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The role of saliva in protecting the oral cavity
The hard and soft tissues lining the oral cavity are continuously exposed to a variety of 
potential harmful challenges. Similar to other mucosal surfaces, oral epithelia are covered 
by a protective fluid, saliva, containing a wide variety of organic and inorganic constitu-
ents that protect against microbial, chemical, and mechanical insults (Amerongen et al., 
2002) (Table 1). Saliva is essential for keeping the oral mucosa and the teeth healthy. In 
the absence of saliva, e.g. after complete destruction of the salivary glands due to radio-
therapy in the head-neck region, the oral mucosa becomes vulnerable to infection and 
inflammation and the teeth show increased chemical and mechanical wear (Amerongen 
et al., 2002; Nieuw Amerongen et al., 1987). Saliva is secreted by three pairs of major glands 
(submandibular, sublingual, and parotid glands) and by various minor glands (buccal, 
labial, lingual, and palatal glands). In addition to the mixed secretions of these glands, 
oral fluid also contains serum components. These enter the mouth via the gingival crevice, 
which is the space between the tooth surface and free gingiva, or mucosa (Figure 1) (Feller 
et al., 2013). This thesis is focused on the interaction between saliva and other systems 
of the mucosal innate immune system, e.g. the complement system and immune cells. 
This chapter discusses the role of saliva and several salivary proteins in the protection of 
the oral cavity and regulating the healthy oral microflora. It furthermore contains a brief 

Table 1. The main functions of saliva in relation to its constituents (Amerongen et al., 2002).

Processing of food
Digestion Taste Bolus
Amylase Zinc Mucins

Teeth
Buffering Lubrication, Viscoelasticity Remineralization Inhibition of 

demineralization
Bicarbonate Proline rich glycoprotein Proline rich proteins Mucins

Phosphate MUC5B Statherin

Calcium, phopsphate

Microbes
Anti-bacterial Anti-fungal Anti-viral
MUC7 MUC7 MUC7

Lysozyme Histatin Cystatins

Lactoferrin Immunoglobulins Immunoglobulins

Lactoperoxidase SAG

Histatin

SAG

Cystatins

VEGh
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outline of the innate immune system in blood or mucosa, with emphasis on the parts that 
are relevant for the research described in this thesis.

Saliva and the oral microflora
The humid conditions and mild temperatures in the oral cavity foster the growth of high 
numbers of microorganisms. Saliva prevents uncontrolled outgrowth of microbes and 
plays a key role in the establishment and maintenance of an oral ecosystem that is domi-
nated by non-pathogenic microorganisms. Consequently, under normal conditions, the 
microflora is not harmful to the host and hardly induces an inflammatory response.  When 
the oral clearing by saliva is diminished, for example in sedated patients in intensive care, 
a more pathological microflora develops within two weeks. These microorganisms may 
spread into the respiratory tract, causing pulmonary infections (Amerongen et al., 2002; 
Dennesen et al., 2003). Saliva contains a collection of defensive proteins and peptides that 
keep the oral microflora in balance. Some of these proteins, such as lysozyme, lactoferrin, 
histatins, and peroxidase, have a direct microbicidal activity. Others, such as proline-rich 

SALIVA 
Mucin 

Secretory IgA 
Agglutinin 
Statherin 
Histatin 

Lysozyme 
Others 

GINGIVAL  
CREVICULAR FLUID 

IgG, IgM, IgA 
Polymorphonuclear 

leukocytes 
Complement 

Lysozyme 
 

ORAL FLUID 

activated 

activated 

Figure 1. Immunological factors present in the oral cavity. 
Oral fluid is a mixture of secretions from the salivary glands, and gingival crevicular fluid. The oral fluid contains 
proteins and cells protecting the oral mucosa. Dendritic cells and Langerhans cells are present in the oral mu-
cosa and after capturing foreign antigens, they migrate to regional lymph nodes and Waldeyer ring to prime T 
cells. Upon activation, these immune effector cells migrate to mucosal lymphoid foci to induce either immune 
responses or immune tolerance (Feller et al., 2013).
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proteins, salivary agglutinin, secretory Immunoglobulin A (sIgA), and MUC7, bind to bacte-
ria, thereby impeding their attachment to oral surfaces.

