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endotoxin
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Lipopolysaccharide (endotoxin, LPS) is an important Gram-negative bacteria
antigen. LPS of some bacteria contains sialic acid (Neu5Ac) as a component
of O-antigen (O-Ag), in this review we present an overview of bacteria in
which the presence of Neu5Ac has been confirmed in their outer envelope
and the possible ways that bacteria can acquire Neu5Ac. We explain the role
of Neu5Ac in bacterial pathogenesis, and also involvement of Neu5Ac in
bacterial evading the host innate immunity response and molecular mimicry
phenomenon. We also highlight the role of sialic acid in the mechanism of
bacterial resistance to action of serum complement. Despite a number of
studies on involvement of Neu5Ac in bacterial pathogenesis many aspects of
this phenomenon are still not understood.
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Introduction

Lipopolysaccharide (endotoxin, LPS) is a component of the outer membrane (OM) of
Gram-negative bacterial cell, facing the external environment. The unique chemical
structure of LPS give bacterial cells a number of specific properties: LPS constitutes a strong
barrier around the cell, giving higher resistance to toxic chemicals, such as antibiotics or
detergents. It also enables the survival in hostile environments during host colonization or
infection (Gunn, 2000), such as the action of the complement and phagocytic cells’ lytic
activity of the host immune system (Bravo et al., 2008; Dudek et al., 2016). The LPS
influences the host organism particularly after the lysis of the bacterial cell. Consequently,
the released LPS may trigger the development of septic shock (Ramachandran, 2014).

LPS consists of three structural domains: lipid A, oligosaccharide core, and O-antigen
(O-Ag). O-Ag is composed of oligosaccharide building blocks called repeating units. The
number of these units in O-Ag can vary: from one up to over one hundred even in one
strain (Rhee, 2014). The LPS with O-antigen is called smooth LPS in contrast to the rough
LPS that lacks O-Ag. In mucosal pathogens often can be found the structure called
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lipooligosaccharide (LOS), which is the truncated version of LPS,
where one or more small oligosaccharide branches are attached
directly to the inner core connected with Lipid A (Raetz and
Whitfield, 2002). The O-Ag, having high structural diversity
among bacterial strains, is a distal part of LPS and contributes to
its immunogenic properties (Figure 1A; Feng et al., 2004).

Sialic acids (Sias) are a group of 9-carbon a-keto acidic
monosaccharides related to nonulosonic acid, characterized by the
great level of structural diversity. They are usually localized at the
non-reducing end of oligosaccharide chains on glycoproteins and
glycolipids (Tiralongo, 2010). The family of sialic acids consists of
more than 80 members, with the N-acetylneuraminic acid
(Neu5Ac) being the most prevalent member of this large group
(Figure 1B; Varki and Schauer, 2009; Lewis et al., 2016). They are
essential components of glycoproteins and glycoconjugates (Varki
and Schauer, 2009). Neu5Ac has been generally found in
vertebrates, but not in plants nor in invertebrates or most

10.3389/fmicb.2022.1028796

prokaryotes. It can however constitute a component of some
bacterial surface structures like capsular polysaccharides,
lipopolysaccharides, or oligosaccharides (Traving and Schauer,
1998). Sialic acids have high level of structural variability due to
an array of possible substituents (like amino, glycolyl, or acetyl
groups) on the carbohydrate backbone (Varki, 1992), which is the
basis of their diverse biological functions (Schauer, 2009).

In macromolecules Sias are connected by a very labile ketosidic
bond, what is the result of sialic acid structure: the 3-deoxy moiety
adjacent to the ketosidic group at C2. The studies on polysaccharides
containing Neu5Ac require therefore the specific methodology to
avoid the degradation of the polysaccharide chain and loss or
migration of O-acetyl substituents (Schauer and Kamerling,
2018). Sias are usually glycosidically linked to galactose,
N-acetylglucosamine, N-acetylgalactosamine or are found as a-2,8-
linked homopolymers (Bhattacharjee et al., 1975; Tiralongo, 2010).
There are two types of Sias diversity. The first one is a result of
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FIGURE 1
(A) Schematic structure of LPS molecule: O-specific antigen chain has a variable length, thus the amount of sialic acid residues per LPS molecule
can vary from none (in rough LPS) up to over one hundred (in so-called very-long-O-antigen LPS); (B) Chemical structures of most common
members of neuraminic acids family: N-acetylneuraminic acid (Neu5Ac), 2-keto-3-deoxy-nonulosonic acid (Kdn), N-glycolylneuraminic acid
(Neu5Gc), legionaminic acid (Leg), and pseudaminic acid (Pse), presented in simplified Fisher projection formula.

Frontiers in Microbiology

02

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1028796
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Dudek et al.

different a-linkages formed between the C-2 of Sias and underlying
sugars. The second type of diversity is the effect of a variety of
natural modifications, including mainly the substitution of O-acetyl
group at positions C4, C7, C8, or C9 of sialic acid molecule as well
as the modification with N-glycolyl group (Varki and Schauer, 2009).

Generally, sialic acids contribute to multiple cellular
mechanisms and play a significant role as ligands for various
molecules, such as hormones, cytokines, antibodies, and also
viruses and bacteria (Varki, 2008; Schauer, 2009). Sias are highly
expressed on animal outer cell membranes. For example, there are
more than 10 million molecules of Sias per human erythrocyte.
Also, lysosomal membranes and secreted glycoproteins are rich in
Sias. That is why the putative role of Sias is the stabilization of
molecules and membranes and modulation of interactions with
the cell environment (Varki and Schauer, 2009). Some other roles
of Sias in animals include: binding and transport of ions and
drugs, stabilizing the conformation of proteins, enhancing the
viscosity of mucins, protection of molecules and cells from the
action of proteases or glycosidases, modulation of processes
involved in transmembrane signaling, growth, and fertilization.
Sias are also ligands for a variety of microbial and animal lectins.

