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Antibiotic-induced dysbiosis of gut microbiota impairs corneal
development in postnatal mice by affecting CCR2 negative

macrophage distribution

Mingjuan Wu', Jun Liu', Fanying Li'?, Shuoya Huang'?, Jingxin He'?, Yunxia Xue', Ting Fu', Shanshan Feng' and Zhijie Li
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Antibiotics are extremely useful, but they can cause adverse impacts on host bodies. We found that antibiotic treatment altered the
composition of the gut microbiota and the gene expression profile in the corneal tissues of postnatal mice and decreased the
corneal size and thickness, the angiogenesis of limbal blood vessels, and the neurogenesis of corneal nerve fibers. The
reconstitution of the gut microbiota with fecal transplants in antibiotic-treated mice largely reversed these impairments in corneal
development. Furthermore, C-C chemokine receptor type 2 negative (CCR2™) macrophages were confirmed to participate in
corneal development, and their distribution in the cornea was regulated by the gut microbiota. We propose that the CCR2™
macrophage population is a crucial mediator through which gut microbiota affect corneal development in postnatal mice. In
addition, probiotics were shown to have the potential effect of restoring corneal development in antibiotic-treated mice. Abx-
induced gut dysbiosis has significant, long-term effects on the development of the cornea, and reversal of these suppressive effects

takes a long time.

Mucosal Immunology (2020) 13:47-63; https://doi.org/10.1038/s41385-019-0193-x

INTRODUCTION

The development of vision in newborns is incomplete and easily
affected by external factors, such as a lack of nutrients, the
overuse of drugs, and stimulation by high-intensity light. These
adverse factors may cause the abnormal development of the
eyeballs and the alteration of neurogenesis, thus permanently
impairing vision.' The cornea is located at the anterior segment of
the eye and is responsible for nearly two-thirds of the refractive
power of the optic axis. Recent studies on the development of
vision have mainly focused on the retina,> while studies on
the factors that affect the development of the neonatal cornea
are rare.

Because mouse eyelids are still closed for a few days post birth,
mice are considered one of the optimal animal models for
studying the development of neonatal corneas. The mouse cornea
is still immature after birth, the epithelium has only one or two cell
layers, and the stromal layer is in the translucent state. With
increasing postnatal age (a matter of days), the thickness of the
corneal epithelium and stromal layer gradually increase and reach
the level exhibited in adult mice at postnatal day 30 (P30),° while
the corneal endothelium always has one cell layer.” The corneal
area gradually increases after birth and reaches a steady state at
P60.2 Angiogenesis and neurogenesis are important processes in
corneal development and start at embryonic day 12.5—13.5
(E12.5—13.5) in mice. The area of the limbal blood vessels
gradually increases after birth and reaches the level of an adult
mouse’s cornea at P21.2'° Nerve fibers first grow into the anterior

segment and the corneal stroma from four directions at
E12.5—13.5 and then innervate the epithelium at E16.5. These
epithelial nerve fibers finally gather at the corneal center to form
the typical vortex at P21."

Given the susceptibility of newborns to pathogens, they are
usually treated with antibiotics (Abxs) if they have an infection.
More than half of neonates are treated with Abxs within the first
month after birth.'”> Abxs, though useful for curing infectious
diseases, bring certain adverse changes to host bodies. Some of
these changes are attributed to the impacts of Abxs on
microorganisms in the gastrointestinal tract, since these gut
microbiota are strongly associated with health.'*'* Recent studies
have revealed that the gut microbiota are also closely associated
with the growth of infants. Schwarzer et al. confirmed that the gut
microbiota affected the growth of newborns by controlling the
secretion and activity of growth hormones and insulin-like growth
factor (IGF)." Blanton et al. transplanted the feces from healthy or
malnourished children to 5-week-old, germ-free mice and found
that the weight of mice that received the feces of healthy children
was higher than that of mice that received the feces of
malnourished children.'® The long-term use of Abxs, especially
oral Abxs, can destroy the balance of gut microbiota and
negatively impact the development of newborns. Whether the
dysbiosis of gut microbiota induced by Abxs affects corneal
development in postnatal mice is unclear.

