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Microbial influx during early postnatal life
fortifies the ocular surface and guards
against allergic eye disease in mice

M| Check for updates
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Rongrong Zong', Yongxiong Chen', Guo Fu®?, Yigiang Wang*, Huping Wu', Andrew J. Quantock?®,

Zuguo Liu"® & Wei Li®'*

Host-microbiome interplay during development governs the homeostasis of various bodily surfaces,
however, postnatal colonization of the microbiome and its impact on the homeostasis of ocular
surface is still unclear. Here, the changes of the conjunctival microbiome in C57BL/6 J mice were
tracked in 1-week-old neonates through to 8-week-old adult mice. This disclosed that changes in the
conjunctival microbiome correlate with age, especially at the 2-week and 3-week time points, which,
respectively, are accompanied by eyelid-opening and weaning. Antigen presenting cells were also
recruited to the conjunctival epithelium after eyelid-opening, whilst an inhibition of microbial
colonization at 2-to-3 weeks of age led to a disruption of mucosal homeostasis and aggravated the
development of allergic eye disease. This study improves our understanding of the development of the
conjunctival microbiome in mice, and provides an indication that early microbial colonization is
required for the establishment of mucosal ocular surface homeostasis, the perturbation of which leads

to increased susceptibility to allergic eye disease.

The ocular surface is continuously exposed to the outside environment, with
the conjunctiva naturally harboring low numbers of live bacteria'. Although
many studies have reported correlations between the composition of
microbiota in the ocular surface and various physiological indicators and
disease manifestations in adults'”, only a few have investigated the com-
positional characteristics of the ocular microbiome in children. Studies
conducted on newborns have found that Proteobacteria was the dominant
phylum in the ocular surface microbiome, followed by Actinobacteria and
Firmicutes as the next two most abundant phyla’. In children under 18 years
of age, Firmicutes and Bacteroidetes were the next two most abundant phyla
after Proteobacteria. In comparison, the ocular surface microbiome in adults
exhibited decreased abundances of Firmicutes and Bacteroidetes™. These
studies suggest that the ocular surface microbiome varies across different age
stages, however, the dynamic change of the microbiome of the ocular
surface from early neonatal stages onwards has not been investigated.
Here, we investigate the ocular surface microbiome of the mouse eye,
which represents a good model system because the eyelids remain closed for

12-14 days after birth, allowing for continuous observation of the coloni-
zation of the ocular surface microbiome.

Antibiotic eye drops are commonly used in the treatment of bacterial
infections of the ocular surface. However, because the clinical diagnosis of
infectious, bacterial eye diseases in children is more difficult than in adults,
the use of antibiotics might not always be the best course of action’. Even in
the absence of ocular surface infection, given the susceptibility of newborns
to pathogens, antibiotic eye drops have been widely used to provide ocular
prophylaxis at birth for more than a century®”. It is well known that topical
antibiotics applied to the eye can affect the ocular surface microbiome, so
early antibiotic use may have an impact on ocular surface microbial colo-
nization and needs to be more thoroughly understood.

From birth onwards, the colonizing microbiome of human mucosal
surfaces induces the development and maturation of immune cells and
tissues that facilitate tolerance to environmental exposures. The composi-
tion of those microbial communities, meanwhile, changes considerably
during the development of the immune system'*"”. In both humans and
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mice, a paucity of bacteria in early life leads to immunological defects that
can be sustained into adulthood and increase the susceptibility to, or
exaggeration of, allergic disease'*'". Such early-life events have been pro-
posed in other mucosae'>'’. Due to ethical concerns and the availability of
limited numbers of samples in humans, the analysis of the microbiome of
the ocular surface and its role in the development of ocular surface
immunity in early life remains elusive. Accordingly, to test our hypothesis
that alterations in microbial composition, or depletion of the microbiota
early in life, may lead to perturbations of ocular surface immune home-
ostasis, we have investigated the ocular surface microbiome of mice at six
different growth stages between postnatal weeks 1-to-8 weeks. We also
explore the likelihood of dysbiosis of ocular surface microbiota during early
postnatal life induced by the use of antibiotics and its impact on ocular
surface homeostasis.

Results

Postnatal dynamic changes of the conjunctival microbiome

To understand the relationship between the ocular surface microbiome and
the ocular mucosa, we first characterized the conjunctival microbiome in
mice between 1 and 8 weeks of age using 16S rRNA sequencing for bacterial
identification. A total of 6682079 16S rRNA tags were obtained with an
average of 105993 effective tags across samples (Table S1) and then we
clustered 646 OTUs based on 97% sequence identity. OTUs associated with
negative controls were removed from the analysis based on the indicator
value (IndVal) index, employed for the identification of potential con-
taminants as described previously'. Community bar-plot analysis displays
relative levels of the conjunctival microbial community in all 60 samples at

the phylum level (Fig. S1a). A core microbiome consisting predominantly of
Proteobacteria, Firmicutes, Actinobacteria, Chloroflexi, Acidobacteria,
Patescibacteria, Cyanobacteria and Verrucomicrobia phyla was found,
accounting for up to 85% of sequences on average. At the family level, the
composition of the top ten microbials in mouse conjunctival tissue changed
during eyelid-opening. In particular, at 2- and 3-week of life, the con-
junctival microbiome underwent transient alterations as Enterococcaceae
and Staphylococcaceae outgrew Moracellaceae and Bacillaceae (Fig. 1a).
Meanwhile, at the genus level, composition and SIMPER analysis indicated
that Staphylococcus and Enterococcus were significantly enriched in 2- and
3-week-old mice, while Acinetobacter and Anoxybacillus changed in an
inverse direction (Fig. S1b and Table S2). BugBase was used for phenotypic
prediction analysis, which revealed that the relative abundance of predicted
potential pathogenic bacteria was highest in 3-week-old mice (Fig. Slc). We
further examined the changes of conjunctival microbial diversity across
different developmental stages. The Shannon index depicted a slight
decrease in a-diversity in 2-week-old mice, followed by a dramatic decrease
at 3 weeks of age. Thereafter, a-diversity increased until the 4-week of age
and remained relatively constant until 8 weeks (Fig.1b). A PCoA was per-
formed to visually depict the variations in taxon composition among these
mice. In 4- to 8-week-old mice, B-diversity returned to levels similar to the
initial microbial diversity observed in 1-week-old mice (Fig. 1c). No sig-
nificant difference in a-diversity was observed between males and females
across all samples. During postnatal development, both sexes exhibited a
transient decrease in a-diversity at 3 weeks of age, while the Shannon index
remained relatively stable at 1, 2, 4, 6, and 8 weeks, with no significant
differences observed (Fig. S1d). These results indicated that male and female
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Fig. 1 | Dynamic changes in the conjunctival microbiome of mice aged between
week 1 and 8 of neonatal development. a The average relative abundance at
family level (top 10) of the conjunctiva across different developmental stages in mice
(n =10 per group). Negative controls include laboratory environmental samples (N-E),
reagents used at the time of amplification (N-A) and blank extractions (N-EX).

b Shannon index of the conjunctival microbiome across different developmental stages
in mice. ¢ Principal coordinate analysis plot generated using OTU metrics based on the
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Bray-Curtis dissimilarities. Each point represents a sample. d Networks of co-occurring
bacterial OTUs in conjunctiva across the different developmental stages in mice, based
on the correlation analysis. The co-occurring networks are colored by phylum. A red
edge indicates a positive interaction between two individual nodes, while a blue edge
indicates a negative interaction. e Tracking the source of conjunctival microbiome
across different developmental stages in mice. Data are shown as mean + SEM.