Sialic acids as components of
bacterial cells

Sialic acid is rarely the component of the bacterial cell and it
can be found only in some bacterial species. One of the first
described structures containing sialic acid was «-2,8-N-
acetylneuraminic acid polymer, so-called colominic acid, which
was found in the capsule of the Escherichia coli K1 (Barry, 1958;
Bolafios and DeWitt, 1966) and can be further modified by
O-acetyl groups (Yang et al., 2021). Sialic acid may also be present
as a component of other capsular polysaccharides: e.g. E. coli K92,
E. coli K9, Neisseria meningitidis groups B and C and Streptococcus
agalactiae group B (Masson et al., 1982; Severi et al., 2005; Khatua
etal, 2010) or several Streptococcus suis serotypes (Van Calsteren
et al, 2013). The formation of polysialic acid capsules is an
important factor of the pathogenicity and survival of those
bacteria in host organisms (Ringenberg et al., 2003). Sialylation of
the structures on the cell surface has an impact on the adherence
of bacteria to host cells receptors (Siglecs—Sialic acid-binding
immunoglobulin-type lectins), formation of the bacterial biofilm
and resistance to bactericidal action of serum (Mielnik et al., 2001;
Feng et al., 2012; Spinola et al., 2012; Huizinga et al., 2013). For
years, researchers suggested the possibility that sialic acid is a
component of LPS (Barry, 1959; Dewitt and Rowe, 1961), these
assumptions have been confirmed by showing the presence of
sialic acid in the O-Ag of LPS of Hafnia alvei 2 (PCM 2386, Polish
Collection of Microorganisms; Gamian et al., 1991).

By now Neu5Ac has been found in LPS of other strains like
E. coli 024 (PCM 195), 056 (PCM 2372), 0104 (PCM 270), O171,
Citrobacter braakii O37 (PCM 2346), Pseudomonas aeruginosa,
Salmonella Toucra 048 (PCM 2359), Fusobacterium nucleatum,

Frontiers in Microbiology

03

10.3389/fmicb.2022.1028796

or Rhodobacter capsulatus and in LOS of strains like Campylobacter
jejuni O1, C. jejuni O4, C. jejuni O23, Vibrio, Neisseria, or
Haemophilus influenzae (Gamian et al., 1991, 1992b,c, 1994, 2000
and references cited herein, Mielnik et al., 2001 and citations
herein, Krauss et al., 1992; Ali et al., 2006; Vinogradov et al., 2017;
Schauer and Kamerling, 2018). Gamian et al. have described the
structures of six bacterial polysaccharides (LPS fragments),
containing sialic acid, namely O-specific antigens of C. braakii
037, H. alvei PCM2386, E. coli 024, 056, 0104, and S. Toucra
048 (Figure 2). In these studied strains, the sialic acid residues are
located within the of O-specific polysaccharide chain, in all of its
oligosaccharide subunits. Each LPS molecule has the sialic residue
at the non-reducing end, except for E. coli 0104, where the
terminal sugar is the galactose residue (Gamian and Kenne, 1993).
Internal sialic acid is substituted at the C-4 position in
polysaccharide chains of E. coli 0104 (Gamian et al., 1992c¢),
H. alvei, and S. Toucra 048 (Gamian et al., 2000) by Gal, GalNAc,
GIcNAG, respectively, while in E. coli 024, O56 and C. braakii O37
a new type of glycosylation at position C7 of Neu5Ac with
GalNAc, GIcNAc, and 6-OAc-GIcNAg, respectively, have been
found (Figure 2; Gamian and Kenne, 1993; Gamian et al., 1994).
The epitopes recognized by the antibodies reside within the
polysaccharide chain and include sialic acid along with
neighboring sugar residues in almost all antigens tested. The
exception is the H. alvei 2 antigen, where the epitope is located in
alarge, branched, octasaccharide subunit without the participation
of Sias (Gamian et al., 1991).

New methods allow for a high throughput screening of
various bacterial environments for sialic acid. The analysis of
human microbiome showed new E. coli strain carrying Neu5Ac
on its surface (Han et al,, 2021). Recent findings give an insight
into the presence of sialic acid-producing bacteria in unexpected
sources: analysis of anionic polymers of anaerobic ammonium
oxidation bacteria Candidatus Brocadia sapporoensis shows the
sialic acid presence in the extracellular polymeric substances
(Boleij et al., 2020), genomic and biochemical analysis indicates
the production of sialic acid in bacteria Candidatus
Accumulibacter, one bacteria found in wastewater treatment
plants (de Graaff et al,, 2019). The findings suggest that the sialic
acid role is even broader in the context of environmental
nonpathogenic bacteria than previously thought.

The role of sialic acids in the
pathogenesis of bacteria

Microorganisms can use sialic acid in a strategy that helps them
to thrive in the host. The strategy, called molecular mimicry, occurs
when antigenic determinants of pathogens are similar to host
molecules, which can induce an autoimmunological response. Sialic
acids, widely distributed in vertebrates, mediate and/or modulate
many physiological and pathological processes. Neu5Ac which is
displayed on extended glycan chains in microbe’s envelopes in some
cases almost perfectly mimic mammalian structures. Pathogens
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Structures of LPS containing Neu5Ac as a component of O-Ag
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covered with sialic acid molecules can circumvent, subvert or even
inhibit host innate immunity function (Gowthaman and
Eswarakumar, 2013). Sias presented on bacterial cells can mask the
antigenic sites, what allows bacteria to avoid the immune response
of the host (Moran et al., 2009; Tiralongo, 2010). Neu5Ac present in
pathogen structures like LPS, LOS or capsular polysaccharide leads
to lower immunogenicity of host through:

o controlling of the alternative complement pathway by
binding Neu5Ac to complement factor H;

o change the TLR4-mediated response to the pathogen;
o sending a negative signal to innate immune cells via
CD33-related Siglecs (Varki, 2008, 2017).
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Some mucosal pathogens, like N. meningitidis, H. influenzae,
or C. jejuni have LOS replacing LPS in their outer membrane.
Despite the lack of O-Ag, the phase variation is realized by the
differential expression of the oligosaccharides attached to the
inner core, therefore the bacteria still can present the diversity of
structural epitopes (Raetz and Whitfield, 2002). Neisseria
meningitidis group B that reside in the nasopharyngeal mucosa of
healthy people, in some cases can be a cause of meningococcal
meningitis. These bacteria carries polysialic acid envelope, that
protects its cells against the bactericidal effect of the serum
(Nicholson and Lepow, 1979). An additional protection from a
host immune response may be provided by the LOS containing
Most
meningococcal meningitis are strains of immunotype L3,7,9 with

