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Polysialic acid and polysialic acid receptors as regulators of microglia and macrophage activation 

 Hauke Thiesler 

Abstract 

The glycan polysialic acid (polySia) is primarily known as a posttranslational modification of the 

neural cell adhesion molecule NCAM. PolySia-NCAM plays a crucial role in brain development by 

negatively influencing cell-cell interactions. In the adult central nervous system (CNS), polySia-NCAM 

expression is mostly limited to neurogenic niches. In addition, the re-expression of polySia-NCAM in 

adult tissue is a feature of many cancers including brain tumors such as glioblastoma (GB). For many 

of the polySia-positive tumor entities, polySia expression has been associated with poor prognosis. 

Besides these intensively studied roles, polySia emerges as a factor with immunomodulatory 

potential. Exogenously applied polySia resulted in the attenuation of the proinflammatory activation 

of murine microglia and human THP-1 macrophages in vitro. In addition, polySia is produced by 

cultured microglia and macrophages. This cell-intrinsic pool of polySia is confined to the Golgi 

compartment and attached to the two protein carriers neuropilin-2 (NRP2) and E-selectin ligand-1 

(ESL-1). However, as shown for microglia, these polysialylated proteins are translocated to the cell 

surface during proinflammatory activation and released by ectodomain shedding. Collectively, these 

data suggest that the shedding of polysialylated proteins constitutes a mechanism for negative 

feedback regulation of microglia and macrophage activation. In humans, the sialic acid–binding 

immunoglobulin-like lectin Siglec-11 was identified as a microglia and macrophage-specific receptor 

responsible for the anti-inflammatory response to experimentally added polySia. In contrast, the 

corresponding murine Siglec driving the assumed feedback inhibition in response to polySia release 

remains elusive. Moreover, the human polySia receptor Siglec-11 has a so-called paired receptor, 

Siglec-16, with an identical ligand-binding domain but, allegedly, proinflammatory activity. Notably, 

the SIGLEC16 genotype is disparate, resulting in about 40 % of the population capable of expressing 

functionally active Siglec-16. Despite the increasingly recognized importance of tumor-associated 

macrophages (TAM) for immune milieu and tumor progression, the possible impact of Siglec-16 

expression on polySia-positive malignancies such as GB has not been investigated yet.  

Using BV2 microglia as a model system, the first part of this thesis demonstrates by CRISPR/Cas9-

mediated knock out that Siglec-E is the murine polySia receptor involved in feedback inhibition of 

inflammatory activation in response to the release of polysialylated proteins. Concerning the 

mechanisms and time-course of this release, it is shown that the translocation from the Golgi 

compartment to the cell surface is caused by depletion of internal calcium stores and that the 

shedding of polysialalyted proteins is a continuous process after initial activation. In addition, 

pharmacological interference with endocytosis provides first evidence for a rapid internalization of 

Siglec-E in activated microglia. Moreover, in a mouse model of traumatic brain injury, microglia with 

intracellular polySia were detected for the first time in vivo. These cells, however, were rare and only 

found in some distance from the site of lesion.  

The second study deals with a possible role of the polySia-Siglec axis in GB. The presence of polySia 

and the SIGLEC16 status was analyzed in primary, formalin-fixed and paraffin-embedded tumor 

specimen from treatment-naïve patients. PolySia on tumor cells was detected in about 82% of the 

cases. Independently, the presence of intracellular polySia could be demonstrated in a very small 

fraction of the TAM. In a cohort of patients with known clinical outcome, a stratification for the 

presence of polySia on tumor cells or for a functional SIGLEC16 gene revealed that the two 

parameters independently correlate with increased survival. Patients with a combination of both  
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characteristics had the best prognosis and were the only group with significantly increased 

expression of the proinflammatory cytokine TNF, indicating that proinflammatory activation of TAM 

is linked to the better outcome.  

Taken together, this thesis provides insights into the polySia-Siglec-axis as a regulatory mechanism 

for microglia and macrophage activation, its possible role in brain injury and its relevance for 

glioblastoma outcome. 
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Polysialinsäure und Polysialinsäure-Rezeptoren als Regulatoren der Aktivierung von Mikroglia und 
Makrophagen  Hauke Thiesler 

Zusammenfassung 

Das Glykan Polysialinsäure (PolySia) ist in erster Linie als posttranslationale Modifikation des 

neuralen Zelladhäsionsmoleküls NCAM bekannt. PolySia-NCAM spielt bei der Hirnentwicklung eine 

entscheidende Rolle, indem es PolySia-abhängig Zell-Zell-Interaktionen abschwächt. Im adulten 

zentralen Nervensystem hingegen, ist die Expression von PolySia-NCAM vorrangig auf 

Stammzellnischen mit Befähigung zur Neurogenese beschränkt. Davon unabhängig wurde PolySia-

NCAM in vielen Arten von Tumoren nachgewiesen, darunter auch Hirntumore wie das Glioblastom 

(GB). In vielen dieser Tumorarten wurde das Auftreten der PolySia mit einer schlechten Prognose in 

Verbindung gebracht. Neben diesen bereits intensiv untersuchten Funktionen von PolySia, könnte 

dieses Glykan auch zur Immunmodulation beitragen. In vitro Experimente an murinen Mikroglia und 

humanen THP-1-Makrophagen zeigten übereinstimmend, dass der Zusatz von PolySia die 

proinflammatorische Aktivierbarkeit verringert. Zudem kann PolySia auch von Mikroglia und 

Makrophagen selbst erzeugt werden. Dabei ist die PolySia nicht an NCAM, sondern an die beiden 

Trägerproteine Neuropilin-2 (NRP2) und E-Selectin-Ligand-1 (ESL-1) gebunden und nicht an der 

Zelloberfläche, sondern im Golgi-Apparat lokalisiert. Diese polysialylierten Proteine können jedoch 

im Zuge einer proinflammatorischen Aktivierung an die Zelloberfläche rekrutiert und über einen 

Metalloproteinase-abhängigen Mechanismus in den extrazellulären Raum abgegeben werden. 

Insgesamt deuten diese Befunde darauf hin, dass die Ausschüttung der polysialylierten Proteine 

PolySia-NRP2 und PolySia-ESL-1 über einen negativen Rückkopplungsmechanismus zur Regulation 

der Aktivierung von Mikroglia und Makrophagen beitragen könnten. Im humanen System wurde 

bereits das Sialinsäure-bindende Immunoglobulin-artige Lektin Siglec-11 als ein Rezeptor identifiziert, 

der in Mikroglia und Makrophagen zur Erkennung von experimentell zugegebener PolySia beiträgt 

und die damit verbundene anti-inflammatorische Wirkung vermittelt. Im murinen System ist 

hingegen noch kein entsprechender Rezeptor bekannt. Darüber hinaus existiert im humanen System 

neben Siglec-11 ein weiterer Rezeptor, Siglec-16, mit identischer Liganden-bindender Domäne, der 

somit vermutlich ebenfalls PolySia erkennt, jedoch aufgrund einer unterschiedlichen Anbindung an 

zelluläre Signalwege einen zu Siglec-11 entgegengesetzten, proinflammatorischen Effekt bewirken 

dürfte. Siglec-11 und Siglec-16 werden daher auch als gepaarte Rezeptoren bezeichnet. Allerdings ist 

der SIGLEC16 Genotyp heterogen, da nur ca. 40 % der Bevölkerung über ein funktionales Gen 

verfügen und somit funktionsfähiges Siglec-16 produzieren können. Trotz des zunehmend als 

bedeutsam erkannten Beitrags Tumor-assoziierter Makrophagen (TAM) zum Immunmilieu und 

Wachstum von Tumoren, wurde ein möglicher Zusammenhang zwischen dem Siglec-16 Status und 

der Prognose PolySia-positiver Tumore wie etwa dem GB bislang nicht untersucht. 

Am Modellsystem muriner BV2 Mikroglia wird im ersten Abschnitt der vorliegenden Arbeit über 

CRISPR/Cas9-induzierten Knock-Out gezeigt, dass es sich bei Siglec-E um den murinen Rezeptor 

handelt, der über die Erkennung der von Mikroglia ausgeschütteten polysialylierten Proteine in einen 

negativen Rückkopplungsmechanismus eingebunden ist. Bezüglich der Freisetzung der 

polysialylierten Proteine nach inflammatorischer Aktivierung wird gezeigt, dass deren Translokation 

vom Golgi-Apparat zur Zelloberfläche durch Absenkung der Calcium-Konzentration zellinterner 

Kompartimente bewirkt wird. Die Freisetzung dieser PolySia-Träger nach initial erfolgter Aktivierung 

wird zudem als anhaltender Prozess charakterisiert und Experimente zur pharmakologischen 

Manipulation der Endozytose ergaben erste Hinweise auf eine schnelle Internalisierung von Siglec-E  
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in aktivierter Mikroglia. Schließlich konnte an einem Mausmodell erstmals das Auftreten 

intrazellulärerer PolySia in Mikroglia in Folge einer traumatischen Hirnverletzung nachgewiesen 

werden. Allerdings war diese spezielle Zellpopulation selten und trat nur in einem gewissen Abstand 

von der initialen Läsion auf. 

Der zweite Abschnitt der vorliegenden Arbeit widmet sich der Frage nach möglichen Auswirkungen 

von PolySia-Siglec Interaktionen auf Glioblastome. Dafür wurde das Auftreten von PolySia und der 

SIGLEC16 Genotyp anhand von Formalin-fixierten, Paraffin-eingebetteten Präparaten primärer 

Tumore aus Patienten evaluiert, die noch keine Therapie erhalten hatten. In ca. 82 % der evaluierten 

Fälle wurde PolySia auf Tumorzellen nachgewiesen. Davon unabhängig konnte in einem sehr kleinen 

Anteil der TAM auch intrazellulär lokalisierte PolySia detektiert werden. Für eine Patientenkohorte 

mit bekanntem klinischen Verlauf ergab eine Stratifizierung hinsichtlich des Auftretens Tumorzell-

assoziierter PolySia bzw. eines funktionellen SIGLEC16 Gens, dass beide Parameter unabhängig 

voneinander sind und jeweils positiv mit der Gesamtüberlebenszeit korrelieren. Dabei hatten die 

doppelt-positiven Patienten die beste Prognose und zeigten als einzige Gruppe eine signifikant 

erhöhte Expression des proinflammatorischen Zytokins TNF. Dies deutet darauf hin, dass die 

proinflammatorische Aktivierung von TAM in GB mit einer besseren Prognose assoziiert ist. 

Zusammengenommen bietet die vorliegende Arbeit Einblicke in die Mechanismen über PolySia und 

ihre Siglec-Rezeptoren, die die Aktivierung von Mikroglia und Makrophagen regulieren sowie deren 

mögliche Beteiligung im Rahmen traumatischer Hirnverletzung und deren prognostische Bedeutung 

für das Glioblastom.  
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Chapter 1 General Introduction 

1.1 Glycan structures: an interface of cellular communication 

Glycans are sugar structures organized in linear or branched chains of monomers connected by 

glycosidic linkages. This class of molecules is present in all known biological systems, but with 

substantial variation amongst them (Cohen and Varki, 2010; Varki, 2017). Glycans on proteins are 

synthesized as posttranslational modifications giving rise to glycoproteins and proteoglycans. Glycans 

can also be attached to ceramide, which results in the formation of glycosphingolipids (Fig. 1.1). 

Regarding the type of linkage to a protein backbone, the respective glycan can be attached either to 

an asparagine (N-linked) or a serine or threonine residue (O-linked). In vertebrates, N-linked glycans 

are of higher complexity and can be branched, whereas O-linked glycans are mostly linear (Fig. 1.1). 

The biosynthesis of glycoproteins and proteoglycans starts in the endoplasmic recticulum (ER) and is 

continued and finalized in the Golgi apparatus. Entering the secretory pathway, the majority of the 

glycan-functionalized structures are integrated into the plasma membrane of the respective cell. In 

that way, glycoproteins and glycosphingolipids form a dense layer named the glycocalyx.  

 

Figure 1.1. Spatial organization and structures of plasma membrane-integrated glycoproteins and glycosphingolipids that 

build up the glycocalyx. Gal = galactose, Glc = glucose, Man = mannose, Fuc = fucose, GalNAc = N-acetylgalactosamine, 

GlcNAc = N-acetylglucosamine, Sia = sialic acid. Modifed from Schnaar et al. (2014). 

The glycocalyx borders the cell surface and represents the primary interface of communication 

between cells and their environment by presenting a huge variety of recognition motifs called 

glycotopes. Organized as membrane domains with clusters of glycoproteins and glycolipids, these 

glycotopes create unique spatially and temporally controlled signatures (Fig. 1.1, bottom; Cohen and 

Varki, 2010; Schnaar et al., 2014). In addition, glycoproteins and especially proteoglycans can be 

released into the extracellular space, where they build up the extracellular matrix and interact with 

the glycocalyx, thereby modifying the cellular environment. 
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1.2 Sialic acid and polysialic acid  

In vertebrates, virtually all glycan structures within the glycocalyx carry sialic acids as the terminal 

sugars (Fig. 1.1). Sialic acids are nine-carbon backbone sugars with a carboxyl group and therefore 

occur as monovalent anions under physiological conditions. The class of sialic acids comprises about 

50 different varieties, of which the 5-N-acetylneuraminic acid (Neu5Ac, Fig. 1.2) is most abundant in 

mammals (Schauer, 2009; Varki et al., 2017a).  

 

Figure 1.2. Structure of N-acetylneuraminic acid. Carbon atoms are numbered consecutively. 

Sialic acids are present on glycans of proteins and also on a sub-group of glycosphingolipids (Fig. 1.1), 

named gangliosides (Schauer, 2009; Varki et al., 2017a). During biosynthesis, the addition of sialic 

acids is performed by the family of sialyltransferases (STs), transferring sialic acid in α2,3-, or α2,6-

glycosidic linkage to the acceptor sugars galactose or N-acetyl-galactosamine, or in α2,8- linkage to 

another sialic acid as the acceptor. The latter can give rise to linear chains of sialic acids (Fig. 1.1). 

α2,8-linkages are exclusively formed by the two polysialyltransferases ST8SIA2 and ST8SIA4. Based 

on the degree of polymerization (DP), distinction is made between oligosialic acid chains with a DP of 

up to seven and polysialic acid (polySia) chains with a DP of at least eight, which can reach up to 

DP90 and longer (Inoue and Inoue, 2001; Galuska et al., 2006; Galuska et al., 2008). In addition to the 

different glycan branching patterns and glycosidic linkages, the diversity of sialylated structures can 

be further increased by sialic acid modifications, such as O-acetylation, N-acetylation and 

hydroxylation. In combination, these different levels of variability give rise to an unparalleled number 

of possible sialylated glycotopes (Cohen and Varki, 2010; Schnaar et al., 2014). 

The present thesis focuses on polySia, which is a posttranslational modification that is strictly 

regulated in a spatiotemporal manner. PolySia is highest during brain development and present on a 

very limited number of protein carriers. Among them, the neural cell adhesion molecule (NCAM) 

accounts for about 95 % of protein-bound polySia (Mühlenhoff et al., 2013). As a polyanion, polySia 

has a high water-binding capacity and therefore polysialylated proteins occupy much more space 

than unmodified proteins. This determines two important functions of polysialylated NCAM: Creating 

space between cell surface epitopes and/or cells, and shielding of epitopes by preventing their 

accessibility. The latter can be exemplarily seen in a polySia-negative mouse model, created by the 

deletion of the two polysialyltransferases ST8Sia2 and ST8Sia4. These mice show defects in the 

development of major brain axon tracts that are not present in mice that lack either NCAM alone or 

NCAM together with the two polysialyltransferases, indicating that the malformations are caused by 

NCAM interactions that in NCAM-negative mice cannot occur and in wildtype mice are prevented 

due to the shielding function of polySia (Weinhold et al., 2005; Hildebrandt et al., 2009). During brain 

development, polySia also contributes to the migration of cortical interneurons affecting their 

distribution in the cortex of adult mice (Kröcher et al., 2014). This, however, is an NCAM-

independent function of polySia, because as shown recently, cortical interneuron populations are 

equally affected in NCAM-negative and polysialyltransferase-deficient mice (Schuster et al., 2019). In 

contrast to the broad presence of polySia-NCAM in the embryonic and early postnatal phase, it is 

strongly reduced during postnatal development and limited mostly to neurogenic niches of the adult 
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brain. Besides its important role to negatively regulate cell-cell interactions during brain 

development, polySia-NCAM is also present on a number of tumors like small cell and non-small cell 

lung carcinoma, neuroblastoma, rhabdomyosarcoma, medulloblastoma, anaplastic astrocytoma, and 

glioblastoma (Michalides et al., 1994; Figarella-Branger et al., 1996; Fukuda, 1996; Glüer et al., 

1998b; Glüer et al., 1998a; Tanaka et al., 2001; Petridis et al., 2009; Amoureux et al., 2010; Mäkelä et 

al., 2014). As an oncodevelopmental antigen, polySia-NCAM has been characterized on these tumors 

as an adverse prognostic factor promoting tumor cell growth, migration and invasiveness 

(Scheidegger et al., 1994; Hildebrandt et al., 1998; Daniel et al., 2000; Daniel et al., 2001; 

Seidenfaden et al., 2003; Suzuki et al., 2005). 

Apart from NCAM, a small number of other polySia carriers has been reported. This group 

encompasses the α-subunit of the voltage-gated sodium channel (Zuber et al., 1992), CD36 in human 

milk (Yabe et al., 2003), the synaptic cell adhesion molecule-1 (SynCAM-1; Galuska et al., 2010), 

neuropilin-2, (NRP2; Curreli et al., 2007; Werneburg et al., 2015a), E-selectin-ligand-1 (ESL-1; 

Werneburg et al., 2016) and the chemokine receptor CCR7 (Kiermaier et al., 2016). In addition, the 

two polysialyltransferases ST8SIA2 and ST8SIA4 can carry polySia and their enzymatic function seems 

to depend on this autopolysialylation (Mühlenhoff et al., 1996; Close et al., 2000; Close et al., 2001; 

Mühlenhoff et al., 2001). For most of these protein carriers, however, the function of polysialylation 

is unclear. PolySia on NRP2 was first detected on the surface of mature dendritic cells (DCs; Curreli et 

al., 2007) and suggested to be involved in the binding of CCL21 in order to enable chemotactic 

migration of DCs towards this chemokine (Bax et al., 2009; Rey-Gallardo et al., 2010; Rey-Gallardo et 

al., 2011). Uncompromised CCL21-induced chemotaxis of DCs from NRP2-negative mice, however, 

revealed that this function of polySia on DCs is not, or at least not solely, mediated by polySia-NRP2. 

