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IntRODuctIOn

this article explores some important interactions between salivary 
components and the oral microbiota and assesses their potential 

therapeutic implications. Recent research on salivary gland dys-
function, including new information on immunopathogenesis and 
approaches to treatment and diagnosis, is also presented.

The present stage of knowledge about bacterial interactions 
with salivary proteins is reviewed in the following. The initial 
mechanisms of bacterial adhesion in the oral cavity are of inter-
est because they provide a basis for the subsequent stepwise 
formation of multi-species oral biofilms, which have the poten-
tial to eventually lead to the onset of dental caries or periodontal 
disease. A further example of interaction between saliva and 
micro-organisms, also addressed in this paper, is the antifungal 
activity of the salivary protein Histatin 5. The natural fungicidal 
effects of this molecule have been harnessed and amplified by 
coupling with a carrier molecule to create a potential new agent 
for the treatment of oral candidiasis.

Salivary gland dysfunction may occur as a result of develop-
mental or immune disorders, or as an unwelcome outcome of can-
cer therapy. Recent studies have identified new avenues of research 
that may facilitate the development of novel treatments to restore 
salivary function, including the use of resolvins and the develop-
ment of differentiated acinar structures. In addition, fresh data are 
emerging about the pathogenic mechanisms underlying Sjögren’s 
syndrome, an autoimmune disorder affecting the salivary and lacri-
mal glands. These insights may lead to the identification of disease 
biomarkers to aid in the diagnosis of Sjögren’s syndrome.

thE SalIvaRy PROtEOME-ORal MIcROBIOME 
IntERfacE

The commensal microbiota of the oral cavity have evolved to 
adapt to this unique environment in part through their interaction 
with salivary molecules. Besides scavenging salivary components 
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locally and systemically in SS and may represent a novel biomarker 
or therapeutic target in the management and treatment of SS.

aBStRact
Adequate salivary secretion is crucial to both oral and general 
health, since it provides a complex milieu for support of the 
microbial populations of the mouth, while at the same time con-
taining antimicrobial products that help control these microbial 
populations. This paper summarizes several aspects of salivary 
component function, gland secretion mechanisms, and immuno-
pathogenesis as related to oral health and disease. Salivary com-
ponents mediate microbial attachment to oral surfaces, and also 
interact with planktonic microbial surfaces to facilitate agglutina-
tion and elimination of pathogens from the oral cavity. Adhesive 
interactions are often mediated by lectin-like bacterial proteins 
that bind to glycan motifs on salivary glycoproteins. An important 
salivary antimicrobial protein is histatin 5 (Hst 5), which shows 
potent and selective antifungal activity and also susceptibility to 
proteolytic degradation. Coupling of Hst 5 with the carrier mole-
cule spermidine significantly enhanced killing of C. albicans and 
resistance to proteolytic degradation, compared with the parent 
peptide. Loss of salivary secretion may be caused by disorders 
such as Sjögren’s syndrome (SS) or ectodermal dysplasia, or may 
be a side-effect of radiation therapy. Two new approaches to the 
treatment of salivary gland dysfunction include the use of 
resolvins and the creation of differentiated acinar structures to 
construct an artificial salivary gland. B-cells contribute to the 
pathogenesis of SS by releasing cytokines and autoantibodies and 
by influencing T-cell differentiation. CXCL13, a potent B-cell 
chemokine associated with autoimmune diseases, is elevated 
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as metabolic substrates, some oral bacteria are able to attach to the 
exposed mineralized surfaces of teeth. Prerequisite in many cases 
is that oral surfaces are covered by a layer of adsorbed salivary 
proteins, the so-called salivary pellicle. This process allows cer-
tain commensal bacteria to colonize these surfaces and thus pro-
vides them with a selective advantage for survival in the fluid 
environment of the mouth (Gibbons, 1989).

