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Abstract

Purpose: The conserved miR-183/96/182 cluster (miR-183C) regulates both corneal sensory
innervation and corneal resident immune cells (CRICs). This study is to uncover its role in CRICs
and in shaping the corneal cellular landscape at a single-cell (sc) level.

Methods: Corneas of naive, young adult [2 and 6 months old (mo)], female miR-183C knockout
(KO) mice and wild-type (WT) littermates were harvested and dissociated into single cells. Dead
cells were removed using a Dead Cell Removal kit. CD45+ CRICs were enriched by Magnetic
Activated Cell Sorting (MACS). scRNA libraries were constructed and sequenced followed by
comprehensive bioinformatic analyses.

Results: The composition of major cell types of the cornea stays relatively stable in WT
mice from 2 to 6 mo, however the compositions of subtypes of corneal cells shift with

age. Inactivation of miR-183C disrupts the stability of the major cell-type composition and
age-related transcriptomic shifts of subtypes of corneal cells. The diversity of CRICs is
enhanced with age. Naive mouse cornea contains previously-unrecognized resident fibrocytes
and neutrophils. Resident macrophages (ResM¢) adopt cornea-specific function by expressing
abundant extracellular matrix (ECM) and ECM organization-related genes. Naive cornea is
endowed with partially-differentiated proliferative ResM¢ and contains microglia-like M¢.
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Resident lymphocytes, including innate lymphoid cells (ILCs), NKT and y8T cells, are the major
source of innate IL-17a. miR-183C limits the diversity and polarity of ResM¢.

Conclusion: miR-183C serves as a checkpoint for CRICs and imposes a global regulation of the
cellular landscape of the cornea.
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single cell RNA sequencing (ScCRNA seq); microRNAs (miRNAs); miR 183/96/182 cluster
(miR-183C); Corneal resident immune cells (CRICs); resident macrophages (ResM¢); corneal
resident fibrocytes (CRFs); corneal resident myeloid cells (CRMCs); corneal resident lymphocytes
(CRL); corneal resident neutrophils (CRNSs)

Introduction

The cornea is the interface between the eye and the external environment. It is avascular

and transparent to allow visual clarity and provide two thirds of the refractive power

of the eye[1-3]. It is also the first-line defensive barrier against microbial invasion and

other insults[1-3]. Multiple cell types from different tissue origins contribute to the

cellular composition of the cornea. They work in concert to maintain homeostasis and

meet functions of the cornea. These include surface ectoderm-derived corneal epithelium,
neural crest-derived stromal keratocytes and endothelial cells as well as corneal nerves,

and mesoderm-derived corneal resident immune cells (CRICs)[1-3]. During development,
different cellular components join the cornea in a tightly controlled manner. In the mouse,
the specification of corneal epithelium (CEpi) starts at ~ embryonic day (E)8.5[4, 5], when
the lens placode is specified by the induction of the optic vesicle[1, 6]. As the lens placode
invaginates to form the lens pit, and the lens vesicle detaches from the surface ectoderm
(~E11.5)[5], mesenchymal cells migrate into the space between the lens and newly specified
CEpi to form the corneal stroma (CSL) and the endothelial layer (CEndoL. ~E14.5-15.5)

[1, 2]. Meanwhile, tissue resident macrophages (ResM¢) from the early erythromyeloid
progenitors (EMP) of the yolk sac integrate into the corneal region as early as E9.0[7], the
late EMP of fetal liver at ~E11.5-16.5 and definitive hematopoietic stem cells (HSCs) of
the bone marrow at ~E17.5 and after birth[7, 8]. Sensory nerves from the trigeminal ganglia
(TG) begin to project into the cornea starting as early as E12.5[9, 10]; however, the anatomy
of the corneal nerves does not reach maturity until postnatal 8 weeks old[11]. These different
cell types form the microenvironment or niche and interact with one another to maintain

the homeostasis of the cornea, keeping it transparent under physiological conditions and
mounting defense responses in the event of microbial invasion and tissue damage.

Multiple types of CRICs have been reported in the cornea, e.g., Langerhans cells (LCs)
[12-14] and y6 T cells in the CEpi layer[15-19], and monocytes (MCs)/M¢[12, 20]

and dendritic cells (DCs) in the CSL[12, 13, 21]. CRICs play important roles in normal
development and homeostasis of the cornea, including: ocular immune privilege, transplant
graft survival, wound healing, corneal nerve regeneration, innate immune/inflammatory
responses to tissue damage and microbial infection and orchestration of adaptive immune
responses[15-28]. However, the CRICs are a rare population in the cornea, accounting for
approximately1.2 — 5% of total corneal cells in the mouse cornea[8, 29, 30]. Despite their

Ocul Surf. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

importance, our understanding of CRICs, including their accurate numbers and relative
representations in the cornea, their molecular signatures and classification, mechanisms
underlying their functions and interactions with other cell types to shape the corneal cellular
landscape, remains limited.

In this regard, single-cell RNA sequencing (sScCRNA seq) has become a powerful tool to
study the transcriptomes of individual cells and dissect the molecular complexity of a tissue.
Comparing to other tissues/organ systems, e.g. the retina[31-33], brain[34-36], and immune
system [37-39], fewer SCRNA seq studies have been done in the cornea. When we began
this project, there were only three publications of SCRNA seq in the cornea[40-42]. Two of
these reports focused on limbal stem cells (LSCs) and did not detect any CRICs[40, 42].
The other report focused on nonmyelinated Schwann cells in the CSL of rabbit cornea[41].
Although ~34 cells (out of 6,546) were identified as “tissue-resident macrophages and
dendritic cells”[41], no additional characterization was done; and no additional types of
CRICs detected[41]. Recently, more scCRNA seq studies on mouse and human corneas have
been reported. However, most of these studies still focus on LSCs[43-46]. One report
described molecular characterization of human corneal immune cell types; however, the
source of the cells was from the limbal region only[47]. Collins et al. reported a single-cell
atlas of human cornea and adjacent conjunctiva and identified two clusters of immune cells,
including MC-derived M¢ and DCs, two types of CD8+ T cells and M¢[48]. However, the
focus of this report was on other corneal cell types; no further analysis on the immune cells
was performed; it was unclear whether these immune cells are derived from the cornea or
adjacent conjunctiva[48]. Wieghofer et al.[7] reported SCRNA seq of fluorescence activated
cell sorting (FACS)-purified myeloid cells (CD45*CD3"CD197Ly6G") from the cornea,
retina and ciliary body of young adult mice. Although this report provided new insights into
molecular characteristics and classification of myeloid cells in these different compartments
of the eye, to date, there is still no complete molecular characterization and catalog of
CRICs at a single-cell level.

microRNAs (miRNAs) are newly recognized, small, non-coding RNAs and are important
post-transcriptional regulators of gene expression[49-52]. They play important roles in
human diseases[53] and are viable therapeutic targets[54]. However, their roles in CRICs
and the homeostasis of the cornea are still unknown. Recently, we and others identified
that a conserved, paralogous miRNA cluster, the miR-183/96/182 cluster (referred to as
miR-183C from here on), regulates the functions of both primary sensory neurons of

all major sensory domains[55-61] and innate immune cells[30, 62—66]. In the cornea,
inactivation of miR-183C results in decreased nerve density and a disrupted pattern of the
subbasal plexus with reduced levels of neuropeptides and pain receptor molecules[64]. In
innate immune cells, miR-183C regulates the production of proinflammatory cytokines and
their phagocytosis and bacterial killing capacity[30, 64, 65]. Recently, we discovered that
miR-183C regulates the number of CRICs under homeostatic conditions; inactivation of
miR-183C leads to increased number of CRICs, including ResM¢[30]. These data suggest
that miR-183C has dual regulation of both corneal sensory innervation and CRICs. We,
therefore, hypothesize that, through these regulations, miR-183C plays an important role in
modulating the cellular compaosition and the homeostasis of the cornea.
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To test this hypothesis and to achieve a complete molecular characterization and
classification of CRICs in the context of the entire cornea, we performed scRNA-seq in

total corneal cells and CD45+ MACS-enriched corneal cells of 2 and 6 months old (mo)
miR-183C knockout (KO) and their age- and sex-matched wild-type control (WT) mice.
Here we report our data which provide an in-depth molecular characterization and catalog of
CRICs and the roles of miR-183C in shaping the corneal cellular landscape.

Materials and Methods

Mice.

Naive, young adult (2 and 6 mo), female miR-183C KO, miR-183CCT/CT and their age-
and sex-matched WT control mice on a 129S2-C57BL/6-mixed background[56] were used
for scRNA sequencing. All experiments and procedures involving animals and their care
were pre-reviewed and approved by the Wayne State University Institutional Animal Care
and Use Committee and carried out in accordance with National Institutes of Health and
Association for Research in Vision and Ophthalmology guidelines.

Single cell RNA sequencing.

Adult mouse corneas anterior to the limbus were harvested and dissociated into single cells
by enzymatic digestion with collagenase A (MilliporeSigma. Cat No. 10103578001) and
DNase I (MilliporeSigma. Cat No. 11284932001) in Hanks’ Balanced Salt solution (HBSS)
and trituration as we described previously[30]. For the total corneal cell preparation, corneas
from 3 mice/genotype/age were pooled as one biological sample. Dead cells were removed
using the Dead Cell Removal Microbeads and Magnetic Activated Cell Sorting (MACS)
column (Miltenyi Biotech). Live single cells were subjected to sc cDNA library production
using the Chromium Next GEM Single Cell 3° Reagent kit v3.1 and the Chromium
Controller (LOXGENOMICS) following the manufacturer’s instructions. On average, we
obtained ~128,715 [+£10,757 Standard Error of the Mean (SEM)] single cells/cornea after the
enzymatic and mechanical dissociation [Supplemental table 1 (Table S1)].

