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Summarizing discussion
Saliva is a protective fluid which forms the first line of defense that is encountered by 
pathogens trying to invade the oral mucosal barrier. For the larger part, intra-oral fluid is 
composed of secretions from the salivary glands. In addition, it contains plasma or blood, 
which enters the oral cavity via the gingival crevice or after breach of the mucosa.   At lo-
cations where saliva directly comes into contact with blood, it can influence the activity 
of blood protective systems such as the coagulation cascade, the complement system 
(Chapter 2 and 3) and immune cells such as polymorphonuclear cells (PMNs) (Chapter 
5). In addition, mucosal tissues are populated by Dendritic cells (DCs) and Langerhans 
cells (LCs), which capture antigen material for presentation to T cells, resulting in antigen-
specific T cell responses. Since these processes take place in the oral cavity, in the presence 
of oral fluid, evaluation of the effects that saliva has on these cells is a prerequisite for 
a proper understanding of these processes. In this thesis, the interaction between saliva 
and molecular and cellular factors which play a role in innate defense systems has been 
investigated. The main findings and implications are discussed in this chapter.

The complement-modulating properties of saliva
The effect of saliva on the activity of the complement system was investigated in Chapter 
2. Boackle (Boackle et al., 1993) showed that salivary agglutinin (SAG) binds complement 
component C1q and activates the complement system via the classical pathway. A more 
substantial activation of the lectin pathway by SAG was described by Leito et al. (Leito et 
al., 2011) and Reichhardt et al. (Reichhardt et al., 2012). For this process, the carbohydrate 
moiety of SAG is required for binding of lectins triggering the complement system, such 
as mannose-binding lectin (MBL). Besides SAG, numerous glycoproteins are present in 
saliva. For instance, the mucin MUC5B is the major glycoprotein of the mucous layer on 
the salivary surfaces. Envisaging the crucial role of glycosylated structures in triggering of 
the MBL-mediated complement activation, the complement activating properties of other 
salivary proteins was studied. For this purpose, the complement activating properties of 
whole and glandular saliva, as well as of isolated salivary components, were investigated 
(Chapter 2). Surface-adsorbed parotid, submandibular, sublingual, and whole saliva 
activated complement in an MBL-dependent manner. Purified MUC5B did not activate 
the complement, despite the abundant presence of carbohydrates in this glycoprotein. 
After removal of SAG from submandibular and whole saliva, their complement activating 
properties nearly completely disappeared, suggesting that SAG is the main complement 
activating constituent in saliva.

The molecular structure of SAG involved in complement activation was studied in more 
detail in Chapter 3. Chemical modification of the carbohydrate moiety of SAG suppressed 
completely the complement activating property of SAG. In contrast, protease treatment, 
affecting the protein moiety of SAG, had no effect. Pre-treatment of SAG with the fucose-
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binding lectin Anguilla anguilla agglutinin (AAA) blocked recognition sites for MBL and 
subsequent complement activation. The fucose-containing oligosaccharide Lewis b and the 
fucose monomer inhibited the SAG-mediated complement activation, probably by blocking 
carbohydrate recognition domains on MBL. SAG from non-secretors, which contains only 
mono-fucosylated antigens such as Lewis a, was less potent in complement activation than 
SAG from secretors, which carry di-fucosylated antigens such as Lewis b. This suggests that a 
multivalent interaction is required for binding of MBL to its carbohydrate ligands.

Whereas surface-adsorbed SAG activates the complement system via the lectin pathway 
(Leito et al., 2011; Reichhardt et al., 2012), SAG in solution inhibits complement activation 
on a mannan-coated surface (Reichhardt et al., 2012). Strikingly, the complement inhibitory 
activity of SAG in solution did not depend on the secretor status of the donor (Chapter 2), 
suggesting that mono-fucosylated antigens or protein domains of SAG could be involved 
in complement inhibition. SAG binds to a wide spectrum of microorganisms (Hartshorn et 
al., 2003; Leito et al., 2008; Prakobphol et al., 2000; Wu et al., 2003) and it can be speculated 
that this will provide a stimulus for the activation of the complement cascade. When SAG is 
in solution, it may prevent MBL-binding to microbial surfaces and subsequent complement 
activation. Indeed, Reichhardt et al (Reichhardt et al., 2012) demonstrated less MBL bind-
ing and C4 and C3 deposition on Candida albicans. The effect of complement activation 
by SAG on the antimicrobial defense in the oral cavity remains to be investigated further.

SAG is encoded by the Deleted in Malignant Brain Tumors-1 (DMBT1) gene, which also 
encodes other isoforms in the human body, such as glycoprotein-340 (gp-340) in the lung 
and DMBT1 in the intestine (Ligtenberg et al., 2010). DMBT1 partially co-localized with 
complement proteins in local ischemia, bacterial endocarditis, and in the vicinity of car-
diac amyloidosis deposits, suggesting a role for DMBT1 in inflammation (Muller et al., 2013; 
Muller et al., 2009; Reichhardt, Jarva, et al., 2016). Co-localization of SAG with complement 
proteins in the oral cavity could contribute to inflammatory processes there.

The distribution of C-reactive protein, SAG, and C4 in the oral cavity
C-reactive protein (CRP) is an acute-phase protein. It is often associated with cardiovas-
cular diseases and slightly elevated levels of CRP plasma are also found in periodontitis 
(Paraskevas et al., 2008). Whereas SAG activates the complement system via the lectin 
pathway, CRP activates the complement system via the classical pathway. Both pathways 
lead to deposition of the complement protein C4. In a first attempt to point to a role for 
CRP and SAG in inflammation in the mouth, we investigated how C-reactive protein, SAG, 
and C4 were distributed in the oral cavity of periodontitis patients, edentulous patients, 
and healthy controls in Chapter 4. CRP, SAG, and C4 were found in saliva, salivary cell frac-
tion, and supragingival and subgingival plaque of donors, irrespective of the inflammatory 
status of the gingival tissues. Surprisingly, SAG, a protein secreted by salivary glands and 
not present in blood, was demonstrated in subgingival plaque. This suggests that SAG en-
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ters the gingival crevice. Together with CRP, it may play a role in regulating the complement 
system at the gingival crevice. For future research, it would be interesting to determine 
whether the presence of CRP and SAG in the subgingival area modulates the complement 
system and subsequent inflammation.

