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Abstract 

Asparagine (N)-linked glycosylation, a common post-translational modification of human 

proteins, is widely involved in molecular and cellular functions. Inflammation and infection 

are often associated with N-glycoprotein dysregulation. Truncated N-glycans consisting of 

GlcNAc2Man1-3Fuc0-1, known as paucimannosylation, have previously been considered as an 

invertebrate-specific glyco-signature and are perceived to be negligible or arising from 

degradation in humans. However, emerging evidence indicates that protein 

paucimannosylation may play pivotal roles in human biology. Therefore, the presence and 

potential functions of protein paucimannosylation in the human N-glycoproteome remain 

controversial, warranting further investigation. 

The granulated neutrophils are amongst the first responders to inflammation and pathogen 

infection during human innate immunity. Recently, protein paucimannosylation was 

encountered in pathogen-infected, neutrophil-rich sputum. This thesis extends from these 

initial findings by performing an in-depth molecular and (sub)cellular characterisation of the 

biosynthesis, structure and function of these unconventional glycoproteins in human 

neutrophils. LC-MS/MS-based glycomics, glycoproteomics and molecular glycobiological 

techniques were used to study human neutrophil-like cells (HL-60) and primary neutrophils 

isolated from healthy and β-hexosaminidase-deficient (Sandhoff disease; HEXB
-/-

) 

individuals. The latter was diminished in paucimannosylated neutrophil proteins, shown to 

normally reside in dedicated azurophilic granules, suggesting the involvement of human 

hexosaminidases in the biosynthesis of paucimannosylation in human neutrophils. 

Infection of HL-60 cells with Pseudomonas aeruginosa induced a virulence- and time-

dependent secretion of paucimannosidic protein, indicating active degranulation of 

azurophilic granule proteins. Expression of paucimannose-rich human neutrophil elastase 

(HNE) on activated neutrophil cell surface and their interactions with α1-antitrypsin and 

mannose binding lectin, demonstrated immunomodulatory roles of paucimannosylated 

glycoforms of HNE in neutrophil-mediated immune functions. Finally, protein 

paucimannosylation was found to be present in macrophages, lymphocytes, platelets and 

neuronal progenitor stem cells, suggesting wider functional roles of these glycoepitopes 

during physiological and pathological conditions. These findings detail and facilitate a deeper 

understanding of the unique N-glycoproteome of human neutrophils. This knowledge 

contributes to a greater appreciation of the biosynthesis, structure and function of 

paucimannosylated glycoproteins in neutrophil biology.
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This chapter aims to introduce and provide background information in light of the existing 

literature, current thinking and of the general methods and biological concepts used for the 

subsequent data chapters of this thesis. Central aspects of the human immune system, in 

particular innate immunity, are firstly covered. Human haematopoiesis is covered next, 

focusing on granulopoiesis and granulogenesis. Individual neutrophil granules will also be 

discussed in the context of their protein content (proteome) and the functions they undertaken 

during innate immunity. The main defence mechanisms utilising these granule proteins that 

enables neutrophils to mount an effective immune response against foreign pathogens are 

discussed next. As these granule proteins are mainly N-glycosylated, an introduction to 

protein N-glycosylation will be covered, followed by an introduction to the analytical 

methods used for characterising N-glycosylated proteins. In addition, alterations in protein N-

glycosylation during pathological conditions will also be discussed, focusing on the emerging 

roles of protein mannosylation during inflammation and infection which will be presented as 

a review article. 

Finally, an overview of the chapters and publications, together with the investigated topics 

covered in this thesis, will be presented towards the end of this chapter. The specific research 

aims presented in this thesis are also addressed at the end of this chapter. 

1.1 The human immune system 

Immunity refers to all mechanisms utilised by the body to protect against invading pathogens, 

foreign environmental agents or even compounds within the body that are potentially harmful 

to the human organism. These harmful self- and non-self agents can range from micro-

organisms, chemicals, food, or even plant and animal products including cellular debris and 

biomolecules. The human immune system is divided into two major categories: innate 

immunity and adaptive immunity (Figure 1) (Yatim and Lakkis, 2015). 

1.1.2 Innate immunity and adaptive immunity 

Innate immunity begins from birth and consists of a range of physical and chemical barriers. 

The skin forms part of the physical barrier where it prevents microorganisms and foreign 

substances from penetrating into the underlying tissues. The low pH of sweat and sebaceous 

gland secretions, together with the anti-microbial effect of lysozymes, a potent glycoside 

hydrolase, also help in minimising invasion from foreign pathogens. In addition, soluble 

proteins in the blood circulation such as interferons and complement proteins contribute to 
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facilitate non-specific immune responses against viral and bacterial agents. Another important 

innate mechanism involves the mucous membranes of the gut and the respiratory tract. These 

mucous-membrane barriers trap microorganisms and help to contain infection due to their 

sticky nature. The “beating motion” generated by the ciliated epithelial cells that line the 

surfaces of these exposed tissues assists in preventing and suppressing inflammation by 

avoiding pathogenic growth and eliminating the microorganisms from the respiratory tract. 

Importantly, these protective mechanisms are assisted by phagocytes such as alveolar 

macrophages and neutrophils, which together form the cellular defence component of the 

innate immune system (Coico and Sunshine, 2009). 

If an invading microorganism manages to penetrate the physical and chemical barriers, the 

body has developed several cellular defence mechanisms to combat this threat. In order to 

effectively distinguish between harmful foreign pathogens (“non-self”) from the body‟s own 

cells and tissues (“self”), the innate immune system provides an immediate first line of 

defence as a non-specific response through the recognition of non-self antigens known as 

pathogen-associated molecular patterns (PAMPs) (Mahla et al., 2013). These antigenic 

molecules, which are often proteins, carbohydrates or lipid based, are recognised by toll-like 

receptors or lectin receptors, which are expressed by various immune cells such as dendritic 

cells (DCs), macrophages and neutrophils (Kawai and Akira, 2011).  Lectin receptors or 

glycan binding lectins, are a group of carbohydrate binding proteins (Varki et al., 2009a). A 

subgroup family of the lectin receptors known as C-type lectin receptors (CLRs), is able to 

recognise carbohydrates via their carbohydrate recognition domains (CRDs) in the presence 

of calcium (Kerrigan and Brown, 2009). One of the sub-families of CLRs are the mannose 

recognising C-type lectin receptors (mrCLRs), which will be discussed in greater detail in the 

review article attached at the end of this chapter.  

Facilitated by these receptors, the phagocytic cells ingest and kill invading pathogens and they 

form, as such, the interface between innate and adaptive immunity. For example, DCs and 

macrophages are professional antigen-presenting cells (APCs) that process foreign antigens 

and present them to B and T lymphocytes, which are involved in adaptive immunity. B and T 

lymphocytes are the major effector immune cells that direct a precise and tailored immune 

response through the production of antibodies (humoral immunity) or through the use of 

perforins released from CD8+ T cytotoxic cells upon activation by CD4+ T helper cells 

(cellular immunity) (Alberts, 2002). These protective mechanisms facilitate efficient 

extracellular killing of bacterial or virus infected cells through means of controlled cell death, 
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a process known as apoptosis. This mechanism is known to kill cancerous cells and several 

other unwanted, potentially harmful, cellular events in the human organism (Martinez-Lostao 

et al., 2015).  

Compared to innate immunity, the adaptive immune response is a slower process, but it 

allows for the generation of immunological memory by B memory cells. This enables a faster 

immune response when the same pathogen is subsequently encountered by the host. However, 

the theory that this is a unique feature of the acquired immune system was recently challenged 

with the rather surprising finding of “memory-trained” innate immune cells (van der Meer et 

al., 2015). The immune responses generated by the innate and adaptive immunity have been 

traditionally viewed as separate entities but increasing evidence show that they do interact and 

complement each other (Bedoui et al., 2016). Collectively, these pieces of evidence 

demonstrate that the knowledge on the interactions between the innate and adaptive immune 

system are still poorly understood. This is particularly the case in the innate immune system, 

which has received lesser attention compared to the adaptive immune system. 

 

Figure 1. An overview and comparison on the classical differences between the innate and acquired 

immune system in humans as described in the literature. The various cells and molecular components 

involved in the respective immune system/processes are shown as well as their individual properties. 
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1.2 Human haematopoiesis 

In humans, white blood cells, also known as leukocytes, from both the innate and adaptive 

immunity arms, arise from common pluripotent haematopoietic stem cells (HSCs) through a 

differentiation process called haematopoiesis (Yu and Scadden, 2016). These pluripotent 

HSCs residing in the bone marrow have the capacity to develop into more differentiated lines 

of blood cells (Coico and Sunshine, 2009). HSCs first differentiate into multipotent 

progenitors in the presence of a transcription factor known as CCAAT-enhancer binding 

protein alpha (C/EBPα) (Bjerregaard et al., 2003). From this point, these multipotent HSCs 

can further develop into common progenitor cells that are committed to a specific cell lineage.  

Two models for haematopoiesis have been proposed: The deterministic and stochastic theory 

(Kimmel, 2014; Rieger and Schroeder, 2012). In the deterministic (classical) theory, 

differentiation of HSCs is influenced by transcription factors and soluble growth factors in the 

micro-environment (bone marrow niche), that controls both the extent and direction of cell 

differentiation in a hierarchical manner (Ding et al., 2012; Sugiyama et al., 2006). Once 

differentiation has occurred, the cells are committed to produce only a single type of cell 

lineage and this state is known as unipotency (Coico and Sunshine, 2009). 

There are three main cell lineages that the HSCs can differentiate into, namely the erythroid, 

lymphoid and the myeloid cells. The erythroid cells are oxygen carrying red blood cells 

(erythrocytes) while the lymphoid cell lineage is composed of B, T and natural killer (NK) 

cells that are formed during the lymphoid-specific differentiation route known as 

lymphopoiesis. The myeloid cell lineage includes the monocytes, macrophages, mast cells 

and DCs, together with the granulocytes which consist of the neutrophils, basophils and 

eosinophils. This ensemble of myeloid cells develops through myelopoiesis (Giebel and 

Punzel, 2008), and is intimately involved in facilitating a functional innate immune response 

(Gasteiger et al., 2016). Megakaryocytes also arise from the myeloid cell lineage; these cells 

differentiate and give rise to platelets through the process of thrombopoiesis. Platelets are 

classically known for their roles in blood coagulation (Clemetson, 2012) but have been 

recently shown to play equally important roles during innate immunity (Carestia et al., 2016). 

In contrast, the stochastic theory proposes that HSCs differentiates to specific cell types by 

randomness (Abkowitz et al., 1996). This theory was supported by the observation of a 

subpopulation of HSCs differentiating into a committed cell type at a higher differentiation 

rate relative to the rest of the HSCs population. It was also shown that this subpopulation of 
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cells, in the presence of growth factors, was able to re-establish the original population of 

HSCs. This indicates that haematopoiesis is a stochastic and reversible process and not a 

unidirectional/hierarchical pathway of differentiation as proposed by the classical theory 

(Chang et al., 2008). To date, both theories continue to receive support. 

Nevertheless, the presence of growth factors such as stem cell factors, interleukins and 

chemokines are important to regulate the proliferation and maturation of these cells (Ding et 

al., 2012; Poulos et al., 2013). Recently, microRNAs (miRNAs) were also suggested to 

regulate the proliferation of HSCs (Gentner et al., 2010). It appears that the differentiation and 

proliferation of HSCs are widely regulated by multiple players, but are tightly controlled in 

the bone marrow niche to avoid unwanted cell proliferation. The mechanisms for cellular 

differentiation into the myeloid and lymphoid linages are further discussed below based on 

the classical theory (Figure 2). 

 

Figure 2. Human haematopoiesis. An overview of the complex network of human blood cell 

differentiation pathways showing the development of the different blood cells arising from HSCs and 

multipotentency stem cells as described in the text. Image adapted and modified with permission from 

A. Raid from https://commons.wikimedia.org/wiki/File:Hematopoiesis_simple.svg 
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1.2.1 Lymphopoiesis 

The various differentiation stages in the respective hematopoietic cell lineages are 

characterised by the expression of cell surface markers, which can, amongst other techniques, 

be measured using flow cytometry (Giebel and Punzel, 2008; Mora-Jensen et al., 2011). 

Lymphoid progenitor cells arise from multipotent HSCs in the process known as 

lymphopoiesis. These progenitor cells lack the expression of lineage-specific antigens, low 

expression of stem cell associated antigen and c-kit, but they are highly positive for the 

interleukin-7 receptor α-chain (Kondo et al., 1997). Transcription factors such as Ikaros, Pax-

5 factor and Gfi1 are important for lymphoid cell differentiation as gene mutations in these 

transcription factors have been associated with B cell lymphomas (Cobaleda et al., 2007; 

O'Brien et al., 2011; Suzuki et al., 2016). 

1.2.2 Myelopoiesis  

During myelopoiesis, myeloid cells are developed from common granulocyte-monocyte 

progenitor cells. Granulocytes are the major cell type forming this class of white blood cells, 

specifically the neutrophils, which are of particular relevance to this thesis. The differentiation 

route of these myeloid cells is similar to lymphopoiesis such that they are governed by the 

transcription factors C/EBPα and PU.1. Both C/EBPα and PU.1 were identified to be 

important for granulocyte maturation while Maf and Jun transcription factors were found to 

be important for monocyte development (Friedman, 2002). The proliferative state of 

differentiation begins in the granulocyte-monocyte progenitor cells in the presence of the 

granulocyte-monocyte colony stimulating factors. This is characterised by a high cell surface 

expression of the Fcγ receptor and cluster of differentiation (CD) 34, giving rise to either 

monocyte precursors known as monoblasts or granulocyte precursors known as a myeloblasts 

(MB), respectively (Akashi et al., 2000). Further differentiation of monoblasts commit these 

cells to monocytes through monocytopoiesis while MB give rise to promyelocytes (PM), 

which are further differentiated into mature neutrophils through granulopoiesis (Lewis et al., 

2006). 

1.2.3 Granulopoiesis 

Granulopoiesis is defined as the formation of granulocytes within the bone marrow, beginning 

from the differentiation of a MB to their respective myeloid cell lineage. As this thesis is 

primarily focused on neutrophils, the subsequent introduction and discussion on 

granulopoiesis will be restricted to human neutrophils in this chapter. The reader is directed to 
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other excellent reviews covering the development of other myeloid immune cells in greater 

details (Collin and Bigley, 2016; Geissmann et al., 2010) .   

The development of mature neutrophils found in the blood circulation begins when the MB 

differentiates to form a PM. A round nucleus and the presence of azurophilic granules are 

characteristic morphological features of a PM (Borregaard, 1997). Several transcription genes 

and factors govern the neutrophil development in the bone marrow including Runx1, PU.1, 

C/EBP-α, -ε and Gfi1 (Bjerregaard et al., 2003; Theilgaard-Monch et al., 2005) . In addition, 

miRNAs such as miRNA-130a are one of the regulators of cell proliferation observed in MBs 

and PMs (Larsen et al., 2013). It should be noted that the expression of cell cycle proteins 

such as cyclin D2 is also important in regulating the cellular maturation of PMs to the more 

mature myelocytes (MCs) and metamelyocytes (MMs) (Klausen et al., 2004). The 

morphological characteristics of MMs are their kidney shaped nucleus. These maturation 

intermediates differentiate further to form band cells and segmented cells, which are classified 

as mature neutrophils (Lewis et al., 2006). In addition, the expression of transcription factors 

and cell cycle proteins fluctuates during the above described stages of neutrophil 

differentiation in the bone marrow. Eventually, mature neutrophils are generated and released 

into the blood circulation (Bjerregaard et al., 2003). This release into the circulation is aided 

by the presence of the granulocyte-colony stimulation factor, chemokine ligand 1 and 2 

cytokines, which are recognised by chemokine-specific receptors expressed on the cell 

surface of mature neutrophils (Eash et al., 2010; Wengner et al., 2008). 

Under steady state (non-alert) conditions, granulopoiesis of MB to mature neutrophils in the 

bone marrow takes around 14 days while the half-lives of terminally differentiated mature 

neutrophils in circulation is around 5 to 7 days (Dancey et al., 1976; Pillay et al., 2010). 

Neutrophils are often referred to as the first line of immune defence in the host and are among 

the first immune cells to arrive at the site of inflammation (Kruger et al., 2015). In response to 

severe infections, neutrophils can be readily generated and mobilised into circulation, a 

process termed emergency granulopoiesis, involving increased de novo synthesis of 

neutrophils as a result of enhanced proliferation of myeloid cells in the bone marrow (Devi et 

al., 2013; Manz and Boettcher, 2014).
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Figure 3. Formation of neutrophil granules in developing neutrophils found in the bone marrow. The 

respective morphologies and the production of the individual granules and their protein 

(membrane/soluble) constituents are shown over the various developmental stages of human 

neutrophils. The increasing degranulation tendency of the granules formed over the neutrophil 

development is shown i.e. secretory vesicles have a higher propensity for degranulation compared to 

the azurophilic granules. The neutrophil morphologies are reprinted from Haematology: basic and 

principles, 6
th
 edition, Hoffman et al. © 2013, with permission from Elsevier (Hoffman, 2013). 

 

Mature neutrophils are identified morphologically by their lobulated (drumstick-like) nucleus 

and the presence of cytoplasmic granules (Lewis et al., 2006). During neutrophil maturation 

from a MB to a segmented mature neutrophil, a spectrum of cytoplasmic granules are 

developed sequentially (Borregaard and Cowland, 1997). The formation of these neutrophil 

granules during bone marrow maturation (also known as granulogenesis) can be described as 

a continuum as shown in Figure 3. The azurophilic granules are the first to be produced at the 

PM stage, followed by the specific and gelatinase granules during the MC and MM/band cell 

stage. The secretory vesicles are the last to form when the cells are terminally differentiated as 
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segmented neutrophils. Similarly, the protein constituents (proteome) present in the individual 

granules are highly different due to the fluctuations and spatio-temporal regulation of the 

protein synthesis during neutrophil maturation in the bone marrow (Cowland and Borregaard, 

2016). These complex processes, which generate a unique proteome “fingerprint” of the 

individual neutrophil compartments, are convincingly explained by the “targeting by timing” 

hypothesis (Borregaard and Cowland, 1997). Specifically, this hypothesis proposed that the 

granules are filled with different proteins synthesised during the time of their formation. 

Hence, granule proteins synthesised simultaneously will end up in the same granule. The 

hypothesis also proposed that there are no sorting motifs or tags on these granule proteins to 

direct them to the granules. The synthesised granule proteins are believed to arrive in the 

individual granules after exiting the endoplasmic reticulum (ER) - Golgi network (i.e. the 

secretory route) at various points though yet-to-be-determined mechanisms. This differential 

exit implies that the granules proteins may receive differential ER-Golgi processing, which is 

of particular interest with respect to the glycosylation process of these proteins that happens at 

that time. Furthermore, the sorting of the granule proteins was shown to be independent of the 

mannose-6-phsophate targeting pathway (Laura et al., 2016; Nauseef et al., 1992). Therefore, 

very little is known about the cellular and molecular sorting mechanisms of these proteins to 

these respective granules. 

Interestingly, an early electron microscopy (EM) study by Bainton and colleagues showed that 

azurophilic granules formed during the PM stage buds off from the cis-Golgi, while the 

granules formed during the subsequent MC and MM stages exit from the trans-Golgi 

(Bainton and Farquhar, 1966). This landmark observation suggested that azurophilic granule 

proteins undergo different post-translational processing compared to granule proteins that are 

formed later in maturing neutrophils in the bone marrow e.g. proteins residing in the specific 

and gelatinase granules. 

The “targeting by timing” hypothesis was proposed by Borregaard and co-workers based on 

the observation of the expression of selected granule marker proteins in isolated bone marrow 

neutrophils at successive stages of their maturation (Borregaard et al., 1995). It was validated 

by an induced expression of a specific granule protein, neutrophil gelatinase-associated 

lipocalin (NGAL) in the azurophilic granules of HL-60 cells, a neutrophil-like cell line widely 

used to study neutrophil biology (Le Cabec et al., 1996). Recently, correlations between the 

transcriptome of the granule proteins with the proteome of the subcellular fractionated 

granules isolated from neutrophils further supported the association between the time of 
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granule protein expression and their localisation in the various neutrophil granules 

(Clemmensen et al., 2014; Rorvig et al., 2013).  

Although no studies have conclusively shown evidence that mature neutrophils do not 

produce granules while in circulation, the absence of mRNA coding for these granule proteins 

in circulating neutrophils suggests that granule proteins are only synthesised during 

maturation in the bone marrow under the control of transcriptional factors (Borregaard et al., 

2001; Cowland and Borregaard, 1999). 

1.2.4 Neutrophil granules and their associated granular proteins 

As briefly introduced above and further elaborated on below, neutrophil granules are divided 

into multiple distinct subsets based on their appearance and protein contents. In addition, the 

various granule subsets also differ in their capacity to be exocytosed in response to 

stimulation (Figure 3). Granule exocytosis, also known as degranulation, was suggested to be 

mediated via compound exocytosis. These are a series of steps involving granule translocation 

towards the plasma membrane via actin remodelling and microtubule assembly. This is 

followed by tethering, docking and fusion of the granules into the plasma membrane that 

involves the Rab and soluble N-ethylmaleimide-sensitive factor activating protein receptor 

(SNARE) proteins (Lacy and Eitzen, 2008; Mollinedo et al., 2006). The heterotypic fusion of 

the granules with the plasma membrane of stimulated neutrophils serves to release the soluble 

granule proteins into the extracellular environment and present membrane-bound proteins on 

the cell surface of stimulated neutrophils (Borregaard and Cowland, 1997; Kuijpers et al., 

1991). The differential degranulation capacity may be explained by granular differences in 

their sensitivity towards elevated calcium levels (Sengelov et al., 1993a). Secretory vesicles, 

which are the last granule subsets to form, are released first at the lowest level of calcium, 

followed by the gelatinase, specific and the azurophilic granules. The individual neutrophil 

granules and the proteins packaged in them are discussed below. 

1.2.4.1 Azurophilic granules 

The earliest-formed peroxidase-positive azurophilic granules are found in PMs and are named 

based on their affinity for the basic dye azure A (Lewis et al., 2006). The azurophilic granules 

can be further subdivided into the smaller defensin-poor granules, which are first formed, 

followed by the larger defensin-rich granules (Borregaard and Cowland, 1997). These 

granules abundantly display specific membrane proteins such as CD63 (Cham et al., 1994), 

CD68 (Saito et al., 1991) and carry an arsenal of soluble proteins that are anti-microbial and 
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proteolytic in nature, characteristics that are central to the biological functions of the 

neutrophils in general and the azurophilic granule in particular (Mitchell et al., 2008). One of 

the most abundant proteins stored in the azurophilic granules is myeloperoxidase (MPO), a 

heavily glycosylated catalytic enzyme that is involved in the conversion of hydrogen peroxide 

to hypochlorous acid upon granule fusion with the phagolysosomes. Phagolysosomes are 

intracellular compartments that are formed upon phagocytosis of foreign pathogens in 

neutrophils (Nordenfelt and Tapper, 2011). Anti-microbial proteins and peptides such as the 

bactericidal/permeability-increasing protein (BPI) and α-defensins are also important 

molecules stored within these granules. These proteins and peptides assist in host immune 

defence against gram-positive and gram-negative bacteria (Calafat et al., 2000; Ericksen et al., 

2005; Faurschou et al., 2005). 

In addition, key serine proteases such as human neutrophil elastase (HNE), neutrophil 

cathepsin G (nCG), proteinase 3 (PR3) and azurocidin are also glycosylated and located 

mainly in the azurophilic granule. Similarly, these potent hydrolytic enzymes are known to be 

effective in the protection against a broad range of bacteria. This is in part, due to their 

proteolytic activities and their highly positive charged arginine-rich protein surface (Belaaouaj 

et al., 1998; Korkmaz et al., 2008; Miyasaki and Bodeau, 1992; Shafer et al., 1996; Shafer et 

al., 1991). Recently, a newly discovered serine protease known as neutrophil serine protease 4 

was also found localised within the azurophilic granules (Perera et al., 2013), but its anti-

microbial properties, if any, remain to be determined. The glycosylation of the above-

mentioned serine proteases localised to the azurophilic granule will be one of the main foci in 

this thesis. 

1.2.4.2 Specific, gelatinase and ficolin granules 

Following the formation of the azurophilic granule, the peroxidase-negative specific and 

gelatinase granules are the next two granules to form in the developing neutrophils. The 

specific granules develop in the MCs and MMs stages and are defined based on their rich 

content of lactoferrin, an iron-binding protein with known anti-microbial activities. In 

addition, the specific granules also contain collagenase, NGAL and the human cathelicidin 

(hCAP-18) proteins that are essential for their anti-microbial activities (Kjeldsen et al., 1994; 

Sørensen et al., 1997; Yang et al., 2002). Unlike the azurophilic granules, the encapsulating 

membranes of the specific granules contain various adhesion receptors and subunits of the 

NADPH-oxidase complex, which are involved in the generation of the “respiratory-burst” in 

phagocytosing neutrophils (Avinash et al., 2014). 
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In contrast, the gelatinase granules are defined by their high levels of gelatinase matrix 

metalloproteinases known as metalloproteinase 9 (MMP-9) (Lominadze et al., 2005). MMP-9 

is one of the hydrolytic proteases belonging to the zinc-metalloproteinase family that are 

capable of degrading extracellular matrix proteins such as collagen. The gelatinase granules 

are formed during the MM and band cell maturation stages in the bone marrow (Faurschou 

and Borregaard, 2003; Opdenakker et al., 2001). In addition, the membrane of gelatinase 

granules also contains subunits of the NADPH-oxidase complex such as Gp91phox/p22phox, 

cytochrome b558 and integrins that are essential to assist with the adhesion processes of 

neutrophils in their migration towards the site of inflammation. 

In addition to the specific and gelatinase granules, ficolin-1 containing granules were also 

shown to be synthesised in MCs, MMs and band cells using radiolabeled ficolin-1 proteins in 

isolated immature neutrophils developing in the bone marrow (Rorvig et al., 2009). These 

homopolymeric soluble ficolins are capable of binding to carbohydrates via their C-terminal 

fibrinogen-like domain and have been suggested to be involved in the lectin complement 

pathway (Lu et al., 2002).  

1.2.4.3 Secretory vesicles 

The secretory vesicles are the last major compartment to be produced in developing 

neutrophils. These compartments are known to have a high propensity for degranulation upon 

stimulation. Integrins receptors are found to be in abundance on the membrane of secretory 

vesicles, which was supported by the observation that these receptors are abundantly 

displayed by the plasma membrane of stimulated (degranulated) neutrophils (Calafat et al., 

1993).  However, it should be noted that secretory vesicles are not synthesised in vivo and are 

endocytic in nature as evident by their high abundance of albumin and other serum 

glycoproteins contained within the granule membrane (Borregaard et al., 1992). Thus, the 

proteome and the glycosylation of these proteins residing in this compartment do not adhere 

to the “targeting by timing” hypothesis as described above. 

1.3 Neutrophil functions in innate immunity 

In humans, 50-70% of circulating leukocytes are neutrophils. Mature neutrophils in 

circulation have an average diameter of 7-10 µm (Borregaard, 2015). As described above, 

neutrophils are one of the first innate immune cells to arrive at the sites of inflammation or 

infection in the body. Neutrophils in circulation can readily migrate and infiltrate into the 
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inflamed tissues such as the lung airways, which are particularly vulnerable to infections 

(Nicolas-Avila et al., 2017).  Inflammation, characterised by the cardinal symptoms of pain, 

heat, redness, swelling and a loss of function (Tracy, 2006), is a vital mechanism to protect the 

body against harmful infections and detrimental cellular processes in the organism. 

Upon receptor recognition of the PAMPs expressed by foreign microorganisms, tissue 

resident innate immune cells such as macrophages and DCs are activated, triggering the 

release of pro-inflammatory molecules such as tumour necrosis factor-α and interleukin-1. 

This results in the formation of an inflammatory condition that is characterised by localised 

blood vessel dilation and, in turn, an increase in the local blood flow and vessel permeability 

to facilitate the recruitment of immune cells such as neutrophils to the affected sites (Shen et 

al., 2013). Although these processes are highly effective in combatting infection and are 

highly beneficial to the host, it is important to stress that prolonged inflammation (such as the 

inflammation associated with chronic injury) may cause harm to surrounding tissues as 

demonstrated in various disease states (Headland and Norling, 2015). For example, if not 

controlled properly, recruited neutrophils have the potential to cause severe chronic 

inflammatory tissue damage due to their collection of anti-microbial and pro-inflammatory 

molecules present in the granules. This is often observed in diseases characterised by chronic 

neutrophil infiltration such as cystic fibrosis (CF) and atherosclerosis (Mantovani et al., 

2011). As discussed below, the neutrophil granules and their proteins play important roles in 

various neutrophil functions. 

1.3.1 Neutrophil adhesion and transmigration 

A multi-step cascade of events occurs when neutrophils are recruited to the inflamed site in 

response to pro-inflammatory molecules such as interferon γ and tumor necrosis factors 

released by activated CD4+ T helper cells (Mantovani et al., 2011). This process is known as 

“homing”. The first step of neutrophil-homing involves the adhesion of circulating 

neutrophils to the endothelial cell layer. Upon activation by cytokines released by activated 

immune cells, the vascular endothelium up-regulates the expression of carbohydrate-

recognising adhesion molecules such as P- and E-selectins on the luminal surface of the 

endothelial layer (McDonald et al., 2010). This enables the binding of P selectin glycoprotein-

1 (PSGL-1) to carbohydrate ligands expressed on activated neutrophils. These interactions are 

crucial to facilitate the primary rolling contact with the activated endothelium (McEver et al., 

1995; Moore et al., 1995). As the interactions between the endothelial layer and neutrophils 

become stronger, neutrophils start rolling along the endothelial walls. This interaction triggers 
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the mobilisation of the secretory vesicles and, thus, cell surface expression of integrin 

receptors to further strengthen the neutrophil-endothelial interactions. This eventually leads to 

neutrophil immobilisation and vascular tethering (Sperandio, 2006). In order for the 

neutrophils to migrate through the basement membrane and the interstitial tissues rich in type 

IV and type V collagen, the neutrophils undergo a process known as either transmigration or 

extravasation. This involves the release of the hydrolytic gelatinase enzymes from the 

gelatinase granules to degrade the extracellular matrix (Bakowski and Tschesche, 1992; 

Delclaux et al., 1996). 

1.3.2 Phagocytosis 

Upon reaching the inflamed tissues, one of the mechanism by which neutrophils fight 

microbial invaders is through the engulfment of the offending pathogen, also known as 

phagocytosis (Gordon, 2016). In order for phagocytosis to occur, neutrophils must be in direct 

physical contact with the pathogen. To do this, neutrophils are capable of migrating up a 

chemotactic concentration gradient to engage and internalise the pathogens by recognising 

complement opsonised particles via their complement or Fcγ receptors. In addition, 

neutrophils are capable of recognising bacteria expressing N-formylmethionyl-leucyl-

phenylalaine (fMLP) through their fMLP receptors (Heit et al., 2008; Lee et al., 2011). 

Upon phagocytosis of the pathogen, a lipid bilayer membrane enclosed vesicle containing the 

pathogen is formed known as the phagosome. In addition to Rab and SNARE proteins, 

lysosome-associated membrane glycoprotein (LAMP) proteins such as LAMP-1 and LAMP-2 

were identified to be essential for the maturation of the phagosome that eventually will fuse 

with the hydrolytic low-pH lysosomes (Binker et al., 2007; Caron and Hall, 1998). Upon 

heterotypic organelle fusion of the phagosome with the lysosomes and later also with the 

azurophilic granules, an acidic phagolysosome containing different anti-microbial proteins 

derived from the azurophilic granules is formed. This compartment utilises both oxygen-

dependent and independent mechanisms to kill the phagocytised pathogen within the 

phagolysosome (Greenberg and Grinstein, 2002). 

In the oxygen-dependent mechanism also known as the “respiratory burst”, the production of 

reactive oxygen species (ROS) is attributed to the activity of the multi-component enzyme 

known as NADPH-oxidase. This enzyme, which consists of Gp91phox/p22phox, is 

responsible for generating superoxides that undergo dismutation to form hydrogen peroxide, a 

microbicidal compound (Hampton et al., 1998; Klebanoff, 2005). In addition, the fusion of 



Chapter 1 

 

 

17 

 

the MPO-rich azurophilic granules with the phagosome lumen and the conversion of 

hydrogen peroxidase by MPO, lead to the formation of hypochlorous acid, another potent 

anti-microbial species used by neutrophils to kill microorganisms (Klebanoff and Rosen, 

1978). The importance of these generated ROS in mediating neutrophil anti-microbial defence 

is emphasised in patients suffering from chronic granulomatous disease who are highly 

susceptible to bacterial and fungal infections as a result of non-functional NADPH-oxidases 

(Segal et al., 2000).    

In contrast, the oxygen-independent mechanism used by neutrophils relies on the stored 

repertoire of azurophilic granule proteins such as the serine proteases (e.g. HNE, nCG, 

azurocidin, introduced above), anti-microbial proteins and peptides (e.g. BPI and defensins) 

that are being delivered to the phagolysosome upon fusion. For example, HNE and nCG have 

been documented to kill and degrade phagocytised pathogens by exerting anti-microbial 

effects through the disruption of the microbial membranes effectively facilitated by their 

potent hydrolytic action (Hirche et al., 2008; Ines et al., 2011). However, these proteases are 

also active in a secondary mechanism in the immune response due to their so-called 

“bystander-effect” which is, for example, observed in pulmonary diseases. Left un-regulated, 

the serine proteases can cause severe lung damage, emphysema and a loss of function in 

maintaining lung fluid homeostasis in the airways due to excessive tissue and matrix 

degradation (Guyot et al., 2014; Le Gars et al., 2013). Thus, controlling the production, 

secretion and activity of these serine proteases are crucial to ensure a potent, efficient and 

protective immune response that is not harmful to the host. 

1.3.3 Formation of neutrophil extracellular traps 

Phagocytosis is a well-known defence mechanism of neutrophils against microorganisms. 

Formation of so-called neutrophil extracellular traps (NETs) is a more recent discovery that 

describes an additional strategy that neutrophils use to entrap micro-organisms in the 

extracellular environment to limit their infections (Yuen et al., 2016). NETs are networks of 

decondensed chromatin fibres that are decorated with azurophilic granule proteins such as 

MPO, serine proteases and anti-microbial peptides such as defensins. NETs are formed in a 

process known as netosis, a type of neutrophil cell death that differs from necrosis and 

apoptosis (Yousefi and Simon, 2016). The exact formation of NETs is still poorly understood, 

but various studies have proposed several factors and events that could lead to netosis, 

including the dependency of the NADPH oxidase to form ROS as initiators of NET formation 

(Björnsdottir et al., 2015). In addition, the de-condensation of the neutrophil chromatin was 
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proposed to be mediated by the azurophilic granule-resident HNE and MPO as they relocate 

to the nucleus of stimulated neutrophils and degrade the core and linker histones (Metzler et 

al., 2014). The hyper-citrullination of the histone damages the nuclear membrane, leading to 

the mixing of the chromatin with the azurophilic granule proteins within the cell before they 

are released extracellularly (Zawrotniak and Rapala-Kozik, 2013). Interestingly, other 

myeloid cell types were also shown to form these extracellular traps, under the collective term 

known as etosis (Goldmann and Medina, 2012). Apart from immune defence, NETs have also 

been described to play roles in sterile conditions such as auto-immune diseases (Grayson and 

Kaplan, 2016; Kessenbrock et al., 2009). However, their roles in mediating neutrophil innate 

immunity remain controversial (Sørensen and Borregaard, 2016). 