To enrich for CRICs, corneas of 7 KO or 8 WT naive, 6 mo mice were pooled as one
biological sample. After dead cell removal, CD45+ (a pan-leukocyte marker) cells were
enriched using the anti-CD45 microbeads and MACS (Miltenyi Biotech) following the
manufacturer’s instructions, before sc cDNA library construction.

Subsequently, the sc cDNA libraries were sequenced on a NovaSeq sequencer (Illumina) at
the Genome Sciences Core (GSC), Wayne State University (WSU).

scRNA seq data analysis.

Reads were aligned to the mouse genome (Build mm10) using Ce// Ranger™ v6.0.1
(10xGenomics). The filtering criteria for QC include a minimum of 30 cells/gene and 500
features/cell and percentage of mitochondrial genes <10%. The basic characteristics of the
SCRNA seq data for the total corneal cells and CD45+ MACS-enriched cells are summarized
in Tables S2&S3 and Supplemental Figures (Fig.S).1 & 2. Cell populations were identified
by unbiased clustering based on normalized gene expression values using Principal

Ocul Surf. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Results

Page 5

Component Analysis (PCA) dimensional reduction and embedded in two dimensions using
Uniformed Manifold Approximation and Projection (UMAP) analysis in Seurat 4.0.6[67] on
RA1.2.

Major cellular identities of the clusters were first assigned based on the expression of known
cell type-specific marker genes and further refined by the unbiased cell-identity analysis
software SingleR/Celldex{68]. Signature genes (SigGenes) for each population/cluster and
differentially expressed genes (DEG) between KO and WT samples were identified using
Seurat function FindAllMarkers or FindMarkers. miR-183C target prediction in the DEG

or SigGenes were performed using TargetScan[69, 70]. Prediction of molecular pathways
and biological processes in which the SigGenes or DEGs are involved were analyzed

using Database for Annotation, Visualization and Integrated Discovery (DAVID)[71], Gene
Ontology enRIchment anaLysis and visuaLizAtion tool (Gorilla)[72] and Reduce+Visualize
Gene Ontology (Revigo)[73] as described before[74].

1. miR-183C modulates corneal cellular composition and age-related changes

We obtained 26,125 sc transcriptomes from total corneal cell samples, including 6,915 and
6,526 cells of 2 mo WT and miR-183C KO mice; 7,402 and 5,282 corneal cells of 6 mo WT
and KO mice, respectively (Table 1). Unbiased clustering analyses identified 20 different
cell cluster/populations based on their sc transcriptomes (Fig.1A; Table S4).

Cell type identification by known cell type-specific markers identified that eight clusters,
including Clusters 4,7,10,11,13,15,16 and 17, represent various subtypes of corneal
epithelial cells (CEpiCs) because of their collective expression of mouse CEpiC marker,
Krtl12 [75](Fig.1B&L) and many other epithelial cell markers expressed in CEpiCs,
including Pax6, Cdhl, Krt6b (Fig.1C-E), Krt5, Krt6a, Krt7, Krt13, Krt14, Krt15, Krt80,
Cldn4, Mucl, Muc4, and Muc20[75-86] (Fig.S3.B-0). Conjunctival epithelium-specific
Krt19[87] is barely expressed (Fig.S3P).

The conglomerate of eleven clusters, including Clusters 0,1,2,3,5,6,8,9,14,18 and 19,
contained subtypes of corneal stromal keratocytes (CSKCs) because of their predominant
expression of CSKC markers, Keratocan (Kera), Lumican (Lum) and Vimentin (Vim)
(Fig.1F,G&L; Fig.S4). Corneal endothelial cell (CEndoC)-specific markers, aquaporin 1
(Agp1)[88, 89], NCAM1[90], Zo-1(Tjpl) and Alcam[91] were also expressed in these
clusters (Fig.1H&I; Fig.S5). Other endothelial cell markers, e.g. Atplal, Atplbl, Atplb2,
Itga5, Col8al, Slc3a2, Slc7a5, Cd248 were enriched in various subpopulations of these
clusters (Fig.S6), suggesting that this 11-cluster conglomerate represents both CSKCs and
CEndoCs, consistent with their common neural crest origins.

Cluster 12 clearly represents CRICs because of its specific expression of pan-leukocyte
marker, CD45 (Ptprc) (Fig.1J), myeloid specific markers Csflr (Fig.1K,L), Lyz2,

Fcgrl (CD64), Fcerlg, antigen-presenting and processing (APP) markers, Cd74, MHCII
molecules, H2-Aa, H2-Ab1, immune adaptor molecule Tyrobp, and complement factors,
Clga, Clgb and Clqc (Fig.S7).
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In WT mice, the overall corneal cellular landscape categorized by the major cell types

of CEpiCs, CSKC/CEndoCs and CRICs showed only subtle changes between 2 and 6

mo (Fig.2A-C; Fig.S8A,; Table 2; Table S5&S6), suggesting that the composition of

major cell types is relatively stable in adult mouse cornea under homeostatic condition.

On average, CEpiCs, CSKC/CEndoCs and CRICs account for approximately 25.86%,
72.58% and 1.56% of all corneal cells, respectively (Fig.2B&C;Table 2). However, several
subpopulations of CEpiCs and CSKC/CEndoCs manifested >1.5-fold changes between 2
and 6 mo WT mice. In CEpiCs, Clusters 7 and 15 were decreased by 2.39 and 4.07

folds, respectively; while Cluster 13 was increased by ~2.06 folds (Fig.2D; Fig.S8B; Table
S6). Among subpopulations of CSKC/CEndoCs, 8 out of the 11 clusters showed >1.5-fold
changes. Clusters 0, 2, 6 were decreased by ~3.60, 4.42, and 3.17 folds, respectively; while
Clusters 1, 5, 8 were increased by ~2.83, 12.06 and 35.63 folds, respectively (Fig.2D;
Fig.S8B; Table S6). Cluster 9, which was undetected in 2 mo, accounted for 0.08% in 6
mo WT cornea (Table S6); while Cluster 19, which accounted for 0.30% at 2 mo, was
undetected at 6 mo in WT cornea. These data suggest that, in adult WT mice, although the
representations of the major cell types are relatively stable, subtypes of corneal cells shift to
cope with the adult life to maintain the homeostasis of the cornea.

In KO mice, the cellular landscape of major cell types of the cornea showed apparent
changes from 2 to 6 mo (Fig.2A—-C). CEpiCs, CSKC/CEndoCs and CRICs accounted for
approximately 37.01%, 61.49% and 1.50% of total corneal cells at 2 mo; while 19.65%,
77.04% and 3.31% at 6 mo, respectively (Table 2; Fig.2B&C). CEpiCs were decreased

by ~1.88 folds, while CSKC/CEndoCs and CRICs were increased by ~ 1.25 and 2.21
folds, respectively, in 6 vs 2 mo mice (Fig.2B&C; Table 2; Fig.S8C; Tables S5&S6). This
result suggests that inactivation of miR-183C impacts the major cellular composition of the
steady-state cornea.

In addition, six out of the 8 subtypes/clusters of CEpiCs showed >1.5-fold changes: Clusters
7,10, 11, 15, and 16 were decreased by 3.66, 2.28, 2.42, 7.55 and 8.17 folds, respectively;
while Cluster 17 was increased by 2.55 folds (Fig.2D; Fig.S8D, Table S6B), resulting in an
overall decrease of CEpiCs in the corneas of 6 vs 2 mo KO mice. Among CSKC/CEndoCs,
8 clusters showed >1.5-fold changes: four, including Clusters 2, 3, 5, and 18, were decreased
by 2.87, 4.87, 2.59 and 3.04 folds, respectively; while Clusters 0 and 8 were increased by
1.89 and 32.43 folds, respectively, in 6 vs 2 mo old mice (Fig.2D; Fig.S8D, Table S6).
Clusters 9 and 19 were undetected in 2 mo, while accounted for 21.70% and 0.04% of total
corneal cells, respectively, in 6 mo KO mice. These changes collectively led to a moderate
overall increase of CSKC/CEndoCs in 6 vs 2 mo mice.

Comparing 2 mo WT vs KO mice, the overall representation of CEpiCs was increased by
1.36 folds in KO (37.01%) vs WT mice (27.22%) (Fig.2A&B; Fig.S8E; Table 2; Table

S6). Among 8 CEpiC clusters, 3 clusters, Clusters 7, 10 and 16, were increased by 2.04,
1.80 and 1.95 folds, respectively, resulting in an overall slight increase of CEpiCs in the

KO vs WT mice (Fig.2D; Fig.S8F; Table S6). For CSKC/CEndoCs, although their overall
representation showed only a minor change between WT (71.11%) and KO mice (61.49%)
(Table 2; Fig.S8E), 4 subpopulations/clusters of CSKC/CEndoCs (Clusters 0, 5, 18 and 19)
had >1.5-fold changes (Fig.2D; Fig.S8F; Table S6): Clusters 0 and 5 were decreased by 2.15
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and 1.50 folds, respectively, in KO vs WT mice; while Cluster 18 was increased by ~ 4
folds. Cluster 19 accounted for 0.30% of all corneal cells in WT mice, while undetected in 2
mo KO mice(Fig.2D; Fig.S8F; Tables S5&S6).

