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PURPOSE. Previously, we demonstrated that miR-183/96/182 cluster (miR-183C) knockout
mice exhibit decreased severity of Pseudomonas aeruginosa (PA)-induced keratitis. This
study tests the hypothesis that prophylactic knockdown of miR-183C ameliorates PA
keratitis indicative of a therapeutic potential.

METHODS. Eight-week-old miR-183C wild-type and C57BL/6J inbred mice were used.
Locked nucleic acid–modified anti-miR-183C or negative control oligoribonucleotides
with scrambled sequences (NC ORNs) were injected subconjunctivally 1 day before and
then topically applied once daily for 5 days post-infection (dpi) (strain 19660). Corneal
disease was graded at 1, 3, and 5 dpi. Corneas were harvested for RT-PCR, ELISA,
immunofluorescence (IF), myeloperoxidase and plate count assays, and flow cytome-
try. Corneal nerve density was evaluated in flatmounted corneas by IF staining with
anti-β-III tubulin antibody.

RESULTS. Anti-miR-183C downregulated miR-183C in the cornea. It resulted in an increase
in IL-1β at 1 dpi, which was decreased at 5 dpi; fewer polymorphonuclear leukocytes
(PMNs) at 5 dpi; lower viable bacterial plate count at both 1 and 5 dpi; increased percent-
ages of MHCII+ macrophages (Mφ) and dendritic cells (DCs), consistent with enhanced
activation/maturation; and decreased severity of PA keratitis. Anti-miR-183C treatment
in the cornea of naïve mice resulted in a transient reduction of corneal nerve density,
which was fully recovered one week after the last anti-miR application. miR-183C targets
repulsive axon-guidance receptor molecule Neuropilin 1, which may mediate the effect
of anti-miR-183C on corneal nerve regression.

CONCLUSIONS. Prophylactic miR-183C knockdown is protective against PA keratitis through
its regulation of innate immunity, corneal innervation, and neuroimmune interactions.

Keywords: microRNA, Pseudomonas aeruginosa, keratitis, miR-183/96/182 cluster (miR-
183C), inflammation, neuroimmune interaction

MicroRNAs (miRNAs) are small, non-coding regulatory
RNAs, ∼20 to 24 nucleotides in size.1–4 MiRNAs consti-

tute an important post-transcriptional regulation of gene
expression. A mature miRNA regulates its downstream target
genes by base pairing with the target sites in their transcripts,
typically in the 3′ untranslated region,2,5 inducing either
mRNA breakdown or translational inhibition. MiRNAs func-
tion in a cell type–specific manner. One miRNA often quan-
titatively regulates groups of genes that are involved in the
same or related functional pathways or networks.6–11 Modest
regulation of multiple genes in concert imposes signifi-
cant functional consequences on the signaling pathway or
network.6–9 MiRNAs have been proven to play important
roles in normal tissue development and functions, as well
as in the pathogenesis of diseases.12–14 Various approaches
have been developed to enhance or knock down the func-
tions of miRNAs in vivo.15–17 Synthetic oligoribonucleotides

(ORNs) that mimic the native miRNA duplex are used to
enhance the function of a miRNA18; single-stranded anti-
sense ORNs are used to sequester an endogenous miRNA of
interest to inhibit its function. A variety of chemical modi-
fications of the ORNs, such as 2′-O-methoxyethyl (2′-MOE)
and locked nucleic acid (LNA) bases, have been developed
to enhance RNA stability for in vivo applications.15,19 Several
clinical trials targeting miRNAs (e.g., miR-34, miR-16) are
ongoing to test their safety in cancer treatment.20

In spite of their important roles in health and disease,
our knowledge about miRNAs and their potential in the
treatment of ocular infectious diseases is still limited. Previ-
ously, we demonstrated that a conserved miRNA cluster, the
miR-183/96/182 cluster (miR-183C), plays a significant role
in modulating the corneal response to Pseudomonas aerug-
inosa (PA) infection. PA is a Gram-negative opportunistic
pathogen capable of inducing keratitis. PA keratitis is one
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of the most rapidly developing and destructive diseases of
the cornea,21,22 and PA remains the most commonly recov-
ered causative organism in contact lens–related disease.21,22

Currently, bacterial keratitis is mainly treated by the topical
administration of antibiotics; however, the frequent emer-
gence of antibiotic-resistant bacteria poses serious chal-
lenges for effective management.23 Development of alter-
native treatment depends on discoveries of new molecu-
lar mechanisms and therapeutic targets. In this regard, we
showed that miR-183C is expressed in innate immune cells,
including macrophages (Mφ) and polymorphonuclear leuko-
cytes (PMNs), and modulates their phagocytosis and intra-
cellular bacterial killing capacity, as well as their inflam-
matory response to bacterial infection by targeting Nox2
and DAP12.10,24 Inactivation of miR-183C in mice resulted
in decreased production of proinflammatory cytokines and
reduced the severity of PA keratitis.10,24 These data suggest
that miR-183C is a potential therapeutic target for the treat-
ment of PA keratitis, leading us to hypothesize that local
knockdown of miR-183C in the cornea reduces PA keratitis
through enhancing host innate immunity.

