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Glycopolymers are found surrounding the outer layer
of many bacterial species. The first uses as immuno-
genic component in vaccines are reported since the
beginning of the XX century, but it is only in the last
decades that glycoconjugate based vaccines have been
effectively applied for controlling and preventing sev-
eral infectious diseases, such as H. influenzae type b
(Hib), N. meningitidis, S. pneumoniae or group B Strep-
tococcus. Methicillin resistant S. aureus (MRSA) strains
has been appointed by the WHO as one of those
pathogens, for which new treatments are urgently
needed. Herein we present an overview of the carbo-
hydrate-based cell wall polymers associated with dif-
ferentS. aureus strains and the related affords to deliver

well-defined fragments through synthetic chemistry.

Introduction

Staphylococcus aureus is a commensal ubiquitous Gram-positive
bacterium associated with a range of severe infections (skin and
soft tissue infections, sepsis, arthritis, pneumonia, bacteremia
and others) [1]. Although S. aureus can be present as asymptom-
atic colonizer, most of the infections are hospital acquired and
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affect mainly young children, elderly, immunocompromised
and post-surgical patients, leading to high health-care costs and
higher risk of in-hospital deaths [2]. The rise of highly antibiotic
resistant strains, such as Methicillin resistance S. aureus (MRSA),
urges the development of new treatments [3]. In the last decade
much attention has been focused on the development of active
or passive immunization strategies [4].

The structurally complex cell envelope of S. aureus is com-
posed of peptidoglycan, cell wall glycopolymers and proteins
[S]. All of these are involved in several physiological processes
and they play a key role in staphylococcal virulence, making
them potential antigen candidates. Fig. 1 shows a schematic
representation of S. aureus cell wall, highlighting the major
classes of glyco-based cell wall components that have been
found to be promising antigen candidates: (1) biofilm, (2)
capsular polysaccharides [6], the structure of which varies
between strain types and which may also be absent; (3) wall
teichoic acids (WTAs) and lipoteichoic acids (LTA) [7], which
are anionic glycopolymers either covalently attached (as for
WTA) to the peptidoglycan or anchored to the lipid bilayer
(for LTA) through hydrophobic interactions, respectively; (4)
the thick peptidoglycan layer. Herein we present an overview
of the major carbohydrate-based antigen candidates of S.
aureus for which organic synthesis efforts have delivered
well-defined fragments to delineate clear structure-activity
relationships. These fragments are attractive tools not only
for vaccine applications but also for diagnostics as well as
other interaction studies (such as lectin binding) and biosyn-
thesis studies.
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Fig. 1. Schematic representation of the cell wall from S. aureus.
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PNAG

Biofilm formation represents one of the bacterial defence
mechanisms against both host immune response and anti-
biotics. Poly-B(1-6)-N-acetylglucosamine (PNAG) is a cell sur-
face polysaccharide produced not only by many bacterial
species, including S. aureus, but also fungi and protozoal
parasites [8]. Thus, in the last decades much attention has
been addressed to the immunological properties of PNAG and
its potential application in vaccine development [9]. The
structure of PNAG is shown in Fig. 2A and it has been reported
that about 10-20% of the amino groups are not N-acetylated
(dPNAG) [10].

Native PNAG and chemically deacetylated dPNAG have
been conjugated to diphtheria toxoid to generate model
vaccines that were evaluated in different animal models
and it was observed that antibodies against dPNAG were
more effective in mediating opsonophagocytic killing than
the ones raised against the PNAG conjugate [11]. Native
polysaccharides are generally obtained as a heterogeneous
mixture of oligosaccharides, varying in length and substitu-
tion pattern with different immunological activity. Chemi-
cally synthesized, well-defined fragments, on the other hand,
can be used to define the structure-immunogenicity relation-
ships. In 2007, Nifantiev and co-workers reported the syn-
thesis of well-defined GINAc and GIcN based fragments up to
the undecamer level, equipped with an aminopropyl linker
for further functionalization [12]. The strategy relied on the
building blocks 1, 2 and 3 (Fig. 2B) [13], in which the C-6-OH
were temporarily protected with acetyl groups, while the C-3
and C-4 hydroxyl groups were protected as benzoyl esters.
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The presence of a phthalimide group at the C-2-nitrogen
allowed to direct the stereoselectivity of the glycosylation
reactions via neighbouring group participation. In order to
define structural requirements for immunogenicity, penta-
saccharide 4 and nonasaccharide 5§ were selected to be
functionalized and conjugated to a carrier protein for immu-
nization experiments [14]. The N-acetylated derivatives 6 and
7 were also generated and coupled to modified tetanus toxoid
(TT) protein generating four glycoconjugates. Mice were
immunized with the four synthetic glycoconjugates, after
which the opsonic activity of the generated sera was evaluat-
ed. These studies confirmed that antibodies raised against the
GIcN conjugates from 4 or 5 had greater opsonic activity than
the ones raised against GIcNAc conjugates derived from 6 or
7. Interestingly, the former antibodies were cross-reactive
towards native PNAG and dPNAG, while dPNAG was not
recognized by antibodies raised against conjugates of N-acet-
ylated oligosaccharide ligands. The summary of potential
cases for the use of PNAG and dPNAG related vaccine con-
jugates against different types of pathogens is described in the
review in the same thematic issue of this journal [15].

