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Chapter 1 – General Introduction

Staphylococcus aureus is an opportunistic pathogen
Staphylococcus aureus is a Gram-positive colonizer of the skin and nasopharynx,
where it asymptomatically colonizes 20-30 % of the human population. However, S.
aureus is also an opportunistic pathogen, with nasal colonization actually providing
an increased risk of invasive disease (1). It can cause a wide spectrum of diseases,
ranging from relatively minor skin infections such as cellulitis and impetigo, to lifethreatening diseases such as pneumonia, osteomyelitis, meningitis, endocarditis,
and sepsis (2). S. aureus is well known for its antibiotic resistance, with methicillinresistant S. aureus (MRSA) as a prime example. MRSA infections are increasingly
hard to treat and MRSA is therefore classified by WHO as a high priority pathogen
for which we urgently need new treatments (3). Before 1990, MRSA was primarily
known as a healthcare-associated pathogen (HA-MRSA), which was often transmitted
to immune-compromised patients by colonized healthcare workers (4). However,
community-associated MRSA (CA-MRSA) strains have emerged that are capable of
infecting healthy individuals (5). In the United States, the most prevalent CA-MRSA
isolate, USA300, is the most common cause of skin- and soft tissue infections (5).
Nowadays, S. aureus has also become resistant to other antibiotics, including
vancomycin, daptomycin, and linezolid, which are so-called “drugs of last resort”
to treat MRSA infections (6). As a result of the increased antibiotic resistance and
the increased number of infections caused by antibiotic resistant strains, novel
antimicrobial therapies and infection prevention by development of vaccines have
become major focuses of S. aureus research. Despite large investments there is no
suitable S. aureus vaccine yet. To identify new targets for effective therapies or vaccines,
we need to better understand how S. aureus causes virulence and interacts with the
host during infection. S. aureus has evolved a large arsenal of virulence factors, which
enables the bacteria to evade the host immune system and cause disease (7). Over 60
extracellular and surface-associated molecules have been identified that have a role
in virulence, which can be broadly divided into three classes: 1) adhesion to host cells
or abiotic surfaces, enabling biofilm formation, 2) promotion of tissue damage and
bacterial dissemination, and 3) protection from killing by evasion of the host immune
system, primarily by evasion of neutrophils (8). Understanding the function of this
repertoire of virulence factors is key to the identification of new targets for therapies
or vaccines.
Polysaccharides and glycosylated molecules are abundantly present in the S. aureus
cell wall. Since these structures play an important role in bacterial physiology,
virulence and interaction with the host, they are key targets for a vaccine and other
therapeutic approaches. Below, I will provide a summary of the current knowledge of
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glycosylated structures that decorate the S. aureus surface. This will be followed by a
review of the host receptors that have been identified to interact with the most
abundant glycosylated structure, wall teichoic acid, and the role of skin-resident
immune cells in the immune defense against S. aureus.

Figure 1. Glycan components of the S. aureus cell wall.
Peptidoglycan forms a structural meshwork that surrounds the plasma membrane. Lipoteichoic acid
(LTA) is linked to the plasma membrane, whereas wall teichoic acid (WTA), capsular polysaccharide (CP)
and glycosylated proteins are covalently attached to peptidoglycan.
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Glycosylated cell surface components of S. aureus
Similar to other Gram-positive bacteria, S. aureus has a single cell membrane
surrounded by a thick peptidoglycan layer, which is the main structural component
of the bacterial cell wall. Besides peptidoglycan, the cell wall contains another
glycopolymers known as wall teichoic acid (WTA) and capsular polysaccharides (CP),
as well as multiple cell surface proteins of which several are modified by glycans
(Figure 1) (9). Although S. aureus surface proteins have been extensively studied,
our knowledge on glycans and glycosylated structures is limited because bacterial
glycobiology is a challenging field to study (10). Unlike proteins, which follow the
central dogma of being encoded in the genome, glycans are not encoded by a single
gene but are instead assembled from monosaccharides by dedicated enzymes in
multi-step processes. Moreover, the pool of monosaccharide building blocks is larger
than the pool of amino acids, and in contrast to proteins, glycans have the possibility
to branch, which leads to a very high diversity in glycan structures (10).

Peptidoglycan
Peptidoglycan is a thick macromolecular structure that surrounds the plasma membrane.
It protects the bacteria from the environment and enables them to withstand the high
internal osmotic pressure known as turgor. Peptidoglycan is essential to bacterial survival,
and enzymatic digestion of peptidoglycan by enzymes such as lysostaphin results in
bacterial lysis. Structurally, peptidoglycan is composed of glycan chains with attached
pentapeptides that are crosslinked by peptide bridges, which creates a strong meshwork
structure (11). The biosynthesis of peptidoglycan is initiated intracellularly on a membrane
anchor called undecaprenyl-phosphate (C55-P). A N-acetylglucosamine (GlcNAc) and
N-acetylmuramic acid (MurNAc) disaccharide with a pentapeptide stem (L-Ala - D-isoGln - L-Lys - D-Ala - D-Ala) attached to the MurNAc residue is built on this lipid carrier in
consecutive steps, resulting in a structure known as Lipid-II. This structure is subsequently
translocated to the extracellular environment and the disaccharide with pentapeptide
structure is linked to the existing peptidoglycan by penicillin binding proteins (PBPs). One
of these enzymes, PBP2, has glycosyltransferase activity to polymerize the glycan chains
as well as transpeptidase activity to crosslink the glycan chains with pentaglycine (Gly5)
bridges (11, 12). Multiple other cell wall components can be attached to peptidoglycan.
WTA and CP are linked to the MurNAc residues, while a group of around 20 proteins
carrying a C-terminal LPxTG motif are covalently linked by the transpeptidase Sortase
A to the pentaglycine bridge (13). S. aureus peptidoglycan is highly immunogenic and is
rapidly opsonized by antibodies and complement, which facilitates phagocytosis (14-16).
Bacteria conceal the immunogenic properties of peptidoglycan through decoration with
different structures such as WTA or CP.
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Capsular polysaccharide
Similar to other bacteria that cause invasive disease, S. aureus can express a capsular
polysaccharide (CP). CP protects the bacteria from phagocytosis by preventing antibodyand complement deposition, contributes to abscess formation, and mediates adhesion
to surfaces (17, 18). In the 1930s, the first capsule-producing strains were identified. These
capsules were thick enough to be observed by light microscopy (19). Eventually more
strains were identified to produce capsule, resulting in a classification of 11 capsular
serotypes based on agglutination by specific antisera (20). Serotypes 1 and 2 produce the
thick capsule discovered in the 1930s, but these strains are rarely isolated from patients.
All other serotypes produce a microcapsule, of which CP5 and CP8 are most commonly
encountered in clinical isolates, representing approximately 25 % and 50 % of the total
isolates, respectively (19). Most MRSA isolates belong to serotype 5 (64 %) whereas MSSA
isolates mainly belong to serotype 8 (60 %) (21). Structurally, CP5 and CP8 are composed
of similar repeating trisaccharides of D-N-acetyl mannosaminuric acid (ManNAcA), L-Nacetyl fucosamine (L-FucNAc) and D-FucNAc, but differ based on glycosidic linkages
and O-acetylation sites (22). Even though structures of CP5 and CP8 are fairly similar,
CP5 is more virulent and causes higher bacteremia levels than CP8 in mice due to better
resistance to phagocytic killing, when expressed in an isogenic background (23).
CP5 and CP8 are synthesized by enzymes encoded in the chromosomally allelic cap5A-P
or cap8A-P operons (24). The trisaccharide is synthesized on the universal membraneanchored lipid carrier C55-P, transported to the extracellular environment, polymerized,
and linked to MurNAc in peptidoglycan by the LytR-CpsA-Pst (LCP) family of proteins
(24, 25). Capsule expression is mainly regulated by the agr quorum sensing system,
which regulates growth and expression of virulence factors and adhesins in response
to bacterial density (19). Thereby agr enables S. aureus to adapt itself to environmental
conditions in situations of colonization, acute infection, or chronic infection. Strains
isolated from patients with chronic S. aureus infection often lack capsule expression
(26), which regularly coincides with inactivating mutations in agr (27). This co-occurs
with an increase in cell wall protein expression that promotes invasion of host cells (26).

Glycosylated cell wall anchored proteins
The function of many of the LPxTG cell wall anchored proteins expressed by S. aureus
have been extensively examined and characterized both in vitro and in vivo. However,
several of these proteins were only recently discovered to be glycosylated, which can
greatly impact protein function and stability. So far, the identified glycosylated proteins
of S. aureus include SraP (28) and the SDR family (29), which all have important functions
in colonization and virulence of S. aureus. However, as only few unbiased approaches
to identify more glycosylated proteins of S. aureus have been performed, we cannot
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exclude the possibility that S. aureus glycosylates even more of its cell surface proteins.

SDR family
S. aureus expresses a group of cell wall-associated proteins containing domains of serineaspartate repeats (SDR), which includes clumping factor A (ClfA), clumping factor B (ClfB),
and SDR proteins C, D, and E (30). ClfB, SdrC and SdrD are involved in nasal colonization,
in which ClfB in particular was shown to interact with loricrin in the stratum corneum
of the host anterior nares (31, 32). Other functions of SDR proteins affect bacterial
survival during systemic infection, such as inducing agglutination of fibrin fibrils in blood
(ClfA), biofilm formation (SdrC), inhibition of bacterial killing (SdrD), inducing platelet
aggregation (ClfA, ClfB and SdrE) or inhibition of the alternative pathway of complement
by binding factor H (SdrE) (33-37). For a yet unknown reason, MSSA strains express SdrC
but not SdrD and SdrE, which greatly limits infectivity by MSSA strains (38).
The SDR proteins were discovered to carry glycan modifications through characterization
of an anti-SDR antibody that is specific for a GlcNAc mono- or disaccharides modification
of the proteins (29, 33). Two novel glycosyltransferases, SdgA and SdgB, modify serines in
SDR regions common to all SDR proteins with the GlcNAc disaccharide, in which the first
GlcNAc is O-linked by SdgB and the second one by SdgA. The SDR glycans are important in
infection by S. aureus as they protect the modified proteins from proteolytic degradation
by neutrophil-produced cathepsin G (29). In addition, the glycan modifications protect
ClfA from proteolysis in a murine infection model, thereby increasing virulence (33).
SdgB-mediated sugar modification of SDR proteins are immunodominant epitopes
for antibodies, which are highly opsonic and represent a large proportion of the total
antibody pool against staphylococci (29). Therefore, protecting from proteolysis and
promoting infection on the one hand, but increasing immunogenicity on the other hand,
provides a precarious balance for S. aureus in its interaction with the host.

SraP
Serine-rich adhesion for platelets (SraP) is a 227 kDa cell wall-anchored protein in S.
aureus that belongs to the larger family of serine-rich repeat (SRR) glycosylated proteins
in Gram-positive bacteria (28, 39, 40). SraP is encoded in an operon with accessory
secretion (Sec) proteins that are exclusively dedicated to the transport of SraP (41).
Also included in this operon are genes encoding the glycosyltransferases GtfA and
GtfB that modify the SRR domains of SraP with GlcNAc-containing oligosaccharides
(42). Different from glycosylation of SDR family proteins, both glycosyltransferases
are required for this process. The SraP domain SRR1 and the nonrepeat region directly
bind to human platelets and expression of SraP increases virulence in a rabbit model of
endocarditis (39). Structural and mutational analyses indicate that SraP interacts with
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sialylated host receptors, but the exact molecular interaction partners of SraP have not
been pinpointed yet (43). The involvement of SraP glycosylation to protein function
is also still largely unknown. Based on homology to other SRR family members, full
glycosylation of SraP is likely essential for solubility and export of the protein (44).

Wall teichoic acid
Teichoic acids are cell surface glycopolymers that are either linked to the plasma
membrane (lipoteichoic acid; LTA) or to peptidoglycan (wall teichoic acid; WTA) (Figure 1).
LTA is essential for bacterial viability as it plays a crucial role in cell division (45). In addition,
it mediates processes such as autolysin activity and biofilm formation (46). WTA protects
the bacterium against environmental stress, such as heat and antimicrobial molecules,
and is important in cell wall maintenance, growth and cell division (47). In addition, WTA
plays a role in cation homeostasis, is involved in β-lactam resistance in MRSA, and serves
as a receptor for phages that enable horizontal gene transfer (47-49).

Figure 2. Schematic representation of S. aureus WTA structures.
(A) The common S. aureus WTA consists of a RboP backbone, which can be modified by α-GlcNAc or
β-GlcNAc at the RboP C4 hydroxyl and D-alanine at RboP C2. Antigen 336 structurally resembles RboP
WTA, but has β-GlcNAc linked to RboP C3. (B) WTA unique to S. aureus lineage ST395 consists of a GroP
backbone, modified by α-GalNAc or D-alanine at the GroP C2 hydroxyl. The enzymes catalyzing the
particular modifications are indicated inside parentheses.
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Structure and biosynthesis of RboP WTA
In the majority of S. aureus lineages, WTA is composed of a poly-ribitol-phosphate (RboP)
backbone of up to 40 subunits that are modified by D-alanine and N-acetylglucosamine
(GlcNAc) residues (Figure 2) (50). WTA biosynthesis can be divided into six steps:
initiation, polymerization, glycosylation, translocation, D-alanylation and anchoring. In
the S. aureus lineages that produce WTA with a RboP backbone structure, the synthesis
is catalyzed by Tar enzymes. WTA synthesis is initiated intracellularly on C55-P by TagO
(24). This is extended by TarA, TarB and TarF to produce a linkage unit that consists of
GlcNAc, ManNAc and two glycerol-phosphate (GroP) moieties (24). The main poly-RboP
backbone of WTA is polymerized on this linkage unit by TarL and TarK (51).
WTA glycosylation takes place intracellularly and is catalyzed by glycosyltransferase
enzymes TarM and TarS. Both enzymes link N-acetylglucosamine (GlcNAc) residues to
the C4 hydroxyl group of the WTA RboP subunits (Figure 2). Due to the anomeric C1
carbon in GlcNAc, it can be α-O-linked by TarM or β-O-linked by TarS (48, 52). Although
RboP WTA is found in various other Gram-positive bacteria, tarM and tarS are unique
to S. aureus. TarS is highly conserved in the S. aureus genome and is clustered with
other tar WTA biosynthesis genes, while tarM is located elsewhere in the genome
(50). Interestingly, tarM is absent in multiple S. aureus lineages such as CC5 and CC398
and has likely been lost in multiple independent evolutionary events (53). The protein
structures of TarM and TarS show that both proteins form homotrimers, in which each
monomer is able to retain UDP-GlcNAc that can be transferred to RboP C4 (54-56).
After completion of the structure, WTA is translocated to the extracellular space by
the ABC transporter TarGH (57, 58). In the extracellular environment, the C2 hydroxyl
groups of the RboP subunits of WTA can be D-alanylated by the proteins DltABCD
(Figure 2) (59, 60). WTA has a zwitterionic charge due to the positively-charged
D-alanine residues and negatively-charged phosphates of the RboP subunits (60).
The incorporated positive charge causes resistance to cationic antibiotics such
as vancomycin (61) and cationic antimicrobial peptides such as LL-37 (59, 62).
Once translocated across the membrane, WTA is covalently linked to MurNAc in
peptidoglycan by LCP proteins (25, 63). The lipid carrier anchored to the plasma
membrane is transported back to the intracellular site and can function again as a
platform for the synthesis of novel glycoconjugates.

GroP WTA
S. aureus lineage ST395 strains produce WTA that is structurally distinct from the
RboP-GlcNAc WTA expressed by all other lineages. Instead, ST395 WTA consists a
GroP backbone decorated with N-acetylgalactosamine (GalNAc) residues, which are
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α-O-linked to GroP C2 by the glycosyltransferase TagN (Figure 2) (64). ST395 WTA is
structurally similar to WTA of coagulase-negative staphylococci (CoNS) such as S.
carnosus and S. lugdunensis, in which the GroP-GalNAc WTA biosynthesis genes are
all conserved.

Antigen 336
Approximately 10 % of human and up to 86 % of bovine S. aureus isolates are
classified as non-typeable (NT) as they do not produce CP5 or CP8, even though the
biosynthesis genes encoding the CP biosynthesis machinery are conserved (65-67).
These NT strains express a particular cell wall surface antigen named polysaccharide
antigen 336 that was originally thought to be CP (21, 68, 69). However, it closely
resembles WTA as it was determined to be a RboP-GlcNAc polysaccharide, but without
D-alanyl modifications and with β-O-GlcNAc sidechains linked to RboP C3 instead of
C4 (Figure 2) (70). For this antigen, the biosynthesis pathway has not yet resolved.

Function of WTA glycosylation
As mentioned previously, WTA is involved in a wide variety of processes. For several
of these functions, i.e. β-lactam resistance, phage adsorption and host receptor
interaction, WTA GlcNAc is particularly important.
β-lactam antibiotics target PBP2 to inhibit peptidoglycan synthesis and stop growth
of bacteria. In MRSA, PBP2 homologue PBP2a, encoded on staphylococcal cassette
chromosome (SCC) mec, has low affinity for β-lactam antibiotics and hence confers
resistance (71). Another enzyme of this class, PBP4, is also involved in β-lactam
resistance, especially in CA-MRSA (72). WTA β-GlcNAc was postulated to act as a scaffold
for PBP2a and proteins involved in PBP2a activity at the site of peptidoglycan synthesis,
thereby contributing to β-lactam resistance. This is further supported by upregulation
of tarS upon exposure to β-lactam antibiotics (48, 72). Therefore, approaches that
target WTA biosynthesis in combination with β-lactam antibiotics are promising
combination treatments of MRSA infections, for instance by targeting TarS (48, 71), the
ABC transporter component TarG (73), or the initiator enzyme TarO (74).
S. aureus WTA is required for phage adsorption. Phage-mediated horizontal gene
transfer between S. aureus lineages allows for exchange of S. aureus pathogenicity
islands (SaPIs) that encode virulence or antibiotic resistance genes, and is therefore
often beneficial to S. aureus (75). The phage lectin receptors often have different
specificities, depending on the phage type. Serogroup B Siphoviridae, such as Φ11
and Φ80, require WTA O-GlcNAcylation for adsorption to S. aureus and often act as
helper phages in the transfer of SaPIs (49). Others, such as serogroup D Myoviridae,
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are more promiscuous and only require a RboP or GroP backbone. These phages
therefore have a much broader host range as they can also infect other staphylococcal
and even other Gram-positive species (49). However, Podoviridae specifically require
S. aureus WTA β-O-GlcNAc and do not bind to WTA α-O-GlcNAc (53). As podophages
cause lytic infection in S. aureus, it is beneficial for the bacteria to express high levels
of WTA α-O-GlcNAc to prevent lytic activity. Consequently, S. aureus strains lacking
tarM are more susceptible to podophages (53). Due to the alternative structure of
ST395 WTA, typical S. aureus phages cannot bind to S. aureus ST395 strains. This
renders ST395 strains incompatible for horizontal gene transfer with other S. aureus
lineages, but instead they can exchange genetic material with CoNS species and even
Listeria monocytogenes (75). One particular phage, Φ187, requires GroP-GalNAc for
efficient adsorption to ST395, but the undecorated GroP backbone is also sufficient
for low-efficiency horizontal gene transfer (64). This allows for genetic exchange with
species such as S. epidermidis, that expresses a GroP WTA without GalNAc (64).
Finally, S. aureus WTA is also an important factor for interaction with host receptors,
which will be discussed in detail in the next section.

Molecular interplay between S. aureus WTA and host
receptors
S. aureus WTA interacts with multiple families of host receptors. One of these is the
scavenger receptor SREC-1, which functions as an adhesion receptor. SREC-1 interacts
with WTA in a charge-dependent manner, thereby mediating adhesion to nasal
epithelia and enabling long term colonization of S. aureus in the nose (76). Other
classes of receptors interacting with S. aureus cell surface glycans include innate
immune receptors of the C-type lectin receptor (CLR) family and specific antibodies
produced by the adaptive immune system.

Recognition of S. aureus WTA by the innate immune system:
C-type lectin receptors
The family of CLRs is a large group of carbohydrate-binding proteins that all contain a
C-type lectin-like domain (CTLD). They are found in all Metazoa and cover a wide variety
of functions, from cell adhesion and tissue remodeling to innate recognition and
endocytosis. The CTLDs of these proteins share a general architecture of a long double
loop structure, with N-terminal and C-terminal β-strands that form an antiparallel
β-sheet (77). CTLDs often have four Ca2+ binding sites, one of which is involved in
carbohydrate binding. CLRs are divided into 17 subfamilies, depending on their
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structure and function (Figure 3). Subfamilies II (asialoglycoprotein and DC receptors),
V (NK-cell receptors) and VI (Multi-CTLD endocytic receptors) are all transmembrane
proteins, many of which are expressed on myeloid cells and are therefore often involved
in innate immunity. A group of soluble innate immune receptors, the collectins, belong
to subfamily III. Together, these subfamilies form a class of pattern recognition receptors
(PRRs) that recognize carbohydrates expressed by pathogens such as viruses, bacteria,
parasites and fungi (78) as well as carbohydrates expressed on host cells. For the
remainder of this chapter, only the CLRs with innate immune functions will be discussed
and will collectively be referred to as CLRs. The CTLDs of this selection of receptors are
better known are carbohydrate recognition domains (CRD).

Figure 3. Overview of the C-type lectin receptor family.
The highlighted subfamilies collectively form a class of pattern recognition receptors.
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Subfamilies II, V and VI contain a wide variety of transmembrane CLRs expressed by
immune cells such as dendritic cells (DC), the main antigen-presenting cells (APCs) of the
immune system. Structurally, these CLRs are divided into two types. Type I CLRs contain
multiple CRDs and are oriented such that their N-terminus points into the extracellular
environment. This group only includes four receptors, i.e. macrophage mannose receptor
(MMR), DEC-205, Endo180 and phospholipase A2 receptor, of which only MMR and
DEC-205 are known to interact with micro-organisms (77). In contrast, Type II CLRs only
contain a single CRD, have their N-terminus oriented into the cytoplasm, and often form
multimers to increase ligand avidity (79). This group includes, amongst others, DC-SIGN,
langerin, Dectin-1, Dectin-2 and MGL. Most CLRs on DCs can polarize DC responses when
encountering pathogens by regulating gene expression through signaling cascades.
Thereby, they can affect CD4+ T cell activation upon antigen presentation by DCs. CLRmediated regulation of gene expression can occur in different ways. Some CLRs, such
as DC-SIGN, do not initiate their own signaling, but instead modulate gene expression
induced by other PRRs, such as toll-like receptors (TLR). In contrast, there are also CLRs
such as Dectin-1 and Dectin-2, that directly induce gene expression through signaling
motifs in their intracellular domain or by pairing with signaling adaptor molecules such
as the Fc receptor common γ chain, i.e. independent of other PRRs (78). Yet other CLRs,
such as langerin and DEC-205, have no identified signaling pathways for regulation of
gene expression, but are instead recycling receptors that facilitate endocytosis triggered
by particular carbohydrate structures (80, 81).
The collectins, CLR subfamily III, are soluble CLRs that are composed of a long collagenous
backbone with a terminal CRD (82). Collectins are an important component of the
innate immune system, and are present in all vertebrates (82). The best characterized
human collectins are mannose binding lectin (MBL), which mainly circulates in serum,
and lung surfactant proteins SP-A and SP-D. Other human collectins are CL-L1, CL-K1
and CL-P1 (83). All collectins form oligomeric structures and function by agglutinating
micro-organisms to facilitate clearance. In addition, MBL can activate the complement
system via the lectin pathway. In case of S. aureus, MBL binds WTA GlcNAc without
discriminating between α- or β-linked GlcNAc and subsequently activates complement
(84, 85). MBL interaction with S. aureus WTA is especially important in infants, since they
have not yet fully developed a mature adaptive immune system. In adults, MBL binding
to WTA is inhibited by high levels of WTA-specific antibodies (84, 85).
In the last two decades, two particular CLRs that are relevant to this thesis, langerin
and MGL, were shown to interact with glycans on human pathogens. These will
therefore be discussed in this chapter in more detail.
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Langerin
Langerin (also known as CD207) is a Ca2+-dependent type II CLR that is specifically
expressed on Langerhans cells (LCs) (80). LCs are immune cells in the epidermis and
mucosal tissues, where they play a key role in sensing and responding to invading
pathogens (80). They can take up and process antigens, subsequently migrate to
lymph nodes and present the antigen to T cells to induce systemic adaptive immune
responses (86, 87). Engagement of langerin triggers internalization of the ligand by
endocytosis, which is driven by successive zipper-like receptor-ligand interactions
that increasingly enclose the ligand. This is mediated by actin remodeling through the
cytoplasmic proline-rich motifs of langerin (80, 88). The internalized cargo is released
from langerin in the early endosome due to acidification, which highly reduces the
affinity for Ca2+ (89-91). This mechanism allows langerin to recycle between the
plasma membrane and endosomal compartments and causes a large proportion
of langerin molecules to reside intracellularly. Langerin is required for formation of
Birbeck granules, a cytosolic organelle specific for LCs of which the function is not
fully resolved yet but which appears to be involved in antigen-processing (80, 88, 92).

Langerin structure
Langerin is composed of four domains; a cytoplasmic domain, transmembrane region, neck
domain, and a CRD (80, 93). The CRD of langerin is critical for interaction with carbohydrate
structures. Glycan ligands of langerin that have been identified so far are oligosaccharides
β-glucan and mannan, as well as terminal mannose, fucose, GlcNAc or sulfated glycans. Of
these, langerin has the highest affinity for mannose and sulfated glycans (93). The affinity
of langerin for these specific carbohydrate structures confers the ability to recognize
specific pathogenic structures (94). Interestingly, several polymorphisms in langerin are
inherited throughout the human population, some of which alter the glycan binding
specificity of langerin (95, 96). For both ‘wild-type’ and polymorphic variants of langerin,
inferred binding specificities are based on glycan array analysis.

The neck domain of langerin is an α-helical coiled-coil, which is critical for
trimerization of langerin (92). Trimerization increases avidity for glycans, which is
required to effectively bind to glycan ligands (93). The langerin trimer is more rigid
than multimers of other CLRs such as DC-SIGN, which results in a more restricted
ligand binding pattern (93). The transmembrane domain of langerin contains a series
of hydrophobic residues and the short intracellular cytoplasmic domain consists a
proline-rich WPREPP motif (80). In general, PxxP motifs, which resembles WPREPP
in langerin, interact with src homology 3 (SH3) domain proteins that are involved in
cytoskeleton movement and vesicular trafficking (97). Deletion of the intracellular
domain results in aberrant formation and localization of Birbeck granules (92).
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Langerin interaction with micro-organisms
Langerin interacts with multiple pathogens, including fungi, bacteria and viruses
(98). The interaction between langerin and human immunodeficiency virus-1 (HIV1) has been especially well characterized (99). Langerin binds HIV-1 glycoprotein
gp120, which is glycosylated with mannose. Upon binding, HIV-1 is internalized and
degraded, which prevents infection of LCs and subsequent transmission to CD4+ T
cells (99). Thereby, langerin forms a natural barrier against HIV-1. Intriguingly, the
structurally related CLR DC-SIGN on dermal DCs also binds HIV-1, but promotes
transmission instead (100). The natural barrier against HIV-1 mediated by langerin
is further supported by observations that infection with herpes simplex virus type 2
(HSV-2) renders the host more susceptible to HIV-1 (101). HSV-2 also infects LCs, which
interferes with the capture of HIV-1 by langerin by decreasing langerin expression as
well as competing with HIV-1 for langerin binding.
For several micro-organisms, langerin is essential for the initiation of an appropriate
T cell-mediated immune response. For example, LCs present nonpeptide antigens
of Mycobacterium leprae, the causative agent of human leprosy, to CD4+ T cells in a
langerin-dependent manner (102). In addition, langerin interacts with the mannosylated
protein superoxide dismutase C (SodC) of M. leprae, but whether this results in antigen
processing is currently unclear (103). Similarly, measles virus is efficiently captured,
internalized and presented to CD4+ T cell by LC in a langerin-dependent mechanism
(104). However, interaction of langerin with micro-organisms is not always beneficial to
the host. For instance, langerin interacts with the lipo-oligosaccharide of Yersinia pestis,
the Gram-negative bacterium that causes plague (105). Yersinia exploits this interaction
to invade langerin-expressing cells and promote dissemination by ‘hijacking’ these cells
for transport to the lymph nodes. Langerin also interacts with fungal pathogens such
as Candida and Saccharomyces species and Malassezia furfur through mannan and
β-glucans present in the cell walls of these species (106). However, the immunological
consequences of these interactions are currently unknown.

MGL
Macrophage galactose C-type lectin (MGL, also known as CD301) is a type II CLR expressed
on DCs and activated macrophages. It is the only human CLR specialized in recognition
of α- or β-N-acetylgalactosamine (GalNAc) (107). Mice express two homologues of the
human MGL, of which MGL2 is comparable to human MGL in terms of ligand specificity
(108). Similar to langerin, MGL trimerizes by means of its α-helical coiled-coil neck domain
(109). Upon ligand binding, MGL rapidly internalizes the ligand through an unidentified
mechanism but which depends on two tyrosine-based and dileucine internalization
motifs in the cytoplasmic tail. Endocytosed antigens are transported to endosomes and
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presented in MHC-II (110). Similar to langerin, a large proportion of MGL molecules reside
intracellularly in early endosomes, hinting at continuous recycling of MGL between the
plasma membrane and intracellular compartments (111).

MGL interaction with micro-organisms
MGL interacts with N- or O-glycans on tumor-derived antigens, CD45 and various
pathogens of viral, helminth or bacterial origin. For example, the viral envelope
protein GP2 of Ebola virus binds human MGL, which promotes viral entry and
possibly facilitates viral replication in MGL-expressing cells (112). MGL also interacts
with helminths such as Schistomosa mansoni and Trichuris suis with very different
immunological consequences. MGL is one of several CLRs on immature DCs that
binds and internalizes soluble egg antigens of the parasitic eggs of S. mansoni.
Consequently, DCs regulate the appropriate T-helper 2 (Th2) type immune response
to eradicate S. mansoni (113, 114). In the case of T. suis, ‘soluble product’ antigens are
recognized by multiple DC CLRs, including MGL, which suppress a pro-inflammatory
phenotype of human DCs in a glycan-mediated manner (115).
Bacteria that interact with MGL include Campylobacter jejuni and Neisseria
gonorrhoeae (116, 117). On C. jejuni, MGL binds to a group of glycoproteins modified
by the N‐linked glycosylation machinery encoded by the pgl locus, as well as to a
terminal GalNAc residue on specific lipo-oligosaccharides (116). On N. gonorrhoeae,
MGL also interacts with lipo-oligosaccharide, specifically with phenotype C, which
has a terminal GalNAc residue. This interaction skews the immune response towards
Th2 and was speculated to support bacterial survival in the host (117).

Recognition of S. aureus WTA by the adaptive immune system:
antibodies
As a result of frequent exposure to S. aureus during our lives, all humans develop a
repertoire of antibodies targeting a wide variety of S. aureus antigens. These antigens
include soluble factors such as toxins, but also cell wall-associated structures (118,
119). S. aureus WTA is an especially immunodominant antigen, as an estimated 70%
of all anti-S.aureus antibodies target this antigen (120). Of the anti-WTA antibody
pool, most antibodies have specificity for β-GlcNAc, but not for WTA α-GlcNAc or
the RboP backbone (85, 121). These antibodies opsonize S. aureus and activate the
complement system for efficient phagocytosis by e.g. neutrophils. The majority of
these antibodies are of the IgG2 class, indicating that WTA activates B cells in a T cellindependent manner by directly crosslinking B cell receptors (122). In addition, WTA
can be presented in MHCII to CD4+ T cells due to its zwitterionic charge, which induces
CD4+ T cell proliferation (123). This route of immune activation contributes to control
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of skin infections. Although WTA-specific memory T cells have been detected in healthy
volunteers (124), the role of T cell-dependent B cell responses against S. aureus WTA
seems relatively limited, as indicated by the predominance of IgG2 antibodies (122).
There has been a recent interest in using antibodies targeting S. aureus WTA as therapeutic
agents. For instance, they have been used as a strategy to specifically enhance clearance
of S. aureus by the immune system, or as a delivery vehicle for antimicrobial compounds,
which killed intracellular persisters (120). However, there is a need for more structural
information on S. aureus WTA, its modifications and the antibodies reactive with these
epitopes to improve antibody properties and optimize them for therapeutic applications.

S. aureus WTA and other cell surface glycans as vaccine targets
S. aureus cell surface glycans are promising vaccine antigens and several are under
evaluation for inclusion in multivalent vaccines. Conjugates of CP5 and CP8 with
exoprotein A (rEpa) of Pseudomonas aeruginosa were explored as antigens of the
bivalent vaccine StaphVAX by Nabi, Inc. (125, 126). Despite high antibody levels against
CPs in serum of immunized animals, no protection was observed in subsequent human
studies. Nonetheless, CPs are still explored as promising vaccine antigens against S.
aureus. Since then, GlaxoSmithKline has performed an initial phase I trial with a four
component vaccine that included tetanus toxoid-conjugated CP5 and CP8 as well
as detoxified α-toxin and (non-glycosylated) ClfA (127). Pfizer has also performed
a phase I trial with a tricomponent vaccine, that included CRM197-conjugated CP5
and CP8 as well as (again non-glycosylated) ClfA (128). Both vaccines induced a rapid
and robust immune response and were well tolerated by participants. CP was also
further explored by Nabi, Inc. in the PentaStaph formulation, which included five
staphylococcal antigens: two detoxified toxin components (α-toxin and the S subunit
of Panton-Valentine leukocidin) and conjugates of CP5, CP8 and antigen 336 with
rEpa (70). GlaxoSmithKline bought PentaStaph in 2009 but has seemingly not pursued
further pre-clinical or clinical studies. Immunization studies with isolated WTA have
been explored in a murine intradermal immunization model (129). WTA immunization
elicited anti-WTA IgG responses that significantly reduced susceptibility to both CAMRSA and HA-MRSA. This was mediated by antibody-induced complement activation
and phagocytic clearance of bacteria from the circulation.
However, there is currently no S. aureus vaccine that is efficacious in humans, so
the search for the right S. aureus vaccine antigens or combination of antigens is still
ongoing. Especially S. aureus WTA is worth considering as vaccine antigen, as it is
highly and densely expressed, accessible from the outside and well conserved in
many, if not all, S. aureus lineages.
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Skin, the first line of defense
The skin is our first line of defense against external factors that may be harmful, such
as chemicals, pathogens or physical trauma. This physical barrier consists of two main
cellular layers: the outer epidermis and the inner dermis. The epidermis can be further
subdivided into four layers: the stratum corneum, the granular layer, the spinous layer and
the basal layer (Figure 4). This layering is interrupted by structures such as hair follicles,
sebaceous glands and sweat glands. Continuous renewal of the epidermis is essential
due to constant external stress, causing the skin to shed. This self-renewal is maintained
by mitotically active cells in the basal layer where the differentiation of keratinocytes
starts (130). The keratinocytes subsequently migrate to the spinous layer and start to
produce keratin, which forms a sturdy structural framework of filaments, as well as lipids,

Figure 4. Cross-section of human skin detailing the different tissue layers and the immune cells
residing in the epidermis and dermis.
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which are stored in lamellar bodies (130). In the granular layer, the keratinocytes form
tight junctions to provide a physical barrier. In addition, they produce profilaggrin that is
cleaved into filaggrin (FLG), whicha bundles the keratin filaments. This process provides
the cells with a flat shape to form the stratum corneum (130, 131). During this process
the lamellar bodies fuse with the plasma membrane of the granular keratinocytes and
secrete their lipids into the stratum corneum, which integrate in the scaffold of the
stratum corneum. This creates a strong physical barrier that retains water and prevents
entry of pathogens (130, 131). Besides a physical barrier, the skin is also a site in which
immune responses are initiated. Keratinocytes produce antimicrobial peptides (AMPs)
that promote immune clearance of microorganisms in multiple ways, including direct
lysis and immune cell recruitment. In the epidermis, keratinocytes and immune cells
express PRRs that recognize pathogen-associated molecular patterns (PAMPs) and initiate
innate immune responses (132). The dermis contains a network of blood- and lymphatic
vessels that enable circulating immune cells to enter the tissue as well as enable resident
immune cells to migrate to the lymph nodes for antigen presentation, which are highly
important features for adequate immune surveillance (131). The types of immune cells
that reside in the epidermis and dermis, and therefore also the repertoire of PRRs in these
two compartments, differ considerably. Consequently, the anatomical depth of infection
may impact subsequent host immune responses (133).
Even though human skin is a nutrient poor, acidic and cool environment that is covered
in AMP-containing sweat, it is covered by approximately one million bacteria per cm2
(134). Variations in these factors across the skin create various microenvironments
that are colonized by differently composed microbiota. Besides on the skin or in hair
follicles, members of the skin microbiota also reside within deeper layers of the dermis
(135). A healthy skin microbiome consists of bacteria of the phyla Actinobacteria,
Bacteroidetes, Proteobacteria and Firmicutes (which includes Staphylococci), but the
exact composition varies per individual and per body site (135, 136). A diverse and
healthy microbiome benefits the host as it provides colonization resistance, efficient
wound healing, stimulates AMP production and ‘trains’ the immune system (134,
135, 137). These benefits are often abolished in a disturbed microbiome, which is
commonly referred to as dysbiosis (134, 138).