Instead, polySia on the chemokine receptor CCR7 has been shown to mediate binding of the 

polybasic region of CCL21, which in turn enables receptor recognition and the activation of CC21-

mediated signal transduction (Kiermaier et al., 2016). PolySia on SynCAM-1 was identified in 

perinatal mouse brain and assigned to a small fraction of oligodendrocyte precursor cells (OPCs; 

Galuska et al., 2010; Werneburg et al., 2015a). Similar to NCAM, polySia on SynCAM-1 interferes with 

the interactions of its protein carrier, but in contrast to NCAM, which can be polysialylated by both 

polysialyltransferases, polySia on SynCAM-1 is exclusively produced by ST8SIA2 (Rollenhagen et al., 

2012). Unexpectedly, polySia-SynCAM-1 was not detected at the cell surface but retained in the Golgi 

compartment (Werneburg et al., 2015a). However, this polySia pool was translocated to the cell 

surface upon depolarization of OPCs and it has been speculated that this process may be initiated by 

synaptic input from adjacent axons and hence may play a role in the initial phase of developmental 

myelination (Werneburg et al., 2015b; Werneburg et al., 2015a). These examples illustrate that the 

different polySia carrier proteins mediate distinct context-dependent functions of polySia and that 

the spatiotemporal presentation of polySia appears to be relevant for its function. Similar to polySia-

SynCAM-1 in OPCs, polySia in cultured murine microglia and THP-1 macrophages was also detected 

in the Golgi compartment (Werneburg et al., 2015a; Werneburg et al., 2016). In contrast to OPCs, 

ST8SIA4 was the only polysialyltransferase in these cells and two different polysialylated proteins 

were identified in a glycoproteomic approach. In addition to polySia-NRP2, ESL-1 was discovered as a 

novel polySia carrier in the course of this analysis (Werneburg et al., 2016).  
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1.3 Sialic acid receptors on immune cells 

Sias are abundant across all tissue types in vertebrates and, as terminal sugars of glycans, presented 

in an exposed position. At the same time, most pathogens lack sialic acids in their glycocalyx. 

Therefore, sialylated structures have been adopted as critical determinants for recognition of self by 

the host’s immune system (Varki et al., 2017b). Reversely, sialoglyco-signatures are used by 

pathogens as recognition motifs to interact with corresponding host cells. Consequently, a host can 

evade recognition by pathogens by permutation of glycotopes (Varki, 2011). In this way, evolutionary 

variations of sialoglycans contribute to the homeostasis and fitness of the respective organism. At 

the same time, corresponding pathogens have to adapt, resulting in an “evolutionary race”, also 

known as the “Red-Queen effect” (Liow et al., 2011), which is a driving force in shaping the immune 

balance of a host (Crocker et al., 2007; Varki, 2008; Pillai et al., 2012; Macauley et al., 2014).  

Receptors of glycotopes are called lectins. Typically, lectin interactions are multivalent because, with 

a dissociation rate constant (kd) of about 10 -5 to 10 -3, individual lectin interactions are much weaker 

than, for instance, the monovalent binding of antibodies with kd values in the range of 10 -8 to 10 -6. 

Sialylated structures are recognized by members of the I-type lectin family, called sialic acid binding 

immunoglobulin-like lectins (Siglecs). These type-I transmembrane receptors are primarily found on 

hematopoietic and immune cells, constituting the Sia-Siglec-signaling axis (Crocker et al., 2007; 

Macauley et al., 2014; Varki et al., 2017b). By genomic analysis, the evolution of Siglecs was traced 

back to ancestral vertebrates (Bornhöfft et al., 2018). Based on sequence homology, Siglecs are 

divided into the group of four Siglecs that are structurally conserved across mammals, namely Siglec-

1 (sialoadhesin/ CD169), Siglec-2 (CD22), Siglec-4 (myelin-associated glycoprotein (MAG)) and Siglec-

15, and the subgroup of CD33 (Siglec-3)-related Siglecs (Fig. 1.3).  

 

Figure 1.3. Domain structures of the Siglecs known to be functionally expressed in human and mouse. The two subgroups 

of Siglecs divide into the conserved sialoadhesin (Siglec-1), CD22 (Siglec-2), MAG (Siglec-4), and Siglec-15 (left panel), and 

the variable CD33-related Siglecs (right panel). A red plus indicates the presence of a charged residue in the truncated 

transmembrane domain, which has been shown to interact with the immunoreceptor tyrosine-based activation motif 

(ITAM)-containing adaptor protein DAP12. (ITIM. Immunoreceptor tyrosine-based inhibitory motif. Modified from (Varki et 

al., 2017b). 

https://www.ncbi.nlm.nih.gov/books/n/glyco3/bm1/def-item/siglecs/
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As discussed in more detail below, the group of CD33-related Siglecs varies considerably between 

species as well as in ligand specificity and expression pattern. Siglecs consist of a variable N-terminal 

domain (V-set domain) containing the sialic acid binding site, followed by a varying number of up to 

15 C2 set immunoglobulin domains, determining the space between sialic acid-binding site and cell 

surface (Fig. 1.3). Siglecs can interact with ligands located on the same cell surface (cis) or in trans, 

i.e. with ligands presented on an opposing cell, for example a pathogen, by the extracellular matrix or 

in soluble form. Both cis- and trans- interactions can result in immunomodulatory effects. 

The C-terminus of the respective Siglec defines the intracellular signal transduction cascade initiated 

in response to ligand binding. The less common C-terminus variants have a short, or lack an 

intracellular domain and feature a transmembrane domain with a positively charged residue (Fig. 

1.3). Thereby, these Siglecs can associate with a negatively charged aspartate residue in the 

transmembrane domain of the adaptor protein DAP12 (DNAX associated protein of 12 kilodaltons, 

also known as TYROBP). DAP12 has a cytosolic immunoreceptor tyrosine-based activation motif 

(ITAM), which is phosphorylated after ligand binding. Notably, DAP12-mediated signaling is not 

restricted to Siglecs. Instead, DAP12 is an adaptor protein that can be recruited by many different 

signaling pathways typically associated with proinflammatory activation, such as the triggering 

receptor expressed on myeloid cells 2 (TREM2; Linnartz-Gerlach et al., 2014). However, DAP12-

mediated signaling does not always result in proinflammatory activation. As shown for TREM2, low 

avidity ligand binding leads to incomplete DAP12-ITAM phosphorylation that contributes to anti-

inflammatory activation through recruitment of tyrosine phosphatases like SHP-1 (Peng et al., 2010; 

Konishi and Kiyama, 2018). Consistent with the ambivalent role in TREM2 signaling, Siglec-induced 

and DAP12-mediated activation of tyrosine kinases can result in either anti-inflammatory signaling, 

as shown for Siglec-H (Pillai et al., 2012; Linnartz-Gerlach et al., 2014), or proinflammatory signaling, 

as assumed for Siglec-16 (Varki, 2010; Wang et al., 2012a). The latter was also inferred from the 

observation that bacterial killing by macrophages and protection against intravenous bacterial 

challenge was improved in transgenic mice, in which the intracellular domain of murine Siglec-E was 

substituted by the ITAM containing part of human Siglec-16 (Schwarz et al., 2017). Most Siglecs 

feature a cytoplasmic effector domain, containing one or multiple immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs, Fig. 1.3). In response to ligand binding, these ITIMs are phosphorylated by a 

tyrosine kinase such as the Src family kinase Lyn and recruit tyrosine phosphatases like SHP-1 and 

SHP-2 (Pillai et al., 2012; Linnartz-Gerlach et al., 2014). This results in phosphatase-mediated 

signaling that counteracts proinflammatory, ITAM-evoked responses. Typically, activation of ITIM-

containing Siglecs is long-lasting, resulting in tonic inhibition (Crocker et al., 2007). The primary target 

of ITIM-mediated signaling, however, appears to be the attenuation of inflammatory activation 

initiated by immune receptors such as pattern recognition receptors, including for example the Toll-

like receptor family (TLRs). Pattern recognition receptors (PRRs) play a crucial role in the innate 

immune response by detecting pathogen-associated molecular patterns (PAMPs) or damage-

associated molecular patterns (DAMPs; Varki, 2008; Pillai et al., 2012). 

As a consequence of their rapid evolution, the CD33-related Siglecs differ considerably between mice 

and man (Crocker et al., 2007; see Fig. 1.3). Furthermore, out of the 13 CD33-related Siglecs 

identified in the common human ancestor, only ten are functionally expressed in contemporary 

humans (Wang et al., 2012a; Wang et al., 2012b). The three Siglecs characterized as nonfunctional 

are Siglec-12, which is expressed as an inactive protein lacking an arginine residue required for sialic 

acid binding, as well as two Siglecs for which the gene either is deleted (SIGLEC13) or inactivated by 

frame shift (SIGLEC17; Wang et al., 2012a; Wang et al., 2012b). In addition, the expression of Siglec-
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16 is disparate among the human population. Worldwide, about 40 % have at least one functional 

SIGLEC16 allele, whereas the remaining 60% are homozygous for the inactive pseudogene SIGLEC16P 

with a 4 base pair deletion disrupting the open reading frame (Wang et al., 2012a). In contrast to the 

human system, only five CD33-related Siglecs are found in rodents. Therefore, and due to the rather 

promiscuous ligand binding of Siglecs, the annotation of orthologues or a comparsion of Siglec 

functions between rodents and humans is hardly possible (Angata et al., 2002; Wang et al., 2012a; 

Macauley et al., 2014; Bornhöfft et al., 2018). Moreover, in contrast to the murine system, the 

inhibitory, ITIM containing Siglec-5 and Siglec-11 in humans are paired with the ITAM-associated and 

putatively activating Siglec-14 and Siglec-16 that have virtually identical V-set domains and highly 

similar subsequent C2-set domains in their extracellular part. Hence, depending on the ratio between 

their expression, the opposing responses of the paired Siglec receptors to the same ligands jointly 

influence the immune balance (Crocker et al., 2007). Related to that, in a recent epidemiological 

study on N. gonorrhoeae, it was found that uninfected women preferentially feature functional 

SIGLEC16 alleles (Landig et al., 2019). As further outlined below, the presence or absence of a 

functional SIGLEC16 gene may therefore profoundly affect the immune response to polySia as a 

ligand of Siglec-11 and Siglec-16 (Wang and Neumann, 2010; Shahraz et al., 2015; Karlstetter et al., 

2017; Schwarz et al., 2017). 

1.4 Macrophages and microglia 

Macrophages are present in all types of tissue as part of the first line of defense against pathogens 

and as first responders involved in tissue repair. Upon activation of pattern recognition receptors 

such as TLRs, they produce cytokines, chemokines and toxins to neutralize pathogens, to promote 

local inflammatory activation and to attract additional immune cells to the site of inflammation. 

Depending on the relative input of proinflammatory and anti-inflammatory factors, macrophages can 

polarize towards functionally different activation states. This is recapitulated by the in vitro 

macrophage classification system distinguishing between classically proinflammatory activated 

macrophages (M1-like) with the hallmark feature of metabolizing L-arginine to nitric oxide (NO) by 

the inducible NO synthase (iNOS), combined with the expression and release of proinflammatory 

cytokines such as IL-6, TNF and IFN, and alternatively activated macrophages (M2-like) with anti-

inflammatory properties such as antagonizing NO synthesis by the expression of arginase-1 and 

production of anti-inflammatory cytokines such as IL-4, IL-10 and IL-13 (Mantovani et al., 2002; 

Murray et al., 2014). A balance of pro- and anti-inflammatory activation is important to prevent an 

overshooting immune response, which could lead to critical situations up to life-threatening septic 

shock.  

A special type of tissue macrophages are microglia as the resident macrophage population of the 

central nervous system (CNS). As shown in a murine model, microglia originate from the blood 

islands of the yolk sac and colonize the rudiment brain around embryonic day 9.5, before they are 

isolated from the periphery due to the formation of the blood brain barrier (Ginhoux et al., 2010). In 

the healthy brain parenchyma, microglia therefore must fulfill all the functions related to 

immunosurveillance and tissue homeostasis that in peripheral tissues are allocated to different types 

of mononuclear phagocytes, i.e. macrophages and DCs (Kettenmann et al., 2011; Lopez-Atalaya et 

al., 2018; Norris and Kipnis, 2019). In contrast to peripheral macrophages, the microglial cell 

population is not renewed by differentiation from newly invading blood monocytes, but is 

replenished and expanded due to self-renewal by local proliferation if required, as for instance under 

pathological conditions (Jordan and Thomas, 1988; Kettenmann et al., 2011). In case of a pathological 
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disruption of the blood brain barrier, however, microglia are supported by infiltrating macrophages 

that can acquire phenotypes hardly distinguishable from microglia (Grassivaro et al., 2019). Microglia 

represent about 12 % of the total cellular population of the CNS. Depending on their activation 

status, they exhibit a distinct morphology. Microglia with highly branched cellular processes, also 

referred to as ramified, represent the non-activated state (Fig. 1.4). Previously designated 

“quiescent”, intravital imaging revealed that these microglia show constant motility of their cellular 

processes within the CNS tissue in order to survey adjacent neurons and macroglia in a non-

overlapping territorial fashion (Parkhurst and Gan, 2010; Kettenmann et al., 2011; Beynon and 

Walker, 2012).  

 

Figure 1.4. Microglial morphology during different states of activation. Modified from Beynon and Walker (2012). 

After activation, microglia undergo a dramatic change in their morphology, finally arriving at full 

phagocytic capacity accompanied by an amoeboid shape (Fig. 1.4; Beynon and Walker, 2012). 

Especially for microglia, the classification of macrophage activation into M1- and M2-like states does 

not apply to the complex situation in vivo (Ransohoff, 2016). Nevertheless, it has been proven as a 

helpful tool for the characterization of microglia activation states in vitro. 

1.5 The polySia-Siglec-axis: Polysialic acid as a novel player in innate immunity 

In a first approach to address possible functions of the newly detected pool of polySia-NRP2 and 

polysia-ESL-1 in the Golgi compartment of primary and stem-cell derived murine microglia as well as 

in THP-1 cells as a model of human macrophages, it has been demonstrated that the polySia 

immunoreactivity disappeared in response to inflammatory activation following exposure to 

bacterial lipopolysaccharide (LPS). In contrast, anti-inflammatory activation by IL-4 did not result in a 

loss of the Golgi-confined polySia pool, although IL-4 treated cells acquired a similar amoeboid 

morphology (Werneburg et al., 2015a). The LPS-induced change of cell-associated polySia started by 

a rapid translocation of the Golgi-confined polySia pool to the cell surface and within one hour, the 

microglia were completely devoid of polySia immunoreactivity (Werneburg et al., 2015a). By 

immunoprecipitation and Western blot analysis, both polySia-NRP2 and polySia-ESL-1 were detected 

in cell culture supernatant after 24 h of LPS treatment. The release from the cell surface could be 

prevented by broad-range metalloproteinase inhibitors indicating a metalloproteinase-dependent 

shedding mechanism (Werneburg et al., 2016). In contrast to the complete disappearance of cell-

associated polySia from LPS-induced microglia, the pattern of NRP2, widely distributed over the 

entire cell, as well as Golgi-localized ESL-1 immunoreactivity were maintained, indicating that only 

the polysialylated protein fraction was released from the Golgi compartment (Werneburg et al., 

2016). Motivated by a first report showing that neurotoxicity of murine microglia transduced with 

human Siglec-11 could be alleviated by exposure to cocultured polySia-NCAM-positive neurons 

(Wang and Neumann, 2010), it could be demonstrated that the LPS-induced increase of NO release 
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by primary microglia obtained from NCAM-negative mice is inhibited by experimentally added 

polySia (Werneburg et al., 2015a). In a follow-up study, the inhibition of LPS-induced activation by 

polySia could be confirmed with two different lines of murine embryonic stem cell derived microglia 

(Werneburg et al., 2016). Furthermore, a substantially increased LPS-induced activation was 

observed in microglia from mice lacking NCAM and St8Sia4, i.e. in microglia that are not able to 

produce polySia (Werneburg et al., 2015a). Together, these observations lead to the suggestion that 

the release of the cell-intrinsic pool of polysialylated protein is part of a negative feedback loop 

involved in the regulation of inflammatory microglia activation.  

The human-specific Siglec-11 has been identified as a receptor of polySia (Shahraz et al., 2015) and, 

together with its paired receptor Siglec-16, appears to be uniquely expressed by human 

macrophages and microglia (Cao et al., 2008; Wang et al., 2012a). First evidence supporting a 

putative polySia-Siglec signaling axis came from Wang and Neumann (2010), who reported that 

ectopic expression of human Siglec-11 in mouse microglia caused reduced phagocytosis of neuronal 

debris and reduced neurotoxicity towards polySia-NCAM presenting neurons. In parallel to the 

experiments showing reduced LPS-induced activation of murine microglia by soluble polySia, as 

described above, the same group demonstrated that exogenously added polySia with average degree 

of polymerization of 20 (avDP20) dampens the proinflammatory activation of human THP-1 derived 

macrophages in vitro and that this effect depends on the presence of Siglec-11 (Shahraz et al., 2015). 

Human Siglec-11 has no orthologue in mice, but based on the comparable response of human THP-1 

macrophages and mouse microglia to polySia, a murine polySia receptor has to be postulated. Asking 

for a murine polySia receptor putatively originating from the group of CD33-related Siglecs, it has 

been shown recently that Siglec-E binds the polySia capsule of E. coli K1 in a manner comparable to 

Siglec-11 (Schwarz et al., 2017). Moreover, a knock-down approach to eliminate Siglec-E in stem cell-

derived mouse microglia in vitro demonstrated a loss of responsiveness towards polySia with avDP20 

(Karlstetter et al., 2017). In line with that, previous studies already showed an anti-inflammatory 

influence of Siglec-E on microglia and macrophage activation (Boyd et al., 2009; Claude et al., 2013). 

On the downside, a comparative analysis of human THP-1 macrophages and murine embryonic stem 

cell-derived microglia indicated that about tenfold more avDP20 was needed to inhibit the 

inflammatory activation of mouse microglia when activated by the same amount of LPS. This led the 

authors to doubt a physiological function of Siglec-E in polySia signaling (Karlstetter et al., 2017). In 

addition, the attempt to characterize the binding of recombinant Siglec-E-Fc to sialylated ligands 

presented on a glycan-array indicated promiscuous interactions with multiple glycans terminating in 

α2,3-, α2,6-, and α2,8-linkages. Strikingly, binding to di- and trisalic acid (DP2 and DP3) was manifold 

higher than binding to oligo- and polysialic acid species ranging from DP4 to DP11 (Redelinghuys et 

al., 2011). Taken together, despite clear evidence for an anti-inflammatory impact of polySia on 

murine microglia, the corresponding receptor has not been clearly identified yet. 