**P <0.01, ***P <0.001 using the one-way ANOVA.
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mice display a similar pattern of microbial diversity changes during devel-
opmental stages. In contrast, significant variations occurred based on gen-
der as identified by the B-diversity index (Fig. Sle).

We next explored bacterial co-occurrence patterns among mice at the
six time points using network analysis as previously reported'®. In these six
networks, positive correlations were much higher than negative correlations
(Fig. 1d and Table S3). Overall, the analysis of topological properties in these
empirical networks revealed a significant difference between each age group
(Table S3). Further comparison of co-occurrence patterns across six
aggregate fractions showed that the bacterial community exhibited closer
correlations (for example, a higher number of nodes) in the 1-, 4-, 6- and
8-week-old mice, while the 2- and 3-week-old mice showed a lower cor-
relation (Table S3). Additionally, the data for average path length (APL) and
average clustering coefficient (avgCC) indicated that the empirical network
in 1-, 4-, 6-, and 8-week-old mice featured a more prominent “small world”
module (Table S3). Subsequent structural analysis revealed the prevalence of
deterministic co-occurrence patterns in the bacterial networks at intra-
phyla level. Notably, bacterial OTUs in the predominant phyla, including
Proteobacteria, Firmicutes, Bacteroidota, Actinobacteriota, and Verrucomi-
crobia exhibited a stronger propensity for co-occurrence compared to other
phyla (Fig. 1d).

Due to the complex living environment of mice, the ocular surface
microbiome may be affected by the animals’ surroundings during eyelid-
opening. In order to track the potential source of the conjunctival micro-
biome, we examined possible origins, including feces samples in cages
(Table S1). This indicated a significant difference in B-diversity between the
conjunctival microbiome and environmental microbiome (Fig. S1f). The
results of the microbial source tracking (FEAST) revealed that the microbes
of the conjunctiva in 2- and 3-week-old mice likely mainly originate from
the living environment (Fig. le), thus, we suspect that the mouse con-
junctival microbiome is instantaneously affected by environmental factors
at the time of eyelid-opening.

Antigen presenting cells (APCs) are transiently recruited in the
conjunctival epithelium in early postnatal life

Given that the conjunctival microbes undergo instantaneous change during
eyelid-opening, we speculated that microbial colonization during this per-
iod will have a major impact on the recruitment of immune cells in the
conjunctiva. Evaluation of whole-mount conjunctival tissues by confocal
microscopy, indeed, demonstrated a dramatic increase of CD45" cells in the
conjunctival epithelia of 3-week-old mice compared to the conjunctival
epithelia of 1-, 2-, and 4-week-old mice (Fig. 2a, b). Further analyses by flow
cytometry showed that the numbers of CD45" cells in the conjunctiva
dynamically changed, where it increased from 1 to 3-weeks, peaked at
3-weeks, and declined thereafter by 4-weeks (Fig. 2c). We suspected that
some of these cells emerging in conjunctival epithelium could be APCs
because many cellular dendrites were visible (Fig. 2d). Since APCs can be
characterized by the expression of CD11b, CD11c, and MHC 1", we per-
formed immunostaining on whole-mount conjunctival tissues and found a
significant increase of intraepithelial CD11b*, CD11c", and MHC II" cells
in the conjunctiva of 3-week-old mice (Fig. 2e), suggesting an enhanced
recruitment of immune cells in the mouse conjunctival epithelium during
eyelid-opening.

Maturation of the conjunctival epithelium during postnatal eyelid-
opening

In mice, initial conjunctival epithelial stratification occurs around the time
of eyelid-opening when the conjunctiva is first exposed to light, oxidative
and environmental stress™. The 1-to-2 cell layer-thick conjunctival epi-
thelium in 1-week-old mice has become increasingly stratified and,
respectively, has formed a squamous epithelium 3-to-4 cells thick and 5-to-6
cells thick in 2- and 3-week-old mice (Fig. 3a). The gradual increase of
epithelial thickness was further confirmed by immunofluorescence staining
using antibodies to conjunctival epithelial specific marker Krt19 and tight
junction protein ZO-1 (Fig. 3b). The conjunctiva is a mucosal tissue, rich in

mucin-producing goblet cells. In the mouse conjunctiva, goblet cells were
absent in 1-week-old animals, emerged at 2-weeks of age and were highly
populous in 3-week-old conjunctival tissue. MUC5AC is the major goblet
cell secretory mucin, and our analysis showed that Muc5ac mRNA
expression was highly upregulated in 3-week-old mice (Fig. 3c).

We found a large number of CD11c" and CD11b" cells with dendrites,
presumably APCs, juxtaposing to the goblet cells in conjunctiva of 3-week-
old mice (Fig. 3d). We speculated that these APCs may capture the antigens
colonized in the conjunctival epithelium. In intestine, goblet cells establish
so-called “goblet cell-associated antigen passages” (GAPs) in the second and
third weeks after birth, which allow for the delivery of bacterial antigens
from the intestinal lumen to the lamina propria®'. Similar to the intestine,
antigens bind to goblet cell secreted mucins in the conjunctiva and could be
delivered to APCs via GAPs™. To determine the formation of GAPs during
development in mice, we topically applied OVA, in the conjunctival sac at
different time points from 2- to 4-weeks postnatally. Compared to 2- and
4-week-old mice, 3-week-old mice exhibited an increased migration of
OV A from the conjunctival epithelium to the stroma, with partial uptake by
APCs in the stromal area (Fig. 3e). We further examined the correlation
between the ocular surface microbiome and conjunctival status using
Mantel tests (Fig. S2). This revealed that the ocular microbial communities
exhibit a significant correlation with Muc5ac mRNA expression, con-
junctival epithelial layers and the number of goblet cells in 2-week-old mice.
The conjunctival microbial communities in 3-week-old mice, moreover,
exhibit a significant correlation with the percentage of deep intraepithelial
APCs (Fig. S2). These results demonstrate that the conjunctival microbiome
in neonatal mice helps enhance maturation of conjunctival development
during eyelid-opening and supports the recruitment of APCs in ocular
surface mucosa, which can be located in close proximity to goblet cells and
extend trans-epithelial dendrites toward the ocular surface at 3-weeks of age
to sample microbes via GAPs.

