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Abstract

The bacterial communities that collectively inhabit our body are called the microbiome. Virtually 

all body surface harbors bacteria. Recent advances in next-generation sequencing that have 

provided insight into the diversity, composition of bacterial communities, and their interaction are 

discussed in this review, as well as the current knowledge of how the microbiome promotes ocular 

health. The ocular surface is a site of low bacterial load. Sjögren Syndrome is an autoimmune 

disease that affects the exocrine glands, causing dry mouth and dry eye. Systemic antibiotic 

treatment and germ-free mice have demonstrated that commensal bacteria have a protective role 

for the ocular surface and lacrimal gland. The existence of a gut-eye-lacrimal gland axis-

microbiome is discussed.
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1. Introduction

The microbiome is the generic term to describe the bacterial communities that inhabit our 

body. Similarly, the virome and the fungal mycobiome have been proposed as terms to 

identify virus and fungi communities, respectively. Virtually all body surface harbors 

bacteria, and most of them are commensal bacteria, namely, those that live in harmony with 

the host without causing deleterious effects. The advent of the Human Microbiome Project 

has identified that the number of genes that belong to intestinal bacteria is 150 x more 

abundant than the human genes [1]. The highest concentration of bacteria can be found in 

Corresponding author: Cintia S. de Paiva, M.D.; Ph.D., Ocular Surface Center, Department of Ophthalmology, Baylor College of 
Medicine, 6565 Fannin Street, NC505G, Houston, TX 77030, cintiadp@bcm.edu, Phone: 713 798 2124. 

Declarations of interest: Baylor College of Medicine has filed a patent related to some of the points in this review.

HHS Public Access
Author manuscript
Ocul Surf. Author manuscript; available in PMC 2021 April 01.

Published in final edited form as:
Ocul Surf. 2020 April ; 18(2): 335–344. doi:10.1016/j.jtos.2019.10.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the gastrointestinal tract [2, 3]. Microbial composition varies according to body sites, as 

bacterial communities in places such as skin, urinary tract, and gastrointestinal tract tend to 

be very different from one to another [4]. There is increasing recognition that intestinal 

commensal microbiota limits colonization by enteropathogens and maintains mucosal 

immune homeostasis throughout the body. Commensal symbionts produce factors that 

support intestinal barrier function, promote the generation of tolerogenic dendritic cells and 

regulatory T cells (Tregs), and modulate cytokine production by natural killer cells. Short-

chain fatty acids (SCFA), primarily butyric acid (and to a lesser degree propionic and acetic 

acid) produced by fermentation of dietary starches by commensal taxa, have been found to 

have potent immunomodulatory activity. This review will focus on the current knowledge of 

the microbiome and its interaction regarding the ocular surface and lacrimal glands in health 

and in Sjögren Syndrome (SS).

2- Current knowledge of the mechanism of action of microbiome 

promoting health

Awareness about the beneficial role of commensal bacteria in human health started long 

before the description of the human microbiome, with the knowledge about the nutritional 

and therapeutic role of fermented products such as bread, kumis, and cheese nearly 10.000 

years ago [5]. Nowadays, evidence from the literature demonstrates that our microbial 

commensals affect behavior, modulate the endocrine and immune system, alter epigenetic 

markers, and produce bioactive components and energy metabolites. With the advent of the 

massive sequencing methodologies and the availability of germ-free animals, the knowledge 

about the impact of human-associated microbial communities in health and disease has 

expanded. Germ-free animals are born and raised in sterile incubators with no contact with 

microbes. The first generation is delivered through a cesarean section to prevent 

contamination with the birth canal. Germ-free mice are fertile, leaner, have immunological, 

behavior, and morphological changes (such as enlarged cecum and low goblet cells) than 

animals conventionally raised in the specific-pathogen-free vivarium [6-8].

Recent evidence points to the existence of a brain-intestine microbiome axis. Male germ-

free animals exhibit social impairment, and conversely, reduced anxiety-like behavior [9, 

10], and mice with chronic stimulation by LPS might exhibit hyperphagia [11]. Although 

many of these effects are due to the interplay between the microbes and both hormones and 

immune mediators in the intestine, several commensals also produce neurotransmitters such 

as gamma-aminobutyric acid, serotonin, and acetylcholine, among others [9]. Whether the 

amount of microbial neurotransmitters is sufficient to have direct systemic effects requires 

more investigation; however, circulating neuroendocrine peptides are altered in germ-free 

rats [12]. Microbes might also stimulate the secretion of neurotransmitters by host colonic 

cells, which in turn, have an effect through the autonomic nervous system and the 

hypothalamic-pituitary-adrenal axis [13-15]. Lack of microbiome selectively impaired 

adrenal catecholamine responses to insulin-induced hypoglycemia [16]. Germ-free mice 

exhibit lower fecal gonadal hormones and corticosterone, which correlates to the tendency of 

these female mice to prefer female instead of male odors [17]. When these mice are 

subjected to either restraint stress or during acclimatization, they exhibit an elevation in the 
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plasma levels of hypothalamic-pituitary-adrenal axis hormones, which is restored after 

microbiota reconstitution at an early stage of development [10, 14]. These animals have also 

upregulation of several glucocorticoid receptor pathway genes, such as water channels and 

fatty acid transporters, in the hippocampus [18]. The presence of fecal Ruminococcus in 

young pigs independently predicts serum cortisol levels [19]. An investigation is ongoing 

regarding the role of the “estrobolome,” namely, the enteric bacterial genes whose products 

are capable of metabolizing estrogens in women’s health [20]. These products might act in 

endogenous as well as exogenous estrogens, since the metabolism of several phytoestrogens, 

natural non-steroid products that act through the estrogen receptors, depend on the gut 

microbiota [21]. In men and postmenopausal, as oppose to premenopausal women, levels of 

total urinary non-ovarian estrogens and most of their metabolites were associated with the 

fecal microbiome diversity [22].

