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1. Introduction 

1.1 Mucins 

In order to protect underlying cells the intestinal, the respiratory as well as the 

reproductive tract are coated with mucus (Hansson 2019), mainly consisting of water, 

ions and macromolecules (Ma, Rubin and Voynow 2018). The predominant 

macromolecules are highly glycosylated proteins, called mucins, which can be 

separated into membrane-bound and secreted proteins (Bansil and Turner 2006, 

Tsiligianni et al. 2003, Corfield 2015, Pluta et al. 2012, Perez-Vilar and Hill 1999). 

Produced by epithelial cells, mucins have a protective function against infection, 

dehydration and physical and chemical injury and play a predominant role in 

reproduction (Kufe 2009, Perez-Vilar and Hill 1999). As highly glycosylated 

glycoproteins they are mainly characterized by a large molecular weight (0.5 MDa up to 

20 MDa (Pluta et al. 2012, Bansil and Turner 2006)) and a high O-glycan content, 

which accounts for up to 80% of the molecular weight (Bansil and Turner 2006, 

Tsiligianni et al. 2003, Pluta et al. 2012, Rose and Voynow 2006). Furthermore, 

secreted mucins manifest an extensive and variable number of tandem repeats (TR) in 

the protein backbone, which makes up around 20% of the molecular weight (Pluta et al. 

2012, Bansil and Turner 2006, Rose and Voynow 2006). Those TR are rich in serine, 

threonine and proline and account for around 60% of the amino acids (Bansil and 

Turner 2006). As serine and threonine are the sites of O-glycosylation the amount and 

length of TR determine a mucins degree of glycosylation and therefore its chemical 

properties (Rose and Voynow 2006). Additionally, the N-terminus of secreted mucins is 

characterized by a cysteine rich area followed by a sequence similar to von Willebrand 

factor (vWF) D and the C-terminus hosts a sequences similar to vWF D followed by a 

sequence similar to vWF C, which ends in a cysteine rich region (Bansil and Turner 

2006). Those cysteine rich areas are responsible for the linkage of monomers through 

disulfide bonds (Figure 1), contributing to the formation of mucus gel (Ambort et al. 

2011, Desseyn 2009). In contrast, membrane-associated mucins are monomeric with 

characteristic membrane peptide domains, which facilitate a broad range of biological 

functions as a part of the glycocalyx (Corfield 2015). 
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Figure 1: Schematic illustration of secreted mucins (inspired by (Yang and Nauwynck 2015)). Mucin 

dimer. Mucins are highly glycosylated proteins. At the N-terminus as well as at the C-terminus secreted 

mucins are characterized by a cysteine rich area, responsible for the linkage of monomers through 

disulfide bonds (yellow). The glycan structures (green) consist of different amounts of glycans, each 

beginning with N-Acetylgalactosamine. Depending on the distribution of glycans, the properties of mucins 

change. The terminating glycan is often a sialic acid (Neu5Ac) residue. These acidic α-keto acids can be 

linked to galactose (Gal) with α2,3-;2,6-linkages or to each other by α2,8-linkages (Yang and Nauwynck 

2015). 

1.1.1 Mucins in health and disease 

Nowadays two distinct functions of mucins are defined: the cleaning of the surface by 

washing away bacteria as well as cell debris and the protection of the surface by 

coating epithelial cells (Hansson 2019). Since the function depends on the localization 
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of mucins, their role in health and/or disease in different mucin coated organs is 

focused in the following. 

In the small intestine: In healthy intestines the mucus layer effectively protects the 

epithelial cells (Johansson et al. 2008). Rich in antimicrobial peptides and proteins, 

produced by Paneth cells at the crypt bottom, the mucus does not exclude bacteria by 

size but does effect bacterial survival (Clevers and Bevins 2013, Hansson 2019). The 

most prominent mucin within the small intestine is mucin 2 (MUC2). MUC2 is linked to 

goblet cells after secretion and detachment is initiated by bicarbonate-mediated 

unfolding of the N-termini of MUC2, offering the cleavage site for meprin-beta 

(Hansson 2019, Schütte et al. 2014). Patients suffering from cystic fibrosis (CF) show a 

mucus accumulation within the distal ileum due to a mutation of the cyclic adenosine 

monophosphate regulated chloride channel (CFTR channel), causing a decreased 

bicarbonate release, preventing MUC2 detachment (Hansson 2019, Gustafsson et al. 

2012).  

In the colon: Within the colon two mucus layers exist, which are separated into the 

outer and inner mucus layer. The outer mucus layer hosts bacteria (Hansson 2019), 

whereas the inner mucus layer is linked to goblet cells, excluding pathogens by size 

(Ambort et al. 2012). Each crypt opening is protected by one sentinel goblet cell 

(Birchenough et al. 2016, Hansson 2019), which exerts their function by endocytosis of 

toll like receptor (TLR)-2;-4;-5 ligands. This endocytosis in turn leads to an activation of 

Myeloid differentiation primary response 88 (MyD88), NADPH oxidase (Nox), Dual 

oxidase 1 (Duox) and finally the NLRP6 inflammasome and caspase 1 and 11, causing 

a rise of the calcium level, initiating goblet cells and sentinel goblet cells to exocytose 

compounds. Goblet and sentinel cells form a mucus plume, able to trap and move 

away bacteria. Unfortunately, patients suffering from ulcerative colitis lack sentinel 

goblet cells, contributing to the absence of the bacterial barrier (Hansson 2019). 

In the respiratory tract: Within the respiratory tract mucins play a further essential 

role. Although, we are inhaling particles and pathogens, our lungs are clean, due to 

mucus-associated pathogen entrapment, phagocytosis of pathogens by airway 

macrophages and the subsequent removal by mucociliary clearance (Ermund et al. 

2017, Hoegger et al. 2014, Dagenais and Keller 2009). Interestingly, patients suffering 

from CF show a mutation on the gene encoding for the CFTR channel expressed on 

the apical surface of lung cells and epithelial tissue. The resulting dysfunction causes 

dehydration and affects the pH as well as the electrolyte and mucus concentration of 
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the airway surface liquid, contributing to an altered mucociliary transport (Henderson et 

al. 2014, Cowley et al. 2017, Button et al. 2012, Tang et al. 2016, Hoegger et al. 2014). 

The increased mucus concentration due to the interplay of increased mucin expression 

(MUC5AC by goblet cells, MUC5B by submucosal glands and goblet cells) and the 

missing detachment of MUC5B from goblet cells in combination with decreased 

hydration ends up in a stagnation of the flow, leading to the accumulation of pathogens 

(Button et al. 2012, Kirkham et al. 2002, Hansson 2019, Ermund et al. 2018, 

Gustafsson et al. 2012). The missing mucociliary clearance allows e.g. Pseudomonas 

aeruginosa, Staphylococcus aureus or Aspergillus fumigates to germinate and to 

establish chronic infections (Middleton, Chen and Meyer 2013, Lyczak, Cannon and 

Pier 2002, Cullen and McClean 2015). 

In the breast: The most common cancer type in woman worldwide is breast cancer, 

showing an overexpression of MUC1, which therefore serves as a tumour marker 

(Duffy, Evoy and McDermott 2010). In addition, rectal, prostate, lung and pancreatic 

cancer are also associated with mucins (excellently summarized in (Deng et al. 2013, 

Chauhan et al. 2006)).  

In the reproductive tract: In the early stages, the work on mucins within the 

reproductive tract was mainly focused on MUC1 expression in the uterus. In mice 

MUC1 is highly expressed during the peri-implantation period, but has to be removed 

at the site of implantation between day 1 and 4.5 of pregnancy for a successful 

implantation of the embryo (Braga and Gendler 1993). Nowadays it is well known, that 

mucins play many further roles within reproduction. For instance, MUC16 can be found 

in the peripheral blood of patients suffering from ovarian cancer, serving as a tumour 

marker, known as cancer antigen 125 (Belisle et al. 2010). In addition, around 90% of 

malignant ovarian tumours are characterized by MUC4 expression, which is absent or 

almost undetectable in healthy patients (Chauhan et al. 2006). Regarding cervical 

mucins, the glycosylation pattern changes during menstrual cycle: while cervical 

mucins represent an antimicrobial barrier during the ongoing pregnancy, they permit 

sperm transport during estrus (Pluta et al. 2012, Andersch-Björkman et al. 2007). 

The oestrous cycle can be separated in two different phases: the luteal and the 

follicular phase. In between those phases, ovulation occurs. The follicular phase is 

devoted to the selection of a dominant follicle. In response to the decreasing levels of 

oestrogen due to the regression corpus luteum from the previous cycle, the 

concentration of the follicle stimulating hormone (FSH) increases (Bates and Bowling 
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2013). As FSH levels continue to rise, the dominant follicle emerges and secretes 

oestrogen (Goodman and Hodgen 1983), which induces a surge of gonadotropin-

releasing hormone (GnRH) from the hypothalamus. GnRH itself induces the increased 

release of luteinizing hormone (LH) and FSH from the hypophysis (Ramírez-González 

et al. 2016). FSH and LH cause further follicle growth and stimulate ovulation (Raju et 

al. 2013). During ovulation, the oocyte is released and the luteal phase is initiated. 

When fertilization occurred, the corpus luteum is formed from the collapsed ovulated 

follicle and progesterone levels increase (Vande Wiele et al. 1970, Ramírez-González 

et al. 2016). The embryo is implanted in the endometrium and produces human 

chorionic gonadotropin, contributing to the retention of the corpus luteum by supporting 

its production of progesterone (Catt, Dufau and Vaitukaitis 1975). Human endocervical 

epithelium express MUC1, MUC4, MUC5AC, MUC5B and MUC6 (Gipson et al. 1997), 

while bovine endocervical epithelium express MUC1, MUC4, MUC5AC, MUC5B, 

MUC16 and MUC20 (Pluta et al. 2012). According to Katz et al. the release of 

oestrogen during the follicular phase contributes to the secretion of highly hydrated 

mucus (up to a water content of 96%), enabling sperm to pass the cervix, whereby 

through the rising progesterone levels during the luteal phase, cervical mucus gets 

thick and viscous, serving as a competent antimicrobial barrier during the ongoing 

pregnancy (Pluta et al. 2012, Katz, Mills and Pritchett 1978, Morales, Roco and Vigil 

1993). Thus, it is not surprising, that humoral dysfunctions may cause infertility, by 

rendering cervical mucus inadequate for sperm transport (Jequier 2006). This is in line 

with the detection of Bigelow et al., that the mucus hydration is more influential on the 

incidence of pregnancy than coitus at the time of ovulation (Bigelow et al. 2004). 