Capsular polysaccharides (CPs)

Capsular polysaccharides (CPs) are extracellular cell-wall
components comprising long polysaccharide chains cova-
lently attached to the peptidoglycan layer. They represent
a first line of defence for bacteria by shielding important cell-
wall constituents and providing a mechanism to evade
phagocytic uptake and Kkilling by the host immune system
[16]. They also contribute to host colonization and biofilm
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formation and thereby in the progression of invasive diseases.
To date, 13 serotypes have been identified among the clinical
S. aureus isolates, carrying different CPs [17].

S. aureus CP5 and CP8 are the most abundant among the
clinicalisolates, and they account for the 25%-50% of clinically
encountered MRSA [18]. Most of the vaccine candidates that
reached an advanced stage in clinical trials, contained either of
these two CPs as antigenic component [19]. CPS and CP8 are
structurally very similar [20]. The first is constituted by a
trisaccharide repeating unit composed of an N-acetyl man-
nuronic acid, B-(1,4) linked to an N-acetyl-L-fucose moiety,
bearing an acetyl group at the C-3-alcohol, which is a-(1,3)-
linked to an N-acetyl-p-fucose. The repeating units are linked
through an B-(1,4)-linkage between the latter fucose and the
mannuronic of the next repeating unit (Fig. 3A). The trisaccha-
ride unit from CP8 is composed of the same monosaccharides,
but the mannuronic acid is B-(1,3) linked to an N-acetyl-L-
fucose and the acetyl substituent is placed on the C-4-hydroxy
of the mannuronic acid unit and the N-acetyl-p-fucose is linked
to the C-3 of the mannuronic acid through an «-linkage
(Fig. 3A). These structures have been shown to possess zwitter-
ionic character originating from the presence of a negative
charge from the mannuronic acid and a positive charge, result-
ing from (random) deacetylation of one of the two fucose
residues. Currently it is not known how many positive charges
are found in these structures and where exactly they reside in
the polysaccharides [21].

The synthesis of these two CP trisaccharide units repre-
sents a great challenge due to the presence of several 1,2-cis
glycosidic linkages, the anionic charges and the O-acetyl

substituents. Fig. 3B and C summarizes two approaches
developed to date to assemble these challenging structures.
The first synthesis of the CP5 repeating unit was reported by
Adamo and co-workers (Fig. 3B) [22]. In their strategy, a
benzyl glucuronate imidate donor 8 was used to introduce
the B-linkage to the C-4 of the r-fucose, after which it was
transformed into the required mannosaminuronic acid. The
final glycosylation with a spacer equipped fucose building
block 10 proceeded with poor selectivity, but enough mate-
rial was generated to allow for completion of the synthesis.
From the immunological evaluation by competitive ELISA
and immunodot blot experiments, it has become clear that
longer fragments are needed to be sufficiently antigenic and
effectively mimic the native CP structures. After this first
synthesis, different approaches to generate the same trisac-
charide have been reported by Boons [23], Demchenko [24],
Codée [25], and Kulkarni [26]. The approach by Codée
differed from the other strategies as a mannosaminuronic
acid building block was employed (Fig. 3C). The use of
compound 12 obviated the need for a late stage oxidation
reaction and it secured the stereoselective construction of
the challenging 1,2-cis mannosaminuronic acid linkage. The
stereoselectivity in the construction of the fucosyl linkages
was controlled by adjusting the reactivity of the fucosyl
donors. Thus, the relatively disarmed donor 13 was used
to construct the 1,2-cis fucosamine linkage, likely through
the generation of an a-triflate intermediate, whereas a rela-
tively armed fucosazide synthon (14) was employed for the
formation of the 1,2-trans fucosyl linkage with aminopen-
tanol linker.
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Up to now only one synthetic route towards the CP8
trisaccharide unit has been described [27]. In 2015 Dem-
chenko and co-workers reported the synthesis of the trisac-
charide bearing methyl groups at the sites of propagation (19,
Fig. 3D). In line with Adamo’s strategy for the assembly of
CPS5 trisaccharide 11, a glucosyl donor was used as a precursor
for the mannosaminuronic acid. Later Demchenko and
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co-workers also reported the assembly of a hexamer fragment
(Fig. 3E) [28]. At first a [3+3] strategy was explored, but no
glycosylation occurred probably due to steric hindrance.
Therefore, a different synthetic approach was adopted based
on a [2+1+3] strategy using building blocks 20, 21 and 22.
Unfortunately, deprotection proved challenging and the re-
quired deprotected fragment could not be obtained. This
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illustrates well the difficulties associated with the assembly of
these complex glycans. To date, no extensive biological stud-
ies have been reported using the synthetic CP5 or CP8 tri-
saccharides. However, as described above, it can be concluded
from the competitive ELISA assay and immunodot blot anal-
ysis performed by Adamo, that longer fragments will be
necessary to understand the key structural immunogenic
elements of these saccharides. This is a clear incentive to
develop more effective synthetic chemistry to procure these
challenging structures.