Among the mechanisms that associate commensal colonization with immunity are the 

induction of antimicrobial peptides and the regulation of inflammation in different cell types 

at the mucosal surfaces. Conventionally raised mice show greater jejunal Paneth cell 

numbers and increased transcription expression of the antimicrobial peptide Reg3γ, as 

compared to their germ-free counterparts [23], as well as greater number of goblet cells [8]. 

Human sebocytes co-cultured with Propionibacterium acnes, a member of the normal 

microbiome in the skin, produce AMP and exhibit altered differentiation and viability [24]. 

Exposure of pigs to L. reuteri, a probiotic bacteria found in different body surfaces in 

humans, increases the expression of porcine beta-defensins in the gut [25]. Also, commensal 

skin microbiota regulates the expression of complement genes in the skin [26]. 

Accumulating evidence indicate that several species of Lactobacillus modulate NF-κB and 

STAT-3-signaling pathways [27, 28]. The outcome of the Leishmania major intradermal 

infection in germ-free mice is influenced by the mono-colonization of the skin with the 

commensal S. epidermidis, an effect dependent on the production of IL-1α and the 

downstream signaling molecules [29]. The adaptive immune system is also not a passive 

spectator of commensals but actively interacts with microbes and they are even imperative 

for immune cell maturation and function. It is widely known that lymphoid organs have 

unorganized B- and T-zones and reduced cellularity in the absence of microbes [30]. 

Segmented filamentous bacteria antigens, presented by intestinal dendritic cells, drive 

mucosal Th-17 differentiation [31]. Strikingly, Th-17 related cytokines such as IL-17 

regulate the expression of tight junction proteins, which are key molecules for the 

maintenance of proper mucosal permeability in the epithelia [32], preventing antigen 

bloodstream access and sensitization. In addition, these cytokines also promote the 

production of AMP by epithelial cells and the secretion of granulopoietic factors that drives 

neutrophil recruitment, likely facilitating immunity to pathogens [33]. The gut of germ-free 

mice exhibits also reduced numbers and function of T regulatory cells [34]. In scurfy mice, 

which bears a mutation in the Foxp3 gene, early oral feeding with Lactobacillus reuteri 
ameliorates autoimmune manifestations, an effect mediated by the adenosine receptors [35]. 

Polysaccharide A from the commensal Bacteroides fragilis induces expression of Foxp3 in 

human naïve CD4+ T cells and potentiates its suppressive function [36].

Among the main bioactive components of commensals are SCFA, such as lactate, acetate, 

propionate, and butyrate [37]. They are the result of bacterial fermentation of high fiber 
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foods and are one of the primary energy sources for enterocytes and colonocytes. Although 

most of the SCFA produced are metabolized in the gut, small amounts of SCFA can also 

either exit the colon to the portal vein or circulate systemically. These might explain the 

effects of SCFA in immune, adipose, and neuronal cells, among others located at distant 

sites. Effects of SCFA are exerted through the free fatty-acid receptors 2 and 3 (FFAR2/3), 

although butyrate also signals through GPR109a (and its transporter, Slc5a8) [38]. One of 

the mechanisms of action of SCFA relates to the inhibition of histone deacetylases (HDAC). 

They allow the loosening of chromatin, enabling transcription factor accessibility to the 

DNA backbone. Naive CD4+ T cells cultured in Treg differentiation conditions together with 

butyrate exhibit enhanced histone acetylation at the Foxp3 promoter, leading to increased 

Foxp3 induction and an enhanced regulatory capacity of Tregs [39]. In a seminal work by 

Yuille, human colorectal adenocarcinoma cells were exposed to cell-free supernatants of 79 

human commensals to evaluate their HDAC inhibitory properties. The three most potent 

HDAC inhibitor strains were also butyrate-producers. Among them, Megasphaera 
massiliensis MRx0029 potentiates cell HDAC inhibition in a model microbial consortium 

[40]. Animal models suggest autoimmunity may be promoted by reduced diversity of the 

intestinal microbiome with loss of commensal flora that produces metabolites, such as 

butyrate that suppress inflammation by promoting the generation of tolerogenic dendritic 

and regulatory T (Treg) cells. Stool butyrate concentrations have been found to decrease in 

antibiotic-treated and germ-free mice [39]. Concentrations of SCFAs, including butyrate in 

the colon correlated with the number of Foxp3+Tregs in the caecum [41] and oral 

administration of butyrate increased Foxp3 expression by Tregs, the number of Tregs in 

mucosal tissues and enhanced ability of dendritic cells to induce Treg differentiation [39]. 