However, when sperm enter the female reproductive tract, they immediately have to 

handle further challenges like the low pH of the vaginal fluid (Miller 2018) and the 

initiated immune response. According to Tyler et al. and Pandya et al. in rabbit’s and 

humans, vaginal insemination contributes to the migration of neutrophils and 

macrophages to the vagina as well as the cervix, combatting excess of sperm, seminal 

debris and invading pathogens mainly by phagocytosis, the release of reactive oxygen 

species and the liberation of antimicrobial peptides (Tyler 1977, Brinkmann et al. 2004, 

Pandya and Cohen 1985). Additionally, in 2004 Brinkmann et al. detected a further 

mechanism of neutrophils to combat invading pathogens, the release of neutrophil 

extracellular traps (NETs) - called NETosis: a trapping and killing instrument of 

neutrophils, which might not just serve as a pitfall for pathogens within the ejaculate, 

but also for the sperm themselves (Brinkmann et al. 2004, Hahn et al. 2012).  
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1.2 Neutrophils 

Neutrophil granulocytes, also called polymorphonuclear leukocytes, are the most 

frequent leukocytes of the innate immune system (Borregaard 2010). They are 

produced in large numbers in the bone marrow (~1-2*1011cells per day in an adult 

human) (Mayadas, Cullere and Lowell 2014, Breedveld et al. 2017) and 

morphologically they are characterized by cytoplasmic granules and their lobed 

nucleus (Figure 2) (Lothar Rink 2015). In case of an inflammation, neutrophils are the 

first mechanism of defence (Kessenbrock et al. 2008, Lekstrom-Himes and Gallin 

2000, Nathan 2006) and interestingly, neutrophil production within the bone marrow is 

upregulated in case of infections (Murphy 2018). They exit circulation selectin-derived 

via trans endothelial migration (Nel et al. 2016) and arrived at the side of inflammation, 

they perform their function by phagocytosis as well as by the release of antimicrobial 

peptides and reactive oxygen species (ROS) (Brinkmann et al. 2004, Nauseef 2007, 

Papayannopoulos and Zychlinsky 2009, Urban et al. 2009). Moreover, neutrophils are 

able to perform a ‘beneficial suicide’, called NETosis-characterized by the release of 

neutrophil extracellular traps (NETs) consisting of antimicrobial molecules 

(myeloperoxidases (MPO), neutrophil elastases (NE), lactoferrin (LF), defensins 

(DE)…), decondensed chromatin fibres and cytotoxic histones (Brinkmann et al. 2004, 

Nauseef 2007, Papayannopoulos and Zychlinsky 2009, Urban et al. 2009). As for 

example histones are also toxic for endogenous cells (Hariton-Gazal et al. 2003, 

Rosenbluh et al. 2004), subsequent clearance of dying neutrophils is not only essential 

for the controlling of the infection, but also for the resolution of the inflammatory 

response and the maintenance of homeostasis (Allen and Criss 2019). 

 

Figure 2: Characteristics of neutrophils. Isolated bovine neutrophils show the characteristic segmented 

nuclei and cytoplasmic granules. Cells were stained with DAPI (blue) and anti-bovine lactoferrin antibody 

(red) or anti-neutrophil elastase antibody (green). Scale bars 10 µm. 
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1.2.1 The mechanism of NET release 

NETosis can be induced by physiological agonists, such as interleukin-8 (IL-8) or 

microbe-associated surface proteins like lipopolysaccharides (LPS) or N-

formylmethionine-leucyl-phenylalanine (fMLP), gram-positive and gram-negative 

bacteria, viruses, fungi and platelets as well as non-physiological stimuli, like calcium 

ionophores and phorbol myristate acetate (PMA) (Brinkmann et al. 2004, 

Niedźwiedzka-Rystwej et al. 2019). In addition, very recently, Zwarotniak et al. 

described UVB and UVA induced formation of NETs, assumed to be involved in photo 

aging of the skin (Zawrotniak, Bartnicka and Rapala-Kozik 2019) and Mohanty et al. 

detected sialyl lewis X-L-selectin-interaction dependent NET formation in human saliva 

(Mohanty et al. 2015).  

In general, NETosis can be initiated by ligand binding to TLRs, receptors for IgG-Fc, 

complement or cytokines (Garcia-Romo et al. 2011, Papayannopoulos et al. 2010, 

Brinkmann et al. 2010, Brinkmann et al. 2004, Niedźwiedzka-Rystwej et al. 2019). 

Upon PMA recognition, which resembles diacylglycerol and therefore mimics NET 

induction by bacteria and fungi (Petretto et al. 2019), a calcium influx from the 

endoplasmic reticulum is triggered, activating the protein kinase C (PKC), necessary 

for the activation of NADPH oxidase enzyme complex, also called phagocytic oxidase 

(PHOX) (Brinkmann and Zychlinsky 2012, Nel et al. 2016, Desai et al. 2016). PKC is 

presumed to regulate the activation of the Raf-MEK-ERK pathway, whereby ERK1/2 is 

assumed to activate the NADPH oxidase by phosphorylation (Brinkmann and 

Zychlinsky 2012, Nel et al. 2016, Desai et al. 2016, Dwivedi and Radic 2014, 

Brinkmann 2018, Hakkim et al. 2011). In the following, the enzyme complex produces 

ROS, which serve as substrate for MPO. MPO generates hypochlorous acid (HOCl), 

which destroys the complex of MPO and NE, releasing NE (stored in the granular), via 

a not yet fully understood pathway, without rupture of the granular membrane in the 

cytoplasm (Brinkmann and Zychlinsky 2012, Nel et al. 2016). NE further enters the 

nuclei. There it degrades histone H4. Furthermore, MPO is detected in the nuclear 

fraction in later stages of NET formation, assumed to contribute to DNA 

decondensation independent of its enzymatic activity (Papayannopoulos et al. 2010). 

Simultaneously, the peptidylarginine deimindase 4 (PAD4) migrates from the cytoplasm 

to the nucleus (de Bont et al. 2018) and mediates deamination of histones (Hemmers 

et al. 2011), causing histone hypercitrunillation (conversion of arginine to citrulline) 

(Wang et al. 2009, Odqvist et al. 2019), promoting NET formation by inducing DNA 
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decondensation and simplifying the expulsion of DNA coated with antimicrobial 

peptides (Rohrbach et al. 2012) (Figure 4).  

 

Figure 3: The mechanism of NET release. After the activation of the NADPH oxidase, which causes the 

production of ROS, NE and MPO translocate to the nuclei, contributing to the decondensation of the DNA 

by degrading histones. As a further protein, PAD4 translocates to the nuclei, responsible for citrunillation of 

histones. As with decondensation of the DNA the volume increases, nuclear membrane ruptures, leading 

to a mixture of decondensed DNA fibers and antimicrobial peptides within the cytoplasm. As a final step, 

the plasma membrane ruptures, releasing NETs in the extracellular area [modified (Zawrotniak et al. June 

7th 2017) CC-BY 3.0.] 

However, just a few cells stained positive for citrunillated histone H3 after stimulation 

with PMA. Interestingly, experiments with phenylmethlysulfonylfluorid (PMSF), a serine 

protease inhibitor allowed the detection of citrunillated histones on NETs induced by 

PMA in high quantities, indicating that citrunillated histone H3 is quickly degraded 

under physiological conditions (de Bont et al. 2018). DNA decondensation results in the 

swelling of the nuclei, contributing to the rupture of the core membrane and under the 

influence of ROS the granular membrane ruptures as well, releasing antimicrobial 

molecules in the cytoplasm. As a final step the plasma membrane ruptures, releasing 

the mixture, consisting of decondensed chromatin fibres, antimicrobial molecules and 
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cytotoxic histones in the extracellular area (Papayannopoulos et al. 2010, Brinkmann 

and Zychlinsky 2012, Yang et al. 2016) (Figure 4). 

 

Figure 4: NET release by bovine neutrophils. LPS stimulation (20 µg/mL) leads to the release of DNA 

fibres (DAPI, blue) decorated with neutrophil specific antimicrobial proteins like lactoferrin (Red). Scale 

bars: 20 µm. The term “merged” indicates the overlay of both stainings. 

1.2.2 NET-associated pathologies 

As already mentioned, neutrophils are recruited in the female reproductive tract after 

insemination and according to Hahn et al. an excessive release of NETs would not only 

eliminate pathogens, induced during mating, but also serve as a trap for sperm, 

assumed to contribute to infertility (Figure 5) (Alghamdi and Foster 2005, Hahn et al. 

2012). 

Interestingly, independent of the presence of further pathogens, according to 

Zambrano et al., sperm themselves induce NET release dependent on time and 

dosage, resulting in decreased sperm motility (Zambrano et al. 2016).  
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Figure 5: NET release within the reproductive tract. Neutrophils can either phagocytize less motile 

sperm or can trap those in NETs, contributing to infertility (Hahn et al. 2012) CC-BY. 

In addition to infertility, an excessive NET release and a missing clearance of NETs are 

further associated with life-threatening diseases, like small vessel vasculitis (SVV), 

preeclampsia, rheumatoid arthritis, ulcerative colitis, thrombosis, atherosclerosis, the 

formation of gall stones and CF, just to mention a few (Brill et al. 2012, Hakkim et al. 

2010, Fuchs et al. 2010, Brinkmann and Zychlinsky 2012, Kaplan 2013, Kessenbrock 

et al. 2009, von Brühl et al. 2012, Muñoz et al. 2019). For instance, NETs accumulate 

in case of a reduced blood flow over a certain period of time (venous thrombi) or 

damage of endothelium (arterial blood clots), acting as a scaffold for the formation of a 

thrombus. Accessorily, NE cleaves the tissue factor pathway inhibitor (TFPI), thus 

indirectly activates the coagulation cascade, whereby extracellular histones enhance 

the thrombin generation triggering platelet activation and coagulation, also contributing 

to the formation of a thrombus (Fuchs et al. 2010, Clark et al. 2007, Caudrillier et al. 

2012, von Brühl et al. 2012). Moreover, healthy lungs are frequently cleaned by 

sweeping of the surface by the mucus bundles formed by MUC5B. However, in 

patients suffering from CF, CFTR is mutated, contributing to low levels of bicarbonate, 

necessary for the detachment of MUC5B from the goblet cells, causing a stagnated 

mucin layer (Hansson 2019, Ermund et al. 2018, Gustafsson et al. 2012). This 

attached, tenacious mucus in turn facilitates the accumulation of pathogens like 

Staphylococcus aureus, Haemophilus influenza and Pseudomonas aeruginosa, leading 

to a neutrophil-rich inflammation. According to Brinkmann et al. due to NET release 

high amounts of extracellular DNA are present in patients suffering from CF, probably 

enhancing the viscosity of CF sputum, decreasing lung function (Brinkmann and 

Zychlinsky 2012, Manzenreiter et al. 2012). With the aim to decrease sputum viscosity, 

patients are nowadays treated with recombinant DNase (Rahman and Gadjeva 2014). 

Thus, it is not surprising, that it is a medical concern to prevent an exaggerated NET 

release and that several control mechanisms must work efficiently to prevent an 

excessive release of NETs, as described in the next chapter. 



 Introduction  

 

 
11 

 

1.2.3 Control mechanisms of NET  

Physiological control mechanisms exist to inhibit an exaggerated release of neutrophil 

extracellular traps. For instance, very recently Lizcano et al. published that glycophorin 

expressed on erythrocytes inhibits NET release within circulation by the binding of its 

sialic acids to sialic acid binding immunoglobulin-like lectin-9 (Siglec-9) on the surface 

of neutrophils (Lizcano et al. 2017). Moreover, the biological component heparin is not 

just able to inhibit histone-mediated cytotoxicity, but is also able to release histones 

from NET, causing destabilization of NETs (Fuchs et al. 2010). In addition to heparin, 

polysialic acid (polySia) represents an antagonist of the cytotoxic effects of histones, 

too (Ulm et al. 2013, Saffarzadeh et al. 2012, Zlatina, Lütteke and Galuska 2017). 

PolySia, which occurs in the plasma of different species, affects histone-mediated 

cytotoxicity dependent on the concentration as well as chain-length (Galuska et al. 

2017b, Galuska et al. 2017a, Zlatina et al. 2018) (Figure 6).  
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Figure 6: How glycans modulate the formation and outcome of neutrophil extracellular traps 

(Bornhofft and Galuska 2019) CC-BY. A) Naturally occurring components which inhibit NET release. B) 

Naturally occurring components which decrease the negative outcomes of NETs. 

In addition, very recently Kuehnle et al. detected a further influence of polySia on NET 

formation. While lactoferrin itself causes a ‘lactoferrin shell’ (Okubo et al. 2016), 

preventing NET release, polySia enhances this effect (Kühnle et al. 2018). 
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Interestingly, polySia is also present on the surface of sperm, neutralizing the cytotoxic 

characteristics of histones, without affecting the antimicrobial capacity of district 

histones in vitro (Simon et al. 2013, Zlatina and Galuska 2019, Zlatina et al. 2017). 