The binding of salivary proteins by oral commensal bacteria 
has been most thoroughly studied with oral strains of actinomy-
ces and viridans streptococci. These bacteria carry fimbrial 
adhesins on their surfaces that bind to peptide or glycan motifs 
on salivary proteins and glycoproteins (Takahashi et al., 2002; 
Mishra et al., 2011; Pyburn et al., 2011). Less is known about 
the corresponding receptors in saliva to which these adhesins 
preferentially bind, but several different receptors and the cor-
responding bacterial adhesin activities have been identified 
(Ruhl et al., 2004; Takamatsu et al., 2006). One investigative 
technique used was an adaptation of the original bacterial over-
lay method (Prakobphol et al., 1987), modified for the use of 
biotin- or fluorescence-labeled bacteria and with adhesin- 
deficient bacterial mutants as probes (Ruhl et al., 2004; Walz  
et al., 2005). Major salivary receptors were found to be salivary 
mucin-7 and secretory immunoglobulin A1, and their respective 
recognition by actinomyces and streptococci was shown to be 
dependent on the absence or presence of terminal sialic acid 
residues on their glycan side-chains (Ruhl et al., 2004; Walz  
et al., 2005).

These findings prompted the question of whether pathogenic 
bacteria that transiently or permanently colonize the oral cavity 
also bind to salivary proteins. The stomach pathogen 
Helicobacter pylori has been shown to colonize the oral cavity, 
and it was hypothesized that the mouth could serve as a reser-
voir for oral-oral transmission or gastric re-infection (Bürgers  
et al., 2008). To help identify possible counter-receptors in saliva to 
which H. pylori can bind, a further refinement of the bacterial 
overlay technique was used (Walz et al., 2009). The binding 
specificities of wild-type and adhesin-deficient mutants were 
initially tested by bacterial overlays on arrays containing a num-
ber of natural glycoproteins and synthetic neo-glycoproteins 
with well-defined glycans attached (Walz et al., 2005). Further, 
two-dimensional proteome maps of whole saliva as well as 

parotid and submandibular/sublingual glandular secretions, with 
well-defined strains as probes in bacterial overlays on 2-D trans-
fers, enabled several glycoprotein receptors in saliva to be iden-
tified for H. pylori (Walz et al., 2006). By this technique, 
corresponding bacterial adhesins binding to their respective 
salivary receptor counterparts were also identified (Walz et al., 
2009) (Table 1).

Another medical pathogen that was recently investigated for its 
saliva-binding properties is Staphylococcus aureus (Heo et al., 
2013). Identical strains of this bacterium were found in the 
infected lungs and oral cavities of hospitalized patients, suggest-
ing that the oral environment may play a role in the infection or 
transmission process (Heo et al., 2008). To investigate the bind-
ing of salivary proteins to the surface of this bacterium, investi-
gators used an in-suspension bacterial binding assay in which 
bacteria were exposed to fluorescence-labeled salivary proteins 
to evaluate binding (Heo et al., 2013). This allowed them to 
discriminate between truly saliva-derived components and bac-
terial contaminants in the eluates and also increased the sensitiv-
ity of detection in the assay. With this improved assay, a limited 
number of salivary proteins was identified that bound to the 
surface of S. aureus (Heo et al., 2013) (Fig. 1). It was also found 
that the binding of a subset of salivary immunoglobulin-related 
components to S. aureus was mediated by staphylococcal pro-
tein A (SpA), a member of the “surface components recognizing 
adhesive matrix molecules” (MSCRAMM) family of proteins.

What are the possible biological consequences of these dif-
ferent types of adhesive interactions of bacteria with salivary 
proteins? On one hand, binding to host-surface-associated sali-
vary proteins allows bacteria to attach to surfaces in the oral 
cavity, thus favoring their colonization and survival. This mech-
anism is most likely used by commensal oral bacteria. 
Conversely, binding of salivary proteins to planktonic bacteria 
in saliva can lead to agglutination of the bacteria and their 
elimination from the oral cavity. This mechanism is most likely 
relevant for the clearance of undesirable pathogens. Thus, saliva 
may act as a gatekeeper at the entrance to both gastrointestinal 
and respiratory tracts by retaining a beneficial resident micro-
flora in the oral cavity and at the same time eliminating potential 
pathogens that traverse the oral environment before they can 
reach their target tissue site and cause disease (Ruhl, 2012). 