We have shown that butyrate, one of the SCFAs, can have anti-inflammatory properties on 

the ocular surface epithelium [42], suggesting an indirect effect from a gut metabolite.

It has been shown that germ-free rats have lower IgA and IgM in their lacrimal glands than 

rats raised in conventional conditions [43]. Recently, a study by Kugadas and colleagues 

showed that gut colonization of germ-free mice with B. acidifaciens, a strict gut anaerobe, 

alters IgA transcript levels in the lacrimal glands [44]. This study provides functional 

evidence for the connection between gut microbiota and lacrimal gland-IgA transcript levels, 

postulating circulation of gut-derived B cells. The latter has been recently verified by Rojas 

and colleagues, which demonstrated that commensal-reactive gut-derived IL-10-producing 

IgA+ plasmablasts recirculate and suppress neuroinflammation [45]. It has also been shown 

that antibiotic dysbiosis-induced impaired corneal neurogenesis and corneal CCR2 negative 

macrophage distribution and activities in post-natal mice, and decreased corneal wound 

healing responses, demonstrating a strong connection between the eye and the microbiome 

[46, 47].

3- Methods to evaluate the microbiome

The technical and computational tools for data collection and analysis of microbiomes have 

rapidly advanced over the last decade. The Human Microbiome Project, launched in 2007 by 

the NIH, has been instrumental in driving the development of these tools, including large-

scale sequencing technologies, software and statistical tools, and the assembly of large 

reference sequence databases [48-50]. Initially, microbiome analysis was performed using 
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bacterial 16S rRNA sequences, which contain alternating highly conserved and variable 

regions. The field has since expanded to include metagenomes and analysis of function by 

looking at microbiome transcriptional activity and translational products such as 

metabolites.

Initially, studies of microbial community members were limited to those which could be 

cultured in the laboratory; 16S sequencing allows identification of microbial community 

members that would otherwise be inaccessible. Bacterial 16S rRNA sequencing has been 

used for over four decades for the characterization of microbial communities, initially for 

environmental samples such as soil and wastewater and later for many other ecological 

niches, including the human body [51, 52]. The bacterial 16S rRNA molecule has unique 

features useful for characterizing microbial community members. Regions that are highly 

conserved across all bacteria alternate with variable regions, allowing for the design of 

universal primers that flank these variable regions. In addition, evolutionary relationships 

between bacterial genera can be characterized through sequence comparison of these more 

quickly-evolving regions, and the development of large annotated sequence reference 

databases such as the Ribosomal Database Project has provided essential tools [53-55]. The 

resulting phylogenetic framework generated using 16S sequences constitutes the foundation 

for most microbial ecology analyses today.

Next-generation sequencing technologies that arose 15 years ago allowed for high-

throughput analysis of microbial communities at a much lower cost and time investment. 

This enabled microbial ecologists to identify rare members of communities and to gain a 

complete understanding of the composition of commensal communities. This advance was 

especially crucial for studying communities in niches like the ocular surface, which harbor 

far fewer bacteria than the gastrointestinal tract or oral cavity [56-58].

While 16S data allows us to identify bacterial genera associated with various health and 

disease states, it has also shown that the number of types of microbes associated with the 

human body is astoundingly large and diverse. The taxonomic composition can differ within 

body sites in the same person both spatially (such as in different points along the small 

intestine [59, 60]) and temporally (such as in the vagina during pregnancy [61]). Researchers 

have often focused on identifying specific genera associated with a particular condition, but 

even defining an overall microbial community signature can be very difficult because of the 

diversity from person to person, which can be influenced by many factors including diet, 

host genetics, and early microbial exposure and antibiotic use [62, 63]. Increasingly, studies 

are focusing on the metagenomes of these communities. A metagenome is the collective 

genome of a microbial community, or rather all the genes that are present in a community as 

opposed to all the species that are present. One major disadvantage of 16S sequencing is that 

since the highly conserved regions are conserved but not identical from species to species, 

universal primers favor amplification of specific sequences over others, and some organisms 

may be missed entirely. Shotgun sequencing of the entire metagenome avoids this problem. 

Shotgun-metagenomics uses next-generation sequencing to sequence the total DNA 

contained in a sample and allows insight into the functional aspects of a community [64, 65]. 

While the individual microbial species may differ from person to person, the functions 

carried out by those microbes could be very similar. Microbial products and metabolites 
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have been shown in several instances to impact the functioning of the host [22-24]. 

Understanding the microbiome will require a multipronged approach that includes 

characterizing species content, gene content, and microbial protein content. This will help to 

inform much-needed functional studies to elucidate the interactions and functional impacts 

between commensal microbial communities and their human hosts.

4- The Gut-Eye-Lacrimal Gland-Microbiome Axis in Sjögren Syndrome.

SS is an autoimmune disease that affects the exocrine glands, such as the salivary and 

lacrimal gland, and it is associated with significant morbidity. Patients often complain 

clinically of dry mouth and dry eye, fatigue, and other non-specific symptoms. It affects 9 

times more women than men, and it can be either idiopathic (primary SS) or associated with 

systemic diseases such as rheumatoid arthritis and systemic lupus erythematosus. SS 

patients exhibit cellular infiltration of lymphocytes in the lacrimal and salivary glands, 

resulting in loss of the acinar cell function. However, the factors contributing to the 

misbalanced recruitment of the immune cells to the exocrine glands are not fully understood.

