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THE MICROBIOME IN PRIMARY SJÖGREN’S SYNDROME
The oral, gut and vaginal microbiome of primary Sjögren’s syndrome patients

1. De globale bacteriële samenstelling in de mond van patiënten met het primair Sjögren 

syndroom is niet ziekte-specifiek. (dit proefschrift)

2. Aanwezigheid van relatief veel Lactobacillus species in de mond duidt op dysbiose van het 

oraal microbioom als gevolg van een lage speekselproductie. (dit proefschrift)
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artsen die MKA-chirurg willen worden door hen hoge studiekosten voor de verplichte 

Tandheelkunde vooropleiding op te leggen.

9. It’s not the poop, it’s the mystery behind the poop. (uit de serie “It’s always sunny in 

Philadelphia”)

10. Wetenschap versterkt het geloof in een Schepper.

11. Medicus curat, natura sanat, Deus salvat.
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1
PRIMARY SJÖGREN’S SYNDROME

Primary Sjögren’s syndrome (pSS) is a systemic inflammatory autoimmune disease 
characterized by symptoms of oral and ocular dryness (1). The sensation of a dry mouth 
(xerostomia) and dry eyes (keratoconjunctivitis sicca) are the most frequently reported 
symptoms and are often the first symptoms experienced by pSS patients. Systemic 
manifestations occur in approximately 30-40% of pSS patients (Figure 1) (1). The prevalence 
of pSS is estimated at 0.3 to 1 in 1000 persons. Women are affected nine times more 
frequent than men (2). 

Chronic inflammation of the salivary and lacrimal glands in pSS patients is characterized 
by periductal lymphocyte infiltration. Another important characteristic of pSS, which can 
be found in the majority of patients, is the presence of anti-Sjögren’s syndrome antigen 
A (anti-SSA/Ro) autoantibodies. Currently, the leading classification criteria to include pSS 
patients in studies is the 2016 American College of Rheumatology / European League 
Against Rheumatism (ACR/EULAR) Classification criteria  (Table 1) (3). In the 2016 ACR/
EULAR criteria, salivary gland lymphocyte infiltration and serum anti-Ro/SSA autoantibody 
presence are the most important criteria to classify a patient with oral and/or ocular dryness 
as having pSS.

TABLE 1: American College of Rheumatology/European League Against Rheumatism classification 
criteria for primary Sjögren’s syndrome (pSS) (3). The classification of pSS applies to any individual who 
meets the inclusion criteria*, does not have any of the conditions listed as exclusion criteria,† and has 
a score of ≥ 4 when the weights from the five criteria items below are summed.

Item Weight/score

Labial salivary gland with focal lymphocytic sialadenitis and focus score of ≥ 1 foci/4mm2‡ 3

Anti-SSA/Ro-positive 3

Ocular Staining Score ≥ 5 (or van Bijsterveld score ≥ 4) in at least one eye§ 1

Schirmer’s test ≤ 5 mm/5 minutes in at least one eye 1

Unstimulated whole saliva flow rate ≤ 0.1 mL/min§ 1

*These inclusion criteria are applicable to any patient with at least one symptom of ocular or oral dryness, defined as a positive 
response to at least one of the following questions: (1) Have you had daily, persistent, troublesome dry eyes for more than 3 
months? (2) Do you have a recurrent sensation of sand or gravel in the eyes? (3) Do you use tear substitutes more than three times a 
day? (4) Have you had a daily feeling of dry mouth for more than 3 months? (5) Do you frequently drink liquids to aid in swallowing 
dry food? or in whom there is suspicion of Sjögren’s syndrome (SS) from the European League Against Rheumatism SS Disease 
Activity Index questionnaire (at least one domain with a positive item). 
†Exclusion criteria include prior diagnosis of any of the following conditions, which would exclude diagnosis of SS and participation 
in SS studies or therapeutic trials because of overlapping clinical features or interference with criteria tests: (1) history of head and 
neck radiation treatment, (2) active hepatitis C infection (with confirmation by PCR), (3) AIDS, (4) sarcoidosis, (5) amyloidosis, (6) 
graft-versus-host disease, (7) IgG4-related disease. 
‡The histopathologic examination should be performed by a pathologist with expertise in the diagnosis of focal lymphocytic 
sialadenitis and focus score count.
§Patients who are normally taking anticholinergic drugs should be evaluated for objective signs of salivary hypofunction and 
ocular dryness after a sufficient interval without these medications in order for these components to be a valid measure of oral 
and ocular dryness.
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ETIOLOGY OF PRIMARY SJÖGREN’S SYNDROME

A combination of genetic and environmental factors contributes to the etiology of pSS. 
Single nucleotide polymorphisms (SNPs) in human leukocyte antigen (HLA) regions are 
associated with pSS as well as SNPs in genes that are involved in innate and adaptive 
immunity (4). Many of the associated genetic variations associated with pSS are not specific 
for the disease, as significant overlap is observed between pSS patients and patients with 
systemic lupus erythematosus (SLE) (5). The environmental factors involved in the etiology 
of pSS are still largely unknown. In this respect, viruses –  especially Epstein Barr virus – have 
been implicated as primary triggers for pSS (6), but the causal role of a viral infection in the 
etiology of pSS has still not been shown.  In contrast to viruses, the role of bacteria in the 
etiopathogenesis of pSS is scarcely studied up to now and remains largely unknown thus 
far.

Mounting evidence indicates that the microbial composition in and on the human body 
– i.e. the human microbiome – plays an important role in human health and disease (7–
9). Regulation, training and activation of the immune system is greatly influenced by the 
human microbiome (10). We hypothesized that a disturbed balance between the human 
microbiome and the host (i.e., dysbiosis) contributes to the chronic systemic inflammation 
observed in pSS patients.

THE HUMAN MICROBIOME

A brief history on bacteria and next-generation sequencing

Ever since Antony van Leeuwenhoek discovered his ‘animalcules’ in the 17th century, we 
know that the human body is inhabited by many microorganisms (11). Van Leeuwenhoek 
described his discovery as: “the people in the United Netherlands are not as many as the 
living animals that I carry in my own mouth” (Figure 2). Since then, the microscope became 
the most important instrument to identify and classify bacteria and other microorganisms. 
Bacterial culturing, together with microscopic analysis, has long been the only method 
to identify bacterial species, but the discovery of DNA meant a start of a revolution in 
microbiology research.



13

Introduction and aim of the study

1

FIGURE 1: Extraglandular manifestations of primary Sjögren’s syndrome. Reproduced with permission 
from: X. Mariette and L. Criswell, Primary Sjögren’s Syndrome, NEJM, 2018. 378: 931-939, Copyright 
Massachusetts Medical Society (1).
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FIGURE 2: Bacteria from Leeuwenhoek’s mouth. The dotted line portrays movement. Reproduced 
with permission from: Nick Lane, The unseen world: reflections on Leeuwenhoek (1677) ‘Concerning 
little animals’. Phil. Trans. R. Soc. B 370: 20140344. Copyright The Royal Society (11).

In 1868, the Swiss doctor Friedrich Miescher was the first to describe ‘nuclein’ in the nucleus 
of white blood cells, which later became known as deoxyribonucleic acid, DNA (12). In 
1953, Watson and Crick discovered the double-helix structure of DNA (13) and in 1985 the 
polymerase chain reaction (PCR) was described for the first time by Saiki et al. (14). PCR is an 
enzymatic DNA amplification of a specific gene or region of a DNA-strand, and remains one 
of the most important steps in DNA research to date. Not only human, but also DNA from 
microorganisms (e.g., bacteria and viruses) can be amplified by PCR. 

In the early years of the second millennium, high-throughput sequencing, which is also 
described as massively parallel sequencing, second-generation sequencing or next-
generation sequencing, started to become mainstream in laboratories investigating human 
and microbial DNA (15). In 2012, the Human Microbiome Project Consortium reported the 
first large-scale study in which next-generation sequencing (NGS) was used to describe the 
healthy human microbiome (16).

Advantages and limitations of 16S ribosomal RNA sequencing

The main advantage of NGS over conventional culturing techniques or a standard PCR 
approach, is that NGS can reveal the complete microbial composition in a sample, including 
microorganisms that have not yet been identified with other techniques (Figure 3). A 
disadvantage of next-generation sequencing is that the abundance of specific bacteria is 
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1
always relative to that of the total bacterial composition. This limits the ability to gain insight 
in the relationship between the real bacterial load of a specific bacterial species and the host 
(17). Until now, 16S ribosomal RNA (16S rRNA) sequencing is worldwide the most used next-
generation sequencing method to assess the complete bacterial composition in a sample. 
With 16S rRNA gene sequencing, one (or several) of the nine hypervariable regions in the 
1500 base pair long 16S rRNA gene is/are amplified with universal primers. Downstream 
software technology allows researchers to identify all the different bacteria present in a 
sample, based on the genomic information in the sequenced 16S hypervariable region 
(Figure 3) (21,22). 16S rRNA gene sequencing is relative low-cost – compared to whole 
genome sequencing – and  downstream bioinformatics pipelines are open-source and user 
friendly. 16S rRNA gene sequencing can reliably identify bacteria to the genus level, but not 
to the species or strain level. Thus, 16S rRNA gene sequencing provides a more distant view 
of the microbe-host interaction, compared to whole genome sequencing (WGS), which 
allows for bacterial species identification (Figure 3). 16S rRNA gene sequencing is useful 
to assess which bacteria are present (‘who is there?’), but is unable to identify the genetic 
functions of bacteria (‘what are they doing?’), which is also possible with WGS. Taken the 
limitations into account, 16S rRNA gene sequencing remains a good method for explorative 
research on the interaction between the human host and bacteria. When more detailed 
assessment of the host-microbe interaction is required, WGS, conventional culturing or 
targeted PCR techniques can be used.

The human microbiome and immunity

The human microbiome consists of all microorganisms (i.e., viruses, phages, bacteria, 
archaea and fungi) that live in and on the human body. The number of bacteria in the 
human microbiome was recently estimated to be 38 trillion (3.8*1013), comparable to the 
number of human cells (30 trillion), and a cumulative weight of 200 grams (23). Furthermore, 
the number of bacterial genes in the gut microbiome is over 100 times larger than the 
number of human genes (24). 

In a healthy situation, a homeostatic balance develops during life between the host 
immune system and the microbiota living in and on the human body. A well-balanced 
host immunity–microbiome relationship is characterized by the induction of protective 
responses to pathogens and regulatory responses to harmless microbiota. If pSS patients 
have a specific dysbiosis of the microbiota composition on mucosal surfaces, then this 
might contribute to the development of the disease. Disturbance of the host-microbiome 
homeostasis may also be a symptom of underlying disease, however. In pSS patients, 
dryness of epithelial surfaces (i.e., oral, eye, skin and vagina) is presumed to influence the 
microbial composition at these sites. A first step towards addressing the role of the human 
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FIGURE 3: Bioinformatic methods for functional metagenomics. First, community DNA is extracted 
from a sample, typically uncultured, containing multiple microbial members. The bacterial taxa present 
in the community are most frequently defined by amplifying the 16S rRNA gene and sequencing 
it. Highly similar sequences are grouped into Operational Taxonomic Units (OTUs), which can be 
compared to 16S databases such as SILVA (18), Green Genes (19) and the Human Oral Microbiome 
Database (HOMD) (20), to identify them as precisely as possible. The community can be described in 
terms of which OTUs are present, their relative abundance, and/or their phylogenetic relationships. 
This method was used in the studies described in chapters 3-6. An alternate method of identifying 
community taxa is to directly metagenomically sequence community DNA (i.e., whole genome 
sequencing) and compare it to reference genomes or gene catalogs (see shaded area in the figure). 
This method is more expensive and computationally demanding, but provides improved taxonomic 
resolution and allows observation of single nucleotide polymorphisms (SNPs) and other variant 
sequences. This method was not used in this thesis. Figure and text reproduced with permission 
from: X.C. Morgan and C. Huttenhower, Chapter 12: Human Microbiome Analysis, PLoS computational 
biology, 2012. 8: e1002808 (21).

microbiome in pSS is identifying disease-specific associations between pSS and the 
microbiota composition on epithelial surfaces. In this thesis, we used 16S rRNA gene 
sequencing to assess the oral, gut and vaginal microbiome in patients with pSS. 

The oral microbiome

The oral microbiome has a highly diverse bacterial composition, with over 700 microbial 
species included in the 16S rRNA gene Human Oral Microbiome reference Database 
(HOMD) (20). In one individual person, the microbiota composition differs between the 
buccal mucosa, tongue, dental surfaces, the periodontal sulcus and saliva (25,26). Therefore, 
it is important to consider where a microbial sample is taken from, when one refers to ‘the 
oral microbiome’.

Despite the high load and large variety of bacteria, viruses and fungi, the oral mucosa 
remains in a relative state of health, due to its pro-tolerogenic nature and the antimicrobial 
defense mechanisms (27). Interaction between oral microbiota and immune cells in the 
oral mucosa mainly take place under the influence of dendritic cells in the mucosa and 
lymphoid structures (tonsils) in the oropharyngeal region (28). 

Thus far, three relatively small studies (≤10 pSS patients) have assessed the oral microbiome 
in patients with pSS, using different oral sampling methods (saliva, buccal mucosa and 
tongue) (29–31). These preliminary studies showed that oral microbiota compositions differ 
between pSS patients and healthy controls (Table 2), but were unable to elucidate whether 
the differences in oral microbiota composition are specific for pSS and whether oral dryness 
itself already leads to these differences.  
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The gut microbiome

The gut is home to most bacteria in the human microbiome and the composition is 
more diverse than in any other location in the body (23). The concentration of bacteria 
in feces is, together with the bacterial concentration in dental plaque, the highest in any 
microbial sample from the human body (1011 bacteria/gram) (32). Fecal sampling is the 
most widely used method to determine the gut microbiota composition and provides a 
valuable method to assess the connection between microbiota and gut mucosal immunity. 
The mucosal immune system in the gut contains 80% of all human immunoglobulin (Ig) 
producing cells (i.e., plasma cells and plasmablasts) (33). Furthermore, many different types 
of T cells are also abundantly present in the gut mucosa, which play a fundamental role in 
regulating immunologic responses to gut microbiota (10). Therefore, the gut microbiome 
is highly relevant to study in patients with chronic inflammatory autoimmune diseases, 
especially those in which B cells, T cells and autoantibodies play a fundamental role in the 
pathogenesis, as is seen in pSS.

Until now, two relatively small studies have assessed fecal samples from pSS patients, 
suggesting an association between gut microbiota dysbiosis and pSS (Table 2) (30,34). 
However, several questions remain poorly answered or unanswered. 1) Does the gut 
microbiome from pSS patients differ from that of the general population? 2) If so, what 
are the characteristics of the gut microbiome in pSS patients? 3) Is the gut microbiota 
composition in pSS patients specific for the disease?

The vaginal microbiome

The vaginal microbiome is unique compared to the oral and gut microbiome, because 
Lactobacillus species largely dominate (often >90% of the relative abundance) the healthy 
vaginal microbiome (35,36). Consequently, a healthy vaginal microbiome is mostly 
associated with low microbial diversity, while high diversity is frequently observed in 
women diagnosed with bacterial vaginosis (35,36). Vaginal dryness is frequently reported 
by women with pSS (37,38), but it is unknown whether this affects the vaginal microbiome. 
If the vaginal microbiome in women with pSS is altered more towards dysbiosis, then this 
may result in increased cervicovaginal inflammation and mucosal barrier changes (39). 
Inflammatory infiltrates have already been observed in vulvar biopsies from women with 
pSS (40), but, whether the vaginal microbiome is involved in the lymphocyte infiltration in 
the vaginal epithelium is unknown (40). To date, there are no studies available that have 
investigated the vaginal microbiome in women with pSS. 
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AIM AND OUTLINE OF THIS THESIS

Aim

The overall aim of the research described in this PhD thesis was to assess whether pSS is 
associated with a disease-specific dysbiosis of the microbiota composition in the oral cavity, 
gut and vagina. Therefore, the microbiota composition in oral, fecal and vaginal samples 
from pSS patients was studied in comparison with that of healthy and/or population 
controls and disease controls using 16S rRNA gene sequencing. This technique allows to 
compare the diversity, the overall bacterial composition and the relative abundance of 
individual bacterial taxa between pSS patients and controls. 

Outline

In chapter 2, the currently available evidence of a connection between the human 
microbiome and three of the most common systemic inflammatory autoimmune diseases 
(i.e., rheumatoid arthritis, systemic lupus erythematosus (SLE) and pSS) is reviewed. 
Furthermore, we explain how the human microbiome is assessed with next-generation 
sequencing and describe the interaction of mucosal and systemic immunity with microbiota.

In the studies described in chapters 3 and 4, we aimed to find an answer to the question 
whether patients with pSS have a disease-specific composition of the oral microbiome. 
Therefore, we did not only include pSS patients and healthy controls in the analysis, but also 
disease-controls, comprising of individuals with oral dryness complaints not fulfilling the 
classification criteria for pSS (i.e., non-SS sicca patients). In the study described in chapter 3, 
the overall oral microbiota composition – measured in oral washings – of pSS patients 
was analyzed in pSS patients, healthy controls and non-SS sicca patients. In chapter 4, a 
study is described in which the microbiota composition of the buccal mucosa is compared 
between pSS patients, non-SS sicca patients, healthy controls and population controls 
who participated in the LifeLines DEEP study (41,42). In both studies, richness, diversity 
and overall composition of the microbiome, as well as the relative abundance of individual 
bacterial taxa were used as outcome measures. The effect of salivary secretion rate was 
tested on the complete microbiota composition in a sample and on the relative abundance 
of individual bacterial taxa.

The main goal of study described in chapter 5 was to assess whether pSS patients have 
a specific dysbiosis of the gut microbiome in comparison with a large group of general 
population controls who participated in LifeLines DEEP (42,43) and with disease controls 
(i.e., SLE patients). We used fecal samples to compare the richness, diversity, overall 
microbiota composition and the relative abundance of individual bacterial taxa in the 
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gut microbiome between the three study groups. Furthermore, we compared the oral 
microbiome, determined in oral washings and buccal swabs, from the same pSS and SLE 
patients. Finally, we assessed the connection between the oral and gut microbiome in 
these diseased patient groups.

The study described in chapter 6 was performed in order to assess whether premenopausal 
women with pSS-associated vaginal dryness show dysbiosis of the vaginal microbiome, in 
comparison with premenopausal control women. Endocervical swabs and cervicovaginal 
lavage samples were obtained from women and analyzed with 16S rRNA sequencing. 
Clustering analyses were performed and vaginal bacterial community state types were 
compared between the two groups.

In chapter 7, the results of our studies are discussed in further detail. We provide future 
perspectives on how future studies can further elucidate the cause and effect relationship 
between oral/gut microbiota and pSS. Furthermore, we discuss possible interventions that 
may positively influence the oral and gut microbiome in pSS patients. 
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ABSTRACT

The human microbiome consists of all microorganisms occupying the skin, mucous 
membranes and intestinal tract of the human body. The contact of the mucosal immune 
system with the human microbiome is a balanced interplay between defense mechanisms 
of the immune system and symbiotic or pathogenic microbial factors, such as microbial 
antigens and metabolites. In systemic autoimmune diseases (SADs) like rheumatoid arthritis, 
systemic lupus erythematosus and Sjögren’s syndrome, the immune system is deranged to a 
chronic inflammatory state and autoantibodies are an important hallmark. Specific bacteria 
and/or a dysbiosis in the human microbiome can lead to local mucosal inflammation and 
increased intestinal permeability.  Proinflammatory lymphocytes and cytokines can spread 
to the systemic circulation and increase the risk of inflammation at distant anatomical sites, 
such as the joints or salivary glands. Increased intestinal permeability increases antigen 
exposure and the risk of autoantibody production. If the human microbiome indeed plays 
such a critical role in SADs, this finding holds a great promise for new therapeutic strategies, 
such as diet interventions and pro- and prebiotics. This review provides a background on 
the human microbiome and mucosal immunity in the gut and oral cavity, and gives a 
summary of the current knowledge on the microbiome SADs connection.
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INTRODUCTION

Despite the enormous effort from investigators over the world, the etiopathogenesis 
of systemic autoimmune diseases (SADs) like rheumatoid arthritis (RA), systemic lupus 
erythematosus (SLE), Sjögren’s syndrome (SS), systemic sclerosis and vasculitis is only 
partially understood. These SADs have a multifactorial etiopathogenesis, meaning that a 
genetic background, environmental factors, hormones and a deranged immune system are 
all involved to a more or lesser extent. 

The genetic contribution to RA and SLE has been well studied, but is yet understudied in 
SS (Lessard et al, 2012). Concordance rates for RA and SLE in monozygotic twins are 15% 
and 24%, respectively (Deapen et al, 1992; Silman et al, 1993). Thus, siblings with identical 
genomes often do not share a systemic disease phenotype. However, the heritability - 
which estimates the extent to which variation in liability to disease in a population can be 
explained by genetic variation - is estimated to be 60% and 44% for RA and SLE, respectively 
(Kuo et al, 2015; MacGregor et al, 2000). No data on twin concordance or heritability in SS is 
yet available (Bogdanos et al, 2012; Lessard et al, 2012).  

Genome-wide association studies (GWAS) have revealed that single nucleotide 
polymorphisms (SNPs) in the human leukocyte antigen (HLA) gene are the major genetic 
risk factor to develop a SAD. SNPs in the HLA gene locus account for maximum odds ratios 
(ORs) of 3.7 in RA, 2.9 in SLE and 3.5 in SS (Castaño-Rodríguez et al, 2008; Lessard et al, 
2013; Raychaudhuri et al, 2012), but these ORs are low compared to other autoimmune 
diseases like ankylosing spondylitis and type 1 diabetes (T1D) with HLA-related ORs of 
41 and 11, respectively (Lin et al, 2011; Noble and Erlich 2012). Many non-HLA encoding 
genes related to suspected pathogenic pathways are associated with RA, SLE and SS, but 
these ORs are seldom higher than 1.5 (Harley et al, 2008; Lessard et al, 2013; Okada et al, 
2014). To summarize, although variations in the human genome explain only a small part 
of the aetiology of SADs, a relatively strong heritability and familial aggregation of SADs is 
noted (Cárdenas-Roldán et al, 2013). This apparent discrepancy in the role of genetics in 
the aetiology of SADs might be explained by the fact that not only the human genome is 
inherited, but also microorganisms that colonize the human body (Frankenfeld et al, 2004; 
Goodrich et al, 2014; Li et al, 2007). 

Environmental factors are considered a key factor in the development of systemic diseases 
(Wahren-Herlenius and Dörner 2013). Especially (infections with) microorganisms are 
thought to play a causative role in the initiation of RA, SLE and SS, although mechanisms are 
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poorly understood. Examples of microorganisms that are associated with systemic diseases 
are the periodontal pathogen Porphyromonas gingivalis with RA and Epstein-Barr virus (EBV) 
with SLE and SS (Croia et al, 2014; Hanlon et al, 2014; Quirke et al, 2014). 

An important argument of viral involvement in the etiopathogenesis is the demonstration 
of an increased production of type 1 interferon (type 1 IFN) in patients with RA, SLE, SS 
and other SADs (Gottenberg et al, 2006; Higgs et al, 2011). Type 1 IFN is upregulated upon 
cellular encounter with a virus and induces a cell-intrinsic antimicrobial state of infected and 
neighboring cells, limiting the spread of viral pathogens. Furthermore type 1 IFN promotes 
antigen exposure, natural-killer cell function and activates adaptive immunity to develop 
high-affinity antigen-specific T- and B-cells (Ivashkiv and Donlin 2014). Chronic type 1 IFN 
production is also associated with the development of autoreactivity, ultimately leading 
to autoimmunity (Ivashkiv and Donlin, 2014). Although microorganisms are suspected 
to play an initiating role in SADs, most auto-antibodies present in the serum of SS, SLE 
and RA are yet not directly related to associated microbial infections. An exception is the 
anti-citrullinated protein antibody (ACPA) in RA patients with periodontal disease and P. 

gingivalis colonization (see section on ‘The microbiome RA connection’) (Montgomery et 

al, 2015). 

The knowledge of the role of microorganism in the development of SADs is still 
inconclusive. We propose three possible explanations for this gap in understanding the 
role of microorganisms in systemic disease development. First, investigators might have 
overlooked possible pathogenic bacteria or viruses because they were limited to culture-
dependent and targeted DNA detection of microorganisms, revealing only one or several 
microorganisms. Currently less than half of the bacteria present in the oral cavity and only 
20% of bacteria in the gut are cultivated, but techniques aimed to cultivate ‘unculturable’ 
bacteria are still developing (Dewhirst et al, 2010; Eckburg et al, 2005; Vartoukian et al, 
2016). Secondly, investigators have possibly searched in the wrong anatomic location for 
pathogenic microorganisms causing an autoimmune response. Although the human gut 
harbors the majority of microorganisms present in our body, investigators have mainly 
focused on detecting microorganisms and their associated antibodies in the blood and 
the affected organ or tissue (Croia et al, 2014 ; Gill et al, 2006 ; Hanlon et al, 2014 ; Martinez-
Martinez et al, 2009). Finally, the microorganisms found to be associated with systemic 
diseases may very well be the ‘second hit’ in patients already predisposed to autoimmunity 
because of a chronic pro-inflammatory state of the immune system. For example, Epstein-
Barr virus (EBV) infection is the microorganism strongest related to SS and SLE (Croia et al, 
2014; Hanlon et al, 2014). However, 95% of the general adult population has been infected 
with EBV during life (Luzuriaga and Sullivan, 2011). An underlying - not clinically evident - 
chronic pro-inflammatory state of the immune system (‘first hit’) might be present in future 
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SLE or SS patients before they are infected with EBV (‘second hit’). This pro-inflammatory 
state causes an exaggerated and self-perpetuating immune response to a common viral 
infection such as EBV.

Next-generation sequencing (NGS) is a great tool to explore the role of microorganisms 
in the development of SADs, because with NGS the complete composition and functions 
of a microbial community can be defined. First, NGS can detect previously unknown and 
uncultured microorganisms. Second, NGS can be applied to many human microbial habitats 
including the oral cavity or gut. Third, NGS has revealed that the gut microbial composition 
affects local and systemic immunity (Hooper et al, 2012). In this review we summarize the 
current general knowledge of the human microbiome in relation to the development and 
pathogenesis of three SADs: RA, SLE and SS.

Defining the human microbiome

In scientific literature the term microbiome is approached from two directions. From a 
biologist point of view the human microbiome is defined as “a characteristic microbial 
community occupying a reasonably well defined habitat which has distinct physio-
chemical properties”. This definition not only refers to the microorganisms involved, but 
also encompasses their “theatre of activity” (Whipps et al, 1988), and emphasizes on –

biome (as in community). As research on microorganisms has partly moved from biology 
towards genetics, the term microbiome is also defined from a genetic point of view 
with the emphasis on –ome (as in ‘–omics’ research, i.e. genomics). Herewith the human 
microbiome is defined as “the collective of genomes of the microbes that live with us” or as 
a “second genome of the host”. The microorganisms themselves are defined as ‘microbiota’ 
(Turnbaugh et al, 2007). In this review we will use the latter mentioned definitions for 
microbiome and microbiota. The term metagenome will be used to refer to the collective 
set of all genomes of a microbial community (Petrosino et al, 2009). The human microbiome 
includes the collective of genomes from viruses, bacteria, archaea and fungi, but the focus 
of this review is on the bacterial composition in the gut and oral cavity, referred to as the 
gut and oral microbiome. The role of viruses in systemic diseases is extensively reviewed by 
others (Ball et al, 2015; Hanlon et al, 2014; Triantafyllopoulou and Moutsopoulos, 2007) and 
will only briefly be discussed here.

Next-generation sequencing and ‘meta-omics’ 

Sampling a complete microbial community has become possible with the culture 
independent method NGS. NGS is a DNA-sequencing technique which allows massively 
parallel sequencing, during which millions of fragments of DNA from a single sample 
are sequenced in unison (Grada and Weinbrecht, 2013). NGS facilitates high-throughput 
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sequencing, which allows an entire microbial community to be sequenced, herewith 
providing much more information than culture or targeted DNA studies. With this greatly 
increased amount of microbial data, the range of possible statistical calculations in microbial 
research has also increased. This has led to new associations between the microbial 
composition and the health status of the human host (Scher et al, 2013; Turnbaugh et al, 
2009). 

In microbiome research the two major NGS approaches are 16S ribosomal RNA (rRNA) 
gene sequencing and metagenomic shotgun sequencing. Both methodologies have 
been thoroughly reviewed by Zarco et al, (Zarco et al, 2012) and will be summarized here 
briefly. The 16S rRNA gene approach is used to identify and classify bacteria that are present 
in a community based on sequence reads of variable regions within the 16S rRNA gene 
(Yarza et al, 2014). With metagenomics shotgun sequencing the functional characteristics 
(‘what can the community do?’) is studied (Gill et al, 2006; Zhang et al, 2015). Metagenomic 
shotgun sequencing is more complex, time-consuming and requires more computational 
power than 16S rRNA sequencing especially in processing the massive amount of reads 
to useful information about putative functional pathways (Bikel et al, 2015; Thomas et al, 
2012). Metagenomics gives an answer to the potential function of a microbial population, 
but has a limited role in revealing the microbial activity measured by gene expression (Bikel 
et al, 2015). The whole process from DNA, to messenger RNA (mRNA), to proteins and 
finally metabolites can be studied with a variety of ‘omics’ techniques. Metatranscriptomic 
shotgun sequencing, or in short RNAseq, answers the question ‘which metabolic pathways 
are currently active in a certain microbial population’? With RNAseq all RNA present in a 
sample is sequenced and the mRNA reads are analysed. For example, comparing the relative 
abundance of mRNA reads of a certain gene or pathway with the relative abundance of 
the equivalent DNA gives insight in the relation of the functional activity to the functional 
potential (Franzosa et al, 2015a). 

Sequencing microbial DNA gives insight in the functional potential of a microbial 
community, but measuring protein abundance (metaproteomics) provides a more direct 
measure of the functional activity of a microbial community. Proteomic methods rely on 
mass spectrometry-based shotgun quantification of peptide mass and abundance (Franzosa 
et al, 2015a). Finally, the study of metabolomics aims to identify and quantify all the small-
molecule, microbial-produced metabolites in order to unravel the dynamic nature of the 
metabolic function of a microbial community and understand how it influences its human 
host (Cénit et al, 2014). 

In the future, multiple ‘omics’ approaches (multi-omics) will be integrated to take the 
next step forward in understanding the biology of microbial communities and a better 
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understanding of the complex mechanisms of host-microbiome interactions (Franzosa et 

al, 2015a). The multi-omic approach has a great potential in unravelling the microbiome-
systemic disease connection, but considerable work needs to be done, especially in the 
investigative tools and integrate the massive amount of data in bioinformatic pipelines.

The human superorganism

Ever since Antony van Leeuwenhoek discovered his “animalcules” in the 17th century, we 
know that the human body has always been inhabited by many different microorganisms. 
In one of his letters van Leeuwenhoek wrote: “…the people living in our United Netherlands 
are not as many as the living animals that I carry in my own mouth…”. Taking a step of 400 
years to the 21st century, we now know that each human being is colonized with trillions of 
bacteria and that the human body can therefore be addressed as a ‘superorganism’ (Gill et 

al, 2006). A superorganism is an organism made out of many smaller organisms, acting in 
concert to produce phenomena governed by the collective. 

Each human being is colonized with roughly the same amount of bacteria (4 x 1013) as 
human cells (3 x 1013) (Sender et al, 2016). The collective of genes in these microorganisms 
outnumbers the human genome by a factor of more than 100 (Qin et al, 2010). The 
potential metabolic functions of all these bacterial genes also exceed that of the human 
body (Maccaferri et al, 2011). Thus, humans can be described as superorganisms whose 
metabolism is a concert of microbial and human instruments. 

Each human being is born almost sterile, but directly after birth the human body becomes 
colonized with microorganisms from its environment. The complex and critical assembly 
of the host with its microorganisms starts at birth and takes several years to form a stable 
composition (Koenig et al, 2011; Yatsunenko et al, 2012). Delivery mode (vaginal birth versus 
Caesarean section), breast feeding, diet, use of antibiotics, use of proton pump inhibitors, 
home country and the host genome are all known to influence the composition of the 
bacterial community in the gut (David et al, 2014; Dominguez-Bello et al, 2010; Goodrich 
et al, 2014; Imhann et al, 2015; Koenig et al, 2011; Yatsunenko et al, 2012; Zaura et al, 2015). 
Thus, each adult ‘human superorganism’ has evolved through a series of events and the 
individual composition of this superorganism appears to be so unique that individuals 
can be distinguished based on human-associated microbial communities (Franzosa et al, 
2015b). 

The human microbiome in healthy people – is there a ‘core’ human 
microbiome?

In 2007, the Human Microbiome Project (HMP) was announced as a logical conceptual and 
experimental extension of the Human Genome Project (Turnbaugh et al, 2007). One of the 
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main goals of the project was to investigate the concept of a ‘core’ human microbiome, 
which is defined as the set of microbial genes present in a given habitat in all or the vast 
majority of humans (Turnbaugh et al, 2007). Shortly after the start of the HMP in 2008 this 
concept was largely discarded, because the variability of the human microbiome between 
individuals appears to be very high (Hamady and Knight,  2009; Huttenhower et al, 2012). 
As a consequence of the enormous variability in the human microbiome, it is very difficult 
(or even impossible) to use the presence or abundance of specific microorganisms as 
biomarkers for disease. When looking at higher-order taxonomic levels (i.e., the genus or 
phylum level) human microbiome communities begin to resemble one another more, 
although variation in the relative abundance in the shared genera or phyla is still large 
(Hamady and Knight, 2009; Zaura et al, 2009; Zhang et al, 2015a). Although the concept of a 
core human microbiome, defined by a set of abundant microorganisms, is largely discarded, 
it appears that a core microbiome does exist in the gastrointestinal tract (gut) microbiome 
at the level of shared genes, especially those involved in metabolic functions (Turnbaugh 
et al, 2009; Zhang et al, 2015a). Thus, although the bacterial composition shows a large 
variability between individuals, the metabolic functions executed by these microorganisms 
are more similar in a healthy population (Lozupone et al, 2012).

Observational and experimental study designs in microbiome research

Several studies have demonstrated associations of the microbiome with RA, SLE, SS and 
systemic sclerosis in humans and in mice (Arron et al, 2014 ; Hevia et al, 2014 ; Scher et 

al, 2013 ; Szymula et al, 2014). Up to now, human studies investigating the microbiome-
systemic disease connection are observational case-control studies in which the human 
microbiome (or metagenome or metabolome) of mainly the gut, oral cavity and/or skin is 
compared between patients with systemic diseases and controls (Arron et al, 2014; Hevia 
et al, 2014; Scher et al, 2013; Zhang et al, 2015b). Because of the observational design with 
single time point measurements, these studies are unable to answer the question whether 
changes in the microbiome are a cause or effect of the disease. Furthermore, because of 
the exploratory nature and relatively low number of subjects in human microbiome studies 
(usually dozen to a hundred) compared to human genome studies (usually thousands), 
there is a considerable risk of finding false positive associations. 