sialic acid residues. isolated pathogens causing

the terminal structure of the lacto-N-neo-tetraose unit (LNnT) in
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the LOS molecule (Jennings et al., 1983). Presence of LNnT unit
was also found in lipopolysaccharides of L2 immunotype (Gamian
et al, 1992a) and L5 (Michon et al, 1990). LNnT unit is
undistinguishable from the structure present on the paragloboside
precursor of the glycolipid antigen on human erythrocytes ABH
(Hakomori, 1981) and on the surface antigen of lymphocytes and
granulocytes (Spitalnik et al., 1985). The lacto-N-neo-tetraose
moiety is also present on human milk oligosaccharides (Yamashita
et al., 1976). The galactose of the lacto-N-neo-tetraose (LNnT)
residue action can be substituted with sialic acid by «-2,3-sialyl
transferase (Mandrell et al., 1991), and then this structure
resembles human sialylparaglobosides. LNnT residues can
be found also in the LOS structures of Neisseria gonorrhoeae (John
et al,, 1999). This bacterial species causes purulent urogenital
infections that can lead to infertility if left untreated. In
N. gonorrhoeae lipopolysaccharide N-acetyl-D-lactosamine
(LacNAc) is present and its «-2,3-substituting sialic acid mimics
sugar moiety of human cells glycoproteins, such as the erythrocyte
surface protein Band 3. Individual feature of the species
N. gonorrhoeae is the ability to sialylation of LOS by gonococcal
a-2,3-sialyltransferase using the activated form of sialic acid
(CMP-Neu5Ac) present in human body fluids (Mandrell
et al., 1990).

Haemophilus ducreyi causes a sexually transmitted disease
that is common in the population of developing countries in
Africa, Southeast Asia and South America (Jessamine and Ronald,
1990). LOS, in addition to the cytotoxins produced by H. ducreyi,
is an important virulence factor, and its properties enable the
adherence of bacterial cells to fibroblasts and human endothelial
keratinocytes, what greatly facilitate the penetration of the host
tissues by bacteria. The LOS biosynthesis occurs in two ways:
through a-2,3-substitution with the sialic acid residue (85%), to
give sialyl-N-acetyllactosamine, or substitution of another
N-acetyllactosamine residue to the terminal galactose (Schweda
etal, 1995). The resulting structures resemble paraglobosides and
other glycosphingolipids of human tissues.

Studies on the possible contribution of LPS sialic acid to the
bacterial pathogenicity have shown that rabbit serum
anti-C. braakii O37 agglutinates human and equine erythrocytes.
Gamian et al. have shown that the sugar structures recognized on
the Band 3 protein of the red blood cells are responsible for the
agglutination of human erythrocytes by these antibodies. In
addition, preliminary histological tests indicate that anti-C. braakii
037 antibodies also interact with human brain tissue. Such cross-
reactivity suggests the presence of common bacterial and host
epitopes, which is a good example of mimicking the host
structures by bacteria. Consequently, the bacterial cells of
C. braakii O37 are completely resistant to the bactericidal action
of complement from human blood and also from bovine sera
(Ebaid et al., 2008).

Recent studies showed that anti-O24 and anti-O56 E. coli
antibodies have affinity to various human tissues. The presence of
antigens on various tissues, cross-reacting with those antibodies,
was tissue specific and O56 antibody performed better than
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024 in staining epithelial and nervous tissues. Positive tissue
staining was also observed for both normal ganglia and
ganglioneuroma tumor tissues. The remarkable observation is that
the cytoplasmic epitope recognized by anti-O56 antibodies is a
new marker specific for glandular epithelium and nervous tissue
(Korzeniowska-Kowal et al., 2015).

The phenomenon of molecular mimicry is connected with the
occurrence of autoimmunity. The immunodeterminants of the
microorganism and host can be sufficiently similar to trigger a
cross-reactivity, but different enough to overcome immunological
tolerance (Albert and Inman, 1999). In the autoimmunization
process the autoantibodies are produced since bacterial antigens
are similar or even identical to the host antigens (Mason, 1992).
Guillain-Barré syndrome (GBS) is one of the best described
examples of disease elicited by molecular mimicry (Hahn, 1998).
GBS may occur as a complication after infection of the digestive
tract caused by Campylobacter strains.

Sialylation of C. jejuni LOS is associated with some cases of
the disease. The autoantibodies raised against that LOS recognize
gangliosides of the peripheral nerves of the host due to the
identical structure of both structures (Avril et al., 2006; Heikema
etal, 2010; Chang and Nizet, 2014). It was observed that in almost
40% of patients with GBS, the appearance of nervous system
symptoms was induced by an acute gastrointestinal infection
caused by C. jejuni serostrains with LPS molecule (O:4, O:19,
0:23, and 0:36) or LOS molecule (O:1,0:2; Mishu and Blaser,
1993; Aspinall et al., 1994; Penner and Aspinall, 1997). Highly
elevated concentrations of antibodies directed against various
gangliosides constituting a component of peripheral myelin were
found in these patients’ sera (Hao et al., 1998). The LPS structure
of C. jejuni O19 is similar to four gangliosides GD3, GM1, GDla,
and GT1a (Nachamkin et al., 1999). A variation of Guillain-Barré
disease is a condition called Miller Fisher syndrome (MFS)
characterized by ocular paralysis (ophthalmoplegia), ataxia, and
areflexia. These symptoms occur after infections mostly caused by
C. jejuni, serotype O2, and to some extent serotype O10 (Yuki
et al,, 1997; Sandler et al., 2015). In patients with acute phase of
the disease, high levels of IgG antibodies are directed against
GQIb gangliosides but also to lesser extent against GT1a were
found (Jacobs et al., 1997). These antibodies cross-react with the
whole C. jejuni cells and with the lipooligosaccharide fraction
from the bacterial cell wall (Yuki et al., 1994). The treatment of
bacterial cell or LOS with sialidase eliminates this antibodies
binding. It demonstrates that sialic acid on the surface of the
bacterial cell is a component of the cross-reacting epitope.
Additionally bipolar flagella of C. jejuni are heavily O-glycosylated
with microbial sialic acids, what additionally helps in evasion of
host immunological response (Meng et al., 2021).

