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REVIEW

Concepts of Receptor Mimicry

The use of bacteria, viruses and toxins to intentionally cause 
infection is a realistic threat. The predominant causes for concern 
are the rapidity of infection and difficulty in diagnosis and treat-
ing the pneumonic disease.1,2 These concerns were highlighted by 
the inhalational infection of postal workers in the US by Bacillus 
anthracis endospores.3 The range of biothreat agents that pose a 
threat requires the utilisation of a range of different conventional 
therapeutics. Bacteria and viruses require treatment with antibi-
otics and antiviral compounds respectively, whilst toxins require 
treatment with specific antisera. There are various issues concern-
ing the use and availability of conventional treatments for bio-
threat agents. Resistance to antibiotics may be naturally acquired 
or engineered. Antiviral compounds are limited in availability 
due to increased toxicity issues arising from the commonality of 

targets between the host cell and virus. Furthermore, vaccines are 
unavailable or some way off licensure.4,5 Therefore, it is prudent 
to research novel therapeutics to combat the spectre of intentional 
release of biothreat agents.

The initial step during infection for any pathogen (or toxin) 
involves interaction with host cells, generally via the binding 
of adhesin(s) with carbohydrate receptors on the cell surface 
via multivalent interactions (Fig. 1).6 Such interactions prevent 
microbial removal by the physical clearance mechanisms of the 
host epithelial surfaces e.g., airflow or mucociliary clearance in 
the respiratory tract.7 These carbohydrate receptors take the form 
of relatively short chains of saccharide units known as oligosac-
charides. The diversity of monosaccharide units, linkages and 
branching patterns increases the complexity of oligosaccharides 
enabling fulfilment of a range of biological functions. The oligo-
saccharide chains are linked to proteins or lipids forming glyco-
proteins or glycolipids that are inserted into the host cytoplasmic 
membrane with the oligosaccharide chains facing the external 
milieu. A range of glycoconjugates located on intact or abraded 
host cell surfaces may be used by pathogens for attachment 
(Table 1). Carbohydrate recognition is important in functional-
ity of the innate immune system. Free oligosaccharides present in 
body fluids such as mucus and breast milk have been proposed 
to prevent attachment to epithelial cell surfaces.7-9 Furthermore, 
a number of proteins involved in innate immunity such as man-
nose-binding lectin, surfactant proteins A and D, dendritic cell-
specific intercellular adhesion molecule 3-grabbing nonintegrin 
(DC-SIGN), liver/lymph node-specific intercellular adhesion 
molecule 3-grabbing nonintegrin (L-SIGN) and the ficolins pos-
sess carbohydrate recognition domains (CRDs) specific for oligo-
saccharide chains present on capsules, LPS and glycoproteins of 
microbial pathogens.10-12 Utilization of oligosaccharides to inhibit 
bacterial attachment has proved successful for a number of patho-
gens both in vitro and in vivo, including Streptococcus pneumo-
niae, Helicobacter pylori, Pseudomonas aeruginosa and Legionella 
pneumophila.13-22 Microbial attachment offers an attractive point 
of intervention in the process of infection.

A number of methods have been used to determine binding 
moieties of micro-organisms and toxins including thin-layer 
chromatography (TLC), solid-phase competitive binding assays, 
lectin binding and surface plasmon resonance (SPR).21,23-29 
The specificity of adhesin-oligosaccharide interactions has an 
influence on determining a pathogen’s host range and tropism 
for various cell types.30 The majority of pathogens and toxins 
used as biothreat agents would be disseminated by aerosol and 
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surfaces of the pathogen adhesin(s) (or toxin) and the host 
respiratory tract epithelial cells and immune cells (i.e., alveolar 
macrophages).

A wide variety of oligosaccharide structures are expressed 
on the respiratory tract epithelium and the mucins associated 
with the mucus bilayer.32,33 Furthermore, the physiological sta-
tus of the host cell epithelium affects the types and quantities 
of surface-expressed oligosaccharides. Cellular differentiation 
during injury and repair of respiratory epithelial cells leads to 
an increase in gangliosides (e.g., asialo-GM1) and exposure 
of the proteoglycan constituents of the extracellular matrix  
(e.g., collagen, fibronectin, laminin, heparan sulphate and 
chondroitin sulphate).34-37 Expression of neuraminidases and 
other glycosidases by pathogens (e.g., P. aeruginosa, S. pneumo-
niae and influenza virus) will result in desialylation of sialic acid 
residues on glycolipids and glycoproteins and subsequent pre-
sentation of receptors for attachment.38 The quantity of GM1, 
GM2, asialo-GM1 and asialo-GM2 expressed varied according 
to the particular respiratory epithelial cell lines used in adhe-
sion assays.39 All these variances in host cell oligosaccharide 
profiles will affect the relative binding of pathogens and hence 
their tropism for particular cell and tissue types. This also rep-
resents a disadvantage of using animal models because they may 
not express the same tissue glycoconjugate profiles as humans, 

hence initially deposit in the respiratory tract. Therefore, suc-
cessful therapeutic use of oligosaccharides against such patho-
gens would require inhibition of adhesion in this anatomical 
region. This commentary aims to review the current situation 
of oligosaccharide- pathogen interactions with specific focus on 
pathogens of concern from a biothreat perspective and assess the 
potential of oligosaccharide mimics to be developed as novel anti-
adhesion therapeutics.

Specific Anti-Adhesion Targeting of the Respiratory 
Tract

The intentional use of biothreat agents is likely to involve dis-
semination by aerosol resulting in inhalation and pneumonic 
presentation of the disease. Deposition of inhalable droplets 
carrying pathogens within the anatomical regions of the mam-
malian respiratory tract (nasopharyngeal, tracheobronchial and 
pulmonary) is dependent on droplet size.31 Therefore, depend-
ing on the droplet size generated during intentional or natural 
dissemination, deposition and hence attachment may occur 
from the nasal passages to the alveoli. During pneumonic infec-
tion the opportunity for therapeutic intervention with anti-ad-
hesion compounds occurs between the molecular determinants 
of attachment, phagocytosis and engulfment expressed on the 

Figure 1. Schematic of multivalent oligosaccharide-mediated attachment between bacterial and mammalian host cell membranes. Colored squares 
represent different monosaccharide units.
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In vivo Considerations with the Application of  
Anti-Adhesion Therapy

