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Abstract

The ocular surface is continuously exposed to the environment and, therefore, it is surprising that
it harbors only few commensals with low degree of diversity. This unique aspect of the ocular
surface physiology prompts the question whether there are core ocular commensal communities
and how they affect ocular immunity. The purpose of this review is to provide an overview of what
is known about the ocular surface commensals in health and disease and what we would like to
learn in the near future. In addition, we discuss how microbiota at sites other than the eye may
influence ocular immune responses. The information discussed in the review has been gathered
using PubMed searches for literature published from January 1982 to December 2015.
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I. Is there a core ocular commensal microbiota?

One of the most exciting discoveries made in the 21st century is undoubtedly the discovery
of how microbiome affects human health.1 We now know that an average human body
harbors as many microbial species as human cells.2 Many studies have linked microbiome to
cancer, obesity, asthma, artherosclerosis, and diabetes, illustrating the significance of gut
microbiota in health and disease.3-% The initial studies of gut microbiota were followed by
investigations describing core microbiota species at different sites such as skin, urinary tract,
and oral mucosal surfaces.’”8 Therefore, the question that naturally arises is “What are the
characteristics of the healthy ocular microbiota and how do they change during disease?”

Typically, microbiota is defined as microbial species that are present in the majority of the
tested individuals at a particular location. Unlike any other body site, the healthy
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conjunctiva, lid margins, and tears have remarkably fewer microbial species than what has
been reported for other mucosal sites, such as the oral mucosal surface. The most frequently
identified species from the conjunctival surfaces in healthy humans are the Coagulase
Negative Staphylococcus sp (CNS sp), which include Staphylococcus epidermidis. They are
typically isolated from 20-80% of conjunctival swabs and from 30-100 % of swabs from
the lid margin areas. Among the less frequently present microbial species are
Propionibacterium sp (P, acnes), Corynebacterium sp, S. aureus, Streptococcus Sp,
Micrococceus sp, Baccilus sp, and Lactobacillus sp. Unlike the above-mentioned gram-
positives, the gram-negatives are less frequently detected on the healthy ocular surface.
These include P aeruginosa, Enterobacter sp, E. coli, Proteus sp, and Acinetobacter sp.%-14
The data are mostly based on experiments where moistened ocular cotton swabs were used
to sample the ocular tissues and aliquots were allowed to grow on selective agar-based
media. What is striking across these studies is the huge variability in the number of samples
showing positive bacterial growth, ranging from 16% to 89% (for CNS sp), for it also
reveals that a significant number of the ocular swabs contain non-expanding in vitro
microbial growth. Only a few studies reported the actual numbers of colony forming units
(cfu) measured per individual swab seeding. For example, Ermis et al reported that 80% of
the seeded samples showed microbial growth and only 17% of them had more than one
microbial species, thus demonstrating that the sustainable in vitro ocular microbiota is not
significantly diverse.1® This is in agreement with another study that measured 17-64 cfu per
conjunctival swab in 10% of the swabs, 5-16 cfu/swab in 15 % of the swabs, and as few as
0-4 cfu/swab in 75% of the swabs, illustrating the measurable but infrequent bacterial
presence in the conjunctival tissues.® In contrast, lid swabs yielded a high number of cfu:
101-1000 cfu/swab in 3% of the cases, 11-100 cfu/swab in 38% of the swabs, and finally 0-
10 cfu/swab in 59% of the swabs.1” Cumulatively, these experiments demonstrated that there
is a limited abundance of the in vitro sustainable microbial species at the ocular surfaces,
including the lid margin areas, which is remarkably different from what is present in the oral
mucosa or saliva.18-21 Consistently, 100% of the swabs taken from the oral mucosa and
saliva yielded bacterial presence and contained 107—108 cfu/ml of sustainable bacterial sp.22