In GWAS studies, a genetic difference found between two populations needs to exceed the 
threshold of P = 5 x 10-8 to be considered significant (Lessard et al, 2013). Data in microbiome 
studies differs greatly from genome studies and specific biostatistic pipelines (multiple 
statistical analyses performed successively) have been developed to find associations 
between microbiome data and meta-data, such as disease parameters (Morgan et al, 2012). 
These biostatistic pipelines often include a calculation to correct for the false discovery rate 
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(Benjamini and Hochberg method) or for multiple testing (Bonferroni correction) (Morgan 
et al, 2012; Scher et al, 2013). Applying these methods aids in finding significant associations 
in the immense amount of microbial sequence data and diseases or clinical metadata.

To investigate the effect of microorganisms on the initiation of systemic diseases animal 
studies are very helpful. In these studies germ-free (GF), specific pathogen free (SPF) and 
gnotobiotic animals (usually mice) are compared with mice grown under conventional 
conditions. GF mice are born and raised in sterile conditions and SPF mice are mice that 
are free of specific pathogens (and commensals) through the administration of antibiotics. 
Gnotobiotic (Greek gnōstos = ‘known’) mice are GF mice that are exposed to one or several 
known microorganisms at a certain point in life. For example, autoimmune arthritis was 
strongly attenuated in a K/BxN mouse model under GF conditions and the introduction of 
segmented filamentous bacteria (SFB) into GF animals re-established arthritis rapidly (Wu 
et al, 2010).  

Mucosal immunity in the gut

The microbiome-host immunity connection involves the bidirectional relationship between 
microorganisms and the host innate and adaptive immune system. The microbiome-host 
immunity connection is mainly investigated in the gut, both in humans and mice (Cerf-
Bensussan and Gaboriau-Routhiau, 2010 ; Vossenkämper et al, 2013 ; Wen et al, 2008). The 
high density of bacteria (≥1011/cm3 intestinal content) and the large surface area of the 
gut (30-40m2) emphasize the major exposure of the gut epithelium to bacteria and the 
potential effect of the gut microbiome on host immunity (Helander and Fändriks, 2014). 

The mucus layer residing on the epithelial lining of the intestinal tract forms a physical 
barrier which minimizes direct contact between bacteria and epithelial cells (van der Waaij 
et al, 2005). A firmly adherent (inner) mucus layer is attached to the intestinal mucosa and 
a more loose (outer) mucus layer covers the adherent layer and has direct contact with the 
luminal contents of the gut (Atuma et al, 2001). The mucus layer contains a large amount of 
secretory immunoglobulin A (SIgA) which blocks pathogens from binding to epithelial cells 
and traps bacteria in the mucus layer (Mantis et al, 2011). Physical clearance of entrapped 
bacteria is facilitated by the peristaltic movement of the bowel. Bacterial contact with the 
intestinal epithelium is also restricted by the antibacterial lectin RegIIIγ, which limits bacterial 
penetration of the mucus layer in the small intestine (Vaishnava et al, 2011). Antimicrobial 
peptides (AMPs), such as α-defensin and the human cathelicidin LL37, are produced by 
Paneth cells in the small intestine (Mukherjee and Hooper, 2014). Via granule exocytosis 
AMPs are brought into the intestinal lumen, where they can kill bacteria through membrane 
disruption (Mukherjee and Hooper, 2014; Schauber et al, 2003). The epithelium itself is also a 
central component of the intestinal immune system. It serves not only as a physical barrier, 
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but also shares immunological functions, by expressing pattern recognition receptors 
(PRRs) that recognize microbial-associated molecular patterns (MAMPs, also named 
pathogen-associated molecular patterns (PAMPs)). When a MAMP binds to a PRR (such as 
a Toll-like receptor, TLR) an intracellular signaling cascade in the epithelial cell activates 
the cell to stimulate the transcription of antibacterial proteins, pro-inflammatory cytokines 
and chemokines (Cerf-Bensussan and Gaboriau-Routhiau, 2010). Microfold cells (M cells) are 
specialized cells located between enterocytes and in close proximity of mucosa-associated 
lymphoid tissue (MALT, in the gut also called, gut-associated lymphoid tissue, GALT) 
beneath the epithelial layer. M cells are highly specialized for the phagocytosis, receptor 
mediated endocytosis and transcytosis of gut lumen antigens and microorganisms across 
the intestinal epithelium (Mabbott et al, 2013). Herewith luminal antigens are transported 
to the organized lymphoid tissue of the MALT located directly beneath the gut epithelium. 
Therefore, M cells fulfil an important immunosurveillance post in the intestinal epithelium 
(Mabbott et al, 2013). Intraepithelial lymphocytes (IELs) are another immune component 
of the intestinal epithelium. IELs are a heterogeneous group of antigen-experienced 
T-cells that have selectively migrated to the intestinal epithelium (Cheroutre et al, 2011). 
They comprise both thymus-induced, as well as peripheral-induced T-cells, many of them 
expressing the γδ T-cell receptor (up to 60%). IELs are located in the epithelial layer, in direct 
contact with enterocytes, which is mediated by CD103 on the surface of IELs. IELs are thus 
in close proximity of intestinal microorganisms, thereby fulfilling their role in the front line of 
immune defense against invading pathogens. IELs protect and restore the integrity of the 
epithelium and maintain local immune quiescence by secreting a wide range of cytokines.  
For example, transforming growth factor beta (TFGβ) has a role in protecting the integrity 
of the epithelium and tumor necrosis factor (TNF) and IFNγ function as protective cytokines 
(Cheroutre et al, 2011).

Along the intestinal tract, dendritic cells (DCs) reside in the lamina propria (LP), in MALT 
and in the mesenteric lymph nodes (MLNs) (Coombes and Powrie 2008). DCs in the LP and 
MALT have cellular extensions passing the epithelial cells into the lumen of the gut, where 
they can phagocytose bacteria, viruses and food peptides. MALT associated DCs present 
antigen to T-cells in the MALT and in MLNs and DCs from the LP migrate directly to the MLNs 
(Iwasaki, 2007; Liu and MacPherson, 1995). B-cells that are activated in the MALT or MLNs 
enter the circulation and home to the LP where they become IgA secreting plasma cells 
(Hooper et al, 2012). The human gut contains almost 80% of all plasma cells and produces 
the largest amount of IgA in the body (Brandtzaeg and Johansen 2005). The vast majority 
(80-90%) of the immunoglobulins produced by plasma cells in the LP is IgA (Brandtzaeg 
et al, 1999). The polymeric immunoglobulin receptor located on the basolateral surface of 
epithelial cells mediates transcytosis of locally produced IgA into the gut lumen where it 
is secreted as SIgA (Kaetzel, 2014). Besides the entrapment of bacteria in the mucus, SIgA 
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reduces bacterial virulence factors (Forbes et al, 2008 and 2011), prevents toxin attachment 
to epithelial receptors (Dallas and Rolfe, 1998) and aids in the phagocytosis of antigen by 
M cells to Peyer’s patches (Rey et al, 2004). Vice versa, gut microbiota and butyrate can 
modulate SIgA transport by influencing the expression of the polymeric immunoglobulin 
receptor (Bruno et al, 2010; Kvale and Brandtzaeg, 1995). How the gut microbiome affects 
local and systemic immunity is currently a major topic of research and is discussed in more 
detail in the section on the microbiome systemic immunity connection below.

Mucosal immunity in the oral cavity

The oral mucosa is also exposed to a very high diversity of microorganisms (≈700 different 
bacterial species) and food peptides (Dewhirst et al, 2010). Despite this high antigen load, 
the oral mucosa remains in a relative state of health due to the pro-tolerogenic nature of 
the mucosal immune system and its antimicrobial defense mechanisms (Dewhirst et al, 
2010, Hovav, 2014). 

The epithelium of the oral cavity is a stratified layer of non-keratinized (except for the 
keratinized gingiva) squamous cells and has a much less adsorptive and permeable nature 
than the gut epithelium which is composed of a single cell layer. Cell shedding from the 
surface layer of the oral epithelium minimizes colonization of bacteria (Hovav, 2014). 

Saliva is one of the major factors responsible for microbial homeostasis in the oral cavity 
which is illustrated by the fact that reduced salivary secretion in patients with SS leads to an 
increase in microbial related diseases, such as dental caries and oral Candidiasis (Arendorf 
and Walker, 1980; Christensen et al, 2001). Homeostasis of the oral microbiome is maintained 
by saliva through modulation of bacterial attachment, modulation of bacterial growth and 
inhibition of bacterial growth (van ’t Hof et al, 2014). Salivary Agglutinin and SIgA both bind 
to bacteria and prevent bacterial attachment to the oral mucosa. Bacterial modulation 
involves mucin 5B (MUC5B), the largest molecule in saliva. MUC5B is a peptide that is 
heavily glycosylated with an extremely heterogeneous set of oligosaccharides. MUC5B is 
the major carbohydrate source for microorganisms when external supply is absent (van 
’t Hof et al, 2014).  Inhibition of bacterial growth is controlled by salivary antimicrobial 
components, such as lysozyme, histatins, β-defensins and the human cathelicidin LL37. 
These antimicrobial components exert their antibacterial function by affecting cell wall 
integrity and pore formation and indirectly by immune signaling (van ’t Hof et al, 2014). 
Considering the many functions of saliva in the homeostasis of the oral microbiome, it is not 
surprising that hyposalivation may disturb this homeostasis.

All of the above mentioned antimicrobial components of saliva are also present in the 
gingival crevicular fluid (GCF) (Fábián et al, 2012). The composition of GCF is very similar to 
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serum transudate and therefore contains proteins that are also present in blood such as the 
complement system and IgG (Fábián et al, 2012). Leukocytes are also present in the GCF, 
with the majority being neutrophils (>90%) and the remaining fraction lymphocytes and 
monocytes (Delima and Van Dyke, 2003). 

Dendritic cells present in the oral mucosa are mainly Langerhans cells and are capable 
of antigen capture, migration to lymph nodes (LNs) and antigen presentation to T-cells 
(Hovav, 2014). However, because of the non-adsorptive nature of the oral epithelium and 
because the extensions of these DCs do not protrude into the oral cavity, the mucosa must 
be penetrated or damaged first, before antigen capture by DCs can take place at these 
sites. The sublingual mucosa is an exception to this, because antigen is easily adsorbed and 
captured by DCs (Kweon, 2011). After capture and antigen presentation in the peripheral 
LNs, the DCs of the sublingual mucosa are capable of initiating broad systemic and antigen 
specific protective immune responses (Kweon, 2011). Currently, this route is used in 
sublingual immunotherapy for type 1 respiratory allergies and may be used as a route for 
vaccinations in the future (Kweon, 2011; Moingeon, 2013). Furthermore, immunisation with 
an orally administered cholera vaccine has been shown to induce strong intestinal antibody 
responses with local immunological memory (Quiding, 1991).

The palatine tonsils are important lymphoepithelial organs in the oral cavity, located 
strategically at the surface of the digestive and respiratory tract (Nave et al, 2001). The 
adenoids, palatine tonsils and other smaller lymphoid structures of Waldeyer’s pharyngeal 
ring are collectively called the nasopharynx-associated lymphoid tissue (NALT) (Brandtzaeg 
et al, 2008).  M cells are also present in the epithelium of the palatine tonsils (as in GALT) 
(Nave et al, 2001). T-cells recognize presented antigen in the palatine tonsils (and other 
lymphoid tissues of NALT) and can activate B-cells to become plasma cells. Plasma cells 
originating from both the NALT and the GALT can home to the salivary glands to become 
SIgA secreting plasma cells (Brandtzaeg 2013). 

Sublingual antigen exposure has been shown to induce tolerance to antigens in respiratory 
allergies and strong intestinal antibody responses (Moingeon, 2013; Quiding, 1991). In 
conclusion, microbial homeostasis in the oral cavity is an effect of the combined function of 
the oral epithelium, saliva, GCF and adaptive immune responses that take place in lymphoid 
organs of the NALT and GALT. 

The microbiome–systemic immunity connection

The ability to investigate the whole bacterial composition and function in the gut and 
oral cavity with NGS has resulted in a major increase of understanding the bidirectional 
relationship of the immune system with the gut and oral microbiome (Hooper et al, 2012; 
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Scher et al, 2014; Zarco et al, 2012). Several excellent reviews have been published about 
how the microbiome affects local and systemic immunity and the relation between the 
microbiome and autoimmunity (Belkaid and Hand, 2014; Belkaid and Naik, 2013; McLean 
et al, 2014; Wu and Wu, 2012). In this section we explain the current knowledge of how 
bacteria and their metabolites in the gut can influence mucosal and systemic immunity. 
The connection of the gut and oral microbiome with RA, SLE and SS is discussed after this 
section.

The effect of microorganisms on shaping the immune system has been investigated for 
over 50 years.  The first studies were done with germ-free mice and collectively they showed 
that lymph nodes, spleen and Peyer’s patches from these mice were underdeveloped, small 
and relatively inactive compared to conventional raised mice (Bauer et al, 1963; Pollard and 
Sharon, 1970). When these mice were challenged with antigen from Salmonella paratyphi A 
by swabbing the oral cavity or intraperitoneal injection, the lymph nodes, spleen and Peyer’s 
patches increased in size and showed distinct germinal zones (Pollard and Sharon, 1970). 
This and other observations indicate that the immune system is dependent on contact with 
microorganisms to develop to a well-functioning state (Talham et al, 1999). In 1989 Strachan 
found that presence of hay fever (or allergic rhinitis, which is a type 1 allergic reaction) 
was inversely correlated with the number of children in a household, which he linked to 
a reduced opportunity for cross infection in young families (Strachan, 1989). Furthermore, 
children living on farms are exposed to a wider range of microbes than children not living 
on a farm and this exposure explained a substantial fraction of the inverse relation between 
allergic asthma and growing up on a farm (Ege et al, 2011). Recently the mechanism 
behind this relation was clarified in mice as it was shown that exposure to endotoxin 
(also called lipopolysaccharide, a cell wall component of Gram-negative bacteria) was 
capable of suppressing a type 2 immune reaction to house dust mite, by modifying the 
communication between barrier epithelial cells and DCs (Schuijs et al, 2015). Finally, early 
life consumption of raw cow’s milk reduces the risk of manifest respiratory infections and 
fever by about 30% in infants, implicating that bacteria or peptides present in untreated 
milk positively affect the immune system (Loss et al, 2015). Thus, it seems that the presence 
of certain microorganisms early in life is necessary to boost an immune system that prevents 
infections and will not overreact to antigens generally present in the environment (Olszak et 

al, 2012; Riedler et al, 2001). 

Early life (0 – 3 years) dynamics of the gut microbiome also affect the development and 
progression towards type 1 diabetes (T1D). In the study by Kostic et al, (Kostic et al, 2015) 
the gut microbiome was investigated in infants genetically predisposed to T1D. A marked 
drop in alpha-diversity (diversity within one faecal sample) was seen in T1D progressors in 
the time window between seroconversion and T1D diagnosis, compared to infants who 
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did not progress to T1D (Kostic et al, 2015). A decreased diversity of microorganisms in the 
gut bacterial composition is a hallmark of intestinal dysbiosis. Besides reduced diversity, 
dysbiosis can be defined by (a combination of) loss of beneficial microorganisms (such as 
Bacteroides strains and butyrate producing bacteria) and expansion of pathobionts (such as 
Proteobacteria including Escherichia coli) (Petersen and Round, 2014). Intestinal dysbiosis has 
been observed in patients with obesity (Turnbaugh et al, 2009), intestinal bowel diseases 
(Manichanh et al, 2012) and SLE (Hevia et al, 2014). 

One of the factors leading to intestinal dysbiosis is diet. A high-fat/high-sugar diet in 
C57BL/6 mice induces a dysbiosis in the gut microbiome, illustrated by a decreased 
total bacterial abundance and an increased absolute abundance of Escherichia coli and 
Bacteroides-Prevotella spp (Martinez-Medina et al, 2014). Furthermore, release of the 
proinflammatory cytokines TNFα and IL-1β into the colonic mucosa was seen in mice 
treated with the high-fat/high-sugar diet. Overexpression of claudin-2 was shown by 
immunohistochemical staining of intestinal biopsies (Martinez-Medina et al, 2014). 
Claudin-2 is an integral membrane protein in the epithelium and plays an important role 
in the regulation of epithelial permeability by creating paracellular pores. Overexpression 
of claudin-2 is associated with increased permeability in the gut and is expressed as a 
response to several inflammatory cytokines (IFNγ, TNFα, IL-1β, IL-4, IL-6, IL-13) (Suzuki, 2013). 
Thus, dietary changes can lead to an increased intestinal permeability (Martinez-Medina et 

al, 2014). Increased intestinal permeability can lead to translocation of bacteria between 
enterocytes into the LP of the intestine (Lewis et al, 2010). However, cause and effect of gut 
dysbiosis and mucosal inflammation are difficult to distinguish and therefore the relation 
between the gut microbiome and inflammatory bowel diseases is an important research 
field (Huttenhower et al, 2014). 

Depending on which bacterial or food antigens are presented by APCs in the immunologic 
compartments in the LP, the local immunologic response is directed towards inflammation 
or regulation (tolerance) (Belkaid and Hand, 2014). For example, segmented filamentous 
bacteria (SFB) in mice promote the accumulation of T helper (T

H
)17 and T

H
1 cells in the 

small intestine, both involved in the production of pro-inflammatory cytokines (Gaboriau-
Routhiau et al, 2009, Ivanov et al, 2009). An anti-inflammatory response is facilitated by 
the induction of regulatory T-cells (T

REG
 cells) as a result of the presence short chain fatty 

acids (SCFA) in the intestine (Arpaia et al, 2013). SCFA are produced by bacteria as a 
result of the breakdown of indigestible dietary components such as fibre. Also vitamin A 
(Mucida et al, 2007), Clostridium spp. (Atarashi et al, 2013), Bacteroides fragilis (Round and 
Mazmanian, 2010) and Faecalibacterium prausnitzii (Qiu et al, 2013) have been identified to 
promote the development of T

REG
 cells. Thus, metabolites and bacteria in the gut lumen are 

important in maintaining immunologic balance in the mucosal immune system between 
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inflammatory and regulatory functions. It is therefore suspected that changes in the gut 
microbiome concomitantly lead to changes in this balance, initially affecting the gut 
mucosa, but also leading to systemic immune effects (figure 1). In mouse models it has 
indeed been demonstrated that changes in the gut microbiome play a significant role in 
the development of SADs (Johnson et al, 2015; Praet et al, 2015; Scher and Abramson, 2011). 

The microbiome RA connection

RA is a systemic autoimmune inflammatory disease characterized by joint swelling, joint 
tenderness, destruction of synovial joints and the presence of autoantibodies such as 
rheumatoid factor (RF) and, more specifically, anti-citrullinated protein antibody (ACPA). The 
prevalence of RA in North America and Northern Europe is 500-1000 per 100,000 (Shapira 
et al, 2010). The 2010 American College of Rheumatology/European League Against 
Rheumatism (ACR/EULAR) classification criteria for RA include the presence of synovitis and 
the number of joints involved, serology (presence of RF or ACPA), acute phase reactants 
for inflammation (C-reactive protein and erythrocyte sedimentation rate) and a duration of 
symptoms of at least 6 weeks (Aletaha et al, 2010). 

Periodontal disease is more prevalent in RA patients than in controls and patients with 
periodontitis are at an increased risk of developing RA (de Smit et al, 2012; Koziel et al, 
2014; Nesse et al, 2010). Therefore, the role of Porphyromonas gingivalis, a key pathogen 
in periodontitis, has been studied in RA patients. P. gingivalis has the unique ability to 
convert the amino acid arginine in a protein to the amino acid citrulline, a process called 
citrullination (Gabarrini et al, 2015). However, protein citrullination is also a physiological 
process in the human body and therefore citrullinated proteins are also normally present. 
ACPAs are found in about 50% of early RA patients and serum levels of ACPAs correlate 
with disease severity (Koziel et al, 2014). Furthermore, ACPAs are highly specific for RA (more 
specific than rheumatoid factor) and are included in the 2010 classification criteria for RA 
(Aletaha et al, 2010). Although the exact link between ACPAs and synovial inflammation in 
RA patients is not fully understood, ACPA producing B-cells are enriched in the synovial fluid, 
indicating that ACPAs and/or ACPA producing B-cells play a role in synovial inflammation 
(Amara et al, 2013). 

Fifty years ago, it was shown that the amount of Clostridium perfringens in faecal samples of 
RA patients was increased compared to controls (Mansson and Colldahl, 1965; Olhagen and 
Månsson, 1968). Ten years later it was hypothesized that not just one bacteria is involved 
in the pathogenesis of RA, but probably many bacterial species (Gullberg, 1978). Recently, 
Scher et al, (Scher et al, 2013) investigated the complete gut microbial composition in RA 
patients with NGS and demonstrated that the gut microbiome of new-onset RA patients is 
characterized by an increase of Prevotellae, a decrease of Bacteroides and a loss of reportedly 
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beneficial bacteria. Interestingly, the higher abundance of Prevotella copri in new-onset 
RA patients was inversely correlated with genetic predisposition for RA. They explain this 
inverse correlation by stating that a certain threshold for P. copri abundance is necessary to 
develop RA (Scher et al, 2013). This P. copri threshold is possibly higher in patients who do 
not carry risk-alleles for RA. Thus, whether an individual develops RA might be the result of 
the sum of risk-alleles and P. copri abundance (Scher et al, 2013). 

A recent study using metagenomic shotgun sequencing and a metagenome-wide 
association study of faecal, dental and salivary samples from treatment-naïve RA patients, 
RA patients treated with disease modifying antirheumatic drugs (DMARDs) and healthy 
controls demonstrated an altered gut, dental and salivary microbiome in RA patients 
compared to controls (Zheng et al, 2015). With complex bioinformatical genetic analysis 
the investigators also showed that the altered microbiome could be used to identify RA 
patients, correlated with clinical measures and could be used to stratify individuals on the 
basis of their response to therapy. Although this sounds very promising, it must be noted 
that the statistical methods were so complex that an accompanying paper was needed to 
explain the results (Rogers, 2015). 

Figure 1: Role of the gut microbiome in the pathogenesis of systemic autoimmune diseases. 
Microbial dysbiosis in the gut lumen is communicated by enterocytes (through recognition of MAMP 
by TLRs), DCs (through phagocytosis and antigen presentation) and M-cells (through transcytosis) to 
the (mucosal) immune system. Dysbiosis in the gut microbiome and a reduced availability of short 
chain fatty acids (SCFAs) can shift the T

REG
 – T

H
17 balance in the gut towards inflammation through 

T
H
17 expansion. A wide variety of proinflammatory cytokines is released in the lamina propria, 

such as IL-6, IL-17, IL-21, IL-23 and IFNγ. The inflammatory state increases intestinal permeability by 
altering the expression of tight junction proteins, such as occludins and claudins.  Increased intestinal 
permeability may lead to microbial translocation and increased antigen exposure in the lamina 
propria. Activated T-cells, B-cells and DCs travel through the lymphatic vessels to the mesenteric lymph 
nodes (MLNs). In the MLNs antigen presentation by DCs to T-cells continues and B-cells differentiate 
towards plasma cells in a T-cell dependent and independent manner. Activated B-cells, T

H
17 cells and 

antibody producing plasma cells enter the circulation. If a mimicry antigen has been encountered 
in the lamina propria or MLN, the B-cells may be stimulated to differentiate towards autoantibody 
producing plasma cells. Increased amounts of T

H
17 cells and the presence of autoantibodies in the 

circulation are the consequence of this microbiota-induced pro-inflammatory state. After the second 
hit, being a bacterial infection (in RA), UV-radiation (in SLE) or a viral infection (in SS), the immunologic 
reaction is excessive and self-perpetuating. This causes damage in the organ or tissue and leads to 
clinical symptoms related to the disease. Abbreviations: SCFA, short-chain fatty acid; MAMP, microbe-
associated molecular pattern; TLR, Toll-like receptor; M cell, microfold cell; DC, dendritic cell; Treg, 
regulatory T cell; TH17, T helper 17 cell; IL, interleukin; IFNγ, interferon gamma; MLNs, mesenteric 
lymph nodes; UV, Ultraviolet radiation; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; 
SS, Sjögren’s syndrome.
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The ‘gut-joint axis’ has been postulated for RA as a mechanism for disease development. 
An increased intestinal permeability, caused by a dysbiosis in the gut microbiome, leads to 
immune stimulation with increased citrullination by bacteria, leading to new immunogenic 
epitopes in the intestine which induce autoantibody production and activate pathogenic 
pathways (Lerner and Matthias, 2015). Many assumptions in this hypothesis have not been 
clarified yet, but the first steps in unraveling the role of the oral and gut microbiome in RA 
pathogenesis have been taken. Furthermore, it has been shown that microbiome analysis 
in RA patients can function as a biomarker for response to therapy.

The microbiome SLE connection

SLE is a multisystemic autoimmune disease characterized by the production of numerous 
auto-antibodies and the involvement of skin, joints, kidneys, brain, serosal surfaces, blood 
vessels, blood cells, lungs and heart (Goldblatt and O’Neill, 2013; Lipsky, 2001). SLE is a very 
heterogeneous disease, affecting individuals with a wide range of symptoms and disease 
courses, of which a butterfly rash in the face, photosensitivity, arthritis or arthralgia and 
renal symptoms are the most common (Goldblatt and O’Neill, 2013). SLE is ten times more 
prevalent in women than in men and the incidence of the disease is highest in women 
of childbearing age (Danchenko et al, 2006). Autoreactive B-cells produce auto-antibodies 
against nuclear peptides, nucleosome, double-stranded DNA and Sjögren’s syndrome 
related antigen A (SSA, also called ‘Ro’) and are present in 50-95% of SLE patients (Goldblatt 
and O’Neill, 2013; Olsen and Karp, 2013). 

Recently, it has been shown that the GALT is an important checkpoint for the removal of 
autoreactive B-cells (Vossenkämper et al, 2013). In SLE patients immature B-cells were poorly 
equipped to access the GALT due to a reduced expression of the gut homing receptor α4β7. 
Thus, failure of immature B-cells to access the GALT efficiently in SLE patients may contribute 
to the increased autoreactive B-cells and autoantibody production in SLE (Vossenkämper et 

al, 2013; Yurasov et al, 2005). Furthermore, examples of GALT were not found in the biopsies 
of SLE patients, whereas multiple examples of GALT were observed in healthy controls. A 
lower density of IgA secreting plasma cells was present in intestinal histological biopsies 
of SLE patients compared to healthy controls (Vossenkämper et al, 2013). The absence of 
GALT and reduced amount of IgA secreting plasma cells may contribute to a disturbed 
mucosal immunity in the gut, leading to a dysbiosis in the bacterial composition (Benckert 
et al, 2011).

The first study to investigate the gut microbial composition in SLE patients demonstrated 
that active SLE patients have more different biotypes of Enterobacteriaceae than healthy 
controls or inactive SLE patients (Apperloo-Renkema et al, 1994). The hypothesis behind this 
study was that a dysbiosis between indigenous and foreign bacteria can lead to translocation 
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of bacteria from the lumen to the immunologic compartments of the gut, ultimately 
leading to cross reactivity and antibody production. This hypothesis has gained support 
from a recent microbiome study confirming that intestinal dysbiosis is associated with SLE 
(Hevia et al, 2014). In this study intestinal dysbiosis was defined as a reduced Firmicutes/

Bacteroidetes ratio. The Firmicutes/Bacteroidetes ratio in SLE patients was significantly lower 
than that of healthy subjects (median ratio 1.97 vs median ratio 4.86; P<0.002), although 
the bacterial diversity was not significantly different (Hevia et al, 2014). Another study from 
the same group performed a metabolome-wide scan of gut microbiota in SLE patients 
and healthy controls (Rojo et al, 2015). A difference in the gut metabolome (but not in the 
bacterial composition) was found between SLE patients and controls, suggesting that SLE 
affects the functionality of the gut microbiome (Rojo et al, 2015). However, only 0.72% of 
the metabolic mass features were found to significantly differ between the SLE and healthy 
controls, which just might be a variation within a common range and raises the question 
whether this subtle difference has physiological implications (Rojo et al, 2015). 

The above mentioned human studies have demonstrated that there is a connection 
between the gut microbiome, gut mucosal immunity and SLE, but it remains unclear 
whether an altered gut microbiome causes SLE or that the altered gut microbiome is 
an effect of the disease. Two recent mouse studies have demonstrated, however, that 
an altered gut microbiome indeed might be a causal factor in the development of SLE. 
Comparing the gut microbiome of healthy mice (MRL/Mp) and lupus-prone mice (MRL/
lpr) demonstrated that the relative abundance of Lactobacillaceae was significantly 
decreased and the relative abundance of Lachnospiraceae was significantly increased in 
the lupus-prone mice (Zhang et al, 2014). Vitamin A (retinoic acid) treatment restored the 
relative abundance of Lactobacillaceae to the level of healthy MRL/Mp mice. Furthermore, 
strong correlations were found between the relative abundance of Lactobacillaceae and 
Lachnospiraceae, and lupus disease indexes (spleen weight, MLN weight and renal function) 
(Zhang et al, 2014). Another study showed that a change of pH of drinking water affected 
the gut microbiome, gut inflammation and disease progression in a different spontaneous 
mouse model of SLE (SWR x NZB F

1
 (SNF

1
) mice) (Johnson et al, 2015). Mice receiving acidic 

water (pH 3.0-3.2) had a slower disease progression, less autoantibody (anti-dsDNA and 
anti-nucleohistone) production and lower immune cell infiltrates in the kidney compared 
to mice receiving neutral water (pH 7.0-7.2). Because the investigators expected to find the 
primary effect of a dietary intervention in the gut mucosa, they investigated the immune 
phenotype of small intestinal tissue of the SNF

1
 mice. Mice receiving normal water showed 

higher expression levels of proinflammatory cytokines, such as IL17, IL21-23 and IFNα. Gut 
microbiome analysis showed that the relative abundance of many bacteria significantly 
differed between the acidic water recipient and normal water recipient mice, with an 
overall trend of promoted growth of Firmicutes in the acid water recipient mice. Finally, by 
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transferring the gut microbiota of acidic water recipient mice into normal water recipient 
mice by oral gavage, the investigators were able to suppress lupus progression in the 
normal water recipient mice. This finding suggests that disease progression in lupus-prone 
SNF1 mice is dependent on gut microbiota (Johnson et al, 2015)   

In conclusion, studies on the human microbiome SLE connection suggest a connection 
between dysbiosis in the gut microbiome and SLE, although cause and effect remain 
unclear. Mouse models of SLE (lupus-prone) have demonstrated that an altered gut 
microbiome not only affect local intestinal inflammation, but also systemic autoimmunity 
illustrated by autoantibody production and lymphocyte infiltration in the kidneys. To 
investigate whether the gut microbiome in SLE patients plays a role in disease activity, the 
experimental approach could be the transfer of human gut bacteria of healthy and SLE 
patients to germ-free lupus-prone mice (Faith et al, 2014).

The microbiome SS connection

SS is a systemic auto-immune disease characterized by lymphocyte infiltration in the salivary 
and lacrimal glands, causing reduced saliva and tear production which subsequently leads 
to the two most prominent symptoms of SS: a sensation of a dry mouth (xerostomia) and 
dry eyes (keratoconjunctivitis sicca) (Cornec et al, 2015; Kalk et al, 2001). Fatigue is another 
pronounced symptom of the disease. SS is 10 times more prevalent in women than in men 
(Qin et al, 2014). Depending on whether SS presents as a single disease or concurrently 
with other autoimmune disorders, such as SLE or RA, SS is divided into primary SS (pSS) 
and secondary SS. Systemic features of SS appear in extraglandular sites like joints, skin, 
peripheral and central nerves, lungs, kidneys, liver and thyroid gland (Moreira et al, 2014; 
Tincani et al, 2013). pSS patients have a 13-fold increased risk for developing a non-Hodgkin 
lymphoma, occurring in 5-10% of all pSS patients (Liang et al, 2014). Auto-antibodies against 
the ribonuclear proteins SSA/Ro and SSB/La and rheumatoid factor (RF) are frequently 
present in SS patients; these autoantibodies can be detected many years before disease 
onset (Jonsson et al, 2013; Kyriakidis et al, 2013). Because the presence of anti-SSA/SSB 
antibodies is fairly specific for SS, it is used in the classification criteria for SS (Shiboski and 
Shiboski, 2015; Shiboski et al, 2012; Vitali et al, 2002).

The majority of studies on the role of the microbiome on SS, focused on the effect of 
hyposalivation on the oral microorganisms applying culture techniques or targeted DNA 
methods to determine the presence of bacterial species. Hyposalivation in patients with 
SS has been associated with a higher number of Candida species on mucosal surfaces and 
an increase in acidogenic (acid producing) and aciduric (thriving well in relatively acidic 
environment) microorganisms such as Lactobacillus spp. on tooth surfaces (Almståhl et al, 
2003; Leung et al, 2007 and 2008; MacFarlane and Manson, 1974; Shinozaki et al, 2012). This 
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is clinically relevant, because patients suffering from hyposalivation are at increased risk 
of (typically cervical) caries and oral candidiasis (González et al, 2014; Mathews et al, 2008). 
A Taiwanese population based study revealed that the frequency of dental visits already 
increased years prior to the diagnosis of pSS because of dental caries, gingivitis and stomatitis 
(Lu et al, 2014). In all these manifestations bacteria are involved in the pathogenesis, thus a 
shift in the oral microbiome might be present before the more characteristic oral symptom 
of pSS, which is xerostomia. No data was available on oral candidiasis and cervical caries. 
In contrast to RA patients, the prevalence of periodontitis is not increased in pSS patients 
(Lugonja et al, 2016). The authors conclude that microbiome analysis is needed to identify 
a possible triggering bacterial pathogen for pSS. Since periodontitis was not increased in 
pSS patients, it is unlikely that the presumed bacterial trigger for SS is a pathogen currently 
associated with periodontitis.

The only study available on the role of bacteria in SS development has demonstrated that 
T-cells from mice immunized with the Ro60 peptide (derived from the SSA autoantigen) 
could be activated in vitro by peptides from oral, skin and gut bacteria (Szymula et al, 2014). 
The most potent activator of the mouse Ro60 reactive T-cells was a peptide from the 
von Willebrand factor type A domain protein (vWFA). Basic Local Alignment Search Tool 
(BLAST) analysis revealed that vWFA is present in (amongst others) the oral microorganism 
Capnocytophaga ochracea and the gut microorganism Bacteroides intestinalis. This study 
supports the hypothesis that T-cells with a receptor for Ro60 (SSA) can be activated by 
DCs who present this specific peptide of vWFA as a result of interaction with for example B. 

intestinalis. SSA autoantibodies might be produced when the activated Ro60 reactive T-cells 
in turn activate B-cells to become plasma cells. If NGS of the oral and gut microbiome in 
patients with SS reveals an increased relative abundance of C. ochracea in the oral cavity 
or B. intestinalis in the gut, then, the microbiome SS connection might be explained by the 
molecular mimicry theory.  