To test this hypothesis, we performed a prophylactic
study in which subconjunctival injection and topical appli-
cation of LNA-modified anti-miR-183C were used in a PA
keratitis mouse model. Here, we provide evidence that local
knockdown of miR-183C by anti-miR application prophylac-
tically ameliorates PA keratitis.

METHODS

Mice

All experiments and procedures involving animals and their
care were reviewed and approved by the Wayne State
University Institutional Animal Care and Use Committee
and carried out in accordance with National Institute of
Health and ARVO guidelines. The miR-183CGT/+ mice are on
a 129S2/BL/6-mixed background.25 Young adult (8 weeks
old), wild-type (WT) mice (miR-183C+/+), derived from the
miR-183CGT colony, were used in the initial trial. To avoid
variation of the genetic background, age, and sex, 8-week-
old female C57BL/6 mice (000664; The Jackson Laboratory,
Bar Harbor, ME, USA) were used for subsequent experi-
ments regarding PA infection and prophylactic treatment. To
study miRNA/target relationships, 12-week-old, male miR-
183C knockout mice (miR-183CGT/GT) and their age- and sex-
matched WT controls were used to isolate total RNA from
their trigeminal ganglia (TG) and corneas for gene expres-
sion analysis.

In Vitro Transfection of Anti-miR-183C in
Raw264.7 Cells

LNA-modified anti-miR-183, anti-miR-96, and anti-miR-182
(LNA–anti-miR-183C), as well as negative control ORNs
with scrambled sequences (NC ORNs) were purchased from
QIAGEN (Hilden, Germany. YI04101800-DFA, YI04102572-
DFA, YI04101243-DFA, and YI00199006-DFA). Also, 4 × 105

RAW264.7 Mφ-like cells (a cell line derived from the mouse;
American Type Culture Collection, Manassas, VA, USA) were
plated in 48-well plates and transfected with LNA–anti-miR-
183C (10 nM each) or NC ORNs (30 nM) using RNAiMax
Lipofectamine (Thermo Fisher Scientific, Waltham, MA, USA)
as described before.26 All experiments were conducted with
three replicate wells. Forty-eight hours after transfection,

cells were harvested to prepare miRNA-proof total RNA for
quantitative RT-PCR (RT-qPCR) analysis as described below.

Subconjunctival and Topical Application of
LNA–Anti-miR-183C and PA Infection of the
Cornea

Subconjunctival injection of 5 μL of LNA–anti-miR-183C or
NC ORNs in sterile saline (8 mM each) was performed
1 day before PA infection, as described previously.24,27,28

Briefly, mice were anesthetized with ethyl ether in a well-
ventilated hood. The cornea of the left eye was scarified with
a 25 5/8-gauge needle. Three 1-mm incisions were made to
the corneal surface, which penetrated the epithelial layer, no
deeper than the superficial stroma. Then, 5.0 × 106 colony
forming units (CFUs) of PA (strain 19660; American Type
Culture Collection) in a 5-μL volume was topically delivered.
Six hours after PA infection and once daily thereafter, 5 μL of
LNA–anti-miR-183C or NC ORNs in sterile saline (4 μM/each)
was topically applied to the infected cornea. Corneal disease
was graded at 1, 3, and 5 dpi using an established scale28: 0,
clear or slight opacity, partially or fully covering the pupil;
+1, slight opacity, covering the anterior segment; +2, dense
opacity, partially or fully covering the pupil; +3, dense opac-
ity, covering the entire anterior segment; and +4, corneal
perforation. Photography with a slit lamp was used to illus-
trate disease at 5 dpi. The corneas were harvested for various
assays at 1 and/or 5 dpi as detailed below.

To test the effect of anti-miR-183C alone on corneal
nerves, anti-miR-183C or NC ORNs were subconjunctivally
injected and topically applied to the cornea of C57BL/6 mice
using the same prophylactic regimen but without PA infec-
tion. After 5 days of topical application, immunofluorescence
(IF) in flatmounted corneas with anti-β-tubulin III antibody
was done and corneal nerve density was determined.