Gut microbiota have been shown to help regulate the immune
system. Abx-induced dysbiosis of gut microbiota in mice
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decreases the number of Ly6C" monocytes in the brain,'”” and a
deficiency of gut microbiota in mice affects the distribution and
maturation of microglia and impairs the innate immune responses
in the brain.'”® Moreover, the resident segmented filamentous
bacteria in the intestinal tract are associated with the activation of
T helper 17 (Th17) cells; a deficiency in these bacteria leads to a
decrease in the number and function of Th17 cells.'® Fusobacteria
in the intestinal tract have been shown to participate in the
differentiation of regulatory T cells (Tregs) from CD4" T cells and
to induce the expression of IL-10 in Tregs to maintain the
homeostasis of immunity.?°~?? The distribution and function of B
cells are also regulated by the gut microbiota. Gut microbiota-
defective mice have fewer B cells and an impaired ability to
produce IgA. %

Macrophages, the innate immune cells, are widely distributed in
peripheral tissues and are involved in the development of
numerous tissues and organs. For instance, microglia can mediate
innervation by regulating the survival and the programmed cell
death of neurons®® and can secrete IGF-1 to promote the
formation of the cortical V region;**™?” a deficiency in these cells
results in a decrease in the complexity and innervation of the
central nervous system (CNS).?2 In the remodeling of bone, such as
in tooth eruption and osteopetrosis, bone formation is usually
impaired in macrophage-defective mice.?**° Furthermore, in
angiogenesis, macrophages secrete hypoxia-inducible factor
(HIF-1a), which is involved in cardiovascular remodeling." In
neurogenesis, macrophages secrete neurotrophin and guide the
migration of Schwann cells to participate in the formation of nerve
systems.>? It is still unclear whether macrophages participate in
corneal development, and whether these cells are affected by gut
microbiota.

In this study on Abx treatment, we investigated the effects of
gut microbiota on corneal development in neonatal mice by
observing corneal morphogenesis and the formation of limbal
blood vessels and corneal nerves. We also explored the role of
macrophages in corneal development and the regulation of
corneal macrophages by gut microbiota.

RESULTS

Abx treatment affects corneal morphogenesis

After continuous broad-spectrum Abxs (ampicillin, vancomycin,
neomycin sulfate, and metronidazole) treatment for 2 weeks, the
gut microbiota of mice at P14 were already in dysbiosis
(Supplementary Fig. 2). An RNA-sequencing (RNA-Seq) analysis
showed that gene transcription in the corneal tissues of Abx-
treated mice at P28 was markedly different from that in the
control mice treated with sterile water; the expression of 2876
genes was downregulated, and that of 5897 genes was
upregulated. Among these altered genes, 1007 genes involved
in the metabolic process and 81 genes involved in cell division
were downregulated (Fig. 1a). As is well known, metabolic activity
is strongly associated with the developmental process.

Further investigation showed that the number of dividing
epithelial basal cells in Abx-treated mice was lower than that of
control mice at P14, P21, and P28 days (Fig. 1b). This means that
Abx treatment decreases the proliferation capacity of corneal cells.
Using the black retinal pigment epithelium (RPE), we identified the
spatial range of the cornea and found that the corneal area in Abx-
treated mice was smaller than that of control mice at P21 and P28
(Fig. 1c). Moreover, the thickness of cornea detected with plastic-
embedding techniques and toluidine blue staining of the eye
section was also decreased after Abx treatment at P28 (Fig. 1d).

Abx treatment impairs angiogenesis in limbal blood vessels

Angiogenesis is crucial for corneal morphogenesis, as the
transport of nutriments and metabolites in corneal development
requires the complete blood vessel network. RNA-Seq analysis
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showed that the corneal genes involved in angiogenesis of Abx-
treated mice at P28 decreased compared with those of control
mice (Fig. 2a). Furthermore, the expression of angiogenesis genes,
the vascular endothelial growth factor (Vegf)-a, hypoxia-inducible
factor 1-alpha (Hif1-a), nuclear undecaprenyl pyrophosphate
synthase 1 (Nus 1), and programmed cell death 10 (Pdcd10) in
the corneal tissues of Abx-treated and control mice during the
postnatal development period was validated by quantitative
polymerase chain reaction (qPCR) analysis, which showed that,
after Abx treatment, the expression of Vegfa decreased at P7, P14,
P21, and P28; the expression of Hifla decreased at P14 and P28§;
the expression of Nusl decreased at P7, P14, and P28; and the
expression of Pdcd10 decreased at P14 and P28 (Fig. 2b). From the
above results, we inferred that the formation of the limbal blood
vessels may have been impaired. Therefore, we used anti-CD31
antibody immunostaining to measure changes in the blood vessel
area. The results revealed that the area of the limbal blood vessels
in Abx-treated mice decreased at P7, P14, P21, and P28 when
compared with that of control mice (Fig. 2c).