Studies on the structure and function of bacterial antigens,
that mimic tissue epitopes, may have a great impact on effective
and safe vaccines manufacture (Sheikhi Moghaddam et al., 2021).
It can also explain the mechanisms of tolerance to pathogenic
factors, overcoming this tolerance and inducing production of
autoantibodies. In addition, such studies may allow to find
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structural elements that would be the target of novel drugs for the
inhibition of the biosynthesis of bacterial polysaccharides or
inhibition of the adhesion to host cells and colonization of its
tissues. Some antigens, such as bacterial colominic acid, that also
can be found in fetus development or in some types of cancers, is
used by bacteria to evade human host cells and might be used in
vaccines development (Sato and Kitajima, 2021) or serve as a
model in the development of new oncotherapy (Korzeniowska-
Kowal et al., 2001).

The role of Neu5Ac in bacterial
resistance to mechanisms of
innate immunity of the host

The bacterial cells expressing sialylated lipopolysaccharide are
much more resistant to the bactericidal effect of serum, e.g., there
is no binding of the IgM to the bacterial surface, which results in
the inhibition of the complement classical pathway (CP; Wetzler
et al,, 1992). Activation of the human complement pathways by
bacterial cell-associated sialic acid has been well documented on
the serogroup B strains of N. meningitidis (Jarvis and Vedros,
1987; Vogel et al., 1997; Unkmeir et al.,, 2002). For example,
enzymatic desialylation of B16B6 strain, initially resistant to the
AP-mediated bactericidal activity, resulted in an increase in the
amount of C3 binding, accompanied also by an increase in factor
B deposition (Jarvis and Vedros, 1987). Using N. meningitidis
isogenic mutants, deficient in capsule expression or sialylation of
the LOS (a galE mutant) or both (a mutant with a deletion of the
cps gene locus), showed that complement factor C3b linkage was
more pronounced in galE mutants with nonsialylated LOS than in
meningococci with wild-type LOS, irrespective of the capsule
phenotype. C3b deposition was caused by both: the classical and
the alternative pathways (CP and AP), or only CP, depending of
the serum concentration. Authors conclude that serum resistance
requires capsule expression and can be partly explained by C3b
linkage pattern (Vogel et al, 1997). A different view on
meningococcal LOS was presented by Unkmeir et al. who
analyzed the roles of meningococcal LOS and capsule expression
in the interaction of N. meningitidis with human dendritic cells
(DC). It turned out that serogroup B mutant strain lacking LOS
expression barely led to cytokine induction, nevertheless
sialylation of LOS did not influence cytokine secretion by
DC. However, it was found that the phagocytosis of N. meningitidis
by human DC is inhibited by LOS sialylation (Unkmeir
et al., 2002).

The sialylated LOS of H. influenzae and N. gonorrhoeae
inhibits the activation of the alternative pathway of the
complement system (Ram et al., 1998; Figueira et al., 2007). The
presence of sialylated LOS in N. gonorrhoeae increases the binding
of factor H to the surface of the bacterial cell. Interestingly, the
factor H binding to the cell requires the presence of gonococcal
PorB protein, suggesting that LOS and porin may form a complex
epitope or that LOS sialylation may cause a conformational change
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in LPS chains, revealing binding sites in the PorB protein (Madico
etal,, 2007). C. jejuni and N. meningitidis with sialylated LOS can
interact with lectins specific for sialic acid: sialoadhesins are
expressed mainly on the surface of hematopoetic system cells and
belong to the Siglecs family, e.g., CD22 proteins on B cells and
CD33 on monocytes and macrophages. Probably the ligand-
bacteria interactions are the other way in which the sialylation on
the surface of bacterial cells can modulate the immune response
of the host (Jones et al., 2003; Avril et al., 2006; Carlin et al., 2007).

Pseudomonas aeruginosa is an opportunistic pathogen that
colonizes immunocompromised individuals, including patients
with cystic fibrosis or burn victims. It has been shown that
P, aeruginosa, while devoid of de novo sialic acid synthesis, is able
to uptake the sugar from the exogenous substrate rich in Neu5Ac.
The acquired sialic acid showed a distinct ability to reduce the
deposition of complement C3b on the surface of the bacterial cell,
in addition, it presented high affinity for human CD33 receptors,
including the Siglec receptors 3, 5, 7,9, and 10 (Khatua et al., 2010;
Chang and Nizet, 2014). Khatua et al. also showed that sialic acid
acquired by P. aeruginosa may decrease neutrophil activation,
what leads to the attenuation of the innate host response against
the pathogen (Khatua et al, 2010). Additionally, sialylated
P, aeruginosa suppress macrophage antimicrobial responses and
inhibit phagosome maturation, thereby it remains persistently
viable and replicates intracellularly in macrophages (Mulkherjee
et al., 2020).

Neu5Ac could be used as an indicator of bacteria resistance to
bactericidal action of complement; however, the role of Neu5Ac
in this phenomenon is not clear yet. Figure 3 presents the putative
roles of Neu5Ac-containing LPS in the regulation of the
complement activity. Sialic acid can bind to complement factor H,
which inhibits the alternative pathway of complement activation
(Ram et al., 1998; Blaum et al., 2015). One of our first studies did
not confirm Ram’s findings cited above. Bugla-Ploskonska et al.
studied different species representing Enterobacteriaceae family—
all containing sialic acid in LPS. Bovine blood serum was used for
testing, and the results showed that all tested strains were killed
via the alternative complement pathway activation without
contribution of antibodies (Bugla-Ploskonska and Doroszkiewicz,
2006). Enterobacteriaceae are usually opportunistic pathogens;
however, there are also primary pathogens in the family, e.g.,
Salmonella. Among the Salmonella genus one serogroup: 048
contains sialic acid in its O-Ag structure. Most of our studies are
based on Salmonella 048 pathogenicity connected with the
presence of Neu5Ac in LPS (Bugla-Ploskonska and Doroszkiewicz,
2006; Bugla-Ploskonska et al., 2010a,b; Pawlak et al., 2017).