Disruption of the conjunctival microbiome in early postnatal life

affects the maturation of conjunctival tissue

To determine whether early elimination of commensal microbiome would
affect the maturation of conjunctival tissue, 0.3% tobramycin solution was
applied to the murine ocular surface around the time of eyelid-opening, i.e,
2-weeks postnatally, and for 7 days thereafter (Fig. 4a). Bacterial culture of
the conjunctival tissue from antibiotic-treated group mice (Tob) showed
lower bacterial colonies compared with control-group saline-treated mice
(Ctrl) after 7-days treatment (i.e., at the 3-week timepoint) (Fig. S3a). The
subsequent profiling of the composition of the conjunctival microbiome by
16S rRNA gene sequencing (Table S1) revealed that, in comparison with the
Ctrl group mice, Tob group mice had a significantly altered conjunctival
microbiome after 7-days treatment (Fig. 4b). Changes were apparent in the
composition and potential functions associated with cellular process and
carbohydrate metabolism predicted by PICRUST?2 (Fig. S3b).

Compared to control tissues, topical antibiotic exposure resulted in a
reduction in the number of goblet cells in the murine conjunctiva (Fig. 4c)
and a downregulation of Muc5ac, Ki67, and Krt19 gene expression
(Figs. 4c and S3d, e). The examination of GAPs indicated a reduction of
OVA uptake in Tob group mice compared with mice in the control group
(Fig. 4d). There was no evidence of apoptosis nor disruption of cell junctions
during the experimental period (Fig. S3c, f). Meanwhile, to examine the
effect of tobramycin on conjunctival cells, we excised conjunctival tissue
from eyelid-opening mice and cultured extracted cells as previously
described”. This revealed that all cells grow from the explants stained
positively for Krt19, confirming their identity as conjunctival epithelium
(Fig. S4a). Subsequently, the cells were cultured in media containing
0.03 mg/mL, 0.3 mg/mL, and 3 mg/mL tobramycin, respectively. Cell via-
bility assays indicated no toxicity at any of the tested concentrations.
Tobramycin, moreover, elicited no effect on the proliferation of the cultured
cells (Fig. $4b). The number of CD45" cells in the conjunctival epithelium,
however, were less in the conjunctivas of Tob group mice (Fig. 4e, f).
Compared with Ctr] group mice, fewer MHC II positive cells and a lower
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Fig. 2 | APCs are present in the conjunctival epithelium in 3-week-old mice.

a Immunofluorescence wholemount staining of conjunctival tissue from 1-, 2-, 3-,
and 4-week-old mice. Top left panels show surface view (x200 magnification); lower
left panels show distribution of CD45 positive cells in the conjunctiva (using the
Z-stack option) from the epithelium (e) to stroma (s). Smaller right panels are of
superficial (Sup), deep epithelium and of stroma (x400 magnification). Repre-
sentative images of three independent experiments. b The percentage of CD45
positive cells among conjunctival epithelium from 1-, 2-, 3-, and 4-week-old mice
(n = 4 per group). c Representative histograms of staining for CD45 in live single-cell
from the conjunctiva suspensions of 1-, 2-, 3-, and 4-week-old mice under steady-
state conditions. Scatter plots present the counts of CD45 positive cells (1 =4 per
group). d Laser confocal microscopy images of the conjunctival tissue from 3-week-

T T 71—
1w 2w 3w 4w

Stroma

s ¥
v

°©
o
o
2
=
3
o
o
2
-
-
(=]
]
=
38 sk
o Fkk
[} Sk
26 °
=
8
3.4
O o
=
- 2
°

8 il =
S T T

1w 2w 3w aw

*ok
Hkk
=5 ek
Q
3 O
o
2
=4
[
°

g - .
=2
8]
= -
X0 r e : T

old mice. Tissue was stained with monoclonal antibody (mAb) against CD45 (red)
and with Hoechst dye (blue) for nuclear visualization (x200 magnification). Top
right panel shows deep epithelium (x400 magnification). The white box in the deep
epithelium image is shown to better illustrate immune cell processes.

e Immunofluorescence staining of whole-mount fornix conjunctiva from 1-, 2-, 3-,
and 4-week-old mice. Top panels show surface view (x200 magnification); lower
panels show the distribution of CD11b, CD11c, and MHC II positive cells in the
conjunctiva using the Z-stack option from epithelium (e) to stroma (s). The per-
centages of CD11b, CD11c, and MHC II positive cells among conjunctival epithe-
lium from 1-, 2-, 3-, and 4-week-old mice (n = 4 per group). Scale bar, 50 um. Data
are shown as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 using the one-

way ANOVA.
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Fig. 3 | The conjunctival epithelial barrier is fully mature in mice at 3-weeks of age
and cross-talk between APCs and antigens occurs via goblet cell associated
passages (GAPs). a Representative image of H&E-stained sections of conjunctiva of
1-, 2-, 3-, and 4-week-old mice. b Immunofluorescence staining of conjunctival
sections of 1-, 2-, 3-, and 4-week-old mice with monoclonal antibodies directed
against cytokeratin 19 (Krt19, gray), ZO-1 (red) and DAPI (blue). ¢ Representative
images of conjunctival sections of 1-, 2-, 3-, and 4-week-old mice stained with PAS.
The quantification of goblet cells and the Muc5ac mRNA expression in conjunctiva
of 1-, 2-, 3-, and 4-week-old mice (n = 6-8 per group). d Immunofluorescence
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staining of whole-mount conjunctival tissue from 3-week-old mice stained for
cytokeratin 7 (Krt7, red) and CD11c (left, green) or CD11b (right, green), with cell
nuclei stained with Hoechst dye (blue) (x400 magnification). White box image is
shown to better illustrate the location and morphology of CD11c and CD11b
positive cells. e Z-stack option from epithelium (e) to stroma (s) showing the dis-
tribution of 45 kDa OVA (red) in three different growth stages 30 min after topical
application to the ocular surface. White squares are magnified on the right. OVA
uptake by APCs colocalizes with MHC II (green). Scale bars, 50 pm. Data are shown
as mean + SEM. ns P > 0.05, **P < 0.01, ***P < 0.001 using the one-way ANOVA.

expression level of MHC II-related gene H2-Abl was noted in the con-
junctiva of Tob group mice (Fig. 4g). To assess whether this effect was direct,
we performed an in vitro co-culture of mouse cervical lymph node (CLN)
cells with tobramycin. We found that, except at the highest concentration
(3 mg/mL), tobramycin at 0.03 mg/mL and 0.3 mg/mL showed no sig-
nificant effect on MHC IT expression in CLN cells (Fig. S4c). Together, these
data support the notion of a local microbiome at the ocular surface that helps
maintain ocular mucosal homeostasis, and that the transient disruption of
the microbiome via antibiotics in the week following eyelid-opening may
delay conjunctival maturation and disequilibrate ocular mucosal
homeostasis.

