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Polysaccharides represent essential, although highly structurally diverse, components on 

microbial cell surfaces. They are the primary interface with the host and play critical 

roles in survival strategies. Acting as shields against environmental assaults, they are 

actively investigated as attractive vaccine components. Contributing to a tremendous 

structural diversity, a subtle but nonetheless essential microbial polysaccharide 10 

modification is O-acetylation. Focusing on bacterial capsular polysaccharides (CPS), this 

chapter provides some highlights on this widespread substitution. CPS O-acetylation is 

discussed first from a genetic and biochemical perspective, then in view of its implication 

in the host-pathogen crosstalk and ability to modulate CPS biological properties in a 

context-dependent manner. Lastly, the chapter addresses CPS O-acetylation in the 15 

context of antibacterial vaccine development.  

1 Introduction  

Polysaccharides represent prime components on bacterial cell surfaces. Produced by both 

pathogenic and non-pathogenic bacteria, they are involved in the bacterium cross talk 

with its environment, and often play critical roles in host-bacterium interactions. 20 

Occurring in the form of capsular polysaccharides (CPS), lipooligosaccharides (LOS), or 

lipopolysaccharides (LPS), they are important virulence factors contributing to, among 

other processes, surface charge, phase variation, resistance to serum-mediated killing, 

and more generally modulation of the host immune response.1-4 Whereas CPS may be 

present in both Gram-positive and Gram-negative bacteria, LPS is restricted to the outer 25 

membrane of the latter. LPS consists of three structural parts: the lipid A that serves as an 

anchor into the membrane, a core oligosaccharide (OS), and an O-specific 

polysaccharide (O-SP), which is the most surface-exposed and structurally diverse 

constituent.5, 6 CPS and O-SP may be homopolymers, as exemplified by the high 

molecular weight negatively charged capsule shared by Escherichia coli K1, Neisseria 30 

meningitidis serogroup B (MenB), Mannheimia haemolytica and Moraxella 

nonliquefaciens (Fig. 1A),7 or by the neutral O-SP of Vibrio cholerae O1 serotype 

Inaba,8 respectively (Fig. 1B). 

A  →8)-α-D-Neup5Ac-(2→ 

B  →2)-[4,6-dideoxy-4-(3-deoxy-L-glycerotetronamido)-α-D-Manp]-(1→ 35 

Figure 1. (A) Basic repeating unit of the CPS common to E. coli K1, MenB, M. haemolytica 

and M. nonliquefaciens.7 In the case of E. coli K1, acetylation at O-7 and O-9 is observed.9  

(B) Repeating unit of the O-SP from V. cholerae O1 Inaba.8 

 However, bacterial heteropolysaccharides, defined either by a linear or a branched 

repeating unit, are more widespread than homopolysaccharides. Their repeating units 40 

vary from di- to octasaccharides, with up to three side chains made of one to four 

residues. These polysaccharide fingerprints are built up from a wide repertoire of unique 
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monosaccharide components, the number of which is unknown. Still, a systematic 

database analysis of the bacterial glycome indicated that diversity at the monosaccharide 

level was more than ten-fold greater than that of the human glycome.10 Besides, the 

regiochemistry and α/β stereochemistry of the glycosidic bonds bring in increased 

complexity.10, 11 Additionnally, monosaccharide substitutions with non-sugar 5 

constituents, among which acetylation, methylation, and phosphorylation are frequently 

identified, thus contributing to additional diversity.10, 11 The tremendous structural variety 

of CPS and O-SP gives rise to a high degree of antigenic heterogeneity whether between 

or within bacterial species; a property advantageously exploited for serotyping. For 

example, more than 80 CPS and 180 O-SP have been proposed for E. coli.12 Of interest 10 

despite remaining difficulties in obtaining homogeneous harvested materials, progress in 

analytical methods has paved the way to a more clear-cut elucidation of complex 

carbohydrate structures with an enhanced interest for post-assembly modifications.13, 14 

Accordingly, repeating units from an increasing number of bacterial polysaccharides are 

being identified, or revised.12, 15-18  15 

 Herein, patterns of O-acetylation occurring on bacterial polysaccharides, whether 

CPSs or O-SPs, are exemplified. However, the main part of the chapter deals with O-

acetylated CPSs. Thus, CPS O-acetylation is discussed first from a genetic perspective, 

then in view of its implication in the host-pathogen crosstalk. Increasing developments in 

the field have contributed to a renewal in CPS structural analysis, some of which will be 20 

highlighted. Owing to the key role of CPS in the field, the last part of the chapter 

addresses CPS O-acetylation in the context of antibacterial vaccine development.  

2 PS O-acetylation: a widespread modification  

A Bacterial PS O-acetylation as a source of tremendous structural diversity 

Whether stoichiometric or non-stoichiometric, O-acetylation of bacterial surface 25 

polysaccharides is frequent.10 Obviously, it has long been known as a common post 

glycosylation modification of major biological importance. It was essentially addressed 

in relation to sialic acid diversification, thereby underlining its implication in bacterial 

virulence and disease pathogenesis as well as its ability to alter the host innate and 

adaptive immunity, and ultimately contribute to bacterial escape.13, 14, 19 Many factors, 30 

such as the site of O-acetylation or the phase variation O-acetylation profile as in the 

polysialic acid K1 capsule of E. coli, contribute to this aptitude.9, 20  

A  →2)-α-L-Rhap-(1→2)-α-L-Rhap-(1→3)-α-L-Rhap-(1→3)-β-D-GlcpNAc-(1→ 
 ↑ 1↑4 ↑                        

  3/4Ac65%/25% α-D-Glcp      6Ac60% 35 

B  →2)-α-L-Rhap-(1→2)-α-L-Rhap-(1→4)-β-D-GalpA-(1→3)-β-D-GalpNAc-(1→ 
 ↑                        

 [3/4Ac]x  I: x = 30%/15%, II: x = 60%/30%; III: x = 0           

   β-D-Ribf 
  1↓3 40 

C →4)-α-D-GlcpA-(1→2)-α-L-Rhap-(1→3)-β-L-Rhap-(1→4)-β-L-Rhap-(1→3)-β-D-GlcpNAc-(1→ 
  ↑   ↑   ↑                        
   3/4Ac 4Ac       6Ac 

D →3)-β-D-GalpNAc-(1→4)-α-D-Manp-(1→3)-α-L-6dTalp-(1→ 
  1↑3   ↑                        45 

   [Ac]0-2(2/3/4→)-α-L-6dTalp     2Ac 
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 Figure 2. Repeating units of the O-SPs from (A) Shigella flexneri serotype 2a,18 (B) S. flexneri 

serotype 6 (I), 6a (II),18 and E. coli serogroup O147 (III),21 (C) Shigella boydii type 11,22 (D) 

Aeromonas hydrophila serotype O:34.23 

 As evidenced, structural variation associated to bacterial polysaccharide non-

stoichiometric O-acetylation is almost infinite.24 For example, data extracted from 5 

various E. coli K1 and Group B Streptococcus (GBS) isolates indicate that the degree of 

CPS O-acetylation may vary from 5% to 95%,24 and 5% to 55%,25 respectively. In 

contrast, the extent of O-acetylation lies in a narrower range in the case of the O-SP 

harvested from various strains of S. flexneri 2a (Fig. 2A).26 In some instances, as recently 

proposed for S. flexneri 6 (I) and 6a (II), the degree of O-acetylation differentiates 10 

subtypes (Fig. 2B).18 It is of note that in this last example, the corresponding non O-

acetylated repeating unit defines the O-SP from the enterotoxigenic E. coli O147 (Fig. 

2B, III).21  

 As an additional source of diversity, modifications may not be distributed evenly 

within the chain. For example, O-acetylation in the caryan moiety from Pseudomonas 15 

(Burkholderia) caryophylli LPS leads to a block pattern.27 Moreover, as illustrated in the 

extreme with the O-SP from S. boydii type 11 (Fig. 2C),22 repeating units O-acetylated at 

multiple sites are frequently encountered in bacterial polysaccharides. As detected by 

NMR analysis in the case of S. flexneri 2a O-SP, the pentasaccharide repeating unit of 

which is O-acetylated in a non-stoichiometric manner at two residues (Fig. 2A), all 20 

possible combinations of O-acetylation may occur along the chain.26 This is without 

counting the non-enzymatic migration of acetyl groups to vicinal,28 and even non vicinal 

hydroxyl groups,24 which also adds to structural diversity. Although less common, there 

is evidence for random multiple O-acetylation of a single residue within repeating units 

as on the branched 6-deoxy-L-talose residue from the O-SP of A. hydrophila O:34 (Fig. 25 

2D).22, 23 This additional source of bacterial polysaccharide structural diversity cannot be 

left aside.  

B The genetic basis of bacterial CPS O-acetylation: highlights 

The need for a better understanding of the biological significance of surface 

polysaccharide O-acetylation in bacteria has promoted major interest in the genetic basis 30 

for this important non-carbohydrate modification. Two principal families of proteins 

involved in the O-acetylation of exported polysaccharides have been identified: 

cytoplasmic proteins that use acetyl-CoA on the one hand and integral membrane 

proteins on the other hand. Nevertheless, diversity is enormous. As seen with MynC, the 

O-3 and O-4 ManNAc transferase required for N. meningitidis serogroup A (MenA) CPS 35 

O-acetylation, several of the known O-acetyltransferases do not fall in these main 

categories.29    

 
1 O-Acetylation of fully assembled CPSs 

Interestingly, in the search for an efficient in vitro production of MenA CPS, the 40 

molecular cloning, recombinant expression, functional characterization, and combination 

of the three key enzymes taking part in the biosynthesis of MenA CSP provided a clear 

demonstration that O-acetylation is a post-assembly CPS modification.30 In particular, 

attempts at the in vitro synthesis of the MenA polysaccharide from the 3-O-acetyl-

ManpNAc-UDP donor failed. The MenA poly-ManpNAc-1-phosphate transferase was 45 

undoubtedly shown to prefer non-O-acetylated over O-acetylated primers, while 

enzymatic O-acetylation of the resulting ManpNAc-1-phosphate polymer provided a 

polysaccharide identical to the natural MenA CPS.30 
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A  →6)-α-D-ManpNAc-(1→OPO3→   x = 70%,
31

 x = 95%
15

   
    ↑                        

      3/4Acx 5 

B   →9)-α-D-NeupNAc-(2→ x = 116%,
32

 x = 85%
15

 
   ↑                        

   7/8Acx 

C →6)-α-D-Glcp-(1→4)-α-D-NeupNAc-(2→ x+y = 130%,
33

 x = 5-18%, y = 0
15

    ↑                          ↑ 10 

   3/4Acy                   7/9Acx 

D →6)-α-D-Galp-(1→4)-α-D-NeupNAc-(2→ x = 95%
15

 
    ↑                        

   7/9Acx 

Figure 3. Repeating units of the CPS from (A) MenA, (B) N. meningitidis serogroup C (MenC), (C) 15 

N. meningitidis serogroup Y (MenY), and (D) N. meningitidis serogroup W135 (MenW). 

 One of the most studied bacterial O-acetyltransferases is NeuO, the prophage-encoded 

protein controlling the phase-variable CPS O-acetylation in E. coli K1.20 Following 

extensive biochemical characterization,34 the protein three-dimensional structure was 

solved, shedding light into the O-acetylation mechanism. NeuO, which uses acetyl-CoA 20 

as donor substrate, belongs to the left-handed β-helix (LβH) family of 

acetyltransferases.35 In vitro, it catalyzes acetyl transfer to O-7 and O-9 of sialic acid 

within oligomers comprising at least 14 residues. This observation provides strong 

evidence for a co- or post-synthetic process in vivo.35 NeuO is closely related to OatWY, 

the O-acetyltransferase shared by MenY and MenW.36 The corresponding CPSs are 25 

heteropolymers, the repeating units of which have a [→4)-α-D-Neup5Ac-(2→] residue in 

common (Fig. 3C and 3D). O-Acetylation at position 7 or 9 of the sialic acid residue was 

demonstrated in both cases.15 The structure of OatWY in complex with its donor 

substrate acetyl-CoA was solved. It paved the way to the first proposed mechanism for 

acetyl transfer to CPS.37 Structural data revealed that the enzyme was also a member of 30 

the LβH family, and uncovered key features for the enzyme to accommodate large 

negatively charged acceptor substrates. They also provided insights on the origin of 

OatWY acceptor promiscuity with regards to MenY and MenW for an enzyme otherwise 

qualified of being highly specific.37    

 In contrast, no homology was found for OatC, the CPS O-acetyltransferase of 35 

MenC.36 Subsequent biochemical investigations demonstrated that the enzyme was 

highly specific for [→9)-α-D-Neup5Ac-(2→] oligomers and polymers, whereas neither 

Neup5Ac nor CMP-Neup5Ac were acceptor substrates. This indicated that in vivo CPS 

O-acetylation occurs at the polymer level. It supports a post-synthetic process for OatC, 

as shown for OatWY.38 In spite of this similarity, OatC is strikingly distinct from 40 

OatWY. It was proposed that the former adopts an α/β-hydrolase fold structure and that 

CPS O-acetylation might occur selectively at O-8 of sialic acid by a ping-pong 

mechanism involving acetyl-CoA as donor substrate.38  

 Phase-variable expression of the enzymes responsible for CPS O-acetylation was 

detected in MenY and MenW, albeit not in MenC.36 In the latter case, slipped-strand 45 

mispairing was identified as the cause of phase variable CPS O-acetylation.36 Instead, O-

acetylation status in MenW and MenY CPSs was shown to correlate with clonal 

lineages.36  
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2 O-Acetylation of CPS monosaccharide precursors 

 

α-D-NeupNAc-(2→3)-β-D-Galp-(1→ 
   ↑ 5 

 7/8/9Acx   0 ≤ x ≤ 1 

Figure 4. Conserved motif among all known repeating units from GBS CPS types and sites of O-

acetylation on the exocyclic side-chain of NeupNAc.39, 40 

 The O-acetylation of sialylated CPS is highly regulated. However, regulation 

processes differ among bacteria as exemplified in GBS, the only Gram positive 10 

bacterium reported to produce a sialic acid containing capsule. Clinical isolates of GBS 

elaborate nine different CPSs, responsible for their classification into types. Despite 

significant antigenic diversity, the α-D-NeupNAc-(2→3)-β-D-Galp-(1→ motif – whereby 

the sialyl residue is always present in the form of a side chain – is strictly conserved 

among all known GBS CPS repeating units (Fig. 4).39 This shared element is thought to 15 

be central to the antiphagocytic properties of GBS CPSs and critical to GBS survival. 