On the other hand, microorganisms are able to exploit salivary glycoproteins for their 
own benefit. For instance salivary proteins adsorbed onto oral surfaces present binding 
sites to which bacteria attach. Furthermore, salivary glycoproteins serve as a source of 
nutrients for microorganisms (Van der Hoeven et al., 1991; van der Hoeven et al., 1990; 
Wickstrom et al., 2008). In particular, the carbohydrate side chains of high molecular weight 
mucins present complex substrates for bacteria and therefore require a breakdown by a 
cooperatively acting diverse microflora. The presence of such a diversity of interdependent 
species prevents the establishment of a species-poor bacterial community containing spe-
cies in numbers exceeding their pathological threshold. A number of salivary proteins that 
are relevant for this thesis, are discussed below.

Salivary agglutinin

Salivary agglutinin (SAG), also known as salivary scavenger and agglutinin (SALSA) or gly-
coprotein-340 is encoded by the deleted in malignant brain tumors-1 gene. The protein is a 
member of the scavenger receptor cysteine-rich (SRCR) superfamily. Members of this family 
are membrane-bound or secreted proteins which primarily play a role in innate immunity 
and development (Ligtenberg et al., 2010; Madsen et al., 2010). A detailed description of the 
SAG-structure is depicted in Figure 2.

SAG binds to viruses like human immunodeficiency virus (HIV) and influenza viruses, and 
several microorganisms, among others oral streptococci such as Streptococcus mutans, 
and Helicobacter pylori. This results in microbial aggregation by SAG in solution (Hartshorn 
et al., 2003; Leito et al., 2008; Prakobphol et al., 2000; Wu et al., 2003). Microorganisms ad-
here to surface-adsorbed SAG, as in the salivary pellicle. The interaction between bacteria 
and SAG is mediated by a specific part of the SRCR domains in SAG (Bikker et al., 2004; 
Leito et al., 2008). In addition to the binding of SAG to foreign moieties, SAG also binds to a 
variety of endogenous molecules involved in innate immunity such as surfactant proteins 
A and D, sIgA, lactoferrin (Ericson et al., 1983; Holmskov et al., 1997; Ligtenberg et al., 2004; 

SRCR SID CUB ZP

Figure 2. Schematic presentation of the structure of SAG. 
The protein is composed of multiple SRCR domains, two C1r/C1s-urchin embryonic growth factor-bone mor-
phogenetic protein-1 (CUB) domains, and a Zona Pellucida (ZP) domain. Between the SRCR domains, SRCR 
interspersed domains (SIDs) containing putative glycosylation sites are located. SAG is estimated to have a mo-
lecular mass of 340 kDa, but   inter-individual differences are present, due to variation in the number of SRCR 
domains and/or glycosylation (Ligtenberg et al., 2010; Madsen et al., 2010; Mollenhauer et al., 1997).
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Mitoma et al., 2001; Tino et al., 1999) and the complement proteins C1q, MBL, and ficolins 
(Boackle et al., 1993; Leito et al., 2011; Reichhardt et al., 2012) (Chapter 3).

MUC5B

MUC5B, also known as the high molecular weight mucin or MG-1, is a large (> 1 MDa), highly 
glycosylated polymeric molecule. The carbohydrate chains, which comprise up to 90 % of 
the molecular weight, enable the protein to bind large amounts of water and endow the 
molecule with characteristic viscous and lubricating properties that are important for the 
protection of the mucosal epithelia (Veerman et al., 1989). The carbohydrate moiety of 
MUC5B is widely diverse, both in length, branching, and charge of the oligosaccharides. 
This diversity has several consequences for microbial colonization. Degradation of the 
diverse carbohydrate chains requires a large panel of enzymes that only can be encoded 
by a diverse microflora.

MUC7

MUC7, also known as the low molecular weight mucin or MG-2, is a 125 kDa glycoprotein. 
It is decorated with numerous short di- and trisaccharides, often terminated with sialic 
acid.  In contrast to MUC5B, MUC7 has low viscoelastic properties but shows broad spec-
trum binding and aggregation of many different microorganisms.  In this binding, both the 
carbohydrate chains, especially sialic acid, and peptide domains are involved (Amerongen 
et al., 1995; Bobek et al., 1993).