1.6 PolySia and neuropathological conditions: Traumatic brain injury and glioblastoma 

After developmental downregulation, the level of NCAM-bound polySia in the healthy adult brain is 

low. However, increased polySia-NCAM expression levels were detected under certain 

neuropathological conditions. In epilepsy (Mikkonen et al., 1998), Alzheimer’s disease (Mikkonen et 

al., 1999) and traumatic brain injury (Emery et al., 2000), elevated polySia levels in the neurogenic 

niche of the dentate gyrus and corresponding changes in adjacent cortical areas seem to indicate an 

increase of neurogenesis (Park and Biederer, 2013; Schnaar et al., 2014). In addition, in animal 

models of axonal regeneration, re-expression of polySia has been detected on sprouting nerve fibers 
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after brain lesions as well as in corresponding areas of reactive astrogliosis (Aubert et al., 1998). 

Notably, Golgi-localized polySia and the occurrence of polySia-ESL1 and polySia-NRP2 were also 

detected in brain slice cultures obtained from NCAM-deficient or from wildtype mice. Following 

microglia activation in response to the massive injury in this experimental system, which has been 

thoroughly described before (Stence et al., 2001), first microglia with perinuclear spots of polySia 

appeared after one day in vitro. These signals became increasingly abundant within five days, but 

could be abolished by LPS treatment of the slice cultures indicating that at least in the slice culture 

system, the Golgi-confined pool of polySia is assembled after injury and released in response to 

further inflammatory stimulation (Werneburg et al., 2016).  

As outlined under point 1.2, the reappearance of polySia-NCAM is also a feature of many malignant 

tumor entities, including brain tumors such as glioblastoma (GB). As an exception to the overall 

association of polySia-NCAM with elevated aggressiveness and poor prognosis, the two reports on 

incidence and prognostic value of polySia in glioblastoma are controversial (Amoureux et al., 2010; 

Mäkelä et al., 2014). In the first study (Amoureux et al., 2010), polySia-NCAM was detected by ELISA 

in about 70% out of 56 cases investigated and the polySia-NCAM content was an adverse prognosis 

factor for survival. By contrast, the second study (Mäkelä et al., 2014) detected polySia by 

histochemical staining with an inactive and fluorescently labelled endosialidase, a highly polySia-

specific enzyme derived from bacteriophages. By this method, the presence of polySia could be 

demonstrated in about 20% out of 142 investigated GB specimen and the presence of polySia was 

associated with longer survival. While the reasons for this discrepancy may be due to different 

sensitivities of the detection methods, the occurrence of polySia in GB and its relevance remains an 

open question.  

GB (also called grade IV astrocytoma) is one of the most aggressive tumors of the CNS and lacks a 

curative therapy. In about 90 % of the GB cases reported, these malignancies are primary tumors and 

therefore developed de novo, whereas the remaining fraction of about 10 % are secondary GB, 

arising from lower grade glioma (astrocytoma grade II-III or oligodendroglioma grade II-III; Louis et 

al., 2016). Over the last two decades, a number of molecular determinants such as methylation of 

the promotor of the O(6)-Methylguanine-DNA methyltransferase (MGMT) and mutation of the 

isocitrate dehydrogenase (IDH) have been associated with GB survival (Stupp et al., 2005; Stupp et 

al., 2009; Hartmann et al., 2013). Of those, the IDH mutation, especially IDHR132H, became not only 

a prognostic marker present in about 50 % of secondary GB and 5 % of primary GB, but also a helpful 

diagnostic marker to positively identify glioma cells (Hartmann et al., 2013). As in other tumors, GB is 

highly infiltrated by macrophages, so-called tumor-associated macrophages (TAM). In the case of 

brain tumors, the TAM fraction comprises infiltrated macrophages and microglia. TAM show a unique 

state of activation that differs from the polarization towards the M1- and M2-like pro- and anti-

inflammatory states described for other macrophages. Applying the M1/M2 classification, the TAM 

in gliomas can be described as jointly M1/M2 activated, with the tendency to a more M2-like 

phenotype (Hambardzumyan et al., 2016). This phenotype is caused by instructive interactions of the 

glioma cells with TAM, as both glioma cells and TAM release a complex mixture of chemokines and 

cytokines into the adjacent brain parenchyma. Together, these interactions give rise to a 

microenvironment that supports glioma growth and infiltration (Hambardzumyan et al., 2016). In GB, 

TAM can represent up to 50 % of the entire tumor cell count (Rossi et al., 1987). As in other tumors 

(Takeya and Komohara, 2016), the overall amount of TAM in gliomas and in particular the amount of 

TAM with an anti-inflammatory M2-like phenotype is positively correlated with tumor progression 
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(Komohara et al., 2008). However, the increased expression of CD74, a marker of proinflammatory 

polarized TAM, is positively associated with glioma patient survival (Zeiner et al., 2015), indicating 

that proinflammatory activation of TAM might be a strategy to promote tumor regression (Genard et 

al., 2017).  

As outlined under 1.5, the polySia-Siglec-11-axis is the signaling pathway underlying the anti-

inflammatory effect of polySia on human macrophages and microglia. However, about 40 % of the 

worldwide human population also express Siglec-16, the paired receptor of Siglec-11, which may 

counterbalance the anti-inflammatory properties of Siglec-11 (Cao et al., 2008; Wang et al., 2012a; 

Wang et al., 2012b; Schwarz et al., 2017). So far, there is only indirect evidence to support the 

assumption of a polySia-Siglec-16-dependent effect on the immune balance and to the best of my 

knowledge, a possible role of Siglec-16 for the outcome of GB or any other tumor entity has not been 

investigated so far. Therefore, as well as due to the prominent role of TAM and the presence of 

polySia in at least some GB, it appears promising to investigate a possible link between a functional 

SIGLEC16 gene or Siglec-16 protein expression by TAM and the occurrence of polySia on the outcome 

of GB. 

1.7 Objectives and experimental approaches 

The murine receptor involved in the putative polySia-mediated feedback loop is still elusive, but 

Siglec-E seems to be a promising candidate. Therefore, a major goal of the first part of this thesis 

(chapter 2) is to generate microglial cells with a CRISPR/Cas9-mediated knockout of Siglec-E. The 

murine BV2 cell line is widely used as a model system to study microglial biology (Stansley et al., 

2012) and appears suited for this approach, because it has been demonstrated during the initial 

phase of the current thesis that BV2 cells show a dose-dependent inhibition of LPS induced activation 

in response to protein-bound and free polySia. These experiments were performed in collaboration 

with Dr. Sebastian Werneburg and the obtained results are part of the publication “Engineering of 

complex protein sialylation in plants” by Kallolimath et al. (2016; for details see Appendix, chapter 

6.1). However, BV2 microglia still have to be validated regarding the presence of Golgi-confined 

polySia, the expression of both polySia-NRP2 and polySia-ESL-1 and the responsiveness towards 

stimulation by LPS, which should result in a loss of Golgi-confined polySia. If this validation 

corroborates that BV2 cells are comparable to the respective properties of primary microglia and 

stem cell-derived microglia, this cell line can be used for the knockout approach and, complementary 

to the knockout approach, to analyze expression and LPS-induced changes of Siglec-E. In addition, 

the mechanism and time course of the LPS-induced release of the polysialylated proteins will be 

studied. As hypothesized before, the calcium-dependent interaction of polySia with proteins, such as 

polySia-specific antibodies, or, possibly, the Golgi-resident polysialyltransferase (Werneburg et al., 

2015a), together with the prominent changes of cellular calcium levels in LPS-induced microglia 

(Hoffmann et al., 2003) raise the possibility that changing calcium levels in the Golgi compartment 

trigger retention and release of polySia-NRP2 and polySia-ESL-1. This question is addressed by 

pharmacological manipulation of the ryanodine receptor as a Golgi-resident calcium release channel 

(Pizzo et al., 2011). Based on immunofluorescence, the Golgi-confined pool of polysialylated protein 

appears to be released rapidly after LPS-mediated activation, but so far could only be detected by 

immunoprecipitation from cell culture supernatants collected 24 h after LPS induction (Werneburg et 

al., 2016). Therefore, and because this method has limited sensitivity and requires large cell 

numbers, another goal is to establish a more sensitive monitoring of polySia release by affinity 

chromatography in order to study the time course of shedding. Moreover, a murine model of 
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traumatic brain injury (TBI) will be applied to investigate if the appearance of perinuclear polySia in 

injury-induced microglia can be verified in vivo.  

So far, either polySia with a broad range of DPs or a mixture with an average DP of 20 has been 

applied to attenuate proinflammatory activation of microglia and macrophages (Shahraz et al., 2015; 

Werneburg et al., 2015a; Kallolimath et al., 2016; Werneburg et al., 2016; Karlstetter et al., 2017). 

Therefore, the critical chain length required for the anti-inflammatory activity of polySia is not exactly 

known. To overcome this obstacle, I developed a refined method to produce polySia with defined 

DPs of at least up to DP25 on a preparative scale. Due to time restraints, the obtained fractions could 

not yet be used to evaluate the profile of the anti-inflammatory activity in response to different DPs. 

However, the method and the obtained results based on anion-exchange chromatography are part of 

the international patent application PCT/EP2019/070576, “Polysialic acid and derivatives thereof, 

pharmaceutical composition and method of producing polysialic acid” (see Appendix, chapter 6.2). 

The major goal of the second part of this thesis (chapter 3) is to investigate, if the SIGLEC16 status 

and/or the presence of Siglec-16 on TAM, independently or in combination with the presence or 

absence of polySia is linked to the outcome of glioblastoma. This study will be performed on 

formalin-fixed paraffin-embedded (FFPE) sections of primary GB originating from treatment-naïve 

patients. A prerequisite of the study, therefore, is the development of an immunofluorescence 

method to sensitively detect polySia on tumor cells and, possibly, in TAM, and simultaneously 

visualize TAM and tumor cell markers, as well as other epitopes such as Siglec-11 and Siglec-16. This 

is complicated by the fact that polySia is highly susceptible to acidic hydrolysis, while detection of 

some of the other epitopes need antigen retrieval, which usually is performed under acidic 

conditions. Another requirement is to establish SIGLEC16 genotyping based on DNA extracted from 

FFPE material. Furthermore, it should be addressed if the activation state of TAM depends on the 

presentation of polySia and the presence of Siglec-16. To this end, quantitative reverse transcription 

real-time PCR (qPCR) for inflammatory markers shall be performed on mRNA extracted from the FFPE 

material. Finally, in a cohort with known clinical outcome, overall survival will be correlated with the 

polySia and SIGLEC16 status and controlled for clinical parameters such as age, gender and type of 

therapeutic intervention. 

Collectively, this thesis aims at a better understanding of how the polySia-Siglec-axis regulates 

microglia and macrophage activation and if it contributes to brain injury or glioblastoma outcome. 
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regulation of microglia activation 
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2.1 Abstract 

Polysialic acid (polySia) emerges as a novel regulator of microglia activity. We recently identified a 

pool of polysialylated proteins in the Golgi compartment of murine microglia that is released in 

response to inflammatory stimulation. Since exogenously added polySia is able to attenuate the 

inflammatory response we proposed that the release of polysialylated proteins constitutes a 

mechanism for negative feedback regulation of microglia activation. Here, we demonstrate that 

translocation of polySia from the Golgi to the cell surface can be induced by calcium depletion of the 

Golgi compartment and that polysialylated proteins are continuously released for at least 24 h after 

the onset of inflammatory stimulation. The latter was unexpected, because polySia signals detected 

by immunocytochemistry are rapidly depleted. However, it indicates that the amount of released 

polySia is much higher than anticipated based on immunostaining. This may be crucial for microglial 

responses during traumatic brain injury (TBI), as we detected polySia signals in activated microglia 

around a stab wound in the adult mouse brain. Using CRISPR/Cas9-mediated knockout in BV2 

microglia we demonstrate that the loss of the putative polySia receptor Siglec-E not only prevents 

the inhibition of pro-inflammatory activation by exogenously added polySia but also leads to a strong 

increase of lipopolysaccharide (LPS)-induced activation. A comparable increase of LPS-induced 

activation has been observed in microglia with abolished polySia synthesis. Together, these results 

provide strong evidence that the release of the microglia-intrinsic polySia pool, as implicated in TBI, 

inhibits the inflammatory response by acting as a trans-activating ligand of Siglec-E.  

 

Keywords: 

immune balance, inflammatory activation, innate immune response, traumatic brain injury, sialic 

acid binding immunoglobulin-like lectins 

  



19 
 

2.2 Introduction 

The glycan polysialic acid (polySia) is the -2,8-linked homopolymer of N-acetylneuraminic acid 

(Neu5Ac), the most common sialic acid in vertebrates (Varki et al., 2017a). PolySia is mainly known as 

a posttranslational modification of the neural cell adhesion molecule (NCAM). PolySia on NCAM is 

presented at the cell surface and plays a major role during brain development by modulating NCAM 

binding and attenuating other cell surface interactions (Rutishauser, 2008; Schnaar et al., 2014). 

Recently however, we identified a pool of polySia in primary and stem cell-derived murine microglia 

and human THP-1 macrophages occurring on two other, unrelated protein carriers, namely 

neuropilin 2 (NRP2) and the E-selectin ligand 1 (ESL-1, a.k.a. GLG1) (Werneburg et al., 2015; 

Werneburg et al., 2016). Surprisingly, this polySia pool is not found at the cell surface, but restricted 

to the Golgi compartment and in contrast to polySia on NCAM, which can be synthesized by the two 

Golgi-resident polysialyltransferases ST8SIA2 and ST8SIA4 (Hildebrandt et al., 2010), it is exclusively 

produced by ST8SIA4 (Werneburg et al., 2015). In acute brain slice cultures, Golgi-localized polySia 

appears during injury-induced activation of microglia, and inflammatory activation by stimulation 

with bacterial lipopolysaccharide (LPS) causes a rapid loss of cell-associated polySia, because polySia-

NRP2 and polySia-ESL-1 are no longer retained in the Golgi, but translocated to the cell surface and 

released by ectodomain shedding (Werneburg et al., 2016).  

Application of soluble, free or protein-bound polySia attenuates proinflammatory activation of 

primary and stem cell-derived murine microglia, murine BV2 microglia, and human THP-1 

macrophages (Shahraz et al., 2015; Werneburg et al., 2015; Kallolimath et al., 2016; Werneburg et 

al., 2016; Karlstetter et al., 2017). Based on this effect of exogenously applied polySia, we proposed 

that the release of the cell-intrinsic pool of polysialylated proteins provides negative feedback 

regulation of microglia and macrophage activation. This is supported by the observation that LPS-

induced activation is potentiated in ST8SIA4-deficient primary murine microglia (Werneburg et al., 

2015), because the deprivation of polySia synthesis and thereby the absence of polySia shedding may 

lead to a loss of feedback inhibition. However, the receptor responsible for polySia sensing in this 

assumed feedback loop remained elusive. 

Sialylated glycans are recognized by members of the I-type lectin family called sialic acid binding 

immunoglobulin-like lectins (Siglecs) that are primarily found on hematopoietic and immune cells 

(Crocker et al., 2007; Macauley et al., 2014; Varki et al., 2017b). Conventionally, Siglecs are divided 

into those that are structurally conserved across mammals, and the group of CD33 (Siglec-3)-related 

Siglecs that vary considerably between species. Siglecs are type I transmembrane proteins with an 

amino-terminal sialic acid-binding V-set domain. In their cytoplasmic domain, most of the CD33-

related Siglecs have immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which typically 

counteract activating signaling from other immune receptors (Linnartz-Gerlach et al., 2014; Macauley 

et al., 2014). In the human system, the CD33-related macrophage- and microglia-specific Siglec-11 

has been shown to bind polySia and to attenuate proinflammatory activation (Wang and Neumann, 

2010; Shahraz et al., 2015; Karlstetter et al., 2017). Siglec-11 has no murine orthologue (Angata et al., 

2002), but glycan array binding revealed that murine Siglec-E, among a wide range of other 

sialoglycans, binds α2,8-linked di- and trisialic acid (Redelinghuys et al., 2011) and recent in vitro data 

indicated that polySia encapsulated E. coli K1 bind to Siglec-E as efficiently as to human Siglec-11 

(Schwarz et al., 2017). Moreover, lentiviral knockdown of Siglec-E abolished the responsiveness of 

LPS-induced microglia to a fraction of polySia with an average degree of polymerization of 20 sialic 

acid residues (avDP20) (Karlstetter et al., 2017), but the authors emphasize that compared to Siglec-
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11-positive human THP-1 macrophages, about tenfold more avDP20 was needed to elicit the same 

inhibitory response in mouse microglia with uncompromised expression of Siglec-E. This conspicuous 

discrepancy raises doubts, if Siglec-E qualifies as a receptor of microglial polySia release.  

In the current study, we address open questions concerning the mechanism of the LPS-induced 

discharge of polysialylated proteins from the Golgi of microglia and the time course of their release. 

In addition, we demonstrate a transient accumulation of polySia in injury-induced microglia in vivo 

and provide evidence that Siglec-E is involved in negative feedback inhibition by acting as a receptor 

for polySia on proteins shed by LPS-induced microglia.  

 

2.3 Materials and Methods 

Cells, reagents and antibodies 

BV2 microglia were kindly provided by Gerd Bicker, University of Veterinary Medicine, Hannover, 

Germany. If not indicated otherwise, BV2 cells were cultured in DMEM with 4.5 g/l glucose 

containing 100 µg/ml penicillin/streptomycin and supplemented with 2.5% fetal bovine serum (all 

from Gibco, Rockville, MD, USA). Passaging was performed at about 80% confluency and cells were 

detached mechanically with a cell scraper. All experiments performed in this study were obtained 

between passages 6-20. The plasmid pX330A-1x2 for CRISPR/spCas9-D10A-mediated knockout 

(Sakuma et al., 2014) was a kind gift from Takashi Yamamoto (Addgene, Watertown, MA, USA, 

plasmid # 58766; http://n2t.net/addgene:58766; RRID:Addgene_58766). The plasmid DHC#4731 

containing a P2A element followed by eGFP (Heckl et al., 2014) was kindly provided by Dirk Heckl, 

Hannover Medical School, Hannover, Germany. Endosialidase was produced as described before 

(Stummeyer et al., 2005). Trisialic acid, i.e. α2,8 linked sialic acid with a degree of polymerization (DP) 

of 3, and tetrasialic acid (DP4), were from Nacalai Tesque (Kyoto, Japan), α2,8 linked polySia 

(colominic acid from E. coli) was from Sigma-Aldrich [St Louis, MO, USA, catalogue no. (cat. #) C5762, 

lot no. 110M1383]. Streptavidin and biotin were from Vector Laboratories (Burlingame, CA, USA), 

Cy3-conjugated streptavidin from Rockland (Limerick, PA, USA). Lipopolysaccharide (LPS) extracted 

from E. coli serotype O127:B8, 4-chloro-m-cresol (4-CmC), TAK-242, 1,1′‐diheptyl‐4,4′‐bipyridinium 

dibromide (DHBP), genistein, and biotinyl tyramide were from Merck, Darmstadt, Germany.  

