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ABSTRACT

Virulence and the extent to which a microbe will
cause disease are determined by dynamic host-
pathogen interactions. It is now recognized that
many of the processes involved depend upon a
complement of carbohydrate structures associated
with both the host and the invading microorganism,
collectively termed the host-pathogen glycome.
As glycomics tools and technologies develop, we
are gaining a broader appreciation for the exquisite
diversity of bacterial glycans and their role in
pathogenesis and host immunity. Though deciphering
the interactions between the host and the bacterial
glycome is challenging and understudied, it
promises to unveil avenues for novel biomedical
applications in the fields of diagnostics,
therapeutics, and vaccines that will reduce the
burden of infectious diseases. This review will
focus on the impact of bacterial glycoconjugates in
host-pathogen interactions using specific examples
and highlight the biomedical applications that
stem from advances in our understanding.
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ABBREVIATIONS

PG. peptidoglycan, LPS: lipopolysaccharide,
LOS: lipooligosaccharide, S-LPS: smooth LPS,
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R-LPS: rough LPS, O-PS: O-antigen polysaccharide,
LLO: lipid-linked oligosaccharide, CPS: capsular
polysaccharide, EPS: Extracellular/Exo-
polysaccharide, CWG: cell wall glycopolymer,
P-CWG: peptidoglycan anchored CWG, M-CWG:
membrane anchored CWG, TA: teichoic acid,
LTA: lipoteichoic acid, LAM: lipoarabinomannan,
OS: oligosaccharide, PS: polysaccharide, OPG:
osmoregulated  periplasmic  glucan, MDO:
membrane derived oligosaccharide, fOS: free
oligosaccharide, MurNAc: N-acetylmuramic acid,
GIcNAc: N-acetylglucosamine, Glc: glucosamine,
Glu: glucose, Gal: galactose, Man: mannose, Fuc:
fucose, Xyl: xylose, SA: sialic acid, GIcA:
glucuronic acid, IdoA: iduronic acid, Kdo: 3-
deoxy-D-manno-octulosonic acid, Ko: D-glycero-
D-talo- oct-2-ulosonic  acid, HexNAc: N-
acetylhexosamine, OTase: oligosaccharyltransferase,
GT: glycosyltransferase, UDP: uridine diphosphate,
TLR: toll-like receptor, Nod: nucleotide
oligomerization domain, PAMP: pathogen
associated molecular pattern, PRR: pathogen
recognition  receptor, PGRP:  peptidoglycan
recognition protein, LBP: LPS binding protein,
PGCT: protein glycan coupling technology, MS:
mass spectrometry, MS/MS: tandem MS, nLC:
nano-flow liquid chromatography, HPLC: high
pressure liquid chromatography, RPLC: reversed
phase liquid chromatography, IP-NPLC: ion pairing
normal phase liquid chromatography, NMR: nuclear
magnetic resonance, PAS: periodic acid-Schiff

1. INTRODUCTION

While perhaps as many as a thousand microbial
species exist within a human host in a symbiotic
or commensal state [1-4], those that lead to disease
or death are termed pathogenic [5]. Though only a
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small minority of all bacteria are pathogenic,
together they are one of the leading causes of
human mortality, responsible for an estimated 22%
of deaths worldwide in 2008 [6]. A disease state is
both pathogen and host specific [7, 8] and the
severity of disease is the result of a dynamic
interplay between host defences and pathogen
virulence factors. Processes such as host invasion,
colonization, sporulation, germination, immune
stimulation, and host immune evasion play a direct
role in determining the outcome of infection. It is
now recognized that many of these interactions
depend on a complement of carbohydrates on both
sides of the relationship [9]. In fact, carbohydrate
expression of the host is often influenced by the
presence of a pathogen and vice versa [1, 7, 10, 11].

Carbohydrates are ubiquitous, complex, and
functionally diverse biomolecules important in all
domains of life [12]. In addition to serving as a
major energy source for cells, they are also
frequently cell surface associated and involved in
cell-cell interactions as glycoconjugates. Mono-,
di-, poly-, and oligo- saccharides may exist as free
glycans or may be coupled with proteins, lipids,
or nucleotides to form glycoconjugate macro-
molecules in linear or branched structures.
Glycomics, an analogous field to genomics and
proteomics, is the comprehensive study of all
glycoconjugates in a biological system. It has
proven to be more challenging than its predecessor
‘omics’ fields due to the non-template driven
biosynthesis of glycoconjugates [7, 13, 14] and
complex glycan biosynthetic pathways. Eukaryotic
glycomes are comprised of essentially ten well
characterized monosaccharides, assembled in
varying numbers and conformations: glucose (GIc),
galactose (Gal), N-acetylglucosamine (GICNAC),
N-acetylgalactosamine (GalNAc), mannose (Man),
fucose (Fuc), xylose (Xyl), sialic acid (SA),
glucuronic acid (GlcA), and iduronic acid (IdoA)
[14-16]. Across the domain of Bacteria, there is
an as yet unknown number of different mono-
saccharides [17-19], with numerous sugars such
as pseudaminic acid [20] and legionaminic acid
[21] being unique to prokaryotes [18, 22]. The
diversity is increased by the potential for these
microbial glycans to be additionally modified by
functional groups [23] or amino acids [24-26]. As
a result of different analytical challenges, the
analysis and bioinformatics of microbial glycomes
have lagged behind those of eukaryotes.

Despite the differences in glycome composition,
the tools used to study prokaryotic and eukaryotic
glycomes are often quite similar. These techniques
include liquid chromatographic  separation/
enrichment [27-29], advanced mass spectrometry
(MS) [27, 28, 30-36], nuclear magnetic resonance
(NMR) [37-42], electron microscopy [43], periodic
acid-Schiff (PAS) staining [44, 45], lectin
chromatography [46, 47], chemical labeling
[48-55], and physical [56], chemical [57, 58] or
enzymatic [59, 60] glycan removal. Detailed
reviews of the analytical techniques can be found
elsewhere [18, 61, 62]. Through the study of both
prokaryotic and eukaryotic glycomes has come
the realization that carbohydrates play an essential
role in host-pathogen interactions. The host-
pathogen glycome would therefore encompass all
the sugar molecules involved in these interactions
during a microbial infection.

In bacteria, the complement of glycans and
glycoconjugates includes lipopolysaccharides
(LPS), lipooligosaccharides (LOS), peptidoglycan
(PG), extracellular (or exo-) polysaccharides (EPS),
capsular polysaccharide (CPS), cell wall glyco-
polymers (CWG), nucleotide-activated sugars,
lipid-linked oligosaccharides (LLO), N- and
O- linked glycoproteins [18], and free glycans
[63, 64]. Many of these sugar related structures
are surface associated, as seen in Figure 1, and are
consequently important for interactions with the
external environment. In the case of pathogenic
bacteria, the external environment is frequently a
host organism. Our current knowledge of the many
diverse roles of bacterial carbohydrates involved
in host-pathogen interactions allow them to be
loosely grouped into the following categories:
structure and physical protection; adherence and
colonization; antigenicity and immunogenicity;
pathogenicity and virulence; and host evasion.
With an increasing understanding of these
mechanisms in human pathogens comes the
opportunity for targeted medical applications. For
example, the identification of novel sugars as
pathogen biomarkers can lead to improved
diagnostics, as has been shown in B. anthracis
[65-67]. As has been demonstrated by work in
Yersinia pseudotuberculosis, inhibiting bacterial
motility through the disruption of carbohydrate
synthesis pathways holds promise for the
development of novel antimicrobials [68-70].
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Figure 1. Schematic representation of the pathogen glycome. a) Gram positive bacteria uniquely express cell
wall glycopolymers such as teichoic acid and lipoteichoic acid embedded in or through a thick multi-layered
peptidoglycan. b) Gram negative species possess a single layer of peptidoglycan, but also express a complex
lipopolysaccharide structure (lipid A-core-O-antigen) as part of an outer membrane and free periplasmic glycans
that are not present in Gram positive species. Although only depicted in one or the other in the figure, many species
of both Gram types additionally produce capsular polysaccharide and exopolysaccharide structures, and glycosylate
proteins such as flagellin and S-layer. Nucleotide-linked sugar precursors and lipid-linked oligosaccharide
intermediates involved in the biosynthesis of many carbohydrate structures are located in the cytoplasm of both
Gram types. Whether direct or indirect, all of these glycans and glycoconjugates have important roles in
pathogenesis and host-pathogen interactions.

Understanding the

role of sugars in antigenic

immune stimulation, through both innate and
adaptive responses [71], will improve vaccine

safety and efficacy.

This review will focus on the role of the bacterial
glycome in host-pathogen interactions and the
medical applications that have come from
advances in our understanding of its impact.
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2. THE BACTERIAL GLYCOME

The bacterial glycome is complex and comprises
several categories of carbohydrate associated
biomolecules, the structure and function of which
can vary substantially between Gram positive and
Gram negative species (see Figure 1), between
species of the same Gram type, and even between
strains of the same species. Production of this
complex glycome is metabolically costly and
involves substantial enzymatic machinery, suggesting
that carbohydrates have important roles in
prokaryotic life cycles. Furthermore, many
carbohydrate structures are surface associated
where they are likely to interact with host cells
and tissues. Bacterial carbohydrates offer many
advantages for pathogenesis, but their unique
structures often provide targets against which the
host can mount a more specific and targeted
immune response. Below we describe the general
characteristics of various microbial glycans and
glycoconjugates, and provide evidence for their
role in host-pathogen interactions citing a pathogen
specific example for each.

2.1. Glycoproteins

Glycoproteins, proteins that have been co- or
post-translationally modified by carbohydrate,
fulfill many structural and functional roles in all
domains of life. The carbohydrate modifications
allow for further diversification of the proteome
and subsequently increases the scope and
complexity of protein activity [10]. The first
glycoprotein identified and characterized was hen
egg albumin in 1938 [72]. For many years, though
additional eukaryotic glycoproteins were discovered,
there was no evidence for prokaryotic glycosylation.
It was not until the mid 1970s that the surface
layer (S-layer) of Halobacterium salinarium (an
archaean) [73-75], and the S-layers of Clostridium
thermosaccharolyticum and Clostridium thermo-
hydrosulfuricum (bacteria) [76, 77] were reported
to be glycoproteins. This began the path to
dispelling the belief that eukaryotes were unique
in their ability to modify protein with sugar moieties.
Since that time, an increasing number of bacterial
species have been reported to express glycoproteins
[17, 78, 79], including numerous human pathogens.
These include, but are not limited to: Clostridium
botulinum [80], Clostridium difficile [24],

Campylobacter coli [81-83], Campylobacter jejuni
[20, 84], Helicobacter pylori [85], Neisseria
gonorrhoeae [86, 87], Neisseria meningitidis [88,
89], Aeromonas hydrophila [90], Aeromonas caviae
[91], Francisella tularensis [92-94], Pseudomonas
aeruginosa [95-103], Listeria monocytogenes [104,
105], Escherichia coli [106], Acinetobacter
baumannii  [107], Burkholderia thailandensis
[108], Burkholderia pseudomallei [108], Borrelia
burgdorferi [109], Streptococcus pyogenes [110],
Aggregatibacter actinomycetemcomitans [111],
Haemophilus influenzae [112-115] and Bacillus
anthracis [116-118]. Many bacterial glycoproteins
are components of surface structures and
appendages, such as S-layer, flagella, pili, fimbriae,
and exosporium layers, suggesting relevance for
intercellular interactions and pathogenesis.

The carbohydrate portion of a glycoprotein,
known as a glycan, can be a mono-, di-, poly-, or
oligo-saccharide chain, typically linked together
by glycosidic bonds in either a linear or a
branched conformation. Glycans can be classified
as either N-linked or O-linked depending on their
mechanism of biosynthesis and attachment to the
protein or polypeptide. Traditional N-glycosylation
(also refered to as general glycosylation) involves
the assembly of a series of monosaccharides from
nucleotide activated sugars to a phosphorylated
isoprenoid lipid carrier in the cytosol, resulting in
a lipid-linked oligosaccharide (LLO). The glycan
is then covalently bound en bloc by an oligo-
saccharyltransferase (OTase) to the amide nitrogen
of asparagine (Asn, or N) side chains, where the
Asn residue resides within a consensus sequence
[Reviewed extensively in [26]]. In archaea, as in
eukaryotes, the glycosylation consensus sequence
is Asn-X-Ser/Thr. In bacteria, the consensus
sequence has been expanded in some cases to
Asp/Glu-X;-Asn-X,-Ser/Thr - (X, X;, and X,
represent any amino acid other than proline (Pro,
or P)) [119]. O-linked glycans are synthesized by the
sequential addition of monosaccharides directly
on the hydroxyl oxygen of threonine (Thr, or T),
serine (Ser, or S), and less frequently tyrosine
(Tyr, Y) side chains by various glycosyltransferases
(GTs) [120]. Although some species specific
motifs have been proposed [87, 121-124], no
absolute O-linked glycan consensus sequence has
been identified. It has also recently been suggested
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that a three dimensional structural epitope (a
right-handed pB-helix) rather than a strict amino
acid sequence may represent a glycosylation motif
for at least one family of O-glycosyltransferases
[125, 126]. C. jejuni possesses both of the
aforementioned glycosylation systems. Flagellin
is modified through the O-linked pathway while
more than 60 additional proteins, many of which
are periplasmic or membrane associated [28], are
confirmed modified via a highly conserved
N-linked pathway [64, 84, 127-130]. Recently, a
novel ‘general’ O-glycosylation system has been
described in some bacteria including Neisseria sp.
[87, 131-133], Pseudomonas sp. [131], and
Acinetobacter sp. [107] whereby the transfer of
glycan to the O-linked site occurs en bloc through
a lipid carrier, similar to the N-glycosylation
mechanism [Reviewed in [130]].

Carbohydrate modifications have the potential to
alter the physical, chemical, and biological
properties of a protein. However, deciphering the
biological role of protein glycosylation in bacteria
is challenging. Although a substantial number of
bacterial glycoproteins have now been identified,
only a subset has a characterized function in host-
pathogen interactions (see Table 1). To emphasize
the significance of glycoproteins in host-pathogen
interactions, we will describe in more detail recent
insights with respect to the biological impact of
flagellar glycosylation in C. difficile.

The Gram positive anaerobe, C. difficile, is a
nosocomial enteric pathogen that primarily affects
immunocompromised individuals or patients who
have been treated with antibiotics. However, in
recent years, an increase in community acquired
C. difficile has been observed [134]. Increasing
antibiotic resistance, particularly for the emerging
hypervirulent strains of the 027 ribotype, means
that C. difficile is a continually growing problem
[135]. Due to a dormant and recalcitrant spore
form, C. difficile infection recurs after treatment
and apparent cessation of symptoms in 20-40% of
cases [134]. Secretion of two toxins, TcdA and
TcdB, upon colonization of the intestinal lining
leads to Clostridium difficile associated diseases
(CDAD), including diarrhoea, toxic megacolon,
pseudomembranous colitis [136], and even death.

Many strains of C. difficile are motile, and as
in many other bacteria, the flagellin monomer is

a glycoprotein. The first indication of flagellar
glycosylation in C. difficile in several strains was
an apparent increased molecular mass as
compared to the predicted molecular mass when
electrophoretically separated by SDS-PAGE [137,
138]. Later it was shown that C. difficile strain
630 harbours a unique 398 Da glycan, composed
of a N-acetylhexosamine (HexNAc) linked to a
methylated aspartic acid through a phosphate
bridge [24]. Twine et al. [24] have putatively
reported that this carbohydrate modification is
required for proper flagellar assembly, and
consequently  motility. In this study, an
insertionally inactivated mutant strain  was
generated by the ClosTron method [139] targeting
CD0240, a gene encoding a conserved putative
glycosyltransferase. This glycosyltransferase is
located immediately downstream of fliC, the gene
encoding the structural protein  monomer.
Through SDS-PAGE of purified flagellin and
nLC-MS/MS plus de novo sequencing analysis of
flagellin peptides, it was determined that disruption
of the 0240 glycosyltransferase eliminated flagellin
glycosylation. While the FIiC protein was
expressed, albeit at reduced levels compared to
wild type, electron microscopy showed that the
flagellar filament was not properly assembled in
the mutant, resulting in truncated and fragile
flagellar filaments. Consequently this mutant
strain was immotile in stab agar tests [24]. Loss or
reduction in motility due to absence of flagellin
glycosylation is not unique to C. difficile. The
same has been observed for a number of
other bacteria, including A. caviae [140, 141],
A. hydrophila [142], B. pseudomallei [108], C. coli
[143], C. jejuni [20, 82, 143, 144], and H. pylori
[85, 145]. Motility represents an important
virulence factor for bacteria, as without it most
gastrointestinal pathogens are hindered in their
ability, if not entirely unable to reach their target
colonization sites [69]. It is also interesting to note
that flagellin glycosylation has been linked to
virulence through regulation of toxin secretion,
although the mechanism is not clear. Aubry et al.
[146] demonstrated by cell rounding assay that the
0240 mutant strain secreted slightly more toxin
than wild type bacteria at 24 hours growth. The
increase, however, was not as significant as loss
of FliC entirely [146]. Taken together, these
studies demonstrate that loss of carbohydrate
modification can simultaneously impact multiple
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virulence factors and disrupt
interactions.