Skin resident antigen-presenting cells
Multiple types of immune cells reside within the skin, but these are often restricted to
particular skin compartments (Figure 4). In humans, the resident immune cells in the
epidermis are predominantly CD8+ T cells and LCs (139). As mentioned previously, LCs
are APCs, which play a key role in sensing and responding to micro-organisms (80).
They can take up and process antigens, subsequently migrate to lymph nodes and
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present antigens to T cells to induce systemic adaptive immune responses. Antigen
uptake occurs mainly through PRRs, including langerin (86, 87). Although in humans
the only cells to express langerin are LCs, in mice a population of dermal DCs also
expresses langerin (140), which has important consequences for the interpretation of
mouse (infection) experiments. Depending on the stimulus, LCs can induce various T
cell responses but can also activate skin-resident regulatory T cells, which suggests
that depending on the stimulus LCs can either maintain immune homeostasis or
induce strong immune responses (87, 133, 141). Interestingly, LCs can actively sample
the environment by reaching through the keratinocyte tight junctions with their
dendrites, at the tips of which langerin is highly expressed (142). This was suggested
as a mechanisms by which LCs can preemptively induce immunity against antigens
that have not yet penetrated the epidermal barrier (143). Interestingly, LC do not or
only lowly express TLR2, TLR4 and TLR5 and are therefore generally poorly reactive to
bacteria, in contrast to dermal DC populations that do express these TLRs (144). This
was hypothesized to contribute to LC-mediated tolerance to commensal bacterial
microbiota (141, 144).
The human dermis has a more diverse composition of immune cells than the
epidermis, and is home to dermal dendritic cells (dermal DCs), mast cells, innate
lymphoid cells, macrophages and CD4+ T cells (Figure 4) (139). The majority of T cells
present in the dermis are memory T cells, which circulate to and from the skin and can
induce inflammation when activated by specific antigens (139). At least two distinct
subsets of human dermal DCs can be distinguished: a CD14+ CD1a- and a CD1a+
CD14- subtype. The CD14+ CD1a- dermal DCs are especially efficient in inducing
humoral immunity through activation of CD4+ T cells to help B cells (133). In contrast,
the CD1a+ CD14- dermal DCs support a cellular immune response by through
induction of CD4+ as well as CD8+ T cells (133, 145). Presumably, these cells are the
equivalents of murine langerin+ dermal DCs (140). Due to the different immune cells
found in the dermis and epidermis of skin, the anatomical depth of infection may
impact subsequent host immune responses (133).

Atopic dermatitis and S. aureus
Barrier defects often underlie skin disorders, in which skin immune responses are
often overactivated and dysregulated. The initiation and progression of inflammatory
skin disorders depends on the activated class of skin-resident immune cells. In case of
psoriasis, an inflammatory skin disease that is characterized by scaly plaques, there
is a strong activation of Th1 and Th17 cells by dermal DCs (146-148). In contrast,
atopic dermatitis (AD, also known as eczema) is associated with a initial strong Th2
activation (149).
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AD is a multifactorial disease involving skin barrier defects, skewed immunological
responses, a predisposing genetic make-up and an skin dysbiosis. AD has a prevalence
of 10-20% in developed countries, with a slightly lower number in developing
countries (150, 151). With a worldwide increase in the past 30 years and a hereditary
component of the disease, AD prevalence is likely to increase further. AD can develop
at any age but most often during early childhood, and can persist throughout adult
life. Treatment is often based on anti-inflammatory therapy or emollients to achieve
constant repair of the epidermis (152).
An important causative factor for AD is a loss of the barrier integrity, due to problems
in the assembly or increased shedding of the stratum corneum compared to healthy
skin. Therefore, the strongest genetic components of AD are loss-of-function
mutations in the FLG gene encoding the structural skin component filaggrin, while
other genetic factors are often related to immune functions (153, 154). The acute
phase of AD is initiated when an allergen has passed the compromised skin barrier
and is recognized and presented by APCs. This starts and amplifies an inflammatory
process that is skewed towards a Th2 response, which in turn triggers a strong IgE
reaction (149). This can later switch to a Th1- and Th17-dominated chronic phase of AD,
which can persist throughout adult life (155, 156). A role for LCs in AD pathogenesis
has been suggested, but has not been fully resolved yet (157). In addition to barrier
defects, the skin microbiome composition is also severely affected in AD. Compared to
a healthy skin microbiome, the skin microbiome of AD lesions tends to be decreased
in biodiversity and dominated by S. aureus (138, 158). However, it is currently unclear
whether S. aureus is a causative factor in this process or a result of the altered skin
niche.

Outline of this thesis
S. aureus is an important human pathogen that is becoming increasingly resistant
against antibiotics and for which there are currently no vaccines available. To identify
new targets for effective therapies or vaccines, we need to gain a better understanding
of how S. aureus causes disease and interacts with the host during infection at the
molecular level. Wall teichoic acid (WTA) is a predominant structure of the S. aureus
cell wall that plays an important role in bacterial physiology, virulence and interaction
with the host. In this thesis, I aim to identify molecular interactions between S. aureus
WTA and specific host receptors and determine the functional consequences of these
interactions. I believe such insight will benefit the development of novel treatment
strategies against S. aureus.
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Chapter 2 describes the identification of the C-type lectin receptor langerin on
LCs as a receptor for the β-GlcNAc modification of S. aureus WTA. This interaction
functions as a molecular trigger for S. aureus-induced skin immune responses. In
addition, it offers a functional explanation for the involvement of S. aureus and LCs
in the inflammatory skin disease atopic dermatitis. In Chapter 3, the study on the
interaction between S. aureus WTA and langerin is continued, but focuses on the
effect of genetic variation in the CRD of langerin on interaction with S. aureus. We
show that in a proportion of the human population, the recognition and uptake of S.
aureus by LCs may be affected due to two common co-inherited SNP variants, which
we think may have important consequences for immune activation and S. aureusassociated disease. In addition, this study demonstrates the potential issues in the
translation of glycan array data to a biological setting due to the influences of genetic
variation on receptor recycling. Chapter 4 introduces the use of synthetic WTA to
sensitively and specifically detect and structurally study the interaction of receptors
with S. aureus WTA. This model will be applied to study the target distribution and
functionality of human antibodies reactive with different WTA GlcNAc modifications.
Chapter 5 describes the identification of a novel interaction between C-type lectin
receptor MGL and the GalNAc modification of the unique WTA structure of S. aureus
lineage ST395. Finally, Chapter 6 discusses the implications of the newly identified
interactions between S. aureus WTA and immune receptors in the context of current
literature.
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Chapter 2 – Langerin is a receptor for S. aureus WTA

Abstract
Staphylococcus aureus is a major cause of skin and soft tissue infections and aggravator
of the inflammatory skin disease atopic dermatitis (AD, eczema). Epicutaneous
exposure to S. aureus induces Th17 responses through skin Langerhans cells (LCs),
which paradoxically contribute to host defense but also to AD pathogenesis. The
underlying molecular mechanisms of the association between S. aureus and skin
inflammation are poorly understood. Here, we demonstrate that human LCs directly
interact with S. aureus through the pattern-recognition receptor langerin (CD207).
Human, but not mouse, langerin interacts with S. aureus through the conserved
β-N-acetylglucosamine (GlcNAc) modifications on wall teichoic acid (WTA), thereby
discriminating S. aureus from other staphylococcal species. Importantly, the
specific S. aureus WTA glycoprofile strongly influences the level of Th1- and Th17polarizing cytokines that are produced by in vitro generated LCs. Finally, in a murine
epicutaneous infection model, S. aureus strongly induced transcript levels of Cxcl1,
Il6 and Il17, which were dependent on the presence of both human langerin and the
WTA β-GlcNAc modification. Our findings provide molecular insight into the unique
pro-inflammatory capacities of S. aureus in relation to inflammatory skin disease.

40

Introduction
The inflammatory skin disease atopic dermatitis (AD, also known as eczema) affects up
to 20% of children and 3% of adults worldwide (1). An important characteristic of AD
is the disturbed microbiota composition with dominant presence of staphylococcal
species, specifically Staphylococcus aureus and Staphylococcus epidermidis (2-5).
In particular, the S. aureus CC1 lineage is overrepresented in AD isolates and was
proposed to have particular yet-unidentified features that enable colonization of AD
skin (6). Langerhans cells (LCs) are key sentinel cells in the skin epidermis and are
implicated in S. aureus-induced skin inflammation. LCs are equipped with a diverse set
of pattern-recognition receptors (PRRs) to sense intruders, including the LC-specific
C-type lectin receptor (CLR) langerin (CD207) (7). LCs can phagocytose microbes and
initiate adaptive immune responses by activating skin-resident immune memory
cells or naïve immune cells in the lymph nodes (8, 9). In response to S. aureus, murine
LCs induce Th17 responses that help to contain S. aureus infection but paradoxically
also aggravate AD (10, 11). Despite the functional importance of LCs in S. aureusmediated skin pathology, the molecular interaction between LCs and S. aureus and
the functional response of LCs have received little attention.
A dominant and evolutionarily conserved component of the S. aureus surface is
wall teichoic acid (WTA), which is important in nasal colonization, S. aureus-induced
endocarditis, beta-lactam resistance and phage-mediated horizontal gene transfer
(12-16). In the majority of S. aureus lineages, WTA is composed of 20-40 ribitol
phosphate (RboP) repeating units modified with D-alanine and N-acetylglucosamine
(GlcNAc). GlcNAc is O-linked to the C4 hydroxyl of RboP in either α- or β-configuration
by glycosyltransferases TarM and TarS, respectively (14, 17). Several S. aureus WTA
glycoprofiles can be discriminated: WTA β-GlcNAcylation is conserved in almost
all S. aureus strains, whereas WTA α-GlcNAcylation is only present in about onethird of the S. aureus isolates. A small selection of isolates even completely lack
WTA glycosylation (12, 18). Finally, WTA of S. aureus lineage ST395 is composed of
a glycerol phosphate (GroP) backbone modified by N-acetylgalactosamine (GalNAc)
(16). WTA glycosylation is an important determinant in host-pathogen interactions,
which includes attachment to scavenger receptor SREC-1 in the nasal epithelium, and
opsonization by antibodies and mannose-binding lectin (19-21).
We demonstrate an important role of the PRR langerin in sensing the β-GlcNAc epitope
on S. aureus WTA, which explains the lack of binding to other non-AD associated
staphylococcal species. Interestingly, simultaneous decoration of WTA with α-GlcNAc
impairs langerin interaction and dampens cytokine responses of LCs, implying that
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S. aureus can modulate immune detection and subsequent inflammation in the
epidermis. Murine infection experiments confirmed that the langerin - WTA β-GlcNAc
interaction contributes to enhanced skin inflammation, especially IL-17 production.
In conclusion, we identify WTA as a pathogen-associated molecular pattern of S.
aureus, which is recognized by langerin on LCs.

Results
Langerin is a receptor for S. aureus on human LCs
The molecular interaction between LCs and S. aureus has received little attention.
We therefore investigated whether LCs and S. aureus interact directly by incubating
primary LCs isolated from human skin with GFP-expressing S. aureus. LCs from four
different donors bound S. aureus in a dose-dependent manner (Figure 1A). The levels
at which the interaction was saturated varied between the donors from approximately
40% (donor 1) to 80% (donor 3) of S. aureus-positive LCs (Figure S1). To investigate the
identity of interacting receptors on LCs, we pre-incubated LCs with mannan, a ligand for
many PRRs of the CLR family. Depending on the bacteria-to-cell ratio, S. aureus binding
was reduced by 35-70% compared to non-blocking conditions in all donors (Figure 1A).
Similarly, the interaction was inhibited for approximately 35% by pre-incubation of the
LCs with the monosaccharide GlcNAc (Figure 1A). Langerin is a mannan- and GlcNAcspecific CLR that is exclusively expressed on LCs. We therefore investigated whether
langerin would be involved in interaction with S. aureus. Indeed, pre-incubation with
an anti-langerin blocking antibody reduced binding of (spa/sbi-deficient) S. aureus in
donors 3 and 4 by on average 35% compared to the control, depending on the infective
dose (Figures 1A and S1). To confirm involvement of langerin in the interaction between
S. aureus and LCs, we introduced langerin in the THP1 cell line, which normally does
not express langerin. Transduction of langerin, but not of empty vector (EV), conferred
S. aureus binding to THP1 cells, which could be completely inhibited by addition of
mannan or anti-langerin blocking antibody (Figure 1B).
It was previously demonstrated that S. aureus-exposed LCs initiate T cell proliferation
(22). However, the functional response of LCs was not assessed. Therefore, we stimulated
MUTZ-3-derived LCs (muLCs), a well-established cell model for human LCs (23, 24), with
γ-irradiated S. aureus and measured muLC activation through expression of co-stimulatory
molecules and cytokine production after 24 hours. Indeed, muLCs upregulated expression
of co-stimulatory molecules CD80 and CD86 and produced significant amounts of IL-8
and IL-12p70 in a dose-dependent response to S. aureus (Figure 1C). Together, these data
demonstrate that LCs respond to S. aureus and that langerin is an important innate PRR
for S. aureus on human LCs.
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Figure 1. Langerin is a receptor for S. aureus on human LCs.
(A) Binding of GFP-expressing S. aureus Newman to isolated primary human LCs from four different donors. The interaction was blocked by addition of mannan (n=4), GlcNAc (n=4) or anti-langerin blocking
antibody (n=2; using GFP-expressing S. aureus Newman ΔspaΔsbi). Data were normalized to the maximum binding level per donor and are presented as mean +/- standard error of mean (SEM) from four independent experiments. Indicated statistical differences refer to any of the blocking conditions relative
to the non-blocked control. (B) Binding of S. aureus to THP1-langerin cells. Human langerin-transduced
or empty vector (EV)-transduced THP1 cells were incubated with different amounts of GFP-expressing S.
aureus Newman ΔspaΔsbi. The interaction was blocked by addition of mannan or anti-langerin blocking
antibody. Data are presented as percentage GFP-positive cells +/- SEM from three independent experiments. (C) Expression of co-stimulatory molecules CD80 and CD86 and production of cytokines IL-8 and
IL12p70 by muLCs after stimulation with γ-irradiated S. aureus USA300. Mean concentration +/- SEM
from three independent experiments are shown. *p < 0.05, **p < 0.01, ***p < 0.001.

Langerin recognizes S. aureus in a tarS-dependent manner
through the conserved WTA β-GlcNAc epitope
To further investigate langerin interaction with staphylococci, we tested binding of a
FITC-labeled trimeric construct of the extracellular domain of human langerin (langerinFITC) to a broader collection of 18 S. aureus strains from 11 different clonal complexes,
as well as several coagulase-negative staphylococci (CoNS). Langerin-FITC bound to
most tested S. aureus strains but to none of the CoNS species (Figure 2A), indicating
that langerin interacts with a ligand that is specific for and highly conserved in S. aureus.
The three tested S. aureus strains that showed no or low-level binding of langerin-FITC
(ED133, Lowenstein and PS187; Figure 2A), differ from the other tested S. aureus strains
in the structural composition of WTA. ED133 and Lowenstein completely lack WTA
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GlcNAcylation, whereas PS187 belongs to the ST395 lineage that expresses GroP-GalNAc
WTA (16, 18, 25). Given the high density of WTA on the S. aureus surface and apparent
correlation between langerin interaction and WTA structure, we hypothesized that WTA
GlcNAc modifications are likely candidates for the interaction with langerin.

Figure 2. Langerin recognizes S. aureus in a tarS-dependent manner through the conserved WTA
β-GlcNAc epitope.
Binding of 5 μg/ml recombinant human langerin-FITC to (A) 18 wild-type S. aureus strains (11 different
clonal complexes, indicated above the bars and by different color) and a selection of coagulase-negative staphylococcal species (CoNS); (B) S. aureus USA300 wild-type (WT) and WTA biosynthesis mutants
ΔtarMS, ΔtarM, ΔtarS, ΔtarMS ptarM and ΔtarMS ptarS; and (C) two representative S. aureus isolates
(82086 and PS66) that naturally lack tarM and their isogenic ΔtarS mutants. Data are presented as geometric mean fluorescence intensity + SEM from three independent experiments. *p < 0.05, **p < 0.01,
***p < 0.001.
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To test this hypothesis, we assessed binding of langerin-FITC to a panel of S.
aureus knockout strains, which lack glycosyltransferases TarM and TarS that are
required to modify WTA with α-GlcNAc and β-GlcNAc, respectively. Loss of both
glycosyltransferases (ΔtarMS) reduced langerin-FITC binding to S. aureus by 70-85%,
depending on the S. aureus strain background (Figures 2B and S2A, B), demonstrating
that WTA GlcNAc is the target for langerin. To investigate whether langerin specifically
recognized either α-GlcNAc or β-GlcNAc, we tested the individual tarM and tarS
knockout strains as well as ΔtarMS complemented with either tarM or tarS on an
expression plasmid (ΔtarMS ptarM and ΔtarMS ptarS). Langerin-FITC only bound to S.
aureus strains that express β-GlcNAc, whereas α-GlcNAc was dispensable for binding
(Figures 2B and S2A, B). Similarly, langerin-FITC binding to S. aureus strains 82086 and
PS66, which are naturally deficient for WTA α-GlcNAc, was reduced by 80% in isogenic
ΔtarS strains (Figure 2C). These results show that langerin interacts with S. aureus in a
tarS-dependent manner and provide the first demonstration of an anomeric-specific
interaction of a human innate receptor with a Gram-positive surface polysaccharide.
Although α-GlcNAc is not the target of langerin, its presence influences the level of
langerin-FITC binding: mutant strains lacking tarM (ΔtarM and ΔtarMS ptarS) showed
significantly increased binding compared to wild-type (Figures 2B and S2A, B). Chemical
analysis of the WTA composition of strain RN4220 ΔtarM by Kurokawa et al. suggests
a similar amount of β-GlcNAcylation compared to the wild-type strain (20). Therefore,
the enhanced langerin-FITC binding we observe is likely not a result of increased WTA
β-GlcNAcylation but is potentially the result of reduced steric hindrance by α-GlcNAc.
As S. aureus expresses many human-specific adhesion or immune evasion factors (26),
we investigated the interaction with murine langerin-FITC, which has 76% identity with
the human langerin-FITC construct (27). Binding of murine langerin-FITC to S. aureus was
detectable, but was 10 to 100-fold lower than human langerin (Figure S2C). The EC50
of human langerin-FITC for S. aureus USA300 was 9.7 (8.3 – 11.3) µg/ml, while binding
of murine langerin-FITC was not yet saturated at 50 µg/ml. Despite low level and nonsaturable binding, murine langerin interaction with S. aureus could be blocked by
addition of mannan, suggesting that the interaction is specific. Altogether, this indicates
that the langerin-S. aureus interaction has a certain degree of species-specificity.

The inflammatory cytokine profile of LCs in response to S. aureus
is affected by the WTA glycoprofile
Given the importance of langerin for interaction between S. aureus and LCs, we
investigated whether distinct WTA GlcNAc glycoprofiles influenced the muLC
response at the level of co-stimulatory molecules and cytokine expression. In line
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with our initial observations, stimulation of muLCs with wild-type γ-irradiated S.
aureus upregulated expression of activation markers CD80, CD83 and CD86 (Figures
1D, 3A). Stimulation with β-GlcNAc-deficient S. aureus ΔtarS reduced expression of
these markers compared to wild-type, whereas stimulation with α-GlcNAc deficient S.
aureus ΔtarM enhanced expression (Figure 3A). In addition, muLCs secreted significant
levels of cytokines IL-6, IL-8 IL-12p70, IL-23p19 and TNFα (Figure 3B), but not IL-4 or
anti-inflammatory IL-10 (below detection limit), in response to S. aureus.

Figure 3. The inflammatory cytokine profile of LCs in response to S. aureus is affected by the WTA
glycoprofile.
Expression of (A) co-stimulatory molecules CD80 and CD86 and maturation marker CD83 and (B) cytokines IL-6, IL-8, IL12p70, IL23p19 and TNFα by muLCs. muLCs were stimulated with γ-irradiated S. aureus
USA300 wild-type (WT), ΔtarM and ΔtarS. muLCs stimulated with WT S. aureus were compared to unstimulated controls and muLCs stimulated with ΔtarM and ΔtarS were compared to their respective WT
controls within the same ratio. Data are presented as geometric mean fluorescence intensity or mean
concentration + SEM from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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This is indicative of a Th1 and Th17-inducing cytokine profile. Across the board,
cytokine levels were reduced after muLC stimulation with S. aureus ΔtarS compared
to WT, whereas stimulation with S. aureus ΔtarM significantly increased the secretion
of these cytokines (Figure 3B). This corresponds to the observed levels of interaction
between recombinant langerin-FITC and S. aureus WT, ΔtarM and ΔtarS (Figure 2B).
These data suggest that the previously described Th1 and Th17-polarizing response
initiated by LCs in response to S. aureus is strongly influenced by the specific
glycoprofile of WTA.

Skin inflammation in response to epicutaneous S. aureus infection
requires human langerin and WTA β-GlcNAc epression
Given the observed species specificity of langerin for S. aureus WTA β-GlcNAc (Figure
S2A), we used human langerin-diphtheria toxin receptor (huLangerin-DTR) mice, which
constitutively express human langerin on mouse LCs, as a huLangerin transgenic mouse
model (28). Wild-type (WT) and huLangerin mice were epicutaneously inoculated with
107 colony forming units (CFU) of S. aureus ΔtarM or ΔtarS (Figure S3A) (10, 29). The
genetically stable ΔtarM bacteria are unable to modulate WTA glycosylation through
regulation of tarM, thereby maximizing the interaction with human langerin, while
the ΔtarS mutant no longer expresses the langerin ligand. At the time of sacrifice and
skin collection (40 hours post-infection), the lesions of the huLangerin mice infected
with S. aureus ΔtarM were clinically different from those in the other groups, which
was especially pronounced in the female mice (Figure S3B). Although bacterial
burden in the skin did not differ between the groups, there was a trend towards lower
CFUs in the huLangerin + ΔtarM group, compared to the other groups (Figure S3C).
Histological examination of the skin revealed more extensive influx of inflammatory
cells in the dermis of huLangerin + ΔtarM mice compared to WT + ΔtarM mice (Figure
4A). Correspondingly, we observed significantly higher expression of mouse IL-8
homolog Cxcl1, but not of Cxcl2, in the huLangerin group as opposed to WT controls
after infection with S. aureus ΔtarM (Figures 4B and S3D). Importantly, this response
was not observed in huLangerin mice infected with S. aureus ΔtarS, suggesting that
this response was specific for huLangerin and WTA β-GlcNAc (Figures 4B and S3D). In
addition, we determined the transcript levels of the inflammatory cytokines IL-6 and IL17 and the anti-inflammatory cytokine IL-10. Both Il6 and Il17 were significantly higher
produced exclusively in the huLangerin + ΔtarM group, while Il10 was not induced
in any of the groups (Figures 4B and S3D). These results corroborate the observed in
vitro responses of muLCs to S. aureus stimulation (Figure 3) and provide the first in vivo
demonstration of the involvement of human langerin in the skin immune response to
S. aureus, which is dependent on recognition of WTA β-GlcNAc.
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Figure 4. Skin inflammation in response to epicutaneous S. aureus infection requires
human langerin and WTA β-GlcNAc epression.
(A) Representative images of hematoxylin and eosin staining of skin biopsies of WT mice + PBS, WT
mice + S. aureus ΔtarM and huLangerin mice + S. aureus ΔtarM, 40 hours post-epicutaneous inoculation.
The scale bars represent 100 µm. (B) Transcript abundance of Cxcl1, Il6 and Il17 of whole skin homogenates from WT mice + S. aureus ΔtarM, huLangerin mice + S. aureus ΔtarM, WT mice + S. aureus ΔtarS
and huLangerin mice + S. aureus ΔtarS 40 hours post-epicutaneous inoculation. Data are presented as
log2-transformed fold change +/- standard deviation (SD) relative to Gapdh, normalized to the mean
value of the WT + PBS group. *p < 0.05, **p < 0.01, ***p < 0.001.

Discussion
Despite the emerging role of LCs in S. aureus-mediated skin inflammation, there is
limited information on the molecular pathways and functional consequences of LC S. aureus interaction. We observed that LCs respond to S. aureus with an inflammatory
cytokine response, that potentially induces a Th1- and Th17-polarizing immune
reaction. This corroborates findings by others, who have demonstrated that LCs
internalize S. aureus and subsequently induce inflammatory Th17 responses (10, 11,
22, 30). Although the involvement of Th2 cells has been well described in chronic AD,
we did not observe production of Th2-polarizing cytokines by LCs. It is likely that the
initiation of Th2 responses in AD are mediated by other cell types than LCs, such as
follicular T helper cells, that were shown to be responsible for the initial production
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of IL-4 and drive Th2 expansion (31). Furthermore, we elucidated that detection of S.
aureus WTA β-GlcNAc is of critical importance for the induced LC cytokine response
and can also be modified by co-decoration with α-GlcNAc, a characteristic of
approximately one-third of the S. aureus isolates. The ability of S. aureus to carefully
regulate its WTA glycoprofile was also previously suggested in the context of lytic
podophage infection (18). Likely, tarM is regulated as part of the GraRS regulon,
which is known to control S. aureus susceptibility to antimicrobial host defenses (32,
33). However, whether and how GraRS and WTA GlcNAcylation are affected during
skin colonization and infection remains to be determined.
In addition to regulation of glycosylation, WTA abundance can be regulated through
tarH, the ATPase required for WTA transport across the membrane (34). High WTA
expression increases the ability to induce skin abscesses in mice (34). These results
cannot be compared directly to our study, since the mice were infected subcutaneously,
thereby bypassing the LCs. In addition, the species specificity of langerin should be
taken into account. We demonstrate that mouse langerin shows significantly reduced
binding to S. aureus compared to human langerin, underlining previous studies that
reported differences in ligand specificity of these orthologs (27).
LCs and langerin were previously implicated in host defense against various other
pathogens. LCs internalize and degrade HIV-1 viral particles in a langerin-dependent
manner to prevent infection of deeper layers of the mucosa (35, 36). Langerin
has also been identified as a major receptor for fungal pathogens on LCs through
recognition of mannose and β-glucan structures (37). The Gram-negative bacterium
Yersinia pestis is the only other bacterium known to interact with langerin and does
so through its lipo-oligosaccharide (38). We identify S. aureus WTA β-GlcNAc as a
new ligand for langerin. WTA is an abundant evolutionarily conserved feature on the
surface of Gram-positive bacteria, making it advantageous for the host to recognize
such structures in a timely manner. Although several receptors for S. aureus WTA have
been described, langerin is the first human innate receptor to discriminate between
the α-GlcNAc and β-GlcNAc modifications.
As an opportunistic microbial resident of the skin, S. aureus is involved in the
development of skin infection as well as inflammatory skin disorders. Therefore,
the recognition of S. aureus WTA by langerin on epidermal LCs that are strategically
localized at mucosal surfaces may be key to maintaining skin homeostasis and
preventing the development of infection or chronic inflammation. Indeed, in
epicutaneous S. aureus infection of huLangerin mice, we observed high transcript
levels of Il17, as well as significant upregulation of Cxcl1 and Il6, which were
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dependent on both human langerin and β-GlcNAc on S. aureus WTA. Considering the
short time frame of this experiment, it might be that the observed Il17 transcripts are
produced by innate γδ T cells, the main producers of IL-17 in mouse skin (39), and not
adaptive Th17 cells, the main producer of IL-17 in human skin. Therefore, additional
studies are needed to pinpoint the responsible cell types. Intriguingly, there was no
evident effect on bacterial clearance in our in vivo infection experiment, which might
have been caused by our time point of 40 hours being too early to observe such
differences. Nevertheless, there is a clear inflammatory response that is specifically
induced by through recognition of WTA β-GlcNAc on S. aureus by human langerin on
LCs. This response shows signatures of Th17 activation, that was previously reported
to be important in a protective immune response against S. aureus (10, 11, 22, 30).
The identification of S. aureus as a new langerin-interacting pathogen is especially
interesting in the context of AD. First, S. aureus has been identified as a driver of disease
progression in a murine AD model, in which disease progression was mediated by LCs
(11). How this relates to the involvement of LCs in human AD is not yet fully understood.
Second, genome-wide association studies (GWAS) identified CD207, the gene encoding
for langerin, as an AD susceptibility locus (40, 41). In these studies, polymorphisms in a
putative enhancer region of CD207, which are predicted to increase langerin expression,
were protective for AD. Our data now functionally link langerin to S. aureus, which could
explain the strong association between S. aureus and AD, as well as the described driver
function of S. aureus in AD disease progression. Also, our observation that WTA a-GlcNAc
attenuates LC activation can be important in the context of AD. The CC1 lineage is
particularly overrepresented in isolates from AD skin and was suggested to have
unidentified features that enable colonization by and proliferation of S. aureus on AD skin
(6). Interestingly, all CC1 strains are tarM-positive (42), providing the potential to regulate
WTA glycoprofile by co-decoration with a-GlcNAc. This could enable the bacteria to skew
the inflammatory status of the skin and gain an advantage to colonize AD skin. Our data
may provide molecular insight into the association between AD and S. aureus from two
different angles: on the immunological side we show how langerin and LCs are involved
in the immune response to S. aureus, while on the microbiological side the involvement
of langerin could explain the association of S. aureus but not CoNS species with AD, and
possibly also the overrepresentation of tarM-bearing CC1 strains in AD.
In conclusion, we identify S. aureus WTA as a PAMP and pinpoint langerin as a molecular
trigger for S. aureus-induced skin inflammatory responses. Our findings give a deeper
understanding of the specific association of S. aureus with skin inflammation and can
help in the development of new treatment strategies for S. aureus-associated skin
and soft tissue infections and inflammatory skin diseases.

50

Materials and Methods
Ethics statement
Human skin tissue was collected from otherwise healthy anonymous donors
undergoing corrective breast or abdominal surgery. In concordance with Dutch law
no informed consent was required, as the tissue collected for this study was exclusively
waste material from a standard surgical procedure that had not been altered for the
purpose of this study. This study, including the tissue harvesting procedures, were
approved by the Medical Ethics Review Committee of the Academic Medical Center
Amsterdam, The Netherlands.
The mouse protocols were approved beforehand under license number 15096624
by the AAALAC-accredited Institutional Animal Care and Use Committee of the
University of Pittsburgh, Pennsylvania USA, and are adherent to the regulations and
guidelines of the United States Animal Welfare Act and Public Health Service Policy.

Bacterial strains and culture conditions
S. aureus, S. capitis, S. carnosus, S. epidermidis, S. lugdunensis, S. pseudintermedius, S.
saprophyticus and S. simulans strains (Table S1) were grown overnight at 37°C with
agitation in 5 ml Todd-Hewitt broth (THB; Oxoid). For S. aureus strains that were
plasmid complemented THB was supplemented with 10 µg/ml chloramphenicol
(Sigma Aldrich). Overnight cultures were subcultured the next day in fresh THB and
grown to an optical density at 600 nm (OD600nm)0.4 for S. capitis and to OD600nm=0.6-0.7
for all other bacteria, which correspond to mid-exponential growth phases.

Cell culture and muLC differentiation
MUTZ-3 cells (ACC-295, DSMZ) were cultured in a 12-well tissue culture plates
(Corning) at a density of 0.5-1.0x106 cells/ml in MEM-alpha (Gibco) with 20% fetal
bovine serum (FBS, Hyclone, GE Healthcare), 1% GlutaMAX (Gibco), 10% conditioned
supernatant from renal carcinoma cell line 5637 (ACC-35, DSMZ), 100 U/ml penicillin
and 100 μg/ml streptomycin (Gibco) at 37°C with 5% CO2. We obtained MUTZ-3
derived Langerhans cells (muLCs) by differentiation of MUTZ-3 cells for 10 days in
100 ng/ml Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF, GenWay
Biotech), 10 ng/ml Transforming Growth Factor-beta (TGFβ; R&D Systems) and 2.5
ng/ml Tumor Necrosis Factor-alpha (TNFα; R&D Systems) as described previously
(23, 24). The phenotype of differentiated muLCs was verified by surface staining of
CD34 (clone 581, BD Biosciences), CD1a (clone HI149, BD Biosciences) and CD207
(clone DCGM4, Beckman Coulter) using the respective antibodies and analysis by
flow cytometry.
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THP1 cells (TIB-202, ATCC) transduced with a lentiviral langerin construct or empty
vector (EV) were cultured in RPMI (Lonza) supplemented with 5% FBS (Biowest), 1%
GlutaMAX 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco) at 37°C with 5%
CO2.