The side chain sialyl residue common to all CPS multicomponent repeating units may be 

O-acetylated in varying degrees (Fig. 4).40 In contrast to O-acetylation of the fully 

assembled polymer in meningococci, GBS employs only an intracellular O-acetylation 

mechanism. The extent of CPS O-acetylation, preferentially taking place at O-7 of the 20 

exocyclic sialyl chain followed by a unidirectional migration to O-9, is controlled at the 

monosaccharide stage prior to sialyl transfer to the polymer.40 Fine tuning involves the 

GBS O-acetyltransferase activity of NeuD on the one hand, and the sialyl O-

acetylesterase activity of NeuA on the other hand. Both enzymes participate in a cyclic 

O-acetylation/de-O-acetylation process in addition to taking part in the biosynthesis of 25 

sialic acid and CMP-Neup5Ac, respectively.25 Moreover, a single nucleotide 

polymorphism in neuD is associated with varied O-acetylation levels in GBS strains, and 

contributes to distinguish between high (45-55%) and low (2-15%) O-acetylated CPSs.41  

 Following up with former conclusions,20 and despite low sequence identity with GBS 

NeuD, the O-acetyltransferase function of the homologous E. coli K1 NeuD was 30 

demonstrated in GBS.41 This novel finding suggested the occurrence of two separate 

pathways for O-acetylation of polymeric and monomeric sialic acids in E. coli K1.42 

Furthermore, using a bioinformatic approach, neuD homologs that are physically 

associated with sialic acid biosynthetic gene clusters were found in the genomes of 18 

bacterial species, some of which were not known to express sialic acid.41 Phylogenetic 35 

analysis revealed that members of the NeuD O-acetyltransferase family have a common 

evolutionary lineage, which is distinct from that of the E. coli K1 NeuO and from that of 

the meningococci OatWY, both known to act on polysialic acid.41 

3 On the role of CPS O-acetylation on the host-pathogen crosstalk 

A E. coli K1: O-acetylation as a source of phase variation and unique properties 40 

E. coli K1 is an intestinal commensal of mammals and birds, and possibly a source of 

disease for its host. Above all, it is a common cause of sepsis and meningitis in neonates. 

Early estimates indicated that K1-encapsulated E. coli accounts for approximately 80% 

of all E. coli-originating neonatal meningitis.43 The bacterial CPS is a major virulence 

factor owing to its ability to inhibit phagocytosis and to resist antibody-independent 45 
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serum bactericidal activity. As for MenB CPS, structural similarity of the E. coli K1 CPS 

(Fig. 1) with the α-(2→8)-polysialic acid moiety of mammalian neural cell adhesion 

molecules, contributes to bacterial neuroinvasiveness, particularly in embryos.24 In the 

case of E. coli K1, phase variation to which acetylation at O-7/O-9 of the sialic acid 

residues contributes for a large part,9 modifies the CPS physicochemical properties, 5 

which in turn affect the bacterium interaction with the host and contribute to a rapid 

adaptation of the bacterium to environmental changes. For instance, this modification, 

which occurs at high frequency (1:50–1:20), was shown to enhance E. coli resistance to 

dessication, but to reduce its aptitude to biofilm formation, thereby suggesting a delicate 

balance between functions triggered by phase-variation.44 Furthermore, O-acetylation-10 

acquired CPS resistance to hydrolysis by neuraminidases is thought to favor E. coli K1 

survival in the intestinal tract. On another aspect, CPS-reversible O-acetylation may 

hamper the binding of cationic antimicrobial peptides to the bacterial membrane by 

modulating its hydrophobicity, and therefore interfere with the host innate immunity.24  

 Furthermore, CPS O-acetylation in E. coli K1 was demonstrated to alter antigenicity 15 

and to increase immunogenicity. Immunodominant epitopes are generated9, 45 even 

though O-acetylated CPS are also recognized by antibodies induced following 

immunization with O-acetyl negative E. coli K1 variants.9 Each E. coli K1 strain 

predominantly expresses an O-acetylated or non-O-acetylated CPS form, associated to a 

high reversion rate to the opposite phenotype. Thus, it is hypothesized that phase-20 

variation through reversible O-acetylation may facilitate bacterial evasion from a specific 

immune response against one CPS structure,46 and more generally contributes to avoid 

the host immune defenses. Interestingly, clinical data suggest that CPS O-acetylation 

correlates with higher bacterial virulence.47 

B Streptococcus agalactiae group B (GBS): potential for O-acetyl-mediated survival 25 

GBS is an opportunistic bacterium, which asymptomatically colonizes the lower 

digestive and vaginal tract in up to one-third of healthy women. It is the leading agent of 

bacterial sepsis and meningitis in newborns48 and also a cause of serious infections in the 

elderly and immune-compromised individuals.49 The α-D-NeupNAc-(2→3)-β-D-Galp-

(1→ motif present in all GBS CPSs is also frequently encountered in N- and O-glycans 30 

on the surface of mammalian cells. In this context, O-acetylation appears as a source of 

differentiation. Indeed, O-acetylation of the α-D-NeupNAc-(2→3)-linked residue has to 

our knowledge never been described in mammals. In contrast, a significant portion of 

several GBS type-specific CPSs exhibit some variable degree (5-55%) of O-acetyl 

substitution of the exocyclic side chain of the outer terminal sialyl residue of their 35 

repeating unit.40   

 In GBS, the level of O-acetylation obeys conserved serotype-specific patterns.50 

Genetic and biochemical manipulation of sialyl O-acetylation revealed that it did not 

prejudice the bacterium hydrophilicity, neither did it significantly affect complement C3b 

binding to the GBS surface. However, as for E. coli K1, acetylation at O-7 was 40 

demonstrated to be efficient at reducing sialic acid susceptibility to enzymatic removal 

by a variety of microbial or host sialidases. In doing so, this subtle modification 

contributes at protecting GBS from losing a key virulence factor, and therefore benefits 

GBS survival in the gastrointestinal and vaginal tracts.51 Moreover, acetylation at O-7 

was shown to block Siglec9 binding to GBS, while the effect is diminished following 45 

acetyl migration from O-7 to O-9 under physiological pH.51 Detailed cellular 

investigations revealed that CPS O-acetylation reduced sialyl-mediated GBS escape from 

isolated human neutrophils.50 Likewise, it was demonstrated that CPS O-acetylation 
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impaired GBS evasion of neutrophil killing mechanisms in the human bloodstream, 

therefore contributing to some extent to attenuate GBS virulence in vivo.50  

 While CPS may confer a survival advantage for GBS, it is also a primary target of the 

humoral immune response mounted by the infected host. On that basis, CPS-based 

vaccines have been investigated for decades against GBS infection.52 The importance of 5 

CPS sialylation was demonstrated, in particular with regards to GBS type III.53, 54 

Moreover, diverging from previous beliefs, a recent in depth investigation of the 

molecular bases of GBS III CPS by a protective monoclonal antibody revealed a linear 

six-residue epitope highlighting the direct involvement of the branched sialic acid.55 For 

long, the possible implication of sialyl O-acetylation in CPS immunogenicity was 10 

overlooked, owing to the chemical lability of O-acetyl groups.40 Actually, vaccine 

development has focused on de-O-acetylated GBS CPSs. The subsequent finding that all 

CPS-conjugate vaccine prototypes evoked functional antibodies independent of the 

extent of O-acetylation of CPS sialic acid residues was therefore of high relevance.56 It 

supported the pursuit of investigational de-O-acetylated CPS-based vaccine formulations 15 

against major disease-causing types of GBS. Noticeably, a possible explanation for these 

in vivo observations emerged from the recently disclosed X-ray data of a synthetic 

oligosaccharide featuring two non-O-acetylated RUs of the GBS III CPS in complex 

with a protective antibody. It was observed that the antibody interacts with the O-7 of the 

NeupNAc through a water molecule, suggesting the possible hosting of an O-acetyl 20 

group in the corresponding space.55  

C Streptococcus pneumoniae O-acetylation: source of diversity and/or immune 
escape  

CPS shields pneumococci from the host phagocytes and is therefore recognized as a 

major bacterial virulence factor.57 With over 90 known serotypes differentiated based on 25 

their capsule, S. pneumoniae is a striking example of bacterial CPS diversity.58 The CPS 

synthesis locus has been sequenced for most serotypes.59 It is estimated that some 14 

different putative acetyltransferase genes are present in the loci of 47 pneumococcal 

CPSs.60 Yet, the exact function of most identified activities was not precisely assigned. 

In recent years, novel issues emerging from epidemiological studies, such as changes in 30 

serotype prevalence58 or potential for cross-reactivity with immune antisera, have 

promoted a renewed interest in the genetics and structure of several pneumococcal 

CPSs.60 Additional subtypes were identified and previously determined structures from 

known CPSs were revised, while accounting for non-carbohydrate modifications such as 

O-acetylation.60-64  35 

 

1 S. pneumoniae type 9A versus S. pneumoniae type 9V 

  3Acx  3Acx’  6R  
 ↓ ↓   ↓ 
→4)-α-D-Glcp-(1→4)-α-D-GlcpA-(1→3)-α-D-Galp-(1→3)-β-D-ManpNAc-(1→4)-β-D-Glcp-(1→ 40 

 ↑ ↑     ↑                        
       2Acy  2Acy’     

 
 4Acy” 

x + y ≤ 1%, 70% ≤ x’ + y’ ≤ 90%, y” ≤ 10% 

Type 9A: R = H 

Type 9V: R = Ac 45 

Figure 5. Repeating units of the CPS from S. pneumoniae type 9A and 9V, showing specific 

patterns of O-acetylation.64  

Contrasting with previous appreciations,65 recent structural data indicate that S. 
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pneumoniae type 9A CPS is highly O-acetylated and that it shares its O-acetylation sites 

with type 9V CPS,66 the structure of which was confirmed  (Fig. 5). It was proposed that 

the common O-acetylation at the α-D-GlcpA residue and to a smaller extent at the vicinal 

α-D-Glcp residue, was mediated by wcjD, which encodes a soluble O-acetyltransferase.64 

In contrast, 6-O-acetyl-β-D-ManpNAc is exclusively found in S. pneumoniae 9V CPS 5 

(Fig. 5), reflecting a change in antibody recognition. This type-specific stoichiometric O-

acetylation was attributed to the putative wcjE gene product, in this case a membrane O-

acetyltransferase. Given that the wcjE gene is conserved among 14 pneumococci 

serotypes, including type 9A, it is assumed that loss-of-function mutations to wcjE took 

place while type 9A arose within the host originally colonized or infected by wcjE-intact 10 

S. pneumoniae type 9V.67 

 Considering that individuals immunized with type 9V CPS produce antibodies that 

may either not cross-react with type 9A CPS (10-20% of vaccinees),68 or bind more 

strongly to type 9V CPS than to type 9A CPS,64 the loss of ManpNAc 6-O-acetylation 

might offer a means to escape a host humoral immune response restricted to a wcjE-15 

dependent epitope.67 It was hypothesized that ManpNAc 6-O-acetylation such as in type 

9V may facilitate host-to-host transmission, whereas its absence such as in type 9A may 

contribute to enhanced bacterial survival during invasive disease.64  

 The differentiation of S. pneumoniae type 9A clinical isolates into two subtypes 

based on their level of expression of wcjE-associated epitopes brought in an additional 20 

level of complexity of the site-specific O-acetylation “on/off switch” process. It was 

argued that some 9A strains comprise partially functional wcjE, resulting in a diminished 

ManpNAc 6-O-acetylation of their CPS instead of its total abolition.67 On the basis of 

similar, albeit more deeply investigated, findings for the types 11E and 11A from S. 

pneumoniae, it was proposed that types 9A and 9V correspond to two extremes of an 25 

antigenic spectrum with intermediate serovariants.69 The impact of the phenomenon on 

bacterial transmission, persistence and disease manifestation is not yet fully 

understood.67  

 

2 S. pneumoniae type 11E versus S. pneumoniae type 11A 30 

Similarly, S. pneumoniae type 11E is thought to have materialized from S. pneumoniae 

type 11A in an independent wcjE evolution process.60 As a result, the acetyl group at O-6 

of the β-D-Galp residue, known to be present in type 11A, is absent in type 11E (Fig. 

6).61 In support to this finding, the β-D-Galp residue in S. pneumoniae type 11F, which 

contain a putatively functional wcjE gene, is 6-O-acetylated.61 Thus, while type 11A CPS 35 

has four distinct O-acetylation sites, the CPS from S. pneumoniae 11E has only three.  