2.2. Peptidoglycan (PG)

With only a few exceptions (including
mycoplasmas and Planctomyces), all bacteria
possess peptidoglycan (PG), also known as murein,
as part of their cell wall. In Gram negative species,
the peptidoglycan exists as a thin and usually
singly layered sacculus (ranging from approximately
2.5-7 nm in thickness) [147-149] between the
cytoplasmic and outer membranes within the
periplasmic space. In Gram positive species,
however, which do not have an outer membrane
or lipopolysaccharide (LPS), the peptidoglycan is
layered and significantly thicker (estimated to be
up to 50 nm) [150]. It is this thick peptidoglycan
that distinguishes Gram positive species from
Gram negative species [151, 152]. Other glycan
associated molecules such as glycoproteins and
cell wall glycopolymers (CWG) are often anchored
to or through the Gram positive peptidoglycan
layer. The carbohydrate portion of this proteoglycan
is a series of alternating B-(1,4) linked N-acetyl-
glucosamine (GIcNAc) and N-acetylmuramic acid
(MurNAc) moieties, which are cross linked through
short amino acid sequences, typically penta-peptides.
The resultant matrix is both strong and flexible
[153, 154], contributing greatly to cell shape [155]
and acting as a physical protective barrier.

Peptidoglycan synthesis is a complex but
conserved process, beginning in the cytoplasm
with the assembly of nucleotide (uridine
diphosphate (UDP))-sugar precursors: UDP-
GIcNAc and UDP-MurNAc. UDP-MurNAc is
formed from UDP-GICNAc by the action of the
Mur ligases MurA and MurB. Mur C-F catalyze
the non-ribosomal addition of five amino acids to
UDP-MurNAc before MraY couples the entire
structure to the membrane bound undecaprenyl
phosphate lipid carrier. This lipid linked intermediate
structure, Lipid I, is then converted to Lipid Il by
the addition of GIcNAc from UDP-GIcNAc by
MurG [156]. Lipid Il is subsequently translocated
through the membrane by the action of a flippase
enzyme [157], however this step is not as well
characterized as the rest of the peptidoglycan
biosynthesis. Penicillin binding proteins (PBPs)
are then responsible for the glycosyltransferase and

host-pathogen

transpeptidase activity that polymerizes the Lipid
Il monomers into the full mesh-like peptidoglycan
sacculus. There are also a series of specific
hydrolases and lytic transglycosylases responsible
for targeted cleavage permitting the removal or
insertion of new lipid 11 monomers, thus allowing
for cell growth, division, and flexibility [158].

Production of peptidoglycan is a dynamic process,
with highly spatially and temporally regulated
synthesis and hydrolysis. For example, excessive
or uncontrolled hydrolase activity would result in
the deterioration of peptidoglycan and eventual
cell lysis. As a defence against infection, many
hosts have evolved enzymes that function in much
the same way as the bacterial hydrolases to aid in
destruction of invading pathogens. Lysozyme, for
example, is present on most human mucosal surfaces
and breaks the B-(1,4) glycosidic bond between
GIcNAc and MurNAc [159-162], making the
sugar component of this glycoconjugate a direct
target of the host innate immune response. Once
cells are lysed, peptidoglycan fragments are released.
These fragments (muropeptides) are recognized as
conserved pathogen associated molecular patterns
(PAMPs) by a family of host pattern recognition
receptors (PRRs) in the cytoplasm designated
nucleotide oligomerization domain (Nod) proteins
[163-166]. Recognition of specific peptidoglycan
fragments by Nodl stimulates a proinflammatory
immune response and macrophage recruitment,
which is amplified by induction of Nod2 [167,
168]. Peptidoglycan is also recognized by host
type | transmembrane receptor protein, toll-like
receptor 2 (TLR2), and peptidoglycan recognition
proteins (PGRPs). Recognition by TLR2 in
TLR2:TLR1 or TLR2:TLR6 heterodimer complexes
initiates expression of cytokines and chemokines,
whereas the effect of PGRP recognition is less
clear in humans. Due to co-evolution of humans
and pathogens, some bacteria have consequently
developed lysozyme resistance by masking their
PAMP signature [159] through secondary
modification of the carbohydrate backbone, for
example by O-acetylation [158, 169-173] or N-
deacetylation [169, 174-178]. Gram positive bacteria
also possess numerous cell wall glycopolymers
(CWG) within the peptidoglycan layers that can
contribute to protection of peptidoglycan by
blocking lysozyme binding sites [179].
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One of the most virulent food borne pathogens,
Listeria monocytogenes, is responsible for a
spectrum of diseases, collectively referred to as
listeriosis. Characterized by conditions ranging
from febrile gastroenteritis, to meningoencephalitis,
to septicemia [180], it has a mean fatality rate of
20-30% [181]. This virulence is due in large part
to its natural lysozyme resistance [182]. As a
result, the peptidoglycan of this Gram positive,
intracellular pathogen has been the focus of
numerous studies. The mechanism by which
L. monocytogenes achieves this resistance provides an
excellent example to further elaborate on the role
of peptidoglycan in host-pathogen interactions.

Though the peptidoglycan is an essential
component of bacterial architecture, it is clear that
its PAMP signature is detrimental to bacterial
survival as it stimulates a prompt innate immune
response by the host. L. monocytogenes, like several
other bacteria, has evolved mechanisms of
evading host detection by secondarily modifying
the carbohydrate backbone of the cell wall structure.
N-deacetylation of GICNAc residues within the
peptidoglycan structure confers lysozyme resistance
to L. monocytogenes, contributing to its ability to
escape host immunity and cause serious food
borne illness. In 1982, Kamisango et al. [183]
discovered through dinitrophenylation treatment
that up to 30% of the glucosamine residues of the
lysozyme resistant L. monocytogenes’ peptidoglycan
are not N-acetylated as is normally the case
for most Gram positive bacteria. Furthermore,
N-acetylation of purified L. monocytogenes
peptidoglycan rendered it susceptible to lysozyme
degradation [183]. Boneca et al. [175] later
generated a knockout mutant of the pgdA gene
(previously designated Imo0415) to evaluate its
proposed N-deacetylase activity and the impact of
this N-deacetylation in lysozyme resistance. Using
reversed phase high pressure liquid chromatography
(RP-HPLC) and mass spectrometry (MS) to
compare purified peptidoglycan of the mutant
strain with wild type, it was determined that closer
to 50% of the wild type peptidoglycan GIcNAc
residues were secondarily modified by N-
deacetylation. However, in the mutant strain, only
GIcNAc was observed, confirming the proposed
enzymatic activity of PgdA. The mutant strain
also showed increased lysozyme sensitivity as

compared to wild type by cell rounding assay
[175]. To further evaluate the biological impact of
GIcNAc N-deacetylation for L. monocytogenes,
Rae et al. [169] designed an in vitro intracellular
growth model using murine bone marrow-derived
macrophage cell lines that were capable (BBM) or
incapable (BBM Lys-) of producing lysozyme. In
this study, they demonstrated that while a lysozyme
sensitive mutant (Apgd) grows as well as wild
type within BBM Lys- cells, growth of the mutant
strain in the presence of lysozyme was hindered.
In addition, the cytokines expressed by BBMs
infected with wild type L. monocytogenes showed
increased expression following infection with the
lysozyme sensitive strain: IL-1p and 1L-12
intracellularly, and IFN-B. This cytokine signalling
led to increased bacteriolysis and pyroptosis in the
cytosol. These increases in cytokine production
and bacterial cell death were not observed in
BBM Lys- cells. Finally, an in vivo murine model
of infection supported the in vitro experiments.
The pgd mutant, but not wild type, showed growth
defects in B6 mice, while both strains grew normally
in Lys- mice [169]. This demonstrates the conflicting
roles of peptidoglycan that are both advantageous
and detrimental to bacterial pathogenesis.

2.3. Lipopolysaccharide
(LPS)/Lipooligosaccharide (LOS)

As the name suggests, glycolipids are amphipathic
molecules consisting of hydrophilic carbohydrate
covalently linked to hydrophobic lipid. The distinct
physiochemical properties of the two constituents
result in multifaceted roles for glycolipids,
including roles in pathogenesis. Lipopolysaccharide
(LPS) is a prominent glycolipid component of
most Gram negative bacterial cell walls, while it
is entirely absent in Gram positive species. LPS
forms the outer monolayer of the outer membrane,
and is comprised of three distinct regions: a lipid
A, a central core oligosaccharide (OS), and an O-
antigen polysaccharide (O-antigen or O-PS) chain.
In some cases, most commonly associated with
musocal Gram negative species, LPS lacks the O-
antigen chain resulting in a lipooligosaccharide
(LOS). Based on colony morphology, normal LPS
has also been classified as ‘“smooth” LPS
(S-LPS), while LOS is categorized as “rough” LPS
(R-LPS) [184-186]. The biosynthesis of LPS
proceeds through one of three pathways: the Wyz
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polymerization system, the ATP-binding cassette
(ABC) transporter-dependent system, or the
synthase-dependent system. These mechanisms
are complex and a detailed explanation is beyond
the scope of this review. Extensive overviews of
LPS biosynthesis are provided in [187-189].

Lipid A is the most cellularly proximal and most
conserved domain, generally consisting of a
phosphorylated disaccharide (most commonly di-
glucosamine) linked to fatty acid chains. The
number of acyl chains, as well as their length and
saturation, provide some variability to an otherwise
very conserved structure [187]. Structurally, lipid
A serves to anchor LPS into the outer membrane,
exposing the carbohydrate portion on the cell
surface. Release of lipid A following cell death or
cell lysis by the host immune system produces a
range of toxic effects. In fact, LPS is otherwise
known as endotoxin for this reason. The lipid A
structure is extensively reviewed in [186].

The core OS, which bridges lipid A and O-antigen,
is usually limited to 1-15 monosaccharide moieties
[190]. The inner core, although made up of more
unusual sugars, is far more conserved than the outer
core. In fact, all inner core structures characterized
to date contain at least one (but usually more than
one) 3-deoxy-D-manno-octulosonic acid (Kdo)
residue that links the core to the lipid A [191].
In only a few species, including Burkholderia
cepacis [192, 193], Yersinia pestis [194],
Acinetobacter [195, 196], and Serratia marcescens
[197, 198], the closely related sugar D-glycero-D-
talo- oct-2-ulosonic acid (Ko) replaces one or more
of the Kdo residues [186, 190]. Although heptose
is also considered a conserved monosaccharide
component of the inner core structure, there are
some pathogenic species that are entirely lacking
heptose, including Francisella tularensis [199],
Legionella pneumophila [21, 200], Chlamydia
trachomatis [201], Moraxella catarrhalis [202,
203], and most Acinetobacter species. Additional
micro-heterogeneity of the inner core can be
achieved through substitution with charged groups
such as phosphate, phosphorylethanolamine, and
pyrophosphate, as well as acetyl groups or amino
acids. The outer core, by contrast, is far more
variable as it incorporates a more diverse range of
carbohydrates, predominently hexoses, in varying
numbers. Recently, however, the first pathogen to
lack an outer core was identified. In this case, the

O-antigen of Halomonas stevensii is attached
directly to the inner core [204].

A series of oligosaccharide repeating units form
the O-antigen polysaccharide structure, the most
distal region of smooth LPS. The monosaccharide
composition, the number of sugars in each
repeating unit, and the number of repeating units
is highly variable between species and can also be
host dependent [205]. Usually, the repeating unit
consists of 2-8 monosaccharides [206]. These
variables, combined with the potential for non-
carbohydrate based additional modification of the
sugars, results in a staggering diversity of O-antigen
structures. Owing to this capacity for diversity,
O-antigen is frequently responsible for serospecificity.
O-antigen structure and biosynthesis have recently
been reviewed in more detail [206].

Like peptidoglycan, LPS is a conserved pathogen
associated molecular pattern (PAMP) [207] that is
effectively recognized by pattern recognition
receptors (PRRs) [208, 209], which trigger the
complement system as well as a toll-like receptor
mediated innate immune response. The TLR
mediated response is initially triggered by binding
of LPS (or more specifically lipid A) to LPS
binding protein (LBP), a host serum glycoprotein
which acts as a lipid transport [210, 211]. Since
lipid A is well conserved across Gram negative
species, LBPs are broadly reactive with many
pathogens [210, 212, 213]. LBP-lipid A associates
with membrane-bound CD14 glycoprotein [214]
on the cell surface of innate immune cells,
particularly phagocytes such as macrophages,
monocytes, and dendritic cells (DCs), which
subsequently  associates with the type |
transmembrane receptor protein, toll-like receptor
4 (TLR4) [189, 215-218] and the accessory
myeloid differentiation 2 (MD2) glycoprotein
[219-222]. This complex initiates a cascade of
intracellular  signalling, beginning with the
activation of proinflammatory cytokines, IFN-p,
and NF-xB [216, 223-226]. These innate responses
contribute to positive feedback that further
increases the innate immune response and also
recruits the adaptive immune system through
elaborate cross talk [207, 227-229]. In severe
cases, excessive exposure to LPS can result in
systemic inflammation, sepsis, endotoxic shock,
and death. While the endotoxic activity is believed
to be caused by the lipid A portion, in at least
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some Gram negative species lipid A alone is
incapable of attaining the same biological activity
as lipid A conjugated to one or more sugar(s) of
the core OS [206]. The sugar moiety, most often
the Kdo residue of the core OS, modifies the lipid
A structure such that it is recognized and bound
by the LBPs and other receptor molecules [189,
220, 230]. This highlights a role for bacterial
carbohydrates in host immune stimulation and
virulence. The impact of lipid A associated
carbohydrates has thus far been demonstrated in
Salmonella [231, 232], Bordetella pertussis [233,
234], Neisseria meningitides [235-238], and
Capnocytophaga canimorsus [239]. It is also
interesting to note the involvement of multiple
glycoproteins in the host recognition system and
that this glycosylation has been shown to be
crucial for recognition of LPS via TLR4 [221].

Francisella tularensis is a Gram negative,
intracellular pathogen and the etiological agent of
tularemia, a potentially fatal respiratory condition.
This CDC category A pathogen has been heavily
studied due to its potential use in bioterrorism
[240-243]. F. tularensis LPS is relatively non-
stimulatory as compared to that of most other
Gram negative bacteria. It also produces natural
colony variants with altered O-antigen structure
[244]. Taken together, F. tularensis offers an
interesting example to illustrate the importance of
LPS, particularly the O-antigen polysaccharide, in
host-pathogen interactions.

In F. tularensis subsp. holartica live vaccine strain
(LVS) [245], spontaneous colony variants with
reduced virulence and immunogenicity, along
with an as yet undefined mechanism for inducing
protection [246], have hindered licensing as a
vaccine by the Food and Drug Administration
(FDA) [247]. Two prominent variants have been
designated blue phase (LVS-B) and gray phase
(LVS-G) based on the appearance of the colonies
under oblique light [248]. LVS-G has been shown
to be less virulent and less immunogenic than the
normal LVS-B. There have been conflicting
reports of the O-antigen structure associated with
gray variants. Some have reported gray variants to
have significantly altered O-antigen structure
[249], reduced O-antigen [250], or to have no
O-antigen at all [251]. It is possible that all three
of these O-antigen altered gray variants exist.

Hartley et al. [251] showed by matrix assisted
laser desorption ionization (MALDI) mass
spectrometry that in their hands LVS-G is devoid
of O-antigen polysaccharide. Unlike proteinase K
digests of LVS-B, equivalent digests LVS-G were
not reactive with monoclonal antibodies generated
by LVS LPS by western blot. Also in contrast to
LVS-B, the LVS-G variant failed to elicit a
protective adaptive immune response in mice and
showed a diminished ability to survive within
murine J774 macrophages [251]. Interestingly,
macrophage uptake of the two variants was shown
to be similar in vitro. However, addition of
complement in normal mouse serum stimulated
increased LVS-G uptake, suggesting that the lack
of O-antigen revealed the PAMP signature of the
lipid A moiety. While addition of complement did
not affect the uptake of LVS-B, serum from LVS
immunized mice did increase its uptake, further
demonstrating the role of LVS O-antigen in
stimulating an adaptive immune response.
Interestingly, the O-antigens of F. tularensis subsp.
tularensis and subsp. novicida have also been
shown to be protective antigens [252]. Clay et al.
[247] further showed that LVS-B is resistant to
complement mediated lysis, while LVS-G is
susceptible. The same serum sensitivity was
observed for an F. tularensis LVS genetic
knockout mutant (AwbtA) lacking O-antigen
[253]. In other bacteria, it has also been shown
that LPS lacking O-antigen can more easily stimulate
the innate immune response by bypassing LBPs
and CD14 [254], resulting in a different cytokine
expression profile. Although these experiments
suggest that O-antigen is responsible for the
stimulation of the adaptive immune response,
Conlan et al. have determined that neither lipid A
nor core-O-antigen complex alone can elicit
protection from future challenge [255]. In summary,
it would seem that while the O-antigen portion of
the LPS generates an adaptive (and in this case
protective) immune response, it also masks and
protects the PAMP signature of the endotoxic
lipid A portion from the host’s innate immune
response and complicates the recognition process.
Furthermore, it has been suggested that the gray
phase variant may serve to take advantage of the
host immune response by eliciting a nitric oxide
response that inhibits T-cell proliferation, allowing
the blue phase variant to spread [249]. This is just
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one example demonstrating multiple roles for
the O-antigen polysaccharide in host-pathogen
interactions during infection.

2.4. Cell wall glycopolymers

Throughout their peptidoglycan, Gram positive
organisms contain various cell wall glycopolymers
(CWGs) in lieu of the LPS containing outer
membrane. In the case of peptidoglycan anchored
CWG (P-CWG), these polymers are attached to
MurNAc residues through a phosphodiester linkage
[256]. Membrane anchored CWG (M-CWG),
have a glycolipid portion that extends below the
peptidoglycan and attaches to the cytoplasmic
membrane [257, 258]. Typically, the CWGs are
comprised of repeating units of sugar-phosphate
residues (poly(glycerol phosphate) or poly(ribitol
phosphate)). These polymers are frequently
additionally substituted with other sugar moieties,
and non-carbohydrate molecules such as pyruvate
or D-alanine, for example. The specific composition
of CWGs, particularly in the P-CWG category, is
extremely diverse, and tends to be species or
strain specific [259]. Though their structures and
physiochemical properties are highly variable,
they typically function in conjunction with
peptidoglycan to produce an anionic matrix on the
surface of the cell [256, 260].