Besides polySia, DNase I seems to play a fundamental role within the reproductive 

tract. Already in 1985 DNase I activity was detected in human seminal plasma (Singer 

et al. 1985). Since, according to Zambrano et al. DNase I treatment of sperm-induced 

NETs decreased sperm entrapment, the DNase I present in human seminal plasma 

might decrease the amount of sperm entrapped by NETs (Zambrano et al. 2016). 

Moreover, according to Tecle et al. in vitro experiments showed that the interaction of 

sialic acids on the surface of sperm with Sigle-9 on neutrophils as well as Siglec-10 

within the endometrium, might contribute to sperm survival (Tecle et al. 2019). 

As this suggests a fundamental role of Siglecs in the modulation of neutrophil activation 

Siglecs are focused on within the next chapter. 

1.3 Sialic acid binding immunoglobulin-like lectins (Siglecs) 

Siglecs are immune-regulatory transmembrane receptors mainly found on cells of the 

haematopoietic system (Varki and Angata 2006, Crocker, Paulson and Varki 2007), 

which maintain a balance between pathogen defence and pathophysiological 

manifestations through the recognition of sialic acid (Crocker et al. 2007, Ravetch and 

Lanier 2000, Macauley, Crocker and Paulson 2014). Nowadays 15 human Siglecs and 

9 murine Siglecs are known, while only two Siglecs have been identified in lower 

vertebrates, like fish (Pillai et al. 2012, O'Reilly and Paulson 2009, Angata et al. 2007, 

Lehmann et al. 2004). Siglecs are subdivided in two groups: the group of CD33-related 

(CD33r) Siglecs, marked by a high degree of sequence identity among each other but 

a low gene conservation across orthologues and the evolutionary conserved group 

containing Siglec-1 (Sialoadhesin), Siglec-2 (CD22), Siglec-4 (Myelin-associated 

glycoprotein (MAG)) and Siglec-15, mainly characterized by a high gene conservation 

across orthologues (Figure 7) (Crocker et al. 2007, Angata et al. 2004). 
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Figure 7: Schematic illustration of CD33-related and highly conserved Siglecs expressed in human-

beings (modified (Bornhöfft et al. 2018) CC-BY). 

According to Angata and Varki, the high similarity within the group of CD33r-Siglecs 

might be caused by multifaceted selection pressures caused by pathogens utilizing 

host sialic acid as ligands during invasion and mimicking host to circumvent the host’s 

immune system, known as ‘Red Queen Effect’ (Figure 8) (Varki and Angata 2006, 

Varki 2006).  
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Figure 8: The Red Queen Effect. The assumed cause of the rapid development of CD33r-Siglecs, 

responsible for the high sequence identity among CD33r-Siglecs (inspired by (Padler-Karavani et al. 

2014)). 

1.3.1 Structure of Siglecs 

As cell-surface-receptors Siglecs comprise of protein domains belonging to the 

immunoglobulin (Ig) superfamily. Their extracellular area is characterized by a variable 

number of C2-set Ig-like domains, terminated by one V-set Ig-like domain, responsible 

for sialic acid binding (Crocker et al. 2007, O'Reilly and Paulson 2009, Angata et al. 

2004). Depending on the number of C2-set Ig-like domains, Siglecs prefer binding of 

sialic acid in cis-or in trans-direction (Figure 7) (Crocker et al. 2007). By sialic acid 

binding, and subsequent phosphorylation of the immune receptor tyrosine-based 

inhibition motif (ITIM), coming along with the recruitment of phosphatases, inhibitory-

acting Siglecs can antagonize the initiation of an immune response, mediated via an 

immune receptor tyrosine-based activation motif (ITAM) (Crocker et al. 2007, Ravetch 

and Lanier 2000). In contrast, the activatory-acting Siglecs are associated with DNAX 

activating protein 10/12 (DAP10/12), bearing an ITAM (Crocker et al. 2007). In general, 

a highly conserved arginine residue is particularly important for the interaction of 

Siglecs with sialic acid (Zhuravleva, Trandem and Sun 2008). Remarkably, human 

Siglec-1 and MAG lack activating/ inhibiting motifs. Nevertheless, Siglec-1, which is 

mainly expressed on splenic and lymph node macrophages, seems to play an 

indispensable role in innate and humoral immunity (Chang et al. 2014). Highly 

expressed during pathogen invasion, Siglec-1 on macrophages contributes to 

pathogen phagocytosis (Crocker et al. 2007, Chang and Nizet 2014). In addition, 

Siglec-1 seems to influence humoral immunity, as Siglec-1 null mice showed 

decreased levels of IgM and decreased serum levels of IgG compared to the wild type 
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(May et al. 1998). In contrast, MAG is predominantly expressed on Schwann cells, as 

well as oligodendrocytes and does contain a FYN kinase phosphorylation site instead 

of ITIMs/ITAMs (Cagnoni et al. 2016, Quarles 2007, Sun et al. 2004). It prefers to bind 

to the sialylated gangliosides GD1a and GT1b, present in the brain and MAG binding to 

those, seem to be necessary for axon-myelin-stability, as ganglioside null mice omit 

among axon degeneration, dysfunction and motor deficiencies (Sun et al. 2004). 

1.3.2 Molecular and biological function of DAP10/12 associated Siglecs 

Siglec-14,-15,-16 are transmembrane receptors of humans, associated with the 

activation of the immune system via the interaction with DAP10/DAP12, containing 

ITAMs (Angata et al. 2007, Ishida-Kitagawa et al. 2012, Angata et al. 2006). The 

aspartic acid residue present in the transmembrane area of DAP12, can interact 

charge-dependently with the lysine in the transmembrane domain of Siglec-15 (Angata 

et al. 2007). Once the V-set Ig-like domain of Siglec-15 recognizes and interacts with 

sialic acid, the tyrosine residues of the ITAM gets phosphorylated by the kinases of the 

Src family. Subsequently, the phosphorylated ITAM domains of DAP12 serve as 

docking station for the Src homology 2 (SH2) domains of the Tyrosine-protein kinase 

ZAP70 (ZAP70) and the Spleen tyrosine kinase (Syk), associated with the onset of the 

immune response (Angata et al. 2007, Lanier and Bakker 2000). 

Surprisingly, Siglec-15 seems to be a candidate for normalization in cancer 

immunotherapy. Very recently, Wang et al. described that Siglec-15 which is only 

minimally expressed by health tissues at steady-state but highly expressed in a broad 

spectrum of human cancers and tumour associated myeloid cells, inhibits antigen 

specific T-cell responses via an unknown receptor interaction (Wang et al. 2019, Cao, 

Xiao and Yin 2019). Beside this immunological role Siglec-15 plays an indispensable 

role during osteoclast differentiation (Teitelbaum 2000). Researcher detected that mice 

lacking Siglec-15 show evidence of mild osteopetrosis, which is characterized by a high 

bone density (Hiruma et al. 2013). Intriguingly, in vitro studies have demonstrated that 

the absence of the interaction of Siglec-15 with sialic acid results in the lack of 

osteoclasts differentiation to its multinuclear state, responsible for bone resorption 

(Macauley et al. 2014). Thus, an anti-Siglec-15 treatment might be a welcomed and 

effective possibility to overcome osteoporosis (Sato et al. 2018). 

1.3.3 Molecular and biological function of ITIM-bearing Siglecs 

Inhibitory Siglecs possess ITIMs with the following signature: (I/V/L/S)-X-Y-X-X-(L/V) 

(with X representing any amino acid) (Crocker et al. 2007), which enable counteraction 
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to the activation of the immune system through the inhibition of ITAM-mediated 

signalling (Crocker et al. 2007, Ravetch and Lanier 2000). Once sialic acid is 

recognized, the intracellular tyrosine residues of both ITIM and ITIM-like motifs (if 

available) are phosphorylated and subsequently two Scr homology 2 domain 

containing protein tyrosine phosphatases SHP1 and SHP2, are recruited, initiating the 

inhibition of kinase-dependent activation of the immune system (Crocker et al. 2007, 

Avril et al. 2005). The most prominent example is the Siglec-dependent inhibition of B-

cell activation. When the B-cell receptor (BCR) recognizes an antigen, the B-cell 

differentiates to an antibody producing plasma cell. However, when the recognized 

antigen is in close proximity of sialylated structures on endogenous cells, these 

sialylated glycans are bound by CD22 present on B-cells, contributing to the clustering 

of BCR, together with the CD22 molecules. Subsequently, the intracellular tyrosine 

residues of the ITIM/ITIM-like motif are phosphorylated and SHP1 and SHP2 are 

recruited, inhibiting the kinase-dependent signalling pathway and thus contributes to 

reduced antibody production against the autoantigen (Nitschke 2005, Tedder, Poe and 

Haas 2005).  

In addition, inhibitory Siglecs play a crucial role in tumour cell survival (Daly, Carlsten 

and O'Dwyer 2019). While sialic acids are indeed also present on the surface of 

healthy cells, hypersialylation is a characteristic feature of tumour cells (Büll, den Brok 

and Adema 2014, Fuster and Esko 2005, Jandus et al. 2014). For instance, sialic acid 

present on the surface of primary chronic lymphocytic leukemia and acute myeloid 

leukemia cells serve as ligands for Siglec-7 and Siglec-9, expressed by natural killer 

cells (NK-cells) and contribute to increased tumour cell survival due to the inhibition of 

NK cell activation (Daly et al. 2019, Barrow and Trowsdale 2006).  

Moreover, ovarian cancer cells express MUC16, which serves as a ligand for Siglec-9 

(Belisle et al. 2010). Interestingly within the female reproductive tract sialic acid-Siglec-

interactions may also play a critical role. They are assumed to contribute to sperm 

survival, as those interactions inhibit neutrophil activation in vitro (Tecle et al. 2019). 

Therefore, a closer look on the functions of sialic acid is presented in the following 

chapter. 

1.4 Sialic acid 

Sialic acids are typically located at the terminating branches of N-glycans and O-

glycans. Thus, as they are easily accessible, it is not surprising, that sialic acids play 

further roles in several cellular processes besides serving as a ligand for Siglecs 
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(Schauer 2004, Angata and Varki 2002, Schauer 1996). These sugars, characterized 

by a 9-carbon backbone, are involved in the stabilization of molecules, protecting them 

from proteolytic cleavage, elongating their life time, are able to bind and transport ions, 

due to its negative charge and modulate mechanisms involved in fertility, 

differentiation, growth and cellular signalling (Varki A 2009). From the chemical point of 

view, sialic acids contain a carboxyl group at C1 and a keto group at C2 (Schauer 

2004, Angata and Varki 2002, Schauer 1996) and the term sialic acid comprises 

nowadays more than 60 derivatives, whereby the most common derivatives are N-

Acetylneuraminic acid (Neu5Ac), N-Glycolylneuraminic acid (Neu5Gc) and deaminated 

neuraminic acid (KDN). The high diversity of sialic acid is caused by the substitution of 

one or more hydroxyl groups of Neu5Ac, Neu5Gc or KDN with, e.g., acetyl, methyl or 

sulfate residues (Angata and Varki 2002, Schauer 2004, Schauer 2009). Sialic acids 

are mainly linked via the C2 to the C3 or C6-position of galactose, but sialic acid 

residues are attached to each other via α2,8 linkages (Figure 9) (Varki A 2009, Sato et 

al. 1998, Sato 2004). 

 

Figure 9: Linkages of sialic acid. Sialic acid can be linked via the C2 to the C3 of galactose mediated 

through ST3 beta-galactoside alpha-2,3-sialyltransferase (ST3Gal), or to the C6-position of galactose done 

by ST6 beta-galactoside alpha-2,6-sialyltransferase (St6Gal), whereby sialic acid residues are attached to 

each other via α2,8 linkages performed by ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1 

(ST8Sia) (Varki A 2009).  