Isolation of primary human Langerhans cells
Langerhans cells were isolated from human skin as described previously (36). In short,
skin grafts were obtained using a dermatome (Zimmer) and incubated in medium
supplemented with Dispase II (1 U/ml, Roche Diagnostics) after which epidermal
sheets were separated from the dermis and cultured for three days. After incubation,
migrated LCs were harvested and further purified using a Ficoll gradient (Axis-shield).
Isolated LCs were routinely 90% pure (CD1a+ Langerin+) and were frozen in Iscoves
Modified Dulbeccos’s Medium (IMDM, Thermo Fisher) supplemented with 20% FBS
and 10% DMSO. Before use, LCs were thawed by drop-wise addition of cold IMDM
with 10% FBS, washed twice and incubated in IMDM with FBS for 2 hours at 37°C with
5% CO2 to recover.

Creation of GFP-expression S. aureus
To create GFP-expressing bacteria, S. aureus Newman wild-type and S. aureus Newman
ΔspaΔsbi were transformed as described previously with pCM29, which encodes
superfolded green fluorescent protein (sGFP) driven by the sarAP1 promoter (43, 44).
In short, competent S. aureus were electroporated with pCM29 isolated from E. coli
DC10B with a Gene Pulser II (BioRad; 100 Ohm, 25uF, 2.5kV). After recovery, bacteria
were selected on TH agar supplemented with 10 µg/ml chloramphenicol. A single
colony was grown in THB with 10 µg/ml chloramphenicol under the usual growth
conditions. Bacterial expression of GFP was verified by confocal laser scanning
microscopy (SP5, Leica).

Gamma-irradiation of S. aureus
Gamma-irradiated stocks of S. aureus strains were made by harvesting cultures in
mid-exponential growth phase by centrifugation (4,000 rpm, 8 min), which were
concentrated 10x in phosphate-buffered saline (PBS; Lonza) with 17% glycerol
(VWR), frozen at -70°C and exposed to 10 kGy of γ-radiation (Synergy Health, Ede,
The Netherlands). Loss of viability of S. aureus was verified by plating of the irradiated
bacteria. A non-irradiated aliquot that underwent the same freezing procedure was
used to determine the concentration of colony forming units (CFU) of the irradiated
stocks.

52

Lentiviral transduction
A TrueORF sequence-validated cDNA clone of human CD207 (OriGene Technologies)
was amplified by PCR using Phusion polymerase (Thermo Fisher) and primers
hLangerin-Fw

(5’-GAGCTAGCAGTATTAATTAACCACCATGACTGTGGAGAAGGAG-3’)

and hLangerin-FLAG-Rv

(5’-ACGT T TC T T T TCAT T TGTAAGCGACCC TATGTCCCA

TCAGAACCGGACTACAAAGACGATGACGACAAGTGAGCATGCATCCTAACCG GTAC-3’)
(IDT). The PCR amplicon was cloned in a BIC-PGK-Zeo-T2a-mAmetrine;EF1A construct
by Gibson assembly (NEB) according to the manufacturer’s instructions. The langerinencoding vector and an empty vector (EV) control were introduced into THP1 cells by
lentiviral transduction, as described by Van de Weijer et al. (45). In short, lentivirus
was produced by HEK293T cells (CRL-3216, ATCC) in 24-well plates using standard
lentiviral production protocols and third-generation packaging vectors. After 3-4
days the supernatant containing the viral particles was harvested and stored at
-70ºC to kill any remaining cells. Approximately 50,000 THP1 cells were transduced
by spin infection (1000xg, 2 h, 33°C) using 100 µl supernatant supplemented with
8 µg/ml polybrene (Santa Cruz Biotechnology). Complete medium was added after
centrifugation and cells were selected three days post-infection by 100 µg/ml zeocin
(Gibco). Cellular expression of langerin was verified by antibody staining of langerin
(clone DCGM4, Beckman Coulter) and measured using flow cytometry.

Bacterial binding assays
To test binding of bacteria to cells, 105 LCs, THP1-EV or THP1-langerin were incubated
with GFP-expressing S. aureus Newman or GFP-expressing S. aureus Newman Δspa
Δsbiat bacteria-to-cell ratios from 1 to 8 in TSM buffer (2.4 g/L Tris (Roche), 8.77 g/L
NaCl (Sigma Aldrich), 294 mg/L CaCl2·2H2O (Merck), 294 mg/L MgCl2·6H2O (Merck),
pH=7.4) with 0.1% bovine serum albumin (BSA; Merck) for 30 minutes at 4°C. Binding
was blocked by 15 minutes pre-incubation with 10 µg/ml mannan (Sigma Aldrich),
50 mM GlcNAc (Serva) or 20 µg/ml anti-langerin blocking antibody (clone 10E2, Sony
Biotechnology). Cells were washed once with TSM 1% BSA, fixed in 1% formaldehyde
(Brunschwig Chemie) in PBS and measured by flow cytometry.

Production of recombinant langerin extracellular domains
The extracellular domains of truncated human langerin (residues 148–328) and
mouse langerin (residues 150–331) were recombinantly expressed from codonoptimized constructs containing a C-terminal TEV cleavage site followed by a Streptag II cloned into pUC19 and pET30a (EMD Millipore) expression vectors as described
previously (27). Recombinant human and murine ECDs were insolubly expressed in
E. coli BL21(DE3), solubilized in 6 M guanidinium hydrochloride in 100 mM Tris (pH 8)
with 1 mM DTT, refolded by dialyisis against Tris-buffered saline (pH 7.5) containing
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10 mM CaCl2 and purified via mannan-coupled sepharose beads (Sigma Aldrich).
Bound protein was eluted with Tris-buffered saline (pH 7.5) containing 5 mM EDTA.
Protein concentrations were determined by A280 nm using the calculated molar
extinction coefficients of 56,170 M-1 cm-1 for the human langerin ECD and 56,170 M-1
cm-1 for the murine ECD. The proteins were fluorescently labeled with fluorescein
isothiocyanate (FITC, Thermo Fisher) by adding slowly 100 µL of the dye solution (1
mg/ml in DMSO) to 2 ml of a 2 mg/ml protein solution in HEPES-buffered saline (pH
7.2) containing 20 mM D-mannose (Sigma Aldrich) and 5 mM CaCl2. After stirring
for 90 min at room temperature, the reaction was quenched by addition of 50 mM
ethanolamine (pH 8.5, Sigma Aldrich). Unreacted dye molecules were removed by
buffer exchange using a Zeba spin column (Thermo Fisher) and active protein was
purified over mannan affinity column as described above. All chemicals used for the
production of recombinant langerin extracellular domains were obtained from Carl
Roth if not indicated otherwise.

Langerin binding assay
Bacteria in mid-exponential growth phase were harvested by centrifugation (4,000
rpm, 8 minutes) and resuspended at OD600nm=0.4 in TSM buffer with 0.1% BSA.
Bacteria were incubated with 1-50 µg/ml recombinant langerin-FITC (human or
mouse) for 30 minutes at 37°C with agitation, washed once with TSM 1% BSA, fixed in
1% formaldehyde and analyzed by flow cytometry.

muLC stimulation
We stimulated 5x104 muLCs with γ-irradiated S. aureus USA300 WT, USA300 ΔtarM
or USA300 ΔtarS at bacteria-to-cell ratios of 0, 1, 10 and 50 in IMDM with 10% FBS.
After 24 hours, supernatants were collected by centrifugation (300xg, 10 min, 4°C)
and stored at -150°C until further analysis, and cells were washed once in PBS 0.1%
BSA. Expression levels of the activation and maturation markers were determined
by flow cytometry using the following antibodies: CD80 (clone 2D10), CD83 (clone
HB15e) and CD86 (clone IT2.2, all from Sony Biotechnology) and their corresponding
isotype controls (BD Biosciences).

Cytokine assays
The IL-8 and IL12p70 concentrations were initially determined by ELISA (Sanquin
and Thermo Fisher, respectively) according to the manufacturer’s instructions.
Concentrations of IL-6, IL-8, IL-10, IL-12p70, IL-23p19 and TNFα cytokines were
determined by Luminex xMAP assay (Luminex Corporation), performed by the
Multiplex Core Facility UMC Utrecht, The Netherlands.
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Flow cytometry
Flow cytometry was performed on FACSVerse (BD Biosciences), per sample 10.000
events within the set gate were collected. Data were analyzed using FlowJo 10
(FlowJo, LLC).

Epicutaneous murine infection model
We used 6- to 10 week-old sex-matched wild type C57BL/6 mice (obtained from
Jackson laboratories) and huLangerin-DTR mice (28). All mice were housed in
a specific pathogen-free facility under standard conditions at the University of
Pittsburgh, Pennsylvania USA. As described previously, mice were first anesthetized
with a mixture of ketamine and xylazine (100/10 mg/kg body weight), shaved on
the back with electric clippers, chemically depilated with Nair hair removal cream
(Church & Dwight) according to the manufacturer’s instructions, and the stratum
corneum was removed by 15 strokes of 220 grit sandpaper (3M) (10, 29). Previous data
show that approximately 50% of the stratum corneum is removed by this procedure,
while the epidermal layer is left intact, based on hematoxylin staining of sections
(10). After 24 hours, the mice were epicutaneously inoculated with PBS, or 1x107 CFU
S. aureus USA300 ΔtarM or S. aureus USA300 ΔtarS, which were grown overnight at
37°C in THB, in 50 μl of sterile PBS. Forty hours post-infection the mice were sacrificed
and skin sections of 1 cm2 were collected. The sections were either 1) homogenized,
serially diluted in sterile PBS, grown overnight on THB-agar plates or MRSA-specific
CHROMagar MRSA-II plates (BD) at 37°C and colony forming units were counted, 2)
homogenized and processed for RNA extraction or 3) fixed in 1% formalin in PBS. The
fixed tissue sections were embedded in paraffin, cut, stained with hematoxylin and
eosin, and digitalized (Hamamatsu NanoZoomer) by the Department of Pathology,
UMC Utrecht, The Netherlands, and subsequently analyzed using NDP.view2.6.13
(Hamamatsu).

Gene expression analysis
Whole skin was homogenized and processed for extraction and isolation of RNA,
using TRIzol reagents (Thermo Fisher), following manufacturer’s instructions. RNA
was quantified using a standard Nanodrop and cDNA was obtained using HighCapacity cDNA Reverse Transcriptase (Thermo Fisher). Quantitive PCR on cDNA was
performed using Taqman Gene Expression Master Mix and Taqman Gene Expression
Assays for Il17, Il6, Cxcl1, Cxcl2, Il10 and Gapdh (Thermo Fisher) on a StepOnePlus Real
Time PCR System (Applied Biosystems), according to the manufacturers’ instructions.
Log2-transformed fold change of transcripts was calculated from ΔΔCt values relative
to Gapdh expression, normalized for PBS mock control.
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Statistical analysis
Statistical analyses were performed using Graphpad Prism 7.02 (GraphPad Software).
We tested data by unpaired two-tailed t-test or one-way ANOVA followed by Dunnett’s
multiple comparisons test, except for the following; Migratory LC and THP1-langerin
dose-response curves were tested using a two-way ANOVA followed by Dunnett’s
multiple comparison test; Langerin-FITC concentration curves were tested against
wild-type langerin-FITC using a two-way ANOVA followed by Tukey’s multiple
comparison test; Gene expression data were tested using one-way ANOVA followed
by Sidak’s multiple comparisons test. Data are presented as the geometric mean or
percentage positive cells (flow cytometry) or mean concentration (cytokine assays)
+/- standard error of the mean (SEM), or log2 fold change +/- standard deviation (SD)
(real-time PCR). p values are only shown for statistically significant differences (p ≤
0.05 or smaller).

56

Acknowledgements
The authors would like to thank: the Multiplex Core Facility (UMC Utrecht, The
Netherlands) for performing the Luminex assay; David Gerlach and Volker Winstel
(currently or previously at University of Tübingen, Germany) for advice and
communication regarding the shipment of strains; Samantha van der Beek, Eline van
Yperen and Małgorzata Mnich (UMC Utrecht, The Netherlands) for technical assistance;
Tanja de Gruijl (VU University Medical Center, Amsterdam, The Netherlands) for the
protocol detailing MUTZ-3 culture and differentiation.

Author Contributions
R.v.D., M.R. and N.M.v.S. planned the experiments. R.v.D., J.S.D.L.C.D. and M.R.
performed the experiments and prepared the figures. F.F.F., J.H. and C.R. supplied the
langerin-FITC constructs, N.H.v.T. and T.B.H.G. provided the primary LCs, C.W. and A.P.
provided the bacterial strains, D.H.K. provided the mice. R.v.D. and N.M.v.S. wrote the
manuscript, N.H.v.T., J.A.G.v.S., C.W. and A.P. provided critical feedback.

References
1. Nutten S. Atopic dermatitis: global epidemiology and risk factors. Ann Nutr Metab. 2015;66 Suppl
1:8-16.
2. Totte JE, van der Feltz WT, Hennekam M, van Belkum A, van Zuuren EJ, Pasmans SG. Prevalence and
odds of Staphylococcus aureus carriage in atopic dermatitis: a systematic review and meta-analysis.
Br J Dermatol. 2016;10.1111/bjd.14566.
3. Nakatsuji T, Chen TH, Narala S, Chun KA, Two AM, Yun T, et al. Antimicrobials from human skin
commensal bacteria protect against Staphylococcus aureus and are deficient in atopic dermatitis.
Sci Transl Med. 2017;9(378).
4. Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA, et al. Temporal shifts in the skin
microbiome associated with disease flares and treatment in children with atopic dermatitis.
Genome Res. 2012;22(5):850-9.
5. Byrd AL, Deming C, Cassidy SKB, Harrison OJ, Ng WI, Conlan S, et al. Staphylococcus aureus and
Staphylococcus epidermidis strain diversity underlying pediatric atopic dermatitis. Sci Transl Med.
2017;9(397).
6. Geoghegan JA, Irvine AD, Foster TJ. Staphylococcus aureus and Atopic Dermatitis: A Complex and
Evolving Relationship. Trends Microbiol. 2017;10.1016/j.tim.2017.11.008.
7. Valladeau J, Ravel O, Dezutter-Dambuyant C, Moore K, Kleijmeer M, Liu Y, et al. Langerin, a novel
C-type lectin specific to Langerhans cells, is an endocytic receptor that induces the formation of
Birbeck granules. Immunity. 2000;12(1):71-81.
8. Kissenpfennig A, Henri S, Dubois B, Laplace-Builhe C, Perrin P, Romani N, et al. Dynamics and
function of Langerhans cells in vivo: dermal dendritic cells colonize lymph node areas distinct from

57

2

Chapter 2 – Langerin is a receptor for S. aureus WTA

slower migrating Langerhans cells. Immunity. 2005;22(5):643-54.
9. Seneschal J, Clark RA, Gehad A, Baecher-Allan CM, Kupper TS. Human epidermal Langerhans cells
maintain immune homeostasis in skin by activating skin resident regulatory T cells. Immunity.
2012;36(5):873-84.
10. Igyártó BZ, Haley K, Ortner D, Bobr A, Gerami-Nejad M, Edelson BT, et al. Skin-resident murine
dendritic cell subsets promote distinct and opposing antigen-specific T helper cell responses.
Immunity. 2011;35(2):260-72.
11. Kobayashi T, Glatz M, Horiuchi K, Kawasaki H, Akiyama H, Kaplan DH, et al. Dysbiosis and
Staphylococcus aureus Colonization Drives Inflammation in Atopic Dermatitis. Immunity.
2015;42(4):756-66.
12. Winstel V, Kuhner P, Salomon F, Larsen J, Skov R, Hoffmann W, et al. Wall Teichoic Acid Glycosylation
Governs Staphylococcus aureus Nasal Colonization. mBio. 2015;6(4):e00632.
13. Weidenmaier C, Peschel A, Xiong YQ, Kristian SA, Dietz K, Yeaman MR, et al. Lack of wall teichoic acids
in Staphylococcus aureus leads to reduced interactions with endothelial cells and to attenuated
virulence in a rabbit model of endocarditis. The Journal of infectious diseases. 2005;191(10):1771-7.
14. Brown S, Xia G, Luhachack LG, Campbell J, Meredith TC, Chen C, et al. Methicillin resistance in
Staphylococcus aureus requires glycosylated wall teichoic acids. Proceedings of the National
Academy of Sciences of the United States of America. 2012;109(46):18909-14.
15. Xia G, Corrigan RM, Winstel V, Goerke C, Grundling A, Peschel A. Wall teichoic Acid-dependent
adsorption of staphylococcal siphovirus and myovirus. Journal of bacteriology. 2011;193(15):40069.
16. Winstel V, Liang C, Sanchez-Carballo P, Steglich M, Munar M, Broker BM, et al. Wall teichoic
acid structure governs horizontal gene transfer between major bacterial pathogens. Nature
communications. 2013;4:2345.
17. Xia G, Maier L, Sanchez-Carballo P, Li M, Otto M, Holst O, et al. Glycosylation of wall teichoic acid in
Staphylococcus aureus by TarM. The Journal of biological chemistry. 2010;285(18):13405-15.
18. Li X, Gerlach D, Du X, Larsen J, Stegger M, Kuhner P, et al. An accessory wall teichoic acid
glycosyltransferase protects Staphylococcus aureus from the lytic activity of Podoviridae. Sci Rep.
2015;5:17219.
19. Baur S, Rautenberg M, Faulstich M, Grau T, Severin Y, Unger C, et al. A nasal epithelial receptor for
Staphylococcus aureus WTA governs adhesion to epithelial cells and modulates nasal colonization.
PLoS pathogens. 2014;10(5):e1004089.
20. Kurokawa K, Jung DJ, An JH, Fuchs K, Jeon YJ, Kim NH, et al. Glycoepitopes of staphylococcal wall
teichoic acid govern complement-mediated opsonophagocytosis via human serum antibody and
mannose-binding lectin. The Journal of biological chemistry. 2013;288(43):30956-68.
21. Park KH, Kurokawa K, Zheng L, Jung DJ, Tateishi K, Jin JO, et al. Human serum mannose-binding
lectin senses wall teichoic acid Glycopolymer of Staphylococcus aureus, which is restricted in
infancy. The Journal of biological chemistry. 2010;285(35):27167-75.
22. van der Aar AM, Picavet DI, Muller FJ, de Boer L, van Capel TM, Zaat SA, et al. Langerhans cells favor
skin flora tolerance through limited presentation of bacterial antigens and induction of regulatory
T cells. The Journal of investigative dermatology. 2013;133(5):1240-9.
23. Masterson AJ, Sombroek CC, De Gruijl TD, Graus YM, van der Vliet HJ, Lougheed SM, et al. MUTZ3, a human cell line model for the cytokine-induced differentiation of dendritic cells from CD34+
precursors. Blood. 2002;100(2):701-3.
24. Santegoets SJ, Masterson AJ, van der Sluis PC, Lougheed SM, Fluitsma DM, van den Eertwegh AJ, et
al. A CD34(+) human cell line model of myeloid dendritic cell differentiation: evidence for a CD14(+)
CD11b(+) Langerhans cell precursor. Journal of leukocyte biology. 2006;80(6):1337-44.
25. Lee JH, Kim NH, Winstel V, Kurokawa K, Larsen J, An JH, et al. Surface Glycopolymers Are Crucial for
In Vitro Anti-Wall Teichoic Acid IgG-Mediated Complement Activation and Opsonophagocytosis of
Staphylococcus aureus. Infect Immun. 2015;83(11):4247-55.

58

26. Koymans KJ, Vrieling M, Gorham RD, Jr., van Strijp JA. Staphylococcal Immune Evasion Proteins:
Structure, Function, and Host Adaptation. Curr Top Microbiol Immunol. 2016;10.1007/82_2015_5017.
27. Hanske J, Schulze J, Aretz J, McBride R, Loll B, Schmidt H, et al. Bacterial Polysaccharide Specificity of
the Pattern Recognition Receptor Langerin Is Highly Species-dependent. The Journal of biological
chemistry. 2017;292(3):862-71.
28. Bobr A, Olvera-Gomez I, Igyarto BZ, Haley KM, Hogquist KA, Kaplan DH. Acute ablation of
Langerhans cells enhances skin immune responses. J Immunol. 2010;185(8):4724-8.
29. Kashem SW, Igyarto BZ, Gerami-Nejad M, Kumamoto Y, Mohammed J, Jarrett E, et al. Candida
albicans morphology and dendritic cell subsets determine T helper cell differentiation. Immunity.
2015;42(2):356-66.
30. Iwamoto K, Moriwaki M, Niitsu Y, Saino M, Takahagi S, Hisatsune J, et al. Staphylococcus aureus from
atopic dermatitis skin alters cytokine production triggered by monocyte-derived Langerhans cell.
J Dermatol Sci. 2017;10.1016/j.jdermsci.2017.08.001.
31. Vijayanand P, Seumois G, Simpson LJ, Abdul-Wajid S, Baumjohann D, Panduro M, et al. Interleukin-4
production by follicular helper T cells requires the conserved Il4 enhancer hypersensitivity site V.
Immunity. 2012;36(2):175-87.
32. Kraus D, Herbert S, Kristian SA, Khosravi A, Nizet V, Gotz F, et al. The GraRS regulatory system controls
Staphylococcus aureus susceptibility to antimicrobial host defenses. BMC Microbiol. 2008;8:85.
33. Falord M, Mader U, Hiron A, Debarbouille M, Msadek T. Investigation of the Staphylococcus aureus
GraSR regulon reveals novel links to virulence, stress response and cell wall signal transduction
pathways. PLoS One. 2011;6(7):e21323.
34. Wanner S, Schade J, Keinhorster D, Weller N, George SE, Kull L, et al. Wall teichoic acids mediate
increased virulence in Staphylococcus aureus. Nat Microbiol. 2017;2:16257.
35. de Witte L, Nabatov A, Pion M, Fluitsma D, de Jong MA, de Gruijl T, et al. Langerin is a natural barrier
to HIV-1 transmission by Langerhans cells. Nature medicine. 2007;13(3):367-71.
36. Ribeiro CM, Sarrami-Forooshani R, Setiawan LC, Zijlstra-Willems EM, van Hamme JL, Tigchelaar W, et
al. Receptor usage dictates HIV-1 restriction by human TRIM5alpha in dendritic cell subsets. Nature.
2016;540(7633):448-52.
37. de Jong MA, Vriend LE, Theelen B, Taylor ME, Fluitsma D, Boekhout T, et al. C-type lectin Langerin is
a beta-glucan receptor on human Langerhans cells that recognizes opportunistic and pathogenic
fungi. Mol Immunol. 2010;47(6):1216-25.
38. Yang K, Park CG, Cheong C, Bulgheresi S, Zhang S, Zhang P, et al. Host Langerin (CD207) is a receptor
for Yersinia pestis phagocytosis and promotes dissemination. Immunology and cell biology.
2015;93(9):815-24.
39. Sumaria N, Roediger B, Ng LG, Qin J, Pinto R, Cavanagh LL, et al. Cutaneous immunosurveillance by
self-renewing dermal gammadelta T cells. The Journal of experimental medicine. 2011;208(3):50518.
40. Paternoster L, Standl M, Waage J, Baurecht H, Hotze M, Strachan DP, et al. Multi-ancestry genomewide association study of 21,000 cases and 95,000 controls identifies new risk loci for atopic
dermatitis. Nat Genet. 2015;47(12):1449-56.
41. Cai XY, Zheng XD, Fang L, Zhou FS, Sheng YJ, Wu YY, et al. A variant on chromosome 2p13.3 is
associated with atopic dermatitis in Chinese Han population. Gene. 2017;628:281-5.
42. Winstel V, Xia G, Peschel A. Pathways and roles of wall teichoic acid glycosylation in Staphylococcus
aureus. International journal of medical microbiology : IJMM. 2014;304(3-4):215-21.
43. Pang YY, Schwartz J, Thoendel M, Ackermann LW, Horswill AR, Nauseef WM. agr-Dependent
interactions of Staphylococcus aureus USA300 with human polymorphonuclear neutrophils. J
Innate Immun. 2010;2(6):546-59.
44. Schenk S, Laddaga RA. Improved method for electroporation of Staphylococcus aureus. FEMS
Microbiol Lett. 1992;73(1-2):133-8.
45. van de Weijer ML, van Muijlwijk GH, Visser LJ, Costa AI, Wiertz EJ, Lebbink RJ. The E3 Ubiquitin Ligase

59

2

Chapter 2 – Langerin is a receptor for S. aureus WTA

TMEM129 Is a Tri-Spanning Transmembrane Protein. Viruses. 2016;8(11).
46. Sibbald MJ, Winter T, van der Kooi-Pol MM, Buist G, Tsompanidou E, Bosma T, et al. Synthetic effects
of secG and secY2 mutations on exoproteome biogenesis in Staphylococcus aureus. Journal of
bacteriology. 2010;192(14):3788-800.
47. Kreiswirth BN, Lofdahl S, Betley MJ, O’Reilly M, Schlievert PM, Bergdoll MS, et al. The toxic shock
syndrome exotoxin structural gene is not detectably transmitted by a prophage. Nature.
1983;305(5936):709-12.
48. CDC. From the Centers for Disease Control and Prevention. Four pediatric deaths from communityacquired methicillin-resistant Staphylococcus aureus--Minnesota and North Dakota, 1997-1999.
JAMA. 1999;282(12):1123-5.
49. Mwangi MM, Wu SW, Zhou Y, Sieradzki K, de Lencastre H, Richardson P, et al. Tracking the in vivo
evolution of multidrug resistance in Staphylococcus aureus by whole-genome sequencing.
Proceedings of the National Academy of Sciences of the United States of America. 2007;104(22):94516.
50. Guinane CM, Ben Zakour NL, Tormo-Mas MA, Weinert LA, Lowder BV, Cartwright RA, et al.
Evolutionary genomics of Staphylococcus aureus reveals insights into the origin and molecular
basis of ruminant host adaptation. Genome Biol Evol. 2010;2:454-66.
51. Rosenstein R, Nerz C, Biswas L, Resch A, Raddatz G, Schuster SC, et al. Genome analysis of the meat
starter culture bacterium Staphylococcus carnosus TM300. Appl Environ Microbiol. 2009;75(3):81122.
52. Mack D, Siemssen N, Laufs R. Parallel induction by glucose of adherence and a polysaccharide
antigen specific for plastic-adherent Staphylococcus epidermidis: evidence for functional relation
to intercellular adhesion. Infection and immunity. 1992;60(5):2048-57.
53. Chassain B, Lemee L, Didi J, Thiberge JM, Brisse S, Pons JL, et al. Multilocus sequence typing
analysis of Staphylococcus lugdunensis implies a clonal population structure. J Clin Microbiol.
2012;50(9):3003-9.
54. Ben Zakour NL, Bannoehr J, van den Broek AH, Thoday KL, Fitzgerald JR. Complete genome
sequence of the canine pathogen Staphylococcus pseudintermedius. Journal of bacteriology.
2011;193(9):2363-4.
55. Monk IR, Shah IM, Xu M, Tan MW, Foster TJ. Transforming the untransformable: application of direct
transformation to manipulate genetically Staphylococcus aureus and Staphylococcus epidermidis.
mBio. 2012;3(2).

60

Supplementary Data

2

Supplementary Figure S1. S. aureus binding to human LCs.
Binding of S. aureus to isolated primary human LCs. LCs from donors 1 and 2 were incubated with
GFP-expressing S. aureus Newman and LCs from donors 3 and 4 with GFP-expressing S. aureus Newman
ΔspaΔsbi. The interaction was blocked by addition of mannan, GlcNAc or anti-langerin blocking antibody (donors 3 and 4 only).
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Supplementary Figure S2. Langerin-FITC interaction with S. aureus tar mutants in multiple backgrounds and differential interaction of human and mouse langerin-FITC with wild-type S. aureus.
Binding of 5 μg/ml recombinant human langerin-FITC to (A) S. aureus RN4220 WT, ΔtarMS, ΔtarM, ΔtarS,
ΔtarMS ptarM and ΔtarMS ptarS and (B) Newman WT, ΔtarMS, ΔtarMS ptarM and ΔtarMS ptarS. (C) Binding of recombinant human langerin-FITC (blue) and mouse langerin-FITC (red) to wild-type S. aureus
strains USA300, RN4220 and Newman. At all concentrations, human langerin-FITC binding was compared to mouse langerin-FITC binding to the same strain. All data are presented as geometric mean
fluorescence intensity + SEM from three independent experiments. **p < 0.01, ***p < 0.001.
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Supplementary Figure S3. Epicutaneous S. aureus infection model.
(A) Experimental scheme for epicutaneous infection of S. aureus ΔtarM or S. aureus ΔtarS on WT mice or
huLangerin-DTR mice. (B) Macroscopy pictures of all individual mice in the five groups, with sexes indicated by M (male) or F (female). (C) Bacterial burden of the lesions 40 hours post-inoculation, presented
as log10-transformed CFU/cm2 +/- SD and tested by one-way ANOVA. (D) Transcript abundance of Cxcl2
and Il10. Data are presented as log2-transformed fold change +/- SD relative to Gapdh, normalized to
the mean value of the WT + PBS group. *p < 0.05, ***p < 0.001.
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Supplementary Table S1. Bacterial strains used in this study.
Strain
S. aureus Newman wild type (ST254, CC8)
S. aureus Newman ΔtarMΔtarS
S. aureus Newman ΔtarMΔtarS pRB474-tarM
S. aureus Newman Δ tarMΔ tarS pRB474- tarS
S. aureus Newman ΔspaΔsbi
S. aureus Newman pCM29 (sGFP)
S. aureus Newman ΔspaΔsbi pCM29 (sGFP)
S. aureus USA300 wild type (NRS384, ST8, CC8)
S. aureus USA300 Δ tarM
S. aureus USA300 Δ tarS
S. aureus USA300 Δ tarMΔ tarS
S. aureus USA300 Δ tarMΔ tarS pRB474- tarM
S. aureus USA300 Δ tarMΔ tarS pRB474- tarS
S. aureus RN4220 wild type (ST8, CC8)
S. aureus RN4220 Δ tarM
S. aureus RN4220 Δ tarS
S. aureus RN4220 Δ tarMΔ tarS
S. aureus RN4220 Δ tarMΔ tarS pRB474- tarM
S. aureus RN4220 Δ tarMΔ tarS pRB474- tarS
S. aureus 82086 wild type (ST398, CC398)
S. aureus 82086 Δ tarS
S. aureus PS66 wild type (NCTC 8288, ST39, CC30)
S. aureus PS66 Δ tarS
S. aureus MW2 wild type (ST1, CC1)

Source
ATCC, Cat#13420
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Sibbald et al., 2010 (46)
This paper
This paper
NARSA strain collection
Winstel et al., 2015 (12)
Brown et al., 2012 (14)
Winstel et al., 2015 (12)
Winstel et al., 2015 (12)
Winstel et al., 2015 (12)
Kreiswirth et al., 1983 (47)
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Winstel et al., 2013 (16)
Winstel et al., 2015 (16)
Li et al., 2015 (18)
Udo Bläsi, Vienna
Li et al., 2015 (18)
CDC, 1999 (48)

S. aureus MRSA252 wild type (ST36, CC30)
S. aureus MSSA467 wild type (ST1, CC1)
S. aureus Wood46 wild type (CC97)
S. aureus Mu50 wild type (ST5, CC5)
S. aureus P68 wild type (ST25, CC25)
S. aureus NRS22 wild type (USA600, ST45, CC45)
S. aureus NRS184 wild type (ST22, CC22)
S. aureus JH1 wild type (ST105, CC5)
S. aureus N315 wild type (ST5, CC5)
S. aureus PS187 wild type (ST395, CC395)
S. aureus ED133 wild type (ST133, CC133)
S. aureus Lowenstein wild type
S. capitis ATCC27840 wild type
S. carnosus TM300 wild type
S. epidermidis 1457 wild type
S. lugdunensis SL13 wild type
S. pseudintermedius ED99 wild type
S. saprophyticus ATCC 35552 wild type
S. simulans ATCC 27848 wild type
E. coli DC10B
E. coli BL21(DE3)

Tim Foster, Dublin
Tim Foster, Dublin
ATCC, Cat#10832
CDC, 1999 (48)
Udo Bläsi, Vienna
NARSA strain collection
NARSA strain collection
Mwangi et al., 2007 (49)
NARSA strain collection
ATCC, Cat#15564
Guinane et al., 2010 (50)
ATCC, Cat#49521
ATCC, Cat#27840
Rosenstein et al., 2009 (51)
Mack et al., 1992 (52)
Chassain et al., 2012 (53)
Ben Zakour et al., 2011 (54)
ATCC, Cat#35552
ATCC, Cat#27848
Monk et al., 2012 (55)
Thermo Fisher, Cat#C6000-03
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“The future can ever promise but one thing
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Abstract
Langerhans cells (LCs) are key sentinel cells of the skin and mucosa. They sense
micro-organisms by their repertoire of pattern-recognition receptors to mount and
direct appropriate immune responses. We recently demonstrated that human LCs
interact with the Gram-positive pathogen Staphylococcus aureus through the LCspecific receptor langerin (CD207). It was previously hypothesized that two linked
single nucleotide polymorphisms (SNPs; N288D and K313I) in the carbohydrate
recognition domain of langerin would affect interaction with micro-organisms. We
show that recognition of S. aureus by recombinant langerin molecules is abrogated
in the double SNP variant, which is mainly explained by the N288D SNP and further
enhanced by K313I. Moreover, introduction of SNP N288D in cell-expressed langerin
affected cellular distribution of the receptor such that langerin displayed enhanced
plasma membrane expression. Although this increased the capacity of the langerin
double SNP variant to bind S. aureus, uptake of bacteria by this langerin variant was
compromised. Our findings indicate that in a proportion of the human population,
the recognition and uptake of S. aureus by LCs may be affected, which could have
important consequences for proper immune activation and S. aureus-associated
disease.
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Introduction
Langerin (CD207) is a C-type lectin receptor that, in humans, is exclusively expressed on
Langerhans cells (LCs). Langerin is a recycling receptor which binds its ligands including
sulfated glycan, β-glucans and N-acetylglucosamine (GlcNAc) and complex bacterial
glycans, in a Ca2+-dependent manner (1-3). Its Ca2+ affinity stems from a fine-tuned
allosteric network of communicating amino acids (4). Engagement of langerin triggers
internalization of the ligand by endocytosis, which is mediated by actin remodeling
through the cytoplasmic proline-rich motifs of langerin (5, 6). The internalized cargo is
released from the receptor in the endosomal compartments due to a drop in pH and
endosomal Ca2+ concentration (4, 7). This mechanism allows langerin to recycle between
the plasma membrane and endosomal compartments and prevents langerin degradation.

In the human population, several single nucleotide polymorphisms (SNPs) in langerin
have been described (1, 8, 9). Interestingly, some of these SNPs are situated in the
carbohydrate recognition domain of langerin and affect receptor-ligand interaction.
Two of these SNPs, N288D (rs13383830) and K313I (rs57302492), are in strong linkage
disequilibrium and co-inherit throughout the human population. The overall minor
allele frequency (MAF) of these SNPs is 13.0% (Figure 1) (10). Based on the HardyWeinberg equilibrium, this corresponds to an estimated 1.7% of homozygotes and
22.6% heterozygous carriers. The MAF is highest in the African population (21.8%,
4.8% homozygotes), while it is lowest in populations of native American (5.3%, 0.3%
homozygotes) and European (6.2%, 0.4% homozygotes) ancestry (Figure 1).