Evidence of a direct connection between the presence of SS and the human microbiome 
is currently absent in human and scarce in animal studies. However, pathogenic features of 
SS, such as the presence of autoreactive B-cells and the involvement of T

H
17-cells (Barrera 

et al, 2013; Kroese et al, 2014; Lin et al, 2014) have been associated directly or indirectly with 
the human microbiome. The mechanism behind the survival of autoreactive B-cells in SLE 
patients, might also be present in SS since SLE and SS have a comparable pathogenesis 
(Vossenkämper et al, 2013). T

H
17 cells have been demonstrated in the salivary glands of 

SS patients (Sakai et al, 2008) and in our own cohort of Sjögren’s patients we find elevated 
numbers of T

H
17 cells in patients’ peripheral blood (unpublished data). As discussed above, 

specific bacteria and possibly also dysbiosis in the gut microbiome can both lead to an 
increase in T

H
17 cells in the LP of the gut. If these proinflammatory T

H
17 cells enter the 
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circulation, they may migrate to the exocrine glands in Sjögren’s syndrome. Furthermore, 
in an experimental SS mouse model (C57BL/6 mice immunized with submandibular 
autoantigens) it was shown that T

H
17 cells were able to drive the development of 

experimental SS as featured by reduced salivary secretion and tissue destruction in the 
salivary gland (Lin et al, 2014, Sakai et al, 2008). The question whether the T

H
17 cells, found 

in the salivary glands of SS patients, have migrated from the LP would be an interesting 
topic for future research.

Because we hypothesized that bacteria may play a more direct role in the recruitment 
of lymphocytes into the salivary glands of pSS patients, we have investigated bacterial 
presence in parotid gland biopsies. Biopsies of five different pSS patients were investigated 
with fluorescent in situ hybridization. However, by using a bacterial kingdom-specific 
oligonucleotide probe (Bact338), we were unable to find bacterial DNA (and thus bacteria) 
in these parotid gland biopsies (unpublished data).  Although one case report states that H. 

pylori is present in a parotid gland MALT lymphoma in a SS patient (Nishimura et al, 2000), 
we were again unable to find bacterial DNA in a similar SS related MALT lymphoma of the 
parotid gland (unpublished data).

To conclude, indirect evidence and evidence from related systemic diseases, suggests a role 
for the gut and/or oral microbiome in the development of SS. Future studies will first need 
to find associations between the oral and/or gut microbiome and the presence of SS in 
patients and investigate the effect of raising a SS mouse model in a germ-free environment. 

CONCLUDING REMARKS

From birth on, the human body is inhabited with an enormous amount and diversity of 
microorganisms. The human microbiome acts in close concert with the mucosal surfaces 
of the body and is capable of inducing inflammatory and regulatory immunologic effects 
locally and at distant sites. NGS, combined with other ‘omics’ methods and established 
methods such as flow cytometry, has increased the knowledge concerning the mechanism 
behind the microbiome immunity connection, but there are still many gaps. NGS of the 
human microbiome has, however, not yet been widely used to study the role of microbiota 
in the development and pathogenesis of SADs. 

In SLE and RA patients an altered gut microbiome has been found, but the number of 
patients in these studies are too small for definite conclusions. Thus it remains unknown 
whether the observed differences in the oral and gut microbiome of SLE and RA patients 
are a cause or effect of the disease. Animal studies have provided evidence for a causal role 
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of the microbiome in the development of SADs, but this is still to be proven in humans. 
Based on the available evidence we postulate the following hypothesis on the role for the 
gut microbiome in the etiopathogenesis of SADs (figures 1 and 2). 

A variety of environmental factors during life – from delivery mode to antibiotic use and 
diet – affects the human microbiome. Unfavorable environmental factors, such as birth by 
C-section (because the baby is not colonized with bacteria from the urogenital and anal 
area of the mother), frequent antibiotic use (disturbing gut homeostasis) and a high-fat/
low-fiber diet (reducing SCFA producing bacteria), all may lead to dysbiosis in the gut 
microbiome. Long persisting dysbiosis in the gut leads to a (low-grade) inflammatory 
state of the mucosal immune system with increased permeability of the gut epithelium 
as a consequence. The increased permeability increases the translocation of bacteria and 
other antigens from the lumen to the LP, exacerbating the inflammatory response in the 
mucosal immune system of the gut. The chronic inflammatory state of the gut mucosa 
will ultimately affect the systemic immune system, because proinflammatory lymphocytes 
and cytokines will be released in the circulation. The increased exposure of bacterial and 
food antigens increases the risk of exposure to mimicry autoantigens and/or bystander 
activation of autoreactive cells, and herewith the break of tolerance for self-antigens. This 
process may take effect without specific symptoms. Local injury in a joint or the skin or a 
local (viral) infection in the salivary gland may function as the second hit and arouse the 
chronic proinflammatory immune system. Because the proinflammatory status rules over 
the regulatory functions of the immune system, the second hit causes a local chronic and 
self-perpetuating immune response directed against autoantigens. After a certain period of 
time, clinical symptoms begin to appear, such as joint inflammation in RA, skin involvement 
in SLE and reduced saliva production in SS.
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INTRODUCTION

The oral microbiome of patients with primary Sjögren’s syndrome (pSS) differs from that of 
healthy individuals (1–3). Whether these changes are the consequence of reduced salivary 
secretion or specific for pSS is yet unknown. Therefore, the aim of our study was to assess 
whether pSS patients have a specific oral microbiome compared to symptom controls 
(non-SS patients) and healthy controls (HCs). 

METHODS

To capture the overall bacterial composition in the mouth, we collected oral washings from 
121 consecutive patients referred for a diagnostic pSS workup and 14 volunteers without 
oral or ocular dryness (HCs). Patients fulfilling the 2016 ACR/EULAR classification criteria 
were classified as pSS (n=36) and patients not fulfilling the criteria as non-SS (n=85, see 
Table 1) (4). 

Collection of oral samples

Patients and healthy controls were prohibited from eating, drinking other liquids than water, 
smoking and oral hygiene activities at least one hour before sampling. For the collection of 
an oral washing, the patient was instructed to rinse the oral cavity for 30 seconds with 10mL 
sterile water (Versylene Fresenius, Fresenius Kabi, France), without gurgling. The water was 
saved in sterile 50mL tubes and the oral washing was spit back into this tube (#227261, 
Greiner Bio-One International, GmBH, Germany). Samples were put immediately on ice and 
stored at -80°C within 4 hours. 

DNA isolation and sequencing

DNA isolation was performed with the UltraClean Microbial DNA isolation kit (MO BIO 
Laboratories, Carlsbad, California, USA). The bacterial composition was determined by 
Illumina MiSeq paired end sequencing of variable region V4 of the 16S rRNA gene. Each oral 
washing was vortexed for 5 seconds and 2mL of oral washing from two 1mL cryovials was 
transferred to a new single 2mL vial. This vial was spinned at 10,000G for 30 seconds.  The 
supernatant was discarded and the pellet was resuspended in 300 microliter MicroBead 
solution. Hereafter the manufacturer protocol was followed. Chemical lysis was obtained 
by using the provided solutions in the DNA isolation kit. Mechanical lysis was obtained by 
shaking the samples with MicroBead solution and microbeads in a tube on a flat vortex 
adapter (MO BIO, Carlsbad, California, USA) at full speed for 10 minutes at room temperature. 
DNA concentration was measured with a NanoDrop ND-1000 Spectrophotometer (Thermo 
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Fisher Scientific, Waltham, MA, USA). DNA was stored at -20°C before transport to the 
sequencing facility. Ten microliter of DNA solution was plated on 96 wells plates and 
transported to be sequenced at the Broad Institute, Cambridge, MA, USA. 

Table 1: Patient characteristics*

Characteristic
Healthy controls 

14
non-SS patients

85
pSS patients

36

Male gender, n (%) 1 (7.1) 18 (21.2) 5 (13.9)

Age, mean (sd) 41.7 (13.7) 54.9 (14.6) 59.1 (11.9)

Natural teeth present, n (%) 14 (100) 68 (88.3) 30 (88.2)

Smoking 0 16 (19.0) 0

Fulfilling 2016 ACR/EULAR criteria, n (%) 0 (0.0) 0 (0.0) 36 (100.0)

Xerostomia , n (%) 0 (0.0) 80 (94.1) 34 (94.4)

UWS mL/min, median (IQR) 0.51 (0.19) 0.13 (0.19) 0.07 (0.09)

SWS mL/min, median (IQR) 1.23 (0.6) 0.40 (0.47) 0.18 (0.34)

Hyposalivation (UWS≤0.1), n (%) 0 (0.0) 35 (41.2) 22 (61.1)

SSA positive, n (%) NA 10 (11.8) 23 (63.9)

RA 0 4 (4.7) 3 (8.3)

SLE 0 0 0

Xerogenic medication NA 47 (55.3)  17 (47.2)

PPI NA 37 (43.5) 14 (38.9)

DMARD NA 11 (12.9) 8 (22.2)

NSAID NA 19 (22.4) 7 (19.4)

Methotrexate NA 4 (4.7) 1 (2.8)

Antimalarial NA 7 (8.2) 3 (8.3)

Corticosteroids NA 2 (2.4) 4 (11.1)

Mean reads per sample (sd) 149568 (134936) 106729 (76116) 85105 (44158)

*pSS, primary Sjögren’s syndrome; natural teeth present, any natural teeth present (i.e. not edentulous); xerostomia, symptoms 
of oral dryness; UWS/SWS, unstimulated/stimulated whole salivary secretion; hyposalivation, defined according to 2016 ACR/
EULAR criteria; SSA, Sjögren’s syndrome autoantibody A; RA, rheumatoid arthritis; SLE; systemic lupus erythematosus; xerogenic 
medication, using a drug with a reported moderate to high level of evidence of inducing salivary gland dysfunction xerostomia 
or subjective sialorrhea (12); PPI, proton pump inhibitor; DMARD, disease modifying antirheumatic drug; NSAID, non-steroid anti-
inflammatory drug; sd, standard deviation; IQR, interquartile range. Age, UWS and SWS differed significantly between groups, while 
dental status (natural teeth present) was not significantly different.

Taxonomy determination and OTU filtering

Quantitative Insights In Microbial Ecology (QIIME) version 1.9.0 was used to cluster sequences 
with UCLUST version 1.2.22q at 97% similarity (5,6). Closed reference Operational Taxonomic 
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Unit (OTU) picking was performed against the Human Oral Microbiome Database (HOMD) 
(7). OTUs that were observed only once in a sample and OTUs with a relative abundance 
of <0.01% were filtered out. This strict filtering approach cleaned the OTU-table of rare and 
very low abundant OTUs. All samples were rarefied (i.e., equalized) to 8000 reads/sample.

Multivariate association with linear models (MaAsLin)

Comparative statistics were performed in R version 3.4.2 (8). MaAsLin is a statistical 
framework that performs boosted, additive general linear models between clinical data and 
bacterial abundance to find associations between clinical data (categorical or continuous) 
and bacterial taxa (https://bitbucket.org/biobakery/maaslin/) (9). MaAsLin was used to find 
associations between bacterial taxa and disease status (pSS, non-SS or HCs). Age, smoking 
and dental status were included in the statistical model to deconfound for these factors 
(10,11). MaAsLin calculates a false discovery rate (FDR) corrected p-value. A FDR p-value of 
<0.10 was used as significance cut-of. 

RESULTS AND DISCUSSION

Alpha-diversity, i.e., the number of bacterial taxa and proportion in which each taxon is 
represented per sample, was measured by the number of observed operational taxonomic 
units (OTUs) and Shannon index. Alpha-diversity was similar between pSS, non-SS and HCs, 
indicating that oral washings of pSS patients harbour a similar number of bacterial taxa and 
a similar distribution of relative abundances of taxa as non-SS patients and HCs (figures 
1A,1B). 

Beta-diversity, i.e., the dissimilarity between samples based on the relative abundance of 
bacterial taxa, showed a similarly large variation in bacterial composition in samples from 
pSS and non-SS patients compared to HCs (figures 1C,1D). This suggests that the oral 
microbiome in pSS and non-SS patients is more heterogeneous than that of HCs. This 
large heterogeneity in bacterial composition made it impossible to identify individual pSS 
patients based on overall oral bacterial composition. Disease status (pSS, non-SS or HCs) 
explained only 5% of the variation between samples (p<0.001, Adonis), while stimulated 
whole salivary secretion (SWS) explained 9% (figure 1E)(p<0.001). Despite the large variation 
between individual pSS patients, average overall bacterial composition in pSS patients 
differed from non-SS patients and HCs, located at highest principal coordinate (PC)1 and 
lowest PC2 (figures 1C,1F). Haemophilus and Fusobacterium were negatively correlated with 
PC1 and PC2, respectively, indicating that pSS patients have lower Haemophilus and higher 
Fusobacterium relative abundance on average. 
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Multivariate Association with Linear Models (MaAsLin) found lower Streptococcus and 
higher Selenomonas relative abundances significantly associated with pSS compared to HCs 
(false discovery rate corrected (FDR) p<0.10, taking into account age, dental and smoking 
status)(figure 1G) (9–11). Non-SS patients showed more similar relative abundances of 
these genera. Abiotrophia and Shuttleworthia were associated with pSS compared to non-
SS (figure 1G, Supplementary Table S1). Surprisingly, previous studies reported higher oral 
Streptococcus relative abundance in pSS patients compared to HCs (1–3). These studies 
used different samples (saliva, buccal and tongue swabs) and sequenced different variable 
regions, which may explain the discrepancy with our study (online supplementary Table 
S2) (1–3). Streptococcus relative abundance in our study was not correlated with SWS 
(Spearman, p=0.52) and was significantly associated with pSS compared to HCs and non-
SS independent of SWS (figure 1G, FDR p<0.10). This suggests that lower Streptococcus 
relative abundance is more disease-specific than related to SWS. In contrast, Haemophilus, 
Neisseria and Lactobacillus relative abundance was significantly correlated with SWS, but 
not with disease status, indicating that lower SWS in pSS patients can explain changes of 
these genera (figures 1F,1H).

FIGURE 1: Characteristics of the oral microbiome in pSS patients, non-SS patients and HCs. (A,B) 
Alpha-diversity measured by the number of observed OTUs and Shannon index (ns = not significant, 
Wilcoxon test with Benjamini Hochberg correction for multiple comparisons, alpha≤0.05). (C) Beta-
diversity, showing the dissimilarity between individual samples (small dots) and between group 
means (large dots) in a principal coordinate analysis (PCoA) based on unweighted Unifrac distance. 
Haemophilus had the strongest (negative) correlation with PC1 (coefficient –0.45, FDR p=1.6*10-9) and 
Fusobacterium correlated strongly negatively with PC2 (coefficient –0.34, FDR p=2.3*10-13, Multivariate 
Associations with Linear Models (MaAsLin)). The smaller the distance between dots, the more similar 
the bacterial composition and vice-versa. At group level, pSS and non-SS differed significantly from 
HCs in PC1 (p=0.005 and p=0.008, respectively) and PC2 (p=0.003 and p=0.008, respectively), while 
pSS was significantly different from non-SS in PC2 (p=0.02), but not in PC1 (p=0.17,Wilcoxon test 
with Benjamini Hochberg correction). (D) Distance boxplot showing a significantly larger unweighted 
UniFrac distance between samples within pSS patients, followed by non-SS patients in comparison 
with HCs (two-sided Student’s two sample t-test, Bonferroni corrected non-parametric p-values using 
999 permutations). (E) PCoA as in (C), colored according to stimulated whole salivary secretion (SWS, 
mL/min).  (F) Mean relative abundance of the ten most abundant genera per group. (G) Bacterial taxa 
significantly associated with pSS compared to HCs and non-SS patients, taking into account age, dental 
and smoking status (black bars) and additionally accounting for SWS (green bars)(MaAsLin, * FDR 
p<0.10) (H) Three of the ten most abundant genera were significantly correlated with SWS(Spearman, 
Bonferroni corrected p-value). Blue line shows the locally weighted scatterplot smoothing line (non-
parametric regression method) and in grey the 95% confidence interval. 
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CONCLUSION

We conclude that salivary secretion has a stronger influence on the microbiome in oral 
washings than disease status. However, lower Streptococcus relative abundance in pSS 
patients appears to be a disease-specific effect.

Acknowledgements

We thank all the patients and healthy subjects who participated in this study. We also 
thank the dental hygienists who collected the oral samples and performed salivary flow 
measurements: W. van der Goot-Roggen, S.F. Oort and B.N. van Eijkelenborg and Tiffany 
Poon, PhD (Broad Institute, Boston, MA, USA) for the coordination of the 16S sequencing.



71

Reduced salivary secretion and the oral microbiome in Sjögren and non-Sjögren sicca patients

3

REFERENCES

1.  Li M, Zou Y, Jiang Q, Jiang L, Yu Q, Ding X. 

A preliminary study of the oral microbiota 

in Chinese patients with Sjögren’s 

syndrome. Arch Oral Biol 2016;70:143–8. 

2.  de Paiva CS, Jones DB, Stern ME, Bian 

F, Moore QL, Corbiere S, et al. Altered 

Mucosal Microbiome Diversity and 

Disease Severity in Sjögren Syndrome. Sci 

Rep 2016;6:23561. 

3.  Siddiqui H, Chen T, Aliko A, Mydel PM, 

Jonsson R, Olsen I. Microbiological 

and bioinformatics analysis of primary 

Sjögren’s syndrome patients with normal 

salivation. J Oral Microbiol 2016;8:31119. 

4.  Shiboski CH, Shiboski SC, Seror R, Criswell 

LA, Labetoulle M, Lietman TM, et al. 2016 

American College of Rheumatology/

European League Against Rheumatism 

classification criteria for primary Sjögren’s 

syndrome. Ann Rheum Dis 2017;76:9–16. 

5.  Caporaso JG, Kuczynski J, Stombaugh J, 

Bittinger K, Bushman FD, Costello EK, et al. 

QIIME allows analysis of high-throughput 

community sequencing data. Nat 

Methods 2010;7:335–6. 

6.  Edgar RC. Search and clustering orders 

of magnitude faster than BLAST. 

Bioinformatics 2010;26:2460–1. 

7.  Dewhirst FE, Chen T, Izard J, Paster BJ, 

Tanner ACR, Yu W-H, et al. The human oral 

microbiome. J Bacteriol 2010;192:5002–

17. 

8.  R Core Team. R: A Language and 

Environment for Statistical Computing. R 

Found Stat Comput Vienna, Austria 2017; 

https://www.r-project.org

9.  Morgan XC, Tickle TL, Sokol H, Gevers 

D, Devaney KL, Ward D V, et al. 

Dysfunction of the intestinal microbiome 

in inflammatory bowel disease and 

treatment. Genome Biol 2012;13:R79. 

10.  Wu J, Peters BA, Dominianni C, Zhang Y, 

Pei Z, Yang L, et al. Cigarette smoking and 

the oral microbiome in a large study of 

American adults. Isme J 2016;10:2435–46. 

11.  O’Donnell LE, Robertson D, Nile CJ, 

Cross LJ, Riggio M, Sherriff A, et al. The 

oral microbiome of denture wearers is 

influenced by levels of natural dentition. 

PLoS One 2015;10:e0137717. 

12.  Wolff A, Joshi RK, Ekström J, Aframian D, 

Pedersen AML, Proctor G, et al. A Guide 

to Medications Inducing Salivary Gland 

Dysfunction, Xerostomia, and Subjective 

Sialorrhea: A Systematic Review 

Sponsored by the World Workshop on 

Oral Medicine VI. Drugs R D 2017;17:1–28. 



72

Chapter 3

SUPPLEMENTARY TABLES

TABLE S1: Bacterial genera significantly associated with pSS compared to HCs and non-SS patients*

Bacterial taxon Groups compared Coefficient N N not 0 P-value Q-value

g__Selenomonas pSS vs HCs 0.037138 50 48 0.001535 0.024717

g__Streptococcus pSS vs HCs -0.09457 50 50 0.008449 0.087668

g__Shuttleworthia pSS vs non-SS 0.003449 121 41 0.007691 0.059678

g__Abiotrophia pSS vs non-SS -0.01263 121 59 0.009134 0.066846

*Analysis performed in MaAsLin, taking into account age, smoking and dental status. Only taxa with a significant association with 
pSS are shown (q-value < 0.10). g__ = genus. A positive coefficient indicates higher relative abundance in pSS patients and a 
negative coefficient indicates a lower relative abundance in pSS patients compared to either HCs or non-SS patients. N = total 
number of samples, N not 0 = number of samples in which the relative abundance of that taxon was higher than 0. Q-value is the 
false discovery rate (FDR) corrected p-value.
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ABSTRACT

Objectives. Environmental factors in the aetiology of primary Sjögren’s syndrome (pSS) 
are largely unknown. Host–microbiome interaction at mucosal surfaces is presumed to be 
involved in the etiopathogenesis of pSS. Here, we assessed whether the microbiome of the 
buccal mucosa is specific for pSS compared with symptom-controls.

Methods. The bacterial composition of buccal swab samples from 37 pSS patients, 86 
non-SS sicca patients (with similar dryness symptoms as pSS patients, but not fulfilling 
the classification criteria) and 24 healthy controls (HCs) was determined with 16S rRNA 
sequencing. Multivariate Association with Linear Models (MaAsLin) was used to find 
associations between individual taxa and pSS, taking into account smoking and dental 
status. Associations were replicated in a general population cohort (n=103).

Results. The buccal mucosa microbiome of pSS and non-SS sicca patients differed both 
from HCs.  Higher Firmicutes/Proteobacteria ratio was characteristic for both pSS and 
non-SS sicca patients. Disease status (pSS, non-SS sicca, HCs) and salivary secretion rate 
contributed almost equally to the variation in bacterial composition between individuals 
(3.8% and 4.3%, respectively). Two taxa were associated with pSS compared with non-SS 
sicca patients and 19 compared with HCs. When salivary secretion rate was taken into 
account, no taxon was associated with pSS compared with non-SS sicca. Twelve of the 19 
pSS-associated taxa were correlated with salivary secretion. 

Conclusion. Dysbiosis of the buccal mucosa microbiome in pSS patients resembles that 
of symptom-controls. The buccal mucosa microbiome in pSS patients is determined by a 
combination of reduced salivary secretion and disease-specific factors.
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INTRODUCTION

Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease characterized by 
chronic inflammation of the salivary and lacrimal glands resulting in complaints of dryness 
of mouth (xerostomia) and eyes (keratoconjunctivitis sicca). Extraglandular manifestations 
include arthritis, peripheral neuropathy, cutaneous vasculitis, respiratory dysfunction and 
tubulointerstitial nephritis (1–3). The prevalence of pSS ranges from 0.02 to 0.1% with 
women being affected 10 times more than men (4,5). 

Genetic predisposition and environmental factors are the most important factors involved 
in the aetiology of pSS (6,7). Variants in HLA-genes and genes related to innate and adaptive 
immunity have been associated with Sjögren’s syndrome, with major effect of HLA-genes 
(odds-ratio 3.5) and moderate effects of six non-HLA genetic loci (odds-ratios 0.7-1.6) (6). 
Besides genetic predisposition, familial factors also play an important role in the aetiology of 
pSS, although it is unknown what these familial factors are (8). Currently, there is still a large 
gap in knowledge on environmental factors involved in the aetiology of pSS.

Several studies have reported that the dysbiosis in the gut microbiome may contribute 
to the development of pSS (9–11). However, the role of the oral microbiome – the most 
proximal microbial habitat of the gastrointestinal tract – is largely unknown. Oral Klebsiella 
species can induce severe gut inflammation in mice, suggesting that the oral cavity may 
serve as a reservoir for potential intestinal opportunistic pathobionts (12). In humans, this 
reservoir may be intracellular bacteria in buccal epithelial cells (13,14). Shedding of buccal 
epithelial cells may transmit the intracellular bacteria to the gut. Furthermore, increasing 
evidence suggests a role for cross-reactivity of commensal oral and gut bacteria with 
Sjögren’s syndrome antigen A (SSA)/Ro60 in the etiopathogenesis of pSS (15,16). 

The oral microbiome in pSS patients differs from healthy controls, as was revealed  in three 
relatively small studies including ≤10 pSS patients (10,17,18). We recently reported that the 
bacterial composition in oral washings from pSS patients and symptom-controls showed 
similar changes compared with HCs and that lower Streptococcus relative abundance was 
associated with pSS (19). However, whether the buccal mucosa microbiome is specific for 
pSS is currently unknown. 

Therefore, we compared the buccal mucosa microbiome of pSS patients with that of 
symptom-controls (i.e., patients suspected for pSS not fulfilling the pSS classification criteria: 
non-SS sicca patients) and healthy controls (HCs). Furthermore, we measured salivary 
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secretion rate to assess its influence on the buccal mucosal microbiome. Finally, association 
between bacterial taxa and pSS were tested for significance in a replication cohort of 
individuals from the general population. 

METHODS

Study participants

In a case-control design, we collected 158 buccal swab samples, of which 134 from 
consecutive patients referred for a diagnostic pSS work-up and 24 from HCs. Eligible 
participants were ≥18 years old and were recruited between June 2015 and March 2017. 
Patients who did not complete the diagnostic pSS work-up were excluded. Patients fulfilling 
the 2016 ACR/EULAR classification criteria were classified as pSS and patients not fulfilling 
the criteria were classified as non-SS sicca (20). HCs did not have oral dryness complaints 
or rheumatic disease and matched with pSS patients on sex, but not on age. Age and sex 
have not been shown to influence the oral microbiome composition (21). The study was 
approved by the medical ethical committee of the University Medical Center Groningen, 
Groningen, the Netherlands (METc 2015/211). All participants completed written informed 
consent according to the declaration of Helsinki.

Data on age, sex, smoking, medication use and EULAR Sjögren’s syndrome patient reported 
index (ESSPRI) were collected from medical history records. Unstimulated and stimulated 
whole saliva (UWS and SWS, respectively) was collected from all pSS patients, non-SS sicca 
patients and HCs. Salivary secretion rate was measured in ml/min.

Smoking was defined as smoking at least one cigarette per day. Xerogenic medication 
was defined as using a drug within the chemical subgroup (level 4 of the Anatomical 
Therapeutic Chemical classification) with a reported moderate to high level of evidence of 
inducing salivary gland dysfunction, xerostomia and subjective sialorrhea (22). 

Replication cohort

Individuals from the general population (n=103), participating in a population based cohort 
study (LifeLines) and included in the LifeLines-DEEP project, were used as replication cohort 
(23). Metadata on age, sex and smoking status were available. No selection was performed 
on age or sex in order to represent the general population most accurately. Population 
controls were used to test whether associations of bacterial taxa with pSS compared with 
HCs could be replicated in the general population.
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Sample collection, DNA isolation and sequencing

Patients referred for the diagnostic pSS work-up and HCs were prohibited from eating, 
drinking other liquids than water, smoking and oral hygiene activities at least one hour 
before sampling. From each patient or control, a buccal swab was collected (Eswab, 
COPAN, Italy).  Buccal swabs from population controls were taken with sterile cotton swabs 
(Peha Hartmann, Paul Hartmann BV, the Netherlands) during a routine visit as part of the 
LifeLines population cohort study (23). DNA isolation on all samples was performed with the 
UltraClean Microbial DNA isolation kit (MOBIO, Carlsbad, California, USA) using mechanical 
and chemical lysis. Bacterial composition was determined by Illumina MiSeq paired end 
sequencing of variable region V4 of the 16S rRNA gene.  See Supplementary Methods and 
Supplementary Figures for further details.

Taxonomy determination and filtering

Quantitative Insights In Microbial Ecology (QIIME) v1.9.1 was used to demultiplex and 
cluster sequences with UCLUST version 1.2.22q at 97% similarity (24,25). Closed reference 
Operational Taxonomic Unit (OTU) picking was performed against the Human Oral 
Microbiome Database (HOMD v14.51) (26). OTUs observed once in a sample and OTUs with 
a relative abundance of <0.01% were filtered out. Each OTU count was normalized to the 
total sum of counts in a sample. Of158 buccal swab samples, 11 contained less than 1000 
clustered reads/sample and were excluded from further analysis because of insufficient read 
depth. The remaining 147 samples contained a median 7086 reads/sample (interquartile 
range 3297-339653 reads/sample). All samples were rarefied (i.e., equated) to 1000 reads/
sample in order to obtain equal sequencing depth.

Statistical analysis 

QIIME was used to determine alpha-diversity (i.e., the bacterial diversity within one sample) 
and beta-diversity (i.e., the dissimilarity between samples based on overall bacterial 
composition). Alpha-diversity consists of richness (i.e., the abundance of observed taxa, 
measured as the number of observed OTUs) and evenness (i.e., how the relative abundance 
is distributed among taxa). Richness and evenness combined is measured by the Shannon 
index. The non-parametric Wilcoxon rank sum test was used to test group differences. Beta-
diversity was measured with Bray-Curtis distance and visualized in a principal coordinate 
analysis (PCoA). A two sided Student’s two-sample t-test with Bonferroni correction and 
999 permutations was used to test whether the mean distance between individual samples 
within one study group differed from the other study groups. Adonis function from the 
R-vegan package in QIIME was used to describe the explained variance (R2-value) and 
significance (p-value) of clinical data on determining the variation in bacterial composition 
between samples using 999 permutations (27). 
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R v3.4.2 was used for comparative statistics (28). Benjamini and Hochberg false discovery 
rate (FDR) corrected p-values (q-value) were calculated for all comparative tests unless 
otherwise specified. A disease prediction model was built using Lasso method, with 5-fold 
cross-validation to estimate the prediction accuracy of the oral microbiome.

Multivariate Association with Linear Models (MaAsLin) was used to find associations 
between bacterial taxa and pSS (29). A q-value <0.10 was used as significance cut-off. A 
q-value between 0.10 and 0.20 was used to detect suggestive signals. 

RESULTS

Bacterial community composition of the buccal mucosa in pSS patients 
resembles that of non-SS sicca patients

Samples from 37 classified pSS patients, 86 non-SS sicca patients and 24 HCs were used for 
analyses. On average, pSS patients were somewhat older, but the known important factors 
dental status and proportion of females did not differ significantly between pSS patients 
and HCs (Table 1). pSS and non-SS patients matched on age and sex. Salivary secretion 
rates were significantly lower in pSS patients compared with non-SS sicca patients and 
HCs (p<0.001). Salivary secretion rates in non-SS sicca patients were also lower than in HCs 
(p<0.001). Baseline characteristics are summarized in Table 1.  

Profiles of overall bacterial relative abundance at phylum-level showed that the bacterial 
compositions of pSS and non-SS sicca patients were comparable and both differed from 
that of HCs (Figure 1A). A higher Firmicutes/Proteobacteria (F/P) ratio was characteristic 
for both pSS and non-SS sicca patients compared with HCs (p=0.01, Wilcoxon, Figure 1B), 
suggesting that a high F/P ratio may be characteristic for the oral microbiome of oral dryness 
patients. At genus-level, similarities between pSS and non-SS sicca were less evident. Lower 
Streptococcus and higher Gemella relative abundances in pSS patients were the largest 
difference compared with non-SS sicca patients (Figure 1A).

Bacterial richness (observed OTUs) and diversity (Shannon index) did not significantly differ 
between pSS patients, non-SS sicca patients and HCs (Figure 1C). However, pSS and non-SS 
sicca patients showed a trend towards lower richness and diversity compared with HCs. 
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TABLE 1: Characteristics of pSS and non-SS sicca patients, HCs and population controls*

Characteristic

pSS
patients

n = 37

Non-SS sicca
patients

n = 86
HCs

n = 24

Population
controls
n = 103 p-value**

Fulfilling 2016 ACR/EULAR criteria, % 100 0 NA NA NA

Female sex, n (%) 31 (84) 69 (81) 16 (83) 50 (49)1 0.9

Age in years, mean (sd) 59 (13) 56 (15) 42 (15) 55 (14) <0.001

Smoking, n (%) 1 (3) 19 (22) 0 16 (16) 0.002

Own teeth, n ( %) 29 (88) 68 (87) 24 (100) 58 (69) 0.2

Oral dryness, (%) 36 (97) 81 (94) 0 10 (15) 0.8

ESSPRI, mean 6 NA NA NA NA

dryness, mean 7 NA NA NA NA

fatigue, mean 6 NA NA NA NA

pain, mean 6 NA NA NA NA

SSA positive, n (%) 26 (70) 12 (16) NA NA <0.001

SSB positive, n (%) 16 (43) 5 (7) NA NA <0.001

RA, n (%) 3 (8) 5 (6) 0 NA 0.7

SLE, n (%) 0 0 0 NA NA

SpA, n (%) 0 1 (1) 0 NA NA

UWS (mL/min), median (IQR) 0.06
(0.02, 0.11)

0.13
(0.05, 0.25)

0.51
(0.41, 0.61)

NA 0.04

SWS (mL/min), median (IQR) 0.16
(0.01, 0.37)

0.37
(0.21, 0.69)

1.23
(1.03, 1.63)

NA 0.09

Hyposalivation (UWS<0.1mL/min), n (%) 23 (62) 34 (40) 0 NA 0.03

Xerogenic medication, n (%) 20 (54) 49 (57) NA NA 0.9

PPI, n (%) 16 (43) 39 (45) NA NA 1

DMARD, n (%) 8 (22) 11 (13) NA NA 0.3

NSAID, n (%) 6 (16) 20 (23) NA NA 0.5

Methotrexate, n (%) 1 (3) 4 (5) NA NA 1

Antimalarial agent, n (%) 3 (8) 7 (7) NA NA 1

Corticosteroids, n (%) 5 (14) 2 (2) NA NA 0.03

*pSS = primary Sjögren’s syndrome; non-SS sicca = patients with a clinical suspicion of pSS not fulfilling the criteria for pSS, HCs 
= healthy controls. ACR/EULAR = American College of Rheumatology/European League Against Rheumatism; own teeth = any 
number of teeth present; oral dryness = according to 2016 ACR/EULAR subjective criteria; ESSPRI = EULAR Sjögren’s syndrome 
patient reported index, based on visual analogue scale 1-10; SSA/SSB = Sjögren’s syndrome autoantibody A/B; RA = rheumatoid 
arthritis; SLE = systemic lupus erythematosus, SpA = axial spondylitis; UWS/SWS = unstimulated/stimulated whole salivary flow rate; 
xerogenic medication = using a drug with a reported moderate to high level of evidence of inducing salivary gland dysfunction, 
xerostomia and subjective sialorrhea(22); PPI = proton pump inhibitor;  DMARD = disease modifying antirheumatic drug; NSAID = 
non-steroid anti-inflammatory drug; NA = not applicable; sd = standard deviation.
**p-values were calculated comparing pSS, non-SS sicca and HCs or comparing pSS and non-SS sicca when data for HCs was ‘0’ or 
‘NA’, using appropriate tests for data distribution (χ2 test, one-way ANOVA, Fisher’s exact test or Kruskal-Wallis test). 
1=Sex was significantly different between groups including population controls (p<0.001).