   3R
5
  3Ac  6R

1
   

  ↓ ↓   ↓    
  →6)-[Gro-P→4)]-α-D-Glcp-(1→4)-α-D-Galp-(1→3)-β-D-Galp-(1→4)-β-D-Glcp-(1→ 
  ↑  ↑ ↑                        40 

        2R
4 
      2R

3 
 4R

2 

  Type 11A: R
1
 = Ac, R

2
 = R

4
 = Ac, R

3
 = R

5
 = H 

     Type 11E: R
1
 = H,   R

2
 = R

4
 = Ac, R

3
 = R

5
 = H 

Figure 6. Core of the CPS repeating units from S. pneumoniae group 11 members and sites of 

possible submolar O-acetylation (R1, R2, R3, R4) or substitution (R5). Type-specific patterns of O-45 

acetylation are shown for type 11A and type 11E CPSs.61 In the case, of S. pneumoniae type 11B, 

11C and 11F CPSs, an α-D-GlcpNAc residue replaces the α-D-Glcp residue. In the case of S. 

pneumoniae type 11B and 11F CPSs, a ribitol moiety replaces the Gro moiety. 
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 Analysis of several S. pneumoniae type 11E clinical isolates revealed that each one of 

them exhibits a unique irreversible disrupting mutation to wcjE, suggesting that they are 

not transmitted among hosts.60 It was proposed that every 11E strain emerged 

independently from a S. pneumoniae 11A progenitor by serotype conversion within the 

host, as a way to promote survival, therefore reflecting a unique model of 5 

microevolution.70 In some instances, discrepancies arose between monoclonal antibody-

based 11A/11E strain serotyping and wcjE sequencing analysis, suggesting that some 

strains share the properties of more than one serotype.70 Subsequent structural and 

molecular analysis revealed that S. pneumoniae types 11E and 11A represent the two 

extremes of a population comprising variants, which differ by the activity of the wcjE 10 

gene, and consequently by the level of expression of a 6-O-acetyl-β-D-Galp residue in 

their CPS repeating unit.69 The molecular mechanisms responsible for restraining the 

wcjE function are not yet elucidated. 

 In analogy with type 9A, S. pneumoniae type 11E is significantly more likely to 

occur among blood isolates – up to 50% of the strains originally typed as S. pneumoniae 15 

11A by the Quellung reaction – than among strains isolated from asymptomatic 

nasopharyngeal colonization.70, 71 Indeed, initial evidence suggest that the survival 

advantage correlated to a minor change in the chemical composition of the CPS could be 

specific to blood localization, either by enabling the bacterium to evade the S. 

pneumoniae type 11A specific humoral immune response mounted during asymptomatic 20 

colonization or by masking the targets for innate immune factors expressed during 

systemic infection.70 More recently, it was found that Ficolin-2, a serum-associated 

pattern-recognition, which is involved at the early stage of the lectin complement 

pathway and direct opsonophagocytosis in humans, specifically binds type 11A CPS but 

not type 11E CPS.72 Concomitantly, Ficolin-2 was demonstrated to recognize most wcjE-25 

encoding serotypes, despite differences in the corresponding patterns of CPS O-

acetylation. In contrast, none of the corresponding wcjE-null isolates nor any strain 

producing wcjE-independent O-acetylated CPSs were recognized. Whereas Ficolin-2 was 

demonstrated to have a wcjE-dependent O-acetylation binding profile, wcjE-mediated O-

acetylation is not a sufficient criteria per se.72 A model of immunity to invasive 30 

pneumococcal disease, whereby serum protection is mediated by Ficolin-2 recognition of 

specific O-acetyl-induced epitopes located on S. pneumoniae CPSs was proposed.72 

 

3 S. pneumoniae type 33A versus S. pneumoniae type 33F 

   5R
1
 2Ac  35 

     ↓   ↓   
 →3)-β-D-Galp-(1→3)-α-D-Galp-(1→3)-β-D-Galf-(1→3)-β-D-Glcp-(1→5)-β-D-Galf-(1→ 
 1↑2 ↑                          
        α-D-Galp

 
      6R

2 
  

  Type 33A: R
1
, R

2
 = Ac, Ac 40 

  Type 33F: R
1
, R

2
 = H, H

 

Figure 7. Repeating units of the CPSs from S. pneumoniae serotypes 33A and 33F, showing the 

type-specific patterns of O-acetylation.62, 73 In the case of type 33A CPS, a fourth O-acetylation site 

was proposed to be within the →3)--D-Glcp residue based on MS/MS data.73 

Interestingly, S. pneumoniae types 33A and 33F may present a similar situation. They 45 

have almost identical CPS biosynthetic loci, including the membrane-bound O-

acetyltransferase gene wciG. However, whereas the membrane-bound O-

acetyltransferase gene wcjE is intact in the type 33A locus, it is disrupted in the case of 
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type 33F.74 Accordingly, the recent determination of the structure of the repeating unit 

from serotype 33A CPS revealed high sequence similarity with the repeating unit from 

type 33F CPS.73 While the two CPSs have identical backbone structure with at least one 

common O-acetylation site and possibly a second acetyl substitution located at an 

unidentified hydroxyl group within the →3)--D-Glcp residue, they differ in the 5/6-di-5 

O-acetylation of the →3)-β-D-Galf residue (Fig. 7), resulting in antigenic differentiation 

between pneumococci 33A and 33F. More recent investigations revealed that loss of 

WcjE-mediated O-acetylation had little impact on cell wall adhesion or shielding. In 

particular, S. pneumoniae types 33A and 33F were shown to exhibit comparable 

nonspecific opsonophagocytic killing, biofilm production, and adhesion to 10 

nasopharyngeal cells, though type 33F survived short-term drying better than type 33A.75 

To our knowledge, the evolutionary relationship between the two serotypes is not yet 

identified.  

 Additional insight on the importance of O-acetyl substitutions and their occurrence 

within CPS repeating units emerged from the same detailed study, which also involved 15 

wciG-deficient variants of S. pneumoniae types 33A and 33F, created on purpose.75 In 

contrast to WciE-mediated O-acetylation, WciG-mediated O-acetylation was found to 

have a major influence on the S. pneumoniae phenotype. Significant changes in the CPS 

biological properties strongly diminished its protective barrier function, resulting in a 

phenotype resembling that of nonencapsulated strains. The study demonstrated the 20 

importance of WciG-mediated, but not of WcjE-mediated, O-acetylation for producing 

protective capsules in S. pneumoniae type 33A. 75 

4 O-Acetylated CPSs from pathogenic bacteria: implication in 
vaccine development 

A Bacterial surface CPSs as vaccine components 25 

Protective immunity against bacterial infections may often involve an antibody response 

to surface polysaccharide antigens. On that basis, CPS vaccines were developed against 

diseases caused by Haemophilus influenzae type b, N. meningitidis (tetravalent, 

Menomune®, Mencevax®), S. pneumoniae (23-valent, Pneumovax®) and Salmonella 

enterica typhi (S. Typhi, monovalent, Typhim Vi®). However, these vaccines are poorly 30 

immunogenic in infants and in children younger than 18 months, limiting their 

usefulness. As a result, the polysaccharide vaccine licensed against H. influenzae b in 

1985 was withdrawn from the market in the late 1980s. The need to improve protective 

immunity in populations at highest risk resulted in the development of polysaccharide 

conjugate vaccines. The strategy was most successful in the case of H. influenzae type b 35 

infections, whereby the covalent coupling of CPS to a carrier protein overcame the 

limitations encountered with the plain polysaccharide vaccines.76 Subsequently, the 

attractive strategy was brilliantly extrapolated to several other diseases caused by 

encapsulated bacteria. Despite increased complexity, in part owing to the need for 

multivalency, several polysaccharide-protein conjugate vaccines were licensed over the 40 

past two decades. Major achievements occurred on the one hand in the field of N. 

meningitidis with the licensing of three quadrivalent vaccines, Menactra® (MenACWY-

DT, Sanofi Pasteur), Menveo® (MenACWY-CRM197, GSK Vaccines, formerly 

Novartis) and Nimenrix® (MenACWY-TT, Pfizer, formerly GSK Vaccines),77 and on 

the other hand in the field of S. pneumoniae with the licensing of a 10-valent (Synflorix, 45 

GSK Vaccines) and 13-valent (Prevnar13, Pfizer) vaccines, which followed that of 

Prevnar (Pfizer) – a 7-valent vaccine78 – while a 15-valent candidate (PCV15-CRM197, 
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Merck Sharp & Dohme) is being investigated.  

 The first demonstration that O-acetylation can exert a profound effect on a 

polysaccharide antigenic and immunogenic properties goes back to the work by O.T. 

Avery and W.F. Goebel in the early 1930s.79 The authors showed that in its O-acetylated 

form, the CPS from S. pneumoniae type 1 possesses all the immunological characteristics 5 

of its de-O-acetylated counterpart, while exhibiting additional distinctive properties. In 

particular, only in its O-acetylated form was the CPS able to absorb all type 1-specific 

antibodies from an anti-type 1 serum. In addition, immunizing mice with minute amounts 

of the O-acetylated CPS induced active immunity.79 Although not all O-acetylation 

patterns may be relevant for biological activity, the role of CPS O-acetylation has 10 

evolved into a major concern in several instances, especially with regards to immune 

escape and vaccine development. The following illustrates this increasing interest by 

highlighting selected examples.  

B From CPS vaccines to CPS-conjugate vaccines: S. pneumoniae 

Infection by S. pneumoniae is a major cause of morbidity and mortality especially in 15 

young children and in the elderly. Besides causing respiratory tract infections such as 

acute otitis media and community-acquired pneumonia, S. pneumoniae may disseminate 

and infection may evolve into a systemic disease, including among others meningitis and 

bacteremia. In children less than five years old, pneumococcal infections account for 

around 11% deaths worldwide.80  20 

 Whereas Pneumovax® evoked broad serotype immunity in responders, the 

introduction of Prevnar® reduced coverage to the seven most prevalent serotypes in the 

vaccinated population. As a result of widespread vaccination, carriage of vaccine-

targeted serotypes, whether asymptomatic or causing invasive pneumococcal disease 

(IPD), was drastically reduced. As a drawback to success, changes in serotype prevalence 25 

have emerged or increased substantially. While pneumococcal capsule switching has 

been a regular occurrence over more than half a century,58 serotype replacement is 

essentially responsible for the observed evolution.81 Nevertheless, a major discrepancy 

was noted in the magnitude of replacement between non vaccine type carriage and 

disease, with replacement being complete in carriage but not in disease.81 Moreover, as 30 

vaccines with more valences are being developed,82 complexity increases. In this context, 

the importance of labile substitutions – such as acetyl groups – may turn critical owing to 

possible loss during CPS sizing and chemical conjugation to a carrier. For that reason, 

the fine contribution of O-acetylation as part of immunodominant and possibly cross-

reactive antigenic determinants is being increasingly investigated. Moreover, the 35 

influence of O-acetylation on the ability of CPS-based vaccines to induce a functional 

antibody response is also questioned since the non-interference of O-acetyl groups would 

simplify vaccine development. 

 

1 S. pneumoniae types 9V and 18C: non-essential O-acetylation   40 

   3[Gro-P]    
      ↓       
 →4)-β-D-Glcp-(1→4)-β-D-Galp-(1→4)-β-D-Glcp-(1→3)-β-L-Rhap-(1→ 
 1↑2                           
       6Ac→α-D-Glcp

 
      

 
  45 

Figure 8. Repeating units of the CPSs from S. pneumoniae serotypes 18C, showing stoichiometric 

O-acetylation at the side chain residue (Gro-P = Glycerol phosphate).63  
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As discussed above, immunization with type 9V conjugates evoked antibodies specific 

for the 6-O-acetyl-β-D-ManpNAc moiety on the one hand and for the CPS backbone – 

itself O-acetylated at multiple sites in a non-stoichiometric manner (Fig. 5) – on the other 

hand. Nevertheless, opsonophagocytic activity was observed in antisera mostly directed 

at de-O-acetylated 9V CPS. Therefore, CPS O-acetylation does not appear to be essential 5 

to induce an anti-9V functional antibody response.68 

 Similarly to S. pneumoniae type 9V, type 18C is included in all commercially 

available pneumococcal conjugate vaccines. The homologous CPS is stoichiometrically 

acetylated at O-6 of its α-D-Glcp side chain residue (Fig. 8).63 Antigenicity analysis with 

rabbit and human sera demonstrated that the acetate was not important for antibody 10 

recognition. Moreover, it was found that conjugates issued from the de-O-acetylated type 

18C CPS elicited antibodies in rabbits, which were specific for native type 18C CPS and 

functional. In confirming that the acetyl group was not part of any crucial protective 

epitope, this finding suggested a potential for inducing cross-protection among members 

of the pneumococci group 18, while simplifying process development.63 15 

 

2 S. pneumoniae group 15: is O-acetylation essential for immunogenicity?  

A →6)-β-D-GlcpNAc-(1→3)-β-D-Galp-(1→4)-β-D-Glcp-(1→ 
   1↑4                         
        β-D-Galp  20 

B →6)-β-D-GlcpNAc-(1→3)-β-D-Galp-(1→4)-β-D-Glcp-(1→ 
   1↑4                         
        α-D-Galp-(1→2)-β-D-Galp    
 ↑  ↑ 
    Acx  3[Gro-P] 25 

   Type 15B: 80% ≤ x ≤ 90% (O-2/O-3/O-4/O-6 ratio: 6/12/12/55)
83

  

 Type 15C: x = 0,
83, 84

 0.1% ≤ x ≤ 2% of the O-acetylation of type 15B
85

 

Figure 9. Repeating units of the CPSs from S. pneumoniae serotypes (A) 14,86 and (B) 15B and 

15C, showing the common core tetrasaccharide, and the sites and amounts (x) of O-acetylation 

differentiating type 15B from type 15C.83-85  30 

Group 15 pneumococcus is subdivided into four types (A, B, C and F). Interest in type 

15B and type 15C emerged owing to the finding that these two pneumococci were 

repeatedly simultaneously recovered from exudates in the course of otitis media.87 A 

reversible switching of the two serotypes was demonstrated in vitro.87 The revised 

pentasaccharide structure of the core repeating units from S. pneumoniae types 15B and 35 

15C CPSs83 encompasses the branched tetrasaccharide repeating unit of the CPS from S. 

pneumoniae type 14.86 The two pentasaccharides defining type 15B and 15C CPSs are 

closely related to the type 14 CPS repeat and only differ in O-acetylation (Fig. 9).83 Both 