Abx treatment impairs corneal neurogenesis

Because corneal nerves can secrete neuropeptides to promote
mitosis in surrounding epithelial cells,>*° the formation of
corneal nerves is also closely associated with corneal morphogen-
esis. There are many mitochondria within the beads of corneal
nerve fibers*® and these mitochondria are critical for the
formation of nerve fibers3” RNA-Seq analysis showed that
the corneal genes of Abx-treated mice at P28 involved in the
regulation of mitochondria and neurogenesis decreased com-
pared with those of control mice (Fig. 3a). A gPCR analysis showed
that the expression of the neurotrophin genes brain-derived
neurotrophic factor (Bdnf), neurotrophin (Ntf)-3, Ntf-5, and nerve
growth factor (Ngf), in corneal tissues were significantly decreased
after Abx treatment within 4 postnatal weeks (Fig. 3b). The above
results suggest that corneal neurogenesis may have been
impaired. The total lengths of corneal nerves in Abx-treated mice
were all lower than those in control mice at P14, P21, and P28, and
the density of corneal nerves in Abx-treated mice was lower than
that in control mice at P14 and P28 (Fig. 3c).

Oral Abxs do not affect local microbiota on the ocular surface
To investigate whether corneal developmental retardation is
related to oral Abx-induced alteration of microbiota on the ocular
surface, the microbiota composition profile of the ocular surface
was surveyed by 165 rRNA sequencing of normal control and Abx-
treated C57BL/6 mice at P21. In both groups, the ocular surface
microbiota were mainly composed of Firmicutes, Proteobacteria,
Bacteroidetes, and Actinobacteria at the phylum level, and
Atopostipes, Staphylococcus, Stenotrophomonas, Streptococcus,
Pseudomonas, Anoxybacillus, Rhizobacter, Phyllobacterium, Rhodo-
coccus, Megamonas, and Zoogloea at the genus level (Supple-
mentary Fig. 4a). Further analysis showed no significant difference
in the richness or alpha-diversity of gut microbiota between the
two groups (Supplementary Fig. 4b, c).

Fecal transplant promotes the corneal development process in
Abx-treated mice

Given the crucial roles of gut microbiota in the growth of
infants'>>® and our conclusions about Abx treatment inducing
dysbiosis of the gut microbiota and affecting corneal develop-
ment in mice, we inferred that the impairment of corneal
development in Abx-treated mice may result from the dysbiosis
of gut microbiota. To verify this hypothesis, we reconstituted the
gut microbiota in Abx-treated mice with transplants of feces from
naive mice. After continuous fecal transplants, a 16S rRNA gene
sequencing analysis showed that the gut microbiota of mice at
P21 were mostly restored (Supplementary Fig. 5). Then we
observed changes in corneal morphogenesis and the formation
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of limbal blood vessels and corneal nerves after the fecal
transplants. Our results revealed that the number of dividing
epithelial basal cells in Abx-treated mice with fecal transplants
increased, and was higher than that in Abx-treated mice without
fecal transplants at P21 and P28, and was even equal to the level
in control mice at P28 (Fig. 4a). Along with this result, the corneal
area at P21 and P28 and the thickness at P28 in Abx-treated mice
with fecal transplants increased when compared with those in
Abx-treated mice with no transplant, but they were still slightly
lower than those of the control mice at P28 (Fig. 4b, c). The area of
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the limbal blood vessels and the total length and density of the
corneal nerves in Abx-treated mice with fecal transplants also
increased significantly compared with those in Abx-treated mice
with no transplant, although they were slightly lower than those
of the control mice at P28 (Fig. 4d).