P-CWGs include teichoic acid (TA; WTA),
teichuronic acid, uronic acid, and the more
recently discovered teichulosonic acid [261]. M-
CWGs include lipoteichoic acid (LTA),
lipoglycans, lipomannan, and lipoarabinomannan
[262, 263]. The best characterized of these
polymers are the TAs [256, 264-266], and LTAS
[267, 268]. Many Gram positive bacteria possess
both TA and LTA. Species lacking TA and LTA
tend to substitute them with functionally similar
polymers such as teichuronic acid and lipomannan
[258], respectively.

CWG have been shown to be involved in a vast
variety of biological functions. Since Gram positive
bacteria lack the protective outer membrane
(including LPS), the CWG can contribute to
protecting the cell within a host by blocking
lysozyme binding sites [179] or by filling spaces
in the peptidoglycan, thereby preventing entry of
defensins [269], antibiotics [270], and other host
defences [271-273]. They are also capable of tethering
other surface associated molecules (i.e. S-layer
proteins) to the cell wall [274, 275], and provide

additional strength and rigidity for the cell [260].
It has also been suggested that these polymers
direct cell division [276], help regulate autolysin
activity [270, 277, 278], participate in ion-
exchange and homeostasis [277-279], and have
involvement in adhesion to host cells [280-282].
Furthermore, CWGs are antigenic, stimulating
both an innate and adaptive immune response
[283-286], but also show a role in host immune
evasion [287]. For a more complete description of
the many diverse biological roles of CWG, the
reader is refered to the following reviews [256,
259, 288].

One of the most well studied CWGs is the TA of
the Gram positive Staphylococcus aureus, which
was first described in 1961 [289-291]. S. aureus
is both a nosocomial and community acquired
opportunistic pathogen [292] that can lead to skin
and soft tissue infections (SSTIs) [292-294],
pneumonia [292, 295, 296], bacteremia/septisemia
[280, 292, 297, 298], and endovascular infection
[299]. Though it is a persistent commensal organism
in 20% of the human population, approximately
60% of people are carriers intermittently [300].
Colonization of epithelial and endothelial cells,
particularly in the nasopharynx, is a risk factor that
can lead to serious future infection through an
incidental open wound or following surgery [301].
The influx of methicillin-resistant S. aureus
(MRSA) and multi-drug resistant  strains
throughout the world is of even greater concern
[292, 300], prompting increased study of the
mechanisms of adherence and colonization
involving the CWGs [297] [Reviewed in [302]].

Though adherence of S. aureus to host cells is a
multifactorial process [Reviewed in [301]], its TA
was first implicated in adherence in the 1980s
[303, 304]. This important CWG is composed of
approximately 40 GIcNAc and D-alanine
modified ribitol  phosphate  units  [305].
Weidenmaier et al. (2004) [280] generated a
viable mutant strain of S. aureus lacking the UDP-
GIcNACc transferase tagO, which is involved in
the first step of TA biosynthesis. Lack of this
enzyme resulted in an absence of TA without
significant impact on growth, generation time, or
survival rates of the bacteria. The pattern of
proteins anchored to the cell wall of the mutant
strain also appeared to be unaffected. The AtagO
mutant did, however, show reduced adherence
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in vitro to human nasal epithelial cells (HNECS)
[280], human airway epithelial cells [280], and
human umbilical vein endothelial cells (HUVECS)
[282] as compared to the wild type strain. Evidence
of direct interaction between the TA and these
epithelial and endothelial cells was demonstrated
by the dose dependent adherence of beads coated
with TA to the same human cells lines [280, 282].
In later studies using a cotton rat model (Sigmodon
hispidus), the nares of which are representative of
humans’, the effect of TA on S. aureus colonization
was evaluated. As compared to the 100%
colonization rate of wild type bacteria, the teichoic
acid lacking AtagO mutant failed to colonize even
a single rat [280]. Additionally, S. aureus strains
that had colonized cotton rat nares showed
increased transcript levels of genes known to be
involved in TA biosynthesis, including tagO
[306]. The AtagO mutant was also less virulent
and impaired in its ability to colonize cardiac,
kidney, and liver cells in a rabbit model of
S. aureus endocarditis [282].

2.5. Capsular polysaccharide (CPS),
Extracellular polysaccharide (EPS), and Biofilms

In addition to the O-antigen of LPS, most bacteria
produce other polysaccharides that are important
to host-pathogen interactions, including capsular
polysaccharide (CPS or K-antigen), and extracellular
(or exo-) polysaccharide (EPS). These carbohydrate
polymers often share precursor substrates and
biosynthetic pathways such as the Wyz
polymerization system, the ATP-binding cassette
(ABC) transporter-dependent system, and the
synthase-dependent system noted above in the
context of O-antigen [Reviewed in [307]]. As a
result, the distinction between these polysaccharides
is subtle and the topic of some debate.

Some general definitions, however, do exist and
are based more on localization and function rather
than primary structure. CPS is attached directly to
the phospholipid of the outer membrane of some
Gram negative bacteria [308], while it attaches
either to the peptidoglycan [309-312] or cytoplasmic
membrane [313] of some Gram positive organisms.
CPS is generally an anionic carbohydrate polymer
that forms a hydrated capsule around the cell.
This capsule offers protection against harsh
environmental pressure, such as dessication [314,
315]. For pathogenic species, the CPS can shield

the cell from host immune responses [307, 314]
including complement mediated killing and
phagocytosis [316, 317]. In some cases, the CPS
even mimics host carbohydrates to avoid detection
[318].

EPS, on the other hand, is secreted and only
loosely associated with the cell. Planktonic cells
increase EPS production to initiate biofilm formation
when exposed to various environmental signals:
antimicrobials, host signals and defences, nutrient
deficiencies, mechanical stimuli, and osmolarity
[319-321]. This biofilm “slime” (or glycocalyx) is
a community of bacteria, held together in an EPS
based matrix that also contains some protein,
lipid, and nucleic acid components [322]. By
encompassing a group of cells, it creates a more
hospitable environment protected from external
stresses, allowing nutrient sharing, increased
horizontal gene transfer [323], and cooperative
survival under otherwise harsh conditions [322].
Of clinical interest, biofilms can protect a
community of bacteria from various host immune
responses, suggesting a clear role for these
structures in pathogenesis [324]. Additionally,
antibiotic resistance of many pathogens has been
associated directly or indirectly with biofilm
formation [325, 326]. Some of the latter mechanisms
are activated or expressed as a consequence of
biofilm formation and include slower growth
rates, poor membrane permeability, efflux pumps,
DNA based chelation of microbial cations, and
enzymes that degrade antibiotic compounds (B-
lactamases) [327-330]. They have been shown to
confer antibiotic resistance [331-333] up to a
thousand fold more than planktonic cells [334],
leading to persistent and recalcitrant infections, as
well as contaminated medical implants and
devices in hospitals [335].

Pseudomonas aeruginosa is a Gram negative
opportunistic pathogen that is responsible for an
exceptionally wide range of human diseases as a
result of its ability to colonize and persist within
numerous biological (and non-biological) niches.
The resultant pathologies include, but are not
limited to dermatitis, pneumonia, meningitis,
endocarditis, otitis externa, bactermia, and sepsis
[327]. As a result of aginate-based EPS biofilm
[336], P. aeruginosa frequently causes persistent
infections, despite antibiotic treatment and
combination therapy [337-339], particularly in the
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lungs of cystic fibrosis patients. Tobramycin, an
aminoglycoside, is one of the few effective
antibiotics used to combat P. aeruginosa infection.

The capacity for P. aeruginosa to form biofilms
was first demonstrated in 2000 by electron
microscopy and measurement of quorum-sensing
signals from clinical isolates of the pathogen
[340]. Biofilm formation has been shown to be
initiated by its own EPS (aginate) production
[320] following exposure to certain environmental
stressors or signals, such as antibiotics, nutrient
deficiencies, cell density, and salt concentrations
[311]. Once initiated, the complex process is
genetically regulated [341]. However, it is
important to note that a biofilm is a heterogenous
substance with a gradient of microenvironments
[342, 343]. When it comes to antibiotic resistance,
colonies within the biofilm may have need for
different defence mechanisms depending on their
particular location. P. aeruginosa is armed with a
number of these mechanisms, and does appear to
display a spectrum of reversible biofilm specific
phenotypes that act in concert to produce a matrix
that is as a whole resistant [322, 335, 344]. For
example, Drenkard et al. demonstrated a reversible
phenotypic shift to a rough-small colony variant
(RSCV) with significantly increased antibiotic
resistance compared to the normal planktonic
cells of the same clinical isolate [311].

The polysaccharide matrix offers direct protection
to P. aeruginosa cells embedded within by providing
a barrier that reduces diffusion and penetration of
antibiotics, antimicrobials, and biocides [345-349].
Further emphasizing the importance of the
carbohydrate polymer in protection, Hentzer et al.
reported that an aginate overproducing strain was
more resistant to tobramycin as compared to a
normal aginate producing strain. This was
demonstrated by a distinct decrease in biofilm
biomass following exposure to the antibiotic [350].

Other biofilm specific mechanisms of resistance
are expressed by individual colonies as needed
depending on the environmental signals they
encounter. For example, P. aeruginosa colonies at
the perimeter of a biofilm are less protected from
diffusion of antibiotics than those at the centre
and therefore must activate their own individual
defences, such as increased B-lactamase production
[351]. One such mechanism in P. aeruginosa that

is of particular relevence to the topic of this
review involves another polysaccharide: cyclic
glucans. As described by Mah et al., a mutation to
the glucosyltransferase ndvB resulted in increased
susceptibility of P. aeruginosa to several
antibiotics, including tobramycin, gentamicin,
ciprofloxacin, and ofloxacin when grown in biofilms
as compared to free floating planktonic cells. In
the same study, they also showed an absence of
glucose in the periplasmic space of the mutant
as compared to wild type. Finally, they
demonstrated direct interaction and binding of the
glucans to tobramycin via hydrophobic interaction
chromatography. These glucans seem to sequester
antibiotic compounds in the periplasm, preventing
them from penetrating further into the cell and
reaching their target sites [334]. Although other
non-carbohydrate based defences exist within
P. aeruginosa [328, 330, 352-354], this example
highlights the vital role of carbohydrate in more
than one antibiotic resistance mechanism. When the
physical barrier of the polysaccharide matrix is
insufficient, another carbohydrate polymer is
upregulated to produce an alternate mode of
defence.

2.6. Free glycans

In addition to the previously described
glycoconjugate molecules, many Gram negative
Proteobacteria also produce non-conjugated free
glycans [63, 334, 355-359]. These soluble poly-
or oligo- saccharides are released into and
accumulate within the periplasmic space between
the cytoplasmic and outer membranes, and have been
associated with several critical biological functions.

One such class of free glycans consists of
osmoregulated periplasmic glucans (OPGs),
which were previously called membrane derived
oligosaccharides (MDQ) after their discovery in
E. coli [360]. These polysaccharides, comprised
of glucose chains, are divided into four families
based on their structures. In general, Family I
OPGs are linear p-1,2 linked glucose polymers,
with B-1,6 branching. Family Il OPGs are cyclic
structures with B-1,2 linkages. Family 111 is also
made up of cyclic glucose polymers, but they
contain B-1,6 or B-1,3 linkages (and less frequently
B-1,4 linkages). Family IV OPGs are cyclic -1,2
linked glucose polymers that each contain a single
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a-1,6 linkage [Reviewed in [63, 355]]. Within
these families, further diversification of the
structures is achieved through varying degrees of
polymerization and additional non-carbohydrate
modifications of the glucose residues such as
succinate, acetate, phosphoglycerol, phosphocholine,
and phosphoethanolamine groups [356, 361, 362].
With the exception of Brucella spp. OPGs [363-
365], these structures are osmotically regulated,
with low environmental osmolarity leading to
increased OPG production. It has been speculated
that increased OPG in the periplasm serves to
maintain a higher solute concentration, preventing
efflux of metabolites and possible cellular
rupturing [64, 366-368].

The effects of OPGs, however, seem to be more
pleiotropic. Several studies have even implicated
biosynthesis of OPGs with virulence factors of
human pathogens. However the direct involvement
is often unclear. In P. aeruginosa, both cyclic and
linear glucans have been identified. As described
above, these cyclic glucans contribute to antibiotic
resistance of biofilms [334]. The linear glucans
are not involved in this antibiotic resistance
directly, but are required for complete and normal
biofilm formation in low osmotic conditions
[356]. Optimal growth of Shigella flexneri in
hypoosmotic conditions requires proper OPG
synthesis [358]. The same is true for Salmonella
enterica serovar Typhimurium. In this bacterium,
however, motility, virulence, and biofilm formation
are additionally influenced by OPG production
[359, 369, 370]. It has also been shown that the
cyclic glucans of Brucella abortis stimulate the
human and murine immune system through TLR4
mediated activation of dendritic cells [371] and is
also required for intracellular survival [363].

Free oligosaccharides (fOS) encompass a more
recently discovered class of free glycans. Although
fOS have now been detected in nearly all
Campylobacter species [129], they were first
detected in C. jejuni, one of the leading causes of
gastroenteritis. In C. jejuni, the free oligosaccharide
is structurally identical to the N-linked
heptasaccharide that modifies over 60 proteins
[64]. While fOS and OPG are structurally very
different, they are similarly regulated by
osmolarity. Therefore, fOS has been suggested to
play a role in homeostasis. Further evaluation

of the impact of these fOS is difficult, however,
since fOS and N-glycans are synthesized through
the same Pgl pathway. Therefore phenotypes
arising from disruption or deletion of genes within
this pathway may be the result of either a loss of
protein N-glycosylation or a loss of periplasmic
fOS [129, 357].

3. BIOMEDICAL IMPACT AND
APPLICATIONS

In order to effectively recognize and combat a
microbial infection, the host immune system must
be able to differentiate between “self” and *“non-
self.” Medical intervention must also rely on these
distinctions. Diagnostics require the detection of
foreign substances, while therapeutics and vaccines
must target or elicit protection against the invading
organism with minimal harm to host cells and
tissues. The unique sugars found preferentially or
exclusively within the bacterial glycome offer an
excellent means of distinguishing pathogen from
host. Exploiting these differences is at the heart of
many medical intervention strategies currently
under development (see Figure 2). Carbohydrates
and their associated structures that are highly
conserved across bacterial species can be employed
in broad spectrum therapies, while unique
carbohydrates make excellent biomarkers for
pathogen detection as well as targets for specific
medical treatments.

3.1. Carbohydrate biomarkers

Symptomology of bacterial infections and disease
is often insufficient for precise diagnosis, which
often necessitates objective and measurable
diagnostic tests. A marker of infection can be a
measure of a host response to a foreign organism
or a unique and distinguishable feature of the
bacterium itself. These markers are most effective
when present in easily accessible biological fluids
suchs as blood, wurine, saliva, or sputum.
Distinguishing between elements of the host and
the invading organism is necessary, but it is also
important to distinguish between different genera,
species, and strains of bacteria in order to provide
the most appropriate treatment. The unique sugars
that comprise the bacterial glycome have the
potential to provide the differentiation required
for accurate diagnosis [80, 372]. In addition, using
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l Characterization of structure and biosynthetic pathway ]

¢

[ Determining the role in host-pathogen interactions ]
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Carbohydrate biomarkers:
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Diagnosis
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Therapeutics
Disruption of glycan biosynthetic pathways
Competitive binding
Glycoengineering

Glycoconjugate vaccines:
Direct protection againt infectious disease
“Herd immunity”

Figure 2. Biomedical applications derived from understanding the host-pathogen glycome.
Development of such applications involves a lengthy workflow, starting with the initial discovery of
the bacterial glycan or glycoconjugate, followed by characterization and determination of its
biological role in pathogenesis. In some cases, the biological significance can be exploited for

preventative, diagnostic, or therapeutic medicines.

glycan-related bacterial biomarkers for detection
of pathogenic species in food and water, and on
abiotic surfaces (particularly nosocomial pathogens
in the hospital environment) can offer a means of
preventing the spread of infections.

There are numerous examples of assays and
diagnostics at various stages of development that
take advantage of unique carbohydrate structures
in bacteria. For example, the cell wall glycopolymer
lipoarabinomannan (LAM) found in Mycobacteria
is exploited as a urine biomarker in the ‘Clearview
TB ELISA’ (Inverness Medical Innovations, now
Alere Inc.) for the detection of Mycobacterium
tuberculosis [373, 374]. Currently under development
is @ more rapid, inexpensive, and clinician friendly
point-of-care diagnostic strip test, ‘Determine TB-
LAM’ (Alere Inc.) based on the same principles
of the LAM-ELISA [317, 374-376]. Using a
photogenerated glycan array [377] and a bead-
based assay [378], B. anthracis spores can also be
detected by a unique carbohydrate, termed ‘anthrose’,
which decorates the exosporium BclA and BclB
proteins [66, 67]. A multiplexed bead-based assay

shows promise for detecting and differentiating 13
strains of Steptococcus pneumonia based on sero-
specific polysaccharides [379], while a microarray
chip for the detection of specific O-antigen
structures is being developed under the Consortium
for Functional Glycomics (CFG) for the detection
of several Salmonella strains [380]. Recently, a
lateral flow immunochromatography test was
developed for the monoclonal antibody based
recognition of Staphylococcus aureus peptidoglycan
[381]. Another carbohydrate microarray was
designed for simultaneous screening to detect
three potential bioterrorism agents: F. tularensis,
B. anthracis, and B. pseudomallei [382]. Point-
of-care diagnostics for infectious diseases will
benefit from increased knowledge of the unique
carbohydrates that decorate bacterial pathogens.