The following monoclonal (mAb) or polyclonal (pAb) antibodies were used: Siglec-E-specific sheep 

pAb (kindly provided by Paul Crocker, University of Dundee, Scotland, 3.2 µg/ml), ESL-1-specific 

rabbit pAb (kindly provided by Martin Wild, Münster, Germany, 1:3,000), polySia-specific mouse mAb 

735 ((Frosch et al., 1985); produced in-house as described by Werneburg et al. 2015 (2015) and used 

at 2 µg/ml for immunofluorescence or 1 µg/ml for immunoblotting), CD11b‐specific rat mAb (AbD 

Serotec, Raleigh, NC, USA, cat. #MCA74GA, 1:250), Iba1‐specific rabbit pAb (Wako Chemicals, Neuss, 

Germany, cat. #019‐19741, 1:300), giantin‐specific rabbit pAb (Covance, Denver, PA, USA, cat. #PRB‐

114C, 1:10,000), NRP2‐specific rabbit mAb D39A5 (Cell Signaling, Beverly, MA, USA, cat. #3366S, 

1:1,000).  

Secondary antibodies were HRP-conjugated donkey anti-sheep IgG (Sigma-Aldrich, cat. #A-3415, 

1:1000), Cy3-conjugated donkey anti-rat IgG (Merck, cat. #AP189C, 1:500), Alexa Fluor 647-

conjugated donkey anti-rabbit IgG (Thermo Fisher Scientific, Waltham, MA, USA, cat. #A-31573, 

1:500), Alexa Fluor 488-conjugated donkey anti-mouse IgG (Thermo Fisher Scientific, cat. #A21020, 

1:500), Alexa Fluor 488-cojugated goat anti-mouse IgG (Thermo Fisher Scientific, cat. #A11029, 
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1:500), HRP-conjugated goat anti-rabbit IgG (Sigma-Aldrich cat. #6157, 1:15,000), and HRP-

conjugated goat anti-mouse IgG (Southern Biotech, Birmingham, AL, USA, cat. #1010-05, 1:20,000). 

Immunocytochemistry 

For immunocytochemistry, cells were seeded on glass coverslips in 24-well plates at a density of 

20.000 cells per well. After a given treatment, as specified for each experiment separately, cells were 

washed once in PBS, fixed with 4 % paraformaldehyde in PBS for 20 min at room temperature (RT) 

and stored in PBS at 4°C. Immunofluorescence staining (IF) and embedding was performed as 

described by Werneburg et al. 2015 (2015) with minor modifications by permeabilizing with 0.4 % 

Triton X-100 in PBS for 15 min, blocking for 2h at 37°C, and washing three times with 0.1% Triton in 

PBS and once with water, before mounting.  

For Siglec-E immunostaining in combination with other primary antibodies, biotin-tyramide signal 

amplification was used. Briefly, after permeabilization, peroxidase activity was blocked by incubation 

with 0.3 % H2O2 in PBS for 15 min at RT. After washing, endogenous biotin was blocked by adding 

streptavidin and, after further washing, biotin (1:10 in PBS, 15 min at RT, each). After another 

washing step, cells were incubated with primary antibodies as described above, and for 45 min with 

HRP-conjugated anti-sheep IgG for the detection of Siglec-E-specific antibody, followed by washing 

with TBS pH 7.6 and incubation in TBS with 0.1 M imidazole, 0.001 % H2O2, and 2.5 µg/ml biotinyl 

tyramide for 10 min at RT. After three washes with PBS, enzymatically produced biotin precipitate 

was detected by Cy3-conjugated streptavidin (1:1.000 in PBS with 0.1% Triton X-100 and 2%BSA, 45 

min RT), before fluorescently labelled secondary antibodies were added and cells were embedded, as 

described above.  

Specificity of double- and triple-immunostaining procedures was controlled by omitting one of the 

primary or secondary antibodies at a time. For polySia immunoreactivity, specificity was additionally 

controlled by the loss of immunoreactivity after degradation of polySia with 6 µg/ml endosialidase 

applied during blocking.  

Immunoaffinity chromatography 

Stationary phase consisting of polySia-specific mAb 735 coupled to protein A sepharose beads (GE 

Healthcare, Amersham, UK) was prepared using standard protocols (Harlow and Lane, 2006). A 

C16/20 column (GE Healthcare) was packed with 3.2 ml beads coupled with 2.1 mg antibody per ml 

beads (bed volume) and chromatography was performed at RT on an Äkta Pure 25 protein 

purification system (GE Healthcare) at a flow rate of 0.4 ml/min with 20 mM Tris-HCl, pH 8.0, 10 mM 

MgCl2 containing 90 mM NaCl for loading and 2 M NaCl for elution. Conductivity and absorption at 

214 and 280 nm were recorded. 

Supernatant of LPS-induced BV cells cultured in serum-free medium was passed through a 0.22 µm 

syringe filter prior to loading and following loading to the column elution was started after a stable 

baseline was obtained. For subsequent analysis by immunoblotting (see below), fractions of 0.4 ml 

were collected and 1.6 ml propanone per fraction were added to precipitate proteins overnight at -

20°C. After centrifugation at 16.000 x g for 15 min, pellets were air-dried and reconstituted in 20 µl 

Laemmli buffer. 

Immunoprecipitation and immunoblotting 

Immunoprecipitation (IP) of polySia from cell lysates using M-280 tosyl-activated Dynabeads (Thermo 

Fisher Scientific) covalently coupled to mAb 735, SDS-PAGE and analyses of IP fractions by 
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immunoblotting and enhanced chemiluminescence detection were performed as described by 

Werneburg et al. 2016 (2016). Fractions obtained by immunoaffinity chromatography were blotted 

on nitrocellulose membrane (GE Healthcare) and analysed with the Odyssey Infrared Imaging System 

(LI-COR Biosciences, Bad Homburg, Germany) as described previously (Tantra et al., 2014). For 

enzymatic removal of polySia prior to SDS-PAGE, samples in Laemmli buffer were treated with 6 

µg/ml Endo for 45 min at 37°C. 

Anion exchange chromatography 

Polysialic acid was separated on the Äkta Pure 25 system equipped with a 22x50 guard column 

followed by a DNAPac PA-100 column 22x250 (Thermo Fisher Scientific). Chromatography was 

performed at RT with a flow rate of 3.5 ml/min using 10 mM Tris-HCl pH 8.0 during loading. Elution 

was performed in 10 mM Tris-HCl pH 8.0 with consecutive steps of linear NaCl gradients and steady 

concentrations as follows: 4 ml 0-70 mM, 44 ml 70-180 mM, 0.5 ml 180 mM, 16 ml 180-220 mM, 48 

ml 220-280%, 40 ml 280-320 mM, 80 ml 320-355 mM, and 40 ml 355-385 mM, 40 ml 385-410 mM, 

44 ml 410-432 mM, 40 ml 432-447 mM, 447-458 mM, 40 ml 458-466 mM, 40 ml 466-470 mM, 40 ml 

470-472 mM and 45 ml 1M NaCl. Conductivity and absorption at 214 and 280 nm were recorded.  

Brain sections 

Sections of mouse brains with cortical lesions were kindly provided by Wolfgang Löscher, University 

of Veterinary Medicine, Hanover, Germany. The animal experiments were performed according to 

the EU council directive 2010/63/EU and the German Law on Animal Protection. Ethical approval was 

granted by the Lower Saxony State Office for Consumer Protection and Food Safety (LAVES, project 

number 14/1659). As described in detail elsewhere (Schidlitzki et al., 2017), 8 to 10 week old male 

NMRI mice received a unilateral stereotactic injection through the cortex into the dorsal 

hippocampus. Seven days later, mice were perfused and paraffin embedded brains were sectioned at 

3 µm for use in immunohistochemistry.  

Immunohistochemistry 

Paraffin sections were rehydrated and antigen retrieval was performed in 400 mM Tris-HCl pH 9.0 

with 1 mM EDTA and 0.05 % Tween-20 at 90°C for 10 min. After permeabilization with 0.4 % Triton X-

100 in PBS for 30 min and blocking with 2 % BSA, 0.1 % Triton in PBS for 3h at 37°C, primary 

antibodies were incubated in blocking buffer at 4°C overnight. All other steps and specificity controls 

were carried out as described for immunocytochemistry, except for the endosialidase treatment, 

which was performed with 10µg/ml.  

Microscopy, image acquisition and cell counting 

Microscopy was performed with Axio Observer.Z1 equipped with an ApoTome module for structured 

illumination, AxioCam MRm digital camera, and Zen 2012 (blue edition) software (Carl Zeiss 

Microscopy). A 20x Plan‐Apochromat objective with a numerical aperture of 0.8 was used to acquire 

optical sections of 1.62 μm (488 channel), 1.75 μm (568 channel) or 2.09 µm thickness (647 channel), 

and five optical sections were merged to a maximal intensity projection, respectively. For 3D 

reconstruction, stacks of 40 optical sections were obtained using a 63x Plan-Apochromat oil 

immersion objective with a numerical aperture of 1.4. Identical settings were used for all samples 

within one experimental setting. Images were arranged using PowerPoint (Microsoft Office 2010). 

Cell counts were performed on five randomly chosen frames with at least 20 cells for each 

experimental group. 



23 
 

Generation of Siglec-E knockout cells 

The CRISPR/spCas9-D10A strategy (Ran et al., 2013; Sakuma et al., 2014) was used to generate Siglec-

E knockout cells. The all-in-one CRSIPR/spCas9-D10A vector pX330A-1x2 (Addgene plasmid # 58766) 

was modified by insertion of a P2A element followed by eGFP in C-terminal orientation. The latter 

was obtained from plasmid DHC#4731 as a template by overlap extension PCR with the primers 5′- 

GGAAGAGAATGCTGGCCTCT -3′ and 5′- AATCCAGAATTCGATTATCGATTTAACGC -3′ containing 

recognition sequences for BsmI and EcoRI. In addition, the following guide RNAs (gRNA) targeting the 

sialic acid binding V-domain of Siglec-E located within the first exon were inserted: 5′- 

CACCGCAGACGCAAAGATTCCATCG -3′ (leading strand gRNA1), 5′- AAACCGATGGAATCTTTGCGTCTGC -

3′ (reverse strand gRNA1), 5′- CACCGTGTACCAGAATCCATGAACT -3′ (leading strand gRNA2), 5′- 

AAACAGTTCATGGATTCTGGTACAC -3′ (reverse strand gRNA2).  

To transfect BV2 cells, electroporation with the Neon Nucleofector (Thermo Fisher Scientific) was 

used according to the manufacturer’s instructions. 1 x 105 cells were treated with a 30 ms pulse of 

1325 V followed by incubation for 12 h in conditioned medium consisting of supernatant from 1 x 105 

BV2 cells per ml, cultured for 24 h in the absence penicillin and streptomycin, which was filtered 

through a 0.22 µm syringe filter and supplemented with FCS to a final concentration of 7.5%. 

Subsequently, cells were cultured in conditioned medium with penicillin and streptomycin 

supplemented with 5 % FCS for 3 days and 2.5 % FCS for 7 days, followed by standard cultivation 

conditions. GFP positive cells were identified, clones were isolated by limited dilution and Siglec-E 

mutations were assessed by sequencing of genomic PCR products obtained with primers flanking the 

targeted site (forward:  5′- CAGTTTTAGCTGGACATGCTG -3′, reverse: 5′- CGGGTTTCCTTCACTGCTT -3′). 

Nitrite Assay 

Nitric oxide (NO) production by LPS treatment was evaluated by the colorimetric Griess assay, 

detecting the stable NO breakdown product nitrite in cell culture supernatants. The assay was 

performed as described before (Kallolimath et al., 2016), with the following modifications: 5 x 104 

cells were seeded in 96-well plates. After adherence for 4 h, the medium was changed and cells were 

cultured for 2 h in the presence of 60 µM minocycline, where indicated. After another medium 

change, cells were kept for 24 h in 200 µl medium for further treatment (see results), before 150 µl 

of cell culture supernatant were collected and centrifuged at 3000 x g for 5 min. Nitrite 

concentrations were assessed by reacting 70 µl of the supernatant for 20 min with 70 µl Griess 

reagent consisting of 1 % (4-[(4-aminobenzene)sulfonyl]aniline), 0.05 % N-1-napthylethylenediamine 

dihydrochloride and 2.5 % HCl.  

RNA isolation and quantitative real-time RT-PCR  

Total RNA was isolated using TRIzol (Thermo Fisher Scientific), and cDNA was generated as described 

(Werneburg et al., 2015) using RevertAid H Minus reverse transcriptase (Thermo Fisher Scientific). 

Quantitative real-time PCR of mouse Siglec-E, TNF and IL-6 was performed in 10 µl 1:2 diluted BIO 

SyGreen Lo-ROX mix (PCR Biosystems, London, UK) with ImageQuantQ3 and ImageQuant software 

(Thermo Fisher Scientific) using the comparative threshold cycle (ΔCT) method as described 

elsewhere (Konze et al., 2014) with HPRT and PPIA as reference genes (Schiff et al., 2009). The 

following primers were used: HPRT, 5′- TTCCTCATGGACTGATTATGGACA-3′ (forward) and 5′- 

AGAGGGCCACAATGTGATGG -3′ (reverse); PPIA, 5′- CCACAGTCGGAAATGGTGAT-3′ (forward) and 5′- 

TGCACTGCCAAGACTGAATG-3′ (reverse); TNF, 5′- CTGTAGCCCACGTCGTAGC-3′ (forward) and 5′- 

TTGAGATCCATGCCGTTG-3′ (reverse) (Aslanidis et al., 2015); IL-6, 5′-GGCCTTCCCTACTTCACAAG -3′ 

(forward) and 5′-ATTTCCACGATTTCCCAGAG -3′ (reverse) (Yee et al., 2005); Siglec-E 5′-
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TGGTACAGGGAAGGAACCGA -3′ (forward) and 5′-GTGAGGGCTGTTACAACCAGA -3′ (reverse). The 

NCBI primer designing tool with Primer3 version 4.1 (Untergasser et al., 2012; Ye et al., 2012) was 

used to select Siglec-E-specific primers.  

Statistics 

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad, San Diego, CA, USA). 

Unpaired Student’s t-test, one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test, 

and mixed two-way ANOVA followed by Holms-Sidak post hoc test were applied as indicated. 

Normality and equality of variances were assessed by the Shapiro-Wilk and the Brown-Forsythe test, 

respectively.  

 

2.4 Results 

BV2 cells produce polySia on NRP2 and ESL-1 

The murine microglial cell line BV2 is a commonly used model system and suited to study 

inflammatory microglia activation (Stansley et al., 2012). As shown before (Kallolimath et al., 2016), 

LPS-induced activation of these cells can be dose-dependently inhibited by externally applied polySia. 

For the use of BV2 cells in the current study, we validated, if these cells also recapitulate the 

previously described features of primary and stem cell-derived microglia concerning the production 

of polySia (Werneburg et al., 2015; Werneburg et al., 2016). Immunofluorescence (IF) revealed that 

BV2 cells accumulate polySia in the Golgi compartment (Fig. 2.1a) and immunoprecipitation with 

polySia-specific antibody followed by Western blot analysis demonstrated the presence of the two 

polySia carrier proteins NRP2 and ESL-1 (Fig. 2.1b). When treated with the polySia degrading enzyme 

endosialidase, both proteins exhibited the small shift towards lower apparent molecular mass that is 

characteristic for the loss of polySia (Werneburg et al., 2016) (Fig. 2.1b). Moreover, BV2 cells show a 

depletion of the Golgi-resident polySia pool after proinflammatory stimulation with LPS for 24 h (Fig. 

2.1c, d). Consistent with previous results (Kallolimath et al., 2016), the application of 500 ng/ml of 

polySia (colominic acid) caused a significant inhibition of LPS-induced NO production (Fig. 2.1e). As 

shown by HPLC analysis, the specific polySia batch used in the current study comprised chain lengths 

ranging from a degree of polymerization (DP) of 5 to DP >100 with an average DP of about 50 (for a 

DP profile, see Online Resource 2.1). The effective molar concentration, therefore, was 

approximately 30 nM. In contrast to the effect of polySia, the same molar concentration of trisialic 

acid (DP3) was not able to dampen the inflammatory response (Fig. 2.1e). Collectively, these results 

establish that BV2 cells qualify for studies on the mechanisms of polySia release and perception. 
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Fig. 2.1 (left panel) Validation of polySia expression and polysialylated proteins in BV2 microglia. a Immunofluorescence 

staining of polySia co-localized with the Golgi marker giantin. Cell shape is highlighted by co-staining with the 

microglia/macrophage marker CD11b. Nuclei were counterstained with DAPI (blue). Scale bar, 20µm. b 

Immunoprecipitation (IP) of polysialylated proteins from lysate of 107 BV2 cells using polySia-specific mAb 735-conjugated 

magnetic beads followed by Western blot (WB) detection with polySia-specific antibody (left), or by joint incubation with 

NRP2- and ESL-1-specific antibodies (right). Where indicated, IP fractions were treated with endosialidase (endo +), to 

remove polysialic acid. Protein bands were assigned according to the apparent molecular weights of NRP2 and ESL-1 as 

previously detected in primary and stem cell-derived murine microglia or in mouse brain tissue (Werneburg et al., 2016; see 

text for details). c Compared to untreated controls (ctrl), incubation of BV2 cultures with 1 µg/ml LPS for 24h leads to the 

loss of polySia signals in almost all cells. Nuclei were counterstained with DAPI (blue). Scale bar, 50µm. d Loss of polySia-

positive cells after LPS-treatment, as indicated. Individual values and means of 5 evaluated frames per culture condition are 

plotted and significant difference by two-tailed t-test is indicated (*** p<0.001). e PolySia with DP>4 but not trisialic acid 

(DP3) attenuates the LPS-induced production of NO. Nitrite levels in the supernatant of BV2 cells cultured for 24h in the 

presence or absence of 30nM trisialic acid (DP3), 500ng/ml polySia (approximately 30 nM, see text for details), and/or 1 

µg/ml LPS, as indicated. Individual values and means from 3 independent treatments per group are plotted. One-way 

ANOVA indicated significant differences (p<0.0001) and results from Tukey’s post hoc test are shown for comparisons 

between the LPS-treated groups (* p<0.05) 

Fig. 2.2 (right panel) PolySia staining patterns in BV2 cells treated for 10 or 20 min with 1 µl/ml DMSO (a), 50 µM RyR 

agonist 4-CmC (b), 1µg/ml LPS (c), or 1 µg/ml LPS together with 10 µM RyR antagonist DHBP (d), as indicated. 4-CmC and 

DHBP were added as 1 µl/ml stock solution in DMSO. Giantin and CD11b were co-stained to visualize the Golgi 

compartment and the cells’ shape, respectively. Nuclei were counterstained with DAPI (blue). Scale bar, 20 µm. See text for 

a description of treatment effects 
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Golgi retention and release of polySia are calcium sensitive 

A key feature of proinflammatory activation is the elevation of the cytosolic Ca2+ level by the 

depletion of the intracellular Ca2+ stores of the endoplasmic reticulum (ER) and Golgi compartment 

(Hoffmann et al., 2003). This can be mimicked by the pharmacological activation of ryanodine 

receptors (RyRs) (Klegeris et al., 2007). Application of the RyR agonist 4-CmC for 10 min caused a 

translocation of polySia from the Golgi to the cell surface, which was comparable to the effect of LPS 

(Fig. 2.2b, c). After 20 min, however, the cell-associated polySia signals in LPS treated cells had 

vanished completely, whereas the 4-CmC treated cells retained cell surface staining (Fig. 2.2b, c). 

