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ABSTRACT
In this review, we aim to summarise key articles that 
explore relationships between the gut and ocular surface 
microbiomes (OSMs) and immune-mediated dry eye. The 
gut microbiome has been linked to the immune system 
by way of stimulating or mitigating a proinflammatory or 
anti-inflammatory lymphocyte response, which may play 
a role in the severity of autoimmune diseases. Although 
the ‘normal’ gut microbiome varies among individuals 
and demographics, certain autoimmune diseases have 
been associated with characteristic gut microbiome 
changes. Less information is available on relationships 
between the OSM and dry eye. However, microbiome 
manipulation in multiple compartments has emerged as 
a therapeutic strategy, via diet, prebiotics and probiotics 
and faecal microbial transplant, in individuals with various 
autoimmune diseases, including immune-mediated dry 
eye.

INTRODUCTION
The gut microbiome is composed of a plethora 
of bacteria that play important physiological 
roles in maintaining host health. First, certain 
microbiome constituents break down food 
molecules that are otherwise indigestible, such 
as plant carbohydrates that can be digested by 
the phylum Bacteroidetes.1 Second, the micro-
biome is involved in vitamin synthesis, such as 
folate production by the genus Bifidobacterium 
and vitamin K production by several species.2 
Third, the gut microbiome helps regulate 
immune responses, balancing protection 
against pathogenic organisms while modu-
lating inflammation intraintestinally and 
extraintestinally. For example, plasma cells in 
mucosal tissues, including the gut, produce 
large amounts of immunoglobulin A (IgA) 
that neutralise pathogenic bacteria and 
promote survival of commensal bacteria.3 In 
one study, germ-free mice (mice without a gut 
microbiome) harboured fewer IgA-producing 
plasma cells compared with control mice. 
However, plasma cell levels increased signifi-
cantly after a microbiome was transplanted via 
faecal transfer from healthy wild-type mice, 
demonstrating the importance of the micro-
biome in regulating antibody production and 
immune responses.4 Furthermore, a healthy 
gut microbiome protects against infection by 

pathogenic bacteria, as evidenced by suscepti-
bility to Salmonella typhimurium and Clostridium 
difficile in Swiss-Webster mice with reduced 
intestinal diversity.5 These are just a few exam-
ples of the important roles played by the gut 
microbiome in maintaining health, metabolic 
function and immunological responses.

Because the gut microbiome influences 
immune function, many studies have exam-
ined whether gut microbiome composition 
varies in individuals with autoimmune diseases, 
such as ankylosing spondylitis, Behcet’s and 
rheumatoid arthritis (RA) as compared with 
controls.6–8 In this review, we focus on relation-
ships between gut microbiome composition 
and immune-mediated dry eye, a disease that 
often coexists with primary Sjögren’s, as well 
as secondary Sjögren’s (such as in the setting 
of RA) and graft-vs-host disease (GVHD). 
First, we describe the ‘normal’ gut micro-
biome and discuss connections between the 
gut microbiome and immune system. Next, 
we summarise data regarding gut microbiome 
compositional differences in individuals 
with immune-mediated dry eye and related 
diseases as compared with controls. Then, we 
briefly comment on interactions between the 
ocular surface microbiome (OSM) and dry 
eye, given that this is an area less well studied. 
Finally, we discuss strategies that can be used 
to alter the gut and OSMs and examine their 
potential as treatments for dry eye.

METHODS
In this review, we summarise articles that 
discuss relationships between microbiomes 
and immune-mediated dry eye in Sjögren’s, 
as well as related diseases. Articles for this 
review were collected from the PubMed data-
base using a non-systematic literature search. 
A mix of keywords was used to identify arti-
cles for this review including: ‘microbiome’, 
‘dysbiosis’, and ‘commensal bacteria’ 
combined with terms such as ‘Sjögren’s’, 
‘graft vs host disease’, ‘rheumatoid arthritis’, 
‘autoimmune’, ‘dry eye’, ‘conjunctivitis’, 
‘keratoconjunctivitis sicca’, ‘therapy’, ‘fecal 
microbial transplant’, ‘probiotics’, ‘prebiotics’ 
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and ‘diet’. All published scientific articles were consid-
ered including original research, meta-analyses and 
systematic reviews. When multiple studies were available 
on the same topic, we chose articles with the most robust 
methodology that were pertinent to our review. All 
searches were limited to the English language. Overall, 
the search yielded 2325 articles on PubMed of which 62 
were included in this review after the screening process. 
A Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses flow diagram reports the results of our 
search and filter strategy (figure 1).

The ‘normal’ gut microbiome
Several studies have examined the gut microbiome in 
‘normal’ individuals with variations noted among popu-
lations.9 10 This is not surprising as age, geographic 
location, genetics and diet have all been shown to 
affect gut microbiome composition.11 12 Overall, the 
human gut microbiome is predominately constituted 
by the phyla Firmicutes, Bacteroides, Proteobacteria and 

Actinobacteria.9 13 14 These four phyla were dominant in 
the gut of 17 healthy individuals living in France or the 
Netherlands,10 as well as in 39 healthy individuals span-
ning six nationalities (Danish, Spanish, Italian, French, 
American and Japanese).9 At the genus level however, 
greater variation exists in the microbiome. For example, 
Faecalibacterium, Ruminococcus and Eubacterium were the 
most common genera in France and the Netherlands,10 
while Bacteroides, Prevotella and Ruminococcus were the 
most abundant genera among the six aforementioned 
nationalities.9 Geographic variations in microbiome 
composition have also been noted in other regions. For 
example, in a study of 326 children (0–17 years) and 202 
adults, significant phylogenetic differences were noted 
between both children and adults living in Malawi, Vene-
zuela, and the USA, with US residents having the least 
diverse microbiome.12

Overall, it is difficult to tease out which under-
lying contributors (genetic and/or environmental) 

Figure 1  A Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram illustrating the search and 
filter strategy.
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most robustly contribute to geographic variability in 
microbiome composition. In addition to differences 
in geography, weather and genetics, Malawians and 
Venezuelans have diets dominated by maize-derived, 
cassava-derived and other plant-derived polysaccha-
rides, whereas US children and adults have diets richer 
in readily absorbed sugars.12 In fact, studies have shown 
that diet alone can influence microbiome composition. 
One study investigated the effect of a lacto-ovo-vegetarian 
diet for 3 months on the gut microbiome of 15 healthy 
individuals who were omnivorous previously. After 3 
months of the lacto-ovo-vegetarian diet, the abundance 
of Alistipes was reduced, while an increased abundance 
of Roseburia inulinivorans, Ruminococcus lactis, Lactobacillus 
plantarum and Streptococcus thermophiles was noted.15 This 
study suggests that even short-term dietary changes may 
modify the gut microbiome.