Clinical trials using anti-adhesion therapeutics. The success 
of anti-adhesion therapy will depend on the pharmacokinetic 
and pharmacodynamic properties of the compounds within the 
body. Only a small number of clinical trials have been performed 
with anti-adhesion oligosaccharides. Clinical trials using 10 or 
20 g per day sialyllactose delivered orally to prevent infection by  
H. pylori proved unsuccessful.70 Similarly, in a phase II clinical 
trial, intranasal administration of sialyl-3'-lactoneotetraose to 
children did not reduce the incidence of S. pneumoniae or H. 
influenzae nasopharyngeal carriage or otitis media.71 The lack of 
success of clinical trials may be due to a combination of enzy-
matic degradation and the expression of multiple receptors by 
the pathogen. In addition, differences occur in the expression of 
host cell glycoconjugates in adults and infants that may explain 
the difficulties in the study of Ukkonen et al.71 because the ini-
tial screening of were based on epithelial cells obtained from 
the upper respiratory tract of adults.7 This is supported by the 
success of local administration of a mixture of monosaccharides 

hence in vivo trials may not be representative, particularly if 
the pathogen is host-specific to humans.8 Successful anti-adhe-
sion therapy for biothreat agents requires consideration of the 
particular adhesin-ligand interactions that must be inhibited 
within the specific physiology and anatomy of the respiratory 
tract. Furthermore, in the case of bacteria, adhesin expression is  
regulated by parameters such as temperature. Therefore spe-
cific tissue tropism may not always occur due to lack of expres-
sion and phenomenon such as phase variation (phenotypic 
switching).6

A number of respiratory pathogens have been shown to attach 
to oligosaccharide structures (Table 2). The minimal disac-
charide sequence of GalNAcβ1-4Gal found in the gangliosides 
asialo-GM1 and asialo-GM2 is required for adhesion for many 
of the respiratory pathogens examined.13,21,25-27,29,40,41,46,47,57 The 
broad spectrum of pathogens that use this base disaccharide unit 
would appear to cast it as a candidate worthy of exploration as a 
novel generic anti-adhesion therapeutic. Furthermore, pathogens 
express oligosaccharide structures themselves in the form of cap-
sules, LPS and glycoproteins that may play a role in attachment 
to the surface of host epithelial and immune cells.69

Table 1. Inexhaustive list of glycoconjugate structures used to identify binding moieties of micro-organisms that bind to the respiratory tract

Glycoconjugate Structure

GD1a NeuAcα2-3Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

GD1b Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

GT1b NeuAcα2-3Galβ1-3GalNAcβ1-4(NeuAcα2-8NeuAcα2-3)Galβ1-4Glcβ1-1Cer

GQ1b NeuAcα2-8NeuAcα2-3Galβ1-3GalNAcβ1-4(NeuAcα2-8NeuAcα2-3Gal)Galβ1-4Glcβ1-1Cer

GM1 Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

Asialo-GM1 Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Asialo-GM2 GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GM2 GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

GM3 NeuAcα2-3Galβ1-4Glcβ1-1Cer

Trihexosylceramide Galα1-4Galβ1-4Glcβ1-1Cer

Digalactosylceramide (Gb3) Galα1-4Galβ1-1Cer

Paragloboside (Lacto-N-neotetraosylceramide) Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-1Cer

Sialosylparagloboside NeuAcα2-3Galβ1-4GlcNAcβ1-3Galβ1-4Glcβ1-1Cer

Globoside GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1Cer

Sulfatide Gal(3SO4)β1-1Cer

Lactosylsulfatide Gal(3SO4)β1-4Glcβ1-1Cer

Lactosylceramide Galβ1-4Glcβ1-1Cer

Glycophorin NeuAcα2-3Galβ1-3GalNAc-protein

Lactotriaosylceramide GlcNAcβ1-3Galβ1-4Glcβ1-1Cer

Lactotetraosylceramide Galβ1-3GlcNAcβ1-3Galβ1-4Glcβ1-1Cer

Lewis A antigen Galβ1-3(Fucα1-4)GlcNAc

Lewis B antigen Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ1-3Galβ1-4Glc

Lewis X antigen Galβ1-4(Fucα1-3)GlcNAc

Heparin (IdoAβ1-4GlcNS)n (GlcAβ1-4GlcNAc)n (GlcAβ1-4GlcNS)n (IdoASβ1-4GlcNS)n repeating variable 
disaccharide units; sulphation is variable

Chondroitin sulphate (GlcAβ1-3GalNAcβ1-4)n sulphation is variable in position and quantity

Cer, ceramide; Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcA, glucuronic acid; GlcNAc, N-acetylglucosamine; GlcNS, 
N-sulphated glucosamine; IdoA, iduronic acid; IdoAS, sulphated iduronic acid; NeuAc, N-acetylneuraminic acid (sialic acid).
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Table 2. List of pathogens known to cause infection by the respiratory tract in humans and some of the glycoconjugate structures they are known to bind

Microorganism Binding moieties Reference(s)

Bacillus anthracis GalNAcβ1-4Gal, GalNAcβ1-3Gal, Galβ1-4GlcNAc, dextran sulphate 29

Bordetella pertussis Galβ1-4Glc, GalNAcβ1-4Gal

Chondroitin sulphate, heparan sulphate, dextran sulphate

Gal(3SO4)β1-1Cer, LewisA, LewisB, LewisX

6, 40–42

Brucella abortus/B. melitensis Heparin sulphate, Sialylated glycoconjugates

Fibronectin, vitronectin

43

Burkholderia cepacia Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Galα1-4Galβ1-4Glcβ1-1Cer, Dextran

25, 26, 44, 45

Burkholderia pseudomallei Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GalNAcβ1-4Galβ1-4Glcβ1-1Cer

27, 46

Chlamydia pneumoniae GalNAcβ1-4Galβ1-4Glc 47

Chlamydia trachomatis GalNAcβ1-4Galβ1-4Glc, heparin, heparan sulphate, laminin, vitronectin, fibronectin,  
collagen I, collagen IV

6, 47

Haemophilus influenzae GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

Dextran, Sialylated glycolipids, LewisA, fibronectin, laminin, collagen I, collagen III

6, 25, 26, 48–51

Haemophilus parainfluenzae GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

26

Human parainfluenza virus type 1 NeuAcα2-3Galβ1-4GlcNAc 52

Human parainfluenza virus type 3 NeuGcα2-3Galβ1-4GlcNAc, NeuAcα2-6Galβ1-4GlcNAc,  NeuAcα2-3Galβ1-4GlcNAc 52

Influenza A NeuAc(α2-6)Gal, Dextran sulphate 53, 54

Influenza B NeuAc(α2-3)Gal 53

Influenza C N-acetyl-9-O-NeuAc(α2-3)Gal 55

Klebsiella pneumoniae GalNAcβ1-4Galβ1-4Glcβ1-1Cer, Mannose 26

Legionella pneumophila Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GalNAcβ1-4Galβ1-4Glcβ1-1Cer, Heparin

21, 22

Moraxella cattarhalis Gal(3SO4)β1-1Cer

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GalNAcβ1-4Galβ1-4Glcβ1-1Cer

56, 57

Mycoplasma pneumoniae NeuAcα2-3Galβ1-3GalNAc, Gal(3SO4)β1-1Cer, Dextran sulphate 58, 59