1.4.1 The roles of sialic acids in the immune system 

Within the immune system sialic acids are indispensable. For instance, the rolling of 

leukocytes is regulated through a sialic acid-mediated process (Sperandio et al. 2006). 

Furthermore, sialic acid polymers present on the surface of dendritic cells (DCs) 

contribute to DCs migration, enabling the presentation of antigens to T-cells (Rey-

Gallardo et al. 2010, Yoshie, Imai and Nomiyama 2001). On their surface the 

polysialylated proteins neuropilin-2 (NRP-2) and the chemokine receptor type-7 (CCR-
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7) are expressed and ligand binding to those causes DCs migration from the peripheral 

sites to the lymph nodes (Rey-Gallardo et al. 2010, Yoshie et al. 2001, Steinman and 

Banchereau 2007). In addition, as previously mentioned, sialic acids belong to the 

group of “self-associated molecular pattern” (SAMPs). Once recognized by inhibitory 

receptors, like Siglecs, SAMPs dampen the immune response (Varki 2017a, Varki 

2017b, Varki 2011), inhibiting immune reactions against self (Pillai et al. 2012, Crocker 

et al. 2007, Varki and Angata 2006, Crocker 2005, Varki and Gagneux 2012). 

However, several pathogens mimic hosts sialic acids in order to circumvent hosts 

immune response, assumed to contribute to the fast development of CD33r-Siglecs as 

well as activating Siglecs (Lübbers, Rodríguez and van Kooyk 2018, Varki 2006). 

For instance, Pseudomonas aeruginosa (P. aeruginosa) decorate their own 

glycoconjugates by adsorbing hosts sialic acids, allowing P. aeruginosa to inhibit the 

activation of host’s immune system by binding to Siglec-9. According to, Khatua et al. 

P. aeruginosa directly influences cytokine IL-10 and TGF-β production (Khatua, Roy 

and Mandal 2013). Regarding neutrophil activation, ROS production was prevented 

and decreased levels of NE release were detected (Hahn et al. 2013, Fuchs et al. 

2007). Similar effects were determined by investigating group B streptococcus (GBS). 

GBS carry sialic acid on their polysaccharide capsule, which interacts with Siglec-5,-9,-

14 on the surface of neutrophils causing the inhibition of neutrophil activation (Carlin et 

al. 2009). Furthermore, Campylobacter jejuni, Escherichia coli K1 as well as Neisseria 

meningitides known to synthesize sialylated glycans are assumed to use comparable 

strategies to evade the host’s immune system (Bhattacharjee et al. 1975, Orskov et al. 

1979, Khatua et al. 2013, Vimr and Lichtensteiger 2002). In addition, fungi use sialic 

acid to evade entrapment by NETs released by neutrophils. For instance, Aspergillus 

fumigatus is resistant against NET-induced injury due to its production of cell-wall-

associated galactosaminogalactan and a liberated form of galactosaminogalactan 

(Fontaine et al. 2011, Gravelat et al. 2013, Gravelat et al. 2010, Lee et al. 2015, Geiser 

et al. 2007). Furthermore, viruses like Human Immunodeficiency Virus (HIV), 

counteract NET-mediated killing via its envelope glycoprotein containing more high 

mannose than complex N-glycans. Viruses like HIV engage the C-type lectin DC-SIGN 

on dendritic cells with high-mannose glycans, causing the production of IL-10, inhibiting 

ROS-dependent NET release (Lin et al. 2003, Saitoh et al. 2012). Since also the Ebola 

virus, the Japanese encephalitis virus and the hepatitis C virus, are decorated by an 

envelope glycoprotein, a similar DC-SIGN- mannose interaction, to circumvent NET 

release, is likely (Lin et al. 2003, Lozach et al. 2003, Wang et al. 2016). Interestingly, 
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although extensive literature research was performed, only one parasite- Leishmania 

donovani- seems to evade NET entrapment, by lipopeptidoglycan on its surface 

(Figure 10) (Roy and Mandal 2016).  

 

Figure 10: How pathogens use glycans to evade neutrophils immune response (Bornhofft and 

Galuska 2019) CC-BY. 
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2. Objective 

As previously mentioned an exaggerated NET release is nowadays associated with 

diseases like preeclampsia, cystic fibrosis, small vessel vasculitis, rheumatoid arthritis, 

ulcerative colitis as well as infertility (Hahn et al. 2012, Brill et al. 2012, Hakkim et al. 

2010, Fuchs et al. 2010, Brinkmann and Zychlinsky 2012, Kaplan 2013, Kessenbrock 

et al. 2009, von Brühl et al. 2012, Muñoz et al. 2019). Thus, it is obvious that an 

excessive release of NET needs to be prevented. To this end, several physiological 

mechanisms exist (Braster et al. 2016, Meier et al. 2019, Lizcano et al. 2017, Spence 

et al. 2015). For instance, Lizcano and colleagues described that within the blood 

stream, Siglec-9 on neutrophils inhibits an exaggerated release of NET by the binding 

of sialylated glycoproteins on erythrocytes (Lizcano et al. 2017) and according to Tecle 

et al. the interaction of Siglec-9 with sialic acids on the surface of sperm promote 

sperm survival by inhibiting an immune response in vitro (Tecle et al. 2019).  

As those results show an indispensable role of Siglecs in maintaining a balance 

between pathogen defense and pathophysiological manifestations, we were first 

interested in the origin of those receptors.  

In the next step, we wanted to investigate the role of those highly conserved receptors 

within the mammalian female reproductive tract. We assumed that mucins, as highly 

sialylated conjugates, which line the female reproductive tract, prevent sperm from 

entrapment by NETs by inhibiting NET release via sialic acid-Siglec interaction, similar 

to the process described for circulation.  

Since the immune system is regulated by sialylated glycoconjugates of the cellular 

glycocalyx, we further investigated the potential of artificially designed nanoparticles 

conjugated with α2,8-linked sialic acid residues to inhibit the release of NET.  

In sum this work was focused on replying the following questions: 

1. Did the evolution of immunological mechanisms come along with the 

development of distinct Siglecs and does stress, which is linked with increased 

susceptibility to infections, influence the expression pattern of Siglecs? 

2. Could cervical mucins protect sperm from entrapment by NETs by inhibiting the 

release of NETs within the cervix through sialic acid on its surface and if so, is 

the involvement of Siglecs likely? 
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3. Could nanoparticles conjugated with α2,8-linked sialic acid residues trigger 

similar inhibitory effects on NET release and if so, is also here the involvement 

of Siglecs likely? 
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3. Overview of the manuscripts 
 

 

Dev Comp Immunol. 2018 September; 86:219-231. doi: 10.1016/j.dci.2018.05.008. 

This review deals with the presence and interpretation of Siglecs in different species. 

Our analysis reveals, that in agreement with previous studies, Siglec-1, CD22, MAG 

and Siglec-15 were present before the separation of tetrapod’s and teleost fishes 

around 400 million years ago coming along with the development of physiological key 

elements, such as the adaptive immune system. In addition, the evolution of CD33-

related Siglecs occurred just during mammalians evolution. An important incident 

seems to be the development of lactation, as this initiates the progress of mammalian 

CD33-related Siglecs (Figure 11). 

Sequence alignments were performed by Kim Bornhöfft. Phylogenetic trees were 

designed by Kim Bornhöfft. NCBI protein-protein blasts were performed by Kim 

Bornhöfft. Figures and tables were designed by Kim Bornhöfft. The first version was 

written by Kim Bornhöfft and edited by Tom Goldammer, Alexander Rebl and 

Sebastian P. Galuska. 
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Cells. 2020 March 31;9(4). pii: E836. doi: 10.3390/cells9040836. 

To understand the evolution of the Siglec-functions this manuscript deals with the 

expression of Siglec-1, CD22, MAG and Siglec-15 in fish. Remarkably, unlike in 

mammals, the expression of CD22 is not restricted to B-cells. Although MAG is highest 

expressed in the brain, as it is known for human, MAG is also expressed in several 

immune cell populations, including erythrocytes. 3D modelling and sequence 

comparison indicated the presence of an ITIM motif and a conservation of the sialic 

acid binding domain, suggesting that MAG exert both, immunological functions as well 

as the maintenance of axon-myelin-spacing. As the genome of fish lacks any CD33-

related Siglecs, we assume that MAG and CD22 are mainly responsible for the 

regulation of sialic acid-dependent mechanisms in fish, whereas in humans Siglecs are 

more restricted to a specific cell type and function. 

Joan Martorell Ribera performed the stress experiments and Marzia Tindara Venuto 

was significantly involved in the sampling. In addition, Joan Martorell Ribera, Marzia 

Tindara Venuto and Alexander Rebl performed the qPCR measurements in fish. Kim 

Bornhöfft, Alexander Rebl and Joan Martorell Ribera analyzed the received raw data. 

Kim Bornhöfft and Alexander Rebl analyzed the sequencing results. Kim Bornhöfft did 

the 3D modelling using YASARA, the sequence analysis and sequence alignments and 
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interpreted the results. Torsten Viergutz did the cell sorting using flow cytometry. Kim 

Bornhöfft wrote the manuscript; Sebastian P. Galuska, Alexander Rebl and Joan 

Martorell Ribera edited the manuscript. 
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Front. Immunol. 2019 November, doi: 10.3389/fimmu.2019.02478. 

This study shows the potential of cervical mucins of different stages of oestrous cycle 

to inhibit PMA/Ionomycin as well as LPS induced release of NETs by sialic acids on 

their surface. When neutrophils were stimulated and co-incubated with mucins, 

neutrophils nuclei retain their segmented structure, plasma membrane stays intact and 

granularity was still detectable. However, when sialic acids were chemically or 

enzymatically modified/ removed, the inhibitory effects of mucins diminished-NET 

release occurred, indicating a sialic acid-dependent mechanism.  

 

Torsten Viergutz performed the flow cytometric measurements. Mary E. Gallagher 

taught me the technique of mucin purification. Kristina Zlatina and Kim Bornhöfft 

purified mucins. Alexander Rebl did the RT-qPCR measurements. Colm Reid provided 

cervix samples. All further experiments shown in this publication were designed and 

performed by Kim Bornhöfft. Figures were designed by Kim Bornhöfft.  

 

 

 



 Overview of the manuscripts  

 

 
27 

 

 

Nanomaterials (Basel). 2019 April;9(4). pii: E610. doi: 10.3390/nano9040610. 

 

This study demonstrates that oligosialylated nanoparticles have the potential to inhibit 

the release of NET, although the nuclei of neutrophils are swollen and NE translocate 

to the nuclei. 

 

Torsten Viergutz performed the flow cytometric measurements and analysed together 

with Kim Bornhöfft the results. Andrea Kühnle created the supplemental video and 

performed the experiments resulting in Figure 7 of the manuscript. All further 

experiments shown in this publication were designed and performed by Kim Bornhöfft. 

The first version was written by Kim Bornhöfft.  
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Front. Immunol. 2019 May, doi: 10.3389/fimmu.2019.00959. 

This review deals with the influence of glycans on the formation of NETs, focusing on 

the one hand on glycan-dependent mechanism of endogenous cells to prevent an 

exaggerated release of NETs or to decrease the negative outcomes of NETs and on 

the other hand on glycan-dependent mechanisms of pathogens to escape entrapment 

by NETs as well as killing by NETs.  

The manuscript was written by Kim Bornhöfft and Sebastian Galuska. Figures were 

designed by Kim Bornhöfft. 
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5. Discussion 

5.1 The evolution of Siglecs 

Within the last few years knowledge about the role of Siglecs in mammals increased 

significantly, mainly through the investigation of knockout mice. Knocking out the gene 

for Siglec-G in mice increased autoimmunity (Müller et al. 2015), while Siglec-F -/- mice 

develop neurodegenerative diseases (Siddiqui et al. 2019) and the depletion of the 

gene encoding for MAG causes a reduced preservation of myelin integrity and 

regulation of neuronal growth and is associated with multiple sclerosis (Lehmann et al. 