1.3.4 Degranulation 

In addition to phagocytosis and NETs, another anti-microbial defence mechanism mediated 

by neutrophils is degranulation. Degranulation of the neutrophil granules can be rapidly 

induced by several stimulants such as fMLP and lipopolysaccharides (LPS) (Kjeldsen et al., 

1992; Lollike et al., 1995; Sengelov et al., 1993b). In vitro studies have showed that the 

secretory vesicles, and the gelatinase and specific granules are more readily degranulated 

compared to the azurophilic granules in response to calcium stimuli (Fletcher and Seligmann, 

1985; Neelakshi et al., 2007). Potent chemical stimulants such as phorbol 12-myristate 13-

acetate (PMA) and actin filament disruptor compounds such as cytochalasin B and latrunculin 

B have been used to induce the degranulation of azurophilic granules in neutrophils (Mitchell 

et al., 2008). Azurophilic granules in neutrophils are known to be directed preferentially to the 

phagosomes to assist in pathogen killing and to a lesser extent, participate in more classical 

degranulation involving fusion with the plasma membrane (Tapper et al., 2002). The 

importance of degranulating neutrophil granules to mount an effective immune response 

against pathogenic infections was recently underscored in a study where the lack of 

degranulating neutrophil granule results in persistent Yersinia pseudotuberculosis infections 

(Taheri et al., 2016). In addition, the mechanisms centric to neutrophil degranulation have 

recently received more attention due to the recognised contributions of granular proteins 

towards protection against infectious diseases, including fungal infections and inflammatory 

diseases such as alcoholic cirrhosis (Boussif et al., 2016; Swamydas et al., 2016) . 
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Figure 4. Illustration of the neutrophil killing mechanisms mediated by granule proteins. The three 

mechanisms that neutrophils utilise to fight infections with the help of granule proteins are shown (see 

text for details). Reprinted by permission from Macmilian Publisher Ltd: Nature Immunology Review 

© 2013 (Elzbieta and Paul, 2013) 

 

Although powerful multi-omics technologies including genomics, transcriptomics and 

proteomics have enabled a better understanding of the various pathogen killing mechanisms 

mediated by the intracellular granule proteins of neutrophils (Figure 4), the structure and 

function of post translational modifications (PTMs) present in these neutrophil granule 

proteins remain severely understudied. This is the case not only at the single protein level, but 

also at the system-wide level. Given their well-known roles in mediating and modulating the 

host innate immunity, advancing our knowledge of the PTMs present on these granule 

proteins will allow a greater appreciation of their importance in neutrophil biology. Potential 

functions of the PTMs span a wide spectrum from changing the physicochemical properties of 

proteins, for example, in the modulation of the folding and stability of the granules proteins, 

to driving signalling cascades that may be more independent of their protein carriers. Unlike 

gene transcription, PTMs of proteins are template-free modifications of the polypeptide chain 

which are added and potentially processed further during protein translation (Varki et al., 

2009b). As introduced below, one of the most common and the most complex type of PTMs 

on proteins is glycosylation, which is the main focus of this thesis. 
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1.4 Protein glycosylation in humans 

Protein glycosylation is the co- and/or post-translational attachment of complex 

carbohydrates, sugars or oligosaccharides (hereafter collectively called glycans) to proteins. It 

is estimated that more than 50% of human proteins are glycosylated (Apweiler et al., 1999). 

This class of PTM, which utilises a significant amount of the energy of all human cells for the 

synthesis and regulation of glycoproteins, is known for playing diverse roles in human 

physiology (Moremen et al., 2012). Glycoproteins are predominantly found extracellularly, 

either tethered to the cell surface membrane or as secreted glycoproteins. In addition, some 

glycoproteins like the ones residing in neutrophil granules, discussed in this work are stored 

on the luminal side of the intracellular organelles that may be exposed to the extracellular 

environment under the appropriate conditions. Glycoproteins are divided into various classes 

depending on the attached glycan and the conjugation site of the polypeptide chain. Examples 

include N- and O-linked glycans, proteoglycans and glycosylphosphatidylinositol anchored 

proteins (Varki and Sharon, 2009).    

Protein N-glycosylation is the addition of glycans attached to the nitrogen atoms of asparagine 

(Asn) residues found in a conserved consensus sequence (sequon). The sequon consists of 

Asn followed by any amino acid (X) except proline and ends with a serine (Ser) or threonine 

(Thr) (Asn-X-Ser/Thr, X ≠ Pro) (Kelleher and Gilmore, 2006; Opdenakker et al., 1993). In 

contrast, protein O-glycosylation is the addition of glycans linked to the oxygen atoms found 

in the hydroxyl groups of consensus-free predominantly Ser and Thr residues (Van den Steen 

et al., 1998). The building blocks forming the N- and O-linked glycans on human 

glycoproteins span a relative limited variety of neutral monosaccharides including the N-

acetylhexosamines (HexNAc) i.e. N-acetyl-D-galactosamine (GalNAc) and N-acetyl-D-

glucosamine (GlcNAc), the hexoses i.e. D-galactose (Gal), D-mannose (Man) and D-glucose 

(Glc), the deoxyhexose i.e. L-fucose (Fuc) and the acidic monosaccharide i.e. N-acetyl-D-

neuraminic acid (NeuAc or sialic acid residues) (Stanley et al., 2009). Protein N-glycosylation 

is the main focus of this thesis and will be discussed further below. 

1.4.1 Protein N-glycosylation 

Protein N-glycosylation is an enzymatic process involving the addition and subsequent 

processing (removal and elongation) of complex glycans on proteins by the concerted actions 

of glycosyltransferases and glycosidases, in the presence of nucleotide sugar donors and their 

corresponding transporter molecules (Moremen et al., 2012). Under normal cellular 
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homeostasis, protein N-glycosylation has been shown to play important roles in various 

biological processes such as cell adhesion, cell proliferation, cell-cell communication and in 

mediating immunological responses (Varki, 2017). Alterations in protein N-glycosylation 

have been implicated in a wide spectrum of diseases such as congenital disorders of 

glycosylation (CDG) (Jaeken, 2010), immune  disorders and cancer (Kizuka and Taniguchi, 

2016), observations which further support the involvement of protein glycosylation in 

maintaining human health. Such alterations usually arise from enzymatic perturbations in the 

glycosylation machinery of the affected cells, but may similarly arise from variations in the 

other factors including the protein turnover and fluctuations in the level of nucleotide sugar 

donors.
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Figure 5. The main N-glycan types observed in humans. All N-glycans are based on the common 

trimannosyl-chitobiose core (M3, boxed) that may be decorated with different monosaccharide 

residues depending on the extent of glycan processing in the ER-Golgi apparatus secretory route. High 

mannose N-glycans containing a total of between five and nine Man residues are denoted as M5-M9 

while hybrid N-glycans contain extended Man residues on the α1,6 arm and a complex GlcNAc-based 

antenna linked to the α1,3-mannose arm. Complex type N-glycans are characterised by the presence of 

GlcNAc residues on both the α1,3- and α1,6-mannose arms, which may be further extended with Gal, 

Fuc or sialic acid residues. Complex N-glycans can also exist as bi-, tri- and tetra-antennary structures. 

Paucimannose (circled) is a less reported truncated N-glycan type, which is the main focus of this 

thesis. This glycan class is unique since it consists of only the trimannosyl-chitobiose core or further 

truncated chitobiose core mannose-capped variants denoted M1(F)-M3(F). Both complex and 

paucimannosidic N-glycans may exist with or without core fucosylation in a α1,6 linkage as shown in 

parentheses. Glycan structures are shown with reducing end indicator using monosaccharide symbols 

and conventions according to the Essentials of Glycobiology for symbol representation of glycan 

structures (Varki et al., 2015). Refer to “Symbols and Nomenclature” on page xiii for further 

information. The reducing end and non-reducing end terminals of the glycan structures are also 

indicated. Monosaccharide linkages are presented according to the angled Oxford linkage placement 

notation (Varki et al., 2015).  

 

The structural commonality shared by all N-glycans conjugated to human glycoproteins is the 

trimannosyl-chitobiose core (Manα1,6(Manα1,3)Manβ1,4GlcNAcβ1,4GlcNAcβ1-Asn). This 

trimannosyl-chitobiose core structure is often further extended by a variety of 

monosaccharide residues to give rise to three main classes of human N-glycans (Figure 5): 1) 



Chapter 1 

 

 

23 

 

High mannose type N-glycans where only mannose residues are attached to the trimannosyl-

chitobiose core, 2) Hybrid type N-glycans in which the Manα1,6 arm of the core structure 

carries only mannose residues while the Manα1,3 arm is GlcNAc modified and may be 

further extended by other monosaccharide residues including Gal and NeuAc residues, 3) 

Complex type N-glycans in which the core structure is modified by GlcNAc, on both the 

Manα1,6 and Manα1,3 arms and may receive further extension with, for example, Gal, 

GlcNAc and NeuAc. In addition, the complex and hybrid type N-glycans may be further 

modified by bisecting GlcNAc whereby a β1,4-linked GlcNAc residue is attached to the β-

Man of the trimannosyl-chitobiose core. Furthermore, the outer antennas and the chitobiose 

core of N-glycans can also be modified by Fuc, Gal and sialic acid residues as well as glycan 

PTMs i.e. O-acetylation, phosphorylation and sulfation (Stanley et al., 2009). The latter will 

not be covered further in this thesis. A fourth type of N-glycans known as the 

paucimannosidic N-glycans are well documented in invertebrates, in plants and in other lower 

organisms but have generally been considered to be absent and often regarded as degradation 

products or intermediates in vertebrates (Schachter, 2009; Zhang et al., 2003). However, 

paucimannosylation was recently indicated to be present in human bio-specimens (Dahmen et 

al., 2015; Everest-Dass et al., 2012). It is these unusual, rarely reported, paucimannosidic N-

glycans in human neutrophils that are the main focus of study in this thesis.



Chapter 1 

 

 

24 

 

Figure 6. Protein N-glycosylation pathway in humans. The N-glycan precursor i.e. 

Glc3Man9GlcNAc2 is transferred to the nascent protein from a lipid-linked carrier and then 

trimmed in the endoplasmic reticulum (ER) to remove the terminal Glc residues by ER 

glucosidase I (Glc I), allowing the chaperones calnexin and calreticulin to bind to the newly 

synthesised glycoprotein to promote proper folding of proteins (Hammond et al., 1994). The 

innermost Glc and Man residues are removed by α-Glc II and the ER-resident mannosidases 

before the processed glycoprotein is transported to the cis-, medial- and trans-Golgi for 

further trimming, elongation and branching of the N-glycan by the actions of the respective 

glycosyltransferases and a range of activated nucleotide sugar donors as indicated in the 

figure. This ordered maturation process allows for the generation of a diverse repertoire of N-

glycans. The nucleotide sugar donors are required to be activated to a high energy donor form 

through kinase mediated reactions involving nucleoside triphosphates such as UDP, GDP and 

CMP. 

1.4.2 N-glycoprotein synthesis 

The biosynthesis of N-glycoproteins requires the enzymatic activity of a multitude of 

glycosyltransferases and glycosidases present in the ER and the Golgi apparatus found within 

eukaryotic cells (Figure 6). The process of protein N-glycosylation begins with the assembly 
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of common lipid-linked N-glycan precursors, Man9GlcNAc2 (M9), in the cytoplasmic side of 

the ER membrane and then later flipped into the ER lumen (Weerapana and Imperiali, 2006). 

This assembly process is finalised by the addition of Glc residues to the glycan precursor in 

the ER lumen, resulting in a Glc3Man9GlcNAc2 precursor that is transferred “en bloc” as the 

common N-glycan to all N-glycoproteins. With only few exceptions to the rule (Gil et al., 

2009), only the polypeptide consensus sequence motif (Asn-X-Ser/Thr, called a "sequon”) of 

the protein may receive N-glycans and this process is catalysed by the 

oligosaccharyltransferase (OST) complex (Aebi, 2013; Breitling and Aebi, 2013).  

Once transferred to the protein backbone, the immature N-glycoprotein then undergoes further 

processing by exoglycosidases such as glucosidase I and II to remove the Glc residues at the 

non-reducing end of the M9 structure while the protein backbone folds to maturity. After ER-

based trimming to the Man8GlcNAc2-Asn structure (M8), the glycoprotein is then sent to the 

cis-Golgi apparatus where further trimming of the Man residues takes place to give rise to the 

shorter forms of the high mannose structures (M5-M7) by the action of several Golgi α-

mannosidases (Stanley, 2011). To generate the hybrid and complex type N-glycoproteins, 

GlcNAc residues are first transferred to the 3‟Man arm of the Man5GlcNAc2Asn by the action 

of N-acetylglucosaminyltransferase-I (GlcNAcT-I or GnT-I) (Opdenakker et al., 1993; Varki, 

1998). Frequently, α1,6-linked fucosylation, also referred to as core fucosylation, is added to 

the innermost (reducing end) GlcNAc residue of the glycoprotein at this point by a dedicated 

α1,6-fucosyltransferase  encoded by the FUT8 gene (Ihara et al., 2006). This is followed by 

further Man trimming to M3 and the action of GnT-II, GnT-IV and GnT-V present in the cis- 

and medial Golgi to allow further glycan elongation and branching of the structures that are 

mediated by the action of various galactosyltransferases (GalTs), fucosyltransfereases (FuTs) 

and sialyltransfereases (SiaTs) present in the latter part of the glycan processing cascade i.e. 

the medial and trans-Golgi (Stanley et al., 2009). 

The elongation and branching of the complex type N-glycans may result in the formation of 

bi-, tri- and tetra-antennary structures by the enzymatic action of GnT-I to GnT-V. Further 

glycan diversity is generated through the addition of Fuc residues to the Gal or GlcNAc 

residues in the outer antennae in α1,2-/α1,3- and α1,4-linkages, giving rise to the so-called 

Lewis type antigens. The outer arm fucosylation is catalysed by α1,2-/α1,3- and α1,4-FUT. In 

addition, mature glycans are often terminated (or capped) with sialic acid residues that can be 

conjugated either in an α2,3- or α2,6-linkage to the penultimate Gal residues found at the non-

reducing end of N-glycans by SiaTs (Stanley et al., 2009). 
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The stepwise enzymatic reactions of the N-glycoprotein biosynthesis describe how the three 

main types of N-glycans (high mannose, hybrid and complex type structures) are formed in 

humans. Glycoprotein micro-heterogeneity, the appearance of a glycoprotein in many similar 

glycoforms only structurally differing in their glycosylation, is a very common feature of 

protein N-glycosylation. The micro-heterogeneity is generated due to the fact that not all of 

these enzymatic reactions are going to completion and the fact that multiple glyco-enzymes 

are in direct competition with each other for the same glycan substrate. The biosynthetic 

glycoprotein processing described above can also be terminated at any of the above 

mentioned steps due to the lack of sufficient solvent site accessibility of the N-glycosylation 

sites (Thaysen-Andersen and Packer, 2012) as well as sterical hindrance from the more distal 

structural parts of the glycoprotein (Hang et al., 2015). In contrast, glycoprotein macro-

heterogeneity, which refers to the fact that not all glycosylation sites are necessarily fully 

occupied by glycans, are driven by mechanisms early in the glycoprotein machinery involving 

the unfolded polypeptide chain and the OST complex (Zacchi and Schulz, 2015).  

With the mechanisms described above, protein-specific glycosylation can arise whereby two 

proteins produced from the same cell at the same time can appear fundamentally different. In 

contrast, cell-specific glycosylation covering the well-established observations that different 

cells and even their subcellular compartments that generate and display different 

glycosylation features on their synthesised proteins, can arise due to spatio-temporal 

difference in their glycosylation machineries and other cellular and molecular factors (Lee et 

al., 2014a). Taken together, the fascinating features of the micro- and macro-heterogeneity of 

glycoproteins create unprecedented avenues for molecular complexity in the generation of 

glycoproteins, in particular for proteins carrying multiple glycans.  This creates a magnitude 

of challenges for the analytical chemist aiming to understand the structure and ultimately, the 

function of this molecular micro-diversity. 

Although the human protein N-glycosylation pathway has been well established for the three 

main types of N-glycoproteins (Schwarz and Aebi, 2011), the biosynthesis pathway of the 

unusual paucimannosidic N-glycoproteins in humans is still currently unknown. In this thesis, 

the biosynthetic machinery of paucimannosylation was investigated in human neutrophils. In 

order to understand how these modifications are synthesised, it is important to first 

characterise the N-glycan structures carried by neutrophil granule proteins and their exact 

attachment sites. 
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1.5 Analytical approaches for structural characterisation of 

protein N-glycosylation 

The study of the entire set of N-glycans released from isolated glycoproteins or the entire 

repertoire of N-glycans present in a cell or an organism at a defined time and condition 

(jointly referred to as the “N-glycome”) is known as N-glycomics (Varki and Sharon, 2009). 

Researchers have often studied such system-wide features of the N-glycome utilising glycan-

binding lectins or antibodies derived from plants and immunised animals, respectively, on 

glycan array type approaches or other visualisation techniques to map the presence of glycans 

motifs (Arthur et al., 2014; Monsigny et al., 1980; van Remoortere et al., 2003). These 

affinity-based methods have provided information on the type of glycan moieties present but 

they do not provide detailed information on the associated glycan structure. Furthermore, the 

recognition of the respective glycans using lectins is highly dependent on their binding 

affinity and the concentration and presentation of the carbohydrate ligands (Weis and 

Drickamer, 1996). In addition, antibodies utilised for glycan detection must also be highly 

specific toward their targets to avoid non-specific binding.  

Substantial progress has been made in the development of alternative techniques in N-

glycomics that has advanced our understanding on the structure of N-glycans and how the N-

glycome is changing in various biological processes and diseases (Bhide and Colley, 2016; 

Stavenhagen et al., 2015a). As further elaborated below, with the advent of biological mass 

spectrometry (MS) in the eighties and its integration and implementation in proteomics in the 

early and late nineties (Hoffmann and Stroobant, 2007), liquid chromatography tandem mass 

spectrometry (LC-MS/MS) technologies have over the past decades matured to map, with 

precision and at reasonable speed, carbohydrates and even glycoconjugates (e.g. 

glycopeptides and glycolipids) at the system-wide level. However, N-glycomics does not, in 

itself, yield information about the glycan carrier molecule, the glycan attachment sites and the 

site occupancies of the N-glycan (Wuhrer et al., 2007). To complement N-glycomics, intact 

glycopeptides generated through “bottom-up” protease digestion are often the target analytes 

to provide a detailed site-specific glycosylation profile in order to obtain a holistic picture of 

the N-glycosylation profile on glycoproteins (Dalpathado and Desaire, 2008).  

Unlike N-glycomics, which provides deep structural information of the N-glycans in a 

protein- and site-unspecific manner, glycopeptide analysis allows one to obtain information 

on the site-specific glycan monosaccharide composition (micro-heterogeneity) and the glycan 
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site occupancy (macro-heterogeneity), together with the relative abundance of the attached N-

glycans carried by the glycoprotein being studied (Thaysen-Andersen and Packer, 2014). 

Such site-specific analyses are known as glycoproteomics when used to study the 

glycoproteome at the system-wide level (Bennun et al., 2016; Schumacher and Dodds, 2016; 

Thaysen-Andersen et al., 2016). Analytical glycoscientists have analysed intact glycoproteins 

using a “top-down” approach, allowing a more informative and complementary site-specific 

N-glycoprofile relative to the traditional “bottom-up” glycoprofiling based on glycopeptide 

analysis (Bourgoin-Voillard et al., 2014; Struwe et al., 2017; Thaysen-Andersen et al., 2015; 

Zoega et al., 2012). Although incredible powerful, the workflows and techniques for 

characterising intact glycoproteins (and even glycopeptides) remain relatively immature 

compared to N-glycomics (Chandler and Costello, 2016; Thaysen-Andersen et al., 2016). 

Nevertheless, glycan- , glycopeptide- and intact glycoprotein-based analyses should ideally be 

conducted in parallel in glycoprotein characterisation workflows to provide complementary 

and in-depth site-specific information on the glycoprotein of interest as emphasised in a 

recent inter-laboratory study (Leymarie et al., 2013). 

Currently, the use of LC coupled to a MS has become the gold standard for N-glycomics 

(Jensen et al., 2012) and N-glycopeptide analyses (Parker et al., 2016). The separation power 

of the LC, together with the information of the mass of the analyte and its substituents 

provided by the mass spectrometer through MS/MS, has enabled LC-MS/MS to become the 

preferred analytical technique in many biochemistry laboratories around the world. For 

analytical glycoscience, LC-MS/MS has allowed for the confident identification and the 

relative quantitation of N-glycan structures and their glycosylation site attachment, derived 

from a single glycoprotein or from a complex glycoprotein mixture. Due to the versatility and 

inherent strength of LC-MS/MS, many other questions in structural glycobiology can be 

addressed using this technique. For example, the study of potential glycan biomarkers for 

cancer malignancies (Kizuka and Taniguchi, 2016; Lee et al., 2014b; Sethi et al., 2015) or for 

the characterisation of therapeutic immunoglobulin IgG antibodies in biotechnology 

industries (Abès and Teillaud, 2010; Reusch et al., 2013), have greatly benefited from the use 

of LC-MS/MS. Chromatographic separation of the N-glycans and N-glycopeptides are often 

required before they are detected using MS, in particular when samples of great molecular 

complexity are analysed. Importantly, the molecular retention behaviour on the LC column 

may additionally provide crucial structural information about the target analyte. In the 

following sections, LC-MS/MS analytical approaches utilised for the separation and detection 
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of N-glycans and N-glycopeptides performed in this thesis are discussed further below. Only 

LC-MS/MS topics relevant to the data presented in this thesis are introduced. The reader is 

directed to other excellent reviews for a more thorough introduction to mass spectrometry-

based analysis of protein glycosylation (Khoo, 2014; Liu et al., 2014).  

1.5.1 Chromatographic separation of N-glycans released from proteins 

In N-glycomics, N-glycans are released enzymatically from glycoproteins using a 

recombinant hydrolase, peptide-N-glycosidase F (PNGase F), from Flavobacterium 

meningosepticum (Trimble and Tarentino, 1991). This process is also known as de-N-

glycosylation and PNGase F is a widely used enzyme for de-glycosylation due to its ability to 

release the common N-glycan types such as high mannose, hybrid, and complex without any 

quantitative bias. PNGase F hydrolases the amide bond between the reducing end GlcNAc 

and Asn residues which forms the attachment site of the N-glycan. Upon cleavage, the 

previously glycan-bound Asn is deamidated, yielding a free aspartic acid residue. However, 

PNGase F has been documented to require an intact chitobiose core attached to the Asn in 

order for efficient de-N-glycosylation to occur (Chu, 1986). As discussed in the later chapters 

of this thesis, this structural requirement is a severe limitation and a potentially significant 

concern when considering the discovery of  the ultra-truncated chitobiose core type (e.g. 

GlcNAcβAsn and Fucα1,6GlcNAcβAsn) N-glycans conjugated to intact bioactive neutrophil 

proteins. N-glycomics of samples containing such unusual N-glycan structures may be 

negatively impacted by the use of PNGase F by compromising the completion of the N-glycan 

release. In addition, PNGase F is also insensitive towards plant and insect glycoproteins 

carrying α1,3- , as opposed to the human α1,6-linked core fucosylation (Tretter et al., 1991). 

In this case, the related peptide-N-glycosidase A (PNGase A) typically derived from almonds 

has been used to effectively release and subsequently characterise plant- and insect-based N-

glycans in an unbiased manner (Dam et al., 2013). 

Following de-glycosylation, the released N-glycans can either be left in a free form for 

downstream analysis or chemically treated in various ways prior to analysis including 1) 

sodium borohydride (NaBH4)-based reduction of the reducing end to alditols, 2) reductive 

amination involving reducing-end derivatisation with various fluorophores or alternative 

chemical groups that have other beneficial physicochemical properties such as enhanced 

ionisation or LC retention, and finally 3) permethylation of all the free hydroxyl groups of the 

glycans to allow for improved chromatographic separation and detection via ultra-violet or 

MS for improved N-glycan identification and characterisation (Lamari et al., 2003; Leymarie 
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et al., 2013). A range of LC methods have been developed and used successfully for the 

separation of released N-glycans such as hydrophilic interaction liquid chromatography 

(HILIC) (Vreeker and Wuhrer, 2017; Wuhrer et al., 2009), high pH anion exchange 

chromatography (Guignard et al., 2005), reversed-phase (RP) chromatography (Stavenhagen 

et al., 2015b) and size exclusion chromatography (Ziegler and Zaia, 2006). In addition to 

these somewhat more established approaches, porous graphitised carbon (PGC), the principal 

LC method used for N-glycomics analysis in this thesis, has also gained traction in recent 

years for the characterisation of released N-glycans (Kolarich et al., 2015; Ruhaak et al., 

2014). 

The biggest advantage of using PGC over other stationary phases is its ability to separate non-

derivatised N-glycan isomers with high structural resolution (Pabst and Altmann, 2008). PGC 

has showed good retention capability towards polar as well as hydrophobic compounds, but 

the exact mechanisms of this mixed-mode retention behaviour and how it applies to the 

elution pattern of N-glycans are questions still not fully understood (Buszewski and Noga, 

2012). Nonetheless, PGC provides separation of N-glycan based on their primary, secondary 

and tertiary structures; even subtle structural differences such as the anomericity (α-/β-) of a 

single glycosidic bond can provide shape-based discrimination in PGC, which is an effective 

way to separate isomeric (i.e. same monosaccharide composition and same mass with 

different monosaccharide linkages) and isobaric (i.e same monosaccharide composition and 

same mass with different branch extensions) structures (Giuseppe et al., 2013; Pabst et al., 

2007). For example, different sialyl-linkages can easily be differentiated from each other 

using PGC-LC: α2,6-linked sialo-glycans are known to elute before the same structure 

terminating with α2,3-sialylation (Jensen et al., 2012). Separation of the isomers arising from 

α1,3- and α1,6- mannosyl differences as often seen in the high mannose type structures can 

also be achieved using PGC-LC (Pabst et al., 2012). 

Therefore, it is clear that isomeric and isobaric N-glycans directly influence their PGC elution 

behaviour and allows a retention pattern to be created that is highly reproducible. This has 

allowed the generation of a PGC retention time “library” of the most common types of N-

glycans, which facilitates a rapid and confident identification of observed structures by 

correlation of the PGC retention times to the N-glycans in the library (Hitchen and Dell, 2006; 

Pabst et al., 2007). Coupled with the molecular mass determination of MS and the sequencing 

features of MS/MS, PGC-LC-MS/MS is a powerful analytical technique that allows the N-

glycan structures to be elucidated with confidence. Therefore, PGC-LC-MS/MS was the 
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chosen chromatographic method used in this thesis for the separation and detection of N-

glycans. 

1.5.2 Chromatographic separation of protease-derived glycopeptides 

Prior to MS and MS/MS acquisition, suitable (i.e. MS-friendly) glycopeptides need to be 

generated to ensure optimal LC-MS/MS separation and detection. As commonly used in 

conventional proteomics, trypsin is favoured as a proteolytic enzyme over other proteases due 

to its low cost, high activity and specificity towards arginine (Arg) and lysine (Lys) residues at 

the C-terminus (Leymarie et al., 2013; Wuhrer et al., 2005). The Arg and Lys cleavage site 

specificity is convenient since these basic amino acid residues appear with the appropriate 

frequency in human proteins to typically facilitate the generation of peptides of ~10-40 amino 

acid residues in length that are ideally suited for LC-MS/MS. In addition, trypsin is also 

usually capable of accessing their proteolytic sites even in the presence of large branched and 

bulky N-glycans occupying nearby Asn sites although some steric hindrance, in particular 

when N-glycans are core fucosylated, has been observed (Deshpande et al., 2010). The 

specific cleavage of trypsin also allows the generation of appropriately cationic-charged 

tryptic peptides and therefore enhances their ionisation efficiency for MS detection (Wuhrer et 

al., 2007). It should be noted that other specific proteases such as Asp-N and Lys-C may also 

be used alone or in conjunction with trypsin, to produce suitable glycopeptide fragments for 

specific glycoproteins of interest (Gadgil et al., 2006). Furthermore, non-specific proteases 

such as pronase and chymotrypsin have also been used to obtain small MS-friendly 

populations of glycopeptide fragments, but at the cost of introducing peptide heterogeneity 

into the samples which unnecessarily increase the analyte complexity (Zhu and Desaire, 

2015). 

C18 RP-LC is the most common type of chromatographic separation method used in N-

glycopeptide analysis, due to its superior peak capacity for glycopeptides compared to other 

LC separation techniques such as HILIC (Kolarich et al., 2012). It also enables better 

resolution by the introduction of new column packing technologies achieving near-zero dead 

volumes and capacity for extremely low flow rates to yield narrow elution windows of 

glycopeptides, thereby providing high detection sensitivity (Thaysen-Andersen and Packer, 

2014). 

In RP-LC, the retention mechanism of peptides is based on the hydrophobicity of the analysed 

peptides. Peptide elution is typically achieved with a gradient of an increasing concentration 
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of organic solvent such as acetonitrile, in the presence of acidifiers and ion pairing agents 

such as formic acid (FA) or trifluoroacetic acid (TFA) at low concentrations (Gong, 2015). 

Therefore, hydrophilic peptides are poorly retained on these stationary phases and are the first 

to be eluted. N-glycopeptides that share a common peptide moiety, but differ in their 

conjugated N-glycan, elute close together in clusters. The non-glycosylated peptide variant, 

being a bit more hydrophobic due to the missing N-glycan, typically elute a few minutes later. 

In addition, the significant degree of localised hydrophilicity of the conjugated glycan is 

attributed to its large number of free hydroxyl groups.  

It is also this common property of all N-glycopeptides, displaying a localised hydrophilicity 

that enables the selective enrichment of N-glycopeptides from the relatively hydrophobic non-

glycosylated peptides on HILIC stationary phases. Glycopeptide enrichment is important 

prior to LC-MS/MS-based peptide analysis due to the sub-stoichiometry of the glycopeptides 

and the fact that their MS signals are suppressed relative to the non-glycosylated peptides 

(Stavenhagen et al., 2013). The use of HILIC, which involves a broad spectrum of stationary 

and mobile phases (Gama et al., 2012) for the enrichment of N-glycopeptide, has been 

instrumental in the sample preparation and the maturation of the glycoproteomics workflow 

(Huang et al., 2016; Parker et al., 2013).  

In general, the retention mechanism of all HILIC variants can be described as being primarily 

driven by hydrophilic partitioning of the glycopeptides into the watery layer positioned 

around the hydrophilic solid phase. In the presence of highly hydrophilic solvents such as 

water, the partitioned/retained glycopeptides can be competitively eluted (Thaysen-Andersen 

et al., 2011). In this thesis, zwitterionic HILIC (ZIC-HILIC) was chosen to enrich 

glycopeptides generated from the protease digestion of neutrophil granule proteins. Solid 

phase extraction (SPE) formats of ZIC-HILIC columns were used in an off-line manner 

during sample preparation in this thesis rather than the on-line approach (Di Palma et al., 

2011). 

Another advantage of performing glycopeptide enrichment or peptide depletion is to 

overcome the higher ionisation efficiencies of non-glycosylated peptides over glycosylated 

peptides (Stavenhagen et al., 2013). With LC-MS/MS, the micro-heterogeneity of the 

enriched glycopeptides can often relatively be determined on a single glycoprotein level. 

However, it should be noted that prior enrichment should not be performed if information on 

the site-specific glycan occupancy is required since both glycosylated and non-glycosylated 
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peptides are needed to be present, in their original ratios, in order to obtain macro-

heterogeneity information on the N-glycosylation sites on the glycoprotein. 

1.5.3 Mass spectrometric analysis of protein N-glycosylation 

In combination with the off-line fractionation using ZIC-HILIC SPE and on-line separation 

using RP-LC-MS/MS approaches discussed above, MS is widely used for the analysis of both 

N-glycans and N-glycopeptides (Patrie et al., 2013). The use of MS in the analysis of protein 

N-glycosylation not only accurately provides the molecular masses of the N-glycans and N-

glycopeptides, it also provides valuable information to assign their detailed structures based 

on their fragment ion patterns. In a typical MS experiment, charged analyte ions are generated 

in the ion source that are then introduced into the mass spectrometer where they are separated 

based on their mass-to-charge ratio (m/z). The m/z of the ions are then measured by the 

conversion of electrical signals produced by the ions by a detector into corresponding mass 

spectra consisting of the m/z ratio of the charged ions on the horizontal axis and their signal 

intensities on the vertical axis. Due to the extreme complexity and volume, such mass spectral 

data are nowadays typically viewed and processed in semi- or fully- automated workflows 

using advanced computer software (Bern et al., 2012; Loziuk et al., 2017). However, as 

further discussed later, the slow maturation of the glycosciences relative to other fields in 

biochemistry and molecular biology has meant that, glyco-informatics is trailing somewhat 

behind after comparative areas such as proteomics, which, in turn, still leaves a significant 

amount of manual annotation of glyco-mass spectra to the user.   

The “soft” ionisation methods such as electrospray ionisation (ESI) are typically used for 

biomolecules including N-glycans, N-glycopeptides and glycoproteins to maintain the 

molecular integrity in the ionisation process (Bousfield et al., 2015; Ho et al., 2003; Joanne et 

al., 2007). The application of an electrical field to a capillary found in the MS instrument 

generates charged droplets as solvent containing the analytes are passed through at low flow 

rates. These charged droplets, in the presence of an inert gas such as nitrogen at atmospheric 

pressure and high temperature, shrink in size and thus, allow them to enter the mass 

spectrometer as desolvated charged gas phase ions (Hoffmann and Stroobant, 2007). Although 

the positive ionisation polarity mode has been used for N-glycan analysis, negative ionisation 

polarity mode is often preferred as it produces more informative cross-ring and glycosidic 

fragment cleavage products compared to positive ionisation (Harvey, 2005b). An informative 

MS/MS fragment profile allows detailed structural characterisation of the released N-glycans 

provided that the spectrum can be interpreted. In contrast, positive ionisation is preferred for 
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MS analysis of glycopeptides due to the superior ionisation of tryptic glycopeptides in this 

polarity mode (Wuhrer et al., 2005).  The positive ionisation mode also allows the abundance 

of related glycopeptides sharing the same peptide moiety to be estimated based on their 

relative signal strength in ESI-MS (Leymarie et al., 2013; Thaysen-Andersen et al., 2009). 

As the charged gas phase ions enter the mass spectrometer, they are separated based on their 

m/z ratio in the mass analyser. In this thesis, mass spectrometers consisting of various mass 

analysers with different separation principles have been utilised e.g. 3D ion trap (IT), 

quadrupole (Q) time-of-flight (TOF), linear ion trap quadrupole (LTQ) and Orbitrap analysers 

were all used to provide mass information of the analytes of interest. However, the mass of 

the molecular ion alone usually does not provide sufficient information to allow the analytical 

chemist to determine the detailed structure of the compound in question. This is particularly 

true for N-glycan or N-glycopeptide analysis, where the presence of multiple isomeric and 

isobaric structures frequently make the structural elucidation significantly more challenging 

than other biomolecules. 

In order to identify the monosaccharide compositions, linkages, and branching features of N-

glycans and to determine the glycopeptide sequence and its attached glycan moiety, MS/MS 

fragmentation is required in conjunction with an accurate mass of the glyco-analyte (Everest-

Dass et al., 2013b; Wuhrer et al., 2007). The ionised molecule of interest, also known as the 

precursor ion, is isolated in the mass spectrometer and may be collided by inert gas molecules 

such as helium or nitrogen in the low pressure vacuum environment of the collision cell. Such 

collisions generate heat energy, which is transferred to and distributed across the analyte as 

vibrational energy, facilitating cleavage at the “weakest” points of the molecule. Similar to the 

precursor ion, the accurate m/z of the generated fragment ions (also known as product ions) 

are detected in the mass analyser. The multiple fragmentation (or dissociation) methods 

utilised in this thesis for N-glycan and N-glycopeptide analysis will be discussed below. 

For N-glycan analysis, collision-induced dissociation (CID) was the fragmentation method of 

choice in this thesis. During CID fragmentation of N-glycans, cleavage of the glycosidic 

bonds and cross-ring fragmentation have been reported (Harvey, 2005a, b, c; Harvey et al., 

2008). The nomenclature of the glycan fragments formed as proposed by Domon and Costello 

has been well integrated in the literature (Domon and Costello, 1988) (Figure 7). Briefly, the 

glycan fragments generated containing the non-reducing end of the glycan are described as A, 

B and C ions while the fragment ions containing the reducing end are described as X, Y and Z 
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depending on which chemical bond of the glycan is broken. Other more exotic glycan 

fragments including the D-type ions also exists and can indeed be very prominent and useful.  