Mycobacterium tuberculosis Heparin, mannose 6

Neisseria meningitidis LewisA, fibronectin, gangliosides 6, 60

Pseudomonas aeruginosa GalNAcβ1-4Galβ1-4Glcβ1-1Cer, Galα1-4Gal

Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

Galβ1-4GlcNAc, Galβ1-4Glcβ1-1Cer, sialyl-LewisX

Dextran, Heparin, Heparan sulphate, fibronectin, laminin, collagen I, collagen II, cholesterol

6, 18, 20, 25, 26, 49, 
61, 62

Respiratory syncytial virus Dextran sulphate, Heparin, Chondrotin sulphate B 63

Staphylococcus aureus GalNAcβ1-4Galβ1-4Glcβ1-1Cer, Dextran, LewisA, heparin, heparan sulphate, vitronec-
tin, fibronectin, collagen I, laminin

6, 25, 26, 49, 51

Streptococcus pneumoniae GalNAcβ1-4Galβ1-4Glcβ1-1Cer

Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

NeuAcα2-3Galβ1-4Glc, NeuAcα2-6Galβ1-4Glc

Galβ1-3GalNAcβ1-4(NeuAcα2-3)Galβ1-4Glcβ1-1Cer

GalNAcβ1-3Galα1-4Galβ1-4Glcβ1-1Cer

Galβ1-4Glcβ1-1Cer, laminin, vitronectin, collagen IV

6, 13, 25, 26, 64

Streptococcus pyogenes Fibronectin, vitronectin 6

Yersinia pestis Galβ1-3GalNAcβ1-4Galβ1-4Glcβ1-1Cer

GalNAcβ1-4Galβ1-4Glcβ1-1Cer, Galβ1-4Glcβ1-1Cer, collagen, laminin

65–68
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with saccharides, particularly monovalent compounds, may suffer 
due to degradation by host enzymes under physiological condi-
tions. This could lead to a requirement for excessive and poten-
tially toxic levels to inhibit pathogen attachment.73 Furthermore, 
the polarity and size of multivalent inhibitors could lead to prob-
lems with in vivo use.30 These issues may be alleviated to a degree 
by the concept of use for the particular therapeutic. For example, 
topical application of a therapeutic to the skin or epithelium of 
the respiratory tract is less likely to experience the problems of 
enzymatic degradation experienced in the gastrointestinal tract 
through oral delivery or lack of immune tolerance after systemic 
delivery.

Potential of Anti-Adhesion Compounds Against  
Biothreat Agents

Biothreat agents may be bacterial, viral and fungal or repre-
sented by specific toxins. However, they all share the charac-
teristic that they can elicit disease or toxicity via inhalation.1,2 
In the majority of cases, little is known regarding the mecha-
nisms of attachment to the immune cells and epithelium of the 
respiratory tract. A list of known adhesins of biothreat agents 
is presented in Tables 3–5.

B. anthracis is the archetypal biothreat agent. Adhesion of 
inhaled endospores involves interactions between the exterior 
of the endospore and surface-expressed components of human 
respiratory tissues. Little is known regarding the mechanisms 
of attachment for both endospores and vegetative cells. The 
endospore possesses an external exosporium comprising a hex-
agonal lattice with protruding filamentous appendages and 
glycoproteins.118-121 that may mediate attachment and promote 
internalization into macrophages. After germination, the vegeta-
tive cells express a range of putative and known adhesins that may 
promote attachment to host cells including S-layer proteins (EA1, 
Sap and BslA), teichoic acid, collagen- and fibronectin-binding 
proteins and the poly-γ-D-glutamic acid capsule.74,76,77 Inhibition 
of attachment of vegetative cells of a pXO1 pXO2 double-cured 
strain to the A549 cell line using oligosaccharides was greatest in 
the case of GalNacβ1-3Gal, Galβ1-4GlcNAc, GalNAcβ1-4Gal 
and dextran sulphate (56–71%).29 Adhesion was not mediated by 
the BslA S-layer protein or capsule, both of which are encoded on 
the absent pXO1.74,76

F. tularensis clinically presents as a range of manifestations, 
however the most serious is pneumonic infection. Recently, some 
cell-surface associated adhesins have been identified. The type 
IV pili apparatus encoded by the pilF and pilT genes mediated 
adherence to cultured macrophage, pneumocyte and hepatocyte 
cell lines.80 FsaP is a surface expressed protein with adhesive 
properties towards the A549 type II pneumocyte cell line.82 The 
F. tularensis pilin structural subunit, PilA, was capable of expres-
sion of type IV pili within a Neisseria gonorrhoeae mutant lack-
ing the genes for type IV pilus expression. Partial restoration of 
competence for natural genetic transformation was observed in 
N. gonorrhaeae mutants expressing the F. tularensis pilA gene.81 
The importance of the type IV pili has been demonstrated in 
vivo with respect to intradermal infection,80 however, the impact 

(galactose, mannose and N-acetylneuraminic acid) specific for 
the PA-I and PA-II adhesins of P. aeruginosa in treating otitis 
externa although recovery was slower than patients receiving gen-
tamicin.6 It is likely that use of multivalent inhibitors or oligo-
saccharides based on these monosaccharide units would be even 
more successful.

Selective pressure. Use of conventional bactericidal or viru-
cidal antimicrobial agents is an aggressive regimen that exerts 
selective pressure on the pathogens driving the generation of resis-
tant phenotypes. Anti-adhesion therapy would be a safer, gentler 
therapy, more ecologically sound with the added benefit of reduc-
ing selective pressure because the pathogens are prevented from 
attaching to host cells rather than being killed. The non-infective 
pathogens would then be removed by the natural physical or 
immunological clearance mechanisms of the host. Mutation of 
the adhesin is a plausible scenario during anti-adhesion therapy. 
However, as the oligosaccharide inhibitor is based on the iden-
tical binding event to the pathogens natural adhesion process, 
any mutation will generally result in reduced binding affinity and 
hence be less infectious compared to the wild-type.6,7,30 However, 
the potential exists for altered tropism for tissues that could gen-
erate alternative problems. A further benefit is that unlike lytic 
antibiotics such the β-lactams, anti-adhesion compounds are not 
bactericidal and would not generate toxic by-products (e.g., LPS) 
as a result of bacterial death.30 Anti-adhesion therapy may also 
complement traditional antibiotic therapy by reducing the inher-
ent resistance phenotype associated with attachment to tissues 
and biofilms.7,8

Receptor redundancy. It is apparent from the literature 
that although a few moieties make consistent appearances as 
the minimal saccharide sequences required for pathogen bind-
ing, inhibition is never 100%.6,7,13,15,21,29,39,72 This indicates that 
multiple receptors binding either the same or different oligosac-
charide moieties are required for attachment; and represents the 
major drawback for anti-adhesion therapy. The issue of multiple 
receptor-ligand interactions is highlighted by the number of bac-
terial species in Table 1 that bind a range of glycoconjugates. 
Even if a high affinity inhibitor can be found or synthesised, it 
is unlikely that one single compound will inhibit attachment of 
a single pathogen, let alone a wide range of pathogens. These 
issues of receptor redundancy are less likely to be an issue for 
viruses where the number of adhesins present on the surface will 
be far fewer than on bacteria due to the coding potential of the 
respective genomic material. Therefore, even for a single patho-
gen, and certainly for a range of respiratory tract pathogens, a 
cocktail of inhibitors would be required covering the range of 
adhesin-ligand interactions that result in attachment of those 
pathogens. However, this is less likely to be an issue for viruses 
and toxins where binding is based on one or two adhesin-ligand 
interactions.