Figure 1. Incidence of the N288D/K313I double SNP variant in human langerin.
Minor allele frequencies (MAF) of the N288D/K313I double SNP variants in various human populations, based on data from 1000Genomes (10). AFR = African; AMR = native American; EAS = East Asian;
EUR = European; SAS = South Asian.
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Based on glycan array analysis, the non-naturally occurring single K313I variant
abolishes interaction of langerin with terminal sulfated glycan residues, but enhances
interaction of terminal GlcNAc structures (1, 9). SNP N288D decreases affinity for all
ligands as a result of destabilized Ca2+ binding (8, 9). Overall, presence of the double
SNP skews ligand specificity from sulfated glycans to GlcNAc, with overall decreased
binding to glycan structures (9). These findings sparked the hypothesis that these
common langerin SNPs could influence recognition of GlcNAc-containing structures
on microorganisms, which can be present on wall teichoic acid of Gram-positive
bacteria including Staphylococcus aureus (11). The possible influence on microbial
recognition was also proposed to drive selection for K313I as compensatory mutation
for N288D, explaining the strict co-inheritance of the two SNPs (9).
We recently identified langerin as a receptor for β-GlcNAc modifications on S. aureus
wall teichoic acid, which strongly influenced LC maturation and cytokine production
in response to S. aureus (12). Therefore, we aimed to identify the effect of the naturally
occurring combination of SNPs N288D and K313I in human langerin on S. aureus
binding and internalization. Overall, our data demonstrate that uptake of S. aureus
by cells expressing the langerin double SNP variant was compromised. This indicates
that in a portion of the human population the recognition and uptake of S. aureus by
LCs may be affected, which can have important consequences for proper immune
activation and S. aureus-associated disease.

Results
Introduction of N288D in recombinant human langerin abrogates
interaction with S. aureus
Feinberg et al. showed that the ligand specificity of langerin K313I and the double
SNP variant was altered compared to wild type langerin, and hypothesized that
this might affect interaction with Gram-positive pathogens (9). Since we recently
elucidated the molecular interaction between langerin and S. aureus, we wondered
whether this interaction was affected by these common SNPs. We expressed and
purified recombinant fluorescently-labeled constructs of the extracellular domain
of human langerin, in which we introduced SNP N288D and K313I individually as
well as together. Binding of recombinant langerin K313I to S. aureus was identical
to the binding observed for recombinant wild type langerin (Figure 2A). In contrast,
introduction of the N288D and especially the double SNP severely attenuated
interaction with S. aureus (Figure 2A). These results are generally consistent with the
predictions of Feinberg et al., except for the full loss of interaction by the double SNP
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Figure 2. Introduction of N288D in recombinant human langerin abrogates interaction with S.
aureus.
Binding of FITC-labeled recombinant langerin wildtype and SNP variants to (A) S. aureus USA300 ΔtarM
or (B) S. pyogenes. Binding was assessed as the geometric mean fluorescence intensity. Data represent
means +/- standard error of the mean (SEM) of three independent experiments. * p < 0.05, *** p < 0.001.

variant in our experiments. Complete loss of binding could also result from problems
with e.g. protein misfolding or degradation. However, all langerin constructs had
been purified in an identical manner using affinity purification on a mannan column,
indicating that they are functional. In addition, the langerin double SNP variant was
still able to interact with another Gram-positive pathogen, Streptococcus pyogenes
(Figure 2B). Therefore, the loss of S. aureus interaction with the recombinant langerin
double SNP variant likely represents a specific S. aureus ligand binding defect.

Langerin surface expression is affected by SNP N288D and
correlates with S. aureus binding capacity
We next introduced FLAG-tagged wildtype langerin or SNP variants in THP1 cells to
assess how N288D and K313I affected interaction with S. aureus in a cellular model. Total
expression levels of langerin were similar in the various langerin variants as assessed
by staining saponin-permeabilized cells with an anti-FLAG antibody (Figure 3A, left).
However, staining of langerin on the plasma membrane using non-permeabilized cells
revealed striking differences in langerin surface expression between langerin variants
(Figure 3A, right). Introduction of N288D, either on its own or in conjunction with K313I,
caused a significant increase in langerin expression on the plasma membrane. The
altered membrane expression affected the interaction of langerin with S. aureus that
we have described previously (12); cell lines expressing langerin N288D or the double
SNP variant, but not K313I, showed higher binding of S. aureus compared to cells
expressing wildtype langerin (Figure 3B). Linear regression analysis of langerin surface
expression and the capacity to bind S. aureus revealed a high positive correlation (R2 =
0.94), indicating that the bacterial binding capacity is highly dependent on the amount
of langerin expressed on the membrane (Figure 3C).
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Figure 3. Langerin surface expression is affected by SNP N288D and correlates with S. aureus
binding capacity.
(A) Expression levels of langerin in permeabilized (left) or non-permeabilized (right) THP1 cells expressing langerin wildtype and SNP variants or empty vector (EV) control. (B) Binding of GFP-expression
S. aureus Newman ΔspaΔsbi to the same cells at a bacteria-to-cell ratio of 3. Langerin expression was
measured using an anti-FLAG antibody and assessed as the geometric mean fluorescence intensity.
Means +/- SEM of four independent experiments are shown. (C) Correlation between langerin surface
expression and binding of GFP-expressing S. aureus Newman ΔspaΔsbi by THP1, SupT1 and CHO cells
expressing langerin wildtype and SNP variants or empty vector (EV) control at bacteria-to-cell ratios of 3
(THP1 and SupT1) or 6 (CHO). Data are shown as the mean values of two (SupT1 or CHO) or three (THP1)
independent experiments normalized to the values of the respective cells expressing wildtype langerin,
and were analyzed by linear regression. * p < 0.05; ** p < 0.01; *** p < 0.001.

To exclude that this effect was caused by unique behavior of langerin in THP1 cells,
we repeated this experiment in two additional cell lines, SupT1 and CHO. In both
cases, similar results were obtained, with high and moderate correlations between
langerin membrane expression and S. aureus binding capacity, respectively (R2 =
0.90 for SupT1; R2 = 0.60 for CHO). We therefore conclude that S. aureus binding is
highly dependent on the amount of langerin expressed on the membrane. Moreover,
enhanced surface expression overcomes the observed SNP-dependent changes in
ligand recognition of S. aureus.
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The naturally occurring double SNP variant in langerin is
defective in S. aureus internalization
Langerin is a recycling receptor that internalizes ligands and transports it to
intracellular compartments for further processing (5, 6). As the naturally occurring
langerin double SNP variant bound more S. aureus as a consequence of altered
membrane expression, we aimed to determine whether this had consequence for
ligand internalization. As early and late endosomal compartments are increasingly
acidified, we labeled S. aureus with the pH-sensitive dye pHrodo, which fluoresces
at low pH and thereby indicates S. aureus internalization. With this experimental setup, we observed a clear time-dependent increase in fluorescence after incubation of
pHrodo-labeled S. aureus with THP1 cells expressing wild type langerin but not empty
vector (EV) control cells (Figure 4A). Flow cytometry analysis was complemented
with confocal microscopy, which confirmed that pHrodo-fluorescent S. aureus were
only observed in THP1 cells expressing wild type langerin (Figure 4B). These results
indicate that wildtype langerin expressed on THP1 cells is fully functional and that
endosomal compartments containing S. aureus are indeed acidified. In contrast, we
observed only a minor increase in pHrodo signal in THP1 cells expressing the langerin
double SNP variant, similar to EV controls (Figure 4A-B). Although this could reflect
a loss of internalization, it is also possible that the maturation of the endosome is
disturbed and not acidified as a result. We therefore used a second experimental
set-up to analyze S. aureus internalization. FITC-labeled S. aureus were incubated
with THP1-langerin cells at 4°C to allow bacterial binding. Next, the sample was split
and either kept at 4°C or transferred to 37°C to allow cellular uptake. Afterwards, all
samples were stained using an anti-protein A antibody, which discriminates between
adhered (staining) or internalized (no staining) S. aureus (13). Using this method, we
observed that THP1 cells expressing the langerin double SNP variant are still capable
of internalizing S. aureus, but the internalized fraction of bacteria was significantly
lower compared to THP1 cells expressing wild type langerin (Figure 4C; 0.37 by the
langerin double SNP variant versus 0.71 by wild type langerin). Overall, our data
indicate that the naturally occurring langerin double SNP variant displays increased
surface expression, which enables increased binding of S. aureus. However, this
variant is defective in internalization of S. aureus.
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Figure 4. The naturally occurring double SNP variant in langerin is defective in S. aureus
internalization.
Internalization of pHrodo-labeled S. aureus USA300 ΔtarM by THP1-langerin wildtype, N288D/K313I
or EV control at a bacteria-to-cell ratio of 12.5. Internalization was assessed by (A) mean fluorescence
intensity using flow cytometry and (B) confocal microscopy. Data are shown as means +/- SEM of
three independent experiments. (C) Fraction of S. aureus USA300 ΔtarM internalized by THP1-langerin
wildtype, N288D/K313I or EV control. Means +/- SEM of five independent experiments are shown.
* p < 0.05; ** p < 0.01; *** p < 0.001.

Discussion
Previous studies hypothesized that interaction of the human pattern-recognition
receptor langerin with pathogens could be affected by two co-inheriting polymorphisms
in the carbohydrate recognition domain of langerin. We demonstrate here that these
two SNPs result in compromised uptake of S. aureus by langerin-expressing cells.
Using recombinant soluble constructs of langerin with or without these variants and S.
aureus as a relevant GlcNAc-expressing human pathogen, we did not observe enhanced
S. aureus binding by langerin K313I. This was surprising since results from glycan array
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analysis indicated that SNP K313I enhanced detection of terminal GlcNAc residues (9). In
contrast, the langerin N288D SNP variant shows significant loss of S. aureus interaction,
which is in line with observations of Feinberg et al. that this SNP reduced affinity for all
langerin ligands (9). The additional introduction of SNP K313I completely abrogated
interaction with S. aureus. This is in contrast to the predictions based on glycan array
analysis that K313I would partially compensate for the N288D affinity reduction (9). The
arrays used by Feinberg et al. only contained mammalian glycan structures and could
therefore only indicate general patterns of affinities for families of glycans, such as
terminal sulfated or terminal GlcNAcylated structures. Potentially, the context in which
b-GlcNAc is presented on S. aureus, i.e. on the negatively charged ribitol phosphate
backbone of wall teichoic acid, affects langerin binding differently than predicted. In
addition, Feinberg et al. used the monomeric CRD of langerin for this analysis, while we
used full extracellular trimeric constructs, which resembles the receptor configuration
as expressed by cells. Monomeric and trimeric langerin constructs were shown to have
different ligand binding properties, which could therefore have contributed to the
discrepancies between our results (9, 14).
We have identified S. pyogenes as a new interaction partner of langerin that was not
affected by double SNP variant. Similar to S. aureus, S. pyogenes is a human commensal
and a frequent cause of skin infections. Interestingly, the interaction between LCs
and S. pyogenes has been reported previously, although the molecular interaction
was not clarified (15). Possibly, langerin is one of the LC-receptors involved in this
interaction and warrants further investigation.
As a complementary approach, we introduced the langerin SNP variants in THP1 cells
to test bacterial langerin-dependent binding in a more biologically-relevant model
system. Expression of langerin N288D, with or without SNP K313I, on THP1 cells
caused a notable increase of langerin expression on the plasma membrane. This is
supposedly a specific effect of alteration in the CRD of langerin and not an artifact
caused by THP1 cells or the transduction method, as we reproduced this observation
in two additional cell lines. This phenomenon was also reported previously for the
single langerin N288D variant expressed on fibroblasts (8), and is potentially related
to altered endosomal receptor recycling. The increased expression correlated with
increased binding of S. aureus by these cell lines but internalization of S. aureus was
significantly compromised in cells expressing the langerin double SNP variant.
Our three main observations initially appear conflicting: on the one hand we observed
loss of binding of the recombinant langerin double SNP variant to S. aureus as well as
compromised uptake by cells expressing this variant, while on the other hand these
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same cells displayed higher bacterial binding. However, these observations all fit in
the generally-accepted ‘zipper’ model of phagocytosis and endocytosis (16, 17). In
this model, successive zipper-like receptor-ligand interactions drive phagocytosis
and endocytosis, and increasingly enclose the engulfed object (18, 19). This process
relies on sufficient affinity of the receptor for its ligand. As the affinity of the N288Dcontaining langerin variants for the S. aureus ligand is reduced by destabilized Ca2+
coordination, it could still be sufficient for binding of the bacteria but insufficient for
engulfment. The increased binding of S. aureus can be explained by the increased
availability of these langerin variants on the plasma membrane. So far, we have
shown decreased internalization by the langerin double SNP variant for S. aureus, but
it will be important to test whether this is also true for other ligands, either expressed
by other micro-organisms or expressed in purified form.
In this study, we have investigated exclusively homozygous langerin SNP variants.
Although 0.3 - 4.8% of the world’s population is homozygous for these variants,
the majority of people will be heterozygous. Importantly, langerin is expressed as
a trimeric receptor. Assuming equal expression of both alleles, heterozygotes will
express a range of trimeric langerin receptors, from wildtype homotrimers (1/8
of total) to heterotrimers with one or two wildtype monomers (3/8 each) to SNP
variant homotrimers (1/8 of total) (9). Although prediction of the phenotype of these
heterozygous alleles is difficult, based on the loss of function of the langerin double
SNP variant, a dose-dependent effect is one of the possibilities. In this case, langerin
trimers would become less functional with incorporation of more SNP variant
monomers, yielding trimers with a range of functionalities. Another possibility is
a dominant-negative effect of the SNP variant over the wildtype form. Indeed, this
situation occurred in an individual that was heterozygous for a particular de novo
mutation in langerin (W264R). This healthy individual had fully disrupted langerin
function and lacked Birbeck granule formation, leading to the conclusion that the
W264R mutation was had a dominant negative effect (20, 21). Yet, experimental data
on heterozygously expressed SNP variant langerin is currently lacking and will be
necessary to identify the effect that these SNPs have in heterozygous individuals.
The effects of the langerin double SNP variant on human health and disease is
currently unclear. In case of S. aureus, we have previously shown that human LCs
play a central role in the orchestration of the immune response against S. aureus in a
langerin-dependent manner (12). Reduced internalization by langerin and therefore
less antigen presentation or skewed immune activation by LCs could thereby have a
major impact on the health of skin and mucosa. This is further supported by increased
MAF of the double SNP variant in the African population (21.8%) compared to the
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European population (6.2%) and the observation that people of African descent have
a lower risk for S. aureus colonization (26.8% vs. 32.9%) (22) but higher incidence of
invasive S. aureus disease than European-descended populations (66.5 vs. 27.7 per
10,000 individuals) (23, 24). This suggests a link between the genetic background
and the immune response against S. aureus, which may be partially mediated by
variation in langerin. Possibly, LCs expressing variant langerin are attenuated in their
skin barrier gatekeeper function, thereby allowing S. aureus to penetrate to deeper
tissues and cause invasive disease.
In conclusion, we have shown that, contrary to predictions based on glycan array
data, the co-inheriting langerin SNPs N288D and K313I cause loss of interaction of
langerin with the human pathogen S. aureus. In addition, the SNPs affected the cellular
localization of langerin and compromised uptake of S. aureus. This demonstrates that
binding profiles from glycan array data cannot always be directly translated to a
biological setting. This complicates predictions of the phenotypic effects of genetic
variation in recycling pattern-recognition receptors and is therefore an important
factor to consider in similar studies.

Material and Methods
Bacterial strains and culture conditions
S. aureus strain USA300 ΔtarM (25) was grown overnight at 37°C with agitation in 5 ml
Todd-Hewitt broth (THB; Oxoid). For S. aureus Newman ΔspaΔsbi pCM29 (12) THB was
supplemented with 10 µg/ml chloramphenicol (Sigma Aldrich). Overnight S. aureus
cultures were subcultured the next day in fresh THB and grown to an optical density
at 600 nm (OD600nm) of 0.6-0.7, which corresponds to mid-exponential growth phase.
S. pyogenes MGAS315 (26) was grown overnight at 37°C without agitation in 5 ml THB
(Becton Dickinson) supplemented with 1% yeast extract (Oxoid).

Production of recombinant langerin extracellular domains
The extracellular domains (ECD) of truncated human langerin (residues 148–328)
and SNP variants thereof were recombinantly expressed from codon-optimized
constructs containing a C-terminal TEV cleavage site followed by a Strep-tag II cloned
into pUC19 expression vectors, expressed in E. coli BL21 (DE3; Thermo Fisher) and
purified as described previously (3, 12). SNP variants N288D, K313I and the double
SNP variant were created from the langerin wildtype pUC19 expression vector by site
directed mutagenesis using QuikChange Lightning (Agilent) and primer pairs pUC19
288D and pUC19 313I, according to the manufacturer’s instructions.

77

3

Chapter 3 –A common genetic variation in langerin compromises internalization of S. aureus

Langerin binding assay
S. aureus strains USA300 ΔtarM and S. pyogenes MGAS315 were harvested by
centrifugation (4,000 rpm, 8 minutes) and resuspended at OD600nm = 0.4 in TSM buffer
(2.4 g/L Tris (Roche), 8.77 g/L NaCl (Sigma Aldrich), 294 mg/L CaCl2·2H2O (Merck), 294
mg/L MgCl2·6H2O (Merck), pH=7.4) with 0.1% bovine serum albumin (BSA; Merck).
Bacteria were incubated with 0-50 µg/ml recombinant langerin-FITC (wildtype or SNP
variants) for 30 minutes at 37°C with agitation, washed once with TSM 1% BSA, fixed
in 1% formaldehyde (Brunschwig Chemie) and analyzed by flow cytometry.

Cell culture and lentiviral transduction
THP1 (TIB-202, ATCC) and SupT1 (CRL-1942, ATCC) cells were cultured in RPMI (Lonza)
supplemented with 5% fetal bovine serum (FBS, Biowest), 1% GlutaMAX (Gibco), 100
U/ml penicillin and 100 μg/ml streptomycin (Gibco) at 37°C with 5% CO2. CHO cells
(CCL-61, ATCC) were cultured in DMEM (Lonza), using the same supplements and
conditions.
A TrueORF sequence-validated cDNA clone of human CD207 (OriGene Technologies)
was amplified by PCR using Phusion polymerase (Thermo Fisher) and dedicated
primers with or without SNPs N288D and K313I and containing a C-terminal FLAG tag
(IDT, Supplementary Table S1). The PCR amplicons were cloned in a BIC-PGK-Zeo-T2amAmetrine;EF1A (27) construct by Gibson assembly (New England Bioscience) according
to the manufacturer’s instructions. The vectors encoding langerin wildtype, SNP variants
or empty control vectors were introduced into THP1, SupT1 and CHO cells by lentiviral
transduction, as described previously (12, 27). Cellular expression of langerin was verified
by antibody staining with anti-CD207 (DCGM4, Beckman Coulter) and anti-FLAG (F9291,
Sigma), and measured by flow cytometry. For staining of total langerin levels, cell were
first fixed in 2% PFA and permeabilized using PBS + 0.1% saponin (Sigma) + 0.5% BSA.

Binding of S. aureus by langerin expression cells
THP1, SupT1 or CHO cells expressing langerin wildtype, N288D, K313I or double
SNP variant or empty vector controls were incubated with GFP-expressing S. aureus
Newman Δspa Δsbi at bacteria-to-cell ratios from 0 to 6 in TSM + 0.1% BSA for 30
minutes at 4°C. Cells were washed once, fixed in 1% formaldehyde and measured by
flow cytometry.

Internalization of S. aureus by THP1-langerin cells
S. aureus USA300 ΔtarM was grown as described. To label the bacteria with pHrodo
iFL Red STP Ester (Thermo Fisher), 5x108 bacteria were resuspended in 750 µl and
incubated 1 hour at room temperature with 100 µM pHrodo in 100 mM sodium
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bicarbonate, pH 8.4, as described previously (28, 29). Bacteria were washed repeatedly
and resuspended at 1x108 cells/ml in RPMI 0.1% BSA. THP1-EV, THP1-langerin wildtype
and THP1-langerin double SNP variant were incubated with pHrodo-labeled S. aureus
at a bacteria-to-cell ratio of 12.5 at 37°C with 5% CO2. As positive control, bacteria
were incubated in citrate buffer, pH 4. Fluorescence was measured every 15 minutes
for 1 hour by Clariostar (BMG Labtech) using the Alexa Fluor 555 filter set. Afterwards,
the cells and bacteria were transferred to Lab-Tek II borosilicate coverglass chambers
(Nunc), counterstained with 10 µg/ml sWGA-FITC (Vector Labs), and imaged by
confocal laser scanning microscopy (SP5, Leica).
To measure internalization by bacterial depletion from the cellular membrane,
S. aureus USA300 ΔtarM was grown as described and labeled with 0.5 mg/ml FITC
(Sigma Aldrich) in PBS for 30 minutes at 4°C, washed repeatedly and resuspended
at 1x108 cells/ml in RPMI 0.1% BSA. THP1-EV, THP1-langerin wildtype and THP1langerin double SNP variant were incubated with FITC-labeled S. aureus at a bacteriato-cell ratio of 12.5 at 4°C. Afterwards, cells were washed three times in RPMI 0.1%
BSA to wash away unbound bacteria and the samples were split. Half of the sample
was kept at 4°C, while the other half was incubated at 37°C with 5% CO2 to allow
phagocytosis of adhered bacteria. The samples at 37°C were transferred on ice after
30 minutes to stop the reaction. Extracellular bacteria in all samples were stained
using 1 µg/ml biotin-conjugated chicken IgY anti-protein A (CPA-65B, Immunology
Consultants Laboratory) and streptavidin-Alexa Fluor 647 (Jackson Immunoresearch)
and measured by flow cytometry. We assessed the internalized fraction of bacteria by
assessing the depletion of AF647 signal after internalization of bacteria at 37°C in the
FITC-positive fraction of cells, as described by Rodriguez et al. (13):
Finternalized = (AF647FITC+,4°C – AF647 FITC+,37°C) / AF647 FITC+,4°C

Flow cytometry
Flow cytometry was performed on FACSVerse (BD Biosciences), per sample 10,000
events within the set gate were collected. Data were analyzed using FlowJo 10
(FlowJo, LLC).

Statistical analysis
Statistical analyses were performed using Graphpad Prism 7.04 (GraphPad Software).
Langerin concentration curves were tested by two-way ANOVA with Tukey’s multiple
comparisons test; bacterial binding to cell lines by one-way ANOVA with Dunnett’s
multiple comparisons test; pHrodo signal by Repeated Measures two-way ANOVA
with Dunnett’s multiple comparisons test; and bacterial internalization by ANOVA
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with Tukey’s multiple comparisons test. Correlations between bacterial binding and
langerin membrane expression were analyzed by linear regression. p values are only
shown for statistically significant differences (p ≤ 0.05 or smaller).
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Supplementary information
Supplementary Table S1. Primers used in this study.
Primer name

Sequence (5’-3’)

hLangerin Fw

GAGCTAGCAGTATTAATTAACCACCATGACTGTGGAGAAGGAG

hLangerin-FLAG Rv
N288D Fw

ACGTTTCTTTTCATTTGTAAGCGACCCTATGTCCCATCAGAACCGGACTACAAAGACGATGACGACAAGTGAGCATGCATCCTAACCGGTAC
CCAGGTGAGCCCAACgATGCTGGGAACAATGAACACTG

N288D Rv

CATTGTTCCCAGCATcGTTGGGCTCACCTGGAATCCAG

K313I Rv
pUC19 288D Fw

GTACCGGTTAGGATGCATGCTCACGGTTCTGATGGGACATAGGGTCGCTTACAAATGAAAAGAAACGTTaTGTCACATGGGGCATCATTCCAG
ATTCCGGGCGAACCGAACaATGCCGGTAACAATGAAC

pUC19 288D Rv

gttcattgttaccggcattgttcggttcgcccggaat

pUC19 313I Fw

gcatggaatgatgctccgtgcgacatcacgtttctgttca

pUC19 313I Rv

aaatgaacagaaacgtgatgtcgcacggagcatcattccatgcctg
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“When all else fails, give up and go to the library.”
― Stephen King
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Abstract
Staphylococcus aureus is an important cause of disease in the community and the
healthcare settings. Arguably the most immunogenic antigen of S. aureus is the
abundant cell surface component wall teichoic acid (WTA). The most common form of
S. aureus WTA consists of a poly-ribitol-phosphate (RboP) chain, which can be modified
by three glycosyltransferases (TarS, TarP and TarM) that attach N-acetylglucosamine
(GlcNAc) to different positions or in different linkages to RboP. Previous studies have
indicated that human serum contains different amounts of antibodies that recognize
these specific WTA-GlcNAc modifications. Dissection and structural characterization
of WTA-antibody interactions are challenging; WTA expression and modification are
highly variable between as well as within strains, and additionally isolated WTA is
unstable. We have therefore developed a model using synthesized RboP hexamers
that are enzymatically modified by recombinant Tar glycosyltransferases to create the
different WTA glycoforms. This model enabled highly sensitive and specific detection
of human antibodies interacting with specific WTA glycotypes, without the need
for isolating unstable S. aureus WTA or affinity purifying WTA-reactive antibodies
from serum. IgG of all four subclasses deposited on the various WTA glycotypes at
different levels and both IgG and IgA induced efficient neutrophil phagocytosis
of WTA-coated beads. In addition, we observed that mucosal secretory IgA has a
distinct WTA glycotype target distribution from serum IgG or IgA, suggesting that
the mucosal and systemic compartments of the adaptive immune system encounter
different predominant WTA glycotypes. These synthetic WTA molecules thereby
provided a new and invaluable tool to dissect the interaction between S. aureus WTA
and host receptors at the molecular and structural level. In addition, these synthetic
WTA analogues can be further explored as S. aureus WTA vaccine antigens and used
as a platform for the design and optimization of therapeutic antibodies targeting S.
aureus WTA.
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Introduction
Staphylococcus aureus is an important cause of infections in healthcare settings as
well as in the community. These infections are increasingly problematic to treat as
a result of growing antibiotic resistance, such as infections caused by methicillinresistant S. aureus (MRSA). Despite major efforts, a vaccine against S. aureus is
currently still lacking. A deeper understanding of the interaction between surface
structures and virulence factors of S. aureus and the host immune system will support
the development of vaccines and novel antimicrobial strategies.
Wall teichoic acid (WTA) is a major cell surface determinant of S. aureus. It has
multiple functions in basic cell physiology as well as in interaction with the host as
it contributes to adhesion to nasal epithelial cells, biofilm formation and resistance
against host antimicrobial peptides (1, 2). Structurally, WTA is composed of a ribitolphosphate (RboP) backbone of up to 40 subunits in length, which is covalently
linked to peptidoglycan (3). The RboP subunits can be further modified by D-alanine
and N-acetylglucosamine (GlcNAc) residues. In most S. aureus lineages, GlcNAc
is O-linked by its anomeric C1 to the hydroxyl group of RboP C4 by either of two
glycosyltransferase enzymes: TarM catalyzes attachment of α-linked 1,4-GlcNAc
and TarS of β-linked 1,4-GlcNAc (4, 5). These GlcNAc modifications are involved in
multiple processes. Specifically, β-1,4-GlcNAc mediates resistance to β-lactam
antibiotics and both modifications function as receptors for specific phages (5-7).
Interestingly, tarS is present in all S. aureus isolates, except for ST395 strains that
express a structurally different WTA (8). TarM, on the other hand, is present in the
genomes of many community-acquired MRSA (CA-MRSA) strains, but has been
lost at multiple evolutionary time points from different phylogenetic branches of
S. aureus. In addition, a recent study describes the presence of a prophage in the
genomes of a considerable proportion of the healthcare-associated and livestockassociated MRSA (HA-MRSA and LA-MRSA) strains of the CC5 and CC398 lineages.
This prophage encodes for the alternative WTA glycosyltransferase TarP that attaches
GlcNAc to WTA in the β-linkage but at the C3 hydroxyl of RboP instead of C4 (9). So
far, genomic presence of tarP consistently coincides with tarS, corresponding to the
observation that these strains decorate their WTA with β-1,3-GlcNAc as well as β-1,4GlcNAc (9). Overall, this collection of WTA-modifying glycosyltransferases underlies
the existence of specific WTA ‘glycotypes’, that are based on the presence or absence
of the respective glycosyltransferases.
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Several host immune receptors interact with WTA GlcNAc. In case of the serum
protein mannose binding lectin (MBL) this occurs independent of the specific
anomeric linkage of GlcNAc (10, 11). In contrast, the C-type lectin receptor langerin
(CD207) expressed by Langerhans cells specifically binds β-GlcNAc (12). On the side
of adaptive immunity, human serum contains high levels of antibodies specific for
the WTA GlcNAc modifications, of which β-1,4-GlcNAc is the most dominant epitope
(10, 11, 13). Overall, an estimated 70% of anti-S. aureus IgG is directed against WTA,
of which approximately 80% is reactive with β-1,4-GlcNAc WTA (11, 14). Structural
studies demonstrate that antibody specificity for the β-1,4-GlcNAc epitope is
conferred through interaction with both the carbon backbone of RboP and the
GlcNAc residue, in which the relative position of the two is critical for the specificity
of the antibody (14). The TarP-mediated β-1,3-GlcNAc modification is reportedly less
immunogenic than β-1,4-GlcNAc (9). Consequently, expression of β-1,3-GlcNAc on
WTA reduces antibody deposition on S. aureus by displacing the more reactive β-1,4GlcNAc epitope, suggesting that TarP acts as an immune subversion strategy (9).
The majority of WTA-reactive IgGs in serum are of the IgG2 subclass (13). This indicates
that WTA activates B cells in a T cell-independent manner, which is a well-described
ability of carbohydrate antigens with a repeating structure, such as WTA (15).
However, T cell-dependent processes are also likely to occur due to the zwitterionic
nature of WTA, which allows presentation to CD4+ T cells in the context of MHCII (16, 17). In addition, WTA-specific memory T cells have been identified in healthy
volunteers (18). This suggests that T cell-dependent B cell maturation may also occur,
which would induce production of IgG antibodies other than IgG2.

Figure 1. Human monoclonal IgG antibodies recognize enzymatically modified RboP hexamers
and induce effector functions.
(A) Deposition of monoclonal IgG1 antibodies specific for β-1,4-GlcNAc (clones 4497, 4462, 6292) or
α-1,4-GlcNAc (clones 4461, 4624, 6267) WTA on beads coated with TarS-WTA, TarP-WTA, TarM-WTA or
unglycosylated RboP. Means of the geometric mean fluorescence intensity (FI) +/- standard error of
the mean (SEM) of three independent experiments corrected for background binding to biotin control
beads are shown. Estimations of the half maximal effective concentrations are indicated by the dashed lines. (B) C3 deposition on beads coated with TarS-WTA, TarP-WTA, TarM-WTA or unmodified RboP
and pre-opsonized with 0.1-100 µg/ml anti-β-GlcNAc mAb (clones 4497, 4462, 6292) or anti-α-GlcNAc
mAb (clones 4461, 4624, 6267), using 10% IgG- and IgM-depleted human pooled serum as complement
source. Means of the geometric mean FI +/- SEM of three independent experiments are shown. (C) Neutrophil phagocytosis of FITC-labeled beads coated with TarS-WTA, TarP-WTA, TarM-WTA or unglycosylated RboP opsonized with 10 µg/ml anti-β-GlcNAc mAb 4497 or anti-α-GlcNAc mAb 4461. Phagocytosis
was assessed as the percentage of FITC-positive neutrophils. Mean values + SEM of three independent
experiments using neutrophils from different donors are shown.
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Since WTA is the most dominant immunogenic structure of the S. aureus cell wall,
it represents an important target for vaccine design and antimicrobial therapies.
Unfortunately, antibody interaction with S. aureus WTA is challenging to study as a
result of WTA heterogeneity between as well as within strains and expression of Fcbinding Protein A by S. aureus, which limits sensitivity of opsonization assays using
bacteria. The use of purified WTA is also challenging due to instability of isolated WTA.
Consequently, no comprehensive analysis has been performed to chart the human
antibody repertoire reactive with the various S. aureus WTA glycoforms including
subclass analysis of these reactive antibodies. Here, we present a new model to
study interactions between host molecules and S. aureus WTA. Specifically, synthetic
RboP hexamers were modified in vitro with specific GlcNAc epitopes by recombinant
glycosyltransferases and used to study WTA-reactive human antibodies.

Results
Human monoclonal IgG1 antibodies recognize enzymaticallymodified RboP hexamers and induce effector functions
We aimed to develop a new bead-based model to study the interaction between
human antibodies and S. aureus WTA. In this model, chemically-defined biotinylated
RboP hexamers are enzymatically modified by glycosyltransferases TarS, TarP or TarM,
yielding β-1,4-GlcNAc WTA (TarS-WTA), β-1,3-GlcNAc WTA (TarP-WTA) and α-1,4GlcNAc WTA (TarM-WTA). These modified RboP hexamers are subsequently coated
on streptavidin-modified beads. With this set-up we aimed to circumvent sensitivity
limitations incurred by the use of whole bacteria and the need for affinity purification
of WTA-specific IgG, allowing for specific and sensitive detection of WTA-interacting
antibodies in whole serum. To validate our model, we tested deposition of characterized
human monoclonal IgG1 antibodies (mAbs) against either β-1,4-GlcNAc (clone 4497) or
α-1,4-GlcNAc (clone 4461) on our WTA-decorated beads (19). Previously, clone 4497
was successfully used to specifically target a conjugated antibiotic to S. aureus (14).
Both mAbs bound to their respective ligands with complete exclusiveness (Figure 1A).
Interestingly, the β-1,4-GlcNAc mAb could not distinguish between TarS-WTA and TarPWTA, indicating that anti-β-GlcNAc antibodies can be cross-reactive between TarS-WTA
and TarP-WTA. To ensure that this was not a unique property of mAb 4497, we expressed
two additional anti-β-1,4-GlcNAc IgG1 mAbs (clones 4462 and 6292) (19). Again, both
anti-β-1,4-GlcNAc mAbs recognized both TarS-WTA and TarP-WTA, although mAb 6292
showed some level of discrimination. In addition, we expressed two additional IgG1
anti-α-1,4-GlcNAc mAbs (clones 4624 and 6267) (19), which again interacted exclusively
with TarM-WTA, with minimal differences between the three clones (Figure 1A).
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Previously, mAbs 4497 and 4461 were shown to activate complement, resulting in
efficient uptake of S. aureus by phagocytes (20). To assess whether this was also the
case using WTA-coated beads, we assessed complement activation by C3 deposition
as well as phagocytosis by human neutrophils. Indeed, all six mAbs increased C3
deposition on the bead surface in a concentration-dependent manner (Figure 1B),
but only when mAbs were specific for the respective WTA GlcNAc epitopes (Figure
1B). This indicates that spontaneous hydrolysis of C3 through the alternative
pathway did not occur. Of the three anti-β-GlcNAc mAbs tested, clone 6292 was
approximately 30-fold less efficient in inducing C3 deposition on TarS-WTA and did
not induce C3 deposition on TarP-WTA at the tested mAb concentrations (Figure 1B).
This corresponds to the observed decreased deposition of mAb 6292 on TarS-WTA
as well as the discrimination between TarS-WTA and TarP-WTA (compare Figures 1A
and 1B). Opsonization of the WTA beads with mAbs 4497 and 4461 induced efficient
phagocytosis by human neutrophils in the absence of complement. Phagocytosis
was fully dependent on specific binding of the mAbs to their respective targets and
therefore without background (Figure 1C). These results indicate that our WTA beads
are a suitable model to test the functionality of WTA-specific antibodies in a specific
and sensitive manner.