CPS loci contain an allele of the wcjE-like gene, wciZ, which is functional in type 15B 

but was originally established as nonfunctional in 15C, suggesting similarity with the 40 

type 9A/9V and 11A/11E systems.88 The occurrence of intermediate serovariants as in 

systems 11A/11E and 9A/9V was hypothesized.69 

 In this context, the effect of CPS O-acetylation on functional antibody activity and 

potential cross-reactivity was questioned. A measurable antigenic difference between 

CPSs from type 15B and type 15C was shed to light by use of sera from individuals 45 

vaccinated with Pneumovax®. It was demonstrated that the O-acetylation of type 15B 

CPS was part of the primary functional epitope for this polysaccharide. In particular, the 

observed correlation between loss of functional antibody activity and type 15B CPS de-
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O-acetylation was substantiated by the absence of functional antibodies cross-reacting 

with type 15C in post-vaccination sera.89 In contrast, a recent investigation of the 

specificity of recognition of sera from a larger number of Pneumovax immunized 

individuals, concluded on a rather slight difference of the opsonophagocytic activity of 

the induced sera in favor of type 15B in comparison to type 15C.85 Interestingly, by use 5 

of antibodies specifically targeting WciZ-mediated O-acetylation the same study 

revealed that the CPS from S. pneumoniae 15B and 15C were O-acetylated at the same 

location, albeit to a much lesser extent for the later (Fig. 9B). Moreover, the extent of O-

acetylation was shown to vary among serotype 15C strains and to be controlled by the 

number of TA repeats within the wciZ gene. Whereas the type 15B wciZ gene coding for 10 

a functional wciZ acetyl transferase contains eight TA repeats, the 15C wciZ gene is 

truncated, encompassing between six, seven or nine TA repeats. It was found that wciZ 

coded by (TA)7 or (TA)9 wciZ retaining partial activity, whereas type 15C strains with 

(TA)6 wciZ had barely detectable CPS O-acetylation levels.85 In support to the 

assumption that the influence of O-acetylation on CPS biological properties is 15 

polysaccharide-dependent,75 it was suggested that CPS O-acetylation had little effect on 

the biological properties of CPS in the case of S. pneumoniae types 15B and 15C and 

allowed for only limited evasion of Pneumovax-elicited anti-serotype 15B antibodies.85    

 Whereas Pneumovax® comprises type 15B, no member of pneumococci group 15 

was included in Prevnar. However, issues of possible serotype replacement with non-20 

vaccine serotypes have emerged after Prevnar introduction, and concern arose with 

serotypes 15A, 15B and 15C.90 All three serotypes were isolated more frequently in 

children than in adults, but they diverged in terms of invasiveness. While types 15A and 

15C were predominantly associated with noninvasive infections, type 15B was linked to 

both invasive and noninvasive infections. This properties somewhat resemble the 25 

situation described in the case of type 11A and type 11E pneumococci, respectively. 

 Although none of type 15 CPSs was included in Synflorix, Prevnar13 or in the 15-

valent pneumococcal vaccine under development, the increasing isolation of strains from 

group 15 pneumococci questions the addition of representatives of this group as part of 

future developments. The most recent report suggests that inclusion of serotype 15B in a 30 

S. pneumoniae polysaccharide conjugate vaccine would induce antibodies recognizing 

both the acetylation pattern as well as the CPS core structure therefore preventing both 

types 15B and 15C extension. Alternatively, type 15C might represent a better option to 

elicit cross-reactive antibodies to both serotypes.85    

 35 

3 S. pneumoniae group 33: O-acetylation as a source of cross-protection 

   2Ac  

        ↓  
→3)-β-D-GalpNAc-(1→3)-α-D-Galp-(1→4)-ribitol-(5P→2)-α-D-Glcp-(1→3)-β-D-Glcp-(1→5)-β-D-Galf-(1→ 

1↑2                                  40 

               α-D-Galp
 
   Type 33B 

    
       6Ac  
        ↓  
→3)-β-D-GalpNAc-(1→3)-α-D-Galp-(1→3)-ribitol-(5P→3)-α-D-Galp-(1→3)-β-D-Galp-(1→5)-β-D-Galf-(1→ 45 

  1↑2                                  

                α-D-Galp
 
   Type 33C 

 
     2Ac  
        ↓  50 

→3)-β-D-GalpNAc-(1→3)-α-D-Galp-(1→4)-ribitol-(5P→2)-α-D-Galp-(1→3)-β-D-Glcp-(1→5)-β-D-Galf-(1→ 
  1↑2                                  
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                α-D-Galp
 
   Type 33D 

Figure 10. Repeating units of the CPSs from S. pneumoniae serotypes 33B, 33C and 33D, showing 

the type-specific patterns of O-acetylation.62, 91  

Interest in serogroup 33 pneumococci has risen in recent years. Serological assays have 

identified five serotypes organized into subgroups, namely 33A/33F (see 3.C.3), 5 

33B/33D and 33C. Serotype 33F was included in Pneumovax®. While it is not part of 

Prevnar nor of Prevnar 13, type 33F was added in a 15-valent prototype pneumococcal 

conjugate vaccine under development.82 Recently, the elucidation of the structure of the 

repeating units of all five type-specific CPSs was completed,73, 91 opening the way to a 

better understanding of the cross-reactivity observed with group 33 typing sera. 10 

 Except that of type 33C, all CPSs from members of group 33 pneumococci have the 

→3)-β-D-Glcp-(1→5)-[2Ac]-β-D-Galf-(1→ disaccharide in common (Fig. 7 and Fig. 

10).91 O-Acetylation at O-2 of the Galf residue is mediated by WciG, an acetyltransferase 

common to types 33A/33F and types 33B/33D. In contrast, type 33C uses WcyO, an 

acetyltransferase specific for O-6 of the same Galf residue. The →3)-β-D-Glcp-(1→5)-15 

[2Ac]-β-D-Galf-(1→ disaccharide was identified as an immunodominant epitope, which 

is not shared by type 33C CPS, suggesting a major role of the 2-O-acetyl group located 

on the →5)-β-D-Galf residue in antibody recognition.91 Moreover, as discussed above, 

the →3)-[5,6-diAc]-β-D-Galf-(1→3)-β-D-Glcp-(1→ disaccharide, which was identified 

in the repeating unit from type 33A CPS, enabled to distinguish the former from type 20 

33F CPS.73 The [5,6-diAc]-β-D-Galf moiety was not found in any of the other type 33 

CPSs. In contrast, the →3)-[5,6-diAc]-β-D-Galf-(1→3)-β-D-Glcp-(1→ disaccharide is 

also present in the CPSs from types 35A and 20.92, 93 This disaccharide was proposed to 

be the antigenic determinant common to the three pneumococci, again suggesting a key 

contribution of CPS O-acetylation to pneumococci serotyping.73    25 

 

4 S. pneumoniae group 35: WciG-mediated O-acetylation as an immunodominant 

epitope  

A  2R 
  ↓ 30 

 →6)-β-D-Galf-(1→1)-ribitol-(5P→4)-β-D-GalpNAc-(1→6)-β-D-Galf-(1→3)-β-D-Glcp-(1→ 

  Type 35B: R = Ac (70%) 

  Type 35D: R = H  

 
B  2Ac 35 

  ↓ 

 →6)-β-D-Galf-(1→3)--D-Galp-(1→2)-ribitol-(5P→3)-β-D-Galf-(1→3)-β-D-Galp-(1→ 

  Type 35F 

Figure 11. Repeating units of the CPSs from S. pneumoniae serotypes (A) 35B and 35D and (B) 

35F, exemplifying serological differences or similarities related to O-acetylation.94-96  40 

The historically rare S. pneumoniae type 35B is not included in any of the available 

pneumococcal vaccines. Following vaccine licensure, changes in serotype prevalence 

featured an increase in type 35B occurrence among S. pneumoniae isolates. This 

observation has encouraged the detailed serological analysis of clinical isolates 

determined to pertain to type 35B according to a genetic basis. While this study 45 

confirmed the previously established structure for the homologous CPS (Fig. 11A),94 it 

also led to the 

identification of a novel S. pneumoniae serotype, named 35D by the authors.96 S. 

pneumoniae type 35D is genetically very similar to serotype 35B, nevertheless the 
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structure, and immunoreactivity of its CPS differ from those of the parent CPS. In 

particular, the isolate failed to bind to group 35 antiserum and factor serum 35a, while 

retaining the other 35B-factor sera specificity. It was found that S. pneumoniae type 35D 

has two inactivating mutations in the wciG gene coding for WciG, a predicted integral 

membrane O-acetyltransferase. In support to this observation, NMR analysis revealed 5 

that the CPS from S. pneumoniae type 35D is chemically identical to that of type 35B, 

except that it is not acetylated (Fig. 11A). On that basis, it was proposed that factor 

serum 35a targets the 2-O-acetyl group located on the →6)-D-Galf residue and conserved 

in all members of serogroup 35 other than the newly established serotype 35D. 

Accordingly, the WciG-mediated O-acetylation appears as being associated to an 10 

immunodominant epitope for members of S. pneumoniae group 35.96 

 In contrast to non-natural types 33A and 33F wciG-deficient variants described above 

(see § 3.C.3), S. pneumoniae 35D is the first described serotype naturally arising from 

wciG inactivation. Its identification and that of additional clinical isolates exhibiting 

similar genetic and serologic profiles97 provide additional support to the importance of 15 

genetic inactivation of membrane-bound O-acetyltransferases as a common mechanism 

for S. pneumoniae to diversify its CPSs.60, 96 Taking into account the fact that several S. 

pneumoniae serotypes encode wciG,59 this phenomenon may deserve further exploration 

especially in the context of epidemiological prevalence following routine vaccination. 

 S. pneumoniae serotype pairing through functional/non-functional acetyltransferases 20 

has become increasingly relevant. It was demonstrated to be occasionally associated to 

mistyping,98 especially since some isolates may express reduced amount of O-

acetylation, a per se labile and possibly variable CPS substitution. In this regard, the S. 

pneumoniae 42 mistyping as S. pneumoniae 35C is an exquisite example.99 The origin of 

the distinction between these two closely related serotypes was recently shed to light. 25 

Although, the repeating unit of S. pneumoniae 35C was originally reported as being a 

branched non-O-acetylated hexasaccharide (Fig. 12B), a more recent investigation 

revealed O-acetylation at three sites of this hexasaccharide (Fig. 12C).98 The updated 

repeating unit for S. pneumoniae 35C CPS has the WcjE-controlled O-acetylation at OH-

5 and OH-6 of the →3)-D-Galf residue in common with the repeating units from the CPS 30 

of serotypes 35A (Fig 12A) and 42 (Fig. 12C). Moreover, it was found to differ from the 

later by a WciG-mediated 2-O-acetylation at the →6)-D-Galf residue. This is consistent 

with recognition of S. pneumoniae type 35C by factor serum 35a, whereas serotype 42 

fails to bind.98 

 35 

A  2Ac  5Ac
 

  ↓      ↓  
 →6)-β-D-Galf-(1→1)-mannitol-(6P→3)-β-D-Galp-(1→3)-β-D-Galf-(1→3)-β-D-Glcp-(1→ 
     ↑  

 6Ac 40 

 
B  2R

1   
5R

2
 

  ↓   ↓ 
 →6)-β-D-Galf-(1→1)-mannitol-(6P→3)-β-D-Galp-(1→3)-β-D-Galf-(1→3)-β-D-Glcp-(1→ 
  1↑2   ↑  45 

    -D-Glcp   6R
3
   

  Type 35C: R
1
 = R

2
 = R

3
 = H (first disclosure) 

C  Type 35C: R
1
 = Ac, R

2
 = R

3
 = Ac (revised structure) 
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Figure 12. Repeating units of the CPSs from S. pneumoniae serotypes (A) 35A,92 (B) 35C95 and (C) 

35C and 42,98 exemplifying newly disclosed serological differences related to WciG-mediated O-

acetylation.  

 In light of the above examples and others,100 the way S. pneumoniae modulates its 

CPS O-acetylation resulting in heterogeneity within established serotypes should be 5 

looked at on a case to case basis. This aptitude of pneumococci to modify their molecular 

properties by means of a controlled chemical variation may raise an increased interest 

when considering epidemiological survey and the development of a broader serotype 

coverage CPS-based pneumococcal vaccine, by use of a minimal number of valences. 

Alternatively, a clear understanding of S. pneumoniae capsular microevolution will be 10 

important to perceive vaccine long term potency and potential for vaccine escape in a 

context of widespread vaccination. 

C O-acetylation is critical for CPS immunogenicity: S. Typhi 

With an estimated 21 million episodes and 200,000 deaths in 2000, typhoid fever 

remains a serious public health problem in developing countries.101 This systemic disease 15 

is caused by the bacterium S. Typhi, a highly adapted human-specific pathogen.102 S. 