As briefly mentioned above, N-glycans fragmented under negative ionisation mode generally 

produce more informative fragment signatures compared to positive ionisation mode, which 

may help to distinguish hard-to-identify isomers of reduced N-glycans (Harvey, 2005a, b). For 

example, the identification of a unique D ion (m/z 979) or a D-18 ion (m/z 961) during 

MS/MS fragmentation signifies the presence of a terminal sialylated antennae on the α1,6-

Man arm (Everest-Dass et al., 2013a). Thus, the PGC-LC retention times, precursor ion mass 

and the CID-MS/MS fragmentation data allow confident characterisation of released and 

reduced N-glycans. In addition, supporting online databases and tools that assist in the process 

of structural elucidation of glycans are available. For example, UniCarb-KB (Campbell et al., 

2014b), GlycoMod (Cooper et al., 2001) and Glycoworkbench (Ceroni et al., 2008).
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Figure 7. Nomenclature of the fragment (product) ions of a linear glycan as proposed by Domon and 

Costello (Domon and Costello, 1988). A- and X-type ions denote fragments formed upon cross-ring 

cleavages; The B, C,Y, Z ions denote fragments formed by glycosidic bond cleavages. The subscripts 

of the B/C and Y/Z ion series denote the number of monosaccharide residues numbered from the non-

reducing and reducing end. 

 

Although data analysis and the annotation of the obtained MS/MS N-glycan spectra have 

made significant progress in terms of software and database availability for automated 

analysis (Loziuk et al., 2017; Yu et al., 2016), the structural characterisation of intact 

glycopeptides is still highly dependent on manual mass spectral analysis by expert users. 

Similar to the fragmentation of N-glycans, CID fragmentation can also be applied to N-

glycopeptide analysis, which is typically recorded in the positive ionisation mode. CID-based 

fragmentation of N-glycopeptides is dominated by Y-type ions and diagnostic oxonium ions as 

well as low mass B-type ions in the MS/MS spectra. Diagnostic oxonium ions are the product 

ions arising from the cleavage of the glycosidic bonds linking the respective monosaccharide 

residues with charge retention found at the lower m/z region (Conboy and Henion, 1992; 

Huddleston et al., 1993). These characteristic ions allow identification of intact glycopeptides 

in the MS/MS spectra following CID fragmentation. The glycopeptide fragments ions follow 

the same Domon and Costello nomenclature (Domon and Costello, 1988). These ions arise 

from cleavage of the relatively weak glycosidic bonds between the monosaccharide residues 

due to the low energy potential of CID. When performed in an ion trap, this dissociation mode 

is referred to as resonance activation CID or more simply IT-CID. Cleavage of the peptide 

backbone of glycopeptides is not usually observed under IT-CID (Hogan et al., 2005).  
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Fragment spectra containing N-glycopeptides may be crudely classified by the observation of 

low molecular mass diagnostic oxonium ions such as HexNAc (m/z 204.1), NeuAc (m/z 

292.1), Hex-HexNAc (m/z 366.1) and NeuAc-Hex-HexNAc (m/z 657.2). In addition, higher 

molecular mass fragment ions (peptide plus glycan fragments, Y-type ions) generated from 

the cleavage of the glycosidic bonds and charge retention of the peptide provides additional 

hints of the spectra, corresponding to a “true” glycopeptide (Wuhrer et al., 2007). These 

features allow the identification of the monosaccharide composition of the attached N-glycan 

carried by the respective glycopeptide. It should be mentioned that higher energy collision 

dissociation (HCD) fragmentation, a variant of CID performed on Orbitrap and LTQ type 

instruments in dedicated collision cells, has also been applied successfully for the MS/MS 

analysis of N-glycopeptides (Singh et al., 2012). In addition to their better mass accuracy and 

resolution, one of the benefits associated with HCD of N-glycopeptides is that the low mass 

diagnostic ions are very intense and readily detectable due to the slightly higher fragmentation 

energy and avoidance of the low mass cut-off (so-called “1/3 rule”) observed with the use of 

regular IT-CID.  

Unfortunately, the use of neither CID nor HCD fragmentation can provide sufficient peptide 

backbone information of the glycopeptides in order to pinpoint the attachment site of the 

glycan. The use of electron transfer dissociation (ETD) MS/MS was shown to generate 

additional and indeed orthogonal structural peptide information when applied to 

glycopeptides. In ETD MS/MS, fragmentation is facilitated by the transfer of electrons carried 

by so-called reactants such as fluoranthene to the positively charged amino acid residues of 

the (glyco)peptide (Scholten et al., 2011). Importantly, the attached glycan moiety has been 

demonstrated to remain conjugated and intact during ETD-MS/MS (Alley et al., 2009; 

Trinidad et al., 2013). Therefore, utilising both CID- and/or HCD- and ETD-MS/MS 

fragmentation, which can be performed either in an alternating fashion in the same analysis or 

in separate LC-MS/MS runs, is an approach to achieve a more complete characterisation of a 

glycopeptide. This includes providing information on the glycan structure (typically 

monosaccharide composition, sequence and topology) and the micro-heterogeneity of N-

glycosylation sites that can be provided by CID-/HCD- fragmentation. In contrast, ETD-

MS/MS allows the provision of information on the peptide sequence and the glycosylation 

site occupied by the respective N-glycan structures (Conboy and Henion, 1992; Hogan et al., 

2005; Ma et al., 2016). The limitation of using these multiple dissociation modes in an 

alternating fashion is that fewer precursor ions can be selected for fragmentation in a given 
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LC-MS/MS run due to a longer duty cycle and therefore, giving a lesser coverage of the 

glycoproteome present in the analyte of interest. Alternatively, multiple LC-MS/MS runs with 

separate fragmentation modes can be acquired at the expense of sample sensitivity and longer 

instrument time usage. 

1.5.4 Mass spectrometric analysis of intact glycoproteins 

Although the analysis of N-glycosidase released N-glycans and trypsin-digested glycopeptides 

are able to provide the micro- and macro-heterogeneity of N-glycosylated glycoproteins, 

glycoproteins can also be directly analysed by MS without the need for digestion (Heck, 

2008; Yang et al., 2017). This approach, also known as top-down MS, involves the 

introduction of intact glycoproteins into the MS via direct infusion without any 

chromatography or through chromatographic separation, either under denaturing conditions or 

non-denaturing conditions (native). Native conditions are generally preferred compared to 

denaturing conditions as the use of detergents or organic solvents can disrupt the tertiary and 

quaternary structures of (glyco)proteins, leading to a loss of spatial protein information 

including protein-protein and protein-ligand interactions upon protein denaturation (Yang et 

al., 2017). Glycoproteins are known to consist of an ensemble of structurally-related 

glycoforms as a result of their variation in glycosylation site occupancies (macro-

heterogeneity), and attached glycan structures (micro-heterogeneity) arising from the 

incomplete and competing actions of a myriad of glycosylation enzymes present in the Golgi 

apparatus (Stanley, 2011). It should be noted that the macro- and micro-heterogeneity 

diversity is not limited to a single glycoprotein but rather the total pool of glycoproteins 

present within the sample of interest. In contrast to the bottom-up approach, native MS is able 

to provide a more complete picture of the entire ensemble of glycoforms of a glycoprotein, 

which is particularly important to obtain for glycoproteins carrying multiple occupied 

glycosylation sites conjugated with different glycans and to interrogate any potential “cross-

talk” between the glycosylation status of the glycoprotein and other PTMs. Such information 

cannot be obtained by glycopeptide analysis. Therefore, native MS provides a more detailed 

and holistic description of the macro- and micro-heterogeneity of glycoproteins. All these are 

made possible with high mass accuracy/high resolution ESI-QTOF-MS (Heck and Van Den 

Heuvel, 2004; Thaysen-Andersen et al., 2015) or the recently introduced high-resolution 

hybrid and tribrid Orbitrap (e.g. Fusion Lumos Orbitrap, Thermo Scientific) MS instruments 

(Gault et al., 2015) and ion-mobility (e.g Vion IMS QTOF, Waters) MS instruments (Struwe 

et al., 2017). This is coupled with their ability to perform CID- or ETD/HCD-MS/MS which 



Chapter 1 

 

 

39 

 

are now increasingly able to ionise, accurately measure and sequence intact glycoproteins to 

provide a more accurate global distribution of these observed glycoforms. Spatial information 

of the glycoprotein conformation and glycoprotein-glycoprotein interactions can also be 

obtained through native MS with little prior sample handling. 

During native MS analysis, glycoproteins maintain their folded structures in the gas phase and 

this limits the accumulation of charged protons to basic amino acid residues present on their 

surfaces during the ESI process. Therefore, intact glycoproteins analysed under native 

conditions on average, have lower charge state ions compared to the ions of denaturing 

glycoproteins where they generally take on higher charge states (Leney and Heck, 2017). As a 

result, glycoproteins takes on a narrower charge state distribution and the centre of the charge 

envelops shift towards a higher m/z region under native MS. This enables a larger space 

between the adjacent charge state ions, allowing these charge state ions to be separated and 

resolved from the significant mass distribution arising from the highly heterogeneous 

glycosylation of glycoproteins. More importantly, this results in a less congested mass 

spectrum in native MS, allowing a higher signal:noise ratio to enhance the detection of low-

abundance glycoforms upon deconvolution. Deconvolution is defined as the process where 

the original mass spectrum from the total signal intensity of multiple charge state envelopes of 

the analyte are processed by advanced algorithms to obtain a non-charged single molecular 

mass (in Datons) in order to simplify data interpretation and identify the molecular ion(s). 

Deconvolution algorithms such as maximum entropy were described previously in early 

biological ESI-based MS (Reinhold and Reinhold, 1992), but are constantly being further 

developed and refined (Liu et al., 2010). In contrast to native MS, signal ions in a narrower 

m/z window under denaturing MS conditions creates undesirable overlapping of charge state 

ions, making it impossible to resolve the spectrum. 

The use of native MS for the study of intact N-glycoproteins has been successfully applied to 

N-glycoproteins with one or two occupied glycosylation sites such as monoclonal antibodies 

(Rosati et al., 2013) and chicken ovalbumin (Yang et al., 2013). More complex and highly 

heterogeneous glycosylated proteins are still extremely challenging for native MS analysis 

due to the presence of overlapping glycoforms in the mass spectrum (Unpublished 

observations). Glycoprotein-regulated interactions such as antibody-antigen complexes 

(Dyachenko et al., 2015) or glycoprotein complexes involved in complement activation 

(Franc et al., 2017) have also been reported. However, there are still significant limitations to 

native MS profiling of intact glycoproteins. Currently, top-down glycoprotein analysis is of 
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low-throughput and is highly dependent on the ionisation potential and the stability of the 

analyte of interest. Furthermore, the exact stereochemistry of a glycan, including its 

glycosidic linkages cannot be determined through native MS. Thus, it is not possible to 

distinguish between the isobaric hexoses such as Glc, Gal and Man and the amino sugars such 

as GlcNAc and GalNAc moieties because of their identical molecular mass (Catherman et al., 

2014; Larsen et al., 2006). Therefore, native MS, at this moment, is most suitable as an 

additional level of glyco-analysis, serving as a complementary tool in addition to the more 

established methodologies involving the analysis of N-glycans and N-glycopeptides derived 

from the glycoprotein of interest.   

1.6 Alterations in protein N-glycosylation during inflammation 

and infections 

The established MS-based methods described above have enabled protein-specific as well as 

cell- and tissue-wide investigations to map the alterations of protein N-glycosylation during 

inflammatory conditions, such as cancer malignancies and auto-immune diseases. For 

example, LC-MS/MS based glycopeptides analysis has identified that the surfaces of cancer 

cells display increased protein sialylation relative to normal cells and that this altered glyco-

phenotype is associated with an increase in the enzymatic activities of sialyltransferases 

(Warren et al., 1972). Cancer-specific changes in the sialyl-linkages were also observed on 

cancer glycoproteins (Kaprio et al., 2015; Lee et al., 2014b). In addition to sialylation, an 

increase in fucosylated N-glycans was also observed in breast cancer tumours (Goetz et al., 

2009). Furthermore, a decrease in terminal galactosylation on the immunoglobulin IgG was 

associated with the rheumatoid arthritis (Abès and Teillaud, 2010). 

In addition to the inflammatory diseases, alterations in protein N-glycosylation were also 

observed in infectious diseases. For example, a decrease in protein sialylation and a range of 

other associated changes in the N-glycosylation have been suggested to promote chronic P. 

aeruginosa lung infections in CF patients (van Heeckeren et al., 2004; Venkatakrishnan et al., 

2015). Furthermore, Trypanosoma cruzi infections have also been documented to alter the 

protein sialylation of human cell surface proteins by transferring α2,3-linked sialic acid from 

the host cell surface sialo-glycoconjugates to terminal Gal residues on the parasite surface 

glycoconjugates. The transfer of sialylation onto the parasite surface was found to be 

mediated by a unique trans-sialidase and this process was suggested to play a role in the 
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invasion of the parasite into the host, resulting in Chagas‟ disease (Colli, 1993; Nardy et al., 

2016). 

As described above, it is evident that the N-glycosylation of proteins is often altered in 

inflammation and infection. However, protein sialyation, fucosylation and galactosylation 

have mostly been the focus of these studies while protein mannosylation has received 

relatively less attention. In fact, it appears that mannose; an abundant monosaccharide residue 

found in high mannose and paucimannosidic N-glycans and in other glycoconjugates, 

generally has been overlooked or disregarded as a potentially important glycoepitope in the 

human repertoire of glycan features. Furthermore, knowledge on the role of protein 

paucimannosylation in humans is equally sparse. However, as detailed below in Publication 

I, there is an increasing volume of evidence in the literature documenting the important roles 

played by these glycoepitopes during inflammatory and infectious diseases. The presence and 

involvement of mannosyl as important glycoepitopes in human innate immunity, their 

potential interactions and functional consequence with mannose recognising receptors are 

discussed in this review article (Publication I). The main findings and conclusions derived 

from the review are briefly discussed following the attached publication, as well as the 

specific research aims and the experimental overview of this thesis.
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1.7 Publication I: Emerging roles of protein mannosylation in 

inflammation and infection 

 

Publication: Loke, I., Kolarich, D., Packer, N.H., Thaysen-Andersen, M., 2016. Emerging 

roles of protein mannosylation in inflammation and infection. Molecular Aspects of Medicine 

51, 31-55. doi:10.1016/j.mam.2016.04.004 

Reprinted from Molecular Aspects of Medicine, 51, Loke I., Kolarich, D., Packer, N.H., 

Thaysen-Andersen, M., Emerging roles of protein mannosylation in inflammation and 

infection, 31-55, © 2016, with permission from Elsevier. 

Author contributions: IL, DK and MTA wrote the paper. IL, DK, MTA and NHP reviewed 

and edited the paper. 

Specifically, my supervisor, Dr. Morten Thaysen-Andersen and I were responsible for the 

concept, design and preparation of the manuscript. I prepared all the sections, while Dr. 

Daniel Kolarich contributed to the section on the interaction of mrCLRs and mannosylated 

glycoconjugate ligands during allergy.
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To summarise the main findings and conclusions of the literature review; there is an 

increasing amount of evidence in the literature documenting the contribution of protein 

mannosylation during inflammation and infection. Protein mannosylation also appears to be 

regulated spatially and temporally during these conditions and has the capacity to interact 

with mrCLRs. These interactions are likely to have functional consequences that could 

influence or facilitate the immunological response during physiological or pathophysiological 

conditions. 

The work presented in this thesis builds on the initial observation of protein 

paucimannosylation in bacterial colonised CF sputum. These less reported paucimannosidic 

N-glycans were found to be carried by proteins residing in the azurophilic granules of human 

neutrophils (Chapter 2, Publication II). Protein paucimannosylation has over the past 

decades been considered as a glyco-signature of invertebrates and repeatedly been reported to 

be absent or negligible in human bio-specimens. As such, the presence of human protein 

paucimannosylation is still highly controversial and debated in the glycobiology community. 

The biosynthesis of these paucimannosylated proteins driven by the highly active β-N-

acetylhexosaminidases (hexosaminidases) has been well documented in lower invertebrates. 

However, their biosynthetic machinery in humans is still currently unknown.  

To extend the findings of paucimannosylated proteins in the azurophilic granules of 

neutrophils, a detailed LC-MS/MS characterisation of the N-glycosylated azurophilic granule-

resident proteins, specifically two important azurophilic granule proteins, nCG and HNE, was 

performed since a deep structural elucidation is often required before the functional roles and 

biosynthetic pathways of glycoproteins can be assessed. In order to provide an overview of 

the aims of this thesis, the various aspects of protein paucimannosylation investigated and the 

related chapters and publications are summarised in Figure 8.
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1.8 Thesis aims 

The overall aims of this thesis are: 

1. To determine the biosynthetic machinery underpinning protein paucimannosylation in 

human neutrophils. Specifically, 

i. To determine if and how human β-hexosaminidases are involved in the generation of 

protein paucimannosylation in human neutrophils (Chapter 2 to 3, Publication II 

and Publication III). 

2. To investigate the protein N-glycosylation profile and the function of protein 

paucimannosylation displayed by neutrophil azurophilic granule proteins. Specifically, 

i. To structurally characterise the protein N-glycosylation profile of nCG (Chapter 4, 

Publication IV). 

ii. To structurally characterise the protein N-glycosylation of HNE and the role of site-

specific paucimannosylation on HNE in its modulatory contributions towards innate 

immunity (Chapter 5, Publication V). 

iii. To characterise the N-glycome and compare the degree of paucimannosylation and 

other N-glycans types in the neutrophil azurophilic granules relative to other 

neutrophil granule compartments using subcellular fractionation (Chapter 5). 

3. To determine the expression of protein paucimannosylation in various immune- and non-

immune cell populations. Specifically, 

i. To characterise the N-glycome and compare the degree of paucimannosylation and 

other N-glycan types in immune cell populations such as lymphocytes, platelets and 

macrophages (Chapter 6, Publication VI). 

ii. To characterise the N-glycome and the degree of paucimannosylation and other N-

glycan types in neuronal cells during cellular development in the brain (Chapter 6, 

Publication VII).
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Figure 8. Thesis overview. The corresponding chapters and publications underpinning the three main 

pillars of protein paucimannosylation in human neutrophils investigated in this thesis (i.e. 

biosynthesis, structure and function) are indicated.
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2.1 Rationale 

Paucimannosidic N-glycans are defined with the general monosaccharide composition 

(Man)1-3(Fuc)0-1(GlcNAc)2. Paucimannosidic N-glycans are part of the usual glycan repertoire 

of invertebrates such as nematodes (Schachter, 2009; Zhang et al., 2003), and insects 

(Altmann et al., 1995) and are carried by plant proteins (Vitale and Chrispeels, 1984). Their 

presence has repeatedly been described to be absent or negligible in mammals including 

human bio-specimens (Gutternigg et al., 2007; Schachter and Boulianne, 2011) and, if 

observed from these origins, is often perceived as a degradation product of N-glycoproteins. 

However, recent „omics-type literature have suggested their presence in mammalian 

specimens obtained from various physiological states. For example, in inflammation (Hashii 

et al., 2009; Pegg et al., 2016; Robajac et al., 2016), cancer (Balog et al., 2012; Sethi et al., 

2014; Shah et al., 2015) and also during normal cellular homeostasis (Everest-Dass et al., 

2012; Parker et al., 2013; Trinidad et al., 2013). However, human protein paucimannosylation 

remains, on the whole, rather controversial and largely unstudied. 

In this chapter, we present the initial finding of these less investigated paucimannosidic N-

glycans in the sputum of CF patients infected with Pseudomonas aeruginosa and other 

pathogenic bacteria common to inflamed lungs. In-depth structural analyses of the 

paucimannosidic N-glycans utilising both glycomics and glycoproteomics technologies were 

performed. We demonstrated that these unconventional structures were carried predominantly 

by azurophilic granule-resident neutrophil proteins and that these paucimannosylated proteins 

can be degranulated from human resting neutrophils upon virulent stimulation.  

The presence of paucimannosylated proteins in lower invertebrates are attributed to the high 

enzymatic activities of β-hexosaminidases. In humans, β-hexosaminidases were mainly 

reported to be present in the acidic lysosomes and are known to be the homodimeric 

hexosaminidase B (Hex B), hexosaminidase S (Hex S) or heterodimeric hexosaminidase A 

(Hex A) enzymes, depending on the pairing of the α and β subunits (Hex A, αβ; Hex B, ββ; 

Hex S, αα). Specifically, the subcellular localisation of Hex A, in the azurophilic granules 

within human neutrophils was investigated. The presence of other glycosidases and other 

hydrolytic enzymes (e.g. α-/β-mannosidases) were also investigated in human neutrophils. 

The results and conclusions presented in this chapter, of which I was a significant contributor 

(see author contributions below), represent the first observation of protein 

paucimannosylation from human neutrophils in inflamed and infected micro-environments. 
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This work provided the structural foundation, biosynthetic and functional hypotheses, as well 

as the main motivation for my further investigation of protein paucimannosylation in human 

neutrophils. It also provided the inspiration to study the roles of paucimannosylation in the 

immune functions of neutrophils during inflammation and pathogen infections, which are 

described in the subsequent chapters of this thesis.
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2.2 Publication II: Human neutrophils secrete bioactive 

paucimannosidic proteins from azurophilic granules into 

pathogen-infected sputum 

 

Publication: Thaysen-Andersen, M., Venkatakrishnan, V., Loke, I., Laurini, C., Diestel, S., 

Parker, B.L., Packer, N.H., 2015. Human neutrophils secrete bioactive paucimannosidic 

proteins from azurophilic granules into pathogen-infected sputum. Journal of Biological 

Chemistry 290 (14), 8789-8802. doi:10.1074/jbc.M114.631622 

This research was originally published in Journal of Biological Chemistry. Thaysen-

Andersen, M., Venkatakrishnan, V., Loke, I., Laurini, C., Diestel, S., Parker, B.L., Packer, 

N.H. Human neutrophils secrete bioactive paucimannosidic proteins from azurophilic 

granules into pathogen-infected sputum. Journal of Biological Chemistry. 2015; 290 (14), 

8789-8802. © the American Society for Biochemistry and Molecular Biology. 

Supplementary Materials are available in the enclosed DVD. 

Author contributions: Conception of hypothesis and study – MTA and VV, experimental 

design – MTA, VV and IL, data collection and analysis – MTA, VV, IL and CL, manuscript 

preparation – MTA, VV, IL, and NP, editing and reviewing – MTA, BP, IL, SD and NP. 

Specifically, I was responsible for the design, data collection and interpretation of the 

immunoblotting experiment of CF sputum proteins with a paucimannose-reactive antibody, 

Mannitou (Publication II, Figure 1D), the immunocytochemistry experiments of 

differentiated HL-60 neutrophil-like cells with antibodies recognising MPO and Hex A 

(Publication II, Figure 4G) and the pathogen-induced paucimannosidic protein secretion 

experiment involving differentiated HL-60 cells and the stimulation with multiple strains of P. 

aeruginosa (Publication II, Figure 5A).
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2.3 Overview of main findings, conclusions and unresolved 

questions 

Main findings and conclusions 

 Paucimannosidic N-glycans (Man1-3Fuc0-1GlcNAc2) were observed in bacteria-colonised 

neutrophil-rich sputum of patients with respiratory conditions and were found to be carried 

predominately by the azurophilic granule proteins of human neutrophils. 

 From our current knowledge of the glycan degradation pathways, the observations indicated 

that protein paucimannosylation in human neutrophils is not a degradation product as 

evidenced by their conjugation to intact sputum peptides and proteins as evaluated using LC-

MS/MS and paucimannose-reactive antibodies. 

 The major paucimannosidic N-glycan observed in the N-glycome of human neutrophils was 

the α1,6-mannose capped structure (M2F). In addition, an unusual sialo-glycan (FA1G1S1) 

was also observed in inflamed sputum. Both of these unusual N-glycan structures will be 

investigated in subsequent chapters. 

 Paucimannosidic proteins were readily degranulated from stimulated human neutrophils in 

response to virulent stimuli, suggestive of their potential protective role in neutrophils to 

combat pathogen infections. 

 Paucimannosylated N-glycans and proteins demonstrated binding capacity to mannose 

binding lectin (MBL), a specialised mannose receptor present in inflamed lungs, suggesting 

the importance of protein paucimannosylation in innate immunity. 

 The two human hexosaminidase subunits α and β forming the heterodimeric Hex A (αβ-

subunit), showed high protein sequence homology to the hexosaminidases of 

paucimannosidic rich organisms, further suggesting the involvement of human Hex A in the 

generation of human paucimannosylation. 

 Genes encoding for enzymes forming the paucimannosylation machinery and the azurophilic 

granule-specific proteins receiving paucimannosylation were highly expressed in the 

promyelocytic stage of neutrophils. This indicates that the biosynthetic apparatus for 

paucimannosidic N-glycoproteins is assembled during early neutrophil development in the 

bone marrow. 
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 Human Hex A in vitro generated paucimannosidic N-glycans from complex N-glycan 

intermediates, albeit at a low enzyme kinetic rate. This builds further support for the 

involvement of this glycosidase in the generation of protein paucimannosylation. 

 Human Hex A co-localised with paucimannosidic proteins in the azurophilic granule 

compartment of resting HL-60 neutrophil-like cells, supporting the involvement of Hex A in 

the biosynthesis of paucimannosidic N-glycoproteins in human neutrophils. 

Unresolved questions 

 The role of hexosaminidases in the biosynthesis of paucimannosidic N-glycoproteins in 

invertebrates is well established, but their involvement in the biosynthesis of paucimannosidic 

N-glycoproteins in vivo in human neutrophils remain unresolved. This aspect will be 

investigated in Chapter 3 in this thesis. 

 Human neutrophil proteins were shown to carry paucimannosidic N-glycans in this chapter, 

but no significant structural depth was achieved from this system-wide study design. 

Subsequent chapters in this thesis (Chapter 4 and 5) are focused on the deep structural and 

functional characterisation of some key paucimannosylated glycoproteins from human 

neutrophils described in this chapter, including the potent serine proteases; nCG and HNE. 

 The exact function of paucimannosidic proteins and their contribution towards innate 

immunity remains unknown. However, this chapter showed that paucimannosylated proteins 

residing in the azurophilic granule in resting neutrophils can be degranulated and bind to 

specialised receptors in the extracellular environment. The specific roles of 

paucimannosylation of HNE will be investigated further in Chapter 5 of this thesis. 

 Neutrophils are part of the wide spectrum of white blood cells arising from myelopoiesis. 

Protein paucimannosylation in other myeloid and lymphoid immune cells such as platelets 

and lymphocytes will be investigated in Chapter 6 of this thesis. 
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3.1 Rationale 

The constitutive production of paucimannosidic N-glycoproteins in lower organisms including 

the invertebrates and plants is well documented, and has been described to be highly 

dependent on the action of a series of (de)glycosylation enzymes. For example, the 

glycosyltransferase I (GnT-1), α1,3/6-mannosidase II and the hexosaminidases within the 

lumen of the Golgi apparatus (Schachter and Boulianne, 2011). This arrangement of the 

glycosylation machinery renders these lower organisms able to synthesise large amounts of 

paucimannosidic N-glycoproteins instead of forming the more elongated complex type N-

glycoproteins typically observed in mammals (Schachter, 2009). The presence of 

hexosaminidases in human milk (Dudzik et al., 2008) and in immune cells (Casal et al., 2005) 

has been reported previously. However, the ability of these hydrolases to generate 

paucimannosidic N-glycoproteins within the biosynthetic machinery of human cells has not 

yet been determined. 

In Chapter 2, we showed that the human hexosaminidase subunit α and β have protein 

sequence similarity with the hexosaminidases of multiple paucimannosidic-rich organisms 

such as the Hex A of Caenorhabditis elegans. The co-localisation of human Hex A with 

azurophilic granule-resident proteins in human promyelocytic leukaemia HL-60 (neutrophil-

like) cells was demonstrated. This observation, together with the observation that human Hex 

A was found to be able to generate paucimannosidic N-glycans in vitro, suggested that human 

hexosaminidases may also be involved in the biosynthesis of human paucimannosylation in 

neutrophils in vivo. 

Building on these initial observations, the presence and location of hexosaminidases, 

specifically the Hex A heterodimeric variant (αβ-subunit), were here first investigated in 

human neutrophils purified from whole blood by immunocytochemistry. Neutrophils from a 

HEXB
-/-

 individual suffering from a rare lysosomal storage disease, Sandhoff disease (SD), 

were then investigated through the use of N-glycomics and immunoblotting to assess the N-

glycome in human neutrophils without functional hexosaminidases, relative to healthy 

neutrophils. The findings from this study were also recapitulated in the legume, Lotus 

japnonicus, where hexosaminidase-knockout mutants were investigated as described in 

Publication III attached as supplementary materials enclosed in the DVD. Finally, siRNA-

based HEXA and HEXB silencing of HL-60 cells was performed as a proof-of-concept study, 

to assess the susceptibility of these neutrophil-like cells to undergo gene manipulation and to 

test the capacity to modulate the paucimannose-centric glyco-enzymes in this model system. 
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This proof-of-concept study facilitates the use of this model system to validate the 

involvement of Hex A and B in the synthesis of human paucimannosylation in neutrophils and 

to study the function of protein paucimannosylation in the future. 

In this chapter, my supervisor, Dr. Morten Thaysen-Andersen and I were responsible for the 

study design, data collection and interpretation of the immunocytochemistry of healthy human 

neutrophils and the N-glycome profiling of human neutrophils purified from a SD patient and 

an age-paired healthy control. The siRNA-based knockdown experiments, data collection and 

interpretation were performed in collaboration with Dr. Zeynep Sumer-Bayraktar, using 

hexosaminidase enzyme activity assays and immunoblotting protocols which I implemented 

and validated.
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3.2 Introduction 

Hexosaminidases (EC 3.2.1.52) are a class of glycoside hydrolases present in lower organisms 

such as invertebrates and plants as well as in all higher species including mammals (Mahuran, 

1999). This class of hydrolases is responsible for the removal of terminal non-reducing end β-

linked GlcNAc and GalNAc residues from various glycoconjugates such as glycoproteins, 

glycolipids and non-conjugated (free) N-glycans (Lemieux et al., 2006). In the Arabidopsis 

genus, the vacuolar hexosaminidase hydrolase, HEXO1, is the main enzyme responsible for 

the generation of paucimannosidic N-glycoproteins that predominately localise in the vacuole 

of plant cells (Strasser et al., 2007). In mammals, hexosaminidases were mainly reported to be 

present in the acidic lysosomes and are known to be homo- or hetero-dimeric enzymes 

depending on the pairing of the α and β subunits (Hex A, αβ; Hex B, ββ; Hex S, αα). The α 

and β subunits are encoded by HEXA and HEXB, respectively (Korneluk et al., 1986). Hex A 

and Hex B are the major functional hexosaminidase isoenzymes that are relatively well 

studied in the context of lysosomal storage diseases (LSD) such as Tay-Sachs (TSD) and SD. 

These diseases are inherited pathologies where the patients lack functional Hex A and Hex B 

isoenzymes due to mutations in the coding genes for the α and β subunits, respectively. These 

isoenzymes are clearly critical in the breakdown of gangliosides, in particular in the 

glycolipid-rich brain, by hydrolysing GM2 gangliosides in neuronal lysosomes to ensure 

proper neurological development (Matsuoka et al., 2011; Meier et al., 1991). In contrast, Hex 

S isoenzymes are the minor labile forms that are active in SD but not in TSD individuals. Hex 

S have also been shown to be involved in the catabolism of glycosaminoglycans in the 

absence of Hex B (Hepbildikler et al., 2002). 

Although the functional roles of Hex A and Hex B have been well studied in LSD, only few 

studies have reported on the involvement of Hex A and Hex B in the synthesis and/or 

degradation of N-glycoproteins in human cells including neutrophils. Early studies reported 

the presence of Hex A/B in the promyelocytic leukemic neutrophil-like cells (Casal et al., 

2003; Emiliani et al., 1990a). Treatment of these cells with dimethyl sulphoxide (DMSO) was 

observed to promote the in vitro differentiation and development of these cells to a higher 

maturation stage which is thought to resemble developing myelocytes. The abundance and 

activities of Hex A and Hex B were greatly elevated during differentiation (Emiliani et al., 

1990c). Altered Hex A and Hex B expression and their activity profiles were also reported in 

leukemic neutrophils when compared to normal neutrophils (Orlacchio et al., 1986). These 
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studies suggest that both the Hex A and Hex B may be important in the early cellular and 

functional development of neutrophils in the bone marrow. 

The azurophilic granules within neutrophils are the initial compartments to be synthesised in 

the bone marrow during the promyelocytic stage of myelopoiesis (Borregaard et al., 2007). 

Paucimannosidic proteins were suggested to be enriched in these azurophilic granules 

(Chapter 2). Given the importance of Hex A and Hex B in the development of neutrophils, it 

is important to understand their involvement in the spatio-temporal synthesis of 

paucimannosidic N-glycoproteins residing predominantly in the azurophilic granules. 

In this chapter, the localisation of Hex A in human neutrophils, the N-glycome profile and 

therefore the degree of paucimannosylation of neutrophils isolated from a SD patient and an 

age-paired healthy donor were determined. A pilot study assessing the utility of siRNA to 

reduce the HEXA and HEXB gene expression in neutrophil-like cells in vitro was also 

performed as a proof-of-concept of genetically manipulating hexosaminidases. This is to 

facilitate future studies to investigate the function and the involvement of these isoenzymes in 

the synthesis of paucimannosidic N-glycoproteins. 

3.3 Materials and Methods 

 

3.3.1 Isolation of blood-derived human neutrophils for immunocytochemistry 

Human resting neutrophils were isolated from the peripheral blood of a single healthy adult 

male donor after informed consent was obtained. The collection, handling and biomolecular 

analysis of healthy human neutrophils were approved by the Human Research Ethics 

Committee at Macquarie University, Sydney, Australia (Reference no. 5201500409). 

Neutrophils were isolated from 40 ml freshly drawn blood collected in EDTA anti-coagulant 

tubes. The neutrophils were isolated by laying 20 ml of peripheral blood on top of 

polymorphprep separation media (Axis Shield, Norway) in a 1:1 ratio in a 50 ml falcon tube 

at room temperature. A polymorphprep density gradient was chosen, rather than a 

dextran/ficoll density gradient, since the former has been shown to give a high isolation yield 

and purity of resting neutrophils (Zhou et al., 2012). Layered blood was centrifuged at 550g 

for 35 min at 20°C with no brakes using a swing bucket centrifuge (Sigma-Aldrich). After 

centrifugation, the plasma and the buffy coat were carefully removed using a disposable 

Pasteur pipette. The neutrophil layer, located on top of the red blood cell layer was transferred 
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to a fresh 15 ml falcon tube. 5 ml cold sterile filtered 0.9% (v/v) sodium chloride and 5 ml 

cold sterile filtered high purity (MilliQ) water was added to restore tonicity. Cells were 

centrifuged for 6 min at 400g, 4°C with brakes and the supernatant was removed. Cell pellet 

was resuspended in cold sterile filtered MilliQ water and vortexed for 30 s to lyse the 

remaining erythrocytes. After hypotonic lysis, neutrophils were centrifuged again for 6 min at 

400g, 4°C with brakes and resuspended in sterile filtered Hanks‟ balanced salt solution 

(HBSS) (5.4 mM KCl, 0.3 mM Na2HPO4, 0.4 mM KH2PO4, 4.2 mM NaHCO3, 137 mM 

NaCl, 5.6 mM D-(+)glucose, pH 7.4). Neutrophil counts and viabilities were determined 

using a Muse cell analyser (Merck-Millipore, Australia). The neutrophil population purity was 

estimated based on Wright-Giemsa stained cells prepared using a cytospin centrifuge (Thermo 

Scientific). Upon isolation, the neutrophils were used immediately for immunocytochemistry 

experiments. 

3.3.2 Immunocytochemistry 

Purified human neutrophils were cyto-centrifuged on 99% (v/v) ethanol/1% (v/v) 

hydrochloric acid-cleaned glass coverslips (12 mm diameter) using a cytospin centrifuge 

(Thermo Scientific, Australia). Coverslips were then placed in a 12 well cell culture plate and 

fixed with 300 µl of 4% (v/v) paraformaldehyde for 15 min at room temperature. Coverslips 

were then washed three times with 1x phosphate buffered saline (PBS). Membrane 

permeabilisation was performed with 300 µl 0.2% (v/v) Triton X-100 in 1x PBS for 10 min at 

room temperature. Coverslips were washed three times with 1x PBS before blocking was 

performed with 10% (v/v) fetal calf serum (FCS) in 1x PBS for 1 h at room temperature. 