3.2. Glycoconjugate vaccines

Beginning with the near eradication of diseases
such as smallpox and polio, vaccines have
revolutionized the way we manage disease.
Prophylactic vaccines aim to generate a host
immune response which protects against future
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infection, thereby preventing the spread of disease.
Vaccines have the potential to reduce morbidity
and mortality directly through immunizations, but
also indirectly through “herd immunity” [383-387].
There are several types of vaccines, including live
vaccine strains (LVS), subunit vaccines, toxoid
vaccines, and conjugate vaccines, each with
advantages and disadvantages. The specificity of
an immune response generated towards a unique
bacterial sugar would suggest that carbohydrates
are good candidates for safe, targeted, and
efficacious vaccine development. Some carbohydrates
interact directly with human major histocompatibility
complex (MHC) molecules [388], however, most
do not [389] and consequently cannot generate a
T-cell dependent immune response [390]. Many
carbohydrates are therefore inherently poor at
stimulating immunological memory that will offer
protection in the future. Through glycoengineering,
carbohydrates can be conjugated to other molecules,
such as protein carriers, that can help induce
a stronger adaptive immune response [69, 391].
In this way, glycoconjugates are capable of
stimulating both a T-cell dependent and independent
host immune response, making them highly
effective vaccines [390, 392-394].

There are currently 15 successfully approved and
licensed glycoconjugate vaccines for bacterial
pathogens on the market. ActHib®, Hiberix®,
HibTiter®, PedvaxHib®, and Synthetic Quimi-
Hib® are all licensed Haemophilus influenzae
type b vaccines. Neisseria meningitides has six
licensed vaccines for various serogroups:
MenAfrica, Menjugate®, Meningitec®, NeisVac-
C®, Menactra®, and Menveo®. Prevnar-7®,
Prevnar-13®, and Synflorix® are licensed for
vaccination against Streptococcus pneumonia,
while Peda Typh® and Vi-rEPA are licensed
Salmonella enterica serovar Typhi vaccines [389].
Additionally, there are several glycoconjugate
vaccines currently in late stage clinical trials for
S. auereus, Shigella flexneri and sonnei, and Group
B Streptococcus [389].

Beyond the licensed and late clinical trial vaccines
noted above, there are numerous other glycoconjugate
vaccines at various stages of development for a
number of pathogens. Vibrio cholera [395],
Burkholderia pseudomallei and mallei [396, 397],
Francisella tularensis [398], Helicobacter pylori

[399, 400], Bacillus anthracis [401, 402], and
Moraxella catarrhalis [403] are just a few of the
pathogens for which glycoconjugate vaccines are
being investigated. For more extensive information
about glycoconjugate vaccines, the reader is
referred to [389, 394, 404].

3.3. Therapeutic compounds and targets

As our understanding of the bacterial glycome, its
biosynthetic pathways, and its important role in
host-pathogen interactions increases, so does the
potential for pharmaceutical advancements to
combat infectious diseases. Glycans and
glycoconjugates that are unique to bacteria, while
necessary for bacterial survival and/or pathogenesis
are promising targets for novel therapeutic
compounds. Those carbohydrate structures that
are conserved across numerous bacterial species
offer novel targets for broad spectrum treatment
[187, 405-409], while carbohydrates unique to a
particular species or strain may allow for more
targeted intervention. Inhibitor compounds may
also be directed at the biosynthetic pathways
responsible for production of various carbohydrate
associated structures [69, 372, 410]. While
antibiotics apply a strong selective pressure that
favours resistant colonies (leading to antibiotic
resistance), inhibitory compounds are less likely
to promote this sort of resistance. These
‘antimicrobials’ therefore offer an exciting
alternative to traditional antibiotic therapies.

In contrast to offering drug targets, knowledge of
the bacterial glycome can be exploited for designing
carbohydrate based therapeutics to combat infectious
diseases, for example bioactive glycans that retain
their biological function [69, 411]. Another
approach involves the metabolic labelling of key
surface associated carbohydrates with chemical
reporters allowing for targeted elimination of
invading microorganisms via toxin or antibody
mediated mechanisms [49]. Carbohydrate ‘mimics’
and ‘decoys’ have also been investigated as anti-
adhesion drugs, as they can block binding of key
bacterial surface glycans to host lectins and
receptors [412, 413].

Beyond antibiotic and antimicrobial applications,
in-depth understanding of bacterial glycosylation
systems has provided an opportunity to improve
production of eukaryotic derived therapeutic
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proteins for non-pathogen associated diseases,
including several forms of cancer and autoimmune
disease [414]. Since 70% of therapeutic proteins
are glycosylated [415], it has been necessary to
recombinantly express these proteins in eukaryotic
hosts rather than the preferred E. coli system
which does not have the appropriate glycosylation
machinery. As an alternative, chemical conjugation
of glycan to protein is also possible, but both of
these approaches are time consuming and require
multiple undesireable purification steps. With the
discovery of a bacterial N-linked glycosylation
system in C. jejuni [84], and the functional transfer
of the entire gene locus into E. coli [393, 394, 416,
417], came the opportunity to begin producing
eukaryotic glycoproteins in an easily manipulated
bacterial host [418, 419]. Protein glycan coupling
technology (PGCT) exploits bacterial glycosyl-
transferases and their relaxed substrate specificity.
This “living glycoprotein factory” has the potential
to reduce costs while increasing yields of important
therapeutic glycoproteins [415], including antibodies
and cytokines [414]. There are, however, still
some challenges facing this technology and
further “humanizing” of these living factories will
be required [415]. Glycoengineering also holds
promise for improving efficacy and half-life of
other current pharmaceutical products [420-425].

4. FUTURE DIRECTIONS

Bacterial pathogens represent a significant threat
to human health and have been the target of
significant study. Since the discovery of penicillin
in 1928 by Alexander Flemming (a finding that
earned him the Nobel Prize in 1945), we have
relied heavily on antibiotic therapy as a primary
means of combatting microbial infection. However,
with declining antibiotic discoveries and increasing
antibiotic resistance in pathogenic bacteria, there
is a growing need for novel medical intervention
strategies.

Successful development of antimicrobial medicines,
whether preventative or therapeutic, requires an
understanding of how pathogens interact with
their hosts. More and more it is being acknowledged
that microbial carbohydrates play a significant
role in these interactions, participating in processes
from colonization to host immune activation and
evasion. Full characterization of the bacterial

glycome is a daunting task, given its diversity and
complexity, but offers an avenue for novel treatment
options.

Though progress has been made, there is still a
need to adapt methods and bioinformatic tools
traditionally used in the study of eukaryotic
glycomes for the study of bacterial glycomes.
New strategies designed to study the more unusual
bacterial sugars are also required. However, studying
pathogen glycomes in isolation is insufficient. To
truly appreciate the role of carbohydrates in host-
pathogen interactions, a shift from in vitro based
experiments to in vivo studies will be extremely
important, particularly for evaluating the evolving
impact of these structures during various stages of
pathogenesis while subjected to host stresses.
Advancement in this field will also benefit from
a collaborative, multidisciplinary approach that
brings together information not only from
glycomics, but also proteomics, transcriptomics,
genomics, metabolomics, interactomics, and
bioinformatics. A more complete understanding
of the host-pathogen glyco-interactome in context
should provide opportunities for the development
of novel and improved therapeutic options to
reduce the burden of infectious diseases.

ACKNOWLEDGEMENTS

We would like to thank Dr. Felicity Stark for
critical reading of this review. We would also
like to apologize to those authors whose work
could not be included in this manuscript due to
space limitations.

REFERENCES

1. Bevins, C. L. and Salzman, N. H. 2011,
Cell. Mol. Life Sci., 68(22), 3675.

2. Varki, A. 1993, Glycobiology, 3(2), 97.

3. Tlaskalova-Hogenova, H., Stepankova, R.,
Hudcovic, T., Tuckova, L., Cukrowska, B.,
Lodinova-Zadnikova, R., Kozakova, H.,
Rossmann, P., Bartova, J., Sokol, D.,
Funda, D. P., Borovska, D., Rehakova, Z.,
Sinkora, J., Hofman, J., Drastich, P.
and Kokesova, A. 2004, Immunol. Lett.,
93(2-3), 97.

4, Venturi, V. and da Silva, D. P. 2012,
Trends Microbiol., 20(4), 160.

5. Casadevall, A. and Pirofski, L. A. 2000,
Infect. Immun., 68(12), 6511.



The role of the host-pathogen glycome

57

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Causes of Death 2008 Summary Tables,
2008, Health Statistics and Informatics
Department, World Health Organization
(WHO),
http://www.who.int/entity/gho/mortality b
urden_disease/global_burden_disease DTH6
2008.xls, November 1, 2012.

Moran, A. P., Gupta, A. and Joshi, L.
2011, Gut., 60(10), 1412,

Khor, C. C. and Hibberd, M. L. 2012,
Trends Genet., 28(5), 233.

Day, C. J., Semchenko, E. A. and Korolik,
V. 2012, Front. Cell. Infect. Microbiol., 2(9),
doi: 10.3389/fcimb.2012.00009.

Ribet, D. and Cossart, P. 2010, FEBS Lett.,
584(13), 2748.

Zarrella, T. M., Singh, A., Bitsaktsis, C.,
Rahman, T., Sahay, B., Feustel, P. J.,
Gosselin, E. J., Sellati, T. J. and Hazlett, K.
R. 2011, PLoS One, 6(7), €22335. doi:
10.1371/journal.pone.0022335.

Varki, A. 2011, Cold Spring Harb.
Perspect. Biol., 3(6), a005462. doi:
10.1101/cshperspect.a005462.
Rabinovich, G. A., van Kooyk, Y. and
Cobb, B. A. 2012, Ann. N. Y. Acad. Sci.,
1253, 1.

Nairn, A. V., York, W. S., Harris, K., Hall,
E. M., Pierce, J. M. and Moremen, K. W.
2008, J. Biol. Chem., 283(25), 17298.
Moremen, K. W., Tiemeyer, M. and Nairn,
A. V. 2012, Nat. Rev. Mol. Cell. Biol.,
13(7), 448.

Cummings, R. D. 2009, Mol. Biosyst.,
5(10), 1087.

Benz, I. and Schmidt, M. A. 2002, Mol.
Microbiol., 45(2), 267.

Reid, C. W., Fulton, K. M. and Twine, S.
M. 2010, Future Microbiol., 5(2), 267.
Herget, S., Toukach, P. V., Ranzinger, R.,
Hull, W. E., Knirel, Y. A. and von der
Lieth, C. W. 2008, BMC Struct. Biol., 8(35).
Thibault, P., Logan, S. M., Kelly, J. F.,
Brisson, J. R., Ewing, C. P., Trust, T. J.
and Guerry, P. 2001, J. Biol. Chem.,
276(37), 34862.

Zahringer, U., Knirel, Y. A., Lindner, B.,
Helbig, J. H., Sonesson, A., Marre, R. and
Rietschel, E. T. 1995, Prog. Clin. Biol.
Res., 392, 113.

Roseman, S. 2001, J.
276(45), 41527.

Biol. Chem.,

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Scott, N. E., Nothaft, H., Edwards, A. V.,
Labbate, M., Djordjevic, S. P., Larsen, M.
R., Szymanski, C. M. and Cordwell, S. J.
2012, J. Biol. Chem., 287(35), 29384.
Twine, S. M., Reid, C. W., Aubry, A,
McMullin, D. R., Fulton, K. M., Austin, J.
and Logan, S. M. 2009, J. Bacteriol.,
191(22), 7050.

Kelly, J., Logan, S. M., Jarrell, K. F,,
VanDyke, D. J. and Vinogradov, E. 2009,
Carbohydr. Res., 344(5), 648.

Schwarz, F. and Aebi, M. 2011, Curr.
Opin. Struct. Biol., 21(5), 576.

Ding, W., Hill, J. J. and Kelly, J. 2007,
Anal. Chem., 79(23), 8891.

Ding, W., Nothaft, H., Szymanski, C. M.
and Kelly, J. 2009, Mol. Cell. Proteomics.,
8(9), 2170.

Yeh, C. H., Chen, S. H,, Li, D. T, Lin, H.
P., Huang, H. J., Chang, C. I., Shih, W. L.,
Chern, C. L., Shi, F. K. and Hsu, J. L.
2012, J. Chromatogr., 1224, 70.

Syka, J. E., Coon, J. J., Schroeder, M. J.,
Shabanowitz, J. and Hunt, D. F. 2004,
Proc. Natl. Acad. Sci. USA, 101(26), 9528.
Coon, J. J., Shabanowitz, J., Hunt, D. F.
and Syka, J. E. 2005, J. Am. Soc. Mass
Spectrom., 16(6), 880.

North, S. J., Hitchen, P. G., Haslam, S. M.
and Dell, A. 2009, Curr. Opin. Struct.
Biol., 19(5), 498.

Schirm, M., Schoenhofen, I. C., Logan, S.
M., Waldron, K. C. and Thibault, P. 2005,
Anal. Chem., 77(23), 7774.

Shevchenko, A., Chernushevich, 1., Wilm, M.
and Mann, M. 2000, Mass Spectrometry of
Proteins and Peptides, Chapman, J. R. (Ed.)
Methods Mol. Biol., Humana Press, 146, 1.
Twine, S. M., Tessier, L. and Kelly, J. F.
2010, Functional Glycomics Methods and
Protocols, Li, J. (Ed.), Methods Mol. Biol.,
Humana Press, 600, 111.

Swaney, D. L., McAlister, G. C., Wirtala,
M., Schwartz, J. C., Syka, J. E. and Coon,
J. J. 2007, Anal. Chem., 79(2), 477.

St Michael, F., Szymanski, C. M., Li, J.,
Chan, K. H., Khieu, N. H., Larocque, S.,
Wakarchuk, W. W., Brisson, J. R. and
Monteiro, M. A. 2002, Eur. J. Biochem.,
269(21), 5119.



58

Kelly M. Fulton & Susan M. Twine

38.

39.

40.

41.

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.
52,

Szymanski, C. M., Michael, F. S., Jarrell,
H. C., Li, J., Gilbert, M., Larocque, S.,
Vinogradov, E. and Brisson, J. R. 2003, J.
Biol. Chem., 278(27), 24509.

Brisson, J. R., Vinogradov, E., McNally,
D. J., Khieu, N. H., Schoenhofen, I. C., Logan,
S. M. and Jarrell, H. 2010, Functional
Glycomics Methods and Protocols, Li, J.
(Ed.), Methods Mol. Biol., Humana Press,
600, 155.

Lee, R. E., Li, W. and Chatterjee, D. 2005,
Glycobiology, 15(2), 139.

Bougault, C., Hediger, S. and Simorre, J. P.
2012, Bacterial Glycomics: Current Research,
Technology and Applications, Reid, C. W.,
Twine, S. M. and Reid, A. N. (Eds.), Caister
Academic Press, Norfolk, UK, 155.

Reid, C. W., Vinogradov, E., Li, J., Jarrell,
H. C., Logan, S. M. and Brisson, J. R.
2012, Carbohydr. Res., 354(1), 65.

Waller, L. N., Fox, N., Fox, K. F., Fox, A.
and Price, R. L. 2004, J. Microbiol.
Methods, 58(1), 23.

Zacharius, R. M., Zell, T. E., Morrison, J.
H. and Woodlock, J. J. 1969, Anal.
Biochem., 30(1), 148.

Steinberg, T. H., Pretty On Top, K,
Berggren, K. N., Kemper, C., Jones, L.,
Diwu, Z., Haugland, R. P. and Patton, W.
F. 2001, Proteomics, 1(7), 841.

Young, N. M., Brisson, J. R., Kelly, J.,
Watson, D. C., Tessier, L., Lanthier, P. H.,
Jarrell, H. C., Cadotte, N., St Michael, F.,
Aberg, E. and Szymanski, C. M. 2002, J.
Biol. Chem., 277(45), 42530.

Reid, C. W., Stupak, J., Chen, M. M,
Imperiali, B., Li, J. and Szymanski, C. M.
2008, Anal. Chem., 80(14), 5468.

Chang, P. V., Prescher, J. A., Hangauer,
M. J. and Bertozzi, C. R. 2007, J. Am.
Chem. Soc., 129(27), 8400.

Dube, D. H. 2012, Bacterial Glycomics:
Current  Research, Technology and
Applications, C. W. Reid, S. M. Twine,
and A. N. Reid (Eds.), Caister Academic
Press, Norfolk, UK, 229,

Jackson, P. 1990, Biochem. J., 270(3), 705.
Keck, K. 1972, Immunochemistry, 9(3), 359.
Ramya, T. N., Weerapana, E., Cravatt, B.
F. and Paulson, J. C. 2013, Glycobiology,
23(2), 211.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Westerberg, G., Bergstrom, M., Gustafson,
S., Lindgvist, U., Sundin, A. and Langstrom,
B. 1995, Nucl. Med. Biol., 22(2), 251.
Zeng, Y., Ramya, T. N., Dirksen, A.,
Dawson, P. E. and Paulson, J. C. 2009,
Nat. Methods, 6(3), 207.

Gahmberg, C. G. and Andersson, L. C.
1977, J. Biol. Chem., 252(16), 5888.
Tzeng, Y. K., Chang, C. C., Huang, C. N,
Wu, C. C., Han, C. C. and Chang, H. C.
2008, Anal. Chem., 80(17), 6809.