Conversely, the RyR receptor antagonist DHBP prevented the LPS-induced translocation of the Golgi-

resident polySia pool (Fig. 2.2d). This implies that the translocation of polysialylated proteins from 

the Golgi compartment to the cell surface in response to proinflammatory activation of microglia is 

triggered by lowering the calcium level within the Golgi compartment.  

Continuous release of polySia by LPS-induced BV2 cells 

When analyzed by IF, polySia immunoreactivity of LPS-induced microglia completely vanished within 

2 h and polysialylated proteins could be retrieved by IP from large amounts of cell culture 

supernatant followed by Western blot detection (Werneburg et al., 2016). To monitor the release 

into the extracellular space, we established the sensitive detection of polysialylated proteins in cell 

culture supernatants of LPS-treated BV2 cells by immunoaffinity chromatography with polySia-

specific antibody. Western blot analysis confirmed the presence of polysialylated protein in the 

pooled fractions corresponding to the absorption peak at  = 214 nm obtained after the onset of the 

elution by a salt gradient (fractions 22-24; Fig. 2.3a, b). In contrast to the highly sensitive detection of 

polySia by immunoblotting, yields were too low to also verify the presence of ESL-1 or NRP2 in these 

fractions. Importantly, no polySia was detected in later fractions (26-28) or in the fractions showing 

similar absorption peaks during washing of the column (fractions 18-20), corroborating the specific 

detection of polysialylated protein. With this system, a moderate peak could be detected in 

supernatants of BV2 cells collected during the first 4 h after LPS induction (Fig. 2.3c, middle). 

Unexpectedly, for supernatants collected between 4 h and 24 h after the onset of LPS treatment a 

much larger peak was obtained (Fig. 2.3c, right). As estimated from the peak areas, roughly 5-times 

more polySia bearing protein accumulated in the cell culture supernatant during the 20 h of the 

second incubation as compared to the first 4 h period.  

This indicates that, despite the rapid depletion of polySia signals detected by immunocytochemistry, 

polysialylated proteins are continuously released over at least 24 h after inflammatory activation of 

microglia. The amount of released polySia, therefore, can be much higher than anticipated based on 

immunostaining. Importantly this also means that it will not be possible to directly detect by 

immunohistochemistry, if polySia is released from activated microglia into the brain parenchyma.  
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Fig. 2.3 Detection of polysialylated proteins released by LPS-induced BV2 microglia. a Elution profile of cell culture 

supernatants collected from 2.5 x 107 BV2 cells treated with 10 µg/ml LPS for 24 h and applied to immunoaffinity 

chromatography with polySia-specific antibody. The increase of conductivity (brown line) denotes the onset of elution with 

2 M NaCl. Detection at 214 nm and 280 nm (red and blue line), indicative for the presence of sialic acid and protein, 

respectively, resulted in peaks during washing (fractions 18-20) and during elution (fractions 22-24). b Western blot 

detection of polysialylated protein in the cell culture supernatant prior to immunopurification (left panel) and in the pooled 

fractions 22-24, but not in fractions 18-20 and 26-28 of the chromatogram shown in a (right panel). Specificity of polySia 

detection in the supernatant was controlled by enzymatic removal of polySia with endosialidase (+endo). c Elution profile of 

cell culture supernatants as in a, but collected from 3 x 107 BV2 cells during the first 4 h or, after changing the medium, 

between 4 h and 24 h after the onset of LPS treatment, respectively. The left panel shows an elution profile without sample 

(blank) 
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Detection of polySia-positive microglia in TBI 

The presence of polySia in activated microglia after TBI was addressed in adult mice seven days after 

an injection through the cortex by staining for polySia and Iba-1 on series of paraffin-embedded brain 

sections. Serial sections from five lesioned animals were investigated and all five specimen displayed 

the polySia and Iba-1 patterns of the representative section shown in Fig. 2.4. In areas distant from 

the wound channel (indicated by the dotted line in Fig. 2.4a and b), Iba-1 staining revealed microglia 

with ramified morphology indicative for the resting state (Stence et al., 2001; Beynon and Walker, 

2012) (Fig. 2.4b and detail in c). Closer to the lesion, microglia had shorter and thicker processes (Fig. 

2.4d), characteristic for the transition into a reactive state in response to injury, whereas rounded, 

amoeboid cells without defined processes at the site of the lesion indicate a fully activated state of 

phagocytic microglia (Fig. 2.4f). Notably, only a few polySia-positive dots were detected in some 

distance around the wound located in microglia with rounded morphology (Fig. 2.4a, b, e). This dot-

shaped cellular pattern corresponds to the appearance of Golgi-localized polySia during the lesion-

induced activation of microglia in acute brain slice cultures (Werneburg et al., 2016). The distribution 

in a halo around the wound channel indicates accumulation of polySia in the Golgi of injury-induced 

microglia, which is lost during further activation. Analogous to the continuous release of polySia after 

loss of Golgi-localized polySia by inflammatory activation of microglia in vitro, this pattern suggests 

polySia shedding by injury-activated microglia in the brain parenchyma during TBI in vivo. 

 

 

Fig. 2.4 PolySia-positive microglia in TBI. Immunofluorescence detection of polySia (green, marked by yellow arrowheads) 

and Iba-1 (red) one week after injury by an injection through the mouse cortex. a, b Overview of polySia signals around the 

wound channel (a), merged with Iba-1 staining (b). The wound channel is indicated by a dotted line. Nuclei were 

counterstained with DAPI (blue). c-f Higher magnification views of the boxed areas highlighted in b. See text for a detailed 

description. Scale bars, 100µm in a and b, 20 µm in c 

 

Diverging mRNA and protein patterns of Siglec-E upon LPS-induction  

In accordance with previous reports on bone marrow-derived macrophages (Boyd et al., 2009; 

Nagala et al., 2017), Siglec-E mRNA expression levels were strongly increased in LPS-treated BV2 

microglia (Fig. 2.5a). The evaluation of Siglec-E protein patterns by IF, however, revealed abundant 
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Siglec-E immunoreactivity on the surface of untreated cells (Fig. 2.5b, left), which was drastically 

reduced and restricted to a few immunoreactive patches after 24 h of LPS treatment (Fig. 2.5b, 

right). 3D reconstruction at higher magnification (Fig. 2.5b, lower panels) corroborated the strong 

reduction of Siglec-E at the cell surface and the loss of perinuclear polySia, but also revealed some 

small polySia-immunoreactive puncta within the LPS-treated cells, which may represent export 

vesicles engaged in continuous shedding of polysialylated protein.  

Based on the discrepancy between Siglec-E mRNA and protein detection, and because Siglecs can be 

internalized upon ligand binding or antibody-mediated crosslinking (Tateno et al., 2007; Boyd et al., 

2009), we investigated if LPS induction leads to endocytosis of Siglec-E. Already after 20 min of LPS 

treatment, Siglec-E was strongly reduced (Fig. 2.5c, left), whereas incubation with genistein, an 

inhibitor of clathrin-independent endocytosis (Pelkmans et al., 2002), caused a massive accumulation 

of Siglec-E at the cell surface of LPS-activated cells (Fig. 2.5c, right). A comparable accumulation was 

achieved by genistein treatment of cells that were previously activated with LPS for 20 h (Fig. 5d, e). 

Notably, genistein may also interfere with LPS-induced TLR4 activation (Jeong et al., 2014), but 

selective inhibition of TLR4 signaling by application of TAK-242 (Matsunaga et al., 2011) to LPS-

induced cells for 10 min was not causing cell surface accumulation of Siglec-E (Fig. 2.5e, right). 

However, similar to genistein, TAK-242 treatment led to reappearance of intracellular, perinuclear 

polySia in some of the cells. Together these data reveal that Siglec-E is continuously produced in LPS-

induced BV2 microglia, which is consistent with the high Siglec-E mRNA levels of LPS-treated cells. 

The data also indicate that polySia release and Siglec-E internalization are regulated by different, 

TLR4-dependent and TLR4-independent pathways, respectively.  

Knockout of Siglec-E potentiates LPS-induced activation and eliminates the response to polySia  

CRISPR/spCas9-mediated genome editing was used to generate a single Siglec-E negative BV2 cell 

clone (clone D19, Fig. 2.6a, see Online Resource 2.2 for sequence analysis of induced mutations) and 

a mixed pool of four other Siglec-E negative clones (see Online Resource 2.3 for IF analysis of Siglec-E 

loss). These cells were used to corroborate if Siglec-E is accountable for the response of microglia to 

externally applied polySia and to address a role of Siglec-E in the proposed negative feedback 

inhibition of LPS-induced microglia activation by the shedding of polysialylated proteins. Consistent 

with our previous study, showing potentiated LPS-induction of polySia-negative microglia 

(Werneburg et al., 2015), proinflammatory activation was initially monitored by the detection of NO-

derived nitrogen species with the Griess assay.  

Comparative analysis of wildtype (Siglece+/+) and Siglec-E deficient BV2 cells (Siglece-/-, clone D19) 

revealed that both responded to LPS with a strong increase in NO production (Fig. 2.6b). This 

response could be inhibited in both lines by preincubation with minocycline, a widely used inhibitor 

of proinflammatory microglia polarization (Kobayashi et al., 2013). In contrast, the attenuation of the 

LPS-induced increase by addition of exogenous polySia was abolished in the Siglec-E deficient line 

and the response towards LPS was substantially stronger. To test for the possibility of an unspecific 

clonal effect as the basis for the altered responsiveness, the experiment was repeated with a mixture 

of another four Siglece-/-clones. As shown in Online Resource 4, the outcome was basically the same, 

i.e. a dramatically higher LPS-induced NO production than in wildtype cells that could still be 

inhibited by preincubation with minocycline, but no longer by the addition of polySia. Furthermore, 

the Siglec-E negative clone D19 displayed a significantly more pronounced increase in the mRNA 

levels of the proinflammatory cytokines tumor necrosis factor (TNF) and interleukin-6 (IL-6) over 24h 

of LPS treatment, although there was a slight delay in upregulation during the early phase of LPS 
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induction (Fig. 2.6c, d). Taken together, these findings provide strong evidence that the release of 

microglia-intrinsic polySia attenuates the inflammatory response by acting as a trans activating ligand 

of Siglec-E. 

 

                             

Fig. 2.5 (left panel) LPS-induced changes of Siglec-E in BV2 microglia. a Analysis by quantitative real-time RT-PCR reveals a 

strong increase of Siglec-E mRNA in cells treated with 1 µg/ml LPS for 24h. Individual values and means from 3 independent 

treatments per group are plotted. ** p<0.01, unpaired t test. b-e Immunofluorescence detection of Siglec-E (red) and 

polySia (green). Nuclear counterstain with DAPI (blue). b Staining patterns before (control, ctrl) and after treatment with 1 

µg/ml LPS for 24h. Lower panels show 3D reconstructions at higher magnification. c Staining patterns after 20 min of LPS 

treatment in the presence of solvent (1 µl/ml DMSO, left) or 200 µM genistein (right). d, e Staining patterns after incubation 

for 20 h without or with LPS followed by 10 min with 1 µl/ml DMSO (d), 200 µM genistein, or 1 µM TAK-242 (e), as 

indicated. Genistein and TAK-242 were added as 1 µl/ml stock solution in DMSO. The strong Siglec-E signals under control 

conditions without LPS (b, d) and after genistein treatment (c, e) are overexposed to enable a visualization of the weak 

signals in LPS-treated cells with the same camera settings. Scale bars, 50µm in b (upper panels), c, d and e; 10 µm in b, 

lower panels 
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Fig. 2.6 (right panel) Loss of Siglec-E abrogates responsiveness to polySia and enhances LPS-induced activation. a Compared 

to wildtype BV2 cells (Siglece+/+), the immunoreactivity of Siglec-E (red), but not polySia (green) is abolished by 

CRISPR/spCas9 mediated knockout of Siglece (Siglece-/-, clone D19). Nuclear counterstain with DAPI (blue). Scale bar, 50 µm. 

b Comparable to the effect of preincubation with 60 µM minocycline for 2 h, application of polySia (5 µg/ml) inhibits the 

LPS-induced NO production of Siglece+/+ but not Siglece-/- BV2 microglia (clone D19). In addition, the LPS-induced NO 

production of Siglece-/- microglia was significantly higher. Where indicated (LPS+), 1µg/ml LPS was applied for 24 h. c, d 

During 24 h of LPS treatment, Siglec-E negative cells also showed a significantly more pronounced increase of TNF and IL-6 

mRNA levels. In b-d, individual values and means from n = 3 independent treatments per group are plotted. Mixed two-way 

ANOVA indicated significant differences and results from Holms-Sidak post hoc test are shown for selected group 

comparisons (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001) 

2.5 Discussion 

The current study provides first in vivo evidence that injury-induced activation leads to intracellular 

accumulation of polySia in murine microglia. Comparable to the delayed and slowly increasing 

appearance of Golgi-localized polySia during microglia activation in acute brain slices over five days 

of culture (Werneburg et al., 2016), Iba-1 positive cells with strong perinuclear polySia signals 

featuring the morphology of activated microglia were detected seven days after brain lesion. These 

cells were rare and located at least 50 µm deep in the parenchyma around the wound channel, 

indicating that they are microglia rather than infiltrating macrophages. Although microglia activation 

peaks between three and five days after TBI (Gyoneva and Ransohoff, 2015), it has been shown in a 

rat TBI model that microglia acquire a predominantly proinflammatory activation phenotype at seven 

days post-injury (Kumar et al., 2016). We therefore assume that cultured microglia, which 

consistently display an accumulation of polySia in the Golgi compartment, correspond to a transient 

activation state of polySia-positive microglia in TBI. In analogy to the continuous shedding of 

polysialylated proteins by activated microglia in vitro, the absence of polySia signals in fully activated 

microglia situated directly adjacent to the lesion points towards a release of polySia. Furthermore, 

the absence of Golgi-confined polySia in ramified microglia located more distant from the lesion site 

confirms respective findings on quiescent microglia in murine brain slice cultures (Werneburg et al., 

2016).  

Our in vitro experiments with murine BV2 microglia corroborate data from primary and stem cell-

derived microglia by demonstrating that the pool of Golgi-confined polySia is presented on the two 

carrier proteins ESL-1 and NRP2 and that LPS-induced inflammatory activation causes a rapid 

translocation of polySia to the cell surface (Werneburg et al., 2016). Consistent with the LPS-induced 

mobilization of internal calcium stores through activation of RyRs (Hoffmann et al., 2003; Franco et 

al., 2006), the release from the Golgi could be mimicked by treatment with the RyR agonist 4-CmC, 

whereas inhibition by the corresponding antagonist DHBP prevented the LPS-induced translocation. 

Notably, the trans-Golgi compartment, where polysialylation takes place, behaves as a calcium store 

that can be selectively mobilized by RyRs (Lissandron et al., 2010; Pizzo et al., 2011). Thus, calcium 

depletion initiates the release of polySia-ESL-1 and polySia-NRP2 by abrogating their retention in the 

Golgi compartment.  

As shown before, polySia-negative ESL-1 maintains its Golgi localization in LPS-induced microglia, 

while polySia-negative NRP2 is distributed over the entire cell before and after activation 

(Werneburg et al., 2015; Werneburg et al., 2016). Therefore, and in the absence of any other obvious 

similarity between NRP2 and ESL-1, polysialylation is likely to form the basis for the common 

regulation of Golgi retention and release. ST8SIA4, responsible for polysialylation of ESL-1 and NRP2 

in microglia (Werneburg et al., 2015; Werneburg et al., 2016), interacts with the nascent polySia 

chains and with the protein acceptors (Mühlenhoff et al., 2013; Bhide et al., 2016). Since calcium 
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affects interactions of polySia with proteins, probably by stabilizing conformational epitopes of 

polySia (Häyrinen et al., 2002), interactions of polySia with ST8SIA4 could mediate the calcium-

dependent retention of polySia-NRP2 and polySia-ESL-1 in the Golgi. Alterations of these interactions 

caused by decreasing calcium levels could therefore trigger their discharge. Alternatively, or in 

addition, other polySia-binding factors could engage in calcium-dependent mechanisms that regulate 

cargo sorting and exit from the trans-Golgi compartment (Pakdel and von Blume, 2018).  

In contrast to the complete loss of cell-associated polySia after 20 min of LPS induction, which is due 

to metalloproteinase-dependent ectodomain shedding of polySia-ESL-1 and polySia-NRP2 

(Werneburg et al., 2016), the accumulation of polySia at the cell surface of 4-CmC treated cells 

persisted for at least 20 min. This indicates that the mere presentation of the polysialylated proteins 

at the cell surface as caused by the RyR-dependent manipulation of internal calcium levels is not 

sufficient for ectodomain shedding. Instead, the responsible sheddase must be recruited and/or 

activated by an alternative mechanism. Although it is well-known that a number of key 

metalloproteinases are upregulated during LPS-induced microglia activation (Nuttall et al., 2007; 

Lively and Schlichter, 2013), the rapid depletion of cell-associated polySia precludes a transcriptional 

regulation.  