At 6 mo, although the overall representations of CEpiCs and CSKC/CEndoCs were similar
between KO and WT mice (Table 2; Fig.2B&C; Fig.S8G; Table S6), many subtypes/clusters
of CEpiCs and CSKC/CEndoCs showed >1.5-fold changes between KO and WT mice.
CEpiC clusters 10, 11, 13, and 16 were decreased by 1.59, 1.50, 1.96 and 5.64 folds in

KO vs WT mice, respectively (Fig.2D; Fig.S8H; Table S6). Among CSKC/CEndoC, seven
clusters, including Clusters 0, 1, 3, 5, 6, 9 and 19, showed >1.5-fold changes in KO vs WT
mice (Fig.2D; Fig.S8H; Table S6): Clusters 1, 3 and 5 were decreased by 2.07, 3.41, and
46.99 folds; while Clusters 0, 6, and 9 were increased by 3.16, 3.65 and 267.66 folds, in the
KO vs WT mice, respectively. Cluster 19 was not detected in the WT mice, while accounted
for 0.04% in the KO mice (Fig.2D; Fig.S8H; Table S6). For CRICs, although its overall
representation was similar between KO (1.50%) and WT mice (1.68%) at 2 mo, CRICs were
increased by 2.29 folds in KO (3.31%) compared to WT mice (1.45%) at 6 mo (Fig.2D;
Fig.S8H; Table S6), suggesting miR-183C regulates the number of CRICs in naive adult
mouse cornea, which is consistent with our previous report[30].

2. miR-183C regulates the composition and transcriptomes of corneal resident immune

cells

CRICs are a rare population in the cornea[8, 29, 30]. Although we obtained an average of
6,531 sc transcriptomes (5282 — 7402) from total corneal cells (Table 1), only ~124 CRICs
(98 —175) were captured, accounting for approximately 1.98% (1.45%-3.31%) of total
corneal cells (Tables S5B&S6B). To enhance the number of CRICs, we enriched CRICs
from 6 mo miR-183C KO and WT control mice using MACS with anti-CD45 microbeads
for sScRNA seq. From these CD45+ MACS-enriched corneal cells, we obtained a total of
3254 sc transcriptomes, including 1089 and 2165 from WT and KO mice, respectively
(Table 3).

Unbiased clustering identified four major populations (Fig.S9). Manual cell type
identification by known cell type-specific markers showed that Cluster O represents the
CRICs because of their specific expression of CD45 (Ptprc), and myeloid cell markers,
Csflr and Fcgrl (Fig.S9C-E), and many other immune cell markers (data not shown).
Cluster 1 represents CSKCs and CEndoCs (Fig.S9F-I); Cluster 2&3 CEpiCs (Fig.S9J-T).
Conjunctival epithelial cell-specific marker Krt19 was not detected (Fig.S9U), consistent
with the fact that the source of the cells was the cornea anterior to the limbus region. In

the CD45+ MACS-enriched corneal cells, CRICs accounted for 35.2% and 54.1% in WT
and KO mice, respectively, suggesting a 24- and 16-fold enrichment of CRICs (Table S7C),
when compared to their frequencies in the total corneal cells of 6 mo mice (Fig.2C; Fig.S8G;
Table S6B).

To maximize the number of CRIC transcriptomes for downstream comprehensive analyses,
we pooled the sc transcriptomes of the CRICs from the total corneal cells and the
CD45+MACS enriched cells to obtain a total of 2044 CRIC sc transcriptomes (Table
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4; Fig.S10; Table S8). Unbiased clustering analysis of the pooled CRICs identified 10
populations/subtypes of CRICs, Clusters 0-9 (Fig.3A; Fig.S10).

In WT mice, although the overall representation of CRICs in total corneal cells showed

little change from 2 to 6 mo (Fig.2C), the composition of CRICs displayed global changes
(Fig.3B-E; Fig.S11A&B; Table S9). Relative representations of seven clusters showed >1.5-
fold changes. Clusters 1, 6 and 9 were decreased by 2.48, 1.98 and 2.79 folds, respectively;
while Clusters 2 and 5 were increased by 6.10 and 3.23 folds; Clusters 7 and 8 were
undetected at 2 mo, but accounted from 2.86% and 4.02%, respectively, in 6 mo mice
(Fig.S11A&B; Table S9D).

Inactivation of miR-183C resulted in drastic changes of the cellular landscape of CRICs
(Fig.3B-E). At 2 mo, relative representations of four clusters (Clusters 2, 5, 6 and 7)
showed >1.5-fold changes. Cluster 2 was increased by 1.55 folds in KO mice. Cluster 7
was undetected in WT mice, however, accounted for 2.06% of CRICs in KO mice. Clusters
6 were decreased by 1.72 folds; while Cluster 5 was decreased from 0.88% in WT to
undetectable in KO mice (Fig.3B&C; Table S9D).

At 6 mo, the differences of CRIC compositions between KO and WT mice were further
enhanced. Relative representations of nine out of 10 clusters had >1.5-fold changes
(Fig.3D&E). Among these, Clusters 0, 1, 2 and 4 were decreased by 6.88, 2.49, 1.66 and
6.63 folds (Fig.3D&E; Table S9D). Clusters 5, 7, 8 and 9 were increased by 4.22, 1.61, 4.22
and 1.81 folds in KO vs WT mice, respectively. Cluster 3 was undetected in WT mice, but
accounted for 44.83% of all CRICs in 6 mo KO mice (Fig.3D&E; Table S9D), underscoring
a major impact of miR-183C on CRIC transcriptomes.

Transcriptome analyses identified a series of SigGenes for all clusters/subtypes of CRICs
(Fig.4A; Tables S10-S12). Manual cell-type identification with known immune cell markers
identified two major categories of CRICs. The majority (95.6%, Clusters 0-6,8,9) expressed
myeloid cell markers, Csflr, Fcgrl (CD64), Itgam (Cd11b) and Lyz2, suggesting their
corneal resident myeloid cell (CRMC) identity (Fig.4B-F; Table S9A). T lymphocyte
markers, Cd3d, Cd3e, Cd3g, and CD3(, were exclusively expressed in Cluster 7, suggesting
that Cluster 7, which accounts for 4.4% of CRICs, represents the corneal resident
lymphocyte (CRL) population (Fig.4G-K; Table S9A).

3. miR-183C regulates the functional differentiation of CRMCs

To further dissect the identity of the CRMCs in the cornea, we first analyzed known markers
for MCs, M¢ and DCs. Several key MC markers, including Ly6C, CD62L (encoded by
Sell),CD43 (encoded by Spn)[92] were not detected (Table S10). Other key MC-associated
markers, including Ccr2 and Cx3cr1[92] (Fig.5A-C; Table S10) were expressed at a
relatively low level in most myeloid clusters, with Cluster 2 having the highest percentage of
Ccr2+ cells (Table S10&S13). Known M¢ markers, including Adgrel (F4/80), Mertk, Mrcl,
Msd4a7, Ferls and Pf4 (Fig.5D-J) were recognized in all the myeloid cell clusters. These data
suggest that MCs which migrate into the cornea quickly downregulate their MC signature
genes and differentiate into M¢ with various transcriptomic signatures.
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Previously, various DC populations, including Langerhans cells, have been described in the
cornea[12, 13, 93]. However, in the transcriptomes of CRICs of naive mouse cornea, most
major known DC and Langerhans cell markers and associated genes were undetected. These
include Itgax (Cd11c), CD209 (DC-SIGN), Cd103, Sirpa (Cd172), Irf4, FIt3, Ly75, Ccr7,
Ccl22, Kmo, Zbt46, Clec9a, Cd207 (Langerin) and Cd1a[36, 94-96] (Table S10).

To further delineate the identities of CRMCs, we performed unbiased cell-type recognition
using the Single Cell-Recognition (SingleR) software [68] in association with the
Immunological Genome Project database (ImmGenData)[97]. The ImmGenData, consisted
of microarray profiles of pure mouse immune cells from the Immunological Genome Project
(http://www.immgen.org)[97], is the most comprehensive and highly resolved immune
reference database. Consistent with the result by manual identification using known cell
type-specific markers (Figs.4&5), SingleR analysis confirmed that the vast majority [up to
87.28% (1784 out of 2044)] of all pooled CRICs are M¢ (Fig.6A; Table 5; Table S14A).
The representations of M¢ in CRICs stayed relatively stable (between 70-80%) in both WT
and KO mice at both 2 and 6 mo (Table S14C). Their representations in the total corneal
cells of WT mice also stayed stable from 2 to 6 mo (~1.13%); however, in the KO mice,

the relative representation of ResM¢ was increased from 1.2% to ~2.4% in 2 and 6 mo KO
mice, respectively (Table S14C). This contributed to the increased overall representation of
CRICs in total corneal cells in 6 mo KO mice (Tables S6).