CCR2™ macrophages participate in corneal development

Given the vital roles of macrophages in development, we
considered whether these cells participate in corneal develop-
ment. Immunostaining of limbal blood vessels with anti-CD31

25-27
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Fig. 1 Alteration of corneal morphogenesis in postnatal mice after oral antibiotic (Abx) treatment. a Gene transcripts of corneal tissues in Abx-
treated and control mice at postnatal day 28 (P28) were detected with RNA-sequencing (RNA-Seq) (n = 3 independent experiments, six mice
per experiment in each group). The upper-left image is a volcano plot of altered genes in corneal tissues after Abx treatment; the upper-right
image is a heatmap of genes involved in metabolic processes (the top 30 differentially expressed genes) (Supplementary Table 1); and the
lower image is a heatmap of genes involved in cell division (the top 30 differentially expressed genes) (Supplementary Table 2). b Comparison
of the proliferation capacity of basal epithelial cells between Abx-treated mice and control mice at P7, P14, P21, and P28. The two left images
show DAPI staining of corneas from the two groups of mice (scale bars, 25 pm), and the right graph shows the dynamic changes of dividing
basal epithelial cells in the two groups of mice after birth. Dividing cells were counted in zones in four quadrants of each cornea under a 60 x
oil immersion lens (Supplementary Fig. 3), and the total cell number of these counts was plotted against the time after birth (n =6 mice at
each time point in each group). ¢ Comparison of the corneal area between Abx-treated mice and control mice at P7, P14, P21, and P28. The
two left images show the spatial range of the cornea as distinguished by the black retinal pigment epithelium (RPE) in Abx-treated and control
mice (scale bars, 500 um). The right graph shows the dynamic changes in the corneal area in the two groups of mice after birth (n = 6 mice at
each time point in each group). d Comparison of the corneal thickness between Abx-treated mice and control mice at P7, P14, P21, and P28.
The two left images show plastic embedding and toluidine blue staining of eye sections in Abx-treated and control mice (scale bars, 20 pm),
and the right graph shows the dynamic changes in the corneal thickness in the two groups of mice after birth (n = 6 mice at each time point

in each group). The data are presented as mean + SD. **P < 0.01, and ***P < 0.001

antibody and of macrophages with anti-CD64 antibody revealed
that plenty of macrophages are located around limbal blood
vessels, and immunostaining of macrophages with anti-CD64
antibody and of corneal nerve fibers with anti-B-lll-tubulin
antibody showed that the macrophages were also adjacent to
the nerve fibers (Fig. 5a). Our previous study indicated that corneal
macrophages are classified into C-C chemokine receptor type 2
negative (CCR2™) and positive (CCR2") macrophages, and the two
cell populations have distinct roles in the regeneration of the
corneal epithelium. In this study, the analysis of gene expression
in flow-cytometry-sorted CCR2~ and CCR2" corneal macrophages
disclosed that both the CCR2™ and CCR2" corneal macrophages
expressed the amphiregulin (Areg) gene, a type of epidermal
growth factor,”® and the Tgf8 and Wasl genes which were
reported to participate in corneal development.*' The expression
of these genes was significantly lower in the CCR2% corneal
macrophages than the CCR2™ corneal macrophages (Fig. 5c).
CCR2™ corneal macrophages expressed the neurotrophic genes
Bdnf, Ntf-3, Ntf-5, and Ngf, whereas CCR2" corneal macrophages
did not; both CCR2™ and CCR2* corneal macrophages expressed
the blood vessel growth factor gene Vegfa, but the expression of
Vegfa by the CCR2™ corneal macrophages was double that of the
CCR2" corneal macrophages (Fig. 5¢). To observe the function of
these cells in corneal development, we used our previous
method®® to deplete the two macrophage populations. The
CCR2™ corneal macrophages in the neonatal mice were depleted
by the subcutaneous injection of anti-CSF1R antibody, and the
CCR2" corneal macrophages were depleted by the subcutaneous
injection of the CCR2 antagonist BMS CCR2 22 (Supplementary
Fig. 7). The dividing epithelial basal cells, corneal area and
thickness, area of limbal blood vessels, and density of corneal
nerves in the CCR2™ corneal macrophage-depleted mice with an
anti-CSF1R antibody injection decreased when compared to those
of the Isotype IgG-injected mice (Fig. 5d). Moreover, the
expression of Areg, TgfB, Wasl, Vegfa, Bdnf, Ntf-3, Ntf-5, and Ngf
in corneal tissues all decreased after anti-CSF1R antibody
treatment (Fig. 5e). However, those corneal status showed no
significant changes after the CCR2" corneal macrophages
were depleted by an injection of the CCR2 antagonist BMS CCR2
22 (Fig. 5f).