The advent of the deep sequencing technique allowed an improved and significantly higher-
resolution method for detection of microbial species. In particular, ocular microbiota
revealed 12 genera that could be viewed as constituting the core of the conjunctival
microbiome. These included Pseudomonas sp (20% of the detected genera),
Propionibacterium (20%), Bradyrhizobium (16%), Corynebacteria (15%), Acinetobacter
(12%), Brevundomonas (5%), Staphylococcus (4%), Aquabacterium (2%), Sphingomonas
(1%), and Streptococcus (1%).23 In these experiments, it was surprising to see high numbers
of Pseudomonas sp, because it did not correlate with the data originating from the probing of
microbiota using culturing techniques. The elevated presence of £ aeruginosa may have
been skewed by the increased abundance of these microorganisms in one of the four tested
individuals. This differs from the findings reported by Graham et al.11 In the latter study,
16S ribosomal based sequencing of 57 samples from healthy subject's conjunctiva
demonstrated presence of CNS sp, Baccilus sp, Rhodococcus sp, Corynebacterium sp,
Propionebacterium sp, Klebsiella sp, and Ervinia sp. The differences between the two
studies may also partly be a consequence of using cloned 16S fragments for sequencing
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leading to overrepresentation of detected species. Consistently, six genera, including
Corynebacterium, Streptococcus, Propionibacterium, Staphylococcus, Bacillus, and
Ralstonia, were reported present in more than 80% of the surveyed normal healthy
conjunctiva in the study cohort from Gambia.2# This cohort did not reveal high relative
abundance of Pseudomonas, Bradyrhizobium, and Acinetobacter as previously reported.23.24

In contrast to the low bacterial abundance and diversity detected in the prior studies, Shin et
al showed that the conjunctival alpha diversity was significantly higher than that of the skin
under the eye, 2> suggestive of a more complex commensal repertoire. There was higher
abundance of Haemophilus, Streptococcus, Staphylococcus, and Corynebacterium sp in the
conjunctiva when compared to the skin of the eye, supportive of the concept of the ocular
commensal signature.

Clearly, these findings suggest that the conjunctival commensal repertoire includes
Haemophilus, Streptococcus, Staphylococcus, Propionibacterium, and
Corynebacterium,11:23.25.26 jystifying the need to resolve the lack of correlation between the
significant diversity of the commensal community at the conjunctival surfaces detected by
deep sequencing and the very limited diversity of bacterial species grown in culture. While
there may be recognizable limitations in the culturing protocols, similar experiments using
skin, lid margin, or oral mucosal swabs yielded a remarkably higher number of detectable
commensal organisms, suggesting that the ocular microbiota is not relatively more abundant.
It is also important to address whether bacteria actively colonize the ocular surfaces and
replicate there or are only transiently introduced. A potential approach would be to employ
transcriptome-based analysis of commensal communities in reconstitution experiments with
germ-free mice exposed to different ocular commensals.

One of the limitations of the 16S sequencing approach is the inability to identify down to
bacterial species level. Therefore, it is important to utilize alternative approaches, such as
transcriptome-based analysis or culturing methods, to characterize the commensals. While a
comprehensive, longitudinal quantification of the ocular microbiota is yet to be recognized,
especially in the context of disease states, future studies of the ocular microbial communities
should not be limited solely to the identification of bacterial species, and the potential
presence of viriome should be considered.

One important consideration often overlooked in experiments like those described above is
how the microbial presence changes with sex and aging. The majority of studies conducted
did not evaluate sex or age-specific differences (cited above) with the exception of those
reported in references 24 and 25. Expectedly, age-related changes in the composition of the
ocular microbiota were observed among the individuals in the Gambian cohort?4 with the
diversity of the detected species changing from children (<10 years old) to adults. These
observations are consistent with the age-dependent maturation of the immune system, which
may define to some extent the composition of the micriobiota. As the strength of the
immune system gradually declines with aging, further changes in the microbial communities
of the eye are expected in the elderly. Evidence to support this inference comes from
experiments with young and aged mice, where a significant trend of increase with age in the
number of sustainable in vitro conjunctival species was observed.2’
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A number of unresolved questions remain. Are the detected sequences representing live
bacterial species versus dead bacterial debri? Is the ocular surface colonized long-term, like
other mucosal surfaces, by commensals, or is it undergoing continuous clearance via tearing
and blinking, resulting in transient exposure? Can the small number of detected (in vitro)
viable organisms have significant impact on maintaining ocular immunity? Are there
alterations of the core microbial composition of the conjunctiva- and lid-associated
microbiota in different disease states? These questions are challenging and also critical, as
the number of ocular surface disorders with unknown etiologies is large and growing (e.g.,
dry eye, episcleritis, chronic follicular conjunctivitis, etc.).

the impact of contact lens wear on ocular commensals?