Enzymatically-modified RboP hexamers can be used to detect
WTA-specific IgG antibodies in human serum
We next used our WTA-bead model to compare the target distribution of IgG for TarSWTA, TarP-WTA, TarM-WTA or unglycosylated RboP from pooled human serum (Figure
2A) or the isolated IgG fraction from this pool (Figure 2B). Consistent with observations
by others, approximately eight-fold more anti-TarS-WTA IgG than anti-TarM-WTA IgG
was present in serum, while RboP-specific IgG was undetectable (11, 21). Importantly,
we detected significant levels of IgG reactive with TarP-WTA. Although the levels were
approximately two-fold lower than anti-TarS-WTA IgG levels, they were significantly
higher than anti-TarM-WTA IgG (Figure 2A, B). This indicates that not all WTA GlcNAc
epitopes are detected equally well by IgG antibodies.

WTA-specific IgG in human serum varies in subclass and target
distribution
Jung et al. previously showed by affinity purification that IgG2 is the predominant
IgG subclass targeting S. aureus WTA, accounting for an estimated 73 % of total WTAspecific IgG (13). However, it is yet unclear whether IgG subclass distribution is similar
for different WTA glycotypes. We therefore analyzed the presence of IgG1, 2, 3 and
4 with specificity for TarS-WTA, TarP-WTA, TarM-WTA and unglycosylated RboP in
pooled human IgG using our WTA bead model (Figure 3A). We detected substantial
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levels of IgG2 for all three GlcNAcylated WTA glycotypes, which was highest for TarSWTA and undetectable for unglycosylated RboP. Although deposition of IgG1, 3 and
4 was low (as reflected by the scale of the y-axes), we can detect two unique patterns
of antibody deposition to the four WTA glycotypes: IgG1 and IgG3 deposited at equal
levels on TarS-WTA and TarP-WTA, whereas reactivity of IgG2 and IgG4 against TarPWTA was approximately half compared to TarS-WTA (Figure 3A).

Figure 2. Enzymatically modified RboP hexamers can be used to detect WTA-specific IgG
antibodies in human serum.
IgG deposition on beads coated with TarS-WTA, TarP-WTA, TarM-WTA or RboP using (A) 3% pooled human serum or (B) 10 µg/ml pooled human IgG. Means of the geometric mean FI corrected
for background binding to biotin control beads of three independent experiments are shown. Differences are relative to TarS-WTA, unless indicated otherwise. * p < 0.05, ** p < 0.01, *** p < 0.001.

Figure 3. WTA-specific IgG in human serum varies in subclass and target distribution.
(A) Subclass distribution of human IgG (30 µg/ml) reactive with TarS-WTA, TarP-WTA, TarM-WTA and
unmodified RboP. Means of the geometric mean FI corrected for background binding to biotin control
beads + SEM of three independent experiments are shown. Significant differences are relative to TarSWTA, unless where indicated. (B) Subclass distribution of IgG from 11 individual donor sera (tested at
3%) targeting TarS-WTA, TarP-WTA, TarM-WTA and unmodified RboP. Data are shown as mean absorbance at 450 nm + SEM of three independent experiments. (C) Correlation between the levels of IgG2 targeting TarS-WTA and TarP-WTA or TarM-WTA using sera from 11 different individuals. Data were analyzed
by linear regression analysis, dashed lines indicate the 95% confidence intervals. Indicated donor sera
containing low (donor 6), medium (donor 1) or high (donor 11) levels of WTA β-GlcNAc reactive IgG2
were selected for further use in D. (D) Neutrophil phagocytosis of FITC-labeled beads coated with TarSWTA, TarP-WTA, TarM-WTA or unglycosylated RboP opsonized with 1% serum of three individual donors
(indicated in C) or 1% pooled serum. The relative phagocytic efficiency was assessed as the geometric
FI, normalized to TarS-WTA with pooled serum (dashed line). Mean values of three independent experiments using neutrophils from different donors are shown. ** p < 0.01, *** p < 0.001.
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To get an impression of the interindividual variation in the IgG subclass distribution
targeting the different WTA glycotypes, we tested antibody levels for 11 out of 22
individual donor sera that make up our serum pool by WTA ELISA. Similar to the
bead-based assay, IgG2 was readily detected, especially for the β-GlcNAc epitopes
although with clear interindividual variation (Figure 3B). IgG1 and IgG3 remained
undetectable (not shown) but low levels of IgG4 were observed (Figure 3B). IgG4
was predominantly reactive against TarS-WTA, but displayed high interindividual
variation.
As the anti-β-GlcNAc mAbs were cross-reactive between TarS-WTA and TarP-WTA
(Figure 1A), we performed linear regression analysis on the IgG2 deposition of TarSWTA and TarP-WTA using the 11 individual sera to determine whether cross-reactivity
between these two epitopes could also be observed here. The levels of IgG2 reactive
for TarS-WTA and TarP-WTA were highly correlated (R2 = 0.74, Figure 3C), indicating
that cross-reactivity between these two antibody pools potentially occurs. On the
other hand, the correlation between TarS and TarM IgG2 levels was low (R2 = 0.40,
Figure 3C), suggesting limited cross-reactivity between these antibody pools.
From our individual donors, we selected three sera with generally low, medium or
high WTA binding capacity or pooled serum, which we used to opsonize WTA beads
and subsequently measure antibody-mediated phagocytosis by human neutrophils.
The phagocytic efficiency was highly variable between the four sera but generally
corresponded well to the observed IgG levels for the respective targets (Figure 3D).
Interestingly, out of the three individual donors, only in donor 11 the phagocytic
efficiency of TarS-WTA beads was higher than TarP-WTA beads (Figure 3D). In addition,
neither of the sera induced efficient phagocytosis of beads coated with TarM-WTA or
unglycosylated RboP (Figure 3D). This indicates that TarS-WTA and TarP-WTA are the most
important antibody epitopes on S. aureus WTA to induce phagocytosis by neutrophils.

Human serum IgA targets WTA GlcNAc epitopes and induces
phagocytosis
After IgG, IgA is the second most prevalent antibody in serum, reaching serum
concentrations of approximately 2-3 mg/ml (22). So far, no interaction of IgA with
S. aureus WTA has been described. We detected WTA GlcNAc-specific IgA in human
pooled serum (Figure 4A) or isolated pooled IgA (Figure 4B). Similar to WTA-specific
IgG, IgA was most reactive towards TarS-WTA. Strikingly, TarM-WTA and TarP-WTA
were equally recognized at levels approximately three-fold lower compared to TarSWTA IgA (Figure 4B). In addition, we also detected IgA reactive with unglycosylated
RboP (Figure 4A, B), which we did not observe for IgG (Figure 2A, B).
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Figure 4. Human serum IgA and secretory sIgA target WTA GlcNAc epitopes.
IgA deposition on beads coated with TarS-WTA, TarP-WTA, TarM-WTA or RboP using (A) 3% pooled human serum, (B) pooled human IgA at 30 µg/ml or (D) pooled human colostrum sIgA at 30 µg/ml. Means
of the geometric mean FI corrected for background binding to biotin control beads of three independent experiments are shown. (C) Neutrophil phagocytosis of FITC-labeled beads coated with TarS-WTA,
TarP-WTA, TarM-WTA or unglycosylated RboP opsonized with 30 µg/ml pooled human IgA. Phagocytosis was assessed as the percentage of FITC-positive neutrophils. Mean values of three independent
experiments using neutrophils from different donors are shown. All differences are relative to TarS-WTA,
unless indicated otherwise. * p < 0.05, ** p < 0.01, *** p < 0.001.

Although serum IgA is unable to induce complement through the classical pathway,
it induces efficient phagocytosis through interaction with the IgA Fc receptor
(FcαRI or CD89), which is highly expressed by neutrophils (23, 24). We assessed IgAmediated phagocytosis of WTA beads by neutrophils, using pooled IgA. IgA-mediated
phagocytosis of WTA beads generally correlated well to IgA levels reactive with the
respective WTA glycotypes, although no difference in phagocytosis between TarSWTA and TarP-WTA beads was observed (Figure 4C). These results indicate that human
serum contains IgA antibodies reactive with all four S. aureus WTA GlcNAc glycotypes
tested here, and induce efficient phagocytosis in our synthetic WTA model.
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Human colostrum sIgA targets WTA GlcNAc epitopes
At mucosal surfaces, dimeric secretory IgA (sIgA) is produced and secreted from the
mucosa-associated lymphoid tissue. sIgA plays an important role in mucosal immunity
by neutralizing and preventing adherence of micro-organisms (22, 25). As S. aureus
WTA is important for adhesion to nasal epithelia (1, 26), WTA-specific sIgA antibodies
could be very relevant to prevent nasal colonization by S. aureus. However, no
interaction of sIgA with S. aureus WTA has been described so far. Using commercially
available sIgA from pooled human colostrum, we observed clear reactivity of sIgA
with WTA (Figure 4D). Surprisingly, the sIgA glycotype binding profile is very distinct
from serum IgG and IgA; colostrum sIgA is predominantly reactive with TarP-WTA,
followed by TarM-WTA, and finally TarS-WTA and unglycosylated RboP. Especially
notable is the interaction with unglycosylated RboP, which was also observed for
serum IgA but not IgG.

A single β-GlcNAc or α-GlcNAc epitope is sufficient for mAb
recognition
Complementary

to

RboP

hexamers

that

are

enzymatically

modified

by

glycosyltransferase enzymes, we developed RboP hexamers of which the C4 hydroxyl
groups on the sixth (terminal) and/or third (internal) RboP subunit are substituted
with α-O-GlcNAc or β-O-GlcNAc. This created a small library of fully-defined RboP
hexamers with one or two α- and/or β-GlcNAc modifications (Figure 5A). These
compounds can be used to determine the structural binding requirements of WTAreactive antibodies as well as performing structure-function analysis. We assessed
deposition of mAbs 4497 (β-GlcNAc IgG) and 4461 (α-GlcNAc IgG) on beads coated
with these compounds. mAb 4497 interacted with compound SA-415, which contains
a single terminal β-GlcNAc modification (Figure 5B). Binding only slightly increased
in the presence of a second internal β-GlcNAc epitope (SA-417) and remained stable
even after further addition of β-1,4-GlcNAc epitopes by TarS (Figure 5B). These data
indicate that a single β-GlcNAc residue on RboP hexamers is already sufficient for
maximal binding by mAb 4497. In contrast, mAb 4461 bound to SA-416, containing
a single terminal α-GlcNAc modification, but binding was almost doubled with the
presence of a second internal α-GlcNAc residue (SA-418) or after additional α-GlcNAc
modifications of RboP by TarM (Figure 5B). This indicates that maximal binding of
mAb 4461 requires at least two α-GlcNAc residues on RboP hexamers, although a
single α-GlcNAc residue is sufficient for interaction. Overall, these data show that
mAbs 4497 and 4461 have, other than their specific epitopes, very different binding
requirements.
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Figure 5. RboP hexamers with defined β-GlcNAc or α-GlcNAc epitopes highlight differences in
mAb binding requirements.
(A) Structures of the small library of defined biotinylated GlcNAcylated RboP hexamers. RboP C4 hydroxyl groups of terminal RboP-6 and/or internal RboP-3 are substituted with α-O-GlcNAc or β-O-GlcNAc as indicated. (B) Deposition of mAbs specific for WTA β-GlcNAc (clone 4497) or WTA α-GlcNAc
(clone 4461, both 1 µg/ml) on beads coated with RboP hexamers with one or two defined β-GlcNAc or
α-GlcNAc modifications and additional modification by TarM or TarS. Means of the geometric mean FI
+ SEM of three independent experiments are shown. Differences are relative to SA-415 or SA-416. * p <
0.05, *** p < 0.001.

In addition, we also tested deposition of the two mAbs on a RboP hexamer that carries
one terminal α-GlcNAc and one internal β-GlcNAc (SA-419). In both cases, there was
no decreased interaction of the antibodies with their epitopes compared to their
single-GlcNAc variants (SA-415 and SA-416), indicating that both epitopes were still
readily accessible. These results demonstrate the use of synthetic WTA molecules to
characterize the binding properties of WTA-specific antibodies.
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Discussion
Here, we have developed a new model based on synthetic S. aureus WTA that we
used to study WTA-reactive antibodies in human serum. This model enabled
highly sensitive and specific detection of antibodies interacting with specific WTA
glycotypes, without the need for isolating the unstable S. aureus WTA or affinity
purifying WTA-reactive antibodies from serum.
We first defined our WTA bead model using six mAbs that were characterized for
binding of either α-GlcNAc or β-GlcNAc. Interestingly, all three anti-β-GlcNAc IgG were
able to bind both TarS-WTA and TarP-WTA, of which only clone 6292 showed some
level of discrimination between the two epitopes. This indicates the potential for crossreactivity between the anti-β-1,4-GlcNAc and anti-β-1,3-GlcNAc IgG pools. Incidentally,
clone 6292 was also the clone that overall bound at 10-fold lower levels compared
to the other β-GlcNAc mAbs. Possibly, this could be a result of the lower monomeric
fraction of 70%, as opposed to 89-95% for the other mAbs. Besides antibody deposition,
we also established that this model is suitable to study the capacity of WTA-specific
IgG to activate complement and induce phagocytosis of specific WTA glycotypes.
Importantly, this means that IgG antibodies targeting the various WTA glycotypes
are overall qualitatively similar, and that any reported functional differences for IgG
targeting the different WTA glycotypes largely depend on different IgG titers (11).
Using this WTA-bead model, we compared deposition of human IgG on TarS-WTA,
TarP-WTA, TarM-WTA and unglycosylated RboP. Kurokawa et al. have previously shown
that IgG targeting β-1,4-GlcNAc accounts for approximately 80-90% of all anti-WTA
IgG, with the remainder being anti-α-1,4-GlcNAc IgG and no detectable anti-RboP IgG
(11). In addition, Gerlach et al. have recently shown lower antibody deposition on S.
aureus strains expressing β-1,3-GlcNAc WTA compared to S. aureus strains expression
β-1,4-GlcNAc WTA (9). Our observations generally agree with these reports, as we
saw the highest IgG deposition on TarS-WTA, followed by TarP-WTA and TarM-WTA,
and no detectable deposition on RboP. This again underlines the predominance of
β-1,4-GlcNAc reactive IgG in human serum. However, in contrast to Gerlach et al.,
who report that only a small percentage of S. aureus-specific antibodies are reactive
with β-1,3-GlcNAc WTA, we show that human serum contains a substantial pool of
IgG antibodies that interact with this WTA glycotype (9). The specificity of TarP-WTAreactive antibodies is unclear at this point. Presumably, these antibodies are partially
β-1,3-GlcNAc specific antibodies and partially anti-β-1,4-GlcNAc antibodies that are
cross-reactive with the WTA β-1,3-GlcNAc epitope. TarP was suggested to play a role
in evasion of anti-β-1,4-GlcNAc IgG in HA-MRSA (9). Interestingly, the pool of α-1,4-
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GlcNAc-reactive IgG seems even smaller than that of anti-β-1,3-GlcNAc, suggesting
that a similar TarM-based antibody evasion mechanism could play an even larger role
in TarM-expressing isolates, which includes many CA-MRSA strains.
In addition, the reason behind the lower levels of anti-β-1,3-GlcNAc antibodies
compared to anti-β-1,4-GlcNAc is currently unclear. Low immunogenicity of β-1,3GlcNAc WTA in mouse vaccination studies has been reported (9), however, others
showed solid IgG titers in response to mouse vaccination with β-1,3-GlcNAc WTA
(27). Most likely, these differences are explained by the use of protein-conjugation
to β-1,3-GlcNAc WTA in combination with a stronger adjuvant by Driguez et al. (27).
Alternatively, the different glycotype-specific IgG levels in humans are indicative of
different exposure of the immune system to these different glycoepitopes during
colonization and (asymptomatic) infection. Under laboratory growth conditions,
TarM and TarP are dominant over TarS due to higher activity, but it is currently
unclear whether this is also the case in vivo (7, 9, 28, 29). Although the regulation
of WTA glycosylation is not fully resolved and the regulons of tarS and tarP are
currently unknown, transcriptional data indicate that tarM is dynamically regulated
by the GraRS two-component system, while tarS expression is more constant (30,
31). This indicates that S. aureus can modify its WTA glycosylation fingerprint to suit
its current niche. Methods to assess the relative content of the different WTA GlcNAc
modifications in vivo are therefore highly desired but currently not available.
Consistent with previous reports, we show that anti-WTA IgG predominantly belongs
to the IgG2 subclass (13). This is in line with textbook knowledge that WTA, a repetitive
carbohydrate antigen, initiates T cell-independent B cell activation due to direct B cell
receptor crosslinking (15). Although signals were low, we could reliably detect low levels
of IgG1, IgG3 and IgG4 reactive with the different WTA glycotypes using our synthetic
WTA model, indicative of T cell-dependent B cell maturation and antibody production.
Interestingly, IgG1 and IgG3 reactive with TarS-WTA and TarP-WTA were present at
similar levels, while TarS-WTA recognition was dominant over TarP-WTA recognition
for IgG2 and IgG4. The reason or biological relevance of this observation is currently
unclear. The detectable levels of IgG4 against WTA GlcNAc are especially interesting, as
IgG4 generally develops in response to chronic exposure to a specific antigen and plays
a role in the dampening of allergic reactions (32). S. aureus was previously implicated as
an allergen, especially in relation to its perceived role in atopic dermatitis, but no role of
WTA was previously indicated. However, IgG4 has the peculiar ability of interacting with
other IgGs through its constant region (32). Therefore, future studies need to exclude
that the observed IgG4 deposition is caused by aspecific interaction with antibodies of
other subclasses deposited on the WTA glycoforms.
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We showed for the first time the presence of serum IgA as well as secretory IgA (sIgA)
specific for WTA GlcNAc epitopes. Serum IgA generally followed the same glycotype
preference as serum IgG, with highest reactivity for TarS-WTA. Although IgA cannot
activate the complement system, it efficiently induced phagocytosis of WTA beads by
neutrophils through interaction with FcαRI (23, 24). On the other hand, sIgA was not
present in serum but instead plays an important role in mucosal immunity through
neutralization and formation of large immune complexes with micro-organisms (22,
25). S. aureus likely encounters sIgA as a first line of mucosal defense in the nose
or the throat. WTA GlcNAc-specific sIgA predominant binds to TarP-WTA, which is in
contrast to serum IgA and IgG. This indicates that the mucosal immune compartment
predominantly encounters S. aureus that expresses β-1,3-GlcNAc WTA or, alternatively,
micro-organisms that display a very similar epitope that induce cross-reactive sIgA.
Interestingly, tarP is uniquely present in a selection of S. aureus strains from the HAMRSA and LA-MRSA CC5 and CC398 lineages. Especially CC398 has been described
to be highly prevalent in Europe, both in humans as well as livestock such as pigs
(33). Although few specific studies have been performed, human CC398 isolates
are mostly associated with colonization rather than invasive disease (34, 35). This
suggests that the mucosal compartment of the adaptive immune system indeed
encounters TarP-WTA more often than the systemic compartment. A short-coming
of our study is the source of sIgA, i.e. pooled colostrum, which is currently the only
commercially-available source of sIgA. The relation between colostrum sIgA and sIgA
secreted at other mucosal sites such as the nose, throat or gut is currently unknown. It
is likely that the production of sIgA by local plasma cells affects the target specificity
between the different mucosal surfaces. Therefore, comparing the specificity of sIgA
from different mucosal sites in the human body will be especially interesting. Better
understanding of the underlying immunological mechanisms that result in these
different antibody profiles could also be important in vaccine development against
S. aureus. For instance, oral immunization with β-1,4-GlcNAc or α-1,4-GlcNAc WTA
might broaden the naturally-developed mucosal immune response against S. aureus
WTA, while systemic immunization with β-1,3-GlcNAc or α-1,4-GlcNAc WTA could be
required to broaden the naturally-developed systemic antibody response.
Besides enzymatic glycosylation of RboP hexamers, chemical GlcNAcylation of RboP
is a powerful strategy to determine structural requirements of receptors binding
WTA. Jung et al. developed similar synthetic WTA molecules, which were tetrameric
RboP modified with GlcNAc, D-alanine or a combination of both (36). Although these
constructs were not used to test antibody deposition, several of the analogues were
shown to have inflammatory properties in a murine subcutaneous air pouch model,
as these molecules induced IL-6 production. It is currently unclear whether and how
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D-alanine affects recognition of WTA by host receptors such as antibodies, MBL or
langerin. Since the molecules used here lack D-alanine modifications, introduction
of this to our library of WTA compounds, similar to Jung et al., would be a valuable
future addition. These synthetic WTA analogues can be further explored as S. aureus
WTA vaccine antigens and as a platform for structural studies that can inform design
and optimization of therapeutic antibodies targeting S. aureus WTA.
In conclusion, we have developed a new model of synthetic S. aureus WTA, that
we have used to study basic aspects of WTA-reactive antibodies. Using this model,
we have compared IgG, IgA and secretory sIgA levels reactive with multiple WTA
glycotypes. Moving forward, this WTA model can also be used to study interactions
of WTA with other immune components or phage proteins at a structural level. The
development of chemically-defined and enzymatically glycosylated WTA oligomers
thereby provides a new and invaluable tool to dissect the immune interaction of S.
aureus WTA with host molecules at the molecular and structural level.

Materials and Methods
Ethics statement
This study was approved by the medical ethics committee of the University Medical
Center Utrecht (METC-protocol 07–125/C approved on March 1, 2010) and we
obtained informed consent for blood draw from all subjects.

Synthesis of RboP hexamers - general procedures
6RboP-(CH2)6NH2 was synthesized and purified as described previously (9), all
GlcNAc-RboP hexamers were synthesized as indicated in Scheme 1. All chemicals
(Acros, Biosolve, Sigma-Aldrich and TCI) were used as received and all reactions were
effectuated under an argon atmosphere, at ambient temperature (22°C), unless
stated otherwise. For the TLC analysis we used aluminium sheets (Merck, TLC silica
gel 60 F254), sprayed with a solution of H2SO4 (20%) in EtOH or (NH4)6Mo7O24•4H2O (25
g/L) and (NH4)4Ce(SO4)4•2H2O (10 g/L) in 10% aqueous H2SO4 or KMnO4 (2%) and K2CO3
(1%) in H2O and then heated at ≈ 140°C. For the column chromatography we used
40-63 µm 60 Å silica gel (SD Screening Devices). NMR spectra (1H,13C and 31P) were
recorded with a Bruker AV-400liq, Bruker DMX-400solid, Bruker AV-500 or Bruker AV600.
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Scheme 1. Assembly of WTA fragments using phosphoramidite chemistry.
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Biotinylation of RboP hexamers
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6RboP-(CH2)6NH2 (3.0 mg; 1.95 µmol) was dissolved in DMSO (1.1 mM; 1.70 ml). DIPEA
(3µl) and biotin-OSu (2.3 mg; 6.73 µmol; 3.5 eq) were added and the mixture was
shaken overnight at room temperature. Then three drops of MilliQ water were added
and the mixture was centrifuged and purified by size exclusion chromatography
(HW-40 column, dimensions: 16/60 mm, eluent 0.15 M NH4OAc). After repeated coevaporation (7-10 x) with MilliQ water to remove NH4OAc, the product was eluted
through a small column containing Dowex Na+ cation-exchange resin (type 50WX850-100, stored on 0.5M NaOH in H2O, flushed with H2O and MeOH before use).
Lyophilization yielded the product (1.8 mg; 1.02 µmol) in 52% yield.
1H NMR (500 MHz, D2O) δ= 1.36 – 1.41 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.50 –
1.56 (m, 2H, CH2-hexylspacer/CH2-biotin), 1.61 – 1.72 (m, 6H, CH2, CH2-hexylspacer/
CH2-biotin), 2.24 (t, 2H, J= 7.1 Hz, CH2-C=O), 2.77 (d, 1H, J= 13.0 Hz, S-CHH), 2.99 (dd,
1H, J= 13.1 Hz, J= 5.0 Hz, S-CHH), 3.17 (hept, 2H, J= 6.7 Hz, CH2-N), 3.33 (dt, 1H, J= 9.8
Hz, J= 5.1 Hz, S-CH), 3.64 (dd, 1H, J= 11.9 Hz, J= 7.2 Hz, CHH-Rbo), 3.74 (t, 1H, J= 6.1
Hz, CH-Rbo), 3.76 – 4.12 (m, 42H, CH-Rbo/CH2-Rbo/CH2-O- hexylspacer), 4.42 (dd, 1H,
J= 7.9 Hz, J= 4.5 Hz, S-CH-CH), 4.60 (dd, 1H, J= 8.2 Hz, J= 4.9 Hz, S-CH2-CH); 31P NMR
(202 MHz, D2O) δ 1.8, 1.9, 2.0.
High-resolution mass spectrometry calculated for [C46H95N3O45P6S +2H]2+
814.6770; found: 814.6788.

General procedure biotinylation GlcNAc-RboP hexamers
0.5 µmol of the GlcNAc-RboP-hexamer was dissolved in DMSO (250 µL; 2.0 mM).
11.3 µL of 0.075 M Biotin-OSu in DMSO was added (0.85 µmol; 1.7 eq) followed by
DIPEA (104.5 µL) and the mixture was shaken overnight at room temperature. 250
µL of MilliQ water was added and the mixture was centrifuged and purified by size
exclusion chromatography (HW-40 column, dimensions: 16/60 mm, eluent 0.15M
NH4OAc). After repeated co-evaporation (7-10 x) with MilliQ water to remove NH4OAc,
the product was eluted through a small column containing Dowex Na+ cationexchange resin (type 50WX8-50-100, stored on 0.5M NaOH in H2O, flushed with H2O
and MeOH before use). Lyophilization yielded the product.
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SA-415

The title compound was synthesized according to the general procedure for
biotinylation yielding (0.87 mg; 0.44 µmol) the product in 89% yield. 1H NMR (500
MHz, D2O) δ 1.31 – 1.44 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.49 – 1.54 (m, 2H, CH2hexylspacer/CH2-biotin), 1.59 – 1.67 (m, 6H, CH2-hexylspacer/CH2-biotin), 2.08 (s, 3H,
CH3 NAc), 2.24 (t, 2H, J= 7.2 Hz, CH2-C=O), 2.78 (d, 1H, J= 13.1 Hz, S-CHH), 2.97 – 3.02
(m, 2H, S-CHH), 3.14 – 3.20 (m, 2H, CH2-N), 3.33 (dd, 1H, J= 9.4 Hz, J= 4.9 Hz, S-CH),
3.41 – 3.48 (m, 3H, CH-Rbo, CH-GlcNAc), 3.56 – 3.63 (m, 3H, CH-Rbo, CH-GlcNAc, CHHRbo), 3.70 – 4.16 (m, 52H, CH-Rbo, CH2-Rbo CH-GlcNAc, H-6, CH2-O-hexylspacer), 4.42
(dd, 1H, J= 7.9 Hz, J= 4.5 Hz, S-CH-CH), 4.60 (dd, 1H, J= 8.0, J= 5.0 Hz, S-CH2-CH), 4.73
(d, 1H, J= 5.0 Hz, H-1 βGlcNAc); 31P NMR (202 MHz, D2O): 1.7, 1.8, 2.0.

SA-416

The title compound was synthesized according to the general procedure for
biotinylation yielding (0.75 mg; 0.38 µmol) the product in 76% yield. 1H NMR (500
MHz, D2O) δ 1.29 – 1.45 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.49 – 1.54 (m, 2H, CH2hexylspacer/CH2-biotin), 1.55 – 1.76 (m, 6H, CH2-hexylspacer/CH2-biotin), 2.05 (s, 3H,
CH3 NAc), 2.24 (t, 2H, J= 7.1 Hz, CH2-C=O), 2.78 (d, 1H, J= 13.1 Hz, S-CHH), 2.96 – 3.03
(m, 2H, S-CHH), 3.17 (hept, 2H, J= 6.7 Hz, CH2-N), 3.33 (dt, 1H, J= 9.8 Hz, J= 5.2 Hz,
S-CH), 3.48 (t, 1H, J= 9.6 Hz, CH-Rbo/CH-GlcNAc/CHH-Rbo), 3.60 – 3.65 (m, 1H, CHRbo/CH-GlcNAc/CHH-Rbo), 3.72 – 4.16 (m, 56H, CH-Rbo, CH2-Rbo, CH-GlcNAc, H-6,
CH2-O-hexylspacer), 4.42 (dd, 1H, J= 8.0 Hz, J= 4.5 Hz, S-CH-CH), 4.61 (dd, 1H, J= 7.9
Hz, J= 4.9 Hz, S-CH2-CH), 5.03 (d, 1H, J= 3.6 Hz, H-1 αGlcNAc); 31P NMR (202 MHz, D2O):
1.6, 1.8, 2.0.
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SA-417

The title compound was synthesized according to the general procedure for
biotinylation yielding (0.55 mg; 0.25 µmol) the product in 51% yield. 1H NMR (500
MHz, D2O) δ= 1.36 – 1.42 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.50 – 1.53 (m, 2H, CH2hexylspacer/CH2-biotin), 1.61 – 1.69 (m, 6H, CH2-hexylspacer/CH2-biotin), 2.08 (s, 6H,
CH3 NAc), 2.24 (t, 2H, J= 7.0 Hz, CH2-C=O), 2.77 (d, 1H, J= 13.0 Hz, S-CHH), 2.98 - 3.01
(m, 2H, S-CHH), 3.17 (hept, 2H, J= 6.7 Hz, CH2-N), 3.33 (dt, 1H, J= 9.7 Hz, J= 5.2 Hz,
S-CH), 3.40 - 3.49 (m, 4H, CH-Rbo, CH-GlcNAc), 3.51 - 3.64 (m, 3H, CH-Rbo, CH-GlcNAc,
CHH-Rbo), 3.70 - 4.17 (m, 51H, CH-Rbo, CH2-Rbo CH-GlcNAc, H-6, CH2-O-hexylspacer),
4.42 (dd, 1H, J= 7.9 Hz, J= 4.5 Hz, S-CH-CH), 4.60 (dd, 1H, J= 8.01 Hz, J= 4.9 Hz, S-CH2CH), 4.73 (dd, 2H, J= 10.0 Hz, J= 5.0 Hz, H-1 βGlcNAc); 31P NMR (202 MHz, D2O): 1.7,
1.8, 2.0.

SA-418

The title compound was synthesized according to the general procedure for
biotinylation yielding (0.74 mg; 0.34 µmol) the product in 68% yield. 1H NMR (500
MHz, D2O) δ 1.29 – 1.46 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.46 – 1.55 (m, 2H, CH2hexylspacer/CH2-biotin), 1.55 – 1.77 (m, 6H, CH2-hexylspacer/CH2-biotin), 2.05 (s, 3H,
CH3 NAc), 2.06 (s, 3H, CH3 NAc), 2.24 (t, 2H, J= 7.1 Hz, CH2-C=O), 2.78 (d, 1H, J= 13.1
Hz, S-CHH), 2.96 – 3.02 (m, 2H, S-CHH), 3.18 (h, 2H, J= 6.8 Hz, CH2-N), 3.33 (dt, 1H,
J= 10.0, J= 5.3 Hz, S-CH), 3.45 – 3.52 (m, 4H, CH-Rbo, CH-GlcNAc), 3.58 – 3.65 (m,
2H, CHH-Rbo/CH-Rbo/CH-GlcNAc), 3.71 – 4.17 (m, 52H, CH-Rbo, CH2-Rbo, CH-GlcNAc,
H-6, CH2-O-hexylspacer), 4.42 (dd, 1H, J= 8.0, J= 4.5 Hz, S-CH-CH), 4.60 (dd, 1H, J= 7.9
Hz, J= 4.9 Hz, S-CH2-CH), 5.03 (d, 1H, J= 3.6 Hz, H-1 αGlcNAc), 5.06 (d, 1H, J= 3.7 Hz, H-1
αGlcNAc); 31P NMR (202 MHz, D2O): 1.6, 1.6, 1.8, 2.0.
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SA-419

The title compound was synthesized according to the general procedure for
biotinylation yielding (0.70 mg; 0.32 µmol) the product in 65% yield. 1H NMR (500
MHz, D2O) δ= 1.31 – 1.44 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.51 (m, 2H, CH2hexylspacer/CH2-biotin), 1.55 – 1.76 (m, 6H, CH2-hexylspacer/CH2-biotin), 2.05 (s, 3H,
CH3 NAc), 2.08 (s, 3H, CH3 NAc), 2.24 (t, 2H, J = 7.1 Hz, CH2-C=O), 2.78 (d, 1H, J= 13.0 Hz,
S-CHH), 2.96 – 3.02 (m, 2H, S-CHH), 3.18 (h, 2H, J = 6.7 Hz, CH2-N), 3.33 (dt, 1H J= 10.0,
J= 5.3 Hz, S-CH), 3.42 – 3.51 (m, 4H, CH-Rbo, CH-GlcNAc), 3.52 – 3.66 (m, 3H, CH-Rbo,
CH-GlcNAc, CHH-Rbo), 3.72 – 4.17 (m, 51H, CH-Rbo, CH2-Rbo CH-GlcNAc, H-6, CH2-Ohexylspacer), 4.42 (dd, 1H, J= 8.0, J= 4.5 Hz, S-CH-CH), 4.60 (dd, 1H, J= 8.0, J= 4.9 Hz,
S-CH2-CH), 4.74 (d, 1H, J= 5.0 Hz, H-1 βGlcNAc) 5.03 (d, 1H, J= 3.7 Hz, H-1 αGlcNAc); 31P
NMR (202 MHz, D2O): 1.6, 1.7, 1.8, 2.0.

Expression of glycosyltransferase enzymes
E. coli Top10 transformed with pBAD-tarM (37) or ptarS, and recombinant TarP
protein (9) were kindly provided by Thilo Stehle. Recombinant TrxA-EK-TarM-His
was expressed and purified as described previously, except that the TrxA chaperone
was not removed by enterokinase after purification (37). Recombinant TarS-His was
expressed and purified as described previously (5).