Age and genetics also affect microbiome composition. 
In one study, the gut microbiome of 12 unrelated children 
and 1 fraternal twin pair was regularly sampled during 
their first year of life. From the first stool produced after 
birth through approximately 6 months, significant micro-
biome variability existed between the children. However, 
from approximately 6 months to 1 year, their microbiomes 
migrated toward a similar ‘adult-like’ composition with a 
predominance of Firmicutes and Bacteroidetes.11 Interest-
ingly, the twin pair harboured a more similar microbiome 
compared with the other infants. More support for the 
impact of genetics and diet on microbiome composition 
comes from a Canadian study that examined 173 white 
and 182 South Asian 1-year-old infants whose mothers 
all lived in Canada for an average of 8 years. South Asian 
mothers were more likely to be vegetarian compared with 
white mothers. South Asian infants were found to have 
an increased abundance of Bifidobacterium, Atopobium, 
Streptococcus and Enterococcus and a decreased abundance 
of Firmicutes compared with white infants. This study 
suggests that the gut microbiome composition of infants 
may be influenced by genetics and both the infants’ 
and mothers’ diet.16 Collectively, these studies highlight 
that various factors may affect the gut microbiome and 
that there is variation with respect to what constitutes a 
‘normal’ microbiome.

The gut microbiome influences immune function
The gut microbiome influences immune system develop-
ment and function. For example, among Swiss-Webster 
mice that were 3–6 months of age, germ-free mice had 
lower numbers of immunologically competent cells in the 
lymphoid tissue of the mesenteric, submaxillary, axillary 
and popliteal lymph nodes compared with convention-
ally house mice.17 Furthermore, germ-free mice were 
more susceptible to infection by bacteria,18 including 
Listeria monocytogenes,19 Salmonella enterica,20 Klebsiella pneu-
moniae21 and fungus (Cryptococcus).22 Interestingly, mice 
were not only susceptible to systemic infection but also to 
infections at peripheral sites, such as an increased suscep-
tibility to Pseudomonas aeruginosa keratitis.23 Fortunately, 

the noted immune abnormalities and their functional 
consequences were overcome when the gut microbiome 
was restored by faecal transplant from healthy mice, 
including normalised proportions of T-helper-17 (Th17) 
and T-regulatory (Treg) cells.24 This suggests that the 
microbiome is critical in maintaining normal levels of 
various immune mediators, such as plasma cells, Th17 
and Treg, which are important for protection against 
infections at multiple sites.

Via its effect on Th17 (proinflammatory) and Treg (anti-
inflammatory) cell regulation, the gut microbiome can 
also impact inflammation in multiple compartments.25 26 
For example, some Clostridia species can stimulate Th17 
expansion in intestinal and extraintestinal sites (proin-
flammatory), while other Clostridia species produce short 
chain fatty acids (SCFA) that support Treg proliferation 
(anti-inflammatory). Similarly, some Bacteroides species 
express molecules such as polysaccharide A (PSA) which 
mediates the conversion of CD4+ T cells into Treg cells 
and suppresses the Th17 inflammatory response, thus 
permitting the colonisation of Bacteroides fragilis.27 28 In 
fact, oral administration of PSA was found to both prevent 
and improve experimental colitis in mice,29 highlighting 
the important role of B. fragilis in the gut as a facilitator of 
Treg differentiation which induces mucosal tolerance.27 
Overall, the gut microbiome is essential for the devel-
opment of a healthy gut immune system that protects 
against infection with pathogenic micro-organisms while 
dampening excessive proinflammatory T-cell responses.

Gut dysbiosis and autoimmune disease
Alterations in the gut microbiome, also known as gut 
dysbiosis, have been linked to a variety of diseases. 
However, different autoimmune diseases have different 
microbiome signatures.

For example, in one study, 50 individuals with RA 
were found to have decreased gut microbial diversity, 
including a lower abundance of common commensals 
such as Bifidobacteria and Bacteroidetes compared with 51 
individuals with fibromyalgia (FM). Of note, individ-
uals with FM were chosen as controls because while FM 
is a non-inflammatory condition, individuals with RA 
and FM often receive overlapping medications, such as 
non-steroidal anti-inflammatory drugs and have similar 
age and sex distributions.8 Another study involving 
44 individuals with new-onset untreated RA found an 
increased abundance of Prevotella copri compared with 
26 individuals with chronic-treated RA and 28 healthy 
individuals.30 Interestingly, the abundance of P. copri 
did not significantly differ in treated RA compared with 
healthy individuals, which suggests a two-way connection 
between the microbiome and inflammatory states in 
which treating the underlying disease may alter the gut 
microbiome composition. Beyond its presence, P. copri 
has also been demonstrated to have immune relevance 
in RA. Notably, in 17 of the 40 individuals with RA, a 
specific protein of P. copri was shown to stimulate effector 
T-cell responses.31 Moreover, in the same study, 41 of the 
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127 individuals with RA demonstrated IgG or IgA anti-
body reactivity with P. copri, however this finding was rare 
in individuals with other types of arthritis.31 These data 
suggest that gut dysbiosis may contribute to manifesta-
tions of immune-mediated diseases.

Outside of RA, individuals with other autoimmune 
diseases, including ones associated with ocular inflam-
mation (ie, uveitis) and/or immune-mediated dry eye, 
have been found to have different microbiome signa-
tures, however, with inconsistencies noted across the 
literature. For example, in 49 individuals with spondy-
larthrosis, a significant increase in Ruminococcus gnavus 
abundance was demonstrated as compared with 17 indi-
viduals with RA and 18 healthy controls.32 However, in 
a study involving 103 individuals with ankylosing spon-
dylitis compared with 104 healthy controls, a decreased 
abundance of Ruminococcus was demonstrated along 
with an increased abundance of the families Veillonel-
laceae and Lachnospiraceae.6 In 22 individuals with 
Behcet’s, a significant depletion in the genera Roseburia 
and Subdoligranulum, two Clostridium clusters, was found 
when compared with 16 healthy controls.7 Yet in another 
study involving nine individuals with Behcet’s, the abun-
dance of Bacteroides uniformis was significantly higher than 
in 9 healthy controls, but the significant bacterial differ-
ences found in the first study were not demonstrated.33 
Finally, in a study involving 35 individuals who underwent 
allogeneic haematopoietic stem cell transplantation, 
patients microbiomes were sampled at the time of acute 
(aGVHD) onset and compared with 35 post-transplant 
individuals without GVHD. Interestingly, specific micro-
biome signatures were associated with gastrointestinal 
aGVHD severity. Specifically, negative correlations were 
noted between aGVHD severity and abundance of the 
anaerobic bacteria Lachnospiraceae and Ruminococ-
caceae.34 Overall, many factors may explain the noted 
inconsistencies between studies including differences in 
the studied populations (eg, genetics, diet, geography, 
control comparison group) and methodologic variability 
in profiling microbiome composition. For example, 
the two Behcet’s studies were conducted in different 
geographic locations, that is, Italy7 and Japan,33 making 
comparisons between studies challenging due to the 
potential for confounding variables.

Overall, gut dysbiosis has been described in several 
autoimmune diseases include including RA, spondy-
larthrosis and Behcet’s, however with differences in 
microbiome composition between studies, even within 
the same disease.7 8 32 35

The gut microbiome in Sjögren’s syndrome
Sjögren’s is a chronic autoimmune disease character-
ised by oral and ocular dryness. It affects 0.5%–4% of 
the population, including more than 2 million Ameri-
cans living with the disease.36 Gut dysbiosis has also been 
found in Sjögren’s, both in mouse models and humans.