Similar to our manual cell-type identification result, SingleR/ImmGenData analysis
identified only a small fraction of CRICs as MCs (1.27%, or 26 out of 2044 of all CRICs),
which were predominantly distributed in Clusters 2 (65.4% of all MCs)(Fig.6B; Table 5;
Table S14A), consistent with the observation of the highest percentage of Ccr2+ cells in
Cluster 2 (Fig.5A,C; Tables S10&S13). An even smaller fraction (0.78%, or 16 out of 2044
of all CRICs) was recognized as DCs (Fig.6C; Table 5; Table S14A), which were also
predominantly (~93.8%, or 15/16) distributed in Cluster 2, in close vicinity to the MCs
(Fig.6B&C; Table 5; Table S14A). These data suggest that Cluster 2 may represent the
newly arrived MCs from which most of the other types of myeloid cells are derived in

the corneal niche. Consistent with this hypothesis, a single-cell trajectory analysis using
publicly available Monocle 2 software[98] placed Cluster 2 in the center of the trajectory
tree, suggesting divergent directions and/or states of differentiation towards other myeloid
clusters (Fig.6F).

Analysis of the original sources of these MCs and DCs showed that both were derived from
6 mo mice, but not detected from 2 mo mice (Table S14C). In 6 mo WT mice, both MCs
and DCs accounted for 0.95% of all CRICs or 0.01% of all corneal cells (Table S14C),
suggesting enhanced diversity of CRICs with age. In 6 mo KO mice, the numbers of MCs
and DCs were increased and accounted for 5.17% and 3.45% of CRICs or 0.17% and 0.06%
of all corneal cells, respectively (Table S14C), suggesting that miR-183C limits the number
of MCs and DCs in the homeostatic cornea.

Analysis of the transcriptomes of the M¢, DCs and MCs in Cluster 2 identified a series of
signature genes of these myeloid cells in this cluster (Fig.6E; Table S15). Consistent with
their identities of M¢ or DCs, Gene Ontology (GO) analysis showed that the Cluster-2 M¢
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were signified by the expression of effector molecules involved in complement activation
(Clga, Clgb, Ciqc), leukocyte chemotaxis (Cxcl2 and Pf4), and regulation of innate
immune responses (ApoE and Treme2); while DC signature genes are most enriched with
genes involved in APP, e.g. MHCII molecule H2-DMb2 and TAP1, and adaptive immune
response and immune system process, e.g. Msfsd6, Tapl, Jmal, and H2-DMb2 (Table S15).

3.1. miR-183C regulates the differentiation of APP ResM¢—Although the naive
cornea has few DCs (Fig.6C), corneal ResM¢ are endowed with different expression levels
of APP-related genes. Cluster 0 showed the highest expression of APP-related genes
(Fig.7A-C; Table S10-12). GO term and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses showed that SigGenes of Cluster 0 were overwhelmingly
enriched with genes involved in APP signaling pathways, e.g. MHCII molecules, H2-Aa,
H2-Ab1, H2-Eb1, Cd74 (Fig.7A-C; Tables S16&S17). Following Cluster 0, Clusters 1,

2, 4 and 9 manifested gradually decreased levels of APP marker expression (Fig.7A-C),
suggesting a possible gradual differentiation to APP M¢ from the MCs in Cluster 2 (Fig.6F-
a). Cluster 7, consistent with their lymphocyte identity, showed little APP gene expression
(Fig.7A-C).

The representations of clusters with highest expression levels of APP genes, including
Clusters 0, 1, 2 and 4, were drastically decreased by approximately 6.88, 2.49, 1.66 and 6.63
folds, respectively, in the KO vs WT control mice at 6 mo, although their representations
were at similar levels at 2 mo (Fig.3; Table S9). This result suggests that miR-183C
positively regulates the differentiation towards APP ResM¢; when miR-183C is inactivated,
APP ResM¢ differentiation is inhibited. Since miRNAs regulate their downstream genes

in a quantitative manner, this inhibitory effect accumulates with age, resulting in profound
changes by 6 mo.

3.2. Inactivation of miR-183C results in the emergence of a subpopulation

of ResM¢ signified of enhanced potentiation of M2 polarity.—While the
representation of APP ResM¢ declined in 6 mo KO mice, a subpopulation of corneal
ResM¢ unique to the KO mice emerged — Cluster 3 (Fig.3; Table S9). Functional annotation
analysis showed that key genes involved in metabolic pathways were significantly enriched
in the SigGenes of Cluster 3 (Tables S11,5S12,518&S19). Metabolic status is known to play
a central role in M¢ polarity and functions. M1-polarized M¢ mainly engage in aerobic
glycolysis even under normoxic conditions [99, 100], and HIF-1 is a major driver of
glycolytic gene expression [99, 100]; while M2 polarization depends on a fully functional
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHQOS) activity, although
an intact glycolytic pathway is also required to feed into the TCA cycle [99, 100]. The

most striking feature of Cluster 3 was that one of the most prominent hallmark genes of
alternative immune response or M2 polarization, Arginase (Arg)1, was its No.1 SigGene
(Fig.8A&B; Tables S11&S12). In addition, other genes important for M2 polarity, e.g. genes
involved in OXPHOS pathways, e.g. Cox5a/b, Cox6al/bl/c, Atp5Sb/e/gl, Atp6vOb/Oe/1f/
1g1, Cycs, Uqcrg, Uqcrb, etc, were also significantly enriched (Table S19). Consistently,
GO analysis showed significant enrichment of GO terms of mitochondrial electron transport
and cell redox homeostasis (Tables S20&S21). These data suggest ResM¢ of Cluster 3 are
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metabolically highly active and are potentiated toward M2 polarity. Intriguingly, key genes
involved in M1 polarization-related pathways, such as glycolysis, carbon metabolism, HIF-1
signaling pathway, e.g. Aldoa, PKM, Gapdh, Enol, Tpil, Ldha, PGK1, were also highly
enriched in the SigGenes of Cluster 3 (Fig.8A&B; Tables S18-21), suggesting a potential
M1/M2 hybrid polarity[101-103]. These data collectively indicate that miR-183C limits the
extent of the potentiation of M2 and/or M1/M2 hybrid polarities; inactivation of miR-183C
enhances the differentiation toward M2 and/or M1/M2 hybrid polarities.

3.3. Corneal ResMé¢ are reprogrammed to adopt corneal specific functions
by expressing genes important for extracellular matrix (ECM) production

and organization.—In addition to metabolism-related genes, many genes encoding key
ECM components, ECM organization and cell-ECM interaction regulators, e.g., Vim[104],
Galectin-3 (Lgals3)[105, 106], Tgfp-induced gene (Tgfbi, also known as Big-h3 and
keratoepithelin)[107-109], fibronectin (Fn1)[110], secreted phosphoprotein 1 [Sppl, also
known as osteopontin (Opn)][111-114] and fatty acid-binding protein 5 [Fabp5, also known
as Fabp-epidermal (E-Fabp)][115, 116], were also enriched in Cluster 3 (Fig.8C-E; Tables
S10-12). Furthermore, SigGenes of Cluster 3 also included cytokines regulating cellular
interaction with ECM and chemotaxis, e.g. Ccl6, Ccl9, platelet factor 4 (Pf4, also known
as Cxcl4) and Cxcl14 (Fig.8C-D; Tables S10-12). Although the expression level was the
highest in Cluster 3, these ECM-related genes were also expressed in the other ResM¢
clusters. Their expressions in Cluster-3 M¢ were comparable to, some were even higher
than, the ones in CSKC/CEndoC and/or CEpiCs (Fig.8E; Tables S4&S10). ECM is a major
component of the cornea and plays essential roles in keeping the structure, transparency
and other functions of the cornea[3, 108]. These data suggest that corneal ResM¢ adopt
tissue-specific functions to contribute to ECM production and organization, and hence, the
basic structure and functions of the cornea.

3.4. Naive cornea is endowed with resident fibrocytes; miR-183C regulates
the size of this population.—The transcriptome of Cluster 6 was highlighted with
SigGenes of both myeloid cells, e.g. Csflr, Itgam (Cd11b) and Lyz2 (Fig.4) as well

as fibroblasts (Fig.9; Tables S11&S12). Genes encoding the major components of

corneal stromal ECM, e.g., Collal, Colla2, Col5al, Col12al, and genes regulating ECM
organization, e.g., keratan sulfate proteoglycan (KSPG) family members, Kera and Lum[1,
3], small leucine-rich proteoglycan, Decorin (Dcn)[117, 118] and alpha2-macroglobulin
(A2M)[119] were among the top SigGenes of Cluster 6 (Fig.9A&B; Tables S11&S12).
Many other collagen genes are also enriched the SigGenes of Cluster 6, including Col4al,
Col5a2, Col6al/2/3, Col7al, Col8a2, Colllal, Col13al, Coll6al, and Col23al (Tables
S10&S11). Another prominent feature of Cluster 6 was its highly, specific expression of

a hematopoietic stem marker, Cd34 (Fig.9A&B). Therefore, cells in Cluster 6 carried all
the hallmarks of fibrocytes - simultaneous expression of hematopoietic markers, CD45
and CD34, and collagens[120-123]. Hence, we identified Cluster 6 represents previously
unidentified corneal resident fibrocytes (CRFs) at homeostatic state. The “fibroblasts”,
“stromal cells” and “M¢” identified by SingleR in Cluster 6 (Table S14) are possibly
subtypes of CRFs. That SingleR analysis using the ImmGenData failed to recognize CRFs is
a result of lack of the fibrocyte category in the ImmGenData[97].