2004, Li et al. 1996, DeBellard et al. 1996). In addition, Wu et al. detected that Siglec-E 

deficient dendritic cells fail to internalize TLR-4 upon Escherichia coli infection, 

resulting in increased tumor necrosis factor α (TNFα) and IL-6 release, contributing to 

an increased immune response upon infection (Wu, Ren and Chen 2016). Even if 

these distinct examples show that in mammals the balance between pathogen defense 

and pathophysiological manifestations is modulated by Siglecs, knowledge about the 

evolution of Siglecs will further support the deciphering of their functional roles in health 

and diseases. However, studies in lower vertebrates are missing. Thus, with the aim to 

increase the knowledge about the evolutionary role of Siglecs and to contribute to the 

organization of the ever-growing number of complex immune regulatory receptors, we 

performed blast researches, sequence alignments and phylogenetic analysis and 

discussed the results obtained in the context of housing situations and physiological 

changes occurring during the evolution of different species. In addition, as until now 

only the expression of MAG and Siglec-15 in teleost’s was described (Lehmann et al. 

2004, Angata et al. 2007), we profiled the expression of the genes encoding Siglec-1, 

CD22, MAG and Siglec-15 in two different salmonid fishes (maraena whitefish, rainbow 

trout) and one percid fish (pikeperch) and investigated the expression of Siglecs and 

Siglec-associated genes of maraena whitefish after acute handling stress. Acute stress 

was provoked by chasing and netting fishes for a period of one minute, coming along 

with air exposure. Since for CD22, MAG and Siglec-15 specific functional 

characteristics, like highly conserved cysteines or glycosylation sites are well known 

(Ereño-Orbea et al. 2017, Wasim et al. 2019, Angata et al. 2007, Pronker et al. 2016), 

we also analyzed the sequences and compared the sialic acid binding domain of 

murine MAG (pdb: 5LF5) and the first Ig-domain of maraena whitefish MAG as well as 

the sialic acid binding domain of human CD22 with the first Ig-domain of maraena 

whitefish CD22 using YASARA (19.9.17). However, although the sequences of Siglec-

1, CD22, MAG and Siglec-15 from pikeperch, shared indeed high sequence identity to 



 Discussion  

 

 
102 

 

the counterpart sequences of yellow perch, rather low identity with the sequences of 

the other fish species was detectable. To take into account the possibility of a deficient 

annotation, sequences of pikeperch were excluded from sequence analysis.  

5.1.1 Siglec-1, CD22, MAG and Siglec-15 emerged first 400 million years ago 

Data bank research revealed, that the sequences of Siglec-1, CD22, MAG and Siglec-

15 appeared first during the evolution from cartilaginous fish (e.g. shark) to bony fish 

and are therefore conserved since around 400 million years, when the separation of 

tetrapods (human) and teleosts (fish) took place, indicating an evolutionary pressure on 

these genes, independent of the habitat and independent of physiological conditions 

(Figure 11) (Cao and Crocker 2011, Bornhöfft et al. 2018, Lehmann et al. 2004, 

Angata et al. 2007). Since jawless fishes are the only vertebrate without myelin, those 

lack the gene encoding for MAG, the Siglec which contributes to axon-myelin 

stabilization in human (Knowles 2017, Zalc 2006, Sun et al. 2004). In addition, they are 

CD22 negative as in mammals CD22 is responsible for the downregulation of the auto-

reactivity of the BCR and jawless fishes are BCR negative (Boehm et al. 2012, 

Nitschke 2005, Tedder et al. 2005). Siglec-15 contributes to the development of bones 

and is therefore firstly found during the evolution from cartilaginous fish to bony fishes, 

assumed to be involved in the strengthening of cartilages (Sato et al. 2018, Bornhöfft et 

al. 2018) (Figure 11).  

Interestingly, no sequences encoding CD33r-Siglecs were detectable in fish, while 

human are characterized by the highest amount of CD33r-Siglecs (Bornhöfft et al. 

2018). Since compared to fish, where the innate immunity is of supreme importance for 

health (Uribe et al. 2011), in human the adaptive immune system is well-developed and 

indispensable (Alberts B 2002), it is assumed that the high amount of CD33r-Siglecs is 

a human feature to curb auto-reactivity. Remarkably, according to Varki et al. the loss 

of the ability of human to synthesize the self-marker, Neu5Gc, coming along with an 

excessive production of, the “new” self-marker, Neu5Ac on endogenous cells, while 

also pathogens are decorated with Neu5Ac, caused an increased susceptibility of 

human to autoimmune diseases. For instance, Neu5Ac on foreign structures like LPS 

or the influenza virus might cause the production of auto-antibodies, resulting in 

excessive autoimmune reactions and damage of endogenous tissues (Varki 2017a, 

Ang et al. 2002). 
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Figure 11: Milestones of the evolution of Siglecs. With the emergence of jaws, Siglec-1, CD22, MAG 

and Siglec-15 occurred, while the group of CD33-related Siglecs expanded with the onset of lactation 

(Bornhöfft et al. 2018) CC-BY. 

5.1.2 The indispensable role of Siglecs: From lower vertebrates to human 

While investigating the expression of those four highly conserved receptors in different 

tissues of the investigated fishes, similar to humans and independent of the 

investigated fish, we found high levels of Siglec-15 and Siglec-1 in tissues housing, 

mainly macrophages like the spleen and the head kidney (O'Reilly and Paulson 2009, 

Crocker et al. 2007, Macauley et al. 2014, Bornhöfft et al. 2020). Highest levels of 

CD22 were detected in spleen of pikeperch and in the head kidney of the investigated 

salmonids, while we detected an unexpected expression pattern across the 

investigated fish for the gene encoding for MAG. We discovered MAG expression in 

lymphoid tissue. MAG was most highly expressed in the gills of maraena whitefish and 

rainbow trout, while in pikeperch highest expression levels for MAG were detected in 

spleen. Since the results indicate, that MAG expression in fishes is not restricted to 

cells of the nervous system, in a next step we analyzed the expression of Siglecs of 

specific, enriched cells of maraena whitefish. Using a percoll-gradient-centrifugation we 

separated erythrocytes from leukocytes. Following that the leukocytes fraction was 

further processed using flow cytometry, generating fraction I (lymphocytes, monocytes, 
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macrophages) and fraction II (granulocytes). Surprisingly, regarding all four 

investigated receptors, highest expression levels were detectable in the erythrocyte 

fraction (Figure 12) (Bornhöfft et al. 2020). 

 

Figure 12: Pie chart of the copies/µg for Siglec-1, CD22, MAG and Siglec-15. A) Gruenwald-Gimsa 

staining of the isolated cell types. B) Exemplary flow cytometric isolation of fraction I and fraction II C1-C6) 

Expression of Siglec-1, CD22, MAG and Siglec-15 is shown for whole head kidney, extracted head-kidney 

cells, erythrocytes, a heterogeneous leucocyte suspension, a fraction (I) mainly containing lymphocytes 

and monocytes/macrophages as well as fraction (II) enriched with granulocytes (n = 5). (Bornhöfft et al. 

2020) CC-BY.  

In mammals, erythrocytes are mainly responsible for the transportation of oxygen. They 

are produced in the bone marrow; dividing stem cells differentiate to nucleated 

erythroblasts, which differentiate to reticulocytes without nuclei, while retaining their cell 

organelles. Those reticulocytes are than released into circulation, where they represent 

0.5-2.5% of the red blood cells and further mature to organelle-less erythrocytes (Raja-

Sabudin et al. 2014, Ney 2011). However, since erythrocytes in fishes are nucleated, 

exerting immunological functions like phagocytosis, antigen presentation and 

modulation of leukocyte activity (Passantino et al. 2007, Puente-Marin et al. 2018, 

Morera et al. 2011, Workenhe et al. 2008), an involvement of Siglec-sialic acid 

interaction in host pathogen interaction in fish is likely. Interestingly, unlike in mammals, 
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CD22 expression was further detectable in all the other investigated cell fractions. This 

leads to the question whether or not the expanded expression of CD22 might 

compensate the lack of CD33-related Siglecs in fishes (Bornhöfft et al. 2020) ,since in 

mammals, CD22 is mainly known to reduce the auto-reactivity of the BCR by the 

binding of sialic acids in cis or/and trans direction (Müller et al. 2013). Thus, in order to 

further elucidate the functionality of CD22 in fishes, we performed sequence alignment 

and created 3D models using YASARA. According to Orbea et al. CD22 possesses 

twelve N-glycosylation sites, while only six are in close proximity to the V-set Ig-like, the 

sialic acid binding domain (N67; N101; N112; N135; N164; N231). While N67, N112, N135, N164, 

N231 can be exchanged by an A residue without losing functionality, exchanging N101 

leads to the disruption of the protein expression probably since N101 is essential for the 

correct folding of the protein (Ereño-Orbea et al. 2017). Interestingly, sequence 

alignment of CD22 from maraena whitefish and rainbow trout revealed the presence of 

all N-glycosylation sites, but N135 (Supplement 1), although they are at marginally 

different locations compared to human. However, several amino acids known to be 

involved in sialic acid binding are absent in maraena whitefish and rainbow trout CD22, 

indicating differences in the sialic acid binding properties of mammalian and fish CD22. 

This suggestion was enhanced by the detected differences in the 3D structures of the 

V-set Ig-like domain of human and maraena whitefish CD22 (Figure 13). In addition, 

only CD22 from rainbow trout was ITIM positive, while CD22 of maraena whitefish 

lacked an ITIM. Sequence alignments of CD22 orthologs from rainbow trout and 

maraena whitefish revealed a high degree of sequence identity, while the intracellular 

area of CD22 of maraena whitefish was missing. Thus, the presence of an ITIM cannot 

be excluded (Supplement 1) (Bornhöfft et al. 2020).  
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A) 

 

B) 

 

Figure 13: Sequence and structural comparison of CD22. A) Sequence alignment of the V-set Ig-like 

domain of CD22 from maraena whitefish, rainbow trout, human and mouse. Sequences of CD22 form 

human and mouse were available in the NCBI database (human CD22: NP_001762.2, mouse CD22: 

NP_033975.3). The V-set, Ig-like domains of human and murine CD22 were determined by the SMART 

program. The first Ig domain of maraena whitefish and rainbow trout was determined by sequence 

alignment. The different colors indicate the chemical properties of the amino acids as follows: red: small 

hydrophobic/aromatic amino acids; blue: acidic amino acids; magenta: basic amino acids; green: 

hydrophilic, polar, and small amino acids. Black boxes indicate the amino acids that are essential for sialic 

acid binding, while the red boxes show the conserved N-glycosylation site, N101. In addition, the orange 

boxes indicate further amino acids known to be a target for N-glycosylation. Numbering is based on the 

human sequence of CD22. Alignments were performed using the Clustal Omega tool of EMBL-EBI. B) The 

3D modelling was performed using YASARA. Modelling of human CD22 was based on pdb 5VKM, 

including 5 point mutations (N67A, N112A, N135A, N164A, N231A, bound α2,6 sialyllactose (Ereño-Orbea et al. 

2017), while the sequence of the V-set Ig-like domain of maraena whitefish CD22 was based on sequence 

alignments. Sequence of human CD22 was shortened to the first Ig domain. CD22 models of human and 
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maraena whitefish CD22 are shown in blue and yellow, respectively. Bound glycans are specifically 

labeled as follows: galactose: cyan, sialic acid: pink [Caption and Figures are slightly modified from: 

(Bornhöfft et al. 2020) CC-BY]. 