table 1. Salivary Counter-receptors Bound by H. pylori

Bound Counter-receptorsa
Presence of Lewis B or  

H type 1 Glycansa Presence of Sialic Acidsa
Corresponding H. pylori 

Adhesinsa

Mucin MUC5Bb (+) + SabA / BabA
Mucin MUC7b - + SabA
Salivary agglutinin DMBT1/gp340b + + BabA
Proline-rich glycoprotein (PRG) ? (+) BabA
Carbonic anhydrase VI - + SabA
Parotid secretory protein (PSP) - + SabA
Zinc-α2-glycoprotein - + SabA
Secretory component - + SabA
S-IgA heavy chain - + SabA

aData are summarized from Walz et al. (2005, 2009).
bCounter-receptors also identified by others (Veerman et al., 1997; Prakobphol et al., 2005).
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Certain oral bacteria and pathogens bind salivary proteins to 
their surfaces in the suspended state, the biological conse-
quences of which are less clear. It has been suggested that it 
could facilitate colonization by bacteria through the establish-
ment of inter-bacterial adhesive interactions. It may also help 
bacteria to achieve a selective advantage by improving access to 
salivary compounds as metabolic substrates (Kolenbrander, 
2011). Finally, it could also be speculated that bacteria, such as 
the pathogen S. aureus, decorate themselves with salivary pro-
teins as a method of molecular mimicry to evade recognition by 
the host’s immune system (Ruhl, 2012; Heo et al., 2013).

In the future, as the mechanisms of bacterial interactions 
with salivary proteins are unraveled, it may become possible to 
interfere with the bacterial adhesion process in the oral cavity in 
a selective manner by blocking the interaction of pathogenic 
bacteria with specifically designed inhibitors of salivary  
receptor-adhesin interactions.

hIStatIn 5 uPtaKE IntO C. albiCans IS  
ESSEntIal fOR funGIcIDal actIvIty anD 
EffIcacy aS a tOPIcal thERaPEutIc fOR ORal 
canDIDIaSIS

Fungal pathogens are a worldwide threat to human health. 
Candida albicans, which is normally a commensal resident of 
the oral cavity, can cause oropharyngeal candidiasis (OPC) in 
individuals whose immune system is compromised by AIDS, 
chemotherapy, or the use of immunosuppressant drugs. Although 
our understanding about factors that tip the balance from com-
mensalism to virulence is incomplete, disruption of normal 
bacterial flora or host epithelial barriers (such as burns, cathe-
ters, or ventilation tubes) are predisposing circumstances for 
OPC and deep invasion to organs or blood by C. albicans.

The pipeline for new antifungal drugs for the treatment of 
OPC has been nearly empty for several years, as reflected by the 
dearth of new antifungal drugs or therapeutic innovations. It is 
generally agreed that new drugs should be rapidly fungicidal 
rather than fungistatic, and their use in new combination regi-
mens is needed to improve clinical outcomes (Revanker and 
Sobel, 2002). Naturally occurring host peptides meet these cri-
teria as a novel class of antimicrobial agents.

Salivary histatins (Hsts) are a family of related proteins 
whose primary function is inhibition of the growth and viability 
of C. albicans (Xu et al., 1991). Hsts are histidine-rich cationic 
peptides secreted by human parotid and submandibular-sublin-
gual salivary glands (Oppenheim et al., 1998) with high antifun-
gal activity (MIC50 ≈ 10 μM) and little microbicidal activity 
against oral bacteria (Groenink et al., 2003). Among at least 50 Hst 
peptides derived from post-translational proteolytic processing, 
Hst 5 (24 amino acids) and its 12-amino-acid subunit Hst 54-15 
(AKRHHGYKRKFH) have the most potent fungicidal activity 
against C. albicans in vitro (Rothstein et al., 2001).

A major barrier to the use of Hst 5 as a topical drug for OPC 
is that Hsts exhibit only 10-15% of their in vitro fungicidal 
activity when tested in whole saliva. For example, while some 
individuals had salivary fungicidal activity that positively cor-
related with the quantity of Hsts, several others had very high 

concentrations of Hsts but with low salivary microbial killing 
activity (Conti et al., 2011). Two major processes are likely to 
account for these differences. First is the dynamic turnover of 
salivary proteins, which balances secretion with proteolytic 
degradation. Second, Hst binding to the microbial surface may 
be “masked” by interaction with salts and perhaps with various 
salivary metals, including zinc and copper (Melino et al., 1999; 
Grogan et al., 2001; Helmerhorst et al., 2004; Porciatti et al., 
2010).