Gut microbiota affect macrophage distribution in the postnatal
mouse cornea

A previous study indicated that the maturation and function of
microglia, the tissue-resident macrophages in the CNS, were
controlled by the host microbiota.'® In this study, we investigated
whether the gut microbiota affected the distribution of macro-
phages in the mouse cornea after birth and found that the
proportion of macrophages within corneal cells decreased at P7,
P14, and P21 after Abx treatment. Among these macrophages, the
proportion of CCR2™ macrophages within corneal cells in Abx-
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treated mice decreased at P7, P14, P21, and P28 when compared
with that of control mice, whereas the CCR2" macrophages did
not significantly decrease (Fig. 6a). Finally, we observed changes in
the macrophages when the gut microbiota in Abx-treated mice
were reconstituted through fecal transplants and found that
CCR2™ macrophages were restored at P21 and P28 after
transplants (Fig. 6b).

Oral abxs change local corneal niches for CCR2™ macrophage
development

The development and maturation of different tissue-resident
macrophages are regulated by different local niche signals and
signal-dependent transcription factors.*> Our previous study
revealed that CCR2™ corneal macrophages have a similar gene
expression profile and phenotype to microglia and expressed
CSF1R, the receptor of IL-34 and CSF1.3° To determine the possible
molecular association between the development of CCR2™
macrophages and niche alteration induced by gut dysbiosis, we
compared the expression levels of cytokine transcripts (Tgf-g, II-34,
and Csf-1) from normal control and Abx-treated corneas at
different time points (postnatal 7, 14, 21, and 28 days). The data
revealed that after Abx treatment, the expression of Tgf-B, II-34,
and Csf-1 significantly decreased compared with expression in
normal mice (Fig. 6¢). Moreover, RNA-Seq analysis showed that 54
genes involved in the proliferation, differentiation, and survival of
macrophages decreased after Abx treatment when measured at
P28 (Fig. 6d; Supplementary Table 6). We also determined the
expression levels of TGF-B receptors and the related transcription
factor genes. The qPCR data revealed that CCR2™ corneal
macrophages expressed Tgffir2, the receptor of Tgf-B, and the
transcription factor genes Smad2 and Smad3 (Fig. 6e). Smad2 and
Smad3 were also shown to be expressed in microglia.*> The
expression of Tgf-B, II-34, and Csf-1 in corneal tissues of Abx-
treated mice was found to be significantly increased after fecal
transplant, although the expression of these genes in corneal
tissues of mice with Abx treatment and fecal transplant did not
reach the level in normal control mice (Fig. 6f). Altogether, these
results confirmed that the local niche for maturation and
distribution of CCR2™ corneal macrophages was regulated by
the gut microbiota.

Probiotic treatment promotes corneal development in Abx-
treated mice

Probiotics are live microorganisms that can provide health
benefits to the host when consumed in adequate amounts.*>**
VSL#3 is a probiotic mixture containing eight bacterial strains
that have been reported to restore hippocampal neurogenesis
and brain function in Abx-treated mice."”” Thus, we decided to
give a VSL#3 probiotic mixture to Abx-treated mice and observed
the changes in corneal development. CCR2™ corneal macro-
phages in Abx-treated mice increased at P21 and P28 after the

Mucosal Immunology (2020) 13:47 -63



a

o

log10(FPKM) 2.0 1

Scg2
Natl
Rspo3
Ccll2
Ndnf
Cer2
Pde3b
Cavl

Fap
Clgaltl
Sirtl

Antibiotic-induced dysbiosis of gut microbiota impairs corneal...
M Wu et al.

51
Vegfa Hif1-a
8- -»- Control
-= Abx

Angptl
1118
Epgn
Casp8
Calcrl
Foxcl
Ereg
Kritl
Nusl
Rtn4
Prkx

Angiogenesis
Expression. relative to Gapdh (x10‘3)

Pdcd10
Pik3r3 0

60 -
. 3 -
* 40
Cdc42 24 *
gifla 20
ten *% E
Naal5 14 r* 4
Ppp3rl
T T T T 0

1.5 1
64
4 *%
1.0 *%% 44
*
4 *%
0.5 2 -
*
7 14 21 28

7 14 21 28

Nus 1 Pdcd10

Adtrp 7

Control Abx

14 21 28 7 14 21 28

Control (P28)

Abx (P28)

Days after birth

“«—
£ 257 - Control
£ = Abx
S 201
a *
[ - *%
©
S 1.5 x
[$]
(2]
g
Z 104 ¥*
©
o
£
3 051 . . .
7 14 21 28
Days after birth