Following blocking, the coverslips were stained overnight at 4°C with rabbit IgG anti-human 

Hex A (1:300), mouse IgG anti-human myeloperoxidase (1:2000), mouse IgG anti-human 

CD63 (1:300) (all from Santa Cruz Biotechnology, U.S.A) or paucimannose-recognising 

Mannitou IgM (undiluted concentration, kind gift from Dr. Simone Diestel, University of 

Bonn, Bonn, Germany) primary antibodies. Mannitou has been shown previously to be 

reactive towards paucimannosidic N-glycans (Zipser et al., 2012). After overnight incubation, 

washes with 1x phosphate buffered saline (PBS) were performed three times on the coverslips 

with occasional shaking at 5 min interval to remove unbound antibodies before secondary 

antibodies compatible with the corresponding host-specific primary antibodies (as described 

above) was applied using goat anti-rabbit IgG Alexa Fluor 488 (1:400), goat anti-mouse IgG 

Alexa Fluor 546 (1:400) or goat anti-mouse IgM Alexa Fluor 488 (all from Life Technologies, 

Australia) for 1 h at room temperature. Washes with 1x PBS were performed three times 
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directly on the coverslips to remove unbound antibodies. Coverslips were mounted on 99% 

(v/v) ethanol/1% (v/v) hydrochloric acid-cleaned glass slides using Prolong Gold antifade 

mountant with double stranded DNA (dsDNA)-specific DAPI (Life Technologies). Images 

were taken using Olympus FV-1000. Co-localisation was evaluated semi-quantitatively with 

iMaris (Bitplane, Germany) using Mander‟s co-localisation coefficients (Dunn et al., 2011). 

The specificity of anti-Hex A antibodies was validated by immunoblotting using recombinant 

human Hex A (R & D Systems, Australia). 

 

3.3.3 N-glycan release of SD and healthy age-paired neutrophils 

Protein extracts derived from isolated neutrophils from a two year old SD infant and a four 

year old (age-paired) healthy donor were kindly provided by Prof. Meral Ozguc, Hacettepe 

University, Turkey with ethics approval and patient consent obtained at the clinic. Neutrophils 

were isolated using Histopaque (Density: 1.077 g/ml, Sigma-Aldich) and 3% (v/v) dextran 

(Sigma Aldrich) in 0.15 M sodium chloride. Protein extracts were obtained by cell lysis of the 

purified neutrophils in lysis buffer (10 mM Tris, 300 mM NaCl, 2 mM EDTA, 0.5% (v/v) 

Triton X-100, pH 7.4) supplemented with protease inhibitors (Roche). The total protein 

concentrations were determined using bicinchoninic acid assay (BCA) (Thermo Scientific), 

which were used to normalise the amount of protein for the de-N-glycosylation experiments. 

Proteins disulphide bonds were reduced with 10 mM dithiothreitol (DTT) (final 

concentration) at 56°C for 45 min and alkylated with iodoacetamide (IAA) at room 

temperature in the dark for 30 min. N-glycans were released from immobilised proteins as 

previously described (Jensen et al., 2012). Approximately 20 µg reduced and alkylated protein 

extract was dot blotted on ethanol activated polyvinvlidene fluoride (PVDF) membranes and 

left overnight to dry to ensure maximum protein adhesion. The membrane was stained with 

Direct blue 71 (Sigma-Aldrich) to enable visualisation and accurate excision of the protein 

spots for enzymatic N-glycan release in a flat bottom 96-well plate. To prevent non-specific 

binding of N-glycosidase F, the excised membrane spots were blocked with 1% (w/v) 

polyvinylpyrrolidone (PVP) 40 and washed with water before application of the enzyme. N-

glycans were released by overnight incubation with N-glycosidase F (3 U in 10 µl water) at 

37°C. Released N-glycans were recovered in Eppendorf tubes (Eppendorf) after sonication of 

the 96-well plate for 5 min. The wells were later washed two times with water and all wash 

fractions were pooled. Samples were incubated with 100 mM ammonium acetate, pH 5 at 

room temperature for 1 h to remove the glycosylamines from the reducing terminus of the N-
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glycosidase F released glycans to allow for quantitative reduction as described below and then 

dried in a vacuum centrifuge. N-glycans from bovine fetuin (Sigma-Aldrich) were used as 

positive controls to test the glycan release and subsequent glycan purification protocol. 

3.3.3.1 Reduction and desalting of N-glycans 

The dried glycans were reduced to alditols with 0.5 M NaBH4 in 50 mM KOH for 3 h at 50°C. 

Reactions were quenched by adding 2 µl glacial acetic acid. Desalting of reduced N-glycans 

was performed using AG 50W X8 strong cation exchange resin (200-400 mesh) (Bio-Rad) 

(30 µl bed volume) packed in C18 stage tips (Merck-Millipore) and dried in a vacuum 

centrifuge. Samples were washed three times with 100% (v/v) methanol (analytical grade) to 

evaporate residual borate. 

3.3.3.2 N-glycan clean up 

The dried samples were reconstituted with water and subjected to PGC-SPE manually packed 

on top of C18 stage tips (Merck-Millipore) before the downstream analysis by LC-MS/MS. 

The desalted glycans were eluted from the PGC-SPE tips using 40% (v/v) acetonitrile 

containing 0.05% (v/v) TFA. The eluate fractions were dried in a vacuum centrifuge, kept at -

20°C and only redissolved in 10 µl of MilliQ water just before LC-MS/MS analysis. 

 

3.3.3.3 PGC LC-MS/MS of N-glycans 

The purified N-glycans were separated by capillary PGC (Hypercarb KAPPA capillary 

column, 180 µm inner diameter x 100 mm length, 5 µm particle size, 200 Å, Thermo 

Scientific, Australia) using an Agilent 1260 Infinity HPLC instrument. The glycan separation 

was carried out over a linear gradient of 0-45% (v/v) acetonitrile/10 mM ammonium 

bicarbonate for 85 min at a constant flow rate of 2 µl/min. Glycans were ionised using ESI 

and detected using a 3D (Paul) IT mass spectrometer (LC/MSD Trap XCT Plus Series 1100, 

Agilent Technologies, Australia). The full scan acquisition range was kept constant at m/z 

200-2,200 in negative ionisation polarity mode. Data-dependent acquisition was enabled 

where the top three most abundant precursors in each full scan spectrum were selected for 

MS/MS using resonance activation CID fragmentation. CID was performed with smart 

fragmentation (start/end amplitude 30-200%) at 1.0 V and an isolation window of 4 Th with a 

maximum accumulation time of 200 ms. Smart ion charge control (ICC) was enabled with a 

smart parameter setting target of m/z 900. ESI was performed using a capillary voltage of +3.2 

kV, a nitrogen drying gas flow of 6 l/min at 325°C, and a nitrogen-based nebuliser pressure of 
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12 psi. Dynamic exclusion was inactivated over the entire LC-MS/MS acquisition. The mass 

spectrometer was calibrated using a tune mix (Agilent Technologies) and the mass accuracy 

of the precursor and product ions were typically better than 0.5 Da. 

3.3.3.4 Data analysis of released N-glycans 

The glycan structures were analysed using Bruker DataAnalysis software version 4.0 (Bruker 

Daltonics, Germany). Throughout the thesis chapters, characterisation of the individual N-

glycans was based on the monoisotopic precursor mass, glycan fragment ions in the 

corresponding CID-MS/MS spectra were annotated according to the nomenclature by Domon 

and Costello (Domon and Costello, 1988) and their retention time (RT) on PGC. We have 

extensive in-house knowledge of the PGC-LC retention patterns for reduced N-glycans and 

this parameter is often used as a powerful orthogonal identifier in addition to MS and MS/MS 

(Everest-Dass et al., 2013a; Harvey, 2005c; Stadlmann et al., 2008). Throughout the thesis 

chapters, the N-glycans are depicted according to the established symbol nomenclature and 

conventions based on the Essentials of Glycobiology (Varki et al., 2015). 

 

3.3.4 Visualising glycoprotein features of neutrophil cell lysates via immunoblotting 

Protein extracts derived from neutrophil lysates (~10 µg) were separated on a 4-12% sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions 

(Life Technologies). The gel separated proteins were transferred to a PVDF membrane (Bio-

Rad) for immunoblotting with Trans-Blot Turbo (Bio-Rad), blocked with 3% (w/v) bovine 

serum albumin (BSA) in Tris buffered saline with 0.1% (v/v) Tween 20 (TBST) for 1 h at 

room temperature. The membrane was then incubated overnight with paucimannose-

recognising IgM (called “Mannitou”) primary antibodies at 4°C. Mannitou is reactive towards 

paucimannosidic N-glycans (Zipser et al., 2012). The membrane was washed three times with 

TBST to remove unbound antibodies. Horse radish peroxidase (HRP)-conjugated anti-mouse 

IgM (1:3000) was applied to the membrane for 1 h at room temperature. Washes were 

performed with TBST and visualisation was performed using the chemiluminescence channel 

on the ChemiDoc MP system (Bio-Rad) upon application of the HRP chemiluminescent 

substrate (Bio-Rad). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a 

control for equal protein loading. 
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3.3.5 Culture conditions for HL-60 neutrophil-like cells 

HL-60 cells isolated from an acute promyelocytic leukaemia patient (Gallagher et al., 1979) 

was obtained from the American Type Culture Collection (ATCC) (ATCC CCL-240). The 

cells were mycoplasma-free as evaluated using MycoAlert mycoplasma detection kit (Lonza). 

Cells were grown in Roswell Park Memorial Institute (RPMI) medium supplemented with 2 

mM L-glutamine without FCS and phenol red (Life Technologies) in a humidified incubator 

equilibrated with 5% (v/v) CO2 at 37°C. Cells were washed two times in supplemented RPMI 

medium before transfection. 

3.3.6 HEXA and HEXB gene silencing 

Undifferentiated HL-60 cells (4 x 10
5
 cells) were transfected using commercially prepared 

siRNA targeting exon 7 of HEXA (AM16708) and exon 3 and 4 of HEXB (AM16708) (All 

from Life Technologies). The siRNA probes were used at various quantities (75 pmol, 100 

pmol and 150 pmol) on either pre-plated or non-pre-plated cells. Lipofectamine 3000 or 

siPORT (all from Life Technologies) were used as transfection reagents. siRNA transfection-

free control cells undergoing the same treatment were included to test the transfection 

efficiency. The pre-plated cells were transfected for 24 h after pre-plating in 24 well cell 

culture plates. The medium (~700 µl) was removed prior to the addition of the transfection 

reagents in supplemented RPMI. Alternatively, the transfection reagents were added directly 

to the non-pre-plated cells. Cells were incubated in a humidified incubator equilibrated with 

5% (v:v) CO2 at 37°C during transfection and were harvested 48 h post transfection. 

3.3.7 Hexosaminidase activity assay 

Protein extracts were obtained from harvested cells using a lysis buffer (10 mM Tris, 300 mM 

NaCl, 2 mM EDTA, 0.5% (v/v) Triton X-100, pH 7.4) supplemented with a cocktail of 

protease inhibitors (Roche). The activity assay was adopted from a published protocol 

(Wendeler and Sandhoff, 2009), but was slightly modified. In short, 15 µl of protein extract 

(~1 µg) was incubated with 30 µl pre-warmed 4-methylumbelliferyl-2-acetamido-2-deoxy-β-

D-glucopyranoside (MUG) or 4-methylumbelliferyl-6-sulfo-N-acetyl-β-D-glucosaminide 

(MUGS) (All from Merck Millipore) for 30 min at 37°C in phosphate citrate buffer. The 

reactions were stopped by the addition of 0.25 M glycine carbonate stop buffer, pH 10. 

Recombinant Hex A and Hex B proteins (RnD Systems) were used as positive controls for the 

hexosaminidase activity and to ensure that reagents and the protocols were working. The 

release of 4-methylumbelliferone (4-MU) upon MUG/MUGS-based hydrolysis was 

quantified using a fluorometer plate reader (BMG Technologies) with an excitation at 360 nm 
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and emission at 450 nm. The release of fluorogenic 4-MU was determined by comparison to a 

premade standard curve performed using a known amount of 4-MU standards (Sigma-

Aldrich) after blank correction to the stop buffer. 

3.3.8 Quantitative real-time polymerase chain reaction (qPCR) 

The specificity of the qPCR amplication of HEXA and HEXB genes in non-transfected HL-60 

cells with the designed primers shown in Supplementary Materials, Table S1 enclosed in the 

DVD, was assessed using melting curve analysis. Total RNA was purified from the cells using 

an RNA isolation kit (Bioline) according to the manufacturer‟s instructions and was 

quantified using a Nanodrop spectrophotometer (Thermo Scientific) at A260nm/280nm. cDNA 

synthesis was performed using Tetro cDNA synthesis kit (Bioline) according to the 

manufacturer‟s instructions. qPCR and melting curves were performed using SensiFAST 

SYBR green (Bioline) on a LightCycler 480 (Roche) using the designed primers with the 

following conditions: 95°C for 5 min  equilibration followed by 95°C for 15 s, 60°C for 30 s 

and 72°C for 30 s repeated for 40 cycles. 

3.4 Results 

The initial observations indicated co-localisation of human Hex A and MPO, an azurophilic 

granule protein marker, in DMSO-differentiated HL-60 myeloid leukaemia cells, which 

resemble mature human neutrophils morphologically and functionally (Chapter 2). 

Immunocytochemistry also revealed the co-localisation of paucimannosidic proteins and 

human Hex A in these neutrophil-like cells. These observations in conjunction with the known 

involvement of hexosaminidases in paucimannose-rich lower organisms suggested that human 

Hex A is involved in the biosynthesis of protein paucimannosylation in human neutrophils. 

However, differentiated HL-60 is a promyelocytic leukaemia cell line cultured in vitro and 

these cells may not reflect the actual in vivo physiology and behaviour of healthy human 

neutrophils maturing in the bone marrow and in the blood circulation upon full maturation. 

3.4.1 Immunocytochemistry of human neutrophils 

In order to assess the presence of Hex A in healthy human neutrophils, peripheral blood 

neutrophils were isolated from whole blood of a healthy male adult donor by density gradient 

separation followed by immunocytochemistry using antibodies with reactivity towards human 

Hex A, MPO, CD63 and paucimannosidic glycoepitopes (Zipser et al., 2012). The resulting 

signals were then evaluated quantitatively in a spatial manner to estimate the degree of co-
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localisation of the proteins and glycoepitopes of interest within the multiple compartments of 

human neutrophil. The immunocytochemistry demonstrated some co-localisation of human 

Hex A (green) and human MPO (red) as shown by the existence of yellow pixels (Figure 1A). 

MPO is a well-established azurophilic granule protein in resting neutrophils (Okada et al., 

2015). More quantitative co-localisation analysis using the so-called Mander‟s co-localisation 

coefficient (MCC) revealed a moderate degree of co-localisation of Hex A and MPO with an 

MCC of 0.82 ± 0.07. MCC values of 1 are indicative of perfect co-localisation between two 

analytes. To further support this observation, resting neutrophils were stained with antibodies 

directed towards Hex A (green) and CD63 (red), another azurophilic granule marker that is 

well documented to be highly expressed on the luminal side of the membrane of azurophilic 

granules (Calafat et al., 2000) (Figure 1B). Semi-quantitative co-localisation analysis 

demonstrated a moderate-to-high co-localisation of Hex A and CD63 yielding an MCC of 

0.94 ± 0.02. Moderate co-localisation was also observed when resting neutrophils were 

stained with paucimannose-recognising antibodies Mannitou (green) and human Hex A (red) 

as demonstrated by the MCC of 0.91 ± 0.05 (Figure 1C). These observations indicated that 

human Hex A and the paucimannosidic proteins reside in azurophilic granules within resting 

human neutrophils. The potential localisation of these analytes in other neutrophil granules 

awaits further investigation.
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Figure 1. Immunocytochemistry of resting neutrophils from a healthy human donor was performed to 

assess the subcellular location of Hex A and paucimannosylated proteins in the azurophilic granule. 

Representative image of neutrophils stained with (A) anti-human myeloperoxidase (MPO) (red) and 

anti-human Hex A (green), (B) anti-human Hex A (green) and anti-human CD63 (red), and (C) anti-

paucimannose (Mannitou) (green) and anti-human Hex A (red) antibodies. The characteristic nuclei of 

the human resting neutrophils were stained with DAPI (blue). The scale bar represents 10 µm. The 

table shows the MCCs of the assessed analytes. MCC values of 1 indicate perfect co-localisation (data 

points are given as mean MCC ± S.D, n = 17 neutrophils). # The degree of co-localisation for each of 

these analytes was estimated as a more qualitative measure (Zinchuk et al., 2013). 

 

Having confirmed the subcellular location of Hex A in resting neutrophils, the enzymatic 

capacity of this hydrolase to generate paucimannosidic N-glycoproteins in neutrophils was 

investigated next. SD patients harbour gene mutations in the HEXB gene, resulting in defects 

in the β-subunits required for the formation and catalytic activity of both the Hex A (αβ) and 

Hex B (ββ) isoenzymes (Mahuran, 1999). The lack of any significant Hex A and Hex B 

catalytic activity has been described to result in an accumulation of GM2 gangliosides, in 

particular in the glycolipid-rich brain. Patients have been found to display severe neurological 

abnormalities that cause mental retardation and early death (Kobayashi et al., 1992). 
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However, the degree of protein paucimannosylation present in the neutrophils of these 

patients has not yet been reported. Neutrophils isolated from SD patients are, as such, ideal to 

study the contribution of Hex A and Hex B in the generation of paucimannosylated N-

glycoproteins as both isoenzymes are inactive. To assess the degree of paucimannosylation in 

SD neutrophils, we were fortunate to obtain protein extracts of circulating neutrophils from a 

two year old infantile SD patient genotyped with an intronic mutation of HEXB 

(IVS11+5G>A) and from a four year old healthy individual which was included in the study 

as an age-paired control. This HEXB mutation resulted in a homozygous null-functional 

genotype (HEXB
-/-

) as confirmed by a negligible total Hex A and Hex B enzyme activity in 

the SD patient relative to the healthy donor (HEXB
-/- 

patient: Hex A, 45 nmol/h/mg; Hex B, 40 

nmol/h/mg; healthy control: 1223 nmol/h/mg). The N-glycans were released from these total 

protein lysates and then analysed using N-glycomics. 

3.4.2 N-glycome profiling of neutrophils from a healthy donor and a SD patient 

The N-glycans from proteins of neutrophil lysates were released using N-glycosidase F and 

the glycans were analysed using PGC-LC-ESI-CID-MS/MS (Figure 2). The monosaccharide 

compositions, the glycosidic linkages, branching and other structural features of the observed 

glycans were assigned based on manual interpretation of the PGC-LC retention, MS and 

MS/MS data based on the identification of diagnostic fragmentation ions (Everest-Dass et al., 

2013a; Harvey, 2005a, b, c). Some structural aspects were inferred based on the established 

knowledge of human N-glycosylation and the biosynthetic relatedness between the observed 

glycoforms (Aebi, 2013; Winchester, 2005) as well as from previous observations made from 

the previous N-glycome profiling of purified neutrophil lystes and inflamed/pathogen-positive 

sputum (Chapter 2). 
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Figure 2. (A) Representative PGC-LC negative ion MS profiles of the N-glycans released from 

neutrophil lysates of a healthy donor (top spectrum) and a SD patient (bottom spectrum). Precursor 

masses highlighted in bold and red corresponded to the N-glycans that were altered in SD relative to 

the healthy donor neutrophils. # denotes contaminant peaks. (B) Representative extracted ion 

chromatograms (EICs) of the precursor masses circled in panel A demonstrating the quantitative 

differences of the M2F paucimannosidic (top EICs) and M9 high mannose isomers (bottom EICs) 

between healthy donors and SD neutrophils. Intensity scales were normalised between samples to 

directly show the quantitative differences. Details of the glycan structures and the relative abundances 

of the observed N-glycan types are shown in Table 1 and Figure 3.
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Table 1. Overview of the structural assignments and relative abundances of N-glycans released from 

the whole neutrophil lysates of a healthy donor and a SD patient. 

Glycan type, short-hand 

nomenclature and proposed 

structures of observed  

N-glycans 

Observed mass (m/z) Relative abundance (%) 

[M-H]
1-

 [M-2H]
2-

 

Healthy age-

paired donor 

(n = 3 technical 

replicates, 

mean ± S.D) 

SD patient 

(n = 3 technical 

replicates, 

mean ± S.D) 

T
ru

n
ca

te
d

 c
h

it
o
b

io
se

 c
o
re

 /
 P

a
u

ci
m

a
n

n
o
se

 M0F            

 

571.3  4.8 ± 0.7 3.8 ± 0.1 

M1 

 
587.3  1.4 ± 0.2 0.8 ± 0.1 

M1F 

 

733.3  4.4 ± 0.2 4.2 ± 0.2 

M2 

 
749.3  4.6 ± 0.2 2.4 ± 0.1 

M2F 

 
895.5  20.0 ± 0.8 6.8 ± 0.5 

M3 

 

911.4  3.8 ± 0.2 0.9 ± 0.1 

M3F 

 

1057.3  2.0 ± 0.3 0.3 ± 0.1 

H
ig

h
 M

a
n

n
o
se

 

M5 

 

1235.6  3.1 ± 0.2 1.8 ± 1.3 

M6 

 

 698.3 5.8 ± 0.6 6.0 ± 0.8 

M7 

 

 779.4 6.9 ± 1.0 8.0 ± 0.4 

M8 

 

 860.4 5.3 ± 1.4 11.6 ± 0.9 

M9 

 

 

 

941.4 

 

6.0 ± 1.4 

 

10.8 ± 1.8 
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Table 1 (Continued). Overview of the structural assignments and relative abundances of N-glycans 

released from the whole neutrophil lysates of a healthy donor and a SD patient. 

Glycan type, short-hand nomenclature 

and proposed structures of observed 

N-glycans 

Observed mass (m/z) Relative abundance (%) 

[M-H]
1-

 [M-2H]
2-

 

Healthy age-

paired donor 

(n = 3 technical 

replicates, 

mean ± S.D) 

SD patient  

(n = 3 

technical 

replicates, 

mean ± S.D) 

C
o
m

p
le

x
 

M2F +  

(GlcNAc) 
 

1098.6  0.4 ± 0.1 6.5 ± 0.7 

M3F +  

(GlcNAc)2 

 

 731.3 4.0 ± 1.4 9.2 ± 0.3 

Bisecting core 

fucosylated 

 

 832.9 3.3 ± 3.0 6.0 ± 0.8 

Bimannosyl-

chitobiose core 

monoantennary 

core fucosylated 

monosialylated  

 775.3 1.0 ± 0.2 0.7 ± 0.1 

FA1G1S1 

 

 856.4 7.4 ± 0.6 2.9 ± 0.3 

FA2G1S1 

 

 

 

 

FA2G1S1 

 

 

 957.9  

 

6.7 ± 0.4 

 

 

 

 

1.7 ± 0.2 

A2G2S1 

 

 965.9 5.0 ± 0.6 2.8 ± 1.2 

FA2G2S1 

 

 1038.9 2.6 ± 0.7 3.3 ± 0.2 
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Table 1 (Continued). Overview of the structural assignments and relative abundances of N-glycans 

released from the whole neutrophil lysates of a healthy donor and a SD patient. 

Glycan type, short-hand nomenclature 

and proposed structures of observed 

N-glycans 

Observed mass (m/z) Relative abundance (%) 

[M-H]
1-

 [M-2H]
2-

 

Healthy age-

paired donor 

(n = 3 technical 

replicates, 

mean ± S.D) 

SD patient  

(n = 3 

technical 

replicates, 

mean ± S.D) 

C
o
m

p
le

x
 

A2G2S2 

 

 

 

 

A2G2S2 

 
 

 

 1111.5 

6.6 ± 0.4 

 

 

 

 

0.7 ± 0.8 

2.1 ± 0.1 

 

 

 

 

0.3 ± 0.2 

FA2G2S2 

 

 

 

FA2G2S2 

 
 

 

 1184.5 

0.8 ± 0.1 

 

 

 

0.1 ± 0.1 

0.7 ± 0.5 

 

 

 

0.4 ± 0.3 
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Figure 3. Relative abundance of the three N-glycan types identified in neutrophils isolated from a 

healthy donor and a SD patient (mean ± S.D, n = 3 technical replicates). * denotes P < 0.05, *** 

denotes P < 0.001 using two-tailed paired student‟s T tests. 

 

Paucimannosidic, high mannose and complex type N-glycans were observed spanning 22 

monosaccharide compositions and a total of 27 N-glycan structures. The relative abundances 

of the observed N-glycans were estimated based on their relative EIC peak areas from a 

triplicate N-glycan release and analysis (n = 3) from neutrophils from an infant SD patient and 

an age-paired healthy donor, Table 1. The distribution of the three N-glycan types is 

summarised in Figure 3. In the neutrophils from the healthy donor, truncated chitobiose core 

and paucimannosidic N-glycans were the most abundant structures (41.0%), followed by 

complex (31.9%) and high mannose (27.1%) type structures. The M2F paucimannosidic N-

glycan was the most abundant glycan within the class of paucimannosidic structures (~20% of 

the total N-glycome). Even distribution of the high mannose glycoforms (i.e. M5 – M9) were 

observed while the presence of an unusual sialo-glycan complex type structure (FA1G1S1) 

carrying α2,6-linked sialic acid residues appeared to be highly abundant within the class of 

complex structures (~7.4% of the total N-glycome). 

The class of truncated chitobiose/paucimannosidic N-glycans were significantly reduced in 

SD neutrophils (18.8%) compared to the healthy donor (41.0%) (P < 0.001). Specifically, the 
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chitobiose structure M0F and paucimannosidic structures with or without α1,6 core 

fucosylation i.e. M1(F) - M3(F) were all observed to be significantly reduced in the SD 

patient relative to the healthy control (P < 0.05). The high mannose type structures were 

significantly higher in SD (38.1%) compared to healthy donor neutrophils (27.1%) (P < 0.05). 

The complex N-glycans were also significantly more abundant in SD compared to healthy 

neutrophils (P < 0.05). The higher relative abundance of these structures could be attributed to 

the altered abundance of the GlcNAc-capped biosynthetic precursors for the paucimannosidic 

structures i.e.  M2F(GlcNAc) and M3F(GlcNAc)2, Table 1. These precursors were considered 

as complex type structures in this study as these intermediates per se do not fall under the 

definition of paucimannosidic or high mannose structures. The complex type FA2G1S1 

observed in SD neutrophils was absent in the healthy neutrophils. In addition, the FA1G1S1 

and A2G2S2 isomers appeared in significantly lower levels in SD relative to healthy 

neutrophils (P < 0.05). These complex type structures are discussed further in the following 

sections. 

To confirm these glycomics-based observations, immunoblotting was performed with a 

paucimannose-recognising antibody, Mannitou, which has reactivity towards paucimannosidic 

epitopes (Zipser et al., 2012). Figure 4 shows the immunoblot of the cell lysates of healthy 

and SD neutrophils probed with Mannitou. The chemiluminescence revealed an intense 

staining of a single protein band (70-80 kDa) in the healthy neutrophil lysate. Protein bands at 

similar molecular masses were also observed in the SD neutrophil lysates, but at a much 

lower (~12 fold) intensity after equal protein loading in the gel lanes. The loading control 

utilising antibodies towards a housekeeping protein, GAPDH, that was not expected to be 

altered in SD, revealed the presence of a single protein band at ~37 kDa, consistent with the 

molecular mass of GAPDH. The similar intensity of the GAPDH bands validated the equal 

protein loading across the gel lanes.
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Figure 4. Immunoblot of protein extracts of neutrophils of a healthy donor and a SD patient probed 

with anti-paucimannose (Mannitou) (upper gel region) and anti-GAPDH antibodies (lower gel region). 

Samples were analysed in duplicate lanes and visualised using chemiluminescence. 

 

Paucimannosylation in human neutrophils has been observed in bacterial-colonised inflamed sputum 

and in other inflammatory and even cancerous conditions as we have summarised in the literature 

review (Chapter 1, Publication I). Thus, human paucimannosylation in neutrophils was hypothesised 

to be functionally involved in innate immunity (Chapter 2). The downstream functional consequences 

of hexosaminidase deficient neutrophils with respect to their abilities to mount an effective immune 

response were studied. Specifically, attempts was made to manipulate the genes encoding the 

hexosaminidases using siRNA in order to use the HEXA/HEXB silenced neutrophil-like cells for 

functional studies. The siRNA-based silencing of HEXA/HEXB of HL-60 cells was assessed using a 

hexosaminidase activity assay as a proxy to determine successful gene manipulation. 
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Figure 5. Total hexosaminidase activity of pre-plated (A) and non-pre-plated (B) HL-60 cells 

transfected with siRNA targeting both HEXA and HEXB. Various quantities of siRNA were tested i.e. 

75 pmol, 100 pmol and 150 pmol using either lipofectamine 3000 or siPORT as the transfection 

reagent. The level of fluorogenic 4-MU was used as a proxy for the total hexosaminidase activity 

based on the hydrolysis of MUG substrates added to the cell lysates. The specific activity of total 

hexosaminidases activity was not assessed here. Data points are plotted as mean ± S.E.M, n = 3 

technical replicates. NS denotes not significant, * denotes P < 0.05.
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3.4.3 siRNA-based silencing of HEXA and HEXB in HL-60 cells 

The siRNA-based HEXA and HEXB knockdown in neutrophil-like cells was attempted as a 

proof-of-concept experiment on pre-plated and non-pre-plated HL-60 cells using different 

transfection strategies. Specifically, the use of two different transfection reagents, 

lipofectamine 3000 and siPORT in various quantities i.e. 75 pmol, 100 pmol and 150 pmol 

were compared. To assess if HEXA and HEXB expressions were successfully reduced, 

hexosaminidase enzyme assays using MUG (which measures total hexosaminidase A and B 

activity) and MUGS (which measures Hex A and Hex S activity) substrates were used. These 

substrates are commonly used for fast and convenient diagnosis of GM2 gangliosidosis 

(Wendeler and Sandhoff, 2009). As these substrates are enzymatically hydrolysed, the 

fluorogenic 4-MU is released, which can be detected fluorometrically using a 

spectrophotometer (Hepbildikler et al., 2002). Both Hex A and Hex B are able to degrade the 

neutral MUG substrate while only Hex A and the minor isoenzyme Hex S are able to 

hydrolyse the negative charged (sulphated) MUGS substrate. 

As shown in Figure 5B, non-pre-plated HL-60 cells transfected using lipofectamine 3000 and 

siPORT did not result in a significant reduction of the hexosaminidase activity as evaluated by 

the 4-MU release measured 48 h post transfection. The level of 4-MU release was not altered 

significantly at the higher dosage of siRNA i.e. 150 pmol. This indicates that the total 

hexosaminidase activity of these cells was not altered with the introduction of the siRNA 

using both transfection reagents in the non-pre-plated cells. 

Similarly, the lipofectamine 3000 transfected cells also did not display a reduction in the 4-

MU release at 75 pmol, 100 pmol and 150 pmol siRNA within the pre-plated cells (Figure 

5A). However, significant reduction in 4-MU release was observed for the pre-plated cells 

using siPORT with 100 pmol and 150 pmol siRNA (P < 0.05). This suggests a lower total 

hexosaminidase activity (total Hex A and Hex B activity) and that transfection of siRNA into 

the cells are optimal at these conditions.  

To confirm the reduction of HEXA within pre-plated cells, a MUGS assay was used to assess 

the Hex A activity. Figure 6 shows the Hex A activity of pre-plated HL-60 cells transfected 

with siPORT at 100 pmol and 150 pmol siRNA targeting both HEXA and HEXB. This 

demonstrated a decreased level of 4-MU relative to the non-transfected control when using 

100 pmol siRNA, but this reduction was found not to be statistically significant. In contrast, 

the use of 150 pmol siRNA demonstrated a significant reduction in 4-MU relative to the non-
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transfected control and the use of 100 pmol siRNA (P < 0.05). Taken together, these 

observations demonstrated a proof-of-concept of the ability to suppress the Hex A and Hex B 

expression and/or enzyme activity using 150 pmol of siRNA in neutrophil-like cells. 

 

Figure 6. Hex A activity of pre-plated HL-60 cells transfected with siRNA targeting both HEXA and 

HEXB at 100 pmol and 150 pmol using siPORT transfection reagent. The level of fluorogenic 4-MU 

was measured as a proxy for the Hex A activity based on the hydrolysis of MUGS substrates added to 

cell lysates. The specific activity of Hex A was not assessed here. Data points are plotted as mean ± 

S.E.M, n = 3 technical replicates. NS denotes not significant, * denotes P < 0.05. 

3.5 Discussion 

3.5.1 Co-localisation of Hex A and paucimannosidic proteins in the azurophilic granules of 

resting neutrophils 

The presence of hexosaminidases in the neutrophil-rich environment of bacteria-infected and 

inflamed sputum and in neutrophil-like cells was shown in Chapter 2. However, the ability of 

these hydrolases to generate paucimannosidic N-glycoproteins in human neutrophils in vivo 

was not directly assessed in this initial investigation. In order to investigate this relationship, 

the co-localisation of the hexosaminidases and the paucimannosidic proteins in human 

neutrophils was assessed here. Specifically, the co-localisation of Hex A, the azurophilic 

markers (MPO and CD63) and paucimannosylated glycoproteins were investigated in 

peripheral blood isolated human neutrophils. Although visual inspection of the 

immunocytochemistry images revealed co-localisation of Hex A and MPO, CD63 and 

paucimannosylated glycoproteins, this readout is largely qualitative in nature and may be 
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somewhat misleading due to the limitation in the optical microscopy diffraction resolution 

relative to the much smaller size of the molecules of interest (Zinchuk et al., 2007). To allow a 

more quantitative measure of the co-localisation, MCC was also utilised as a measure for 

spatial association/proximity of two analytes within the cells. MCCs were chosen since these 

values are independent of the background pixels in the stained z stack within the confocal 

images. Unlike another established measure for co-localisation such as the Pearson‟s co-

localisation coefficient, MCC is less prone to being artificially inflated due to the background 

pixels, leading to a higher accuracy in the estimates of the degree of co-localisation (Oheim 

and Li, 2007). 

A moderate co-localisation of Hex A, MPO and paucimannosylated proteins were observed 

based on the MCC values. In addition, a moderate to high co-localisation of Hex A and CD63 

was also observed based on the MCC values. During the promyelocytic stage of neutrophil 

development in the bone marrow, the genes encoding these proteins have been documented to 

be highly expressed in neutrophils and stored within the azurophilic granules (Rorvig et al., 

2013) (see also Chapter 2). The strong gene expression of HEXA, HEXB, MPO and CD63 at 

this developmental stage aligns well with the co-localisation results, indicating that these 

proteins are localised together within the azurophilic granules. The in vitro ability of human 

Hex A to produce paucimannosylated proteins has been shown (Chapter 2). The observation 

of Hex A co-localising spatially with MPO and paucimannosylated proteins further supports 

the involvement of Hex A in the generation of protein paucimannosylation. To ensure the 

specificity of the anti-human Hex A antibodies utilised in this study, Hex A antibodies was 

validated by immunoblotting with recombinant human Hex A and results shows good 

specificity (see Supplementary Material, Figure S1 in the enclosed DVD). All these 

observations increase the confidence on the notion that Hex A is responsible for the 

generation of protein paucimannosylation and that it resides within the azurophilic granule of 

human neutrophils. 

3.5.2 Aberrant N-glycosylation of neutrophils derived from a SD patient  

Cell lysates of purified neutrophils from an infantile SD patient was obtained to investigate 

the enzymatic capacity of the hexosaminidases to generate paucimannosidic N-glycoprotein. 

SD patients carry deleterious mutations in HEXB, the gene coding for the β subunit forming 

part of the dimeric Hex A (αβ) and Hex B (ββ). In this study, the N-glycome of neutrophils 

purified from a homozygous HEXB deficient individual with clinically diagnosed SD was 
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analysed relative to an age-paired healthy donor. PGC-LC-ESI-CID-MS/MS showed that the 

relative abundance of the paucimannosidic type N-glycans was significantly lower in SD 

neutrophils (18.8%) in comparison to healthy donor neutrophils (41.0%). This glycome 

alteration supports the importance of this hexosaminidase subunit in the production of 

paucimannosidic N-glycoproteins. The enzymatic impairment of both Hex A and Hex B was 

reflected in the negligible total hexosaminidase activity. The relationship of the β subunit to 

protein paucimannosylation was further strengthened by the accumulation of GlcNAc-capped 

biosynthetic precursor glycans in SD neutrophils. 