Longer-term effects of early postnatal antibiotic exposure on
ocular surface mucosa

To investigate the longer-term effect on conjunctival tissue of disruption of
the ocular surface microbiome by topical antibiotic exposure following
eyelid-opening, the microbial composition characteristics of the conjunctiva
were surveyed by 16S rRNA gene sequencing 1-week (i.e., mice at 4-weeks of
age) or 2-weeks (ie., 5-week-old mice) after the cessation of tobramycin/
saline application for 7-days, which started at 2-weeks of age (Table S1). This
analysis indicated that the effect of topical antibiotic exposure on the
composition of the microbiome was still evident 2 weeks (i.e., in 5-week-old
mice) after discontinued antibiotic application (Fig. 4b). At 4- and 5-weeks
of age, there were significant differences in p-diversity between Ctrl and Tob
groups (Fig. 5a). We further explored the bacterial co-occurrence patterns
and found that there was an obvious ecological network difference between
the Ctrl and Tob groups in both 4-week and 5-week mice (Fig. 5b and
Table S4). Additionally, compared with Ctrl group mice, Tob group mice at
4 weeks had significantly higher Shannon and Simpson indices, however,
there were no significant differences in a-diversity between the groups at
5-weeks of age (Fig. S5a). We also used PICRUSt2 to predict the functions of
the microbiome in each group, which showed that in Tob group mice the
microbiome pointed to a substantially different potential functions

compared with Ctrl group mice at 4 weeks of age (Fig. S5b). This was not the
case at 5 weeks, however, with Tob vs Ctrl groups showing smaller differ-
ence. Together, the data suggest that the diversity and potential functions of
conjunctival microbiome are gradually recovering 2 weeks after dis-
continued topical antibiotic exposure that started during eyelid-opening,
even though composition of conjunctival microbiome remained
unrestored.

Conjunctival tissue from the experimental mice was examined, which
disclosed that the number of conjunctival goblet cells and levels of mucin
secretion and Krt19 expression had been restored at 4 weeks (Fig. S5¢, d), but
MHC II positive cell numbers were higher in Tob group mice at 4 and
5 weeks compared to numbers in Ctrl group mice (Fig. 5¢). Additionally,
conjunctival immune reactivity to antigens by topically applied OVA
(45KD) 30 min before euthanasia revealed a significant increase in the
frequency of intraepithelial CD11b" cells in the conjunctiva of Tob group
mice at 4- and 5-weeks of age compared to mice in the Ctrl group at these
junctures (Fig. 5d). This indicates that early antibiotic exposure after eyelid-
opening may have an extended effect on the colonization of the conjunctival
microbiome and may impair tolerance to environmental exposures, even-
tually leading to a potential aggravation of the response of CD11b" cells to
antigens in the conjunctiva of mice.

Absence of the conjunctival microbiome in early postnatal life
exacerbates the ocular allergic response

Postnatal exposure to bacteria and their products helps modulate the
development of the immune system, and these influences may be durable'*.
If the communication between host and microbiome is disturbed in early
postnatal life, excessive immune reactivity may develop in adulthood, which
can lead to increased susceptibility to allergic diseases™. Because the
conjunctiva-commensal relationship was formed during eyelid-opening, we
hypothesized that disruption of ocular surface microbiome in this period
would lead to an aggravation of allergic eye disease (AED). To investigate
that we studied unimmunized control mice (naive), AED mice by OVA
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Fig. 4 | Topical antibiotic exposure in early postnatal life leads to changes in the
composition of the conjunctival microbiome and disrupts mucosal homeostasis.
a Study design of topical antibiotic exposure in early postnatal life. b Composition of
the microbiome in saline-treated group mice (Ctrl) and antibiotic-treated group
mice (Tob) at specific intervals after the discontinuation of 1-week’s application of
topical antibiotics that ended at the 3-week timepoint. (n = 10 per group).

¢ Representative images of conjunctiva sections of 3-week-old Ctrl group mice (C-
3w) and Tob group mice (T-3w) stained with PAS. The quantification of goblet cells
(n =6 per group) and the Muc5ac mRNA expression (n =7 per group) in the con-
junctiva of C-3w and T-3w mice. d GAPs (columns) were identified (asterisks) of
whole-mount conjunctival tissues from C-3w and T-3w mice (x200 magnification).
White squares are magnified on the right. e Immunofluorescence staining of whole-
mount conjunctival tissue from C-3w and T-3w mice with CD45 (red) and cell nuclei
stained with Hoechst dye (blue) (X200 magnification). Lower left panels show the
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epithelium (e) to stroma (s). Smaller right panels are of deep epithelium. Repre-
sentative image of three independent experiments. f Flow plots of staining for CD45
in conjunctival single-cell suspensions from the conjunctival tissues from C-3w and
T-3w mice. Scatter plots present the percentages of CD45-positive cells in the
conjunctival tissues of C-3w and T-3w mice (1 = 4 per group).

g Immunofluorescence of conjunctival sections from C-3w and T-3w mice with
monoclonal antibodies against MHC II (green) and DAPI (blue). White squares are
magnified on the bottom. The quantification of MHC II positive cells (rn =5 per
group) and the MHC II-related gene H2-Abl mRNA expression in the conjunctiva
of C-3w and T-3w mice (n = 8 per group). Scale bars, 50 um. Data are shown as
mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 using unpaired t test and
Mann-Whitney U test.