Unlike other antimicrobial peptides in the human innate 
defense arsenal, e.g., defensins, which insert into the membrane 
for killing activity (Fig. 2), native Hst 5 lacks amphiphilicity, 
precluding its entry into microbial membranes. Hst 5 has a 
unique mechanism of action that requires binding to C. albicans 
cell wall components, including Ssa1 proteins (Li et al., 2003, 
2006) and β-glucans (Jang et al., 2010), for its stabilization prior 
to uptake. However, binding alone does not cause cell death, 
since fungicidal activity occurred only after the C. albicans 
cytosol was reached. Hst 5 translocation requires a membrane 
proton electrochemical gradient; disruption of the gradient by 
sodium azide (NaN3) prevented Hst 5 uptake, although it 
remained bound to the cell wall. Fungal uptake of Hst 5 was not 
due to endocytosis, since endocytotic mutants or pre-treatment 
with endocytosis inhibitors did not alter Hst 5 activity (Jang  
et al., 2010). Instead, Hst 5 is transported into the cell via  
C. albicans polyamine (spermidine) transporters Dur3 and 
Dur31 (Kumar et al., 2011). Lack of intracellular transport is the 
basis for Hst 5 resistance in Candida glabrata; expression of  
C. albicans Dur3 and Dur31 within C. glabrata resulted in both 
higher killing and uptake of Hst 5 (Tati et al., 2013), underscor-
ing the key role of these transporters for Hst 5 translocation.

Based upon these findings, a conjugate peptide was con-
structed with spermidine (Spd) linked to Hst 54-15. Hst 54-15-Spd 
was significantly more effective in killing both planktonic cells 

figure 1. Salivary proteins in eluates released from the surface of  
S. aureus strain 8325. Positions and identities of bound proteins are 
derived from Heo et al. (2013).
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and biofilms of C. albicans and retained high fungicidal activity 
in both serum and saliva that was not dependent on protease 
inhibitors. Hst 54-15-Spd had very high efficacy in clearing OPC 
by topical application to tongues of immunosuppressed mice 
(Fig. 3), while sparing oral Streptococcal commensal bacteria 
and lacking hemolytic activity. Thus, we found a conjugate bio-
peptide that appears to be protease-resistant and specific to fungi 
over oral Streptococcal sp. Hst 54-15-Spd conjugates are a new 
class of peptide-based drugs with high selectivity for C. albi-
cans and potential as topical therapeutic agents for oral candi-
diasis. Although further clinical studies with Hst 54-15-Spd 
conjugate peptides in humans are required, histatin-polyamine 
conjugates show promise as potent anti-fungal drugs.

nEW aPPROachES tO thE tREatMEnt Of 
SalIvaRy GlanD DySfunctIOn

Differentiation is a highly regulated process by which a less 
specialized cell becomes a more specialized cell type. 
Differentiation dramatically changes a cell’s size, shape, and 
function. In the case of salivary glands, they must be anatomi-
cally positioned and appropriately sized. In addition, salivary 
glands must be close to nerves, blood, and lymphatic vessels, as 
well as bone and muscle. For instance, acetylcholine (a major 
salivary secretion agonist) should be able to reach the basolat-
eral side of the salivary glands to induce increases in intracel-
lular calcium. This triggers the opening of chloride channels to 
create a transepithelial gradient that drives sodium and water to 
the lumen of the acinus, leading to the formation of primary 
saliva (Melvin and Turner, 1992; Melvin et al., 2005). Salivary 

gland tight junctions provide a barrier that allows for unidirec-
tional fluid secretion (Nelson et al., 2013). These tight junctions 
are composed of three major transmembrane proteins – JAMS, 
claudins, and occludin – which are linked to the cytoskeleton by 
the adaptor protein ZO-1 (Nelson et al., 2013).

There are several causes of salivary hyposecretion in humans, 
such as Sjögren’s syndrome (SS) (Mathews et al., 2008), ecto-
dermal dysplasia (ED) (Singh and Warnakulasuriya, 2004), and 
the side effects of radiation therapy (Redman, 2008). What all 
these examples have in common is the loss of size, shape, and 
function of the salivary glands. For instance, patients with SS 
might display a persistent enlargement of the parotid gland, 
accompanied by lymphocytic infiltration, which destroys the 
branched salivary glands, and loss of saliva secretion (Mathews 
et al., 2008). Patients with ED, a developmental disorder, might 
have salivary gland hypoplasia and aplasia that is associated 
with secretory dysfunction (Singh and Warnakulasuriya, 2004). 
Finally, patients with head-and-neck cancer who have under-
gone irradiation display salivary acinar atrophy, which is associ-
ated with the presence of fibrotic tissue in the gland and loss of 
salivary gland function (Redman, 2008).