In further experiments, our team established 3 mechanisms
of complement activation leading to bactericidal effect on
Salmonella 048 cells. The experiments also confirmed our
previous findings that the mere Neu5Ac presence in LPS of tested
strains is not sufficient for blocking the alternative pathway of
complement activation (Bugla-Ploskonska et al., 2010a). The
study of Bugla-Ploskonska et al. (2010b) has shown that serovars
of Salmonella 048, regardless of the same structure of LPS O-Ag,
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molecular masses of 35-48kDa (Futoma-Kotoch et al., 2015).

Correlation between the presence of NeuAc in bacterial LPSs and complement activation. There are four possible ways of C activation depending
on sialylated LPSs and outer membrane proteins. (A) The sialylated LOS of Haemophilus influenzae and Neisseria gonorrhoeae inhibits the
activation of the alternative pathway (AP) of the complement system by binding of factor H. The binding of factor H requires the presence of
gonococcal outer membrane protein PorB (Ram et al., 1998; Figueira et al.,, 2007; Madico et al., 2007). (B) Enterobacteriaceae such as Escherichia
coli 0104, E. coli O24, E. coli O56, Citrobacter braakii O37 and Salmonella O48 were killed via the AP pathway activation although they possessed
sialylated LPSs (Bugla-Ptoskoriska and Doroszkiewicz, 2006; Bugla-Ptoskorska et al., 2010a,b). (C) LPS with a low content (near the limit of
detection) of sialic acid in LPS of Salmonella Isaszeg enabled C3 activation on OMPs in the range of molecular masses of 35-48kDa (Futoma-
Kotoch et al., 2015). (D) LPS with a high content of sialic acid of S. Ngozi and S. subsp. arizonae impeded C3 activation by OMPs in the range of

attenuated

complement activation
Salmonella Ngozi
Salmonella subsp. arizonae

enhanced
complement activation
Salmonella 1saszeg

showed high variability in the amount of sialic acid in
LPS. Nevertheless, the length of O-Ag of the serovars did not
directly correlate with bacterial cells’ susceptibility to human
blood serum action. In subsequent studies of Pawlak et al. (2017),
when we examined selected serovars of strains tested previously,
the bacterial cells were repeatedly treated with human serum. The
results showed that, after subsequent passages in the serum, the
Neu5Ac/Kdo ratio in bacteria was considerably increased, which
correlated with gradual rise of bacteria resistance. This strongly
suggests that bacteria with LPS decorated with Neu5Ac can avoid
the action of complement if it possesses the ability to increase the
average length of LPS O-Ag on its surface.

Little is known about the influence of sialylated bacterial
structures on C3 protein fixation in serum. The first analysis of C3
activation on Salmonella isolates of the O48 serogroup, was
performed by Futoma-Koloch et al. Investigating the relation
between the amount of Neu5Ac in LPS and C3 complement
protein activation in serum, authors demonstrated that the
greatest C3 fragments deposition occurred on Salmonella Isaszeg
characterized by a low content of sialic acid in LPS. In turn, C3
deposition ratio on the Salmonella Ngozi and Salmonella subsp.
arizonae, with high contents of sialic acid in LPS, was weaker and
correlated with the lower C3 activation by their LPSs. Remarkably,
additional analysis performed using immunoblotting revealed
that outer membrane proteins isolated from the tested strains also
bound C3 protein fragments independently of LPS (Futoma-
Kotoch et al., 2015).

Besides Salmonella 048, also the other, highly pathogenic
bacterial species, utilize Neu5Ac to increase their virulence.
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According to some researchers (Gulati et al.,, 2015), the resistance
of N. gonorrhoeae to serum is Neu5Ac-dependent but also requires
the presence of PorB. This shows the multifactorial basis of serum
resistance phenomenon. The most recent studies demonstrate that
inhibition of sialic acid utilization by H. influenzae enhanced
serum-mediated killing. The symbiotic strains of H. influenzae do
not possess the ability to utilize host sialic acid (Heise et al., 2018).
However, Keo et al. showed that for C. jejuni, capsule expression
was essential for serum resistance and LOS plays role in protecting
bacterial cell from cationic antimicrobial peptides and proteins
(Keo etal., 2011). Nevertheless, the presence of Neu5Ac in LOS is
an important virulence factor empowering the bacteria to
be opportunistic pathogens. The pathways, used by pathogens to
utilize the sialic acid and avoid the action of the complement,
seem to be very promising therapeutic targets (Heise et al., 2018;
Moons et al., 2021).

Toll-like receptors (TLRs) are proteins expressed on cells of
immune system like macrophages or dendritic cells, serving as
pattern-recognition receptors, an important component of the
innate immune system. This class of receptors recognizes specific
structures on microbial cells or viral particles, triggering the
immune response and initiating pro-inflammatory signal
transduction. TLR4 specifically recognizes, among other pathogen
components, bacterial lipopolysaccharide, by its most conservative
structure: lipid A (Vaure and Liu, 2014). LPS is extracted from the
serum by the LPS binding protein (LBP), then presented via
CD-14 to the TLR4-MD-2 receptor complex.