Edge, A. S., Faltynek, C. R., Hof, L.,
Reichert, L. E. Jr. and Weber, P. 1981,
Anal. Biochem., 118(1), 131.

Rademaker, G. J., Pergantis, S. A., Blok-
Tip, L., Langridge, J. I., Kleen, A. and
Thomas-Oates, J. E. 1998, Anal. Biochem.,
257(2), 149.

Maley, F., Trimble, R. B., Tarentino, A. L.,
and Plummer, T. H. Jr. 1989, Anal.
Biochem., 180(2), 195.

Magnelli, P., Bielik, A. and Guthrie, E.
2012, Protein Expression in Mammalian
Cells, Hartley, J. L. (Ed.), Methods Mol.
Biol., Humana Press, 801(189).
Krishnamoorthy, L. and Mahal, L. K.
2009, ACS Chem. Biol., 4(9), 715.

Scott, N. E., Cordwell, S. J., Kelly, J. F.
and Twine, S. M. 2012, Bacterial
Glycomics: Current Research, Technology
and Applications, Reid, C. W., Twine, S.
M. and Reid, A. N. (Eds.), Caister Academic
Press, Norfolk, UK, 127.

Bohin, J. P. 2000, FEMS Microbiol. Lett.,
186(1), 11.

Nothaft, H., Liu, X., Li, J. and Szymanski,
C. M. 2010, Virulence, 1(6), 546.

Kuehn, A., Kovac, P., Saksena, R.,
Bannert, N., Klee, S. R., Ranisch, H. and
Grunow, R. 2009, Clin. Vaccine Immunol.,
16(12), 1728.

Saile, E., Boons, G. J., Buskas, T., Carlson,
R. W., Kannenberg, E. L., Barr, J. R,
Boyer, A. E., Gallegos-Candela, M. and
Quinn, C. P. 2011, Clin. Vaccine
Immunol., 18(5), 743.

Tamborrini, M., Oberli, M. A., Werz, D.
B., Schurch, N., Frey, J., Seeberger, P. H.
and Pluschke, G. 2009, J. Appl. Microbiol.,
106(5), 1618.



The role of the host-pathogen glycome

59

68.

69.

70.

71.

72.

73.

74,

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kauppi, A. M., Nordfelth, R., Uvell, H.,
Wolf-Watz, H. and Elofsson, M. 2003,
Chem. Biol., 10(3), 241.

Logan, S. M. 2006, Microbiology, 152(Pt 5),
1249,

Nordfelth, R., Kauppi, A. M., Norberg, H.
A., Wolf-Watz, H. and Elofsson, M. 2005,
Infect. Immun., 73(5), 3104.

Lloyd, D. H., Viac, J., Werling, D., Reme,
C. A. and Gatto, H. 2007, Vet. Dermatol.,
18(4), 197.

Neuberger, A. 1938, Biochem. J., 32(9), 1435.
Mescher, M. F. and Strominger, J. L. 1976,
J. Biol. Chem., 251(7), 2005.

Mescher, M. F. and Strominger, J. L. 1976,
Proc. Natl. Acad. Sci. USA, 73(8), 2687.
Mescher, M. F., Strominger, J. L. and
Watson, S. W. 1974, J. Bacteriol., 120(2), 945.
Sleytr, U. B. 1975, Nature, 257(5525), 400.
Sleytr, U. B. and Thorne, K. J. 1976, J.
Bacteriol., 126(1), 377.

Erickson, P. R. and Herzberg, M. C. 1993,
J. Biol. Chem., 268(32), 23780.

Abu-Qarn, M., Eichler, J. and Sharon, N.
2008, Curr. Opin. Struct. Biol., 18(5), 544.
Twine, S. M., Paul, C. J., Vinogradov, E.,
McNally, D. J., Brisson, J. R., Mullen, J.
A., McMullin, D. R., Jarrell, H. C., Austin,
J. W,, Kelly, J. F. and Logan, S. M. 2008,
FEBS J., 275(17), 4428.

Doig, P., Kinsella, N., Guerry, P. and Trust,
T. J. 1996, Mol. Microbiol., 19(2), 379.
Logan, S. M., Kelly, J. F., Thibault, P.,
Ewing, C. P. and Guerry, P. 2002, Mol.
Microbiol., 46(2), 587.

Logan, S. M., Trust, T. J. and Guerry, P.
1989, J. Bacteriol., 171(6), 3031.
Szymanski, C. M., Yao, R., Ewing, C. P.,
Trust, T. J. and Guerry, P. 1999, Mol.
Microbiol., 32(5), 1022.

Schirm, M., Soo, E. C., Aubry, A. J.,
Austin, J., Thibault, P. and Logan, S. M.
2003, Mol. Microbiol., 48(6), 1579.

Parge, H. E., Forest, K. T., Hickey, M. J.,
Christensen, D. A., Getzoff, E. D. and
Tainer, J. A. 1995, Nature, 378(6552), 32.
Vik, A., Aas, F. E., Anonsen, J. H.,
Bilsborough, S., Schneider, A., Egge-
Jacobsen, W. and Koomey, M. 2009, Proc.
Natl. Acad. Sci. USA, 106(11), 4447.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Virji, M., Saunders, J. R., Sims, G,
Makepeace, K., Maskell, D. and Ferguson,
D. J. 1993, Mol. Microbiol., 10(5), 1013.
Stimson, E., Virji, M., Makepeace, K.,
Dell, A., Morris, H. R., Payne, G,
Saunders, J. R., Jennings, M. P., Barker,
S., Panico, M., Blench, I. and Moxon, E.
R. 1995, Mol. Microbiol., 17(6), 1201.
Wilhelms, M., Fulton, K. M., Twine, S.
M., Tomas, J. M. and Merino, S. 2012, J.
Biol. Chem., 287(33), 27851.

Rabaan, A. A., Gryllos, 1., Tomas, J. M.
and Shaw, J. G. 2001, Infect. Immun.,
69(7), 4257.

Thomas, R. M., Twine, S. M., Fulton, K.
M., Tessier, L., Kilmury, S. L., Ding, W.,
Harmer, N., Michell, S. L., Oyston, P. C.,
Tithall, R. W. and Prior, J. L. 2011, J.
Bacteriol., 193(19), 5498.

Egge-Jacobsen, W., Salomonsson, E. N.,
Aas, F. E., Forslund, A. L., Winther-
Larsen, H. C., Maier, J., Macellaro, A.,
Kuoppa, K., Oyston, P. C., Titball, R. W.,
Thomas, R. M., Forsberg, A., Prior, J. L.
and Koomey, M. 2011, J. Bacteriol.,
193(19), 5487.

Balonova, L., Mann, B. F., Cerveny, L.,
Alley, W. R. Jr., Chovancova, E.,
Forslund, A. L., Salomonsson, E. N.,
Forsberg, A., Damborsky, J., Novotny, M.
V., Hernychova, L. and Stulik, J. 2012,
Mol. Cell. Proteomics, 11(7).

Brimer, C. D. and Montie, T. C. 1998, J.
Bacteriol., 180(12), 32009.

Castric, P., Cassels, F. J. and Carlson, R.
W. 2001, J. Biol. Chem., 276(28), 26479.
Comer, J. E., Marshall, M. A., Blanch, V.
J., Deal, C. D. and Castric, P. 2002, Infect.
Immun., 70(6), 2837.

DiGiandomenico, A., Matewish, M. J.,,
Bisaillon, A., Stehle, J. R., Lam, J. S. and
Castric, P. 2002, Mol. Microbiol., 46(2), 519.
Schirm, M., Arora, S. K., Verma, A,
Vinogradov, E., Thibault, P., Ramphal, R.
and Logan, S. M. 2004, J. Bacteriol.,
186(9), 2523.

Horzempa, J., Comer, J. E., Davis, S. A,
and Castric, P. 2006, J. Biol. Chem.,
281(2), 1128.



60 Kelly M. Fulton & Susan M. Twine
101. Horzempa, J., Dean, C. R., Goldberg, J. B. 117. Waller, L. N., Stump, M. J., Fox, K. F.,,
and Castric, P. 2006, J. Bacteriol., 188(12), Harley, W. M., Fox, A., Stewart, G. C. and
4244, Shahgholi, M. 2005, J. Bacteriol., 187(13),

102. Voisin, S., Kus, J. V., Houliston, S., St- 4592,

Michael, F., Watson, D., Cvitkovitch, D. 118. Sylvestre, P., Couture-Tosi, E. and Mock,
G., Kelly, J., Brisson, J. R. and Burrows, M. 2002, Mol. Microbiol., 45(1), 169.
L. L. 2007, J. Bacteriol., 189(1), 151. 119. Kowarik, M., Young, N. M., Numao, S.,

103. Kus, J. V., Kelly, J., Tessier, L., Harvey, Schulz, B. L., Hug, I., Callewaert, N.,
H., Cvitkovitch, D. G. and Burrows, L. L. Mills, D. C., Watson, D. C., Hernandez,
2008, J. Bacteriol., 190(22), 7464. M., Kelly, J. F., Wacker, M. and Aebi, M.

104. Dons, L., Rasmussen, O. F. and Olsen, J. 2006, EMBO J., 25(9), 1957.

E. 1992, Mol. Microbiol., 6(20), 2919. 120. Zauner, G., Kozak, R. P., Gardner, R. A,

105. Schirm, M., Kalmokoff, M., Aubry, A., Fernandes, D. L., Deelder, A. M. and
Thibault, P., Sandoz, M. and Logan, S. M. Wauhrer, M. 2012, Biol. Chem., 393(8), 687.
2004, J. Bacteriol., 186(20), 6721. 121. Dobos, K. M., Khoo, K. H., Swiderek, K.

106. Lindenthal, C. and Elsinghorst, E. A. 1999, M., Brennan, P. J. and Belisle, J. T. 1996,
Infect. Immun., 67(8), 4084. J. Bacteriol., 178(9), 2498.

107.  Iwashkiw, J. A., Seper, A., Weber, B. S., 122, Fletcher, C. M., Coyne, M. J., Villa, O. F.,
Scott, N. E., Vinogradov, E., Stratilo, C., Chatzidaki-Livanis, M. and Comstock, L.
Reiz, B., Cordwell, S. J., Whittal, R, E. 2009, Cell, 137(2), 321.

Schild, S. and Feldman, M. F. 2012, PLoS 123, Gerwig, G. J., Kamerling, J. P,
Pathog.,  8(6),  e1002758. doi: Vliegenthart, J. F., Morag, E., Lamed, R.
10.1371/journal.ppat.1002758. and Bayer, E. A. 1993, J. Biol. Chem.,

108. Scott, A. E., Twine, S. M., Fulton, K. M., 268(36), 26956.

Titball, R. W., Essex-Lopresti, A. E.,  124. Plummer, T. H. Jr., Tarentino, A. L. and
Atkins, T. P. and Prior, J. L. 2011, J. Hauer, C. R. 1995, J. Biol. Chem.,
Bacteriol., 193(14), 3577. 270(22), 13192.

109. Sambri, V., Stefanelli, C. and Cevenini, R. 125. Charbonneau, M. E., Cote, J. P., Haurat,
1992, Arch. Microbiol., 157(3), 205. M. F., Reiz, B., Crepin, S., Berthiaume, F.,

110. Kang, D., Ji, E. S., Moon, M. H. and Yoo, Dozois, C. M., Feldman, M. F. and
J. S. 2010, J. Proteome Res., 9(6), 2855. Mourez, M. 2012, Mol. Microbiol., 83(5),

111. Tang, G. and Mintz, K. P. 2010, J. 894.

Bacteriol., 192(5), 1395. 126.  Otzen, D. 2012, Mol. Microbiol., 83(5), 879.

112. Grass, S., Buscher, A. Z., Swords, W. E.,  127. Szymanski, C. M., Logan, S. M., Linton,
Apicella, M. A., Barenkamp, S. J, D. and Wren, B. W. 2003, Trends
Ozchlewski, N. and St Geme, J. W. 3". Microbiol., 11(5), 233.

2003, Mol. Microbiol., 48(3), 737. 128. Nothaft, H., Liu, X., McNally, D. J. and

113. Grass, S., Lichti, C. F., Townsend, R. R,, Szymanski, C. M. 2010, Functional
Gross, J. and St Geme, J. W. 3. 2010, Glycomics Methods and Protocols, Li, J.
PLoS Pathog., 6(5), €1000919. doi: (Ed.), Methods Mol. Biol., Humana Press,
10.1371/journal.ppat.1000919. 600, 227.

114. Gross, J., Grass, S., Davis, A. E., Gilmore- 129. Nothaft, H., Scott, N. E., Vinogradov, E.,
Erdmann, P., Townsend, R. R. and St Liu, X., Hu, R., Beadle, B., Fodor, C.,
Geme, J. W. 3 2008, J. Biol. Chem., Miller, W. G., Li, J., Cordwell, S. J. and
283(38), 26010. Szymanski, C. M. 2012, Mol. Cell.

115. St Geme, J. W. 3. 1994, Infect. Immun., Proteomics, 11(11), 1203.

62(9), 3881. 130. Nothaft, H. and Szymanski, C. M. 2010,

116. Daubenspeck, J. M., Zeng, H., Chen, P., Nat. Rev. Microbiol., 8(11), 765.

Dong, S., Steichen, C. T., Krishna, N. R., 131. Faridmoayer, A., Fentabil, M. A., Mills, D.

Pritchard, D. G. and Turnbough, C. L. Jr.
2004, J. Biol. Chem., 279(30), 30945.

C., Klassen, J. S. and Feldman, M. F. 2007,
J. Bacteriol., 189(22), 8088.



The role of the host-pathogen glycome

61

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Power, P. M., Seib, K. L. and Jennings, M.
P. 2006, Biochem. Biophys. Res. Commun.,
347(4), 904,

Aas, F. E., Vik, A., Vedde, J., Koomey, M.
and Egge-Jacobsen, W. 2007, Mol.
Microbiol., 65(3), 607.

Ananthakrishnan, A. N. 2011, Nat. Rev.
Gastroenterol. Hepatol., 8(1), 17.

Tenover, F. C., Tickler, I. A. and Persing,
D. H. 2012, Antimicrob. Agents
Chemother., 56(6), 2929.

Bartlett, J. G., Moon, N., Chang, T. W.,
Taylor, N. and Onderdonk, A. B. 1978,
Gastroenterology, 75(5), 778.

Delmee, M., Avesani, V., Delferriere, N.
and Burtonboy, G. 1990, J. Clin.
Microbiol., 28(10), 2210.

Tasteyre, A., Barc, M. C., Karjalainen, T.,
Dodson, P., Hyde, S., Bourlioux, P. and
Borriello, P. 2000, Microbiology, 146(Pt 4),
957.

Heap, J. T., Pennington, O. J., Cartman, S.
T., Carter, G. P. and Minton, N. P. 2007, J.
Microbiol. Methods, 70(3), 452.

Gryllos, 1., Shaw, J. G., Gavin, R., Merino,
S. and Tomas, J. M. 2001, Infect. Immun.,
69(1), 65.

Tabei, S. M., Hitchen, P. G., Day-
Williams, M. J., Merino, S., Vart, R., Pang,
P. C., Horsburgh, G. J., Viches, S., Wilhelms,
M., Tomas, J. M., Dell, A. and Shaw, J. G.
2009, J. Bacteriol., 191(8), 2851.

Canals, R., Vilches, S., Wilhelms, M.,
Shaw, J. G., Merino, S. and Tomas, J. M.
2007, Microbiology, 153(Pt 4), 1165.
Goon, S., Kelly, J. F., Logan, S. M.,
Ewing, C. P. and Guerry, P. 2003, Mol.
Microbiol., 50(2), 659.

Linton, D., Karlyshev, A. V., Hitchen, P.
G., Morris, H. R., Dell, A., Gregson, N. A.
and Wren, B. W. 2000, Mol. Microbiol.,
35(5), 1120.

Asakura, H., Churin, Y., Bauer, B,
Boettcher, J. P., Bartfeld, S., Hashii, N.,
Kawasaki, N., Mollenkopf, H. J., Jungblut,
P. R., Brinkmann, V. and Meyer, T. F.
2010, Mol. Microbiol., 78(5), 1130.
Aubry, A., Hussack, G., Chen, W., Kuolee,
R., Twine, S. M., Fulton, K. M., Foote, S.,

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Carrillo, C. D., Tanha, J. and Logan, S. M.
2012, Infect. Immun., 80(10), 3521.
Labischinski, H., Goodell, E. W., Goodell,
A. and Hochberg, M. L. 1991, J. Bacteriol.,
173(2), 751.

Yao, X., Jericho, M., Pink, D. and
Beveridge, T. 1999, J. Bacteriol., 181(22),
6865.

Bertsche, U. 2009, Bacterial Polysaccharides:
Current Innovations and Future Trends,
Ullrich, M. (Ed.), Caister Academic Press,
358.

Jordan, S., Hutchings, M. I. and Mascher,
T. 2008, FEMS Microbiol. Rev., 32(1),
107.

Biswas, B. B., Basu, P. S. and Pal, M. K.
1970, Int. Rev. Cytol., 29, 1.
Beveridge, T. J. 2001,
Histochem., 76(3), 111.

Holtje, J. V. 1998, Microbiol. Mol. Biol.
Rev., 62(1), 181.

Rogers, H. J., Perkins, H. R. and Ward, J.
B. 1980, Microbial Cell Walls and
Membranes, Chapman and Hall, 564.
Young, K. D. 2003, Mol. Microbiol.,
49(3), 571.

van Heijenoort, J. 1998, Cell. Mol. Life
Sci., 54(4), 300.