Recombinant expression of monoclonal antibodies
For monoclonal antibody expression, we cloned the IgG1 heavy chain (hG) and
kappa light chain (hK) constant regions (sequences as present in pFUSE-CHIg-hG1
and pFUSE2-CLIg-hk; Invivogen) in the XbaI-AgeI cloning site of the pcDNA34 vector
(Thermo Fisher). VH and VL sequences from monoclonal anti-WTA antibodies 4497,
4462, 6292, 4461, 4624 and 6267 were retrieved from patent WO 2014/193722 A1
(19). These VH and VL sequences, preceded by a Kozak sequence (ACCACC) and
the HAVT20 signal peptide (MACPGFLWALVISTCLEFSMA) were codon optimized for
human expression and ordered as gBlocks (IDT). We cloned VH and VL gBlocks into the
pcDNA34 vector, upstream of the IgG1 heavy chain (hG) and kappa light chain (hK)
constant regions, respectively, by Gibson assembly (New England Biolabs) according
to the manufacturer’s instructions. NheI and BsiWI were used as the 3’ cloning sites for
VH and VL, respectively, in order to preserve the immunoglobulin heavy and kappa
light chain amino acid sequence. The constructs were transformed in E. coli TOP10F'
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by heat shock and clones were verified by PCR and Sanger sequencing (Macrogen).
Plasmids were isolated by NucleoBond Xtra Midi kit (Macherey-Nagel) and sterilized
using 0.22 µm Spin-X centrifuge columns (Corning). We used EXPI293F cells (Thermo
Fisher), grown in EXPI293 Expression medium (Thermo Fisher) at 37°C, 8% CO2 in
culture filter cap conical flasks (Sigma) on a rotation platform (125 rotations/min) for
protein production. One day before transfection, cells were diluted to 2x106 cells/ml.
We used 100 mL cell culture (2x106 cells/ml) for transfection the next day. In 10 mL
Opti-MEM (Thermo Fisher), 500 µl PEI-max (1 µg/µl; Polysciences) was mixed with
DNA (1 µg/ml cells) in a 3:2 ratio of hK and hG vectors. After 20 minutes incubation
at room temperature, this DNA/PEI mixture was added dropwise to 100 ml EXPI293F
cells. After five days, we verified IgG expression by SDS-PAGE and harvested cell
supernatant by centrifugation and subsequent filtration through a 0.45 µM filter.
IgG was purified using a HiTrap Protein A column (GE Healthcare) and Äkta Pure (GE
Healthcare), eluting protein in 0.1 M citric acid, pH 3.0, and neutralizing with 1 M
Tris, pH 9.0. The IgG fraction was dialyzed overnight against PBS at 4°C. Monomeric
fractions were between 89% and 97% for all mAbs, except for 6292 (70%). Purified
monoclonal antibodies were stored at -20°C.

Glycosylation of RboP hexamers
Biotinylated RboP hexamers (6RboP-(CH2)6NH-biotin; 0.17 nM) were enzymatically
glycosylated by recombinant TarM, TarS or TarP (6.3 µg/ml) in glycosylation buffer
(15 mM HEPES, 20 mM NaCl, 1 mM EGTA, 0.02% Tween 20, 10 mM MgCl2, 0.1% BSA,
pH 7.4) with 2 mM UDP-GlcNAc (Merck) as substrate. After 2 hours incubation at
room temperature (RT), 5x107 pre-washed Dynabeads M280 Streptavidin (Thermo
Fisher) or screenMAG beads (Chemicell) were added and incubated 15 minutes at
room temperature. Control beads were produced by incubation of Dynabeads M280
Streptavidin with 10nM biotin-LPETG. The coated beads were washed three times in
PBS using a plate magnet, resuspended in PBS 0.1% BSA and stored at 4°C.

Neutrophil isolation and serum pool
Blood was drawn from 22 healthy volunteers and allowed to clot for 15 minutes at
room temperature. After centrifugation for 10 minutes at 3,220 xg at 4°C, serum was
collected, pooled and subsequently stored at -80°C. IgG was isolated from pooled
serum as described above. We isolated neutrophils from three healthy volunteers by
Ficoll/Histopaque centrifugation as described previously (38).

Antibody and complement deposition by flow cytometry
We tested deposition of antibodies on the glycosylated WTA beads at 0.1 - 30 µg/mL
or 3% heat-inactivated pooled serum, which were incubated for 20 minutes at 4°C.
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After washing by plate magnet, total IgG or IgG1 mAbs were detected using Protein
G-Alexa Fluor 488 (Thermo Fisher) and IgG subclasses were detected using mouse
anti-human IgG1/2/3/4-AF488 (Southern Biotech). Purified pooled IgA (Jackson
ImmunoResearch) and sIgA pooled human colostrum (Sigma-Aldrich) were used at
30 µg/ml and detected using goat anti-hIgA (Biosource) and donkey anti-goat-AF633
(Invitrogen). Data were acquired by flow cytometry and antibody deposition was
corrected for background deposition to biotin control beads.
For complement C3 deposition measurements, WTA beads were opsonized with 0.1
- 100 µg/mL mAbs as described above. The beads were washed and incubated 20
minutes at 4°C in 10% IgG- and IgM-depleted human pooled serum as complement
source. C3 was detected using goat anti-hC3-FITC (De Beer). Data were acquired by
flow cytometry and corrected for a no-serum control.

IgG subclass measurements using ELISA
His-tetrameric-streptavidin-LPETG was expressed and isolated as described
previously from the pColdI-Stav-LPETG vector, a kind gift from Tsutomu Tanaka (39).
We coated Maxisorb plates (Nunc) overnight at 4°C with 10 µg/ml His-tetramericstreptavidin-LPETG. The plates were washed three times with PBS 0.05% Tween,
blocked with PBS 0.1% BSA, and incubated one hour with a 50 times dilution of the
glycosylation mix described above. The plates were washed, incubated one hour with
3% heat-inactivated donor serum, washed and incubated one hour with 1:500 mouse
anti-human-IgG1/23/4-Hinge-HRP (Zymed or Thermo Fisher). Finally, the plates were
washed and developed using 3,3’,5,5’-tetramethylbenzidine (Thermo Fisher). After
three minutes, the reaction was stopped by addition of 1 N H2SO4. Absorption at
450 nm, corrected for 570 nm, was measured by VersaMax plate reader (Molecular
Devices).

Phagocytosis assay
Dynabeads M280 Streptavidin were labeled with 0.5 mg/ml FITC (Sigma Aldrich) for
30 minutes at room temperature. After washing using a magnet, we coated the beads
with glycosylated WTA as described above. The beads were opsonized with 1% heatinactivated serum from individual donors, 1% heat-inactivated pooled serum, 10 µg/
ml anti-β-GlcNAc mAb 4497, 10 µg/ml anti-α-GlcNAc mAb 4461 or 30 µg/ml pooled
human IgA for 15 minutes at 4°C, washed and resuspended in RPMI 0.05% human
serum albumin containing human neutrophils at a 10:1 bead-to-cell ratio. Neutrophils
were incubated on a shaker for 20 minutes at 37°C, 5% CO2 to allow phagocytosis of
the beads. Afterwards, the cells were washed, fixed in 1% paraformaldehyde, and
analyzed by flow cytometry.
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Flow cytometry
Flow cytometry data was acquired on FACSVerse (BD biosciences), per sample 10,000
events were measured within the set gate. All data were analyzed using FlowJo
version 10 (FlowJo, LLC).

Statistical analysis
Graphpad Prism 7.04 (GraphPad Software) was used for statistical analyses. One-way
ANOVA followed by Tukey’s test was performed to test for differences in antibody
deposition or IgA-mediated phagocytosis. Correlation between deposition of serum
IgG2 on TarS-WTA and TarP-WTA or TarM-WTA was analyzed by linear regression.
Differences are not significant unless indicated: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Abstract
Staphylococcus aureus is a common skin commensal but is also associated with
various skin and soft tissue pathologies. Upon invasion, S. aureus is detected by
resident innate immune cells through pattern-recognition receptors, although a
comprehensive understanding of the specific molecular interactions is lacking.
Recently, we demonstrated that Langerhans cells, a specific subset of epidermal
antigen-presenting cells, sense the common β‑linked N-acetylglucosamine (GlcNAc)
modification on S. aureus wall teichoic acid (WTA), resulting in an enhanced
inflammatory Langerhans cell response. Interestingly, the S. aureus ST395 lineage
as well as several species of coagulase-negative staphylococci (CoNS) express a
structurally different WTA molecule, consisting of poly-glycerolphosphate with a-Nacetylgalactosamine (GalNAc) residues, which are attached by the glycosyltransferase
TagN. Here, we demonstrate that S. aureus ST395 strains interact with the human
Macrophage Galactose C‑type lectin (MGL) receptor, which is expressed by dendritic
cells and macrophages in the dermis. MGL bound S. aureus ST395 in a tagN- and
GalNAc-dependent manner, but did not interact with different tagN-positive CoNS
species. However, heterologous expression of S. lugdunensis tagN in S. aureus
conferred phage infection and MGL binding, confirming the role of this CoNS enzyme
as GalNAc-transferase. Functionally, the detection of GalNAc on S. aureus ST395
WTA by human monocyte-derived dendritic cells significantly enhanced cytokine
production. Together, our findings highlight differential recognition of S. aureus
glycoprofiles by specific human innate receptors, which may affect downstream
adaptive immune responses and pathogen clearance.
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Introduction
Staphylococcus aureus is a common member of the human microbiome and colonizes
up to 30% of the population, where it mostly resides in the nares and on skin (1-3). In
addition, S. aureus can cause mild skin and soft tissues infections, as well as more severe
and life-threatening diseases. Treatment of infections is hampered by the continuous
emergence of antimicrobial resistance, most prominently methicillin-resistant S.
aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) (4, 5). Understanding the
molecular mechanisms of different S. aureus infections will support the development
of new treatment strategies including vaccines.
Components of the bacterial envelope are critical for S. aureus host-pathogen
interaction, both at the level of colonization but also during systemic infection by
evading host immune responses. One of the most abundant and exposed structures
on the Gram-positive cell wall is wall teichoic acid (WTA). WTA is a glycopolymer
that is covalently bound to peptidoglycan. WTA is critical for S. aureus physiology
and infection biology through its role in cation sequestration, horizontal gene
transfer by bacteriophages and adherence function to human nasal epithelial cells
(6-8). In the majority of S. aureus strains, WTA is composed of a poly-ribitolphosphate
(RboP) backbone decorated with positively-charged D-alanine as well as α- and
β-linked N-acetylglucosamine (GlcNAc). Synthesis of the WTA RboP backbone and its
modification is orchestrated by tar genes, including tarM, tarS and tarP, which encode
glycosyltransferases. TarM adds α-GlcNAc residues at C4 hydroxyl groups, whereas
TarS and TarP modify WTA with β-GlcNAc residues at C4 or C3 hydroxyl groups,
respectively (9-11). The WTA α- and β-GlcNAc modifications impact interactions of
S. aureus with both innate and adaptive immune components, including mannose
binding lectin (MBL), langerin, and antibodies (11-15).
Not all S. aureus strains express structurally identical WTA. In contrast to the more
common RboP-GlcNAc WTA, S. aureus isolates of the ST395 lineage express WTA
composed of a poly-glycerolphosphate (GroP) backbone, which is decorated with
α-N-acetylgalactosamine (α-GalNAc) residues by TagN glycosyltransferase. The
expression of this structurally different WTA impacts recognition and horizontal
gene transfer by phages (6, 16). Interestingly, GroP-GalNAc WTA is also expressed by
several coagulase negative staphylococci (CoNS), which are also common inhabitants
of skin but cause less pathologies (6, 16, 17).
C-type lectin receptors (CLRs) are a family of pattern-recognition receptors (PRRs)
that are dedicated to sense both self and non-self glycan structures through their
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characteristic carbohydrate recognition domains (CRDs) (18). CLRs have a particular
expression pattern on subsets of immune cells. We recently identified that the CLR
langerin (CD207), which is exclusively expressed on Langerhans cells (LCs) in the skin
epidermis, interacts with S. aureus through WTA β-GlcNAc, which drastically affects
the LC response (15). In contrast, S. aureus ST395 does not interact with langerin
(15). However, both dermal DCs and dermal macrophages express the trimeric CLR
Macrophage Galactose C-type Lectin (MGL), which recognizes terminal GalNAc
residues as a result of a Gln-Pro-Asp motif in its CRD (19). GalNAc, found on i.e.
pathogen-expressed lipo-oligosaccharides from Campylobacter jejuni and Neisseria
gonorrhoeae (20, 21), binds to MGL in a Ca2+-dependent manner, inducing uptake and
triggering different cellular responses (22). We therefore hypothesized that S. aureus
ST395 might also be recognized by MGL via α-GalNAc modifications on WTA.
Using recombinant MGL constructs, we demonstrate that human MGL and mouse
MGL2 interact with S. aureus ST395 WTA in an α-GalNAc- and tagN-dependent
manner. Interestingly, tagN-encoding CoNS did not interact with MGL, which is likely
due to lack of gene expression. Importantly, loss of tagN in S. aureus ST395 reduces
production of cytokines by human monocyte-derived dendritic cells (moDCs).

Results
Human MGL interacts with S. aureus ST395 strains in a tagNdependent manner
Human MGL is the only CLR family member with specificity for a-GalNAc (23). Since the
S. aureus ST395 lineage expresses GalNAc-decorated WTA, we investigated whether S.
aureus ST395 was recognized by human MGL. Using flow cytometry, we tested multiple
S. aureus isolates from the ST395 lineage for binding to recombinant soluble his-tagged
MGL. All strains of this lineage bound MGL, whereas no interaction was observed
with USA300 and Newman strains, which both express RboP-GlcNAc WTA (Figure
1A). Interestingly, the levels of MGL binding varied for different ST395 strains (Figure
1A), likely reflecting different expression levels of the MGL ligand. Addition of soluble
GalNAc prevented interaction of MGL with PS187, whereas similar levels of glucose did
not affect binding (Figure 1B), indicating that MGL binding occurs through the CRD and
that the ligand on S. aureus is GalNAc. To confirm that the interaction between ST395
lineage and MGL depended on WTA GalNAc, we assessed binding of MGL to wildtype
PS187, a representative ST395 strain, and an isogenic mutant strain GN1, which lacks
the C-terminal glycosyltransferase domain of tagN and consequently lacks α-GalNAc on
WTA (16). MGL binding was lost in the tagN-deficient mutant and could be restored by
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complementation with plasmid-expressed full-length tagN (Figure 1C), confirming that
WTA α-GalNAc of S. aureus ST395 is the ligand of MGL.
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Figure 1. Human and mouse MGL interact with S. aureus ST395 strains in a tagN-dependent manner.
(A) hMGL binding to different S. aureus ST395 lineage strains, USA300 WT and Newman WT detected by
anti-hisTag-FITC antibody. Control represents S. aureus PS187 WT incubated with secondary detection
antibody. (B, D) Interaction between (B) hMGL or (D) mMGL2 to S. aureus PS187 WT in the absence or
presence of GalNAc (50 mM) or glucose (50 mM). (C, E) Binding of (C) hMGL or (E) mMGL2 to PS187
WT, GN1, GN1+ptagN. Means of geometric mean fluorescence intensity ± SEM from three independent
experiments are shown. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001.
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We have previously observed that langerin shows a certain level of species specificity,
i.e. mouse langerin does not interact with S. aureus (15). Therefore, we investigated
interaction of PS187 with mouse homologue MGL2. Mouse MGL2 also interacted with
PS187, could be blocked with GalNAc and was lost upon inactivation of tagN (Figure
1D, E), suggesting that the interaction is, at least partially, conserved across species.

Figure 2. S. lugdunensis tagN encodes a GalNAc-transferase that produces a MGL ligand.
(A) Transfer of SaPI BovI via phage f187 into PS187 WT, GN1 mutant and GN1 complemented with tagN
from S. lugdunensis (pSlug tagN). Values are displayed as Transductants per Plaque Forming Units (TrU/
PFU). In case of GN1 no transductants were obtained. (B) PAGE analysis of WTA from S. aureus PS187 WT,
GN1 mutant and GN1 complemented with tagN from S. lugdunensis (pSlug tagN). (C) Binding of hMGL to
S. aureus PS187 WT, GN1 mutant and GN1 complemented with either PS187 tagN (ptagN) or pSlug tagN.
(D) Interaction of different CoNS species with hMGL. Means of geometric mean fluorescence intensity ±
SEM from three independent experiments are shown. **** p < 0.0001.
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S. lugdunensis tagN encodes a GalNAc-transferase that produces
an MGL ligand
Similar to S. aureus ST395 WTA, many CoNS species express GroP-type WTA. In
addition, several CoNS species also express homologues of the tagN gene suggesting
that CoNS may decorate WTA in a similar fashion to S. aureus ST395 strains (16).
Indeed, complementation of PS187 GN1 with a tagN homolog from S. carnosus
restores GalNAc glycosylation and susceptibility to phage (16). Similarly, we were
able to confer susceptibility to phage f187 by complementing the GN1 mutant, for
which no transductants were obtained, with tagN from S. lugdunensis (Figure 2A). In
addition, the WTA migration of this complemented strain was similar to that of WTA
from PS187 WT (Figure 2B). Importantly, heterologous expression of S. lugdunensis
tagN in PS187 GN1 also restored binding to human MGL (Figure 2C). In contrast,
none of the CoNS species that contain a tagN homolog interacted with hMGL (Figure
2D), despite reactivity with the GalNAc-specific plant lectin SBA for S. carnosus, S.
capitis and S. saprophyticus (Supplementary Figure S1). These data suggest that S.
lugdunensis tagN encodes a GalNAc transferase. However, this gene is presumably
not or only lowly expressed in S. lugdunensis in our culture conditions.

S. aureus PS187 interacts with and activates human monocytederived dendritic cells
MGL is expressed on a range of immune cells including human dendritic cells (DCs)
and macrophages residing in skin and lymph nodes, blood CD1c+ DCs and immature
monocyte-derived dendritic cells (moDCs) (24-26). To investigate the interaction
of MGL with S. aureus ST395 strains in a more biologically relevant system, we
optimized a cell-based assay using human immature moDCs. FITC-labelled S. aureus
PS187 WT bound readily and in a ratio-dependent manner to moDCs (Figure 3A, B).
However, there was no difference in moDCs binding between PS187 WT, GN1 and
tagN-complemented strains (Figure 3B). This suggests that MGL interaction is not
critical for S. aureus binding to moDCs. In support of this conclusion, RboP-GlcNAc
expressing S. aureus USA300, which does not interact with MGL, bound at similar
levels to moDCs (Figure 3B).
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Figure 3. Human moDCs are activated by S. aureus PS187 and cytokine production is affected by
WTA-GalNAc.
(A) Binding of FITC-labelled S. aureus PS187 WT (green) to immature moDCs (membrane in red, nucleus
in blue). Cytospin samples were prepared from cell suspensions incubated with bacteria in 1:50 ratio
for 30 min. The scale bar represent 10 µm. (B) Binding of FITC-labelled S. aureus strains to moDCs at
different cell-to-bacteria ratios after 30 minutes of incubation. Data are presented as mean ± SEM of
percentage of FITC-positive moDCs. (C) Relative expression of surface maturation markers on moDCs
after stimulation with gamma-irradiated S. aureus strains at cell-to-bacteria ratio of 1:10 for 16h. Data are
presented as fold change ± SEM relative to unstimulated control. (D) Cytokine expression by moDC after
incubation with gamma-irradiated S. aureus strains in 1:5 cell-to-bacteria ratio for 16h. Bar represents
mean of cytokine concentration and dots represent data points from the three independent donors. *
p < 0.05, ** p < 0.01, **** p < 0.0001.

Although tagN did not influence moDC binding, the interactions between WTA-GalNAc
and MGL can potentially affect immune activation of moDCs, such as expression of
costimulatory molecules or cytokine production. We therefore investigated moDCs
maturation and cytokine production 16 h after stimulation with gamma-irradiated
S. aureus PS187 WT, dGN1, tagN-complemented GN1 or USA300 WT. moDCs
upregulated maturation markers CD80, CD83, CD40, HLA-DR and CD86, indicating
that all S. aureus strains induced moDC activation (Figure 3C, Supplementary Figure
S2). However, there was no difference in the induction of moDCs maturation by the
different S. aureus strains (Figure 3C, Supplementary Figure S2). Analysis of cytokines
in moDC supernatants showed that moDCs produced IL-6, IL-12p70, IL23p19, IL-10
and TNFα, but not IL-4, in response to S. aureus PS187 WT (Supplementary Figure S3).
Interestingly, moDC production of IL-6 and TNFα but especially IL-12p70 was lower
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in response to the GN1 mutant and comparable to levels induced by USA300 (Figure
3D, Supplementary Figure S4). Production of IL-6, TNFα, and IL-12p70 was restored to
PS187 WT levels in cells stimulated with the tagN-complemented strain (Figure 3D,
Supplementary Figure S4). Overall, these data indicate that the production of select
pro-inflammatory cytokines by moDCs is enhanced by recognition of the α-GalNAc
modifications of S. aureus PS187 WTA.

Discussion

5

Here, we show the molecular interaction between WTA of S. aureus ST395 and MGL,
an innate receptor of the CLR family. This interaction is dependent on α-GalNAc
modifications of S. aureus WTA and contributes to increased cytokine production in
MGL-expressing moDCs. Although Winstel et al. showed the importance of S. aureus
GalNAc glycosylation for phage infection (16), there was no previous indication for
interaction with human receptors. Since the ST395 lineage is present in nasal and
blood culture isolates (27), interaction with MGL may be biologically relevant in
context of recognition and clearance by the immune system.
This is the first identification of MGL interaction with a Gram-positive microorganism.
Previous studies have identified MGL ligands on the surface of Gram-negative pathogens,
including Campylobacter jejuni and Neisseria gonorrhoeae (20, 21). For N. gonorrhoeae, the
ligand is a terminal GalNAc residue on the lipo-oligosaccharide (LOS) of phenotype C
strains, which influenced both binding to and T helper differentiation by moDCs (21).
Also C. jejuni LOS can contain GalNAc residues that interacts with MGL in addition to
engagement of MGL by C. jejuni N-glycosylated proteins (20). In the case of C. jejuni,
absence of the MGL ligand on glycosylated proteins increased DC cytokine production,
as opposed to the results presented here, where DCs produced more IL-6, IL-12 and TNFα
when the WTA-GalNAc ligand was expressed by S. aureus. These contrasting outcomes
suggest that the context in which MGL is engaged influences how MGL affects DC
responses. Previous reports have indicated that MGL triggering alone does not induce
high cytokine secretion by CD1c+ DCs but requires co-stimulation with Toll-like receptor
ligands to differentially affect IL-8, IL-10 and TNFα production (25, 28). Since Toll-like
receptor ligands differ between Gram-positive and Gram-negative bacteria, this may
explain the different effects on DC cytokine production that we observe here.
It has been well established that MGL binds to galactose- and GalNAc-rich terminal
motifs in a Ca2+-dependent manner (23, 29). These modifications are often found in
the extracellular matrix of host tissues. Interaction of DCs with extracellular matrix via
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MGL inhibits their migration from dermis to the lymph nodes. Therefore, the presence
of MGL-expressing DCs in the skin might be explained by the abundance of GalNAc
epitopes in dermal tissues (30). Recognition of GalNAc-decorated bacteria, such as S.
aureus PS187, by dermal DCs can disrupt the interaction with the extracellular matrix,
which consequently would allow DCs to migrate to the lymph nodes to present
antigen. In addition, the observation that the detection of GalNAc-epitopes enhances
cytokine production additionally suggests that this interaction is an immune defense
strategy and likely not a part of the immune evasion repertoire of S. aureus.
When dermal DCs encounter pathogens and migrate to the lymph nodes to present
antigens, the final step is to develop an adaptive immune response to eradicate
these pathogens. Previous studies have demonstrated high levels of IgG antibodies
against WTA GlcNAc modifications in human serum, indicating the importance of this
epitope in adaptive immunity. Specifically, the anti-WTA β-GlcNAc antibodies induce
complement activation and opsonophagocytosis of S. aureus strains expressing a
RboP-GlcNAc WTA (14). Since S. aureus ST395 expresses an alternative WTA structure
with a different glycosylation pattern, it will be of interest to study whether antibody
responses are mounted against this specific WTA glycoepitope and whether these
antibodies facilitate S. aureus ST395 phagocytosis and killing.
Surprisingly, our data did not show any binding of MGL to CoNS. This could simply
reflect lack of tagN gene expression under the tested growth conditions. Alternatively,
it may indicate that additional factors such as epitope density, capsule expression
or overall accessibility prevent MGL interaction, which are potentially different in S.
lugdunensis compared to S. aureus. The observation that heterologous expression
under a constitutive promoter confers both susceptibility to phage f187 as well as
MGL binding does not exclude either possibility, but does confirm that tagN from
S. lugdunensis encodes an a-GalNAc transferase. The observed discrepancy between
SBA and MGL binding to several CoNS suggests that, despite high homology between
S. aureus and CoNS tagN genes, the pattern or specificity of WTA GalNAc decoration
may be slightly different, thereby preventing interaction for MGL.
In summary, we have demonstrated that S. aureus ST395 lineages engage the
innate receptor MGL and induce maturation and cytokine production from human
DCs, which is partially dependent on expression of WTA-GalNAc. Together with the
previous findings that RboP-GlcNAc interacts with langerin, these findings create
an overall view that the S. aureus WTA glycosylation profile dictates the interaction
with specific innate immune receptors on antigen-presenting cells, which may have
important consequences for immune defense and pathogen clearance.

122

Material and Methods
Bacterial strains
Bacteria (Supplementary Table S1) were grown either on Todd Hewitt (Oxoid) agar or
in Todd Hewitt broth (THB) supplemented with chloramphenicol (Sigma-Aldrich) at
a concentration 10 µg/ml when required. For all experiments, bacteria were grown
overnight, subcultured the next day in fresh THB and grown to exponential phase
(optical density at 600 nm (OD600) = 0.6) for use in experiments.

5

Molecular cloning
TagN

was

amplified

using

primer

pair

N474-slug-bam

(up)

(5´-ATCGGATCCAAAGGAGGTATTATAA TGGCATTAAAGAAATTTATAATTAATCA-3´) and
N474-slug-Eco (down) (5´-GAGAGAATTCCTATTTAAGT AGCTTATAAAATTCATTA-3´)
and genomic DNA of S. lugdunensis HKU09-01 as template. The amplicon was cloned
into shuttle-vector pRB474 (31) via the BamHI and EcoRI restriction sides.

SaPI transfer assay
Lysate of SaPIbov1 (f187) bearing a tetracyclin resistance marker was generated as
previously described (16). In brief, overnight culture of PS187 SaPIbov1::tet (final
OD 0.1) of was incubated with f187 (final concentration of 107 plaque forming units
(PFU)/mL) in a final volume of 10 mL TSB for 30 min at 37°C and subsequently at 30°C
until visible bacterial lysis. The obtained lysate was centrifuged and filtered (pore
size 0.2-0.45 µm). SaPI transfer was performed by mixing 100 µL of SaPI lysate with
200 µL of stationary bacteria (OD = 0.5) and subsequent incubation for 15 min at
37°C. The mixture was centrifuged for 3 min at 10,000 g and plated on TSA plates
supplemented with 3 µg/mL tetracyclin. Plates were incubated overnight at 37°C and
transductants were enumerated.

WTA isolation and analysis by PAGE
WTA was isolated as previously described (6). Briefly, overnight culture of S. aureus
PS187 was grown in BM (0.5 % w/v yeast extract; 1% w/v Soy pepton; 0.5% NaCl; 0.1
% K2HPO3) supplemented with 0.25% w/v Glucose was harvested by centrifugation
and washed using ammonium acetate buffer (AAB, 20 mM, pH 4.8). Bacterial cells
were opened using a Euler cell mill (2.5 mL AAB/ 4.5 glass beads/ 1 g cell pellet). The
obtained lysate was digested overnight with RNAse and DNAse at 37°C, subsequently
treated by ultrasonication, and incubated with 2% SDS for 1 hour at 60°C. Purified
peptidoglycan was washed extensively with AAB. WTA was released by 5% TCA
treatment for 4 h at 60°C. The supernatant was neutralized using NaOH and dialyzed
against ddH2O.
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PAGE analysis of WTA occurred as previously described (9). WTA samples (400 nmol
phosphate) were applied to a polyacrylamide gel (26%) and separated by
electrophoresis for 13h at 25 mA. WTA bands were visualized using Alcian blue
(0.005%) in staining solution (40% ethanol, 5% acetic acid).

Lectin binding assay
Bacteria were harvested by centrifugation (4,000xg, 10 min) and re-suspended to
OD600 of 0.4 in TSM buffer (20 mM Tris (Roche), 150 mM NaCl (Sigma-Aldrich), 2 mM
CaCl2·2 H2O (Merck), 2 mM MgCl2·6 H2O (Merck), pH 7.0) with 0.1% bovine serum
albumin (BSA, Merck). Bacteria were incubated with 5 µg/ml of recombinant human
MGL-his (R&D Systems), 10 µg/ml of recombinant mouse MGL2-his (R&D Systems),
4 µg/ml of SBA-FITC (soy bean agglutinin, Vector Laboratories) or 2 µg/ml of sWGAFITC (succinylated wheat germ agglutinin, Vector Laboratories). Binding of rhMGL
and rmMGL2 was detected using anti-hisTag FITC-conjugated antibodies (LifeSpan
BioSciences). For blocking, we used soluble N-acetyl-D-galactosamine (Fluka, SigmaAldrich) or glucose (Merck) at 50 mM. Samples were analyzed using flow cytometry
(FacsVerse, BD Biosciences).

Isolation of human monocytes and differentiation to immature
dendritic cells
Peripheral blood mononuclear cells (PBMCs) were isolated from fresh buffy coats
using Ficoll-Paque PLUS (GE Healthcare) density gradient and monocytes were
obtained as described in (32). Briefly, harvested PBMCs were washed twice with RPMI
1640 (Lonza) supplemented with 5% fetal bovine serum (FBS, Biowest). Monocytes
were further isolated from the PBMC fraction using density gradient of 60%, 47.5 %
and 34 % Percoll (Sigma-Aldrich) in RPMI 1640 + 10% FBS. Harvested monocytes were
washed three times with RPMI 1640 + 5% FBS and incubated at the concentration
0.5x106 cells/ml with differentiation medium consisting of RPMI 1640 supplemented
with 10% HyClone FBS (GE Healthcare), 800 IU/ml GM-CSF (Bio Connect), 250 IU/ml
IL-4 (Thermo Fisher Scientific), 100 IU/ml penicillin-streptomycin, 2.4 mM L-glutamine
for 5 to 7 days to obtain immature DCs.

Binding of FITC labeled bacteria to moDCs
To perform bacteria binding assays, S. aureus strains were labeled with FITC (fluorescein
isothiocyanate). Five ml of bacterial culture in exponential phase were pelleted and
re-suspended in cold PBS with 0.1% BSA. Bacteria were incubated with 0.5 mg/ml
FITC for 30 minutes on ice protected from light. Bacteria were washed three times
with cold PBS + 0.1% BSA supplemented with 1% ammonia and re-suspended in TSM
+ 0.1% BSA at OD600 of 0.4.

124

Immature moDCs were harvested by centrifugation and re-suspended in TSM + 0.1%
BSA (1x106 cells/ml). Cells were incubated with bacteria at 1:2, 1:5, 1:10 and 1:20 cell
to-bacteria ratios in a 96-well round bottom plate for 30 minutes in 4ºC protected
from light. Samples were washed with TSM + 1% BSA, fixed using 1% formaldehyde
in PBS and analyzed using flow cytometry. Microscopy pictures were prepared using
1:50 cell to bacteria ratio suspensions. Cells were attached to the glass slides using
a Shandon Cytospin 3 centrifuge. Cellular membranes were stained using WGAAlexa Fluor 647 (Thermo Fisher Scientific), cell nucleus with DAPI (Sigma-Aldrich).
Samples were fixed with 1% formaldehyde (Merck) in PBS (Lonza) and cover slides
were attached with mounting medium. Samples were analysed using confocal laser
scanning microscopy (SP5, Leica).

Stimulation of moDCs with gamma-irradiated bacteria
S. aureus strains at exponential growth phase were washed with PBS and re-suspended
in PBS with addition of glycerol. Gamma-irradiation of bacteria was performed by
Synergy Health Ede B.V., a STERIS company (Ede, The Netherlands) and loss of viability
was verified by culture. Concentrations of all bacterial suspensions were measured
using MACSQuant Analyzer 10.
Immature moDCs were harvested, washed and re-suspended in RPMI + 5% FBS.
Before use, cells were stained for expression of MGL and maturation markers using
MGL-PE, CD80-PE, CD83-APC, CD86-APC (all SONY Biotechnology), CD40-FITC and
HLA-DR-APC (both BD Biosciences) antibodies and their corresponding isotype
controls (BD Biosciences), diluted according to the manufacturers’ instructions.
Samples were analyzed using flow cytometry. Bacteria were diluted in RPMI + 5%
FBS and mixed with 0.5x105 immature moDCs in 1:2, 1:5 and 1:10 cell-to-bacteria
ratios. Suspensions were incubated in Corning 96-well Round Bottom Ultra-Low
Attachment plates (Sigma-Aldrich) for 16 h in 5% CO2, 37ºC incubator. Supernatants
were collected after centrifugation and cells from 1:10 cell-to-bacteria conditions
were stained as described previously. IL-8, IL-12 and TNFα concentrations of the
collected supernatants were analyzed by Luminex assay.

Statistical analysis
Data obtained from flow cytometry was analyzed using FlowJo 10 (FlowJo LLC).
Statistical analysis of data was performed using GraphPad Prism 7.02 (GraphPad
Software). One-way ANOVA followed by Dunnett’s or Tukey’s test was performed and
significant differences (p < 0.05) are indicated.
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Supplementary Information
Supplementary Table S1. Bacterial strains used in this study.
Strain
S. aureus Newman wild type (ST254, CC8)

Source
ATCC, Cat#13420

S. aureus USA300 wild type (NRS384, ST8, CC8)
S. aureus PS187 wild type (ST395, CC395)
S. aureus PS187 GN1
S. aureus PS187 GN1 + pRB tagN
S. aureus PS187 GN1 + pRB S. lugdunensis tagN
S. aureus JS395 wild type (ST395, CC395)
S. aureus T132-1 wild type (ST395, CC395)
S. aureus s1330002 wild type (ST395, CC395)
S. aureus T166-1 wild type (ST395, CC395)
S. aureus T110-1 wild type (ST395, CC395)
S. aureus T191-1 wild type (ST395, CC395)
S. capitis ATCC27840 wild type
S. carnosus TM300 wild type
S. epidermidis 1457 wild type
S. lugdunensis SL13 wild type
S. lugdunensis HKU09-01
S. saprophyticus ATCC 35552 wild type
S. simulans ATCC 27848 wild type
S. aureus PS187 SaPIbovI (tst::tet)

NARSA strain collection
ATCC, Cat#15564
Winstel et al., 2014 (16)
Winstel et al., 2014 (16)
This study
Francois et al., 2007 (33)
Holtfreter et al., 2007 (27)
Holtfreter et al., 2007 (27)
Holtfreter et al., 2007 (27)
Holtfreter et al., 2007 (27)
Holtfreter et al., 2007 (27)
ATCC, Cat#27840
Rosenstein et al., 2009 (34)
Mack et al., 1992 (35)
Chassain et al., 2012 (36)
Tse et al., 2010 (37)
ATCC, Cat#35552
ATCC, Cat#27848
Winstel et al., 2014 (16)
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Supplementary Figure S1. Binding of FITC-labelled soy bean agglutinin (SBA) to S. aureus PS187 WT,
GN1 mutant and coagulase negative staphylococci. Bars represent mean of fluorescence intensity ±
SEM from three independent experiments.