Many studies have been conducted to characterize how contact lens use affects ocular
microbiota. For detailed information, see the excellent review by Willcox.12 Here we are
listing only some of the classic examples, along with the newest observations. Sankaridurg
et al employed longitudinal monitoring of microbial presence at the conjunctiva-lid margin
area and reported that in contact lens-wearing children age 8-14, microbial growth was
detected in 36% of the conjunctival swabs and in 54% of the lid swabs.28 The microbial
types detected were CNS, Propionibacterium sp, Bacillus sp, Streptococcus sp, Micrococcus
sp, S. aureus, and Corynebacterium sp (in the order of frequency). There were no differences
in the microbial types recovered from non-contact lens wearers and wearers of HEMA-based
soft lenses for a period of 2 years.2? In contrast, in adults, daily wear of soft contact lenses
over a period of one year promoted alterations in the conjunctival microbiota by increasing
the number of isolated commensal organisms.39 Consistently, an increase in the viable in
vitro bacteria, including Corynebacterium sp and Propionibacterium acnes, were observed in
the eyes of former contact lens wearers when compared to the control group.3! The extended
wear of HEMA-based hydrogel contact lenses further expanded the conjunctival and lid
margin microbiota. Individuals carrying gram-positive bacteria on lenses such as CA/S and
Corynebacterium sp were more likely to develop contact lens-induced peripheral ulcers,
whereas carriers of gram-negative bacteria on lenses were more likely to develop contact-
lens-induced acute red eye.29 Similarly, extended wear of contact lenses was associated with
an increased number of pathogenic organisms in the conjunctival tissues.32

Utilizing 16S rRNA metagenomic sequencing to analyze samples from contact lens wearers
versus non-lens wearers, Shin et al observed a shift in the microbiota of the conjunctiva of
the wearers towards relatively higher abundance of Methylobacterium, Lactobacillus,
Acinetobacter, and Pseudomonas, and lower relative abundance of Corynebacterium,
Staphylococcus, Streptococcus, and Haemophilus in contact lens wearers compared to the
controls, suggesting that contact lens wear altered ocular microbiota towards skin-like
microbiota.2

In summary, the influence of contact lens wear on the microbial commensal communities of
the eye depends on the type of contact lenses, the duration of their wear (e.g., daily wear
versus extended wear), and the age group. These studies prompt several questions: Does the
relative loss of commensal diversity consequent to the contact lens wear alter the ocular
immunity to sensitize to infection? Does contact lens wear change epithelial responses to
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facilitate bacterial adhesion, as suggested in reference 33? Does contaminating the contact
lenses with bacterial species from the skin promote the development of infection?25:33

[ll. Is there an association between ocular microbiota and ocular surface

disease?

Proteomic analysis of tear fluid from patients with dry eye disease showed specific
alterations in the protein signature.3* Interestingly, several of the downregulated proteins had
bactericidal activities, for example, lactotransferrin, lysozyme, polymeric immunoglobulin
receptor, and lacritin.3* These data justify questioning whether there is a connection between
the ocular commensal microbiota and the state of the ocular surface barrier. To date, only
few studies have attempted to address this issue. Albeitz and Lenton reported more extensive
bacterial loads in patients with Sjogren Syndrome than in healthy controls.3® Similarly,
Graham et al reported increased bacterial presence of CAS species in addition to other
common commensals such as Corynebacterium and Propionibacterium in non-autoimmune
dry eye disease.11 Promisingly, the expanding applicability of deep sequencing approaches
will provide us with insights to whether alterations of the ocular surface microbiota correlate
with the development of dry eye disease.36

IV. What is the impact of the microbiome on ocular immunity?

One of the mechanisms of commensal-mediated protection of mucosal sites such as the gut
is competing the pathobiont.3” Given that the ocular surface is paucibacterial, it is unlikely
that the bacterial presence will interfere with the colonization of the mucosal surfaces. Thus,
the impact of local ocular microbiota on ocular health may be very different from what has
been reported for other mucosal surfaces. A possible scenario would present microbial
stimulation of local immune responses. Currently, it is unclear whether local microbial
communities have an effect on the immune responses of the eye. Because of the low
abundancy and diversity of ocular microbiota, it is tempting to speculate that in health there
is little impact of the ocular microbiota on ocular immunity. However, this should not negate
the impact of microbiota resident at other sites on the immune responses occurring in the
eye.

