucins (sialic acid–rich glycoproteins secreted by epithelia) and
cell surface glycoconjugates on the way to cellular entry or interactions (Fig. 1G). Some
bacteria, for example, Haemophilus influenzae also utilize the free Sia as a source of energy
by “browsing” on host Sia (132, 133). Such free Sia can be broken down to the useful
energy sources pyruvate and ManNAc (the latter after it is converted into GlcNAc) (132,
133).

Other functions for bacterial sialidases are now becoming apparent. For example, released
Sia may be taken up by some bacteria and used to decorate their surfaces (see section below
on the expression of Sia by certain bacteria using exogenous sources). There is also evidence
that free Sia can act as a signal to certain bacteria, for example, Pneumococcus (134),
directing them towards biofilm formation and/or colonization. . Perhaps free sialic acid is a
way for the bacterium to recognize that it has arrived in a vertebrate environment suitable
for colonization. In most of the situations above, the roles of different sialic acid types and
glycosidic linkage types have not been considered. However, in some instances it is clear
that modifications of Sias, such as the N-glycolyl group at the 5 position or O-acetyl groups
on the side chain, can limit the action of bacterial sialidases (by “masking the mask”) (135).
Further studies are needed to understand the significance of this inhibitory effect. Finally,
given the role of Sias as a SAMP recognized by molecules such as Siglecs (22), bacterial
desialylation could also perturb natural self-recognition phenomena, perhaps increasing
inflammatory responses by exposing desialylated danger associated molecular patterns
(DAMPS) (136, 137). This concept requires further study.

Modulation of immune cell responses by intrinsic sialidases
As mentioned earlier, active vertebrate sialidases are not reported in extracellular fluids, as
they are unstable. While there are four sialidases in vertebrate cells (Neu1–4), the major one
in most cells is Neu-1 (131, 138–140). The fact that the Neu1 gene is located within the
major histocompatibility locus, and that it has altered activity in some mouse strains, is of
great interest from the immunological perspective (141, 142). Although this enzyme is
primarily in the lysosome, it is now known to also exist at the cell surface. In both instances,
Neu-1 is very unstable unless it is in a complex with two other proteins, beta galactosidase
and protective protein/cathepsin A (PPCA) (143). A selective advantage for this instability
can be considered. It is reasonable to suggest that a vertebrate organism with Sias covering
all its cell surfaces and terminating the glycans on extracellular glycoproteins would not
benefit from having constitutive extracellular sialidase activity, risking damage to its
SAMPs, and exposing underlying glycans. Following this logic, it may be that maintaining
the extracellular fluid in a sialidase-free state also allows exploitation of the sudden
appearance of a sialidase as a “danger signal,” indicating the presence of a bacterial or viral
organism––that is, giving a potential higher fidelity to the “desialylation signal.” Regardless
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of these speculations, it appears that endogenous Neu-1 is capable of being translocated to
the cell surface and desialylating certain surface molecules, such as TLRs, TCRs, and
integrins (Refs 144–146; Fig.1H), and modifying signaling (147, 148) and phagocytosis
(149). The resulting alteration of receptor functions is poorly understood, and candidate
mechanisms include the loss of charge repulsion and/or altered galectin-mediated clustering
(150). Meanwhile, Neu3 is also found on the cell membrane, but has been shown to act
specifically on the sialic acids of gangliosides (151, 152).