Only recently, first evidence became available that Siglec-E is able to bind polySia and that 

knockdown of Siglec-E abolishes the response of cultured microglia to experimentally applied polySia 

(Karlstetter et al., 2017; Schwarz et al., 2017). In contrast to a glycan array study indicating a 

manifold stronger binding of Siglec-E to α2,8-linked di- and trisialic acid as compared to oligosialic 

acids with DPs between 4 and 11 (Redelinghuys et al., 2011), we now demonstrate that application 

of DP3 to murine microglia cannot mimic the physiological effect of polySia (colominic acid) with an 

average DP of about 50. Similarly, only polySia with an average DP of 20, but not oligosialic acid with 

DP6 was able to inhibit LPS-induced activation of human THP-1 macrophages (Shahraz et al., 2015), 

although studies with Siglec-11-Fc chimera indicated binding of short oligomers (Angata et al., 2002). 

The reasons for these discrepancies between binding and physiological effects remain to be further 

explored. However, in analogy to the observation that multivalent display of DP2 on nanoparticles, 

but not soluble DP2, causes Siglec-E clustering and inhibits LPS-induced macrophage activation 

(Spence et al., 2015), it appears likely that only polySia but not soluble DP3 is able to induce Siglec-E 

oligomerization and thereby inhibitory signaling.  

By the use of CRISPR/spCas9-mediated knockout we corroborate that experimentally applied polySia 

is no longer able to inhibit LPS-induced activation of Siglec-E-deficient microglia. Importantly, we also 

show that Siglec-E-negative microglia exhibit a marked increase of activation in response to LPS. This 

is highly reminiscent of the augmented LPS induction of microglia obtained from ST8SIA4-deficient 

mice, i.e. microglia that are not able to produce and release polySia (Werneburg et al., 2015). Thus, 

in the absence of any external source of polySia, the deletion of the putative polySia receptor has the 

same effect as the elimination of polySia biosynthesis, i.e. the cell-intrinsic source of the assumed 

ligand. Taken together, these findings provide strong evidence that shedding of polysialylated 

proteins is part of a mechanism for negative feedback inhibition of LPS-induced microglia, in which 

the released protein-attached polySia activates Siglec-E as a ligand interacting in trans. Consistent 

with this model, LPS-induced ST8SIA4-negative microglia are still responsive to experimentally 

applied polySia indicating uncompromised sensing (Werneburg et al., 2015). Conversely, the LPS-

induced activation of Siglec-E-deficient microglia can still be inhibited by minocycline, proving that 

the responsiveness to unrelated anti-inflammatory treatment is maintained (this study). 
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Regarding the spatiotemporal distribution of Siglec-E immunoreactivity, the strong reduction of 

Siglec-E on LPS-induced microglia stands in stark contrast with the strong up-regulation of Siglec-E on 

the mRNA level. The strong reduction of Siglec-E also appears contradictory to the finding that Siglec-

E is required for polySia-mediated inhibition. However, these data might be explained by endocytosis 

of Siglec-E upon ligand binding, which seems to be a general feature of Siglecs (Macauley et al., 

2014). Indeed, inhibition with genistein for 10 or 20 minutes not only prevented the reduction, but 

caused a progressive accumulation of Siglec-E at the surface of LPS-treated BV2 microglia, even when 

applied after 20 h of LPS induction. This is comparable to the inhibitory effect of genistein on the 

clathrin-independent endocytosis of Siglec-F, another CD33-related murine Siglec, trafficking to 

lysosomes for degradation, when induced by anti-Siglec-F antibody ligation (Tateno et al., 2007). In 

contrast to the effect of genistein, selective inhibition of TLR4 signaling by TAK-242 did not prevent 

the LPS-induced reduction of Siglec-E, but reinstated the intracellular accumulation of polySia. This 

indicates that the internalization of Siglec-E in LPS-induced microglia is regulated differently from the 

release of polysialylated protein and not caused by TLR4 signaling or cis-interactions with TLR4, as 

implicated by previous work on the role of Siglec-E in the endocytosis of activated TLR4 (Chen et al., 

2014; Wu et al., 2016). Our data rather support the assumption that Siglec-E is internalized by 

receptor clustering and/or activation induced by interactions with shed polySia in trans. This is 

compatible with a recent report concluding that the inhibitory effects of Siglec-E on LPS-induced 

macrophages depend on activation by trans-interacting ligands (Nagala et al., 2017).  

An unexpected finding with high relevance for all future studies on possible physiological 

consequences of polysialylated protein shedding was that the release is not just a one-time discharge 

of polySia carriers assembled in the Golgi compartment of cultured microglia. Instead, production 

and release appear to continue for at least 24 h after LPS induction in vitro. Correspondingly, the 

presence of polySia in a small proportion of microglia in some distance around a brain lesion and its 

absence from highly activated microglia in direct vicinity to the lesion site suggests that polysialylated 

proteins, after a transient accumulation in the Golgi, are continuously released by these cells in vivo, 

although it is not possible to directly detect this by immunohistochemistry. A major goal of future 

experiments, therefore, will be to develop appropriate sampling and analytical methods to detect 

soluble polySia-NRP2 and polySia-ESL-1 in freshly isolated brain tissue following TBI.  

The termination of inflammatory activation by inhibitory, ITIM-containing receptors is an essential 

component of a proportionate and effective immune response (Kane et al., 2014). In this regard, 

counteracting the inflammatory activation of microglia by shedding of polySia-presenting proteins 

may be beneficial for the outcome of TBI. Furthermore, externally applied polySia might be a 

therapeutic avenue to potentiate the anti-inflammatory effect in TBI, similar to current approaches 

to inhibit the activation of microglia and infiltrating macrophages, for instance, by application of 

minocycline, or by therapeutic modulation of TLR signaling (Homsi et al., 2010; Mao et al., 2012; 

Gyoneva and Ransohoff, 2015). Minocycline, however, not only reduces chronic microglial activation 

after brain trauma but also leads to increased neurodegeneration (Scott et al., 2018), indicating the 

need for a balanced approach to modulate neuroinflammation (Russo and McGavern, 2016). 

Notably, externally added polySia is as effective as minocycline in inhibiting inflammatory activation 

in primary and stem cell-derived (Werneburg et al., 2015; Werneburg et al., 2016) as well as in BV2 

microglia (this study). Future studies should therefore explore the role of polySia shedding in TBI as 

well as the effects of externally added polySia on injury-induced microglia.  
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Figure 2.7: Online Resource 2.1 

Anion exchange chromatography of the polySia batch used in the current study (colominic acid, Sigma-Aldrich, lot no. 

110M1383). The degree of polymerization (DP) of the sialic acid polymers was determined by spiking with α2,8-linked 

tetrasialic acid (DP4) as a standard. The N-acetyl groups of sialic acid were detected by absorption at 214 nm.  

a The elution profile of polySia spiked with DP4 (red) is shown in comparison with a blank run spiked with DP4 alone 

(orange). Elution by NaCl gradients was monitored by conductivity (dotted brown lines). Peaks of selected DPs are labeled.  

b Enlarged view of the profile segment highlighted by the boxed area of the insert.  
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Figure 2.8: Online Resource 2.2  

Sequencing analysis of the sialic acid binding V-domain within the first exon of Siglece in BV2 cell clone D19 generated by 

CRISPR/spCas9-mediated genome editing.  

a Sequencing of wildtype BV2 cells. Guide RNA binding sites are highlighted. 

b Frameshifts and premature stop codons (*) due to nucleotide insertions (red) in both alleles and a 33 bp deletion in allele 

1 of clone D19.   

 

 

 

Figure 2.9: Online Resource 2.3 

Loss of Siglec-E in the mixed population of four different Siglece-/- BV2 cell clones. 

a Immunoreactivity of Siglec-E (red) and polySia (green) in parental BV2 cells (Siglece+/+) and the mixed Siglece-/- clones.  

b Immunoreactivity of Iba-1 (magenta) and polySia (green) of the cells shown in a.  

Nuclear counterstain with DAPI (blue). Scale bar, 50 µm  
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Figure 2.10: Online Resource 2.4  

A mixed population of four different Siglece-/- BV2 cell clones reproduces the changes of LPS-induced NO production as 

shown in Fig. 2.6 for a single Siglece-/- clone.  

Left: Corroborating the results shown in Fig. 6b, the NO production of Siglec-E-positive (Siglece+/+) BV2 cells in response to 

LPS (1µg/ml applied for 24 h) was inhibited by the addition of polySia (5 µg/ml) or by preincubation with 60 µM minocycline 

for 2 h.  

Right: Compared to the parental Siglece+/+ BV2 cells, the mixture of Siglec-E-negative BV2 cell clones (Siglece-/-), not 

including the clone used in the experiment depicted in Fig. 2.6b, shows a significantly higher response to LPS-induced NO 

production that was inhibited by preincubation with minocycline, but not by the addition of polySia.  

Individual values and means from n = 4 independent treatments per group are plotted. Mixed two-way ANOVA indicated 

significant differences and results from Holms-Sidak post hoc test are shown for selected group comparisons (* p<0.05, *** 

p<0.001, **** p<0.0001) 
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3.1 Abstract 

Interactions with tumor-associated microglia and macrophages (TAM) are critical for glioblastoma 

progression. Polysialic acid (polySia) is an oncodevelopmental antigen that emerges as a regulator of 

microglia and macrophages, but its frequency of occurrence and prognostic value in glioblastoma are 

controversial. PolySia is sensed by microglia and macrophages through the human-specific paired 

immune receptors Siglec-11 and Siglec-16. However, less than 40 % of the human population have an 

allele coding for functional SIGLEC16. Enquiring possible consequences of the SIGLEC16 status in 

relation to tumor-associated polySia, we found increased overall survival of SIGLEC16 carriers with 

polySia-positive glioblastoma. Consistent with the activating downstream signaling of Siglec-16, 

higher expression of TNF was detected in SIGLEC16 and polySia double-positive tumors. This 

indicates that proinflammatory activation of TAM causes the better outcome in these patients. We 

therefore propose prognostic and therapeutic relevance of the polysialic acid-Siglec-16 axis, which 

may also apply to other polySia-positive tumor entities.  
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3.2 Introduction 

Glioblastoma (GB) is one of the most aggressive primary brain tumor entities and lacks curative 

therapy. With state-of-the-art therapeutic intervention, GB patients have a median overall survival 

(OS) of about 14 months (Stupp et al., 2009). The immune response towards malignancies like GB is a 

key predictor of clinical outcome (Finn, 2012). Instructive interactions between tumor cells and 

tumor-associated microglia and macrophages (TAM) are therefore increasingly recognized as a 

crucial factor in GB growth and progression (Hambardzumyan et al., 2016; Broekman et al., 2018). 

Overall, the number of TAM with an anti-inflammatory phenotype seems to correlate with 

malignancy (Komohara et al., 2008), whereas increased expression of CD74 by TAM, indicating a 

proinflammatory immune milieu, is positively associated with patient OS (Zeiner et al., 2015).  

A characteristic epitope found on a number of tumor entities, including glioblastoma, is the 

oncodevelopmental glycan polysialic acid (polySia) (Fukuda, 1996; Petridis et al., 2009; Amoureux et 

al., 2010; Mäkelä et al., 2014). In neuroendocrine lung tumors, neuroblastoma, rhabdomyosarcoma 

or medulloblastoma, the presence of polySia has been linked to elevated aggressiveness and poor 

prognosis (Michalides et al., 1994; Figarella-Branger et al., 1996; Glüer et al., 1998b; Glüer et al., 

1998a; Tanaka et al., 2001), but the two reports on incidence and prognostic value in GB are 

controversial (Amoureux et al., 2010; Mäkelä et al., 2014). PolySia is synthesized in the Golgi 

compartment on a limited number of protein carriers, most prominently on the neural cell adhesion 

molecule (NCAM), and presented on the cell surface to regulate cellular interactions (Hildebrandt et 

al., 2010; Mühlenhoff et al., 2013). As discovered recently, polySia also has the potential to modulate 

the activation state of microglia and macrophages, since exogenously applied polySia inhibits 

inflammatory activation (Wang and Neumann, 2010; Shahraz et al., 2015; Werneburg et al., 2015; 

Werneburg et al., 2016; Karlstetter et al., 2017). Notably, in addition to cell surface presentation by 

other cells, polySia attached to the proteins neuropilin-2 (NRP-2) and E-selectin-ligand-1 (ESL-1) can 

be released by activated microglia and macrophages themselves, functioning as a negative feedback 

mechanism (Werneburg et al., 2016; Thiesler et al., submitted).  

In humans, polySia can be sensed by the paired immune receptors Siglec-11 and Siglec-16, both 

present on microglia and macrophages (Angata et al., 2002; Hayakawa et al., 2005; Cao et al., 2008; 

Shahraz et al., 2015; Schwarz et al., 2017). Like most sialic acid binding immunoglobulin-like lectins 

(Siglecs), Siglec-11 contributes to the inhibition of immune cells through an immunoreceptor 

tyrosine-based inhibitory motive (ITIM), whereas Siglec-16-mediated signaling is initiated by the 

adaptor protein DAP12, containing an immunoreceptor tyrosine-based activation motif (ITAM) (Cao 

et al., 2008). In this way, the paired receptors may balance responses to polySia-presenting 

pathogens (Schwarz et al., 2017). However, only a part of the human population has a functional 

SIGLEC16 allele, whereas the majority carries an inactive pseudogene, SIGLEC16P, characterized by a 

four-nucleotide deletion disrupting the open-reading frame (Hayakawa et al., 2005; Cao et al., 2008). 

Based on database information, the estimated SIGLEC16 allele frequency worldwide is 0.22 and, 

because homozygous cases are rare (4.4%), 38.7% of the overall population are capable of expressing 

functional Siglec-16 (Wang et al., 2012).  

To the best of our knowledge, the expression and cellular distribution of Siglec-16 in GB, as well as its 

potential influence on tumor progression have not yet been investigated. The current study explores 

the hypothesis that Siglec-16 and polySia jointly influence TAM activation and GB outcome. 
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3.3 Materials and Methods 

Tumor specimen 

Formalin-fixed paraffin embedded (FFPE) specimen used in this retrospective explorative study were 

obtained from supratentorially located primary tumors resected from treatment-naïve patients at 

Hannover Medical School treated between 2002 and 2011. The study was approved by the ethics 

committee of Hannover Medical School (vote number: 1707-2013). Tumor samples were re-

evaluated and classified as glioblastomas WHO grade IV (GB) by experienced neuropathologists (C. 

Hartmann, R. Banan) according to the 4th ed. of the WHO classification of brain tumors (Louis et al., 

2007). Clinical records of overall survival (OS), defined as the time in months between primary 

resection and endpoint by death were available for a cohort of 54 samples collected between 2002 

and 2011. Inclusion criteria were a result for both SIGLEC16 genotyping and IF targeting polySia. The 

characteristics of this cohort are summarized in Table 3.1. 

Table 3.1 Demographic and clinical parameters of the GB cohort (n = 54) 

Age at primary resection [years] 

Median 59 

Range 35 - 85 

Overall survival [months]  

Median 8 

Range 0 - 76 

Gender (male/female) 27 / 27 (1 : 1) 

Extent of resection [%] 

Gross total resection 51.9 

Sub-total resection 25.9 

Partial resection 11.1 

Biopsy 11.1 

Tumor location [%] 

Frontal lobe 26 

Temporal lobe 15 

Parietal lobe 7 

Occipital lobe 9 

Multifocal 28 

Others 15 

Therapeutic intervention [%] 

Combined radio- and chemotherapy* 61.1 

Radiotherapy 27.8 

Conservative therapy 11.1 

* Temozolomide according to Stupp et al. (2005) 

 

In addition, 60 FFPE samples of primary GB without expression of mutated IDH1 R132H protein 

collected between 2017 and 2018 as well as three mIDH1R132H-positive primary GB collected in 

2016 were available from patients with unknown clinical outcome, but diagnosed and processed in 

the same way. The inclusion criterion for these samples was a cutting profile of at least 1 cm2 of 

tumor tissue.  
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Antibodies and reagents 

The following monoclonal (mAb) or polyclonal (pAb) antibodies were used: PolySia-s..pecific mouse 

mAb 735 IgG2 (IgG2a; Frosch et al., 1985) was produced in-house as described (Werneburg et al., 

2015) and used at 2 µg/ml for immunofluorescence or at 1 µg/ml for immunoblotting. NCAM-specific 

mouse mAb 123C3 (IgG1;) recognizing the extracellular part of all human NCAM isoforms (Gerardy-

Schahn and Eckhardt, 1994) was kindly provided by Rita Gerardy-Schahn (Hannover Medical School, 

Hannover, Germany) and used at 1:250 for immunofluorescence or 1:1000 for immunoblotting. For 

immunofluorescence, Siglec-16-specific mouse mAb 706030, kindly provided by Ajit Varki (University 

of California, San Diego, CA, USA) was applied at 5 µg/ml. Siglec-11-specific mouse mAb 4C4, kindly 

donated by BioLegend (San Diego, CA, USA, cat. # 681702) was used at 1:100 dilution. Reportedly, 

this antibody cross-reacts with Siglec-16 (Wang et al., 2012). IBA1‐specific goat pAb (Novus 

Biologicals, Centennial, CO, USA, cat. # NB100-1028) was used at 1:300, human mIDH1R132H-specific 

mouse mAb IgG1 (Merck Millipore, cat. #MABC171) at 1:50. Secondary antibodies were biotin-

conjugated sheep anti-mouse IgG (Boehringer, Mannheim, Germany, cat. #1039 285, 1:1000), Alexa 

Fluor 555-conjugated donkey anti-goat IgG (Thermo Fisher Scientific, Waltham, MA, USA, cat. #A-

21432, 1:500), Alexa Fluor 488-conjugated donkey anti-mouse IgG (Thermo Fisher Scientific, cat. 

#A21020, 1:500), Alexa Fluor 488-conjugated goat anti-mouse IgG2 (Thermo Fisher Scientific, cat. 

#A21131, 1:500), Alexa Fluor 568-conjugated goat anti-mouse IgG1 (Thermo Fisher Scientific, cat. 

#A21124, 1:500), IRDye 800CW fluorescence-conjugated goat anti-mouse IgG1 (LI-COR Biosciences, 

Lincoln, NE, USA, cat. #926-32350, 1:20.000), IRDye 680LT fluorescence-conjugated goat anti-mouse 

IgG2a (LI-COR Biosciences, cat. #926-68051, 1:20.000). 