To trace LNA–anti-miR-183C in the cornea, fluores-
cein amidite (FAM)-labeled LNA–anti-miR-183C (QIAGEN
miRCURY LNA miRNA Power Inhibitors YI04101800-DDC,
YI04102572-DDC, and YI04101243-DDC) or QIAGEN NC
ORNs (YI00199006-DDC) were subconjunctivally injected
and/or topically applied and tested by flow cytometry anal-
ysis or laser scanning confocal microscopy (see details
below).

RNA Preparation and RT-PCR

Total RNA was prepared using the Life Technologies
mirVana miRNA Isolation Kit (Thermo Fisher Scientific)
or the QIAGEN RNeasy kit for miRNA or mRNA stud-
ies, as described previously.29–31 RT-qPCR for miRNAs
was performed using Applied Biosystems TaqMan miRNA
primers (Thermo Fisher Scientific) and a RT-PCR kit with
snRNA U6 as an endogenous control as described before.30,31

RT-qPCR of protein-coding genes was performed using the
QIAGEN QuantiFast SYBR Green RT-PCR Kit and QuantiTect
Primer Assays with 18S rRNA as endogenous controls.25,30,31

ELISA

Protein levels for IL-1β, monocyte chemoattractant protein
1 (MCP1), and macrophage inflammatory protein 2 (MIP-
2) were tested using ELISA kits (R&D Systems, Minneapo-
lis, MN, USA) as described before.10,24 Briefly, corneas were
homogenized in 1 mL of PBS with 0.1% Tween 20 and



Anti-miR-183/96/182 Protects Against P. aeruginosa Keratitis IOVS | December 2021 | Vol. 62 | No. 15 | Article 14 | 3

protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA). An
aliquot of each supernatant was assayed in duplicate per
the manufacturer’s instructions. Sensitivities of the ELISA
assays were <2.31 pg/mL for IL-1β,<2 pg/mL for MCP1, and
<1.5 pg/mL for MIP-2.

Quantitation of PMNs

A myeloperoxidase (MPO) assay was performed as
described before.24 Briefly, corneas were harvested, homog-
enized in 1 mL potassium phosphate buffer (50 mM, pH
6.0) containing 0.5% hexadecyltrimethylammonium bromide
(Sigma-Aldrich). After four freeze/thaw cycles, 100 μL super-
natant was added to 2.9 mL o-dianisidine dihydrochlo-
ride substrate buffer (16.7 mg/mL) with 0.0005% hydrogen
peroxide. The change in absorbance at 460 nm was read
every 30 seconds for 5 minutes on a Helios Alpha Spec-
trophotometer (Thermo Fisher Scientific). Units of MPO per
cornea were calculated; 1 unit of MPO activity is equivalent
to ∼2 × 105 PMNs.32

Quantitation of Viable Bacteria

Bacteria were quantitated as described before.24 Briefly, each
cornea was homogenized in 1.0 mL sterile saline contain-
ing 0.25% BSA. Then, 0.1 mL of the corneal homogenate
was serially diluted (1:10) in the same solution, and selected
dilutions were plated in triplicate on Pseudomonas isolation
agar (BD Biosciences, Franklin Lakes, NJ, USA). Plates were
incubated overnight at 37°C, and the number of colonies was
counted. Results are reported as log10 number of CFUs per
cornea ± SEM.

Immunofluorescence

Rat Anti-Mouse F4/80 (MCA497R, clone CI:A3-1, 1/400 dilu-
tion; Bio-Rad Laboratories, Hercules, CA, USA) and Mouse
Anti-β-Tubulin III (801201, 1/600 dilution; BioLegend, San
Diego, CA, USA) antibodies were used. Goat Anti-Rat IgG
(A11081; 1/1000 dilution) and Goat Anti-Mouse IgG (A-
11003, 1/1000 dilution) were purchased from Thermo Fisher
Scientific.

Flatmount cornea and corneal stroma preparation and IF
were performed as described previously.33 Briefly, mice were
euthanized, the eyes were enucleated, and the cornea ante-
rior to the limbus was carefully dissected out. For whole-
cornea flatmount microscopy, the cornea was transferred to
1% paraformaldehyde (PFA) in 0.1-M phosphate buffer, pH
7.4, for 1 hour at 4°C. After washing, the cornea was flat-
tened with four to six evenly spaced cuts from the periph-
ery toward the center and mounted in VECTASHIELD media
with 4′,6-diamidino-2-phenylindole (DAPI; Vector Laborato-
ries, Burlingame, CA, USA) on Fisherbrand Superfrost Plus
slides (Thermo Fisher Scientific).