Microbial molecular mimicry of host sialic acids
As mentioned earlier and extensively documented elsewhere, several bacterial pathogens
express Sias on their surfaces (Figs. 3, 5, 153; Fig. 1I). Every possible way in which Sias
might be expressed has been exploited, indicating a strong evolutionary selection pressure to
achieve this state. Given the apparent restriction of Sias to multicellular animals of the
deuterostome linage, these examples were once assumed to be due to co-opting of vertebrate
genes. However, in every case examined, bacterial sialic acid biosynthesis appears to
represent convergent (parallel) evolution, recruiting and modifying ancient pathways for
synthesis of bacterial nonulosonic acids (3, 154, 155) to instead produce Sias (see below). In
combination with independently evolved sialyltransferases that catalyze addition of Sias to
the tips of glycan chains, this has enabled remarkable levels of molecular mimcry, involving
multiple novel genes that can recreate sialylated glycans essentially identical to those found
on host cell surfaces. Based on the discussion above about the role of Sias and SAMPs, (22)
one can see the benefit to the microbe of synthesizing vertebrate host-like sialylated glycans.
They could provide the pathogen with suppression of the alternate pathway via factor H
(156), hijack host Siglecs, and inhibit the formation of antibodies against underlying glycan
structures. Finally, Sias also serve to block recognition of underlying (non-mammalian)
glycans by naturally occurring antibodies circulating in most vertebrates (157).

Mechanism of microbial expression of sialic acids and sialic acid-like
molecules

With regard to the repeated convergent evolution of sialic acid biosynthesis pathways, a
picture is now emerging that can explain this remarkable phenomenon. In turns out that
~20% of the first thousand prokaryotic genomes that were sequenced have clusters of genes
similar to those involved in the biosynthesis of Sias (3). In most cases, these organisms are
synthesizing a more ancient family of nine-carbon backbone acidic sugars called
nonulosonic acids, such as pseudaminic acid (Pse) and legionaminic acid (Leg) (Ref. 155;
Fig. 1J). As discussed in detail elsewhere, the homology of the genes, metabolic
intermediates and steps in the pathway make it very likely that bacteria have co-opted this
ancient pathway for nonulosonic acid biosynthesis and simply remodeled it for the
production of vertebrate-like Sias (3). In this regard, we have suggested that the term Sias be
reserved for the molecules based on Neu or Kdn backbone originally found in deuterostomes
and some of their pathogens, and that the term bacterial Sias be replaced by the family name
nonulosonic acid (NulO), which includes the Sias (3). It remains to be seen whether NulOs,
such as pseudaminic acid (Pse) or legionaminic acid (Leg), are also recognized by Siglecs.

Sialoadhesin recognition of sialylated pathogens
If bacteria mimic vertebrate cells by expressing Sias, the immune system must find a way to
distinguish sialylated pathogens (and perhaps other pathogens that express nonulosonic
acids), even while maintaining tolerance towards self sialic acid structures. While several of
the previously mentioned CD33rSiglecs can recognize sialylated pathogens and mediate
endocytosis (158–161), it is unclear whether this is an in vitro artifact, related to the
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unexplained tendency of CD33rSiglecs to undergo endocytosis when cross-linked. However,
Siglec-1 (sialoadhesin) has no signaling properties, and instead has the size, length, and
structure to carry out this protective phagocytic function (Fig. 2A). The highly conserved
specificity of Siglec-1 for α2–3– or α2–8–linked Neu5Ac (not Neu5Gc) supports this idea
—as these are exactly the types of structures that bacteria express (no microorganism has
ever been shown to synthesize Neu5Gc, and α2–6–linked Neu5Ac is rare in bacteria).
Sialoadhesin is also expressed on the right cell types (macrophages) and in the right
locations (the marginal zones on lymph nodes and filtering areas of the spleen) to carry out
the functions described. Conversely, certain viruses that emerge from host cells with a
coating of sialic acids can “hijack” sialoadhesin for use as a mode of entry into macrophages
(162, 163). Sialoadhesin also contributes to intrinsic immune functions and immune changes
found in sialoadhesin-deficient mice indicate a role in regulation of the adaptive immune
system (164–167).

Bacteriophage recognition of microbial sialic acids
When bacteria mimic vertebrate cells by expressing similar sialoglycans, they are also likely
using variations of this mechanism to escape recognition by bacteriophages that normally
recognize underlying bacterial glycans. However, phages evolve even faster than bacteria,
and some have evolved to recognize these sialylated bacterial capsules (Ref. 168, 169; Fig.
2B). Many more such phages probably exist and remain to be discovered. For example, this
may help explain why Group B Streptococcus has evolved so many different polysaccharide
variants, each terminating with the same human-like sialylated trisaccharide (170). The
possibility of using such phages as alternates to antibiotic therapy has also been considered
(171). It is also interesting to note that the Cholera toxin ganglioside-binding subunit B is
encoded by non-lysogenic phage that was recruited by V. cholerae to mediate its own
pathogenicity (172).