82

Chapter 4

PCoA showed no evident clustering of individual samples according to disease status (pSS, 
non-SS sicca or HCs) (Figure 1D). However, centroids of pSS and non-SS sicca patients differed 
significantly from HCs in principal coordinate 1 (PC1) (q=0.002 and q=0.0005, respectively, 
Wilcoxon). The centroids of pSS and non-SS sicca patients were not significantly different 
(q=0.25 in PC1, q=0.49 in PC2). In the clustering dendrogram, samples from HCs clustered 
in clusters A and I, together with samples from pSS and non-SS sicca patients (Figure 1E). 
This suggests that pSS and non-SS sicca patients in clusters A and I have an oral bacterial 
community composition similar to HCs, while pSS and non-SS sicca patients in the other 
clusters have a more disease-related oral bacterial composition. pSS patients showed the 
largest variation in bacterial community composition between individuals, followed by 
non-SS sicca patients compared with HCs (Figure 1F). This indicates a very heterogeneous 
buccal mucosa microbiome in pSS patients and, to a lesser extent, in non-SS sicca patients. 
The large heterogeneity in pSS and non-SS sicca patients probably explains why it was 
not possible to predict pSS in a population with symptoms of oral dryness (pSS and non-
SS sicca together) using differentially abundant genera in the buccal mucosa microbiome 
(Figure 1G). 

Disease status explained a relatively low 3.8% of the variation in distances between individual 
samples in the Bray-Curtis distance matrix (p<0.001, adonis). Previously we showed that 
reduced salivary secretion contributes more to the microbiome of oral washings from pSS 
patients than underlying disease (19). In this study, UWS and SWS secretion rates explained 
4.1% and 4.3% of the variation between individual buccal swab samples, respectively 
(Figure 1H, p<0.001). This suggests that disease status and salivary secretion have a similarly 
large effect on the buccal mucosa bacterial composition of an individual. Age explained 
3.8% of the variation between all individual samples across all study groups (p=0.002). This 
indicates that the effect of age on comparisons between HCs and pSS/non-SS patients 
was very limited, because mean age differed relatively little between HCs and pSS/non-SS 
patients. 

Figure 1: Characteristics of the buccal mucosa microbiome from pSS patients, non-SS sicca patients 
and HCs. (A) Profiles of the relative abundance at phylum and genus-level per group. (B)  Log

2
 

transformed Firmicutes/Proteobacteria ratio. (C) Richness and Shannon diversity, ns = not significant. 
(D) Bray-Curtis based PCoA. Small dots are individual samples, large dots the centroids per group. (E) 
Bray-Curtis based clustering dendrogram. Each coloured line represents an individual, letters indicate 
clusters. (F) Bray-Curtis distance between individual samples from pSS patients (pSS vs. pSS), non-SS 
sicca patients (non-SS vs. non-SS) and HCs (HCs vs. HCs) (G) Prediction model for pSS, AUC = area 
under the curve. (H) Gradient in UWS and SWS secretion rate in PCoA.
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In summary, the overall bacterial community composition on the buccal mucosa of pSS 
patients resembles that of non-SS sicca patients, while both pSS and non-SS sicca patients 
differ from HCs. Due to the large variation in buccal mucosa microbiome composition in pSS 
and non-SS sicca patients, bacterial genera in the buccal mucosa microbiome cannot be 
used to distinguish pSS from non-SS sicca. Disease status and salivary secretion contribute 
almost equally to the variation in bacterial composition on the buccal mucosa between all 
individuals.

Associations of individual bacterial taxa with pSS 

Associations of individual bacterial taxa with pSS were analysed using MaAsLin, taking 
into account the possible confounding factors smoking and dental status (29–31). All 
taxonomic levels were analysed (Supplementary Table 1), but only phylum and genus-level 
are reported here for clarity (Table 2). Proteobacteria relative abundance was significantly 
lower in pSS patients compared with HCs (q=0.082). Non-SS sicca patients also showed 
lower relative abundances of Proteobacteria compared with HCs (17% vs. 24%), although 
this was not statistically significant. 

At genus-level, 11 genera were significantly associated with pSS compared with HCs 
(q<0.10) and 7 genera showed a suggestive signal for association (q=0.10-0.20) (Figure 2, 
Table 2). When SWS secretion rate was taken into account on top of dental and smoking 
status, 8 taxa (among which: Haemophilus, Neisseria, Lautropia and Lactobacillus) lost its 
association with pSS (Supplementary Table 2), suggesting that SWS secretion rate has a 
large influence on the relative abundance of these taxa. Eleven other taxa (among which: 
Proteobacteria, Granulicatella and Bergeyella) remained significantly associated with 
pSS when SWS secretion rate was taken into account. This suggests a disease-specific 
connection between pSS and these taxa.

Compared with non-SS sicca patients, pSS was suggestively associated with lower relative 
abundances of Granulicatella and Bergeyella (q=0.10 and q=0.15, respectively) (Figure 2, 
Table 2). However, when SWS secretion rate was taken into account, no bacterial taxon 
remained associated with pSS compared with non-SS sicca. This suggests that no individual 
bacterial taxon is truly specific for pSS. Presence of anti-SSA or anti-SSB auto-antibodies was 
not associated with any bacterial taxon.

Replication of associations between bacterial genera and pSS in a general 
population cohort

The 18 genera associated with pSS compared with HCs were subsequently analysed with 
MaAsLin in comparison with population controls (n=103), taking into account sex, dental 
and smoking status. Granulicatella, Abiotrophia and Ruminococcaceae (all belonging to 



85

Dysbiosis of the buccal mucosa microbiome in primary Sjögren’s syndrome patients

4

phylum Firmicutes) and Lautropia (belonging to phylum Proteobacteria), were significantly 
lower in pSS compared with population controls (q<0.10, Figure 2, Table 2). However, 
the same taxa were significantly associated with non-SS sicca patients compared with 
population controls (q<0.10, Supplementary Table 1). This suggests that lower relative 
abundances of Abiotrophia, Ruminococcaceae, Lautropia and Granulicatella are more likely 
to be associated with dysbiosis in the oral microbiome of oral dryness patients than being 
specific for pSS. 

g_Alloscardovia

g_Anaeroglobus

g_Bifidobacterium

g_Scardovia

g_Parvimonas

g_Enterococcus

g_Dialister

g_Abiotrophia

g_Bergeyella

g_Atopobium

g_Lactobacillus

g_Alloprevotella

g_Lautropia

g_Granulicatella

g_Neisseria

g_Haemophilus

0.0 0.2 0.4 0.6
arcsin square root relative abunance

FIGURE 2: Genera (g_) associated with pSS compared with HCs taking into account smoking and 
dental status. Genera are ordered by overall mean relative abundance. X-axis represents the arcsin-
square root transformed relative abundance. Genera significantly associated with pSS compared with 
HCs (q<0.10) are indicated by a black asterisk, genera not indicated showed a suggestive signal for 
association (q=0.10-0.20)(see Table 2). Red asterisks indicate genera associated with pSS compared 
with non-SS sicca. Blue asterisks indicate genera associated with pSS compared with population 
controls. 
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TABLE 2: Bacterial taxa associated with pSS compared with non-SS sicca, HCs and population 
controls*

Bacterial taxon
Groups 

compared Coefficient

 
in 

pSS N

N 
not 

0 p-value q-value

p_Actinobacteria|g_Alloscardovia pSS vs HCs 0.008 61 7 0.006 0.082

p_Actinobacteria|g_Bifidobacterium pSS vs HCs 0.027 61 14 0.012 0.103

p_Actinobacteria|g_Scardovia pSS vs HCs 0.033 61 15 0.008 0.089

p_Actinobacteria|g_Atopobium pSS vs HCs 0.023 61 31 0.021 0.119

p_Bacteroidetes|g_Alloprevotella pSS vs HCs -0.029 61 40 0.024 0.124

p_Bacteroidetes|g_Bergeyella pSS vs HCs -0.023 61 37 0.003 0.080

p_Bacteroidetes|g_Bergeyella pSS vs non-
SS sicca

-0.015 123 75 0.016 0.151

p_Firmicutes|g_Abiotrophia pSS vs HCs -0.022 61 21 0.001 0.057

p_Firmicutes|g_Abiotrophia pSS vs Pop.
Cont.

-0.024 140 67 0.001 0.023

p_Firmicutes|g_Granulicatella pSS vs HCs -0.052 61 53 0.000 0.013

p_Firmicutes|g_Granulicatella pSS vs non-
SS sicca

-0.031 123 108 0.004 0.100

p_Firmicutes|g_Granulicatella pSS vs Pop.
Cont.

-0.066 140 129 1.8*10-7 1.3*10-5

p_Firmicutes|Enterococcus pSS vs HCs -0.021 61 29 0.003 0.080

p_Firmicutes|g_Lactobacillus pSS vs HCs 0.010 61 20 0.032 0.159

p_Firmicutes|g_Parvimonas pSS vs HCs 0.016 61 20 0.010 0.093

p_Firmicutes|g_Peptostreptococcaceae pSS vs HCs 0.010 61 11 0.022 0.119

p_Firmicutes|g_Ruminococcaceae pSS vs HCs -0.009 61 7 0.010 0.094

p_Firmicutes|g_Ruminococcaceae pSS vs Pop.
Cont.

-0.014 140 40 0.002 0.043

p_Firmicutes|g_Anaeroglobus pSS vs HCs 0.020 61 9 0.005 0.082

p_Firmicutes|g_Dialister pSS vs HCs 0.012 61 16 0.027 0.139

p_Proteobacteria pSS vs HCs -0.157 61 58 0.006 0.082

p_Proteobacteria|g_Lautropia pSS vs HCs -0.046 61 35 0.004 0.080

p_Proteobacteria|g_Lautropia pSS vs Pop.
Cont.

-0.043 140 87 0.002 0.043

p_Proteobacteria|g_Neisseria pSS vs HCs -0.088 61 46 0.006 0.082

p_Proteobacteria|g_Haemophilus pSS vs HCs -0.128 61 58 0.019 0.119

 *Analysis performed in MaAsLin, taking into account smoking and dental status. Bacterial taxonomy is shown at phylum (p_) 
and genus (g_) level; Pop.Cont. = population controls; Coefficient = difference of the arcsin-square root transformed relative 
abundance between groups, negative indicates lower in pSS, positive higher in pSS, clarified by arrows in the adjacent column; N 
= total number of samples used for the comparison; N not 0 = samples in which the relative abundance of the taxon was not 0; 
q-value = false discovery rate (FDR) corrected p-value.
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Salivary secretion partially explains dysbiosis in the oral microbiome of pSS 
and non-SS sicca patients

 To further explore the role of salivary secretion rate on the buccal mucosa microbiome, we 
tested correlations of UWS and SWS secretion rates with alpha-diversity, first two principal 
coordinates, four most abundant phyla, 12 most abundant genera and 19 pSS-associated 
taxa (Figure 3A). Alpha-diversity was not significantly correlated with UWS or SWS secretion 
rates, suggesting that bacterial richness and diversity of the buccal microbiome are not 
directly affected by the amount of salivary secretion. SWS secretion rate correlated mostly 
stronger than UWS secretion rate with the same bacterial taxa. SWS secretion rate was 
moderately strong correlated with phylum Proteobacteria and the corresponding genera 
Haemophilus, Lautropia and Neisseria, as well as with Alloscardovia, Granulicatella and 
Lactobacillus (Spearman’s rho=0.40–0.51, q<0.01) (Figure 3A-B). Weaker correlations 
were found between SWS secretion rate and Bifidobacterium, Atopobium, Alloprevotella, 
Bergeyella and Enterococcus (Spearman’s rho=0.13–0.37, q<0.01). Bacterial taxa with a 
positive correlation with SWS corresponded with a lower observed relative abundance in 
pSS patients and vice versa (Figures 2 and 3). In total, 12 of the 19 bacterial taxa associated 
with pSS compared with HCs were significantly correlated with SWS (q<0.01). This suggests 
that a substantial part of differentially abundant bacterial taxa in the oral microbiome of pSS 
patients can be explained by lower salivary secretion rate compared with HCs. However, 
correlations were weakly to moderately strong, which indicates that disease-specific factors 
also play a role in determining the relative abundance of these taxa. Indeed, phylum 
Proteobacteria and genera Granulicatella, Abiotrophia, Enterococcus, Bergeyella and 
Bifidobacterium, which were all correlated with SWS, also remained associated with pSS 
when SWS secretion rate was accounted for (Supplementary Table 2). 

Interestingly, high abundant phyla, such as Firmicutes and Actinobacteria and high 
abundant genera, such as Streptococcus, Gemella and Veillonella, were not correlated with 
salivary secretion rates. Although none of these taxa were significantly associated with pSS, 
they differed in relative abundance between pSS, non-SS and HCs (Figure 1A). This suggests 
that disease-specific factors, or other factors not accounted for in this study, determine the 
relative abundance of these taxa. Salivary mucin concentration, antimicrobial peptides or 
the coexistence of other bacteria are several possible explanatory factors (32–34). Indeed, 
Veillonella relative abundance was negatively correlated with Streptococcus and Gemella 
relative abundances (Spearman’s rho= –0.60 q=4.3*10-9 and rho= –0.67 q=8.6*10-14, 
respectively), suggesting a competitive relation between these genera (Supplementary 
Figure 6).



88

Chapter 4

ESSPRI and dryness severity were not correlated with UWS, SWS, microbial diversity or any 
bacterial taxon, indicating that severity of dryness symptoms, as observed by the patient, is 
independent of the actual level of salivary secretion and bacterial community composition 
on the buccal mucosa. 

R
ea

ds
O

bs
er

ve
d_

O
TU

s
Sh

an
no

n
PC

1
PC

2
U

W
S

SW
S

ES
SP

R
I

dr
yn

es
s

fa
tig

ue
y

pa
ing

Reads
Observed_OTUs

Shannon
_

PC1
PC2

UWS
SWS

ESSPRI
dryness

fatigue
yy

pain
g

p_Actinobacteria
g_Alloscardovia

g_Bifidobacterium
g_Scardovia

g_Actinomyces
gg

g_Rothia
yy

g
g_Atopobium

p_Bacteroidetes
gg_ p

g_Alloprevotella
g_Prevotella

p
g

g_Bergeyella
p_Firmicutes
g g yg y

g_Streptococcus
p_

g_Abiotrophia
g_Anaeroglobus
g_Enterococcus

g_Gemella
g_Granulicatella
g_Lactobacillus
g_Parvimonas

g_Peptostreptococcaceae
g_Ruminococcaceae

g_Dialister
p_Proteobacteria

g_Haemophilus
g_Lautropia
g_Neisseria

g_Veillonella
g_

g_Fusobacterium
g

g_Leptotrichia

A Alloscardovia

Granulicatella

Lactobacillus

Proteobacteria

Haemophiluspp

Lautropiapp

Neisseria

B
=-0.480

q=4.1*10. -7

=0.51
q=6.3*10q 10-8-

=0.454
q=2.1*10-8-

=0.500.50
q=0.001

=0.510 51=
q=0.0011q=

=-0.460 460
q=0.0004q 0 00044.

=0.45
q=1.4*10-5

0.84

0.66

0.48

0.3

0.12

0.06

0.24

0.42

0.6

0.78

0.96

FIGURE 3: Correlations between salivary secretion and other parameters with bacterial taxa. (A) Each 
coloured dot indicates a significant correlation (Spearman’s, q<0.01). p_ = phylum, g_ = genus. Colour 
and size of the dots correspond with the direction and strength of the correlation. Taxa coloured in 
red are associated with pSS compared with HCs. (B) Correlations of individual bacterial taxa with SWS 
(Spearman’s rho>0.40). Y-axis represents the square root relative abundance. Blue curves indicate 
the local regression fits (loess, non-parametric regression) with shaded in grey the 95% confidence 
interval. 
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DISCUSSION

The results of our study show that the buccal mucosa microbiome of pSS patients and 
non-SS sicca patients differ from that of HCs. Small differences were observed between 
pSS and non-SS sicca patients at population level, but the buccal mucosa microbiome was 
unable to distinguish pSS patients from non-SS sicca patients. No individual bacterial taxon 
was significantly higher in pSS patients compared with symptom-controls, which makes it 
unlikely that an individual bacterial taxon in the buccal mucosa microbiome is an etiological 
factor for pSS. 

Richness and Shannon diversity were not significantly different between pSS, non-SS sicca 
and HCs. In contrast, other studies reported a significantly lower richness and Shannon 
diversity in saliva and tongue swabs from pSS patients than from HCs (10,17). However, 
only 10 pSS patients or less were included in these studies, which may not have been a 
representative sample of the total pSS population. Furthermore, we included recently 
diagnosed pSS patients, which may have resulted in a more similar alpha-diversity as in 
HCs, because disease duration and/or hyposalivation have not lasted long enough to affect 
the alpha-diversity of the buccal mucosa microbiome (35). 

The larger heterogeneity in buccal mucosa bacterial composition in pSS patients may be 
caused by heterogeneity in the pSS population, especially in terms of differences in salivary 
secretion rate. We show that salivary secretion rate explains an almost equal percentage of 
the variation in bacterial composition as disease status. We and others have recently reported 
a similar effect of salivary secretion rate on the microbiome in oral washing samples and 
combined oral cavity samples (19,36). In this study, we could explain 3.8% of the individual 
variation in bacterial composition by disease status and 4.1-4.3% by salivary secretion rate. 
Host genetics, dentition state and environmental factors, such as household, medication, 
diet and oral hygiene may also contribute to the variation in bacterial composition of the 
buccal mucosa (30,37–39). 

Also at the level of individual taxa, we show that both salivary secretion rate and pSS-
specific factors affect relative abundance. Especially phylum Proteobacteria and its genera 
Haemophilus, Lautropia and Neisseria appear to be sensitive to the amount of saliva in 
the oral cavity. Interestingly, a species within phylum Proteobacteria (i.e., Pseudomonas 
aeruginosa) is sensitive to dryness and may therefore not survive on dry (mucosal) surfaces 
(40). Thus, lower relative abundance of Proteobacteria in pSS and non-SS sicca patients may 
be explained by a more dry mucosal surface compared with HCs. However, since phylum 
Proteobacteria remained associated with pSS compared with HCs when SWS secretion rate 
was accounted for, a pSS-specific effect may also contribute to its relative abundance. 
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Lactobacillus relative abundance was mostly influenced by salivary secretion rate. 
Lactobacillus is a well-known pathogen involved in dental caries (41), of which pSS patients 
indeed have a higher burden than healthy controls (42). No higher relative abundance of 
periodontitis associated taxa was observed in pSS patients. This corresponds with a similar 
risk of periodontitis in pSS patients as in HCs (43). Lower relative abundances of phylum 
Proteobacteria and genera Haemophilus, Neisseria, Granulicatella and Lautropia and higher 
relative abundances of Firmicutes and genera Lactobacillus, Atopobium, Parvimonas and 
Scardovia have previously been reported in pSS patients compared with HCs (17–19,36). 
However, we are the first to show that both pSS-specific factors and reduced salivary 
secretion contribute to the relative abundance of a large proportion of these taxa on the 
buccal mucosa. 

The correlations between taxa and salivary secretion rate we report in our study are 
important for interpreting earlier studies that report associations between oral bacteria 
and diseases. For example, higher oral Lactobacillus and lower Haemophilus and Neisseria 
relative abundances have been associated with RA (44). However, these associations may 
be caused by lower salivary secretion rate, which has been reported in RA patients (45). 

We conclude, that dysbiosis of the buccal mucosa microbiome is present in both pSS 
patients and symptom-controls when compared with HCs. The microbiome of the buccal 
mucosa is not specific enough for pSS and therefore not useful for characterizing pSS 
patients in clinical practice. The buccal mucosa microbiome in pSS patients is influenced by 
reduced salivary secretion rate and currently unknown disease-specific factors. Furthermore, 
our results suggest that it is unlikely that one specific bacterial taxon in the buccal mucosa 
microbiome is involved in the aetiology of pSS. Nevertheless, persistent dysbiosis in the 
buccal mucosa microbiome, combined with chronically reduced salivary secretion, may 
induce dysbiosis in the gut microbiome (9,12,14). Future studies assessing both the oral 
and gut microbiome might elucidate more of the relationship between the oral and gut 
microbiome and pSS.
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SUPPLEMENTARY METHODS

Buccal swab collection and preservation

After collecting buccal swabs from pSS, non-SS sicca and HCs, the swab was placed back 
in the provided tube with 1mL liquid Amies transport medium. Swabs were directly placed 
on ice and were stored at -80°C within 4 hours after sampling.  Buccal swabs from the 
population controls were saved in 300 μl MicroBead solution (from the UltraClean Microbial 
DNA Isolation Kit from MO BIO Laboratories Inc, Carlsbad, CA, USA) and stored at -80°C. 

DNA isolation

DNA isolation of all buccal swabs (pSS, non-SS sicca, HCs and population controls) was 
performed with the UltraClean Microbial DNA Isolation Kit (cat.12224) from MO BIO 
Laboratories, Inc. (MO BIO, Carlsbad, California, USA).  After thawing at room temperature 
with gentle shaking, the tubes with the swabs were vortexed for 30 seconds to maximize 
the release of bacterial contents into the preservation fluid.  The swab was removed from 
the tube and the preservation fluid was transferred to a 2mL vial. This vial with either 1mL 
Amies solution or 300 μl Microbead solution was spinned at 10.000G for 30 seconds. The 
supernatant was discarded and the pellet was resuspended in 300 microLiter MicroBead 
solution. Hereafter the protocol was followed as provided by the manufacturer. Chemical 
lysis was obtained by using the provided solutions in the DNA isolation kit. Mechanical 
lysis was obtained by shaking the samples with MicroBead solution and microbeads in a 
tube on a flat vortex adapter (MO BIO, Carlsbad, California, USA) at full speed for 10 minutes 
at room temperature. DNA concentration was measured with a NanoDrop ND-1000 
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). DNA was stored at -20°C 
before transport to the sequencing facility. 45 μl of DNA solution was plated on 96 wells 
plates and transported to the sequence facility (Broad Institute, Cambridge, MA, USA). 

Sequencing/ 16S rRNA profiling and sequencing. The 16S gene dataset consists of Illumina 
MiSeq sequences targeting the V4 variable region. Genomic DNA was subjected to 16S 
amplifications using primers designed incorporating the illumina adapters and a sample 
barcode sequence, allowing directional sequencing covering variable region V4 (Primers: 
515F [GTGCCAGCMGCCGCGGTAA] and 806R [GGACTACHVGGGTWTCTAAT]). Sample 
concentrations were normalized to 1.5ng/μl. PCR mixtures contained 10 μl of sample 
template, 10 μl of 5PRIME HotMasterMix (Quantabio, Beverly, MA, USA), and 5 μl of primer 
mix (IDT, Coralville, IA, USA) at 2 μM concentration of each primer. The cycling conditions 
consisted of an initial denaturation of 94°C for 3 min, followed by 30 cycles of denaturation 
at 94°C for 45 sec, annealing at 50 °C for 60 sec, extension at 72°C for 5 min, and a final 
extension at 72°C for 10 min. Amplicons were quantified according to the Caliper LabChip GX: 
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DNA 5K Assay (PerkinElmer, Hopkinton, MA, USA), and pooled in equimolar concentrations 
according to the 400bp amplicon. The pooled samples were then size selected by Pippin 
Prep 2% agarose protocol (Sage Science, Beverly, MA, USA), removing non-specific 
amplification products from host DNA (non 375-425 bp). Sequencing was performed on the 
Illumina MiSeq v2 platform, according to the manufacturer’s specifications with addition of 
5% PhiX, and generating paired-end reads of 175b in length in each direction. Paired end 
read alignment and quality control was performed in QIIME.

Effect of swab type and preservation fluid on bacterial composition

The swab type and preservation fluid used in our study cohort (pSS patients, non-SS sicca 
patients and HCs ) differed from that used in the general population replication cohort. 
In our study cohort, flocked swabs (Eswab, COPAN, Italy) were used and preserved in the 
provided Liquid Amies Elution. In the replication cohort, cotton swabs were used (Peha 
Hartmann, Paul Hartmann BV, the Netherlands) and swabs were preserved in 300 μL 
Microbead solution from the UltraClean Microbial DNA isolation kit (MO BIO Laboratories, 
Carlsbad, California, USA). Although all subsequent steps regarding DNA isolation and 16S 
sequencing were identical in both cohorts, we were interested whether swab type and 
preservation fluid had an effect on the bacterial composition in these samples. Therefore, 
we tested these two techniques in 10 healthy individual volunteers. After signing informed 
consent, one side of the buccal mucosa was swabbed with the flocked Eswab and the other 
side with the cotton swab. Swabs were then placed in their respective preservation fluids 
as described above and stored at -80°C. DNA isolation was performed as described above. 
DNA concentration in the DNA isolates was measured and a quantitative polymeric chain 
reaction was performed with a Bact338 primer (Biolegio BV, Nijmegen, the Netherlands). No 
significant difference between the two swab types was observed in DNA concentration, but 
the cycle threshold (Ct) for detecting bacterial DNA was significantly lower in the Eswabs, 
indicating a higher amount of bacterial DNA in these swabs (Supplementary Figure 1). 
However, despite this higher bacterial DNA, the number of observed OTUs was lower in 
Eswabs than in cotton swabs (Supplementary Figure 2). The overall bacterial composition 
in the buccal swabs was mostly determined by the individual from which the sample came 
from and less by the swab type. The Bray-Curtis based PCoA shows clearly that samples 
from the same individual cluster together, while no clustering based on swab type was 
visible (Supplementary Figure 3). Indeed, 71% of the variation between samples was 
explained by the individual from which samples was taken (Adonis, R2 0.714, p<0.001 
using 999 permutations), while the type of swab did not significantly affect the variation 
between samples (Adonis, R2 0.048, p=0.513 using 999 permutations). Furthermore, the 
pattern of relative abundances at phylum and genus level showed a more clear pattern for 
individuality than for swab type (Supplementary Figures 4 and 5). These results indicate that 
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the overall bacterial community composition of the buccal mucosa was not significantly 
affected by swab type and preservation fluid, although richness (number of observed OTUs) 
was lower in Eswabs compared with cotton swabs. 
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SUPPLEMENTARY FIGURES

SUPPLEMENTARY FIGURE S1: Threshold cycles and DNA concentration in two swab types. 
Significantly less threshold cycles (Ct) were needed to detect a signal of the targeted bacterial nucleic 
acid in Eswabs compared with cotton swabs (p=0.002, paired t-test), indicating that more bacterial 
DNA was present in Eswabs from the dry mouth patient cohort. No significant difference was found 
between the two sample types in total DNA concentration (ng/μl).

SUPPLEMENTARY FIGURE S2: Alpha-rarefaction plot of two swab types. Red curve = cotton 
swabs, blue curve = Eswabs. Sequence depth was cut-of at 1000 reads/sample. Higher number of 
different OTUs observed in cotton swabs than Eswabs at same sequencing depth.
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SUPPLEMENTARY FIGURE S3: PCoA of two swab types in 10 healthy volunteers . PCoA 
based on Bray-Curtis distance matrix, explaining 59% of the variation within the first three principal 
coordinates (PC1-PC3). Dots are coloured according to subject. Large dots are cotton swabs, small 
dots Eswabs. A vector line is drawn between the two sample types of the same individual.
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SUPPLEMENTARY FIGURE S6: Correlation plot of clinical and bacterial data. All coloured 
squares indicate a significant Spearman correlation (q<0.01). White squares are not significantly 
correlated. The colour indicates the direction (green = positive, brown = negative) of the Spearman’s 
rho correlation. Exact Spearman’s rho values are printed in the squares.
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SUPPLEMENTARY TABLES

SUPPLEMENTARY TABLE S1: Associations of bacterial taxa with pSS and non-SS siccaa

Taxon
Groups

compared
Coeffi-
cient N

N 
not 

0 P-value Q-value

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae pSS vs HC -0.05 61 53 0.0001 0.0129

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae_g.
Granulicatella

pSS vs HC -0.05 61 53 0.0001 0.0129

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae pSS vs HC -0.02 61 21 0.0008 0.0569

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae_g.
Abiotrophia

pSS vs HC -0.02 61 21 0.0008 0.0569

p.Proteobacteria_c.Betaproteobacteria_o.Burkholderiales pSS vs HC -0.05 61 35 0.0043 0.0803

p.Proteobacteria_c.Betaproteobacteria_o.Burkholderiales_f.
Burkholderiaceae

pSS vs HC -0.05 61 35 0.0043 0.0803

p.Proteobacteria_c.Betaproteobacteria_o.Burkholderiales_f.
Burkholderiaceae_g.Lautropia

pSS vs HC -0.05 61 35 0.0043 0.0803

p.Bacteroidetes_c.Flavobacteriia_o.Flavobacteriales_f.
Flavobacteriaceae_g.Bergeyella

pSS vs HC -0.02 61 37 0.0031 0.0803

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Enterococcaceae pSS vs HC -0.02 61 29 0.0030 0.0803

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Enterococcaceae_g.
Enterococcus

pSS vs HC -0.02 61 29 0.0030 0.0803

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae pSS vs HC -0.01 61 14 0.0021 0.0803

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales pSS vs HC 0.03 61 21 0.0029 0.0803

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae

pSS vs HC 0.03 61 21 0.0029 0.0803

p.Proteobacteria pSS vs HC -0.16 61 58 0.0058 0.0821

p.Proteobacteria_c.Betaproteobacteria pSS vs HC -0.10 61 48 0.0050 0.0821

p.Proteobacteria_c.Betaproteobacteria_o.Neisseriales_f.
Neisseriaceae_g.Neisseria

pSS vs HC -0.09 61 46 0.0060 0.0821

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae_g.Alloscardovia

pSS vs HC 0.01 61 7 0.0057 0.0821

p.Firmicutes_c.Negativicutes_o.Selenomonadales_f.
Veillonellaceae_g.Anaeroglobus

pSS vs HC 0.02 61 9 0.0050 0.0821

p.Proteobacteria_c.Betaproteobacteria_o.Neisseriales pSS vs HC -0.09 61 48 0.0078 0.0890

p.Proteobacteria_c.Betaproteobacteria_o.Neisseriales_f.Neisseriaceae pSS vs HC -0.09 61 48 0.0078 0.0890

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae_g.Scardovia

pSS vs HC 0.03 61 15 0.0081 0.0890

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Peptoniphilaceae pSS vs HC 0.02 61 20 0.0095 0.0931

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Peptoniphilaceae_g.
Parvimonas

pSS vs HC 0.02 61 20 0.0095 0.0931

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae_g.
Ruminococcaceae

pSS vs HC -0.01 61 7 0.0104 0.0940
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SUPPLEMENTARY TABLE S1: (Continued)

Taxon
Groups

compared
Coeffi-
cient N

N 
not 

0 P-value Q-value

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae_g.Bifidobacterium

pSS vs HC 0.03 61 14 0.0125 0.1031

p.Proteobacteria_c.Gammaproteobacteria_o.Pasteurellales pSS vs HC -0.13 61 58 0.0161 0.1144

p.Proteobacteria_c.Gammaproteobacteria_o.Pasteurellales_f.
Pasteurellaceae

pSS vs HC -0.13 61 58 0.0161 0.1144

p.Proteobacteria_c.Gammaproteobacteria pSS vs HC -0.13 61 58 0.0178 0.1144

p.Proteobacteria_c.Gammaproteobacteria_o.Pasteurellales_f.
Pasteurellaceae_g.Haemophilus

pSS vs HC -0.13 61 58 0.0195 0.1189

p.Actinobacteria_c.Coriobacteriia pSS vs HC 0.02 61 31 0.0211 0.1189

p.Actinobacteria_c.Coriobacteriia_o.Coriobacteriales pSS vs HC 0.02 61 31 0.0211 0.1189

p.Actinobacteria_c.Coriobacteriia_o.Coriobacteriales_f.
Coriobacteriaceae

pSS vs HC 0.02 61 31 0.0211 0.1189

p.Actinobacteria_c.Coriobacteriia_o.Coriobacteriales_f.
Coriobacteriaceae_g.Atopobium

pSS vs HC 0.02 61 31 0.0211 0.1189

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Peptostreptococcaceae_
XIg.Peptostreptococcaceae

pSS vs HC 0.01 61 11 0.0216 0.1190

p.Bacteroidetes_c.Bacteroidia_o.Bacteroidales_f.Prevotellaceae_g.
Alloprevotella

pSS vs HC -0.03 61 40 0.0240 0.1240

p.Firmicutes_c.Negativicutes_o.Selenomonadales_f.
Veillonellaceae_g.Dialister

pSS vs HC 0.01 61 16 0.0273 0.1393

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Lactobacillaceae pSS vs HC 0.01 61 20 0.0321 0.1592

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Lactobacillaceae_g.
Lactobacillus

pSS vs HC 0.01 61 20 0.0321 0.1592

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae pSS vs 
non-SS 

-0.03 123 108 0.0039 0.0997

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae_g.
Granulicatella

pSS vs 
non-SS 

-0.03 123 108 0.0039 0.0997

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales pSS vs 
non-SS 

0.02 123 45 0.0096 0.1213

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae

pSS vs 
non-SS 

0.02 123 45 0.0096 0.1213

p.Bacteroidetes_c.Flavobacteriia_o.Flavobacteriales_f.
Flavobacteriaceae_g.Bergeyella

pSS vs 
non-SS 

-0.01 123 75 0.0161 0.1513

p.Bacteroidetes_c.Bacteroidia_o.Bacteroidales_f.Prevotellaceae_g.
Alloprevotella

Non-SS  vs 
HC

-0.03 110 66 0.0014 0.0446

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae_g.
Ruminococcaceae_G2

Non-SS  vs 
HC

-0.01 110 15 0.0232 0.1738

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae Non-SS  vs 
HC

-0.01 110 27 0.0290 0.1880

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae_g.
Granulicatella

pSS vs 
pop.

control

-0.07 140 129 0.0000 0.0000
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SUPPLEMENTARY TABLE S1: (Continued)

Taxon
Groups

compared
Coeffi-
cient N

N 
not 

0 P-value Q-value

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae_g.
Abiotrophia

pSS vs 
pop.

control

-0.02 140 67 0.0016 0.0565

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae_g.
Ruminococcaceae_G1

pSS vs 
pop.

control

-0.01 140 40 0.0050 0.1003

p.Proteobacteria_c.Betaproteobacteria_o.Burkholderiales_f.
Burkholderiaceae_g.Lautropia

pSS vs 
pop.

control

-0.04 140 87 0.0056 0.1003

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae_g.
Granulicatella

Non-SS  
vs pop.
control

-0.04 189 182 0.0000 0.0009

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae_g.
Ruminococcaceae_G1

Non-SS  
vs pop.
control

-0.01 189 48 0.0001 0.0028

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Enterococcaceae_g.
Enterococcus

Non-SS  
vs pop.
control

0.01 189 67 0.0006 0.0140

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae_g.
Abiotrophia

Non-SS  
vs pop.
control

-0.02 189 91 0.0033 0.0449

p.Proteobacteria_c.Betaproteobacteria_o.Burkholderiales_f.
Burkholderiaceae_g.Lautropia

Non-SS  
vs pop.
control

-0.02 189 120 0.0061 0.0687

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Lactobacillaceae_g.
Lactobacillus

Non-SS  
vs pop.
control

-0.01 189 74 0.0095 0.0927

aAnalysis performed in MaAsLin, taking into account smoking and dental status. Sex was taken into account for the analysis 
of associations between pSS and non-SS sicca (non-SS) compared with population controls. pSS: primary Sjögren’s syndrome 
patients; non-SS sicca: non-Sjögren’s syndrome patients; HCs: healthy controls; pop.control: population controls; p.: phylum; c.: 
class; o.: order; f.: family; g.: genus. Coefficient shows the difference in arcsin square-root relative abundance between groups. 
Positive is higher in first named group in column 2; negative means lower in first named group; N: total number of samples 
imported in the analysis; N not 0: number of samples where the relative abundance of that taxon was higher than 0. Q-value is 
the false discovery corrected p-value.
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SUPPLEMENTARY TABLE S2: Associations of bacterial taxa with pSS taking SWS secretin rate into 
accounta

Taxon
Groups

compared
Coeffi-
cient N

N 
not 

0 P-value Q-value

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae_g.
Granulicatella

pSS vs HC -0.05 61 53 0.0000 0.0080

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Carnobacteriaceae pSS vs HC -0.05 61 53 0.0000 0.0080

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae pSS vs HC -0.02 61 21 0.0004 0.0304

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Aerococcaceae_g.Abiotrophia pSS vs HC -0.02 61 21 0.0004 0.0304

p.Proteobacteria pSS vs HC -0.17 61 58 0.0013 0.0613

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae pSS vs HC -0.01 61 14 0.0020 0.0684

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Enterococcaceae pSS vs HC -0.02 61 29 0.0027 0.0740

p.Firmicutes_c.Bacilli_o.Lactobacillales_f.Enterococcaceae_g.
Enterococcus

pSS vs HC -0.02 61 29 0.0027 0.0740

p.Firmicutes_c.Negativicutes_o.Selenomonadales_f.Veillonellaceae_g.
Anaeroglobus

pSS vs HC 0.02 61 9 0.0033 0.0786

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae_g.Scardovia

pSS vs HC 0.03 61 15 0.0033 0.0786

p.Bacteroidetes_c.Flavobacteriia_o.Flavobacteriales_f.
Flavobacteriaceae_g.Bergeyella

pSS vs HC -0.02 61 37 0.0034 0.0786

p.Actinobacteria_c.Actinobacteria_o.Bifidobacteriales_f.
Bifidobacteriaceae_g.Bifidobacterium

pSS vs HC 0.03 61 14 0.0071 0.1070

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Ruminococcaceae_g.
Ruminococcaceae_G1

pSS vs HC -0.01 61 7 0.0090 0.1268

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Peptoniphilaceae pSS vs HC 0.02 61 20 0.0103 0.1332

p.Firmicutes_c.Clostridia_o.Clostridiales_f.Peptoniphilaceae_g.
Parvimonas

pSS vs HC 0.02 61 20 0.0103 0.1332

aAnalysis performed in MaAsLin, taking into account smoking and dental status and SWS secretion rate. pSS: primary Sjögren’s 
syndrome patients, non-SS sicca: non-Sjögren’s syndrome patients, HCs: healthy controls, pop.control: population controls. p.: 
phylum, c.: class, o.: order, f.: family, g.: genus. Coefficient shows the difference in arcsin square-root relative abundance between 
groups. Positive is higher in first named group in column 2, negative means lower in first named group. N: total number of samples 
imported in the analysis. N not 0: number of samples where the relative abundance of that taxon was higher than 0. Q-value is the 
false discovery corrected p-value.
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ABSTRACT

Objective. Alterations in the microbiota composition of the gastro-intestinal tract 
are suspected to be involved in the etiopathogenesis of two closely related systemic 
inflammatory autoimmune diseases: primary Sjögren’s syndrome (pSS) and systemic 
lupus erythematosus (SLE). Our objective was to assess whether alterations in gut and oral 
microbiota compositions are specific for pSS and SLE.