Glycosylation of salivary proteins
SAG, MUC5B, and MUC7 are extensively glycosylated, although they vary in the type of car-
bohydrates that are expressed. Glycosylation is genetically determined by glycosyltransfer-
ases and, among other factors, depends on blood group and secretor status. The secretor 
(Se) gene encodes the α1,2-fucosyltransferase that connects fucose to galactose (Figure 3). 
This is of importance for blood group antigens present on SAG and MUC5B. Secretors may 
have Lewis (Le)a, Leb, Lex, Ley, and ABH antigen structures, while non-secretors only can 
express Lea or Lex (Albertolle et al., 2015; Henry et al., 1995; Ligtenberg et al., 2010; Ravn et 
al., 2000).

Blood proteins in saliva
In general, saliva is considered as a protective fluid, working independently from other 
non-salivary oral defense systems. However, oral fluid also contains plasma proteins, host 
immune cells, and bacteria. For example, neutrophils migrate via the gingival crevices into 
the oral cavity and play a role in the oral defense against microbes. Seldom is realized that 
these cells and their microbial targets operate in a saliva matrix, which potentially modu-
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lates this process. An illustration of the cross-talk between saliva and blood is the stimula-
tion of coagulation by saliva, first described by Hunter (Hunter, 1928), due to the presence 
of tissue factor in saliva (Berckmans et al., 2011). This thesis focuses on the interaction 
between saliva and other factors of the immune system: in particular the complement 
system, polymorphonuclear cells, and mucosal dendritic cells. These are all components 
of the innate immune system.

The innate immune system
The innate immune system is the first line of defense that an invading pathogen has to 
overcome. It consists of an epithelial or mucosal barrier, covered by a protective fluid, mac-

Figure 3. Lewis structures. 
There are different Le antigen structures: Lea, Leb, Lex, and Ley. Leb and Ley contain two terminal fucoses and are 
only expressed on glycoproteins from secretors, who express the enzyme fucosyltransferase 2.
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rophages, granulocytes, mast cells, dendritic cells, natural killer cells, and the complement 
system (Janeway et al., 2002). Once a pathogen has succeeded in breaching this first line 
of defense, it faces the adaptive immune system. The adaptive immune system develops 
through clonal selection in response to antigens and is characterized by a slow, highly 
specific response. The main components of the adaptive immune system are antibodies 
and T and B lymphocytes. It has to be realized, however, that the distinction between 
adaptive and innate immune systems is not very strict since these two systems form a very 
complex network in vivo with extensive crosstalk between cells and immune components 
of both divisions.

The complement system
An important part of the innate immune system in blood is the complement system. It is a 
system of proteins that react with each other upon activation, eventually leading to micro-
bial killing via formation of the membrane attack complex, and enhanced opsonophago-
cytosis (Carroll et al., 2011). The complement system may be activated via three different 
pathways: the classical, the lectin and the alternative pathway.   The classical pathway is 
activated by binding of C1q to antigen-bound IgG and IgM or to C-reactive protein adsorbed 
onto the microbial surface. In the lectin pathway, carbohydrate structures on pathogens or 
altered self-cells are recognized by the collectins: mannose-binding lectin (MBL), ficolins 
or collectin-11. The alternative pathway bypasses the initiation by antibody complexes 
or carbohydrate structures but is activated on a low level by spontaneous cleavage of 
complement component C3 (Figure 4). Complement regulatory proteins on the surface of 
host cells neutralize activated complement on their cell membrane. Since pathogens may 
lack such proteins they are unable to protect themselves against the detrimental action of 
activated complement.