administration and antibiotic-treated AED mice (Tob+OVA) (Fig. 6a). The
data indicated that compared with naive mice, OVA mice developed a
significant allergic response, whilst Tob+OVA mice presented with even
more severe clinical manifestations (Fig. 6b), with higher clinical scores
(Fig. 6¢) and elevated serum IgE levels (Fig. 6d). The number of eosinophils
infiltrated in the conjunctiva was prominently increased in Tob4+-OV A mice
compared to the naive and OV A mice when determined by Picrosirius Red
staining (Fig. 6e). The results of toluidine blue staining, a useful method to
recognize mast cells and evaluate degranulation, revealed a significant
increase in mast cell numbers in the conjunctiva of Tob+OVA mice
compared to naive and OVA mice (Fig. 6f). We imaged freshly excised

mouse conjunctival tissues based on a moxifloxacin-based fluorescence
imaging method and discovered that, compared with naive mice, the
number and density of goblet cells and Muc5ac mRNA expression were
significantly increased in OVA mice, and were more prominent in
antibiotic-treated AED mice (Fig. 6g). Furthermore, antibiotic treatment
significantly increased the number of MHC II" cells and CD4" T cells in
conjunctiva of AED mice. The mRNA expression levels of the transcription
factor Gata3 in Th2 cells, along with the cytokines IL-4 and IL-5 secreted by
these cells, exhibit a substantial increase in conjunctiva of antibiotic-treated
AED mice (Fig. 6h). Given that secondary T helper cell responses generated
in the lymph node are responsible for causing AED, as previously
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described”, we further examined T cell subsets in CLN of mice from dif-
ferent group. Flow cytometry analysis revealed that, compared to the naive
mice, OVA mice exhibited a significant increase in the frequency of Thl
(CD4" IFN-y") and Th2 (CD4* IL-4") cells in the CLN cells, accompanied
by a significant decrease in the frequency of Treg (CD4" CD25" Foxp3")
cells. Notably, in Tob+OVA mice, the Th2 response was further elevated,
accompanied by a lower frequency of Treg cells compared to OVA mice
(Fig. 7a—c).

The same approach (Fig. S6a) was used to examine if the topical
antibiotic treatment for 7 days of weaning (3-weeks-old) or adult (6-weeks-
old) mice would similarly aggravate AED, which indicated that both Ctrl
and Tob groups showed comparable increases in allergic manifestations
(Fig. S6b, ¢) and possessed equivalent numbers of eosinophilic and mast
cells (Fig. S6d, e). Consistent with the above findings, antibiotic treatment
did not alter the number of CD4" T cells nor the mRNA expression levels of
Gata3, IL-4, and IL-5 (Fig. S6f). These results suggest that, compared with
Ctrl group mice, AED is not aggravated in either weaning or adult Tob
group mice. Collectively, these findings highlight the potential impact of
perturbations to the cross-talk between the host and conjunctival micro-
biome in early postnatal life on the aggravation of AED.

Discussion
This study characterizes the dynamic changes of the ocular surface micro-
biome during postnatal development in mice. We observed that the phyla

Proteobacteria and Firmicutes dominate the ocular surface microbiome at
different postnatal stages in murine conjunctiva, and these two dominant
phyla have also been found in the conjunctiva of children”. Unlike in
humans, however, mouse eyelids remain closed during early postnatal life
and open about 2 weeks after birth. Due to the diminutive size of mice eyes
and the relatively low microbial load, sustained observations over time in
individual eyes are unfeasible, thus, we chose to study tissue excised at
different ages from eye opening through to maturity. We also note that
knowledge of the ocular surface microbiome in humans comes from
investigations of children of different age groups*>”, and that there is a need
for a more comprehensive scrutiny of ocular surface microorganisms in
humans from the neonatal stage to adulthood. In this study, we found that
the murine ocular surface microbiome changed significantly during eyelid-
opening, allowing us to conclude that external factors have a critical impact
on the ocular surface microbiome of mice. In humans, it is likely that the
mode of delivery and external influences may have a significant impact on
the ocular surface microbiome of newborns. The most common con-
junctival bacteria are coagulase-negative Staphylococcus accompanied by
bacteria characteristic of vaginal flora in the conjunctiva of infants delivered
vaginally compared those born via C-section delivery”*”. Additionally, the
composition of the ocular surface microbiome underwent changes sub-
sequent to antibiotic prophylaxis involving gentamicin in newborns®. This
outcome parallels our observations in mice. Compared to other factors, the
composition of the ocular surface microbiota is less influenced by gender,
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consistent with findings in humans™, with male and female mice found to
differ only in the p-diversity of the conjunctival microbiome.

In other sites in newborn infants, such as the skin, gut and oral cavity,
the initial microbiota evolves over time and adapts to the physiological
variation’””. The current data support the concept of a gradual adaption of
the conjunctival microbiome in 4-week-old mice to 8-week-old mice, which
may be a result of host adaptation and interaction with the environment.
Specifically, factors such as the enhanced barrier function of the ocular
surface epithelial cells, increased release of the antibacterial components in
the tear fluid, and the maturation of the ocular mucosal immune system may
influence the pattern of microbial colonization. Concurrently, the beha-
vioral changes in mice, such as grooming, solid food intake and exploration,
may affect the contact of ocular surface with environmental microbes. This
expanded environmental exposure may promote the colonization and
selection of diverse microbial communities, thereby contributing to the
gradual stabilization and maturation of the conjunctival microbiome.
Intriguingly, microbial presence was also detected in the conjunctiva of
1-week-old postnatal mice, even when the eyelids were still closed. Given the
extremely low microbial biomass in conjunctival tissues at this stage, the
possibility of trace contamination cannot be completely excluded. However,
several measures were taken to minimize the risk of contamination,
including sterile dissection procedure and collection of negative controls.

Further analysis showed that the microbial relative abundance in the
negative controls was significant lower, although these controls did reveal a
variety of potential contaminants identified in prior study’’. Furthermore, a
significant distinction in the microbial composition was evident between the
conjunctival microbiome and negative controls. Therefore, the microbial
signals detected in conjunctiva of 1-week-old postnatal mice may not be
from contamination. Meanwhile, we conducted additional filtration based
on the IndVal index to address potential contaminations in the conjunctival
microbiome. Following filtration, multiple dominant genera still persist in
the conjunctival tissues derived from 1-week-old mice, which may be due to
the nature of the developmental process of the mouse eye in utero™, rather
than being indicative of potential contamination. However, the origin of the
pre-eye-opening ocular microbiome in mice is currently unestablished and
ocular mucosa-microbial interactions before eye opening in mice needs
further exploration.