Interestingly, the build-up of these biosynthetic precursor intermediates also resulted in an 

increase of the high mannose structures, particularly the M7-M9 structures. This showed that 

a downstream manipulation of the biosynthetic machinery can indirectly impact the early 

stages of the N-glycoprotein synthesis. These observations demonstrated the inability of 

impaired Hex A and Hex B to act efficiently on their substrates and therefore leading to an 

accumulation of these early high mannose precursor structures in the N-glycosylation 

pathway. 

Furthermore, the reduced paucimannosidic N-glycoprotein synthesis and the concomitant 

accumulation of high mannose in hexosaminidase-deficient human neutrophils were also 

recapitulated in a separate study where we generated hexosaminidase-knockout mutants i.e. 

HEXO1 and HEXO2 in the widely studied legume Lotus japonicus (see Supplementary 

Material, Publication III in the enclosed DVD). Remarkably, reduced growth and impaired 

development of this model plant system were observed phenotypically in these mutants, but 

were not found to be lethal despite the fact that paucimannosylation is a constitutive N-

glycosylation expressed in Lotus japonicas (Dam et al., 2013). 

The functional consequences on the reduced synthesis of paucimannosidic N-glycoproteins in 

SD neutrophils remain unknown and would be an interesting aspect to study in the future. 

TSD individuals with HEXA gene mutations have been reported to confer resistance towards 

Mycobacterium tuberculosis (M. tb) infection, but the molecular mechanisms driving this 

protection are still elusive (Ingrid et al., 2008). As to how SD individuals and their neutrophils 

respond to infectious diseases also remain to be investigated. The findings described here 

underscore the importance of the hexosaminidases in maintaining a functional mammalian 

and plant N-glycosylation pathway, and indicated that hexosaminidases may also be involved 

in other non-biosynthetically related functions. 
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The unusual monoantennary FA1G1S1 and the disialylated biantennary A2G2S2 glycans 

were observed to be suppressed in SD neutrophils relative to healthy donor neutrophils. These 

glycans were previously observed in the neutrophil-rich CF sputum and in isolated healthy 

neutrophils (Chapter 2). The significant reduction of these complex type glycans was 

somewhat surprising as the lack of functional hexosaminidases should not alter this part of the 

N-glycosylation machinery (Stanley et al., 2009). However, a reduction in the abundance of 

sialylated biantennary structures has been reported in the cerebrospinal fluid of a patient with 

GM2 gangliosidosis (Barone et al., 2016), which mirrors the observations described here. 

Interestingly, the unusual FA1G1S1 has also been reported in stomach cancer-derived cell 

lines and mouse embryonic fibroblasts (Huang et al., 2015; Tadashi et al., 2002). How these 

structures were synthesised and their functional relevance in SD neutrophils remain to be 

investigated. The exoglycosidases such as sialidase or galactosidase might play important 

roles in the production of FA1G1S1 through catabolic reactions targeting just a single 

antenna. However, these isomers could also be generated in a stepwise manner through 

anabolic reactions of the single observed antenna on the 3‟ Man arm by specific 

glycosyltransferases, giving rise to these unusual glycoconjugates. 

It is important to note that there is still residual presence of paucimannosidic N-glycoproteins 

in SD neutrophils. This observation suggests that in addition to Hex A and Hex B, there may 

be another hexosaminidase that process non-reducing end GlcNAc-capped structures into 

paucimannosidic glycoproteins. A human hexosaminidase, hexsosaminidase C (Hex C) may 

be a candidate to generate paucimannosidic proteins in the absence of Hex A and Hex B. 

However, this enzyme was only shown to cleave O-linked GlcNAc from synthetic 

glycopeptides and other substrates, and not GlcNAc residues of N-linked glycoproteins (Gao 

et al., 2001). Another human hexosaminidases, hexsosaminidase D (Hex D), was recently 

characterised and might play a role in the biosynthesis of paucimannosidic proteins 

(Gutternigg et al., 2009). It should be noted that both Hex C and Hex D were identified to 

reside in the nucleocytoplasmic region of mammalian cells and not in the lumen of human 

neutrophil granules. Although Hex S (αα) is lower in abundance in SD and its synthesis is not 

affected by non-functional β subunit in affected patients (Emiliani et al., 1990b), there could 

also be compensatory activities conferred by Hex S to generate paucimannosidic proteins. The 

functional and biological significance of the Hex C and Hex D remain to be resolved in the 

biosynthesis of paucimannosidic proteins in the absence of functional Hex A and Hex B.
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3.5.3 The biosynthetic trafficking of neutrophil paucimannosidic N-glycoproteins  

The biosynthetic trafficking route of paucimannosylated proteins in human neutrophils is still 

unknown. The current understanding of the human N-glycosylation pathway (Aebi et al., 

2010; Stanley et al., 2009) does not allow for an explanation of these truncated 

chitobiose/paucimannosidic N-glycoproteins. Based on the glycomics- and glycoproteomics-

based observations presented in this thesis, it may be suggested that the paucimannosidic N-

glycoproteins are generated, after exiting the ER, by detouring from the conventional 

downstream Golgi-based processing in the biosynthetic machinery in developing neutrophils. 

The high core fucosylation indicate that the paucimannosidic glycoproteins undergo essential 

processing in the cis- and medial-Golgi apparatus via β-linked GlcNAc capped intermediates 

(catalysed by GnT-I, α1,3/6-mannosidases II and α1,6-FuTs) before they may be sequestered 

into the azurophilic granule for hydrolase-driven truncation by Hex A/B and the α-/β-

mannosidases (Figure 7). This hypothesis is in agreement with the “targeting by timing” 

hypothesis proposed by Borregaard and co-workers suggesting that all (glyco)proteins 

produced at the promyelocyte stage of the myeloid development are targeted to the 

azurophilic granule (Borregaard and Cowland, 1997). It also agrees well with the observation 

by Bainton and colleagues showing that azurophilic granule proteins formed during the 

promyelocytic stage buds off from the cis-Golgi (Bainton and Farquhar, 1966). In addition, 

the absence of α-sialidase, α-fucosidase and β-galactosidase in the proteome datasets of the 

azurophilic granules (Lominadze et al., 2005; Rorvig et al., 2013) further suggests that, 

paucimannosidic glycoproteins are generated from immature complex type glycan 

intermediates and not from more mature fully extended sialo-glycoproteins sequestered late in 

the biosynthetic machinery. It also implies that paucimannosidic proteins are not sequestered 

to the azurophilic granules by specific sequence motifs or other molecular signals intrinsic to 

these proteins.  

It is worth mentioning at this point that later in this thesis (Chapter 5) where I will be 

describing that paucimannosylation of the intact bioactive HNE surprisingly was found not to 

be an exclusive feature of the azurophilic granules in neutrophils. HNE appears to be present 

in other granules of human neutrophil, albeit at a lower abundance. This suggests that an 

alternative biosynthetic route in addition to the one hypothesised above may exist. Such 

alternative pathway(s) may explain the residual levels of paucimannosidic glycoproteins in 

SD neutrophils. Therefore, the biosynthetic route of paucimannosidic glycoproteins remains 

to be studied in greater details in the future. 
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Figure 7. Proposed biosynthetic pathway of paucimannosidic N-glycoproteins in developing human 

neutrophils. The data indicate that the N-glycoproteins exit the ER in a regular manner and are then 

lightly processed in the cis- and medial-Golgi, before they are sequestered and truncated by the 

hexosaminidases and mannosidases in the azurophilic granules. This suggested pathway aligns with 

the “targeting by timing” hypothesis (Borregaard and Cowland, 1997). # Proteomics data suggested 

that sialidases, fucosidases and galactosidases are not abundantly present in the azurophilic granules 

(Lominadze et al., 2005; Rorvig et al., 2013). 

 

3.5.4 Assessing the potential for siRNA-based HEXA and HEXB manipulation in HL-60 cells 

as a model for studying the biosynthesis and function of protein paucimannosylation 

The efficient delivery of siRNA into cells is a major challenge in siRNA-based gene 

manipulation experiments and time-consuming optimisation is often required before cells are 

transfected at sufficient efficiency (Cheng et al., 2011). This proof-of-concept study was no 

different; only after extensive optimisation was significant siRNA-based reduction of the 

HEXA and HEXB expression achieved using relative high amounts (150 pmol) siRNA with 

siPORT in pre-plated undifferentiated HL-60 cells. Relative efficient transfection has been 

reported previously using pre-plated cells (Dalby et al., 2004), in agreement with the results 

presented here. The usage of lipofectamine 3000 was previously reported to yield poor 

transfection efficiencies due to its cytotoxic effects. This was attributed to the formation of 

fewer intracellular vesicles containing the target siRNA with lipofectamine 3000 relative to 
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other commercially available transfection reagents (Spagnou et al., 2004). Thus, these might 

explain the poor transfection efficiencies of lipofectamine 3000 on HL-60 neutrophil-like 

cells. Apart from the use of enzyme activity assays, qPCR can also be utilised to assess the 

gene expression of HEXA and HEXB in these siPORT-transfected cells. To this end, qPCR 

primers were designed and tested in non-transfected HL60 cells in a preliminary proof-of-

concept study. Melting curve analysis revealed that the designed primers were specific as 

shown by the presence of a single melting curve peak, suggesting that a single, pure amplicon 

spanning the exons of HEXA and HEXB was produced, respectively (see Supplementary 

Materials, Figure S2 and Table S1 in the enclosed DVD for more information). This shows 

that the qPCR amplification is specific with these designed primers and that the running 

conditions are optimal. The use of qPCR-based readouts should be tested and carried out more 

systemically in the future to monitor and validate the silence-induced knockdown of HEXA 

and HEXB expression presented in this chapter. 

In order to determine the functional outcome of siRNA-silenced hexosaminidases and its 

influence on neutrophil immune functions, functional primary neutrophils should be utilised. 

However, purified primary neutrophils are short lived once they are isolated ex vivo (Dancey 

et al., 1976). Therefore, HL-60 neutrophil-like cells were utilised here as an initial proof-of-

concept transfection model as these cells are immortal (Birnie, 1988) and have functional 

capacities similar to ex vivo purified neutrophils upon DMSO differentiation (Collins et al., 

1978; Newburger et al., 1979). However, DMSO differentiation of HL-60 cells requires five 

to seven days (Emiliani et al., 1990b) and the use of siRNA might not be sufficient to 

effectively knockdown HEXA and HEXB to assess the contribution of hexosaminidases 

towards the generation of paucimannosidic proteins. This is because siRNA-based silencing 

of genes is a transient gene knockdown technique and has been shown to be less effective on 

rapidly dividing cells over extended period of time (Bartlett and Davis, 2006). 

Therefore, the use of a more stable gene manipulation technique in the future might be more 

suitable for knocking down HEXA and HEXB in HL-60 cells. Techniques for stable gene 

manipulation include the use of short hairpin RNA (shRNA) and the use of lentivirus or 

adenovirus vectors for effective integration of shRNA into the cell for stable expression and 

long term gene knockdown (Brummelkamp et al., 2002). However, these techniques might 

introduce unwanted mutagenic effects or trigger antiviral immunological response in the 

transfected HL-60 cells. Recently, the CRISPR/Cas9 method was used to knockout 

glycosylation genes in HL-60 cells such as the β1,2 GlcNAc transferase (MGAT1) in order to 
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assess the glycan contribution towards neutrophil trafficking and adhesion during 

inflammation (Stolfa et al., 2016). This method could also be used in the future to provide a 

more stable gene knockout to assess the contribution of hexosaminidases towards the 

generation of paucimannosidic proteins. The immunological outcomes of a stable and long 

term gene knockout of HEXA and HEXB can also be more effectively studied subsequently in 

DMSO differentiated HL-60 cells. 

In conclusion, the optimised protocol described above will be useful for future transfection-

based gene manipulation studies of undifferentiated HL-60 cells, allowing the study of the 

function of HEXA and HEXB gene products and consequently, the lack of functional 

hexosaminidases and its influence on the immune response facilitated by neutrophils.
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3.6 Overview of main findings, conclusions and future directions 

Main findings and conclusions 

 The heterodimeric Hex A was found to reside within the azurophilic granule compartment of 

resting human neutrophils as shown by the co-localisation of Hex A with the azurophilic 

protein markers MPO and CD63. 

 Co-localisation of human Hex A with paucimannosylated proteins in resting human 

neutrophils and the high sequence homology of human Hex A to the hexosaminidases of 

known paucimannose-rich organisms indicated that human Hex is involved in the enzymatic 

generation of paucimannosidic N-glycoproteins in human neutrophils. 

 Neutrophils of a HEXB
-/-

 SD patient displaying dysfunctional β subunit and thus lack of any 

hexosaminidase activity showed reduced paucimannosylation and concomitantly an 

accumulation of intermediate complex type structures relative to a healthy individual as 

demonstrated using N-glycomics and immunoblotting. This implies that Hex A (αβ) and/or 

Hex B (ββ) isoenzymes are important in the synthesis of paucimannosidic N-glycoproteins. 

 Significant levels of paucimannosidic N-glycoproteins were still observed in SD neutrophils 

which suggested compensation mechanisms of alternative glycosidases e.g. Hex S (αα) or an 

alternative yet-to-be-understood pathway involved in paucimannosidic N-glycoprotein 

synthesis. 

Future directions 

 The HEXA and/or HEXB genes of pre-plated undifferentiated HL-60 cells were successfully 

silenced using siRNA and siPORT as a transfection reagent as demonstrated by the reduction 

in total hexosaminidase and Hex A activity. This provides proof-of-concept that the 

hexosaminidases can be genetically manipulated in neutrophil-like cells and, thus, that this 

model system can use to assess the functional relevance of the Hex enzymes and protein 

paucimannosylation in the future. 

 The use of qPCR to assess the gene expression of HEXA and HEXB would be a straight-

forward approach to validate these silence-induced knockdown observations. The designed 

primers and proof-of-concept of utilising qPCR to assess HEXA and HEXB gene expression 

was demonstrated, but such qPCR-based readouts should be carried out more systemically in 

the future. 
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 The N-glycome and the N-glycoproteome of the HEXA and HEXB manipulated HL-60 cells 

should be determined in the future to investigate the structural and functional impact of the 

dysfunctional Hex A and B with respect to protein paucimannosylation. 

 The spatial co-localisation of Hex A with other granule markers such as NGAL and gelatinase 

that are characteristic of specific and gelatinase granule respectively should be determined in 

the future using immunocytochemistry. 

 The spatial co-localisation of Hex B with azurophilic granule markers such as MPO and 

CD63, along and other granule markers such as NGAL and gelatinase should be determined 

in the future using immunocytochemistry. 

 The temporal co-localisation of Hex A and Hex B with paucimannosidic proteins could be 

investigated in the future using live cell imaging to monitor for potential interactions with 

their substrates. 

 It is desired that neutrophils and potentially other immune cells and/or bodily fluids from a 

much larger cohort of SD and TSD patients, coupled with relevant healthy donors, should be 

investigated in the future to validate the findings described in this chapter. Similar to the 

experiments described herein, the use of glycomics, glycoproteomics and 

immunocytochemistry are instrumental technologies in order to assess the contribution of Hex 

A and Hex B in the generation of protein paucimannosylation. The reduced protein 

paucimannosylation in SD/TSD specimens also represents a unique opportunity to study the 

functional consequences of paucimannosidic proteins in immunity and infection.
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Chapter 4: Site-specific structural characterisation 

of the N-glycosylation of human neutrophil 

cathepsin G using complementary LC-MS/MS 

strategies
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4.1 Rationale 

In the initial observation of protein paucimannosylation in human neutrophils derived from 

bacterial-colonised CF sputum, azurophilic granule glycoproteins such as MPO, HNE and 

azurocidin were identified to carry paucimannosidic N-glycans using LC-MS/MS based 

glycomics and glycoproteomics (Chapter 2). However, only partial structural information 

was obtained of these key neutrophilic proteins. HNE and azurocidin are part of the serine 

protease family that have been documented to be essential for the anti-microbial activities 

of human neutrophils, particularly during phagocytosis, degranulation and the formation of 

NETs (Borregaard and Cowland, 1997; Faurschou and Borregaard, 2003). Another serine 

protease that is part of this family, nCG, was identified in the CF sputum proteome, but the 

micro- and macro-heterogeneity of the glycosylation of nCG comprising of a single N-

glycosylation site, was not documented. 

Although the use of PGC-LC-ESI-MS/MS based glycomics is a powerful tool to provide 

qualitative (i.e. monosaccharide composition, topology and glycosidic linkages of isomeric 

glycans) and quantitative (i.e. relative glycan abundance) structural information as 

introduced in Chapter 3, this analytical platform does not provide information about the 

carrier protein and the specific attachment sites of each glycan. Furthermore, the 

glycosylation site occupancies of the attached N-glycans are lost by the use of this method 

alone (Leymarie et al., 2013). Site-specific structural characterisation of glycoproteins is 

important to understand the structural and functional relevance of protein glycosylation 

(Panico et al., 2016; Sumer-Bayraktar et al., 2016). In addition, spatial and temporal 

cellular changes have been known to alter the site-specific glycosylation of proteins during 

diseases and in altered physiological conditions (Hulsmeier et al., 2016; Shade et al., 

2015). 

In this chapter, I will focus on the use of three complementary LC-MS/MS approaches to 

profile, at high structural resolution, a selected neutrophil N-glycoprotein of particular 

interest. Specifically, three structural levels of nCG from resting human neutrophils were 

analysed including N-glycosidase F-released N-glycans, chymotrypsin-generated N-

glycopeptides and intact glycoprotein. This facilitated, for the first time, a deep 

characterisation of the site-specific N-glycosylation of nCG. More importantly, this 

structural information facilitates future investigation of the functional role of nCG N-

glycosylation.  In addition, the complementary methods were also used to study the 
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structure/function relationship of the N-glycosylation of another serine protease, HNE 

(Chapter 5). 

N-glycan analysis revealed a high abundance of paucimannosidic N-glycans. Surprisingly, 

the N-glycopeptide analysis qualitatively and quantitatively deviated from the glycome 

data and indicated that further truncated chitobiose core type structures i.e. GlcNAcβAsn 

and Fucα1,6GlcNAcβAsn, were abundantly expressed on nCG. The presence of 

paucimannosidic N-glycans (M1, M1F, M2) and lower abundance complex structures, 

including the unusual sialo-glycan FA1G1S1 were observed. Intact nCG glycoform 

profiling agreed well with the N-glycopeptide analysis, thereby confirming the distribution 

of glycans on nCG. These observations highlight the importance of performing 

complementary LC-MS/MS strategies to validate the N-glycosylation profile of 

glycoproteins, in particular when unusual glycans are being studied. More importantly, the 

data presented in this chapter also illustrates the need to consider these unconventional 

glycans as being an integral part of the human glyco-repertoire and, thus, to include these 

truncated structures when using dedicated search engines such as UniCarb-KB or Byonic 

for glycomics and glycoproteomics based experiments. This will facilitate further system-

wide explorations of these exciting novel glycan classes in human cells and tissues.
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 4.2 Publication IV: Complementary LC-MS/MS-Based N-

Glycan, N-Glycopeptide, and Intact N-Glycoprotein Profiling 

Reveals Unconventional Asn71-Glycosylation of Human 

Neutrophil Cathepsin G 

 

Publication: Loke, I., Packer, N.H., Thaysen-Andersen, M., 2015. Complementary LC-

MS/MS-Based N-Glycan, N-Glycopeptide, and Intact N-Glycoprotein Profiling Reveals 

Unconventional Asn71-Glycosylation of Human Neutrophil Cathepsin G. Biomolecules 5 

(3), 1832-1854. doi:10.3390/biom5031832 

Supplementary Materials are available in the enclosed DVD. 

Author contributions: Conception of study and experimental design – IL and MTA, data 

collection and analysis – IL, data interpretation and extraction of conclusions, – IL and 

MTA, manuscript preparation – IL and MTA, manuscript editing and review – IL, NP and 

MTA.
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4.3 Overview of main findings, conclusions and future directions 

Main findings and conclusions 

 The use of complementary LC-MS/MS approaches comprising of N-glycan, N-

glycopeptide and intact glycoprotein analyses enabled detailed and accurate N-

glycosylation profiling of nCG. In addition, the parallel use of these analytical strategies 

facilitated the discovery of two methionine oxidised C-terminal truncation variants of nCG. 

 For the first time, the single Asn71-N-glycosylation site of nCG was shown to carry 

predominately ultra-truncated GlcNAcβ- and Fucα1,6GlcNAcβ- glycans. Paucimannosidic 

(M1, M1F, M2) and complex sialylated monoantennary N-glycans (FA1G1S1) were also 

present on nCG in lower abundance. 

 The unconventional GlcNAc- and Fucα1,6GlcNAc-glycans lack PGC-LC retention and are 

N-glycosidase F insensitive. The qualitative and quantitative discrepancy between the N-

glycan and N-glycopeptide data illustrated the importance of performing multiple levels of 

structural analysis to enable a detailed and accurate description of the N-glycosylation of 

neutrophil proteins carrying unusual N-glycans. 

 The data indicated that a minimum degree of local hydrophilicity is required for efficient 

enrichment of N-glycopeptides using zwitterionic hydrophilic interaction liquid 

chromatography (ZIC-HILIC) SPE. The truncated chitobiose core and paucimannosidic 

structures of Asn71 of nCG produced insufficient hydrophilicity for reproducible HILIC 

retention whereas Asn71-glycopeptides carrying the longer sialo-glycans were efficiently 

enriched. 

 The Asn71 glycosylation site has a relatively low solvent accessibility on the surface of 

maturely folded nCG, suggesting that the N-glycans on this site were only partially 

available for processing during biosynthesis. The presence of GlcNAcβ- and 

Fucα1,6GlcNAcβ- on this site suggest that, in addition to solvent accessibility, other 

protein structural features may also contribute to the generation of these unconventional 

structures on nCG. 

 The distal position of Asn71 relative to the active site of nCG suggests that the short N-

glycans on this site are unlikely to interfere with the proteolytic activity of this serine 

protease. 
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Future directions 

 The biosynthesis of the truncated chitobiose structures on nCG remains to be resolved. As 

nCG is a central protease involved in innate immunity (Burster et al., 2010), it becomes not 

only important to determine how these structures arise during the maturation of N-

glycoproteins but also their functional relevance in neutrophil immune defence.  

 These truncated chitobiose structures could arise due to the action of endogenous 

endoglycosidases such as Endo-β-N-acetylgluocosaminidase (ENGase). ENGases has been 

reported in human (Tadashi et al., 2002) but have yet to be shown to act on properly folded 

N-glycoproteins in vivo (Huang et al., 2015; Suzuki, 2016). ENGases might also be present 

in the azurophilic granules of neutrophils. The enzymatic action of this endoglycosidase on 

N-glycoproteins can be determined by mass spectrometry in future. In addition, their 

presence in the azurophilic granules of neutrophils can be investigated through the use of 

gene expression arrays and immunocytochemistry. 

 The potential modulatory roles of N-glycosylation on the protease activity, structural 

conformation and interaction partners of nCG remain to be determined. As ENGases have 

also been identified in Streptococcus pyogenes and shown to hydrolyse the chitobiose core 

N-glycans of IgG (Collin and Olsen, 2001), the presence of the single β-linked GlcNAc 

residue on nCG might be a protective mechanism to preserve immunological functions in 

addition to the anti-microbial activity of nCG. This should be investigated in the future 

using bacterial co-cultures with paucimannosidic proteins present in the azurophilic 

granules to determine if these bacterial derived ENGases could hydrolyse the N-glycan 

structures present on these N-glycoproteins. 

 The serine protease proteinase 3 has also been reported to carry these truncated structures 

similar to nCG (Zoega et al., 2012). In contrast, other serine proteases such as HNE and 

azurocidin carries mainly paucimannosidic N-glycans (Chapter 5) (Olczak and Watorek, 

2002).  This could be due to the localisation of HNE and azurocidin in the micro-

environment within the azurophilic granules that differs from the localisation of PR3 and 

nCG. Therefore, PR3 and nCG might encounter ENGases within their micro-environment 

but are not seen by HNE and azurocidin. This could explain the ultra-truncated structures 

carried by PR3 and nCG but not on HNE and azurocidin. The presence of such micro-

environment within the azurophilic granule compartment should be investigated in the 

future through live cell imaging with the use of highly specific and ultrasensitive two 
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photon fluorescence imaging or spinning disk confocal microscopy to enable higher 

visualisation of the micro-environment within the granule compartment (Babes and Kubes, 

2016; Lim et al., 2015). 

 The presence of truncated chitobiose structures have been reported to be present in the 

mouse brain and liver as well as in mammalian cell lines and invertebrates (Kim et al., 

2013; Medzihradszky et al., 2015; Trinidad et al., 2013; Wang et al., 2010). At present, 

only a few studies have reported the presence of these truncated structures in human 

(Nagae et al., 2014; Zoega et al., 2012). A similar cell- and tissue-wide distribution of these 

structures in human tissues and cells remain to be explored. This can be studied using 

glycoproteomics to identify the site-specific attachments of these unconventional structures 

(Trinidad et al., 2013).  In addition, the use of lectins such as the GlcNAc-specific 

succinylated wheat germ agglutinin (sWGA)(Monsigny et al., 1979) with immunoblotting 

may also help to establish their presence within the human glycoproteome.
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5.1 Rationale 

The critical role of HNE, as a serine protease glycoprotein residing predominantly in the 

azurophilic granule, has been well established in various studies of immune-related diseases 

including CF, neutropenia and chronic obstructive pulmonary disease (Horwitz et al., 2007; 

Le Gars et al., 2013; Tidwell et al., 2014). Given the importance of HNE in mediating an 

effective immune response, it is surprising that the structural aspects of HNE still remain 

unresolved, including details of its site-specific N-glycosylation. Early studies using nuclear 

magnetic resonance (Watorek et al., 1993) and X-ray crystallography (Hansen et al., 2011) 

revealed the presence of mannose-terminating N-glycans on HNE. These methods are used for 

elucidating the three dimensional structure of an intact protein, but they generally do not 

provide more than qualitative information about the structures and distribution of the 

conjugated glycans. Thus, the glycosylation site occupancies, the micro- and macro-

heterogeneity of the conjugated N-glycans and the presence of other PTMs on HNE remain 

largely unreported. The knowledge of any potential involvement of HNE N-glycans on the 

rate of HNE proteolysis or their involvement in any protein-independent functions is similarly 

sparse. 

Initial observations presented in Chapter 2 and 4 suggested that three putative N-

glycosylation sites of HNE (Asn88, Asn124, Asn173) displayed paucimannosylation, but the 

site-specific micro- and macro-heterogeneity of the N-glycosylation sites were not 

determined. As paucimannosylated HNE was identified in the bacterial colonised neutrophil-

rich sputum of CF patients, it was speculated that paucimannosylated HNE may contribute 

towards pathogen defence by neutrophils. In addition, since HNE is a crucial protease that is 

known to be also involved in other non-pathogenic aspects of resolving inflammation (Renata 

et al., 2005), we hypothesised that the N-glycosylation of HNE may also modulate this potent 

serine protease in such non-sterile conditions. Before we can understand the influence of N-

glycosylation on the function of HNE in innate immunity, the exact structures and the 

distribution of the N-glycans carried by HNE needs to be accurately mapped in a site-specific 

manner. 

Using parallel glycoprofiling strategies by the application of the three complementary LC-

MS/MS methodologies presented in Chapter 4 (N-glycan, N-glycopeptide and intact 

glycoprotein analyses), a site-specific N-glycoprofiling of HNE purified from healthy human 

neutrophils was performed here as presented in Publication V. 
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Having mapped the N-glycosylation of HNE, the functional involvement of the abundant 

paucimannosylation of HNE was also investigated (Publication V). Finally, to validate the 

observations of paucimannosylated HNE in neutrophil granules, I performed subcellular 

fractionation of resting human neutrophils to obtain protein extracts from the individual 

neutrophil granules (see Chapter 5, section 5.3). I performed these experiments with a 

particular focus on the paucimannose-rich azurophilic granules in my visit to the laboratories 

of the late Professor Niels Borregaard at the University of Copenhagen, Denmark. The N-

glycosylation of the azurophilic granule proteins was investigated with an N-glycomics 

approach using PGC-LC-ESI-CID-MS/MS. 

In summary, this chapter provides for the first time, the detailed N-glycosylation profile of 

HNE, data showing the contribution of N-glycosylation towards modulating the innate 

immune functions of HNE and the N-glycosylation profile of the azurophilic granule 

compartment of human neutrophils. 
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5.2 Publication V: Paucimannose rich N-glycosylation of human 

neutrophil elastase modulates its immune function 

 

Publication: Loke, I., Østergaard, O., Heegaard
 
N., Packer, N.H., Thaysen-Andersen, M. 

Paucimannose rich N-glycosylation of human neutrophil elastase modulates its immune 

function, Molecular Cellular Proteomics, 2017, doi: 

10.1074/mcp.M116.066746mcp.M116.066746, in press. 

This research was originally published in Molecular Cellular Proteomics. Loke, I., 

Østergaard, O., Heegaard
 
N., Packer, N.H., Thaysen-Andersen, M. Paucimannose rich N-

glycosylation of human neutrophil elastase modulates its immune function. Molecular 

Cellular Proteomics. 2017. © the American Society for Biochemistry and Molecular Biology. 

Supplementary Materials are available in the enclosed DVD. 

Author contributions: Conception of study and experimental design – IL and MTA, data 

collection and analysis – IL, OO and MTA, data interpretation and extraction of conclusions - 

IL and MTA, manuscript preparation – IL and MTA, editing and reviewing – MTA, OO, NP 

and NH. 

For the subcellular N-glycosylation profile of the azurophilic granules, Dr. Morten Thaysen-

Andersen, Professor Niels Borregaard and I were responsible for the study design. Ms 

Charlotte Horn and I were responsible for the data collection. I was responsible for the 

interpretation of the N-glycomics experiments of the subcellular fractionated granule proteins.
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5.3 The N-glycome of purified neutrophil granule proteins using 

subcellular fractionation 

In Publication V, paucimannosylated HNE was observed to be present in all neutrophil 

granules but was particularly abundant in the azurophilic granules. In order to determine if 

paucimannosylation is an enriched feature specifically in the azurophilic granules of 

neutrophils, it is required to determine the N-glycome of all neutrophil granule compartments 

including the azurophilic-, specific-, gelatinase-granules, the secretory vesicles and the plasma 

membrane of neutrophils. 

In order to isolate the respective neutrophil granules, subcellular fractionation was performed 

by gently disrupting the cell membrane of blood-derived neutrophils using nitrogen 

cavitation, followed by a Percoll density gradient separation as previously described 

(Clemmensen et al., 2014). In short, the principle of nitrogen cavitation is to pressurise 

neutrophils in a Parr nitrogen bomb in a disruption buffer that mimics the intracellular 

environment within the neutrophils (Figure 1). This pressurisation allows nitrogen to dissolve 

in the lipid membrane of the cells to aid in the disruption of the cell membrane that occurs by 

shear stress when the cells are forced through the valve located at the outlet nozzle of the 

bomb. This permits the granules and other organelles (also known as the cavitate) to be 

collected. As this is a gentle method that breaks the surface cell membrane, compared to other 

methods such as the use of Teflon or mortar and pestle homogenisation that are known to 

break open intracellular organelles (Hunter and Commerford, 1961), the granule membranes 

are left intact using nitrogen cavitation. 

Percoll density gradient separation relies on differential densities of the organelles to ensure a 

successful separation of the neutrophil granules. Percoll was chosen as the separation medium 

as it is non-viscous and its osmolarity can be easily determined by the medium in which the 

Percoll is diluted in. These properties of Percoll allow the subcellular granules to reach their 

respective isopycnic densities during high speed centrifugation (Kjeldsen et al., 1999). 

Simultaneously, a self-generated density gradient that decreases towards the top of the 

separation tube is established. As azurophilic granules display the highest density, they will 

sediment at the bottom of the tube. Specific- and gelatinase-granules and secretory vesicles 

are comparably much lighter in density and are localised towards the top after centrifugation. 

As a result, this will form a three layer gradient. In order to separate the plasma membrane 

from the intracellular granules, a fourth layer utilises the flotation gradient to discriminate 

between them. A flotation gradient occurs since the density of the plasma membrane is much 
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lesser than the Percoll solution in which they are layered. Therefore, this four layer Percoll 

gradient allows the physical separation of the neutrophil granules. At the same time, this 

gradient also separates the granules from the plasma membrane. 

After separation and collection of the granule fractions, sandwich enzyme-linked 

immunosorbent assays (ELISA) were used to determine the purity of the isolated granule 

proteins. N-glycans were then released from pooled fractions containing these proteins by 

enzymatic treatment using N-glycosidase F and the N-glycome analysed using PGC-LC-

MS/MS. 

 

Figure 1. Schematic illustration of the Parr nitrogen bomb during nitrogen cavitation of human 

neutrophils in suspension. The cells are placed inside the Parr bomb, pressurised with nitrogen and 

after 5 to 10 min, the cavitate containing the individual intracellular granules are obtained through the 

gentle disruption of the cell membrane and is collected in a falcon tube for further granule purification. 

Image reproduced from Methods in Molecular Biology, Subcellular Fractionation of Human 

Neutrophils and Analysis of Subcellular Markers, 1124, 2014, 53-76, Clemmensen et al., with 

permission from Springer. (Clemmensen et al., 2014).  

5.4 Materials and Methods 

5.4.1 Isolation of blood-derived human neutrophils for subcellular fractionation 

Human resting neutrophils were isolated from the peripheral blood of healthy donors  

(n= 3) after informed consent were obtained with ethics approval (Reference no. 5201500409, 
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HREC/08/RPAH/431 and X14-0074). Neutrophils were isolated from 200 ml of freshly drawn 

blood collected in acid citrate dextrose (ACD) anti-coagulant in a 4:1 (v:v) ratio. Collected 

blood was mixed 1:1 with 2% (v/v) dextran in sterile 0.9% (v/v) saline (GE Healthcare) by 

inversion and left to sit upright on the bench for 30 min at room temperature to allow the 

sedimentation of erythrocytes. The leukocyte-rich, erythrocyte-poor upper layer was aspirated 

and placed in 50 ml Falcon tubes. Cells were pelleted using centrifugation at 200g for 10 min 

at 4°C and the supernatant was discarded. Cell pellets were resuspended with 30 ml sterile 

0.9% (v/v) saline and was layered over 16 ml of Lymphoprep medium at a density of 1.077 

g/ml (GE Healthcare). After centrifugation at 400g for 30 min at 4°C, the buffy coat 

consisting of lymphocytes, monocytes and platelets was removed and the neutrophil-

eosinophil rich pellet was resuspended in 10 ml cold sterile MilliQ water with vortexing to 

remove residual red cells. Isotonicity was restored with equal volume of sterile 1.8% (v/v) 

saline. Cells were then pelleted at 200g for 6 min at 4°C. Purified neutrophils were 

resuspended in 0.9% (v/v) saline and manually counted using a hemocytometer (Thermo 

Scientific). The purity of the isolation was confirmed to be >98% by examining a Cytospin 

prepared slide (Thermo Scientific) using a bright-field light microscopy. 

5.4.2 Disruption of neutrophils by nitrogen cavitation 

A final concentration of 5 mM diisopropyl fluorophosphate serine protease inhibitor was 

added to 3 x 10
8
 purified neutrophils and left on ice for 5 min. Cells were centrifuged at 200g 

for 6 min and the supernatant was removed. 7 ml of 1x disruption buffer (100 mM KCl, 3 mM 

NaCl, 3.5 mM MgCl2, 1.5 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic 

acid (EGTA), 10 mM piperazine-N,N′bis[2-ethanesulfonic acid], pH 6.8) supplemented with 

0.1 µM ATP(Na)2 and 0.5 µM phenylmethylsulfonyl fluoride (PMSF) (all final 

concentrations) was used to resuspend the cells by vortexing in a 50 ml Falcon tube. The cell 

suspension was placed in a precooled nitrogen gas-pressurised Parr cavitation bomb (Parr 

instruments, USA) and left in the cold for 5 min. With a 50 ml collection Falcon tube, the 

cavitate was collected in the presence of 100 mM EGTA in a fresh 50 ml tube in a dropwise 

manner and centrifuged at 400 g for 15 min. The resulting post-nuclear supernatant containing 

the intracellular organelles and granule proteins and membrane was collected for subsequent 

density gradient centrifugation. 