Supplementary Figure S2. Relative expression of surface maturation markers CD40 and HLA-DR on
human moDCs 16 h after stimulation with gamma-irradiated S. aureus strains in 1:10 cell-to-bacteria
ratio. Data are presented as fold change in fluorescence intensity ± SEM relative to unstimulated control.
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Supplementary Figure S3. Cytokine concentrations in human moDC supernatants 16 h after stimulation with gamma-irradiated S. aureus PS187 WT in cell-to-bacteria ratio 1:5. Bar represent mean ± SEM
of cytokine concentration from three independent experiments using three different donors. * p < 0.05,
*** p < 0.005, **** p < 0.0001.
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Supplementary Figure S4. Cytokine production by human moDCs 16 h after stimulation with gamma-irradiated S. aureus strains. Data are presented as fold increase over PS187 WT 1:2 cell-to-bacteria
ratio. Mean ± SEM from three independent experiments using three different donors are shown. * p <
0.05, ** p < 0.01, *** p < 0.005, **** p < 0.0001.
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Introduction
Staphylococcus aureus represents a major human pathogen and cause of disease
in the community as well as in the healthcare setting (1). S. aureus is also strongly
associated with inflammatory skin diseases, such as atopic dermatitis (eczema) (2),
treatment of which requires a better understanding of the molecular interactions
between S. aureus and immune receptors on skin-resident immune cells. Finally, due
to the increasing resistance of S. aureus against multiple classes of antibiotics, there
is a growing need for new treatment strategies. Infection prevention by means of a
vaccine or therapeutic antibodies is a major focus of S. aureus research, but despite
major efforts there is still no vaccine available.
S. aureus produces a large arsenal of virulence factors, which enables S. aureus to
survive and propagate in the host. One of these factors is wall teichoic acid (WTA),
which has multiple important functions that range from basic bacterial physiology to
mediating horizontal gene transfer between S. aureus lineages and interaction with
host receptors. Over the recent years, the structure, biosynthesis and functions of
WTA have been elucidated and even reconstituted in vitro (3). From these studies
we gained insight into the importance of WTA for S. aureus, but also its dependence
on this specific cell wall structure. Therefore, WTA is an exceptional target for novel
treatment strategies, such as inhibition of WTA synthesis to re-sensitize MRSA to
β-lactam antibiotics (4-6), targeting antibiotics conjugated to WTA-specific antibodies
to specifically eradicate persistent intracellular S. aureus (7), or the use of WTA as a
potential vaccine antigen (8).

New structural insights into S. aureus WTA
Key to our understanding of the many functions of S. aureus WTA is the structure of
this molecule. Since the research presented in this thesis has started, multiple new
insights on the WTA structure have emerged.
The most common basic structure of S. aureus WTA is a poly-ribitol-phosphate
(RboP) chain of up to 40 subunits, which can be additionally modified by D-alanine
and N-acetylglucosamine (GlcNAc) modifications (9). D-alanine is attached to
the C2 hydroxyl groups of RboP by the Dlt operon (10). GlcNAc modifications are
instead O-1,4-linked to the C4 hydroxyl groups, which is catalyzed by the two
glycosyltransferases TarM and TarS (5, 11). Because GlcNAc has an anomeric center, it
can be attached in α or β configuration by TarM and TarS, respectively. Interestingly,
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tarS is present in almost all S. aureus lineages, while tarM has been lost in independent
evolutionary events (12). CC398 and CC5 are examples of lineages in which tarM has
been lost. Instead, several clones from these lineages contain a prophage encoding
the alternative glycosyltransferase TarP, which links β-GlcNAc to RboP C3 (13). This
structure corresponds to antigen 336, which was originally described as an alternative
capsule structure, with the exception that antigen 336 was originally reported not to
be D-alanylated (14-16). It is highly likely that TarP-modified WTA and antigen 336
are actually the same structure, as tarP is present in type 336 S. aureus (13), but that
during sample preparation of antigen 336 the labile D-alanine modifications were
lost (17). Indeed, others have now also described antigen 336 as an alternative WTA
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structure (8).
S. aureus WTA is required for phage adsorption, which enables phage-mediated
horizontal gene transfer between S. aureus lineages (18). Depending of the specific
phage lectin, phages require only the WTA backbone or specific GlcNAc modifications
for adsorption. In addition, β-GlcNAc modifications are involved in β-lactam antibiotic
resistance (5). Interestingly, two glycosyltransferases function in conjunction with
TarS. Presumably, S. aureus benefits from these accessory glycosyltransferases that
compete with TarS for modification of RboP. Indeed, both TarM and TarP are dominant
over TarS in bacterial culture conditions. In the case of TarM, dominant α-GlcNAc
decoration protects S. aureus from lysis caused by β-GlcNAc-dependent podophages
(12). TarP, on the other hand, was speculated to contribute to immune subversion,
due to lower immunogenicity of β-1,3-GlcNAc compared to β-1,4-GlcNAc. In addition,
tarP expression interfered with deposition of existing antibodies reactive with WTA
β-GlcNAc, since it is dominant over TarS and fully displaces the β-1,4-epitope (13).
S. aureus clones from lineage ST395 produce WTA that is structurally distinct from the
common RboP-GlcNAc WTA. These strains express a glycerol-phosphate (GroP) WTA,
which is modified with N-acetylgalactosamine (GalNAc) by glycosyltransferase TagN
(18, 19). This WTA is structurally similar to that of coagulase-negative staphylococci
(CoNS) such as S. carnosus and S. lugdunensis. Due to the alternative WTA structure,
typical S. aureus phages cannot bind to ST395 strains. This renders ST395 strains
incompatible for horizontal gene transfer with other S. aureus lineages but enables
exchange genetic material with CoNS species instead.
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C-type lectin receptors interacting with WTA
Due to the accessibility and high expression of WTA on the S. aureus cell surface, it
represents an important interaction partner for host receptors. C-type lectin receptors
(CLRs) have especially high affinity for carbohydrates, and are critical for initiation
and modulation of immune responses. Serum protein mannose-binding lectin (MBL)
binds WTA GlcNAc without discriminating between α-GlcNAc or β-GlcNAc (20, 21).
MBL binding activates the complement system, which opsonizes S. aureus to enable
efficient phagocytosis. MBL interaction with S. aureus WTA is especially important in
infants, since they have not yet fully developed a mature adaptive immune system.
In adults, MBL binding to WTA is inhibited by high levels of WTA-specific antibodies
(20, 21).

Langerin recognizes RboP-GlcNAc WTA
In Chapter 2, we described the identification of langerin as a receptor for S. aureus
WTA. In humans, langerin is expressed exclusively on Langerhans cells (LCs), which
are key immune regulators in the epidermis (22, 23). Langerin interacts specifically
with WTA β-GlcNAc but not α-GlcNAc. Interestingly, this interaction shows some level
of species specificity, as murine langerin binds WTA at much lower levels than human
langerin. Recognition of S. aureus WTA by langerin had a strong influence on the
subsequent immune response triggered by LCs.
Although langerin predominantly binds WTA β-GlcNAc on S. aureus, our experiments
in Chapter 2 indicate that S. aureus might express another langerin ligand, i.e.
the WTA GlcNAc-deficient mutants still have low-level but consistent interaction
with langerin above background. The identity of this ligand is currently unknown,
but based on the presence of terminal GlcNAc residues, several candidates can be
identified. Polysaccharide intercellular adhesin (PIA), also known as poly-β(1,6)-Nacetylglucosamine (PNAG), is a polysaccharide involved in adherence and biofilm
formation that was originally identified in S. epidermidis (24). PIA is also produced
by S. aureus, but not as abundantly as by S. epidermidis and has a less prominent
role in S. aureus pathogenicity. However, PIA is a less likely interaction partner of
langerin because it is 1) not a terminal GlcNAc structure but poly-GlcNAc instead, 2)
only loosely attached to the cell wall, and 3) expressed predominantly in stationary
growth phase and during biofilm formation, which we have not tested (25, 26).
Another potential interaction partner is the collective group of GlcNAc-modified
cell wall-anchored proteins. These include the family of five SDR proteins (ClfA, ClfB
and SdrC-E) as well as SraP (27, 28). In addition, plasmin sensitive protein (Pls) was
recently identified to be glycosylated as well (29). The exact glycan modifications of
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Pls is still unknown, however, homology to SraP and SDR proteins suggests that it
are likely GlcNAc residues. Although the functions of the glycosyl residues of these
proteins differ, ranging from protease resistance for SDR proteins (27, 30) to solubility
and translocation for SraP (31) and biofilm formation for Pls (29), the common use of
GlcNAc in protein glycosylation by S. aureus is striking. Although we have taken steps
to identify whether langerin interacts with these glycosylated proteins, results have
been inconclusive so far.
Interestingly, multiple single nucleotide polymorphisms (SNPs) in langerin affect
carbohydrate binding (32-34). Data obtained by glycan array show that the N288D
variant compromises ligand interaction due to a loss of Ca2+ binding, which is a cofactor for many CLRs (32, 34). The co-inheriting SNP K313I, however, causes specific
enhancement of binding of glycans with terminal GlcNAc residues (33, 34). The
combined effect of these two SNPs is an attenuated interaction with most ligands,
except for terminal GlcNAc glycans. The authors speculated that the K313I might
be a compensatory mutation for N288D and that evolutionary pressure of langerin
interaction with Gram-positive teichoic acids drives the co-inheritance of the two
SNPs (34). As we had previously characterized the first reported interaction of
langerin with a Gram-positive teichoic acid in Chapter 2, we investigated the effect
of SNPS N288D and K313I on the interaction of langerin with S. aureus in Chapter 3.
Contrary to the predictions based on glycan array data, the co-inheriting langerin
SNPs N288D and K313I caused complete loss of interaction of recombinant langerin
with S. aureus. In a biological context of langerin expression on cells, the SNPs had
an unexpected effect on the cellular localization of langerin, and compromised
uptake of S. aureus. This indicates that in a proportion of the human population, the
recognition and uptake of S. aureus by LCs may be affected, which can impact the
immune activation shown in Chapter 2 as well as S. aureus-associated diseases. The
data also demonstrate that binding profiles from glycan array data cannot always be
directly translated to a biological setting, especially in case of genetic variation in
recycling pattern-recognition receptors.
In addition, data from Chapter 3 also showed interaction of langerin with
Streptococcus pyogenes, another human commensal and a frequent cause of skin
infections. Interaction between LCs and S. pyogenes has been reported previously, in
which S. pyogenes was suggested to use LCs as a vehicle for dissemination, although
the molecular interaction was not clarified (35). It is possible that langerin is one
of the LC receptors involved in this interaction. On the bacterial side, the GlcNAccontaining Group A carbohydrate is a likely interaction partner of langerin.

137

6

Chapter 6 – Summarizing Discussion

MGL recognizes GroP-GalNAc WTA
In Chapter 5, we identified that Macrophage galactose C-type lectin receptor
(MGL) binds in a GalNAc-dependent manner to the GroP-GalNAc WTA of S. aureus
ST395 strains. Although CoNS species express similarly-structured WTA (18, 19), no
interaction of MGL with any of the tested CoNS species was observed. In contrast,
heterologous expression of S. lugdunensis TagN recovered MGL binding as well as
phage infectivity in a tagN-deficient S. aureus ST395 strain, indicating that the
enzyme is functional. Likely, the CoNS species do not express this enzyme under
our laboratory growth conditions. Alternatively, other structural modifications that
prevent MGL interaction could be present in CoNS but not in S. aureus. Importantly,
MGL-expressing monocyte-derived dendritic cells (moDCs) were activated by S.
aureus ST395. This induced an inflammatory cytokine response, of which production
of IL-6 and IL-12 was dependent on the presence of GalNAc on ST395 WTA. Together
with the interaction between RboP-GlcNAc WTA and langerin on LCs, this creates an
overall view that the S. aureus WTA glycosylation profile dictates the interaction with
specific innate immune receptors on antigen-presenting cells in skin, which may
have important consequences for immune defense and pathogen clearance.

S. aureus WTA and the skin immune system
The skin is our first line of defense against external factors and consists of two main
cellular layers: the outer epidermis and the inner dermis. Due to the different immune
cells found in the epidermis and dermis of skin, the anatomical depth of infection
affects subsequent host immune responses (36). In the case of human skin infection
by S. aureus, different lineages of S. aureus with alternative WTA structures can interact
with different APCs. Most lineages of S. aureus express RboP WTA with β-GlcNAc
modifications, which is recognized by langerin on LCs in the epidermis of skin. This
induced a strong inflammatory response that is likely able to activate Th1 and Th17
cells (Chapter 2). A Th17 response, which features high levels of IL-17, is generally
considered to be a protective skin response against S. aureus (37). This is supported
by observations of individuals with inborn errors in the Th17/IL-17 axis, who are
very susceptible to skin infections by, amongst others, S. aureus (38). Indeed, in our
epicutaneous infection experiment of human langerin transgenic mice, we observed
high Il6 and Il17 transcript levels, which was dependent on both human langerin and
β-GlcNAc on S. aureus WTA. Although in human skin Th17 cells are the only known
producers of IL-17, in mouse skin IL-17 can be produced by both Th17 and γδ T cells
(39). Considering the relatively short time frame of our mouse infection experiment, it
may be that the observed Il17 is produced by innate γδ T cells and not adaptive Th17
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cells. However, additional studies are needed to pinpoint the responsible cell type.
Intriguingly, there was no evident effect on bacterial clearance in our in vivo infection
experiment, which might have been caused by selection of a timepoint too early to
observe such differences. Nevertheless, it is likely that the Th17/IL-17 response that is
specifically induced by recognition of β-GlcNAc on S. aureus WTA by langerin on LCs,
is protective against S. aureus.
Since S. aureus ST395 strains express GroP-GalNAc WTA, it is only poorly recognized
by langerin on LCs, but is likely detected by dermal DCs through MGL. This interaction
enhanced the production of inflammatory cytokines in our moDC model (Chapter
5). Although it is likely that this affects the downstream immune responses, it is
currently unclear whether this could facilitate clearance of S. aureus. As bacteria
interacting with DCs in the dermis have already passed the initial epidermal barrier,
such a response could be expected. Alternatively, it is possible that S. aureus ST395
strains exploit this interaction to intentionally elicit inflammation to further perturb
the skin barrier and release nutrients. Interestingly, as several CoNS species share
the WTA structure of S. aureus ST395, this could enable these species to engage in
similar interactions. In general, CoNS species such as S. epidermidis and S. lugdunensis
are generally well-tolerated on our skin or nares (40). However, in case the epidermal
barrier is compromised, dermal DCs could have a function in the control of superficial
CoNS infections by detection of GroP-GalNAc WTA.

S. aureus and atopic dermatitis
S. aureus colonization is strongly associated with the inflammatory skin disease atopic
dermatitis (AD, eczema) (2). Although the functional mechanisms behind this have
not been fully resolved yet, S. aureus colonization of the skin precedes the clinical
diagnosis of AD in children (41). In addition, S. aureus is a driver of the dysregulated
inflammatory response in an AD mouse model (42). This dysregulated inflammatory
process is mediated by LCs, which induce strong Th17 responses (42-45). In addition,
human genome-wide association studies (GWAS) identified CD207, the gene encoding
for langerin, as an AD susceptibility locus (46, 47). In these studies, polymorphisms
in a putative enhancer region of CD207, which are predicted to increase langerin
expression, were protective for AD. As we already observed in Chapter 3, increased
langerin levels on the plasma membrane can drastically enhance the cellular S.
aureus binding capacity. Together with our observation that langerin is a receptor for
S. aureus WTA (Chapter 2), this implicates human LCs and langerin in the occurrence
of AD through detection of S. aureus WTA. However, many studies on AD are based
on mouse models, and due to differences between mouse immunology and human
immunology, including the lack of interaction between mouse langerin and S. aureus
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WTA β-GlcNAc, it can be difficult to fully translate these observations to a human
setting. Although there is no unified model of AD pathology yet, both human data
as well as mouse data point towards S. aureus and LCs as important factors in the
pathogenesis of AD.

Adaptive immune recognition of WTA:
implications for vaccine design
Human serum contains high levels of antibodies specific for the WTA GlcNAc
modifications, the majority of which are of the IgG2 subclass (20, 21). Overall, an
estimated 70% of S. aureus-reactive IgG is specific for WTA, of which approximately 80%
is reactive with β-1,4-GlcNAc WTA (7, 21). However, accurately measuring IgG target
specificity on S. aureus WTA is challenging as a result of expression of Fc-binding Protein
A, (micro-) heterogeneity of WTA decoration, and WTA being very labile when isolated.
Therefore, no comprehensive analysis of the target specificity of the human antibody
repertoire against all S. aureus WTA glycoforms, including subclass analysis of these
reactive antibodies, has been performed. Chapter 4 describes the development of a
model that uses synthetic S. aureus WTA, in which chemically defined RboP hexamers
are modified with GlcNAc by recombinant TarS, TarM or TarS glycosyltransferases. This
model enables highly sensitive and specific detection of antibodies interacting with
specific WTA glycotypes, without the need for isolating the unstable S. aureus WTA or
affinity purifying WTA-reactive antibodies from serum. Using this model, we confirmed
the predominance of the WTA β-1,4-GlcNAc epitope for human IgG as well as the
low reactivity of serum IgG with α-1,4-GlcNAc WTA. The levels of IgG reactive with
β-1,3-GlcNAc WTA were approximately half of the anti-β-1,4-GlcNAc WTA IgG levels,
with clear indications for cross-reactivity between these two pools. This is contrary to
observations by Gerlach et al., who suggested only a small percentage of antibodies to
be reactive with β-1,3-GlcNAc WTA (13). Cross-reactivity between these two epitopes
was also shown in a mice vaccination study, in which serum of mice immunized with
synthetic β-1,4-GlcNAc WTA molecules was cross-reactive with β-1,3-GlcNAc WTA, but
interestingly not vice versa (8). Structural studies have demonstrated that antibody
specificity for the β-1,4-GlcNAc epitope is conferred through interaction with both the
carbon backbone of RboP and the GlcNAc residue, in which the relative position of the
two is critical for the anomeric specificity of the antibody (7). Presumably, the position
of the β-GlcNAc modification relative to the phosphate group of the RboP backbone
determines specificity for C3 or C4 β-GlcNAc WTA. We and others have shown that these
antibodies are highly functional, and mediate complement activation and opsonization
for efficient phagocytosis (21, 48).
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The TarP-mediated β-1,3-GlcNAc modification is reportedly less immunogenic
than β-1,4-GlcNAc, suggesting that TarP acts as an immune subversion strategy
(13). However, in this particular study no WTA-protein conjugation was used for
immunization. Data by others show that protein-conjugation is an absolute necessity
to induce an adequate IgG production for any of the WTA glycotypes (8). Importantly,
the same group also showed that protein-conjugated β-1,3-GlcNAc WTA is highly
immunogenic and induces strong IgG production in mice. Therefore, one structural
variant or a combination of multiple structural variants of WTA might actually
represent a good vaccine antigen. For instance, vaccination with protein-conjugates
of β-1,4-GlcNAc WTA and β-1,3-GlcNAc WTA might offer a broad protection against
nearly all S. aureus lineages. Therefore, we urge for additional studies on WTA as
potential vaccine antigens. Synthetic WTA oligomers could play a key role in this,
both in the dissection of the interaction of S. aureus WTA with antibodies, but also
as potential vaccine antigens and optimization of therapeutic antibodies targeting
WTA.
In Chapter 4 we also show that IgA from human serum has a similar WTA glycotype
specificity as IgG, being predominantly reactive with β-1,4-GlcNAc WTA. WTA-reactive
IgA also induces phagocytosis by neutrophils. In contrast, secretory IgA (sIgA)
from human colostrum shows a very distinct glycotype specificity, predominantly
targeting β-1,3-GlcNAc WTA instead of β-1,4-GlcNAc. Expression of β-1,3-GlcNAc
WTA was so far only described for S. aureus strains from the CC5 and CC398 lineages
(13). Especially CC398 has been described to be highly prevalent in Europe, both in
humans as well as livestock such as pigs (49). Although few specific studies have
been performed, human CC398 isolates are mostly associated with colonization
rather than invasive disease (50, 51), suggesting that the mucosal compartment of
the adaptive immune system encounters β-1,3-GlcNAc WTA more often than the
systemic compartment. It will be especially interesting to compare WTA glycotype
specificity of sIgA from multiple mucosal sites, as this could give new insights into
the underlying mechanisms. This could also be important in vaccine development
against S. aureus. For instance, by mucosal immunization with β-1,4-GlcNAc or
α-1,4-GlcNAc WTA, which might broaden the naturally-developed mucosal immune
response against S. aureus WTA, thereby limiting risks for invasive disease.
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Regulation of WTA glycosylation: the missing link
Over the last decade we have gained many insights into the structure of S. aureus
WTA as well as the effect of structural variation on the function of this molecule. The
three different WTA GlcNAc-modifications currently known all benefit the bacteria
in a unique way. As many S. aureus lineages encode two glycosyltransferases in their
genome, these bacteria presumably have the ability to adapt their WTA GlcNAc
profile, which may offer a large survival benefit for different niches. Understanding
the regulation of WTA glycosylation by S. aureus in stages of infection and/or
colonization is key to developing effective WTA-targeting antimicrobial strategies
and vaccines.
So far, regulation of WTA glycosylation is not fully resolved and the regulons of tarS
and tarP are currently unknown. Transcriptional data indicate that tarM is dynamically
regulated by the GraRS two-component system, while tarS is expressed at relatively
constant levels (52, 53). Since TarM and TarP are dominant over TarS due to higher
enzyme activity, the accessory glycosyltransferases TarM and TarP seemingly have
an important function in outcompeting TarS in particular situations (12, 13, 54, 55).
However, all these observations have been made in controlled laboratory conditions,
and it is currently unclear how these glycosyltransferases are expressed in vivo.
Infection of mice with S. aureus expressing WTA decorated with both α-1,4-GlcNAc and
β-1,4-GlcNAc, and subsequent retrieval of the bacteria from the organs, was already
described as a method to ‘amplify’ WTA β-1,4-GlcNAcylation (7, 8). This indicates that,
the dominant glycosylation with α-1,4-GlcNAc or β-1,3-GlcNAc observed in vitro is
switched to decoration with β-1,4-GlcNAc in vivo. This could certainly contribute to
the observed predominance of β-1,4-GlcNAc WTA as IgG and IgA epitope in human
serum. Also, such observations have important implications for vaccine design that
would use WTA as target antigen.
S. aureus WTA currently represents our most promising antigen for the development
of an effective S. aureus vaccine. In addition, it provides multiple targets for new
antimicrobial therapies, since the molecule is so critical for bacterial physiology
in general. However, without further knowledge on S. aureus WTA glycosylation
dynamics in vivo, we are missing an important link between in vitro and in vivo
data. Characterization of the regulation of the WTA glycosyltransferases as well as
development of technologies that enable direct assessment of WTA glycosylation
profiles of S. aureus in vivo will therefore be critical in the design of a vaccine and new
treatment strategies that we urgently need to combat S. aureus infections.
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Treatment of infections caused by methicillin-resistant Staphylococcus aureus (MRSA)
is increasingly problematic. Many attempts to develop S. aureus vaccines have failed,
in part due to suboptimal vaccine target selection. Gerlach et al. identified a new
alternative glycan modification, β-1,3-linked N-acetylglucosamine (GlcNAc), on
wall teichoic acids (WTA) of particular MRSA clones, which they show to be poorly
immunogenic and helps subvert antibody-mediated immunity towards staphylococci
(1). Overall, the authors conclude that ‘vaccines based on β-GlcNAc WTA may fail
against many pandemic MRSA clones’. However, we believe that this conclusion is
preliminary. In fact, we show that this alternative β-1,3-GlcNAc WTA epitope actually
represents the second-most dominant antigen in the pool of S. aureus-reactive IgG
in serum, supporting its immunogenicity in humans. In addition, others similarly
demonstrated that vaccination with protein-conjugates of β-1,3-GlcNAc WTA induce
solid WTA-reactive IgG responses in mice (2). Therefore, we believe these combined
data demonstrate that WTA should not be discarded as a vaccine antigen and urge
continued efforts from academic scientists as well as pharmaceutical industry in this
area.
Gerlach et al. identified that the genomes of a considerable proportion of the
healthcare-associated and livestock-associated MRSA strains contain a prophage
that encodes for the alternative WTA glycosyltransferase TarP, which modifies WTA
with β-1,3-GlcNAc (1). This modification is different from the reactions catalyzed by
previously identified glycosyltransferases TarM and TarS, which modify WTA with α-1,4GlcNAc and β-1,4-GlcNAc, respectively (3, 4). To assess whether human antibodies are
able to discriminate between β-1,3-GlcNAc-WTA and β-1,4-GlcNAc-WTA, the authors
compared IgG deposition on wild-type versus mutant S. aureus strains lacking either
TarP, TarS or both enzymes, using different IgG preparations. In all preparations, more
IgG was deposited on bacteria lacking TarP, i.e. lacking β-1,3-GlcNAc on WTA. From
these data, the authors concluded that only a small percentage of S. aureus-directed
antibodies bind β-1,3-GlcNAc WTA. However, one of the IgG pools used by Gerlach et
al. was affinity-purified IgG using WTA isolated from S. aureus strain RN4220. As this
strain expresses TarM and TarS but not TarP, this enrichment skewed the antibody pool
towards detection of β-1,4-GlcNAc WTA and actually depleted antibodies specific
for β-1,3-GlcNAc WTA. In addition, the sensitivity of the used assay is highly limited
(even though spa was deleted in the test strains), since all other IgG preparations
that the authors used contain a diverse anti-S. aureus IgG repertoire in addition to
WTA-specific IgG, which results in significant IgG background binding. Therefore,
we believe that the bacterial model that Gerlach et al. used to measure antibody
deposition is not sufficiently sensitive and is in part biased towards this conclusion.
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We have recently developed a new model to study antibody interaction with S. aureus
WTA using chemically-defined biotinylated ribitol-phosphate (RboP) hexamers.
These molecules are enzymatically modified by TarS, TarM, or the newly identified
TarP, yielding β-1,4-GlcNAc WTA (TarS-WTA), α-1,4-GlcNAc WTA (TarM-WTA) and β-1,3GlcNAc WTA (TarP-WTA). This set up circumvents the sensitivity limitations incurred
by the use of whole bacteria and precludes the need for IgG affinity purification,
allowing for specific and sensitive detection of WTA-interacting antibodies in
whole serum. To validate our model, we tested deposition of characterized human
monoclonal IgG1 antibodies (mAb) against either β-1,4-GlcNAc (clone 4497) or α-1,4GlcNAc (clone 4461) on synthetic WTA immobilized on beads (5). Both mAbs bound
to their respective ligands with complete exclusiveness (Figure 1A). Interestingly,
the β-1,4-GlcNAc mAb could not distinguish between TarS-WTA and TarP-WTA,
indicating that anti-β-GlcNAc antibodies can be cross-reactive for TarS-WTA and TarPWTA. To ensure that this was not a unique property of mAb 4497, we expressed two
additional anti-β-1,4-GlcNAc IgG1 mAbs (clones 4462 and 6292) (5). Again, both mAb
recognized both TarS-WTA and TarP-WTA, although mAb 6292 showed some level of
discrimination (Figure 1A).
To repeat the authors’ IgG deposition experiment, we measured deposition of IgG
using pooled human serum or the isolated total IgG fraction from this pool on TarPWTA, TarS-WTA, TarM-WTA or unglycosylated RboP (Figure 1B). Consistent with data
obtained by others, anti-TarS-WTA IgG levels were approximately 10-fold higher
than anti-TarM-WTA IgG in serum, while RboP-specific IgG was undetectable (6, 7).
Importantly, the difference between anti-TarS-WTA IgG and anti-TarP-WTA IgG levels
was only two-fold (Figure 1B). Thus, the β-1,3-GlcNAc WTA epitope seems to be the
second-most dominant S. aureus antigen, after β-1,4-GlcNAc WTA, which is targeted
by 70 % of all S. aureus-reactive IgG (8). This contrasts the suggestion that only a
small percentage of S. aureus-specific IgG target this epitope (1). We next repeated
the phagocytosis experiment of Gerlach et al. using our low-background WTA bead
model. Importantly, our set-up allowed the use of full serum, thus preventing bias
that can be introduced by affinity purification as mentioned above. Phagocytosis
of WTA beads was proportional to the level of TarS- and TarP-reactive antibodies,
where phagocytosis of TarP-WTA beads was approximately half of the phagocytosis
levels of TarS-WTA beads. This confirmed that TarP-WTA-reactive antibodies are fully
functional (Figure 1C). However, it is currently unknown which levels of phagocytosis
are actually required to protect against S. aureus, making it difficult to interpret the
meaning of this two-fold difference with regard to biological relevance.
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Figure 1. TarP-modified WTA is recognized by human IgG antibodies that induce phagocytosis.
(A) Deposition of monoclonal IgG1 antibodies specific for β-1,4-GlcNAc (clones 4497, 4462, 6292) or
α-1,4-GlcNAc (clone 4461) WTA on beads coated with TarP-WTA, TarS-WTA, TarM-WTA or unglycosylated
RboP. Means of the geometric mean fluorescence intensity +/- standard deviation of three independent
experiments are shown. (B) IgG deposition on beads coated with TarP-WTA, TarS-WTA, TarM-WTA or
RboP using 3% pooled human serum or pooled human IgG at 10 µg/ml. Data were normalized to the
mean TarP-WTA values, presented as the mean of three independent experiments corrected for background binding to biotin control beads, and tested by one-way ANOVA followed by Dunnett’s test. (C)
Neutrophil phagocytosis of FITC-labeled beads coated with TarP-WTA, TarS-WTA, TarM-WTA or unglycosylated RboP opsonized with 1% pooled human serum. The relative phagocytic efficiency was assessed
as the geometric mean fluorescence intensity, normalized to TarP-WTA of every donor. Mean values
of three independent experiments using neutrophils from different donors are shown. (D) Correlation
between levels of IgG2 targeting TarS-WTA and TarP-WTA or TarM-WTA in 3% serum of 11 individual
donors. Data were analyzed by linear regression and presented as mean absorbance at 450 nm of three
independent experiments. Dashed lines indicate the 95% confidence intervals.
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We also assessed interindividual differences in TarP-WTA and TarS-WTA antibody
reactivity using serum from 11 individual donors that were included in the serum
pool. The levels of anti-TarS-WTA and anti-TarP-WTA IgG2, the predominant IgG
subclass targeting S. aureus WTA (9), were highly variable per donor (Figure 1D).
Interestingly, in five out of 11 donors, IgG interacted to a similar extend with TarPWTA and TarS-WTA. Furthermore, these levels also highly correlated (R2 = 0.74, Figure
1D), indicating that these two antibody pools are potentially cross-reactivity for the
two β-GlcNAc epitopes. In contrast, the correlation between TarS and TarM IgG2
levels was low (R2 = 0.40, Figure 1D), suggesting limited cross-reactivity between
these antibody pools. The observation of potential cross-reactivity is in line with
results with our mAbs observations (Figure 1A) and also with results from others who
demonstrated that antisera raised against TarS-WTA reacted strongly with TarP-WTA
(2). The existence of cross-reactive antibodies between TarS-WTA and TarP-WTA was
not indicated by Gerlach et al.
Finally, the immunization experiments by Gerlach et al. did not use proteinconjugated WTA, which is a common method to enhance immunogenicity for
carbohydrate antigens (2). Correspondingly, Driguez et al. showed that unconjugated
WTA molecules hardly induce IgG production (2), which corresponds to the low
immunogenicity of β-1,4-GlcNAc WTA in the experiment of Gerlach et al. Importantly,
the same group also showed that protein-conjugated β-1,3-GlcNAc WTA is highly
immunogenic and induces strong IgG production (2). Therefore, the conclusion of
Gerlach et al. that β-1,3-GlcNAc represents a poor vaccine target seems unjustified.
In summary, our data show that serum contains a substantial pool of IgG antibodies
that interact with TarP-WTA, highlighting immunoreactivity of this epitope in
humans. Similarly, data by others indicate that β-1,3-GlcNAc WTA is immunogenic
in mice when the antigen is presented as a protein-conjugate vaccine. In contrast
to Gerlach et al., we believe these data demonstrate that WTA modified with β-1,4GlcNAc as well as β-1,3-GlcNAc represents a promising vaccine antigen, for which
we urge additional studies by academic groups as well as industry. Synthetic WTA
oligomers thereby play a key role, both in the dissection of the immune interaction of
S. aureus WTA with host molecules, but also as potential vaccine targets.
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Methods
Ethics statement
This study was approved by the medical ethics committee of the University Medical
Center Utrecht (METC-protocol 07–125/C approved on March 1, 2010) and we
obtained informed consent for blood draw from all subjects.

Synthesis of 6RboP-(CH2)6NH-biotin
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6RboP-(CH2)6NH was synthesized and purified as described previously (1). 6RboP-(CH2)6NH2
(3.0 mg; 1.95 µmol) was dissolved in DMSO (1.1 mM; 1.70 ml). DIPEA (3µl) and biotin-OSu
(2.3 mg; 6.73 µmol; 3.5 eq) were added and the mixture was shaken overnight at room
temperature. Then three drops of MilliQ water were added and the mixture was centrifuged
and purified by size exclusion chromatography (HW-40 column, dimensions: 16/60 mm,
eluent 0.15 M NH4OAc). After repeated co-evaporation (7-10 x) with MilliQ water to remove
NH4OAc, the product was eluted through a small column containing Dowex Na+ cationexchange resin (type 50WX8-50-100, stored on 0.5M NaOH in H2O, flushed with H2O and
MeOH before use). Lyophilization yielded the product (1.8 mg; 1.02 µmol) in 52% yield.

H NMR (500 MHz, D2O) δ= 1.36 – 1.41 (m, 6H, CH2-hexylspacer/CH2-biotin), 1.50 – 1.56

1

(m, 2H, CH2-hexylspacer/CH2-biotin), 1.61 – 1.72 (m, 6H, CH2, CH2-hexylspacer/CH2-biotin),
2.24 (t, 2H, J= 7.1 Hz, CH2-C=O), 2.77 (d, 1H, J= 13.0 Hz, S-CHH), 2.99 (dd, 1H, J= 13.1 Hz, J=
5.0 Hz, S-CHH), 3.17 (hept, 2H, J= 6.7 Hz, CH2-N), 3.33 (dt, 1H, J= 9.8 Hz, J= 5.1 Hz, S-CH),
3.64 (dd, 1H, J= 11.9 Hz, J= 7.2 Hz, CHH-Rbo), 3.74 (t, 1H, J= 6.1 Hz, CH-Rbo), 3.76 – 4.12 (m,
42H, CH-Rbo/CH2-Rbo/CH2-O- hexylspacer), 4.42 (dd, 1H, J= 7.9 Hz, J= 4.5 Hz, S-CH-CH),
4.60 (dd, 1H, J= 8.2 Hz, J= 4.9 Hz, S-CH2-CH); 31P NMR (202 MHz, D2O) δ 1.8, 1.9, 2.0.
HRMS calculated for [C46H95N3O45P6S +2H]2+ 814.6770; found: 814.6788.