Methods. 16S ribosomal RNA gene sequencing was performed on fecal samples from 39 
pSS patients, 30 SLE patients and 965 individuals from the general population, as well as 
on buccal swab and oral washing samples from the same pSS and SLE patients. Alpha-
diversity, beta-diversity and relative abundance of individual bacteria were used as outcome 
measures. Multivariate analyses were performed to test associations between individual 
bacteria and disease phenotype, taking age, sex, body-mass index, proton-pump inhibitor 
use and sequencing-depth into account as possible confounding factors.

Results. Fecal microbiota composition from pSS and SLE patients differed significantly from 
population controls, but not between pSS and SLE. pSS and SLE patients were characterized 
by lower bacterial richness, lower Firmicutes/Bacteroidetes ratio and higher relative 
abundance of Bacteroides species in fecal samples compared with population controls. 
Oral microbiota composition differed significantly between pSS patients and SLE patients, 
which could partially be explained by oral dryness in pSS patients.

Conclusions. pSS and SLE patients share similar alterations in gut microbiota composition, 
distinguishing patients from individuals in the general population, while oral microbiota 
composition shows disease-specific differences between pSS and SLE patients.
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INTRODUCTION

Primary Sjögren’s syndrome (pSS) and systemic lupus erythematosus (SLE) are systemic 
inflammatory autoimmune diseases that share epidemiological, clinical, pathogenic and 
etiological features (1,2). The world-wide prevalence rates for pSS and SLE are 0.01-0.09% 
and 0.02-0.24%, respectively, with a female:male ratio of 10:1 for both diseases (3–6). pSS 
is characterized by chronic inflammation of the exocrine glands, in particular the salivary 
and lacrimal glands, resulting in oral and ocular dryness (sicca) complaints (7,8). In SLE, 
a wide range of symptoms can be present, such as skin rash, photosensitivity, arthritis, 
glomerulonephritis, pericarditis, neurologic and hematological symptoms (2). Overlap of 
clinical symptoms is frequently observed in pSS and SLE patients (7,9,10). 

Host genetics and environmental factors are important etiological factors in pSS and SLE. 
pSS and SLE patients share genetic risk loci which predisposes individuals to these diseases. 
Genetic risk loci for both pSS and SLE include STAT4 and IRF5 (involved in innate immunity), 
IL12A and BLK (involved in adaptive immunity) and HLA class II region (11–14). Many more 
genetic risk factors are currently known for SLE than for pSS (11). The majority of SLE genetic 
risk factors are involved in innate immune signaling (e.g. TLR7 and TLR9) and lymphocyte 
signaling (e.g. IL-10, CD80) (15).

Despite increasing knowledge on genetic risk factors, still relatively little is known about 
environmental factors involved in the development of pSS and SLE. In this respect, 
the microbial composition in the gut and oral cavity may be important factors in the 
etiopathogenesis of these two chronic inflammatory autoimmune diseases (16–20). Several 
recent studies reported differences in gut and oral microbiota of pSS and SLE patients 
compared with healthy- and symptom-controls (17–19,21–24). However, it is unknown 
whether gut and oral microbiota of pSS and SLE patients are truly specific for the disease, 
as there are no direct comparative studies including both diseases. Therefore, the aims of 
this study were to identify disease-specific differences in gut and oral microbiota of pSS and 
SLE patients and to assess whether pSS and SLE patients share overlapping signatures in 
gut microbiota composition. To address these questions, we performed 16S ribosomal RNA 
(rRNA) sequencing on fecal, buccal swab and oral washing samples from 39 pSS patients 
and 30 SLE patients that passed quality control. Fecal samples from 965 individuals from 
the general population, living in the same geographical area as pSS and SLE patients, were 
processed using the same pipeline and were used to assess shared signatures in pSS and 
SLE gut microbiota composition.
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PATIENTS AND METHODS

Patients

pSS and SLE patients
This study was approved by the Medical Ethical Committee (METc) of the University Medical 
Center Groningen (UMCG), Groningen, the Netherlands (METc 2015.472). All patients 
completed a written informed consent according to the declaration of Helsinki. Clinically 
diagnosed pSS patients (n=40) and SLE patients (n=35), living in one of the northern 
three provinces of the Netherlands, were consecutively selected for participation during 
a standard follow-up consultation at the UMCG Sjögren’s Expertise Center. The UMCG is 
a tertiary referral center for Sjögren’s syndrome (SS) and SS-associated mucosa associated 
lymphoid tissue (MALT) tumors. No selection based on race or ethnic background was 
made. Patients who had undergone abdominal surgery with (partial) bowel resection were 
not selected for participation.

All pSS patients fulfilled the 2016 American College of Rheumatology/European League 
Against Rheumatism (ACR/EULAR) classification criteria (25). All SLE patients fulfilled the 
2012 Systemic Lupus International Collaborating Clinics (SLICC) classification criteria (26). 
SLE patients using immunosuppressive drugs, other than hydroxychloroquine and low 
dose prednisolone (maximum of 7.5 mg daily), were excluded. Furthermore, SLE disease 
activity index (SLEDAI) was ≤4, in order to select disease controls with stable disease and 
low disease-activity. Routinely, when there is a clinical suspicion of secondary SS (e.g. sicca 
complaints), SLE patients are scheduled for a diagnostic workup in the Sjögren’s Expertise 
Center. This workup includes additional blood serology, functional tests of tear production 
(Schirmer’s test, ocular staining score), saliva production (unstimulated whole saliva) 
and a salivary gland biopsy. Each patient had to complete the Dutch Healthy Diet Food 
Frequency Questionnaire (DHD-FFQ) (27), the WHO Oral Health Questionnaire for Adults 
(28), the Xerostomia Inventory questionnaire (29) and the Rome III Diagnostic Questionnaire 
on irritable bowel syndrome (IBS) (30). Demographic, clinical, biochemical and medication 
data were retrieved from standardized electronic medical records. Unstimulated (UWS) and 
stimulated (SWS) whole salivary flow rates in mL/min, routinely collected in pSS patients, 
were collected. Patients were required not to have used systemic antibiotics two months 
before stool and oral sampling. 

General population controls
Population controls (n=974) consisted of individuals participating in a population cohort 
study in the northern three provinces of the Netherlands, LifeLines DEEP (31,32). In order 
to represent the general population as well as possible, population controls were not 
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matched to pSS or SLE patients. Fecal samples and relevant phenotype data were available 
for 974 individuals. Individuals reported to use systemic antibiotics, anti-malarial or anti-
fungal therapy were excluded (n=9), leaving 965 population controls for analyses.

Methods

Fecal and oral sample collection and DNA isolation
Fecal and oral (i.e., buccal swab and oral washing) samples were collected from 40 pSS and 
35 SLE patients. The required number of patients to include in this study was based on 
previous studies on the gut microbiome in rheumatoid arthritis (RA), pSS and SLE (18,21,33). 
Fecal samples from the 965 population controls were previously collected (Lifelines DEEP) 
(31). All fecal samples, from patients and population controls, were collected at home. pSS 
and SLE patients collected oral samples in the same week as fecal samples, before breakfast 
and oral hygiene activities. Directly after collection, samples were frozen by participants (i.e., 
patients and population controls) and stored in the participants’ home freezer. Within two 
weeks after sampling, a research assistant visited each participant to collect the fecal and 
oral samples. Samples were transported on dry ice to the hospital and stored at -80°C. DNA 
isolation on all fecal samples was performed exactly the same, using the AllPrep DNA/RNA 
Mini kit (Qiagen, Venlo, the Netherlands). DNA isolation on buccal swabs and oral washings 
was performed with the Ultraclean Microbial DNA isolation kit (MO BIO, Carlsbad, California, 
USA). See Supplementary methods for details.

16S rRNA gene sequencing, quality control and taxonomy assignment 
Illumina Miseq-v2 paired-end sequencing, covering the V4 variable region (Primers: 515F 
[GTGCCAGCMGCCGCGGTAA] and 806R [GGACTACHVGGGTWTCTAAT]), was performed 
the same on all fecal and oral samples using standardized sequencing techniques (see 
Supplementary Methods). Paired-end read alignment and quality control on samples from 
pSS and SLE patients was performed using Quantitative Insights Into Microbial Ecology 
(QIIME) v1.9.1 and for population controls with custom scripts (34), both with a minimum 
phred-quality score of 33. Rarefaction was performed at 8000 reads/sample for fecal samples 
and 5000 reads/sample for oral samples. Samples with lower number of reads/sample than 
these cut-offs were excluded. 

The naïve Bayesian Ribosomal Database Project (RDP) Classifier was used to assign bacterial 
16S rRNA sequences to genus level with SILVA128 as reference database (35,36). Scripts 
on rarefaction and taxonomy assignment are available on https://github.com/alexa-kur/
miQTL cookbook. After taxonomy assignment, taxa observed only once in a sample and 
taxa with a relative abundance below 0.01% were removed. 
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Secondly, the ARB software environment (release 5.5) was used to gain more insight in 
species distribution (37). ARB aligns 16S rRNA reads based on nucleotide sequence and 
secondary 16S rRNA gene structure information. To assign 16S rRNA reads to species level, a 
less stringent cut-off for read assignment was applied. Therefore, ARB was used as secondary 
taxonomy assignment method solely and not as primary discovery method.

Statistical analyses 
QIIME was used to determine alpha-diversity (i.e., bacterial diversity within one sample) 
and beta-diversity (i.e., diversity in bacterial composition between samples). Alpha-diversity 
was determined as bacterial richness (Chao1) and diversity (Shannon index). Beta-diversity 
was assessed with Bray-Curtis distance matrix and visualized using principal coordinate 
analysis (PCoA). Adonis function from the vegan R-package was used to describe how much 
of the variation in Bray-Curtis distance could be explained by each phenotype, using 999 
permutations and the R2-value as explanatory estimate. 

R (version 3.3.1) was used for comparative statistics (38). A Benjamini Hochberg false 
discovery rate (FDR) corrected p-value (q-value) was calculated for comparative tests. A 
q-value <0.05 was used as cut-off for comparative statistical tests. Multivariate Association 
with Linear Models (MaAsLin, version 0.0.4) was used to find bacterial taxa associated with 
pSS and SLE (39). In MaAsLin, the following factors were taken into account as possible 
confounders in the taxa-phenotype association analyses: age, sex, body-mass index (BMI), 
smoking, diet (i.e., DHD-FFQ score, only available for pSS and SLE patients), proton-pump 
inhibitor (PPI)-use and sequencing-depth (40,41). A q-value <0.10 was used as significance 
cut-off for taxa-phenotype associations.

RESULTS

Characteristics of the study population

Demographic and clinical characteristics of the study groups are summarized in Table 1. 
After quality control, 39 fecal samples from pSS patients, 30 fecal samples from SLE patients 
and 965 fecal samples from population controls were used in the analyses. SLE patients 
were slightly younger on average than pSS patients, corresponding to peak incidence 
ages for these diseases (3,4). Eight out of 39 pSS patients (21%) had developed a mucosa 
associated lymphoid tissue (MALT) tumor in the course of the disease. Of the eight pSS 
patients with a history of MALT, seven patients either finished treatment more than one year 
before inclusion or were on a wait-and-see policy.  Only one pSS patient with a MALT history 
received maintenance therapy with rituximab during the study. The vast majority of clinical 
characteristics was similar between pSS patients with and without a history of salivary gland 
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MALT tumor (Supplementary Table 1). No differences were observed between pSS patients 
with and without a MALT tumor in the disease history, regarding the number of reads per 
fecal sample and the alpha- and beta-diversity of the gut microbiome.

Three pSS patients used immunosuppressive drugs during the study, of which two 
rituximab and one methotrexate. None of the pSS patients was treated with antimalarials. 
This is in accordance with a recent study showing that antimalarials are not effective in 
reducing symptoms in pSS-patients (42). Instead, non-steroidal anti-inflammatory drugs 
(NSAIDs) were prescribed in 49% of pSS-patients, mainly because of arthralgia symptoms. 
SLE patients were mainly treated with antimalarial therapy (83%). A full history of 
immunomodulating agents used by pSS and SLE patients, before inclusion in the study, 
can be found in Supplementary Table 2. PPIs were prescribed more often in SLE-patients 
(60%) than in pSS patients (33%) and in population controls (7%). To date, no studies are 
available that show a relation between antimalarial therapy and changes in the gut or 
oral microbiome. However, PPI-use can affect the gut microbiome (41) and was therefore 
included as possible confounder in our multivariate statistical model testing for disease-
microbiota associations (39,41). 
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TABLE 1: Characteristics of patients and controls included in gut microbiome analyses*

Characteristic
pSS

N=39
SLE

N=30
Control
N=965

p-value1

pSS vs 
SLE

p-value1

pSS, SLE, 
Control

Age in years, mean±SD 55 ±12 47 ±14 45 ±13 0.01 <0.001

Male sex, n (%) 3 (8) 2 (7) 408 (42) 1 <0.001

White/European ethnic background 36 (92) 28 (93) NA

Born in the Netherlands NA NA 929 (96)

Body-mass index, mean±SD 25 ±5 27 ±5 25 ±4 0.2 0.2

Smoking, n (%) 4 (10) 9 (30) 194 (20) 0.1 0.1

Disease duration in years, mean±SD 10±6 11±9 NA 0.6

fulfilling ACR EULAR 2016 criteria for SS, n (%) 39 (100) 1 (3) NA

fulfilling SLICC 2012 criteria for SLE, n (%) 0 30 (100) NA

Clinically active SLE (%)2 NA 6 (20) NA

Serological active SLE (%)2 NA 4 (13) NA

Symptoms, ever reported

Arthralgia, n (%) 18 (46) 22 (73) NA 0.03

Raynaud, n (%) 17 (44) 14 (47) NA 0.8

Renal involvement, n (%) 3 (8) 5 (17) NA 0.3

Skin involvement, n (%) 11 (28) 20 (67) NA 0.002

Neuropathy, n (%) 4 (10) 3 (10) NA 1

Oral ulcers, n (%) NA 9 (30) NA

MALT tumor salivary gland, ever diagnosed, n (%) 8 (21) NA NA

Fibromyalgia, n (%) 0 0 23 (2) 0.4

RA , n (%) 0 0 14 (2) 0.6

Diabetes, n (%) 2 (5) 1 (3) NA 1

Serum biochemistry

ANA positive, n (%) 39 (100) 28 (97) NA4 0.4

Anti dsDNA positive, n (%) 1 (4) 15 (50) NA <0.001

ENA positive, n (%) 32 (84) 11 (38) NA <0.001

Ro/SSA positive, n (%) 35 (90) 11 (38) NA <0.001

La/SSB positive, n (%) 21 (54) 5 (17) NA 0.003

Reumatoid factor positive, n (%) 28 (74) 6 (29) NA 0.007

Lupus Anticoagulans positive, n (%) NA 7 (25) NA

Anti dsDNA at inclusion (IU/mL), mean±SD NA 15±24 NA

C3 low at inclusion (<0.90 g/L), n (%) 4 (10) 13 (43) NA 0.002

C4 low at inclusion (<0.10 g/L), n (%) 4 (10) 3 (10) NA 1
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TABLE 1: (Continued)

Characteristic
pSS

N=39
SLE

N=30
Control
N=965

p-value1

pSS vs 
SLE

p-value1

pSS, SLE, 
Control

IgG high  at inclusion (>16.0 g/L), n (%) 19 (49) NA NA

Current medication

Proton pump inhibitors, n (%) 13 (33) 18 (60) 68 (7) 0.03 <0.001

NSAIDS, n (%) 19 (49) 9 (30) 26 (3) 0.1 <0.001

Corticosteroids, n (%) 2 (5) 5 (17) 2 (0.2) 0.2 <0.001

Antimalarial, n (%) 0 25 (83) NA <0.001

Rituximab 2 (5) 0 NA

Methotrexate 1 (3) 0 NA

Patient reported disease severity score for SS

ESSPRI Total, mean±SD 6±2 NA NA

ESSPRI dryness, mean±SD 6±2 NA NA

ESSPRI fatigue, mean±SD 6±3 NA NA

ESSPRI pain, mean±SD 5±3 NA NA

Salivary secretion rate

UWS (mL/min), mean±SD 0.07±0.11 NA NA

SWS (mL/min), mean±SD 0.20±0.22 NA NA

Questionnaire results3

Irritable Bowel Syndrome, n (%) 17 (46) 6 (23) 165 (22) 0.1 0.004

DHD-FFQ total score, mean±SD 56±12 52±10 NA5 0.1

DHD fiber score, mean±SD 8±2 7±2 NA 0.03

DHD alcohol score, mean±SD 9±3 9±2 NA 0.3

*pSS, primary Sjögren’s syndrome; SLE, systemic lupus erythematosus; Control, population controls; NA, not available; SD, 
standard deviation; ACR EULAR, American College of Rheumatology European League Against Rheumatism; SLICC, Systemic 
Lupus International Collaborating Clinics; MALT, mucosa-associated lymphoid tissue; RA, Rheumatoid Arthritis; ANA, antinuclear 
antibody; dsDNA, double-stranded DNA; ENA, extractable nuclear antigen; Ro/SSA, anti-Ro/Sjögren’s Syndrome autoantibody A; 
La/SSB, anti-La/Sjögren’s syndrome autoantibody B; C3/C4, complement C3/C4; IgG, Immunoglobulin G; NSAIDS, non-steroidal 
anti-inflammatory drugs; ESSPRI, EULAR Sjögren’s syndrome patient reported index; UWS/SWS, unstimulated/stimulated whole 
salivary flow; DHD, Dutch healthy diet; FFQ, food frequency questionnaire. 
1P-values for pSS and SLE statistical comparisons were calculated with the t-test or Fisher’s exact test. P-values for the overall study 
population were calculated with the one-way ANOVA or Chi-squared test. 2Clinically and serological SLE activity was clinically 
determined by the treating physician.
3Questionnaires were returned by 37/39 (95%) of pSS patients and 26/30 (87%) of SLE patients.
4Serum biochemistry was not available for population controls. A previous study showed that serum ANA (titer >1:160) is positive in 
6.1% of the general population and that anti-Ro/SSA, anti-La/SSB and anti-dsDNA is positive in 0.2-0.8% of the general population 
(66).
5DHD-FFQ data was not available for population controls.
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Alpha- and beta-diversity of the gut microbiome

Alpha-diversity measures of richness and diversity in fecal samples did not significantly differ 
between pSS and SLE (q=0.35 and q=0.93, respectively; Figure 1A). Richness was significantly 
lower in samples from pSS and SLE patients compared with those from population controls 
(both q=0.0004), but the within-sample diversity did not differ between pSS, SLE and 
population controls (both q=0.7). Principal coordinate analysis (PCoA) of fecal samples from 
pSS and SLE patients showed no disease-specific clustering pattern (Figure 1B). Disease 
phenotype (i.e., presence of pSS or SLE) did not significantly contribute to the variation 
in fecal bacterial composition between individuals (adonis, R2=0.026, p=0.07). In the PCoA 
including 965 population controls disease phenotype (i.e., presence of pSS, SLE or population 
control) explained 1.7% of the variation in fecal bacterial composition between individuals 
(adonis, q<0.01; Figure 1C). Other factors that were shown to contribute to the variation 
in fecal bacterial composition in the total study population were: age (explaining 1.6%, 
q=0.01), sex (explaining 0.7%, q=0.01), BMI (explaining 0.5%, q=0.01), smoking (explaining 
0.4%, q=0.02), PPI-use (explaining 0.6%, q<0.01) and NSAID-use (explaining 0.2%, q=0.03) 
as analyzed by adonis. The overall gut microbiota composition of women from the general 
population was slightly more similar to that of pSS and SLE patients than that of men from 
the general population (Supplementary Figure 1). This suggests that a small proportion 
of the difference in overall gut microbiota composition between pSS/SLE patients and 
population controls might be related to the higher percentage of males in the population 
control group (Table 1). In contrast, the gut microbiota composition of population controls 
with higher age, was slightly less similar to that of pSS and SLE patients (Supplementary 
Figure 2). This indicates that the higher average age of pSS patients compared with the 
average age of population controls (Table 1) did not contribute to the observed difference 
in overall gut microbiota composition between pSS patients and population controls. 

Individual gut bacteria associated with pSS and SLE compared to 
population controls 

Lower Firmicutes/Bacteroidetes ratio in pSS and SLE patients
Profiles of the average bacterial composition at phylum and genus level in fecal samples 
were more similar between pSS and SLE than between patients and population controls 
(Figure 2A). A lower ratio between phyla Firmicutes and Bacteroidetes has previously been 
observed in SLE patients compared to control subjects (21,22,43). We also observed a lower 
Firmicutes/Bacteroidetes ratio in fecal samples from SLE patients compared to population 
controls (q<0.001), but found a similarly lower Firmicutes/Bacteroides ratio in pSS patients 
compared with population controls (q<0.001; Figure 2B). 



117

The gut and oral microbiome in primary Sjögren's syndrome and systemic lupus erythematosus

5

q=0.345q

q=0.0004
q=0 0004q=0.0004q=0 0004q 0.0004q 4

pSS SLEpSS SLEpSS SLEpSS SLEpSS SLE ControlControlControlControlControl pSS SLEpSS SLEpSS SLE ControlControlControl
n=39 n=30 n=965 n=39 n=30 n=965

q=0.928
q=0 658q 0.658q=0.658q

q=0.658q

Richness DiversityA B

C

n=39

n=30

30n=3

39n=3

965n=9

RRR2=0.0260.0260.026
7p=0.07

R2 0.017=0
001p<0.0
01q<0.0

FIGURE 1: Significantly lower richness and different bacterial composition in fecal samples from pSS 
and SLE patients compared with fecal samples from population controls (Control). Q-values represent 
Benjamini-Hochberg false discovery rate (FDR) corrected p-values. (A) Alpha-diversity measures of 
richness (Chao1) and diversity (Shannon index) in fecal samples. (B and C) PCoA based on Bray-Curtis 
distance of fecal bacterial composition in pSS and SLE patients shows no significant difference (A), 
but compared to population controls the fecal bacterial composition differs significantly between 
the three study groups (C). Squares represent centroids per group and ellipses the 75% confidence 
interval of the centroid.
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Individual bacterial taxa associated with pSS and SLE
Next, we assessed whether disease phenotype was associated with individual bacterial 
taxa (n=152) using MaAsLin. The majority of genera associated with each disease, was 
shared between pSS and SLE patients compared with population controls (Figure 2C, 
Supplementary Tables 3-5). Six genera showed significantly higher and twelve lower 
relative abundance in both pSS and SLE patients compared with population controls 
(q<0.10, Figure 2D). Although pSS and SLE were also associated with different taxa, none of 
these associations were significant when pSS and SLE patients were compared with each 
other (q>0.10, Supplementary Table 6). Thus, difference in relative abundance of individual 
bacteria was much larger between pSS and SLE compared to population controls than the 
variation between the two diseases.

High relative abundance of Bacteroides species is characteristic for pSS and SLE, but 
not associated with Ro60/SSA-status
Phylum Bacteroidetes and genus Bacteroides relative abundance were most evidently higher 
in pSS and SLE patients compared with population controls (Figure 2D). Also, genus Alistipes 
(belonging to Bacteroidetes) and phylum Proteobacteria showed evidently higher relative 
abundance in pSS and SLE patients compared with population controls. We subsequently 
analyzed which Bacteroides species were responsible for the higher relative abundance 
of genus Bacteroides in pSS and SLE patients, using the ARB software package.(37) The 
relative abundance of Bacteroides vulgatus, Bacteroides uniformis and Bacteroides ovatus was 
significantly higher in both pSS and SLE patients than in population controls (Wilcoxon, 
p<0.01, q<0.05; Figure 2E; Supplementary Table 7). Bacteroides thetaiotaomicron (B. theta) 
was significantly higher in SLE patients, but not in pSS patients compared to population 
controls (Wilcoxon, q=0.03 and q=0.17, respectively). Recently, cross-reactivity has been 
suggested between the gut commensal B. theta and the Ro60-protein (43). However, we 
did not observe a different relative abundance of B. theta in anti-Ro/SSA-positive pSS/
SLE patients (n=46) than in anti-Ro/SSA-negative patients (n=22) (Supplementary Figure 
3). Neither did we observe associations between any other bacterial taxa and serum anti-

FIGURE 2: Taxonomic differences in gut microbiota composition between pSS patients, SLE patients 
and population controls. (A) Profiles of the average relative abundance per group at phylum and 
genus level. (B) Log2 Firmicutes/Bacteroidetes ratio was significantly lower in pSS and SLE patients 
compared to population controls, but similar between diseases (Wilcoxon). (C) Venn diagram of 
genera significantly associated with pSS and SLE compared to population controls using MaAsLin 
(q<0.10). (D) Phyla (p ) and genera (g ) significantly associated with both pSS and SLE compared to 
population controls (MaAsLin, q<0.10). (E) The top 12 Bacteroides species with a relative abundance 
>0.10% observed in fecal samples from patients and population controls. Black asterisks indicate 
significant results for both pSS and SLE versus Control, red asterisk indicates significant for SLE vs 
Control (Wilcoxon test, p<0.01 and q<0.05).
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Ro/SSA-autoantibody presence using the MaAsLin framework (Supplementary Table 8). 
Also, anti-dsDNA and rheumatoid factor (RF) positivity was not associated with individual 
bacterial taxa (q>0.10), but anti-La/SSB-autoantibody positivity in pSS/SLE patients was 
associated with higher relative abundance of genus Clostridium sensu stricto (q=0.05) 
(Supplementary Tables 9-11). However, this genus showed significantly lower relative 
abundance in pSS and SLE patients than in population controls (Figure 2D), suggesting 
that higher Clostridium sensu stricto relative abundance cannot directly be linked to positive 
anti-La/SSB autoantibody status.

Oral microbiota composition differs between pSS and SLE patients 

Significant differences in alpha- and beta-diversity
Study population characteristics of pSS and SLE patients used for oral microbiota analyses 
are summarized in Table 2. Buccal swab samples from 33 pSS patients and 34 SLE patients 
and oral washings from 34 pSS patients and 34 SLE patients passed quality control and were 
used in statistical analyses. Richness and diversity were significantly higher in buccal swabs 
and oral washings from SLE patients than in the same samples from pSS patients (q<0.05, 
Figure 3A). The bacterial composition in buccal swabs, oral washings and merged oral 
samples differed significantly between pSS and SLE patients (p<0.01, adonis; Figures 3B,C). 
Disease phenotype explained 7.8-8.8% of the variation in oral microbiota composition. Other 
factors significantly contributing to the variation in overall oral microbiota composition 
(i.e., in merged oral samples) were: number of own teeth (14.8%, q=0.002), self-reported 
condition of gums (15.8%, q=0.01), Xerostomia Inventory-score (9.8%, q=0.002) and severity 
of oral dryness sensation (11.3%, q=0.049, adonis; Supplementary Figure 4). These results 
indicate that oral dryness contributes more to oral microbiota composition than disease 
phenotype, which corresponds with our previous findings (23,24). Smoking was not a factor 
affecting the overall oral microbiota composition in pSS and SLE patients (R2=0.016, p=0.4, 
adonis). 

No individual taxa associated with disease-phenotype or Ro60/SSA-status
Profiles of the average bacterial composition at phylum and genus level in buccal swabs 
and oral washings showed disease specific patterns (Figure 3D). However, no individual 
bacterial taxon in buccal swabs or oral washings was significantly associated with pSS or SLE 
(MaAsLin, q>0.1). When all samples (i.e., one buccal swab and one oral washing from each 
patient) were included in the analysis, 36 taxa showed statistically significant differences in 
relative abundance (q<0.10, see Supplementary Table 12).
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TABLE 2: Characteristics of pSS and SLE patients included in oral microbiome analyses*

Characteristic pSS N=34 SLE N=34 p-value1

Disease duration, mean±sd 10±7 10±9 1

Age, mean±sd 54±13 48±14 0.07

Male sex, n (%) 2 (6) 4 (12) 0.7

Smoking, n (%) 3 (9) 9 (27) 0.1

SLE oral ulcers, n (%) NA 9 (27)

UWS mL/min, mean±sd 0.08±0.11 NA

SWS mL/min, mean±sd 0.20 ±0.21 NA

Questionnaire results

Total Xerostomia Inventory score , mean±sd2 38±9 23±8 <0.001

Xerostomia Inventory questionnaire: feeling dry mouth <0.001

Always, n (%) 12 (36) 2 (7)

Very often, n (%) 7 (21) 3 (10)

Often, n (%) 11 (33) 9 (29)

Rarely, n (%) 3 (9) 10 (33)

Never, n (%) 0 7 (23)

Dentition / number of own teeth 0.4

Complete, n (%) 18 (55) 21 (66)

10 to 19, n (%) 2 (6) 3 (9)

1 to 9, n (%) 5 (15) 1 (3)

Edentulous, n (%) 8 (24) 7 (22)

Self-reported condition teeth 0.02

Excellent, n (%) 1 (4) 5 (20)

Very good, n (%) 1 (4) 5 (20)

Good, n (%) 10 (39) 11 (44)

Moderate, n (%) 12 (46) 3 (12)

Bad, n (%) 1 (4) 0

Very bad, n (%) 1 (4) 1 (4)

Self-reported condition gums 0.06

Excellent, n (%) 1 (3) 7 (23)

Very good, n (%) 2 (6) 4 (13)

Good, n (%) 17 (52) 11 (36)

Moderate, n (%) 11 (33) 5 (16)

Bad, n (%) 1 (3) 3 (10)

Very bad, n (%) 1 (3) 1 (3)

*pSS, primary Sjögren’s syndrome; SLE, systemic lupus erythematosus; UWS/SWS, unstimulated/stimulated whole salivary secretion 
rate. 1P-values were calculated using either the Fisher’s exact test or t-test. 2Total xerostomia inventory score in a normal (elderly) 
population is estimated at 20 (67).
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Previously, epitope mimicry between the oral species Capnocytophaga ochracea and the 
Ro60/SSA protein has been reported (16). However, we did not observe a difference in 
relative abundance of genus Capnocytophaga in anti-Ro/SSA-positive patients (pSS and SLE 
patients together) compared with anti-Ro/SSA-negative patients (Supplementary Figure 5). 
Neither did we observe associations between other taxa and anti-Ro/SSA-positive pSS/SLE 
patients in MaAsLin.
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FIGURE 3: Oral microbiota composition differs significantly in buccal swabs and oral washings 
between pSS and SLE patients. (A) Significantly lower richness (Chao1) and diversity (Shannon index) 
in buccal swab and oral washing samples from pSS patients compared with SLE patients (Wilcoxon, 
q-value = FDR corrected p-value). (B) Bray-Curtis based PCoA on buccal swabs and oral washings shows 
significant difference in composition between pSS and SLE patients. Squares represent centroids per 
group and sample type, ellipses correspond with the 75% confidence interval of the centroid. (C) 
Disease phenotype explains 8.6% of the variation in overall bacterial composition between pSS and 
SLE. (D) Profiles of the average relative abundance at phylum and genus level per group show disease 
specific differences in buccal swabs and oral washings.
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Connection between oral and gut microbiota

Recent clinical and experimental studies have suggested that increased relative abundance 
of oral bacteria in the gut may induce intestinal inflammation (34,44). Local intestinal 
inflammation may subsequently predispose individuals to systemic inflammatory disorders, 
such as pSS and SLE (45,46). Therefore, we assessed whether genera observed in oral 
samples from pSS and SLE patients were more prevalent and/or abundant in fecal samples 
from pSS and SLE patients than in fecal samples from population controls. The cumulative 
relative abundance of oral genera did not differ in fecal samples from pSS patients, SLE 
patients or population controls (Figure 4A). Furthermore, none of the individual oral genera 
was more prevalent or abundant in fecal samples from pSS or SLE patients than in samples 
from population controls (Figures 4B and C). We observed a significantly higher relative 
abundance of ‘oral genera’ Streptococcus, Lactobacillus and Actinomyces in fecal samples 
from patients and population controls using PPIs (n=99) compared with non-PPI users 
(n=935) (supplementary figure 6A) in the total study population (n=1034). However, the 
cumulative relative abundance of the nine ‘oral genera’ observed in fecal samples was not 
higher in individuals using PPIs compared to non-PPI users (supplementary figure 6B).