Ocul Surf. Author manuscript; available in PMC 2024 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 12

Tgfp pathways are known to play important roles in corneal development, corneal stromal
ECM production and organization, fibrosis and wound healing[124, 125] as well as in
fibrocyte function[126, 127]. Consistent with the fibrocyte identity, Tgfp2 is highly enriched
in Cluster 6 (Fig.9A&B). GO analysis confirmed that SigGenes of Cluster 6 were enriched
with genes involved in collagen fibril organization, collagen biosynthetic process, ECM
organization, cell migration and wound healing (Table S22). Functional pathway analysis

of the SigGenes of Cluster 6 identified significant enrichment of ECM-receptor interaction
pathways (Fig.9C; Table S23).

At 2 mo, Cluster-6 CRFs accounted for 28.3% and 16.5% of CRICs (Fig.9D), and 0.46%
and 0.25% of total corneal cells of WT and KO mice, respectively (Fig.9E; Table S9D). This
frequency of CRFs in the cornea is within the range of fibrocyte frequency in circulating
non-erythrocytes of peripheral blood[120, 128]. Considering that on average mouse cornea
contains at least 128,715 cells/cornea (Table S1), we estimate that there are approximately
596 and 321 CRFs per cornea in 2-mo WT and KO mice, respectively (Fig.9F). This data
suggests that inactivation of miR-183C resulted in a decreased number of CRFs in the
cornea of KO vs WT mice at 2 mo. However, at 6 mo, Cluster-6 CRFs accounted for 14.3%
and 13.22% of CRICs (Fig.9D), and ~0.2% and 0.44% of all corneal cells of WT and KO
mice, respectively (Fig.9E; Table S9D), which estimates ~257 and 566 CRFs per cornea of
WT and KO, respectively (Fig.9F; Table S9D). These data indicate that from 2 mo to 6 mo,
the number of CRFs per cornea was decreased (by ~56.6%) in WT mice, while increased
(by ~76%) in KO mice; suggesting miR-183C regulates the size of the CRF population in
steady-state cornea and has different effects at different ages.

GO and KEGG pathway analyses both revealed that SigGenes of Cluster 6 were also
enriched with clock genes regulating the circadian rhythm pathway, e.g. Clock, Bhlhe40,
Bhlhe41, Nrld1, Per3, and Rora (Fig.S14; Tables S22&S23), suggesting that CRFs in the
cornea may function with a circadian rhythm to cope with corneal ECM maintenance in a
24-hour cycle.

3.5. Mouse corneas are endowed with resident neutrophils; miR-183C
modulates the number of corneal resident neutrophils (CRNs)—Cluster 8 was
only detected in the cornea of 6 mo, but not 2 mo mice (Table S9D). SigGene analysis
revealed that Cluster 8 was highlighted by pro-inflammatory cytokine and receptor genes,
e.g. l11b, 111r2, Cxcr2, Csf3r, S100a8, S100a9, Ptgs2, Mmp9, Clec4e, Ifitm1, suggesting
enrichment of M¢ with pro-inflammatory M1 polarity (Fig.10A&B; Tables S11&S12).
Consistently, GO analysis revealed significant enrichment of pro-inflammatory GO terms,
e.g., response to lipopolysaccharide, leukocyte migration involved in inflammatory response,
positive regulation of nitric oxide biosynthetic process, positive and negative regulation

of the inflammatory response (Fig.10C; Table S24). However, GO analysis also revealed
enrichment of important neutrophil-related biological functions, e.g. neutrophil chemotaxis,
positive regulation of neutrophil degranulation (Fig.10C; Table S24). In accordance, KEGG
pathway analysis identified that SigGenes of Cluster 8 were enriched in neutrophil
extracellular trap (NET) formation, leukocyte transendothelial migration and NOD-like
receptor signaling pathways (Fig.10D; Table S25), suggesting that Cluster 8 may contain
neutrophils.
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Consistent with this prediction, unbiased cell type identification using SingleR/ImmGenData
of Cluster 8 cells revealed that it indeed contained two major populations: neutrophils
(55.7%. 34/61) and M¢ (41.0%. 25/61) (Fig.11). SigGenes of the neutrophils in Cluster

8 were enriched with genes involved in neutrophil functions, e.g. neutrophil chemotaxis,
neutrophil aggregation, and inflammatory responses (Fig.11C; Tables S27&S28); while the
M¢ in Cluster 8 were predominantly enriched with genes involved in APP and modulation
of adaptive immune responses (Fig.11C; Table S29). Comparison of the transcriptomes of
the neutrophils and M¢ of Cluster 8 (Table S30) with other CRIC clusters revealed that, the
expression levels of pro-inflammatory cytokines and related molecules in Cluster-8 M¢ were
much higher than all other CRIC clusters (Fig.S15; Table S31), suggesting that Cluster 8
contained ResM¢, which are potentiated towards pro-inflammatory M1 polarity.

Analysis of the source of the Cluster 8 cells revealed that they were only detected in the
corneas of 6 mo but not in 2 mo mice (Tables S9&S26). At 6 mo, the M1-potentiated M¢
were only identified in the KO, but not WT mice (Table S26); the neutrophils were increased
in the KO (3.4%) vs WT control mice (1.0% of CRICs)(Table S26). This result suggests

that the diversity of CRICs is enhanced by age; miR-183C limits the potentiation of corneal
ResM¢ towards the pro-inflammatory M1 polarity and the number of CRNSs in naive adult
cornea.

3.6. Adult mouse cornea contains proliferative differentiated M¢; inactivation
of miR-183C expands this population—Cluster 9 is a subpopulation of corneal
ResM¢ (Figs.4—7; Table S14). Consistent with this, the top 100 genes of Cluster 9

were significantly enriched with APP and immune response-related GO terms (Table

S32). Intriguingly, SigGenes of Cluster 9 were almost exclusively enriched with cellular
proliferation-related GO terms (Table S33). Similarly, Reactome pathway analysis[129]
showed prominent enrichment of cell cycle-related pathways (Table S34).

Ki67 is a proliferative cell marker expressed in all stages of a cell cycle except the GO
phase[130]. Consistent with the bioinformatic findings, Ki67 was highly enriched in the M¢
of Cluster 9 (Fig.12A&B). 47.1% of the cells in Cluster 9 expressed Ki67, which accounted
for approximately 32.7% of all Ki67+ CRICs (Table S35A). This result suggests that adult
mouse cornea is endowed with proliferative M¢ under homeostatic condition, which are
predominantly represented in Cluster 9.

Comparing WT and KO mice, the total number of Ki67+ CRICs were increased in the KO
mice (2.63%) vs WT mice (1.83% of all CRICs)(Fig.12C; Table S35B). In Cluster 9, KO
mice also showed a higher percentage Ki67+ cells in Cluster 9 (55.0%) when compared to
the WT mice (35.7%)(Table S35B), suggesting that miR-183C limits CRIC proliferation;
inactivation of miR-183C enhanced the proliferation of CRICs in the homeostatic cornea.

M¢ expressing APP markers, e.g. Cd74, MHCII genes H2-Aa, H2-Abl, H2-Eb1, are
considered differentiated and functionally matured M¢. Intriguingly, all Mki67+ cells in
Cluster 9 co-expressed one or more APP markers (Table S36; Figs.7&12). The majority
[87.5% (14/16)] of MKki67+ cells co-expressed all four APP markers. These data suggest that
proliferative M¢ in naive mouse corneas are differentiated, if not fully mature M¢, which
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may provide a potential mechanism for the cornea to timely replenish functional M¢ to meet
their constant surveillance duty.

3.7. Adult mouse cornea contains microglia (MG)-like resident M¢—Unbiased
cell type identification by SingleR/ImmGenData [68, 97, 131] recognized 12 MG in the
pooled CRICs (~0.59%), which were distributed in M¢ Clusters 0 (n=3), 1 (n=4), 4 (n=1), 5
(n=3) and 9 (n=1) (Table S14). We identified a series of SigGenes of microglia-like cells in
the cornea (Table S37), the top 10 of which Ssnal, Smchdl, Prdx4, Ppfia4, Lsm8, Ankrd49,
Stxbp2, Ndel, Sival and Ube2g2.

At 2 mo, the MG-like M¢, distributed in Clusters 0 and 9, accounted for 2.65% (3/113) of
all CRICs, or 0.043% of all corneal cells in WT mice(Table S38); while in KO mice, 1.03%
(1/97) of CRICs (in Cluster 0) or 0.015% (1/6526) of all corneal cells were identified as
MG-like M¢ (Table S38). Considering that, on average, 128,715 cells/cornea were isolated
(Table S1), we estimated ~56 and 20 MG-like M¢/cornea of WT and KO mice, respectively
(Table S38). At 6 mo, no MG was detected in the CRICs in WT mice; while only 1 MG (in
Cluster 5) was detected in KO mice, accounting for ~0.57% (1/174) of CRICs or 0.019%
of all corneal cells (Table S38). These data suggest that, from 2 to 6 mo, the number of
MG-like M¢ was decreased in the cornea of WT mice, but stayed stable in KO mice,
although their transcriptomes shifted from 2 to 6 mo.

4. miR-183C regulates corneal resident lymphocytes, including innate lymphoid cells
(ILCs), NKT cells and 8T cells.