A. Impact of microbiome on IgA production

The predominant antibody at the ocular mucosal surface is secretory 1gA.38:39 1t s critical
for maintaining mucosal homeostasis, as it neutralizes toxins, viruses, and bacteria; it has
anti-inflammatory activities, promotes production of interleukin (IL)-10, and affects
maturation of dendritic cells.#%-43 Through these pleiotropic effects, secretory IgA induces
tolerance at the mucosal sites. The generation of secretory IgA occurs through class-switch
recombination of the Ig heavy chains. After the migration of the naive B cells that express
surface 1gD and IgM from the bone marrow, further development of B cells occurs in the
germinal centers of secondary lymphoid tissues through somatic hypermutation and class
switching.** The class-switching events replace the Ig heavy chains from the IgD and IgM
to either IgA, 1gG, or IgE. The IgA class switching is determined through T-cell dependent
(TD) and T-cell-independent mechanisms.*®> The TD mechanisms require cognate
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interactions between antigen-specific B cells and activated antigen-specific CD4+ T cells.#6
These events can occur in the eye associated lymphoid tissues (EALT), such as those
present in the conjunctiva or lacrimal glands.4’ In pioneering experiments, Allansmith et al
showed that the exposure of germ-free rats to the conventional environment resulted in a
significant increase in the number of IgA- and IgM-producing B cells in the lacrimal glands.
The conventionalization of the germ-free rats took four weeks at which point the tear levels
of secretory IgA in the ex-germ-free rats reached levels comparable to those of the regular
rats.*8 While these studies did not specifically examine the impact of ocular microbiota on
the generation of secretory IgA and IgM, they clearly showed a pronounced influence of the
environment on B cell activation in the lacrimal glands, suggesting that the commensal
communities may be important in promoting this process. We made similar observations in
the germ-free mice (Figurel), where lacrimal glands had significantly diminished lymphoid
infiltrates, lower levels of secretory IgA heavy chain transcripts, and lower levels of
secretory IgA protein at the ocular surface (Table 1). Furthermore, the ocular surface levels
of secretory IgA were decreased upon oral antibiotic treatment of conventional Swiss-
Webster (SW) mice (Figure 1), confirming that commensal microbiome stimulates
secretory IgA presence in tear film. These experiments prompted an important question,
namely, whether ocular surface microbiota regulates B cell activation in the eye EALT. To
this end, Sullivan et al showed that unilateral tarsorrhaphy of newborn rats before the eyelid
opening did not influence the frequency of the lacrimal gland B cells, concluding that
environmental antigen exposure at the ocular surface did not regulate B cell activation.
These data also suggest that the commensal trigger may occur at a site different than the
ocular surface. One potential approach to clarify this issue is through application of topical
antibiotics versus oral antibiotics in conventional mice at the time of lid opening and
evaluating the number and maturation state of B cells in the lacrimal glands.

In addition, it is important to determine how ocular secretory IgA repertoire is dependent on
commensal ocular, nasal, or gut microbiota. The low number of mutations detected in the
class-switched transcripts in B cells in the lacrimal glands suggest that the majority of B
cells in the lacrimal glands are effector cells, not undergoing activation and proliferation,>0
providing evidence for the hypothesis that in health the microbiota-driven secretory IgA-
committed B cells can be recruited from the nasal- or gut-associated mucosal tissues.

Unlike the lack of mechanistic understanding of how microbiota governs the production of
secretory IgA-synthesizing B cells in the lacrimal glands, similar events in the lungs and the
gut are known to depend on Toll-like receptor (TLR) signaling as the MyD88 and TRIF
double KO mice show diminished IgA generation.#25152 Upon TLR activation, epithelial
and dendritic cells release B-cell activating factor (BAFF) and proliferation-inducing ligand
(APRIL), thereby promoting T-cell independent IgA class switching.®3 These findings gave
rise to the concept that T-independent secretory IgA production is important for protection
against commensal intestinal microbes, while T-dependent secretory IgA are important for
protection against pathogens. Similar mechanisms operate in the lungs, where the CD103™*
CD24*CD11b* dendritic cells induced IgA class-switch recombination to activate B cells
through TD and T-cell-independent pathways®! that included retinoic acid and TGF-8
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stimulation of antigen-specific IgA class switching.51-54 It is highly likely that in the EALT
alterations in the microbiota can regulate secretory IgA repertoire.

In summary, it is clear that the ocular secretory IgA levels depend on the commensal
microbiome, reinforcing the tolerance to ocular commensals and providing much needed
neutralization of the ocular surface antigens; however we still need information about the
mechanisms of these processes in the eye.