Fig. 2 Changes in angiogenesis in the limbal blood vessels from antibiotic-treated (Abx-treated) and control mice. a Heatmap of genes
involved in angiogenesis (the top 30 differentially expressed genes) (Supplementary Table 3) in corneal tissues of Abx-treated and control
mice at postnatal day 28 (P28) (n = 3 independent experiments, six mice per experiment in each group). b The difference in the expression of
the Vegfa, Hif1a, Pdcd10, and Nus1 genes that participate in angiogenesis in corneal tissues between Abx-treated mice and control mice at P7,
P14, P21, and P28 with gPCR analysis (n = 3 independent experiments, six mice per experiment in each group). ¢ Comparison of the area of
the limbal blood vessels in Abx-treated and control mice. The four upper images show the staining of the limbal blood vessels with anti-CD31
antibody in the two groups of mice (scale bars: the images of whole cornea, 500 pm, the partial enlarged views of limbal blood vessels,
200 pm). The lower graph shows the dynamic changes in the area of the limbal blood vessels in the two groups of mice at P7, P14, P21, and
P28 (n = 6 mice at each time point in each group). The data are presented as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001

probiotic transplant (Fig. 7a). In addition, epithelial basal cell
division in Abx-treated mice with the probiotic transplant
increased at P21 and P28, and was even slightly higher than
that in control mice at P28. The corneal area and thickness,

Mucosal Immunology (2020) 13:47 - 63

limbal blood vessel area, and the total length and density of
corneal nerves in Abx-treated mice with the probiotic transplant
were also increased, but they were still lower than those of the
control mice at P28 (Fig. 7b).
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Fig.3 Changes in neurogenesis in corneal nerve fibers from antibiotic-treated (Abx-treated) and control mice. a Heatmap of genes involved in
the regulation of mitochondria and neurogenesis (the top 30 differentially expressed genes) (Supplementary Tables 4, 5) in corneal tissues of
Abx-treated and control mice at postnatal day 28 (P28) (n =3 independent experiments, six mice per experiment in each group). b The
difference in the expression of neurotrophin genes in corneal tissues between Abx-treated mice and control mice with gPCR analysis (n =3
independent experiments, six mice per experiment in each group). ¢ Comparison of the total length and density of corneal nerve fibers in
Abx-treated and control mice at P7, P14, P21, and P28. The two upper images show the staining of nerve fibers with anti-p-lll-tubulin antibody
in the two groups of mice (scale bars, 500 um). The two lower graphs show the dynamic changes of the total length and density of the corneal
nerve fibers in the two groups of mice at P7, P14, P21, and P28 (n = 6 mice at each time point in each group). The density of the corneal nerves
was obtained through the total length of the corneal nerve fibers dividing the corneal area. The data are presented as mean + SD. *P < 0.05,
**P < 0.01, and ***P < 0.001
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Long-term consequences of early Abx treatment for corneal status
Our data showed that the decreases in corneal epithelial dividing
cell number, area and thickness (Fig. 1), limbal blood vessel area
(Fig. 2), and corneal nerve fiber length and density (Fig. 3) were
still visible at P28 after Abx treatment finished at P14. To
investigate the long-term consequences of early Abxs for corneal
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status, we continued to observe the corneal status of Abx-treated
mice at postnatal 8 and 12 weeks and found that the corneal
dividing cell number, the corneal area, and the corneal nerve fiber
length in Abx-treated mice were still lower than those in control
mice at postnatal 8 weeks (Fig. 8a). However, none of the
phenotypes observed above showed any significant difference
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Fig. 4 Alteration of corneal development in Abx-treated mice after fecal transplant. a Evaluation of the difference in the proliferation capacity
among control mice (sterile water treatment), antibiotic-treated (Abx-treated) mice, and Abx-treated mice with fecal transplants at postnatal
day 7 (P7), P14, P21, and P28. The three left images show the DAPI staining of corneas from the three groups of mice (scale bars, 25 pm), and
the right graph shows the dynamic changes of dividing basal epithelial cells in the three groups of mice after birth (n =6 mice at each time
point). b Evaluation of the difference in the corneal area among control mice, Abx-treated mice, and Abx-treated mice with fecal transplants.
The three left images show the spatial range of the cornea as distinguished by the black retinal pigment epithelium (RPE) in the three groups
of mice (scale bars, 500 pm). The right graph shows the dynamic changes in corneal area in the three groups of mice after birth (n = 6 mice at
each time point). ¢ Evaluation of the difference in corneal thickness among control mice, Abx-treated mice, and Abx-treated mice with fecal
transplants. The three left images show the plastic embedding and toluidine blue staining of eye sections in the three groups of mice (scale
bars, 20 pm), and the right graph shows the dynamic changes of corneal thickness in the three groups of mice (n = 6 mice at each time point
in each group). d The difference in angiogenesis in the limbal blood vessels and neurogenesis in the corneal nerve fibers among control mice,
Abx-treated mice, and Abx-treated mice with fecal transplants. The left graph shows the dynamic changes in the area of the limbal blood
vessels in the three groups of mice (n =6 mice at each time point in each group). The middle and right graphs show the dynamic changes in
the total length and density of the corneal nerve fibers in the three groups of mice (n = 6 mice at each time point in each group). The data are
presented as mean + SD. *Abx-treated mice with fecal transplants vs Abx-treated mice, TAbx-treated mice with fecal transplants vs control