Fig. 3A also depicts the capsular polysaccharide from S.
aureus stain M, the isolation of which was reported in 1969 by
Smith [29]. The complete molecular structure was elucidated
by Murthy et al. in 1974 [30] and it was shown that the
repeating unit consists of an N-acetyl-p-fucose «(1,4)-linked
to an N-acetyl-p-galacturonic acid, which is «(1,4) linked to a
second N-acetyl-p-galacturonic acid, connecting to the next
fucose moiety of the next trisaccharide repeating unit
through an a-(1,3)-linkage. It has been described that a
taurine unit is incorporated in one out of four GalNAcA
sugars through an amide bond. One synthesis of the trisac-
charide repeating unit has been reported [31]. For the con-
struction of the challenging o-galactosaminuronic acid
linkages, silylidene protected galactosamine building blocks
were used as these represent the most reliable type of galac-
tosamine donors to furnish the required 1,2-cis linkages [32].

Wall and lipoteichoic acids

Teichoic acids (from the Greek word rexo(, fortified wall) are
structurally diverse anionic carbohydrate-based polymers
that can be found in the cell wall of the majority of Gram-
positive bacteria. They are divided in two main classes: wall
teichoic acids (WTAs), which are covalently attached to the
peptidoglycan matrix, while lipoteichoic acids (LTAs) are
inserted in the lipid bilayer through a diacyl glycerol lipid
anchor. They are involved in several important biological
processes contributing to bacterial fitness and virulence [33].
Since TAs are exposed to the extracellular milieu, they con-
stitute possible recognition sites for host cell surface lectins,
antibodies of the host immune system and phage binding
[34]. TAs have been considered to be suitable antigen candi-
dates for vaccine development [35]. The WTA from S. aureus
is generally constituted by 1—5-linked ribitol phosphate
(RboP) units, which can be modified with p-alanine substi-
tuents at the C-2 and «- or B-N-acetylglucosamine appen-
dages at C3 or C4 (Fig. 4A) [32]. However, some strains carry
structurally different WTAs. For example, the WTA from S.
aureus ST395 is composed of 3—1 linked glycerol phosphate
(GroP) chains, where the C-2 position can be decorated with
either p-Ala or a-GalNAc substituents (Fig. 4A) [36]. In con-
trast, S. aureus LTAs feature 1—3 linked GroP-oligomers hav-
ing p-Ala or a-GIlcNAc substituents [37]. Notably, the GroP-
backbone of WTA and LTA are enantiomeric structures,
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whose stereochemistry has been assigned based on their
biosynthetic pathways. While GroP-WTA is built by oligo-
merization of CDP-sn-3-glycerol, LTAs are constructed using
phosphatidyl-sn-1-glycerol (Fig. 4A) [38].