B. Impact of microbiome on innate immunity functions

The microbiome-mediated maturation of immune cell functions is required for protection
against ocular pathogens. Analysis of the mechanisms of protection mediated by
Staphylococcus aureus-specific monoclonal antibody during keratitis revealed that the germ-
free mice treated with the therapeutic antibody failed to mount a protective immunity against
this pathogen, due to failure to recruit inflammatory cells to the site of infection.®® The lack
of protective efficacy of the monoclonal antibody in infected RAG mice or CD4™" cell-
depleted mice suggested stipulation of T cell functions. Consistently, there was a
dependence on IL-17 and IL-22 in the antibody-induced protection.>® This paper prompted
many important questions. Namely, what is the impact of microbiota on neutrophil
maturation and activation and where does neutrophil priming occur? What is the interplay
between neutrophils and commensal-primed CD4™* cells? How do IL-17 and 1L-22 alter
neutrophil recruitment to the cornea during infection, and how does microbiota-mediated
priming of neutrophil activity alter the host responses to other pathogens at the ocular
tissues? The answers are pending, but some insights may be gleaned from mechanisms and
pathways characterizing the impact of microbiota at sites different than the eye.

Microbiota is a source for peptidoglycans that systemically prime the neutrophils for
opsonophagocytic-mediated bactericidal activity against Staphylococcus aureus and
Streptococcus pneumoniae.5® This phenomenon was dependent on nucleotide-binding
oligomerization domain containing protein-1 (NOD1), but not on Toll-like receptor 4
(TLR4) and nucleotide-binding oligomerization domain containing protein-2 (NOD2).
Consistently, in vitro priming of human neutrophils with meso-diaminopimelic acid—
containing peptidoglycan, a ligand for NOD1, improved the opsonophagocytic bactericidal
activity of human neutrophils against Staphylococcus aureus and Streptococcus pneumoniae.
These findings highlight a direct effect of microbiota-derived products on neutrophil activity.

Furthermore, Deshmukh et al reported an alternative mechanism for microbiota-mediated
regulation of neutrophil functions. In these studies, commensal microbiota protected
neonatal mice against £. coli KI-induced sepsis by promoting granulopoiesis via IL-17
release from group 3 innate lymphoid cells (ILC-3). Specific depletion of the innate
lymphoid cells abrogated IL-17 and emanating granulocyte colony-stimulating factor (G-
CSF)-dependent granulopoiesis.>” The ILC-3 produced IL-17A in response to gut-derived
LPS. However, unlike in the case of peptidoglycan treatment, PMNSs derived from the
antibiotic-treated mice had bactericidal activities against £. coli not different from the PMNs
derived from the commensal-exposed animals, suggesting that the mechanism of
commensal-induced protection was different. Therefore, it appears that the effects of
microbiota on regulating neutrophil generation and activation status may be redundant and
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context-dependent. While further work is needed to characterize the commensal site-
dependent impact on local immune responses, one possible scenario that is worth
investigating is the development of more efficient neutrophil priming as a result of the effect
of local microbiota on the activities of ILCs, Th17, and 8T cells through, and the
production of IL-17 and/or IL-22.

V. What is the influence of microbiome on ocular autoimmunity?

As discussed above, whether or not the commensal presence at the ocular surface changes
during chronic inflammation remains an open question. To address this issue, we compared
the conjunctival microbial presence in healthy C57BL6 mice and age- and sex-matched
thrombospondin-1 (TSP-1) knockout (TSP KO) mice, which are known to have chronic
conjunctival inflammation consistent with Sjogren syndrome-like disease.2” We observed
that the commensal frequency increased with the aging of the TSP-1 KO mice, which
correlated with spontaneous disease development, suggesting that the elevated presence of
commensals might serve as exacerbating factors for disease progression.

Using microbiological typing technique, we identified that CNS xy/osus, a commensal
opportunistic pathobiont, had elevated prevalence in the conjunctiva of the TSP-1 KO. The
measurements of elevated anti- CNS xy/losus specific antibody 1gG titers in the blood
circulation of the TSP-1 KO in comparison to the wild type controls verified that the loss of
ocular barrier and tolerance to this commensal occurred during chronic inflammation. The
increased abundance of the CNS xy/osus may be attributed to the increased fitness of these
microorganisms to the altered tear film conditions characterized with elevated concentration
of salt. Interestingly, the increased presence of CN/S spin the TSP-1 KO mice resembled
what was reported by Lenton et al, who showed elevated numbers of CASand
Staphylococcus aureus species isolated from the lid and conjunctiva in primary Sjogren
syndrome patients.3® The enriched commensal presence in the TSP-1 KO mice followed the
secretory dysfunction of lacrimal glands and the decrease of the conjunctival goblet cell
population, suggesting that it was co-occurring with the alterations in the ocular surface
barrier composition in these animals. These data justify the need to evaluate how ocular
commensal presence is changing in other forms of autoimmune and non-autoimmune dry
eye disease and define how commensals contribute to the development of the ocular surface
inflammatory responses.