In mice, the gut microbiome has been found to drive 
ocular manifestations of dry eye, including corneal 

staining and T-cell profiles. In one study, mice received 
desiccating stress to the ocular surface through the use 
of a fan with or without scopolamine, a medication that 
reduces tear production. Desiccating stress alone altered 
the gut microbiome, with an increase in Proteobacteria, 
as compared with non-stressed mice. When mice received 
oral antibiotics with a desiccating stress, a greater change 
to the gut microbiome was noted, with reductions in 
the phyla Bacteroidetes and Firmicutes and an increase 
in Proteobacteria beyond that which occurred with 
desiccating stress alone. In addition to these micro-
biome changes, a more severe dry eye phenotype was 
observed, with more severe corneal staining compared 
with controls.35 This demonstrates the role of the gut 
microbiome in dampening stress-induced ocular surface 
inflammation.

The gut microbiome also impacts disease phenotype in 
an immune-mediated dry eye animal model. Specifically, 
CD25 knockout (KO) mice develop dry eye along with 
other manifestations of Sjögren’s syndrome. Germ-free 
CD25KO mice were found to have a worse dry eye pheno-
type when compared with CD25KO conventionally housed 
mice, including increased lacrimal gland inflammation, 
glandular destruction and interferon-gamma (IFN-γ) 
producing T-cell infiltration in the lacrimal gland.37 
Interestingly, improving the gut microbiome in germ-
free CD25KO mice through faecal transfer improved dry 
eye phenotype, with improved corneal barrier function, 
increased goblet cell density and decreased lymphocytic 
infiltration, CD4+IFN-γ cell number and expression of 
IFN-γ.

Furthermore, the interface between the microbiome 
and the immune system has been examined in experi-
mental models. In one experiment, immunodeficient 
mice received T cells from either (a) germ-free CD25KO 
mice, (b) germ-free CD25KO that received a faecal trans-
plant from healthy conventionally housed mice or (c) 
conventionally housed mice. The latter two groups had 
less severe dry eye signs (less corneal barrier disruption, 
less T-cell infiltration into the lacrimal gland, greater 
goblet cell density and decreased frequency of pathogenic 
CD4+IFN-γ cells) compared with the former group.38 
This suggests that the gut microbiome influences the 
pathogenicity of CD4+ T cells, with CD4+ T cells being 
more pathogenic in mice that lack a gut microbiome.

Overall, these studies demonstrate that gut micro-
biome composition can modulate dry eye disease severity 
induced from internal or external stressors in mice. 
The gut microbiome also impacts the pathogenicity 
of immune cells, which when transferred may inde-
pendently transmit disease. However, it is understood 
that mice models do not fully recapitulate the dry eye 
disease noted in humans. As such, human studies exam-
ining these questions are vital.

Gut dysbiosis has also been identified in humans with 
Sjögren’s, however similar to other autoimmune diseases, 
inconsistencies have been found across literature. One 
study compared 10 individuals with Sjögren’s living in 
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Texas to 10 healthy controls selected from the Human 
Microbiome Project who were also from Texas. Individ-
uals with Sjögren’s had a greater relative abundance of 
Pseudobutyrivibrio, Escherichia/Shigella and Streptococcus 
and reduced relative abundances of Bacteroides, Parabacte-
roides, Faecalibacterium and Prevotella. Moreover, an inverse 
relationship was found between microbiome diversity 
and disease severity.35 Another study examined 10 indi-
viduals with Sjögren’s dry eye (SDE), 14 individuals with 
evaporative dry eye (dry eye symptoms and tear break up 
time (TBUT)<10 s) and 12 healthy volunteers in Seoul, 
South Korea. Overall, individuals with SDE demonstrated 
decreased genera of Blautia, Dorea and Agathobacter 
compared with controls and increased genera of 
Prevotella, Odoribacter and Alistipes compared with the 
evaporative dry eye group. Additionally, National Eye 
Institute (NEI) Score was positively related to Bacteroidetes 
(R2=0.12, p=0.04) and negatively related to Bifidobacterium 
(R2=−0.12, p=0.04). Tear secretion was positively related 
to Actinobacteria (R2=0.33, p<0.001) and Bifidobacterium 
(R2=0.26, p=0.001). TBUT was positively related to Actino-
bacteria (R2=0.53, p<0.001) and Bifidobacterium (R2=0.40, 
p<0.001) and negatively related to Bacteroidetes (R2=−0.15, 
p=0.02). Interestingly, after adjustment for confounders, 
multivariate linear regression analysis revealed that tear 
secretion was related to Prevotella (β=0.26, p=0.03) and 
TBUT was related to both Prevotella (β=0.25, p=0.04) and 
Actinobacteria (β=0.66, p=0.001).39

Our group has also investigated microbiome signatures 
in immune-mediated dry eye. In one study, gut micro-
biome signatures were compared between 13 individuals 
with SDE, 8 individuals with dry eye symptoms and 
features of Sjögren’s but who did not meet full criteria 
(non-Sjögren’s dry eye (NDE); ≥1 early Sjögren’s marker 
positivity, aqueous tear deficiency or a comorbid auto-
immune disease) living in South Florida and 21 healthy 
individuals whose stool samples were provided by the 
stool bank OpenBiome. On a phylum level, all subjects 
with dry eye had a depletion of Firmicutes and an expan-
sion of Proteobacteria, Actinobacteria and Bacteroidetes 
compared with controls. Interestingly, the phylogenetic 
diversity was increased when comparing individuals 
with SDE compared with controls, independent of age 
or comorbid autoimmune diseases. Furthermore, across 
the spectrum from controls to NDE to SDE, there was a 
decrease in genera Faecalibacterium and Veillonella, classes 
Ruminococcaceae and Lachnospiraceae and orders Clos-
tridiales and Bacteroides. There was also an increase in 
genera Megasphaera, Parabacteroides and Prevotella. Finally, 
changes in certain classes of bacteria were associated with 
dry eye symptoms (dry eye questionnaire (DEQ) 5 and 
ocular surface disease index (OSDI) scores) and signs 
(ocular surface inflammation, corneal staining and tear 
production) when adjusting for age, gender, ethnicity 
and race.40

In a follow-up study, 10 individuals with immune-
mediated dry eye living in South Florida, 5 of whom 
met full Sjögren’s criteria, were compared with a single 

healthy control sampled 12 times (OpenBiome). Similar 
to our first study, individuals with dry eye had a greater 
phylogenetic diversity and a decreased abundance of 
the genera Faecalibacterium and Ruminococcus. Unlike the 
prior study however, a decreased abundance of Prevotella 
was observed in cases compared with the control.41

Examining these four studies, both consistencies and 
discrepancies emerge between studies. Two studies 
found increased abundances of Blautia and Strepto-
coccus and reduced abundances of Faecalibacterium and 
Prevotella in individuals with dry eye compared with 
controls.35 41 However, one study found a decreased 
abundance of Blautia and an increased abundance of 
Prevotella.39 The differences in microbiome compo-
sitions among studies may be due to several factors, 
including the aforementioned population-based differ-
ences, variations in processing and analytical techniques 
for microbiome analysis or comorbid diseases. Further 
studies are needed that characterise the microbiome in 
Sjögren’s and examine potential confounders.