For IF of the whole cornea, the cornea was fixed in 1%
PFA and then incubated in a blocking buffer with 5% normal
goat serum (NGS; Vector Laboratories) in PBS+ (PBS plus 2-
mM MgCl2) for 30 minutes at room temperature (RT) and
then permeabilized with 0.1% Triton X-100 in the blocking
buffer for 30 minutes at RT. Subsequently, corneal tissues
were incubated with primary antibodies in the blocking
buffer for 72 hours at 4°C. After washes in PBS+, the corneal
tissues were incubated with secondary antibodies for
24 hours at 4°C.

For IF of the corneal stromal layer, before fixation the
cornea was incubated in 20-mM EDTA in PBS at 37°C for
40 minutes. Subsequently, after the epithelial layer was
peeled away, the stroma was fixed in 1% PFA and then
incubated in a blocking buffer with 5% NGS in PBS+ for
30 minutes at RT and then permeabilized with 0.1% Triton
X-100 in the blocking buffer for 30 minutes at RT. Subse-
quently, corneal tissues were incubated with primary anti-
bodies in the blocking buffer overnight at 4°C. After washes
in PBS+, the corneal tissues were incubated with secondary
antibodies for 2 hours at RT, and the corneal tissues were
flattened and mounted on slides. All slides were studied and
imaged using a TCS SP8 laser scanning confocal microscope
(Leica Microsystems, Wetzlar, Germany). Negative controls
were treated similarly but with the omission of primary anti-
body.

Quantification of Corneal Nerve Density

Corneal nerve density was determined as described before
with minor modifications.34,35 Briefly, Z-stack images were
acquired from the central and pericentral regions of the
cornea (∼500 μm2/area) with a comparable thickness (∼50
μm) using the TCS SP8 laser confocal microscope. The
images were collapsed to two dimensions and converted to
a binary image using ImageJ 1.52p (National Institutes of
Health, Bethesda, MD, USA). The nerve area was obtained
using the histogram tool. Three corneas were obtained from
three mice for each condition.

Flow Cytometry Analysis

A similar protocol as described before33 was followed with
modifications. Briefly, corneas anterior to the limbus were
excised, pooled, and incubated in Hank’s Balanced Salt Solu-
tion with 0.2% collagenase A and 0.5 mg/mL DNase I (Sigma-
Aldrich) for 75 minutes at 37°C. Corneas were triturated
to a single-cell suspension and then filtered through a 70-
μm filter (Miltenyi Biotec, Bergisch Gladbach, Germany).
Cells were resuspended in fluorescence-activated cell sort-
ing (FACS) buffer and then incubated with Fixable Viability
Dye eFluor 450 (Thermo Fisher Scientific) for 30 minutes
on ice. After washing, the cells were incubated with FACS
buffer containing 20 μg of Fc blocking antibody (purified
anti-mouse CD16/32, clone 93; Thermo Fisher Scientific)
and anti-mouse CD16.2 antibody (FcγRIV; clone 9E9; BioLe-
gend) on ice for 10 minutes. Subsequently, cells were stained
with an antibody cocktail for 30 minutes. The antibody
cocktail included APC/Fire 750 CD45 antibody (clone 30-
F11; BioLegend), BUV395 CD11b antibody (clone M1/70; BD
Biosciences), PE-F4/80 antibody (clone BM8; Thermo Fisher
Scientific), PE/Dazzle 594 CD11c antibody (clone 223H7;
BioLegend), PerCP-eFluor 710-Ly6G (Gr-1; clone 1A8-Ly6g;
eBioscience), Brilliant Violet 785 anti-mouse Ly-6C antibody
(clone HK1.4; BioLegend), APC Langerin antibody (CD207,
clone 4C7; BioLegend), and Alexa Fluor 700 anti-Mouse I-
A/I-E Antibody (clone M5/114.15.2; Thermo Fisher Scien-
tific) in BD Horizon Brilliant Stain Buffer (BD Biosciences).
After washing, cell profiles were analyzed on a SY3200 Cell
Sorter (Sony Corporation, Tokyo, Japan) at the Microscopy,
Imaging and Cytometry Resources Core,Wayne State Univer-
sity. Invitrogen UltraComp eBeads Compensation Beads
(Thermo Fisher Scientific) were used to optimize fluores-
cence compensation settings for multicolor flow cytometry.
Data analysis was performed using FlowJo v10 software.
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Statistical Analysis

Statistical analysis was performed as described before.24,33

Briefly, the difference in clinical scores between groups
was tested by the Mann–Whitney U test. One-way ANOVA
with Bonferroni test (Prism; GraphPad, San Diego, CA, USA)
was used to analyze RT-qPCR data for cytokine/chemokine
mRNA levels. Adjusted P < 0.05 was considered significant.
An unpaired, two-tailed Student’s t-test was used to deter-
mine the significance of RT-qPCR of miRNAs, ELISA, MPO,
and plate count data. Each experiment was repeated at least
once to ensure reproducibility. Data from a representative
experiment are shown. Quantitative data are expressed as
the mean ± SEM.