The effect of saliva on PMN-microbe interactions
The effect of saliva on the interaction between microorganisms and PMNs was studied in 
Chapter 5. This revealed a dual role of saliva, dependent on the microbe. Saliva inhibited 
the adhesion of F. nucleatum, but enhanced the adhesion of C. albicans to neutrophil-like-
differentiated HL-60 cells.  The peptide statherin, which is known to bind both F. nucleatum 
and C. albicans (Johansson et al., 2000; Sekine et al., 2004) inhibited the adhesion of F. 
nucleatum to HL-60, though not as strongly as saliva. Future research could determine which 
salivary constituent facilitates the adhesion of C. albicans to PMNs. Higher adhesion of C. 
albicans to saliva-treated PMNs is supported by an earlier study where phagocytosis of C. 
albicans was higher by oral PMNs than by blood-derived PMNs (Sela et al., 1981). Both PMNs 
and saliva are indispensable in the oral cavity to limit C. albicans colonization, since absence 
or low numbers of PMNs result in Candida infections (Horn et al., 2009; Netea et al., 2015) and 
diminished salivary secretion results in higher C. albicans colonization (Karbach et al., 2012).

PMNs are able to release neutrophil extracellular traps (NETs) upon bacterial or phorbol 
myristate acetate (PMA) stimulation, in order to trap and kill microbes. Recently, Mohanty 
et al. (Mohanty et al., 2015) found that salivary mucins induce NET formation too. Notably, 
PMA-induced NETs activate the complement system, but saliva-induced NETs do not. 
Perhaps other factors in saliva, for instance, SAG or proline-rich proteins (Boackle, 1991), 
could bind complement components in solution and therefore prevent NETs-mediated 
complement activation.

Binding of SpD to influenza virus A has been shown to induce a respiratory burst response 
in PMNs, which was inhibited in the presence of gp-340 (White et al., 2005). This might lead 
to an increased phagocytosis of the virus by PMNs, without inducing a potentially harm-
ful respiratory burst (Madsen et al., 2010; Reichhardt & Meri, 2016). SAG did not have any 
effect on the adhesion of C. albicans or F. nucleatum to PMNs (data not shown), although 
it might modulate other aspects of PMNs, such as the respiratory burst. In addition, it has 
been shown that gp-340 stimulates chemokinesis of alveolar macrophages and it might be 
speculated that it exerts a similar effect on PMNs (Tino et al., 1999). SAG-mediated comple-
ment activation could also attract PMNs towards a site of infection.

Saliva and DCs or LCs
In Chapter 6, the interaction between parotid saliva and SAG with DCs, LCs, and their cor-
responding lectins was investigated. DCs bind via DC-SIGN, a C-type lectin receptor (CLR), 
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to SAG of both secretors and non-secretors. In contrast, Langerin, a CLR on LCs, mediates 
binding to SAG of secretors only. SAG inhibited the interaction between microorganisms 
and lectins of DCs or LCs. This may lead to suppression of DC or LC activation and suggests 
a role for SAG in oral tolerance. Glycosylation variations of SAG, e.g. determined by the 
secretor status, might lead to different interactions between microorganisms, DCs or LCs, 
and SAG in the oral cavity, although this remains to be investigated. DCs and LCs are found 
in the gingiva and their presence is increased when the gingiva is inflamed (Hovav, 2014)
(Chapter 6). As SAG is associated with subgingival plaque in vivo (Chapter 4), this makes 
it tempting to speculate on a modulatory role for SAG in the interaction between bacteria 
and these immune cells in subgingival sites. 
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Figure 1. Schematic presentation of interactions between saliva and other innate immune defens-
es in the oral cavity, as described in this thesis. 
In the oral cavity, SAG is found in fluid and is adhered to epithelium or teeth. LCs in oral mucosal epithelium 
sample antigens from foreign particles, such as microorganisms, with the lectin Langerin (1). DC-SIGN positive 
DCs sample antigens in the lamina propria. SAG binds Langerin and DC-SIGN, thereby hampering the interaction 
between the lectins and microorganisms (2,3). Upon epithelial damage, blood or plasma enter the oral cavity. 
In this situation, the immune players complement protein MBL and PMNs migrate to the oral cavity. Mannose-
binding lectin (MBL) binds carbohydrates on pathogens and activates the lectin pathway of the complement 
system (4). Surface-adsorbed SAG activates the lectin pathway via MBL (5). SAG in solution binds MBL, thereby 
preventing microorganism-mediated complement activation (6). Some microorganisms adhere to PMNs and 
their adhesion is enhanced in the presence of saliva (7). However, saliva inhibits the PMN-microbial interaction 
of other microorganisms (8).
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Conclusions
The oral cavity is continuously challenged with foreign particles and microbes. Different 
innate immune systems at the oral mucosa, such as saliva and blood-derived proteins or 
cells, are active to maintain the oral tissue intact. These systems not only operate indepen-
dently of each other but also work in concert. Overall, the interaction between saliva and 
other mechanisms involved in innate immunity has been illustrated in this thesis (Figure 1). 
It makes clear that for a comprehensive understanding of the innate immunity in the oral 
cavity, the contribution of saliva should be included.
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