Mohammadi, T., van Dam, V., Sijbrandi,
R., Vernet, T., Zapun, A., Bouhss, A,
Diepeveen-de  Bruin, M.,  Nguyen-
Disteche, M., de Kruijff, B. and Breukink,
E. 2011, EMBO J., 30(8), 1425.

Pfeffer, J. M., Moynihan, P. J., Clarke, C.
A., Vandenende, C. and Clarke, A. J. 2012,
Bacterial Glycomics: Current Research,
Technology and Applications, Reid, C. W.,
Twine, S. M. and Reid, A. N. (Eds.),
Caister Academic Press, Norfolk, UK, 55.
Davis, K. M. and Weiser, J. N. 2011,
Infect. Immun., 79(2), 562.

Berger, L. R. and Weiser, R. S. 1957,
Biochim. Biophys. Acta, 26(3), 517.

Blake, C. C., Johnson, L. N., Mair, G. A.,
North, A. C., Phillips, D. C. and Sarma, V.
R. 1967, Proc. R. Soc. Lond. B. Biol. Sci.,
167(9), 378.

Salton, M. R. and Ghuysen, J. M. 1959,
Biochim. Biophys. Acta, 36, 552.

Biotech.



62

Kelly M. Fulton & Susan M. Twine

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Girardin, S. E., Boneca, |. G., Carneiro, L.
A., Antignac, A., Jehanno, M., Viala, J.,
Tedin, K., Taha, M. K., Labigne, A.,
Zahringer, U., Coyle, A. J., DiStefano, P.
S., Bertin, J., Sansonetti, P. J. and Philpott,
D. J. 2003, Science, 300(5625), 1584.
Girardin, S. E., Travassos, L. H., Herve,
M., Blanot, D., Boneca, I. G., Philpott, D.
J., Sansonetti, P. J. and Mengin-Lecreulx,
D. 2003, J. Biol. Chem., 278(43), 41702.
lyer, J. K. and Coggeshall, K. M. 2011, J.
Immunol., 186(7), 3841.

Corr, S. C. and O'Neill, L. A. 2009, Cell.
Microbiol., 11(5), 703.

Ogura, Y., Inohara, N., Benito, A., Chen,
F. F., Yamaoka, S. and Nunez, G. 2001, J.
Biol. Chem., 276(7), 4812.
Chaput, C. and Boneca, I.
Microbes Infect., 9(5), 637.
Rae, C. S., Geissler, A., Adamson, P. C.
and Portnoy, D. A. 2011, Infect. Immun.,
79(9), 3596.

Moynihan, P. J. and Clarke, A. J. 2011, Int.
J. Biochem. Cell. Biol., 43(12), 1655.
Rosenthal, R. S., Blundell, J. K. and
Perkins, H. R. 1982, Infect. Immun., 37(2),
826.

Bera, A., Herbert, S., Jakob, A., Vollmer,
W. and Gotz, F. 2005, Mol. Microbiol.,
55(3), 778.

Bera, A., Biswas, R., Herbert, S. and Gotz,
F. 2006, Infect. Immun., 74(8), 4598.

Liu, M., Haenssler, E., Uehara, T., Losick,
V. P, Park, J. T. and Isberg, R. R. 2012,
Cell Host Microbe, 12(2), 166.

Boneca, I. G., Dussurget, O., Cabanes, D.,
Nahori, M. A., Sousa, S., Lecuit, M.,
Psylinakis, E., Bouriotis, V., Hugot, J. P.,
Giovannini, M., Coyle, A., Bertin, J,,
Namane, A., Rousselle, J. C., Cayet, N,
Prevost, M. C., Balloy, V., Chignard, M.,
Philpott, D. J., Cossart, P. and Girardin, S.
E. 2007, Proc. Natl. Acad. Sci. USA, 104(3),
997.

Benachour, A., Ladjouzi, R., Le Jeune, A,
Hebert, L., Thorpe, S., Courtin, P., Chapot-
Chartier, M. P., Prajsnar, T. K., Foster, S.
J. and Mesnage, S. 2012, J. Bacteriol.,
194(22), 6066.

G. 2007,

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Amano, K., Hayashi, H., Araki, Y. and Ito,
E. 1977, Eur. J. Biochem., 76(1), 299.
Peltier, J., Courtin, P., El Meouche, 1., Lemee,
L., Chapot-Chartier, M. P. and Pons, J. L.
2011, J. Biol. Chem., 286(33), 29053.
Bera, A., Biswas, R., Herbert, S,
Kulauzovic, E., Weidenmaier, C., Peschel, A.
and Gotz, F. 2007, J. Bacteriol., 189(1), 280.
Allerberger, F. and Wagner, M. 2010, Clin.
Microbiol. Infect., 16(1), 16.
Vazquez-Boland, J. A., Kuhn, M., Berche,
P., Chakraborty, T., Dominguez-Bernal,
G., Goebel, W., Gonzalez-Zorn, B.,
Wehland, J. and Kreft, J. 2001, Clin.
Microbiol. Rev., 14(3), 584.

Cossart, P. and Toledo-Arana, A. 2008,
Microbes Infect., 10(9), 1041.

Kamisango, K., Saiki, I., Tanio, Y.,
Okumura, H., Araki, Y., Sekikawa, 1.,
Azuma, |. and Yamamura, Y. 1982, J.
Biochem., 92(1), 23.

Caroff, M. and Karibian,
Carbohydr. Res., 338(23), 2431.
De Castro, C., Parrilli, M., Holst, O. and
Molinaro, A. 2010, Methods Enzymol.,
480, 89.

Silipo, A. and Molinaro, A. 2011, Bacterial
Lipopolysaccharides: Structure, Chemical
Synthesis, Biogenesis and Interaction with
Host Cells, Knirel, Y. A. and Valvano, M.
A. (Eds.), SpringerWien, New York, 1.
Cuthbertson, L. 2012, Bacterial Glycomics:
Current  Research, Technology and
Applications, Reid, C. W., Twine, S. M.
and Reid, A. N. (Eds.), Caister Academic
Press Norfolk, UK, 1.

Knirel, Y. A. and Valvano, M. A. 2011,
Bacterial Lipopolysaccharides: Structure,
Chemical Synthesis, Biogenesis and
Interaction with Host Cells, SpringerWien,
New York.

Trent, M. S., Stead, C. M., Tran, A. X. and
Hankins, J. V. 2006, J. Endotoxin Res.,
12(4), 205.

Holst, O. 2011, Bacterial Lipopolysaccharides:
Structure, Chemical Synthesis, Biogenesis
and Interaction with Host Cells, Knirel, Y.
A. and Valvano, M. A. (Eds.), Springer Wien,
New York, 21.

D. 2003,



The role of the host-pathogen glycome

63

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Unger, F. M. 1981, Advances in
Carbohydrate Chemistry and Biochemistry,
Tipson, R. S. and Derek, H. (Eds.),
Academic Press, 323.

Vinion-Dubiel, A. D. and Goldberg, J. B.
2003, J. Endotoxin Res., 9(4), 201.

Isshiki, Y., Zahringer, U. and Kawahara,
K. 2003, Carbohydr. Res., 338(23), 2659.
Vinogradov, E. V., Lindner, B,
Kocharova, N. A., Senchenkova, S. N.,
Shashkov, A. S., Knirel, Y. A., Holst, O.,
Gremyakova, T. A., Shaikhutdinova, R. Z.
and Anisimov, A. P. 2002, Carbohydr.
Res., 337(9), 775.

Kawahara, K., Brade, H., Rietschel, E. T.
and ZAHringer, U. 1987, Eur. J. Biochem.,
163(3), 489.

Vinogradov, E. V., Bock, K., Petersen, B.
0., Holst, O. and Brade, H. 1997, Eur. J.
Biochem., 243(1-2), 122.

Vinogradov, E., Petersen, B. O., Duus, J.
O. and Radziejewska-Lebrecht, J. 2003,
Carbohydr. Res., 338(23), 2757.

Coderch, N., Pique, N., Lindner, B.,
Abitiu, N., Merino, S., lzquierdo, L.,
Jimenez, N., Tomas, J. M., Holst, O. and
Regue, M. 2004, J. Bacteriol., 186(4), 978.
Vinogradov, E., Perry, M. B. and Conlan,
J. W. 2002, Eur. J. Biochem., 269(24), 6112.
Moll, H., Knirel, Y. A., Helbig, J. H. and
Zahringer, U. 1997, Carbohydr. Res.,
304(1), 91.

Rund, S., Lindner, B., Brade, H. and Holst,
0. 1999, J. Biol. Chem., 274(24), 16819.
Masoud, H., Perry, M. B. and Richards, J.
C. 1994, Eur. J. Biochem., 220(1), 2009.
Fomsgaard, J. S., Fomsgaard, A., Hoiby,
N., Bruun, B. and Galanos, C. 1991, Infect.
Immun., 59(9), 3346.

Pieretti, G., Carillo, S., Lindner, B., Kim,
K. K., Lee, K. C., Lee, J. S., Lanzetta, R.,
Parrilli, M. and Corsaro, M. M. 2012,
Chemistry, 18(12), 3729.

Bouchet, V., Hood, D. W., Li, J., Brisson,
J. R, Randle, G. A., Martin, A., Li, Z.,
Goldstein, R., Schweda, E. K., Pelton, S.
l., Richards, J. C. and Moxon, E. R. 2003,
Proc. Natl. Acad. Sci. USA, 100(15), 8898.
Knirel, Y. A. 2011, Bacterial Lipo-
polysaccharides:  Structure,  Chemical

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Synthesis, Biogenesis and Interaction with
Host Cells, Knirel, Y. A. and Valvano, M.
A. (Eds.), SpringerWien, New York.
Medzhitov, R. and Janeway, C. A. Jr.
1997, Curr. Opin. Immunol., 9(1), 4.

Olive, C. 2012, Expert Rev. Vaccines,
11(2), 237.

Brown, J., Wang, H., Hajishengallis, G. N.
and Martin, M. 2011, J. Dent. Res., 90(4),
417.

Schumann, R. R., Leong, S. R., Flaggs, G.
W., Gray, P. W., Wright, S. D., Mathison,
J. C., Tobias, P. S. and Ulevitch, R. J.
1990, Science, 249(4975), 1429.

Zweigner, J., Schumann, R. R. and Weber,
J. R. 2006, Microbes Infect., 8(3), 946.
Tobias, P. S., Soldau, K. and Ulevitch, R.
J. 1986, J. Exp. Med., 164(3), 777.

Wright, S. D., Tobias, P. S., Ulevitch, R. J.
and Ramos, R. A. 1989, J. Exp. Med.,,
170(4), 1231.

Wright, S. D., Ramos, R. A., Tobias, P. S,
Ulevitch, R. J. and Mathison, J. C. 1990,
Science, 249(4975), 1431.

Poltorak, A., Ricciardi-Castagnoli, P.,
Citterio, S. and Beutler, B. 2000, Proc.
Natl. Acad. Sci. USA, 97(5), 2163.

Chow, J. C., Young, D. W., Golenbock, D.
T., Christ, W. J. and Gusovsky, F. 1999, J.
Biol. Chem., 274(16), 10689.

Medzhitov, R. and Janeway, C. A. Jr.
1997, Cell, 91(3), 295.

Poltorak, A., Smirnova, 1., He, X., Liu, M.
Y., Van Huffel, C., McNally, O., Birdwell,
D., Alejos, E., Silva, M., Du, X,
Thompson, P., Chan, E. K., Ledesma, J.,
Roe, B., Clifton, S., Vogel, S. N. and
Beutler, B. 1998, Blood Cells Mol. Dis.,
24(3), 340.

Viriyakosol, S., Tobias, P. S., Kitchens, R.
L. and Kirkland, T. N. 2001, J. Biol.
Chem., 276(41), 38044.

Zimmer, S. M., Zughaier, S. M., Tzeng, Y.
L. and Stephens, D. S. 2007, Glycobiology,
17(8), 847.

Ohnishi, T., Muroi, M. and Tanamoto, K.
2001, J. Immunol., 167(6), 3354.

Visintin, A., Latz, E., Monks, B. G,
Espevik, T. and Golenbock, D. T. 2003, J.
Biol. Chem., 278(48), 48313.



64

Kelly M. Fulton & Susan M. Twine

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

Kato, A., Ogasawara, T., Homma, T.,
Saito, H. and Matsumoto, K. 2004, J.
Immunol., 172(10), 6185.

Lu, Y. C., Yeh, W. C. and Ohashi, P. S.
2008, Cytokine, 42(2), 145.

Rossol, M., Heine, H., Meusch, U.,
Quandt, D., Klein, C., Sweet, M. J. and
Hauschildt, S. 2011, Crit. Rev. Immunol.,
31(5), 379.

Takeda, K. 2010, Adv. Exp. Med. Biol.,
667, 53.

Takeda, K. and Akira, S. 2005, Int.
Immunol., 17(1), 1.

Stamatos, N. M., Carubelli, I., van de
Vlekkert, D., Bonten, E. J., Papini, N.,
Feng, C., Venerando, B., d'Azzo, A,
Cross, A. S., Wang, L. X. and Gomatos, P.
J. 2010, J. Leukoc. Biol., 88(6), 1227.
Werling, D. and Jungi, T. W. 2003, Vet.
Immunol. Immunopathol., 91(1), 1.

Caroff, M., Karibian, D., Cavaillon, J. M.
and Haeffner-Cavaillon, N. 2002,
Microbes Infect., 4(9), 915.

Muroi, M. and Tanamoto, K. 2002, Infect.
Immun., 70(11), 6043.

Bloembergen, P., Hofhuis, F. M., Hol, C.
and van Dijk, H. 1990, Int. Arch. Allergy
Appl. Immunol., 92(2), 124.

Caroff, M., Cavaillon, J. M., Fitting, C.
and Haeffner-Cavaillon, N. 1986, Infect.
Immun., 54(2), 465.

Haeffner-Cavaillon, N., Caroff, M. and
Cavaillon, J. M. 1989, Mol. Immunol.,
26(5), 485.

Zhang, Y., Gaekwad, J., Wolfert, M. A. and
Boons, G. J. 2008, Chemistry, 14(2), 558.
Zughaier, S., Agrawal, S., Stephens, D. S.
and Pulendran, B. 2006, Vaccine, 24(9),
1291.

Zughaier, S. M., Lindner, B., Howe, J.,
Garidel, P., Koch, M. H., Brandenburg, K.
and Stephens, D. S. 2007, J. Endotoxin
Res., 13(6), 343.

Zughaier, S. M., Tzeng, Y. L., Zimmer, S.
M., Datta, A., Carlson, R. W. and
Stephens, D. S. 2004, Infect. Immun.,
72(1), 371.

Ittig, S., Lindner, B., Stenta, M., Manfredi,
P., Zdorovenko, E., Knirel, Y. A., dal
Peraro, M., Cornelis, G. R. and Zahringer,
U. 2012, PLoS Pathog., 8(5), €1002667.
doi: 10.1371/journal.ppat.1002667.

240.

241.

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254.

Dennis, D. T., Inglesby, T. V., Henderson,
D. A., Bartlett, J. G., Ascher, M. S., Eitzen,
E., Fine, A. D., Friedlander, A. M., Hauer,
J., Layton, M., Lillibridge, S. R., McDade,
J. E., Osterholm, M. T., OToole, T.,
Parker, G., Perl, T. M., Russell, P. K. and
Tonat, K. 2001, JAMA, 285(21), 2763.
Fulton, K. M., Zhao, X., Petit, M. D.,
Kilmury, S. L., Wolfraim, L. A., House, R.
V., Sjostedt, A. and Twine, S. M. 2011,
Int. J. Med. Microbiol., 301(7), 591.
Kortepeter, M. G. and Parker, G. W. 1999,
Emerg. Infect. Dis., 5(4), 523.

Deng, L., Kasper, D. L., Krick, T. P. and
Wessels, M. R. 2000, J. Biol. Chem.,
275(11), 7497.

Eigelsbach, H. T., Braun, W. and Herring,
R. D. 1951, J. Bacteriol., 61(5), 557.
Hornick, R. B. and Eigelsbach, H. T. 1966,
Bacteriol. Rev., 30(3), 532.

Twine, S. M., Petit, M. D., Fulton, K. M.,
House, R. V. and Conlan, J. W. 2010,
PLo0S One, 5(4), €10000.

Clay, C. D., Soni, S., Gunn, J. S. and
Schlesinger, L. S. 2008, J. Immunol.,
181(8), 5568.

Eigelsbach, H. T. and Downs, C. M. 1961,
J. Immunol., 87, 415.

Cowley, S. C., Myltseva, S. V. and Nano,
F. E. 1996, Mol. Microbiol., 20(4), 867.
Soni, S., Ermst, R. K., Muszynski, A.,
Mohapatra, N. P., Perry, M. B,
Vinogradov, E., Carlson, R. W. and Gunn,
J. S. 2010, Front. Microbiol., 1, 129.
Hartley, G., Taylor, R., Prior, J., Newstead,
S., Hitchen, P. G., Morris, H. R., Dell, A. and
Titball, R. W. 2006, Vaccine, 24(7), 989.
Thomas, R. M., Titball, R. W., Oyston, P.
C., Griffin, K., Waters, E., Hitchen, P. G.,
Michell, S. L., Grice, I. D., Wilson, J. C.
and Prior, J. L. 2007, Infect. Immun.,
75(1), 371.

Sebastian, S., Dillon, S. T., Lynch, J. G.,
Blalock, L. T., Balon, E., Lee, K. T.,
Comstock, L. E., Conlan, J. W., Rubin, E.
J., Tzianabos, A. O. and Kasper, D. L.
2007, Infect. Immun., 75(5), 2591.

Huber, M., Kalis, C., Keck, S., Jiang, Z.,
Georgel, P., Du, X., Shamel, L., Sovath, S.,
Mudd, S., Beutler, B., Galanos, C. and
Freudenberg, M. A. 2006, Eur. J. Immunol.,
36(3), 701.