Microbial cohabitants are major participants in shaping and
maintaining essential physiological processes™. The conjunctiva is colo-
nized by a unique commensal microbiome, and like the skin, these
commensal communities stimulate and educate defense and immune
responses™, which contribute to the development of symbiosis between
the host and microbiome. Such symbiotic relationships depend on early
events taking place during perinatal life”. Our results suggest that
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postnatal conjunctival barrier maturation and immune responses
accompany the dynamic changes of commensal microbiome and that
these include conjunctival epithelial cell stratification, goblet cell devel-
opment, mucin secretion and temporary recruitment of APCs into the
conjunctival epithelium. Notably, in 3-week-old mice, BugBase analysis
predicted a higher relative abundance of potential pathogenic bacteria in
the conjunctiva compared to other developmental stages, with significant
alterations observed in genera such as Enterococcus, Staphylococcus, and
Sphingobacterium. This period also coincided with a peak in immune
activation. Despite the presence of multiple known opportunistic
pathogens within these genera, their increased abundance at this stage
did not induce any significant pathological changes. Previous studies
suggest that, at appropriate levels, certain opportunistic bacteria may
contribute the establishment of host-microbe symbiosis and even play
beneficial roles in immune system development”. The massive influx of
microbes and microbial antigens greatly influences the expansion and
differentiation of a variety of different cell types”. In both humans and
mice, colonization by commensal flora during early life can drive dif-
ferentiation of Treg cell, thereby suppressing inflammation***". In our
study, the heightened immune activation at 3 weeks, followed by its
reduction at 4 weeks, may be due to Treg-mediated immune regulation
during this critical postnatal period. It is noteworthy that, although our
data suggest an association between postnatal conjunctival barrier
maturation, immune response and conjunctival microbial colonization,
direct evidence of a causative relationship is lacking. Therefore, future

studies using germ-free mouse are essential to determine the effects of
microbial colonization on the development of the ocular mucosal
immune system.

Conjunctival goblet cells are located at the interface between the
external environment and stromal immune cells, which allows them to
easily convey information between the external antigen and the APCs.
Meanwhile, the goblet cell products presumably modulate APC function in
maintaining immunological tolerance on the ocular surface™*. In support
of this, we note that extensions of dendritic cells surrounding goblet cells
project across the epithelium towards the ocular surface in the conjunctiva
of TSP17~ mice, which are reported to harbor increased microbial fre-
quency at the ocular surface™’. We also found a significant increase in the
number of APCs in the conjunctival epithelium of 3-week-old mice, and
extensions adjacent to goblet cells demonstrated ability of ocular mucosal
APCs to extend trans-epithelial dendrites in response to sudden bacterial
colonization at the ocular surface. In addition, conjunctival goblet cells
responding to TLR signaling”, epithelial cell-derived cytokines and
chemokines***, as well as neuropeptides signaling’, may also contribute to
this process. Such interactions may facilitate tolerance to environmental
exposure during eyelid-opening, although further studies will be needed to
incorporate FISH for a more comprehensive assessment of bacterial loca-
lization in conjunctiva and to establish the mechanism by which microbes
promote ocular surface immune tolerance during early postnatal life. Fur-
thermore, GAPs are considered a route for antigen delivery to APCs™. We
observed an increased distribution of OVA in the conjunctival stroma of
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3 weeks of age, with partial uptake by APCs. However, OV A antigen delivery
to the stromal area were reduced despite the continued presence of GAPs in
4-week-old mice. This phenomenon may be influenced by multiple reg-
ulatory pathways, including microbial, immune and neurotransmitter
signaling™***.

After birth, bacterial colonization of mucosa plays critical roles in the
development and education of the host mammalian immune system™. This
period is termed the “window of opportunity” and if there is an absence of
appropriate microbial exposure, the immune consequences may elicit irre-
versible and potentially deleterious implications for the host including
inflammatory bowel disease'’, allergy’"** and asthma'. The “window of
opportunity” may also exist at other mucosal surfaces, and in this study, we
report that when the eyes 2-week-old open and are treated with antibiotics
for 1 week, the ocular surface microbiome is significantly altered, with an
inhibition of goblet cell development and immune cell recruitment. Simul-
taneously, in vitro cell experiments revealed that 0.3% tobramycin exhibited
no anti-proliferation effect on conjunctival epithelial cells following a 24-h
incubation. In the gut, symbionts play an indispensable role for intestinal
stem cell-mediated epithelial development, the use of lactic-acid-producing
bacteria type symbionts can significantly increase the expansion of intestinal
stem cells, Paneth cells and goblet cells in mice”. Therefore, these findings
substantiate that the delayed maturation of the conjunctiva may result from
antibiotic-mediated elimination of the conjunctival microbiome rather than
a direct impact on conjunctival epithelial cells, and we note that conjunctival
goblet cell reduction has also been found in germ-free mice™.

Antibiotic exposure in early life may have long-term effects on
microbial colonization. For example, in murine gut, microbiome may take
at least 13 weeks to recover following antibiotic disruption'r’s, whereas the
ocular surface microbiome in rabbits often returns within a few weeks after
cessation of treatment™. The changes of microbiome induced by antibiotics,
and the time required to restore to age-matched microbial composition,
depend not only on antibiotic clearance but also on microbial colonization
dynamics and the immune status of the host”**. Although the conjunctival
microbiome composition in antibiotic-treated mice still differed from that
of controls, we observed a trend toward recovery of the conjunctival
microbiome two weeks after cessation of antibiotic exposure. The changes
may be attributed to early antibiotic exposure, which can disrupt the
interaction between the conjunctival microbiome and the ocular mucosal
immune system, thereby altering mucosal immune homeostasis and
delaying the re-establishment of environmentally driven commensal com-
munities. Notably, despite the partial microbial recovery, the immune
response to antigens in the conjunctiva remained changed, manifested as an
increased response to antigens and aggravated AED. This was not the case in
other period mice, however, indicating that there may be a similar “window
of opportunity” with regards to the ocular surface, in which exposure to
microbes appears critical to ensure proper conjunctival maturation that in-
turn leads to conjunctival mucosal immunity and the prevention of sus-
ceptibility to allergic responses in adulthood.

Antibiotic treatment during early life has been linked to allergy
development™®. Although, the exact mechanisms are not fully elucidated,
sufficient microbial exposure during early life appears essential for the
development of healthy immune system. In humans and mice, neonatal
CD4" T cells are biased towards Th2-type responses. Microbial exposure
has been suggested to modulate this bias through the induction of Th1-type
pathways or expansion of Treg cells, thereby promoting immune balance®.
However, antibiotic exposure in early life reduces microbial stimulation,
promoting a shift toward Th2 polarization and contributing to the devel-
opment of allergic diseases™*’. In this study, early postnatal disruption of
microbiome by antibiotic did not affect the AED-induced Th1 response.
However, it exacerbated the Th2 response and further reduced Treg cell
frequency, indicating that early-life microbial disruption may aggravate
Th2-skewed immunity and impact Treg development or maintenance.
Additional studies are needed to elucidate the mechanisms by which early-
life crosstalk between the host and the conjunctival microbiome contributes
to the exacerbation of AED.