Typhi produces a CPS known as the Vi antigen, which plays a crucial role in its 

virulence. In contrast to many CPSs, which are characteristic of a unique bacterium, the 

Vi polysaccharide is shared by S. Paratyphi C, S. Dublin and Citrobacter freundii. In 

particular and of importance for vaccine development, the Vi polysaccharide from C. 20 

freundii, a BSL-1 pathogen, is structurally similar and immunologically indistinguishable 

from the Vi polysaccharide from S. Typhi, a BSL-3 organism.103 The Vi antigen is a 

linear homopolymer of -(1→4)-linked N-acetyl-D-galactosaminuronate partially 

acetylated at O-3 (Fig. 13A).104 

 A →4)--D-GalpANAc-(1→ 25 

             1↑3                         
       Ac60-90% 

 B →4)--D-GalpA-(1→ 

Figure 13. Repeating unit of the CPSs from (A) S. Typhi, highlighting the non-stoichiometric 3-O-

acetylation and (B) pectin.104 30 

 

1 The CPS 3-O-acetyl moiety as part of an immunodominant epitope from the Vi 

antigen 

As many other bacterial CPSs, the Vi polysaccharide is also one of the primary 

protective antigens against infections caused by S. Typhi. On that basis, the use of Vi 35 

antigen as subunit vaccine was investigated decades ago. However, early attempts using 

Vi CPS extracted from C. freundii in volunteers did not result in protection. Subsequent 

structural analysis of Vi CPS demonstrated process-mediated denaturation of the native 

CPS featuring the loss of the O-acetyl and, in part, of the N-acetyl groups.105 The 

production process of Vi antigen was revisited and improved to fulfil WHO106 and the 40 

European Pharmacopeia107 recommendations. In particular, guidelines underline the 

importance of the O-acetyl moiety content, which should be not less than 2 mmol per 

gram of dried bulk CPS, while one dose of Vi vaccine should contain 0.085 (25%) 

µmol O-acetyl group based on the Hestrin colorimetric assay.108 

 The contribution of the 3-O-acetyl group to a Vi immunodominant epitope was 45 

revealed in the 1980s by use of sera,109 or monoclonal antibodies.110 Structural analysis 

involving chemical modifications of the Vi antigen supported these findings. Partial 
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base- or acid-mediated de-O-acetylation of the native Vi CPS from 65% to 45% could 

increase immunogenicity slightly. In contrast, immunogenicity of the Vi antigen was 

eliminated in the O-deacetylated Vi polysaccharide, paralleling loss of antigenicity.111 

Instead, full Vi acetylation at O-3 conferred rigidity to the CPS, possibly diminishing 

important intermolecular interaction.112 A CPK space-filling model was proposed, 5 

showing that the bulky hydrophobic O-acetyl and N-acetyl groups dominate the 

molecular surface of Vi and could shield the carboxyl groups from interaction with other 

molecules.111 This observation is consistent with the relative unimportance of the Vi 

carboxyl groups in determining its immunological properties, a rather unusual 

phenomenon.113 Moreover, an independent investigation also shed light on the influence 10 

of the 3-O-acetylation of the Vi repeating unit on Vi interaction with mononuclear 

phagocytes and lymphocytes and ability to modulate MHC class II expression.114 

 

2 Analytical methods for O-acetyl detection and quantification 

The CPS O-acetylation pattern often varies for different cultures of a single bacteria 15 

strain. As a result of the established importance of the acid- and base-labile O-acetyl 

moieties in determining the immunologic properties of the Vi antigen, and of other CPSs 

of interest for vaccine development, a key test in the control of the bulk material aims at 

an estimation of the O-acetylation pattern. Therefore, potent analytical methods enabling 

the detection, content measurement, and localization of acetyl groups on purified CPSs 20 

were developed as a complement to existing colorimetric assays. In that regard, NMR 

spectroscopy, which is sensitive to subtle structural differences, provides a fingerprint 

typical of each individual CPS. It may advantageously substitute for a diversity of wet 

chemical approaches and has wide applications in the field of polysaccharide vaccines.115 

In the case of the Vi antigen, a validated method, which could replace the Hestrin test,116 25 

was established whereby comparison of the integrals of the resolved N-acetyl and acetate 

anion resonances in the spectrum of the freshly de-O-acetylated CPS provides an 

estimate of the 3-O-acetyl content in the purified Vi polysaccharide.117 Subsequently, an 

enzyme immunoassay (EIA) involving a Vi-specific serum produced by immunizing 

rabbits with a Vi conjugate was also developed. A non-linear correlation between 30 

antibody detection and the degree of 3-O-acetylation was observed, showing the non-

inferiority of preparations featuring O-acetylation levels of 50% or more and native Vi 

CPS. In contrast, lowering further the CPS 3-O-acetyl content resulted in partial loss of 

detection in EIA. A threshold reactivity of 90 EU was proposed to ensure that the Vi 

samples meet the European Pharmacopeia specifications.108 Otherwise, an anion-35 

exchange HPLC method has been developed for quantification of O-acetyl groups in 

CPSs after their hydrolysis into anions. The high-performance anion-exchange 

chromatography with conductivity detection (HPAEC-CD) used to determine CPS O-

acetyl content is 10-20-fold more sensitive than the Hestrin test and requires less material 

for analysis than NMR spectroscopy. Similarly to the latter technology, HPAEC-CD had 40 

been used to quantify monosaccharide components in CPSs submitted to quality control 

in the context of PS or PS-conjugate vaccine development.118 

 

3 Strategies towards S. Typhi conjugate vaccines. 

Besides the available Vi vaccines, the development of Vi conjugate vaccines is actively 45 

pursued.112 The source and manufacturing of Vi are among the important issues under 

investigation. Vi CPS purified from the non-pathogenic bacteria C. freundii appears as a 

promising alternative to fermentation of the dangerous pathogen S. Typhi.119 This finding 

led to develop a high yielding robust and scalable process for Vi purification that gives 
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high quality material retaining high O-acetylation levels.120 Interestingly, taking into 

consideration the essentiality of the Vi O- and N-acetyl groups for both antigenicity and 

immunogenicity while attempting at solving technical challenges in industrial 

manufacturing of Vi conjugates, pectin was investigated as a replacement raw material 

for Vi. Pectin purified from fruits or plants is an -(1→4)-linked D-galacturonate 5 

polymer.121 Following acetylation to a 70% extent at both O-2 and O-3, the modified 

pectin was shown to be antigenically indistinguishable from Vi antigen. Conjugation to a 

carrier protein resulted in an immunogenic preparation, which could induce an anti-Vi 

booster response in mice and guinea pigs, albeit at somewhat lower levels than Vi 

conjugates.122 An O-acetylated pectin conjugate was found stable over 2.5 years, as well 10 

as safe and immunogenic in adult volunteers.123 Although more thorough studies are 

needed, this original strategy, which explores antigen sources other than pathogens, 

opens new avenues towards a polysaccharide-based S. Typhi vaccine.123 

D O-Acetylation contribution to CPS immunogenicity is group dependent: N. 
meningitidis 15 

N. meningitidis is an important cause of meningitis in human. This family of Gram 

negative bacteria is organized into 12 groups based on the expression of chemically and 

serologically different CPSs. Invasive infections are most commonly associated to N. 

meningitidis strains expressing CPSs featuring group A, B, C, Y, W135 and in recent 

years X. With the exception of MenB CPS, the use of which is believed to be at risk 20 

owing to structural similarities with human glycans, and of that from the emerging 

MenX, CPSs from N. meningitidis causing disease are major vaccine components. 

Besides a tetravalent combination of plain polysaccharides, CPS conjugate vaccines exist 

as mono- (MenA, MenC) and tetravalent combinations owing to geographical 

prevalence. A bivalent MenA-MenC formulation was not developed further as interest in 25 

the tetravalent combinations rose.124 Interestingly, the four most important CPSs are 

diversely O-acetylated. O-acetylation is highest for MenC (88%), MenA (75-90%), and 

MenY (79%) and variable for MenW (8-85%).125 In a study demonstrating that for 

serogroups C, Y and W135, CPS O-acetylation did not impair recognition of 

meningococci by human dendritic cells, it was concluded that the modulatory effects of 30 

CPS O-acetylation on immune recognition appeared to be restricted to the humoral 

response.126 As detailed below, O-acetylation is important for immunogenicity following 

vaccination, albeit to an extent that differs from one serogroup to another.  

 

1 N. meningitidis serogroup C 35 

The non-stoichiometric O-acetylation of MenC CPS at O-7 and O-8 of its 9)-α-D-

NeupNAc-(2→ repeating unit (Fig. 3B) was described early on,32 and subsequently 

analyzed in more detail in the context of vaccine production.15 O-acetylation was shown 

to be random along the chain while its status remained constant over time.15 Moreover, 

the NMR study revealed an evolution of the O-acetylation pattern with time, starting 40 

from an O-8:O-7 acetylation ratio of 5:1 in a freshly dissolved sample to an equilibrium 

value of 1:3 after a few days at 22 °C.  

Not all MenC circulating strains are O-acetylated. Epidemiological data from the US 

and later from UK indicated that 15% of strains isolated from patients were de-O-

acetylated,127, 128 and that the relative proportion of fatal cases was independent of the O-45 

acetylation status. Limited data comparing vaccine and carrier sera demonstrated that the 

latter have a higher propensity for O-acetyl negative CPS specificity than the former,129 

suggesting that O-acetyl negative strains were more prevalent in carriers.128  
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Early development of meningococci CPS vaccines led to the licensing of 

formulations encompassing an O-acetylated MenC CPS component. Yet, the 

corresponding de-O-acetylated CPS was also shown to be highly immunogenic in 

humans, including in children.130, 131 Subsequent immunogenicity studies on bivalent 

(groups A and C) and tetravalent (groups A, C, Y and W) N. meningitidis CPS vaccines 5 

containing O-acetyl negative or O-acetyl positive MenC CPS also supported these 

findings, demonstrating that O-acetylation of the MenC CPS did not significantly 

influence the bactericidal anti-O-acetyl positive MenC CPS antibody titers induced by 

the vaccines.132, 133 Nonetheless, a tendency for a better immunogenicity of the de-O-

acetylated CPS vaccine was underlined.130 On this basis, both O-acetyl negative and O-10 

acetyl positive MenC CPS-conjugate vaccines were investigated for use in infants and 

young children. Preliminary evaluation of an O-acetyl negative MenC CPS-conjugate 

vaccine in adults demonstrated that the vaccine could induce bactericidal antibodies 

against an O-acetylated MenC strain after a single dose.134 Such a conjugate was well 

tolerated and highly immunogenic, inducing immune memory against MenC strains 15 

independently of their O-acetylation status, in infants receiving three doses on a 2-, 3- 

and 4-month schedule.135 Interestingly, although the conjugate induced high bactericidal 

IgG titers against both O-acetyl negative and O-acetyl positive MenC CPSs, a higher 

amount of IgGs was directed at the former. Recognition of both common backbone 

epitopes and unique epitopes exposed in the absence of O-acetylation was suggested.135 20 

Investigating epitope-specificity and bactericidal efficacy of sera induced by a series of 

MenC CPS-conjugates differing in the CPS O-acetylation status, the influence of the 

distribution of epitope-binding on functional activity was discussed in relation to 

structural and conformational analysis, also taking into account the high propensity for 

acetyl migration from O-8 to O-7 of the -(2→9)-linked sialic acid residue.136 NMR data 25 

suggested that the O-acetyl negative and O-7-acetylated CPSs adopt similar 

conformations around their glycosidic linkages. In contrast, the CPS acetylated at O-8, 

which is likely to feature the properties of the polysaccharide exposed at the bacterial 

surface, adopted a significantly different conformation.136 Moreover, the higher potency 

of the O-acetyl negative CPS relative to the O-7- and O-8-acetylated CPSs at inhibiting 30 

the serum bactericidal activity of vaccine-induced antibodies was demonstrated, and was 

found even more pronounced in the latter case. In addition, the serum bactericidal 

activity was shown to be correlated with the anti-O-acetyl negative CPS IgG antibody 

titer. It was hypothesized that the protective epitopes on MenC CPS are present in the 

backbone polysaccharide and that acetylation at O-8 contributes to bacterial escape from 35 

immune surveillance by generating less immunogenic epitopes or masking functional 

epitopes.136 The phenomenon was confirmed later on.137 Whether simply related to O-

acetylation-mediated steric hindrance or to O-acetylation-induced conformational 

change, the increase in inhibition of serum bactericidal activity of various vaccine-

induced sera against O-acetyl positive strains appeared to grossly reflect the CPS O-40 

acetylation status. It was suggested that O-acetylation may have evolved to facilitate 

survival in the host of commensal bacteria that only occasionally cause disease.137  

Three monovalent MenC conjugate vaccines were introduced in the years 1999-2000, 

primarily into the UK. One of them comprises a de-O-acetylated CPS component 

(NeisVac-C, Pfizer, formerly Baxter), whereas the other two feature an O-acetylated CPS 45 

constituent (Meningitec, Nuron Biotech  formerly Pfizer, and Menjugate, GSK Vaccines 

formerly Novartis).77 Although the vaccines differ in their CPS O-acetylation pattern, 

they were immunogenic in infants and elicit a boostable serum meningococcal 

bactericidal antibody response against MenC strains expressing O-acetylated or de-O-
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acetylated CPS. Moreover, all three vaccines induced immunological memory after a 

single dose in UK toddlers, justifying the use of a single dose in catch-up immunization 

programs.138 The O-acetylation status of disease-causing MenC isolates in the UK did 

not appear to have been influenced by vaccine implementation, at least on a short term 

basis, especially when taking into account the natural fluctuation in CPS O-acetylation 5 

and the diminished number of MenC isolates post vaccination.139  

 In contrast to the monovalent formulations, all N. meningitidis licensed tetravalent 

conjugate vaccines and combination vaccines feature an O-acetyl positive CPS for the 

MenC component.77 Novel formulations are being developed. Undoubtedly, a number of 

factors can have a significant impact on the profile and immunogenicity of the 10 

vaccines.77  Particular attention is paid to batch to batch consistency and CPS structural 

integrity post conjugation, including in terms of O-acetylation content. NMR assays are 

part of the arsenal of analytical methods in use for stability studies.140 They were 

validated as potent tools to ensure proper control of the later parameter and respect of the 

pharmacopeial specifications, which require O-acetylation of more than half CPS repeats 15 

in the case of MenC CPS.115, 141 In particular, 1H NMR spectroscopy, which provides a 

fingerprint for each novel vaccine lot, is part of the established physicochemical 

technologies employed by vaccine manufacturers.142 As for S. Typhi, HPAEC-CD was 

proposed as an alternative sensitive method for the routine quantification of total O-

acetyl groups in meningococcal CPSs. However, the method does not distinguish 20 

between O-acetylation sites if more than one positions is O-acetylated as in 

meningococcal CPSs.118 It is noteworthy that a candidate international standard for 

MenC CPS was proposed. It is 95% O-acetylated, which implies that a correction is 

required for measuring the MenC content of samples featuring a different O-acetylation 

level.143  25 

 