5.4.3 Four-layer Percoll density gradient separation 

Percoll was used for the density gradient separation of neutrophil granules. Stock Percoll 

solution at a density of 1.130 g/ml (GE Healthcare, Denmark) was mixed with 10x disruption 
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buffer to prepare various densities of Percoll solutions. The placement orders of the final 

density of the Percoll solutions, from the bottom of a polycarbonate centrifuge tube are shown 

in Table 1. Percoll solutions were dispensed carefully into the tube using a 14G x 3
1/4 

inch 

needle.
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Placement order 

(from bottom to 

top of 

polycarbonate 

tube) 

Percoll 

solution 

final density 

(g/ml)* 

Volume of 

solution 

(ml) 
Notes 

1
st
 1.03 9  

2
nd

 1.06 9 

1:1 (v:v) ratio mix of 

post-nuclear 

supernatant and 

Percoll solution 

(initial density of 1.11 

g/ml) 

3
rd

 1.09 9 A sharp demarcation 

should be observed 

between these two 

layers 
4

th
  1.12 9 

Table 1: Placement layers of Percoll solutions for density gradient separation of neutrophil granules. 

*Prepared from a Percoll stock density of 1.130 g/ml with 10x disruption buffer. 

 

The gradient tube was centrifuged at 37,000g for 30 min in a fixed angle rotor centrifuge 

(Sorvall RC-5B, Thermo Scientific), resulting in four band layers in the Percoll gradient 

(Figure 2A). A peristaltic pump (Amersham) and an automated fraction collector (FRAC-200, 

Amersham) were used to collect 1 ml fractions from the four band layers in the Percoll 

gradient tube into transparent plastic tubes. A total of 36 fractions were collected. 

5.4.4 Measurement of subcellular protein markers using immunoassays 

The specific fractions analysed, and the antibodies and their dilutions used to detect specific 

granule protein markers using sandwich ELISA are shown in Table 2. Fractions containing 

granule proteins and standards were pre-diluted with dilution buffer consisting of 0.5 M NaCl, 

3 mM KCl, 8 mM Na2HPO4/KH2PO4, 1% (w/v) BSA, 1% (v/v) Triton X-100, pH 7.2 before 

ELISA was carried out. Capture antibodies diluted in carbonate buffer (50 mM 

Na2CO3/NaHCO3, pH 9.6 were first coated on high binding ELISA plates (Thermo Scientific, 

Denmark) at 100 µl per well overnight at room temperature. The next day, the plates were 

washed in wash buffers consisting of 0.5 M NaCl, 3 mM KCl, 8 mM Na2HPO4/KH2PO4, 1% 

(v/v) Triton X-100, pH 7.2, then quenched with 200 µl of dilution buffer and incubated for 1 

h. The ELISA plates were washed again with wash buffer and the samples and standards were 

applied at 100 µl per well in duplicates. Plates were incubated for 1 h and washed again in 

wash buffer before applying detection antibodies at 100 µl per well. Incubation was allowed 
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for 1 h at room temperature. Plates were then washed again and HRP-conjugated reagents 

were added at 100 µl per well and incubated for 1 h. An ortho-phenylenediamine colour 

solution buffer was poured over the plates for equilibration and left to incubate for 5 min 

before the ELISA plates were emptied by inversion. Subsequently, 30% (v/v) hydrogen 

peroxide (Merck Millipore) was added to the colour solution buffer before use and 100 µl of 

this solution was added to the individual wells on the ELISA plate and incubated in the dark 

for 10-30 min for colour development. Reactions were terminated by the addition of 100 µl 

2N sulphuric acid to each well and the plate was read at 492 nm using a plate reader. Granule 

fractions displaying similar granule protein marker features were pooled together. 

5.4.5 Percoll removal using ultra-centrifugation 

Pooled granule fractions were ultracentrifuged at 100,000g for 90 min, resulting in the 

formation of a hard pellet. Preciptiated proteins will form a disc or a lump above the Percoll, 

which was collected using a glass Pasteur pipette and transferred into cryo-vials (Thermo 

Scientific). The respective granule protein extract fractions, now essentially free of any 

contaminating Percoll, were dried using a vacuum centrifuge for long term storage at -80°C 

before these samples were used for structural characterisation
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Table 2. Granule fractions, antibodies and dilutions used for ELISA marker assays to validate the 

fractionated purified granule proteins of neutrophils. *In house antibodies were available from 

Professor Niels Borregaard, University of Copenhagen, Denmark.

Granule 

marker protein 

used for ELISA 

(neutrophil 

compartment) 

Dilution 

ratios 

of 

fraction 

(v:v) 

Capture 

antibodies 

and their 

dilution ratio 

(Supplier, 

product, 

dilution, vv) 

Detection 

antibodies and 

their dilution 

ratio (Supplier, 

product, dilution, 

v:v) 

HRP-

conjugated 

reagent and 

dilution 

ratio 

(Supplier, 

product, 

dilution, v:v) 

Standards  

(dilutions 

performed) 

Myeloperoxidase 

(MPO) 

(Azurophilic 

granule) 

1:2,000 

and 

1:5,000 

Rabbit anti-

MPO  

(Dako, 

A03998,  

1: 20,000) 

Biotinylated 

rabbit anti-MPO 

(Dako, 

A03998,1:250) 

HRP-Avidin 

(eBioscience 

18-4100, 

1:3,000) 

MPO purified 

from neutrophils 

(0-100 ng/ml) 

Neutrophil 

gelatinase 

associated 

lipocalin 

(NGAL) 

(Specific 

granules) 

1:2,000 

and 

1:5,000 

Rabbit anti-

NGAL 

(In house*, 

1:1,000) 

Biotinylated 

rabbit anti-NGAL 

(In house*, 

1:10,000) 

HRP-Avidin 

(eBioscience 

18-4100, 

1:3,000) 

NGAL purified 

from neutrophils 

(0-2 ng/ml) 

Gelatinase 

(Gelatinase 

granules) 

1:2,000 

and 

1:5,000 

Rabbit anti-

gelatinase  

(In house*, 

1:2,000) 

Biotinylated 

rabbit anti-

gelatinase (In 

house*, 1:1,000) 

HRP-Avidin 

(eBioscience 

18-4100, 

1:3,000) 

Gelatinase 

purified from 

neutrophils (0-5 

ng/ml) 

Human serum 

albumin (HSA) 

(Secretory 

vesicles) 

1:15 

Rabbit anti-

albumin 

(Dako, A0001,  

1:5,000) 

Biotinylated 

rabbit anti-HSA 

(Dako, A03998, 

1:7,000) 

HRP-Avidin 

(eBioscience 

18-4100, 

1:3,000) 

HSA purified 

from neutrophils 

(0-250 ng/ml) 

HLA class I 

(Plasma 

membrane) 

1:15 

Rabbit anti-

β2-

microglobulin 

(Dako, A0072, 

1:1,000) 

Mouse anti-HLA-

ABC (Dako, 

M0736, 1:750) 

HRP-rabbit-

anti-mouse 

Ig (Dako, 

P0260, 

1:1,500) 

Dilution buffer 

for subtraction of 

background 
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5.4.6 Deglycosylation and N-glycome analysis of azurophilic granule proteins 

The isolated azurophilic granule proteins (~20 µg) were resuspended in 8 M urea and handled 

and analysed exactly as described in Chapter 3, Materials and Methods, Section 3.3.3. 

 

Figure 2. A four-layer Percoll density gradient for the subcellular fractionation of the individual 

granules in human neutrophils (A) A representative photograph of the four-layer Percoll density 

gradient after centrifugation. (B) Distribution profile of marker proteins for the granule compartments 

and the plasma membrane of human neutrophils as determined by ELISA of the individual fractions 

collected and numbered from the bottom of the tube shown in panel A. Subcellular marker proteins: 

MPO for azurophilic granules (red), neutrophil gelatinase associated lipocalin (NGAL) for specific 

granules (green), gelatinase for gelatinase granules (blue), albumin for secretory vesicles (orange) and 

human leucocyte antigen (HLA) for plasma membrane (black). The solid vertical lines denote the 

fractions that were pooled for the individual compartments. 

5.5 Results 

5.5.1 Determining the purity of the isolated neutrophil granule proteins 

In order to evaluate the purity of the fractionated granule proteins obtained from resting 

neutrophils, ELISA was used to profile granule marker proteins throughout the subcellular 

compartments separated in the four layer Percoll gradient after centrifugation, Figure 2A-B. 
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For example, the distribution of MPO was observed to be present in fraction 1 to 32, with its 

peak abundance at around fraction 5. It was also observed that NGAL was predominantly 

found in fraction 10 to 16 (peak abundance in fraction 14). Gelatinase was highly present in 

fraction 17 to 22 and albumin and HLA were found to be abundant in fraction 23 to 30 and 31 

to 36, respectively. These indicated fractions containing their specific marker proteins were 

pooled to form the isolated granule protein subsets.  

 

Figure 3. (A) Representative summed mass spectrum of the PGC-LC-MS/MS analysis providing an 

overview of the N-glycans observed from proteins isolated from the azurophilic granule. The major 

paucimannosidic and complex structures are annotated in the spectrum (see inserts for zoomed regions 

of the m/z region). HM denotes high mannose structures (including M4, which does not fall into our 

classification of paucimannosidic glycans). Structures shown are deduced from interpretation of data 

of precursor ion masses, LC isomer separation, and MS/MS diagnostic and fragment ions. (B) Relative 

percentage abundance of the three observed classes of N-glycans derived from the proteins residing in 

the azurophilic granule compartment of healthy resting neutrophils (n = 3 biological replicates, mean ± 

S.E.M).  The structures and the relative abundances of the observed N-glycans are summarised in 

Table 3.
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Table 3. Structural assignments and relative abundances of the observed N-glycans released from 

isolated proteins residing in the azurophilic granule of resting human neutrophils. 

 

Glycan type, short-hand 

nomenclature and proposed 

structures of observed N-glycans 

Observed mass (m/z) Relative abundance (%) 

[M-H]
1-

 [M-2H]
2-

 

(n = 3 biological 

replicates, 

mean ± S.E.M) 

T
ru

n
ca

te
d

 c
h

it
o
b

io
se

 c
o
re

 /
 P

a
u

ci
m

a
n

n
o
se

 

M0F 

 

571.3  0.3 ± 0.2 

M1 
 

587.3  1.5 ± 1.4 

M1F 

 

733.3  4.2 ± 0.2 

M2  
 

749.3  4.5 ± 0.2 

M2F 
 

895.5  50.9 ± 5.5 

M3 

 

911.4  3.3 ± 0.4 

M3F 

 

1057.3  4.5 ± 0.2 

H
ig

h
 M

a
n

n
o
se

 

M4 

 

1073.4  
 

1.4 ± 0.1 

M5  
 

 

1235.6  

3.0 ± 0.4 

 

 

 

 

 

0.7 ± 0.1 

M6 

 

 698.3 1.2 ± 0.5 
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Table 3. (Continued) Structural assignments and relative abundances of the observed N-glycans 

released from isolated proteins residing in the azurophilic granule of resting human neutrophils. 

 

Glycan type, short-hand nomenclature 

and proposed structures of observed N-

glycans 

Observed mass (m/z) 
Relative abundance 

(%) 

[M-H]
1-

 [M-2H]
2-

 

(n = 3 biological 

replicates, 

mean ± S.E.M) 

H
ig

h
 M

a
n

n
o
se

 

M7  

 

 779.4 

0.5 ± 0.2 

 

 

 

0.5 ± 0.1 

M8 

 

 860.4 0.2 ± 0.1 

M9 

 

 941.2 0.6 ± 0.1 

C
o
m

p
le

x
 

M2F + 

(GlcNAc) 
 

1098.5  1.6 ± 1.1 

M3F + 

(GlcNAc) 
 

1260.5  1.7 ± 0.3 

Bimannosyl-

chitobiose core 

monoantennary 

core 

fucosylated 

monosialylated 

 
 

 

 775.3 

1.0 ± 0.2 

 

 

0.1 ± 0.1 

A1G1S1 

 

 

 

 
 

 

 783.3 

0.6 ± 0.1 

 

 

0.1 ± 0.0 
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Table 3 (Continued). Structural assignments and relative abundances of the observed N-glycans 

released from isolated proteins residing in the azurophilic granule of resting human neutrophils. 

 

Glycan type, short-hand 

nomenclature and proposed 

structures of observed N-glycans 

Observed mass (m/z) Relative abundance (%) 

[M-H]
1-

 [M-2H]
2-

 
(n = 3 biological replicates, 

Mean ± S.E.M) 

C
o
m

p
le

x
 

FA1G1S1 

 

 

 

 

 

 

 
 

 

 

 856.3 

12.1 ± 0.8 

 

 

 

1.1 ± 0.2 

 

 

 

0.6 ± 0.1 

FA2G1S1 

 

 

 

 

 

 957.9 

2.6 ± 0.5 

 

 

 

 

 

0.2 ± 0.1 

FA2G2S1 

 

 1038.9 0.7 ± 0.2 

FA2G2S2 

 

 

 

 

 

 

 

 

 1184.5 

0.6 ± 0.1 

 

 

 

 

 

 

0.6 ± 0.2 



Chapter 5 

 

 197 

 

5.5.2 Characterisation of N-glycans of isolated proteins in the azurophilic granules 

The N-glycome of the azurophilic granule residing proteins of resting neutrophils from three 

healthy individuals were characterised using capillary PGC-LC-MS/MS (Figure 3A). The N-

glycans were released as described in the materials and methods in section 5.4.6. The glycans 

were structurally assigned based on their molecular mass and manual interpretation of their 

resulting MS/MS fragment spectra and the presence or absence of diagnostic fragmentation 

ions and their retention time (Everest-Dass et al., 2013a; Harvey, 2005c). In addition, the 

established knowledge of the N-glycan biosynthesis pathway in mammals was taken into 

account as summarised in Chapter 3. A total of 31 N-glycans covering 21 monosaccharide 

compositions were identified to be carried by the azurophilic granule-resident proteins 

including the dominating class of truncated chitobiose/paucimannosidic structures (which 

were grouped together due to their common truncated nature) at ~69%, the less abundant 

complex type structures (~23%) and the high mannose type structures (~8%) (Figure 3B, 

Table 3).
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5.5.3 Structural determination of paucimannosidic N-glycans of azurophilic granule origin 

As paucimannosidic N-glycans were carried in abundance by the azurophilic granule proteins 

(~69%), their exact structures were investigated in the context of their monosaccharide 

composition, topology and glycosidic linkages. Particularly the abundant M2 (m/z 749.3, [M-

H]
1-

) and M2F structures (m/z 895.4, [M-H]
1-

) were investigated. In addition to ensuring that 

the correct molecular masses were observed, the structural assessment was initially performed 

by comparing the PGC-LC retention time of the M2 and M2F N-glycans to the already 

established retention times of identical structures carried by the azurophilic granule resident 

nCG (Publication IV) and HNE (Publication V). The retention time of azurophilic granule 

M2 aligned well with the retention time of M2 carried by nCG and HNE, Figure 4A. The 

PGC-LC retention time of the related core fucosylated structure M2F, was also observed to be 

similar across the three samples, Figure 4B. We have previously shown that M2 carried by 

nCG and HNE terminates in an α1,6-linked mannosyl residue at the non-reducing end as 

shown using exoglycosidase digestion with α1,2/3 > α1,6 mannosidase and by spectral and 

retention time matching to known M2 standards in Publication IV. The associated CID-

MS/MS spectra were also compared between the pool of azurophilic granule proteins and the 

two purified azurophilic granule-resident glycoproteins, which showed a high degree of match 

between the fragment profiles (see Supplementary Material, Figure S1 in the enclosed 

DVD). In addition, the α1,3-linked mannose capped form of M2 generated artificially from 

chicken ovalbumin using glycosidases, showed very different elution on PGC-LC (see 

Supplementary Material, Figure S2 in the enclosed DVD). Taken together, this showed 

that the α1,6 mannosyl-capped forms are the only isomers of the highly abundant M2 and 

M2F structures in neutrophil azurophilic granules. These observations further validate the 

existence of these paucimannosylated species on nCG and HNE from healthy neutrophils.
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Figure 4. Selected EICs from the PGC-LC-MS/MS-based N-glycome analyses in negative polarity 

mode showing the retention time (RT) of paucimannosidic (A) M2 (m/z 749.3) and (B) M2F (m/z 

895.4) N-glycans released from the isolated pool of azurophilic granule proteins (top EIC), purified 

nCG (middle EIC) and HNE (bottom EIC). 

 

5.5.4 Structural determination of the complex N-sialo-glycans of azurophilic granule origin 

Approximately 23% of the azurophilic granule N-glycome was shown to consist of complex 

type N-glycans. An unusual complex monoantennary trimannosyl-core fucosylated sialo-

glycan, hereafter called FA1G1S1, was observed to be particularly abundant (~13%) in the 

azurophilic granules. FA1G1S1 was previously observed to be carried by human nCG and 

HNE as two isomeric species. These two isomers comprising of the α2,6- and α2,3-linked 

sialylated form as confirmed by the use of α2,3/6/8-sialyl-linkage unspecific and α2,3-sialyl 

linkage specific sialidases (Publication IV and Publication V). By comparing the PGC-LC 

retention time of the observed FA1G1S1 structures to the similar structures released from 

nCG and HNE and by looking at diagnostic ions (i.e. D ions) in the MS/MS spectra, it was 

confirmed that FA1G1S1 was present as two main isomers in the azurophilic granules (i.e. 

α2,6- and α2,3-linked sialyation of the 3‟ Man arm and that a third isomer of very low 

abundance was also present, Figure 5A. The α2,6-sialyated isomer was the most abundant 
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isomer for all three samples. Based on the retention time (~62 min) and the MS/MS 

fragmentation profile, this third isomer in the azurophilic granule appeared to be the α2,3 

sialylated on the 6‟-mannose arm. This was confirmed by the presence of the diagnostic D-ion 

(m/z 979.3) that is particularly useful for locating the antenna of N-glycans carrying sialylated 

lactosamine, Figure 5B (Everest-Dass et al., 2013a; Harvey, 2005b).  

 

 

Figure 5. (A) Selected EICs from the PGC-LC-ESI-CID-MS/MS-based N-glycome analyses showing 

the efficient separation of the isomers of the unusual monoantennary trimannosyl-core fucosylation 

sialo-glycan FA1G1S1 sialo-isomers (m/z 856.4) released from azurophilic granule proteins (top EIC), 

nCG (middle EIC) and HNE (bottom EIC). Retention times (RT) are indicated. (B) CID-MS/MS 

fragmentation spectra of the low abundant form FA1G1S1 eluting at 61.9 min. The other more 

abundant forms of FA1G1S1 have been presented in Chapter 4/Publication IV. The presence of the D-

ion indicates that the extended sialyation is located on the 6‟mannose arm of FA1G1S1. 
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Figure 6. Representative summed mass spectra of the PGC-LC-MS/MS analyses providing an 

overview of the N-glycome profiles observed from the proteins isolated from the neutrophil granules 

ie. azurophilic-, specific-, and gelatinase granules, the secretory vesicles and the plasma membrane. 

Masses highlighted in red denote the paucimannosidic structures identified based on their molecular 

mass, LC isomer retention and MS/MS fragmentation profiles. 

5.5.5 Protein paucimannosylation is not confined to the azurophilic granules 

We have previously suggested that protein paucimannosylation is enriched in the azurophilic 

granule (Publication II). In order to confirm that paucimannosylation is an enriched glyco-

signature in the azurophilic granules of neutrophils, the N-glycome of the azurophilic, 

specific, and gelatinase granules, as well as the secretory vesicles and the plasma membrane 

were compared. The comparisons showed that paucimannosidic N-glycans, in particular M2F, 

were also present in other neutrophil granules, Figure 6. However, a quantitative evaluation 

demonstrated that the paucimannosidic glycans were significantly enriched in the azurophilic 

granule (~70%) relative to the other granule compartments (~20-35%), Figure 7. The relative 

abundance of high mannose and complex type structures also appeared to be very different 

throughout the granule compartments, with the lowest abundance in the azurophilic granules. 
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Figure 7. Comparison of the distribution of the three observed classes of N-glycans in the isolated 

granule compartments of healthy resting neutrophils (n = 3 biological replicates, mean ± S.E.M). 

Protein paucimannosylation was found to be highly enriched in the azurophilic granules. 

5.6 Discussion 

Previous studies documented that the proteomes of the individual granule compartments of 

human neutrophils are highly distinct (Lominadze et al., 2005; Rorvig et al., 2013), 

suggesting that these organelles are underpinned by different biochemistry and protein 

function. In this chapter, I have presented the first report describing the N-glycome of isolated 

azurophilic granules from resting human neutrophils, a compartment used by neutrophils to 

mediate immunological responses. I have also characterised the N-glycosylation of the other 

granules found in resting healthy neutrophils. These observations agree well with earlier 

studies that have reported the N-glycosylation of various azurophilic granule proteins 

including azurocidin and PR3 (Olczak and Watorek, 2002; Zoega et al., 2012) and my own 

discoveries relating to the N-glycosylation of nCG and HNE (described in Chapter 4, 

Publication IV and Publication V). The observations presented here are also largely in 

agreement to an earlier report on the N-glycosylation of human neutrophil lysates (Babu et al., 

2009). 

PGC-LC-MS/MS-based glycomics of isolated neutrophil granules demonstrated an 

abundance of paucimannosidic N-glycans, in particular the α1,6-mannose-terminating M2F, in 

the azurophilic granule. M2F was also similarly observed in high abundance in several key 

azurophilic granule proteins such as nCG (Publication IV), HNE (Publication V) and 

azurocidin (Olczak and Watorek, 2002). As subcellular fractionation using nitrogen cavitation 
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does not disrupt the granule membrane (Clemmensen et al., 2014), it remains one of the only 

efficient means to generate insight into the biochemistry underpinning the individual 

neutrophil granules compared to the use of the crude neutrophil whole cell lysates generated 

from cellular homogenisation. 

Using existing proteome datasets as shown in Publication V, the M2 and M2F carrying HNE 

was surprisingly uniformly N-glycosylated across the azurophilic-, specific-, gelatinase-

granules, in the secretory vesicles and in the plasma membrane isolated from healthy 

neutrophils. Although this proteomics data only allowed a subcellular- and site-specific 

evaluation of the monosaccharide composition of the two sites of HNE, these observations 

suggested that M2 and M2F are abundantly and consistently carried by HNE, regardless of its 

granule origin. By inference, this uniformity also suggests that M2(F) displays α1,6-mannosyl 

terminating epitopes that may be generated by the action of a human α-mannosidase in the 

preferential hydrolysis of the α1,3-mannose residues of M3(F) precursors in the biosynthetic 

pathway or in the respective granules compartments where the glycoproteins are eventually 

stored (Winchester, 2005).  

The presence of M2F with terminal GlcNAc capping in the azurophilic granules also suggests 

that the N-glycans are processed by these mannosidases within the granule compartment, 

possibly after or in the process of trimming of their β-linked terminal GlcNAc moieties by the 

action of hexosaminidases such as Hex A and/or Hex B. The gene expression of Hex A, Hex 

B and α-mannosidases are known to be highly active during the promyelocytic stage of 

neutrophils in the bone marrow as discussed in Chapter 3.   

A truncated chitobiose core M0F was also observed in the N-glycome of proteins residing in 

the azurophilic granules. The generation of M0F may be due to the activity of human β-

mannosidases where a high gene expression of β-mannosidases was also observed during the 

bone marrow development of maturing neutrophils (Theilgaard-Monch et al., 2005). 

In comparison to the azurophilic granules, paucimannosylation appears to be also present in 

other neutrophil granules based on the summed MS spectra as shown in Figure 6 and their 

relative abundance shown in Figure 7. This observation aligns well with the “targeting by 

timing” hypothesis proposed by Borregaard and co-workers that those neutrophil granule 

proteins are packaged in the storage granules at the time that they are synthesised and not 

through the use of any sorting recognition motifs (Borregaard and Cowland, 1997; Le Cabec 

et al., 1997). This hypothesis also explains the heterogeneity of the proteome in the individual 
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granules shown in previous studies (Lominadze et al., 2005; Rorvig et al., 2013). However, 

this hypothesis does not explain how neutrophil glycoproteins are N-glycosylated after protein 

translation.  

Furthermore, the finding of ultra-truncated N-glycans carried by azurophilic granule-specific 

serine proteases such as nCG in Chapter 4 and PR3 (Zoega et al., 2012), suggest that these 

structures will not be detected solely with the analysis of released N-glycans as performed in 

this chapter and, thus, would be overlooked given their resistance towards N-glycosidase F 

and in addition to their lack of retention on PGC-LC-MS. It may also be difficult to 

discriminate these structures from interfering salts and contaminant ions during PGC-LC-MS 

due to their low molecular masses. Although nCG and PR3 are known to be highly abundant 

in the azurophilic granules (Borregaard and Cowland, 1997), proteome analysis of other 

neutrophil granules (i.e. specific- and gelatinase-granules and secretory vesicles) suggests that 

nCG and PR3 are also present albeit at a lower abundance in these compartments (Rorvig et 

al., 2013). Therefore, it is likely that these ultra-truncated structures could also be present and 

may even prove to be prevalent modifications in other neutrophil granules from the 

azurophilic granules. This further exemplifies the need to apply multiple complementary LC-

MS methodologies to achieve comprehensive and accurate N-glycoprofiling of these unusual 

structures decorating the neutrophil granule proteins. 

The involvement of the mannose-6-phosphate receptor (M6P) trafficking pathway for the 

targeting of MPO to the various granules in HL-60 cells (Nauseef et al., 1992) and recently in 

some transfected breast cancer cell lines (Laura et al., 2016), have been studied. The authors 

concluded that the M6P pathway is unlikely to be involved in the granule trafficking of MPO. 

Paradoxically, the azurophilic granules have been shown previously to express M6P receptors 

(Cieutat et al., 1998). In addition, the corresponding decrease in the abundance of 

paucimannosidic structures from the azurophilic granules to the plasma membrane accurately 

reflects the decreasing gene transcription of paucimannosidic glycoproteins as has been 

documented previously (Theilgaard-Monch et al., 2005).  

The enrichment of protein paucimannosylation in the azurophilic granules relative to the rest 

of the neutrophil granules, suggests that a majority of the paucimannosidic azurophilic 

proteins, after exiting from the ER, were directed to the azurophilic granules, deviating away 

from the main N-glycosylation biosynthesis pathway in the Golgi apparatus that is well 

established for the N-glycosylation of glycoproteins with resulting highly branched structures 
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(Aebi, 2013). This hypothesis was further supported by the low abundance of high mannose 

and complex structures carried by azurophilic granule-specific glycoproteins. Based on these 

observations, it is likely that an alternative sorting pathway exists that is independent from the 

M6P targeting pathway.  

In addition, given that paucimannosidic structures were also present in other neutrophil 

granules apart from the azurophilic granules, it suggests that an alternative sorting pathway 

may co-exist with the main N-glycosylation machinery for the generation of highly branched 

structures. This was reflected by the higher abundance of glycoproteins carrying complex 

structures in the specific-, gelatinase- granules, secretory vesicles and the plasma membrane. 

Therefore, the question of how paucimannosylated proteins are trafficked to the respective 

neutrophil granules needs to be further investigated.  

Interestingly, an unusual monoantennary sialo-glycan FA1G1S1 was observed in abundance 

in the azurophilic granules but its abundance decreases from the specific granules to the 

plasma membrane (~13% to 6%). These structures have been reported previously as free N-

glycans in the cell cytoplasm and in other mammalian cells (Huang et al., 2015; Tadashi et al., 

2002). The functional relevance of these N-glycans remains unknown but it is likely that these 

sialic acid terminating structures may play important roles in the activation of neutrophils 

during inflammatory conditions by binding to selectins; lectins that recognise sialic acid 

residues. More importantly, these structures could also act as a means of communication with 

other immune cells or other non-immune cell types when these granule proteins are 

degranulated into the extracellular environment or when they are expressed on the cell surface 

of activated neutrophils. 

Finally, the observation of the highly enriched paucimannosylation in azurophilic granules of 

neutrophils serves as a validation for the initial observations of paucimannosidic proteins 

originating from the azurophilic granules of activated neutrophil in the inflamed and bacterial 

colonised sputum of CF patients (Publication II). The study of a larger patient cohort and 

from related inflamed pathologies is required to better understand the presence and 

importance of the N-glycosylation of these granules in human neutrophils.
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5.7 Overview of main findings, conclusions and future directions 

Main findings and conclusions 

 HNE displayed predominantly paucimannosidic M2F N-glycans at the two exposed N-

glycosylation sites (Asn124 and Asn173), whereas Asn88 carried some M2 but was 

predominately unoccupied. Asn185 (NVC glycosite) was not observed to be glycosylated. 

Knowledge of the site-specific glycosylation profile of HNE is important, not only to 

understand how N-glycosylation influences HNE protease activity, but also to aid in the 

design of specific inhibitors to augment their activities during inflammation and infections. 

 Low glycosylation site solvent accessibility may explain the limited processing of the Asn88 

N-glycan (lack of core fucosylation). This observation suggests that the protein structure and 

the associated glycosylation site solvent accessibility dictate the formation of the type of N-

glycans and core fucosylation.  

 The site-specific N-glycosylation, but not the protein level, of HNE was found to be 

surprisingly uniform across the various neutrophil granules. This finding has not been 

documented previously and this knowledge will contribute to our understanding on how 

neutrophil granule proteins are trafficked across the various granules upon biosynthesis. 

 Activated neutrophils displayed increased levels of paucimannosidic HNE on their cell 

surface relative to its constitutive expression under resting conditions, but did not show a cell 

surface-specific glycosylation signature. This observation is important as the display of 

protein paucimannosylation on the cell surface could reveal insights into how neutrophils 

utilise this unique glyco-signature in mediating immunological responses. 

 Paucimannosidic-rich HNE glycoforms displayed preferential binding, over complex 

sialoglycoforms, towards human MBL. This further validates previous observations that 

mannosylated glycoforms are important in mediating immunological processes during 

inflammation and infections. 

 HNE displayed concentration-dependent complex formation and thereby protease inhibition 

with its main physiological inhibitor, human α1-antitrypsin (A1AT). Previously unreported 

preferential glycoform-glycoform interactions were demonstrated. An understanding of this 

interaction is critical to design future recombinant A1AT inhibitors to mitigate HNE protease 

activities in inflamed lung airways. 
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 Enzymatically active HNE and the complement of its released N-glycans showed 

concentration-dependent growth inhibition of a clinical strain of P. aeruginosa at 

physiological levels, thereby suggesting weak bacteriostatic activity of paucimannosylation. 

This observation is important to understand the contribution of protein paucimannosylation 

towards HNE bacteriostatic activities. 

 Protein paucimannosylation, in particular M2F carrying glycoproteins, is heavily enriched in 

azurophilic granules, but is still observed at lower levels in other granules in resting human 

neutrophils. An understanding of their abundance in the various neutrophil granules could 

provide insights on the functional relevance of these M2F structures in neutrophil biology. 

 Isomers of the unusual monoantennary sialo-glycan, FA1G1S1, were intriguingly abundant in 

the azurophilic granules while high mannose type structures were in relatively lower 

abundance in this compartment. In contrast, high mannose and complex structures dominated 

the specific and gelatinase granules, as well as the secretory vesicles and the plasma 

membrane of neutrophils. These observations have not been previously reported and could 

reveal important contributions of N-glycosylation towards the structure and functions of 

neutrophil glycoproteins utilised during neutrophil immunological activities.  

Future questions 

 How is the soluble HNE retained on the cell surface of neutrophils and what is the functional 

relevance of the N-glycosylation of cell surface HNE on activated neutrophils? It is important 

to address this in the future to better understand how protein paucimannosylation on cell 

surface expressed HNE assists in mediating immunological responses or communication 

between activated neutrophils and other immune cells. 

 Do the MBL binding of paucimannosidic HNE trigger complement activation or cell 

activation and does paucimannosylation of HNE have other immunity-dependent or 

independent functions? Understanding of this aspect will help to reveal additional 

immunological contribution of protein paucimannosylation towards complement or cell 

activation. 

 What are the molecular interactions between HNE and A1AT and how do the specific 

glycoforms serve to manipulate (enhance/reduce) the enzyme/inhibitor binding? It will be of 

great interest to determine this in the future as it will aid in the design of recombinant A1AT 

that are used currently for therapeutic purposes to mitigate HNE deleterious activities in the 

lung airways. 
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 Is protein paucimannosylation demonstrating bona fide bacteriostatic activity and, if so, what 

are the molecular mechanism(s) facilitating the growth inhibition of Pseudomonas. 

aeruginosa? An understanding of this aspect will contribute to the current knowledge in the 

generation and engineering of glycoproteins displaying structures that can provide 

bacteriostatic activity towards Pseudomonas aeruginosa.  

 What is the trafficking pathway that predominantly directs paucimannosylated proteins to the 

azurophilic granules and is this mechanism also responsible for the N-glycan truncation? 

Insights into this trafficking pathway can help us to understand how neutrophil glycoproteins 

are shuttled and stored in the granules. How this pathway operates is currently unknown. 

 Are altered physiologies and/or pathological conditions sufficient to alter the glycosylation of 

the azurophilic granule and the other compartments of human neutrophils? If so, are any such 

changes involved in driving or contributing to an immune-compromised state of such 

individuals. These aspects need to be addressed in the future as the alteration of the N-

glycosylation profiles of the various neutrophil granule glycoproteins could influence the 

immunological functions of neutrophils during inflammation and infections. 

 Is paucimannosylation a feature in other human immune cells and other cell types apart from 

neutrophils? This will be addressed in the next chapter.
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6.1 Rationale 

Previous chapters have focused on describing protein paucimannosylation as a significant 

glyco-signature in human neutrophils. However, the presence of protein paucimannosylation 

in other human immune and non-immune cells remains under-investigated. The Consortium 

of Functional Glycomics (CFG) initiated a project in 2001 that focused on characterising the 

cellular N-glycome of important immune cell populations using matrix-assisted laser 

desorption/ionisation-time of flight-mass spectrometry (MALDI-TOF-MS) profiling of 

permethylated N-glycans as a higher-throughout semi-automated analytical platform. The low 

mass paucimannosidic structures were not the focus of these studies and were, as a 

consequence of low m/z mass spectral cut offs, not reported. However, the deposited mass 

spectral data available in the public CFG database allowed a retrospective analysis of the N-

glycome data where the overlooked paucimannosylation from various immune cell types 

could be investigated. The initial assessment of this data indicated that protein 

paucimannosylation is not solely confined to neutrophils, but was also observed in other 

myeloid and lymphoid cells (Dr Morten Thaysen-Andersen, unpublished observation). 

However, N-glycome data from platelets and a range of other cell types were not available in 

the CFG initiative. In addition, for the purpose of this study, the available CFG N-glycome 

data lacked some experimental consistency to allow for a proper N-glycome comparison 

between the cell types of interest in order to confidently determine which cells have the 

capacity to synthesise paucimannosylated proteins. 

Motivated by this rationale and these initial findings, I set out to investigate the expression of 

protein paucimannosylation in a range of white blood cells including neutrophils, 

lymphocytes and platelets isolated from the peripheral blood of a healthy donor based on 

PGC-LC-ESI-MS/MS profiling of reduced, but otherwise native, N-glycans, to obtain 

quantitative in-depth glycan structural information. In addition, the N-glycome of a 

differentiated monocytic human cell line (THP-1) resembling human macrophages (see 

Publication VI in enclosed DVD) and a glioblastoma human cell line (A172) (see 

Publication VII in enclosed DVD), were also profiled to determine the degree of protein 

paucimannosylation in these cell types in different physiological and pathological conditions. 

Taken together, this chapter compares and describes, for the first time, the expression of 

protein paucimannosylation across a selection of immune and non-immune cells in normal 

cellular homeostasis and during altered physiology including cellular differentiation, 

proliferation and bacterial infection.
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6.2 Introduction 

Protein paucimannosylation is a well-known N-glycosylation signature of invertebrates and in 

other lower organisms (Shin et al., 2016). Chapters 1-5 have focused on expanding this 

knowledge by, for the first time, describing this N-glycosylation feature in pathogen-positive 

sputum proteins from inflamed lungs where the cellular origin was identified to be from 

human neutrophils and its intracellular granules. Neutrophils are front line myeloid immune 

cells critical in the innate immune defence against foreign pathogens (Borregaard, 2015). In 

addition to neutrophils, other myeloid cells such as eosinophils and basophils, platelets, 

monocytes and macrophages also play important immunological roles, for example, during 

allergy (Wen and Rothenberg, 2016), blood coagulation (Bye et al., 2016) and pathogen 

infections (Sica and Mantovani, 2012), respectively. As depicted by the classical 

haematopoiesis diagram shown in Chapter 1, Figure 2, the myeloid cells are known to arise 

from myeloid committed progenitor stem cells. In contrast, lymphoid immune cells such as 

the lymphocytes and NK cells arise from lymphoid committed progenitor stem cells and are 

commonly classified as adaptive immune cells (Tay et al., 2016). Importantly, both the innate 

and adaptive arm of the human immune system arises from the same pluripotent HSCs. 