Polysialic acid modulation of immune cells
Sias are usually found as single monosaccharide unit at the end of glycan chains. However
they can sometimes be linked to each other, generating short or long homopolymers. In the
typical form, the polysialic acid consists of α2–8–linked Neu5Ac units. This structure is
found on certain proteins in the brain and is known to have major functions in the
development, morphogenesis, and function of various neural systems (173, 174). However,
polysialic acid has also since been discovered on a few immune cells. These include
dendritic cells (175, 176), and some stages of T cell development (177, 178). In these
instances, the polysialic acid is attached to specific proteins such as neuropilins, modulating
cellular interactions in meaningful ways (Fig. 2C).

Host sialic acids as pathogen decoys
We have already discussed how host Sias can be the binding target (often called “receptor”)
for a variety of viruses, toxins, and some bacteria. One ubiquitous and simple function of
Sias is likely to act as a decoy against such organisms. Thus, for example, a virus or other
sialic acid-binding organism that reaches a mucosal surface will first encounter mucins,
which are heavily sialylated but mostly secreted glycoproteins. Even membrane-anchored
mucins can be shed. These soluble molecules can act as decoys, preventing the organism
from reaching its intended target on the cell surface (Refs. 179, 180; Fig. 2D). This is a
testable hypothesis that has yet to be carefully evaluated, though loss of O-linked glycans on
mucins has been linked to increased frequency and severity of colitis (181). It is also
possible that the destruction or bypassing of these decoys represents a function of the
sialidases (neuraminidases) found on numerous viruses. However, the only study to date on
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this subject was done in cell culture (182), in the absence of the mucins that could be the
dominant decoys in the natural state.

Another decoy function might be mediated by the heavily sialylated glycoproteins found in
plasma and extracellular fluids (179, 180). Again, sialic acid-binding pathogens would first
encounter these heavily sialylated glycoproteins and have to escape from them before
approaching the intended target. In the case of viruses, the target cells typically need a
nucleus, since the virus needs to take advantage of the cellular machinery for synthesis and
replication of its own nucleic acid. Another decoy example might be non-nuclear cells such
as erythrocyte, which represents about 50% of the total volume of blood, and could act as
“viral traps” (Fig. 2E). A sialic acid–binding virus such as influenza virus that manages to
make its way into the bloodstream would immediately encounter this extensive cell surface
that it can bind to, but lacks appropriate mechanisms to allow invasion and replication.
Ironically then, the hemagglutination reaction that helps define the binding preferences and
specificities of a variety of viruses may actually represent the host’s attempt to evade the
very same virus. Over large-scales of evolutionary time one might thus expect the sialome of
erythrocytes to evolve to keep up with the rapidly evolving sialic acid–binding specificities
of pathogens and those of new pathogens that arrive at various times (179, 180). Meanwhile
there is a propensity of malarial parasites to use Sias to invade erythrocytes, inside of which
they asexually replicate (183, 184). Taken together, all of the above considerations may
explain why there is such extreme inter-species variation in sialomes of erythrocytes,
mucins, and plasma glycoproteins. It might also explain the sudden changes in sialylation
patterns and levels occurring during inflammation within a given species (e.g., the acute
phase reaction) (185).