RESULTS

LNA–Anti-miR-183C Downregulates the
Expression of miR-183C In Vitro and In Vivo

To test whether anti-miR-183C efficiently downregulates the
expression of miR-183C, we first performed an in vitro trans-
fection experiment in Mφ-like Raw264.7 cells. Forty-eight
hours after transfection of LNA–anti-miR-183C (10 nM/each),
the expression of all three members of miR-183C was signif-
icantly downregulated (Fig. 1A). To test whether anti-miR-
183C knocks down the expression of miR-183C in PA-

infected cornea in vivo, we subconjunctivally injected miR-
183C WT mice with LNA–anti-miR-183C (5 μL and 8 μM in
sterile saline each) 1 day before infection and then topically
applied the anti-miRs to the infected cornea (5 μL and 4 μM in
sterile saline each) once daily after infection. LNA–NC ORNs
were used in parallel as a negative control. At 5 dpi, we
harvested the corneal RNA for RT-qPCR analysis. Our data
showed that the application of LNA–anti-miR-183C resulted
in significantly decreased expression of all members of miR-
183C, suggesting that this regimen can be used to test the
effect of local knockdown of miR-183C in PA keratitis.

Local Knockdown of miR-183C Resulted in
Decreased Severity of PA Keratitis

To test whether local knockdown of miR-183C in the cornea
has any beneficial effect on PA keratitis, we followed the
same schedule of subconjunctival and topical application
of LNA–anti-miRs and PA infection in 8-week-old female
C57BL/6 inbred mice that are susceptible to PA infection.36

Our data showed that local application of LNA–anti-miR-
183C consistently resulted in significantly decreased severity
of PA keratitis at 3 and 5 dpi (Fig. 2), suggesting that local
knockdown of miR-183C in the cornea has a beneficial effect
and decreases disease.

FIGURE 1. Anti-miR-183/96/182 downregulates the expression of miR-183/96/182 in vitro (A) and in vivo (B). RT-qPCR analysis of miR-
183/96/182 in Raw264.7 cells 48 hours after the transfection of LNA–anti-miR-183/96/182 (A) and in PA-infected mouse corneas subjected
to subconjunctival injection and topical application of anti-miR-183/96/182 (B). *P < 0.05; **P < 0.01; ***P < 0.001.
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FIGURE 2. Local application of LNA–anti-miR-183/96/182 resulted in a decreased severity of PA keratitis. (A) Clinical scores. Horizontal
bars represent the mean values. (B) Examples of slit-lamp photography of eyes of NC and anti-miR-183/96/182–treated animals at 5 dpi.
*P < 0.05; **P < 0.01.

Local Knockdown of miR-183C Led to Changes in
the Expression of Proinflammatory
Cytokine/Chemokine IL-1β in Response to PA
Infection

To test the inflammatory response in the cornea after
PA infection, we harvested total corneal RNA at 5
dpi and performed RT-qPCR to test for proinflamma-
tory cytokines/chemokines, IL-1β, Cxcl2 (MIP2), and Ccl2
(MCP1). Our results showed no significant difference in the
levels of these genes at the mRNA level between the anti-
miR-183C–treated and NC ORN–treated animals (Fig. 3A).
To further investigate the inflammatory response of the
cornea to PA infection at the protein level, we performed
ELISA assays on total corneal protein lysate at 1 and 5
dpi. IL-1β protein was significantly upregulated at 1 dpi
but significantly decreased at 5 dpi in the anti-miR-183C–
treated versus NC ORN–treated corneas (Fig. 3B). However,
MIP2 and MCP1 showed no significant difference between
the anti-miR–treated and the NC ORN–treated corneas at the
protein level (Fig. 3B).