Earlier studies have reported on the total cellular N-glycome of neutrophils, eosinophils and 

basophils using established MALDI-TOF-MS profiling technologies (Babu et al., 2009; North 

et al., 2012). The datasets supporting these publications were deposited in the highly useful 

CFG database (http://www.functionalglycomics.org/glycomics/publicdata/glycoprofiling-

new.jsp) for public access. In addition to the availability of the N-glycome data of these 

granulocytic cells, the CFG database also contains publicly available N-glycome datasets of 

other immune cell populations including monocytes, macrophages, lymphocytes and NK 

cells. However, platelets and several other haematopoietic immune cells in humans were not 

studied or were not made available in the CFG database. To initially assess the cellular 

distribution of paucimannosidic N-glycans in the immune system, retrospective analysis of the 

CFG glycome datasets derived from the various immune cell populations was performed. The 

results indicated that protein paucimannosylation is not confined to neutrophils, but is also 

present in other immune cells (Figure 1) (Dr Morten Thaysen-Andersen, unpublished 

observation). These paucimannosidic N-glycans were not reported as they were mostly found 

in the lower m/z region below m/z 1,000 and that the spectra peaks recorded in the CFG 

datasets only annotated N-glycan structures above m/z 1,500. Therefore, these 

paucimannosidic N-glycans were overlooked.  
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Figure 1. Distribution of the three main N-glycan types in various human immune cell populations as 

obtained by the retrospective analysis of the various cell N-glycome datasets available in the CFG 

database (http://www.functionalglycomics.org/glycomics/publicdata/glycoprofiling-new.jsp). Protein 

paucimannosylation (red) is not only present in neutrophils and in other granulocytes (i.e. eosinophils), 

but may also be synthesised by other immune cells. Green and grey bars denote high mannose and 

complex type structure. Data adopted from initial data interrogation performed by Dr Morten Thaysen-

Andersen (unpublished observation). CFG N-glycome datasets analysed are listed in Supplementary 

Materials, Table S2 enclosed in the DVD. 

 

In addition, several studies, from my own and other research laboratories, have recently 

indicated the presence of human paucimannosylated glycoproteins in a range of inflammatory 

and infectious conditions. For example, during CF, colorectal cancer and prostate cancer 

(Balog et al., 2012; Sethi et al., 2014; Shah et al., 2015; Venkatakrishnan et al., 2015). 

Together, these intriguing early observations suggest that protein paucimannosylation may 

also arise from other cellular sources than solely from a neutrophil origin. The immunological 

processes associated with these reports are known to involve N-glycoproteins that are 

produced and secreted from a variety of myeloid and lymphoid immune cells (Coelho et al., 

2010; Salazar et al., 2014). Interestingly, other lines of evidence also indicate that immune 

cells are not the only cell types that are capable of presenting paucimannosylated 

glycoproteins. For example, glycoproteins derived from cells that are intricately involved in 

cellular development such as buccal epithelial cells (Everest-Dass et al., 2012) and neuronal 

synaptosomes (Trinidad et al., 2013) were shown to carry paucimannosylation. 
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To increase the understanding of the biological roles of protein paucimannosylation, it is 

important to describe the exact cellular origin of paucimannosidic glycoproteins from the 

various immune cell and non-immune cell populations during normal cellular homeostasis 

and in altered physiological conditions. This knowledge will contribute to building up a more 

complete picture of the capacity of human cells in producing produce paucimannosidic 

proteins, and provide insights to dissect further the functional importance of paucimannosidic 

glycoepitopes in the many complex processes related to cellular homeostasis, inflammation 

and infections.  

In order to validate the hypothesis of a cell-wide expression of paucimannosylation as 

supported by the CFG glycome data and also to better understand the role of these 

paucimannosidic structures in innate and adaptive immunity, mapping the exact structure and 

localisation of these unconventional glycoepitopes is required. In this chapter, neutrophils, 

lymphocytes and platelets were purified from blood of the same donor to facilitate an accurate 

comparative N-glycome analysis using PGC-LC-MS/MS profiling. In addition, the N-

glycome of a macrophage-like cell line (differentiated THP-1 cells) was studied as well as an 

immortal (cancerous) human glioblastoma cell line (A172). This is to assess the wider 

expression of human protein paucimannosylation across the three cellular pillars supporting 

immunity, “stemness” and cancer. These three physiological conditions have previously been 

suggested to be the biological systems where paucimannosylation may be present and 

functionally important (Zipser et al., 2012). 

6.2 Materials and Methods 

6.2.1 Blood collection and isolation of blood-derived human white blood cells 

Human white blood cells were isolated from peripheral blood of a single healthy male donor 

after informed consent was obtained. The collection, handling and biomolecular analysis of 

healthy human neutrophils were approved by the Human Research Ethics Committee at 

Macquarie University, Sydney, Australia (Reference no. 5201500409). In order to obtain the 

buffy coat layer, which contains the mononuclear cells (e.g. lymphocytes, monocytes and 

platelets), 60 ml freshly drawn blood were collected in EDTA anti-coagulant tubes (BD 

Bioscience, Australia), diluted 1:1 (v/v) with HBSS without calcium and mixed well. Diluted 

blood was layered carefully in a 1:1 (v/v) ratio over Histopaque (density: 1.077 g/ml, Sigma-

Aldrich) in 50 ml Falcon tubes. Tubes were centrifuged at 400g for 45 min at 25°C using a 

swing bucket centrifuge with no brakes. After centrifugation, three layers were observed: 1) 
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the plasma layer, which was discarded 2) the buffy coat layer, which was aliquoted into a 

fresh 50 ml Falcon tube 3) the neutrophil and red (erythrocyte) cell layer, which was aliquoted 

into a fresh 15 ml Falcon tube. 

6.2.2 Isolation of platelets from buffy coats 

To obtain purified platelets, 25 ml HBSS without calcium was added to the buffy coat in a 50 

ml Falcon tube and centrifuged for 10 min at 100g at 20°C. The resulting supernatant (1
st
 

wash) was saved and another 10 ml HBSS without calcium was added to resuspend the cells. 

Cells were centrifuged again at 100g for 10 min at 20°C. The supernatant (2
nd

 wash) was 

pooled together with the 1
st
 wash in a 50 ml Falcon tube and subjected to a harder 

centrifugation step at 1,700g for 10 min at 20°C to pellet the cells. The remaining cell pellet 

obtained after these washes, which contained the lymphocyte and monocyte populations, was 

used subsequently as described in the following section. 

6.2.3 Isolation of total lymphocytes 

In order to isolate the total lymphocytes consisting of both B and T lymphocytes, the cell 

pellet obtained above from buffy coats (containing lymphocytes and monocytes) was 

resuspended in 10 ml of Dulbecco‟s Modified Eagle Medium (DMEM) without serum (Life 

Technologies) and aliquoted into a T75 cell culture flask (Corning). Isolation of lymphocytes 

was performed as described previously (Bennett and Breit, 1994) with minor modifications. 

Resuspended cells were aliquoted aseptically into a T75 cell culture flask and incubated 

upright in a 37°C humidified cell culture incubator equilibrated in 5% (v/v) CO2 for at least 3 

h to allow monocytes to adhere to the plastic surface of the flask. The supernatant layer 

containing the lymphocytes was then carefully removed and placed in a fresh 15 ml tube. The 

collected cells were washed in HBSS without calcium, followed by centrifugation at 400g for 

10 min at 20°C before use. Monocytes were not harvested as their adherence to plastic 

surfaces has been reported to induce cell activation (Zhou et al., 2012), which, in turn, may 

influence their N-glycome expression profiles. 

6.2.4 Isolation of neutrophils 

To obtain purified neutrophils, the neutrophil and red cell layer (see Section 6.2.1) was mixed 

by inversion with 2 ml 3% (v/v) dextran (Sigma Aldrich) in 0.15 M sodium chloride. Cells 

were incubated for 20 min in a 37°C humidified cell culture incubator equilibrated in 5% 

(v/v) CO2 to allow the red cells to sediment, leaving a whitish “neutrophil-rich” layer at the 

top. This layer was aliquoted into a fresh 15 ml tube and 1.8% (v/v) sodium chloride was 
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added to restore the physiological osmolarlity of the solution. Cells were centrifuged at 270g 

for 10 min and the supernatant was removed. Red cell lysis was performed used cold sterile 

filtered MilliQ water by vortexing for 30 s before physiological tonicity was restored with 

1.8% (v/v) sodium chloride. Cells were pelleted by centrifugation at 480g for 10 min before 

use. 

6.2.5 Determination of the purity, viability and morphology of the isolated cell populations 

The purity and morphology of the isolated white blood cell populations were determined by 

microscopy. Cells were prepared on glass slides using a cyto-centrifuge (Thermo Scientific) 

and stained using the Wright-Giemsa staining method (Sigma-Aldrich) for 10 min (Hoffman, 

2013). After cytospinning and staining the cell on the glass slides, the residual dye was 

washed off using tap water and the slides were allowed to dry before the slides were mounted 

in DPX mounting media (Thermo Scientific). Slides were inspected using a bright field 

microscope (Olympus, Australia). Cell purity was determined by counting a total of at least 

100 cells from each microscopic field to quantitatively assess the isolated cell populations. 

Cell viability was measured using trypan blue exclusion. 

6.2.6 Cell lysis 

To obtain total cell lysate proteins, the respective white blood cell populations were lysed 

using probe sonication in a RIPA buffer (1 M Tris-HCl, pH 8.0, 5 M NaCl, 0.01% (v/v) Triton 

X-100, 0.01% (w/v) sodium deoxycholate, 10% (v/v) SDS) supplemented with protease 

inhibitor (Roche). In total, 200 µl RIPA buffer with protease inhibitors was used to resuspend 

the cell pellets and the suspension was placed on ice for 20 min. Cells were lysed using probe 

sonication (Sonar, Australia) at 1 s interval bursts for three times at 20% power output before 

centrifugation at 10,000g for 10 min at 4°C. The resulting supernatant containing the total cell 

lysate proteins were aliquoted and stored at -80°C before use. 

6.2.7 N-glycan release, N-glycome profiling and N-glycan data analysis 

The total protein concentration from the cell lysates of the respective white cell populations 

was determined using the Direct Detect method (Merck-Millipore) to allow for protein 

normalisation prior to the de-N-glycosylation experiments. Proteins were reduced and 

alkylated, de-glycosylated and the N-glycans were analysed in their reduced, but otherwise 

native form, exactly as described in Chapter 3, Materials and Methods, Section 3.3.3. 
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6.2.8 Other methods used for published data presented in this chapter 

To determine the total hexosaminidase and Hex A activity present in the culture media 

supernatant of uninfected and M.tb infected macrophages, a hexosaminidase activity assay 

was performed. The N-glycome of the whole cell lysates in uninfected and infected 

macrophages was also analysed. The experimental details for the hexosaminidase activity 

assay and the N-glycome analysis are described on page 252 and page 249 respectively in 

Publication VI presented in the supplementary materials of this chapter enclosed in the DVD. 

For the release and the analysis of N-glycans from the cell lysates and microsomal membrane 

proteins of A172 cells, the experimental details are described on page 878 in Publication VII 

presented in the supplementary materials of this chapter enclosed in the DVD. 

6.3 Results 

6.3.1 Cell purity and morphology of isolated immune cells  

To determine the purity and the morphology of the isolated cells, visual inspection of the 

Giemsa-Wright stained cells was performed using microscopy. More quantitative 

measurements of the cell purity were then performed by counting of at least 100 cells from 

each microscopic field. Table 1 shows the isolated cell population, their purity and 

representative morphologies and sizes of the Giemsa-Wright stained cells. In general, all cells 

were isolated to high purity (94.3%-100%). Importantly, the Giemsa-Wright stained cells 

were observed to be intact and of full integrity, and were not activated (i.e. were “resting”) as 

evaluated based on their cell morphology. Cell viability measured by trypan blue exclusion 

was between 70%-80%. Having confirmed high purity and integrity of the desired cell 

populations, the cells were lysed and the total protein extracts were subjected to de-N-

deglycosylation for N-glycome analysis.
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Table 1. Purity, morphology and size of the isolated cell populations (i.e. neutrophils, lymphocytes, 

platelets) as determined by microscopy-based inspection and cell counting after Giemsa-Wright 

staining (mean ± S.D, n = 3 technical replicates, >100 cells were counted from each microscopic field 

in each experiment). 

6.3.2 Whole cell N-glycome profiling of neutrophils, lymphocytes and platelets 

All N-glycans released from the total protein extracts of neutrophils, lymphocytes and platelet 

lysates were analysed using PGC-LC-ESI-CID-MS/MS as described in previous chapters. The 

monosaccharide compositions, the glycosidic linkages, branching and other structural features 

of the observed glycans were assigned based on manual interpretation of the PGC-LC 

retention, MS/MS fragmentation data and the observation of diagnostic fragmentation ions 

(Everest-Dass et al., 2013a; Harvey, 2005c). Some structural aspects were inferred based on 

the established knowledge of human N-glycosylation and the biosynthetic relatedness 

between the observed glycoforms (Aebi, 2013; Winchester, 2005) as well as from 

observations made from the previous glycome profiling of purified neutrophils and pathogen-

positive sputum from inflamed lungs (Chapter 2). The N-glycan distribution was estimated 

based on the relative EIC peak areas from a triplicate N-glycan release and analysis (n = 3) 

from the respective isolated cell populations.  
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The observed N-glycans were classified into their main N-glycan types for initial comparison 

between the cells, Figure 2. The truncated chitobiose core/paucimannosidic types (which 

were grouped together due to their common truncated nature) as well as high mannose and 

complex type N-glycans were observed in neutrophils spanning 20 monosaccharide 

compositions and a total of 21 N-glycan isomers. In comparison, 14 monosaccharide 

compositions spanning a total of 16 and 21 N-glycan structures were observed from the 

lymphocyte and platelet cell populations, respectively (see Supplementary Material, Table 

S1 enclosed in the DVD). The truncated chitobiose/paucimannosidic N-glycans were clearly 

the most abundant structures in neutrophils (73.9%) relative to the high mannose and complex 

type structures (12-14%) 

 

Figure 2. Distribution and comparison of the three main N-glycan types of the total protein extracts of 

neutrophils, lymphocytes and platelets (mean ± S.D, n = 3 technical replicates) isolated from the same 

donor. * denotes P < 0.05, *** denotes P < 0.001 using two-tailed paired student‟s T tests. 

 

Lymphocytes, in contrast, carried a larger proportion of high mannose structures (53%) and 

complex type structures (34%) and relatively less paucimannosidic N-glycans (13%) in their 

total N-glycome. In platelets, the complex type structures were the most abundant structures 

(53%), followed by the high mannose structures (40%). The relative abundance of 

paucimannosidic N-glycans in platelets (6.7%) were significantly lower compared to the 

lymphocytes (P < 0.05) and neutrophils (P < 0.001). The high mannose and complex type 

structures in lymphocytes and platelets appeared in higher abundance compared to the 

neutrophils (P < 0.001).  
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The M2F, which was identified as a single α1,6-linked mannose terminating isomer from the 

PGC-LC-MS/MS data, is a high-abundance N-glycan in neutrophils (see Chapters 1, 4 and 5 

for more). These structures were also identified in lymphocytes and platelets (Table S1). To 

ascertain if the M2F N-glycans present in lymphocytes and platelets were also of the α1,6-

linked mannose terminating isomer, a comparison was made with between the PGC-LC 

elution peaks of M2F in neutrophils, lymphocytes and platelets. The M2F elution peak of 

HNE, which is known to carry the α1,6-linked mannose terminating isomer (Chapter 4-5) 

was also included as a well-characterised reference. As shown in Figure 3, the single  α1,6-

mannosyl isomer of M2F N-glycan was found to elute at ~38 min in all cell types (i.e. 

neutrophils, lymphocytes and platelets), matching the elution time of M2F carried by HNE. 

The corresponding CID-MS/MS fragment spectra of these species were also highly similar, 

supporting that all the investigated cell types carried the same M2F N-glycan 

(Supplementary Material, Figure S1 enclosed in the DVD).  

In order to assess the relatedness between the N-glycome profiles of the three types of 

immune cells, a cluster analysis was performed using the distribution (percentage relative 

abundances) of the observed N-glycans. As illustrated in Figure 4, the N-glycome of the 

lymphocyte and platelet populations clustered strongly together whereas the N-glycome of 

neutrophils appeared to be, in a relative sense, more unique. This was not surprising as the 

degree of paucimannosylation and chitobiose-core structures was more abundant in 

neutrophils compared to the lymphocytes and platelet populations. In addition, M2F 

paucimannosidic N-glycan were also less abundant in lymphocytes (7.1% ± 1.9%) and 

platelets (2.7% ± 1.1%) compared to neutrophils (47.2 ± 4.0) (All as mean ± S.D). It should 

also be noted that M0F, M1F, M2 and M2F paucimannosidic N-glycans were not observed in 

lymphocytes and platelets but were only exclusively observed in neutrophils. 

Comparing the above results to the N-glycome of neutrophils and T lymphocytes analysed 

retrospectively from the CFG glycome data (Figure 1), the percentage relative abundance of 

the truncated chitobiose-core/paucimannosidic structures from the CFG glycome data were 

much lower. In addition, high mannose and complex structures were reported at higher 

relative abundance compared to the results obtained in this study. In contrast, the T 

lymphocyte populations were observed to contain similar relative abundance of truncated 

chitobiose-core/paucimannosidic, high mannose and complex structures when compared to 

the results obtained in this study.  
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Figure 3. Representative EICs of the M2F paucimannosidic N-glycan released from total protein 

extracts of human neutrophils (A), lymphocytes (B) and platelets (C) demonstrating that 

paucimannosidic N-glycans are not uniquely expressed in human neutrophils. The elution profile of 

M2F released from HNE (D) was also included here as a well characterised reference (see Chapter 5, 

Publication V for more). The retention time (RT) of the eluting M2F structures is indicated.
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Figure 4. Cluster dendrogram based on the N-glycome of neutrophils, lymphocytes and platelets 

measured using the distribution (% relative abundance) of the observed N-glycans as shown in Table 

S1. The N-glycome of lymphocytes and platelets clustered more strongly together than neutrophils, 

suggesting that the N-glycome of neutrophils is relatively more distinct compared to the N-glycome of 

lymphocytes and platelets. Hierarchical clustering was performed using Euclidean distance. 

6.3.3 Expression of paucimannosylation in macrophages and alterations upon tuberculosis 

infection 

Although the N-glycome profiles of human monocytes including macrophages and DCs from 

the myeloid lineage were not isolated and analysed from healthy donor blood, an 

immortalised (cancerous) human monocytic cell line THP-1 was, as a part of a larger 

collaborative effort, investigated with the primary purpose of studying the manipulation of the 

glycoproteome or proteome of macrophages during tuberculosis (TB) infection (Publication 

VI). To fulfil one of the aims of this thesis to explore the expression of protein 

paucimannosylation in other immune cells apart from neutrophils, the secondary purpose was 

to determine the capacity of naïve and M.tb infected macrophages to generate 

paucimannosylation. The results are extracted from Publication VI as attached in the 

supplementary materials and are shown below.



Chapter 6 

 

 223 

 

Upon in vitro differentiation with PMA, functional macrophage-like cells were obtained and 

the cells were lysed and analysed using PGC-LC-ESI-CID-MS/MS (Figure 5A). The results 

demonstrated an abundance of paucimannosidic structures making up approximately half of 

the total N-glycome. Interestingly, the relative abundance of the intracellular (whole cell 

lysate) paucimannosylation in infected macrophages quickly decreased during the event of an 

M. tb infection. This suggests that paucimannosylated proteins are most likely secreted from a 

yet unknown paucimannosidic-compartment of macrophages upon the onset of M. tb 

infection. This may suggest that these glycoproteins are involved in providing immune 

functions associated with protection against this deleterious infection. In support of this 

infection-driven secretion of paucimannosylated protein hypothesis, a hexosaminidase 

activity assay was performed to measure the total hexosaminidase (Hex A and B) and Hex A 

activities present in the secreted protein environment. As shown in Figure 5B, M. tb infection 

induced the gradual release of Hex A significantly as the infection period increases. Although 

the total hexosaminidase activity was also altered post-infection, it did not display 

significance differences when compared to the uninfected macrophages.
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Figure 5. (A) Relative abundance of N-glycan types in the cell lysates (CL) of uninfected (UI, white 

bars) and M. tb infected (I, black bars) of macrophages assessed using PGC-LC-ESI-CID-MS/MS. 

Data points presented as mean ± S.D, n = 3 biological replicates. (B) Total hexosaminidase (Hex A 

and B) and Hex A activities as measured in the culture media (CM) of uninfected (UI, white bars) and 

M. tb infected (I, black bars) macrophages respectively at 24 h, 48 h and 72 h post infection. Data 

points presented as mean ± S.E.M, n = 3 biological replicates. Reprinted (adapted) with permission 

from Hare, N.J., Lee, L.Y., Loke, I., Britton, W.J., Saunders, B.M., Thaysen-Andersen, M., 2017. 

Mycobacterium tuberculosis Infection Manipulates the Glycosylation Machinery and the N-

Glycoproteome of Human Macrophages and Their Microparticles. Journal of Proteome Research 16 

(1), 247-263. © 2017 American Chemical Society. 

6.3.4 Expression and importance of paucimannosylation in A172 cells 

In addition to haematopoietic immune cells, immortal human glioblastoma A172 cells, a cell 

line derived from astrocytes in the nervous system were also investigated (Publication VII). 

The results were extracted from Publication VII as attached in the supplementary materials 

and are shown below. Proliferating resting A172 cells have been previously identified to 

express paucimannosylation using an immunocytochemistry approach (Zipser et al., 2012). In 

order to determine if paucimannosylation are involved in cellular proliferation and 

differentiation, A172 cells were treated with cytosine β-D-arabinofuranoside (AraC), an 

inhibitor of DNA synthesis to arrest cell proliferation and differentiation. These treated cells 

were found to express an increased abundance of paucimannosylation using an 
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immunocytochemistry approach. To confirm these findings, an N-glycome profiling using 

PGC-LC-MS/MS of the whole cell lysates and the microsomal fractions of these AraC treated 

A172 cells was performed.  

As shown in Figure 6, several paucimannosidic structures were identified in the cell lysate 

and in the microsomal fraction, including the M2, M2F, M3 and M3F N-glycans. This not 

only demonstrates the presence of these paucimannosidic N-glycans in these cells, but also 

shows that these paucimannosidic glycoepitopes may be involved in the regulation of cell 

proliferation, differentiation of these neuronal cells and more importantly, involved in 

mediating immune response and cellular development in the brain. 

 

Figure 6. Distribution of N-glycan types present in the cell lysate (CL) and microsomal (M) fractions 

of AraC treated A172 cells. Top: The proportions of paucimannosidic N-glycans are highlighted 

together with their percentage relative abundance out of the total N-glycome are shown in red. Bottom: 

The percentage relative abundance of the individual paucimannosidic N-glycan species identified out 

of the total N-glycome. Reprinted (adapted) from Dahmen, A.C., Fergen, M.T., Laurini, C., Schmitz, 

B., Loke, I., Thaysen-Andersen, M., Diestel, S., 2015. Paucimannosidic glycoepitopes are functionally 

involved in proliferation of neural progenitor cells in the subventricular zone. Glycobiology 25 (8), 

869-880, by permission of Oxford University Press. 

6.4 Discussion 

In 2001, the steering committee of CFG initiated an important N-glycan mapping exercise of 

various immune cells including neutrophils and lymphocytes (Babu et al., 2009; North et al., 

2012). These profiling studies were performed on permethylated N-glycans using the 
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established MALDI-TOF-MS profiling technology. However, paucimannosidic N-glycans 

were not annotated in the low mass region of these spectra data deposited in the CFG 

database. In addition, the N-glycome of platelets was not studied in the CFG initiative. This is 

coupled with potential variability of the analysed samples arising from different donor origins, 

sample preparation, MS analysis and a low number of replicates. Therefore, this may not be 

sufficient to allow for a proper N-glycome comparison across the immune cells of interest. 

As shown in Chapters 2, 4 and 5, protein paucimannosylation is a significant glyco-signature 

of neutrophils. The results presented in this chapter clearly support this observation. In 

addition, the data confirmed that protein paucimannosylation was also present in lymphocytes 

and platelets, albeit as a much less prominent glyco-feature. This was statistically supported 

and reflected in the cluster dendrogram based on the quantitative N-glycome landscape 

observed in these immune cells (Figure 4). The level of paucimannosylation (13%) in the 

preparation of total lymphocytes capturing all lymphocytes including both T- and B-

lymphocytes agreed well with the retrospective interrogation of the CFG glycome data that 

showed a paucimannosylation level of 12.6% in T lymphocytes (Figure 1). The distribution 

of high mannose and complex structures in lymphocytes isolated in this study were also 

largely in qualitative and quantitative agreement with the CFG glycome data. Despite the fact 

that different lymphocyte isolation methods were used in these two studies, the resulting 

glycomes were comparable in that T lymphocytic cells are known to account for ~80% of all 

circulating lymphocytes (Coico and Sunshine, 2009). The agreement of the glycome data 

from these studies validates the two different N-glycan mapping strategies and indicates a 

high sample (cellular) purity of the lymphocyte preparation present in this chapter. 

Importantly, these data confirm that lymphoid cells also have the capacity to produce protein 

paucimannosylation but as a less prominent signature within their N-glycan repertoire. 

This data presented here also provides the first detailed description of the whole cell N-

glycome of blood-derived non-activated platelets and, importantly, generates the first 

evidence to suggest that platelets are also capable of producing paucimannosylated proteins. 

Platelets are important for normal blood clotting and haemostasis (Clemetson, 2012). The von 

Willibrand factor (vWF), a multimeric glycoprotein localised in the α-granules of platelets, is 

a key component to facilitate platelet adhesion to damaged endothelium (Sadler, 1998). 

Recently, the N-glycome of isolated human vWF was characterised using MALDI-TOF-MS. 

High mannose and mono- and di-sialylated complex type structures were reported as being 

the abundant N-glycans conjugated to vWF (Canis et al., 2012). However, paucimannosidic 
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N-glycans were not observed on vWF. Furthermore, a disintegrin and metalloproteinase 10 

(ADAM10) purified from human platelets (Schuck et al., 2016) were also shown to carry 

mainly high mannose and complex type structures (Escrevente et al., 2008). These 

observations quantitatively align with the glycomics-based observations presented in this 

study, suggesting that paucimannosidic structures are minor components of the N-glycome in 

platelets. However, this provides little actual evidence that platelets are capable of producing 

paucimannosylation of proteins with full structural integrity and bioactivity.  

It should be noted that these reported studies were also performed using the established 

MALDI-TOF-MS platform and due to the fact that these paucimannosidic structures are low 

in masses, they may be overlooked and thus not reported. Nevertheless, future studies 

involving the use of glycoproteomics and intact glycoprotein analysis for an in-depth 

characterisation of platelet-derived proteins are required to validate the presence of these 

paucimannosidic structures. This is important to confirm that the paucimannosidic N-glycan 

remains conjugated to protein carriers and to assess their potential functions. 

Interestingly, the abundant M2F N-glycan appears as a single α1,6-linked mannose 

terminating isomer across the investigated cell types i.e. neutrophils, lymphocytes and 

platelets (Figure 3). This suggests a somewhat conserved mechanism pertaining to the 

biosynthesis of the paucimannose-containing glycoproteins in these immune cell populations. 

Specifically, it suggests that the α1,3-linked mannose of the conserved trimannosyl-chitobiose 

core and the monosaccharide residues usually decorating the N-glycan core, including the 

β1,2-GlcNAc residues present in many glycan intermediates, are efficiently and selectively 

removed by linkage-specific glycosidases during or after the biosynthesis of these 

glycoproteins. The preference of the lysosomal mannosidase to cleave α1,3-linked mannosyl 

residues and leave the α1,6-linked mannose arm intact has been described previously, 

suggesting that this exoglycosidase may be, in part, involved in the generation of 

paucimannosylation across multiple cell types (Winchester, 2005). In summary, it is clear that 

multiple aspects of the biosynthetic route(s) underpinning protein paucimannosylation across 

the immune cells remain unknown following this initial discovery of paucimannosylation in 

multiple immune cell types. Ultimately, these observations are important to spur future 

research into this exciting area.  

In addition to the immune cells discussed above, the N-glycome of macrophages was also 

investigated to determine their capabilities to express paucimannosylated proteins under 

pathological conditions. In this case, macrophages were infected with M. tb. In the literature, 



Chapter 6 

 

 

228 

 

M. tb is known to modulate the human immune response during an infection process, in 

particular, by targeting the macrophages as a cellular niche for their survival in the host has 

been well established (Awuh and Flo, 2016; Kang et al., 2005). However, the M. tb and/or 

host-driven manipulation of the macrophage glycome or glycoproteome upon infection, if 

any, remain unexplored. In addition, prior to our own investigation presented in the 

Publication VI, little was known of the ability of human macrophages to produce 

paucimannosylation. In summary, the data presented confirmed that macrophages, in this 

case, macrophage-like cells, are capable of abundantly producing and presenting 

paucimannosidic features. Interestingly, macrophages have also been documented to uptake 

apoptotic neutrophils and acquire neutrophil granules to limit M. tb infections (Tan et al., 

2006). In addition, these paucimannosylated proteins might also originate from the 

intracellular lysosomes of the macrophages. Furthermore, it is currently unknown how these 

intracellular paucimannosylated proteins were reduced during infection, but this might be 

attributed to an increased in secretion of these paucimannosylated proteins during an M. tb 

infection. The reduction in protein paucimannosylation upon M. tb infection clearly warrants 

further investigation. 

In addition, it can also be envisaged that the hexosaminidases (Hex A and B) by themselves, 

confer some immune function including protection against Mycobacterium. Although less 

likely considering the short infection period used in the conducted experiments (24-72 h), the 

observed decrease in intracellular paucimannosylation upon M. tb infection could also 

indicate that Mycobacteria (or alternatively the host macrophages), are capable of quickly 

manipulating the N-glycosylation machinery. This could therefore alter the glycoproteome of 

the macrophages by reducing the enzymatic activity of hexosaminidases and mannosidases 

that are, in part, involved in the biosynthesis of paucimannosylated proteins as discussed in 

Chapter 3. 

Apart from these haematopoietic immune cells, we also found that paucimannosidic N-

glycans were produced by, and are functionally important glycoepitopes in an astrocyte 

derived cell line A172 glioblastoma cells in the regulation of their cell proliferation and 

differentiation. In addition, developing neural progenitor stem cells present in the 

subventricular zone of the hippocampus found in early mouse brains also express 

paucimannosidic N-glycans as determined using immunocytochemistry (Publication VII). 

All these observations were in agreement with previously reported roles of paucimannosidic 

glycoproteins in the maintenance and differentiation of neural stem cells (Yagi et al., 2012). 
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These observations also demonstrate that in addition to their involvement in immunity and 

inflammation, paucimannosylation is also present and vitally important in physiologies 

centred around cancer progression and “stemness” including neural development as 

previously suggested (Zipser et al., 2012).  
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6.5 Overview of main findings, conclusions and future directions 

Main findings and conclusions 

 Cell-specific N-glycome analysis confirmed that protein paucimannosylation is a 

prominent glycosylation signature of human neutrophils and also highlighted that 

paucimannosidic features are present in other immune cell types i.e. lymphocytes and 

platelets, albeit in lower amounts, as indicated in the initial analysis of the CFG glycome 

data that were not annotated previously. 

 The prominent paucimannosidic M2F N-glycan appeared consistently as a single α1,6- 

mannosyl terminating isomer across the investigated immune cells, indicating a 

conserved biosynthetic apparatus responsible for paucimannosidic glycoprotein 

production. 

 Human macrophage-like cells (THP-1) were demonstrated to have the capacity to 

produce paucimannosidic N-glycosylation as a significant glyco-feature. The degree of 

paucimannosylation in these macrophages was reduced compared to neutrophils, possibly 

by means of secretion upon infection with Mycobacteria, suggesting an extracellular 

immune function of the paucimannosidic proteins in TB. 

 Paucimannosidic N-glycosylation is not restricted to haematopoietic immune cells, but 

was also shown to be present in oncogenic glioblastoma A172 astrocyte derived 

glioblastoma cells and in developing neural progenitor stem cells in postnatal mouse 

brains, where these glyco-features were shown to be important and for the maintenance 

and differentiation of neural stem cells. 

 In summary, it appears that paucimannosylation is not restricted to neutrophils and that 

many cells, in particular the ones centric to inflammation, “stemness” and cancer, have an 

ability to produce protein paucimannosylation as a significant glycosylation feature. This 

thereby expands our view of the mammalian N-glycan repertoire.   

Future directions 

 The capacity of all blood-derived immune cells within the human hematopoietic network 

of cells including monocytes, eosinophils, basophils and NK cells should systematically 

be investigated for their capacity to generate paucimannosylation using glycomics-based 
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approaches. This is to confirm the initial findings from the CFG glycome data and to 

complete the picture of immune cell-specific paucimannose production. 

 It would be of interest to include a much larger donor cohort in the above-mentioned 

“donor-paired” cell-specific assessment study in order to assess individual-specific 

variations in their capacity to produce paucimannosylated proteins. These studies could 

include immune cells isolated from a variety of healthy donors and individuals with 

relevant genotypes (e.g. hexosaminidase-deficient TSD/SD patients) and altered 

physiological or pathological conditions (e.g. bacteria-infected individuals) to better 

correlate the degree of paucimannosylation with the genotype/phenotype of specific cell 

types. 

 The expression of protein paucimannosylation in other non-immune human cell types 

such as epithelial- stem- and cancer- cells, should also be investigated in a more 

systematic fashion using immunocytochemistry and gene expression arrays to ascertain 

their spatiotemporal expression in a higher-throughput manner under normal or altered 

homeostatic conditions. These findings could be confirmed using glycomics based 

approaches. 

 For all of the paucimannose-positive cells identified, molecular and cellular aspects 

associated with the structure, function and biosynthesis of these unconventional glyco-

features should eventually be investigated in these other human immune cells, similar to 

the on-going efforts presented in this thesis to dissect the structure, function and 

biosynthesis of paucimannosylation in human neutrophils. The inclusion of 

glycoproteomics and intact glycoprotein analysis in these studies is important to analyse 

the paucimannosidic glycans conjugated to the protein carriers that may play a role in 

modulating the protein function or facilitating a function independently of the protein 

carrier.
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7.1 Main summary 

The motivation and the specific research aims of this thesis were conceived based on an 

extensive literature review (Publication I). The review clearly illustrates that there is 

increasing evidence supporting protein mannosylation, including both high mannosylation 

and paucimannosylation, is deeply involved in various inflammatory and infectious 

conditions. For example, the literature documented that mannosidic glycoepitopes are 

systemically over-expressed and highly abundant in micro-environment centric to cancer and 

pathogenic infections (Balog et al., 2012; Lee et al., 2014a). Importantly, these mannosidic 

glycoepitopes were shown to be recognised by specialised mannose-recognising receptors that 

are widely expressed on various immune cell types and as soluble forms in extracellular 

fluids, thereby further supporting their involvement in innate immunity. Compared to the 

more widely studied high mannose glycans, paucimannosidic glycoepitopes have historically 

received much less attention since they, until the discoveries described in this thesis, have 

been largely neglected due to the perception that these glycans are cellular degradation 

products. However, as also summarised in the literature review, scattered yet convincing 

studies have recently presented solid evidence proving that paucimannosidic N-glycans and/or 

paucimannosylated proteins are also highly abundant during inflammatory and infectious 

conditions and that they are equally capable of being recognised by mrCLRs. 

The initial work presented in Publication II showed that the less-reported paucimannosidic 

N-glycans were found to be carried by proteins residing in the azurophilic granules of human 

neutrophils. This unconventional (fourth) class of N-glycoproteins was readily degranulated 

from resting neutrophils upon virulent bacterial stimulation, suggesting potential contributions 

of these paucimannosylated proteins and their mannosylated glycoepitopes towards the 

immunological functions of neutrophils.  