The role of the host-pathogen glycome

65

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

Conlan, J. W., Vinogradov, E., Monteiro,
M. A. and Perry, M. B. 2003, Microb.
Pathog., 34(1), 39.

Swoboda, J. G., Campbell, J., Meredith, T.
C. and Walker, S. 2010, Chembiochem.,

11(1), 35.
Lambert, P. A., Hancock, I. C. and
Baddiley, J. 1977, Biochim. Biophys. Acta,
472(1), 1.
Sutcliffe, 1. C. and Shaw, N. 1991, J.

Bacteriol., 173(22), 7065.

Weidenmaier, C. and Peschel, A. 2008,
Nat. Rev. Microbiol., 6(4), 276.

Neuhaus, F. C. and Baddiley, J. 2003,
Microbiol. Mol. Biol. Rev., 67(4), 686.
Shashkov, A. S., Streshinskaya, G. M.,
Kozlova, Y. I, Tul'skaya, E. M.,
Senchenkova, S. N., Arbatskii, N. P.,
Bueva, O. V. and Evtushenko, L. I. 2012,
Biochemistry (Mosc.), 77(5), 511.
Guerardel, Y., Maes, E., Elass, E., Leroy,
Y., Timmerman, P., Besra, G. S., Locht,
C., Strecker, G. and Kremer, L. 2002, J.
Biol. Chem., 277(34), 30635.

Mishra, A. K., Batt, S. M., Alderwick, L.
J., Futterer, K. and Besra, G. S. 2012,
Bacterial Glycomics: Current Research,
Technology and Applications, Reid, C. W.
Twine, S. M. and Reid, A. N. (Eds.),
Caister Academic Press, Norfolk, UK, 95.
Armstrong, J. J., Baddiley, J., Buchanan, J.
G. and Carss, B. 1958, Nature, 181(4625),
1692.

Armstrong, J. J., Baddiley, J., Buchanan, J.
G., Davision, A. L., Kelemen, M. V. and
Neuhaus, F. C. 1959, Nature, 184, 248.
Ward, J. B. 1981, Microbiol. Rev., 45(2), 211.
Fischer, W. 1988, Adv. Microb. Physiol.,
29, 233.

Fischer, W., Mannsfeld, T. and Hagen, G.
1990, Biochem. Cell. Biol., 68(1), 33.
Peschel, A., Otto, M., Jack, R. W,
Kalbacher, H., Jung, G. and Gotz, F. 1999,
J. Biol. Chem., 274(13), 8405.

Peschel, A., Vuong, C., Otto, M. and Gotz,
F. 2000, Antimicrob. Agents Chemother.,
44(10), 2845.

Collins, L. V., Kristian, S. A., Weidenmaier,
C., Faigle, M., Van Kessel, K. P., Van Strijp,
J. A, Gotz, F., Neumeister, B. and Peschel,
A. 2002, J. Infect. Dis., 186(2), 214.

272.

273.

274.
275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Weidenmaier, C., Kristian, S. A. and Peschel,
A. 2003, Curr. Drug Targets, 4(8), 643.
Kohler, T., Weidenmaier, C. and Peschel,
A. 2009, J. Bacteriol., 191(13), 4482.

Sara, M. 2001, Trends Microbiol., 9(2), 47.
Schaffer, C. and Messner, P. 2005,
Microbiology, 151(Pt 3), 643.

Grundling, A. and Schneewind, O. 2007,
Proc. Natl. Acad. Sci. USA, 104(20), 8478.
Biswas, R., Martinez, R. E., Gohring, N.,
Schlag, M., Josten, M., Xia, G., Hegler, F.,
Gekeler, C., Gleske, A. K., Gotz, F., Sahl,
H. G., Kappler, A. and Peschel, A. 2012,
PLo0S One, 7(7).

Calamita, H. G., Ehringer, W. D., Koch, A.
L. and Doyle, R. J. 2001, Proc. Natl. Acad.
Sci. USA, 98(26), 15260.

Heptinstall, S., Archibald, A. R. and
Baddiley, J. 1970, Nature, 225(5232), 519.
Weidenmaier, C., Kokai-Kun, J. F.,
Kristian, S. A., Chanturiya, T., Kalbacher,
H., Gross, M., Nicholson, G., Neumeister,
B., Mond, J. J. and Peschel, A. 2004, Nat.
Med., 10(3), 243.

Weidenmaier, C., Kokai-Kun, J. F.,
Kulauzovic, E., Kohler, T., Thumm, G.,
Stoll, H., Gotz, F. and Peschel, A. 2008,
Int. J. Med. Microbiol., 298(5-6), 505.
Weidenmaier, C., Peschel, A., Xiong, Y.
Q., Kristian, S. A., Dietz, K., Yeaman, M.
R. and Bayer, A. S. 2005, J. Infect. Dis.,
191(10), 1771.

Frederick, T. G. and Chorpenning, F. W.
1974, J. Immunol., 113(2), 489.
Theilacker, C., Kaczynski, Z., Kropec, A.,
Fabretti, F., Sange, T., Holst, O. and Huebner,
J. 2006, Infect. Immun., 74(10), 5703.
Theilacker, C., Kaczynski, Z., Kropec, A.,
Sava, I., Ye, L., Bychowska, A., Holst, O.
and Huebner, J. 2011, PLoS One, 6(3),
e17839. doi: 10.1371/journal.pone. 0017839.
Walsh, S., Kokai-Kun, J., Shah, A. and
Mond, J. 2004, Pharm. Res., 21(10), 1770.
Smith, E. J., Corrigan, R. M., van der
Sluis, T., Grundling, A., Speziale, P.,
Geoghegan, J. A. and Foster, T. J. 2012,
Mol. Microbiol., 83(4), 789.

Xia, G., Kohler, T. and Peschel, A. 2010,
Int. J. Med. Microbiol., 300(2-3), 148.



66

Kelly M. Fulton & Susan M. Twine

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

308.

Baddiley, J., Buchanan, J. G., Hardy, F. E.,
Martin, R. O., Rajbhandary, U. L. and
Sanderson, A. R. 1961, Biochim. Biophys.
Acta, 52, 406.

Baddiley, J., Buchanan, J. G., Martin, R.
0. and Rajbhandary, U. L. 1962, Biochem.
J., 85, 49.

Baddiley, J., Buchanan, J. G,
Rajbhandary, U. L. and Sanderson, A. R.
1962, Biochem. J., 82, 439.

Diekema, D. J., Pfaller, M. A., Schmitz, F.
J., Smayevsky, J., Bell, J., Jones, R. N. and
Beach, M. 2001, Clin. Infect. Dis., 32
Suppl. 2(S114).

Watkins, R. R., David, M. Z. and Salata, R.
A. 2012, J. Med. Microbiol., 61(Pt 9),
1179.

Doern, G. V., Jones, R. N., Pfaller, M. A,,
Kugler, K. C. and Beach, M. L. 1999,
Diagn. Microbiol. Infect. Dis., 34(1), 65.
Francis, J. S., Doherty, M. C., Lopatin, U.,
Johnston, C. P., Sinha, G., Ross, T., Cai,
M., Hansel, N. N., Perl, T., Ticehurst, J. R.,
Carroll, K., Thomas, D. L., Nuermberger,
E. and Bartlett, J. G. 2005, Clin. Infect.
Dis., 40(1), 100.

Sader, H. S., Jones, R. N., Gales, A. C.,
Winokur, P., Kugler, K. C., Pfaller, M. A.
and Doern, G. V. 1998, Diagn. Microbiol.
Infect. Dis., 32(4), 289.

von Eiff, C., Becker, K., Machka, K.,
Stammer, H. and Peters, G. 2001, N. Engl.
J. Med., 344(1), 11.

Pfaller, M. A., Jones, R. N., Doern, G. V.,
Sader, H. S., Kugler, K. C. and Beach, M.
L. 1999, Diagn. Microbiol. Infect. Dis.,
33(4), 283.

Moreillon, P., Que, Y. A. and Bayer, A. S.
2002, Infect. Dis. Clin. North. Am., 16(2),
297.

Kluytmans, J., van Belkum, A. and
Verbrugh, H. 1997, Clin. Microbiol. Rev.,
10(3), 505.

Edwards, A. M., Massey, R. C. and Clarke,
S. R. 2012, Mol. Oral. Microbiol., 27(1), 1.
Weidenmaier, C., Goerke, C. and Wolz, C.
2012, Trends Microbiol., 20(5), 243.

Aly, R. and Levit, S. 1987, Rev. Infect.
Dis., 9 Suppl. 4(S341).

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.
314.

315.

316.

317.

318.

3109.

320.

Aly, R., Shinefield, H. R., Litz, C. and
Maibach, H. I. 1980, J. Infect. Dis., 141(4),
463.

Endl, J., Seidl, H. P., Fiedler, F. and
Schleifer, K. H. 1983, Arch. Microbiol.,
135(3), 215.

Burian, M., Rautenberg, M., Kohler, T.,
Fritz, M., Krismer, B., Unger, C,
Hoffmann, W. H., Peschel, A., Wolz, C.
and Goerke, C. 2010, J. Infect. Dis.,
201(9), 1414.

Reid, A. N. and Cuthbertson, L. 2012,
Bacterial Glycomics: Current Research,
Technology and Applications, Reid, C. W.
Twine, S. M. and Reid, A. N. (Eds.),
Caister Academic Press, Norfolk, UK, 27.
Stewart, P. S. 1998, Biotechnol. Bioeng.,
59(3), 261.

Candela, T. and Fouet, A. 2005, Mol.
Microbiol., 57(3), 717.

Mann, E. E. and Wozniak, D. J. 2012,
FEMS Microbiol. Rev., 36(4), 893.
Drenkard, E. and Ausubel, F. M. 2002,
Nature, 416(6882), 740.

Stewart, P. S. 1996, Antimicrob. Agents
Chemother., 40(11), 2517.

Conlan, J. W. 2011, J. Infect. Dis., 204(1), 6.
Rossolini, G. M. and Mantengoli, E. 2005,
Clin. Microbiol. Infect., 11 Suppl 4, 17.
Mesaros, N., Nordmann, P., Plesiat, P.,
Roussel-Delvallez, M., Van Eldere, J.,
Glupczynski, Y., Van Laethem, Y., Jacobs,
F., Lebecque, P., Malfroot, A., Tulkens, P.
M. and Van Bambeke, F. 2007, Clin.
Microbiol. Infect., 13(6), 560.

Scorpio, A., Chabot, D. J., Day, W. A,
Hoover, T. A. and Friedlander, A. M.
2010, Microbiology, 156(Pt 5), 1459.
Scorpio, A., Chabot, D. J., Day, W. A,
O'Brien D, K., Vietri, N. J., ltoh, Y.,
Mohamadzadeh, M. and Friedlander, A.
M. 2007, Antimicrob. Agents Chemother.,
51(1), 215.

Carlin, A. F., Lewis, A. L., Varki, A. and
Nizet, V. 2007, J. Bacteriol., 189(4), 1231.
Singh, P. K., Schaefer, A. L., Parsek, M. R.,
Moninger, T. O., Welsh, M. J. and Greenberg,
E. P. 2000, Nature, 407(6805), 762.
Hoffman, L. R., D'Argenio, D. A,
MacCoss, M. J., Zhang, Z., Jones, R. A. and
Miller, S. I. 2005, Nature, 436(7054), 1171.



The role of the host-pathogen glycome

67

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331

332.

333.

334.

335.

336.

337.

338.

3309.

340.

341.

Karatan, E. and Watnick, P. 2009,
Microbiol. Mol. Biol. Rev., 73(2), 310.
Cartee, R. T., Forsee, W. T. and Yother, J.
2005, J. Bacteriol., 187(13), 4470.

Irie, Y., Borlee, B. R., O'Connor, J. R,,
Hill, P. J., Harwood, C. S., Wozniak, D. J.
and Parsek, M. R. 2012, Proc. Natl. Acad.
Sci. USA, 109(50), 50632.
Stewart, P. S. 2002, Int. J.
Microbiol., 292(2), 107.

Anderson, G. G. and O'Toole, G. A. 2008,
Curr. Top. Microbiol. Immunol., 322, 85.
Lewis, K. 2008, Curr. Top. Microbiol.
Immunol., 322, 107.

Bazaka, K., Crawford, R. J., Nazarenko, E.
L. and Ivanova, E. P. 2011, Adv. Exp.
Med. Biol., 715, 213.

Mulcahy, H., Charron-Mazenod, L. and
Lewenza, S. 2008, PLoS Pathog., 4(11),
€1000213. doi: 10.1371/journal.ppat.1000213.
Ophir, T. and Gutnick, D. L. 1994, Appl.
Environ. Microbiol., 60(2), 740.

Stewart, P. S. and Costerton, J. W. 2001,
Lancet, 358(9276), 135.

Obritsch, M. D., Fish, D. N., MacLaren, R.
and Jung, R. 2005, Pharmacotherapy,
25(10), 1353.

Parsek, M. R. and Fuqua, C. 2004, J.
Bacteriol., 186(14), 4427.

Parsek, M. R. and Singh, P. K. 2003,
Annu. Rev. Microbiol., 57, 677.

Mah, T. F., Pitts, B., Pellock, B., Walker,
G. C., Stewart, P. S. and O'Toole, G. A.
2003, Nature, 426(6964), 306.

Mah, T. F. and O'Toole, G. A. 2001,
Trends Microbiol., 9(1), 34.

Evans, L. R. and Linker, A. 1973, J
Bacteriol., 116(2), 915.

Anwar, H., Strap, J. L., Chen, K. and
Costerton, J. W. 1992, Antimicrob. Agents
Chemother., 36(6), 1208.

Kharazmi, A. 1991, Immunol. Lett., 30(2),
201.

Stewart, P. S. 2003, J. Bacteriol., 185(5),
1485.

Molin, S. and Tolker-Nielsen, T. 2003,
Curr. Opin. Biotechnol., 14(3), 255.
Musken, M., Di Fiore, S., Dotsch, A.,
Fischer, R. and Haussler, S. 2010,
Microbiology, 156(Pt 2), 431.

Med.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

Stewart, P. S. and Franklin, M. J. 2008,
Nat. Rev. Microbiol., 6(3), 199.

Kiser, T. H., Obritsch, M. D., Jung, R.,
MacLaren, R. and Fish, D. N. 2010,
Pharmacotherapy, 30(7), 632.

Haussler, S., Tummler, B., Weissbrodt, H.,
Rohde, M. and Steinmetz, 1. 1999, Clin.
Infect. Dis., 29(3), 621.

De Beer, D., Srinivasan, R. and Stewart, P.
S. 1994, Appl. Environ. Microbiol., 60(12),
4339,

Hoyle, B. D., Alcantara, J. and Costerton,
J. W. 1992, Antimicrob. Agents
Chemother., 36(9), 2054.

Suci, P. A., Mittelman, M. W., Yu, F. P.
and Geesey, G. G. 1994, Antimicrob.
Agents Chemother., 38(9), 2125.

Sorensen, U. B., Henrichsen, J., Chen, H.
C. and Szu, S. C. 1990, Microb. Pathog.,
8(5), 325.

Yeung, M. K. and Mattingly, S. J. 1983, J.
Bacteriol., 154(1), 211.

Hentzer, M., Teitzel, G. M., Balzer, G. J.,
Heydorn, A., Molin, S., Givskov, M. and
Parsek, M. R. 2001, J. Bacteriol., 183(18),
5395.

Bagge, N., Hentzer, M., Andersen, J. B.,
Ciofu, O., Givskov, M. and Hoiby, N.
2004, Antimicrob. Agents Chemother.,
48(4), 1168.

Beaudoin, T., Zhang, L., Hinz, A. J., Parr,
C. J. and Mah, T. F. 2012, J. Bacteriol.,
194(12), 3128.

Liao, J. and Sauer, K. 2012, J. Bacteriol.,
194(18), 4823.

Zhang, L., Hinz, A. J., Nadeau, J. P. and
Mah, T. F. 2011, J. Bacteriol., 193(19),
5510.

Lee, S., Cho, E. and Jung, S. 2009, BMB
Rep., 42(12), 769.

Lequette, Y., Rollet, E., Delangle, A.
Greenberg, E. P. and Bohin, J. P. 2007,
Microbiology, 153(Pt 10), 3255.

Nothaft, H., Liu, X., McNally, D. J., Li, J.
and Szymanski, C. M. 2009, Proc. Natl.
Acad. Sci. USA, 106(35), 15019.

Liu, L., Dharne, M., Kannan, P., Smith, A.,
Meng, J., Fan, M., Boren, T. L., Ranallo,
R. T. and Bhagwat, A. A. 2010, Arch.
Microbiol., 192(3), 167.



68

Kelly M. Fulton & Susan M. Twine

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

Liu, L., Tan, S., Jun, W., Smith, A., Meng,
J. and Bhagwat, A. A. 2009, FEMS
Microbiol. Lett., 292(1), 13.

VanGolde, L. M. G., Schulman, H. and
Kennedy, E. P. 1973, Proc. Natl. Acad.
Sci., 70(5), 1368.

Cho, E., Jeon, Y. and Jung, S. 2009,
Carbohydr. Res., 344(8), 996.

Kennedy, E. P., Rumley, M. K., Schulman,
H. and Van Golde, L. M. 1976, J. Biol.
Chem., 251(14), 4208.