Storage, delivery and administration issues. Successful use of 
therapeutic oligosaccharides will rely on efficient storage and deliv-
ery. An advantage of oligosaccharides over protein-based vaccines is 
their inherent physical and chemical properties. Oligosaccharides 
are highly water-soluble, and stable to heat and alcohols without 
loss of activity.8 Prophylactic treatment of microbial infections 
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Table 3. List of putative adhesins involved in attachment of bacteria and viruses of biothreat concern

Pathogen/Adhesin Ligand(s) Function(s) Reference(s)

Bacillus anthracis (vegetative)

Poly-γ-D-glutamic acid Unknown Capsule—antiphagocytic 74, 75

EA1 Unknown S-layer protein 74

Sap Unknown S-layer protein 74

BslA Respiratory and GI epithelial cells S-layer protein—adhesin 76

Fibronectin-binding protein 77

Collagen-binding proteins (BA0871, BA5258) Collagen I Adhesion 77, 78

Bacillus anthracis (endospore)

BclA Mac-1 integrin Adhesion, phagocytosis 79

Francisella tularensis

Type IV plius (PilA, PilF, PilT) A549 pneumocytes, macrophages, hepato-
cytes

Type IV pili, adhesion 80, 81

FsaP A549 type II pneumocytes Adhesin 82

CR3, CR4, Fc receptor, mannose-binding protein, 
surfactant protein A

Monocytes, macrophages, dendritic cells Attachment, invasion 83–85

Brucella species

SP41 (UgpB) Sialic acid Adhesion, invasion 86

SP29 Sialic acid, N-acetylneuraminyl lactose, chon-
droitin sulphate

Haemagglutination 87

Venezuelan Equine Encephalitis Virus 
(VEEV)

E2 glycoprotein Laminin, Heparin 88, 89

Smallpox Heparin, chondroitin sulphate Complement inactivation 90

Ebola/Marburg virus

GP1 glycoprotein DC-SIGN, L-SIGN, Folate receptor-α Adhesion, invasion 12, 91, 92

GI, gastrointestinal tract

Table 4. Known and putative Yersinia pestis structures involved in or affecting adhesion

Adhesin Ligand(s) Function(s) Reference(s)

F1 antigen (Caf1) Unknown Antiphagocytic, inhibit adhesion 93, 94

Plasminogen activator (Pla) Laminin, collagen IV, heparan sulphate, 
lactosylceramide, globoside

Attachment, proteolytic activation of plasmino-
gen to plasmin

66–68, 95

pH 6 antigen (PsaA) Phosphatidylcholine, lactosylceramide, 
asialo-GM1, asialo-GM2, apolipoprotein 

B

Attachment, antiphagocytic, Fc receptor for IgG 65, 96–98

Ail (OmpX) HEp-2 Adhesion, invasion, serum resistance, Yop deliv-
ery

99, 100

LPS DC-SIGN (CD209) Adhesion and invasion of dendritic cells and 
alveolar macrophages

101

YapC Unknown Attachment, autoaggregation, biofilm formation 102

YapE A549 type II pneumocytes, HEp-2 cells Attachment, dissemination from lymph nodes in 
bubonic plague

103

TadABCDEG Non-specific adhesion Putative hydrophobic adhesin 104

HecA homologs (two present in 
genome)

Unknown FHA-like afimbrial adhesin; homologous to 
HecA of Erwinia chrysanthemi

105

DC-SIGN, dendritic cell-specific intercellular adhesion molecule 3-grabbing noni ntegrin; FHA, filamentous haemagglutinin; LPS, lipopolysaccharide
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occurring to chondroitin sulphate E that contains disulphate 
disaccharide units. Inhibition of SPICE attachment to host cells 
by a monoclonal antibody prevented complement inactivation.90 
Similarly, oligosaccharide inhibitors based on the interaction 
between SPICE and its sulphated ligand may offer novel thera-
peutics for preventing orthopoxvirus induced complement inac-
tivation. The range of tissues infected by variola would indicate 
that additional adhesins will be expressed to initiate attachment 
and invasion of host cells.

The alphavirus, VEEV, infects all equine species; however, it 
can also be transmitted to humans by infected mosquitoes caus-
ing encephalitis. VEEV can also be transmitted via the aerosol 
droplets producing similar disease symptoms with initial flu-like 
symptoms followed by acute encephalitis in severe cases. The E2 
glycoprotein initiates attachment to host cells. Few studies have 
characterised the receptor specificities of the E2 glycoprotein, 
however it is known to bind to heparin and laminin-binding 
protein on the Chinese hamster ovary (CHO) and the C6/36 
mosquito cell lines respectively.88,89 Attachment to the BW-J-M 
murine macrophage cell line was inhibited by the lectins, wheat 
germ agglutinin, concanavalin A and soybean agglutinin.24 This 
indicated specificity of VEEV TC-83 (vaccine strain) to termi-
nal residues of N-acetylglucosamine, α-linked mannose and 
N-acetylgalactosamine respectively.