In mice, antibiotic-induced intestinal dysbiosis worsens the dry eye response to desiccating 

stress and increases the recruitment of effector T cells to the ocular surface [56]. 

Interestingly, we observed that germ-free C57BL/6 mice spontaneously develop SS-like 

disease, showing goblet cell loss, and cornea barrier dysfunction [66], hallmarks of dry eye 

in humans. Similarly, germ-free CD25 knock out mice (which exhibit severe SS disease), 

have an early onset and worse dacryoadenitis than conventional CD25 knock-out with 

complex murine microbiota [67]. Furthermore, we showed that the dry eye phenotype could 

be recapitulated after the adoptive transfer of CD4+ T cells into immunodeficient hosts and 

that fecal transplantation reversed both the spontaneous disease in the donor as well it 

decreased the pathogenicity of CD4+ T cells [66, 67]. These results are exciting because 

CD25 knock-out mice are devoid of Tregs, and therefore, unable to benefit from the 

intestinal Treg promotion after fecal transplant, as previously shown [68, 69]. These findings 

also highlight the existence of a gut-eye-lacrimal gland-microbiome axis (Figure 1).

Another evidence that supports the contribution of microbes-mediated signaling in ocular 

surface health is the MyD88-dependency of corneal epithelial barrier function and dry-eye 

induced damage [70, 71]. After oral antibiotics-induced dysbiosis, mice with LPS 

stimulation on the ocular surface have increased inflammatory response compared to 

vehicle-treated animals [72]. Interestingly, in the model of experimental autoimmune uveitis, 

antibiotic therapy, which induces dysbiosis, results in eye-protection [73]. These findings 

strongly suggest that commensals can be either beneficial or deleterious for the maintenance 

of the ocular surface tolerance.

Specific commensal molecules might cross-react with ocular antigens, activating ocular-

specific T cells in the lamina propria that, in turn, migrate to the eye inducing the 

pathological damage. In accordance with this hypothesis, several peptides derived from 

commensal bacteria activate Ro60-reactive T cell hybridomas [74]. Ro60/SSA is one of the 

major autoantigens in SS and systemic lupus erythematosus. Immunization of NZM2758 

mice with recombinant Ro52 protein caused loss of tear and salivary secretion that were 
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independent of glandular involvement [75, 76]. It has been reported shared fecal microbiota 

composition in SS and systemic lupus erythematosus that differs from that of healthy 

controls [77]. Repeated injections of the outer membrane protein A of E. coli induce extra-

intestinal gland inflammation (in the Harderian gland) and the production of SS-related 

autoantibodies [78]. On the other hand, it has been shown that commensals license 

regulatory cells in a specific or unspecific manner to perform active surveillance and prevent 

inflammation in distant sites of the body [35, 45, 69]. Since cornea, conjunctiva and lacrimal 

gland are highly innervated tissues, and loss of corneal axon density occurs after desiccation 

stress in mice [79], it is also possible that commensals not only regulate immune tolerance 

but also contributes to the proper development of nerve fibers in the ocular surface [80]. This 

considering the role of gut microbial factors in the development and homeostasis of the 

enteric nervous system [81].

4.1 Ocular Microbiome

The existence of a resident ocular surface microbiome remains in question. Conjunctival 

cultures performed on healthy eyes have recovered a limited number of organisms in up to 

70% of eyes [82]. Staphylococcus epidermidis and Propionibacterium acnes are the most 

commonly recovered organisms in aerobic cultures. Gene sequencing methods have detected 

bacterial sequences on the ocular surface; however, these could represent contaminants, live 

or dead commensals, or skin bacteria transiently residing, but not colonizing the conjunctiva. 

Because of the paucity of bacterial genomic sequences on the ocular surface compared to 

other mucosal surfaces such as the large intestine, low abundant sequences from 

contaminating organisms could be misinterpreted as commensals. Because DNA is long-

lived, the use of probes to identify live bacteria on the ocular surface has been proposed [83].

Similar to culture-based studies, metagenomic studies evaluating the ocular surface have 

found a limited number of bacterial taxa in low abundance. Doan et al. compared the relative 

abundance of bacterial/human DNA on the ocular surface with other body surfaces [57]. 

They calculated a 0.1 ratio of 16S bacterial rRNA/human actin on the ocular surface 

compared to a ratio >10 in samples taken from the facial skin or buccal mucosa. De Paiva 

and associates found the number of 16S genomic sequences in conjunctival swab samples 

was slightly higher (average of 216 mapped sequences per sample) than the number obtained 

from the collection swabs alone [56]. Ozkan et al. evaluated the stability of the ocular 

surface microbiome by culture-dependent and independent methods by sequentially 

sampling the ocular surface at baseline, 1 month, and 3 months [84]. A total of nine bacterial 

species or genera were cultured from 76.7% of cultures, typically with a low number of 

colony-forming units (<20 CFU in over 70% of samples). Cultured bacteria were from three 

phyla: Firmicutes, Actinobacteria, and Proteobacteria. No species were present in all 

subjects at all times or in all subjects at any given time point. By 16S rRNA sequencing, 

there was an average of 16 operational taxonomic units (OTUs) at each time point. There 

were significant differences in the number of OTUs identified between time points, but there 

were no significant differences between individuals or between different age or sex groups. 