AED impacts 10-20% of the population, exerting a significant negative
impact on the ocular surface health and quality of life. Notably, among
children, the highest prevalence occurs between 3 and 11 years of age®’. The
World Allergy Organization is raising awareness about the escalating bur-
den of allergic diseases globally, particularly in children and developing
countries®. Microbiological disruption may serve as a contributing factor to
this phenomenon®, a proposition supported by our research findings.
Furthermore, during the establishment of AED in mice at various ages, we
observed variations in the severity of the disease. Specifically, the allergic
response in adult mice was notably more intense, possibly attributed to the
mature immune development in adult mice and their heightened respon-
siveness to external allergens. Therefore, further investigation is warranted
to explore the correlation between age and the severity of AED.

In summary, the colonization of microbiota in early life is crucial to the
timely maturation of conjunctival mucosa and the establishment of ocular
surface homeostasis (Fig. 8). The use of antibiotics in newborns maylead toa
delayed ocular mucosal development and maturation of conjunctival
mucosal immunity. If the cross-talk between the microbiome and con-
junctival mucosa during early postnatal life is disrupted, delayed con-
junctival maturation processes could aggravate the subsequent development
of allergic eye disease. Therefore, the application of antibiotic eye drops in
newborn infants should be more carefully considered and the established
neonate ocular prophylaxis policy throughout the world may need to be
revisited.

Methods

Animal breeding and selection

C57 black 6 (C57BL/6]) mice comprise one of the most common inbred
strains of laboratory mice. In this study, C57BL/6] mice were chosen to
investigate the changes in the composition of the ocular surface microbiome
and the immunology and functional events taking place in the conjunctiva
from postnatal week-1 onward to adulthood at 8-weeks of age. All the
animals used in this study were bred in the animal facility of Xiamen
University Laboratory Animal Center (Xiamen, China). Initially, mono-
gamous breeding pairs were purchased from Xiamen University Laboratory
Animal Center and used through in-breeding. Post-birth, the pups were
primarily fed on breast milk until the age of 3 weeks, then the animals were
randomly separated into individual cages (5 mice per cage) at the age of
3-4 weeks. At the specified age, healthy non-littermates were randomly
picked from the breeding pairs and divided into females and males. Mice
were maintained in a standard pathogen-free environment at 25 + 1 °C with
a relative humidity of 60 + 10% and a 12-h light-dark cycle (from 8:00 a.m.
to 8:00 p.m.). The mice were fed ad libitum feed and autoclaved water.
Experimental protocols were in accordance with the Association for
Research in Vision and Ophthalmology’s Statement for the Use of Animals
in Ophthalmic and Vision Research and were approved by the Experimental
Animal Ethics Committee of Xiamen University (XMULAC20170014). We
have complied with all relevant ethical regulations for animal use.

Sample description

To explore the changes in the composition of the ocular surface microbiome
during development, after the mice euthanized by cervical dislocation,
conjunctival tissue samples were isolated from 40 C57BL/6] mice (80 eyes)
at the age of 1 week, 2 weeks, 3 weeks, 4 weeks, 6 weeks, and 8 weeks under
aseptic conditions, respectively. The dissection process was undertaken
under sterilized conditions to avoid contamination. At each time point, 80
conjunctival tissue samples were collected and immediately frozen at
—80 °C until further processing. Conjunctival tissue samples from 8 eyes
were pooled as a single research sample, resulting in a total of 10 research
samples per time point, comprising 5 samples from males and 5 from
females. To address the challenges posed by contamination aligned to
inefficiencies in microbiome analyses of low-biomass samples”, at each
sample collection event we collected laboratory environmental samples
using a sterile swab exposed to the surrounding environment. These served
as negative controls. Furthermore, feces samples in bedding were collected
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postnatal life disrupts mucosal homeostasis and leads to the ocular surface to become
more susceptible to AED.

at the sampling time points and stored as described above to analyze the
“environmental microbiome”.

Antibiotic treatment

Tobramycin (Sangon Biotech, Shanghai, China) was dissolved in saline to
make 0.3% tobramycin solution under sterile conditions. 2.5 ul of 0.3%
tobramycin solution was applied to each eye of 2-week-old C57BL/6] mice
three times daily. The control group received saline solution. Mice received
the antibiotic/saline for 7 days until they were 3-week-old, at which time
antibiotic/saline use was discontinued. The mice were euthanized by cer-
vical dislocation at 3-,4-, and 5-weeks of age. The conjunctival tissue sample
collection at each time point was consistent with the descriptions above.

Induction of allergic eye disease (AED) model

Mice were immunized with a subcutaneous injection of 100 pg ovalbumin
(OVA, InvivoGen, vac-stova), 300 ng pertussis toxin (Abcam, ab124299)
and 1 mg aluminum hydroxide (Acmec, A19200) in 100 ul PBS. After
2 weeks, mice were challenged once/day with 5 ul OVA (50 mg/ml) in PBS,
applied as eye drops to each eye for 7 days. Naive mice did not receive the
OVA challenge. Eyelid edema, tearing/discharge, chemosis and hyperemia
were scored individually on a 0-3+- scale in a masked fashion 20 min after
challenge each day for the 7 days of challenge.

DNA extraction and bacterial 16S rRNA gene sequencing
Detailed procedures DNA extraction, amplification, 16S rRNA gene
sequencing, and data processing are provided in Supplementary materials
and methods. Laboratory environmental samples along with blank extrac-
tions and reagents used at the time of amplification were also processed and
analyzed as potential sources of contamination.

Microbiome data analysis

Based on the OT'U information, a-diversity metrics of the Shannon index
were calculated with QIIME software package. Bray—Curtis dissimilarities
were produced as B-diversity measures and subjected to principal coordi-
nate analysis (PCoA) with the vegan package and QIIME software package.

Different groups were statistically compared using the similarity analysis,
ANOSIM. The overlap of the microbial communities was determined by the
R values from the ANOSIM according to the method of Buttigieg and
Ramette®. To address the risk of contamination during the analysis of low-
biomass samples, we employed the indicspecies R package to evaluate the
specificity of an OTU with respect to the conjunctiva or the negative
control™®. This was achieved by calculating its IndVal index, which helped
identify potential contaminants”. OTUs linked to negative controls were
designated as contaminants and subsequently excluded from the analysis.

Microbial source tracking (FEAST)” was applied to predict the sources
of the microbial communities detected in each of the six time points
investigated across weeks 1-to-8. The co-occurrence networks were con-
structed to explore the internal community relationships across the
samples'®. In order to visualize associations in the network, we constructed a
correlation matrix by calculating the possible pairwise Spearman’s rank
correlations. A correlation between two nodes was considered to be statis-
tically robust if the Spearman’s correlation coefficient was over 0.6 or less
than —0.6 and the P < 0.01. The correlation networks were visualized using
Gephi software. All microbiome analyses were conducted in R (version
4.2.3, R Development Core Team) unless otherwise stated.