Oligosaccharides as anti-adhesion compounds against 
Yersinia pestis. Y. pestis is the aetiological agent of bubonic 
plague. It can also cause pneumonic infection by the inhalation 
of aerosols; an invariably fatal disease with mortality approaching 
100% without therapeutic intervention within 48 h.124 A num-
ber of adhesins have been identified although the differential 
expression profiles between the bubonic and pneumonic forms 
of plague and their ligands have not necessarily been investigated 
(Table 4). Evidence for Y. pestis attachment to oligosaccharides 
includes reduced attachment to host cells expressing reduced 
levels of oligosaccharides due to inhibition of carbohydrate bio-
synthesis by tunicamycin,39 competitive binding assays29,39,125 and 
TLC binding assays.65,66 The inhibitory effect of anti-adhesion 
compounds towards Y. pestis attachment to respiratory epithelial 
and macrophage cell lines has been investigated.29,39,125 Inhibition 

of these adhesins in vivo on virulence in pneumonic infection 
models and their target ligands remain unknown. Furthermore, 
attachment and invasion of opsonised and non-opsonized F. tula-
rensis to macrophages, dendritic cells and monocytes is mediated 
by interactions with lectins of the innate immune system includ-
ing mannose-binding lectin and surfactant protein A.83-85

Brucella species can infect a variety of animal species includ-
ing sheep and pigs. Transmission to humans can occur by con-
tact with infected animals or their contaminated products such 
as milk or placental tissues. Brucella species can also be trans-
mitted by the aerosol route producing a primary pneumonia.  
B. melitensis and B. abortus bind to sialic acid residues on erythro-
cytes, macrophages and epithelial cells via two surface-expressed 
proteins that have been identified as adhesins, SP29 and SP41 
(UgpB).43,86,87 Inhibition of attachment to erythrocytes was 
achieved using N-acetylneuraminic acid, N-acetylneuraminyl 
lactose and the glycosaminoglycan, chondroitin sulphate.87 
However, as yet the effect in vivo has not been determined.

Prophylactic administration of anti-adhesion compounds 
may provide an alternative or supportive therapy to conventional 
treatments. This review will now focus in more detail on those 
biothreat agents for whom research into the characteristics of cel-
lular attachment and/or suitability of anti-adhesion therapy has 
been investigated in some detail, namely Y. pestis, B. pseudomal-
lei, the viral agents, and the toxins, botulinum toxin, ricin and 
staphylococcal enterotoxin B.

Attachment and inhibition of viruses. The viral agents 
Venezuelan equine encephalitis virus (VEEV) and the filoviruses 
Ebola and Marburg possess glycoprotein spikes that mediate 
attachment to host cells. The O-linked oligomannose glycans 
on GP1 of Ebola and Marburg viruses bind to the CRDs of 
the C-type lectins, DC-SIGN and L-SIGN found on dendritic 
cells and lymph node cells respectively. L-SIGN is also expressed 
on the surfaces of endothelial and hepatic cells.12 The CRD of 
DC-SIGN binds to Man

9
GlcNAc

2
 oligosaccharides with 130-fold 

more affinity than mannose.10 Furthermore, mannose- binding 
lectin inhibits the interaction of DC-SIGN with dendritic cells 
by binding to the glycoprotein, GP1, of Ebola and Marburg virus-
es.122 Ebola and Marburg viruses attach to a range of other cell 
types using the folate receptor-α. Competitive dose-dependent 
inhibition can be achieved using monoclonal antibodies or folic 
acid.91 The potential of oligosaccharides to be used as attachment 
inhibitors for filoviruses was demonstrated by inhibition of infec-
tion of HeLa cells by a glycodendrimer containing thirty-two 
mannose residues. Infection by a pseudotyped lentivirus express-
ing Ebola glycoproteins demonstrated dose-dependent inhibition 
of infection with an IC

50
 of 337 nM and 1.27 mM obtained for 

the multivalent oligomannose glycodendrimer and the monosac-
charide α-methyl-D-mannopyranoside respectively.123

Orthopoxviruses including variola (smallpox), monkeypox 
and vaccinia express enzymes that inactivate the complement 
activation pathways of the host. The smallpox inhibitor of com-
plement enzymes (SPICE) attaches to host cells via glycosamino-
glycans and proteoglycans including heparin and chondroitin 
sulphate increasing inhibitory activity towards complement. 
The degree of sulphation influenced binding with the greatest 

Table 5. Oligosaccharide-based receptors for toxins of concern from a 
biowarfare perspective

Toxin Glycoconjugate Reference(s)

BotTx type A GT1b, GQ1b, GD1a 106–109

BotTx type B GT1b, GD1a, GD1b 106, 110

BotTx type C GT1b, GD1a, GD1b 110, 111

BotTx type D phosphatidylethanolamine 111

BotTx type E GT1b, GQ1b, GD1a, unsaturated 
fatty acids

112

BotTx type F GD1a, GD1b, GT1b 110

BotTx type G Synaptotagmins I and II only; ganglio-
side co-receptors not required

113

SEB Digalactosylceramide, Lewisa 114, 115

Ricin Asialo-GM1, lactosylceramide, 
N-acetyllactosamine glycans

116, 117
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Adhesion of Burkholderia pseudomallei to respiratory cell 
lines. B. pseudomallei is naturally resistant to a range of con-
ventional antibiotics due to a combination of multidrug efflux 
pumps, mutations in enzyme targets, and its intracellular niche. 
It is the causative agent of melioidosis that encompasses a wide 
clinical disease spectrum of which one of the manifestations is 
pulmonary infection. B. pseudomallei has a wide tissue tropism 
demonstrated by the ability to attach to a range of epithelial cell 
types derived from alveolar, bronchial, nasal, laryngeal, oral, con-
junctival and cervical tissues.29,128 Attachment is dependent on 
growth temperature, with increased adherence at 37°C compared 
to 30°C.128

B. pseudomallei can attach to human pharyngeal epithelial 
cells129 mediated by asialo-GM1 and to a lesser extent asialo-
GM2.46 Furthermore, it was determined that acid phosphatase 
derived from B. pseudomallei possessed the ability to bind to 
asialo-GM1 and asialo-GM2.27 B. pseudomallei attachment to 
the human A549 alveolar pneumocyte type II cell line was inhib-
ited by 89–95% using a range of oligosaccharides including the 
moieties GalNacβ1-4Gal and GalNAcβ1-3Gal present in asialo-
GM1 and asialo-GM2.29 Type IV pili encoded by the structural 
pilA gene have been identified in B. pseudomallei that contributes 
to attachment and virulence.130,131 Interestingly, pilA transcrip-
tion varies between strains and was associated with differences in 
microcolony formation and adhesion in a temperature-dependent 
manner.131 However, to date the specificity of the type IV pilus 
adhesin has not been determined.