As described above, Cluster 7 CRICs represent CRLs (Fig. 4;Table S39). KEGG pathway
analysis of the SigGenes of Cluster 7 revealed significant enrichment with genes in the

T cell receptor signaling pathway (Fig.S16; Table S40). Comparing KO vs WT mice, the
relative representation of Cluster 7 in CRICs was consistently increased in the KO vs WT
mice at both 2 mo (undetected in WT; 2.06% in KO mice) and 6 mo (2.86% in WT; 4.60%
in KO mice)(Fig.3; Fig.S11; Table S9D), suggesting that miR-183C limits the number of
CRLs in naive mouse cornea.

The second most enriched pathway of Cluster 7 SigGenes is the Th17 cell differentiation
pathway (Fig.13C; Table S40). Congruently, IL-17a and its transactivator, Rorc were among
the prominent SigGenes of Cluster 7 (Fig.13A&B). IL-17a was expressed in 38.9% (35 of
90) of Cluster 7 cells, which accounted for >85% (35 out of 41) of all IL-17a-producing
CRICs in the cornea (Table S41), suggesting that CRLs are the major source of innate
IL-17-producing cells in naive mouse cornea.

To further dissect the cellular identities of the CRLs in Cluster 7, we performed unbiased
cell type identification using SingleR/ImmGenData. The result showed that Cluster 7 was a
heterogenous population (Fig.14; Fig.S17). The majority of Cluster 7 cells were identified
as ILCs (n=46; 51.1% of Cluster 7 cells), followed by NKT cells (n=29; 32.2%) and y6T
cells (n=4; 4.4%)(Fig.14; Fig.S17). In addition, SingleR also identified M¢ (n=7; 7.8%)
and one of each of DC, NK and T cells (~1.1% of Cluster 7 cells) (Fig.14; Fig.S17).
Among these different cell types, 37% of ILCs, 44.8% of NKT, 25% of y8T and 57.1%

of M¢ of Cluster 7 express IL-17a (Table S42), suggesting the existence of IL-17-produing
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ILC3, NKT17, y8T17, and innate IL-17-producing M¢ in naive mouse cornea. Unbiased
re-clustering of Cluster 7 cells did not further improve the segregation pattern of different
cell types(Fig.14B; Fig.S17A), possibly reflecting the intrinsic similarities among these
different innate lymphocyte populations[132-140]. Congruently, transcriptomic analysis of
the SingleR-identified cell types of Cluster 7 revealed fewer SigGenes distinguishing the
ILCs, NKT and y8T cells (Fig.S17B; Tables S43&S44).

Analysis of the sources of CRLs of Cluster 7 (Table S45B) showed that, for ILCs, at 2 mo,
none was detected in the total corneal cell sample of WT mice; while 2 ILCs were detected
in KO corneas, which accounted for ~2.06% (2/97) of CRICs and ~0.031% (2/6526) of
total corneal cells]. Considering that, on average, mouse cornea contains at least 128,715
cells/cornea (Table S1), it estimated ~39 ILCs/cornea of KO mice at 2 mo (Table S45B).

At 6 mo, 2 ILCs were detected in WT cornea, accounting for ~1.90% (2/105) of CRICs

or ~0.027% (2/7402) of total corneal cells, which estimates ~35 ILCs/cornea of 6-mo WT
mice. In the 6-mo KO mice, 7 ILCs were detected, which accounted for ~4.02% (7/174) of
CRICs or 0.13% (7/5282) of total corneal cells and an estimate of 171 ILCs/cornea of 6 mo
KO mice (Table S45B). These data suggest that the numbers of ILCs were increased in 6 vs
2 mo of both WT and KO mice; and were increased in the KO vs WT mice at both ages.
Data from the CD45+ MACS enriched CRICs corroborated with the observation on ILCs
from the total corneal samples (Table S45B).

NKT cells are rarer than ILCs in the cornea. In the total corneal cell samples, they were
too few to be detected in either WT or KO mice at 2 mo; while only 1 was detected in

WT and KO mice at 6 mo (Table S45B). To gain any quantitative insight into the NKT
population, we tapped into the data derived from the CD45+ MACS enriched CRICs, it
showed that 0.26% (1/383) of CRICs were detected as NKT cells in the WT mice, while
2.22% (26/1172) of CRICs in the KO mice were identified as NKT cells (Table S45B).
These data collectively suggest that NKT cells were also increased in 6 vs 2 mo mice
regardless of their genotypes; inactivation of miR-183C resulted in an increased number of
NKT cells in the cornea, at least at 6 mo.

None of the other cell types of Cluster 7, including y8T (n=4), were detected in the total
corneal cell samples of either WT or KO mice at either 2 or 6 mo, suggesting their extreme
rarity. They were only detected in the CD45+ MACS-enriched CRICs. For the y&T, they
were only present in the MACS-enriched CRICs of the KO mice [~0.34% (4/1172)], but not
in the ones from the WT mice (n=383), suggesting a potential increase of y&T in the cornea
of 6-mo KO vs WT mice.

Discussion

Based on >26,000 single-cell transcriptomes of total corneal cells, we established the

first molecular classification and cellular catalog of steady-state mouse cornea at 2 and

6 mo. Our data provide an unprecedented body of new reference knowledge of mouse
cornea, including the transcriptomes of all subtypes of CEpiCs, CSKC/CEndoC and CIRCs
and the relative representations of all types and subtypes of corneal cells — the cellular
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landscape of the cornea. In the past, using the traditional methodologies, e.g., histology,
immunohistochemistry, immunofluorescence, FACS, etc, numerous pioneering studies have
identified and quantified different cell types of the cornea based on their morphology
and/or expression of specific marker genes. However, these studies characterized only one
or several cell types at a time because of the limitations on the number of distinguishing
markers, and therefore, can only obtain partial views of the corneal cellular biology. The
systems biology approach of scRNA seq allows us to characterize, catalog and quantify

all corneal cells at once based on their sc transcriptomes. Although several recent reports
described scRNA seq studies of the cornea, these reports either focused on the limbal region
and/or the adjacent conjunctiva [43-48], and therefore, cannot provide precise information
of the cornea per se. In our study, the SCRNA seq was performed on corneal cells of carefully
dissected entire cornea anterior to the limbus; our data provide the first complete molecular
catalog of the adult mouse cornea.

Comparison of the corneal cellular landscapes of 2 vs 6 mo WT mice, our data provide
one of the first systems biology evidences that the cellular composition of adult cornea

on a global scale is dynamic in nature. Although the cellular composition of the major

cell types remained stable, the relative representations of many subtypes of all major cell
types change from 2 to 6 mo, suggesting adaptative shift of corneal cellular landscape to
cope with the increasing exposure of the environment to maintain the homeostasis of the
cornea. We predict that under different environments, the corneal cellular transcriptomes
and landscapes vary in response to different stimuli. Further study of the transcriptomic
and cellular landscape changes under different environments, especially toxic environments,
may provide new molecular mechanisms underlying the loss of homeostasis leading to the
pathogenesis of environmental factor-related diseases, e.g. air pollution-associated dry-eye
diseases[141, 142].

CRICs are known to play important roles in the normal development and functions of the
cornea at its steady state and pathological conditions[15-28]. However, CRICs are a rare yet
heterogenous population [8, 29, 30] and are embedded in the densely-packed corneal tissue.
These factors have imposed major challenges to the studies on CRICs. Recently, several
SCRNA seq studies on CRICs have emerged. However, most of these reports dealt with the
limbal region and/or included conjunctiva and other ocular tissues of human cornea [40-48,
143-145]; few detected substantial number of CRICs from mouse cornea. Some focused on
FACS-sorted subpopulation of CRICs, e.g., CD45+CD3-CD19-Ly6G- myeloid cells from
mouse cornea, ciliary body and retina[7], therefore, cannot provide molecular classification
and catalog of all mouse CRICs and their relationships to other corneal cell types. Therefore,
to-date, our knowledge on CRICs remains limited or fragmented; there still lacks a complete
molecular classification and catalog of mouse CRICs. To fill this knowledge gap, we made
CRICs the focus of the current study.

Based on, by far, the highest number of sc transcriptomes of mouse CRICs in one study
(2044), this report provides the first in-depth molecular classification and catalog of CRICs
of steady-state mouse corneas (Table 6). We identified 9 clusters of CRMCs, including at
least 6 different cell types (M¢, MCs, DC, MG-like M¢, Fibrocytes, Neutrophils) and 1
cluster of CRLs, including at least three different cell types (ILCs, NKT and y8T cells). Our
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data provide a new body of reference knowledge of CRICs, including the transcriptomes of
all clusters and different types of CRICs and their relative representations in the cornea and
their age-related changes in relation to other corneal cell types.

More importantly, we discovered several previously unrecognized new types of myeloid
cells in naive mouse cornea. First, although a very rare population in 6 mo WT mice

(0.95% of CRICs), we identified that naive mouse corneas are endowed with resident
neutrophils. Neutrophils are the most abundant circulating leukocytes within the blood
stream. For years, neutrophils are considered to be present exclusively in the circulation
under physiological conditions. They infiltrate rapidly into tissues only after injury or
infection, a process that is critical for the elimination of pathogens and tissue repair;

while naive tissues are free of these cells to be protected from their toxic cargo[146-149].
Recently, it has been shown that resident neutrophils are present in virtually all analyzed
tissues under homeostatic condition, e.g., the lung, liver and spleen[147-154]. Tissue
resident neutrophils are rapidly reprogrammed to acquire tissue-specific transcriptional
signatures and non-canonical functional properties to support the physiological demands

of their host tissues[154]. In the cornea, neutrophils are known to play a major role in
corneal infectious diseases[155, 156]; however, resident neutrophils in naive cornea have not
been reported. Our finding of CRNs in naive mouse cornea will have important implications
to the understanding age-related differences in innate immunity of steady-state cornea,
corneal response to microbial infection or injuries and considerations of different treatment
strategies.