Actinomyces presence and relative abundance was significantly lower in fecal samples 
from pSS patients than in those from population controls (q=2.2*10-8 and q=4.1*10-

8, respectively). The relative abundance of Actinomyces and Lactobacillus in oral samples 
significantly correlated with their relative abundance in fecal samples (q<0.05, Kendall’s 
rank correlation, tau=0.35 and tau=0.24, respectively) (Figure 4D). Also, fecal Actinomyces 
relative abundance correlated negatively with oral Lactobacillus relative abundance (q<0.05, 
tau= –0.31). Furthermore, we observed higher Actinomyces relative abundance in both oral 
and fecal samples from SLE patients compared to samples from pSS patients (Figure 4E). 
The difference in Lactobacillus relative abundance between diseases was significant in in 
oral samples, but not in fecal samples. Together, these results suggest that specific oral 
microbiota can affect the gut microbiota composition. 
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FIGURE 4: Connection between oral genera observed in fecal samples. (A) Cumulative relative 
abundance of nine oral genera observed in fecal samples. Each line is one study subject. Boxplots 
summarize the cumulative relative abundance per group and correspond with the y-axis (Wilcoxon). 
(B) Presence of oral genera in fecal samples. Absence was defined as relative abundance <0.0125%. 
Fisher’s exact tests were performed on genera with an overall presence >25%. (C) Relative abundance 
of oral genera in fecal samples. Blue asterisk indicates q=4.1*10-8 for pSS vs population control 
(Wilcoxon). (D) Correlations between genera observed in oral and fecal samples. Relative abundances 
of buccal swab and oral washing samples were merged per individual. The color and size of the dots 
correspond with the strength of the correlation (Kendall’s tau, q<0.05). (E) Differences in Actinomyces 
and Lactobacillus relative abundance in oral and fecal samples from pSS and SLE patients (Wilcoxon). 

DISCUSSION

Alterations in gut and oral microbiota composition have previously been suggested as 
possible environmental factors in the etiology of pSS and SLE (16–19,21,43). However, until 
now, it was unknown whether the gut and oral microbiome are specific for pSS and SLE 
or that these diseases share common characteristics in microbiota composition. Here we 
show that gut microbiota composition of pSS and SLE patients are very similar to each 
other but differ significantly from individuals in the general population. In contrast, oral 
microbiota composition differs between pSS and SLE patients. 

Living-area, ethnic background, sex, age, technical variations, diet and medication use can 
influence the outcome of gut microbiota analyses (40,47–51). Furthermore, ethnicity and 
living-area also influence the phenotypic expression of pSS and SLE patients (52–54). In 
this study, we included pSS and SLE patients from the same geographical area and with 
a similar ethnic background as population controls. We showed that the strong female 
predisposition in pSS and SLE patients may have explained a small proportion of the 
difference in overall gut microbiota composition between pSS/SLE patients and population 
controls. However, the effect of age on the overall gut microbiome composition in the 
total study population was smaller and even opposed to the age-difference observed 
between pSS patients and population controls. Methods for fecal sampling, sequencing 
and taxonomy assignment were the same for pSS/SLE patients and population controls. 
Dutch-Healthy-Diet Food Frequency Questionnaire (DHD-FFQ)-scores were not available 
for our general population cohort, but another Dutch population based study (i.e., Nutrition 
Questionnaires plus study, including randomly selected individuals from the central part of 
the Netherlands, aged 20-70 years, n=1235) showed very similar DHD-FFQ scores as in our 
pSS and SLE patient cohort (27). 
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None of the patients or population controls received antibiotic treatment at time of 
sampling. As expected, medication use differed between pSS/SLE patients and population 
controls. Also, the difference in use of antimalarials between pSS and SLE is not surprising, 
since antimalarial therapy has not been proven effective in pSS, but is a standard 
treatment for SLE (42,55). Chloroquine and hydroxychloroquine have been reported to 
inhibit intracellular growth of bacteria in vitro, but these drugs do not seem to have any 
antibacterial activity or effect on extracellular bacterial growth (56,57). Despite the difference 
in use of antimalarial therapy, no significant differences were observed in gut microbiota 
composition between pSS and SLE patients. This may indicate that antimalarial therapy has 
no significant effect on the gut microbiota composition. Only three pSS patients received 
treatment with immunomodulating agents during the study, of which two rituximab 
and one methotrexate. No evidence is available that rituximab has an effect on the oral 
or gut microbiome. No significant associations were found between gut microbiota and 
methotrexate use in a recent study in the British TwinsUK cohort (a nation-wide registry 
of volunteer twins, n=2737, 89% female, mean age 60 ± 12 SD, mean BMI 26 ± 5 SD) (49). 
Regarding the use of NSAIDs, we found that NSAID use explained 0.2% of the overall gut 
microbiota composition in the total study population (i.e., patients and population controls, 
n=1034), suggesting that NSAID use has a very small effect on the overall gut microbiota 
composition. In both the TwinsUK cohort (testing for topical NSAID use) (49) as well as in the 
LifeLines DEEP cohort (n=1135, 58% female, mean age 45 range 18-81, mean BMI 25 range 
17-49, testing for oral NSAID use) (40), no significant effect of NSAIDs on the gut microbiome 
was observed. Also, oral corticosteroid use did not significantly affect the gut microbiome 
in these two large studies (40,49). Thus, current evidence indicates that the effect of NSAID 
and corticosteroid use on the gut microbiome in humans is absent or very small. In contrast, 
PPI-use showed a stronger effect on the gut microbiome in both the LifeLines DEEP and 
TwinsUK cohort studies, and explained 0.6% of the overall gut microbiome composition 
in our study. PPI use has been associated with an increased relative abundance of oral 
microbiota in the gut microbiota composition (41). Although more pSS and SLE patients 
used PPIs than population controls, pSS/SLE patients did not have a higher cumulative 
relative abundance of oral microbiota in the gut. 

Thus, many possible confounding factors were considered in our study and the most 
important factors (i.e., sex, age, smoking, BMI, sequencing depth, PPI use) were taken into 
account in the multivariate statistical framework MaAsLin (39). Therefore, the results of this 
study implicate that the observed differences in fecal microbiota composition between 
pSS/SLE patients and population controls are related to biological variations rather than 
geographical, ethnic, sex, age, technical, dietary or medication differences. 
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Lower richness in gut microbiota composition was present in pSS and SLE patients 
compared to population controls. Individuals with low richness in gut microbiota have 
higher inflammatory markers in blood (i.e., number of leucocytes and high-sensitivity C 
reactive protein) than in individuals with high richness (58). Furthermore, in pSS patients, 
elevated levels of fecal calprotectin are observed, which suggests that (low grade) intestinal 
inflammation may be present in these patients (45). Together, these results suggest a 
connection between lower gut microbial richness and local and systemic inflammation. 
However, the sequence of events remains to be further investigated.  

A lower Firmicutes/Bacteroidetes ratio has been observed before in SLE patients, but 
not in spondyloarthritis or RA patients (33,59,60). Therefore, our results suggest that low 
Firmicutes/Bacteroidetes ratio is shared between two diseases with significant overlap in 
pathogenesis (viz. pSS and SLE), but not with systemic rheumatic diseases in general. 

Bacteroides species are commensal gut bacteria and are well-known for their glycan 
degrading ability and short-chain fatty acid production (61,62). These metabolic processes 
are considered beneficial to the host and for this reason high Bacteroides relative 
abundance is not directly associated with dysbiosis of the gut microbiome. However, 
recently the species Bacteroides thetaiotaomicron (B. theta) has been reported as a potential 
gut pathobiont. Greiling et al. showed that lysates of B. theta can bind to serum from anti-
Ro60-positive patients (43). Moreover, B and T cell responses to the Ro60-protein occurred 
after monocolonization of mice with B. theta and this monocolonization lead to enhanced 
lupus-like disease (43). We did not observe an association between anti-Ro/SSA-positivity 
in patients and B. theta relative abundance in fecal samples, similar to the results reported 
by Greiling et al. (43). Possibly, the low relative abundance of B. theta in fecal samples (<1%) 
requires larger numbers of anti-Ro60/SSA-positive and –negative patients to detect a 
significant difference between these groups. To overcome this problem, quantitative 
microbiome profiling, in contrast to relative microbiome profiling, should be applied in 
future studies assessing the possible connections between B. theta, SLE and anti-Ro60/SSA 
autoantibodies (63). Interestingly, B. theta relative abundance was significantly higher in SLE 
patients than in population controls. Thus B. theta may also be involved in SLE, independent 
of anti-Ro60/SSA autoantibody status.

The differences in oral microbiota composition between pSS and SLE patients are similar 
to what we previously observed between pSS patients and healthy controls, but also show 
new insights (23,24). Previously, we did not observe differences in alpha-diversity between 
pSS patients and healthy controls in buccal swabs or oral washings, which suggests that 
the alpha-diversity of the oral microbiome in pSS patients is relatively normal (23,24). Here 
we show that SLE is associated with a higher alpha-diversity in both buccal swabs and oral 
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washings than in pSS patients. Higher alpha-diversity of the subgingival microbiome has 
previously been associated with periodontitis (64). Furthermore, periodontitis prevalence 
is higher in SLE patients than in controls, while pSS patients do not have a higher risk of 
periodontitis (17,65). Thus, although we did not clinically assess patients for periodontitis, 
higher alpha-diversity in SLE patients might be explained by a higher periodontitis 
prevalence in the SLE group.

In this study we confirm our previous observation that oral dryness explains more of the 
variation in oral microbiota composition than underlying disease (23,24). Additionally, 
we show that self-reported number of own teeth and condition of gums explain large 
proportions (15% and 16%, respectively) of overall oral microbiota composition. This 
indicates that questionnaires on oral health can provide valuable information relevant to 
oral microbiome analyses.

The unique simultaneous sampling of the oral cavity and the gut allowed us to find 
correlations between oral and gut relative abundances of Actinomyces and Lactobacillus. 
This indicates that the oral microbiota composition influences that of the gut, supporting 
the idea that the oral cavity can serve as reservoir for potential pathobionts involved in 
intestinal inflammation (44). Bacterial species- and strain-level identification is needed to 
further assess whether this oral-gut microbiota connection plays a role in intestinal dysbiosis 
and inflammation.

A limitation of this study is that the results were not replicated in an independent cohort, 
but our results confirm previously reported alterations in gut microbiota composition in 
SLE patients compared to (healthy) controls (21,22). Furthermore, by including a large 
population control group, instead of healthy controls, we reduced the risk of introducing 
selection bias in assessing whether the gut microbiome is truly associated with a disease-
phenotype. 

The results of our study provide an important and solid basis for future studies on the role 
of the gut and oral microbiome in pSS and SLE. Elucidating the cause and effect relationship 
between the gut microbiome and pSS/SLE should be the main focus of future studies 
investigating the etiopathogenesis of pSS and SLE. 

CONCLUSION

In conclusion, we show that pSS and SLE patients share a very similar gut microbiota 
composition that distinguishes patients from a large group of controls from the general 
population. The main characteristics of the gut microbiota composition in pSS and SLE 
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patients are lower bacterial richness, lower Firmicutes/Bacteroidetes ratio and higher 
relative abundance of Bacteroides species. In contrast to the gut microbiota, the oral 
microbiota composition in pSS and SLE patients is determined by disease-related changes 
in the oral environment.
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SUPPLEMENTARY METHODS

Collection of fecal and oral samples at home 

pSS and SLE patients were instructed by a medical doctor or specialized nurse on collecting 
fecal and oral samples at home after the patient had signed informed consent. Patients 
also received instructions on paper with a step by step tutorial. Fecal samples were saved 
in a 2mL cryovial. Oral samples were collected in the morning, before performing before 
breakfast any oral hygiene activities. Patients brushed a flocked swab (Eswab, COPAN, Italy) 
over the mucosal surface of the cheek. Swabs were placed back in 1mL Amies solution 
in the tube, as provided by the manufacturer. After the buccal swab, patients rinsed their 
mouth with 10mL sterile water (water for injections, B. Braun, Melsungen, Germany) for 
30 seconds without gurgling, to capture the overall bacterial composition in the anterior 
part of the oral cavity. Patients spit the oral washing back in a 50mL sterile tube (#227261, 
Greiner Bio-One International, GmBH, Germany). All samples were stored in the patients’ 
own freezer directly after taking the sample. Fecal samples from population controls were 
collected and stored in the same way was those from pSS/SLE patients.

DNA isolation of stool samples

Stool samples were aliquoted to 100mg. Proteinase K digestion and enzymatic lysis was 
performed by adding 110μl TE buffer containing lysozyme and proteinase K to the frozen 
stool pallet. Samples were vortexed for 10 seconds and incubated at room temperature 
for 10 minutes. Next, 1200μl of RLT Plus with β-mercaptoethanol was added to the sample 
tube and vortexed for 10 seconds. Samples were then transferred into a 2ml sterile bead 
beater tube filled with 1ml of 0.1mm zirconia/silica beads. Samples were placed in a bead 
beater for 3 minutes on 5500 RPM in three cycles of 30-60 seconds. Hereafter, the tubes 
were centrifuged for 5 minutes at maximum speed to pellet debris. The supernatant was 
transferred into a new sterile 1.5ml tube and again centrifuged for 2 minutes at maximum 
speed to remove any additional debris. Hereafter, genomic DNA purification was performed 
according to the protocol of the Qiagen AllPrep DNA/RNA Mini kit. DNA concentration 
was measured with a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Isolated DNA was stored at -20°C before transport. 96-wells plates with 
25μl of DNA-solution per sample were transported on dry ice to the sequencing facility 
(Broad Institute, Boston, MA, USA). 

DNA isolation of oral samples

Buccal swabs and oral washings were stored at -80°C. DNA isolation of buccal swabs and oral 
washing samples was performed with the UltraClean Microbial DNA Isolation Kit (cat.12224) 
from MO BIO Laboratories, Inc. (MO BIO, Carlsbad, California, USA). 
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After thawing at room temperature with gentle shaking, the tubes with the swabs were 
vortexed for 30 seconds to maximize the release of bacterial contents into the preservation 
fluid.  The swab was removed from the tube and the preservation fluid was transferred to 
a 2mL vial. The vial with 1mL Amies solution was spinned at 10.000G for 30 seconds. The 
supernatant was discarded and the pellet was resuspended in 300 microLiter MicroBead 
solution from the DNA isolation kit. Hereafter the manufacturer protocol was followed. 

After thawing at room temperature, oral washings were vortexed for 5 seconds. 2mL of 
oral washing was used for each sample. The 2mL sample was spinned at 10,000G for 30 
seconds.  The supernatant was discarded and the pellet was resuspended in 300 microLiter 
MicroBead solution. Hereafter the manufacturer protocol was followed. 

For both buccal swab and oral washings, chemical lysis was obtained by using the provided 
solutions in the Ultraclean Microbial DNA isolation kit. Mechanical lysis was obtained by 
shaking the samples with MicroBead solution and microbeads in a tube on a flat vortex 
adapter (MO BIO, Carlsbad, California, USA) at full speed for 10 minutes at room temperature. 
DNA concentration was measured with a NanoDrop ND-1000 Spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). DNA was stored at -20°C before transport to the 
sequencing facility. 25 μL of DNA solution from oral washings and 45 μL of DNA solution 
from buccal swabs was plated on 96 wells plates. Plates were transported on dry ice to the 
Broad Institute, Cambridge, MA, USA for 16S rRNA sequencing. 

16S rRNA sequencing

The 16S gene dataset consists of Illumina MiSeq sequences targeting the V4 variable region. 
Genomic DNA was subjected to 16S amplifications using primers designed incorporating 
the illumina adapters and a sample barcode sequence, allowing directional sequencing 
covering variable region V4 (Primers: 515F [GTGCCAGCMGCCGCGGTAA] and 806R 
[GGACTACHVGGGTWTCTAAT]). Sample concentrations were normalized to 1.5ng/μl. PCR 
mixtures contained 10 μl of sample template, 10 μl of 5PRIME HotMasterMix (Quantabio, 
Beverly, MA, USA), and 5 μl of primer mix (IDT, Coralville, IA, USA) at 2 μM concentration 
of each primer. The cycling conditions consisted of an initial denaturation of 94°C for 3 
min, followed by 30 cycles of denaturation at 94°C for 45 sec, annealing at 50 °C for 60 
sec, extension at 72°C for 5 min, and a final extension at 72°C for 10 min. Amplicons were 
quantified according to the Caliper LabChip GX: DNA 5K Assay (PerkinElmer, Hopkinton, 
MA, USA), and pooled in equimolar concentrations according to the 400bp amplicon. The 
pooled samples were then size selected by Pippin Prep 2% agarose protocol (Sage Science, 
Beverly, MA, USA), removing non-specific amplification products from host DNA (non 375-
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425 bp). Sequencing was performed on the Illumina MiSeq v2 platform, according to the 
manufacturer’s specifications with addition of 5% PhiX, and generating paired-end reads of 
175b in length in each direction.

Taxonomy assignment using ARB

We used the ARB software environment (release 5.5) to gain more insight in the Bacteroides 
species distribution (1). Normally, short 16S rRNA reads, such as the V4 hypervariable 
region, cannot be aligned to species level taxonomy, because there is insufficient genetic 
information to discern between species within the same genus. ARB aligns 16S rRNA reads 
based on nucleotide sequence and secondary 16S rRNA gene structure information. By 
using a relatively low cut-off for reads to match to species taxonomy we were able to 
deeper assess the species distribution within genus Bacteroides. More information on ARB 
can be found at: http://www.arb-home.de/home.html. The same 16S rRNA reads, from the 
V4 region, from all pSS patients (n=39), SLE patients (n=30) and population controls (n=965) 
were imported into the ARB software environment. The SILVA125 database was used as 
reference database, which was filtered for uncultured species and species not existing in/
on the human body (2). 

Formulas for estimating richness and diversity within the gut and oral microbiome

S
Chao1

 = S
obs

 +
1

2

2

where S
obs

 is the number of observed species, 
1
 is the number of singletons (species 

captured once), and 
2
 is the number of doubletons (species captured twice) (3).

Shannon index: 

where  is the proportion of characters belonging to the ith type of letter in the string of 
interest. In ecology,  is often the proportion of individuals belonging to the ith species in 
the dataset of interest. The Shannon entropy quantifies the uncertainty in predicting the 
species identity of an individual that is taken at random from the dataset (4).
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SUPPLEMENTARY FIGURES

SUPPLEMENTARY FIGURE 1: PCoA based on Bray Curtis distance. Sex explained 0.7% (R2=0.007, 
p<0.01, adonis) of the overall gut microbiota composition in the total study population (n=1034). 
Gut microbiota composition of population control women (n=555) was slightly more similar to pSS 
(n=39) and SLE patients (n=30) than population control men (n=408). Squares represent the centroids 
per group, ellipses are the 75% confidence interval of the centroids. The centroid of population 
control women was slightly closer positioned towards pSS and SLE patients (i.e., lower on axis PC2), 
suggesting that observed difference in overall gut microbiota composition between pSS/SLE patients 
and all population controls could be explained for a small part by female predisposition in pSS and 
SLE.
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SUPPLEMENTARY FIGURE 2: PCoA based on Bray Curtis distance. Age explained 1.6% (R2=0.016, 
p=0.01, adonis) of the overall gut microbiota composition in the total study population (n=1034). 
Age of participants was grouped in the PCoA for better visualization. Squares represent the centroids 
per group, ellipses are the 75% confidence interval of the centroids. The centroids of population 
controls with higher age, were positioned further away (i.e., lower on axis PC3) from pSS and SLE 
patients than the centroids of younger population controls. This suggests, that despite the higher age 
in pSS patients (mean 55±12) than in population controls (mean 45±13), the age-difference did not 
contribute to the observed difference in overall gut microbiota composition between all population 
controls and pSS patients.
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SUPPLEMENTARY FIGURE 3: Bacteroides thetaiotaomicron (B. theta) relative abundance in anti-Ro/
SSA positive and anti-Ro/SSA negative pSS and SLE patients (Wilcoxon test).



142

Chapter 5

SUPPLEMENTARY FIGURE 4: PCoA based on Bray Curtis distance matrix on the merged microbiota 
composition in buccal swab and oral washing samples from 29 pSS and 34 SLE patients. R2 values 
represent the variation in microbiota composition explained by the factor in the title of the PCoA 
(method: adonis). Q-values are FDR-corrected (Benjamini-Hochberg) p-values. Squares represent the 
centroids per category.
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SUPPLEMENTARY FIGURE 5: relative abundance of genus Capnocytophaga in anti-Ro60/SSA 
positive and anti-Ro60/SSA negative pSS/SLE patients. The relative abundance of Capnocytophaga is 
the cumulative relative abundance observed in buccal swab and oral washing samples and is arcsin-
square root transformed for visualization.
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SUPPLEMENTARY FIGURE 6A: boxplot of the arcsin-square root relative abundance of the nine 
oral genera observed in fecal samples from pSS and SLE patients as well as in population controls 
(total study population n=1034). Asterisk indicate a significant difference between the groups 
(Wilcoxon test, Benjamin Hochberg corrected p-value <0.05).

SUPPLEMENTARY FIGURE 6B: The cumulative relative abundance of ‘oral genera’ observed in 
fecal samples does not differ between PPI-users and non-PPI-users (Wilcoxon test). 
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SUPPLEMENTARY TABLES

SUPPLEMENTARY TABLE 1: Characteristics of pSS patients with and without a history of salivary 
gland MALT lymphoma*

Characteristics 
No MALT hx

N=31
Hx of MALT

N=8 p-value**

Age, mean (sd) 53.00 (12.74) 62.38 (5.29) 0.1

Gender = Male, n (%) 2 (6.5) 1 (12.5) 0.5

BMI, mean (sd) 25.50 (5.01) 24.78 (2.69) 0.7

Smoking = yes, n (%) 3 (9.7) 1 (12.5) 1

Clinical parameters

Disease duration yrs, mean (sd) 9.93 (6.55) 11.12 (6.00) 0.6

ESSPRI Total, mean (sd) 36.68 (11.70) 39.12 (6.45) 0.6

ESSPRI dryness, mean (sd) 6.42 (2.01) 6.38 (2.07) 1

ESSPRI fatigue, mean (sd) 6.06 (2.50) 4.62 (2.67) 0.2

ESSPRI pain, mean (sd) 5.32 (2.75) 5.38 (2.33) 1

Arthralgia = yes, n (%) 15 (48.4) 3 (37.5) 0.7

Raynaud = yes, n (%) 12 (38.7) 5 (62.5) 0.3

Renal involvement = yes, n (%) 3 (9.7) 0 (0.0) 1

Skin involvement = yes, n (%) 10 (32.3) 1 (12.5) 0.4

Neuropathy = yes, n (%) 3 (9.7) 1 (12.5) 1

Diabetes = yes, n (%) 2 (6.5) 0 (0.0) 1

Serum biochemistry

ANA titer = pos, n (%) 31 (100.0) 8 (100.0)

Anti dsDNA = pos, n (%) 1 (5.0) 0 (0.0) 1

ENA titer = pos, n (%) 24 (80.0) 8 (100.0) 0.3

SSA = pos, n (%) 27 (87.1) 8 (100.0) 0.6

SSB = pos, n (%) 18 (58.1) 3 (37.5) 0.4

RF = pos, n (%) 21 (70.0) 7 (87.5) 0.7

C3 low, n (%) 2 (6.5) 2 (25.0) 0.2

C4 low, n (%) 1 (3.2) 3 (38) 0.02

IgG high, n (%) 18 (58) 1 (12.5) 0.04

Diet and IBS

DHD FFQ total, mean (sd) 57.00 (12.46) 52.75 (7.80) 0.4

DHD4 fiber, mean (sd) 8.07 (1.70) 8.74 (1.30) 0.3

DHD10 alcohol, mean (sd) 8.59 (3.27) 8.62 (1.77) 1

IBS = yes, n (%) 13 (44.8) 4 (50.0) 1
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SUPPLEMENTARY TABLE 1: (Continued)

Characteristics 
No MALT hx

N=31
Hx of MALT

N=8 p-value**

Oral characteristics

XI score, mean (sd) 37.90 (9.68) 39.12 (6.45) 0.7

UWS flow mL/min, mean (sd) 0.08 (0.11) 0.02 (0.04) 0.2

SWS flow mL/min, mean (sd) 0.24 (0.22) 0.04 (0.06) 0.04

Number of own teeth, n (%) 0.9

   1 to 9 4 (13.3) 2 (25.0)

   10 to 19 2 (6.7) 0 (0.0)

   complete 17 (56.7) 4 (50.0)

   edentulous 7 (23.3) 2 (25.0)

Condition of teeth, n (%) 0.7

   bad 1 (4.3) 0 (0.0)

   excellent 2 (8.7) 0 (0.0)

   good 9 (39.1) 2 (28.6)

   moderate 8 (34.8) 5 (71.4)

   Very bad 1 (4.3) 0 (0.0)

   Very good 2 (8.7) 0 (0.0)

Condition of gums, n (%) 0.2

   bad 0 (0.0) 1 (12.5)

   excellent 2 (6.7) 0 (0.0)

   good 13 (43.3) 6 (75.0)

   moderate 11 (36.7) 1 (12.5)

   Very bad 1 (3.3) 0 (0.0)

   Very good 3 (10.0) 0 (0.0)

Medication

PPI = yes, n (%) 10 (32.3) 3 (37.5) 1

NSAID = yes, n (%) 15 (48.4) 4 (50.0) 1

Corticosteroids = yes, n (%) 2 (6.5) 0 (0.0) 1

Antimalarial = no, n (%) 31 (100.0) 8 (100.0)

Microbiome parameters

Alpha-diversity

observed otus, mean (sd) 110.06 (15.78) 107.50 (12.00) 0.7

shannon, mean (sd) 4.51 (0.27) 4.49 (0.33) 0.8

simpson inverse, mean (sd) 12.79 (2.31) 12.21 (2.19) 0.5

chao1, mean (sd) 115.24 (18.36) 117.40 (12.43) 0.8
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SUPPLEMENTARY TABLE 1: (Continued)

Characteristics 
No MALT hx

N=31
Hx of MALT

N=8 p-value**

Beta-diversity: Bray-Curtis

PC1, mean (sd) -0.05 (0.08) -0.08 (0.04) 0.3

PC2, mean (sd) -0.06 (0.08) -0.06 (0.10) 0.9

PC3, mean (sd) 0.03 (0.07) 0.04 (0.05) 0.9

PC4, mean (sd) 0.01 (0.07) -0.02 (0.05) 0.3

Fecal DNA Reads, mean 106907.81 67284.38 0.5

* pSS = primary Sjögren’s syndrome, Hx = history, MALT = mucosa associated lymphoid tissue, BMI = body mass index, ESSPRI = 
EULAR Sjögren’s syndrome patient reported index, C3 = complement C3, C4 = complement C4, IgG = immunoglobulin G, DHD-
FFQ = Dutch Healthy Diet food frequency questionnaire, IBS = irritable bowel syndrome, XI_score = Xerostomia Inventory score, 
UWS/SWS = unstimulated and stimulated whole saliva, PPI = proton pump inhibitors, NSAID = non-steroidal anti-inflammatory 
drug, PC1/2/3/4 = Bray Curtis Principal Coordinate 1/2/3/4.
**P-values were calculated using Student’s t-test for continuous variables and Fisher’s exact test for categorical variable. 

For SUPPLEMENTARY TABLES 2 - 12: see online multimedia component 4: 
https://doi.org/10.1016/j.jaut.2018.10.009  or: 
https://www.sciencedirect.com/science/article/pii/S0896841118305249?via%3Dihub#mmc4
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INTRODUCTION

Dryness of epithelial surfaces is characteristic for patients with primary Sjögren’s syndrome 
(pSS). Vaginal dryness is frequently reported by pSS-women and is associated with sexual 
dysfunction (1,2). Recently we showed that dysbiosis of the oral microbiome is largely similar 
between oral dryness patients with and without pSS when compared with healthy controls 
(3,4). The objective of our current study was to assess whether the vaginal microbiome of 
women with pSS-associated vaginal dryness differs from controls. 

METHODS

This study was approved by the medical ethical committee of the University Medical Center 
Groningen, Groningen, the Netherlands (METc 2015/039). All participants completed 
written informed consent according to the declaration of Helsinki.

Patients and controls

In a case-control design, we compared the vaginal microbiome of ten premenopausal 
pSS-women with that of ten age-matched premenopausal women without pSS, who 
underwent general anesthesia for a laparoscopic procedure. Exclusion criteria were genital 
inflammatory or infectious comorbidity, endometriosis and use of disease modifying 
antirheumatic drugs, corticosteroids, vaginal estrogens or an intrauterine contraceptive 
device. All pSS-patients fulfilled the 2016 ACR/EULAR classification criteria. All participants 
completed a questionnaire on vaginal symptoms. Patient-reported vaginal dryness was 
scored using a numeric rating scale (NRS, range 0-10). Vaginal health was assessed with 
the vaginal health index (VHI) (5). The VHI was scored by two gynaecologists (MM and KT). 
The VHI was first described by Bachmann et al. in 1995 and was developed at the Robert 
Wood Johnson Medical School (Brunswick, NJ, USA) to assess female urogenital health in a 
clinically objective manner (see Supplementary figure S1) (6).

Sample collection

From each participant, a gynecologist collected a cervicovaginal lavage (CVL) and an 
endocervical swab (ES). Cervicovaginal lavages were collected with 10mL sterile phosphate 
buffered saline (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Endocervical swab 
samples were collected with flocked swabs (Eswab, COPAN, Brescia, Italy). Samples were 
centrifuged at 900 g. The pellet and supernatant of the samples were stored separately at 
-80°C. 
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DNA isolation, 16S rRNA gene sequencing and taxonomy assignment

DNA isolation was performed on the supernatant of the CVL and ES samples with a DNeasy 
UltraClean Microbial kit (QIAGEN Benelux B.V., Venlo, The Netherlands). The V3-V4 region 
of the 16S rRNA gene was amplified by PCR using modified 341F and 806R primers, as 
described before (7). Subsequently, paired-end sequencing was performed on a Illumina 
MiSeq platform. PANDAseq was used to discard reads with a quality score <0.9 (8). Samples 
were rarefied to 25,000 reads per sample. Taxonomy assignment was performed with the 
ARB software environment (release 5.5) with SILVA125 as reference database (9,10). The 
relative abundance of bacterial species was determined by the proportion of reads per 
species relative to the total number of reads per sample. Species with an overall mean 
relative abundance <0.01% were removed. 

Statistical analysis

QIIME v1.9.1 was used to assess alpha- and beta-diversity (11). Alpha-diversity was measured 
by the number of observed species and Shannon index. Beta-diversity was assessed by 
Bray-Curtis distance. Adonis function from the R-vegan package was used to estimate the 
explained variance (R2-value) and significance (p-value) of phenotype data on the variation 
in microbiota composition between samples using 999 permutations (12). Comparative 
statistics and clustering analyses were performed in R v3.3.1. A p-value <0.05 and a 
Benjamini-Hochberg false discovery rate corrected (FDR) p-value (indicated as q-value) 
<0.10 were used as significance cut-offs. 

RESULTS AND DISCUSSION

After inclusion, one pSS-patient was diagnosed with Chlamydia in the ES and two control 
women with endometriosis at laparoscopy. These women were excluded, resulting in 9 
pSS-women and 8 controls for further analyses (Table 1). 

As expected, scores for vaginal dryness, dyspareunia and use of lubricants were higher in 
pSS-women (2). Furthermore, pSS-women scored significantly lower on the total VHI-score 
(5). Vaginal pH-values were normal in pSS-patients. Microbiota composition of CVL and ES 
samples were highly similar within individuals, with 95% being explained by individuality 
(adonis, p<0.001; Figure 1A). Disease (pSS vs. control) did not affect overall vaginal 
microbiota composition in both CVL and ES samples (adonis, p>0.05; Figure 1B). Despite the 
small sample size, we were able to identify in both groups (pSS and controls), four of the five 
vaginal community state types (CSTs) previously described (Figures 1C-E) (13). Distribution 
of CSTs and distribution of the three most prevalent genera (i.e., Lactobacillus, Gardnerella 
and Streptococcus) showed similar patterns in pSS-women and controls (Figures 1F,G). Also, 
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TABLE 1: Study population characteristics*

Characteristic
pSS
n=9

Control
n=8 p-value‡

Age, mean (sd) 38 (9) 40 (4) 0.6

SSA positive, n (%) 7 (78) na

SSB positive, n (%) 6 (67) na

Disease duration in years, mean (sd) 8 (7) NA

Smoking, n (%) 3 (33) 4 (50) 0.8

Packyears, mean (sd) 0.7 (2) 0.7 (1) 0.4

Numeric Rating Scale on dryness (0-10):

Eyes, mean (sd) 7 (1) 2 (2) 0.001

Mouth, mean (sd) 7 (1) 1 (2) <0.001

Vagina, mean (sd) 6 (2) 1 (2) 0.002

Use of lubricants, n (%) 5 (56) 0 (0) 0.05

Dyspareunia, n (%) 9 (100) 2 (25) 0.01

Vaginal Health Index† total score, mean (sd) 19 (3) 23 (2) 0.02

pH posterior fornix, mean (sd) 4.6 (0.7) 4.7 (0.5) 0.6

Current medication

Oral contraceptives, n (%) 6 (67) 3 (38) 0.5

Current NSAIDs, n (%) 2 (22) 0 (0) 0.5

ESSDAI - total, mean (sd) 6 (3) NA

ESSPRI - dryness, mean (sd) 6 (1) NA

ESSPRI - fatigue, mean (sd) 6 (3) NA

ESSPRI - pain, mean (sd) 3 (3) NA

ESSPRI - total, mean (sd) 5 (2) NA

Reason for laparoscopic procedure in controls

BRCA1 or BRCA2 mutation, n NA 6

Refertilization, n NA 2

Mucous cyst of the adnex, n NA 1

*pSS, primary Sjögren’s syndrome; sd, standard deviation; na, not assessed; NA, not applicable; NSAIDs, non-steroidal anti-
inflammatory drugs; ESSDAI, EULAR Sjögren’s syndrome disease activity index; ESSPRI, EULAR Sjögren’s syndrome patient reported 
index.
†Vaginal Hygiene Index (VHI) scoring system: see Supplementary figure S1.
‡Chi-square test and Wilcoxon rank sum test were used for categorical and numerical data, respectively.
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the mean relative abundance of these three genera did not differ between pSS-women and 
controls (p>0.05). Patient-reported vaginal dryness severity (NRS-score) did not correlate 
with the relative abundance of the three most prevalent genera (Spearman, p>0.05). The 
small number of pSS-patients did not allow us to analyse associations between vaginal 
microbiota and disease activity.