Siglec-15 expression was detected in all investigated cell types, too. Sequence 

analysis of the two salmonid fishes revealed that the lysine responsible for the 

interaction of Siglec-15 with DAP molecules and cysteines, known to contribute to the 

functional tertiary structure, are as conserved from mammals to vertebrates as R143 

known to be essential for sialic acid binding (Supplement 2). However, researchers 

investigating the sialic acid binding potential of the cloned ortholog from Siglec-15 from 

zebrafish detected no strong binding to the glycans tested ex vivo, independent of the 

availability of cysteine residues (Angata et al. 2007, Bornhöfft et al. 2020). 

Interestingly, unlike in human, MAG was also detected on immune cells. As this 

indicated a potential further function of MAG in lower vertebrates, we analyzed the 

sequences of the genes encoding for MAG in the two salmonids (salmon, maraena 

whitefish). Notably, sequence analysis revealed, that all sequences comprise an 

intracellular ‘immune receptor tyrosine-based inhibition motif’ (ITIM), whereas the 

mammalian ortholog lack these motifs (Supplement 3). In addition, all N-glycosylation 

sites within the sialic acid binding domain, which are essential for the specific axon-

myelin spacing (9-12 nm) were conserved throughout the investigated salmonids 

(Pronker et al. 2016, Bornhöfft et al. 2020). The presence of intracellular ITIMs in MAG 

was already published 2004 by Lehmann et al.. They investigated zebrafish and 

pufferfish and detected ITIMs, and assumed that the conservation of those motifs, 

might contribute to essential biological functions which differ from those described for 

mammalian MAG (Lehmann et al. 2004). Therefore, the presence of the ITIM, in 

combination with the conservation of all N-glycosylation sites as well as its expression 

on immune cells, encourages us to hypothesize that in salmonids and cyprinids MAG 

acquire an immune regulatory function (Bornhöfft et al. 2020).The ITIM motif seems to 

be a hereditary feature of Siglecs, which is consistent in most Siglecs, but got lost 

during the evolution of higher vertebrates (Bornhöfft et al. 2018, Lehmann et al. 2004). 

Since, nevertheless copy numbers of MAG within the brain of maraena whitefish 

exceeded those in lymphoid tissue (Bornhöfft et al. 2020), the key task of MAG seems 

to be the maintenance of axon-myelin spacing within the nervous system, as it is the 

case in human. In human, MAG expression is restricted to Schwann cells and 

oligodendrocytes and as a cell-adhesion and bi-directional molecule, which interacts 
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with specific neuronal glycolipids, MAG contributes to the axon-myelin spacing 

(Cagnoni et al. 2016, Quarles 2007, Sun et al. 2004). 

Since for both, the successful maintenance of axon-myelin spacing as well as for the 

inhibition of an immune response, the binding of sialic acid is essential, in a further 

step, we investigated the sialic acid-binding properties of the gene encoding for MAG in 

maraena whitefish. Remarkably, all amino acids known to be involved in sialic acid 

binding (Pronker et al. 2016) were conserved from mammals to lower vertebrates 

(Figure 14 A), indicating that the preservation of the ability to bind sialic acid is likely. 

With the aim to confirm that, we performed 3D modelling analysis of the sialic acid 

binding domain of maraena whitefish MAG using YASARA. Regarding Figure 14 B 

showing the comparison between murine and maraena whitefish MAG, it becomes 

apparent, that the binding pocket of of Neu5Ac-α2,3-Gal-β1,3-GalNAc is almost 

identical, indicating similar sialic acid binding properties of MAG in fish and mammals 

(Bornhöfft et al. 2020).  
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Figure 14: Sequence and structural comparison of murine MAG and maraena whitefish MAG. A)The 

sequence of mouse, human, zebrafish and pufferfish MAG were available in the NCBI data bank and listed 

in the following: Zebrafish MAG: XP_021337068.1; Pufferfish MAG: XP_011616490.1; Mouse MAG: 

XP_030098048.1; Human MAG: AAB58805.1. The V-set Ig-like domain was determined by analyzing the 

pdb sequence of murine MAG (pdb 5LF5) as well as the human sequence with SMART. For pufferfish, 

zebrafish, maraena whitefish and salmon V-set-Ig-like domains were determined by sequence alignment. 

Alignments were performed using the Clustal Omega tool of EMBL-EBI. The different colors indicate the 

properties of the amino acids. Red: small hydrophobic/aromatic amino acids; blue: acidic amino acids; 

magenta: basic amino acids; green: hydrophilic, polar and small amino acids. Black boxes label amino 

acids involved in sialic acid binding, while the orange box shows an amino acid known to be a target for N-

glycosylation. Amino acid labeling is based on the human sequence. B) The modeling of murine and 

maraena whitefish MAG was performed using YASARA. By inserting amino acid exchanges to the 

published murine MAG (pdb 5LF5; green) the 3D model of maraena whitefish MAG was designed (brown). 

Both sequences were shortened to the V-set Ig-like domain. The sialic acid binding domain of maraena 

whitefish MAG and murine MAG are shown in 5 different perspectives. Bound glycans are specifically 

labeled: Galactose is labeled in cyan, N-acetyl-D-galactosamine is labeled in purple and sialic acid is 

labeled in pink [Caption and Figures are slightly modified from: (Bornhöfft et al. 2020) CC-BY]. 
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Furthermore, in order to determine the influence of handling stress on the expression of 

Siglecs in different tissues of maraena whitefish, we exposed the fishes to acute 

handling stress coming along with air exposure. Remarkably, expression profiles 

changed in a tissue-specific manner. The expression of Siglec-1 and CD22 increased 

within the brain, while expression levels decreased in the heart and in the spleen 

(Siglec-1) or in muscle (CD22). Interestingly, in all the other tissues the expression 

levels were unaffected by acute handling stress. MAG expression in the brain remained 

unchanged but decreased in lymphoid tissues like the spleen and head kidney, 

supporting the assumption of an immunological role of MAG in fishes. Moreover, less 

MAG transcripts as well as Siglec-15 transcripts were detectable in the gills, the 

respiratory organ of fishes upon acute stress. As the gills might be directly affected by 

air exposure taking place during the handling procedure, this decrease might prevent 

tissue damage caused by an exaggerated immune response triggered by handling 

stress (Bornhöfft et al. 2020). 

Overall these results provide the answer to the first question formulated in the 

objectives: “Did the evolution of immunological mechanisms comes along with the 

development of distinct Siglecs and does stress, linked with increased susceptibility to 

infections, influence the expression pattern of Siglecs?”. The analysis showed that the 

first emergence of CD22, MAG and Siglec-15 comes along with the evolution of 

physiological key elements, like the adaptive immune system. In addition, the data 

obtained demonstrate that a basal expression of Siglec-1, CD22, MAG and Siglec-15 is 

conserved from fish to human, indicating that already in lower vertebrates Siglecs play 

an indispensable role in the maintenance of equilibrium between pathogen defence 

and pathophysiological manifestations. In addition, the data let suggest that also in 

mammals stress might influence the expression pattern of immunomodulatory Siglecs. 

However, so far this hypothesis is only a speculation and has to be proofed in future. 

5.2 Sialylated glycoconjugates inhibit the release of NETs potentially through 

Siglec-interaction  

Several studies imply that pathogens within the ejaculate as well as sperm themselves 

(based on in vitro experiments) induce NET release, contributing to decreased fertility 

(Alghamdi et al. 2009, Zambrano et al. 2016, Hahn et al. 2012). Thus, the maintenance 

of a balance between pathogen defence and the protection of fertility by preventing 

sperm from entrapment by NETs, is essential. Already in the 1980s DNase I was 

detected in human seminal plasma (Singer et al. 1985), probably decreasing the 

amount of sperm entrapped by NETs (Zambrano et al. 2016), and polysialic acid was 
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detected in semen, representing a cytoprotective component (Simon et al. 2013). But 

both mechanisms are limited in their sphere of activity. We assume that in order to 

ensure fertility Siglec-sialic acid mediated interactions are needed to decrease 

neutrophils immune response and thereby protect sperm from entrapment. Therefore, 

we wanted to investigate the potential of naturally occurring cervical mucins of different 

stages of oestrous cycle, as highly glycosylated and sialic acid carrying naturally 

occurring glycoconjugates (Galuska et al. 2017b), to inhibit NET release via the 

interaction with Siglecs. To this end a bovine in vitro model was used simulating the 

physiological presence of mucins in the cervix. Cattle were selected, since in contrast 

to rodents the passage of spermatogonia through the cervix is comparable in humans 

(Suarez and Pacey 2006). For the precise purification of mucins, stages of the oestrous 

cycle were determined. The isolation was performed by the combination of a density 

gradient ultra-centrifugation with a size exclusion chromatography and desalting. 

Luteal, estrus and follicular mucins were added to PMA/Ionomycin or LPS stimulated 

neutrophils and NET release was investigated. Furthermore, in order to determine the 

role of sialic acid within the inhibitory effect of cervical mucins, chemically and 

enzymatically modified cervical mucins were incubated with neutrophils (Bornhöfft et al. 

2019a).  

In a further step we wanted to determine the effect of a distinct sialic acid-motif present 

on the surface of mucins. To this end, we generated nanoparticles coated with 

oligomers of α2,8-linked sialic acid residues and investigated the potential of those 

oligosialylated conjugates to inhibit NET release (Bornhöfft et al. 2019b). 

5.2.1 Cervical mucins inhibit neutrophils activation in a sialic acid-dependent 

manner 

In order to examine the capability of bovine cervical mucins to prevent the release of 

NET, we supplemented different concentrations of luteal, estrus and follicular cervical 

mucins to PMA/Ionomycin or LPS (from Pseudomonas aeruginosa) stimulated 

neutrophils. While 1 µg/µL of cervical mucins was sufficient to inhibit NET release 

induced by LPS, the addition of 10 µg/µL mucins reduced NET release induced by 

PMA/Ionomycin by only around 40% (Bornhöfft et al. 2019a), although both - 

PMA/Ionomycin and LPS stimulation activate the Raf-MEK-ERK pathway, finally 

stimulating the production of ROS by the NADPH oxidase complex, contributing to the 

translocation of NE and MPO to the nucleus, DNA decondensation as well as histone 

H3 citrunillation (Sorvillo et al. 2019, de Bont et al. 2018). Differences in the efficiency 

of the applied mucins on NET release might be the effect of the non-physiological 
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PMA/Ionomycin concentrations used during the experiments. Only when 20 µg/µL 

cervical mucins were applied, NET release was prevented, independent of the stimuli 

used. Bovine cervical mucins seem to inhibit neutrophil activation completely, as nuclei 

retain their segmented structure and granularity remained, independently of the used 

stimuli and independent of the stage of oestrous cycle they were from (Figure 15; for a 

higher magnification see Supplement 4) (Bornhöfft et al. 2019a).  

 

Figure 15: Sialic acid carrying bovine cervical mucins completely inhibit neutrophil activation 

stimulated with LPS. Neutrophils were isolated and unstimulated neutrophils, neutrophils stimulated with 

20 µg/mL LPS from Pseudomonas aeruginosa and cells stimulated with LPS co-incubated with mucins 

were stained with DAPI (blue) and anti-neutrophil elastase antibody (green). Nuclei retain their segmented 

structure and granularity remains, when mucins were applied [modified (Bornhöfft et al. 2019a) CC-BY] 

Scale bar: 20 µm. 
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Since previous work of our research group detected sialic acid (monomers, dimers, 

trimers of Neu5Ac) on bovine cervical mucins (Galuska et al. 2017b) and Lizcano et al. 

described a Siglec-sialic acid dependent mechanism to prevent an exaggerated 

release of NETs within circulation (Lizcano et al. 2017), we further questioned, whether 

or not also in this case, sialic acid is responsible for the inhibitory effects of mucins. 