Endosialidase was produced as described before (Stummeyer et al., 2005). Streptavidin and biotin 

were from Vector Laboratories (Burlingame, CA, USA), HRP-conjugated streptavidin from 

Dako/Agilent (Santa Clara CA, USA, cat. #P0397, 1:1000), and Alexa Fluor 488-conjugated streptavidin 

from Rockland (Limerick, PA, USA, cat. #S000-41, 1:1000). All other reagents were from Merck, 

Darmstadt, Germany.  

Immunohistochemistry 

Seven µm paraffin sections were deparaffinized and rehydrated by standard protocols and antigen 

retrieval was performed in 400 mM Tris-HCl pH 9.0 with 1 mM EDTA and 0.05 % Tween-20 at 90°C 

for 1 h. After permeabilization with 0.4 % Triton X-100 in PBS at room temperature (RT) for 30 min 

and blocking with 2 % BSA, 0.1 % Triton in PBS for 3h at 37°C, primary antibodies were incubated in 

blocking buffer at 4°C overnight. After three washes with PBS, fluorescently labelled secondary 

antibodies were incubated at RT in blocking buffer for 1 h. After washing twice with PBS and once 

with H2O, sections were air-dried and embedded with VectaShield (Vector Laboratories). 

For Siglec-11 or Siglec-16 immunostaining in combination with other primary antibodies, enhanced 

biotin-tyramide signal amplification was used. Briefly, after permeabilization, peroxidase activity was 

blocked by incubation with 0.3 % H2O2 in PBS for 15 min at RT. After washing, endogenous biotin was 

blocked by adding streptavidin and, after further washing, biotin (1:10 in PBS, 15 min at RT, each). 

After another washing step, sections were incubated with primary antibodies as described above, 

and for 45 min with biotin-conjugated anti-mouse IgG for the detection of Siglec-specific antibodies, 

followed by a washing step and incubation with HRP-conjugated streptavidin in blocking buffer at RT 

for 30 min. After washing with TBS, pH 7.6, incubation in TBS with 0.1 M imidazole, 0.001 % H2O2, 

and 2.5 µg/ml biotinyl tyramide for 10 min at RT was carried out. After three washes with PBS, 

enzymatically produced biotin precipitate was detected by Alexa Fluor 488-conjugated streptavidin 
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(1:1.000 in PBS with 0.1% Triton X-100 and 2%BSA, 45 min RT), before fluorescently labelled 

secondary antibodies were added and sections were embedded, as described above.  

Specificity of double-immunostaining procedures was controlled by omitting one of the primary or 

secondary antibodies at a time. For polySia immunoreactivity, specificity was additionally controlled 

by the loss of immunoreactivity after degradation of polySia with 10 µg/ml endosialidase applied 

during blocking in PBS with 2 % BSA and 0.1 % Triton.  

Genomic PCR and quantitative real-time RT-PCR (qPCR) 

DNA and RNA from THP-1 macrophages, obtained as decribed before (Werneburg et al., 2016), were 

extracted as described by Werneburg et al. (2016) for RNA, or using the optimized conditions 

described by van der Burg et al (2011) for DNA. DNA and RNA from deparaffinized and rehydrated 

FFPE tumor samples was extracted as described by Körbler et al (2003) with the following minor 

modifications: Incubation in xylene was performed at 30 °C, digestion by proteinase K was limited to 

4 h, and proteinase K inactivation was performed for 15 min at 85 °C. After cooling to RT, samples 

were centrifuged at 11.000 x g for 10 min. For DNA analysis, 20 µl supernatant were used. 

Genotyping of SIGLEC16 and SIGLEC16P was performed by PCR with primers described elsewhere 

(Cao et al., 2008) using Q5 polymerase (New England Biolabs, Ipswich, MA, USA) according to the 

manufacturer’s instructions but with 3 mM MgCl2 and 500 nM of each primer. Template DNA 

concentrations were 1 ng/µl for tumor samples and 0.05 ng/µl for THP-1 derived samples. The PCR 

conditions were 2 min at 98 °C, 26 cycles of 15 sec at 98°C, 20 sec at decreasing temperatures (65, 

64, 63 and 62 °C for 6, 5, 11 and 4 cycles, respectively), and 30 sec at 72°C, followed by 3 min at 72 

°C. Specific PCR product amplification was confirmed by agarose gel electrophoresis. 

For RNA extraction the NucleoSpinII kit (Macherey-Nagel, Düren, Germany) was used. Up to 200 µl 

supernatant were diluted with buffer RA1 to a volume of 350 µl and processed according to 

manufacturer’s instructions. Total RNA was reversely transcribed and qPCR of AIF1 and TNF with TBP 

and RPL13A as reference genes (Maduhri et al, 2015) was performed by the comparative threshold 

cycle (ΔCT) method as described (Thiesler et al., submitted). For GB samples primer concentrations 

were 1 µM and 1.5 ng/µl cDNA were used as template. Primers were validated using cDNA obtained 

from THP-1 macrophages. The following primers were used: TBP, 5′- GAGCTGTGATGTGAAGTTTCC -3′ 

(forward) and 5′- TCTGGGTTTGATCATTCTGTAG -3′ (reverse); RPL13A, 5′- CATAGGAAGCTGGGAGCAAG 

-3′ (forward) and 5′- GCCCTCCAATCAGTCTTCTG -3′ (reverse); TNF, 5′- GGAGAAGGGTGACCGACTCA -3′ 

(forward) and 5′- CTGCCCAGACTCGGCAA -3′ (reverse); AIF1, 5′- GACGTTCAGCTACCCTGACT -3′ 

(forward) and 5′- GCCTGTTGGCTTTTCCTTTTCT -3′ (reverse). The NCBI primer designing tool with 

Primer3 version 4.1 (Untergasser et al., 2012; Ye et al., 2012) was used for the selection of TNF- and 

AIF1-specific primer sets. Primary data were processed with the relative quantification tool of 

ThermoFisher Connect (ThermoFisher Cloud, revised version J.0 of July 31, 2019).  

Immunoprecipitation and immunoblotting 

FFPE material was rehydrated as outlined above, dried at RT and incubated in 5 µl buffer (400 mM 

Tris-HCl pH 9.0 with 8 mM EDTA) per mg dry weight for 1 h at 90 °C. Thereafter, the buffer was 

diluted to 20µl of 150 mM Tris-HCl pH 7.5, 2 mM EDTA 10 mM with 2-mercaptoethanol, 1 % NP-40, 

and 1 mM phenylmethylsulfonyl fluoride per mg of initial dry weight. 1200 µl of this lysate was 

processed for immunoprecipitation (IP) of polySia using M-280 tosyl-activated Dynabeads (Thermo 

Fisher Scientific) covalently coupled to mAb 735 as described elsewhere (Thiesler et al., submitted). 

Isolated IP fractions were submitted to SDS-PAGE, blotted on nitrocellulose membrane (GE 



49 
 

Healthcare, Chicago IL, USA) and analysed by immunodetection and near-infrared imaging with the 

Odyssey system (LI-COR Biosciences, Bad Homburg, Germany) as described previously (Werneburg et 

al., 2015). For enzymatic removal of polySia prior to SDS-PAGE, samples in Laemmli buffer were 

treated with 10 µg/ml endosialidase for 45 min at 37°C. 

Microscopy and image acquisition 

Microscopy was performed with Axio Observer.Z1 equipped with a motorized stage, ApoTome 

module for structured illumination, AxioCam MRm digital camera, and Zen 2012 (blue edition) 

software (Carl Zeiss Microscopy). A 20x Plan‐Apochromat objective with a numerical aperture of 0.8 

was used to acquire optical sections of 1.62 μm (488 channel) or 1.75 μm (568 channel), and five 

optical sections were merged to a maximum intensity projection, respectively. For 3D reconstruction, 

stacks of 40 optical sections were obtained using a 63x Plan-Apochromat oil immersion objective 

with a numerical aperture of 1.4. Identical settings were used for all samples within one 

experimental setting. Images were arranged using PowerPoint (Microsoft Office 2010).  

Statistics 

Statistical analysis was performed using GraphPad Prism 7 software (GraphPad, San Diego, CA, USA). 

Survival curves were compared using the log-rank test. Fisher’s exact test, two-sided t test, and two-

way ANOVA followed by Tukey’s post hoc test were applied as indicated. Normality and equality of 

variances were assessed by the Shapiro-Wilk and Bartlett’s test, respectively.  
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3.4 Results 

Heterogeneous polySia patterns in GB  

The occurrence and cellular distribution of polySia as a potential ligand of the immune receptors 

Siglec-11 and Siglec-16 in GB sections were evaluated by immunofluorescence (IF). Co-staining with 

antibody specific for IBA1 (gene name AIF1) was performed to identify macrophages and microglia. 

Strong polySia-signals with heterogeneous distributions within the tumors (Fig. 3.1a) were detected 

in 93 (81.6 %) of 114 GB investigated, including a cohort of n = 54 GB specimen from patients with OS 

information and 60 GB samples diagnosed and processed in the same way but with undetermined 

clinical outcome. IBA1-positive cells never displayed polySia at the cell surface (Fig. 3.1b), but in GB 

with or without polySia on other cells, a rare population of less than 0.1 % of the IBA1-positive cells 

showed intracellular polySia signals (Fig. 3.1c).  

 

 
Fig. 3.1 Detection of polySia in GB. Representative examples of immunofluorescence staining for polySia together with 

IBA1. Nuclei were counterstained with DAPI (blue). a-b Specimen with or without strong polySia signals (“polySia-positive”, 

left; “polySia-negative”, right). Overviews (a) and higher magnification views (b). c 3D reconstructions of IBA1-positive cells 

with perinuclear polySia signals (arrowheads). Scale bars, 100 µm in a, 20 µm in b and 5 µm in c.  
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To address the question, if the strong polySia signals were specifically associated with tumor cells, 

polySia was co-stained with an antibody recognizing the isocitrate dehydrogenase-1 mutation R132H 

(mIDH1R132H) (Capper et al., 2010). This approach was used, because there is no universal marker of 

GB cells with an IDH wildtype status. As shown in Fig. 2a, the strong polySia-signals were localized to 

the surface of IDH1R132H-positive tumor cells. Furthermore, the presence of polySia-NCAM, as 

suggested by previous studies (Amoureux et al., 2010; Mäkelä et al., 2014), was corroborated by co-

staining with NCAM-specific antibodies (Fig. 3.2b) and by Western blot analysis of protein extract of a 

polySia-positive GB specimen enriched by immunoprecipitation (IP) with polySia-specific antibody 

(Fig. 3.2c).  

 

 

 
Fig. 3.2 PolySia on GB tumor cells is associated with NCAM. a Example of polySia staining on mIDH1R132H-positive tumor 

cells. b Double staining of polySia and NCAM with 3D reconstruction for colocalization analysis. Scale bars, 10 µm. b 

Immunoprecipitation (IP) of polysialylated proteins from polySia-positive GB tissue lysate using polySia-specific mAb 735-

conjugated magnetic beads followed by Western blot (WB) detection with polySia-specific antibody (left), and, after 

stripping, with mAb 123C3, specific for the extracellular part of NCAM (right). Where indicated, IP fractions were treated 

with endosialidase (endo +), to remove polysialic acid. Despite the reduced access of mAb 123C3 to polysialylated NCAM 

(Hildebrandt et al., 1998), the high molecular weight smear obtained with polySia-specific antibody was partially detected 

by mAb 123C3. The shift of the signal towards a smaller apparent molecular weight indicates the loss of polySia-NCAM and 

the appearance of polySia-negative NCAM, as indicated. #1 denotes a band appearing after endosialidase treatment that 

migrates at the apparent molecular weight of the endosialidase monomers (Stummeyer et al., 2005) and cross-reacts with 

the IgG1- but not the IgG2a-specific secondary antibodies applied for the detection of NCAM and polySia, respectively. #2 

indicates a signal caused by the heavy chain of the antibody used for IP. 
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SIGLEC16 genotyping and detection of Siglec-11 and Siglec-16 on TAM 

For the cohort of n = 54 GB specimen from patients with OS information and for 32 additional cases 

with unknown clinical outcome the SIGLEC16 genotype was analyzed by PCR on tumor-derived DNA 

(Fig. 3.3a). Fifty-four out of eighty-six GB (62.8 %) were homozygous for SIGLEC16P, all of the other 

32 cases were heterozygous (SIGLEC16+/P, 37.2 %). When compared to database information for the 

overall population (Wang et al., 2012) the SIGLEC16 allele frequency and its penetrance in the GB 

group were not significantly different (Table 3.2). However, no SIGLEC16 homozygous subjects were 

detected in the GB group. Thus, compared to the 4.4% of SIGLEC16+/+ individuals in the overall 

population, this genotype was significantly underrepresented in GB (Table 3.2, right columns). 

Double staining of IBA1 with either Siglec-11- or Siglec-16-specific antibodies, respectively, revealed 

the presence of both Siglecs on TAM in 3 out of 3 investigated SIGLEC16+/P GB (Fig. 3.3b). As 

expected, no Siglec-16 was detected in 3 out of 3 SIGLEC16P/P cases, while Siglec-11 was still localized 

to the surface of IBA1-positive TAM (Fig. 3.3c).  

 

 

Table 3.2. SIGLEC16 allele frequency and penetrance 

 
cohort (n=54) 

+ 32 additional samples 
HapMap database 
(Wang et al. 2012) 

Fisher‘s exact test 

n 86 993  

SIGLEC16 allele frequency 0.186 0.220 p = 0.36 

SIGLEC16 penetrance [%] 37.2 38.7 p = 0.82 

SIGLEC16 +/+ [%] 0.0 4.4 p = 0.043 

 

 

 

 
 

Fig. 3.3 Genotyping of SIGLEC16 and detection of Siglec-16 protein in GB. a Bands from genomic PCR with primers specific 

for SIGLEC16 (upper panel) or SIGLEC16P (lower panel). Representative results from two GB specimen, one heterozygous 

(SIGLEC16+/P) the other homozygous for SIGLEC16P (SIGLEC16+/P). PCR without DNA (blank) or with DNA from THP-1 

macrophages with the genotype SIGLEC16+/P were used as negative and positive controls, respectively. b, c 

Immunofluorescence staining of Siglec-11 and Siglec-16 together with IBA1, as indicated. Representative examples of a 

SIGLEC16-positive (SIGLEC16+/P, b) and a SIGLEC16-negative tumor (SIGLEC16P/P, c) are shown. Nuclei were counterstained 

with DAPI (blue). Scale bar, 20 µm. 
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SIGLEC16 and polySia correlate with OS 

The cohort of n = 54 GB cases with known clinical outcome was stratified for the presence of polySia 

on tumor cells or for the presence of a functional SIGLEC16 allele. Both parameters were 

independent from each other as well as from age at tumor resection and sex (Table 3.3). 

Independent retrospective analyses showed for both the polySia- and the SIGLEC16-positive cases a 

significantly increased OS after tumor resection (Fig. 3.4a, b). Combined evaluation of both 

parameters revealed that the group of double-positive cases had a significantly better clinical 

outcome than the groups of polySia- and SIGLEC16-negative or polySia-positive, SIGLEC16-negative 

cases (Fig. 3.4c). Due to the low abundance of the polySia-negative, SIGLEC16-positive cases the 

outcome of this group could not be assessed adequately.  

 

Table 3.3: Characteristics of the cohort of n = 54 GB patients stratified for the presence of a 

functional SIGLEC16 allele or for the occurrence of polySia on tumor cells 

a. Characteristics of SIGLEC16-positive and -negative GB patients 

 SIGLEC16 P/P  SIGLEC16 +/P  Statistics 

n (%) 35 (65%) 19 (35%)   

Age [years] 
Median ± s.d. (range) 

58 ± 12 (35-80) 62 ± 12 (43-85) 
p = 0.09 
(t test) 

Gender (male/female) 16 / 19 11 / 8 
p =  0.62 
(Fisher’s exact test) 

Chemotherapy * 20 out of 35 (57 %) 13 out of 19 (68 %) 
p =  0.56 
(Fisher’s exact test) 

Cases with polySia-
positive tumor cells 

29 out of 35 (83%) 16 out of 19 (84%) 
p > 0.99 
(Fisher’s exact test) 

* temozolomide according to Stupp et al. (2005) 
 

b. Characteristics of GB patients with polySia-positive and -negative tumor cells 

 
With polysia-positive 
tumor cells 

Without polysia-positive 
tumor cells 

Statistics 

n (%) 45 (83%) 9 (17%)  

Age [years] 
Median ± s.d. (range) 

59 ± 13 (35-85) 57 ± 11 (43-78) 
p = 0.75 
(t test) 

Gender (male/female) 23 / 22 4 /5  
p > 0.99 
(Fisher’s exact test) 

Chemotherapy * 30 out of 45 (67 %) 3 out of 9 (33 %) 
p =  0.13 
(Fisher’s exact test) 

SIGLEC16 P/P cases  29 out of 45 (64%) 6 out of 9 (66%) 
p > 0.99 
(Fisher’s exact test) 

* temozolomide according to Stupp et al. (2005) 
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Fig. 3.4 OS analysis of GB cases stratified for polySia-positive tumor cells and SIGLEC16 genotype. Kaplan-Meier survival 

plots with log-rank test results and median OS of the GB cohort stratified for polySia on tumor cells (a), SIGLEC16 (b) or both 

parameters (c), as indicated. One case was censored because OS was zero. 

 

Increased expression of TNF in SIGLEC16 and polySia double-positive tumors 

The activation state of TAM was assessed by qPCR analysis of mRNA levels of the key 

proinflammatory cytokine TNF (Kratochvill et al., 2015) relative to the pan-macrophage marker AIF1 

(IBA1) (Donovan et al., 2018). Out of the 86 GB samples with known polySia and SIGLEC16 status, 

specimen with necrotic areas were excluded prior to RNA extraction and subsequent qPCR analysis. 