Sialic acids as biological masks
Schauer originally emphasized the dualistic roles of Sias as binding sites and as biological
masks (186). The first discovered vertebrate glycan binding protein was the asialo-
glycoprotein receptor on hepatocytes (the so-called “Ashwell receptor”) (187). As the name
suggests, binding to this receptor occurs when one removes Sias from a glycoprotein and
exposes the underlying beta-linked galactose residues (Fig. 2F). Since this discovery,
additional beta-galactose-binding receptors in macrophages have been discovered. However,
in most instances gene knockouts of these proteins failed to uncover a clear-cut natural
function in intrinsic systems.(188) On the other hand, when a sialidase of bacterial origin
enters the circulation, there can be extensive desialylation of cells and proteins, and these
receptors become relevant. This was recently shown as a host mechanism to clear away the
excess of platelets that might result in increased coagulopathy that is associated with
microbial sepsis.(189) The removal of Sias could also generate "eat me" signals that allow
macrophages to recognize and eliminate dying or apoptotic cells.(190) It is important to
recognize and differentiate the galactose-binding receptors involved in such phenomena
from soluble galectins, which can bind terminal or sub-terminal galactose residues on cell
surfaces.(191, 192) Galectins may actually function in the opposite direction, acting to
reduce endocytosis of the cell surface proteins by forming lattices, and may thus be more
important in regulation of signaling, as shown by others.(193–195) The numerous other
functions of galectins in the immune system (192, 195) will not be discussed here, except to
say that they can be modulated by the presence or absence of terminal Sias, particularly α2–
6-linked ones (196). Also, unlike most galectins that prefer N-acetyllactosamine ligands
with non-sialylated terminal beta-Gal residues, galectin-8 and -9 have domains that
preferentially recognize α2–3-sialylated N-acetyllactosamines (197, 198).
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Antibodies against intrinsic sialic acids
Not surprisingly, it is uncommon to find antibodies against sialic acid-containing glycans, if
the sialic acid in question is already intrinsic within the host (Fig. 2G). Presumably, this is
because B cells that happen to express a B cell receptor (sIgM) that can recognize sialylated
glycans are tolerized and eliminated before they leave the bone marrow. Indeed, as
discussed earlier, this might be one of the selective advantages to pathogens that express
Sias. In mammals, most of these comments reflect upon the common Neu5Ac sialic acid. On
the other hand, it is possible to induce mice to generate monoclonal antibodies that detect
Neu5Ac-containing glycans (199, 200), and the addition of an O-acetyl group to the sialic
acid can increase the probability of getting such an antibody (201). Overall, while host-
intrinsic Sias can be generally considered “immunosuppressive” for the host organism,
exceptions can be found.

Sialic acids as xenoautoantigens
The above comments do not apply if a particular sialic acid is missing in a species. This
appears to be the case both in humans (17) and in the sauropsid lineage of animals (birds and
reptiles) (202), which appear unable to synthesize the common mammalian sialic acid
Neu5Gc from its precursor Neu5Ac. In the case of humans, the basis for this phenotype is a
fixed loss-of function mutation of the cytidine monophosphate N-acetylneuraminic acid
hydroxylase (CMAH) gene (203, 204), which remains intact in our closest evolutionary
relatives the chimpanzees (204). The significance of the independent loss in the sauropsid
lineage is unclear, though it does make for convenient source of anti-Neu5Gc antibodies by
immunizing chickens, which generate a robust response (205). Unexplained also is the fact
that similar antibodies appear when chickens that become infected with the Marek’s disease
lymphoma virus (206).

In the case of humans, more information is available. It appears that Neu5Gc from dietary
sources can be metabolically incorporated either into our tissues (207) or into commensal
bacteria such as Haemophilus influenzae, which specialize in taking up low quantities of
Sias present in the upper oropharynx (208). One or both mechanisms appear to be the cause
of moderate to high levels of anti-Neu5Gc antibodies in humans (Fig. 2H). Current studies
suggest that these antibodies may be interacting with the metabolically incorporated Neu5Gc
of dietary origin to generate chronic inflammation (17). This may help explain the
propensity of red meat (beef, pork and lamb, the richest sources of dietary Neu5Gc) to
increase the risk of inflammation-associated diseases such as carcinomas, cardiovascular
disease, and macular degeneration. These findings also relate to the classic reports of the
Hanganutziu-Deicher “heterophile” antibodies, which reacted with animal red blood cells
(209, 210).