From these initial observations, this thesis extends these findings through a three-pronged 

approach. First, the biosynthetic machinery of protein paucimannosylation in human 

neutrophils was assessed by studying β-hexosaminidase deficient SD neutrophils relative to 

healthy neutrophils. Results demonstrated a reduction in protein paucimannosylation in the N-

glycome of SD neutrophils as confirmed by PGC-LC-ESI-CID-MS/MS and immunoblotting. 

This, for the first time, shows that human β-hexosaminidases are involved in the generation of 

protein paucimannosylation in human neutrophils. Interestingly, the reduction in protein 

paucimannosylation was also observed in hexosaminidase-knockout mutants of the legume 
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Lotus japonicus (Publication III). Given the short lifespan of blood isolated human 

neutrophils ex vivo, an in vitro proof-of-concept experiment utilising siRNA silenced 

hexosaminidase in HL-60 neutrophil-like cells was also presented in this thesis. The ability to 

genetically manipulate the hexosaminidase activities in these cells will be a useful tool not 

only provide a deeper understanding into the generation of protein paucimannosylation in 

human neutrophils and their potential influence on neutrophil-mediated immune functions, 

but also serves to complement the knowledge gained from the hexosaminidase deficient SD 

neutrophils. 

To understand the functions of a protein N-glycosylation, it is important to first understand the 

site-specific N-glycosylation profile of a glycoprotein. The second approach presented in this 

thesis was to investigate the site-specific protein N-glycosylation profile of two important 

serine proteases that are heavily utilised during neutrophil-mediated immune functions  

Briefly, the N-glycome of nCG and HNE was characterised using PGC-LC-ESI-CID-MS/MS. 

Site-specific N-glycoprofiling of nCG and HNE was then performed using a “bottom-up” N-

glycopeptide based approach by C18 RP-LC-ESI-CID/ETD-MS/MS. “Top-down” intact 

glycoprotein N-glycoprofiling was also performed using RP-LC-ESI-QTOF-MS. The use of 

these complementary LC-MS/MS approaches was crucial in this thesis to provide a holistic 

overview of the N-glycosylation of nCG and HNE, which was unknown when I started my 

PhD (Publication IV and Publication V). This lack of structural detail was surprising, 

considering the fact that nCG and HNE play pivotal roles in mediating the immune functions 

of neutrophils and in numerous inflammatory and infectious diseases.  

Serendipitously, ultra-truncated N-glycans were found to be carried by nCG, a feature that has 

not been identified previously on nCG. In contrast, HNE was shown to carry predominately 

M2F N-glycan structures but ultra-truncated N-glycans were not observed. These observations 

may suggest that these proteins might residue in different micro-environments within the 

neutrophil granules, thereby differing in their encounters with various (de)glycosylation 

enzymes. These findings not only provide further insights into the biosynthetic machinery of 

neutrophil granule glycoproteins, but also serve to question the existing “targeting by timing” 

hypothesis.  

With the N-glycosylation profiles of these paucimannosylated glycoproteins, the functional 

aspects of protein paucimannosylation in neutrophil-mediated immune response were 

investigated as a third approach. Paucimannose-rich HNE was shown to be expressed on the 
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cell surface of activated neutrophils, binds preferentially to human MBL and displayed 

preferential complex formation with A1AT. Interestingly, the released N-glycans of HNE 

demonstrated weak bacteriostatic activity against a clinical isolate of Pseudomonas 

aeruginosa. The multiple lines of evidences presented in this thesis unequivocally showed 

that protein paucimannosylation plays important immuno-modulatory roles of HNE in the 

context of innate immunity and pathogen infections.   

In addition, the subcellular N-glycome profile of purified neutrophil granules using 

subcellular fractionation was also investigated for the first time using PGC-LC-ESI-CID-

MS/MS (Chapter 5.3). Results demonstrated a high abundance of paucimannosylated 

proteins in the azurophilic granules of neutrophils, confirming the initial observations 

presented in Publication II. However, paucimannosylated proteins were also found in other 

neutrophil granules but were significantly lower in abundance compared to the azurophilic 

granules. Therefore, these observations demonstrate the power of glycomics and 

glycoproteomics in elucidating the structural features of this class of unconventional N-

glycans in the subcellular granules present in human neutrophils. 

Furthermore, the presence of paucimannosylation is not unique to human neutrophils but can 

also be found in other human immune and non-immune cell types including macrophages, 

platelets, lymphocytes and neuronal stem cells under normal and altered physiological 

conditions (Chapter 6, Publication VI, VII). It is clear that protein paucimannosylation is 

not a N-glycosylation feature that is strictly confined to human neutrophils, but is more a 

general glycoepitope that is expressed in varying amounts in a spatial-temporal manner across 

specific immune, cancer and neuronal cells in the human organism. 

Ultimately, the biosynthesis, structure and functions of paucimannosylated N-glycoproteins in 

human neutrophils and other cell types were investigated in this thesis. This involves using a 

combination of state-of-the-art mass spectrometry based technologies for structural 

elucidation with N-glycomics and N-glycoproteomics, together with a variety of tools used 

widely in cellular and molecular biology. In addition, the functional importance of these 

unconventional glycoepitopes in processes related to inflammation and infection were studied 

using a variety of functional assays and biological samples in conjunction with the obtained 

structural data. In short, this thesis provides unequivocal evidence for the capacity of human 

cells to produce, store and secrete paucimannosylation on intact and bioactive proteins, 

building support for immune-centric roles of this unconventional glycan modification and 
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opening up many unexplored avenues to spur future new and exciting research into this area. 

An overview showing selected new discoveries and observations, classified into the three 

main pillars of protein paucimannosylation based on the work presented in this thesis is 

shown in Figure 1.

 

Figure 1. An overview showing selected new discoveries and observations classified into the three 

main pillars consisting of the biosynthesis, structural and functional aspects of protein 

paucimannosylation based on the work presented in this thesis.  

 

The following sections in this chapter serve the purpose of highlighting rather than explicitly 

scrutinising the main findings disseminated in the individual chapters of this thesis. It also 

aims to relate the relevance of these discoveries, here classified into three main pillars 

consisting of the biosynthesis, structure and function of paucimannosylation, in light of the 

existing knowledge and to highlight possible future avenues for research.   
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7.2 The biosynthesis of paucimannosylated N-glycoproteins in 

human neutrophils 

Protein paucimannosylation has been considered a glycosylation signature of the invertebrates 

and in other lower organisms and have been repeatedly reported to be absent in humans and 

other mammals (Schachter, 2009; Schachter and Boulianne, 2011; Shihao et al., 2002). In 

addition to establishing support for the presence and functional involvement of mammalian 

paucimannosylation in the literature (Chapter 1, Publication I), the initial discovery of 

paucimannosidic N-glycoproteins in neutrophil-rich sputum of CF patients infected with 

Pseudomonas aeruginosa (Chapter 2, Publication II) encouraged me to explore the 

structure, biosynthesis and function of human paucimannosylation in greater details as 

presented in this thesis. Glycomics and glycoproteomics were integral to facilitate in-depth 

structural insights in these early observations, thereby illustrating the power and importance 

of the „omics technologies to explore and uncover new structural features of the 

glycoproteome. These unconventional N-glycans were found to be of predominantly 

neutrophil origin and are carried by azurophilic granule-resident proteins. Mechanistically, the 

paucimannosylated proteins were also found to be degranulated from resting human 

neutrophils upon virulent stimulation. In addition, human β-hexosaminidases were 

hypothesised to be involved in the biosynthesis of paucimannosylation in human neutrophils, 

a hypothesis I was later able to confirm. 

Building on these initial observations, immunocytochemistry of human resting neutrophils 

(purified from whole blood) and neutrophil-like cells (HL-60, grown and differentiated in in 

vitro cell cultures) using β-hexosaminidase-reactive antibodies, showed that these enzymes 

were localised and enriched within the azurophilic granules of neutrophils. The contribution 

of the β-hexosaminidases in the generation of paucimannosylated N-glycoproteins was also 

investigated (Chapter 3). Specifically, the subcellular localisation of the Hex A heterodimeric 

variant (αβ) in human neutrophils was determined using immunocytochemistry and found to 

co-localise with the well characterised azurophilic granule-resident MPO and CD63, together 

with the paucimannosidic glycoepitopes. These sets of experiments were facilitated by the 

access to one of just two known antibodies with a defined reactivity toward paucimannosidic 

glycoepitopes (Zipser et al., 2012). This demonstrates the need for continued requirement for 

specific and well characterised antibodies in biochemistry-based and glycobiological research 

to identify these glycoepitopes. The other antibodies (mAB 100-4G11) were generated from 
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Schistosoma-infected or immunized mice and were also found to be reactive towards 

paucimannosidic glycoepitopes in the whole cell lysates of haematopoietic immune cells (van 

Remoortere et al., 2003). 

Next, the N-glycomes of whole cell lysates of neutrophils isolated from the whole blood of a 

HEXB
-/-

 SD patient and an age-paired healthy individual were then mapped and compared 

using PGC-LC-ESI-CID-MS/MS. The SD phenotype, as opposed to TSD, is particularly 

valuable to study in the first instance, since the lack of a functional β subunit renders both the 

αβ (Hex A) and ββ (Hex B) isoenzymes impaired in their activities and thereby, in theory, 

would be ideal to study their contribution toward the synthesis of protein paucimannosylation. 

The structural glycan features of these two samples were further validated through 

immunoblotting. These experiments demonstrated that SD neutrophils had a reduced degree 

of protein paucimannosylation, with a concomitant increase in high mannose and complex 

type structures relative to the healthy neutrophils. The altered neutrophil glycosylation was 

attributed to the absence of functional hexosaminidases in SD neutrophils, which was 

confirmed in the clinic using an accurate enzyme activity assay (Hex B activity in SD: 40 

nmol/h/mg vs normal: 1223 nmol/h/mg). These provided strong support for the glyco-

enzyme:product relationship of the human β-hexosaminidase and paucimannosylation. 

Further support for this association was also obtained from the glycomics based observations 

made in a series of hexosaminidase-knockout mutants (i.e. HEXO1 and HEXO2) generated by 

a collaborator in the legume Lotus japonicus (Chapter 3, Publication III) and observations 

made by others in the plant Nicotiana benthamiana (Shin et al., 2016). Earlier studies have 

focused almost exclusively on studying the link between the β-hexosaminidases and the 

catabolism of the glycosaminoglycans and glycosphingolipids (GM2  GM3). These studies 

were establishing the physiological consequences of a reduced degradation of these products, 

as opposed to the lack of the generation of paucimannosidic N-glycoproteins, in β-

hexosaminidase-deficient individuals such as SD and TSD patients (Hou et al., 1998; Tropak 

et al., 2004).  

In light of the results described in Chapter 3, this represent the first report of reduced protein 

paucimannosylation in the neutrophils of SD patients and the molecular association between 

the β subunit of the human hexosaminidase and protein paucimannosylation. However, the 

residual degree of paucimannosylation in the SD neutrophils indicated that an alternative 

enzyme or biosynthesis pathways could exist. For example, the higher-than-expected use of 

the Hex S (αα) variant or an unexpected utilisation of the cytoplasmic Hex D enzyme 
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(encoded by HEXDC) are still to be discovered. Nevertheless, these data have now provided 

evidence on the contribution of hexosaminidases towards the biosynthesis of 

paucimannosylated proteins in neutrophils. However, it remains to be determined if and how 

the deficient β-hexosaminidase affects the immunological response of neutrophils; these could 

be critical question to address in order to further determine the exact pathogenesis of SD and 

TSD. Although the pathologies of these two LSD have been traditionally associated with the 

build-up of gangliosides in the brain causing mental retardation (Hall et al., 2014), it may be 

speculated that a secondary contributing disease-mechanism is a compromised immune 

response caused by, for example, altered neutrophils showing a poor paucimannosidic N-

glycome phenotype.  

In order to study the functional consequence of hexosaminidase-deficiency in neutrophils in 

greater details and in a more controlled manner, a set of initial proof-of-concept siRNA-based 

HEXA and HEXB silencing experiments on HL-60 neutrophil-like cells was performed. The 

first aim was to assess the susceptibility of these cells to undergo manipulation of the 

hexosaminidase gene expression and to determine the optimal experimental conditions for 

such alterations. Results demonstrated that pre-plated cells with siPORT transfection reagent 

at 150 pmol siRNA were useful, if not ideal, for efficient transfection. In addition to the 

chosen siRNA approach, the use of shRNA and CRISPR/Cas9 could also be explored in the 

future to provide more stable gene knockouts. Irrespective of the gene modulation strategy, 

these mutant neutrophil-like cells, together with blood isolated neutrophils from SD/TSD 

patients are valuable samples that are needed to understand the exact function of 

paucimannosylation and the role of β-hexosaminidases in neutrophils in the context of innate 

immunity and pathogen infections. 

7.3 Structural characterisation of paucimannosylated azurophilic 

granule N-glycoproteins in neutrophils 

The site-specific N-glycosylation profile of nCG was determined by using complementary 

LC-MS/MS analytical platforms (Chapter 4, Publication IV). The results revealed that nCG 

predominantly carries ultra-truncated GlcNAcβ- and Fucα1,6GlcNAcβ-glycans, the so-called 

and less reported chitobiose core type structures at its single N-glycosylation site (Asn71). 

The paucimannosidic (M1, M1F, M2) and complex sialylated monoantennary N-glycans 

(FA1G1S1) were also present in lower abundance.  
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As a side note, the discovery of these unusually truncated N-glycans on biological important 

proteins critically affects how we should choose the optimal strategy for accurate N-glycan 

profiling in the future. Although PGC-LC-MS/MS has been applied in many characterisation 

studies of N-glycans on a single glycoprotein level (Parker et al., 2013; Sumer-Bayraktar et 

al., 2012), complex protein mixtures obtained from whole cells and tissues such as salivary 

and buccal cells and ovarian cancer tissues (Anugraham et al., 2014; Everest-Dass et al., 

2016; Stadlmann et al., 2008), has been found to be accurate when benchmarked to other 

techniques (Leymarie et al., 2013). In this thesis, I have demonstrated that this technique may 

not be ideal to accurately profile these unconventional structures, due to their lack of retention 

on PGC and the observation that they may be, at least in part, N-glycosidase F insensitive as 

previously reported (Chu, 1986). Similarly, MALDI-TOF-MS profiling is also likely to be 

sub-optimal to profile truncated chitobiose core/paucimannose-positive glycan mixtures due 

to the potential m/z interference of the low mass glycans and the matrix ions, which are 

typically abundant below 1,000 m/z. 

In addition, the current lack of MS/MS spectral data and assignments of the paucimannosidic 

and chitobiose type structures in the existing glycan databases such as UniCarb-DB (Hayes et 

al., 2011) and UniCarb-KB (Campbell et al., 2014a) at present, impede the investigation of 

these structures by the glycomics community. Hence, it should now be a priority to deposit 

representative tandem mass spectra of the individual N-glycans in order to support future 

discoveries in this space.  

Other observations further highlighted the need for special considerations or the development 

of a new “paucimannose-specific analytical tool box” to accurately map these unusual 

structures using the large scale „omics technologies. As an example, when studying the N-

glycosylation of nCG and other isolated neutrophil glycoproteins, a minimum degree of 

hydrophilicity was found to be required for reproducible and efficient N-glycopeptide 

enrichment using ZIC-HILIC SPE prior to downstream RP-LC-ESI-MS/MS analysis of the 

intact glycopeptides. Peptides conjugated with truncated chitobiose core and paucimannosidic 

structures did not always provide sufficient localised hydrophilicity for full HILIC retention, 

creating a clear bias in the resulting MS profiles for these glycopeptides. In those cases, the 

peptide portion of the glycopeptide appears to be an important determinant in deciding the 

degree of HILIC retention.  
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Importantly, this study also demonstrated another benefit of using multiple analytical 

platforms for the characterisation of N-glycoproteins. The qualitative and quantitative 

discrepancy between the N-glycan and N-glycopeptide data of nCG was resolved with the use 

of intact glycoprotein profiling. Intact glycoprotein profiling, also known as top-down 

profiling is, when available and applicable to the glycoprotein of interest, superior to the more 

bottom-up approaches due to the holistic structural insight it provides. However, it should be 

mentioned that intact glycoprotein analysis is still in its infancy and is, at present, only 

amenable to relatively small and less heterogeneous glycoproteins. Taken together, these 

structural glycoprotein studies emphasise the value and importance of performing multiple 

levels of structural analysis to obtain a detailed and accurate N-glycosylation profile of the 

analyte of interest. 

The parallel application of these three complementary LC-MS/MS technologies also 

facilitated a deep site-specific N-glycoprofile of HNE purified from healthy human 

neutrophils (Chapter 5, Publication V). Paucimannosidic N-glycans, in particular the M2F 

structures, predominately occupied the Asn124 and Asn173 glycosylation sites of HNE. The 

complex monoantennary sialo-glycan FA1G1S1, was also identified from these glycosylation 

sites, which agreed very well with the solvent exposure/high accessibility of these two 

glycosylation sites on the surface of HNE relative to the inaccessible third site (Asn88).  The 

Asn88 glycosylation site was largely observed to be unoccupied, but was also found to be 

displaying some afucosylated M2 glycosylation. The lack of core fucosylation also agrees 

very well with the low solvent accessibility at this glycosylation site, a relationship that has 

been unravelled and appreciated previously (Thaysen-Andersen and Packer, 2012).  

Surprisingly, subcellular-specific glycopeptide analysis demonstrated that HNE was 

uniformly N-glycosylated across the different neutrophil granules including the azurophilic-, 

specific-, and gelatinase granules, as well as in the secretory vesicles and on the plasma 

membrane of resting neutrophils. The data also indicated that HNE was preferentially 

localised in the azurophilic granules when measured by protein abundance level. These 

observations of uniform N-glycosylation across granules were rather unexpected, considering 

past literature reporting subcellular-specific N-glycosylation (Lee et al., 2014a) and that the 

data presented in Chapter 2, Publication II indicated that paucimannose is an enriched 

glycosylation feature of the azurophilic granules in human neutrophils. This intriguing 

discrepancy, which also questions the more established “targeted by timing” hypothesis 

(Borregaard and Cowland, 1997), prompted a new set of experiments where the N-glycome of 
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the individual purified neutrophil granules were mapped using PGC-LC-MS/MS. Subcellular 

fractionation of neutrophil granules using nitrogen cavitation is a gentle method of disrupting 

the cell membrane (Clemmensen et al., 2014) and was thus, the chosen method to obtain 

purified neutrophil granules prior to N-glycome analysis. Results obtained from these 

experiments showed that paucimannosylation was observed to be highly enriched in the 

azurophilic granules relative to the other neutrophil granules. This validates the initial 

observation on the enrichment of protein paucimannosylation in these azurophilic granules of 

the human neutrophils as described in Chapter 2, Publication II. However, it simultaneously 

leaves open mechanistic questions as to how certain azurophilic proteins including HNE can 

receive highly uniform N-glycosylation when appearing in multiple intracellular neutrophil 

granules. 

On a more protein-centric context, the detailed and accurate site-specific N-glycoprofile of 

nCG and HNE, and the site-unspecific N-glycome of the neutrophil granules described in this 

thesis, now contributes to an essential resource that was not available previously for 

biochemists, immunologists and glycobiologists. This will help to facilitate future research 

aiming to understand the exact structure and function of nCG and HNE, together with the 

importance of N-glycosylation, specifically the role of paucimannosidic N-glycans carried by 

these essential serine proteases. 

7.4 Functional aspects of paucimannosylation on HNE 

As discussed in the introduction and in the earlier chapters of this thesis, it is clear that protein 

glycosylation is involved in numerous important cellular processes such as cell-cell 

interactions, cell-cell communication and signalling (Varki, 2017). On the protein level, 

glycosylation is also known to be involved in essential processes such as ensuring the correct 

protein folding, conformation, stability, solubility, protein-protein interactions and protein 

trafficking (Hartholt et al., 2016; Scott et al., 2013; Sumer-Bayraktar et al., 2011). Hence, the 

glycosylation of a protein have the ability of modulating or directly changing its function and 

thereby, in turn, influence the more overarching cellular processes.  

As the heavily paucimannosylated HNE is a central protease involved in the immunological 

response of neutrophils and in the pathogenesis of various diseases such as CF, one of the 

aims of this thesis was to investigate the role(s) of paucimannosylation on HNE (Chapter 5, 

Publication V). Despite the biological significance of HNE in immunity, it was surprising to 

find that no studies have assessed how N-glycosylation affects the protease activity of HNE or 
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its effects in the multiple immune functions of this protease that is highly active during 

normal host immune response. This gap in knowledge may, in part, be due to the lack of a 

detailed site-specific N-glycosylation profile of HNE that was not available until recently as 

described in Chapter 5, Publication V. This underscores the importance of performing a 

deep site-specific N-glycoprofiling of glycosylated proteins to facilitate important 

investigations of how N-glycans can modulate the functions of N-glycoproteins. 

Despite being a soluble glycoprotein without membrane domains, HNE has been reported to 

be associated with the cell surface of activated neutrophils (Owen et al., 1995). This may 

allow the neutrophil to control the distribution and direct the activity of the highly potent 

HNE protease. Through this process, it may also help to limit potential damage from 

excessive proteolytic degradation by HNE at unwanted locations. It was also suggested that 

the cell surface variant of HNE is not susceptible to protease inhibition by A1AT to the same 

degree as the secreted HNE variant (Owen et al., 1995). The exact mechanism of the cell 

surface retention of HNE is still not understood, but is thought to be facilitated by the sulfate 

groups of chondroitin sulfate and heparin sulfate containing proteoglycans at the plasma 

membrane of neutrophils, serving as binding sites to the highly positively charged HNE 

protein surface (Campbell and Owen, 2007). The site-specific N-glycosylation of HNE on the 

cell surface of resting and activated neutrophils remained, similar to the N-glycoprofile of 

HNE stored intracellularly within the cytoplasmic granules, undescribed until the efforts as 

presented in this thesis. Intracellular paucimannosidic-rich HNE was shown to be actively 

mobilised to the cell surface of human neutrophils upon stimulation (activation) (Chapter 5, 

Publication V). The discovery of paucimannosidic-rich HNE on the cell surface of activated 

neutrophils suggested a plausible role of protein paucimannosylation in the modulation of an 

HNE-mediated immune response conferred by activated neutrophils. This was supported by 

computational analysis of the HNE protein structure suggesting that the N-glycosylation sites 

of membrane-retained HNE carry N-glycans that face and extend into the extracellular milleu 

(Hajjar et al., 2008). The detailed site-specific N-glycoprofile of HNE established that Asn124 

and Asn173 carry predominantly M2F structures. Therefore, it seems reasonable to suggest 

that cell surface paucimannosylated glycoforms of HNE may mediate cell-cell 

communication or interactions with mrCLRs such as MBL (see below) or trigger other still 

unknown immune responses. Although these glycan-mediated processes in the immune 

system needs to be validated in the future and mechanistically investigated, these observations 
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indicate that neutrophils may utilise protein paucimannosylation as a molecular approach in 

modulating multiple immune processes within the host immune system. 

In support of the above speculations, specific HNE glycoforms containing M2F structures 

were found to bind preferentially to MBL, a soluble mrCLR found in inflamed lungs 

(Chapter 5, Publication V). HNE is also found in the inflamed lung airway environment 

where neutrophils are being recruited to the site of inflammation and undergo degranulation 

upon activation. Furthermore, a tri-paucimannosidic HNE glycoform was shown to be a 

highly preferred binding partner of MBL, in agreement with previous reports demonstrating 

high avidity binding of multi-mannosylated structures to mannose recognising receptors 

(Feinberg et al., 2001). In summary, these findings have now established that biological 

important paucimannosidic N-glycoprotein are capable of binding to mrCLRs. It still remains 

for future research to unravel whether the binding of paucimannosidic proteins to mrCLRs is 

facilitating the transmission of specific signals. For example, to activate the lectin 

complement pathway for MBL or using immunoreceptor tyrosine-based activation/inhibition 

motif (ITAM/ITIM) signalling motifs with respect to other membrane bound mrCLRs such as 

mannose receptors or if the binding is more relevant in the context of cell-cell interactions 

potentially acting as molecular decoys or mimicry. 

Furthermore, there has been a continuous push in the development of small molecule 

therapeutics that are able to inhibit the deleterious elastin degrading activity of HNE in a 

controlled manner, particularly in pulmonary diseases where excessive HNE-based 

degradation occur (Groutas et al., 2011; Tsai and Hwang, 2015) . It is also known that the 

main physiological inhibitor of HNE, A1AT, regulates the proteolysis activities of HNE. 

Imbalanced levels of A1AT and HNE via this mechanism can be a contributor of pulmonary 

damage and disease (Guyot et al., 2014). The A1AT-based inhibition of the human serine 

proteases has been well studied using X-ray crystallography (Elliott et al., 1996; Huntington 

et al., 2000). However, these studies were not assessed using HNE, but instead using the 

unglycosylated trypsin as a model serine protease. Only a single study has investigated the 

involvement of N-glycosylation in the anti-protease activity of A1AT, which was performed 

using hydrogen/deuterium exchange and mass spectrometry (Sarkar and Wintrode, 2011). The 

authors concluded that the glycosylation of A1AT are not likely to interfere with its anti-

protease activity but may confer resistance towards its degradation by proteases and therefore 

extending its half-life in circulation. Hence, there is a gap in knowledge that prevents 

addressing the importance of N-glycosylation on the interactions between A1AT and HNE or 
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A1AT-HNE complexes since these aspects have not been previously considered in the earlier 

studies mentioned above. 

As presented in Chapter 5, Publication V, HNE and A1AT were, for the first time, shown to 

display preferential glycoform-glycoform interactions. The sialylated HNE was found to 

exhibit a higher propensity for engaging in an inhibitor complex with an undersialylated form 

of A1AT. Although speculative in nature, this phenomenon may be due to the fact that less 

sialylated A1AT may bind to HNE more readily as it is less likely to cause steric hindrance. 

The abundant sialylation of A1AT and the negatively charged amino acid residues found at the 

exosite of A1AT may, in contrast, play stimulating roles in the binding to HNE via 

electrostatic mechanisms, which has a highly basic protein surface with a net charge of +10 at 

neutral pH (Rashid et al., 2015). However, future structural biological research and 

investigations through the use of molecular dynamic simulations may be required to obtain 

more insights into their exact interactions (Andersen et al., 2016). To the best of my 

knowledge, this is the first study that has assessed and determined the influence of N-

glycosylation on both protein partners with respect to the propensity of their respective 

glycoforms to engage in a common enzyme: inhibitor complex. The findings presented here, 

and the future research it encourages, may have an impact on the rational design and 

development of recombinant forms of human A1AT for therapeutic usage (McElvaney, 2016; 

Pirooznia et al., 2013). 

Chapter 5, Publication V also presented a highly exciting yet still not fully resolved 

observation, demonstrating that HNE and the released N-glycans from HNE display weak 

bacteriostatic activity towards a clinically isolated strain of Pseudomonas aeruginosa. 

Although HNE is known for its bacteriostatic activity through its potent proteolytic activity 

(Belaaouaj et al., 1998; Hirche et al., 2008), this is the first time that bacteriostatic activity has 

been reported, solely facilitated by the released N-glycans of HNE. The mechanism of the 

bacteriostatic activity of the released N-glycans might be attributed to the binding of these N-

glycans to the lectins or so-called adhesins such as PA-IIL that are expressed by Pseudomonas 

aeruginosa. These adhesins have been known to bind to mannosidic glycoepitopes, but with 

much lower affinities compared to fucosylated glycoepitopes (Mitchell et al., 2005). 

Nevertheless, how this binding confers bacteriostatic activity is still currently unknown. It is 

also plausible, at this stage that the current interpretation of “bacterial growth inhibition” over 

the 12 h time course period in the bacteriostatic activity assay, may be caused by a metabolic 

switch of Pseudomonas aeruginosa due to the presence of a new carbon-rich environment 
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when N-glycans are added. Following this line of thought, the HNE N-glycans might be 

sensed by the bacteria as a carbohydrate-rich environment and a potential carbon source 

which may, in turn, be conducive for biofilm formation through its quorum sensors (De Kievit 

et al., 2001). Thus, this could temporally reduce the metabolism and growth rate of the 

bacteria. However, this alternative mechanism as opposed to the original and more exciting 

interpretation of a true bacteriostatic activity of the N-glycans needs to be fully explored in 

the future. 

In conclusion, the above findings have provided multiple lines of evidence of different nature 

to support the role of paucimannosylation of HNE in modulating its immune function and the 

host immune system. It is highly likely that these protein-specific functions of 

paucimannosylation, which needs to be validated further through orthogonal methods, are 

facilitated through various different molecular mechanisms. These findings will be useful to 

better understand the function and implication of protein paucimannosylation in neutrophil 

biology, and may serve as a source of fundamental knowledge to stimulate the design of 

therapeutic targets and candidates in the future to resolve inflammatory conditions or the 

prevention of bacterial infections. 

7.5 Protein paucimannosylation in other human cell types 

Apart from human neutrophils, this thesis has also uncovered that protein paucimannosylation 

is also a feature of other human cell types. Initially, the capacity of a range of immune cell 

populations to produce protein paucimannosylation was explored from publicly available 

CFG glycome datasets. These preliminary observations indicated that protein 

paucimannosylation was found in both myeloid and lymphoid cells (Dr Morten Thaysen-

Andersen, unpublished observations). However, the N-glycome of platelets and other immune 

and non-immune cells could not be studied using this retrospective data analysis approach. 

Thus, the initial CFG-based studies were expanded (as presented in Chapter 6) by isolating 

immune cells from a single donor and performing N-glycan profiling using PGC-LC-MS/MS. 

These efforts illustrated that lymphocytes and platelets do have the capacity to produce 

paucimannosidic N-glycans, albeit as a less significant glycosylation signature compared to 

neutrophils, where paucimannosylation appeared as a dominating feature. In addition in 

establishing that human neutrophils are not unique in their capacity to generate 

paucimannosylation, this is also the first report detailing the N-glycome of whole resting 

platelets, which consist mostly of high mannose and complex type N-glycans. These studies 
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also served the purpose of validating and adding further structural depth to the N-glycome of 

lymphocytes and neutrophils that were previously documented in the CFG glycome database 

by the less informative MALDI-TOF-MS profiling technology. 

In addition, the regulation of the N-glycoproteome and proteome, in particular changes in the 

paucimannosidic species of macrophage-like cells differentiated from the myelocytic cell line 

THP-1, were studied in Chapter 6, Publication VI over a 72 h time course during M. tb 

infection to stimulate early TB infection. It was noted that the intracellular level of protein 

paucimannosylation in infected cells decreased significantly upon M. tb infection. The ability 

of M. tb to modulate the immune response of infected macrophages for its survival by 

mechanisms of limiting lysosome-phagosome fusion and reducing organelle acidification has 

been shown previously (Awuh and Flo, 2016; Kang et al., 2005) . The reduction in the 

intracellular paucimannosylated proteins might be attributed to an increase in secretion of 

these proteins into the extracellular matrix, where they could have further potential functions 

in mediating the immune response by the host. Alternatively it could also be pathogen driven 

by M. tb. In addition, the reduction in Hex A activity suggests that these hexosaminidases 

might confer some host immune protection against Mycobacterium. 

The finding of paucimannosylation in other immune white blood cells suggests that protein 

paucimannosylation could serve wider, perhaps less specialised, functional roles in 

lymphocytes, platelets, macrophages and potentially other myeloid cells such as eosinophils, 

basophils and monocytes, together with lymphoid cells such as NK cells. The latter were not 

studied in this thesis and their N-glycomes remain to be mapped in order to determine their 

paucimannose generating capacity. 

Nevertheless, it is important to stress that N-glycome analyses of the whole cell lysates of 

these immune cells are not sufficient in itself to establish that protein paucimannosylation is 

an important structural and functional feature in these immune cells. System-wide 

glycoproteomics analysis in the individual immune cell populations and even on the 

subcellular level, will ensure that these truncated structures are carried by proteins rather than 

being degradation products. This could provide more insights into the nature of the protein 

carriers and in turn, may provide some early clues as to the function of these 

paucimannosylated N-glycoproteins in the various cell types. 

In addition to haematopoietic immune cells, protein paucimannosylation was also identified in 

neural progenitor stem cells localised in the subventricular zone of the hippocampus in the 
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mouse brain (Publication VII). Glioblastoma cells A172 cells treated with AraC, displayed 

an increase in paucimannosidic glycoepitopes with arrested cell proliferation compared to 

normal proliferating cells. This demonstrates that paucimannosylated proteins in these cells 

may be involved in the regulation of cell proliferation and differentiation. Recently, human 

induced pluripotent stem cells and embryonic stem cells have also been documented to carry 

paucimannosylated proteins (Furukawa et al., 2016; Satomaa et al., 2009). All these 

observations suggest that paucimannosylation might be important in the maintenance of 

“stemness” in early progenitor stem cells and during neuronal development in the brain. 

At this stage, it is not known if protein paucimannosylation is present in other human cell 

types apart from those that were studied within the scope of this thesis. As such, N-glycome 

profiling of other human cell types including hepatocytes that are known to be rich in β-

hexosaminidases (Hechtman and Kachra, 1980) and the specialised mast cells and DCs would 

be highly interesting. The presence of protein paucimannosylation in human neutrophils, 

lymphocytes, platelets, macrophages and in neural stem cells points to a wider presence of 

paucimannose in other cell types that are yet-to-be investigated. This has been generally 

supported by the retrospective curation of the limited literature and available raw empirical 

data in this field. Taken together, multiple lines of evidence demonstrate that 

paucimannosylation, apart from its function in immunity, may play wider roles during cellular 

development and differentiation. These cellular processes can generally be classified into 

physiological and pathological conditions that are centric to immunity, inflammation, 

stemness and cancer (Zipser et al., 2012). 

7.6 Concluding remarks 

The main aim of this thesis was to increase our understanding of the newly discovered glycan 

modification; protein paucimannosylation in human neutrophils in the context of their 

biosynthesis, structure and function. These aspects were investigated at multiple cellular 

levels including the whole cell level, for example, the whole neutrophil lysates and the 

subcellular level involving the analysis of neutrophil granules and the plasma membrane. In 

both of these domains, the biomolecular focus was either system-wide, for example, the 

detection of the entire N-glycome or N-glycoproteome or targeted to specific analytes at a 

single glycoprotein level. The combined use of glycomics, glycoproteomics and intact 

glycoprotein analysis techniques has enabled 1) deep glycan characterisation, 2) the 

determination of their relative abundances and 3) the site-specific glycan occupancies of 
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several important azurophilic granule glycoproteins. In addition, these techniques were also 

essential for mapping the system-wide N-glycosylation features of neutrophils.  

Importantly, the observation of ultra-truncated chitobiose core structures on nCG clearly 

deserves further investigation to elucidate their functional roles in the host immune system or 

in the folding of the protein during synthesis. The capacity of the paucimannose-rich HNE to 

modulate its immune functions through interactions with mrCLRs and the inhibitory interplay 

with A1AT, indicate that paucimannosylation is essential to mediate immunological functions 

of neutrophils. This was further supported by the discovery of paucimannosylated HNE on the 

cell surface of activated neutrophils. In addition, the contribution of β-hexosaminidases in the 

generation of paucimannosylated proteins, as well as the presence of paucimannosylated 

protein in other immune cell populations and neural stem cells, further strengthens the wider 

functional roles that paucimannosylated proteins play in the host immune system and in 

maintaining normal cellular homeostasis. These results strongly support the importance of 

protein paucimannosylation in neutrophil biology.  

In conclusion, the work described in this thesis provides substantial support for the notion that 

protein paucimannosylation is a significant glycosylation signature in human neutrophils and 

in other immune and non-immune cells. These unconventional N-glycosylation features are 

involved in a variety of immunological functions that, individually or as a whole, can serve to 

modulate or directly change the host immune response in a spatial-temporal fashion. The 

findings disseminated in this work are mostly open ended in nature and more questions than 

answers have been presented. Nonetheless, future research initiatives building on these 

findings presented in thesis will bring us one step closer to a more complete understanding of 

these unconventional and unusual glycoepitopes and their involvement in innate immunity. 

Together, all these points to the need of continuing and intensifying our research efforts into 

these intriguing glycoconjugates. This is to achieve a greater understanding of their functional 

roles under physiological and pathological conditions in order to answer further and more 

targeted biological questions.
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