To this end we modified sialic acid via mild periodate oxidation or removed the sialic 

acids by neuraminidase digestion as well as by hydrolysis. Interestingly, when 

hydrolyzed follicular and estrus cervical mucins were applied, no remaining inhibitory 

function of mucins was detectable and NET release occurred, while in the case of 

luteal mucins, the reduced sialyation was not sufficient to allow NET release and only a 

loss of the segmented nucleus structure was observed. Since the hydrolytic conditions 

(80°C, 1 N acetic acid) may result in additional, undesired structural changes of the 

protein backbone, we further oxidized the terminal sialic acid residues (Bornhöfft et al. 

2019a). The oxidation with sodium periodate alters the exocyclic side chain of the 

terminal sialic acid residues. The C9 and C8 are released, leaving a C7 body with a 

highly reactive aldehyde group behind. This aldehyde is in the following reduced, 

resulting in a hydroxyl group at the C7 of the terminal sialic acid (Inoue and Inoue 

2003). Remarkably, the conversion of the C9-sugar to a C7-sugar prevented the 

inhibitory effects of estrus and luteal mucins, but not of follicular mucins. The inhibition 

of NET release still occurs. In addition sialic acids were enzymatically released with 

neuraminidases. The enzymatic treatment of estrus and luteal mucins completely 

prevent the inhibitory effects, whereas in the case of follicular mucins a lower impact 

was detectable. Around 50% of the neutrophils still do not undergo NETosis. This might 

be a consequence of an incomplete release of α2,6-linked sialic acid, as confirmed by 

the agarose gel blot (Bornhöfft et al. 2019a).  

Thus, the terminal sialic acid residues seem to be essential for the inhibitory effects of 

bovine cervical mucins on neutrophil activation. As furthermore, RT-qpCR analysis of 

Siglecs expressed by bovine neutrophils revealed the presence of CD22, MAG, Siglec 

-5, -8 and -14, also here, similar to the process described to take place within 

circulation; Siglec-sialic acid interactions might be involved in the inhibition of NET 

release (Bornhöfft et al. 2019a). Probably due to the broad diversity of sialic acid 

derivatives and therefore the possible engagement of several different Siglecs, 

neutrophil activation is completely inhibited by cervical mucins- nuclei retained their 

segmented structure, granularity remained and the rupture of the plasma membrane 

was prevented (Bornhöfft et al. 2019a) (Figure 16).  
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Figure 16: Assumed mechanism behind the inhibition of NET release by bovine cervical mucins. 

Since bovine cervical mucins are highly glycosylated proteins we assume that the engagement of several 

Siglecs by different sialic acid derivatives lead to the inhibition of NET release. 

Finally, these results allow us to answer the second question formulated in the 

objectives: “Could cervical mucins protect sperm from entrapment by NETs by 

inhibiting the release of NETs within the cervix through sialic acid on its surface and if 

so, is the involvement of Siglecs likely?”. Bovine cervical mucins have the potential to 

inhibit NET release in vitro in a sialic acid-dependent and concentration-dependent 

manner. Probably similar to the binding of sialic acid on the surface of erythrocytes to 

Siglecs on neutrophils, sialic acid binding to Siglecs induces receptors clustering, 

contributing to the inhibition of the kinase-dependent onset of NET formation (Lizcano 

et al. 2017, Bornhöfft et al. 2019a). Since bovine as well as human mucins carry sialic 

acid residues (Andersch-Björkman et al. 2007, Galuska et al. 2017b) and the bovine 

and human oestrous cycle share common features like, the side of sperm deposition as 

well as the emerge of follicular waves, the number of follicular waves, the selection of 

the dominant follicle and the ovulation of a single follicle, we assume similar effects of 

cervical mucins within human reproductive tracts (Baerwald, Adams and Pierson 2003, 

Adams and Pierson 1995). Therefore, besides the presence of DNase I within the 

seminal plasma as well as sialic acid polymers on the surface of sperm, causing 
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degradation of NETs and decrease cytotoxic effects of histones, mechanisms which 

are both limited in their sphere of activity, mucins which line the female reproductive 

tract might contribute to sperm survival by engaging Siglecs (Zlatina and Galuska 

2019, Zlatina et al. 2018, Simon et al. 2013, Alghamdi and Foster 2005, Bornhöfft et al. 

2019a, Zambrano et al. 2016). 

5.2.2 Oligosialylated particles inhibit NET release but not neutrophil activation 

In order to investigate, whether or not artificially sialylated particles have a similar 

potential to inhibit the activation of neutrophils and might therefore serve as a future 

target for novel clinical applications to modulate the release of NETs, we coupled sialic 

acid oligomers to latex particles and incubated those with PMA stimulated human 

neutrophils. In contrast to mucins - containing numerous differently linked sialylated 

glycan motifs -, the nanoparticles were only coated with α2,8-linked Neu5Ac residues. 

Interestingly, the results were different to those obtained by applying cervical mucins: 

although NET release was prevented nuclei swelling occurred, indicating that the 

translocation of neutrophil elastase to the nuclei, which contributes to DNA 

decondensation still takes place (Figure 17) (Bornhöfft et al. 2019b). 

 

Figure 17: Oligosialylated particles inhibit NET release but neutrophils are activated. Unstimulated 

neutrophils, neutrophils stimulated with 20 nM PMA and cells stimulated with PMA co-incubated with 

oligosialylated particles were stained with DAPI (blue). Scale bars indicate 20 µm.  

As ROS produced by the NADPH oxidase complex are assumed to contribute to the 

translocation of NE to the nuclei as well as to nuclear envelope and plasma membrane 

rupture (Brinkmann and Zychlinsky 2012, Nel et al. 2016, Desai et al. 2016, Dwivedi 

and Radic 2014, Brinkmann 2018), in a first set of experiments we tested whether or 

not sialylated particles modulate ROS production. To this end dihydrorhodamine 123 

(DHR123) was used. DHR123 is oxidized in the presence of ROS to the cationic 

rhodamine 123, exhibiting green fluorescence measurable by flow cytometry. As 

expected the stimulation of neutrophils with PMA caused an increased production of 
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ROS, which decreased significantly by the addition of oligosialylated particles. 

However, as previously mentioned, NE still translocate to the nucleus, indicating that 

the decreased ROS production is not sufficient to inhibit neutrophil activation (Bornhöfft 

et al. 2019b). As it was shown in the 1980s, that activation of the NADPH oxidase 

occurs along with membrane depolarization, this was further investigated (Henderson, 

Chappell and Jones 1987). Therefore, Bis(1,3-dibutylbarbituric acid) trimethine oxonol 

(DiBAC) was used. DiBAC is able to enter depolarized cells and exhibits enhanced 

fluorescence when binding to intracellular proteins. Membrane depolarization failed, 

when oligosialylated particles were applied, although cells stimulated with PMA showed 

an increased depolarization of the membrane. Thus, these results suggest, that the 

decreased ROS production might be caused by an impaired activation of the NADPH 

oxidase complex due to the addition of oligosialylated particles (Bornhöfft et al. 2019b). 

Interestingly, these results fit with knowledge about patients suffering from chronic 

granulomatous disease (CGD): As this disease is characterized by an impaired 

activation of the NADPH oxidase, patients show no membrane polarization after PMA 

stimulation, contributing to the inability to form NETs (Seligmann and Gallin 1980, 

Cohen et al. 1981, Castranova et al. 1981). 

Interestingly, Siglec-5, -9, and -14 are expressed in human neutrophils (O’Reilly and 

Paulson 2009, Angata, Nycholat and Macauley 2015, Macauley et al. 2014). As the 

inhibitory Siglec-5 binds α2,8-linked sialic acid chains and the activation of the NADPH 

oxidase complex includes kinase-dependent pathways (Dwivedi and Radic 2014, 

Hakkim et al. 2011), an involvement of Siglecs may trigger these inhibitiory effects 

(Bornhöfft et al. 2019b). 

Interestingly, free sialic acid oligomers showed no effect on NET release, indicating 

that sialic acids have to be immobilized to modulate NET release. Furthermore, the 

additional supplementation of free sialic acid oligomers to neutrophils stimulated with 

PMA and co-incubated with sialylated particles prevented the outlined inhibitory effects. 

Probably, the binding of the free unconnected sialic acid chains prohibited Siglec 

clustering, necessary for the inhibitory function of Siglecs (Bornhöfft et al. 2019b). 

For lactoferrin a similar effect on NET release is described. In line with the effects of 

oligosialylated particles, although NET release is inhibited in the presence of 

lactoferrin, neutrophil elastase translocates to the nucleus and nuclear swelling occurs. 

According to Okubo et al. this effect can be ascribed to the accumulation of lactoferrin 

on the surface of neutrophils, forming a “lactoferrin-shell”, acting as a physical blocking 
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barrier. It is assumed, that the first released DNA forms aggregates with lactoferrin, 

which inhibits the release of NETs (Okubo et al. 2016). In sum, the results observed 

lead to the response of the last question needed to be answered: “Could nanoparticles 

conjugated with α2,8-linked sialic acid residues trigger similar inhibitory effects on NET 

release and if so, is also here the involvement of Siglecs likely?”. We showed that the 

release of NETs was prevented by applying sialylated molecules, although nuclei 

swelling occurred. As Neubert et al. defined chromatin swelling as “point of no return” 

of NET release, we assume that in our case at least two district mechanisms are 

responsible for the inhibitory effects of sialylated nanoparticles (Neubert et al. 2018). 

On the one hand, oligosialylated particles might interact with the phospholipid double 

layer, stabilizing the membrane and therefore prevent plasma membrane rupture 

(Supplement 5) and on the other hand, sialic acid interactions with Siglec-5 may 

contribute to NET inhibition by decreasing ROS production via the decreased activation 

of the NADPH oxidase complex (Figure 18) (Bornhöfft et al. 2019b). 
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Figure 18: The assumed mechanism behind the inhibition of NET release via α2,8 sialylated 

particles. PMA induced NET release is initiated by an increased calcium influx, causing the activation of 

PKC, essential for the activation of the ROS producing NADPH oxidase. When sialylated particles were 

applied, those are assumed to bind to Siglec-5 on the surface of neutrophils, leading to the 

phosphorylation of the ITIMs, coming along with the recruitment of two phosphatases SHP1/SHP2, which 

inhibit the kinase (PKC)-dependent activation of the NADPH oxidase, contributing to decreased ROS 

production. As DNA decondensation and the translocation of NE to the nuclei still occurred, in addition an 

interaction of the sialylated particles with the plasma membrane is assumed, stabilizing the membrane and 

preventing its rupture. 

However, since the particles coupled with α2,8-linked sialic acid oligomers did not 

completely inhibit neutrophil activation, while highly sialylated mucins did, we assume, 

that the complexity of differently sialylated structure is responsible for the engagement 

of different Siglecs, resulting in the complete inhibition of neutrophil activation. 

Therefore, a future promising approach might be the coupling of different sialic acids to 

nanoparticles. The potential medical benefit for humanity is further highlighted in the 

upcoming chapter. 

5.2.3 Potential relevance to the field of medicine of artificial/ natural occurring 

sialylated structures 

In human around 5% of the cases of infertility have immunological causes (Archana et 

al. 2019) and in some cases the reason remains unexplained (Elhussein et al. 2019). 

Regarding the involvement of neutrophils in immunologically caused infertility, the 
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current hypothesis implies that, the released NETs not only serve as a trap for 

pathogens but also for sperm themselves, contributing to infertility (Hahn et al. 2012). 

However, based on our results, we assume that mucins lining the female reproductive 

tract prevent sperm from entrapment by inhibiting an exaggerated release of NETs. We 

suggest that a very high level of stimuli would have to be introduced to initiate NET 

release under physiological conditions within the cervix (Bornhöfft et al. 2019a). Once 

further experiments have confirmed a correlation between the amount, composition or 

glycosylation pattern of mucins and fertility, mucins might serve as a 

biomarker/diagnostic tool for the determination of fertility/infertility. In addition, for 

instance, heparin-induced-thrombocytopenia (HIT) often comes along with the 

formation of a thrombus, due to an exaggerated NET formation. According to Perdomo 

et al. a combination of non-heparin anticoagulants with anti-NET therapy is forward 

looking. Thus, sialalyted conjugates might be a potential tool to modulate the release of 

NET associated with the formation of a thrombus in HIT coming along with high motility 

and morbidity rates (Perdomo et al. 2019).  