The impact of the gut microbiome on inflammatory cells and 
markers on immune-mediated dry eye and Sjögren’s
The association between the gut microbiome and T-cell 
profiles in immune-mediated dry eye and Sjögren’s has 
been explored in a few studies (figure 2). As mentioned 
previously, germ-free CD25KO mice were found to have a 
worse dry eye phenotype when compared with CD25KO 
conventionally housed mice.37 This suggests that gut 
dysbiosis contributes to increased lymphocyte-associated 
inflammation. Furthermore, in our study of individuals 
with immune-mediated dry eye, we demonstrated relation-
ships between various dry eye metrics and T-cell profiles in 
blood. Dry eye symptom severity was positively related to 
both effector T cells (Th1: r=0.76, p=0.01; Th17: r=0.83, 
p=0.003) and regulatory T cells (CD25: r=0.66, p=0.04; 
FoxP3: r=0.68, p=0.03) frequencies.41 Positive associa-
tions were noted between corneal staining and effector 
T cells (Th1: r=0.48, p=0.19; Th17: r=0.47, p=0.21), while 
negative associations were identified between corneal 
staining and regulatory T cells (CD25: r=−0.66, p=0.06; 
FoxP3: r=−0.54, p=0.13). Although these latter relation-
ships were not statistically significant potentially due to 
an underpowered analysis of only 10 individuals, these 
findings may suggest the severity of corneal staining is 
positively associated with effector T-cell populations and 
inversely associated with regulatory T-cell populations.41

Relationships between soluble inflammatory markers 
and microbiome composition have also been exam-
ined in a Spanish study that included 19 individuals 
with Sjögren’s and 19 age-matched, sex-matched and 
body mass index-matched healthy controls.42 In patients 
with Sjögren’s, the proinflammatory cytokines inter-
leukin-17 (IL-17) and tumor necrosis factor (TNF)-α 
were negatively associated with serum levels of Bifido-
bacterium (R2=0.742, B=−1.289, p<0.001 and R2=0.697, 
B=−0.580, p<0.001, respectively), while IL-17 was posi-
tively associated with Ruminococcus (R2=0.742, B=−0.815, 
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p<0.001). IL-12 was negatively associated with Lachno-
spira (R2=0.897, B=−0.601, p<0.001), Roseburia (R2=0.897, 
B=−0.641, p<0.001) and Bifidobacterium (R2=0.897, 
B=−0.715, p<0.001) and positively associated with Entero-
bacter (R2=0.897, B=0.562, p<0.001). IL-6 was negatively 
associated with Blautia (R2=0.835, B=−0.132, p=0.022) 
and Roseburia (R2=0.835, B = −0.785, p=0.001) and posi-
tively with Escherichia coli (R2=0.835, B=0.678, p<0.001). 
This same pattern was not noted in healthy controls. 
Specifically, a significant negative association was only 
noted between the proinflammatory cytokines IL-6 and 
TNF-α and Parabacteroides distasonis (R2=0.948, B=1.139, 
p<0.001 and R2=0.570, B=0.570, p=0.011, respectively). 
Interestingly, both individuals with Sjögren’s and healthy 
controls shared the same anti-inflammatory cytokine 
associations. In both groups, the anti-inflammatory 
cytokine IL-10 was positively associated with Faecalibacte-
rium prausnitzii (R2=0.325, B=0.570, p=0.011; R2=0.494, 
B=1.337, p<0.001, respectively) and Ruminococcus 
(R2=0.325, B=0.259, p=0.029; R2=0.494, B=0.259, p=0.029, 
respectively). Finally, FOXP3 mRNA expression, which 
is implicated in the development and function of Treg 
cells, was positively associated with B. fragilis in both indi-
viduals with Sjögren’s (R2=0.547, B=0.548, p=0.029) and 
healthy controls (R2=0.547, B=0.670, p=0.016).42 Collec-
tively, these studies suggest that gut dysbiosis is associated 
with alterations in cellular and soluble immune profiles 
in immune-mediated dry eye. While larger studies across 
diverse populations are necessary to validate the noted 
correlations between bacterial composition, clinical 
metrics and immune profiles, the presence of such asso-
ciations suggest that modulating the microbiome may 
serve as a therapy for immune-mediated dry eye.

Therapeutically targeting the microbiome
Gut microbiome manipulation, with the goal of restoring 
a healthy microbiome, has been examined as an approach 
to alter disease phenotype in autoimmune diseases. Strat-
egies that have been explored in this regard include diet 
modification, probiotics, prebiotics and faecal microbial 
transplant (FMT) (table 1).

Gut microbiome manipulation via diet
The role of diet and nutrition has been investigated as a 
therapy for immune-mediated dry eye. One study exam-
ined relationships between a Mediterranean diet and 
Sjögren’s. In 82 adults diagnosed with primary Sjögren’s 
and 51 adults who had symptoms but did not meet the 
criteria for Sjögren’s, higher Mediterranean diet scores 
(calculated via a questionnaire based on the amount of 
certain food intake per week) were associated with a lower 
odds of having Sjögren’s. Interestingly, the strongest 
inverse associations were noted with fish and vegetable 
consumption on multivariate analysis.43 Fish intake has 
also been shown to reduce the risk of other autoimmune 
diseases such as RA.44 Although no data specifically exist 
on how diet affects the microbiome in individuals with 
immune-mediated dry eye, it is increasingly recognised 
that diet may have an impact on health by impacting gut 
microbiome composition.45

Animal studies have also examined the role of diet in dry 
eye. In one study, the impact of a high-fat diet on lacrimal 
gland function was investigated in 4-week-old C57BL/6 
mice. The results showed that mice on a high-fat diet 
demonstrated pathologic changes, including lower levels 
of tear secretion, increased inflammatory CD4+ T cell 
infiltration, increased proinflammatory factors such as 

Figure 2  Reported relationships between gut bacteria, immune markers, and signs of dry eye disease.
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TNF-α and IL-1β and increased apoptosis of acinar and 
myoepithelial cells compared with mice with standard 
diets. After a standard diet was introduced to the mice 
previously on a high-fat diet, pathologic changes in the 
lacrimal gland were partially reversed, including a reduc-
tion in inflammatory cells and proinflammatory factors 
and an upregulation of anti-inflammatory cytokines.46 
These studies suggest a relationship between certain 
diets, disease severity and inflammatory signatures.

Gut microbiome manipulation via probiotics and prebiotics
Probiotics and prebiotics have also been studied as a way 
to improve gut microbiome composition and downstream 
metabolites in diseases associated with immune-mediated 
dry eye. One prospective clinical trial evaluated the effi-
cacy of prebiotics in preventing symptoms and signs of 
acute GVHD. Prebiotic supplements that contained resis-
tant starch, glutamine, fibre and oligosaccharides were 
administered daily to 43 individuals before their allo-
genic haematopoietic stem cell transplantation until 28 
days after transplantation, while 142 individuals did not 
receive prebiotics before their transplantation. Overall, 
prebiotics reduced the incidence of acute GVHD of all 
grades 100 days after transplant (53% vs 73%; p=0.004). 
In addition, individuals who received prebiotics had a 
reduced duration (median, 11 days vs 14 days; p<0.001) 
and severity (measured by Eilers’ Oral Assessment Guide) 
of oral mucositis, a shortened duration of diarrhoea 
(median, 7 days vs 9 days; p=0.049) and a shortened dura-
tion of opioid use (median 8 days vs 10 days, p=0.013) 
compared with controls. Moreover, a greater frequency 
of individuals in the prebiotic versus control group had 
stable or increased microbial alpha diversity (Shannon 
index) at day 28 compared with baseline (increased: 
20% vs 2.8%; stable, 23.3% vs 20.8%, decreased, 57.7% 
vs 76.4%; p=0.004).47