In 2006 Pozsgay and co-workers reported the synthesis of
an RboP-octamer and dodecamer, equipped with an amino
spacer for further conjugation to BSA as carrier protein [39].
Their synthetic strategy relied on the introduction of the
phosphodiester linkage using the phosphoramidite ap-
proach, developed for solid-phase oligonucleotide assembly.
While the solution phase chemistry proceeded uneventfully,
it proved too difficult to translate the chemistry to an auto-
mated solid phase format. The generated octa- and dodeca-
mer were conjugated to BSA to generate a prototype vaccine,
but no evaluation of the WTA-BSA conjugates has been
reported to date. Three RboP oligomers were recently synthe-
sized by a team at Sanofi Pasteur, featuring either a-p-GlcNAc
or B-p-GIcNAc at all C-4 hydroxyls of a RboP octamer (26 and
27) or a B-p-GlcNAc at all C-3 hydroxyls of a RboP nonamer
(29, Fig. 4B) [40]. Also this group used phosphoramidite
chemistry to construct the phosphodiester linkages. A pro-
tecting group scheme was developed that allowed for a
convergent assembly approach. To this end the orthogonal
pair of a levulinoyl ester and para-methoxyphenyl (MP) ether
was used. All coupling events proceeded uneventfully, show-
ing the reliability of the phosphoramidite chemistry even in
the condensation of large blocks. All fragments were
equipped with a linker to generate TA-protein conjugates.
Notably, the spacer was attached to these WTA oligomers at
the ‘non-peptidoglycan’ side. To access the immunological
properties of the different glycosylated RboP oligomers, the
synthetic fragments 26, 27 and 29, alongside native RboP
isolated from different strains, were conjugated to rEPA or S.
aureus alpha toxin (HladM). The conjugation was achieved
via carbodiimide condensation reactions using hydrazide
linker derivatives. Immunization in mice was performed
using conjugated and non-conjugated fragments, with or
without adjuvant, and IgG1 and IgG2 titers were determined
after 0, 21, 35 and 42 days. A strong and robust immune
response was elicited when the conjugates were used in
combination with an adjuvant. No differences were detected
between synthetic and native TAs, but it was observed that
the C-4-B-GIlcNAc RboP-conjugate was able to induce anti-
bodies that were cross-reactive towards different S. aureus
strains, carrying either C-4-B-GIcNAc or C-3-B-GIlcNAc sub-
stituents, suggesting that this antigen can be used for the
development of a broad-spectrum S. aureus vaccine.

The role of the different glycosylation patterns on S. aureus
WTA is under active investigation. Recently it has been sug-
gested that changing Rbo-GlcNAc glycosylation might contrib-
ute to S. aureus escape from host immune surveillance [41]. Ina
study by Peschel and coworkers, a screen on S. aureus genomes
was performed with the intent of identifying paralogues of

www.drugdiscoverytoday.com 39
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Fig. 4. (A) General structure of a RboP-WTA, GroP-WTA and GroP-LTA from S. aureus and their biosynthetic precursors CDP-sn-5-ribitol CDP-sn-3-
glycerol and phosphatidyl-sn-|-glycerol. (B) The assembly of WTA oligomers at Sanofi-Pasteur. (C) Chemo-enzymatic synthesis of glycosylated WTA
hexamers for the generation of fluorescent magnetic WTA-beads for antibody binding. (D) A selection of GroP-LTA fragments of S. aureus synthesized by
Schmidt's group. (E) Automated solid phase assembly of LTA-pentadecamers bearing different glycan appendages.
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WTA biosynthesis genes. It was found that three S. aureus
prophages were able to encode for a glycosyl transferase, TarP,
which was shown to be 27% identical to the well-known TarS
enzyme, that transfers the B-GlcNAc to the RboP units. Syn-
thetic RboP fragments were used to unravel the activity of this
glycosyl transferase and it was shown that while TarS places the
carbohydrate on the C4 of the ribitol backbone, TarP places the
B-GlcNAc on the C3 position. In order to probe the effect on
immunogenicity of these subtle differences in glycosylation
activity, sera from healthy human donors were evaluated for
binding with the different B-GIcNAc-WTA types. A relatively
low IgG titer towards TarP glycosylated Rbo-WTA was found as
compared to the TarS homologue, leading to the hypothesis
that the former enzyme can be used by S. aureus for immune
evasion. Differentresults however were obtained by Van Sorge’s
group, who used the synthetic hexamer for the generation of
enzymatically glycosylated Rbo-WTA structures (Fig. 4C) [42].
In this study compound 30 was first biotinylated and subse-
quently glycosylated with either TarS (delivering C4-BGlcNAc),
TarM (leading to C4-aGIcNAc) or TarP (yielding C3-GIcNAc).
The enzymatically glycosylated fragments were immobilized
on streptavidin coated beads and used to probe binding of IgG
antibodies present in pooled sera of healthy human donors. It
was observed that the titer of IgGs against the TarS glycosylated
WTA was higher than the titer against the TarP glycosylated
WTA, but the level of antibodies against the latter was still
significant. The designed protocol (Fig. 4C) using well defined
fragments proved to be much more sensitive than the assay
used by Gerlach et al. [40]. The WTA-beads have also been used
to probe antibody mediated phagocytosis, showing effective
uptake of the TarS and TarP modified WTA-beads.