Oligosaccharides as binding targets for toxins. A number 
of biologically derived toxins are considered concerning from a 
biothreat perspective. These include botulinum toxin (BotTx), 
staphylococcal enterotoxin B (SEB) and ricin; all have been dem-
onstrated to bind to glycoconjugates (Table 5). BotTx, produced 
by Clostridium botulinum, is one of the deadliest toxins known. 
BotTx inhibits neurotransmitter release preventing normal neu-
ronal action. Seven different immunological types are produced 
(BotTx A-G); each requiring to bind to a complex of proteina-
ceous (e.g., synaptotagmins) and ganglioside or phospholipid 
receptors located in the neuronal presynaptic membrane to elicit 
their action. Evidence indicates that the different serotypes of 
BotTx interact with serotype specific components on the neu-
ronal cell membrane (Table 5). It appears that the presence of 
ganglioside binding is required for BotTx activity because bind-
ing to the protein receptor alone does not elicit toxicity except 
for BotTx type G.106,109,113 Furthermore, GT1b has been shown 
to inhibit the activity of BotTx in a manner that is independent 
of serotype.132 The affinity of BotTx binding to gangliosides dif-
fers, for example, BotTx type A binds preferentially to GQ1b and 
GT1b, with binding also observed to GD1a and no binding to 
GM1.107-109

Derived from the castor beans of Ricinis communis, the ricin 
toxin exhibits toxicity upon inhalation or ingestion. Composed of 
two subunits, the A subunit inhibits protein synthesis once access 
to the cytoplasm of a target cell is gained, whilst the B subunit 
possesses three galactose binding sites eliciting attachment to gly-
coconjugates containing galactose residues.133-135 Ricin displays 
a preference for Galβ1-4GlcNAc residues with high affinity for 

differed according to the cell lines examined,39 a situation pre-
viously reported for Ps. aeruginosa.126 The greatest effect of 
the tested anti-adhesion compounds on Y. pestis adhesion was 
observed towards the RPMI-2650 nasal epithelial cell line.39 The 
best inhibitor of Y. pestis attachment for each cell line examined 
was the hydrophobic compound, para-nitrophenol at 73–93% 
inhibition.29,39 However, some specificity was observed for the 
disaccharides, GalNAcβ1-4Gal and GalNAcβ1-3Gal with inhi-
bition ranging from 44–84% depending on the cell line.29,39

The GalNAcβ1-4Gal and GalNAcβ1-3Gal moieties are 
present in asialo-GM1 and asialo-GM2 demonstrated to bind 
PsaA (pH 6 antigen) of Y. pestis.65 PsaA forms a fimbrial struc-
ture under low pH conditions and mammalian body tempera-
ture additionally permitting binding to phosphatidylcholine on 
A549 cells and surfactant, the lipid moiety of plasma apolipo-
protein B and Fc receptors for IgG isotypes.96-98 PsaA-mediated 
binding to respiratory tract epithelial cells inhibits intracellular 
uptake,94 however PsaA is not required for attachment to mac-
rophage cell lines.127

Additional adhesin(s) other than PsaA are involved in attach-
ment to respiratory epithelial cells as indicated by the ability of a 
∆caf∆psa double mutant to adhere and invade cell lines.94 Indeed, 
two homologs of HecA have been identified as putative adhesins 
in the Y. pestis genome105 and the tad gene cluster that confers non-
specific adherence in Actinobacillus actinomycetemcomitans is con-
served in the Y. pestis genome.104 The YapC autotransporter has 
recently been described as an adhesin, although its ligand is as yet 
undetermined.102 The autotransporter adhesin, YapE, is required for 
colonisation of lymph nodes and subsequent dissemination in the 
bubonic form. The effect in the pneumonic infection is unknown; 
however it has been demonstrated that YapE mediates adhesion 
to A549 type II pneumocytes, implying a function in pulmonary 
disease.103 The LPS of Y. pestis interacts with the lectin, DC-SIGN, 
located on the surface of professional antigen-presenting cells such 
as dendritic cells and alveolar macrophages promoting phagocyto-
sis and subsequent transportation to lymph nodes.101

The plasminogen activator (Pla) of Y. pestis is a multifunc-
tional surface expressed protein. Pla enzymatically converts 
plasminogen into plasmin inducing degradation of fibrin and 
the extracellular matrix promoting the dissemination of Y. pes-
tis from the initial site of infection. Evidence has been reported 
for Pla as an adhesin; Y. pestis KIM lacking pPCP encoding Pla 
demonstrated reduced binding to certain glycoconjugate com-
ponents of the cell membrane, basement membrane and extra-
cellular matrix. Binding to laminin was five times greater than 
that observed with heparan sulphate whilst little attachment 
was observed to chondroitin sulphate, fibronectin or collagens.67 
Binding was also observed to the glycolipids, lactosylceramide 
and globoside; collagen binding was specific for collagen IV.66 
Pla interacts specifically with galactose moieties as indicated by 
reduced binding to collagen IV and host cells after galactosidase 
treatment.66 Despite the fact that a number of direct interac-
tions between host cells and Y. pestis are known, currently the 
specific roles of the expressed proteins in relation to the clinical 
spectrum of diseases are unknown, particularly with respect to 
pneumonic plague.
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The rational design of oligosaccharide inhibitors will require 
three-dimensional knowledge (i.e., crystal structure) of the spe-
cific adhesins that are temporally expressed during infection 
of the respiratory tract and the minimal saccharide moieties to 
which they bind. This may differ at an anatomical level depend-
ing on whether deposition occurs in the nasopharyngeal, trache-
obronchial or pulmonary regions of the respiratory tract. Even 
within these anatomical regions, differences in adhesion profiles 
may occur at the cellular level due to interactions with specific 
cell types. Multivalent inhibitors can be created by attaching oli-
gosaccharides to a proteinaceous scaffold such as human serum 
albumin15 or generating large glycodendrimer structures with 
terminal saccharide moieties;5,30,138 this abrogates the advantage 
of low molecular weight oligosaccharides by increasing immu-
nogenicity of the glycoconjugate and the potential for an adverse 
immune response.8,30 This issue has been circumvented by design-
ing dendrimer scaffolds from polyamido amine (PAMAM) with 
biocompatibility for in vivo use.5

Difficulties exist in the chemical synthesis of oligosaccha-
rides due to the necessity to sequentially protect and deprotect 
the reactive hydroxyl groups located on the saccharide units to 
be linked. Scientific and technological progress in carbohydrate 
research has sped up the synthetic process for saccharide chains 
up to trisaccharides and further advances are expected in the 
future.5,30 Currently milligram to gram quantities may be syn-
thesized relatively easily,141,143 however, large scale synthesis of 
the relevant oligosaccharides is required to generate the quanti-
ties needed to treat a population under dosing regimens that are 
likely to last a number of days.