Our results indicate that the vaginal microbiome in pSS-women with vaginal dryness is 
similar to that of controls, which contrasts the observed difference in vaginal microbiota 
composition between postmenopausal women with and without vaginal dryness (14). The 
different outcomes may be explained by different underlying causes of vaginal dryness (i.e., 
pSS in premenopausal versus loss of estrogen in postmenopausal women) (14). Under the 
influence of estrogen,  glycogen is deposited in the epithelium of the vagina (15). Lactobacilli 
use the breakdown products of glycogen to produce lactic acid, which contributes to the 
low vaginal pH, and thereby inhibits the growth of other bacteria (15). 

Apparently, the unique vaginal microbiome – dominated by acid producing lactobacilli 
– is less dependent on dryness than the oral microbiome. Oral dryness is associated with 
higher Lactobacillus relative abundance, which contributes to oral diseases (i.e., dental 
caries and Candida infection). In the vagina, lactobacilli represent a healthy microbiome 
and are essential for the low vaginal pH (15). Our study suggests that pSS-associated 
vaginal dryness in premenopausal women does not negatively influence homeostasis of 
the vaginal ecosystem. 
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FIGURE 1: Vaginal microbiota composition in premenopausal pSS-women and controls. (A) Principal 
coordinate analysis of CVL and ES samples shows high similarity within individuals (overlapping dots 
are separated slightly for enhanced clarity, see online supplementary figure S2 for original image). (B) 
No clustering of pSS-women or control women is observed based on vaginal microbiota composition 
in CVL (lavage) or ES (swab) samples. (C) CVL and ES samples show evident clustering based on the 
four community state types (CSTs). (D and E) CST-I, dominated by Lactobacillus crispatus, CST-III, 
dominated by Lactobacillus iners, CST-IV, a heterogeneous non-lactobacilli dominated type and CST-V, 
which is dominated by Lactobacillus jensenii were identified using Bray-Curtis distance clustering, 
based on the relative abundance of bacterial species with a relative abundance >0.1%. (F) Distribution 
of CSTs did not differ between pSS-women and controls (Fisher’s exact test). (G) Histograms of the 
three most abundant genera show similar patterns in pSS-women and controls. 
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SUPPLEMENTARY FIGURES

SUPPLEMENTARY FIGURE S1: scoring system of the VHI



158

Chapter 6

SUPPLEMENTARY FIGURE S2: Original version of principal coordinate analysis of CVL and 
ES samples by study ID. Principal coordinate analysis (PCoA) of cervicovaginal lavage (CVL) and 
endocervical swab (ES) samples. Each color represents an individual of the study. The microbial 
composition of many individual samples was highly similar, which resulted in considerable overlap 
of individual dots (i.e., individual samples) in the visualization of the PCoA, as shown here. Therefore, 
in Figure 1A this figure was adapted slightly to demonstrate that the microbiota composition from 
different samples (i.e., CVL and ES) is highly similar within an individual.
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GENERAL DISCUSSION

Homeostasis between the host immune system and the microbiome is crucial for the 
health status of the host. Disturbance of homeostasis between the human host and 
microbiome (designated as dysbiosis) is suggested as a major factor in the development 
of chronic inflammatory diseases (1–5). PSS is characterized by local and systemic chronic 
inflammation, but the role of the human microbiome has only scarcely been studied 
thus far. At the time we reviewed the literature (chapter 2), no human studies on the 
microbiome in pSS patients were available. However, based on the results of experimental 
studies and clinical studies performed in patients with other systemic autoimmune diseases 
(i.e., rheumatoid arthritis and systemic lupus erythematosus), we proposed a mechanism 
by which dysbiosis of the gut microbiome may lead to systemic inflammation in pSS. 
After publication of this review, three reports on the oral microbiome in pSS patients were 
published. All three studies included relatively low numbers of pSS patients and controls 
(≤10 individuals per group) (5–7). The main shortcoming of these studies was, however, 
that they did not answer the question whether changes in the oral microbiome of pSS 
patients are specific for the disease. Fecal samples from pSS patients were assessed in two 
earlier studies, of which only one used full 16S rRNA gene sequencing (5). The results from 
this study suggested that pSS patients have a specific gut microbiome in comparison to 
healthy subjects. However, the conclusions that could be drawn from the results of this 
study by de Paiva et al. were limited by the small sample size (10 pSS patients) and the 
possible effect of confounding through technical bias (5). The second study investigating 
fecal samples from pSS patients used a 16S rRNA gene based dysbiosis test (8). Severe 
dysbiosis of the gut microbiome was observed more often in pSS patients than in controls, 
but the true bacterial composition was not analyzed (8).

The overall aim of this thesis was to find disease-specific associations between pSS and the 
microbiota composition in three specific body sites, viz. the oral cavity, gut and vagina. In 
this chapter, we discuss our key-findings on the relation between pSS and the microbiota 
composition at the three aforementioned locations. 

Connection between the oral microbiome and pSS

To assess whether pSS patients have a specific oral microbiome, we performed 16S rRNA 
sequencing on oral washings from 36 pSS patients, 85 non-SS sicca patients (i.e., disease 
controls) and 14 healthy controls (HCs) to capture to overall bacterial composition in 
the mouth (chapter 3). Both pSS patients and non-SS sicca patients (i.e., patients with 
sicca complaints not fulfilling the 2016 ACR/EULAR classification criteria for pSS (9)) had 
a lower salivary flow rate compared to normal values. The bacterial composition of the 
oral microbiome in pSS and non-SS patients differed significantly from that of HCs, but 
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was largely similar between pSS and non-SS sicca patients. Individual pSS patients could 
not be identified based on the microbiome in oral washings, due to a large heterogeneity 
in oral bacterial composition between pSS-individuals. An important finding was that 
stimulated salivary flow rate explained more of the variation in bacterial composition 
between individual samples (i.e., samples from pSS, non-SS sicca and HCs) than disease-
status (9% versus 5%, respectively). Furthermore, salivary flow rate significantly correlated 
with the relative abundance of individual bacterial genera (viz., Haemophilus, Neisseria and 
Lactobacillus). From the results of this study, we conclude that the level of salivary flow has 
a stronger influence on the overall oral microbiome (as assessed in oral washings) than the 
underlying disease. 

Oral washing samples provide a more general overview of the (largely planktonic) oral 
microbiome, but do not capture the oral mucosa microbiome specifically. Therefore, in 
chapter 4, we describe a study in which we performed 16S rRNA sequencing on buccal 
swab samples from the same group of 37 pSS-patients and 86 non-SS sicca patients as in 
chapter 3. The microbiota composition in buccal swab samples was compared with buccal 
swabs from 24 HCs and 103 population controls. We showed that also the buccal mucosa 
microbiome of pSS and non-SS sicca patients differs significantly from that of HCs, but is 
largely similar between pSS and non-SS patients. Disease-status (pSS, non-SS sicca or HCs) 
and salivary flow rate contributed almost equally to the variation in bacterial composition 
between individuals (3.8% and 4.3%, respectively). Twelve of the 19 pSS-associated taxa 
(compared to HCs) significantly correlated with salivary flow rate, confirming that changes 
in the oral microbiome of pSS patients are largely related to reduced salivary flow. 

The results from the studies described in chapter 3 and 4, suggest that the changed oral 
microbiome in pSS patients is more likely to be a symptom of underlying disease, rather 
than an etiological factor for pSS. When stimulated whole salivary flow rate was taken into 
account, Granulicatella and Bergeyella lost their association with pSS compared with non-
SS sicca, whereas lower Streptococcus remained associated with pSS. This indicated that 
Streptococcus relative abundance is associated with pSS, independent of salivary flow rate. 
However, non-SS sicca patients also showed a lower Streptococcus relative abundance in 
oral washings compared with healthy controls, suggesting that similar factors, other than 
salivary flow rate, in pSS and non-SS sicca patients result in lower Streptococcus relative 
abundance.

All patients in the studies described in chapter 3 and 4 (i.e., pSS and non-SS sicca), were 
referred for a diagnostic work-up for pSS. Patients with oral dryness were assigned either 
to the pSS or non-SS sicca group, based on the ACR/EULAR classification criteria for pSS 
(9). It is likely that early-pSS patients (i.e., oral dryness patients not yet fulfilling the ACR/
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EULAR criteria for pSS) were present in the non-SS sicca group. The presence of early-pSS 
patients in the non-SS sicca group may have contributed to a comparable oral microbiota 
composition in pSS as in non-SS sicca patients. Currently there are no criteria to define early-
pSS, and therefore the presence of early-pSS patients could not be assessed. 

Factors contributing to the oral microbiota composition
Based on the outcomes found in chapter 3 and 4, we thus established the salivary flow 
rate to be an important factor in determining the overall oral microbiota composition and 
relative abundance of individual bacterial taxa (chapter 3 and 4). However, how exactly 
salivary flow rate influences the oral microbiota composition remains largely unknown. 
Salivary flow rate explained 4% of the microbiota composition in buccal swabs and 9% 
in oral washings, which leaves a large part of the oral microbiota composition to be 
explained by other factors. Furthermore, the correlations between salivary flow and relative 
abundance of specific taxa were moderately strong at best (Spearman’s rho≤0.55). These 
results indicate that other factors than salivary flow rate also contribute to the composition 
of oral microbiota. 

Recently, five host-related biochemical salivary parameters (i.e., pH and buffered pH, 
chitinase activity, lysozyme activity, albumin and mucin 5B concentration) were reported to 
associate with specific oral microbiome clusters in saliva samples from healthy young adults 
(10). Currently, the most well-described effect of salivary parameters on oral microbiota is 
the relation between pH and the abundance of Lactobacillus species (see section 1.1.2 
below). The salivary parameters assessed in the study by Zaura et al. were not assessed 
in the studies described in chapters 3-5 (10). Therefore, it remains currently unknown 
whether the changes in oral microbiota composition in patients with reduced salivary 
secretion are mainly caused by dryness (or low oral humidity), a change in concentration 
of salivary mucins, proteins or peptides, or – most likely – a combination of these factors. 

In chapter 5, we identified two more factors that explained a substantial proportion of the 
overall oral microbiota composition. Self-reported number of own teeth (i.e., edentulous, 
1-9, 10-19 or >20 teeth) explained 15% and the self-reported condition of gums (i.e., 
very bad, bad, moderate, good, very good or excellent) explained 16% of the overall 
oral microbiota composition in pSS and SLE patients. This indicates that the overall oral 
microbiota composition is directly influenced by the number of teeth of an individual 
and his/her health of gums. Possibly, loss of teeth (and hence loss of dental surface and 
periodontal area in the mouth), results in a lower relative abundance of dental biofilm-
associated bacteria. Therefore, in all three studies assessing the oral microbiome (chapters 
3-5), we took dental status into account as possible confounding factor in the assessment 
of associations between pSS and oral microbiota. 
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Together, the results from our studies indicate that future studies assessing the relationship 
between the oral microbiome and systemic and oral diseases, should take into account 
salivary flow rate in the statistical analyses. Especially because salivary flow rate is affected, 
and mostly reduced, in a large variety of diseases, as well as that many frequently prescribed 
medications may result in changed salivary gland functioning (11,12). Furthermore, salivary 
biochemical parameters (including pH, mucins and antimicrobial peptides) and oral health 
status (dental and periodontal) of a study participant should also be included in future 
clinical studies assessing the oral microbiome.

Effect of salivary flow rate on individual bacterial taxa
In chapters 3 and 4, we showed that salivary flow rate correlated significantly with the 
relative abundance of three bacterial genera (i.e., Haemophilus, Neisseria and Lactobacillus) 
in buccal swab and oral washing samples. Previous studies using culture techniques 
have shown that patients with hyposalivation have higher Lactobacillus counts in oral 
washing and dental plaque samples (13–15). In chapters 3 and 4, we further elucidated 
the connection between Lactobacillus and salivary flow. We showed that the relative 
abundance of Lactobacillus in buccal mucosa and oral washing samples correlates with 
the unstimulated and stimulated whole salivary flow rate of an individual. Lactobacillus 
species are gram-positive, rod-shaped, facultative anaerobic bacteria and are well-known 
for their role in caries progression (16,17). Lactobacilli are aciduric (i.e., they can survive in 
a low pH environment) and acidogenic (i.e., they produce lactate-acid as byproduct of  
anaerobic fermentation of carbohydrates) (16). Reduced salivary flow rate results in a lower 
pH in saliva and dental plaque, because the homeostatic functions of saliva are reduced or 
lost (14,18,19). Saliva has three homeostatic functions to maintain a normal pH in the oral 
cavity: buffer-capacity, dilution of sugars and the clearance of both sugars and bacteria 
(20). Loss of clearance capacity increases the time that carbohydrates remain in the oral 
cavity. Carbohydrates are the main source for acidogenic bacteria, thereby increasing the 
lactic-acid production. Due to loss of buffer capacity and dilution capacity in patients with 
hyposalivation, the acids produced by bacteria cannot be counteracted to increase the oral 
pH and hence, the proportion of aciduric bacteria increases at the cost of bacteria that grow 
less well in an acidic environment. Thus, reduced salivary flow in pSS patients results in the 
loss of pH homeostasis in the oral cavity, thereby promoting the growth of aciduric bacteria, 
such as Lactobacillus species (20). 

Through the use of 16S rRNA gene sequencing we were able to study the relation between 
many different bacterial taxa and the salivary flow rate of an individual. In both buccal swabs 
and oral washings, we showed that higher salivary flow rates resulted in higher relative 
abundances of genera Haemophilus and Neisseria. Both Haemophilus and Neisseria are 
considered to be part of the ‘core oral microbiome’ in healthy individuals (21,22). In individuals 
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with a stimulated salivary flow rate below 1 mL/min, the relative abundance of Haemophilus 
and Neisseria was even undetectable with sequence depths of 8000 reads/sample in oral 
washings and 1000 reads/sample in buccal swabs. Thus, higher relative abundance of 
Haemophilus and Neisseria may be considered characteristic of a healthy oral environment, 
maintained by adequate salivary flow. We speculate here that Haemophilus and Neisseria 
species are more sensitive to a dry environment and therefore their relative abundances 
decrease under circumstances of lower water availability. Indeed, the species Haemophilus 
paraphrophilus grows better under circumstances of increased moisture content in vitro 
(23). Also, the relative abundance of Haemophilus species on the conjunctiva appears to 
be higher in months with higher air humidity than in dry months in Madrid (24). The effect 
of humidity on Neisseria species is less well described, although it has been reported that 
invasive meningococcal disease, caused by Neisseria meningitidis, occurs more often when 
the absolute humidity in the air is at its lowest (25). However, whether this is related to a 
higher relative abundance of Neisseria meningitidis or host-related factors is unknown. To 
further test the effect of differences in humidity on the growth of Haemophilus and Neisseria 

species, bacterial species in these genera can be cultured using a relative humidity gradient 
technique, as described by de Goffau et al. (26). 

Restoration of a healthy microbiome in pSS patients
Restoration of a healthy oral microbiome in pSS patients seems to require restoration of 
the unique properties of saliva. Several studies have assessed the effect of saliva substitutes 
on the oral microbiota, but these mainly showed antibacterial effects, which are not 
necessarily beneficial for the host microbiota composition (27,28). A recent study showed 
that a probiotic fermented milk drink has no significant effect on the salivary microbiota 
composition in healthy individuals (29). Specific bacteria from the probiotic milk drink 
persisted to a certain extent in the salivary microbiome, but the change lasted less than 
24 hours (29). These results indicate that the environment of the oral cavity is relatively 
resistant to colonization with newly introduced bacteria under constant environmental 
conditions. In pSS patients and other patients with hyposalivation, a similar result can be 
expected when trying to restore dysbiosis to a healthy oral microbiome. A healthy oral 
microbiome in pSS patients can probably only be restored when the oral environment is 
restored to a healthy state. Thus, the main challenge in restoring a healthy oral microbiome 
in patients with hyposalivation, is to design a treatment with a prolonged effect on the oral 
microbiota that compensates for the loss of those functions of saliva that are needed for 
maintenance of a healthy oral microbiome. Therefore, studies that aim to find new ways 
to restore salivary gland function in pSS patients will also contribute to restoring a healthy 
oral microbiome. Pringle et al. recently showed that salivary gland stem cells in pSS patients 
are lower in number and less able to differentiate compared with salivary gland stem cells 
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from healthy controls (30). Therefore, a possible treatment option could be a transfer of 
newly generated autologous salivary gland stem cells to the salivary glands of pSS patients 
in order to regenerate the salivary gland parenchyma and to restore salivary gland function 
(30,31). However, this possible new treatment method is in an early phase of investigation 
and has not yet been tested on animals or patients.

Connection between the gut microbiome and pSS

To take a first step in investigating the possible role of gut microbiota in the etiopathogenesis 
of pSS, we collected fecal samples from 39 pSS and 30 SLE patients (included as disease-
controls) and compared this with 965 fecal samples from individuals from the general 
population (i.e., LifeLines DEEP participants) (32,33). 16S rRNA gene sequencing was 
performed on fecal samples as well as on buccal swab and oral washing samples from 
the same pSS and SLE patients. The results of this study, described in chapter 5, show 
that the fecal microbiota composition from pSS and SLE patients differs significantly from 
that of population controls, but is largely similar between pSS and SLE patients. The gut 
microbiome of pSS and SLE patients was characterized by lower bacterial richness, lower 
Firmicutes/Bacteroidetes ratio and higher relative abundance of Bacteroides species 
compared with the gut microbiome of population controls. In the total patient population 
(i.e., pSS and SLE patients together, n=69), we showed that the relative abundance of 
Actinomyces and Lactobacillus in the oral cavity correlated significantly with their relative 
abundance in the gut, suggesting that the oral microbiota composition influences the gut 
microbiota composition. Thus, the results of this study indicate that pSS and SLE patients 
share a largely similar gut microbiota composition that distinguishes patients from general 
population controls. 

The shared altered gut microbiota composition in pSS and SLE patients may suggest 
that the gut microbiome plays a common role in the etiology of both diseases. However, 
gut microbiota changes may also be the effect of changes in the intestinal environment 
as a consequence to similarities in genetic risk factors, pathogenesis (specifically B cell 
hyperactivity), or disturbances in tolerance induction and maintenance (34–38). Secretory 
immunoglobulin A (SIgA) in the gut lumen is one of the most important host factors that 
regulate the composition of the gut microbiota (39). Possibly, the immunopathogenic 
mechanisms underlying pSS and SLE lead to an altered SIgA repertoire in the gut lumen, 
subsequently causing an altered gut microbiome compared with healthy controls. A 
technique called IgA-sequencing (IgA-SEQ), introduced by Palm et al. (40), could be used to 
assess which bacteria in fecal samples are IgA-bound or –unbound in pSS and SLE patients. 
Using IgA-SEQ on fecal samples may give more insight in the cause and effect relationship 
between the gut microbiome and pSS and SLE. 
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1.2.1 Low richness characterizes the gut microbiome of pSS and SLE patients

We observed a lower bacterial richness, but similar diversity in fecal samples from pSS and 
SLE patients compared with those from population controls. The number of observed 
bacterial taxa in a sample (i.e., richness) depends on the number of sequenced reads (41). 
In our study, the number of reads did not differ between pSS patients, SLE patients and 
population controls (Wilcoxon, p>0.1). Furthermore, all fecal samples were rarefied to an 
equal sequencing depth (i.e., 8000 reads/sample) in order to minimize possible technical 
differences between samples. Therefore, we can conclude that the lower richness in pSS 
and SLE patients is most likely a true biological association, rather than a technical effect. 

Recently, a study from a Chinese research group compared the gut microbiota composition 
from 45 SLE patients with that of 48 healthy controls and also found a similar lower richness, 
and no difference in diversity of the gut microbiome in SLE patients (42). Richness of the 
gut microbiome has been reported to inversely correlate with ocular and systemic disease 
severity in a relatively small study in 10 pSS patients (5). As discussed in chapter 5, low 
bacterial richness can be a sign of systemic inflammation, characterized by increased C 
reactive protein (CRP) concentration in plasma and higher number of lymphocytes in blood 
(41). Possibly, lower bacterial richness is related to a higher systemic inflammatory state in 
pSS patients, reflected by a higher disease severity. In our study, we did not include disease 
activity index scores of pSS and SLE patients, because the European Sjögren’s syndrome 
Disease Activity Index (ESSDAI) and systemic lupus erythematosus disease activity index 
(SLEDAI) were not assessed during routine clinical visits (43,44). Therefore, we were unable 
to assess the connection between richness of the gut microbiome and disease activity in 
pSS and SLE patients. A possible way to assess the connection between the gut microbiome, 
systemic inflammation and disease severity in pSS and SLE patients would be to perform 
a longitudinal study in which fecal samples are collected at multiple time points, together 
with serum biochemistry and disease activity scoring. 

The role of Bacteroides species in pSS
We observed a markedly higher relative abundance of genus Bacteroides in the gut 
microbiome of pSS and SLE patients compared with the gut microbiome of population 
controls. Bacteroides species are one of the most abundant commensal bacteria in the gut 
microbiome. Two recent studies reported that cross-reactivity between Bacteroides species 
and anti-Ro60 autoantibodies may be a mechanism underlying pSS and SLE pathogenesis 
(45,46). Szymula et al. performed a Basic Local Alignment Search Tool (BLAST) analysis to 
find mimicry peptides in microbiota resembling epitopes of the Ro60 protein (45). They 
showed that a peptide from the von Willebrand factor type A domain protein, present in 
three Bacteroides species (viz., B. finegoldii, B. instetinalis and B. fragilis), was able to activate 
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Ro60-reactive T cell hybridoma cells (45). More recently, Greiling et al. showed that lysates 
of Bacteroides thetaiotaomicron can bind to serum from anti-Ro60-positive SLE patients (46). 
Moreover, B and T cell responses to the Ro60-protein occurred after monocolonization of 
mice with B. thetaiotaomicron and lead to enhanced lupus-like disease (46). 

In our study, the relative abundance of B. thetaiotaomicron was higher in both pSS and 
SLE patients than in population controls, but only statistically significant for SLE patients. 
We found no association between B. thetaiotaomicron relative abundance and anti-Ro60 
autoantibody presence in the serum of pSS and SLE patients. In addition to the higher 
relative abundance of B. thetaiotaomicron, we observed a significantly higher abundance of 
three other Bacteroides species, B. vulgatus, B. uniformis and B. ovatus in pSS and SLE patients. 
Therefore, the role of B. thetaiotaomicron and other Bacteroides species should further be 
studied in clinical and experimental studies. 

As a consequence of 16S rRNA gene sequencing, our analyses relied on measures of relative 
abundance of bacteria, which might under- or overestimate the biological meaning of 
associations between bacteria and pSS. Currently, it is recommended that microbiome 
research should include both relative and quantitative profiling, in order to more precisely 
define the relation between bacteria and the host (47). The combination of next-generation 
sequencing and quantitative microbiome profiling will especially be useful in assessing 
the role of Bacteroides species in pSS and its connection with the Ro60 autoantigen. 
Furthermore, now that we and others have identified Bacteroides species as possible players 
in pSS and SLE, conventional culturing techniques can be used to test cross-reactivity 
between Bacteroides species and patient serum with Ro60 autoantibodies (46). Another 
possible way to study the role of Bacteroides species in the etiology of pSS is via Bacteroides 
colonization of SS-prone mice and subsequent assessment of symptom onset and anti-
Ro60 autoantibody production (46,48,49). 

Treatment of pSS through dietary intervention
A high relative abundance of Bacteroides species is characteristic for the gut microbiome 
of pSS and SLE patients. Dietary interventions for pSS and SLE could therefore focus on 
reducing Bacteroides species, although it is unknown whether such interventions will reduce 
symptoms. The relative abundance of Bacteroides species increases during an animal-based 
diet, but was not shown to significantly decrease during a plant-based diet in healthy 
individuals (50). Recently, a study showed that a whole grain diet reduced systemic low-
grade inflammation (i.e., serum C-reactive protein, IL-6 and IL-1β) compared to a refined-
grain diet in individuals at risk for metabolic disease, although the gut microbiome did not 
change (51). 
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Interestingly, none of the pSS and SLE patients included in the gut microbiome study 
(chapter 5) were vegetarian (i.e., did not consume meat in any meal) according to the 
Dutch Healthy Diet food frequency questionnaire (52). Although a plant-based diet did not 
reduce Bacteroides species in healthy individuals (53), a vegetarian diet may be proposed 
as dietary advice in pSS and SLE patients in which the relative abundance of Bacteroides is 
high. Two studies from before the 16S sequencing era, assessed vegan and vegetarian diet 
interventions in RA patients and showed that these diets had a positive effect on disease 
symptoms (54,55). Thus, conducting a randomized controlled trial in pSS patients in which 
patients are allocated to continue their usual diet or start a vegetarian diet, is a possible 
method to assess whether diet can reduce pSS-symptoms, and whether this is dependent 
on changes in the gut microbiome. In the future, individual gut microbiome profiling 
should form the basis of personalized dietary, pre- or probiotic interventions.

The oral – gut microbiome connection

In chapter 5 we showed that the relative abundance of specific bacterial genera in the 
oral microbiome – i.e., Actinomyces and Lactobacillus – correlated significantly with their 
relative abundance in the gut microbiome. Furthermore, the statistically significant 
difference in Actinomyces relative abundance between pSS patients and SLE patients in 
the oral microbiome was also observed in the gut microbiome. These results suggest 
that the relative abundance of specific microbiota in the oral microbiome is still present 
in the gut microbiome. Although this may seem reasonable, it is quite remarkable that 
the relative abundance of a specific genus seems to remain relatively stable throughout 
the gastrointestinal tract, considering, for example, the low pH in the stomach. Increasing 
the pH in the stomach, through the use of proton pump inhibitors (PPIs), may result in a 
less hostile gastric environment for oral bacteria to survive. This is supported by the recent 
finding that individuals using PPIs have a gut microbiome that is more similar to the oral 
microbiome, compared with the gut microbiome of non-PPI users (56). Using the same 
population controls (i.e., LifeLines participants) as in the study by Imhann et al. (56), we 
also observed a significantly higher relative abundance of ‘oral genera’ Streptococcus, 
Lactobacillus and Actinomyces in fecal samples from patients and population controls using 
PPIs (n=99) compared with non-PPI users (n=935) in the total study population of 1034 
individuals. 

In a recent study, Atarashi et al. showed that ectopic colonization of oral Klebsiella species 
into the gut of mice induced an inflammatory response in the gut mucosa (57). Thus, 
under certain circumstances, oral bacteria can be intestinal pathobionts, exacerbating 
inflammation of the gut mucosa (57). However, the connection between the oral and gut 
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microbiome is only recently being explored as a potential relevant source of gut dysbiosis 
in human disease, and not many studies have analyzed both oral and fecal samples from 
the same individual (3,58). 

To further elucidate the role of the oral microbiome in shaping the gut microbiome, 
strain-specific bacterial identification is needed to precisely track bacterial species from 
mouth to feces. Furthermore, the role of saliva and salivary components (i.e., salivary flow, 
mucins, antimicrobial peptides and SIgA) in the oral-gut microbiome connection has 
not yet been explored in humans. In cows, it was recently shown that the composition 
of salivary microbiota coated with SIgA, more closely represented the rumen (i.e., cow 
stomach) microbiota composition than the total saliva microbiota composition (i.e., 
SIgA-coated and SIgA-uncoated microbiota)  (59). This result suggests that salivary SIgA 
impacts the microbiome from the oral cavity to the stomach, and possibly further along 
the gastrointestinal tract. Indeed, a correlation has been observed between salivary SIgA 
and Bifidobacterium and Lactobacillus species in the fecal microbiome of infants up to 12 
months old (60). The authors concluded that the diversity in Bifidobacterium species may 
enhance the maturation of the mucosal SIgA system (60). However the reversed possibility 
that higher salivary SIgA results in higher Bifidobacterium and Lactobacillus species in the 
gut may also happen. 

In pSS patients, the salivary SIgA concentration is not significantly different from controls 
(61), but the low salivary flow in pSS patients may reduce the absolute availability of SIgA in 
the oral cavity. Thus, the role of salivary SIgA on the gut microbiota composition in healthy 
individuals and pSS patients remains largely unknown so far. Since SIgA is a major factor 
in maintaining homeostasis between intestinal mucosal immunity and the microbiota, it 
is well worth investigating the role of salivary SIgA on the gut microbiome in pSS patients. 
Performing IgA-SEQ on oral and fecal samples can potentially reveal how coating of bacteria 
with salivary SIgA influences the total IgA-coated gut microbiome (40).

Vaginal microbiome in women with pSS

We hypothesized that vaginal dryness in pSS women may also be associated with alterations 
in the vaginal microbiome, similar to how oral dryness affects the oral microbiome in pSS 
patients. In the study described in chapter 6, we compared the vaginal microbiome 
of 9 premenopausal women with pSS and vaginal dryness complaints with that of 8 
premenopausal control women without vaginal dryness complaints. 16S rRNA sequencing 
was performed on cervicovaginal lavages and endocervical swabs. Much to our surprise, 
the results of this study suggested that pSS-associated vaginal dryness in premenopausal 
women does not negatively influence the homeostasis of the vaginal microbiome. We 
speculate that this is due to the unique vaginal microbiota composition, which is strongly 
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dominated by acid-producing lactobacilli. Thus, pSS-associated dryness of epithelial 
surfaces, has a larger effect on the oral than on the vaginal microbiota composition. 
Consequently, whereas changes in the oral microbiome may lead to increased prevalence 
of caries and oral candidiasis in pSS patients, the normal vaginal microbiome in pSS patients 
probably protects women with pSS from vaginal infections in a similar way as in healthy 
women. To our knowledge, no studies are available that report on the prevalence of vaginal 
infections in women with pSS.

Most likely, the difference between a changed oral versus unchanged vaginal microbiota 
composition in pSS patients, is explained by a changing versus stable local environment. In 
the oral cavity, low salivary flow results in lower salivary pH (18,62), whereas in the vagina, we 
did not observe a change of pH in women with pSS compared with controls. Moreover, it is 
currently unknown if subjective vaginal dryness correlates with objective measurements of 
vaginal dryness in women with pSS. 

Lactobacillus species are considered the most important microbiota in a healthy vaginal 
microbiome (63). In the oral cavity, we (chapters 3 and 4) and others (10,64) rarely observed 
lactobacilli in oral samples from healthy individuals. This illustrates that the same bacterial 
genera are associated with both homeostasis and dysbiosis, depending on where they 
colonize the host. 

Future perspectives

Knowledge on the role of the host-microbiome relationship in human health and disease 
has greatly increased over the past decade. The studies described in this thesis show new 
insights of how pSS is connected to the oral, gut and vaginal microbiome. Together, these 
studies provide a basis for future studies assessing the connection between pSS and the 
human microbiome. Moreover, our results are also relevant for patients with oral dryness 
not caused by pSS (chapters 3 and 4) and for SLE patients (chapter 5). 

Since we now partially elucidated the connection between pSS and the oral microbiome, 
future studies should focus more on unraveling the pathogenesis of the two most 
frequently observed oral complications in pSS patients: cervical caries and oral candidiasis. 
Good treatment options exist for dental caries and oral candidiasis, but these treatments 
come at the cost of loss of dental material (in caries), financial burden and possible side 
effects of medication (for caries and oral candidiasis). Therefore, prevention of caries and 
oral candidiasis would greatly benefit pSS patients and other patients with low salivary flow 
and increased risks of these oral complications.
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Integration of modern research techniques, such as whole genome sequencing (WGS), 
proteomics, metabolomics and fluorescence in situ hybridization techniques (as performed 
by Zijnge et al. (17) and Mark Welch et al. (65)), can be used to get a more complete picture 
of how microbial biofilms are organized on teeth and oral mucosa, and what the role of 
saliva is in these processes. If the microbial processes, leading to caries and oral candidiasis 
in pSS patients, are better understood, new preventive strategies may be developed. For 
example, specific salivary proteins/peptides, bacterial peptides, pre- or probiotics, may be 
incorporated in food, an oral gel or a toothpaste, to target a specific microbial interaction 
in biofilm formation, thereby preventing growth of dental plaque biofilm or outgrowth of 
Candida. 

Several studies have shown that probiotic treatment with different Lactobacillus species 
may be effective in the prevention of Candida overgrowth (66–69). Interestingly, despite 
lactobacilli being present in higher amounts in the oral cavity of pSS patients and non-
SS patients with hyposalivation, oral candidiasis also occurs more often in patients with 
hyposalivation than in healthy individuals. Possibly, lactobacilli prevent Candida overgrowth 
to some extent, but in patients with oral candidiasis, the protective mechanism of lactobacilli 
fails to stop further Candida overgrowth. Probiotic treatment with Lactobacillus species may 
therefore still be an optional preventive treatment for oral candidiasis in pSS patients. The 
more acidic oral environment in pSS patients may even better facilitate oral colonization 
with probiotic lactobacilli than in healthy individuals. However, a stable and healthy oral 
microbiome in pSS patients will probably require daily intake of probiotics (29), as long as 
the patients’ own salivary secretion is not restored. 

We describe in chapter 5 the largest study to date on the gut microbiome in pSS patients 
and we are the first to use SLE patients as disease controls for pSS in microbiome studies. 
To confirm our findings, more studies are needed, which include larger numbers of pSS and 
SLE patients. WGS and quantitative microbiome profiling should be used to more precisely 
define the gut microbiota composition than can be done with 16S rRNA gene sequencing. 
To strengthen the findings of a microbiome-pSS connection, a study should be performed 
simultaneously in different regions of the world (e.g., Europe, North America and South East 
Asia), in order to account for ethnicity and geographical factors.

Moving forward from association to causality is crucial to elucidate the role of gut 
microbiota in pSS. In human studies, causality can be studied in longitudinal studies where 
fecal samples are collected before and after disease onset. Studies using longitudinal fecal 
sample collections suggest that gut microbiota are involved in the onset of type 1 diabetes 
(70–72). However, this is much more difficult for pSS than for type 1 diabetes, because type 
1 diabetes generally starts early in life, whereas pSS usually develops around the age of 
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50. Moreover, genetic susceptibility for pSS is less evident than for type 1 diabetes, which 
makes selection of individuals susceptible for pSS difficult. Individuals susceptible for pSS 
might also be identified based on oral and ocular dryness symptoms. Early-pSS patients 
can be defined as patients with signs and symptoms suggestive of pSS, but not fulfilling 
the classification criteria, and who are clinically suspected to develop pSS in the future. 
However, there is no internationally accepted definition for early-pSS and the description 
of early-pSS patients above will result in a very heterogeneous group of ‘early-patients’. 
Despite these limitations, we showed that inclusion of ‘symptom-controls’ (i.e., non-SS 
sicca patients) provided more insight in the cause-effect relationship between the oral 
microbiome and pSS (chapter 3 and 4). Thus, to further assess the cause-effect relationship 
between the gut microbiome and pSS, fecal samples from patients with dry mouth and/
or eye symptoms, suspect for pSS, should be collected prospectively. In the University 
Medical Center Groningen (UMCG), the Netherlands, an estimated 25% of these patients 
is presumed to develop pSS-characteristic features over the years (i.e., anti-Ro/SSA, anti-
La/SSB autoantibodies and/or focal sialadenitis), which will classify them as having pSS 
(9). Of note, a subject that not fulfil the classification criteria for pSS can still be clinically 
diagnosed as pSS. If specific changes in gut microbiota precede the onset of pSS, and the 
gut microbiome stays unchanged in non-SS sicca patients, then a causal effect of the gut 
microbiome in pSS etiopathogenesis becomes more plausible. 