Complement activation may play a role in periodontitis. Periodontitis is a chronic 
inflammatory disease leading to destruction of the tooth-supporting tissues. Although 
periodontitis is often associated with the presence of certain pathogens in the subgingival 
biofilm, it is speculated that the onset of the disease is caused by the host’s inflammatory 
response (Divaris et al., 2013; Hajishengallis et al., 2015; Laine et al., 2013; Stabholz et al., 
2010). Components that activate the complement system are present in the oral cavity in 
correlation with periodontitis. An example is C-reactive protein (CRP), an activator of the 
classical pathway. This acute-phase protein is synthesized in the liver and its serum levels 
increase under inflammatory conditions. As an opsonin, CRP binds to bacteria, enhanc-
ing the recognition and phagocytosis by immune cells (Ji et al., 2006; Thiele et al., 2014). 
Blood, gingival crevicular fluid (GCF) and saliva of periodontitis patients have elevated 
CRP-levels (Andrukhov et al., 2013; Bertl et al., 2013; Paraskevas et al., 2008; Teeuw et al., 
2015). Furthermore, it has been found that salivary CRP concentrations correlate with the 
severity of periodontal disease (Shojaee et al., 2013).
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The GCF and inflamed gingival of periodontitis patients also contain increased amounts 
of activated complement factors (Hajishengallis, 2010). In the last years, complement-tar-
geted therapies have been developed. C5a receptor antagonist (C5aRA) has been shown to 
prevent periodontal inflammation in murine models of Porphyromonas gingivalis-induced 
and ligature-induced periodontitis. Treatment of periodontitis with C5aRA resulted in less 
bone loss and lower mRNA expression of IL-6, IL-17a, G-CSF, TNF and ILβ (Abe, 2012). Local 
administration of the C3-specific inhibitor Cp40 inhibited clinical periodontal inflamma-
tion in non-human primates (Maekawa et al., 2016).

SAG has also been shown to bind the globular heads of complement protein C1q, 
thereby activating the classical pathway of the complement system (Boackle et al., 1993). 
However, a more substantial activation of the lectin pathway of the complement system 

Figure 4. The complement system. 
The complement system is activated via three pathways: the classical, lectin, and alternative pathway. Binding 
of the C1 (C1q/C1r/C1s) complex initiates the classical pathway, while MBL or ficolin/MASP complexes initiate 
the lectin pathway. Both the classical and lectin pathway cleave C4 and C2, leading to the C4bC2a complex, also 
known as C3 convertase. Spontaneous hydrolysis of C3 initiates the alternative pathway. The three different 
pathways result in conversion of C3 into C3b and C3a. C3b may bind and opsonize microbial surfaces. Further 
downstream C5 is cleaved in C5a, which attracts inflammatory cells, and C5b which contributes to formation of 
the membrane attack complex.
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has been demonstrated via binding of MBL and ficolins (Leito et al., 2011; Reichhardt et 
al., 2012) (Chapter 2). The complement modulating activity of SAG is influenced by the 
physic-chemical environment of the molecule: adsorbed to a surface, SAG will activate the 
complement system, but in solution SAG inhibits the lectin pathway. For instance, SAG in 
solution inhibited Candida albicans-mediated complement activation (Reichhardt, 2012).

Polymorphonuclear leukocytes
Polymorphonuclear leukocytes (PMNs) are white blood cells characterized by the presence 
of granules and a lobular nucleus. Neutrophils are the most abundant PMNs, accounting for 
50–70 % of all leukocytes. When circulating, PMNs are quiescent, but after recruitment e.g. 
to a site of inflammation they become activated by pro-inflammatory stimuli. PMNs recog-
nize microbes and kill these via distinct mechanisms, e.g. by enzymatic degradation after 
phagocytosis, by releasing antimicrobial peptides, by producing reactive oxygen species 
(ROS), and by forming nuclear extracellular traps (NETs) (Mayadas et al., 2014). PMNs are the 
major leukocytes recruited to the gingival crevice and attach to bacterial biofilms on teeth 
(Cortes-Vieyra et al., 2016; Shapira et al., 2000). PMNs are indispensable in the oral cavity, 
where they bind and kill oral pathogens (Majda-Stanislawska et al., 1998; Mangan et al., 1989; 
Scully et al., 1979; Tsuda et al., 2000). Excess PMN counts or uncontrolled activation of PMNs 
lead to chronically inflamed oral tissues, suggesting that deregulated PMN homeostasis may 
contribute to periodontitis (Cortes-Vieyra et al., 2016; Hajishengallis, 2014).