Appreciation of the essential connection between gut microbiota and ocular autoimmunity
comes from the elegant studies done by Caspi and colleagues.®8 Autoreactive retinal
antigen-specific T cells drive autoimmune uveitis, but it is unclear how retina-specific T
cells become activated. The authors used the R161H mice expressing a transgenic T cell
receptor (TCR) specific for the interphotoreceptor retinoid-binding protein (IRBP), an
autoantigen associated with uveitis, and showed that the autoreactive T-cells become primed
by microbiota in the gut. In keeping with this, treatment with broad-range antibiotics
reduced the inflammation of the eye. Compared with wild type, the R161H mice showed
increased frequency of IL-17-producing IRBP-specific T-cells in the gut, which were
decreased upon antibiotic treatment. It is gratifying to see this data, given that Th17 cells are
pathogenic in experimental autoimmune uveitis models, and the study clearly demonstrates a
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dependence of these pathogenic T-cells on microbiota. While the intestinal antigen involved
in the activation of the IRBP-specific T-cells is yet to be identified, the authors suggested
that the stimulant is likely a protein component of microbiota. Consistent with this, R161H
T cells cultured with protein preparation from the intestinal microbiota derived from the
diseased mice caused uveitis when transferred to the wild type recipient mice, whereas
control R161H T cells cultured without this stimulation did not promote the disease. These
experiments clearly demonstrate a connection between gut microbiota, its impact on CD4* T
cell activation, and development of ocular autoimmunity. We are eagerly awaiting follow- up
studies that will shed light on the identity of the commensals that trigger this pathology.

In conclusion, exciting new data is accumulating to signify the impact of microbiota in
promoting immune system activation and ensuring the maintenance of homeostasis.
Understanding how commensals govern innate and adaptive immune activation will allow us
to produce improved vaccines to fight infectious diseases and find alternative strategies to
combat autoimmune states.

VI. Key Questions for Future Investigations

1. Is the ocular surface long-term colonized, like other mucosal surfaces, by
commensals or is it undergoing continuous clearance via tearing and
blinking resulting in transient exposure?

2. Can the small number of detected in vitro viable organisms have
significant impact on maintaining ocular immunity?

3. Avre there alterations of the core microbial composition of the conjunctiva-
and lid margin-associated microbiota in different disease states?

4. Does the relative loss of commensal diversity consequent to the contact
lens wear alter the ocular immunity to sensitize to infection?

5. What is the impact of microbiota on immune responses during ocular
infections? Is there a role for commensal species to regulate neutrophil
priming, where does it occur, how does it affect susceptibility to the
different types of pathogens?

6. How does ocular commensal presence change in autoimmune and non-
autoimmune dry eye disease and what is its impact on ocular
inflammation?
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VI.

Outline
Is there a core ocular commensal microbiota?
What is the impact of contact lens wear on ocular commensals?

Is there an association between ocular microbiota and ocular surface
disease?

What is the impact of the microbiome on ocular immunity?

A Impact of microbiome on IgA production

B. Impact of microbiome on innate immunity functions
What is the influence of microbiome on ocular autoimmunity?

Key questions for future investigations
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Figure 1.
Microbiota drives ocular surface IgA levels. A. Haematoxylin-eosin staining of lacrimal

gland sections derived from conventional and germ--free Swiss-Webster (SW) mice. The
individual lymphoid follicles are circled. The lacrimal glands from germ-free mice contain
decreased presence of lymphocytes in the lymphoid follicles, signifying the role of
microbiota in the formation of EALT. B. Germ-free mice have significantly lower levels of
IgA transcripts in the lacrimal glands compared to conventional mice. Quantitative RT-PCR
assay was used to compare the levels of IgA heavy chain transcripts between the individual
cohorts of mice. The data are representative of two experiments including at least 5-7 mice
per group. Mann Whitney test, P=.0001. C. Oral administration of antibiotic cocktail
decreases significantly lacrimal gland IgA transcripts, signifying the role of bacterial driven-
IgA synthesis. The data are representative of two experiments including at least 5-7 mice per
group. Mann Whitney test, P=.02.
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Table 1

Quantitative LC-MS/MS analysis of the immunoglobulin peptides identified in the ocular surface washes of
GF and SPF mice.
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Peptide identified

Fold change SPF/GF p-value

1g kappa V chain

1g alpha chain C region

1g kappa chain C region

2.9 8.50783E-05
2.4 0.004827752
2.8 0.003947885
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