Since in general, several autoimmune diseases are associated with exaggerated NET 

release or a missing NET clearance, like systemic lupus erythematosus (SLE), CF and 

rheumatoid arthritis, the interaction of sialylated structures with Siglecs might be a 

target to develop novel clinical applications for the modulation of NET release (He, 

Yang and Sun 2018). However, one has to consider, the challenging task of a targeted, 

highly specific application of those sialylated structures to the desired site of action, the 

challenging task of ensuring a controlled depletion, once they are required no more as 

well as possible side effects caused by the application of highly negatively charged 

molecules to the system. 
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6. Summary 

It has been known since 2004 that neutrophil granulocytes are able to release so-called 

neutrophil extracellular traps (NETs). NETs consist of decondensed DNA decorated 

with antimicrobial molecules and cytotoxic histones, which can not only capture 

pathogens but also render them harmless. This process, initially classified as 

"beneficial suicide", has been getting more and more attention. To date, the actual 

mechanism of the release of NETs is not fully understood, but it is already clear that 

NETs also have a dark side. The exaggerated release of NETs seems to be associated 

with numerous diseases including infertility. Nowadays, it has been suggested that 

NETs serve as trap for sperm, contributing to infertility. Interestingly, there are 

physiological mechanisms known that influence the release of NETs. For example, 

sialylated glycans on the surface of erythrocytes interact with Siglecs on the surface of 

neutrophils leading to the inhibition NET formation within the circulation, which might be 

an important mechanism in vertebrates to prevent an exaggerated activation of the 

immune system. Intriguingly, our analysis demonstrated that the genes encoding for 

Siglec-1, CD22, MAG and Siglec-15 are conserved since approximately 400 million 

years and that, for instance, stress influence the expression pattern of these regulative 

receptors in fish. These results indicate that the first Siglec-dependent mechanisms 

were already established in lower vertebrates. Siglec-mediated mechanisms may also 

take place in the female reproductive tract of mammals. Here highly sialylated mucins 

are produced and released in extraordinary quantities. We detected that cervical 

mucins might be important to maintain the balance between pathogen defence and 

pathophysiological manifestations. Our studies showed that, in line with our hypothesis, 

cervical mucins ensure fertility by inhibiting the release of NETs as well as the 

activation of neutrophils via their sialic acid residues. Therefore, we assume that a very 

high level of stimuli would have to be introduced to initiate NET release under 

physiological conditions within the cervix and that the inhibition of NETosis might 

contribute to fertility. Furthermore, α2,8-linked oligosialylated nanoparticles were 

investigated to mimic the effects of a distinct sialic acid-motif, which is present on 

cervical mucins. These particles were able to inhibit NET release. However, although 

the release of NETs could be prevented, neutrophils were activated. The DNA 

decondensed, neutrophil elastase translocated into the cell nucleus and the nuclear 

and granular membrane ruptured, but the plasma membrane remained intact. Thus, for 

a complete inhibition differently attached sialic acid residues (α2,3- and/or α2,6-linked 

sialic acid resides) on nanoparticles might be necessary as mucins contain all these 

different sialic acid-motifs.  
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In sum, this work shows that from lower vertebrates to mammals, Siglec-sialic acid 

interactions are needed to maintain the balance between pathogen defence and 

pathophysiological manifestations and that the interaction of sialylated structures with 

Siglecs can be exploited to develop new clinical applications for the modulation of NET 

release. 
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7. Zusammenfassung 

Seit 2004 ist bekannt, dass Neutrophile Granulozyten in der Lage sind, sogenannte 

Neutrophil Extracellular Traps, kurz NETs, freizusetzen. Diese bestehen aus 

dekondensierter DNS dekoriert mit antimikrobiellen Molekülen und zytotoxischen 

Histonen, wodurch Pathogene nicht nur gefangen, sondern auch unschädlich gemacht 

werden können. Dieser zunächst als „profitabler Selbstmord“ eingestufter Prozess, 

bekam innerhalb der letzten Jahre mehr und mehr Aufmerksamkeit. Bis heute sind die 

genauen Mechanismen der Freisetzung von NETs nicht vollständig aufgeklärt, doch 

bereits heute ist klar, dass NETs bei weitem nicht nur positive Effekte mit sich bringen. 

So ist die überschüssige NET Freisetzung assoziiert mit zahlreichen Erkrankungen, 

einschließlich Infertilität. Heutzutage gilt die Vermutung, dass NETs für Spermien zu 

Fallen werden und somit zur Infertilität führen. Interessanterweise sind physiologische 

Mechanismen bekannt, die die Freisetzung von NETs beeinflussen. Beispielsweise 

interagieren sialylierte Glykane auf der Oberfläche von Erythrozyten mit Siglecs auf 

Neutrophilen und hemmen somit die Freisetzung von NETs innerhalb der Zirkulation. 

Dies könnte ein wichtiger Mechanismus von Wirbeltieren sein, um überschlüssige NET 

Freisetzung zu inhibieren. Unsere Analyse zeigte, dass die für Siglec-1, CD22, MAG 

und Siglec-15 kodierenden Gene seit ungefähr 400 Millionen Jahren konserviert sind 

und dass beispielsweise Stress das Expressionsmuster dieser regulativen Rezeptoren 

in Fischen beeinflusst. Diese Ergebnisse deuten darauf hin, dass die ersten Siglec-

abhängigen Mechanismen bereits bei niederen Wirbeltieren etabliert wurden. Siglec-

vermittelte Mechanismen können auch im weiblichen Fortpflanzungstrakt von 

Säugetieren stattfinden. Hier werden hochsialylierte Muzine hergestellt und in 

außergewöhnlichen Mengen freigesetzt. Unsere Experimente zeigten, dass zervikale 

Muzine wichtig sein könnten, um das Gleichgewicht zwischen der Abwehr von 

Krankheitserregern und pathophysiologischen Manifestationen aufrechtzuerhalten. 

Unsere Studien zeigten, dass zervikale Muzine, entsprechend unserer eingangs 

aufgestellten Hypothese, die Aktivierung von Neutrophilen sowie die Freisetzung von 

NETs über Sialinsäure-Interaktionen inhibieren. Dementsprechend, gehen wir davon 

aus, dass ein sehr hohes Maß an Stimuli eingeführt werden muss, um in der Zervix 

unter physiologischen Bedingungen NET-Freisetzung zu initiieren. Darüber hinaus 

haben wir den Einfluss von α2,8-verknüpfte oligosialylierten Nanopartikeln auf die 

Freisetzung von NETs untersucht, um die Auswirkungen eines spezifischen 

Sialinsäuremotifs zu imitieren, welches auf zervikalen Muzinen vorkommt. Die 

Freisetzung von NETs konnte inhibiert werden, jedoch nicht die Aktivierung der 

Neutrophilen. Die DNS dekondensierte, Neutrophile Elastase translozierte in den 
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Zellkern und die Kern- sowie die Granularmembran platzte-nicht jedoch die 

Plasmamembran. Für eine vollständige Hemmung können daher unterschiedlich 

gebundene Sialinsäurereste (α2,3- und / oder α2,6-verknüpfte Sialinsäurereste) auf 

Nanopartikeln erforderlich sein, da zervikale Muzine alle diese unterschiedlichen 

Sialinsäuremotive enthalten. 

Zusammenfassend zeigt diese Arbeit, dass von niederen Wirbeltieren bis zu 

Säugetieren Siglec-Sialinsäure-Wechselwirkungen erforderlich sind, um das 

Gleichgewicht zwischen der Abwehr von Krankheitserregern und pathophysiologischen 

Manifestationen aufrechtzuerhalten, und dass die Wechselwirkung von sialylierten 

Strukturen mit Siglecs genutzt werden kann, um klinische Anwendungen für die 

Modulation der NET-Freisetzung zu entwickeln und somit NET-assoziierte 

Erkrankungen zu therapieren. 
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9. Appendix 
 

9.1 Supplementary Material 

 

Supplement 1: Sequence alignment of the genes encoding CD22 from rainbow trout and maraena 

whitefish. Alignments were performed by using the Clustal Omega tool of EMBL-EBI. The different 

colours show the different properties of the amino acids. Red: small hydrophobic/aromatic amino acids; 

blue: acidic amino acids; magenta: basic amino acids; green: hydrophilic, polar and small amino acids. 

The red box labels the ITIM motif of CD22 (SEYAEV), while the blue boxes show N-glycosylation sites. 

Sequence of maraena whitefish is suggested to be incomplete; allowing us to speculate that the ITIM motif 

might be present  [Figure and caption are from (Bornhöfft et al. 2020) CC-BY, caption is party modified]. 
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Supplement 2: Sequence alignment of different areas of Siglec-15. A) Sequence alignment of the 

transmembrane domain of Siglec-15. The location of the transmembrane domain of human and murine 

Siglec-15 were retrieved from Uniprot, while the sequences of maraena whitefish and rainbow trout were 

forecasted using SMART (http://smart.embl-heidelberg.de/). Black boxes indicate the conserved lysine 

residue, responsible for the interaction with DAP10/12. B) Sequence alignment of the first Ig-domain of 

Siglec-15. Shown are the conserved cysteine residues of Siglec-15, known to contribute to the functional 

tertiary structure (black boxes). The alignments were performed with the Clustal Omega tool of EMBL-EBI. 

The different colours label the chemical properties of the amino acids. Red: small hydrophobic/aromatic 

amino acids; blue: acidic amino acids; magenta: basic amino acids; green: hydrophilic, polar and small 

amino acids [Figures and caption are slightly modified and are from (Bornhöfft et al. 2020), CC-BY]. 

. 
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Supplement 3: Partial sequence alignment of MAG from salmon and maraena whitefish. Blue boxes 

indicate the conserved N-glycosylation sites, while the orange box shows the conserved W22, while the 

red box shows the ITIM sequence (LNYAAL). Alignments were performed using the Clustal Omega tool of 

EMBL-EBI. The different colours indicate the properties of the amino acids. Red: small 

hydrophobic/aromatic amino acids; blue: acidic amino acids; magenta: basic amino acids; green: 

hydrophilic, polar and small amino acids (Bornhöfft et al. 2020) CC-BY. 
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Supplement 4: Inhibition of NET release by bovine cervical mucins. DNA fluorescence staining (DAPI, 

blue) and staining of lactoferrin (red) of neutrophils without any stimulation and stimulated with 20 µg/mL 

LPS from P. aeruginosa co-incubated with 20 µg/µL follicular mucins. Nuclei retain their segmentation and 

granularity endured. The term “merged” indicates the overlay of the nuclei staining with the staining of 

lactoferrin. Scale bars: 10 μm [modified (Bornhöfft et al. 2019a) CC-BY]. 

 

 

Supplement 5: Amount of PI-positive cells. Based on the fluorescence images the total number of cells 

was determined and was set in relation to the amount of PI-positive cells. PI staining was performed of 

untreated human neutrophils, of human neutrophils induced to form NETs with 20 nM PMA and 

neutrophils stimulated with 20 nM PMA, co-incubated with monosialylated particles and oligosialylated 

particles (α2,8 sialylated beads). Mean values (n=3) and standard deviations are shown. ANOVA and 

multiple comparison Turkey test were applied. Significant differences are given as follows: ns, not 

significant, * p ≤ 0.05; *** p ≤ 0.001; and **** p ≤ 0.0001 [modified (Bornhöfft et al. 2019b) CC-BY]. 
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