Multivalent inhibitors. The value of multivalency in the 
design of adhesion inhibitors has been demonstrated in a num-
ber of studies. Increasing the valency of α-mannosyl clusters sig-
nificantly increased inhibition of erythrocyte haemagglutination 
via type 1 fimbriae of E. coli. However, increasing valency past 
a cluster of three did not increase inhibition.141 The potency of 
the GalNAcβ1-4Gal moiety present in asialo-GM1 and asialo-
GM2 for F1C-fimbriated E. coli and Pseudomonas aeruginosa was 
significantly increased in divalent and tetravalent inhibitors.143 
Indeed, the potency varied with the spacer length between the 
two GalNAcβ1-4Gal moieties present on divalent inhibitors 
with shorter linker arms being more potent.143 This indicates 
a further consideration for rational design of anti-adhesion 
inhibitors. Similarly, multivalent inhibitors have been rationally 
designed against toxins. The Shiga-like toxin of E. coli O157:H7 
and Shigella dysenteriae contains a single enzymatic A subunit 
attached to the homopentameric B subunit that recognizes the 
glycolipid Gb

3
 located on host cells. Each B subunit contains 

three binding sites equating to a total of fifteen binding sites for 
Gb

3
 in the toxin.144,145 However, site-directed mutagenesis of the 

B subunits revealed that the first two binding sites of each sub-
unit are most important for binding. This permitted construc-
tion of a five-armed ‘STARFISH’ inhibitor. Each arm possessed 
two tethered Galα1-4Galβ1-4Glc saccharides allowing deca-
meric presentation to the toxin resulting in a 106-fold increase in 
inhibition compared to the monovalent trisaccharide.142 Hence, 
due to their higher binding affinities, multivalent oligosaccharide 

highly branched glycans containing this structure.116 The pres-
ence of the Galβ1-4Glc linkage appears important as evidenced 
by the significantly weaker binding of ricin to a synthetic galac-
tosyl lipid compared to a lactosyl lipid.28 Indeed, the specificities 
of the two major binding sites of the ricin B chain have been 
characterised with respect to the electrostatic and Van der Waal 
interaction energies for a range of monosaccharides and disaccha-
rides. The greatest interaction energies for binding sites 1 and 2 
were obtained for Galβ1-4Glc and Glcβ1-4Gal respectively.136 A 
biantennary oligosaccharide with two terminal Galβ1-4GlcNAc 
moieties binds to the ricin B chain with a higher association con-
stant than the disaccharides due to bivalency. Increased affinity 
was due to interactions of the terminal bivalent galactose residues 
with the binding sites and the additional influence of hydrophobic 
interactions and hydrogen bonds of saccharide residues further 
away from the terminus.137 On a molar basis, a poly-L-lysine-
based dendrimer containing terminal galactose units (~1,000 
units per mole) was ~3,300 times better at inhibiting ricin bind-
ing to immobilised asialofetuin compared to the galactose mono-
saccharide; however when the number of galactose units per mole 
was considered the multivalent dendrimer was only ~3.3 times 
more potent than the monosaccharide.138

SEB produces severe diarrhoea if ingested, however it can 
also be aerosolized and produce respiratory distress.2 Neutral 
glycosphingolipids derived from human kidney proximal tubule 
cells demonstrated dose-dependent inhibition of SEB to the same 
cell line.139 Further analysis revealed the receptor as digalacto-
sylceramide.114 Neuraminidase treatment of fertilized trout egg 
membranes reduced SEB binding.140 This indicated a preference 
for glyconjugates containing sialic acid, although the specific 
nature of the glycoconjugate involved remained unidentified. In 
addition, SEB binds to human monocytes via the Lewisa anti-
gen.115 Although not one binding moiety has been identified that 
is recognised by all of the toxins, the potential exists to utilize 
the specific oligosaccharide structures as therapeutics either indi-
vidually or as a mixture to provide generic coverage.

Rational Design of High Affinity Oligosaccharide 
Compounds for Increased Inhibition

The binding of monovalent oligosaccharides to their receptors is 
a low affinity interaction in the range of 103 to 106 M-1. This is 
perhaps unsurprising; the situation in nature between a patho-
gen adhesin and its ligand on a mammalian cell surface is much 
stronger due to the presence of multiple receptor-ligand interac-
tions producing the so-called ‘Velcro effect.’8 This is highlighted 
by the 500-fold increase in the potency of sialylated oligosac-
charides to inhibit adhesion of S. pneumoniae to cultured cells 
when covalently attached to human serum albumin creating 
multivalent interactions.64 Research has focussed on attempts 
to increase binding affinity and hence increase the potential of 
oligosaccharides to be used as anti-adhesion compounds. The 
production of multivalent oligosaccharide compounds5,30,141,142 or 
structural modification of the base oligosaccharide19,125 are two 
methods that have the potential to increase binding affinity for 
an adhesin.
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by the chemical composition of the substituted groups but 
appeared to be due to physical distribution of the groups along 
the polymeric glucose backbone of dextran.63

Modified variants of a base disaccharide, galactosucrose, dem-
onstrated the utility of this approach for Y. pestis. In particular, 
compounds that were highly negatively charged due to substitu-
tion of the galactosucrose hydroxyl groups with chlorosulphate or 
chlorine groups demonstrated significantly better levels of inhi-
bition compared to galactosucrose.125 The best galactosucrose 
variant averaged 65% inhibition across the A549, BEAS2-B and 
RPMI-2650 cell lines due to substitution of a hydroxyl with a 
hydrophobic benzyl group.125 It appears that charge and hydro-
phobic interactions could play an important role in adhesin-
 oligosaccharide interactions for Y. pestis. It would be interesting 
to assess the situation with a base saccharide more closely resem-
bling a known ligand used by Y. pestis for attachment, such as 
GalNAcβ1-4Gal. These examples provide evidence that rational 
structural modification of the minimal saccharide structures 
required for adhesin binding could increase binding affinity and 
offer candidates for anti-adhesion therapy.

Alternative ‘Novel’ Anti-Adhesion Compounds

Hydrophobic interactions. Hydrophobic interactions, such as van 
der Waal forces, play a critical role in the initial non-specific adhe-
sion to host cells prior to higher affinity specific interactions.147 
Hydrophobic interactions also play a role in more specific bind-
ing as indicated by the expression of ‘hydrophobins’ on the sur-
face of bacterial cells that interact with hydrophobic moieties.6 
The interaction of GalNAcβ1-4Gal with the PAK pilus adhesin of  
P. aeruginosa was driven by hydrophobic forces.19 The role of hydro-
phobicity in adhesin-saccharide interactions has been highlighted 
by the anti-adhesion characteristics of hydrophobic aromatic com-
pounds. High levels of inhibition of E. coli attachment to vaginal 
epithelial cells were achieved by compounds including para-nitro-
phenol, para-ansidine, D/L-tyrosine and monosaccharides sub-
stituted with aminophenyl or nitrophenol groups.148 Indeed, with 
the exception of B. anthracis, the most successful compound tested 

Figure 2. Confocal microscopic images of adhesion of fluorescein isothiocyanate (FITC)-stained Legionella pneumophila to the A549 human alveolar 
type II pneumocyte cell line in the (A) absence and (B) presence of para-nitrophenol (5 mg/ml).

inhibitors can be used at lower concentrations to achieve similar 
levels of inhibition of attachment as their monovalent counter-
parts.5 This may increase the therapeutic potential of oligosac-
charides in vivo.