Probiotics have also been studied with respect to RA, 
a disease often comorbid with secondary Sjögren’s. In 
a double-masked study of 60 individuals with RA, half 
received probiotic capsules containing Lactobacillus 
acidophilus, Lactobacillus casei and Bifidobacterium bifidum, 
whereas the other half received a cellulose-filled placebo 
capsule. After 8 weeks of daily intervention, probiotic 
supplementation significantly improved RA disease 

activity scores and decreased the inflammatory marker 
high-sensitivity C-reactivity protein concentrations.48

In addition, the effects of prebiotics and probiotics 
on dry eye have been evaluated in animal models. One 
study found that mice with acute GVHD had significantly 
reduced levels of the SCFA butyrate in their intestinal 
epithelial cells compared with controls.49 Replenishing 
butyrate levels either through direct administration of 
butyrate as a prebiotic or by supplying butyrate-producing 
Clostridia strains as a probiotic significantly improved 
intestinal epithelial cell junctional integrity, decreased 
their apoptosis and reduced acute GVHD severity in 
mice. Unfortunately, dry eye parameters were not specif-
ically reported in this study.49

The disease modifying effects of prebiotics and probi-
otics may be due to their anti-inflammatory properties. 
In one randomised double-blinded study in Ireland, 27 
healthy volunteers who received prebiotics containing 
Bifidobacterium infantis were compared with 12 healthy 
volunteers who received a placebo. The prebiotics group 
demonstrated an increased IL-10, an anti-inflammatory 
cytokine and increased numbers of Foxp3+CD4+T cells, 
important players in mucosal immune tolerance, in 
peripheral blood.50 This study suggests that B. infantis 
leads to immunoregulatory responses, highlighting its 
potential benefit individuals with inflammatory disease. 
These findings may translate to individuals with immune-
mediated dry eye, however studies on the effects of 
prebiotics and probiotics on individuals with immune-
mediated or SDE have yet to be reported.

Gut microbiome manipulation via FMT
FMT is the process of transferring intestinal micro-
biome from a healthy donor to a patient with the goal of 
replacing an abnormal gut microbiome with a stable and 
healthy one. Despite the technical difficulties, FMT has 
been explored as a therapy for autoimmune diseases asso-
ciated with immune-mediated dry eye. For example, in an 
open-label study, one or two doses of FMT (from healthy 
spouses or relatives) were delivered by enema to four 
individuals with GVHD after stem cell transplantation. 
One month after FMT, improved gastrointestinal symp-
toms including defecation consistency and frequency 
were noted. This correlated with an increase in beneficial 

Table 1 

Gut microbiome manipulation as a therapy

Diet Prebiotics and probiotics Faecal microbial transplant (FMT)

Fish and vegetable consumption were 
associated with lower odds of having 
Sjögren’s.43

Mice on a high-fat diet had inflammatory 
changes in the eye and decreased 
lacrimal gland function.46

Prebiotics were associated with a 
reduced incidence of GVHD post 
stem cell transplant and maintained or 
improved gut microbial diversity.47

Probiotics were associated with 
improved RA activity and decreased 
inflammatory markers.48

Some patients with Sjögren’s and non-
Sjögren’s dry eye who received FMT had 
subjectively improved dry eye symptoms.41

FMT improved symptoms and signs of 
patients with ulcerative colitis, metabolic 
syndrome and multiple sclerosis.52–54

GVHD, graft-vs-host disease; RA, rheumatoid arthritis.



8 Watane A, et al. BMJ Open Ophth 2022;7:e000956. doi:10.1136/bmjophth-2021-000956

Open access

bacteria including Lactobacillus, Bacteroides, Bifidobacterium 
and Faecalibacterium.51 However, no data were given on 
FMT’s effect on dry eye in this publication.

In a study by our group, the safety and efficacy of FMT 
in 10 individuals with immune-mediated dry eye, 5 of 
whom met full Sjögren’s criteria and 5 of whom had early 
markers of Sjögren’s, were investigated. After recipients 
received two FMTs via enema, 1 week apart, from one 
healthy donor (OpenBiome), eight of the ten microbi-
omes migrated towards the donor microbiome. By the 
3-month follow-up however, most individuals regressed 
back to their native microbiome. Notably, certain phyla, 
classes and genera abundances remained more similar 
to the donor profile as compared with the recipients’ 
baseline profiles out to 3 months. Ultimately, no adverse 
effects were identified with the use of FMT, and half of 
the study cohort (four of the five individuals who met 
Sjögren’s criteria) subjectively reported improved gastro-
intestinal and dry eye symptoms at last follow-up. Despite 
this, overall, dry eye symptoms and signs were statistically 
unchanged with therapy.41

FMT has also been investigated in other autoimmune 
diseases, including ulcerative colitis, multiple sclerosis and 
idiopathic thrombocytopenic purpura. In a randomised 
control trial, 75 individuals with ulcerative colitis received 
six weekly FMTs from healthy donors or placebo. The 
remission frequency at 7 weeks (24% vs 5%) was signifi-
cantly higher in the FMT versus placebo groups.52 FMT 
has also been examined in individuals with metabolic 
syndrome, in a study that highlighted the importance 
of donor characteristics in influencing FMT’s effect. In 
a double-masked study of 18 obese individuals (body 
mass index>30 kg/m2 or waist circumference>102 cm 
with fasting plasma glucose level>5.6 mmol/L), subjects 
were randomised to allogenic (from lean male donors) 
or autologous (from own collected faeces) FMT via a 
gastroduodenal tube. Increased sensitivity to insulin was 
noted in recipients 6 weeks after a single dose of FMT 
from lean donors but not after autologous transplant.53 
Furthermore, FMT has been explored as a treatment for 
autoimmune neurological conditions. In an open-label 
study of three individuals with multiple sclerosis and 
constipation, daily FMT infusions (route not reported) 
for 1–2 weeks resulted in an objective improvement in 
neurological symptoms, including regaining the ability to 
walk, decreased paresthesia and improved energy levels.54 
With FMT being successful in other autoimmune condi-
tions, gut microbiome manipulation via FMT remains a 
potential future therapy for immune-mediated dry eye, 
with the most effective route and frequency still yet to be 
determined.

The role of the OSM in immune-mediated dry eye
The OSM may also have a role in immune-mediated dry 
eye. Of note, the OSM is paucibacterial compared with 
the gut, with 0.06 bacteria per human conjunctival cell 
compared with the gut which has 10 bacterial cells for 
every one human cell.55 56 The composition of the OSM 

also differs from the gut microbiome, with Proteobac-
teria dominating on the ocular surface as opposed to 
Firmicutes in the gut.57 58

Studies have examined the inferior conjunctival 
OSM in dry eye in varying populations using 16S rDNA 
sequencing, with discrepant results. One study examined 
the OSM in 15 individuals with SDE versus eight healthy 
controls living in Texas. Individuals with Sjögren’s were 
not observed to have any significant differences with 
regards to microbiome composition, richness or struc-
ture.35 However, findings across the literature have not 
been uniform, with several studies reporting OSM diver-
sity and compositional differences in individuals with dry 
eye. One study conducted in Beijing, China, examined 
23 individuals with SDE, 36 patients with NDE and 39 
healthy controls. Unlike the Texas study, individuals with 
Sjögren’s had a significantly decreased alpha diversity 
compared with controls and NDE, as well as significant 
compositional differences (beta diversity) between the 
three groups. Most pronounced differences included a 
significantly increased relative abundance of Actinobac-
teria in the SDE group compared with both the NDE 
group and controls and a significantly decreased Cyano-
bacteria and Bacteroides abundance in the SDE group 
compared with controls.59 Similarly, in a South Korean 
study that examined the OSM in 48 individuals with 
primary Sjögren’s compared with 72 subjects with NDE, 
a significantly reduced alpha diversity was noted in the 
Sjögren’s group compared with NDE. On the other hand, 
significant compositional differences were not identified 
between the groups.60 Overall, while reductions in alpha 
diversity were noted in the Sjögren’s versus other groups 
in the two Asian studies, beta diversity findings were not 
uniform.