Experimental mouse studies have also shown to be a valuable method of studying the role 
of gut microbiota in pSS and SLE (46,49,73–75). An experimental mouse study that has not 
yet been performed for pSS, is the inoculation of mice with fecal material from pSS patients 
and subsequent assessment of the development of pSS-features in these mice. Based on the 
results described in chapter 5, pSS-prone mice may also be monocolonized with different 
Bacteroides species to assess the effect of these species on disease progression and severity. 

Finally, pSS patients who are treated with abatacept, as participant in the currently ongoing 
Abatacept Sjögren Active Patient (ASAP) III trial in the UMCG, can provide more insight 
in how adaptive immunity affects the gut microbiome. Specifically, the role of antigen 
presentation to T cells in regulating the gut microbiome can be studied in pSS patients 
receiving abatacept, because abatacept blocks the co-stimulating signal between antigen 
presenting cells (APCs) and T cells. Therefore, fecal and oral samples are currently collected 
from pSS patients before and during abatacept therapy, as part of the ASAP III study in the 
UMCG. 
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Primary Sjögren’s syndrome (pSS) is a systemic autoimmune disease, characterized by 
chronic inflammation of the salivary and lacrimal glands, resulting in complaints of oral 
dryness (xerostomia) and ocular dryness (keratoconjunctivitis sicca). Systemic manifestation 
of pSS include, amongst others, fatigue, arthritis and neuropathy. The prevalence of pSS 
ranges from 0.02 – 0.1% and women are affected ten times more frequently than man. 

Despite recent advancement in the role of genetics and immunologic pathways in the 
etiopathogenesis of pSS, relatively little is known about the environmental factors, which 
are also suspected to play a role in pSS etiology. In this respect, the role of microbiota that 
live in and on the human body (i.e., the human microbiome) has only scarcely been studied 
(chapter 1). Therefore, the overall aim of the research described in this PhD thesis was to 
assess whether pSS is associated with a disease-specific composition of microbiota in the 
oral cavity, gut and vagina. 

In chapter 2 we reviewed the knowledge of the connection between the human 
microbiome and systemic diseases, with emphasis on rheumatoid arthritis (RA), systemic 
lupus erythematosus (SLE) and pSS. The results of experimental and clinical studies 
discussed in this review suggest that the human microbiome may be involved in the 
etiopathogenesis of these systemic autoimmune diseases. Based upon the available 
evidence, at the time the literature was reviewed, we postulated a model in which the gut 
(and oral) microbiome may play a role in the etiology of systemic autoimmune diseases. 
Several clinical studies had been performed in RA and SLE patients, but the connection 
between gut/oral microbiota and pSS was largely unknown as microbiome studies in pSS 
patients had not yet been performed.

The goal of the study described in chapter 3 was to assess whether changes in the oral 
microbiome of pSS patients are specific for the disease. 16S rRNA gene sequencing was 
performed on oral washing samples from pSS patients (n=36), disease controls (i.e. non-SS 
sicca patients, n=85) and healthy controls (HCs, n=14). From all patients and controls, the 
unstimulated and stimulated salivary flow rate were measured (UWS and SWS, respectively). 
Five percent of the overall oral microbiota composition was explained by disease phenotype 
(i.e., pSS vs. non-SS sicca vs. healthy controls), whereas nine percent was explained by 
SWS flow rate (in mL/min). The relative abundance of genera Haemophilus and Neisseria 

was positively correlated with SWS flow rate, whereas Lactobacillus relative abundance 
was negatively correlated with SWS flow rate. Interestingly, the relative abundance of 
Streptococcus was not correlated to SWS flow rate, despite both Streptococcus relative 
abundance and SWS flow rate being significantly lower in pSS patients than in healthy 
controls and non-SS sicca patients. Thus, on basis of these results, it was concluded that 
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salivary flow rate had a stronger influence on the microbiome in oral washings than the 
underlying disease, whereas low oral Streptococcus relative abundance remained associated 
to pSS independent of salivary flow rate. 

Oral washing samples provided a general overview of the oral microbiome, but do not 
capture the oral mucosa microbiome specifically. Therefore, in the study described in 
chapter 4, it was assessed whether the microbiome of the buccal mucosa is specific for 
pSS compared with non-SS sicca patients and HCs. The bacterial composition of buccal 
swab samples from 37 pSS patients, 86 non-SS sicca patients and 24 HCs was determined 
with 16S rRNA gene sequencing. Furthermore, 16S sequencing data were used from buccal 
swabs collected in a general population cohort of 103 individuals to replicate microbiota 
associations with pSS. We observed a similar dysbiosis of the buccal mucosa microbiome 
in pSS and non-SS sicca patients. SWS flow rate explained a very similar percentage of 
variation in bacterial composition between individuals as disease phenotype (3.8 and 
4.3%, respectively). Multivariate analysis showed that, when salivary flow rate was taken 
into account, the relative abundance of bacterial taxa did not significantly differ between 
pSS and non-SS sicca patients. Moreover, a microbiome-based prediction model could not 
distinguish pSS from non-SS sicca patients. PSS was associated with a significant difference 
in the relative abundance of 19 bacterial taxa compared with HCs, but the abundance 
of twelve of these taxa also significantly correlated with SWS flow rate. Thus, the buccal 
mucosa microbiome in pSS patients is determined by a combination of reduced salivary 
flow rate and – currently unknown – disease-specific factors. 

The objective of the study described in chapter 5 was to assess whether gut and oral 
microbiota compositions are specific for pSS patients, in comparison with the gut and oral 
microbiome of SLE patients and the gut microbiome of general population controls. 16S 
ribosomal RNA gene sequencing was performed on fecal samples from 39 pSS patients, 30 
SLE patients and 965 individuals from the general population as well as on buccal swab and 
oral washing samples from the same pSS and SLE patients. The fecal microbiota composition 
from pSS and SLE patients differed significantly from that of population controls, but not 
between pSS and SLE patients. Lower bacterial richness, a lower Firmicutes/Bacteroidetes 
ratio and a higher relative abundance of Bacteroides species characterized the gut 
microbiome of pSS and SLE patients. Previous studies suggested that several Bacteroides 
species may be related to anti-Ro/SSA autoantibody presence, but we did not observe 
significant associations between fecal microbiota and anti-Ro/SSA serum positivity.

Oral microbiota composition differed significantly between pSS patients and SLE patients. 
Disease phenotype (pSS vs SLE) explained 8-9% of the variation in oral microbiota 
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composition. Furthermore, we showed that the relative abundance of two oral genera (i.e., 
Actinomyces and Lactobacillus) correlates between oral and fecal samples, suggesting a 
direct connection between the oral and gut microbiome. 

From the results described in chapter 5, it was concluded that pSS and SLE patients share 
similar alterations in gut microbiota composition compared with the gut microbiome of 
general population controls. This finding suggests that the gut microbiome is involved in 
a common systemic inflammatory pathway in the pathogenesis of pSS and SLE. However, 
the altered gut microbiome in pSS and SLE patients may also be caused by shared disease-
related factors. 

In chapter 6, a case-control study is described in which the vaginal microbiome – assessed 
in cervicovaginal lavages and endocervical swabs – of nine premenopausal women with 
pSS was compared with that of eight age-matched premenopausal women without pSS. 
All samples were subjected to 16S rRNA gene sequencing. Women with pSS scored higher 
on symptoms of vaginal dryness, while the vaginal pH was similar to that of controls. PSS did 
not significantly affect the overall vaginal microbiota composition in both cervicovaginal 
lavage and endocervical swab samples. Despite the small size of our cohort, we were able 
to identify, in both pSS patients and controls, four of the five vaginal community state 
types that were previously identified. The distribution of the four community state types, 
and that of the three most prevalent genera in the vaginal microbiome (i.e., Lactobacillus, 
Gardnerella and Streptococcus), showed similar patterns in women with pSS as in controls. 
The results of this study indicate that the unique vaginal microbiome – dominated by acid 
producing lactobacilli – is less dependent on dryness than the oral microbiome. In the 
vagina, presence of lactobacilli are indicative for a healthy microbiome and are essential 
for the low pH in the vagina, thereby inhibiting the growth of other bacteria. The results of 
this study suggest that pSS-associated vaginal dryness in premenopausal women does not 
negatively influence homeostasis of the vaginal ecosystem. 

In chapter 7, the results of the studies described in chapter 3-6 are discussed in a broader 
perspective and suggestions for future studies are given.
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Het primaire Sjögren syndroom (pSS) is een systemische auto-immuunziekte, die wordt 
gekenmerkt door chronische ontsteking van de speeksel- en traanklieren. Een van 
de gevolgen hiervan is het droog aanvoelen van de mond (xerostomie) en de ogen 
(keratoconjunctivitis sicca). Daarnaast hebben veel pSS patiënten ook systemische 
manifestaties, zoals ernstige vermoeidheid, gewrichtspijn, zenuwpijn en huidafwijkingen. 
De prevalentie van pSS ligt tussen de 0.02% en 0.1%, met een sterke predispositie voor het 
vrouwelijk geslacht (ratio vrouw:man = 10:1). 

Ondanks dat al veel bekend is over de rol van (variaties in) genen en immunologische 
processen in de etiologie en pathogenese van pSS, is nog weinig bekend over de 
omgevingsfactoren die vermoedelijk ook een rol spelen bij het ontstaan van de ziekte. In 
het bijzonder is nog weinig bekend over de mogelijke rol van micro-organismen die in en 
op het menselijk lichaam leven (het menselijk microbioom).

In hoofdstuk 1 wordt uitgelegd wat het menselijk microbioom is en hoe het menselijk 
microbioom mogelijk van invloed is op het ontstaan van inflammatoire ziekten, zoals pSS. 
Mogelijk veroorzaakt een verstoorde samenstelling van het menselijk microbioom een 
chronisch inflammatoire respons wat kan leiden tot pSS. Op basis van deze hypothese, was 
het belangrijkste doel van het in dit proefschrift beschreven onderzoek om na te gaan of 
pSS is geassocieerd met een ziekte-specifieke bacteriële samenstelling in de mond, darmen 
en/of vagina.

In hoofdstuk 2 wordt een overzicht gegeven van de destijds beschikbare kennis over de 
relatie tussen het menselijk microbioom en systemische ziekten, waarbij de nadruk werd 
gelegd op reumatoïde artritis (RA), systemische lupus erythematosus (SLE) en pSS. De 
resultaten van de in dit overzichtsartikel beschreven studies geven aanwijzingen dat het 
menselijk microbioom betrokken kan zijn bij het ontstaan van systemisch inflammatoire 
ziekten. Meerdere studies, waarbij de bijdrage van het menselijk microbioom aan het 
ontwikkelen van RA en SLE werd onderzocht, waren beschikbaar in de literatuur. Echter, er 
was nog weinig kennis beschikbaar over de samenstelling van het menselijk microbioom 
van pSS patiënten. 

Het doel van de in hoofdstuk 3 beschreven studie was om te onderzoeken of de bacteriële 
samenstelling in de mond van patiënten met pSS specifiek is voor de ziekte. Hiervoor 
werden mondspoelingen van 36 pSS patiënten, 85 symptoom-controles (aangeduid als 
non-SS sicca patiënten) en 14 gezonde controles onderzocht met 16S ribosomaal RNA 
(rRNA) gen sequencing. Van alle deelnemers was de ongestimuleerde en gestimuleerde 
speekselsecretie gemeten. Wanneer werd gekeken naar de totale bacteriële samenstelling 
in een mondspoeling, bleek 5% te kunnen worden verklaard door het fenotype (pSS, non-
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SS sicca, of gezonde controle). Negen procent van deze bacteriële samenstelling kon 
echter worden verklaard door de gestimuleerde speekselsecretie (in ml/min). De relatieve 
hoeveelheid van genera Heamophilus en Neisseria hing positief samen met de gestimuleerde 
speekselsecretie, terwijl de relatieve hoeveelheid van het genus Lactobacillus negatief samen 
hing met de gestimuleerde speekselsecretie. Opmerkelijk was dat de relatieve hoeveelheid 
van het genus Streptococcus niet samenhing met de speekselsecretie, terwijl dit genus wel 
significant minder aanwezig was in pSS patiënten dan in non-SS sicca patiënten en gezonde 
controles. Uit deze resultaten komt naar voren dat de speekselsecretie een grotere invloed 
heeft op de bacteriële samenstelling van een mondspoeling dan de onderliggende ziekte.

Een mondspoeling geeft een goede inschatting van de algehele bacteriële samenstelling 
in de mond, maar is een minder goede weergave van de bacteriële samenstelling op 
de mondmucosa. Daarom werd in hoofdstuk 4 gebruik gemaakt van uitstrijkjes van 
het wangslijmvlies om te onderzoeken of het microbioom op het wangslijmvlies ziekte-
specifieke eigenschappen heeft in patiënten met pSS. Daartoe werd de bacteriële 
samenstelling in uitstrijkjes van de wang van 37 pSS patiënten, 86 non-SS sicca patiënten 
en 24 gezonde controles bepaald met 16S rRNA gen sequencing. Daarnaast hadden we 
de beschikking over 16S sequencing data van wanguitstrijkjes van 103 controles uit de 
algemene bevolking om associaties met pSS te kunnen repliceren. Er werd, zowel in pSS 
patiënten als in non-SS sicca patiënten, een vergelijkbare dysbiose waargenomen van het 
microbioom van het wangslijmvlies. De gestimuleerde speekselproductie verklaarde voor 
een vergelijkbaar percentage de variatie in bacteriële samenstelling in de wanguitstrijkjes 
als het fenotype van de deelnemers (respectievelijk 4.3% en 3.8%). Multivariate analyse 
toonde dat, wanneer speekselproductie in acht werd genomen als mogelijke confounder, 
er geen significant verschil bestond in de relatieve hoeveelheid van individuele bacteriële 
taxa tussen pSS patiënten en non-SS sicca patiënten. Ook kon op basis van het microbioom 
van het wangslijmvlies niet worden voorspeld of een patiënt pSS heeft uit een populatie van 
patiënten met klachten van een droge mond. Negentien bacteriële taxa waren significant 
geassocieerd met het hebben van pSS in vergelijking met gezonde controles, maar twaalf 
van deze taxa hingen tevens samen met het niveau van de gestimuleerde speekselproductie. 
Uit deze studie kwam naar voren dat het microbioom van het wangslijmvlies in pSS 
patiënten voor een deel kan worden verklaard door een verminderde speekselproductie en 
voor een deel door – tot nog toe onbekende – ziekte-specifieke factoren.

Het doel van de in hoofdstuk 5 beschreven studie was om te onderzoeken of het darm en 
mond microbioom specifiek is voor pSS, in vergelijking met het darm en mond microbioom 
van SLE patiënten en controlepersonen uit de algemene bevolking. Ontlasting monsters 
van 39 pSS patiënten, 30 SLE patiënten en 965 populatie controles werden geanalyseerd 
met 16S rRNA gen sequencing. Daarnaast werd het microbioom van wanguitstrijkjes en 
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mondspoelingen van dezelfde pSS en SLE patiënten met elkaar vergeleken. De bacteriële 
samenstelling van de ontlasting van pSS en SLE patiënten verschilde significant van dat van 
populatie controles, maar niet tussen pSS en SLE patiënten. Het darm microbioom van pSS 
en SLE patiënten werd gekenmerkt door een lagere absolute hoeveelheid aan verschillende 
bacteriën (‘richness’), een lagere ratio tussen de fyla Firmicutes en Bacteroidetes, en een 
hogere relatieve hoeveelheid van Bacteroides species. Ondanks dat eerdere studies een 
relatie hebben aangetoond tussen Bacteroides species en de aanwezigheid van anti-Ro/
SSA autoantilichamen, werd in onze studie geen verband gevonden tussen bacteriën in de 
ontlasting en anti-Ro/SSA autoantilichamen in het bloed van pSS en SLE patiënten.

De bacteriële samenstelling in de mond (zowel van het wangslijmvlies als in 
mondspoelingen), verschilde significant tussen pSS patiënten en SLE patiënten. Het 
fenotype van een patiënt (pSS of SLE) verklaarde 8 tot 9% van de variatie in bacteriële 
samenstelling in de mond. Bovendien werd aangetoond dat de relatieve hoeveelheid van 
twee genera (namelijk Actinomyces en Lactobacillus) in de mond significant correleert met 
de relatieve hoeveelheid in de darm. Deze bevinding duidt op een mogelijk direct verband 
tussen het oraal en darm microbioom. 

Uit de resultaten, zoals die beschreven staan in hoofdstuk 5, kan worden opgemaakt dat 
pSS en SLE patiënten vergelijkbare veranderingen laten zien in het darm microbioom ten 
opzichte van algemene populatie controles. Dit kan erop wijzen dat het darm microbioom 
betrokken is bij het ontstaan van pSS en SLE, hoewel de verschillen ten opzichte van 
populatie controles ook een gemeenschappelijk effect van deze ziekten kunnen zijn.

In hoofdstuk 6 wordt een case-control studie beschreven waarin het vaginaal microbioom 
wordt vergeleken tussen negen premenopauzale vrouwen met pSS en acht leeftijd-
gematchte premenopauzale controles. Van de patiënten en controles werd een 
cervicovaginale spoeling en uitstrijkje van de endocervix geanalyseerd met 16S rRNA gen 
sequencing om de bacteriële samenstelling te bepalen. Vrouwen met pSS hadden meer 
vaginale droogheidsklachten, terwijl de zuurgraad (pH) in de vagina nagenoeg hetzelfde 
was als in de controles. Ondanks het relatief lage aantal aan patiënten in deze studie konden 
toch vier van de vijf bekende vaginale bacteriële gemeenschapstypen worden gevonden in 
beide groepen. De distributie van de bacteriële gemeenschapstypen verschilde niet tussen 
vrouwen met en zonder pSS. Ook was er geen verschil in de distributie van de drie meest 
voorkomende vaginale bacteriële genera (Lactobacillus, Gardnerella en Streptococcus) 
tussen beide groepen. Hieruit kon worden opgemaakt dat de bacteriële samenstelling in 
cervicovaginale spoelingen en endocervicale uitstrijkjes niet significant wordt beïnvloed 
door pSS. De resultaten van dit onderzoek suggereren verder dat de unieke bacteriële 
samenstelling in de vagina – gedomineerd door de aanwezigheid van zuur-producerende 
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lactobacillen – minder afhankelijk is van droogte dan de bacteriële samenstelling in de 
mond. In de vagina is de aanwezigheid van lactobacillen een indicatie voor een gezond 
vaginaal microbioom en essentieel voor het handhaven van een lage pH waarde, waardoor 
groei van andere bacteriën wordt geremd. De resultaten van dit onderzoek geven aan dat 
vaginale droogte, dat veel voorkomt bij vrouwen met pSS, geen negatief effect heeft op de 
homeostase van het vaginale ecosysteem.

In hoofdstuk 7 worden de resultaten van de onderzoeken, beschreven in hoofdstukken 
3-6, bediscussieerd in breder perspectief en worden er suggesties gedaan voor toekomstig 
onderzoek naar de relatie tussen het menselijk microbioom en pSS.
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DANKWOORD

Mijn eerste woord van dank gaat uit naar alle Sjögren patiënten, SLE patiënten en gezonde 
deelnemers die hebben deelgenomen aan de onderzoeken beschreven in mijn proefschrift. 
De bereidheid om deel te nemen aan de onderzoeken heeft mij positief verrast. Dank voor 
uw vertrouwen in mij als onderzoeker en uw vertrouwen in het Sjögren onderzoeksteam 
van het UMCG. 

Prof. dr. Arjan Vissink, eerste promotor, beste Arjan, bedankt voor jouw begeleiding tijdens 
mijn promotie-traject, van het allereerste begin tot aan de laatste zin van dit proefschrift. Je 
was altijd goed benaderbaar en je beantwoordde e-mails altijd zeer snel, zelfs als ik eerst van 
Outlook een melding kreeg dat je afwezig was. Jij hebt mij wegwijs gemaakt in de wereld 
van de medische wetenschap met alle facetten die daarbij komen kijken. Jouw ervaring in 
het schrijven van artikelen (en rebuttals) heeft er mede toe geleid dat al mijn manuscripten 
vlot zijn geaccepteerd in Q1 tijdschriften. Ik wil je bedanken voor de vruchtbare en leuke 
tijd samen als promovendus en promotor en zie er naar uit dit voort te zetten tijdens mijn 
specialistenopleiding. 

Prof. dr. Frans Kroese, tweede promotor, beste Frans, jij was het die de eerste aanzet gaf om 
het microbioom te gaan onderzoeken bij patiënten met Sjögren en dit proefschrift is daar 
het resultaat van. Vanwege de afstand tussen onze werkkamers ging er meestal een korte 
e-mail aan onze ontmoetingen vooraf, hoewel ik ook zo bij je binnen kon lopen als ik weer 
wat poep- of mond-monsters in de -80 °C vriezer opborg. We hadden allebei nog wel 10 
andere analyses of onderzoeken willen opzetten, aan ideeën nooit een tekort. Bedankt voor 
je grote enthousiasme voor mijn onderzoek en jouw immer positieve benadering.

Prof. dr. Fred Spijkervet, derde promotor, beste Fred, jij was tijdens mijn promotieonderzoek 
degene die de helikopter-view behield. In die helikopter-view nam jij ook mijn gezin en 
aankomende specialistenopleiding mee. Ik ben je erg dankbaar voor de wijze raad die je 
mij hebt gegeven én de mogelijkheid om het geheel af te maken door twee maanden later 
te starten met de specialistenopleiding. Ik zie uit naar onze verdere samenwerking binnen 
de MKA-chirurgie van het UMCG en ben zeer dankbaar deel uit te mogen maken van deze 
mooie afdeling!

Prof. dr. Hendrika Bootsma, beste Hendrika, als ik terugdenk aan mijn studietijd Geneeskunde 
had ik niet kunnen denken ooit promotieonderzoek te doen samen met de Reumatologie 
en Klinische Immunologie, maar ik heb er zeker geen spijt van. Ondanks jouw volle agenda 
als afdelingshoofd en opleider, kon ik toch makkelijk bij je aankloppen voor een vraag en 
dan nam je ook echt de tijd. Niet alleen voor het wetenschappelijke aspect, maar ook het 
persoonlijke. Jouw opbouwende woorden hebben mij veel goed gedaan, dank daarvoor!
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Leden van de beoordelingscommissie, prof. dr. A.W. Friedrich, prof. dr. T.R.D.J. Radstake 
en prof. dr. E. Zaura, bedankt voor het vrijmaken van uw kostbare tijd en deskundige 
beoordeling van mijn proefschrift.

Dr. Hermie Harmsen, beste Hermie, jouw expertise van de microbiologie en in het bijzonder 
het darm microbioom was cruciaal voor een goede interpretatie van al die gigabytes aan 
‘bacterie-data’. Jij kon als geen ander de medische en microbiologische relevantie van deze 
data inzien. Na onze gesprekken bracht je mij vaak weer op nieuwe ideeën om ergens (op 
een andere manier) naar te kijken. Ik vond het erg leuk om met je samen te werken.

Prof. dr. Alexandra Zhernakova, beste Sasha, vanuit de Genetica was jij mijn eerste 
aanspreekpunt. Ik kon altijd met mijn vragen bij jou terecht. Je bent zeer waardevol geweest 
in de opzet van mijn onderzoek en bij de interpretatie van de uitkomsten. Bedankt!

Arnau, waar zou ik zijn geweest zonder jou? Jij hebt mij geholpen QIIME en R te begrijpen 
en te gebruiken. Van de binaire .bam bestanden tot aan PCoA en correlatie plots, bij jou kon 
ik altijd terecht als ik er niet meer uit kwam. Ik ben je zeer dankbaar voor al deze momenten, 
die niet alleen nuttig, maar vaak ook gezellig waren. 

Silvia, ik heb het als een grote luxe ervaren dat jij er als research-analist voor mij was en mij 
zoveel werk uit handen kon nemen. Door mijn studie Tandheelkunde kon ik er vaak niet bij 
zijn in het lab, wat ik eigenlijk wel jammer vond. Je stond altijd voor mij klaar voor praktische 
zaken en dacht graag mee hoe we het beste te werk konden gaan. Bedankt voor de leuke 
samenwerking!

Dr. Karina de Leeuw, beste Karina, hartelijk dank voor je behulpzaamheid en expertise 
aangaande het samenstellen en includeren van de groep SLE patiënten binnen het UMCG. 

Prof. dr. Marian Mourits, beste Marian, bedankt voor de korte, maar zeer vruchtbare 
samenwerking voor ons artikel over het vaginaal microbioom. Dr. Karin van der Tuuk, 
hartelijk bedankt voor jouw bijdrage aan dit artikel.

Jackie, Wilma, Dianne en Marjolein, dank voor jullie hulp bij het verzamelen van data (van 
LifeLines) en de logistiek rondom het verzamelen van de monsters bij de mensen thuis. 

Wendy, Barbara, Sitske, Carla, Steven, Judith, Sanne Scholten en Sanne de Vries, bedankt 
voor jullie hulp bij het includeren van patiënten op de polikliniek en het verzamelen van de 
mondspoelingen en wanguitstrijkjes van de patiënten met droge mond klachten. Het was 
erg prettig om te kunnen vertrouwen op jullie zorgvuldigheid!
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Collega’s van het Sjögren (onderzoeks)team: Jolien, Esther, Gwenny, Konstantina, Sarah, 
Erlin, Petra, Susanne, Greetje, Belia, Janneke, Annie, Xiaoyan, Marthe, Robin, Uzma, Rada, 
Wietske, Leonie en Bert, dank voor de leuke samenwerking als groep, de gezellige tijd 
tijdens congressen en jullie intellectuele en/of praktische bijdrage aan dit proefschrift!

Members from the microbiome research group (also known as the ‘poepgroep’): prof. dr. 
Rinse Weersma, prof. dr. Cisca Wijmenga, Jing, Alexander, Floris, Shixian, Debby, Laura, 
Marwah, Marjolein, Ranko, Soesma, Thijs, Trishla, Valerie and Aileen, thanks for the inspiring 
discussions and presentations and the feedback you gave me on my results and analyses. 
Shixian and Alexander, thanks for your help with the taxonomy assignment using the OTU-
picking and the RDP Classifier methods.

Stafleden van de MKA-chirurgie van het UMCG, hartelijk dank voor jullie betrokkenheid bij 
mijn onderzoek, jullie stimulans en adviezen. Ik kijk uit naar een leerzame periode als aios 
MKA-chirurgie onder jullie supervisie. 

Alle collega onderzoekers van de MKA-chirurgie, Jorien, Koos, Joep, Haye, Marieke, Barzi, 
Marijke, Joyce, Philip, Diederik, Caroliene, Bram, Wouter v Nimwegen, Pieter, Romke, Elise, 
Carina, Dagmar, Jasper, Floris Jan, Aarnoud, Willem, Mieke, prof. Pieter Dijkstra, Lidia, Wouter 
Hooghiemstra, Harriet, Marleen, Kirsten, Menke en Gerdien, bedankt voor de leuke en koffie- 
en lunch-momenten. Sommigen van jullie heb ik zelden gesproken, anderen veel meer, 
maar het contact met elk van jullie was leuk. 

Jorien, Koos, Joep, Haye, Floris Jan, Barzi, Jasper, Romke, Dagmar, dank voor de gezellige 
momenten tijdens de NVMKA najaarsvergaderingen. Koos en Jorien, jullie zijn twee top 
collega-onderzoekers geweest en ik kijk uit naar onze tijd samen in de opleiding tot MKA-
chirurg. Joep, dank voor je lekker heldere mening. Koos, bedankt dat jij mijn paranimf wilt 
zijn. Ik hoop in de toekomst vaker met je te fietsen (race, danwel MTB) en zie uit naar onze 
gezamenlijke toekomst, eerst als collega-aios en daarna als collega-MKA-chirurg.

(Oud)-kamergenoten, Jolanda, Michiel, Hester en Enkh, ik vond het erg leuk om zo nu en 
dan wat bij te praten over onderzoek en allerlei andere zaken in het leven. Thanks for the 
relaxing moments we could chat about research and all other things in life that kept us 
busy. Jolanda en Michiel, bedankt voor jullie adviezen aangaande promotieonderzoek, 
specialistenopleiding en studie Tandheelkunde. 

Lisa, Angelika, Nienke en Fieke, dank voor jullie hulp bij alle grote en kleine vragen rondom 
mijn promotie. Jullie waren (en zijn) altijd behulpzaam, makkelijk te bereiken en regelden 
alles vlot. Lisa, Angelika en Nienke, jullie maakten het voor mij ‘op de derde’ een leuke en 
gezellige plek om te werken.
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Harrie, Judith, Ron en Richard, jullie ondersteuning is van grote waarde geweest voor mijn 
proefschrift. Zonder contract, inkomen en financiering voor mijn onderzoek was dit alles 
niet mogelijk geweest. Judith, bedankt voor jouw hulp en ondersteuning op de polikliniek.

Alle verpleegkundigen, assistenten, röntgenlaboranten en medewerkers van de medische 
administratie van de MKA-chirurgie, dank voor jullie betrokkenheid bij mijn onderzoek door 
de zorg voor de Sjögren patiënten. Dank voor jullie interesse in de tijd dat ik nog in burger 
op de poli te vinden was. Jenny, bedankt voor jouw aandacht voor de Sjögren patiënten 
en specifiek het (diagnostisch) zorgtraject. Het is mooi om nu dagelijks met jullie te mogen 
samenwerken. 

Reumatologen en onderzoekers van de afdeling Reumatologie en Klinische Immunologie: 
prof. dr. Nico Bos, dr. Hannie Westra, dr. Liesbeth Brouwer, dr. Mieke Boots, dr. Alja Stel, 
dr. Anneke Spoorenberg, dr. Bram Rutgers, drs. Martha Leijsma en dr. Wayel Abdulahad, 
bedankt voor jullie interesse en bijdrage aan dit proefschrift door middel van jullie adviezen, 
kritische vragen en bijdrage op de polikliniek.

Secretaresses van de Reumatologie en Klinische Immunologie, Marjolein, Kiki en Janny, 
bedankt voor jullie ondersteuning. 

Sophie, Jerryt, Loïs en Omid, het was erg leuk om samen met jullie de Tandheelkunde 
opleiding te doen. Ik heb met veel plezier met jullie samen gewerkt.

Dr. Marish Oerlemans, beste Marish, vriend, bedankt voor jouw ondersteuning ‘op afstand’. 
Jouw ervaring in medisch onderzoek en de adviezen die daaruit volgden hebben mij  
geholpen om dit proefschrift tot een goed einde te brengen. Je bent een voorbeeld voor 
mij op meerdere vlakken, zowel professioneel als persoonlijk. Ik dank je voor je opbouwende 
woorden op de momenten dat ik ze nodig had. Bedankt voor je telefoontjes en interesse 
die je vanaf het begin van mijn promotietraject hebt getoond. We zijn ruim 6 jaar verder 
na jouw promotie en hebben beiden een prachtig gezin waar we van mogen genieten. 
De vakanties samen zijn onvergetelijk! Dank dat jij ook deze dag naast mij wilt staan als 
paranimf.

Peter, Ruben, Huib en Marish, bedankt voor jullie vriendschap. Voor jullie support, de mooie 
momenten en gesprekken die wij met elkaar hebben. Een ieder van jullie heeft op zijn 
eigen persoonlijke manier mij gesteund dit proefschrift te voltooien. Ik weet dat ik altijd bij 
jullie terecht kan, dank daarvoor!

Peter en Ria, bedankt voor jullie ondersteuning voor mij, voor Ingeborg en voor de zorg 
voor onze kinderen. Dank voor jullie praktische hulp in en om het huis en voor jullie 
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bemoedigende woorden. Het is een zegen om jullie als mijn schoonouders te hebben. 
Otto, Jolien, Bas en Janneke, we zijn geen bloedverwanten, maar toch voelt het bij jullie als 
de ‘warme kant’ van de familie. Bedankt voor jullie betrokkenheid rondom dit proefschrift 
en de gezellige momenten die we met elkaar hebben.

Jidde en Justin, wat is het super om jullie als mannen van mijn zussen te hebben. Dank voor 
jullie interesse in mijn onderzoek en voor de goede gesprekken onder het genot van een 
goed glas bier, in Huizen, Rotterdam, Paterswolde of Sterrebeek. Suzanne, Suus, bedankt 
voor je oprechte interesse. Ik ben blij dat jij en Remco elkaar gevonden hebben.

Iris, Rosa en Remco, lieve zussen en broer, wie zou ik als grote broer zijn geworden zonder 
jullie? Wat ben ik blij dat ik jullie heb en wat ben ik blij voor de wegen die jullie bewandelen 
in het leven. Dank voor de gezelligheid op de momenten dat we samen zijn en jullie 
eerlijkheid tijdens gesprekken. 

Pap en mam, bedankt voor wie jullie zijn en alles wat jullie mij hebben meegegeven. Dat 
ik studeren en leren leuk vind zal vast deels genetisch zijn bepaald, maar jullie hebben mij 
ook altijd alle mogelijkheden gegeven om dit te doen. Van avondjes Latijn en Scheikunde 
overhoren tot aan dit proefschrift, jullie bijdrage in mijn loopbaan was en is nog steeds van 
grote waarde. Dank voor jullie geloof en vertrouwen in mij. 

Lieve Ingeborg, mijn liefste, wat bijzonder dat ik anderhalf jaar na jouw promotie nu dit 
dankwoord schrijf aan jou. Jij hebt mij gesteund en bemoedigd op de momenten dat ik 
het nodig had. Je bent in mij blijven geloven en kon mij op de juiste momenten stimuleren 
om door te zetten en iets af te maken. Dank voor de momenten die je mij hebt gegeven 
om dit proefschrift te schrijven én de momenten die je mij gaf om te sporten, terwijl jij voor 
de kinderen zorgde. Dank voor je dagelijkse interesse en je adviezen waar ik veel aan heb 
gehad. Onze drie-enige band zal niet verbroken worden. Ik ben trots op je en ik hou van je. 

Lieve Amélie, Jozua en Hylke, wat ben ik blij met jullie. Ik geniet van jullie enthousiaste 
“papaaa!!” als ik thuis kom. Dank voor al jullie innige knuffels die mij helpen de wereld om 
mij heen even te vergeten en te genieten van het moment. Dit boekje is nu af, ik hoop nog 
heel veel andere boekjes samen met jullie te lezen. Ik ben zo trots op jullie. We gaan samen 
nog veel beleven!
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