Arellano-Reynoso, B., Lapaque, N.,
Salcedo, S., Briones, G., Ciocchini, A. E.,
Ugalde, R., Moreno, E., Moriyon, |. and
Gorvel, J. P. 2005, Nat. Immunol., 6(6), 618.
Briones, G., Inon de lannino, N,
Steinberg, M. and Ugalde, R. A. 1997,
Microbiology, 143(Pt 4), 1115.

de lannino, N. I., Briones, G., lannino, F.
and Ugalde, R. A. 2000, Microbiology,
146 (Pt 7), 1735.

Stock, J. B., Rauch, B. and Roseman, S.
1977, J. Biol. Chem., 252(21), 7850.
Wood, J. M. 1999, Microbiol. Mol. Biol.
Rev., 63(1), 230.

Kennedy, E. P. 1982, Proc. Natl. Acad.
Sci. USA, 79(4), 1092.

Bhagwat, A. A., Jun, W., Liu, L., Kannan,
P., Dharne, M., Pheh, B., Tall, B. D,
Kothary, M. H., Gross, K. C., Angle, S.,
Meng, J. and Smith, A. 2009, Microbiology,
155(Pt 1), 229.

Kannan, P., Dharne, M., Smith, A., Karns,
J. and Bhagwat, A. A. 2009, Curr.
Microbiol., 59(6), 641.

Martirosyan, A., Perez-Gutierrez, C.,
Banchereau, R., Dutartre, H., Lecine, P.,
Dullaers, M., Mello, M., Pinto Salcedo, S.,
Muller, A., Leserman, L., Levy, Y.,
Zurawski, G., Zurawski, S., Moreno, E.,
Moriyon, 1., Klechevsky, E., Banchereau,
J., Oh, S. and Gorvel, J. P. 2012, PLoS
Pathog., 8(11).

Twine, S. M. and Logan, S. M. 2012,
Bacterial Glycomics: Current Research,
Technology and Applications, Reid, C. W.,
Twine, S. M. and Reid, A. N. (Eds.),
Caister Academic Press, Norfolk, UK, 69.

373.

374.
375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

Boehme, C., Molokova, E., Minja, F., Geis,
S., Loscher, T., Maboko, L., Koulchin, V.
and Hoelscher, M. 2005, Trans. R. Soc.
Trop. Med. Hyg., 99(12), 893.

Lawn, S. D. 2012, BMC Infect. Dis., 12, 103.
Peter, J. G., Theron, G., van Zyl-Smit, R.,
Haripersad, A., Mottay, L., Kraus, S.,
Binder, A., Meldau, R., Hardy, A. and
Dheda, K. 2012, Eur. Respir. J., 40(5), 1211.
Makino, S., Watarai, M., Cheun, H. I.,
Shirahata, T. and Uchida, I. 2002, J. Infect.
Dis., 186(2), 227.

Wang, D., Carroll, G. T., Turro, N. J.,
Koberstein, J. T., Kovac, P., Saksena, R.,
Adamo, R., Herzenberg, L. A. and
Steinman, L. 2007, Proteomics, 7(2), 180.
Tamborrini, M., Holzer, M., Seeberger, P.
H., Schurch, N. and Pluschke, G. 2010,
Clin. Vaccine Immunol., 17(9), 1446.
Pride, M. W., Huijts, S. M., Wu, K,
Souza, V., Passador, S., Tinder, C., Song,
E., Elfassy, A., McNeil, L., Menton, R.,
French, R., Callahan, J., Webber, C.,
Gruber, W. C., Bonten, M. J. and Jansen,
K. U. 2012, Clin. Vaccine Immunol.,
19(8), 1131.

Blixt, O., Hoffmann, J., Svenson, S. and
Norberg, T. 2008, Glycoconj. J., 25(1), 27.
Wiriyachaiporn, S., Howarth, P. H., Bruce,
K. D. and Dailey, L. A. 2013, Diagn.
Microbiol. Infect. Dis., 75(1), 28.
Parthasarathy, N., Saksena, R., Kovac, P.,
Deshazer, D., Peacock, S. J., Wuthiekanun,
V., Heine, H. S., Friedlander, A. M., Cote,
C. K., Welkos, S. L., Adamovicz, J. J,,
Bavari, S. and Waag, D. M. 2008,
Carbohydr. Res., 343(16), 2783.

Anderson, R. M. and May, R. M. 1985,
Nature, 318(6044), 323.

Clemens, J., Shin, S. and Ali, M. 2011,
Lancet Infect. Dis., 11(6), 482.

Fine, P. E. 1993, Epidemiol. Rev., 15(2),
265.

Fox, J. P., Elveback, L., Scott, W.,
Gatewood, L. and Ackerman, E. 1971,
Am. J. Epidemiol., 94(3), 179.

Kim, T. H., Johnstone, J. and Loeb, M.
2011, Scand. J. Infect. Dis., 43(9), 683.



The role of the host-pathogen glycome

69

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Kalka-Moll, W. M., Tzianabos, A. O.,
Bryant, P. W., Niemeyer, M., Ploegh, H. L.
and Kasper, D. L. 2002, J. Immunol.,
169(11), 6149.

Pon, R. A. 2012, Bacterial Glycomics:
Current  Research, Technology and
Applications, Reid, C. W., Twine, S. M.
and Reid, A. N. (Eds.), Caister Academic
Press, Norfolk, UK, 243.

Wang, Q. and Guo, Z. 2011,
Bioconjugation Protocols, Mark, S. S.
(Ed.), Methods Mol. Biol., Humana Press,
751, 300.

Feldman, M. F., Wacker, M., Hernandez,
M., Hitchen, P. G., Marolda, C. L.,
Kowarik, M., Morris, H. R., Dell, A.,
Valvano, M. A. and Aebi, M. 2005, Proc.
Natl. Acad. Sci. USA, 102(8), 3016.
Costantino, P., Rappuoli, R. and Berti, F.
2011, Expert. Opin. Drug Discov., 6(10),
1045.

Langdon, R. H., Cuccui, J. and Wren, B.
W. 2009, Future Microbiol., 4(4), 401.
Terra, V. S., Mills, D. C., Yates, L. E.,
Abouelhadid, S., Cuccui, J. and Wren, B.
W. 2012, J. Med. Microbiol., 61(Pt 7), 919.
Xu, P., Alam, M. M., Kalsy, A., Charles,
R. C., Calderwood, S. B., Qadri, F., Ryan,
E. T. and Kovac, P. 2011, Bioconjug.
Chem., 22(10), 2179.

Burtnick, M. N., Heiss, C., Roberts, R. A.,
Schweizer, H. P., Azadi, P. and Brett, P. J.
2012, Front. Cell. Infect. Microbiol., 2, 108.
Burtnick, M. N., Heiss, C., Schuler, A. M.,
Azadi, P. and Brett, P. J. 2012, Front. Cell.
Infect. Microbiol., 2, 148.

Apicella, M. A., Post, D. M., Fowler, A.
C., Jones, B. D., Rasmussen, J. A., Hunt, J.
R., Imagawa, S., Choudhury, B., Inzana, T.
J., Maier, T. M., Frank, D. W., Zahrt, T.
C., Chaloner, K., Jennings, M. P,
McLendon, M. K. and Gibson, B. W.
2010, PLoS One, 5(7), €11060.

Altman, E., Chandan, V., Harrison, B. A.,
Veloso-Pita, R., Li, J., Kuolee, R., Chen,
W. and Verez-Bencomo, V. 2012,
Vaccine, 30(50), 7332.

Harrison, B. A., Fernandez, H., Chandan,
V., Schuster, M. W., Rademacher, L. O.,
Toledo, C., Li, J. and Altman, E. 2011,
Helicobacter, 16(6), 459.

401.

402.

403.

404.

405.

406.

407.

408.

400.

410.

411.

412.

413.

414.

415.

416.

Tarasenko, O., Scott, A., Soderberg, L. and
Alusta, P. 2012, Glycoconj. J., 29(1), 25.
Chabot, D. J., Joyce, J., Caulfield, M.,
Cook, J., Hepler, R., Wang, S., Vietri, N.
J., Ruthel, G., Shoop, W., Pitt, L., Leffel,
E., Ribot, W. and Friedlander, A. M. 2012,
Vaccine, 30(5), 846.

Cox, A. D., St Michael, F., Cairns, C. M.,
Lacelle, S., Filion, A. L., Neelamegan, D.,
Wenzel, C. Q., Horan, H. and Richards, J.
C. 2011, Glycoconj. J., 28(3-4), 165.

Pace, D. 2013, Expert Opin. Biol. Ther.,
13(1), 11.

Borysowski, J., Weber-Dabrowska, B. and

Gorski, A. 2006, Exp. Biol. Med.
(Maywood), 231(4), 366.
Donovan, D. M. 2007, Recent Pat.

Biotechnol., 1(2), 113.

Green, D. W. 2002, Expert Opin. Ther.
Targets, 6(1), 1.

Nelson, D. C., Schmelcher, M., Rodriguez-
Rubio, L., Klumpp, J., Pritchard, D. G,
Dong, S. and Donovan, D. M. 2012, Adv.
Virus Res., 83, 299.

Reid, C. W. and Gutelius, D. 2012, J. Glyc.
Lipid., 2(3),

McNally, D. J., Schoenhofen, I. C.,
Houliston, R. S., Khieu, N. H., Whitfield,
D. M., Logan, S. M., Jarrell, H. C. and
Brisson, J. R. 2008, Chem. Med. Chem.,
3(1), 55.

Woakarchuk, W. 2012, Bacterial
Glycomics: Current Research, Technology
and Applications, Reid, C. W. Twine, S. M.
and Reid, A. N. (Eds.), Caister Academic
Press, Norfolk, UK, 213.

Rachmaninov, O., Zinger-Yosovich, K. D.
and Gilboa-Garber, N. 2012, Nutr. J., 11, 10.
Zinger-Yosovich, K. D. and Gilboa-Garber,
N. 2009, J. Agric. Food Chem., 57(15), 6908.
Struwe, W., Cosgrave, E. J., Byrne, J,,
Saldova, R. and Rudd, P. 2011, Functional
and Structural Proteomics of Glycoproteins,
Owens, R. and Nettleship, J. (Eds.),
Springer Science+Business Media B.V., 1.
Pandhal, J. and Wright, P. C. 2010,
Biotechnol. Lett., 32(9), 1189.

Wacker, M., Linton, D., Hitchen, P. G,,
Nita-Lazar, M., Haslam, S. M., North, S.
J., Panico, M., Morris, H. R., Dell, A,
Wren, B. W. and Aebi, M. 2002, Science,
298(5599), 1790.



70

Kelly M. Fulton & Susan M. Twine

417.

418.

419.

420.

421.

422.

423.

424,

425.

426.

427.

428.

429.

430.

Cuccui, J., Langdon, R. H., Moule, M. G.
and Wren, B. W. 2012, Bacterial
Glycomics: Current Research, Technology
and Applications, Reid, C. W., Twine, S.
M. and Reid, A. N. (Eds.), Caister Academic
Press, Norfolk, UK, 83.

Lizak, C., Fan, Y. Y., Weber, T. C. and
Aebi, M. 2011, Bioconjug. Chem., 22(3),
488.

Schwarz, F., Huang, W., Li, C., Schulz, B.
L., Lizak, C., Palumbo, A., Numao, S.,
Neri, D., Aebi, M. and Wang, L. X. 2010,
Nat. Chem. Biol., 6(4), 264.

Huang, W., Giddens, J., Fan, S. Q.
Toonstra, C. and Wang, L. X. 2012, J. Am.
Chem. Soc., 134(29), 12308.

Sinclair, A. M. and Elliott, S. 2005, J.
Pharm. Sci., 94(8), 1626.

Sola, R. J. and Griebenow, K. 2010,
BioDrugs, 24(1), 9.

Werner, R. G., Kopp, K. and Schlueter, M.
2007, Acta. Paediatr. Suppl., 96(455), 17.
Hug, 1., Zheng, B., Reiz, B., Whittal, R.
M., Fentabil, M. A., Klassen, J. S. and
Feldman, M. F. 2011, J. Biol. Chem.,
286(43), 37887.

Kay, E., Lesk, V. I., Tamaddoni-Nezhad,
A., Hitchen, P. G., Dell, A., Sternberg, M.
J., Muggleton, S. and Wren, B. W. 2010,
Biochem. Soc. Trans., 38(5), 1290.
Dhenin, S. G., Moreau, V., Morel, N.,
Nevers, M. C., Volland, H., Creminon, C.
and Djedaini-Pilard, F. 2008, Carbohydr.
Res., 343(12), 2101.

Dhenin, S. G., Moreau, V., Nevers, M. C.,
Creminon, C. and Djedaini-Pilard, F. 2009,
Org. Biomol. Chem., 7(24), 5184.

Mehta, A. S., Saile, E., Zhong, W., Buskas,
T., Carlson, R., Kannenberg, E., Reed, Y.,
Quinn, C. P. and Boons, G. J. 2006,
Chemistry, 12(36), 9136.

Knirel, Y. A., Shashkov, A. S., Tsvetkov,
Y. E., Jansson, P. E. and Zahringer, U.
2003, Adv. Carbohydr. Chem. Biochem.,
58, 371.

Horn, C., Namane, A., Pescher, P., Riviere,
M., Romain, F., Puzo, G., Barzu, O. and
Marchal, G. 1999, J. Biol. Chem., 274(45),
32023.

431.

432.

433.

434.

435.

436.

437.

438.

4309.

440.

441.

442.

443.

444,

445,

446.

Romain, F., Horn, C., Pescher, P.,
Namane, A., Riviere, M., Puzo, G., Barzu,
O. and Marchal, G. 1999, Infect. Immun.,
67(11), 5567.

Ragas, A., Roussel, L., Puzo, G. and
Riviere, M. 2007, J. Biol. Chem., 282(8),
5133.

Plummer, C., Wu, H., Kerrigan, S. W,
Meade, G., Cox, D. and lan Douglas, C.
W. 2005, Br. J. Haematol., 129(1), 101.
Guerry, P., Ewing, C. P., Schirm, M.,
Lorenzo, M., Kelly, J., Pattarini, D.,
Majam, G., Thibault, P. and Logan, S.
2006, Mol. Microbiol., 60(2), 299.
Howard, S. L., Jagannathan, A., Soo, E. C.,
Hui, J. P., Aubry, A. J., Ahmed, I,
Karlyshev, A., Kelly, J. F., Jones, M. A,
Stevens, M. P., Logan, S. M. and Wren, B.
W. 2009, Infect. Immun., 77(6), 2544.

van Alphen, L. B., Wuhrer, M., Bleumink-
Pluym, N. M., Hensbergen, P. J., Deelder,
A. M. and van Putten, J. P. 2008,
Microbiology, 154(Pt 11), 3385.
Karlyshev, A. V., Everest, P., Linton, D.,
Cawthraw, S., Newell, D. G. and Wren, B.
W. 2004, Microbiology, 150(Pt 6), 1957.
Larsen, J. C., Szymanski, C. and Guerry, P.
2004, J. Bacteriol., 186(19), 6508.
Szymanski, C. M., Burr, D. H. and Guerry,
P. 2002, Infect. Immun., 70(4), 2242.

van Sorge, N. M., Bleumink, N. M., van
Vliet, S. J., Saeland, E., van der Pol, W. L.,
van Kooyk, Y. and van Putten, J. P. 2009,
Cell. Microbiol., 11(12), 1768.

Kuo, C., Takahashi, N., Swanson, A. F.,
Ozeki, Y. and Hakomori, S. 1996, J. Clin.
Invest., 98(12), 2813.

Benz, I. and Schmidt, M. A. 2001, Mol.
Microbiol., 40(6), 1403.

Lindenthal, C. and Elsinghorst, E. A. 2001,
Infect. Immun., 69(1), 52.

Jennings, M. P., Jen, F. E., Roddam, L. F.,
Apicella, M. A. and Edwards, J. L. 2011,
Cell. Microbiol., 13(6), 885.

Vik, A., Aspholm, M., Anonsen, J. H.,
Borud, B., Roos, N. and Koomey, M.
2012, Mol. Microbiol., 85(6), 1166.
Marceau, M., Forest, K., Beretti, J. L.,
Tainer, J. and Nassif, X. 1998, Mol.
Microbiol., 27(4), 705.



The role of the host-pathogen glycome

71

447.

448.

449.

450.

451.

Marceau, M. and Nassif, X. 1999, J.
Bacteriol., 181(2), 656.

Vanterpool, E., Roy, F. and Fletcher, H. M.
2005, Infect. Immun., 73(7), 3971.

Nakao, R., Tashiro, Y., Nomura, N., Kosono,
S., Ochiai, K., Yonezawa, H., Watanabe,
H. and Senpuku, H. 2008, Biochem.
Biophys. Res. Commun., 365(4), 784.
Zeituni, A. E., McCaig, W., Scisci, E.,
Thanassi, D. G. and Cutler, C. W. 2010, J.
Bacteriol., 192(16), 4103.

Smedley, J. G. 3, Jewell, E., Roguskie, J.,
Horzempa, J., Syboldt, A., Stolz, D. B. and
Castric, P. 2005, Infect. Immun., 73(12), 7922.

452.

453.

454.

455.

Verma, A., Arora, S. K., Kuravi, S. K. and
Ramphal, R. 2005, Infect. Immun., 73(12),
8237.

Bartels, K. M., Funken, H., Knapp, A.,
Brocker, M., Bott, M., Wilhelm, S., Jaeger,
K. E. and Rosenau, F. 2011, J. Bacteriol.,
193(5), 1107.

Posch, G., Pabst, M., Brecker, L.,
Altmann, F., Messner, P. and Schaffer, C.
2011, J. Biol. Chem., 286(44), 38714.
Settem, R. P., Honma, K., Nakajima, T.,
Phansopa, C., Roy, S., Stafford, G. P. and
Sharma, A. 2012, Mucosal. Immunol.,
Epub ahead of print.