There are some results, concerning the recognition of
sialylated lipooligosaccharide by TLR4. It has been shown, that for
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C. jejuni the sialylation of LOS enhances human DC activation
and subsequent B cell proliferation. That effect may contribute to
the development of autoimmune anti-ganglioside antibodies
found in GBS patients after C. jejuni infection (Godschalk et al.,
2004; Kuijf et al., 2010), also may affect the severity of gastro-
enteritis and reactive arthritis (Mortensen et al., 2009). On the
contrary, the sialylation of the N. meningitidis lipooligosaccharide
do not affect pro-inflammatory response to the bacteria mediated
by TLR4/MD2 (Pridmore et al., 2003), although mutants without
lipid A, but with polysialic acid capsule, do not activate TLR4
pathway at all, while activating the immune response by TLR2
(Pridmore et al., 2001). These unequivocal results suggest, that the
TLR4 recognition of sialylated lipooligosaccharides, where sialic
acid is presented in terminal position of the molecule, can
be structure dependent. There are no results up to date, concerning
the TLR4 recognition of sialic acid-containing lipopolysaccharides.
Lipopolysaccharides and lipooligosaccharides differ in the
location of the sialic acid residues. In LPS most of the sialic acid is
located inside the O-Ag, while only small portion of Sias are
unsubstituted and terminal (located at the end of the O-Ag chain)
sialic acid residues. In LOS most Sia residues are terminal and
unsubstituted, also they are spatially much closer to the lipid A,
than in LPS. As lipid A is the pathogen-associated molecular
pattern (PAMP) recognized and bound by LPB, it can be expected,
that the modification of TLR4-mediated reaction by sialic acid
could be more distinct in LOS than in LPS. The structure of lipid
A greatly affects the LPS recognition by TLR4 (Maeshima and
Fernandez, 2013), this effect should be taken into account in
future studies, comparing the effects of TLR4-mediated
pro-inflammatory signal transduction between LPS and LOS from
different bacteria.

The presented results indicate that the resistance of bacteria
containing Neu5Ac in LPS to innate immunity system: bactericidal
effect of blood serum and the TLR-mediated cellular response is
not fully understood phenomenon. We documented that the
presence of Neu5Ac in bacteria’s outer membrane is not sufficient
to protect the cells from the lytic activity of serum. The
phenomenon is multifactorial, demonstrating both the role of
elongation of O-Ag and remodeling of the outer membrane
proteins composition.

Sources of acquisition of Neu5Ac
by bacterial pathogens

Sialic acid is crucial for pathogenesis of some bacteria.
Microbes can either synthesize sialic acid or use sialic acid of the
host for metabolism as well as for the cell surface decoration
(Figure 4). Free sialic acid (released by hydrolysis to the
environment), can be used by bacteria in catabolic fermentation
or oxidation (Vimr, 2013). Some bacteria such as E. coli K1,
certain serotypes of N. meningitidis (Vimr, 2013), Fusobacterium
(Lewis et al., 2016), or Campylobacter jejuni (Thomas, 2016) are
able to synthesize sialic acid de novo, independently from the host.
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Other species, like H. influenzae, N. gonorrhoeae, Ruminococcus
gnavus, or Pasteurella multocida can decorate their surface with
sialic acid using sialyltransferase or hybrid synthetic-catabolic
pathways (Vimr et al., 2004; Bell et al., 2020). Examples of bacteria
with sialic acid-containing structures on their surface are
presented in Table 1. Decoration of the surface with sialic acid was
proved to be essential in pathogenesis (Vimr et al., 2000;
Steenbergen et al., 2005). There is a variety of studies showing that
the metabolism of sialic acid plays an important role in the process
of colonization. For some species like Streptococcus pneumoniae
(Trappetti etal., 2009) or P. aeruginosa (Soong, 2006) host-derived
sialic acid is an important factor for biofilm formation. Some
species such as E. coli K12 can use sialic acid as the sole source of
carbon (Vimr and Troy, 1985). The utilization of the host-derived
sialic acid by bacteria requires different types of transporters into
the bacterial cell. The first family of transporters is major facilitator
superfamily (MFS). The MFS as sialic acid transporters were firstly
reported to be present at E. coli K12 (Vimr and Troy, 1985;
Thomas, 2016). YjhBC operon of the E. coli is controlled by the
repressor protein nanR, which regulates the core machinery
responsible for the import and catabolic processing of sialic acid.
YjhC protein is broadly involved in carbohydrate metabolism and
is an oxidoreductase/dehydrogenase involved in bacterial sialic
acid degradation (Horne et al., 2020).

One of the transporters playing important role in sialic acid
transport to bacterial cell is NanT (N-acetylneuraminic
transporter) and its homologs. These transporters are present in
human pathogens like Salmonella, Yersinia, Citrobacter,
Chromobacter, Tanerella forsythia, and also in the gut bacteria
Bacteroides fragilis. H. influenzae can use host-derived sialic acid
to decorate its LOS. This is necessary for innate immune evasion.
However the transport mechanism is different than using NanT,
and in this case, it is a tripartite ATP-independent periplasmic
(TRAP) transporter (Thomas, 2016). The system with a membrane
domain SiaPQM, uses SiaP, which is a substrate-binding protein
(SBP). An orthologous SiaPQM system is found in pathogens like
P multocida, Vibrio vulnificus, Vibrio cholerae, H. ducreyi,
Haemophilus somnus, Actinobacillus pleuropneumoniae, and
Corynebacterium  glutamicum, which use sat-type ABC
transporter. The second group of ABC transporters involved in
transport of host-derived sialic acid found in S. pneumoniae is
satABC. The third group of transporters involved in utilization of
sialic acid by Salmonella Typhimurium, Vibrio fisheri, and
Lactobacillus sakei is sodium solute symporter family (SSS)
represented by SiaT system (Thomas, 2016). Noteworthy,
transporters’ families differ in the source of energy. The ABC
transporters family, are primary transporters, getting energy from
ATP hydrolysis. The MFS, TRAP, and SSS systems are secondary
transporters using membrane potential as a source of energy,
though they differ in ions required for this process (Thomas, 2016).

The usage of sialic acid for nutrition and surface decoration
might be one of the factors characterizing bacterial niche
specialization or disease potential. High content of Sias in human
mucosal surfaces, e.g., of the gastrointestinal tract can explain,
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FIGURE 4
Pathways for deploying sialic acid on bacterial pathogens cell surface: Neisseria meningitidis, Neisseria gonorrhoeae (Shell et al., 2002; Lewis et al.,
2015), Haemophilus influenzae (Jessamine and Ronald, 1990; Fox et al., 2006), Campylobacter jejuni (Chiu et al., 2007), Escherichia coli (Shen
etal, 1999; Vimr et al., 2004; Severi et al., 2007). IM, inner membrane; PG, peptidoglycan; OM, outer membrane; LPS, lipopolysaccharide; CP,
capsular polysaccharide.