Second, fibrocytes are collagen-producing leukocytes[120, 122] and are considered to

arise from circulating MC precursors[121, 122]. Fibrocytes play important roles in ECM
production and organization, tissue remodeling, wound healing and fibrosis in diverse
physiological and pathological settings[126, 127, 157-160]. Although infiltrating fibrocytes
from the circulation have been reported in the cornea after phototherapeutic keratectomy
(PTK)[127, 161] and in patients with Fuchs’ dystrophy[162], CRFs have not been identified
in naive cornea. In this study, for the first time, we identified that CRFs exist in naive mouse
cornea at a frequency similar to the one of circulating non-erythrocytes of peripheral blood
(0.1-0.5%) [120, 128]. Our finding of CRFs in naive mouse cornea provides new insights
into the basic corneal biology. CRFs may be a previously unidentified, important player in
the maintenance of ECM production and organization, and therefore the normal architecture
and transparency of steady-state cornea. The existence of CRFs also provides a plausible
mechanism underlying the swift enhanced appearance of fibrocytes in damaged cornea, e.g.
after PTK procedure[127, 161] and other corneal injuries.

In addition to the discovery of CRFs in steady-state cornea, we provide evidence that
corneal ResM¢ are reprogrammed to support basic structure and functions of the cornea by
expressing genes important for ECM construction and organization, e.g. Tgfbi, Vim, Lgals3/
Galectin3, Fnl, Spp1/Opn and Fabp5 [107-112, 114-116, 163-168]. Collectively, these data
suggest that CRMCs, including ResM¢ and CRFs, play important roles in ECM production
and organization, and therefore, the maintenance of corneal basic architecture and function.
Additional functional studies will be needed to confirm these hypotheses.
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Innate lymphocytes, including ILCs, NKT cells and y8T cells, are enriched in mucosal
tissues interfacing with the environment. They are innate counterparts of the adaptive
immune system’s helper T cells. Upon injury or microbial invasion, innate lymphocytes
mount a swift inflammatory response independent of interactions with MHCII-presented
antigens, bridging the innate and adaptive immune response [134, 135, 138, 140, 169-172].
Although ILCs[173-178], NKT cells[179-184] and y8T cells[18, 27, 185-192] have been
described in the cornea and/or conjunctiva, all these reports described one type of the innate
lymphocytes under various pathological conditions and mostly in the limbal region and/or
conjunctiva. However, the status of CRLs in naive mouse cornea is still unknown. In this
report, we identified that a small fraction (<3%) of CRICs in the naive mouse cornea are
resident lymphocytes, including at least three types of innate lymphocytes, ILCs, NKT

and y8T cells. Innate IL-17-producing cells are regarded as the sentinels of the immune
system and are important in the maintenance of the mucosal barrier integrity under steady
state, as well as pathological conditions[193-197]. Our data further revealed that CRLs

are the major source of innate 1L-17-producing cells in the cornea. All three subtypes of

the CRLs produce IL-17a, suggesting the existence of IL-17-producing ILC3, NKT17 and
¥8T17 in steady-state cornea. To our knowledge, our report is the first in-depth molecular
characterization of CRLs in naive mouse cornea, suggesting that resident lymphocytes play
a role in maintaining corneal homeostasis. Similar as other corneal cell types, the cellular
landscapes of CRICs change with age, suggesting that age-related adaptation of CRICs to
maintain the homeostasis of the cornea. Intriguingly, MCs, DCs and neutrophils (resident
myeloid cells) and ILCs, NKT and y8T cells (innate lymphocytes) were only detected in the
cornea of 6 mo, but not 2 mo WT mice. It is possible that these cell types may be too few to
be detected in 2 mo corneas under the current experimental conditions. Nevertheless, these
data suggest that the diversity of CRICs increases with age.

Previously, we have shown that, in the cornea, miR-183C is known to be specifically
expressed in both the sensory nerves and CRICs[30, 64]; inactivation of miR-183C results
in decreased corneal sensory nerve density and levels of neuropeptides[64] and increased
number of CRICs and basal expression levels of both pro- and anti-inflammatory cytokines
in the ResM¢ [30]. Our scRNA seq data in this study corroborate our previous findings of an
overall increased number of CRICs in miR-183C KO mice[30]. Our data and revealed wide-
spread changes of the relative representations of subtypes of CEpiC and CSKC/CEndoC

in the miR-183C KO vs WT mice, suggesting that miR-183C KO-resulted changes in

the corneal niche lead to transcriptomic shifts of subtypes of CEpiC and CSKC/CEndoC,

an extrinsic function of miR-183C on corneal development. In CRICs, our data revealed
enhanced numbers of MCs, DCs and neutrophils among CRMCs as well as all subtypes of
CRLs in the KO vs WT mice. Furthermore, the numbers of proliferative CRICs (Ki67+) are
also increased in KO vs WT mice. These data suggest that miR-183C regulates the number
and diversity of CRICs in steady-state cornea, and that its regulation on the size of the CRIC
population is, at least in part, through controlling their /n situ proliferation in the cornea.

The effects of miR-183C on different types of CRICs appear to be highly cell-type specific.
The most striking effect of miR-183C in CRICs is that inactivation of miR-183C led to the
emergence of two subpopulations of ResM¢, unique to miR-183C KO mice. The signature
genes of these two subpopulations are enriched with either M1 (M¢ in Cluster 8) or M2
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(Cluster 3) markers, suggesting their potentiation towards either pro- or anti-inflammatory/
pro-healing properties. Both subpopulations are undetected in 2 mo, but emerge in 6 mo
mice exclusively (for Cluster 3) or predominantly (for Cluster 8) in KO mice. These data
support a hypothesis that, under physiological condition, the cornea contains ResM¢ with
potentials toward either M1 and/or M2 polarities to maintain its homeostasis and ensure its
readiness to respond to various insults; miR-183C curtails the extent of their differentiation
toward either end of the spectrum to moderate both pro- and anti-inflammatory functions.
When miR-183C is inactivated, subpopulations towards both ends of the spectrum emerge.
Since miRNAS’ regulation of gene expression is quantitative in nature, it takes time to
accumulate the effect, leading to the emergence of these subpopulations only in 6-mo mice.
Collectively, our data suggest that miR-183C may serves as a cell type-specific checkpoint
for CRICs. Further analyses of the difference between the sc transcriptomes of various types
of CRICs of KO vs WT mice may identify cell type-specific targets of miR-183C underlying
the mechanisms of its cell type-specific effects.

Our results show that, at the transcriptomic level, only a few MCs and DCs existed in

the adult mouse cornea. This observation suggests that, once entering the cornea, MCs
quickly downregulate their original signature genes and differentiate into M¢. Similar
phenomena have been reported in other tissues. In liver, for example, MCs acquire Kupffer
cell identity within hours after liver engraftment[198]. Our observation of few DCs in
naive mouse cornea is consistent with a recent report in central nervous system (CNS)[36].
However, it appears to be contradictory to other reports of various DC populations in the
cornea[12, 13, 93]. This discrepancy may be due to the differences between expression
levels of classical DC marker genes at transcriptional and protein levels and the differences
of the methodologies. In the previous reports, identification of DCs by either FACS or
immunostaining relied on the expression of specific cell markers, rather than their sc
transcriptomes. Further investigations with a comprehensive panel of different approaches
are needed to validate the representation of DCs in naive mouse cornea.

Several limitations in the current study need to be addressed in future endeavors. First,
despite unprecedented numbers of sc transcriptomes of total corneal cells were obtained,
due to the rarity and diversity of CRICs, the number of several subpopulations of CRICs,
e.g., the MCs, DCs, neutrophils and innate lymphocytes, remain too low for a reliable
detection and thorough evaluation, especially in the 2 mo mice. For this reason, the relative
representation of some of these cell types in the cornea may be skewed and need to be
further validated. Second, since the major focus of this study is on CRICs and the global
impact of age and miR-183C knockout on the cellular landscape of the cornea, we did

not fully characterize all the subtypes of CEpiCs and CSKC/CEndoC. Major effort will

be needed to further elucidate the functions of all subtypes of corneal cells in relation

to their transcriptomes. Third, the results of this report are based on sScCRNA seq data,
lacking further validation using other independent methods. For example, although we
identified CRFs and CRNs, their localization and spatial distribution need to be confirmed
by other methodologies, e.g. IHC and/or FACS. Furthermore, although numerous differences
in percentage or number (or both) of these cell types were found between 2- and 6-mo
mice or between WT and KO strains, many of these were small (<1 to 5%); the functional
significance of these differences remains to be determined. The roles of newly identified
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CRFs and CRNs in the development and homeostasis of the cornea need to be further
defined.

In spite of these limitations, this study establishes the first in-depth molecular classification
and cellular catalogs of mouse cornea and CRICs based on their sc transcriptomes. It
identified age-related changes of corneal cellular composition and discovered previously
unrecognized new types of CRICs and new transcriptomic features corneal ResM¢
indicative of cornea-specific functions. In addition, this study provides new insights into the
roles of miR-183C in shaping the cellular landscape of the cornea. It also lays the foundation
for systems-biology studies of the molecular mechanisms underlying corneal development
and the pathogenesis of corneal diseases at a global scale and the development of informed
therapy.
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Highlights

Corneal cellular composition and transcriptomes shift in naive WT mice
from 2 to 6 months old (mo), suggesting age-related adaptation to maintain
homeostasis. Inactivation of miR-183C disrupted the stability of major
cellular composition and age-related transcriptomic shifts of subtypes of
corneal cells.