2 N. meningitidis serogroup Y 

As shown in Figure 3C, the core →6)-α-D-Glcp-(1→4)-α-D-NeupNAc-(2→ repeating 

unit of the MenY CPS was originally thought to be O-acetylated at each one of the two 

residues.33 Subsequent detailed NMR analysis of the purified CPS revealed acetylation at 30 

O-9 and to a lesser extent at O-7 of the sialic acid residue. 15 Acetylation is thought to be 

present at O-7 of the CPS sialic acid residue on the bacterial cell surface and to 

eventually migrate to O-9 upon CPS purification and storage.77  

At a time when the overall incidence of N. meningitidis cases remained stable, a 

dramatic increase in MenY incidence from 0% in 1989 to 32.5% in 1995 was noticed in 35 

the USA.144 In a survey of meningococci isolated in the UK in the years 1996, 2000 and 

2001, 79% of MenY isolates were found to express O-acetylated CPSs, a proportion that 

remained stable over the period of the study.144 The O-acetylation status of the MenY 

component of the plain N. meningitidis CPS tetravalent vaccines was not reported. In 

contrast, paralleling the development of tetravalent conjugate vaccines, a growing 40 

interest for MenY CPS O-acetylation and its impact on functional properties has 

emerged.144 Likewise, the pharmacopeial specifications requires that at least 14.3% 

repeats be O-acetylated in MenY CPS used in vaccine production,141 a level that seems to 

be attainable.142  

 As for MenC, the influence of O-acetylation on CPS protective immunogenicity was 45 

investigated by use of a series of MenY CPS featuring various degrees of O-acetylation 

to serve in serological assays and conformational analysis.137 On the basis of 1H NMR 

data, it was concluded that the 9-O-acetylated CPS and the O-acetyl negative CPS 

adopted similar conformations around their glycosidic linkages, whether considering the 
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glucose residue or the sialic acid. Likewise, the α-D-Glcp-(1→4)-α-D-NeupNAc bond did 

not seem to be affected by the 7-O-acetyl groups likely present in the MenY CPS 

surrounding the bacterium. In contrast, the 9-O-acetylated CPS displayed significant 

conformational differences around the α-D-NeupNAc-(2→6)-α-D-Glcp bond.137 

Recently, conformational analysis of the de-O-acetylated MenY CPS by molecular 5 

dynamics simulations of a three-repeat oligosaccharide in aqueous solution revealed that 

the polysaccharide has a single dominant conformation.145 

 Conjugates encompassing an O-acetyl negative MenY CPS were found more 

immunogenic in mice than O-acetyl positive CPS conjugates, when tested against a de-

O-acetylated CPS containing antigen. Although less pronounced than in the case of 10 

MenC, this propensity was confirmed by use of a competitive inhibition bactericidal 

assay against an O-acetyl positive MenY strain. The O-acetyl negative MenY CPS was a 

more potent inhibitor, whether considering O-acetyl negative or positive CPS conjugate 

vaccine-induced sera. As with MenC, the study demonstrated that backbone epitopes are 

the primary targets for bactericidal antibodies. It was suggested that by misdirecting the 15 

immune response, O-acetylation may contribute to an escape mechanism.137  

 

3 N. meningitidis serogroup W135 

Interestingly, the core repeating unit of the MenW CPS is a disaccharide closely 

resembling the repeating unit from MenY CPS. Defined by the common →6)-α-D-hexp-20 

(1→4)-α-D-NeupNAc-(2→ sequence, they differ from one another by the nature of the 

hexose component. Instead of a Glcp residue in the case of MenW, the MenY CPS 

comprises an α-D-Galp residue 1→4-linked to the sialic acid moiety.15 For that reason, 

the recently reported molecular dynamics simulations of the conformation adopted in 

aqueous solution by a three-repeat de-O-acetylated MenY oligosaccharide was extended 25 

to the corresponding MenW oligosaccharide. The latter was found to exhibit a family of 

conformations including that primarily adopted by the MenY segment.145 This important 

finding supported the previously observed cross-protection induced by the monovalent 

CPS vaccines,146 and that suggested in the context of a recent clinical trial involving a 

Hib/MenC/MenY conjugate vaccine, whereby the vaccinees showed significantly higher 30 

MenW-specific seroprotection than the control group.147 Moreover, by demonstrating the 

partial overlap between the two CPS dynamics, the molecular simulation study also 

provided some insights on the superior capacity of the MenY CPS to induce cross-

protection with MenW.145  

 The similarity between the MenY and MenW CPS extends to their O-acetylation 35 

pattern. As for the MenY CPS, acetylation was reported at O-7 and O-9 of the sialic acid 

in the MenW CPS. Likewise, migration of the acetyl group from the former position to 

the latter dominates to reach an equilibrium value of 1:2, which is probably sensitive to 

pH.15 However, not all MenW strains display an O-acetylated CPS. For example, isolates 

responsible for the Hajj outbreak in 2000 were not O-acetylated. Moreover, despite an 40 

increase in MenW O-acetylated strains in 2001, a survey at that period in the UK 

indicated that only 8% of the MenW isolates expressed an O-acetylated CPS with a 

similar distribution in carrier and case isolates.144  

 Outbreaks of MenW in West Africa in 2001 and cases identified at various sites in 

pilgrims to the Hajj supported interest in the development of conjugate vaccines against 45 

this serogroup.148 The impact of CPS O-acetylation status on serological measurements 

of anti-MenW IgG antibodies in adults immunized with a tetravalent meningococcal CPS 

vaccine containing MenY and MenW O-acetyl positive CPS was investigated. Overall, 

there was no difference in functional activity, as measured by serum bactericidal assay 



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

22  |  [journal], [year], [vol], 00–00 

This journal is © The Royal Society of Chemistry [year] 

against O-acetyl positive and negative MenW strains. Nevertheless, for some sera, the 

agreement in anti-O-acetyl positive versus O-acetyl negative MenW IgG assignment was 

serum-specific and did not reflect the functional activity in vitro.149 An original study in 

mice demonstrated that MenW CPS conjugates displaying low O-acetylation levels were 

more immunogenic than the plain CPS and that hydrazine-mediated reduction of the O-5 

acetyl groups in the MenW CPS had no adverse effect on immunogenicity nor on the 

CPS structure as detected by NMR.150 Consistent with these observations, a subsequent 

study aimed at finding appropriate materials and methods to produce MenW conjugates 

revealed that MenW O-acetyl groups are not immunologically critical.148 In particular, 

although the O-acetyl positive CPS conjugate induced some O-acetyl specific antibodies, 10 

these did not appear to contribute to the bactericidal effect. Besides, better bactericidal 

titers against both O-acetyl positive and negative MenW strains were detected following 

immunization with conjugates encompassing an O-acetyl negative or a de-O-acetylated 

CPS component.148 The study also shed light on the influence of the degree of O-

acetylation of the sialic residue in MenW CPS on periodate oxidation and in turn on the 15 

composition of the resulting conjugates. Acetylation at O-7 or O-9 can modify the 

availability of the more accessible exocyclic vicinal hydroxyl groups on the sialic acid, 

and therefore affect the involvement of galactose residues in periodate oxidation-

mediated coupling of MenW CPS to proteins.148 The authors concluded that the O-acetyl 

negative CPS may be a good starting material for preparing MenW conjugate vaccines 20 

using periodate oxidation.  

 Despite the low abundance of O-acetylated strains and the demonstration that O-

acetylation does not contribute to an important epitope in raising functional antibodies,148 

all licensed MenW CPS and conjugate vaccines contain an O-acetylated CPS component. 

Moreover, as for MenY, the pharmacopeial specifications for MenW CPS used in 25 

vaccine production requires that more than 14.3% repeats be O-acetylated.141 Available 

data suggest that a much higher O-acetyl content can be achieved as analyzed by 1H 

NMR.142 

 

4 N. meningitidis serogroup A 30 

The MenA CPS consists of N-acetyl-D-mannosamine residues -(1→6)-linked through 

phosphodiester bridges (Fig. 3A). Non-stoichiometric acetylation at O-3 and to a lesser 

extent at O-4 was reported to occur in high, albeit varying, amounts.15 A study aimed at 

defeating the biosynthetic origin of MenA CPS O-acetylation reported that, as revealed 

by 1H NMR, the purified CPS had 60–70% ManpNAc residues that contained acetyl 35 

groups at O-3, with some species acetylated at O-4, and at both O-3 and adjacent O-4.29 

These finding were subsequently supported by applying whole cell high-resolution magic 

angle spinning NMR (HRMAS NMR) spectroscopy for the in vivo determination of the 

precise structure of MenA CPS expressed on the bacterial surface. In both studies, the 

level of acetylation at O-4 was estimated to be half of that at O-3.151  40 

In contrast to other meningococcal CPS, O-acetylation has a critical influence on 

MenA CPS immunogenicity, as demonstrated in the case of post-immunization human 

sera and mouse immunization.152 Thus, inhibition ELISA assay revealed that the vast 

majority of anti-MenA CPS antibodies induced in human receiving a CPS vaccine appear 

to bind epitopes involving O-acetyl groups. Moreover, comparing the immune response 45 

induced by CPS and CPS conjugates in mice revealed that de-O-acetylation of MenA 

CPS resulted in a marked loss of immunogenicity regardless of protein conjugation. Most 

importantly, the ability to induce functional bactericidal antibodies was drastically 

reduced in the case of the de-O-acetylated formulations.152 Nevertheless, mice 
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immunized with a de-O-acetylated CPS conjugate did develop some functional 

antibodies, suggesting that epitopes other than those involving O-acetyl groups may also 

contribute to the development of a protective response. Obviously, the antigenic 

importance of MenA CPS O-acetylation resembles that observed in the case of S. 

Typhi,111 a phenomenon that could be interpreted in terms of O-acetylation sites on the 5 

CPS backbones.152 Similarly, O-acetylation was identified as one of the critical 

parameters to maintain during vaccine production process. In that regard, the conjugation 

chemistry may have an impact when dealing with the development of CPS conjugate 

vaccines.  

In addition to the development of meningococcal tetravalent vaccines featuring a 10 

MenA component, the incidence of MenA in the “meningitidis belt” justified the 

development, licensure and large-scale distribution initiated in 2010 of MenAfriVacTM, a 

monovalent MenA conjugate vaccine (MenA-TT, Serum Institute of India).153, 154 Early 

attempts at preparing such conjugates involved diverse methods, some of which 

conducted at high pH, which questioned compatibility with a sensitive CPS. 15 

Alternatively, following improvement limited periodate oxidation at the vicinal diol of 

the non-O-acetylated ManpNAc residues and subsequent sodium borohydride-mediated 

reductive amination was demonstrated viable in the case of MenA. The method was 

adopted starting from a MenA CPS O-acetylated to a 77-85% extent to produce high-

molecular weight cross-linked lattice structures.155 20 

Otherwise in an independent assay, the O-acetylation level reached 90% in average in 

CPS samples provided by vaccine manufacturers, as measured by 1H NMR.141 In a study 

aimed at demonstrating batch to batch profile consistency in a tetravalent MenACWY 

conjugate preparation, the MenA CPS O-acetyl content ranged between 76.6% and 

84.6%, far above the pharmacopeial specifications (> 61.5%),141 indicating that the 25 

single-site conjugation process in use retained these labile CPS decorations.142 In order to 

assess further the importance of CPS O-acetyl content in MenA containing vaccine 

formulations, an independent phase III study was conducted in healthy adults to compare 

the immunogenicity of two lots of tetravalent MenACWY conjugates differing in the 

percentage – 68% or 92% – of O-acetylation of the MenA CPS component. The 30 

tetravalent formulation with the lower level of O-acetylation was non-inferior to the 

vaccine lot with the higher level of O-acetylation, and the authors concluded that in the 

studied range, the level of MenA CPS O-acetylation did not affect the immunogenicity of 

the vaccine. 

5 Conclusion 35 

Bacterial CPSs are the primary interface with the host. They act as important chemical 

and physical shields against environmental assaults and are significant virulence factors 

for pathogens. Decades ago, they were identified as attractive vaccine targets and have 

since then been the subject of major interest leading to remarkable breakthroughs in the 

prevention of bacterial diseases. However, a growing body of literature demonstrates a 40 

large propensity of bacterial cell-surface carbohydrates for modifications, which can 

have profound effects on host-microbe interactions. For instance, the possible occurrence 

of stoichiometric and/or variable degree of O-acetylation spread over multiple sites along 

the polysaccharide chain was established long ago. These substitutions involve a 

diversity of complex biosynthetic pathways evolved by the bacteria. They can simply act 45 

as alternative substituent but are also known to alter CPS chemical and physical 

properties, such as molecular conformation and hydrophobicity. Moreover, they can 
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modulate CPS biological properties in a context-dependent manner, as discussed for 

some pneumococcal serogroups, and play a key role in the bacteria propensity for 

immune escape. 

As highlighted in this chapter, O-acetylation can interfere with naturally exposed 

epitopes or generate diverging epitopes, therefore affecting the antigenicity and 5 

immunogenicity of CPSs of relevance for vaccine design. The phenomenon extends far 

beyond bacterial CPSs exemplified in this chapter. The CPS of other bacteria of 

relevance for human health, such as Staphylococcus aureus serotype 5 and Burkholderia 

pseudomallei, or those displayed at the surface of pathogenic fungi, for example 

Cryptococcus neoformans, are also affected. Likewise, O-acetylation of the 10 

exopolysaccharide produced by mucoid Pseudomonas aeruginosa in the lung of cystic 

fibrosis patients was shown to alter the biofilm, facilitating cell-adherence to lung 

epithelium, microcolony formation, and resistance to host defenses. Last but not least, as 

illustrated in the introduction, numerous LPSs of concern in vaccine production also 

display subtle antigenic diversity related to O-acetylation, mimicking in that regard the 15 

increasing complexity of pneumococcus CPSs. This is without accounting O-acetylation 

of plant cell wall polysaccharides or that of mammalian glycans. 