TABLE 1 Examples of bacteria with sialic acid present on their cell surface.

Bacteria Major disease List of transporters  References

Neisseria meningitidis B Meningitis Kps Vimr et al. (2004), Severi et al. (2007), and Haines-Menges et al. (2015)

Escherichia coli K1 Neonatal meningitis NanT Vimr et al. (2004) and Haines-Menges et al. (2015)

Campylobacter jejuni Enteritis Kps Vimr et al. (2004) and Severi et al. (2007)

Fusobacterium nucleatum  Periodontal diseases SiaP Gangi Setty et al. (2014) and Thomas (2016)

Tannerella forsythia Periodontal diseases NanT Thomas (2016) and Roy et al. (2010)

Haemophilus influenzae Respiratory infections SiaP Gangi Setty et al. (2014), Haines-Menges et al. (2015), and Thomas (2016)

Haemophilus ducreyi Chancroid Sat-type ABC Post et al. (2005) and Thomas (2016)

Pseudomonas aeruginosa  Pneumonia NanT Almagro-Moreno and Boyd (2010) and Green et al. (2018)

Escherichia coli K12 Neonatal meningitis NanT Vimr et al. (2004) and Haines-Menges et al. (2015)

Salmonella sp. Salmonellosis NanT, SiaT Haines-Menges et al. (2015) and Thomas (2016)

Vibrio cholerae Cholera SiaP Vimr et al. (2004), Gangi Setty et al. (2014), Haines-Menges et al. (2015),
and Thomas (2016)

Yersinia sp. Yersiniosis NanT Vimr et al. (2004), Haines-Menges et al. (2015), and Thomas (2016)

Citrobacter sp. Infant meningitis, urinary tract NanT Thomas (2016)

infections

why bacteria colonize only certain areas of human body
(Vimr, 2013).

After the biosynthesis or the uptake from the environment,
sialic acid can be incorporated into structures on the surface of the
bacterial cell, modulating the pathogen’s interaction with the host.
The first step in this process is the conversion of Sia into its active
form: CMP-sialic acid, which is then attached to the appropriate
acceptors by means of specific sialyltransferases. Reaction is
catalyzed by CMP systolic acid synthesis (Severi et al., 2007). Most
of the information about the incorporation of sialic acid into outer
structures of bacteria comes from the analysis of the capsule
biosynthesis processes in E. coli and N. meningitidis. In E. coli, the
NeuA protein activates Neu5Ac before being incorporated into
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capsule, whereas in the case of N. meningitidis NeuA activates
Neu5Ac for capsule and LPS biosynthesis (Vimr et al., 2004).
Neisseria meningitidis and N. gonorrhoeae perform the
sialylation of LOS with the participation of a-2,3-sialyltransferase
(Lst). Lst protein is located in the outer membrane (Shell et al., 2002;
Lewis et al., 2015). Such sialylation is also a feature of several
pathogenic bacterial strains, e.g., H. influenzae, C. jejuni and
Helicobacter sp. Sialyltransferases identified in these pathogens
belong to glycosyltransferase family GT-42 (Audry et al,, 2011). The
main sialyltransferase of H. influenzae is Lic3A, responsible for the
addition of Neu5Ac to a lactose acceptor. Lic3B «,2,3/a,2,8-
sialyltransferase is a bifunctional enzyme, its activity enables the
utilization of both: terminal galactose of lactose as well as Neu5Ac
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of sialyllactose as acceptor molecules (Jessamine and Ronald, 1990;
Fox et al., 2006). The terminal sialic acid residue in the double
sialylated LOS may also be modified by O-acetyltransferases. Sialic
acid in the O-acetylated form can also be included as part of the
O-specific chain oligosaccharides in E. coli, but the enzymes
required for this process are not well characterized (van der Woude
and Baumler, 2004; Ali et al., 2006; Severi et al., 2007). The first
functionally characterized sialyltransferase of the Helicobacter genus
is monofunctional LPS «,2,3-sialyltransferase of H. bizzozeronii,
which has a strong preference for LacNAc (Kondadi et al., 2012).
Campylobacter jejuni has three functional sialyltransferases from
group Cst: Cstl, Cstll, and CstIII. Cstl is the monofunctional
enzyme that has been shown to utilize solely Gal--1,3/4-R as the
acceptor sugar in its transferase reaction. It has been found, that
CstlI can be the bifunctional enzyme, using both Gal-f-1,3/4-R and
Neu5Ac-a-2,3-Gal-p-1,3/4-R as acceptor sugars (Gilbert et al., 2002;
Chiu et al., 2007).

In E. coli, the main «-2,8/a-2,9-polysialyltransferase, which adds
Neu5Ac to the appropriate receptors to form the capsule, is the NeuS
protein, which is then exported outside the cell using the Kps system
(Shen et al., 1999; Vimr et al., 2004; Severi et al., 2007). Synthesized
sialic acid, which is a component of the capsular polysaccharide or
LPS, can be modified by O-acetylation. In E. coli, NeuO and NeuD
O-acetyltransferases modify the capsular sialic acid, which can also
be deacetylated by the NeuA protein. These studies highlight the
huge functional diversity in the structure of bacterial capsules that
are presented on the cell surface by numerous patterns of acetylated
sialic acid (Claus et al., 2004; Steenbergen et al., 2006).

Some bacteria, such as H. influenzae or E. coli, consume
transported sialic acid as a source of carbon and nitrogen (Severi
etal, 2005; Kentache et al., 2021). The sialyl catabolism pathway is
well characterized and is based on the cleavage of Neu5Ac to
ManNAc and pyruvate by means of NanA aldolase. ManNAc is
finally transformed into Fru-6P and ammonia with the participation
of NanK, NanE, NagB, and NagA proteins. It is not fully elucidated
how bacteria maintain the balance between catabolism and
anabolism of sialic acid and how catabolism of Neu5Ac effects on
the bacterial virulence (Shen et al., 1999; Vimr et al., 2004).