The scientific literature on the effect of saliva on PMN functions is not unequivocal. Sela et 
al (Sela et al., 1981) reported that compared with peripheral blood PMNs, oral PMNs as well as 
saliva-treated PMNs phagocytose more C. albicans. Other studies found that the phagocytotic 
activity of oral PMNs was the same (Takubo et al., 1997) or even lower than those of blood PMNs 
(Lukac et al., 2003). Fumarulo et al (1993) reported that saliva in low concentrations (20–40 %) 
enhanced the respiratory burst, degranulation, and killing of Staphylococcus aureus by PMNs, 
whereas these activities were suppressed in whole saliva. Salivary mucins induce NET-forma-
tion in peripheral blood neutrophils via sialyl Lewis x – L-selectin-mediated signaling. These 
saliva-induced NETs are more DNase resistant than PMA- or bacteria-induced NETs due to the 
ionic composition of saliva and the saliva/sialyl Lewis x –induced NETosis (Mohanty et al., 2015). 
The low-molecular weight MUC7 is bound to the surface of neutrophils (Prakobphol et al., 1998) 
and supports tethering and rolling of neutrophils over a range of physiological relevant shear 
stresses. Since MUC7 also binds oral bacteria, this salivary glycoprotein may facilitate interac-
tions between neutrophils and bacteria (Prakobphol et al., 1999).

Dendritic cells and Langerhans cells
Dendritic cells (DCs) are the most efficient antigen presenting cells. Two classes of DCs 
have been identified: conventional DCs and plasmacytoid DCs (pDCs). The immature 
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conventional DCs capture antigens from peripheral tissues, including oral tissue. After 
activation by innate microbial signals, they migrate to lymph nodes to mature and initiate 
antigen-specific T cell responses. The pDCs circulate in blood and are also found in periph-
eral lymphoid organs (Hovav, 2014). Studies in human oral tissues are mostly focused on 
langerin-expressing DCs, also known as Langerhans cells (LCs), since these are abundantly 
present in the oral mucosa (Hovav, 2014; Upadhyay et al., 2013) (Figure 1). DCs and LCs con-
tribute to mucosal immunity by capturing antigens derived from pathogens or tumors, but 
also from harmless self-antigens, favoring either T cell activation or silencing. Oral mucosal 
LCs have been shown to be involved in oral nickel allergies, oral candidiasis, oral lichen 
planus, periodontal diseases, and oral squamous cell carcinoma (Upadhyay et al., 2013).

DCs and LCs recognize a variety of glycosylated antigens via C-type lectin receptors 
(CLRs). These CRLs function as a receptor to capture and present antigens, but they also 
recognize glycosylated self-antigens (van Kooyk, 2008). The epithelial mucin MUC1, which 
is found in breast milk, inhibits DC-pathogen interactions by binding the CLR dendritic cell-
specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) (Koning et al., 
2015; Saeland et al., 2009). Saliva contains several glycoproteins, SAG for example, which 
are potential targets for CLRs. Therefore, binding of SAG to CLRs from DCs and LCs and how 
this affects interactions with microorganisms was studied in Chapter 6.

Thesis outline
In the oral cavity, various systems play a crucial role in innate mucosal immunity, such as 
antimicrobial proteins from saliva and the complement system or PMNs from blood. How-
ever, interactions between different systems have not been described often. Therefore, the 
aim of this thesis was to study the interaction between saliva and innate immune systems 
from blood or DCs from tissue.
– Saliva contains several candidate glycoproteins that may modulate the lectin pathway 

of the complement system. For that reason, the complement-modulating properties of 
whole and glandular saliva and purified proteins were studied in Chapter 2.

– In Chapter 3, the complement-activating properties of SAG were characterized.
– Besides SAG, CRP interacts with the complement system. In Chapter 4 different sites of 

the oral cavity were explored on the presence of CRP, SAG, and complement protein C4.
– The effect of saliva on the interaction between microorganisms and blood-derived 

PMNs or the HL-60 cell line was explored further in Chapter 5.
– Another important cell in the oral mucosa involved in innate immunity is the DC. In 

Chapter 6 the effect of SAG on the interaction of CLRs from DC or LC with microorgan-
isms was investigated.

– The main findings of this thesis are summarized and discussed in Chapter 7.
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