mice, *TP < 0.05, **P < 0.01 and ***™p < 0,001

between the control mice and the Abx-treated mice at postnatal
12 weeks (Fig. 8b). We further analyzed the composition of the gut
microbiota and found that at postnatal 8 weeks, the gut
microbiota in Abx-treated mice had recolonized and were not
significantly different from those in control mice (Supplementary
Fig. 8).

DISCUSSION

Although Abxs are remarkably useful, these drugs also have
adverse impacts on the host. In this study, we found that the
continuous use of Abxs caused dysbiosis of the gut microbiota in
neonatal mice and impaired their corneal development through
the alteration of the corneal gene transcription, and decreases
in the corneal area and thickness, the area of limbal blood vessels,
the length and density of corneal nerve fibers, and the proportion
of CCR2™ corneal macrophages. With the reconstitution of gut
microbiota by fecal transplants, the deficiency in corneal
development in Abx-treated mice could mostly be reversed.
Further investigation confirmed that CCR2™ corneal macrophages
were crucial for corneal development and that gut microbiota
affected the distribution of these cells in the cornea. Moreover, the
application of VSL#3 probiotics was shown to promote corneal
development in Abx-treated mice.

The use of Abxs has negative impacts on the host’s homeostasis
and physiology, causing a decrease in nitrergic neurons in the
intestine,* the delay of gastrointestinal peristalsis,*> the impair-
ment of hippocampal neurogenesis and memory retention,'” and
defects in hematopoiesis.***” In our study, long-term Abx
treatment was found to change the composition of the gut
microbiota and the transcription of corneal genes and to decrease
the abundance of genes involved in corneal development.
Furthermore, the area and thickness of the cornea, the area of
the limbal blood vessels, and the length and density of the corneal
nerve fibers in Abx-treated mice were all lower than those in the
control mice. It has been reported that there are two possible
reasons for Abx-induced changes in the intestinal tissues: the Abx-
induced dysbiosis of gut microbiota and the direct toxic effect of
Abxs.*® After the reconstitution of gut microbiota through fecal
transplants, the deficiency in the corneal development of Abx-
treated mice could mostly be reversed. Therefore, it can be argued
that the dysbiosis of gut microbiota caused by Abx treatment is a
primary factor that impairs corneal development, although we do
not exclude the possibility of the toxic effects of Abxs on corneal
development. It is consistent with the results of Wang et al. that
gut microbiota-deficient mice, germ-free mice, which has
abnormal cornea, performance in the disruption and increased
permeability of corneal barrier.*

Studies have shown that the gut microbiome composition in
mice receiving Abxs is not reestablished even 6 weeks after the
cessation of the drug>®®" Studies in human infants have shown
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that a full recovery of the intestinal flora after Abx use takes
months.’>*3 In this study, we found that the gut microbiome in
Abx-treated mice was recolonized in composition and diversity at
6 weeks after the end of Abx treatment. However, the character-
istics of the mouse cornea had still not returned to normal in that
time. It was not until 10 weeks after the withdrawal of the drug that
the corneal development reached normal levels. These results
suggest that Abx-induced gut dysbiosis has significant, long-term
effects on the development of the cornea. Although this
suppressive effect is reversible, the reversal takes a long time.

Macrophages are innate immune cells that have been reported
to participat