Despite recent improvements in the treatment of xerostomia, 
there has been little scientific advancement toward a clinically 
useful approach to the restoration of compromised salivary 
gland function. Attempts have been made to advance restorative 
treatments (via the development of an artificial salivary gland in 
a variety of extracellular matrices). Nonetheless, such restor-
ative treatment models have proved to be inadequate due to poor 

figure 2. Localization of fluorescein isothiocyanate (FITC)–labeled 
peptides in C. albicans.

figure 3. Topical treatment of candidiasis. (a) Clinical appearance of 
fungal lesions on animal tongues is shown on day 3 and day 5 post-
infection with C. albicans. Tongues treated with SHAM control have 
abundant white patches that coalesce into a solid white layer by day 
5. Tongues of animals treated with Hst 5 had fewer white lesions, while 
topical application of Hst 54-15-Spd resulted in nearly complete 
clearance of fungal lesions by day 5. (B) Microscopic imaging (10X) 
of tongue tissues stained with Periodic Acid Schiff shows extensive 
colonization by C. albicans on the dorsal epithelium of the tongue, 
inflammatory cell infiltration, as well as loss of epithelial architecture 
with SHAM treatment. Box shows typical fungal hyphal invasion of the 
superficial epithelium. Hst 5-treated mouse tongues had much lower 
fungal mass on the dorsum surface of the tongue (magnified box and 
arrowhead show reduced thickness of colonized candidal cells and 
lack of invasion). Hst 54-15-Spd-treated tongue tissues in mice did not 
have visible Candida cells and showed normal lingual papillae.
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differentiation and specification of the mechanisms underlying 
secretion. Here we present two new approaches for the treat-
ment of salivary gland dysfunction: (a) the use of resolvins and 
(b) the creation of differentiated acinar structures.

(a) use of Resolvins

Several studies have demonstrated that human and animal cells 
convert omega-3 polyunsaturated fatty acids into resolvins (Rvs), 
which are highly potent, short-lived, anti-inflammatory agents 
that control the duration and magnitude of inflammation in mod-
els of complex diseases (Serhan et al., 2002). Resolvin D1 
(RvD1) is produced in resolving exudates in vivo and is a product 
of transcellular biosynthesis with human leukocytes and endothe-
lial or epithelial cells. Aspirin, an anti-inflammatory drug that 
acetylates cyclooxygenase-2 (COX-2) and changes COX-2 func-
tion from a cyclooxygenase to a lipoxygenase, generates the 
aspirin-triggered (AT) form AT-RvD1, which appears to be more 
biologically stable than RvD1 (Sun et al., 2007). RvD1’s potent 
anti-inflammatory actions in many tissues prompted the investi-
gation of its impact on salivary epithelial integrity under physio-
logical and inflammatory conditions in the polarized rat parotid 
cell line Par-C10 (Odusanwo et al., 2012).

These studies demonstrated that RvD1 receptor (ALXR/
FPR2) activation enhances epithelial integrity in salivary glands 
(Odusanwo et al., 2012). RvD1 signaling is initiated by its bind-
ing to the high-affinity G protein-coupled receptor ALX/FPR2. 

The ALX/FPR2 receptor signals via modulation of the phospha-
tidylinositol 3-kinase (PI3K)/Akt signaling pathways (Odusanwo 
et al., 2012). RvD1 not only blocks inflammatory responses 
caused by the pro-inflammatory cytokine TNFα but also is able 
to restore and enhance tissue architecture in salivary cells (Fig. 4). 
Activation of ALXR with RvD1 regulates signaling pathways 
that mediate cell proliferation and migration and the mainte-
nance of tight junctions (TJ) required for normal saliva secre-
tion, suggesting a new pro-resolving role for RvD1 in salivary 
epithelium (Odusanwo et al., 2012).