Anti-miR-183C Treatment Resulted in Decreased
PMN at 5 Days Post-Infection

The innate immune system plays a major role in the corneal
response to PA infection.21,28,37–41 Mφ and PMN are the
predominant infiltrating cells. PMNs, along with Mφ, are
recruited to the cornea to engulf bacteria while producing
large amounts of reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS), which kill engulfed bacteria
and contribute to bacterial clearance.21,37–41 However, persis-
tence of PMNs often occurs and is associated with increased
tissue damage and corneal perforation.28,37–41 To test the

effect of local knockdown of miR-183C in the cornea on
PMN infiltration, we performed an MPO assay to enumer-
ate the cells.32 Our results showed that, although not differ-
ent between groups at 1 dpi, the number of PMNs in the
LNA–anti-miR-183C–treated eyes was significantly decreased
at 5 dpi when compared with NC ORN–treated control eyes
(Fig. 4).

Local Knockdown of miR-183C Resulted in
Decreased Bacterial Load at Both 1 and 5 dpi

Resolution of PA keratitis depends on clearance of the bacte-
ria in addition to healing of the corneal tissues. To test the
effect of anti-miR-183C on the clearance of PA,we performed
plate counts of the residual bacteria in cornea at 1 and 5 dpi.
We found that the number of residual bacteria was signif-
icantly decreased in the LNA–anti-miR-183C–treated versus
NC ORN–treated corneas at both 1 and 5 dpi (Fig. 5), suggest-
ing that local knockdown of miR-183C resulted in enhanced
bacterial clearance.

Anti-miR-183C Transfection of Mφ and Dendritic
Cells Increased Their Expression of MHCII

To track the anti-miRs in the cornea, we employed FAM-
labeled LNA–anti-miR-183C or NC ORNs for subconjunctival
injection 1 day before and topical applications once daily
after PA infection. At 5 dpi, we harvested the cornea for flow-
cytometry analysis. Our results showed that the percentages
of FAM+ cells in total corneal cells, or in Mφ, dendritic cells
(DCs), PMN, and CD45− cells, are similar between LNA–anti-
miR-183C– and NC ORN–treated corneas (Table), suggesting
that the sequences of the LNA-labeled ORNs, either the LNA–
anti-miRs or NC ORNs, have no influence on the transfection
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FIGURE 3. Knockdown of miR-183/96/182 in the cornea resulted in changes of the production of proinflammatory cytokine/chemokine
production. (A) RT-qPCR. (B) ELISA assays (n = 5/group). **P < 0.01.

FIGURE 4. Knockdown of miR-183/96/182 in the cornea resulted
in significantly decreased MPO levels in the cornea at 5 dpi of PA
infection (n = 5/group). ***P < 0.001.

efficiency in different cell types of the cornea in vivo. There-
fore, we merged the data from both LNA–anti-miR-183C– and
NC ORN–treated corneas to reveal an overall in vivo trans-
fection efficiency in different cell types by the LNA-modified
ORNs. The combined data demonstrated that, although only
4.70% (±0.65%), 2.04% (±0.38%), and 3.30 (±0.41%) of total
corneal cells, PMNs, and CD45− non-hematopoietic cells,
respectively, in the cornea are FAM+, 22.16% (±4.20%) of
Mφ and 32.38% (±6.08%) of DCs are FAM+ (Table, Fig. 6A),
which is consistent with their phagocytotic functions.42–45

Although there were no significant differences in the
number of CD45+ leukocytes, Mφ (CD45+CD11b+F4/80+)
and DCs (CD45+CD11b+Ly6G+) in the cornea between
LNA–anti-miR-183C– and NC ORN–treated corneas (data not
shown), the percentage of MHCII+ (I-A/I-E+) cells among
Mφ and DCs were significantly increased in anti-miR-treated
corneas (3.04% ± 0.74% and 8.48% ± 1.36%, respectively),
when compared with NC ORN–treated corneas (0.83% ±
0.18% and 3.36% ± 1.03%, respectively) (Figs. 6B, 6C),
suggesting that transfection of anti-miR-183C resulted in
increased maturation/activation of Mφ and DCs.46–48 Addi-
tional anti-miR tracing experiments on scarified cornea with-
out bacterial infection showed that topically applied LNA–
anti-miRs could be detected as early as 6 hours after the
application of the anti-miRs and remained detectable by
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FIGURE 5. Knockdown of miR-183/96/182 in the cornea resulted in
significantly decreased bacterial load in the cornea at both 1 and 5
dpi of PA infection (n = 5/group). *P < 0.05; ***P < 0.001.

3 days post-application (dpa) in the cornea (Fig. 7A), with
most of the anti-miRs appearing to stay in the vicinity of
the scarified area (Fig. 7A). Transfection of Mφ was further
confirmed by IF at 3 dpa (Fig. 7B).