The diversity of CRICs enhances with age. There exist previously
unrecognized resident neutrophils and fibrocytes in naive mouse cornea.

Corneal resident macrophages (ResM¢) adopt cornea-specific function by
expressing extracellular matrix (ECM) and ECM organization-related genes.

Adult naive cornea is endowed with partially differentiated, proliferative
ResM¢, providing a potential mechanism of quick amplification of functional
Mé.

The resident lymphocytes are comprised mainly of innate lymphoid cells
(ILCs), followed by NKT and y8T cells. They are the major source of innate
IL-17a.

miR-183C limits the number and polarity development of ResM¢, suggesting
that miR-183C serves as a checkpoint for the differentiation of CRICs.
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Figure 1.
Unbiased clustering of sc transcriptomes of total corneal cells. A. UMAP illustrating the

distribution of 20 different clusters of total corneal cells. B-K. Distribution and levels

of expression of corneal epithelial cell (CEpiC)(B-E), corneal stromal keratocyte (CSK)
(F&G), corneal endothelial cell (CEndoC) (H&I), and corneal resident lymphocyte (CRL)
markers (J&K). L. Collective distribution of annotated major corneal cell types in the
UMAP.
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Figure 2.
miR-183C modulates the transcriptomic landscape of corneal cells. A. Distribution of total

corneal cells from 2 and 6 mo WT and KO mice superimposed on the UMAP. B & C.
Overall representation of major cell types, including CEpiCs, CSK/EndoCs (B) and CRICs
(C) in total corneal cell samples of 2 and 6 mo WT and KO mice. D. Relative representation
of all clusters in total corneal cell samples of 2 and 6 mo WT and KO mice.
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Figure 3.
miR-183C modulates the transcriptomic landscape of CRICs. A. UMAP illustrating the

distribution of 10 clusters of the pooled CRICs; B-E. Inactivation of miR-183C results in
changes of the relative representations of different clusters of CRICs in 2 mo (B&C) and 6
mo mice (D&E). B&D. Distribution of CRICs from the total corneal samples of 2 mo (B)
and 6 mo (D) WT or KO mice superimposed on the UMAP of the pooled CRICs. C&E:
Relative representation of different clusters of CRICs of 2 mo (C) and 6 mo (E) mice (based
on data from total corneal cell samples).
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Figure 4.
Signature gene analysis of the pooled CRICs. A. Heatmap of signature genes of the 10

clusters of pooled CRICs; B-K. Distribution and levels of expression of myeloid (B-F) and
lymphocyte marker (G-K) on the UMAP (B-E; G-J) or violin plots (F, K).
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Distribution and levels of expression of known monocyte (MC) (A-C) and macrophage
(M¢)-marker genes in the pooled CRICs (D-J).
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Figure 6.

Component 1

Distribution of corneal resident M¢ (A), MC (B), dendritic cells (DC) (C) and microglia
(MQG) (D) identified by SingleR/ImmGenData in the pooled CRICs. E. Heatmap of
signature genes distinguishing M¢, MCs and DCs in Cluster 2. F. Distribution of different
myeloid cell clusters in a single-cell trajectory map and hypothetical divergent directions of
differentiation from Cluster 2 towards other myeloid clusters.
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Page 38

Corneal ResM¢ are endowed with antigen processing and presentation (APP) markers. A.
Violin plots; B. UMAP; C. Curve chart showing the expression of MHCII makers, H2Aa,
H2Ab1 and H2-Eb1, and Cd74 in different clusters of the pooled CRICs. D. Signature genes
of Cluster 0 are enriched in APP KEGG pathway. Star highlighted molecules or complexes
are the ones in the signature genes of Cluster 0.
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Figure 8.
Inactivation of miR-183C promotes M2 polarity and cornea-specific function of ECM

production/organization in corneal ResM¢. A,C. UMAP and B, D. Violin plots showing the
distribution and expression levels of key genes involved in M2 polarity (Argl), glycolysis
(including Aldoa, Pkm, Gapdh), and genes involved in ECM production, organization and
ECM-cell interactions. E. Comparison of average expression levels of ECM-related genes in
different clusters of the pooled CRICs with the ones in the total corneal cells.
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Figure 9.
The cornea is endowed with fibrocytes in Cluster 6. A, B: Expression patterns of signature

genes of Cluster 6 which are involved in corneal ECM biogenesis and remodeling pathways,
e.g. Collal, Collal, Col5al, Coll2al, Kera and Lum, Dcn, A2m, Tgfb2, and hematopoietic
cell marker, Cd34. C. Signatures genes of Cluster 6 are enriched in ECM-receptor
interaction signaling pathway (KEGG). Star labeled are in signature genes of Cluster 6.

The Cluster 6 signature genes involved in this pathway is listed in Table S22&S23. D,

E. Percentage of fibrocytes in CRICs (D) or all corneal cells (E) categorized by age and
genotypes. F. Estimated number of fibrocytes per cornea categorized by age and genotypes.
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Analyses of signature genes of Cluster 8 CRICs. A&B. Distribution and expression levels
of Cluster 8 signature genes; C. GO analysis of the signature genes of Cluster 8 CRICs;

D. Cluster 8 signature genes are enriched in the neutrophil extracellular trap formation

signaling pathway (KEGG). Star labeled are in signature genes of Cluster 8.
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A. Distribution of SingleR-identified M¢ and neutrophils on the UMAP of the pooled

wn®

gene ratio %

Macrophage in Cluster 8

Fold Enrichment
©

CRICs. Cluster 8 is enriched neutrophils. B. Heatmap of top 10 signature genes of

neutrophils and M¢ of Cluster 8. C. GO analyses of signature genes of the neutrophils

and M¢ of Cluster 8
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Cluster 9 is enriched with proliferative cells. A, B. Distribution and expression levels of
proliferative cell marker, Ki67; C. Relative representation of Ki67+ cells in all CRICs

categorized by genotypes.
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Figure 13.

miR-183C regulates corneal resident innate IL-17 producing lymphocytes. A,B. The
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distribution and levels of expression of IL-17a and Rorc in CRICs. C. Signature genes of
Cluster 7 are enriched in Th17 cell differentiation signaling pathway. Star labeled molecules

are in the signature genes of Cluster 7.
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Figure 14.
SingleR analysis of Cluster 7 identified heterogenous innate lymphocyte populations. A.

Heatmap of the prediction strength of Cluster 7 cells by SingleR. B. Unbiased re-clustering
of Cluster 7 cells.
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Table 1.

Number of sc transcriptomes obtained from total corneal cells

2mo 6mo  Subtotal

WT 6915 7402 14317
KO 6526 5282 11808

Subtotal 13441 12684 26125
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Relative representations of major cell types in mouse cornea

CEpiCs CSKCs/CEndoCs CRICs
WT_2 mo 27.22% 71.11% 1.68%
WT_6 mo 24.51% 74.05% 1.45%
WT_Average 25.86% 72.58% 1.56%
KO_2 mo 37.01% 61.49% 1.50%
KO_6 mo 19.65% 77.04% 3.31%
KO_Average  28.33% 69.26% 2.41%
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Table 3.

Numbers of cells sequenced in CD45+ MACS-enriched corneal cells (6 mo)

Cluster  subtotal

WT 1089
KO 2165

subtotal 3254
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Table 4.
Sources of pooled CRICs
Sources Total corneal cells CD45+MACS cells
Subtotal
Age 2mo | 6 mo | Subtotal 6 mo
WT 113 105 218 383 601
KO 97 174 271 1172 1443
Subtotal | 210 279 489 1555 2044
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Table 5.

Major myeloid cells identified by SingleR/ImmGenData

Clusters Number % of all pooled CRICs 9 of all corneal cells”
Dendritic cells 16 0.78% 0.015%
Macrophages 1784 87.28% 1.728%
Microglia 12 0.59% 0.012%
Monocytes 26 1.27% 0.025%
Neutrophils 34 1.66% 0.033%

Total CRICs 2044 100.00% 1.980%

*e
‘based on that, on average, CRICs account for ~1.98% of all corneal cells (Table S6).
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Table 6.

Cell-type annotations of CRICs in adult naive mouse cornea

Cluster ~ Cell identity annotation  Predicted functional features of subtypes of M¢™ "

0 M¢, subtype 1 (M¢-1) APP

1 M¢-2 APP

2 MC, DC, M¢-3 Early differentiating M¢

3 M¢-4 M2 and M1/M2 hybrid polarity
4 M¢-5 APP

5 M¢-6 Early differentiating M¢

6 CRE™ ECM remodeling, fibrosis

7 ILC, NKT, y8T, M¢-7 Innate IL-17 producers

8 CRN” M¢-8 M1

9 M¢-9 Proliferative

*
Newly identified cell types in naive mouse cornea

*:

*
Predicted based on major features of their transcriptomes

CRF: corneal resident fibrocyte; CRN: corneal resident neutrophil; DC: dendritic cell; ILC: innate lymphoid cell; MC: monocytes; M¢:
macrophages; NKT: natural killer T cells.
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