(b) creation of Differentiated acinar Structures

Salivary gland cell differentiation has presented a recurring 
challenge for researchers, since primary salivary cells show a 
loss of phenotype in culture. Particularly, parotid cells show a 
marked decrease in amylase expression, and loss of tight junc-
tion organization and proper cell function. More recently, a 3D 
cell culture model was developed to support parotid gland cell 
differentiation with a combination of fibrin hydrogel (FH) and 
growth-factor-reduced Matrigel (GFR-MG) (McCall et al., 
2013). Furthermore, FH polymerized with a combination of 
EGF and IGF-1 induced formation of 3D spheroids capable of 
amylase expression and an agonist-induced increase in the intra-
cellular Ca2+ concentration ([Ca2+]i) in salivary cells. These stud-
ies represent an initial step toward the construction of an 
artificial salivary gland to restore salivary gland dysfunction.
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figure 4. RvD1 treatment enhances acinar formation in Par-C10 cells grown on GFR-Matrigel. Par-C10 cells grown on GFR-Matrigel in 8 well cham-
bers as described in “Materials and Methods” and incubated in the absence (a-c; 24 h and D-f; 60 h) or presence of RvD1 (100 ng/ ml; G-I; 60 
h), TNF- (10 ng/ml; J-l; 60 h), or RvD1 and TNF- (100 ng/ml; M-O; 60 h) added at plating. Acinar spheres were subjected to immunofluorescence 
using goat anti-rabbit anti-ZO-1 (a, D, G, J, and M; green) followed by Hoechst nuclear stain (B, E, h, K, and n; blue). XY images were obtained 
and analyzed using a Carl Zeiss 510 confocal microscope. Image taken from Odusanwo et al., 2012.
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IMMunOPathOGEnESIS Of SJöGREn’S 
SynDROME

Sjögren’s syndrome (SS) is an autoimmune disease that primar-
ily affects salivary and lacrimal tissue. Like many autoimmune 
conditions, SS has a strong female predilection. SS occurs in 
two forms: primary (pSS) and secondary (sSS). In pSS, patients 
exhibit xerostomia and xerophthalmia in isolation, in the absence 
of other autoimmune dyscrasias, although additional serious 
systemic disease manifestations may be seen (Seror et al., 
2010). The secondary form occurs with other autoimmune con-
nective tissue disorders, most commonly rheumatoid arthritis 
(RA) and systemic lupus erythematosus (SLE). Diagnosis of SS 
is challenging (Vitali et al., 2002), and there are no treatments 
for SS that target disease etiology. Therefore, it is critical to 
identify biomarkers that address mechanisms and may aid in the 
diagnosis and treatment of this debilitating disease.

B-cells contribute to SS Pathogenesis

Historically, T-cells were thought to drive SS pathogenesis, but 
many studies in recent years have demonstrated an important 
role for B-cells as well (Cornec et al., 2012). Notably, B-cells 
secrete pro-inflammatory cytokines and produce antibodies that 
contribute to inflammation. Moreover, B-cells are able to influ-
ence the differentiation of T-cell subsets, thereby shaping and 
directing immune responses.

In SS, B-cells are clearly dysregulated. B-cells produce auto-
antibodies, including anti-Ro (SSA) and anti-La (SSB), that are 
included as part of the diagnostic algorithm for SS (Vitali et al., 
2002). In addition, many other autoantibodies are detected in SS 
patients, such as anti-nuclear antibodies and rheumatoid factor 
(Hansen et al., 2007). Interestingly, most autoantibodies in SS 
patients are directed against ubiquitous autoantigens, indicating 
that SS is a systemic disease with immune pathology that is not 
limited to salivary tissue. The systemic nature of B-cell dysfunc-
tion is also evidenced by the high incidence of B-cell malignan-
cies in SS patients. While some of these lymphomas are reported 
in salivary tissue, many are located in extra-glandular sites, such 
as the stomach and the lung (Mariette, 1999). Analysis of these 
data, taken together, suggests that systemic disturbances in 
B-cells in SS contribute to disease pathogenesis.

cXcl13 Directs B-cell chemotaxis and Is Elevated in 
autoimmunity

For B-cells to function most efficiently, they must be recruited to 
specific sites where they interact with T-cells and secrete cytokines 
and chemokines to orchestrate effective immune responses. 
CXCL13 is a potent B-cell chemokine that is secreted by follicular 
stromal cells, antigen-experienced T-cells, and follicular Th cells 
(Cyster et al., 2000; Finch et al., 2013). Importantly, overexpres-
sion of Cxcl13 (the mouse protein) causes formation of ectopic 
lymphoid tissue (Luther et al., 2000). Thus, under physiologic 
conditions, CXCL13 mediates migration of B-cells to peripheral 
lymphoid organs to ensure effective B-cell interactions.