Over 90% of the OTUs were in three phyla: Proteobacteria (64.4%), Firmicutes (15.5%), 

and Actinobacteria (15%). Cavuoto and colleagues found a significantly higher number of 

OTUs with greater diversity on the conjunctiva of children under the age of 18, compared to 
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adults [85]. It has been shown that the composition of the ocular microbiome may change 

depending on the area that it was collected (conjunctiva vs. lid margin, for example), and the 

biogeography may be influenced by age and sex [86]. The findings of these studies at the 

genus or phyla level are listed in Table 1.

Overall, the metagenomic studies are consistent with culture studies in finding a low 

abundance, minimally diverse ocular surface microbiome. Neither the culture nor the 

genomic studies have addressed the physiological role of the ocular surface microbiome in 

maintaining homeostasis or suppressing inflammation. Studies in mice have pointed out for 

a protective role of conjunctival commensals in the resistance to Pseudomonas and C. 
albicans keratitis [44, 87, 88], but the lack of widespread bacterial colonization of 

conjunctiva from vendor C57BL/6J mice have made these studies very challenging [88]. 

However, commercially available Swiss Webster mice have detectable commensal species, 

such as Coagulase Negative Staphylococcus sp, indicating that the isolation and functional 

assays of murine conjunctival bacteria are feasible [87].

Changes in the conjunctival microbiome have been reported with contact lens wear [89] and 

with ocular and systemic diseases, such as diabetes [90, 91]. The ocular surface microbiome 

has been compared between healthy and dry eyes, including those with dry eye associated 

with the autoimmune disease Sjögren’s syndrome. Graham et al. cultured bacteria from the 

surfaces of most normal and dry eyes (75% of normal and 97% of dry eye)[92]. A higher 

number of bacterial colony-forming units grew from dry eyes (26 dry eye vs. 18 normal). 

There was no difference in the number of samples with PCR positive 16S rRNA sequences 

between normal and dry eyes. Genera specific gene sequences were also similar between 

groups. Conjunctival goblet cell density was inversely correlated with a number of cultured 

bacteria. Shimizu and colleagues found a much more abundant and diverse microbiome in 

the conjunctiva of patients with GVHD, and the number of species isolated correlated with 

the severity of ocular surface disease [93]. We compared the conjunctival microbiome in 

normal eyes and those of patients with SS keratoconjunctivitis sicca using 16S rRNA gene 

sequencing [56]. As opposed to the intestinal microbiome, which showed significant 

differences between groups, taxonomic units recovered from the ocular surface were similar 

between groups.

4.2 Oral microbiome

The oral cavity has a high bacterial load compared to the ocular surface. The actual role of 

oral microbiota in the pathogenesis of SS is not completed understood, but metagenomic 

changes have been identified. Bacterial mimicry has been proposed as one of the 

mechanisms that the microbiome may participate in disease induction. For example, mice 

immunized with Ro52 protein have decreased tear secretion and salivary flow rate than 

animals immunized with control proteins, and this effect was independent of tissue 

infiltration. [75, 76]. Another example is the high degree of homology of aquaporin Z of 

human-associated oral bacteria with human aquaporin 5, a major water channel protein 

involved in saliva secretion. Autoantibodies against aquaporin 5 are present in the sera of SS 

patients [96]. It is plausible that aquaporin 5 autoantibodies develop during the immune 

response to oral bacteria, and they actively participate in sicca pathogenesis. Recently, we 
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detected bacteria within the ductal cells and in the area of infiltration in minor salivary gland 

biopsies from SS patients by in situ hybridization. Bacterial infection of ductal cells and its 

spread into neighboring acinar cells may explain the pattern of periductal lymphocytic 

infiltration in SS (Dysbiotic Oral Microbiota and Infected Salivary Glands in Sjӧgren 

Syndrome; Alam, J. manuscript under review).

Metagenomic changes in oral microbiota have been reported in SS patients [56, 97-101]. 

The results vary based on the type of samples that were collected (saliva, tongue and buccal 

swab), geographical area, ethnicity, diet, and the different variable regions of the 16S rRNA 

gene sequenced for analysis (Table 2). Nonetheless, there are few common findings: 

dysbiosis of oral microbiota is associated with hypo-salivation, and SS patients share their 

oral microbiome with an individual with sicca symptoms. Bacterial species richness 

estimated by Chao 1 index did not differ among healthy individuals and patients with dry 

mouth [56, 99, 102] while Shannon diversity either decreased [56, 97, 98, 102] or did not 

change [99]. Overall, the bacterial community composition of SS and non-SS sicca patients 

are comparable but revealed clear separation from healthy control communities by the 

UniFrac-based principal coordinate plot [56, 102]. As previously defined, >99% of core 

healthy oral microbiome belongs to the predominant taxa Firmicutes, Proteobacteria, 

Actinobacteria, Bacteroidetes, Fusobacteria, TM7, and Spirochaetes [103, 104]. Phylum 

Firmicutes increases while phylum Proteobacteria, TM7, and Spirochaetes decrease in SS 

[97-99]. Similarly, on the genus level, Haemophilus, Neisseria, and Porphyromonas were 

decreased in most of the studies [97-99, 102].