RNA of sufficient quality could be obtained and transcribed into cDNA from n= 4 polySia- and 

SIGLEC16-negative, n= 4 polySia-negative, SIGLEC16-positive, n= 6 polySia-positive, SIGLEC16-

negative and n= 5 polySia-positive, SIGLEC16-positive GB specimen. Despite a considerable variance, 

the relative TNF mRNA levels were significantly increased in the group of SIGLEC16-positive GB with 

tumor cell-localized polySia (Fig.3.5). 
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Fig. 3.5 Relative TNF mRNA levels in GB with known polySia and SIGLEC16 status. TNF and AIF1 mRNA levels were obtained 

by qPCR and ratios of TNF relative to AIF1 were calculated. Means and individual values of n=4 polySia- and SIGLEC16 

negative (polySia - /SIGLEC16 P/P), n=4 polySia-negative, SIGLEC16-positive (polySia - /SIGLEC16 +/P), n=6 polySia-positive, 

SIGLEC16-negative (polySia + /SIGLEC16 P/P), and n= 5 polySia-positive, SIGLEC16-positive GB specimen (polySia + /SIGLEC16 

+/P) are plotted. Square root transformation was performed to meet the assumption of equal variances. Two-way ANOVA 

revealed significant differences (interaction: F(1,15) = 6.82, p = 0.02; polySia: F(1,15) = 4.78, p = 0.045; SIGLEC16 genotype: F(1,15) 

= 24,62, 0.0002) and Tukey‘s post hoc test was applied for group comparisons (*, p < 0.05; ***, p < 0.001). 
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3.5 Discussion  

Molecular determinants influencing survival in GB are not well defined yet. It is therefore desirable to 

extent the present data base with particular regard to potential immune modulating factors, as these 

are a key predictor of clinical outcome (Finn, 2012). In the current study, we provide strong evidence 

that the presence of polySia on tumor cells is a favorable prognostic marker in particularly those GB 

patients that are capable of expressing functional Siglec-16. In the tumors of these patients we could 

demonstrate a higher expression of TNF, a key cytokine of proinflammatory macrophage polarization 

(Kratochvill et al., 2015), and show for the first time the presence of Siglec-11 and Siglec-16 on TAM. 

Together, the data imply that interactions of polySia on tumor cells with Siglec-16 on TAM lead to 

prolonged survival of GB patients by promoting a proinflammatory immune milieu.  

Evaluation of GB tissue samples by IF and IP revealed the presence of polySia-NCAM on the surface 

of the tumor cells. This is consistent with the detection of polysia-NCAM by sandwich ELISA and the 

histochemical co-localization of polySia and NCAM in GB as shown in two previous studies 

(Amoureux et al., 2010; Mäkelä et al., 2014). With the immunofluorescence staining method used in 

the current study, however, we detected tumor cell-associated polySia in 81.6 % of the GB patients, 

which is somewhat above the 70 % of polySia-positive cases identified by ELISA (Amoureux et al., 

2010) and considerably higher than the 19 % of positive GB discovered by histochemical staining with 

a fluorescently labelled, enzymatically inactive endosialidase variant (Mäkelä et al., 2014).  

Apparently, the immunohistochemical method used for the detection of polySia in the current study 

has a higher sensitivity than detection by ELISA or by inactive endosialidase. The latter may be due to 

different polySia binding properties of the inactive endosialidase (Mäkelä et al., 2014) as compared 

to mAb 735 (current study), or caused by differences in the staining procedure. Nevertheless, despite 

the conflicting results on the incidence of GB with polySia-positive tumor cells, the two studies 

consistently established an association of polySia-positive GB with increased survival and contrast 

with the study of Amoureux et al. (2010) describing polySia-NCAM as an unfavorable marker. The 

outcome also differs from the majority of studies on a number of other tumor entities, characterizing 

polySia as an adverse prognostic factor by promoting migration, invasiveness and metastatic growth 

of the tumor cells (Michalides et al., 1994; Scheidegger et al., 1994; Figarella-Branger et al., 1996; 

Glüer et al., 1998b; Glüer et al., 1998a; Hildebrandt et al., 1998; Daniel et al., 2001; Tanaka et al., 

2001; Seidenfaden et al., 2003; Trouillas et al., 2003; Eggers et al., 2011). In advanced stage 

neuroblastoma however, the absence of polySia-NCAM on tumor cells has been linked to 

unfavorable prognosis and decreased OS (Korja et al., 2009).  

Independent from the polySia status, a positive association with survival was also found for the 

SIGLEC16-positive cases, but the additional stratification for the presence of tumor cell-associated 

polySia revealed a better outcome for the polySia and SIGLEC16 double-positive cases. Furthermore, 

the expression of the proinflammatory cytokine TNF was increased in polySia and SIGLEC16 double-

positive GB specimen. The latter is highly consistent with the assumed function of Siglec-16 as an 

activating immune receptor for polySia on microglia and macrophages that counteracts the inhibitory 

receptor Siglec-11 and leads to enhanced proinflammatory cytokine expression (Cao et al., 2008; 

Schwarz et al., 2017). In view of the positive association of a proinflammatory immune milieu with 

increased survival in GB (Zeiner et al., 2015) the combined data for OS and TNF expression strongly 

support a model in which the survival of GB patients with at least one functional SIGLEC16 allele and 

a high production of polySia by the tumor cells is improved by polySia-Siglec-16 interactions that 

promote proinflammatory TAM activation.  
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In contrast to the 4.4% of SIGLEC16 homozygous individuals in the overall population (Wang et al., 

2012), none of the GB cases studied was homozygous for SIGLEC16. In keeping with the model 

proposed above, this observation could be explained by a lower risk of SIGLEC16 homozygous 

individuals for developing high grade glioma due to a more efficient immune surveillance (Chen and 

Hambardzumyan, 2018).  

Even in the absence of functional SIGLEC16, the presentation of polySia on tumor cells was 

associated with longer survival, although the effect was significantly weaker than in the SIGLEC16-

positive cases. The TNF expression level in tumors with this constellation, however, was not elevated. 

It was also not different from TNF expression in SIGLEC16-negative cases with polySia-negative tumor 

cells. This implies that potential interactions of polySia with the inhibitory Siglec-11 as the remaining 

polySia receptor on TAM in SIGLEC16-negative tumors have no impact on TNF expression and are not 

involved in the mechanisms that lead to improved survival in the group of SIGLEC16-negative 

patients with polySia-positive tumor cells. In the absence of proinflammatory activation via Siglec-16 

the unique polarization state of TAM in high grade glioma, which includes an increased production of 

anti-inflammatory factors such as transforming growth factor β (TGF-β), ARG1 and IL-10 

(Hambardzumyan et al., 2016), may prevent an inhibition of TNF expression by activation of Siglec-11 

as demonstrated in a cell culture model of proinflammatory macrophage activation (Shahraz et al., 

2015). In the SIGLEC16-negative, polySia-positive cases therefore, polySia seems to have an 

additional effect that is independent of interactions with Siglec-11 or Siglec-16 on TAM. Such a Siglec-

independent role of polySia in GB could involve any of the other extensively studied mechanisms of 

polySia (for review, see Schnaar et al., 2014). These include the well described modulation of cell 

adhesion, as well as interactions of polySia with growth factors or, as shown more recently, with 

chemokines (Kiermaier et al., 2016), which may differ between GB and those tumors for which 

polySia has been firmly established as an adverse factor. Clearly, this needs to be further explored in 

future studies.  

Another interesting finding of the current study was the detection of TAM with intracellular, 

perinuclear polySia immunoreactivity. These cells occurred independently from the presence of 

polySia on tumor cells but were extremely rare. Their polySia pattern, however, is reminiscent of the 

pool of polysialylated proteins accumulating in the Golgi compartment of cultured microglia and 

macrophages (Werneburg et al., 2016), and to the perinuclear polySia staining observed in a 

transient activation state of microglia surrounding the lesion site in a mouse model of traumatic 

brain injury (TBI; Thiesler et al., submitted). Based on the observation that inflammatory activation of 

cultured microglia leads to a rapid depletion of polySia signals detectable by immunostaining and to 

a long-lasting shedding of polysialylated proteins by immuno-negative cells, it has been inferred that 

the amount of polySia released by injury-induced microglia in TBI is much higher than anticipated 

based on immunohistochemistry (Thiesler et al., submitted). Correspondingly, the scarce population 

of polySia-positive TAM detected by immunohistochemistry on GB sections may be indicative for the 

release of significant amounts of polySia-bearing proteins by other inflammatory activated TAM that 

are immuno-negative for polySia. Although it was not possible to properly assess the very small 

group of SIGLEC16-positve cases without polySia presentation on tumor cells, it is noteworthy that 

this group showed longer OS and slightly increased TNF expression when compared to the 

corresponding SIGLEC16-negative cases. Hence, there is a possibility that not only tumor cell-

associated polySia but also the release of polySia by TAM and its interaction with Siglec-16 

contributes to an inflammatory microenvironment that has an impact on GB outcome. However, 
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studies with larger patient populations as well as investigations in cellular models are needed to 

resolve this issue.  

So far, our knowledge on the mechanisms of Siglec-11 and Siglec-16 activation by polySia and their 

impact on microglia and macrophage polarization is limited, mainly because this paired polySia 

receptor system is uniquely human and has no comparable counterpart in mice (Wang et al., 2012). 

To the best of our knowledge, the current study provides the first in vivo evidence for the relevance 

of the polySia-Siglec axis in human malignancies and offers a mechanistic explanation for the 

association of functional SIGLEC16 with increased survival of GB patients.  
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Chapter 4 General Discussion and Outlook 

It has long been assumed that polySia-related functions are not restricted to the mediation of cell-

cell interactions, but the mechanisms of these other functions remained largely elusive (Hildebrandt 

et al., 2007). Only recently, it could be shown how polySia is involved in e.g. binding of the 

chemokine CCL21 to enable recognition of CCL21 by its receptor CCR7 and to thereby regulate 

interstitial chemotaxis of DCs (Kiermaier et al., 2016). The current thesis provides strong evidence for 

another novel mechanism of polySia function in innate immune cells. For microglia and, most likely, 

also macrophages, it has been demonstrated that they are able to produce and shed polysialylated 

proteins in response to inflammatory activation (Werneburg et al., 2015a; Werneburg et al., 2016). 

Now, as summarized in Fig. 4.1, Siglec-E could be identified as the receptor that is (i) responsible for 

the recognition of polySia, which is presented as a result of this release, and (ii) able to translate this 

into an inhibitory response. This newly assigned function as a polySia receptor in the negative 

feedback regulation of microglia activation establishes Siglec-E as a functional equivalent of human 

Siglec-11.  

  

Figure 4.1. Proposed negative feedback-mechanism operated by the polySia-Siglec axis in the murine and the human 

system. PPRs = pattern recognition receptors, DAMPs = damage-associated molecular patterns, PAMPs = pathogen-

associated molecular patterns. 

A comparable function of Siglec-E and Siglec-11 is supported by the similar amounts of externally 

added polySia needed for efficient inhibition of LPS-induced murine BV2 microglia (this study) and 

human THP-1 macrophages (Shahraz et al., 2015). This appears inconsistent with the observation of 

Karlstetter et al. (2017) that at least ten-fold more polySia is needed to achieve a comparable 

inhibition of murine stem cell-derived microglia, as compared to the THP-1 macrophages. The 

discrepancy to the current study could be due to the different murine microglial cells investigated. 

However, another important difference between the two studies is that polySia with an average DP 

of 20 and a narrow range of different DPs was applied by Karlstetter et al. (2017), whereas polySia 
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with a broad range of DPs ranging from DP5 to at least DP100 and an average DP of 50 was used in 

the current study. Therefore, the higher sensitivity observed in the current study could also be 

caused by the presence of more physiologically active ligand in polySia with avDP50. Hence, it 

appears possible that polySia chains of a length required for an optimal activation of Siglec-E are 

underrepresented in the polySia fraction with avDP20.  

High-avidity interactions of Siglecs usually require clustering of receptors (Crocker et al., 2007). 

Because polySia presents multiple α2,8-linked di- or oligosialo motifs, the effect of polySia could 

depend on the induction of receptor oligomerization by a binding mode in which Sia residues within 

a chain are recognized. This is a likely reason, why oligoSia with a DP of 3 presented on a glycan array 

is able to bind Siglec-E (Redelinghuys et al., 2011), whereas DP3 is not able to induce Siglec-E 

dependent anti-inflammatory signaling of microglia (current study). Moreover, this may cause 

different chain length requirements for the activation of the human and murine polySia receptors. 

Therefore and to design optimized polySia as a tool to modulate innate immune responses, it will be 

necessary to characterize the activation profile of the Siglecs by polySia with defined DPs. An 

important first step towards this goal is the ability to produce polySia fractions consisting of single 

DPs. A respective method based on anion-exchange chromatography has been established (Dityatev 

et al., 2019; see Appendix, Chapter 6.2).  

Another pending issue is the question if the inhibition of microglia and macrophages by the polySia-

Siglec axis as established in vitro is of relevance for the regulation of immune responses in vivo. 

Concerning the experimental application of polySia, it has been demonstrated that intravitreal 

injection of avDP20 limits laser-induced retina damage by macrophage inhibition in a mouse model 

with transgenic expression of Siglec-11 (Karlstetter et al., 2017). In contrast, the detection of polySia 

in microglia activated in response to brain injury, as described in the current study, opens up the 

possibility that a negative feedback loop by polySia shedding and Siglec-E dependent inhibition exists 

in vivo. Although these polySia-positive microglia were rare, their distribution around the site of 

lesion indicates a transient accumulation of polySia followed by shedding. Together with the 

demonstration of continuous shedding of polySia by activated microglia in vitro, these findings 

suggest the presence of a significant amount of injury-induced and actively polySia-releasing 

microglia under these pathological conditions. So far however, only a single time point of seven days 

after the lesion has been studied, but based on these initial encouraging findings it is worthwhile to 

study the time course of the appearance and spatial distribution of the polySia-producing cells in 

detail. To address the impact of microglia derived polySia in TBI in future studies, a comparison of 

St8sia4- and Ncam-double-deficient with only Ncam-deficient mice would be a suited approach 

because, based on current knowledge, the distinguishing feature between these mouse models 

should be the expression of polySia in microglia and macrophages (Werneburg et al., 2015a; 

Werneburg et al., 2016).  

Since only the transient accumulation of polySia in injury-induced microglia can be detected by IF, it 

will be crucial to isolate and quantify soluble polysialylated protein present in the traumatized tissue 

in order to verify the assumed release. The immunoaffinity chromatography protocol as described in 

chapter 2 appears to be a suited method to enrich these polysialylated proteins. As an alternative 

approach a sandwich ELISA for the specific detection of polySia-NRP2 and/or polySia-ESL-1 could be 

established, similar to the method used by (Piras et al., 2015) to quantify polySia-NCAM in serum 

samples. Detection of soluble polysialylated proteins in TBI as a proof-of-principle would open up the 

possibility to ask for shedding of polysialylated proteins in the context of e.g. neurodegenerative 
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conditions with prominent contribution of microglia activation (Colonna and Butovsky, 2017). This 

may open up new avenues to target microglia in brain disorders (Priller and Prinz, 2019). 

So far it has been assumed that Siglec-11 has no functional equivalent in mice and, as a consequence, 

it has been inferred that mouse models cannot be used to study the impact of polySia on 

neuroinflammation, as long as they are not humanized by transgenic expression of Siglec-11 (Wang 

and Neumann, 2010; Karlstetter et al., 2017). Based on the evidence that Siglec-E in mice and Siglec-

11 in humans induce a comparable inhibition in response to polySia in vitro, it seems worthwhile to 

reassess this view. Similar functions of murine and human polySia receptors are further supported by 

the observation that cultured human macrophages and murine microglia consistently show an 

accumulation of polySia in the Golgi, which in both cell types is attached to NRP2 and ESL-1 and lost 

in response to LPS (Werneburg et al., 2016). In light of the seemingly transient accumulation of 

polySia during microglia activation in TBI, the presence of Golgi-localized polySia in cultured microglia 

appears to correspond to a transitional activation state. The permanent presence of Golgi-localized 

polySia in vitro might be caused by the cell culture conditions. It is known, that xenogeneic factors 

present in supplements like fetal bovine serum activate microglia and macrophages (Kettenmann et 

al., 2011). It might be an interesting topic for future studies to investigate, if microglia cultured under 

xenogeneic-free conditions can acquire a state that resembles more closely the non-activated 

microglia in vivo. These cells may be characterized by the absence of Golgi-confined polySia. 

Beyond the function of polySia as a Siglec ligand, it remains open why microglia and macrophages 

produce polySia on the two different protein carriers, NRP2 and ESL-1. One possibility is that both 

carriers differ in their polySia characteristics and therefore may play different roles. This may concern 

the binding and activation of Siglecs or other functions, such as interactions with chemokines or 

growth factors, which may require polySia of different chain lengths (Kanato et al., 2008; Ono et al., 

2012; Kiermaier et al., 2016). To analyze possible differences in the pattern of polySia chain lengths, 

lines deficient for each of the two protein carriers should be established to enable the analyses of the 

remaining polysialylated protein. This could then be isolated by affinity chromatography, followed by 

subsequent characterization of the polySia chain length pattern using the well-established HPLC 

separation of fluorescently labelled polySia (Galuska et al., 2006; Kallolimath et al., 2016). Moreover, 

the protein part could be of importance. For example, ESL-1 was described to bind to the 

extracellular matrix (Zhou et al., 1997). This may affect the diffusion and spatial distribution of the 

polySia, depending on its protein carrier.  

Concerning the characterization of SIGLEC16 as a favorable prognostic factor, it is remarkable that 

homozygous SIGLEC16 subjects were underrepresented in the analyzed patient collective. At first 

sight this appears contradictory to the observation that the group of patients with a functional 

SIGLEC16 gene and the presence of polySia on tumor cells had the best prognosis. Based on the 

increased proinflammatory activation of TAM as a tumor regression promoting factor and the high 

incidence of polySia in low grade glioma (Mäkelä et al., 2014), it seems possible that individuals 

homozygous for SIGLEC16 are at a low risk to develop glioblastoma with a clinical manifestation.  

Due to the low numbers of patients without polySia-positive tumor cells, the outcome of tumors that 

only present polySia in a small fraction of TAM could not be related to the SIGLEC16 status, and the 

slightly elevated level of TNF expression in SIGLEC16-positive cases without polySia-positive tumor 

cells did not reach statistical significance. Therefore, a possible impact of TAM-derived polySia on the 

activation status should be analyzed in a larger cohort. In addition, it could be rewarding to study the 
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impact of Siglec-16 on the polySia response of macrophages. However, attempts to specifically 

knockout Siglec-11 from SIGLEC16 heterozygous THP-1 macrophages failed, most likely due the high 

level of homology between the two genes (Karlstetter et al., 2017) and so far, the response of Siglec-

16-positive and -negative macrophages to polySia has not been studied. Human induced pluripotent 

stem cell-derived macrophages obtained from SIGLEC16-positive and -negative donors would be a 

suited model system to address this question.  

Together, the data of this thesis identify the polySia-Siglec-axis as a feedback system in the regulation 

of microglia and macrophage activation. Combining expertise in immunology and glycan biology, 

future research should aim at a better understanding of its role in the innate immune response. The 

association of polySia and SIGLEC16 with increased survival of GB patients points towards the 

relevance of this system in vivo. In addition to their prognostic value, polySia and Siglec-16 might be 

rewarding targets for therapeutic intervention.  
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