Structural modification of saccharide moieties. The binding 
affinity of an adhesin-oligosaccharide interaction can be altered 
by structural modification of the oligosaccharide, for example 
halogenation, sulphation, methylation, acetylation or benzyla-
tion. This approach requires knowledge of the minimal saccha-
ride sequence required for attachment by changing the size or 
charge of the base unit and affecting the ‘goodness of fit’ between 
adhesin and ligand. For example, the binding specificity of the 
pilus adhesin of P. aeruginosa PAK for asialo-GM1 was analyzed 
by modification of specific hydroxyl and acetamido groups on the 
disaccharide, GalNAcβ1-4Gal. The hydroxyl groups were sub-
stituted to O-methyl or O-propyl groups whilst the acetamido 
group was changed to a propionamido group. An analog substi-
tuted with 2-O-propyl had a 9.9-fold increased binding affinity 
for the pili.19 Increasing hydrophobicity by substitution of the C2 
hydroxyl group of galactose with different length side chains may 
generate better inhibitors with increased binding affinity enabling 
therapeutic intervention of P. aeruginosa infections in vivo.

Charge often plays a critical role in the interaction of adhesins 
with their oligosaccharide moieties. The role of charge in the 
adhesin-oligosaccharide interactions of Chlamydia trachomatis 
has been demonstrated using sulphated polyanions. Compounds 
with increased negative charge due to the possession of more than 
one sulphate group per disaccharide unit were the best inhibi-
tors.146 Derivatives of dextran possessing various percentages of 
carboxymethyl, benzylamide or sulphonate groups differed in 
their ability to inhibit attachment of a range of viruses includ-
ing Respiratory Syncytial Virus (RSV), Herpes Simplex viruses 
(HSV) 1 and 2, Human Cytomegalovirus (HCMV) and Human 
Immunodeficiency virus (HIV). The composition profoundly 
affected inhibitory activity. Activity against HSV was dependent 
on the dextran containing a high percentage of benzylamide and 
sulphonate substitutions. In contrast, the activity of the deriva-
tised dextrans against RSV, HCMV and HIV was not influenced 
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juice have also been demonstrated to inhibit attachment dental 
caries causing oral bacteria.6,7 Polymeric proanthocyanidins 
derived from the South African geranium, Pelargonium sidi-
oides, significantly reduced adhesion of H. pylori to sections of 
human gastric mucosa.149 In addition to proanthocyanidins, 
cranberry juice also contains non-dialysable high molecular 
weight materials that significantly reduced attachment and 
infectivity of influenza virus types A and B to Madine-Darby 
canine kidney (MDCK) cells by inhibition of the sialic acid-
specific haemagglutinin.151 The potential of these compounds 
to inhibit the attachment of respiratory tract pathogens has not 
been determined.

Conclusion

All pathogens (and toxins), including those of biothreat concern, 
are required to attach to host cells usually via adhesin-oligosaccha-
ride interactions to invade and cause disease; this lends credence 
to the potential utilisation of receptor analogues for therapeutic 
intervention. However, this review has highlighted that relatively 
little is known regarding the adhesins expressed by many patho-
gens that may be utilised in biothreat situations. Furthermore, 
even less is known regarding their expression in the location of 
the respiratory tract where initial interaction with the host epithe-
lium occurs after inhalation of aerosolised pathogen. Information 
on the respiratory epithelial glycome of both humans and animal 
models is urgently required to enable efficient targeting of anti-
adhesion therapeutics; furthermore, focus on the entire respira-
tory epithelial surface where pathogen interactions may occur 
(i.e., lower and upper respiratory tract) would be beneficial due 
to the kinetics of particle deposition during inhalation leading to 
the potential for multiple sites for initial interactions. In clinical 
practice, the use of anti-adhesion compounds has stalled due to 
the limited success of clinical trials. However, the future should 
dictate that advances in the identification of the specific adhesin-
oligosaccharide interactions between the pathogen and host cells 
of the respiratory tract using diverse techniques such as molecular 
biology, computational modelling and x-ray crystallography will 
enable the directed synthesis of rationally designed oligosaccha-
rides with increased binding affinities. These advances should 
result in the identification of better lead compounds for anti-
adhesion therapy in vivo.
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for a range of bacteria that infect the respiratory tract was para-
 nitrophenol indicating the generic nature of hydrophobic interac-
tions in adhesion (Fig. 2; reviewed in refs. 21, 29 and 39). Indeed, 
Y. pestis possesses homologs of the tad cluster of A. actinomycetem-
comitans that confer hydrophobic binding properties,104 although 
the functionality in Y. pestis has not been determined.

Polymeric compounds. The polymeric nature of some gly-
coconjugate structures automatically lend themselves to mul-
tivalency if their structures contain saccharide moieties with 
specificity for microbial adhesins. For example, heparin, hepa-
ran sulphate and chondroitin sulphate are components on the 
extracellular matrix and commonly used by pathogens for host 
attachment and colonisation. Specific plant-derived polysac-
charides inhibited attachment of H. pylori to human gastric 
mucosa sections. The most active compounds were derived from 
Okra (acidic rhamnogalacturonan), liquorice root (pectic poly-
mers), blackcurrant seeds (arabinogalactan) and bladderwrack 
(sulphated fucoidans). Okra extracts also reduced the attach-
ment of Campylobacter jejuni and Porphyromonas gingivalis to 
chicken colonic mucosa and rat oesophageal tissue respectively.149 
Increased activity was related to the acidity of the polysaccharide, 
promoting electrostatic interactions between the carbohydrate 
polymer and the microbial adhesins.149 However, the action of 
such large polymeric saccharides appears to be predominantly 
non-specific without a dependence on surface charge. Dextran, 
dextran sulphate, glycogen and mannan inhibit the attach-
ment to cell lines of a range of respiratory pathogens includ-
ing P. aeruginosa, Group A streptococci, Staphylococcus aureus,  
L. pneumophila, Haemophilus influenzae and biothreat agents.21,39,49 
Dextran is composed of poly(α1-6)glucose chains and binds to 
both bacteria and the eukaryotic cell lines, implying lack of speci-
ficity for microbial adhesins.49

Proanthocyanidins and related plant-derived extracts. 
Proanthocyanidins comprise a range of polymeric phenolic 
chains of flavonoid catechins connected by A- or B-type link-
ages. Various plant extracts have been demonstrated to contain 
proanthocyanidins including those from grape, apple, cinnamon, 
black currant, green tea, choke berry and cranberry. Certain 
proanthocyanidins have been linked with diverse health effects 
including reduced risk to coronary disease, antioxidant, anti-
cancer and anti-adhesion activity.6 Cranberry juice has histori-
cal activity in reducing the incidence of urinary tract infections. 
This activity is due to the presence of A-type proanthocyanidins 
that interact with the fimbrial adhesins of uropathogenic bacte-
ria such as E. coli preventing access to the Galα1-4Gal linkages 
present on uroepithelial cells.150 Proanthocyanidins in cranberry 
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