4.3 Intestinal microbiome

The intestinal microbiome is one of the more diverse niches in the human body. Members of 

the phyla Bacteroidetes and Firmicutes dominate the intestinal microbiome, and the 

microbiome of an individual is more similar to self over time than to others [105]. 

Bacteroides is generally the most abundant genus, but healthy humans exhibit a wide range 

of Bacteroides spp. abundance. Faecalibacterium prausnitzii is another abundant microbe 

that is found in the Clostridium cluster IV (phylum Firmicutes) and is a high butyrate 

producer [106].

There are few studies that investigated the intestinal microbiome of SS patients. We were the 

first group to show that SS patients have dysbiosis [56], which was later confirmed by other 

groups. (Table 3) [77, 107, 108]. The principal component analysis showed that SS patients 

had segregation of microbial communities, and this was different from the healthy controls 

(Fig. 2, R2=0.025, P=0.001). Our own group has described differences in the intestinal 

microbiome taxa in SS patients in comparison to healthy controls with a significant 

reduction in Parabacteriodes and Faecalibacterium and an increase in Streptococcus, Blautia, 
Escherichia, and Pseudobutyrivibrio. In addition, the intestinal microbiome diversity 

inversely correlates with combined ocular and systemic disease severity index [56]. A 

similar finding was reported by Mandl, who also found decreased Bifidobacterium, 

Alistipes, and again, Faecalibacterium in SS, and reported that greater dysbiosis was 

associated with worse clinical scores [107]. In a study that compared primary SS and 

systemic lupus erythematosus patients, van der Meulen and colleagues observed that the 
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intestinal microbiome did not differ significantly from both diseased groups but was 

different from healthy controls [77]. At least two studies identified that greater dysbiosis 

score or reduced number of OTUs correlated with greater clinical severity, suggesting a role 

of the microbiome in disease pathogenesis [56, 107]. Because SS is also a heterogeneous 

disease, it is possible that SS patients with dry eye may have a different microbiota than SS 

patients who have predominantly dry mouth. In a cohort of 1028 subjects, Whitcher and 

colleagues showed that patients with ocular surface disease might have extensive ocular 

staining without other features of SS [109]. Further functional studies are needed to dissect 

the individual contributions of the intestinal microbiome to SS [107].

4.4 Lessons learned from SS Mouse Animal Models

Because metagenomic analysis offers little insight into the physiologic or pathogenic role of 

bacteria on the ocular surface, oral cavity, and lacrimal gland, animal studies have been 

invaluable in trying to understand the in vivo relationship between bacteria and host. 

Experimental approaches have varied among topical application of bacterial ligands, 

administration of topical and systemic antibiotics, generation of germ-free mice, and 

colonization of germ-free with single or complex bacterial communities [46, 47, 56, 66, 67, 

71, 87, 88, 111]. The education of the immune system by bacteria is well documented 

[112-114]. Antibiotic-induced dysbiosis is generally obtained after a short course of oral 

antibiotics and allow the investigation of acute ablation of microbes and its effects on the 

host, while germ-free studies allow the investigation of the chronical effects of a sterile 

environment.

Compared to mice that received regular water, antibiotic administration prior to desiccating 

stress worsens the dry eye phenotype in C57BL/6 mice [56]. This effect can be reversed by 

fecal material transplant [66]. Similarly, germ-free C57BL/6 mice spontaneously develop an 

SS-like syndrome, with female sex predilection, increased corneal staining, goblet cell loss, 

and production of inflammatory cytokines, such as IFN-γ and IL-12 [66]. Germ-free CD25 

knock-out mice have an early onset and worse dacryoadenitis than conventional CD25 

knock-out counterparts [67].

Conventionalization of the gut microbiome by fecal material transplant decreased the dry 

eye phenotype and decreased the pathogenicity of CD4+ T cells in both C57BL/6 and germ-

free CD25 knock-out mice [66, 67]. These studies suggest a protective role for the 

microbiome in the lacrimal gland and ocular surface.

The effects of the microbiome in SS on the salivary glands are different than on lacrimal 

glands. For example, there is no difference in the lymphocytic infiltration of salivary glands 

between germ-free and conventional CD25 knock-out mice [67]. In the non-obese diabetic 

mice, a widely used strain to study SS [117, 125, 126], antibiotic usage alleviates sialadenitis 

while sialadenitis scores improve in a germ-free environment [118, 119]. Bacterial mimicry 

has been shown as a potential mechanism for microbiota-induced salivary gland 

inflammation after immunization [76, 127].

Table 4 summarizes the above-mentioned studies as well as other animal models that have 

been published regarding the known effects of the microbiome in the pathogenesis of SS.
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5. Conclusions and implications for future research

The beneficial effects of the microbiome are just now beginning to be understood. We are 

making significant advances regarding bacterial identification. Data on pre-clinical models 

of SS suggest that fecal material transplantation might be an alternative therapeutic approach 

for severe SS. In fact, a clinical trial using fecal microbial transplant for SS is ongoing (PI: 

Anat Galor, University of Miami; www.clinicaltrials.gov, Identifier: NCT03926286) but 

most recently, the FDA suspended all fecal material transplant clinical trials due to serious 

adverse effects. A few pilot studies have investigated the use of probiotics in dry eye and SS 

patients with promising results [128-130], but more extensive, placebo-controlled, 

randomized clinical trials have not yet been performed.