Sialic acid liberation from the
host by bacterial sialidases

The balance between gut microbes and secreted mucus
affects intestinal health (Robinson et al., 2017). As indicated in
the previous sections, the role of sialic acids is crucial in the
biology of higher organisms and pathobiology of some
bacteria, parasites and even viruses. Sialic acids, decorating the
outermost regions of carbohydrates in host glycoproteins, may
be utilized by microorganisms. It is well documented that
enteric bacteria, both commensal and pathogenic, can use host
sialic acids as a nutrient source, thus unmasking host ligands
used for adherence or contribute in biofilm formation (Juge
et al., 2016). For these purposes, bacteria express secretory
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proteins called sialidases or neuraminidases that hydrolyze
host sialic acid residues (Lewis and Lewis, 2012).

Remarkably, it was found that O-acetyl ester modifications of
sialic acids improve the resistance against the action of a number
of sialidases, some gut bacteria (e.g., Bacteroides), in turn, produce
sialate-O-acetylesterases to remove the ester group (Robinson
etal., 2017), which improves the accessibility of sialic acids to gut
bacterial sialidases. The group of sialidases (EC 3.2.1.18) belongs
to a class of glycosyl hydrolases which remove terminal
N-acylneuraminate residues from the glycans of glycoproteins,
glycolipids, and polysaccharides. Bacterial sialidases can catalyze
the hydrolysis of terminal sialic acids linked by the a-2,3-, a-2,6-
or a-2,8-linkage to a diverse assortment of substrates. Besides,
some of these enzymes can catalyze the transfer of sialic acids
from sialoglycans to asialoglycoconjugates via a transglycosylation
reaction mechanism (Robinson et al., 2017).

The most frequently defined enteric bacteria, producing
sialidases, are Bacteroides, Prevotella, Clostridium, Bifidobacterium
longum, V. cholerae (Fraser, 1978; Moncla et al., 1990; Moustafa
etal,, 2004; Sela et al., 2008), and S. Typhimurium (Corfield et al.,
1983; Kim et al., 2011). The production of sialidases by Salmonella
sp. is not widespread, and only one sialidase from S. Typhimurium
has been functionally characterized (Juge et al., 2016). Other
studies show that S. Typhimurium encodes the nan operon, but
lacks the sialidase required for sialic acid release (Miller and
Hoskins, 1981; Corfield et al, 1992). Among E. coli strains,
enteropathogenic E. coli O127 strain (EPEC; Iguchi et al., 2009)
possess a sialidase-encoding gene, whereas commensal E. coli
strains such as E. coli strain EHV2 lack a sialidase (Huang et al.,
2015; Juge et al., 2016), what suggests, that the production of
sialidases is connected with the pathogenicity of microorganism.

Recently published research describes that problem in organisms
inhabiting oral cavity, for instance T. forsythia (Frey et al., 2018) or
Porphyromonas gingivalis (Xu et al, 2017; Yang et al, 2018).
T. forsythia is a key organism in periodontal disease with the ability
of sialic acid utilization (Frey et al., 2018). Yang et al. found that
P, gingivalis sialidase gene mutant strain showed less pathogenicity
than the wild-type strain. Indeed, research on the P gingivalis
interaction with the host phagocytes showed that inhibition of
sialidase in bacteria led to rapid clearance of pathogens by
macrophages (Yang et al.,, 2018). Other studies with the same species
revealed that the cell membrane of the sialidase-deficient mutant was
more sensitive to a damage caused by oxidative stress. Moreover,
sialylation of the components on the P. gingivalis cell surface helped
in biofilm formation. The authors implied that the inhibition of
P gingivalis sialidase, using a sialidase inhibitor, would reduce
pathogen survival, virulence and biofilm formation, what can
facilitate the therapy of periodontal disease (Xu et al., 2017). Activity
of P. gingivalis sialidase can be inhibited using the commercially
available drug zanamivir, what leads to an inhibition of P. gingivalis
biofilm formation on oral glycoprotein sources, also inhibited
attachment and invasion by P. gingivalis, T. forsythia, and other
periodontal pathogens to oral epithelial cells (Honma et al., 2011;
Frey et al,, 2019). Other anaerobic oral bacteria associated with
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periodontitis, E nucleatum, also have a sialic acid as a component of
the O-antigen LPS. T. forsythia, which is found in close association
with E nucleatum, could harvest sialic acid from E nucleatum
LPS. Sialic acid can be catabolized as a source of carbon and growth
factor by cohabiting species of the dental plaque and likely plays a
role in the dental biofilm development (Vinogradov et al., 2017).

Lewis and Lewis focused on the way how sialidases action
affects pathogenic, commensal and/or symbiotic host-microbe
interactions (Lewis and Lewis, 2012). In addition Wong et al.
(2018) show the intriguing connection between two species of
bacteria: Streptococcus oralis and Streptococcus gordonii. It was
documented that S. oralis increases S. gordonii adherence in a
neuraminidase-dependent manner. It is important to emphasize
that sialidases produced by the microbiota in gut may promote the
expansion of some potential antibiotic-associated pathogens,
including E. coli, Clostridium difficile, and Salmonella sp.
pathotypes that do not produce these enzymes. The cross-species
feeding on the host sialic acids between members of the gut or oral
cavity microbiomes may have a significant contribution in the
infection process (Robinson et al., 2017).

Conclusion

The role of sialic acids in higher organisms is very wide. As
very versatile modulators of cell functions and pathology, sialic
acids participate in diverse cellular mechanisms. They are used
mostly for recognition purposes: being a ligand for a great variety
of molecules as lectins, antibodies or hormones, and also as an
agent, masking biological recognition sites. The important role of
host sialic acids in immune reactions, cell differentiation or
apoptosis is still the subject of analysis. With such a wide array of
functions for that class of molecules it is not surprising, that the
bacteria can utilize sialic acids, like Neu5Ac, for the modification
of its outer structures, which then interact with the natural
functions of the host in multiple ways. Several examples of this
interaction, like molecular mimicry, liberation, and utilization of
host sialic acid by bacteria, the influence on bacterial pathogenicity,
or the etiology of autoimmunological diseases are presented in
this work. Moreover, the structural relationship between sialic
acids and the sugars, which are found mostly in bacterial
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which definitely will be the subject of further intensive studies
in future.
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