A large set of S. aureus type LTA-oligomers has been syn-
thesized by Schmidt and co-workers. Fig. 4D shows a selection
of these fragments, in which a lipid anchor as well as
a-GIcNAc and p-Ala substituents were incorporated [43].
For the assembly of these structures, Schmidt and co-workers
used phosphoramidite building blocks. To introduce the
labile p-Ala moieties, the oligomers were assembled masking
the alcohols that were to carry the ester with PMB-ethers.
After oxidative cleave of these ethers, the p-Ala esters were
formed, after which a final hydrogenation delivered the
target compounds. The set of oligomers were used to establish
the structural requirements needed to elicit an innate im-
mune response. As assessed by cytokine production in a
whole blood assay, it was observed that both lipid anchor
and positively charged p-Ala substituents were important
structural features for the innate immune stimulating activity
[44].

Different solid phase approaches have been developed for
the construction of GroP oligomers. Snapper and co-workers
[45] used a phosphoramidite building block, having a DMTr
as orthogonal protecting group at the site of elongation, and a
benzoyl group at the secondary alcohol, even though it is

Drug Discovery Today: Technologies | Translating basic research into novel vaccine

known that migration to the primary position readily takes
place. Snapper generated a GroP decamer on a controlled
pore glass solid support, and after release from the resin and
concomitant removal of all protecting groups the crude
product (no purification or characterisation of the material
has been reported) was conjugated to tetanus toxoid (TT).
Mice serum raised against this glycoconjugate showed to
mediate opsonophagocytic killing of S. aureus in vitro and
protection in an in vivo bacteremia model. Codée and co-
workers reported the synthesis of a large set of GroP-based TA
fragments using automated solid phase synthesis (Scheme 4E)
[46]. A universal solid support was used in order to avoid the
need of linker functionalized building blocks and at the end
of the assembly a fluorous aminospacer phosphoramidite 39
was used to facilitate purification of the long fragments.
Several pentadecamers were synthesized having different
carbohydrate substituents, including a-GlcNAc from S. aureus
LTA, at different position along the chain. The generated
library was applied for the generation of a TA-based micro-
array. This technology allows the rapid, simultaneous screen-
ing of biomolecules using low amounts of ligands and it was
used to explore the binding of different antibodies. First a
monoclonal antibody raised against S. epidermidis LTA was
used to access the feasibility of the assay. Subsequently, rabbit
serum raised against native LTA from E. faecalis 12030 was
used and a high titer of IgG antibodies that were directed
exclusively towards glycosylated fragments was detected. In
the case of serum raised against a synthetic LTA GroP-glyco-
conjugate, carrying a single terminal glucose appendage
(WH?7-BSA), a very specific interaction was observed not only
depending on the type of substituent (Glc vs GIcNH, or
GIlcNAC), but also regarding the position of the monosaccha-
ride along the chain, suggesting that a specific immune
response can be elicited when a vaccine modality with a
well-defined TA fragment is used.

Conclusion

Because of the rise of antibiotic resistant S. aureus strains
much effort has been focussed on the development of vac-
cines to combat these bacteria. Initial immunization experi-
ments based on the use of cell wall glycans have proved to be
promising, although these vaccines have not yet progressed
into further advanced stages of clinical testing. Many ques-
tions remain regarding the different and varying sugar coats
of S. aureus in relation to host-pathogen interactions and
vaccination purposes. Establishing detailed structure activi-
ty/immunogenicity relationship will be required to unravel
which structures are optimal for the development of effective
S. aureus treatments. In the last decade, much progress has
been made in the generation of well-defined carbohydrate-
based structures. This review has provided an overview of the
synthetic strategies reported for the assembly of cell surface
and capsular polysaccharides, as well different glycosyl
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substituted teichoic acids oligomers. For the latter class of
compounds DNA-type chemistry has been harnessed to en-
able the automated assembly of libraries of different oligo-
mers, varying in length and substitution pattern. An
outstanding challenge remains the incorporation of the labile
p-alanine residues in the structures. This will have to be done
in conjunction with the development of a strategy that
enables the rapid generation of a larger library of TAs with
varying glycosylation patterns. The assembly of S. aureus
capsular polysaccharides has proven to be significantly more
challenging and although single repeating units have been
synthesized of the most prevalent serotypes, longer frag-
ments, encompassing more than one repeating unit has
not been achieved. From the limited interaction studies
reported to date it has become clear that longer structures
are required for high affinity interactions. Synthetic frag-
ments cannot only be employed for vaccine purposes, but
also to probe binding to various cell-surface receptors and
phage proteins and to unravel biosynthesis pathways.
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