Studies have also reported OSM differences in 
immune-mediated dry eye not limited to Sjögren’s. 
One study in Shaanxi, China, divided individuals with 
dry eye (OSDI≥13 and Schirmer’s≤5) into groups by 
the presence (n=38) or absence (n=49) of an autoim-
mune disease (including systemic lupus erythematosus, 
RA, Sjögren’s, systemic sclerosis, Graves). Unlike the 
Asian studies, individuals with autoimmune disease 
had a similar alpha diversity but significant compo-
sitional differences compared with those without an 
autoimmune disease, most notably increased relative 
abundances of Actinobacteria, Firmicutes and Bacteroides 
and a significantly decreased relative abundance of 
Proteobacteria.61

Taken together, differences in OSM composition have 
been described in individuals with immune-mediated dry 
eye compared with non-immune dry eye subtypes and 
controls, however with discrepancies between studies 
regarding alpha diversity and compositional differ-
ences. As with gut microbiome composition, potential 
confounders such as population-based differences (geog-
raphy, diet, demographics, comorbid diseases) may 
explain the divergent findings across studies. While larger 
studies across diverse populations needed, the OSM may 
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also be a therapeutic target for immune-mediated dry eye 
through microbial modulation.

OSM manipulation in immune-mediated dry eye
Modulating the OSM may be a potential therapy in dry 
eye; however, research exploring this concept is sparse. 
One study evaluated the efficacy of Lactobacillus eye 
drops on symptoms (itching, photophobia, burning, 
tearing) and signs (conjunctival hyperemia, chemosis, 
secretion, Trantas dots, superficial punctuate keratitis) in 
individuals with vernal keratoconjunctivitis. In an open 
label study in Italy, seven patients were treated Lactoba-
cillus eye drops four times per day for 4 weeks in both eyes. 
After 4 weeks of treatment, a significant improvement in 
symptoms and signs was reported in six patients, most 
notably in symptoms of photophobia, itching, tearing 
and signs of conjunctival hyperemia and chemosis.62 
While these results are promising, it is unknown if these 
findings will translate into beneficial effects in immune-
mediated dry eye. As such, further studies are needed.

CONCLUSION
Overall, the studies above highlight complex interactions 
between microbiomes, the immune system and immune-
mediated dry eye. A balance between proinflammatory 
and anti-inflammatory bacterial species is important for 
immune system development and function, to protect 
the body locally and systemically from infection and to 
appropriately dampen inflammatory response. Several 
studies have found gut microbiome alterations in auto-
immune diseases associated with immune-mediated dry 
eye, and as a result, the gut microbiome has emerged as 
a potential therapeutic target to mitigate symptoms and 
signs of immune-mediated dry eye via dietary manipu-
lation, prebiotics and probiotics and FMT. However, as 
there is not one apparent microbial signature in immune-
mediated dry eye, it is not clear which therapy is optimal 
in which individual. Furthermore, the role of the OSM in 
immune-mediated dry eye is less well understood and as 
such, is an important avenue for future studies.

Contributors  All authors have contributed to the idea, literature review, writing, 
editing and review of the manuscript.

Funding  This study was supported by the Sjögren's Foundation, the University of 
Miami Interdisciplinary Team Science Award (UM SIP 2018-2R), the Department 
of Veterans Affairs, Veterans Health Administration, Office of Research and 
Development, Clinical Sciences R&D I01 CX002015 (AG) and Biomedical Laboratory 
R&D Service I01 BX004893 (AG), Department of Defense Gulf War Illness Research 
Program W81XWH-20-1-0579 (AG) and Vision Research Program W81XWH-
20-1-0820 (AG), National Eye Institute R01EY026174 (AG) and R61EY032468 
(AG), NIH Center Core Grant P30EY014801 (institutional) and Research to Prevent 
Blindness Unrestricted Grant (institutional).

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Arjun Watane http://orcid.org/0000-0003-2104-9949
Anat Galor http://orcid.org/0000-0002-3026-6155

REFERENCES
	 1	 Flint HJ, Scott KP, Duncan SH, et al. Microbial degradation of 

complex carbohydrates in the gut. Gut Microbes 2012;3:289–306.
	 2	 LeBlanc JG, Milani C, de Giori GS, et al. Bacteria as vitamin 

suppliers to their host: a gut microbiota perspective. Curr Opin 
Biotechnol 2013;24:160–8.

	 3	 Bemark M, Angeletti D. Know your enemy or find your 
friend?-Induction of IgA at mucosal surfaces. Immunol Rev 
2021;303:83–102.

	 4	 Moon C, Baldridge MT, Wallace MA, et al. Vertically transmitted 
faecal IgA levels determine extra-chromosomal phenotypic variation. 
Nature 2015;521:90–3.

	 5	 Ng KM, Ferreyra JA, Higginbottom SK, et al. Microbiota-liberated 
host sugars facilitate post-antibiotic expansion of enteric pathogens. 
Nature 2013;502:96–9.

	 6	 Zhang L, Han R, Zhang X, et al. Fecal microbiota in patients with 
ankylosing spondylitis: correlation with dietary factors and disease 
activity. Clin Chim Acta 2019;497:189–96.

	 7	 Consolandi C, Turroni S, Emmi G, et al. Behçet's syndrome 
patients exhibit specific microbiome signature. Autoimmun Rev 
2015;14:269–76.

	 8	 Vaahtovuo J, Munukka E, Korkeamäki M, et al. Fecal microbiota in 
early rheumatoid arthritis. J Rheumatol 2008;35:1500–5.

	 9	 Arumugam M, Raes J, Pelletier E, et al. Enterotypes of the human 
gut microbiome. Nature 2011;473:174–80.

	10	 Tap J, Mondot S, Levenez F, et al. Towards the human intestinal 
microbiota phylogenetic core. Environ Microbiol 2009;11:2574–84.

	11	 Palmer C, Bik EM, DiGiulio DB, et al. Development of the human 
infant intestinal microbiota. PLoS Biol 2007;5:e177.

	12	 Yatsunenko T, Rey FE, Manary MJ, et al. Human gut microbiome 
viewed across age and geography. Nature 2012;486:222–7.

	13	 Zoetendal EG, Rajilic-Stojanovic M, de Vos WM. High-Throughput 
diversity and functionality analysis of the gastrointestinal tract 
microbiota. Gut 2008;57:1605–15.

	14	 Hugon P, Dufour J-C, Colson P, et al. A comprehensive repertoire 
of prokaryotic species identified in human beings. Lancet Infect Dis 
2015;15:1211–9.

	15	 Zhang C, Björkman A, Cai K, et al. Impact of a 3-Months vegetarian 
diet on the gut microbiota and immune repertoire. Front Immunol 
2018;9:908.