Whole-mount immunostaining

Freshly harvested whole-mount conjunctival tissue obtained at each
developmental stage were fixed with cold acetone at —20°C and later
stained as described in a previous study’' using primary anti-CD45 (1:150),
anti-CD11b (1:200), anti-CD11c¢ (1:200), anti-MHC 1II (1:100) or anti-
Keratin7 (Krt7, 1:100) antibodies. Digital confocal images were captured
using a laser scanning confocal microscope (FV1000MPE-B, Olympus,
Japan) and a 1.16 um Z-step. The images were processed using FV10-ASW
4.2 viewer (Olympus). The antibodies used are shown in Table S5.

Flow cytometry and analysis

Conjunctival tissues were excised and exposed to 1 mg/ml collagenase
(Roche, 11088866001 ) for 1 h at 37 °C to obtain cell suspensions, which were
stained with anti-CD45 antibodies at 4 °C for 30 min. A CytoFLEX S Flow
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Cytometer (Beckman Coulter, Indianapolis, IN, USA) was used and data
were plotted and quantified with FlowJo software (FlowJo LLC, Ashland,
OR, USA). The antibodies used are shown in Table S5. The gating strategy
are shown in Fig. S7.

CLNs were collected from freshly euthanized mice and processed.
Single cell suspensions were prepared and 10° cells were stimulated for 4 h
with leukocyte activation cocktail (BD Pharmingen, 550583). Cells were
stained with Fixable Viability Dye and surface antigen CD45, CD3, CD4,
and CD25 for 30 min on ice. For intracellular staining, cells were prepared
with transcription factor buffer (BD Pharmingen, 562574) and subsequently
stained with IL-4 and IFN-y antibodies. Data were acquired on SONY
ID7000™ Spectral Cell Analyzer using the ID A analysis software (v2.0;
SONY). Data were analyzed on Flow]Jo software (FlowJo LLC, Ashland, OR,
USA). The antibodies used are shown in Table S5. The gating strategy are
shown in Fig. S7.

In vivo administration of fluorescent antigens

A 2.5 pl eye drop of ovalbumin Alexafluor 647 (034784, Thermofisher) was
applied to each eye. The mice were then euthanized by cervical dislocation
30 min later. Whole-mount freshly harvested conjunctival tissues were fixed
with cold methanol at —20 °C for 10 min and stained using Hoechst dye.

Histology

Eyes, including eyelid and conjunctival tissues from each group, were sur-
gically excised and embedded in optimal cutting temperature (OCT)
compound or paraffin, cut into sagittal sections (5 um thick), and stored at
—80 °C (frozen sections) or room temperature (paraffin sections). Hema-
toxylin and Eosin staining, PAS staining, Immunohistochemical staining,
Picrosirius Red staining and Toluidine Blue staining were performed on
paraffin sections. Immunofluorescence staining and TUNEL assay were
performed on the frozen sections.

Examination of conjunctival goblet cells

For PAS staining, paraffin sections were stained using a PAS staining Kit
(395B-1 KT, Sigma) according to the manufacturer’s instructions. The
superior and inferior conjunctiva were then examined and photographed
with a digital light microscope (Eclipse 50i; Nikon, Tokyo, Japan) and the
mucin-filled goblet cells counted. Three sections from each of the nasal,
central and lateral parts of the eye from each animal were studied. For
moxifloxacin-based fluorescence imaging, moxifloxacin ophthalmic solu-
tion (Vigamox, Alcon Laboratories, Fort Worth, USA) was used as a labeling
agent, as previously reported”. The excised mouse conjunctival tissues were
immersed in moxifloxacin ophthalmic solution for 3-5 min and imaged
using a laser scanning confocal microscope (FV1000MPE-B, Olympus).

Immunofluorescent staining

For immunofluorescence staining, frozen sections were fixed in cold
acetone at —20°C for 10 min, followed by three washes with PBS for
5min each and incubation in 0.2% Triton X-100 for 20 min. After
washing the sections three times each with PBS for 5min and pre-
incubating with 2% bovine serum albumin (BSA) for 1h at room tem-
perature, sections were incubated with anti-Ki67 (1:300), anti-ZO-1
(1:200), anti-Krt19 (1:200), anti-MHC II (1:100) and anti-CD4 (1:200)
antibodies for 16 h at 4 °C. The slides were then washed three times each
with PBS for 10 min and incubated with secondary antibodies for 1 h in
the dark at room temperature, followed by three washes each with PBS
for 10 min. Sections were then counterstained with DAPI for 5 min, after
which digital images of representative areas of the conjunctiva were taken
with a laser scanning confocal microscope (FV1000MPE-B, Olympus).
The antibodies used are shown in Table S5.

Quantitation of Sera IgE

Blood was collected from the submandibular vein of mice following topical
challenge and serum was isolated. Total IgE was measured via ELISA, as per
the manufacturer’s instructions (EM024-96, ExCell, China).

Quantitative real-time PCR analysis

Total RNA from conjunctiva was extracted using the RNeasy Mini Kit
(Qiagen) following the manufacturer’s protocol. RNA quality was con-
firmed using Nanodrop (ThermoFisher) and reverse transcribed into cDNA
by using a cDNA synthesis kit (RR047A; TakaRa, Japan). Quantitative PCR
was performed with a Step One Plus Real-Time System (Applied Biosys-
tems, Alameda, CA, USA). Table S6 provides the primer sequences used to
amplify specific gene products. Expression data were normalized with -
actin as an endogenous reference.

Statistics and reproducibility

Statistical analyses were conducted with Prism 7 software (GraphPad, CA),
without microbiome data analysis. The numbers of positive cells in whole-
mount stained images of conjunctiva were measured using Image J (NTH).
Unpaired two-tailed Student’s ¢ test was used to assess the difference
between the two groups. For continuous variables of three groups or more, a
one-way analysis of variance (ANOVA) test with a Tukey-adjusted pairwise
comparison was performed. Data are expressed as means + SEM. No sta-
tistical method was used to predetermine sample size of conjunctival 16S
rRNA sequencing. We determined sample sizes by referring to previously
published paper in the field”. P values of <0.05 were considered significant.
Exact P values are provided in the source data (Supplementary Data).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All study data have been comprehensively incorporated within the article
and/or Supplementary Information. The datasets of 165 rRNA genes gen-
erated during the current study have been deposited in the NCBI Sequence
Read Archive (SRA) database (Accession Number: PRINA923858). The
source data behind the graphs in the main figures are provided in Supple-
mentary Data. The other data are available from the corresponding author
on reasonable request.
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