Expression of glycosyltransferase enzymes
E. coli Top10 transformed with pBAD-tarM (10)or ptarS, and recombinant TarP
protein (1) were kindly provided by Thilo Stehle. Recombinant TrxA-EK-TarM-His
was expressed and purified as described previously, except that the TrxA chaperone
was not removed by enterokinase after purification (10). Recombinant TarS-His was
expressed and purified as described previously (4).
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Recombinant expression of monoclonal antibodies
For monoclonal antibody expression, we cloned the IgG1 heavy chain (hG) and kappa light
chain (hK) constant regions (sequences as present in pFUSE-CHIg-hG1 and pFUSE2-CLIghk; Invivogen) in the XbaI-AgeI cloning site of the pcDNA34 vector (Thermo Fisher). VH
and VL sequences from monoclonal anti-WTA antibodies 4497, 4462, 6292 and 4461 were
retrieved from patent WO 2014/193722 A1 (5). These VH and VL sequences, preceded by a
Kozak sequence (ACCACC) and the HAVT20 signal peptide (MACPGFLWALVISTCLEFSMA)
were codon optimized for human expression and ordered as gBlocks (IDT). We cloned
VH and VL gBlocks into the pcDNA34 vector, upstream of the IgG1 heavy chain (hG) and
kappa light chain (hK) constant regions, respectively, by Gibson assembly (New England
Biolabs) according to the manufacturer’s instructions. NheI and BsiWI were used as the
3’ cloning sites for VH and VL, respectively, in order to preserve the immunoglobulin
heavy and kappa light chain amino acid sequence. The constructs were transformed in
E. coli TOP10F’ by heat shock and clones were verified by PCR and Sanger sequencing
(Macrogen). Plasmids were isolated by NucleoBond Xtra Midi kit (Macherey-Nagel) and
sterilized using 0.22 µm Spin-X centrifuge columns (Corning). We used EXPI293F cells
(Thermo Fisher), grown in EXPI293 Expression medium (Thermo Fisher) at 37°C, 8% CO2
in culture filter cap conical flasks (Sigma) on a rotation platform (125 rotations/min) for
protein production. One day before transfection, cells were diluted to 2x106 cells/ml. We
used 100 mL cell culture (2x106 cells/ml) for transfection the next day. In 10 mL Opti-MEM
(Thermo Fisher), 500 µl PEI-max (1 µg/µl; Polysciences) was mixed with DNA (1 µg/ml
cells) in a 3:2 ratio of hK and hG vectors. After 20 minutes incubation at room temperature,
this DNA/PEI mixture was added dropwise to 100 ml EXPI293F cells. After five days, we
verified IgG expression by SDS-PAGE and harvested cell supernatant by centrifugation
and subsequent filtration through a 0.45 µM filter. IgG was purified using a HiTrap Protein
A column (GE Healthcare) and Äkta Pure (GE Healthcare), eluting protein in 0.1 M citric
acid, pH 3.0, and neutralizing with 1 M Tris, pH 9.0. The IgG fraction was dialyzed overnight
against PBS at 4°C. Purified monoclonal antibodies were stored at -20°C.

Glycosylation of RboP hexamers
Biotinylated RboP hexamers (6RboP-(CH2)6NH-biotin; 0.17 nM) were enzymatically
glycosylated by recombinant TarM, TarS or TarP (6.3 µg/ml) in glycosylation buffer (15 mM
HEPES, 20 mM NaCl, 1 mM EGTA, 0.02% Tween 20, 10 mM MgCl2, 0.1% BSA, pH 7.4) with
2 mM UDP-GlcNAc (Merck) as substrate. After 2 hours incubation at room temperature
(RT), 5x107 pre-washed Dynabeads M280 Streptavidin (Thermo Fisher) were added and
incubated 15 minutes at room temperature. Control beads were produced by incubation
of Dynabeads M280 Streptavidin with 10 nM biotin. The coated beads were washed three
times in PBS using a plate magnet, resuspended in PBS 0.1% BSA and stored at 4°C.
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Neutrophil isolation and serum pool
Blood was drawn from 22 healthy volunteers and allowed to clot for 15 minutes at
room temperature. After centrifugation for 10 minutes at 3,220 xg at 4°C, serum was
collected, pooled and subsequently stored at -80°C. IgG was isolated from pooled
serum as described above. We isolated neutrophils from three healthy volunteers by
Ficoll/Histopaque centrifugation as described previously (11).

Antibody deposition by flow cytometry
We tested deposition of monoclonal or serum antibodies on the glycosylated WTA
beads at 10 µg/mL IgG or 3% heat-inactivated pooled serum, which were incubated
for 20 minutes at 4°C. After washing by plate magnet, bound IgG was detected using
Protein G-Alexa Fluor 488 (Thermo Fisher) and measured by flow cytometry. Antibody
deposition was corrected for background deposition to biotin control beads.

IgG2 measurements using ELISA
His-tetrameric-streptavidin- LPETG was expressed and isolated as described previously
from the pColdI-Stav-LPETG vector, a kind gift from Tsutomu Tanaka (12). We coated
Maxisorb plates (Nunc) overnight at 4°C with 10 µg/ml His-tetrameric-streptavidin-LPETG.
The plates were washed three times with PBS 0.05% Tween, blocked with PBS 0.1 % BSA,
and incubated one hour with a 50 times dilution of the glycosylation mix described above.
The plates were washed, incubated one hour with 3% heat-inactivated donor serum,
washed and incubated one hour with 1:500 anti-human-IgG2-HRP (Zymed). Finally, the
plates were washed and developed using 3,3’,5,5’-tetramethylbenzidine (Thermo Fisher).
After three minutes, the reaction was stopped by addition of 1 N H2SO4. Absorption at 450
nm, corrected for 570 nm, was measured by VersaMax plate reader (Molecular Devices).

Phagocytosis assay
Dynabeads M280 Streptavidin were labeled with 0.5 mg/ml FITC (Sigma Aldrich) for 30 minutes
at room temperature. After washing using a magnet, we coated the beads with glycosylated
WTA as described above. The beads were opsonized with 1% heat-inactivated pooled serum
for 15 minutes at 4°C, washed and resuspended in RPMI 0.05% human serum albumin
containing human neutrophils at a 10:1 bead-to-cell ratio. Neutrophils were incubated on
a shaker for 20 minutes at 37°C, 5% CO2 to allow phagocytosis of the beads. Afterwards, the
cells were washed, fixed in 1% paraformaldehyde, and analyzed by flow cytometry.

Flow cytometry
Flow cytometry data was acquired on FACSVerse (BD biosciences), per sample 10,000
events were measured within the set gate. All data were analyzed using FlowJo
version 10 (FlowJo, LLC).
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Statistical analysis
Graphpad Prism 7.04 (GraphPad Software) was used for statistical analyses. One-way
ANOVA followed by Dunnett’s test was performed to test for differences in antibody
deposition. Correlation between deposition of serum IgG2 on TarP-WTA and TarSWTA was analyzed by linear regression.

Contributions
R.v.D. and N.M.v.S. designed experiments and wrote the manuscript. R.v.D. and M.M.
performed experiments and prepared figures. K.P.M.v.K., P.A. and C.J.C.d.H. provided
technical assistance. S.A and J.C. produced and provided essential reagents. K.P.M.v.K.,
J.A.G.v.S. and J.C. provided critical feedback.
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Nederlandse Samenvatting:
Herkenning van Staphylococcus aureus
celwandsuikers door het immuunsysteem
Inleiding
In dit proefschrift heb ik bestudeerd hoe ons immuunsysteem een unieke structuur
op de celwand van de bacterie Staphylococcus aureus (‘goudkleurige stafylokok’, S.
aureus) kan herkennen.
S. aureus komt voor op de huid en in de neus van 20-30 % van de bevolking zonder
enige gevolgen. Het is echter ook een belangrijke ziekteverwekker, die relatief
milde infecties maar ook levensbedreigende aandoeningen zoals longontsteking,
hersenvliesontsteking en bot infecties kan veroorzaken. Daarnaast is S. aureus vaak
betrokken bij het ontstaan van eczeem. Een bijzonder gevaarlijke eigenschap van S.
aureus is zijn antibioticaresistentie, algemeen bekend als meticilline resistente S. aureus
(MRSA), ook wel de ‘ziekenhuisbacterie’ genoemd. In het verleden was MRSA nog te
bestrijden andere klassen antibiotica, maar tegenwoordig is S. aureus ook hiervoor vaak
resistent geworden. Daardoor kunnen MRSA-infecties erg lastig te behandelen zijn.
Een andere manier om S. aureus te bestrijden, is een vaccin dat kan beschermen tegen
infectie. Dit bestaat echter nog niet, ondanks vele pogingen om dit te ontwikkelen.
Als gevolg van de toegenomen antibioticaresistentie en het toegenomen aantal
infecties door antibioticaresistente S. aureus, zijn nieuwe therapieën en vaccins hard
nodig. Dit blijkt ook uit de classificatie van S. aureus als ziekteverwekker met een hoge
prioriteit door de Wereldgezondheidsorganisatie (WHO). Om aangrijpingspunten voor
nieuwe behandelingen te vinden, moeten we eerst beter begrijpen hoe S. aureus ziekte
veroorzaakt en hoe ons immuunsysteem de bacterie kan herkennen tijdens de infectie.
De celwand is de buitenste laag van S. aureus die bestaat uit diverse structuren, waaronder
lange suikerketens. Deze worden door speciale enzymen opgebouwd uit kleine suikerbouwstenen in complexe, stapsgewijze reacties. ‘Wall teichoic acid’ (WTA) is één van deze
suikerketens (Figuur 1A). Het beschermt de bacterie tegen de buitenwereld, is belangrijk
voor onder andere groei en celdeling, en is betrokken bij resistentie tegen antibiotica.
Ons immuunsysteem kan WTA herkennen, maar hoe dit precies gebeurd was lang
onduidelijk. Om de interactie tussen het immuunsysteem en WTA beter te begrijpen,
heb ik onderzocht hoe ons immuunsysteem WTA op S. aureus herkent. De inzichten die
hieruit zijn verkregen kunnen gebruikt worden bij de ontwikkeling van nieuwe vaccins
en behandelstrategieën tegen S. aureus.
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Figuur 1. De structuur van S. aureus WTA.
(A) WTA is een suikerketen die deel uitmaakt van de S. aureus celwand. Het bestaat uit een keten van
ribitol-fosfaat bouwstenen, waaraan GlcNAc suikers gekoppeld zijn. (B) GlcNAc suikers kunnen in spiegelbeeldvormen (α of β) aan het vierde koolstofatoom van ribitol-fosfaat gekoppeld worden. Koppelings-enzym TarM voert altijd een α-GlcNAc koppeling uit, terwijl TarS een β-GlcNAc koppeling uitvoert.
(C) Het nieuw ontdekte koppelings-enzym TarP voert net als TarS een β-GlcNAc koppeling uit, maar aan
het derde koolstofatoom, in plaats van aan het vierde. (D) De alternatieve WTA van een kleine groep
S. aureus bacteriën is opgebouwd uit glycerol-fosfaat (3 koolstofatomen) in plaats van ribitol-fosfaat
(5 koolstofatomen). Het enzym TagN koppelt hier GalNAc suikers aan. (E) De aanwezigheid van verschillende combinaties enzymen in S. aureus bacteriën leiden tot andere WTA structuren. Deze kunnen
gezien worden als suiker-vingerafdrukken die op verschillende manieren door ons immuunsysteem
worden herkend. (Figuur door Astrid Hendriks.)
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Herkenning van WTA door langerine
WTA bestaat uit een lange keten van suikerbouwstenen, namelijk ribitol-fosfaat
moleculen. Aan deze ribitol-fosfaten kunnen andere suikers gekoppeld worden,
namelijk N-acetylglucosamine (GlcNAc) (Figuur 1A). S. aureus heeft doorgaans twee
enzymen die deze koppeling uitvoeren: TarM en TarS. Deze enzymen doen dit echter
op hun eigen manier, namelijk in ‘spiegelbeeld’ van elkaar. Deze spiegelbeeldvormen
worden aangeduid met de Griekse letters α of β vóór de GlcNAc suiker. GlcNAc dat
door TarM gekoppeld is wordt α-GlcNAc genoemd, terwijl TarS β-GlcNAc koppelt
(Figuur 1B). Ook al maken heel veel soorten bacteriën WTA, de structuur van ribitolfosfaat met GlcNAc is tot zover bekend uniek voor S. aureus. In Hoofdstuk 2 van dit
proefschrift beschrijven wij hoe de β-GlcNAc suiker aan S. aureus WTA herkend kan
worden door langerine. Langerine is een herkenningsmolecuul, ook wel receptor
genoemd, dat ons immuunsysteem gebruikt om ziekteverwekkers te detecteren. Het
behoort tot de familie van de zogenaamde lectine-receptoren, die gespecialiseerd
zijn in het herkennen van suikerstructuren. In de mens is langerine enkel te vinden op
Langerhans cellen, een type immuuncel die zich in de opperhuid bevindt. Opmerkelijk
is dat langerine alleen β-GlcNAc op WTA herkent, maar niet α-GlcNAc. Langerhans
cellen reageren vervolgens met een sterke afweerreactie, waarvan bekend is dat het
S. aureus doodt. Van Langerhans cellen was al langer bekend dat ze erg belangrijk
zijn voor de afweer in de huid, maar nog niet dat ze S. aureus konden herkennen. Dit
geeft ook een verklaring voor de betrokkenheid van S. aureus bij de huidaandoening
eczeem. Bij eczeem speelt een hevige immuunreactie van Langerhans cellen een
belangrijke rol in het ontstaan van de ziekte. Mogelijk is herkenning van S. aureus
door Langerhans cellen de oorzaak van deze overmatige immuunreactie. Omdat WTA
bestaande uit ribitol-fosfaat en β-GlcNAc uniek is voor S. aureus, kan herkenning door
langerine op Langerhans cellen ook de reden zijn waarom S. aureus, en niet andere
huidbacteriën, betrokken zijn bij eczeem.

DNA variaties in langerine
In de bevolking zijn er veel kleine variaties in ons DNA aanwezig. Dit zijn doorgaans
geen schadelijke of ziekmakende veranderingen, maar normale variatie tussen
mensen. Toch leidt een klein aantal van deze variaties tot verhoogde gevoeligheid
voor bepaalde aandoeningen. Het gen voor de langerine receptor bevat een aantal
variaties, waarvan er twee altijd samen voorkomen. De ene variatie (N288D genaamd)
zorgt ervoor dat langerine alle suikers die het herkent, minder goed kan herkennen.
De andere variatie (K313I) veroorzaakt juist een extra goede herkenning van GlcNAc.
Het gezamenlijke effect van deze variaties is een specifiekere herkenning van GlcNAc,
doordat andere suikers minder goed herkend worden. Dit is echter alleen getest
met losse suikers en nooit in de context van complete bacteriën, zoals S. aureus. In
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Hoofdstuk 3 hebben wij het effect van deze variaties in het gen voor langerine op de
herkenning van S. aureus bestudeerd. Daaruit bleek dat de N288D langerine variant,
zoals verwacht, slechte herkenning van S. aureus veroorzaakt. Echter, de verwachtte
betere herkenning van S. aureus door variant K313I of de combinatie van de twee
varianten kwam niet duidelijk naar voren. Daarnaast bleek dat cellen die de N288D
langerine variant hebben, relatief veel meer langerine op hun celoppervlak brengen.
Hierdoor werd S. aureus beter herkend door deze cellen, vergeleken met cellen met
normaal langerine. Het verrassende was echter dat de cellen met N288D langerine
S. aureus niet meer goed konden ‘opeten’ in een proces genaamd fagocytose, terwijl
dit wel mogelijk was met normaal langerine. Fagocytose van bacteriën door cellen
van het immuunsysteem is een belangrijke stap in het starten van een afweerreactie.
Daarom zijn mensen met deN288D langerine varianten mogelijk gevoeliger zijn voor
S. aureus huidinfecties. Verder onderzoek is nodig om vast te stellen of dit inderdaad
het geval is.

Herkenning van WTA door antistoffen
Naast de reeds bekende enzymen TarM en TarS, die GlcNAc koppelen aan ribitolfosfaat, is er kortgeleden een nieuw S. aureus enzym ontdekt dat dit ook kan: TarP. Net
zoals TarS koppelt TarP β-GlcNAc, maar op een andere positie aan het ribitol-fosfaat
molecuul. TarM en TarS koppelen GlcNAc aan het vierde van de vijf koolstofatomen van
ribitol-fosfaat, terwijl TarP GlcNAc aan het derde koolstofatoom koppelt (Figuur 1C).
Opmerkelijk is dat S. aureus bacteriën nooit alle drie de enzymen hebben, maar altijd
specifieke combinaties: TarS en TarM, TarS en TarP, of enkel TarS. De reden hiervoor is
nog niet duidelijk. Wel zorgt deze variatie ervoor dat S. aureus bacteriën verschillende
WTA-structuren hebben, waarbij de GlcNAc suikers op andere manieren vastzitten.
Daardoor hebben bacteriën verschillende ‘suiker-vingerafdrukken’ (Figuur 1E).
Naast herkenning door langerine kan ons immuunsysteem S. aureus WTA ook
herkennen aan de hand van antistoffen. Dit zijn oplosbare receptoren van
het immuunsysteem die in grote hoeveelheden in het bloed voorkomen. Ons
immuunsysteem maakt antistoffen aan nadat we in contact zijn gekomen met
bepaalde ziekteverwekkers, zoals tijdens een infectie, maar bijvoorbeeld ook na
vaccinatie. Uit eerdere onderzoeken is gebleken dat iedereen antistoffen heeft tegen
de GlcNAc suikers aan S. aureus WTA, wat betekent dat iedereen in zijn of haar leven
in contact is gekomen met S. aureus. Deze antistoffen kunnen de GlcNAc suikers
van S. aureus WTA herkennen wanneer we opnieuw in contact komen met S. aureus,
en dienen dan als een soort vlaggetje voor de rest van het immuunsysteem om S.
aureus op te ruimen. Het is echter niet duidelijk of antistoffen de verschillende suikervingerafdrukken even goed kunnen herkennen. Dit hebben wij in Hoofdstuk 4
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onderzocht. Wij gebruikten hiervoor een nieuw ontwikkelde methode om antistoffen
tegen de verschillende suiker-vingerafdrukken te detecteren. Hierbij worden ribitolfosfaat ketens chemisch nagemaakt waar vervolgens GlcNAc aan gekoppeld kan
worden door de TarM, TarS of TarP enzymen, om volledig kunstmatige WTA moleculen
te maken. Door antistoffen uit bloed aan deze verschillende WTA moleculen te laten
binden, kunnen we zeer gevoelig de herkenning van de verschillende S. aureus suikervingerafdrukken door antistoffen analyseren en met elkaar vergelijken. Hiermee
hebben we nauwkeurig in kaart kunnen brengen welke suiker-vingerafdrukken
de antistoffen voornamelijk herkennen, en ontdekten we dat β-GlcNAc gekoppeld
door TarS het beste wordt herkend door de antistoffen uit bloed. Daarnaast konden
we onderscheid maken tussen verschillende typen antistoffen die op verschillende
plekken in het lichaam voorkomen. Opmerkelijk genoeg herkennen antistoffen op
het slijmvlies, anders dan antilichamen uit bloed, juist β-GlcNAc gekoppeld door TarP
als beste. Omdat de antilichamen op ons slijmvlies aangemaakt zijn na herkenning
van de ziekteverwekkers die daar voorkomen, wijst dit er op dat de S. aureus bacteriën
op slijmvlies mogelijk andere suiker-vingerafdrukken hebben dan de S. aureus
bacteriën die infectie veroorzaken in de rest van het lichaam. Naast het gebruik als
analyse methode voor antistoffen die de suiker-vingerafdrukken herkennen, kunnen
de kunstmatige WTA moleculen ook voor andere doeleinden ingezet worden.
Mogelijk kunnen ze gebruikt worden als vaccin om antistoffen op te wekken tegen de
verschillende suiker-vingerafdrukken, die ons vervolgens beschermen tegen infectie
door S. aureus. Dit zou een belangrijke stap zijn in de ontwikkeling van een S. aureus
vaccin.

Herkenning van de alternatieve WTA door MGL
Hoewel bijna alle S. aureus bacteriën WTA hebben dat is opgebouwd uit ribitol-fosfaat
en GlcNAc, heeft een kleine groep S. aureus bacteriën een compleet andere WTA
structuur. In plaats van ketens van ribitol-fosfaat (met vijf koolstofatomen), maakt deze
S. aureus groep WTA ketens van glycerol-fosfaat (slechts drie koolstofatomen). Daarnaast
koppelen ze geen GlcNAc suiker, maar een N-acetylgalactosamine (GalNAc) suiker aan
WTA, met behulp van het enzym TagN (Figuur 1D). Hierdoor heeft deze kleine groep S.
aureus een compleet andere suiker-vingerafdruk dan de rest van de S. aureus bacteriën
(Figuur 1E). Dit zorgt er mogelijk voor dat deze bacteriën door andere receptoren van
het immuunsysteem herkend worden. Hoofdstuk 5 gaat in op de herkenning van
deze alternatieve WTA structuur door de receptor ‘Macrofaag Galactose-type Lectine’
(MGL). Zoals de naam al suggereert is MGL net als langerine een lectine-receptor. De
herkenning van de alternatieve WTA door MGL is afhankelijk van de aanwezigheid van
GalNAc. Een aantal soorten immuuncellen, zoals dendritische cellen en macrofagen,
hebben MGL op hun oppervlak. Dendritische cellen, die zich onder andere in de

162

huid bevinden, gebruiken MGL om deze alternatieve groep S. aureus bacteriën te
herkennen. Ze reageren vervolgens met een sterkere afweerreactie op de alternatieve
WTA met GalNAc suikers, vergeleken met de alternatieve WTA zonder GalNAc of de
reguliere ribitol-fosfaat WTA met GlcNAc. Deze afweerreactie is echter anders dan de
afweerreactie die Langerhans cellen geven na herkenning van β-GlcNAc op de ribitolfosfaat WTA. Doordat Langerhans cellen reguliere S. aureus WTA met GlcNAc kan
herkennen en dendritische cellen alternatieve S. aureus WTA met GalNAc, maakt de
suiker-vingerafdruk van de S. aureus bacteriën mogelijk veel uit voor de afweerreactie
in de huid. Dit moet echter nog verder uitgezocht worden in vervolgonderzoek.

Conclusie
In de afgelopen jaren zijn door vele onderzoekers de structuur, opbouw en
functies van S. aureus WTA opgehelderd. Ons immuunsysteem kan S. aureus WTA
op verschillende manieren herkennen, met behulp van lectine-receptoren op
immuuncellen, en antistoffen in bloed en op slijmvliezen. Omdat WTA voor S. aureus
erg belangrijk is en ons immuunsysteem het goed kan herkennen, lijkt WTA een
veelbelovend doelwit voor nieuwe behandelingsstrategieën. Zo zou de aanmaak van
WTA geremd kunnen worden om een aantal belangrijke processen van de S. aureus
bacterie uit te schakelen, kunnen antistoffen gericht tegen WTA mogelijk gebruikt
worden als nieuwe behandeling tegen S. aureus infectie, en zou chemisch nagemaakt
WTA gebruikt kunnen worden als onderdeel van een S. aureus vaccin.
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Dankwoord
Het is zover, mijn proefschrift is af en ik mag het gaan verdedigen! Hoewel mijn naam
op de cover staat, heb ik natuurlijk de nodige hulp gehad in deze vier jaar.
Nina, wat ben ik blij dat jij bijna vijf jaar geleden had besloten om niet een voormalige
stagiair te werven voor de PhD positie in jouw groep, maar het wereldkundig te
maken dat je iemand zocht! Het project sprak mij onmiddellijk aan en ik heb vanuit
Canada gesolliciteerd. Binnen drie weken na mijn terugkomst in Nederland hadden
we de laatste gesprekken afgerond en kreeg ik van jou het verlossende woord dat
ik snel aan de slag kon. Die dag was ook het moment dat jij het labwerk achter je
moest laten, dat viel helaas niet meer te combineren met het begeleiden van drie
PhD studenten… Lieve Nina, ik heb heel veel respect voor de manier waarop jij
begeleiding geeft, creatief, open en vol enthousiasme. Bedankt voor de afgelopen
jaren!
Jos, wat heb ik het getroffen met jou als promotor. Waar ik wel eens kon verzanden
in details en zijprojectjes, was jij daar altijd om de grote lijn te bewaken. Jij beweert
al jaren bij hoog en laag dat de beste bacteriën van plastic gemaakt zijn, wat een
merkwaardige uitspraak lijkt voor een microbioloog. Tot het moment dat ik ook
plastic bacteriën ging gebruiken, ik was gelijk overtuigd.
Ik heb het geluk twee zeergeleerde paranimfen naast me te hebben wanneer het
zover is. Vincent, ik kan me onze eerste ontmoeting nog precies herinneren. We
wisten natuurlijk al dat we elkaars tegenkandidaten waren, maar uiteindelijk allebei
waren aangenomen. We zagen elkaar voor het eerst bij de introductie ochtend op
het UMC, waar jij tijdens de koffie bij het ontvangst bij een tafeltje achteraf rustig je
eigen ding stond te doen. Op de één of andere manier hadden we elkaar daar snel
gevonden. Vervolgens hebben we meer dan een jaar bij elkaar op de kamer gezeten,
wonnen we allebei twee keer de prestigieuze Koepel-kostuumprijs (waarvan één
keer samen), en waren we natuurlijk beste buren op het lab. Beste Vincent, ik kan me
geen betere afsluiting bedenken. Samantha, hoe wij elkaar in Nijmegen nooit tegen
zijn gekomen is me echt een raadsel. We kwamen er tijdens mijn sollicitatiegesprek
achter dat we zelfs vlak na elkaar op dezelfde afdeling stage hebben gelopen! Het
was niet alleen hartstikke gezellig om jou drie jaar als achterbuurvrouw te hebben
op de kamer, maar je was ook een fijne sparringpartner. Lieve Samantha, ik vond het
super dat ik jouw paranimf mocht zijn, nu is het tijd voor een wederdienst.
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Everyone in the Bacterial Glycobiology group and my former students, thank you
all for the input and feedback! Matevž, you made the S. aureus-langerin project fly
during your internship with us. It was more than deserved that you landed a PhD
position in Utrecht shortly after. It was great you even joined our labmeetings again
when your project demanded so! Felix, you’ve done a great job over here during
your internship and it was awesome to keep collaborating you afterwards. Cheers
und groeten! Gosia, I was so glad that you joined our group as a PhD student after
your internship here. I’ve really enjoyed our discussions; the silly, the nerdy and the
die-hard scientific ones. Alex, you have the crazy ability to run an ungodly number
of side-by-side experiments. Here’s hoping those superpowers come with a PhD...
Michèle, jij was voor mij echt de juiste persoon op het juiste moment op het juiste
project. Wat heb jij een berg werk verricht! Heel veel succes met het afronden van je
studie en je toekomstige loopbaan. Astrid, ondanks dat jij je pas recent bij de groep
hebt gevoegd, nadat mijn proefschrift was ingeleverd, mag jij hier niet ontbreken.
Het was ontzettend leuk om een korte tijd met jou samen te mogen werken!
I’ve had the luck of having multiple excellent collaborators involved in all parts of
the project. Andreas Peschel, Chris Weidenmaier and David Gerlach, it has been a
pleasure working with you. Many thanks for sharing your extensive strain collection
with us. I look forward to our upcoming work together! Christoph Rademacher, I
very much enjoyed working with you. Your CLR constructs and insights on langerin
biology are highly valued here! Dan Kaplan and Jaci De La Cruz Diaz, your in vivo
data really made the langerin-WTA story shine. Jeroen Codée en Sara Ali, jullie
structurele en onze functionele insteek vulden elkaar perfect aan, met een prachtig
resultaat. Het was heel prettig met jullie samen te werken, ik heb er veel van geleerd!
Domenico Castigliego, bedankt voor de prettige samenwerking voor de histologie!
Ik wil iedereen op de afdeling met wie ik te maken heb gehad bedanken voor de
prettige sfeer en de leuke tijd, maar natuurlijk een aantal mensen in het bijzonder:
Julia, you were a great and gezellige neighbour in the lab and your expertise in S.
aureus immunology has been very helpful. Eiwit-expressie bedrijfje Piet en Carla
Bv., voor al uw eiwitzuiveringen. Eén van de hoofdstukken draait compleet op het
werk dat jullie hebben gedaan, zonder die inspanningen had het er nooit zo goed uit
gezien. Bedankt voor al jullie hulp! Kok, flowcytometrie-tovenaar en oppercriticus van
het lab. Ik heb veel van je geleerd op het gebied van flowcytometrie, antilichamen,
complement en fagocytose proeven. Jouw kritiek en twijfels over experimenten zijn
altijd veel waard gebleken, ontzettend bedankt!
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My dear (ex-) roomies, thank you for all the fun, inspiration, support and candy in the
office. Vincent M, jij bent zeer terecht al vaker onze meest behulpzame kamergenoot
genoemd, bedankt voor al je hulp over de afgelopen jaren. Anouk, jij was toch wel de
zorgzame moeder van de kamer die goed op ons bleef letten. Ik heb zoveel respect
voor hoe jij je er door heen hebt gevochten. Kirsten, het was super om na een paar
jaar gezellige roomies te zijn geweest samen de eerste pilots te hebben gedaan voor
de synthetische WTAs! Yuxi, I think it’s safe to say you’ve achieved way more during
your PhD than most of us. I’m glad to have been part of that, if only for a little bit.
Stephanie, ik snap nog steeds niet waarom de chocolademelk van de koffieautomaat
extra suiker nodig heeft, maar ik hoop dat de chocolademelk in New York lekker zoet
is. Dennis, wetenschapper-suprème en comic relief, jij bent een kamergenoot die van
alle marken thuis is. Lisanne, jouw nuchterheid is soms precies wat een mens nodig
kan hebben. Janneke, daar zat je dan, als epidemioloog tussen de labratten. Hoewel
onze projecten niet te vergelijken waren, was het leuk om een kijkje in de keuken van
een epidemioloog te krijgen. Jery, op de valreep eindelijk iemand op de kamer met
wie ik over goeie muziek kon praten. Het was top om samen een aantal concertjes
bezocht te hebben. Ex-roomies Manouk, Mike and Kobus, and other (former-) PhD
students Angelino, Elise, Nienke, Dani, Seline, Jasper, Ferdy, Wouter, Axel, Sergio,
Patrique, Hendrik, Paul, Roos, Elena, Eva, Sjors, Shu and Rita, thank you all for the
great time!
Lieve, eigenaardige Grietje, wij leerden elkaar erg goed kennen in de afgelopen jaren.
Ondanks de vele frustraties, verdwenen samples en jouw specifieke eigenaardigheden
ben ik je ontzettend veel dank verschuldigd. Zonder jou was dit boekje werkelijk 75%
leger geweest.
Zonder de nodige ontspanning was dit niet vol te houden, gelukkig waren daar de
Roegers, voor alle concert- en festivalbezoekjes, natuurlijk voorzien van bier en
baarmoeders. Daarnaast natuurlijk de geweldige spelletjesgroep met Annemarie,
Roos, Abel, Joost, Linsey, Laurent, Rosalie, Esther en Maarten. Onze geplande
avondjes zijn altijd iets om naar uit te kijken, de weekenden zijn ronduit legendarisch.
Ik hoop dat we dat ondanks de grotere afstanden nog lang vol kunnen houden!
Papa & mama en Rianne & Jesse, hoewel mijn wetenschappelijke wereldje soms
lastig te doorgronden is, stonden jullie altijd klaar met een geïnteresseerde vraag
of een luisterend oor. Bedankt voor de nodige ontspanning en steun de afgelopen
jaren!
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Lieve Annemarie, allebei een PhD gaan doen was een recept voor een interessante
tijd. Ik ben blij dat we het gedaan hebben, maar ik ben ook opgelucht dat we er
allebei bijna zijn. Samen klimmen, lezen, spelletjes doen… Ik kijk zo ontzettend uit
naar onze nieuwe avonturen samen 
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Hoenderop. In 2012, Rob obtained his BSc degree
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months at the Department of Pediatric Infectious Diseases at Radboud University
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With the background in microbiology and immunology he obtained during his
internships, Rob started his PhD degree in the Bacterial Glycobiology group at the
Department of Medical Microbiology at the University Medical Center Utrecht, The
Netherlands, under supervision of Nina van Sorge, PhD and prof. Jos van Strijp. In
his PhD project, he characterized the recognition of the Staphylococcus aureus
wall teichoic acid by host immune receptors. The results of his work have been
presented at multiple national and international conferences, have been submitted
for publication in peer-reviewed international scientific journals and are collected in
this thesis. After obtaining his PhD degree, Rob will continue his academic career as
a postdoctoral researcher in the group of prof. Andreas Peschel at the University of
Tübingen, Germany.

168

List of publications
Van Dalen R., De La Cruz Diaz J.S., Rumpret M., Fuchsberger F.F., van Teijlingen N.H.,
Hanske J., Rademacher C., Geijtenbeek T.B.H., van Strijp J.A.G., Weidenmaier C., Peschel
A., Kaplan D.H., van Sorge N.M. Langerhans cells sense Staphylococcus aureus wall
teichoic acid through langerin to induce inflammatory responses. Provisionally accepted
in mBio, 2019. Pre-print available on bioRxiv. doi: https://doi.org/10.1101/238469.
Sorbara M.T., Foerster E.G., Tsalikis J., Abdel-Nour M., Mangiapane J., SirluckSchroeder I., Tattoli I., van Dalen R., Isenman D.E., Rohde J.R., Girardin S.E., Philpott
D.J. Complement C3 Drives Autophagy-Dependent Restriction of Cyto-invasive Bacteria.
Cell Host Microbe. 2018;23(5):644-652.e5. doi: 10.1016/j.chom.2018.04.008.
Lopes F., Keita Å.V., Saxena A., Reyes J.L., Mancini N.L., Al Rajabi A., Wang A., Baggio C.H.,
Dicay M., van Dalen R., Ahn Y., Carneiro M.B.H., Peters N.C., Rho J.M., MacNaughton W.K.,
Girardin S.E., Jijon H., Philpott D.J., Söderholm J.D., McKay D.M. ER-stress mobilization
of death-associated protein kinase-1-dependent xenophagy counteracts mitochondria
stress-induced epithelial barrier dysfunction. J Biol Chem. 2018;293(9):3073-3087. doi:
10.1074/jbc.RA117.000809.

169

A