	16	 Stearns JC, Zulyniak MA, de Souza RJ, et al. Ethnic and diet-
related differences in the healthy infant microbiome. Genome Med 
2017;9:32.

	17	 Bauer H, Horowitz RE, Levenson SM, et al. The response of the 
lymphatic tissue to the microbial flora. Studies on germfree mice. 
Am J Pathol 1963;42:471–83.

	18	 Khosravi A, Yáñez A, Price JG, et al. Gut microbiota promote 
hematopoiesis to control bacterial infection. Cell Host Microbe 
2014;15:374–81.

	19	 Mittrücker H-W, Seidel D, Bland PW, et al. Lack of microbiota 
reduces innate responses and enhances adaptive immunity against 
Listeria monocytogenes infection. Eur J Immunol 2014;44:1710–5.

	20	 Nardi RM, Silva ME, Vieira EC, et al. Intragastric infection of 
germfree and conventional mice with Salmonella typhimurium. Braz 
J Med Biol Res 1989;22:1389–92.

	21	 Fagundes CT, Amaral FA, Vieira AT, et al. Transient TLR activation 
restores inflammatory response and ability to control pulmonary 
bacterial infection in germfree mice. J Immunol 2012;188:1411–20.

	22	 Costa MC, Santos JRA, Ribeiro MJA, et al. The absence of 
microbiota delays the inflammatory response to Cryptococcus gattii. 
Int J Med Microbiol 2016;306:187–95.

	23	 Kugadas A, Christiansen SH, Sankaranarayanan S, et al. Impact 
of microbiota on resistance to ocular Pseudomonas aeruginosa-
induced keratitis. PLoS Pathog 2016;12:e1005855.

	24	 Ivanov II, Frutos RdeL, Manel N, et al. Specific microbiota direct the 
differentiation of IL-17-producing T-helper cells in the mucosa of the 
small intestine. Cell Host Microbe 2008;4:337–49.

	25	 Jacobs JP, Braun J. Immune and genetic gardening of the intestinal 
microbiome. FEBS Lett 2014;588:4102–11.

	26	 McHardy IH, Goudarzi M, Tong M, et al. Integrative analysis of 
the microbiome and metabolome of the human intestinal mucosal 
surface reveals exquisite inter-relationships. Microbiome 2013;1:17.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-2104-9949
http://orcid.org/0000-0002-3026-6155
http://dx.doi.org/10.4161/gmic.19897
http://dx.doi.org/10.1016/j.copbio.2012.08.005
http://dx.doi.org/10.1016/j.copbio.2012.08.005
http://dx.doi.org/10.1111/imr.13014
http://dx.doi.org/10.1038/nature14139
http://dx.doi.org/10.1038/nature12503
http://dx.doi.org/10.1016/j.cca.2019.07.038
http://dx.doi.org/10.1016/j.autrev.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/18528968
http://dx.doi.org/10.1038/nature09944
http://dx.doi.org/10.1111/j.1462-2920.2009.01982.x
http://dx.doi.org/10.1371/journal.pbio.0050177
http://dx.doi.org/10.1038/nature11053
http://dx.doi.org/10.1136/gut.2007.133603
http://dx.doi.org/10.1016/S1473-3099(15)00293-5
http://dx.doi.org/10.3389/fimmu.2018.00908
http://dx.doi.org/10.1186/s13073-017-0421-5
http://www.ncbi.nlm.nih.gov/pubmed/13966929
http://dx.doi.org/10.1016/j.chom.2014.02.006
http://dx.doi.org/10.1002/eji.201343927
http://www.ncbi.nlm.nih.gov/pubmed/2700668
http://www.ncbi.nlm.nih.gov/pubmed/2700668
http://dx.doi.org/10.4049/jimmunol.1101682
http://dx.doi.org/10.1016/j.ijmm.2016.03.010
http://dx.doi.org/10.1371/journal.ppat.1005855
http://dx.doi.org/10.1016/j.chom.2008.09.009
http://dx.doi.org/10.1016/j.febslet.2014.02.052
http://dx.doi.org/10.1186/2049-2618-1-17


10 Watane A, et al. BMJ Open Ophth 2022;7:e000956. doi:10.1136/bmjophth-2021-000956

Open access

	27	 Omenetti S, Pizarro TT. The Treg/Th17 axis: a dynamic balance 
regulated by the gut microbiome. Front Immunol 2015;6:639.

	28	 Round JL, Lee SM, Li J, et al. The Toll-like receptor 2 pathway 
establishes colonization by a commensal of the human microbiota. 
Science 2011;332:974–7.

	29	 Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell 
development by a commensal bacterium of the intestinal microbiota. 
Proc Natl Acad Sci U S A 2010;107:12204–9.

	30	 Scher JU, Sczesnak A, Longman RS, et al. Expansion of intestinal 
Prevotella copri correlates with enhanced susceptibility to arthritis. 
Elife 2013;2:e01202.

	31	 Pianta A, Arvikar S, Strle K, et al. Evidence of the immune relevance 
of Prevotella copri, a gut microbe, in patients with rheumatoid 
arthritis. Arthritis Rheumatol 2017;69:964–75.

	32	 Breban M, Tap J, Leboime A, et al. Faecal microbiota study 
reveals specific dysbiosis in spondyloarthritis. Ann Rheum Dis 
2017;76:1614–22.

	33	 Kim JC, Park MJ, Park S, et al. Alteration of the Fecal but Not 
Salivary Microbiome in Patients with Behçet’s Disease According to 
Disease Activity Shift. Microorganisms 2021;9:1449.

	34	 Payen M, Nicolis I, Robin M, et al. Functional and phylogenetic 
alterations in gut microbiome are linked to graft-versus-host disease 
severity. Blood Adv 2020;4:1824–32.

	35	 de Paiva CS, Jones DB, Stern ME, et al. Altered mucosal 
microbiome diversity and disease severity in Sjögren syndrome. Sci 
Rep 2016;6:23561.

	36	 Fox RI. Sjogren’s syndrome. Lancet 2005;366:321–31.
	37	 Zaheer M, Wang C, Bian F, et al. Protective role of commensal 

bacteria in Sjögren syndrome. J Autoimmun 2018;93:45–56.
	38	 Trujillo-Vargas CM, Schaefer L, Alam J, et al. The gut-eye-

lacrimal gland-microbiome axis in Sjögren syndrome. Ocul Surf 
2020;18:335–44.

	39	 Moon J, Choi SH, Yoon CH, et al. Gut dysbiosis is prevailing in 
Sjögren's syndrome and is related to dry eye severity. PLoS One 
2020;15:e0229029.

	40	 Mendez R, Watane A, Farhangi M, et al. Gut microbial dysbiosis 
in individuals with Sjögren's syndrome. Microb Cell Fact 
2020;19:90.

	41	 Watane A, Cavuoto KM, Rojas M, et al. Fecal microbial transplant 
in individuals with immune-mediated dry eye. Am J Ophthalmol 
2022;233:90-100.

	42	 Cano-Ortiz A, Laborda-Illanes A, Plaza-Andrades I, et al. 
Connection between the gut microbiome, systemic inflammation, 
gut permeability and FOXP3 expression in patients with primary 
Sjögren's syndrome. Int J Mol Sci 2020;21. doi:10.3390/
ijms21228733. [Epub ahead of print: 19 Nov 2020].