References 

a Institut Pasteur, Unité de Chimie des Biomolécules, 28 rue du Dr Roux, 75 724 Paris Cedex 15, 

France. Fax: +33 1 45 68 84 04; Tel: +33 1 40 61 38 20; E-mail: laurence.mulard@pasteur.fr 20 

b CNRS UMR 3523, Institut Pasteur, 28 rue du Dr Roux, 75 724 Paris Cedex 15, France. 

 
1. E. R. Moxon and J. S. Kroll, Curr Top Microbiol, 1990, 150, 65-85. 

2. I. Lerouge and J. Vanderleyden, FEMS Microbiol Rev, 2002, 26, 17-47. 
3. L. E. Comstock and D. L. Kasper, Cell, 2006, 126, 847-850. 25 

4. S. K. Mazmanian and D. L. Kasper, Nat Rev Immunol, 2006, 6, 849-858. 

5. M. Caroff and D. Karibian, Carbohydr Res, 2003, 338, 2431-2447. 
6. Y. A. Knirel, in Bacterial Lipopolysaccharides, eds. Y. A. Knirel and M. A. Valvano, 

Springer-Verlag, Wien, 2011, ch. 3, pp. 41-115. 

7. L. M. Willis and C. Whitfield, Carbohydr Res, 2013, 378, 35-44. 30 

8. S. N. Chatterjee and K. Chaudhuri, Biochim Biophys Acta, 2003, 1639, 65-79. 

9. F. Orskov, I. Orskov, A. Sutton, R. Schneerson, W. Lin, W. Egan, G. E. Hoff and J. B. 

Robbins, J Exp Med, 1979, 149, 669-685. 
10. S. Herget, P. V. Toukach, R. Ranzinger, W. E. Hull, Y. A. Knirel and C. W. von der Lieth, 

BMC Struct Biol, 2008, 8, 20. 35 

11. A. Adibekian, P. Stallforth, M. L. Hecht, D. B. Werz, P. Gagneux and P. H. Seeberger, Chem 
Sci, 2011, 2, 337-344. 

12. R. Stenutz, A. Weintraub and G. Widmalm, FEMS Microbiol Rev, 2006, 30, 382-403. 

13. H. Yu and X. Chen, Org Biomol Chem, 2007, 5, 865-872. 
14. S. M. Muthana, C. T. Campbell and J. C. Gildersleeve, ACS Chem Biol, 2012, 7, 31-43. 40 

15. X. Lemercinier and C. Jones, Carbohydr Res, 1996, 296, 83-96. 

16. E. L. Nazarenko, R. J. Crawford and E. P. Ivanova, Mar Drugs, 2011, 9, 1914-1954. 
17. Y. A. Knirel, A. V. Perepelov, A. N. Kondakova, S. y. N. Senchenkova, Z. Sidorczyk, A. 

Rozalski and W. Kaca, Innate Immun, 2011, 17, 70-96. 

18. A. V. Perepelov, M. E. Shekht, B. Liu, S. D. Shevelev, V. A. Ledov, S. N. Senchenkova, V. L. 45 

L'Vov, A. S. Shashkov, L. Feng, P. G. Aparin, L. Wang and Y. A. Knirel, FEMS Immunol 

Med Microbiol, 2012, 66, 201-210. 

19. R. Schauer, G. V. Srinivasan, D. Wipfler, B. Kniep and R. Schwarz-Albiez, in The Molecular 
Immunology of Complex Carbohydrates-3, ed. A. M. Wu, Springer Science+Business Media, 

LLC, New York, 2011, ch. 28, pp. 525-548. 50 

20. E. L. Deszo, S. M. Steenbergen, D. I. Freedberg and E. R. Vimr, Proc Natl Acad Sci U. S. A., 

2005, 102, 5564-5569. 

21. K. Hygge Blakeman, A. Weintraub and G. Widmalm, Eur J Biochem, 1998, 251, 534-537. 



 CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

[journal], [year], [vol], 00–00  |  25 

This journal is © The Royal Society of Chemistry [year] 

22. V. L. L'vov, A. P. Iakovlev, A. S. Shashkov and B. A. Dmitriev, Bioorg Khim, 1991, 17, 111-

120. 

23. Y. A. Knirel, A. S. Shashkov, S. N. Senchenkova, S. Merino and J. M. Tomas, Carbohydr Res, 

2002, 337, 1381-1386. 

24. M. R. King, S. M. Steenbergen and E. R. Vimr, Trends Microbiol, 2007, 15, 196-202. 5 

25. A. L. Lewis, H. Cao, S. K. Patel, S. Diaz, W. Ryan, A. F. Carlin, V. Thon, W. G. Lewis, A. 

Varki, X. Chen and V. Nizet, J Biol Chem, 2007, 282, 27562-27571. 

26. J. Kubler-Kielb, E. Vinogradov, C. Chu and R. Schneerson, Carbohydr Res, 2007, 342, 643-
647. 

27. A. Molinaro, C. De Castro, B. O. Petersen, J. O. Duus, M. Parrilli and O. Holst, Angew Chem 10 

Int Ed Engl, 2000, 39, 156-160. 
28. A. V. Perepelov, V. L. L'Vov, B. Liu, S. y. N. Senchenkova, M. E. Shekht, A. S. Shashkov, L. 

Feng, P. G. Aparin, L. Wang and Y. A. Knirel, Carbohydr Res, 2009, 344, 687-692. 

29. S. K. Gudlavalleti, A. K. Datta, Y. L. Tzeng, C. Noble, R. W. Carlson and D. S. Stephens, J 
Biol Chem, 2004, 279, 42765-42773. 15 

30. T. Fiebig, F. Freiberger, V. Pinto, M. R. Romano, A. Black, C. Litschko, A. Bethe, D. 

Yashunsky, R. Adamo, A. Nikolaev, F. Berti and R. Gerardy-Schahn, J Biol Chem, 2014, 289, 

19395-19407. 

31. D. R. Bundle, I. C. Smith and H. J. Jennings, J Biol Chem, 1974, 249, 2275-2281. 

32. A. K. Bhattacharjee, H. J. Jennings, C. P. Kenny, A. Martin and I. C. Smith, J Biol Chem, 20 

1975, 250, 1926-1932. 

33. A. K. Bhattacharjee, H. J. Jennings, C. P. Kenny, A. Martin and I. C. Smith, Can J Biochem, 

1976, 54, 1-8. 
34. A. K. Bergfeld, H. Claus, U. Vogel and M. Muhlenhoff, J Biol Chem, 2007, 282, 22217-

22227. 25 

35. E. C. Schulz, A. K. Bergfeld, R. Ficner and M. Muhlenhoff, PLoS One, 2011, 6, e17403. 
36. H. Claus, R. Borrow, M. Achtman, G. Morelli, C. Kantelberg, E. Longworth, M. Frosch and 

U. Vogel, Mol Microbiol, 2004, 51, 227-239. 

37. H. J. Lee, B. Rakic, M. Gilbert, W. W. Wakarchuk, S. G. Withers and N. C. J. Strynadka, J 
Biol Chem, 2009, 284, 24501-24511. 30 

38. A. K. Bergfeld, H. Claus, N. K. Lorenzen, F. Spielmann, U. Vogel and M. Muehlenhoff, J Biol 

Chem, 2009, 284, 6-16. 

39. M. J. Cieslewicz, D. Chaffin, G. Glusman, D. Kasper, A. Madan, S. Rodrigues, J. Fahey, M. 

R. Wessels and C. E. Rubens, Infect Immun, 2005, 73, 3096-3103. 

40. A. L. Lewis, V. Nizet and A. Varki, Proc Natl Acad Sci U S A, 2004, 101, 11123-11128. 35 

41. A. L. Lewis, M. E. Hensler, A. Varki and V. Nizet, J Biol Chem, 2006, 281, 11186-11192. 

42. S. M. Steenbergen, Y.-C. Lee, W. F. Vann, J. Vionnet, L. F. Wright and E. R. Vimr, J 

Bacteriol, 2006, 188, 6195-6206. 
43. J. B. Robbins, G. H. McCracken, E. C. Gotschlich, F. Ørskov, I. Ørskov and L. A. Hanson, N 

Engl J Med, 1974, 290, 1216-1220. 40 

44. I. L. Mordhorst, H. Claus, C. Ewers, M. Lappann, C. Schoen, J. Elias, J. Batzilla, U. Dobrindt, 
L. H. Wieler, A. K. Bergfeld, M. Mühlenhoff and U. Vogel, Environ Microbiol, 2009, 11, 

3154-3165. 

45. R. Torensma, A. Vanwijk, M. J. C. Visser, A. Bouter, M. Rozenbergarska and J. Verhoef, J 
Clin Microbiol, 1991, 29, 1356-1358. 45 

46. J. Colino and I. Outschoorn, Microb Pathogenesis, 1999, 27, 187-196. 

47. H. Frasa, J. Procee, R. Torensma, A. Verbruggen, A. Algra, M. Rozenbergarska, K. 
Kraaijeveld and J. Verhoef, J Clin Microbiol, 1993, 31, 3174-3178. 

48. C. f. D. C. a. Prevention, MMWR Morb Mortal Wkly Rep, 2009, 59, 109-112. 

49. M. S. Edwards and C. J. Baker, Clin Infect Dis, 2005, 41, 839-847. 50 

50. S. Weiman, S. Uchiyama, F.-Y. C. Lin, D. Chaffin, A. Varki, V. Nizet and A. L. Lewis, 

Biochem J, 2010, 428, 163-168. 
51. S. Weiman, S. Dahesh, A. F. Carlin, A. Varki, V. Nizet and A. L. Lewis, Glycobiology, 2009, 

19, 1204-1213. 

52. C. M. Healy and C. J. Baker, in Vaccines eds. S. A. Plotkin, W. A. Orenstein and P. A. Offit, 55 

Elsevier Saunders, 6th edn., 2013, ch. 59, pp. 1176-1181. 

53. H. J. Jennings, C. Lugowski and D. L. Kasper, Biochemistry, 1981, 20, 4511-4518. 

54. D. Safari, H. A. T. Dekker, G. T. Rijkers, A. van der Ende, J. P. Kamerling and H. Snippe, 
Glycoconjugate J, 2011, 28, 557-562. 



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

26  |  [journal], [year], [vol], 00–00 

This journal is © The Royal Society of Chemistry [year] 

55. F. Carboni, R. Adamo, M. Fabbrini, R. De Ricco, V. Cattaneo, B. Brogioni, D. Veggi, V. 

Pinto, I. Passalacqua, D. Oldrini, R. Rappuoli, E. Malito, I. y. R. Margarit and F. Berti, Proc 
Natl Acad Sci U S A, 2017, 114, 5017-5022. 

56. P. S. Pannaraj, M. S. Edwards, K. T. Ewing, A. L. Lewis, M. A. Rench and C. J. Baker, 

Vaccine, 2009, 27, 4452-4456. 5 

57. C. Hyams, E. Camberlein, J. M. Cohen, K. Bax and J. S. Brown, Infect Immun, 2010, 78, 704-

715. 

58. K. L. Wyres, L. M. Lambertsen, N. J. Croucher, L. McGee, A. von Gottberg, J. Linares, M. R. 
Jacobs, K. G. Kristinsson, B. W. Beall, K. P. Klugman, J. Parkhill, R. Hakenbeck, S. D. 

Bentley and A. B. Brueggemann, J Infect Dis, 2013, 207, 439-449. 10 

59. S. D. Bentley, D. M. Aanensen, A. Mavroidi, D. Saunders, E. Rabbinowitsch, M. Collins, K. 
Donohoe, D. Harris, L. Murphy, M. A. Quail, G. Samuel, I. C. Skovsted, M. S. Kaltoft, B. 

Barrell, P. R. Reeves, J. Parkhill and B. G. Spratt, Plos Genet, 2006, 2, 262-269. 

60. J. J. Calix and M. H. Nahm, J Infect Dis, 2010, 202, 29-38. 
61. J. J. Calix, M. H. Nahm and E. R. Zartler, J Bacteriol, 2011, 193, 5271-5278. 15 

62. X. Lemercinier and C. Jones, Carbohydr Res, 2006, 341, 68-74. 

63. J. Chang, Y. Serrano, R. Garrido, L. M. Rodriguez, J. Pedroso, F. Cardoso, Y. Valdes, D. 

Garcia, V. Fernandez-Santana and V. Verez-Bencomo, Vaccine, 2012, 30, 7090-7096. 

64. J. J. Calix, J. S. Saad, A. M. Brady and M. H. Nahm, J Biol Chem, 2012, 287, 13996-14003. 

65. T. J. Rutherford, C. Jones, D. B. Davies and A. Clare Elliott, Carbohydr Res, 1994, 265, 97-20 

111. 

66. T. J. Rutherford, C. Jones, D. B. Davies and A. C. Elliott, Carbohydr Res, 1991, 218, 175-184. 

67. J. J. Calix, M. B. Oliver, L. K. Sherwood, B. Beall, S. K. Hollingshead and M. H. Nahm, J 
Infect Dis, 2011, 204, 1585-1595. 

68. T. B. McNeely, J. M. Staub, C. M. Rusk, M. J. Blum and J. J. Donnelly, Infect Immun, 1998, 25 

66, 3705-3710. 
69. J. J. Calix, A. M. Brady, V. Y. Du, J. S. Saad and M. H. Nahm, J Clin Microbiol, 2014, 52, 

758-765. 

70. J. J. Calix, R. Dagan, S. I. Pelton, N. Porat and M. H. Nahm, Clin Infect Dis, 2012, 54, 794-
799. 30 

71. R. Camilli, B. L. Spencer, M. Moschioni, V. Pinto, F. Berti, M. H. Nahm and A. Pantosti, 

PLoS One, 2014, 9, e100722. 

72. A. M. Brady, J. J. Calix, J. Yu, K. A. Geno, G. R. Cutter and M. H. Nahm, J Infect Dis, 2014, 

210, 1155-1165. 