Aside from its physiologic role as a homeostatic chemokine, 
CXCL13 is elevated in numerous autoimmune diseases, includ-
ing RA and SLE (Rioja et al., 2008; Lee et al., 2010). 
Significantly, neutralization of Cxcl13 reduces disease severity 
in a mouse model of arthritis (Zheng et al., 2005). Thus, the 
presence of CXCL13 in autoimmune disease is well docu-
mented, and its neutralization ameliorates pathology.

cXcl13 Is Elevated locally and Systemically in SS

CXCL13 recruits B-cells to ectopic locations. Notably, several 
studies have demonstrated elevated CXCL13 in the salivary 
glands of patients afflicted with SS (Amft et al., 2001; 
Salomonsson et al., 2002, 2003; Barone et al., 2005, 2008; 
Hjelmervik et al., 2005) (Table 2). Moreover, B-cell frequency 
in minor salivary glands of SS patients increases with disease 
severity (Christodoulou et al., 2010). Analysis of these data, 
together, implicates CXCL13 in the ectopic recruitment of 
B-cells to salivary tissue and the pathogenesis of SS.

While the presence of CXCL13 in SS disease is well 
documented, the role of this chemokine in disease progression 
remains unclear. Importantly, research demonstrates that Cxcl13 
is elevated both locally and systemically in pSS and sSS models 
with advanced disease. Moreover, expression of Cxcl13 and its 
receptor Cxcr5 increases with disease progression within sali-
vary gland tissue in a SS mouse model (NOD/ShiLtJ), suggest-
ing that Cxcl13 may recruit Cxcr5-expressing lymphocytes to 
salivary tissue. Interestingly, the murine gene Cxcl13 is elevated 
in salivary tissue several weeks prior to disease onset in this 

table 2. CXCL13 is Elevated in Human Primary Sjögren’s Syndrome Salivary Tissue

Reference Tissue Methods Source of CXCL13

Barone et al., 2008 MSG IHC
qPCR

CD20+ IgD+ B-cells and CD 21+

follicular dendritic cell-rich areas
Barone et al., 2005 MSG IHC Periductal B-cell infiltrates, non-infiltrated ducts
Salomonsson et al., 2003 MSG IHC Acini and ductal epithelium
Hjelmervik et al., 2005 MSG DNA

microarray
Whole MSG

Salomonsson et al., 2002 MSG IHC
ISH

Epithelial cells in acini and ducts

Amft et al., 2001 MSG IHC
IF

Lymphoid aggregates, endothelium

MSG, minor salivary glands; IHC, immunohistochemistry; qPCR, quantitative PCR; ISH, in situ hybridization; IF, immunofluorescence.
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model, indicating that its expression may be an early event in SS 
pathogenesis. Importantly, macrophages are the most significant 
source of Cxcl13 in SS salivary tissue. Studies in humans cor-
roborate these findings, since CXCL13 is elevated in both sera 
and saliva of SS patients (Kramer et al., 2013). Analysis of these 
data, taken together, suggests that CXCL13 contributes to the 
pathogenesis of SS disease, and may be useful in the diagnosis 
of SS or as a potential therapeutic target.

cOncluSIOn

Findings from studies of the salivary proteome-oral microbiome 
interface support the possible role of saliva as a gatekeeper for 
microbes at the entrance to the gastrointestinal and respiratory 
tracts (Ruhl, 2012). It is fortunate that, currently, both the sali-
vary proteome and the oral microbiome are nearing completion. 
With such databases in hand, it will become possible to investi-
gate interactions between salivary components and microbes in 
the human oral cavity under a new light. The ultimate hope is to 
find a mechanism for therapeutically blocking unwanted bacte-
rial adhesion in the oral cavity.

Hst 54-15-Spd shows promise as a new topical therapy for oral 
candidiasis, with encouraging results in immunocompromised 
mouse models. Further research is required to ascertain its 
potential applicability in the clinical setting.

Two novel approaches to the treatment of salivary gland 
dysfunction have been presented. In vitro studies have shown 
that resolvin RvD1 may have a role in restoring the structural 
integrity of disordered salivary tissue, thus restoring normal 
function. At the same time, work toward the development of 
artificial salivary gland tissue is advancing.

B-cells have been shown to contribute to Sjögren’s syndrome 
(SS) disease through several well-defined mechanisms. 
Moreover, CXCL13 mediates B-cell movement and is dysregu-
lated in SS. Laboratory studies demonstrate that Cxcl13 
increases with disease progression both locally and systemically 
and thus may represent a novel biomarker or a therapeutic target 
in the management and treatment of SS.
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