	43	 Machowicz A, Hall I, de Pablo P, et al. Mediterranean diet and 
risk of Sjögren's syndrome. Clin Exp Rheumatol 2020;38 Suppl 
126:216–21.

	44	 Johansson K, Askling J, Alfredsson L, et al. Mediterranean diet and 
risk of rheumatoid arthritis: a population-based case-control study. 
Arthritis Res Ther 2018;20:175.

	45	 Gentile CL, Weir TL. The gut microbiota at the intersection of diet 
and human health. Science 2018;362:776–80.

	46	 He X, Zhao Z, Wang S, et al. High-Fat diet-induced functional 
and pathologic changes in lacrimal gland. Am J Pathol 
2020;190:2387–402.

	47	 Yoshifuji K, Inamoto K, Kiridoshi Y, et al. Prebiotics protect against 
acute graft-versus-host disease and preserve the gut microbiota in 
stem cell transplantation. Blood Adv 2020;4:4607–17.

	48	 Zamani B, Golkar HR, Farshbaf S, et al. Clinical and metabolic 
response to probiotic supplementation in patients with rheumatoid 
arthritis: a randomized, double-blind, placebo-controlled trial. Int J 
Rheum Dis 2016;19:869–79.

	49	 Mathewson ND, Jenq R, Mathew AV, et al. Gut microbiome-derived 
metabolites modulate intestinal epithelial cell damage and mitigate 
graft-versus-host disease. Nat Immunol 2016;17:505–13.

	50	 Konieczna P, Groeger D, Ziegler M, et al. Bifidobacterium infantis 
35624 administration induces FOXP3 T regulatory cells in human 
peripheral blood: potential role for myeloid and plasmacytoid 
dendritic cells. Gut 2012;61:354–66.

	51	 Kakihana K, Fujioka Y, Suda W, et al. Fecal microbiota 
transplantation for patients with steroid-resistant acute graft-versus-
host disease of the gut. Blood 2016;128:2083–8.

	52	 Moayyedi P, Surette MG, Kim PT, et al. Fecal microbiota 
transplantation induces remission in patients with active 
ulcerative colitis in a randomized controlled trial. Gastroenterology 
2015;149:102–9.

	53	 Vrieze A, Van Nood E, Holleman F, et al. Transfer of intestinal 
microbiota from lean donors increases insulin sensitivity 
in individuals with metabolic syndrome. Gastroenterology 
2012;143:913–6.

	54	 Borody T, Leis S, Campbell J, et al. Fecal microbiota transplantation 
(FMT) in multiple sclerosis (MS). American Journal of 
Gastroenterology 2011;106:S352-S:S352.

	55	 Sender R, Fuchs S, Milo R. Revised estimates for the number of 
human and bacteria cells in the body. PLoS Biol 2016;14:e1002533.

	56	 Doan T, Akileswaran L, Andersen D, et al. Paucibacterial microbiome 
and resident DNA Virome of the healthy conjunctiva. Invest 
Ophthalmol Vis Sci 2016;57:5116–26.

	57	 Huang Y, Yang B, Li W. Defining the normal core microbiome 
of conjunctival microbial communities. Clin Microbiol Infect 
2016;22:643.e7–643.e12.

	58	 Ozkan J, Willcox M, Wemheuer B, et al. Biogeography of the human 
ocular microbiota. Ocul Surf 2019;17:111–8.

	59	 Song H, Xiao K, Chen Z, et al. Analysis of conjunctival sac 
microbiome in dry eye patients with and without Sjögren's 
syndrome. Front Med 2022;9:841112.

	60	 Kim YC, Ham B, Kang KD. Bacterial distribution on the ocular 
surface of patients with primary Sjogren’s syndrome. Sci Rep 
20221715;12.

	61	 Qi Y, Wan Y, Li T, et al. Comparison of the ocular Microbiomes of dry 
eye patients with and without autoimmune disease. Front Cell Infect 
Microbiol 2021;11:716867.

	62	 Iovieno A, Lambiase A, Sacchetti M, et al. Preliminary evidence 
of the efficacy of probiotic eye-drop treatment in patients with 
vernal keratoconjunctivitis. Graefes Arch Clin Exp Ophthalmol 
2008;246:435–41.

http://dx.doi.org/10.3389/fimmu.2015.00639
http://dx.doi.org/10.1126/science.1206095
http://dx.doi.org/10.1073/pnas.0909122107
http://dx.doi.org/10.7554/eLife.01202
http://dx.doi.org/10.1002/art.40003
http://dx.doi.org/10.1136/annrheumdis-2016-211064
http://dx.doi.org/10.3390/microorganisms9071449
http://dx.doi.org/10.1182/bloodadvances.2020001531
http://dx.doi.org/10.1038/srep23561
http://dx.doi.org/10.1038/srep23561
http://dx.doi.org/10.1016/j.jaut.2018.06.004
http://dx.doi.org/10.1016/j.jtos.2019.10.006
http://dx.doi.org/10.1371/journal.pone.0229029
http://dx.doi.org/10.1186/s12934-020-01348-7
http://dx.doi.org/10.1016/j.ajo.2021.06.022
http://dx.doi.org/10.3390/ijms21228733
http://www.ncbi.nlm.nih.gov/pubmed/33095150
http://dx.doi.org/10.1186/s13075-018-1680-2
http://dx.doi.org/10.1126/science.aau5812
http://dx.doi.org/10.1016/j.ajpath.2020.09.002
http://dx.doi.org/10.1182/bloodadvances.2020002604
http://dx.doi.org/10.1111/1756-185X.12888
http://dx.doi.org/10.1111/1756-185X.12888
http://dx.doi.org/10.1038/ni.3400
http://dx.doi.org/10.1136/gutjnl-2011-300936
http://dx.doi.org/10.1182/blood-2016-05-717652
http://dx.doi.org/10.1053/j.gastro.2015.04.001
http://dx.doi.org/10.1053/j.gastro.2012.06.031
http://dx.doi.org/10.14309/00000434-201110002-00942
http://dx.doi.org/10.14309/00000434-201110002-00942
http://dx.doi.org/10.1371/journal.pbio.1002533
http://dx.doi.org/10.1167/iovs.16-19803
http://dx.doi.org/10.1167/iovs.16-19803
http://dx.doi.org/10.1016/j.cmi.2016.04.008
http://dx.doi.org/10.1016/j.jtos.2018.11.005
http://dx.doi.org/10.3389/fmed.2022.841112
http://dx.doi.org/10.3389/fcimb.2021.716867
http://dx.doi.org/10.3389/fcimb.2021.716867
http://dx.doi.org/10.1007/s00417-007-0682-6

	Microbiome and immune-­mediated dry eye: a review
	Abstract
	Introduction
	Methods
	The ‘normal’ gut microbiome
	The gut microbiome influences immune function
	Gut dysbiosis and autoimmune disease
	The gut microbiome in Sjögren’s syndrome
	The impact of the gut microbiome on inflammatory cells and markers on immune-mediated dry eye and Sjögren’s
	Therapeutically targeting the microbiome
	Gut microbiome manipulation via diet
	Gut microbiome manipulation via probiotics and prebiotics
	Gut microbiome manipulation via FMT
	The role of the OSM in immune-mediated dry eye
	OSM manipulation in immune-mediated dry eye

	Conclusion
	References