Knockdown of miR-183C in the Cornea Results in
Transient and Reversible Corneal Nerve Density
Reduction

To test the effect of anti-miR-183C alone on corneal nerves,
anti-miR-183C or ORN were subconjunctivally injected and
topically applied to the cornea of C57BL/6 mice using the
same prophylactic regimen but without PA infection. After
5 days of topical application, IF using β-III tubulin anti-
body was done to quantify the corneal nerve density (Fig. 8).
Results showed that anti-miR-183C versus NC ORN treatment
decreased nerve density (Figs. 8D–8F vs. Figs. 8A–8C). This
effect is most prominent in the central area of the subbasal
plexus (Figs. 8E vs. Figs. 8B and 8J), similar to what is seen
in uninfected miR-183C knockout versus WT control mice.24

These data further support that miR-183C regulates corneal
sensory innervation and suggest that corneal nerve reduc-
tion may contribute to the protective effect of anti-miR treat-
ment.

To test whether anti-miR-183C–induced reduction of
corneal nerves causes permanent changes to corneal inner-
vation, after the last topical application another group of
anti-miR–treated mice was held for another week without
any treatment. Their corneal nerve density was fully recov-
ered (Figs. 8G–8J), suggesting that anti-miR-183C–induced
corneal nerve density reduction is a transient effect and
reversible after withdrawal of anti-miR application.

Target prediction using TargetScan (TargetScan.org)49–53

and miRWalk (mirwalk.umm.uni-heidelberg.de/) algo-
rithms54 indicated that neuropilin 1 (Nrp1),55 a negative
regulator of corneal nerve growth into the cornea during
development56,57 and of corneal nerve preservation in dry
eye disease58 and regeneration during epithelial wound
healing,59,60 is a predicted target of miR-183 and miR-182
(Fig. 8K, left). Consistently, Nrp1 is upregulated in the TG,
where cell bodies of corneal sensory nerves reside, of naïve
miR-183C knockout mice (Fig. 8K, right), suggesting that
miR-183C targets Nrp1 in TG neurons, which potentially
could contribute to the anti-miR-183C–induced reduction of
corneal nerve density.

DISCUSSION

Previously, we determined that the conserved miR-183C
cluster is expressed in innate immune cells (e.g., Mφ,
PMNs) in both mouse and human24 and imposes cell-
type specific regulation of their functions.10,24,33 Knock-
down or inactivation of miR-183C in mouse peripheral
Mφ and PMN enhances their phagocytotic and intra-
cellular bacterial killing capacity,24 which is mediated,
at least in part, by increased production of ROS and
RNS.10 Downregulation of miR-183C in peripheral Mφ in
mouse results in reduced production of proinflammatory
cytokines/chemokines, including IL-1β, MIP2, and MCP1,
in response to PA and/or its outer membrane compo-
nent, lipopolysaccharide.10 The miR-183C knockout mice
showed an overall reduced expression of proinflammatory
cytokines/chemokines in the cornea and deceased severity
of PA keratitis.24 Therefore, we hypothesized that downregu-
lation of miR-183C in the cornea may have a beneficial effect
on ameliorating PA keratitis.

Here, we show that knockdown of miR-183C by subcon-
junctival injection 1 day before and topical application of
LNA–anti-miR-183C once daily after PA infection in mice
resulted in initial elevated IL-1β protein levels at 1 dpi,
decreased IL-1β protein levels and number of PMNs at
5 dpi, reduced bacterial load in the cornea at both 1 and
5 dpi, and, ultimately, decreased severity of disease. These
results suggest that local knockdown of miR-183C protects
the cornea from severe PA keratitis, providing the first direct
evidence that miR-183C is a potential therapeutic target for
its treatment.

Further supporting this hypothesis, our anti-miR trac-
ing experiments showed that single doses of topically
applied LNA–anti-miRs lasted for at least 3 days and trans-
fected Mφ in the corneal tissue. Flow cytometry confirmed
that Mφ and DCs in the cornea showed the highest rates
of transfection by LNA–anti-miRs in PA infected cornea,
consistent with their phagocytic functions.42–45 Moreover,
knockdown of miR-183C resulted in an increased percent-
age of MHCII+ Mφ and DCs in PA-infected cornea,