73. F. L. Lin, E. Vinogradov, C. Deng, S. Zeller, B. A. Green, K. U. Jansen and V. Pavliak, 35 

Carbohydr Res, 2013, 380, 101-107. 

74. A. Mavroidi, D. M. Aanensen, D. Godoy, I. C. Skovsted, M. S. Kaltoft, P. R. Reeves, S. D. 

Bentley and B. G. Spratt, J Bacteriol, 2007, 189, 7841-7855. 
75. B. L. Spencer, J. S. Saad, A. T. Shenoy, C. J. Orihuela and M. H. Nahm, Infect Immun, 2017, 

85, pii: e00132-00117. doi: 00110.01128/IAI.00132-00117. 40 

76. H. Peltola, Clin Microbiol Rev, 2000, 13, 302-317. 
77. M. Bröker, F. Berti and P. Costantino, Human Vaccines Immunother, 2016, 12, 1808-1824. 

78. J. T. Poolman, C. C. Peeters and G. P. van den Dobbelsteen, Expert Rev Vaccines, 2013, 12, 

1379-1394. 
79. O. T. Avery and W. F. Goebel, J Exp Med, 1933, 58, 731-755. 45 

80. K. L. O'Brien, L. J. Wolfson, J. P. Watt, E. Henkle, M. Deloria-Knoll, N. McCall, E. Lee, K. 

Mulholland, O. S. Levine and T. Cherian, Lancet, 2009, 374, 893-902. 
81. D. M. Weinberger, R. Malley and M. Lipsitch, Lancet, 2011, 378, 1962-1973. 

82. J. M. Skinner, L. Indrawati, J. Cannon, J. Blue, M. Winters, J. MacNair, N. Pujar, W. Manger, 

Y. H. Zhang, J. Antonello, J. Shiver, M. Caulfield and J. H. Heinrichs, Vaccine, 2011, 29, 50 

8870-8876. 

83. C. Jones and X. Lemercinier, Carbohydr Res, 2005, 340, 403-409. 
84. P. E. Jansson, B. Lindberg, U. Lindquist and J. Ljungberg, Carbohydr Res, 1987, 162, 111-

116. 

85. B. L. Spencer, A. T. Shenoy, C. J. Orihuela and M. H. Nahm, Clin Vaccine Immunol, 2017, 55 

24, pii: e00099-00017. doi: 00010.01128/CVI.00099-00017. 

86. B. Lindberg, J. Lonngren and D. A. Powell, Carbohydr Res, 1977, 58, 177-186. 

87. P. S. Venkateswaran, N. Stanton and R. Austrian, J Infect Dis, 1983, 147, 1041-1054. 
88. S. van Selm, L. M. van Cann, M. A. B. Kolkman, B. A. M. van der Zeijst and J. P. M. van 

Putten, Infect Immun, 2003, 71, 6192-6198. 60 

89. G. Rajam, G. M. Carlone and S. Romero-Steiner, Clin Vaccine Immunol, 2007, 14, 1223-1227. 



 CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

[journal], [year], [vol], 00–00  |  27 

This journal is © The Royal Society of Chemistry [year] 

90. M. R. Jacobs, C. E. Good, S. Bajaksouzian and A. R. Windau, Clin Infect Dis, 2008, 47, 1388-

1395. 

91. F. L. Lin, E. Vinogradov, C. Deng, S. Zeller, L. Phelan, B. A. Green, K. U. Jansen and V. 

Pavliak, Carbohydr Res, 2014, 383, 97-104. 

92. L. M. Beynon, J. C. Richards and M. B. Perry, Eur J Biochem, 1997, 250, 163-167. 5 

93. J. J. Calix, R. J. Porambo, A. M. Brady, T. R. Larson, J. Yother, C. Abeygunwardana and M. 

H. Nahm, J Biol Chem, 2012, 287, 27885-27894. 

94. L. M. Beynon, J. C. Richards, M. B. Perry and P. J. Kniskern, Can J Chem, 1995, 73, 41-48. 
95. C. A. Bush, J. O. Cisar and J. Yang, J Bacteriol, 2015, 197, 2762-2769. 

96. K. A. Geno, J. S. Saad and M. H. Nahm, J Clin Microbiol, 2017, 55, 1416-1425. 10 

97. M. Staples, R. M. A. Graham, V. Hicks, J. Strachan, A. Gonçalves da Silva, J. Peverall, V. 
Wicks and A. V. Jennison, Clin Microbiol Infect, 2017, 23, 476-479. 

98. K. A. Geno, C. A. Bush, M. Wang, C. Jin, M. H. Nahm and J. Yang, J Clin Microbiol, 2017, 

55, 2775-2784. 
99. H. B. Konradsen, Vaccine, 2005, 23, 1368-1373. 15 

100. K. A. Geno, G. L. Gilbert, J. Y. Song, I. C. Skovsted, K. P. Klugman, C. Jones, H. B. 

Konradsen and M. H. Nahm, Clin Microbiol Rev, 2015, 28, 871-899. 

101. M. I. Khan, R. L. Ochiai and J. D. Clemens, Expert Rev Vaccines, 2010, 9, 485-496. 

102. C. M. Parry , T. T. Hien , G. Dougan , N. J. White  and J. J. Farrar N Engl J Med, 2002, 347, 

1770-1782. 20 

103. X. Hu, Z. Chen, K. Xiong, J. Wang, X. Rao and Y. Cong, Crit Rev Microbiol, 2017, 43, 440-

452. 

104. L. Kenne and A. A. Lindberg, in Bacterial polysaccharides, ed. G. O. Aspinall, Academic 
Press, Inc., New York, 1981, vol. 2, p. 315. 

105. J. D. Robbins and J. B. Robbins, J Infect Dis, 1984, 150, 436-449. 25 

106. WHO Tecnical Report Series, 1994, 840, 14-29. 
107. European Pharmacopeia. Edition 4.2, 2003, 2842-2843. 

108. S. Rijpkema, Z. Durrani, X. Lemercinier and C. Jones, Biologicals, 2004, 32, 11-16. 

109. B. Szewczyk and A. Taylor, Infect Immun, 1980, 29, 539-544. 
110. A. Qadri, S. Ghosh and G. P. Talwar, J Immunoassay, 1990, 11, 235-250. 30 

111. S. C. Szu, X. R. Li, A. L. Stone and J. B. Robbins, Infect Immun, 1991, 59, 4555-4561. 

112. S. C. Szu, Expert Rev Vaccines, 2013, 12, 1273-1286. 

113. S. Bystricky and S. C. Szu, Biophys Chem, 1994, 51, 1-7. 

114. A. Qadri, Immunology, 1997, 92, 146-152. 

115. C. Jones, J Pharm Biomed Anal, 2005, 38, 840-850. 35 

116. S. Hestrin, J Biol Chem, 1949, 180, 249-261. 

117. X. Lemercinier, I. Martinez-Cabrera and C. Jones, Biologicals, 2000, 28, 17-24. 

118. G. Kao and C. M. Tsai, Vaccine, 2004, 22, 335-344. 
119. S. Rondini, F. Micoli, L. Lanzilao, C. Hale, A. J. Saul and L. B. Martin, Clin Vaccine 

Immunol, 2011, 18, 460-468. 40 

120. F. Micoli, S. Rondini, I. Pisoni, C. Giannelli, V. Di Cioccio, P. Costantino, A. Saul and L. B. 
Martin, Vaccine, 2012, 30, 853-861. 

121. W. Pilnik and A. G. J. Voragen, in The biochemistry of fruits and their products, ed. A. C. 

Hulme, Academic Press, London, 1970, vol. 1, pp. 53-87. 
122. Z. Kossaczka, S. Bystricky, D. A. Bryla, J. Shiloach, J. B. Robbins and S. C. Szu, Infect 45 

Immun, 1997, 65, 2088-2093. 

123. S. C. Szu, K. F. Y. Lin, S. Hunt, C. Chu and N. D. Thinh, Vaccine, 2014, 32, 2618-2622. 
124. D. Pace, Expert Opin Biol Ther, 2013, 13, 11-33. 

125. Y. L. Tzeng, J. Thomas and D. S. Stephens, Crit Rev Microbiol, 2016, 42, 759-772. 

126. A. Villwock, C. Schmitt, M. Frosch and O. Kurzai, Intl J Med Microbiol, 2008, 298, 591-597. 50 

127. M. A. Apicella and H. A. Feldman, Proc Soc Exp Biol Med, 1976, 152, 289-291. 

128. R. Borrow, E. Longworth, S. J. Gray and E. B. Kaczmarski, FEMS Immunol Med Microbiol, 
2000, 28, 189-191. 

129. G. Arakere and C. E. Frasch, Infect Immun, 1991, 59, 4349-4356. 

130. M. P. Glode, E. B. Lewin, A. Sutton, C. T. Le, E. C. Gotschlich and J. B. Robbins, J Infect 55 

Dis, 1979, 139, 52-59. 

131. M. C. Steinhoff, E. B. Lewin, E. C. Gotschlich and J. B. Robbins, Infect Immun, 1981, 34, 

144-146. 
132. I. Vodopija, Z. Baklaic, P. Hauser, P. Roelants, F. E. André and A. Safary, Infect Immun, 

1983, 42, 599-604. 60 

133. H. Peltola, A. Safary, H. Kayhty, V. Karanko and F. E. Andre, Pediatrics, 1985, 76, 91-96. 



CREATED USING THE RSC REPORT TEMPLATE (VER. 3.1) - SEE WWW.RSC.ORG/ELECTRONICFILES FOR DETAILS 

 

28  |  [journal], [year], [vol], 00–00 

This journal is © The Royal Society of Chemistry [year] 

134. P. Richmond, D. Goldblatt, P. C. Fusco, J. D. Fusco, I. Heron, S. Clark, R. Borrow and F. 

Michon, Vaccine, 1999, 18, 641-646. 

135. P. Richmond, R. Borrow, J. Findlow, S. Martin, C. Thornton, K. Cartwright and E. Miller, 

Infect Immun, 2001, 69, 2378-2382. 

136. F. Michon, C. H. Huang, E. K. Farley, L. Hronowski, J. Di and P. C. Fusco, Dev Biol (Basel), 5 

2000, 103, 151-160. 

137. P. C. Fusco, E. K. Farley, C.-H. Huang, S. Moore and F. Michon, Clin Vaccine Immunol, 

2007, 14, 577-584. 
138. P. Richmond, R. Borrow, D. Goldblatt, J. Findlow, S. Martin, R. Morris, K. Cartwright and E. 

Miller, J Infect Dis, 2001, 183, 160-163. 10 

139. P. Balmer, R. Borrow and E. Miller, J Med Microbiol, 2002, 51, 717-722. 
140. M. M. Ho, X. Lemercinier, B. Bolgiano, D. Crane and M. J. Corbel, Biotechnol Appl Bioc, 

2001, 33, 91-98. 

141. C. Jones and X. Lemercinier, J Pharm Biomed Anal, 2002, 30, 1233-1247. 
142. A. Bardotti, G. Averani, F. Berti, S. Berti, V. Carinci, S. D’Ascenzi, B. Fabbri, S. Giannini, A. 15 

Giannozzi, C. Magagnoli, D. Proietti, F. Norelli, R. Rappuoli, S. Ricci and P. Costantino, 

Vaccine, 2008, 26, 2284-2296. 

143. C. Vipond, C. J. Swann, T. W. Dougall, P. Rigsby, F. Gao, N. J. Beresford and B. Bolgiano, 

Biologicals, 2017, 47, 33-45. 

144. E. Longworth, P. Fernsten, T. L. Mininni, U. Vogel, H. Claus, S. Gray, E. Kaczmarski and R. 20 

Borrow, FEMS Immunol Med Microbiol, 2002, 32, 119-123. 

145. M. M. Kuttel, Z. Timol and N. Ravenscroft, Carbohydr Res, 2017, 446–447, 40-47. 

146. J. M. Griffiss, B. L. Brandt, P. L. Altieri, G. B. Pier and S. L. Berman, Infect Immun, 1981, 34, 
725-732. 

147. M. Leonardi, T. Latiolais, K. Sarpong, M. Simon, J. Twiggs, P. Lei, S. Rinderknecht, M. 25 

Blatter, V. Bianco, Y. Baine, L. R. Friedland and J. M. Miller, Vaccine, 2015, 33, 933-941. 
148. S. K. Gudlavalleti, C. H. Lee, S. E. Norris, M. Paul-Satyaseela, W. F. Vann and C. E. Frasch, 

Vaccine, 2007, 25, 7972-7980. 

149. P. C. Giardina, E. Longworth, R. E. Evans-Johnson, M. L. Bessette, H. Zhang, R. Borrow, D. 
Madore and P. Fernsten, Clin Diag Lab Immunol, 2005, 12, 586-592. 30 

150. Z. G. Jin, G. A. Bohach, J. Shiloach, S. E. Norris, D. I. Freedberg, C. Deobald, B. Coxon, J. B. 

Robbins and R. Schneerson, Infect Immun, 2005, 73, 7887-7893. 

151. S. K. Gudlavalleti, C. M. Szymanski, H. C. Jarrell and D. S. Stephens, Carbohydr Res, 2006, 

341, 557-562. 

152. D. S. Berry, F. Lynn, C. H. Lee, C. E. Frasch and M. C. Bash, Infect Immun, 2002, 70, 3707-35 

3713. 

153. C. E. Frasch, M. P. Preziosi and F. M. LaForce, Human Vaccines Immunother, 2012, 8, 715-

724. 
154. C. E. Frasch, S. V. Kapre, C. H. Lee and J. M. Preaud, Clin Infect Dis, 2015, 61, S404-S409. 

155. C. H. Lee, W. C. Kuo, S. Beri, S. Kapre, J. S. Joshi, N. Bouveret, F. M. LaForce and C. E. 40 

Frasch, Vaccine, 2009, 27, 726-732. 

 