Anti-sialyl antibodies can affect reproductive incompatibility
The female reproductive tract has levels of IgG antibodies and complement levels similar to
that found in the serum (211). Thus a sperm that enters the uterus must negotiate this
immunological gauntlet before it can reach the ovum and fertilize it, further up in the
fallopian tube. There may well be multiple anti-glycan systems that can affect sperm, but the
one so far documented involves antibodies against Neu5Gc, which can enter the uterine
fluid and affect both sperm and embryos that happen to have Neu5Gc on them (Ref. 211;
Fig. 2I). In this regard, it is suggested that this could even be a mechanism of speciation in
the genus Homo, due to the loss of Neu5Gc in ancestors, after it initially became
polymorphic.

Varki and Gagneux Page 10

Ann N Y Acad Sci. Author manuscript; available in PMC 2013 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sialic-acid based blood groups in mammals
The above considerations about the lack of immunogenicity of Neu5Ac do not apply if the
Neu5Ac is attached to a specific polypeptide that is foreign to the host. An example is the
MN blood groups in humans, where individual variations in the amino acid sequence of the
red cell protein glycophorin result in differential presentation of small O-linked sialylated
chains at the aminoterminus of the protein (212). While dictated by the underlying
polypeptide, these antigenic variations also require the sialylated glycans, generating the
antibodies that interact between humans and affect blood transfusion occasionally. Similar
considerations apply to some other blood group antibodies (213).

Neu5Gc-based blood groups in cats
As with humans, there is one major antibody system that appears to restrict blood
transfusion within cats. However, the two major blood groups in cats (A and B) were shown
to be due to antibodies in B cats against a sialylated glycolipid on the red blood cells of A
cats (Fig. 2J). The difference appears to be the presence or absence of Neu5Gc in the
ganglioside GD3 (214). We do not as yet know if the differential expression of Neu5Gc in
the red blood cells of these cats extends to other tissues of the animal. There is evidence that
changes in the promoter region of the CMAH gene might explain the differential expression
in red blood cells (215). There are similar erythrocyte Neu5Gc polymorphisms in dogs
(216), but evidence of anti-Neu5Gc antibodies has not been reported. In both instances,
strain differences would be worth studying further. Thus, it is possible that Sias can exist as
alloantigens within populations of the same species as well as xenoantigens within different
species.

Modulation of immunity by sialic acid O-acetylation
Given variable expression of O-acetyl groups on Sias and their diverse effects in immunity,
a separate section on this modification seems justified. We have already mentioned the
impact on factor H recognition, the relative resistance to bacterial sialidases to Sias with this
modification, the blockade of binding of some virus hemagglutinins, and the facilitation of
binding of others. Sias on certain bacterial polysaccharides can be O-acetylated.
Surprisingly, this modification is actually detrimental to the bacterium in the host–pathogen
interaction, either reducing recognition by CD33rSiglecs and/or enhancing immunogenicity
(217). The logical explanation is that these modifications assist the bacteria in surviving in
other situations, such as protection from other microbial sialidases, and/or bacteriophage-
binding proteins. The exception is O-acetyl blockade of recognition by sialoadhesin (218),
which could be beneficial to the bacterium, avoiding phagocytosis (32, 217).