We envisage that the identification of distinctive intestinal microbial consortia or single 

microorganisms with effects on the ocular surface will open new possibilities to cure 

autoimmune diseases such as SS with the use of probiotics. For this to happen, the field has 

to move from metagenomics to functional studies, so physiological and pathological 

interactions between microbes and human cells can be better understood.
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Figure 1: 
Proposed gut-ocular surface-lacrimal gland-microbiome axis.
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Fig. 2: 
Principal component analysis showing B diversity in intestinal microbiome from SS patients 

and subjects from the Human Microbiome Project [56].

Trujillo-Vargas et al. Page 20

Ocul Surf. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trujillo-Vargas et al. Page 21

Table 1:

Ocular Microbiome in Adult Healthy Conjunctiva.

Authors/Year Detection Method Taxa

Perkins/1975[82] Culture (aerobic and 
anaerobic)

Aerobic: S. epidermidis, Streptococcus sp., Micrococcus sp., S. aureus, Gram neg rods, 
Corynebacterium sp., Bacillus sp. Anaerobic: Propionibacterium acnes, 
Peptostreptococcus sp., Lactobacillus sp., Clostridium sp., Eubacterium sp.

Graham/2007[92] Culture and 16S rRNA 
sequencing

Coagulase negative Staphylococcus sp. Staphylococcus epidermidis Rhodococcus 
erythropolis, Uncultured bacterium, Corynebacterium sp., Propionibacterium acnes, 
Klebsiella sp., Klebsiella sp, Erwinia sp

Dong Q/2011[58] 16S rRNA sequencing Pseudomonas, Propionibacterium, Bradyrhizobium, Corynebacterium, Acinetobacter, 
Brevundimonas, Staphylococci, Aquabacterium, Streptococcus

Lee/2012[94] 16S rRNA sequencing Propionibacterium, Staphylococcus, Streptophyta, Corynebacterium, and Enhydrobacter

Doan/2016[57] 16S rRNA sequencing Corynebacteria, Proprionibacteria and coagulase negative Staphylococci

De Paiva/2016[56] 16S rRNA sequencing Firmicutes, Acinobacteria, Proteobacteria, Bacteroides phyla

Ozkan/2017[84] Culture (aerobic and 
anaerobic) and 16S rRNA 
sequencing

Firmicutes, Acinobacteria, and Proteobacteria phyla by both methods

Wen/2017[95] Shotgun sequencing Propionibacterium acnes, Staphylococcus epidermidis, Escherichia coli, micrococcus 
luteus, Ochrobactrum anthropic, Acidovorarx sp, Acidovorarx ebreus, Actinobacter 
baumannii, Pseudomononas aeruginosa, S. haemolyticus, Neisseria meningitides and 
other sp.

Shimizu/2019[93] Culture (aerobic and 
anaerobic)

S. epidermidis, Propionibacterium acnes and other sp.

Ozkan/2019[86] 16S rRNA sequencing Pseudomonas, Corynebacterium, Neisseriaceae, Staphylococcus, Acinetobacter, 
Aeribacillus, Streptococcus, Acetobacter, Bacillus, Veillonella, 
Thermoanaerobacterium, Deinococcus, Geobacillus, Sphingomonas,
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Table 2:

Oral microbiome and Sjögren Syndrome.

Authors/Year Detection
Method

Sample Phyla or genus level comparison in SS

Increased in SS Decreased in SS

Almstah, 2003 
[110]

Culture Saliva Candida species and 
Streptococcus

Fusobacterium nucleatum

De Paiva, 2016 
[56]

V4 region of 16S 
rRNA

Tongue swab Streptococcus Leptotrichia, Fusobacterium, Bergeyella, 
Peptococcus, Butyrivibrio

Li M, 2016 [97] V1-V3 region of 
16S rRNA

Buccal mucosa 
swabs

Leucobacter, Delftia, 
Pseudochrobactrum, 
Ralstonia, Mitsuaria

Haemophilus, Neisseria, Comamona, 
Granulicatella, Limnohabitans,

Siddiqui H, 2016 
[98]

V1-V2 region of 
16S rRNA

Whole 
unstimulated 
saliva

Streptococcus Veillonella Treponema,Peptostreptococcaceae 
Bacteroidaceae, Moryella, Catonella 
Fretibacterium, Porphyromonas Tannerella,

Van der Meulen 
T, 2018 [99]

V4 region of 16S 
rRNA

Buccal swab Gemella, Dialister, 
Anaeroglobus, Lactobacillus, 
Parvimonas 
Peptostreptococcaceae 
Atopobium, Scardovia 
Bifidobacterium 
Alloscardovia

Streptococcus, Haemophilus, 
Neisseria,Lautropia, Ruminococcaceae, 
Parvimonas, Proteobacteria, Enterococcus, 
Granulicatella, Abiotrophia Bergeyella, 
Alloprevotella

Zhou Z, 2018 
[102]

V3–V4 regions of 
16S rRNA

Mouth rinse Veillonella Actinomyces, Haemophilus, Neisseria, 
Rothia, Porphyromonas, Peptostreptococcus

Zhou S, 
2018[101]

V4-V5 region of 
16S rRNA

Saliva Bacteroidetes and 
actinobacteria

Proteobacteria

Rusthen S, 2019 
[100]

V3–V5 regions of 
16S rRNA

Saliva Prevotella Veillonella Streptococcus, Haemophilus Neisseria

Ocul Surf. Author manuscript; available in PMC 2021 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Trujillo-Vargas et al. Page 23

Table 3:

Intestinal Microbiome and Sjögren Syndrome.

Authors/Year Detection
Method

Sample Genus level comparison in SS

Increased in SS Decreased in SS Observations

de Paiva, 2016 
[56]

V4 hypervariable 
region of 16S rRNA

Stools Bilophila Bifidobacterium 
Moryella Lachnospira 
Anaerostipes Streptococcus 
Blautia Escherichia/
Shigella Pseudobutyrivibrio

Bacteroides Parabacteroides 
Faecalibacterium Prevotella 
Odoribacter Haemophilus

Inverse correlation of 
OTUs and systemic 
severity score

Mandl/
2017[107]

The GA-map™ 
Dysbiosis Test (16S)

Stools N/A Bifidobacterium Alistipes Clinical disease activity 
scores were correlated 
with greater dysbiosis

Van der 
Meulen, 
2019[77]

V2 and V4 
hypervariable region 
of 16S rRNA

Stools Bacteroides Ruminococcus 
Faecalibacterium Alistipes 
Proteobacteria 
Lachnoclostridium 
Barnesiella

Turicibacter Romboutsia 
Enterorhabdus 
FamilyXIIIAD3011 
FamilyXIIIUCG 
Senegalimassilia Slackia 
Unknown genus

Intestinal microbiome of 
primary SS was similar 
to SLE but different 
from healthy controls
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Table 4:

Animals studies related to microbiome in Sjögren Syndrome.

Strain/
condit
ion

Conventional
microbiome

Antibiotic-induced
dysbiosis Germ-Free

Fecal material transplant or
monocolonization studies in germ-

free mice

Periodontal 
tissue in 
C57BL/6 
mice

Normal • NR • Increased 
junctional 
epithelial area;

• decreased 
number of 
neutrophils in 
periodontal 
tissues;

• Lower expression 
of ICAM, 
MMP-1, MMP-8 
and FGFR1;

• Greater density 
of collagen [115]

• Reconventionalization 
of neonational germ-
free mice upregulates 
the pro-inflammatory 
cytokines IL-1β and 
IL12β [116].

NOD Severe 
sialadenitis 
(females) and 
dacryoadenitis 
(males) [117]

• Improvement of 
sialadenitis 
after antibiotic 
treatment [118].

• Low degree of 
sialadenitis in 
female germ-free 
mice [119].

• Conventionalization 
with A. muciniphila and 
Proteobacteria promoted 
sialadenitis [119].

C57BL/6J Minimal 
inflammation 
in the salivary 
and lacrimal 
glands

• Antibiotic 
treatment 
during 
desiccating 
stress worsens 
goblet cell and 
corneal barrier 
function [56, 
66].

• Increased 
activation of 
APCs [72].

• Female sex 
predilection;

• Increased 
lymphocytic 
infiltration (CD4 
and CD8+T cells) 
into the lacrimal 
gland;

• Increased 
production of 
IL-12 by APCs 
[66].

• Increased IFN- γ, 
MHC II, Caspase 
3, IL-12 mRNA 
transcripts in 
lacrimal gland

• Improvement of dry eye 
phenotype (significant 
increase in goblet cell 
density and 
improvement in corneal 
barrier function);

• Decreased pathogenicity 
of CD4+ T cells after 
adoptive transfer [66].

IL-2KO Spontaneous 
colitis, 
dacryoadenitis 
and 
sialadenitis. 
[120]

• NR • Decreased colitis 
[121, 122]

• No info about 
dacryoadenitis or 
sialadenitis.

• Monocolonization with 
E. coli increased 
mortality and 
significantly increased 
IFN-γ mRNA levels in 
colon, whereas 
reconstitution with 
Bacteroides vulgatus did 
not.[123]

CD25 KO 
(IL-2rα 
KO)

Spontaneous 
colitis, 
dacryoadenitis 
and 
sialadenitis.
[120, 124]

• Early onset and 
worsening of 
dacryoadenitis.

• Increased 
expression of 
IFN-γ, IL-12 
mRNA in the 
lacrimal gland 
[67].

• Similar degree of 
sialadenitis; early 
onset and 
worsening of 
dacryoadenitis.

• Increased 
frequency of 
B220+ cells in 
lacrimal gland.

• Improvement of dry eye 
phenotype (significant 
increase in goblet cell 
density and 
improvement in corneal 
barrier function);

• Decreased pathogenicity 
of CD4+ T cells after 
adoptive transfer [67].
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Strain/
condit
ion

Conventional
microbiome

Antibiotic-induced
dysbiosis Germ-Free

Fecal material transplant or
monocolonization studies in germ-

free mice

• Increased IFN-γ 
and IL-12 mRNA 
transcripts in 
lacrimal gland.

• Increased 
expression of 
IFN-γ, IL-12 and 
higher a 
frequency of 
CD4+ IFN-γ+ 

cells in the 
lacrimal gland 
[67].

NR=not reported
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