Unlike the case with the selectins, sialic acid-binding by Siglecs almost invariably requires
recognition of the C7–C9 side-chain of the molecule. This is exemplified by the loss of
recognition upon mild periodate oxidation of this side-chain (62, 63, 99). In view of this, it
is not surprising that addition of an O-acetyl group to the side chain blocks the binding of all
Siglecs studied to date (218, 219). A Siglec selectively recognizing O-acetylated Sias has yet
to be found. Thus sialic acid O-acetylation seemed a logical candidate for regulation of
Siglec function (Fig. 2K). This was indeed shown to be the case in mice with a defect in a
sialic acid specific esterase (SIAE), which normally downregulates sialic acid O-acetylation
on B cells (220). The mutant mice thus have overreactive B cells, apparently due to lack of
proper SAMP ligands for CD22 and Siglec-G (221). In keeping with this, humans with
autoimmune diseases have a higher frequency of harboring mutations in the SIAE gene (79,
222).
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In another setting, O-acetylation of the outer sialic acid of the ganglioside GD3 was first
reported as a melanoma-specific antigen not found in other normal tissues (201). However,
it later turned out that normal T cells can also express this structure (223–225). Indeed, this
is the basis of the CD60 group of antigens (see Table 1). Interestingly, while GD3 is pro-
apoptotic, O-acetyl-GD3 has opposite effects (226, 227). The claimed mechanisms for these
effects are fascinating, involving mitochondrial and other apoptotic pathways. However,
there are topological issues that remain unresolved (228).

Alteration of IgG Fc function by alpha2–6–sialylation
Recent studies have shown that the minor subset of circulating IgG that has α2–6–linked
Sias terminating its N-glycan has a inhibitory potential, working through the human DC-
SIGN receptor on a regulatory macrophage population to upregulate FcRγ-IIB on other
macrophages, and thereby dampen immune responses (Refs. 229–231; Fig. 2L). This is also
suggested to be the mechanism of action of intravenous pooled human IgG (IVIG) that is
used for immune suppression in the clinic. While the data are consistent and compelling, the
work mostly involves a single model system for autoimmune disease. It also assumes that
the other suggested mechanisms of IVIG action (e.g., scavenging of activated complement
(232), and anti-Siglec antibodies (233)) do not contribute significantly. This is a very
interesting avenue for future research, especially given than the relevant sialyltransferase
(ST6Gal-I) is highly regulated in response to inflammation (185). and alters cellular
activation and proliferation (196, 234)

Sialylated molecules or sialic acid-binding proteins as cluster of
differentiation markers

It would be incomplete to discuss the immune system without mentioning cluster of
differentiation (CD) markers. There is a long list of CD molecules that are either sialylated
or are involved in sialic acid recognition. Space does not allow a full discuss of each of these
antigens, but a brief summary can be found in Table 1.

Conclusions and perspectives
As the outermost “onion layer” on all vertebrate cells types, Sias were predestined to play
roles as the “molecular frontier” in ongoing evolutionary arms races, both as targets for
attack and as SAMPs. Sialome patterns evolve rapidly, likely because they are prone to
being exploited by rapidly evolving pathogens and parasites. Meanwhile, changes in the
intrinsic “landscape” of self-Sias have to be closely tracked by the intrinsic lectins such as
Siglecs in order to maintain homeostasis, even while they themselves are being exploited by
pathogens expressing Sias. On the background of such ongoing “molecular dialectics”
(revolution and counterrevolution), major sialome changes at the level of a species, such as
the wholesale loss of Neu5Gc in humans likely required major system-wide
accommodations. Meanwhile, vertebrate hosts are “locked in” to maintaining the numerous
intrinsic roles of Sias in reproduction, development and normal physiology. Vertebrate host
species have evolved a precarious compromise of using the presence of self Sias as “self
associated patterns,” even while discriminating against close mimics, as well as against
molecular surfaces lacking self Sias. Several other cell surface glycans such as galactose,
fucose, and glycosaminoglycans also mediate immunity-related functions, including some of
the ones discussed here. However, given their shear abundance, structural diversity, and
vertebrate lineage-defining nature, Sias have been recruited for multifarious roles in
immunity, only some of which we have addressed here.
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Figure 1.
Examples of roles of sialic acids in immunity. Sialic acids are shown as pink diamonds. See
the text for details. (A) Neu5Ac, the most common sialic acid in mammals. These acidic
sugars share a 9-carbon backbone and can be modified in many ways. (B) The high density
of terminal sialic acids on the glycocalyx of vertebrate cells imparts negative charge and
hydrophilicity to cell surfaces, altering biophysical properties.(C) Factor H binds cell surface
Sias, protecting cell surfaces from the alternative complement pathway.(D) Intrinsic Sia-
binding molecules such as selectins on endothelia, leukocytes, and platelets initiate
leukocyte rolling on endothelial surfaces, a key initial step for leukocyte extravasation. (E)
Intrinsic Sia-binding Siglec molecules on immune cells detect sialylated ligands and can
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inhibit immune cell activation. There are also activatory Siglecs. (F) Host Sias are frequently
exploited as attachment sites (“receptors”) by pathogens including protozoa, viruses,
bacteria, and toxins. (G) Microbial sialidases can help pathogens to expose underlying
glycan binding sites, to avoid sialylated decoys (see below), and and/or provide Sias as food
sources. The loss of SAMPs from cells may then be used by host immune cells to react to
pathogens, and/or to clear away desialylated cells or glycoproteins. (H) Endogenous
sialidases such as Neu1 can modulate immune cell function by modulating receptor
clustering, possibly by exposing underlying galactose residues and facilitating galectin
mediated cross-linking of surface molecules. (I) Microbial mimicry of host Sias allows
manipulation of host immune response by engaging inhibitory Siglecs, inhibiting
complement via factor H binding, and reducing the opportunity of the host to form
antibodies. (J) Microbial synthesis of Sia-like molecules, such as legionaminic acid and
pseudaminic acid stabilizes fimbriae.
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Figure 2.
More examples of roles of sialic acids in immunity. Sialic acids are shown as pink
diamonds. See key in Figure 1, and the text for details. (A) Siglec-1 (sialoadhesin) expressed
on macrophages recognizes Sias in patterns commonly found on microbial pathogens and
facilitates phagocytosis. Siglec-1 may also mediate immune cell interactions with one
another. Some viruses exploit Siglec-1 binding to gain access to host cells. (B) Certain
bacteriophages use Sias on their microbial hosts as “receptors” for invasion. (C) Polysialic
acid on immune molecules such as neuropilin on dendritic cells modulates interactions with
T cells. (D) Sia-rich secretions on host epithelia can act as decoys for Sia-binding microbes.
(E) Sia-covered erythrocytes and Sia-rich plasma proteins can act as “viral traps.” (F) Sias
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act as biological masks by blocking interactions between intrinsic receptors and underlying
glycan structures. (G) Sias on potentially antigenic glycoconjugates prevent the formation of
antibodies to “cryptoantigens.” Less commonly, Sias can be autoantigens. (H) Non-self Sias
can be metabolically incorporated from dietary sources and become “xeno-autoantigens,”
targeted by intrinsic anti-Sia antibodies. (I) Female genital tract reactions to non-self Sia on
sperm can lead to reproductive incompatibility. (J) Some mammals, such as cats, have blood
groups defined by Sia-containing glycolipids. (K) O-acetylation of Sias can block Sia
recognition by intrinsic lectins like Siglecs, and modulate microbial lectin interactions, in a
positive or negative fashion. (L) Alpha-2–6 sialylation of IgG-Fc region N-glycans can
change the effects of IgG antibodies from activating to inhibitory.
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Table 1

CD (cluster of differentiation) numbers related to sialic acid biology

CD number Common name(s) Roles in immunity

CD15s Sialyl Lewis (sLeX) Key component of sialylated selectin ligands and of preferred ligands for
some Siglecs.

CD22 Siglec-2 (sialic acid-binding Ig-like lectin 2) Dampens B cell reactivity via selective recognition of α2-6-linked Sias.

CD24 Heat stable antigen Heavily glycosylated, sialylated GPI-anchored molecule; some glycoforms
may be ligands for Siglec-10 or P-selectin.

CD33 Siglec-3 (sialic acid-binding Ig-like lectin 3) Myeloid lineage marker; can downregulate reactivity of innate immune cells.

CD34 Hematopoietic progenitor cell antigen Heavily glycosylated and sialylated cell surface mucin-like protein; stem cell
marker; some glycoforms can be L-selectin ligands.

CD43 Leukosialin (leucocyte sialoglycoprotein)
(sialophorin)

Heavily sialylated major cell surface mucin-like protein; modulates immune
cell responses.

CD45 CD45 leukocyte common antigen Differing glycoforms in different immune cell types due to alternate splicing;
tyrosine phosphatase; possible CD22 ligand.

CD52 CAMPATH-1 Heavily glycosylated and sialylated GPI-anchored cell surface molecule.

CD56 Neural cell adhesion molecule 1 NK cell marker. Can carry polysialic acid, which can be recognized by
Siglec-7 and Siglec-11.

CD60a GD3 ganglioside Glycolipid with two sialic acids; human T cell marker; promotes apoptosis?;
Siglec-7 ligand?

CD60b 9-O-acetyl-GD3 ganglioside Presence of 9-O-acetyl group on outer sialic acid of GD3; protects from
apoptosis?.

CD60c 7-O-acetyl-GD3 ganglioside Converted to 9-O-acetyl-GD3 over time due to non-enzymatic migration of
the O-acetyl group.

CD62E E-selectin (endothelial leukocyte adhesion
molecule 1)

Mediates leukocyte adhesion and rolling on endothelium; expression
upregulated by inflammatory cytokines.

CD62L L-selectin (lymph node homing receptor) Mediates leukocyte adhesion and rolling on endothelium, including
lymphocyte trafficking.

CD62P P-selectin (granule membrane protein 140,
GMP-140)

Mediates platelet and endothelial interactions with leukocytes, via correctly
modified PSGL-1.

CD68 Macrosialin (Gp110) Marker of macrophages and few other cells; receptor for oxidized low
density lipoprotein?

CD75s α2-6-sialylated lactosamines Cluster of Siaα2-6Galβ1-4GlcNAcβ1-R units produced by ST6Gal-I, mainly
on N-glycans.

CD169 Sialoadhesin (sialic acid-binding Ig-like lectin
1) (Siglec-1)

Macrophage subset marker; recognizes sialic acids on endogenous ligands
and on microbes.

CD170 Sialic acid-binding Ig-like lectin 5 (Siglec-5) Inhibitory Siglecs on human innate immune cells, and also on lymphocytes
in “great apes.”

CD175s Sialyl-Tn Siaα2-6GalNAcα1-Ser/Thr; truncated O-glycan mostly found on malignant
cells.

CD176s Sialylated form of Thomsen-Friedenreich (T)
antigen

Siaα2-3Gal1-3GalNAcα1-Ser/Thr; common O-glycan on many cell types.

CD227 MUC-1, polymorphic epithelial mucin,
episialin

Major cell surface mucin on epithelial cells; on activated T cells, can send
inhibitory signals.

CD235a Glycophorin-A (PAS-2) (MN
sialoglycoprotein)

Major sialic acid carrier on RBCs; target for binding by malarial merozoite
via EBA-175.

CD235b Glycophorin-B (PAS-3) (sialoglycoprotein
delta)

Major sialic acid carrier on RBCs; target for binding by malarial merozoite
via EBL-1.

CD236 Glycophorin-C (PAS-2') (glycoprotein beta) Major sialic acid carrier on RBCs. Target for binding by malarial merozoite
via EBA-140.
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CD number Common name(s) Roles in immunity

CD327 Sialic acid-binding Ig-like lectin 6 (Siglec-6) Inhibitory Siglecs on B cells in primates, and also on placental trophoblast
(in humans only).

CD328 Sialic acid-binding Ig-like lectin 7 (Siglec-7);
AIRM1

Inhibitory Siglecs on human NK cells; lower levels on monocytes and
macrophages.

CD329 Sialic acid-binding Ig-like lectin 9 (Siglec-9); Inhibitory Siglecs found on human neutrophils; monocytes and macrophages

For more information, see http://www.hcdm.org/MoleculeInformation/tabid/54/Default.aspx
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