TABLE. Percentage of FAM+ Cells in Various Cell Populations of the Cornea

Average ± SEM

Total Live Cells Mφ DCs PMNs CD45– Cells

NC oligo-treated (n = 3) 4.26 ± 0.27 19.24 ± 7.17 32.89 ± 11.83 1.77 ± 0.11 3.11 ± 0.29
Anti-miR-treated (n = 3) 5.13 ± 1.37 25.07 ± 5.33 31.87 ± 6.67 2.31 ± 0.80 3.49 ± 0.86
Combined (n = 6) 4.70 ± 0.65 22.16 ± 4.20 32.38 ± 6.08 2.04 ± 0.38 3.30 ± 0.41
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FIGURE 6. Local knockdown of miR-183/96/182 resulted in significantly increased expression of MHCII in Mφ and DCs in the PA-infected
corneas. Flow cytometry analysis on PA-infected, FAM-labeled anti-miR-183/96/182– and NC ORN–treated corneal cells at 5 dpi. (A) Percent-
age of FAM+ cells in total corneal cells, Mφ (CD45+CD11b+F4/80+), DCs (CD45+CD11b+CD11C+), and non-hematopoietic cells in the
cornea (CD45−) in all animals (n = 6). (B, C) Comparison of percentage of MHCII+ (I-A/I-E+) cells in Mφ (B) and DCs (C). *P < 0.05,
***P < 0.001; ****P < 0.0001.

suggesting enhanced activation/maturation of these innate
immune cells.46–48 Because innate immune cells play a major
role in the corneal responses to PA infection,21,28,37–41 these
data provide the first clues to the underlying mechanism
of the therapeutic effects of anti-miR-183C, suggesting that
downregulation of miR-183C in the Mφ and DCs plays a role
in the overall effect of anti-miR-183C on PA keratitis.

Innate immune cells play a pivotal role in the patho-
genesis of PA keratitis,21,28,37–41 with PMN representing
the predominant class of infiltrating cells. Along with Mφ,
PMNs are recruited to engulf bacteria and produce large
amounts of bactericidal ROS and RNS, responsible for bacte-
rial clearance.21,37–41 However, persistence of PMN is asso-
ciated with increased tissue damage and perforation.28,37–41

Our data showed that, although the anti-miR-183C–treated
PA-infected cornea had similar PMN numbers at 1 dpi, which
decreased at 5 dpi, the number of residual bacteria in the
cornea was significantly decreased at both 1 and 5 dpi
when compared with the NC ORN–treated corneas. One of
the possible explanations of this observation is that, as we

showed previously,10,24 knockdown of miR-183C in PMNs
and Mφ enhanced their phagocytosis and bacterial killing
capacity or efficiency, resulting in an overall decreased
number of residual bacteria with fewer PMNs. The timely
decreased number of PMNs at 5 dpi may have contributed
to reduced collateral damage to corneal tissue and, therefore,
decreased severity of PA keratitis in the anti-miR–treated
cornea. However, the decreased numbers of residual bacteria
at 1 and 5 dpi are unlikely to be fully explained by enhanced
phagocytosis and bacterial killing capacity of PMNs and Mφ.
More studies on the dynamics, cytokine production, and
bactericidal functions of corneal resident and infiltrating Mφ

and PMNs in the anti-miR–treated corneas in the context of
PA infection are required to further confirm these hypothe-
ses.

Originally, miR-183C was identified as a sensory organ–
enriched miRNA cluster.30 It is highly expressed in all
sensory neurons.25,30,61,62 We and others have shown
that miR-183C is required for normal vision,25 hearing
and balance,25,63–66 olfaction,64 touch, and mechanical and
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FIGURE 7. Topical application of FAM-labeled LNA–anti-miR-183 leads to transfection of Mφ in the cornea. Five microliters of anti-miR-183
in sterile saline (4 mM each) was topically applied to scarified corneas, with the deepest wounds penetrating the epithelial basal lamina
and into the superficial corneal stroma. The corneas were harvested at 6 hours post-application (hpa) and 1, 2, and 3 days post-application
(dpa) for flatmount confocal microscopy (A) and IF with anti-F4/80 antibody (B). All samples in (B) are from 3 dpa.

neuropathic pain.67 We demonstrated that miR-183C plays an
important role in neuroimmune interaction in the cornea.24

Its inactivation in mice causes decreased corneal nerve
density, reduced expression of TRPV1, disruption of the
normal whorl-like pattern of the subbasal nerve plexus, and
decreased expression of proinflammatory neuropeptides in
the cornea, including Tac1, the precursor gene for substance
P (SP),24 during disease resolution. SP is a chemoattractant
and anti-apoptotic neuropeptide that enhances PMN infiltra-
tion and persistence in the cornea, the latter contributing to
tissue damage and perforation.28,37–41 Decreased neuropep-
tide expression, including SP, in the cornea of miR-183C
knockout mice contributes to the decreased production of
proinflammatory cytokines/chemokines and reduced sever-
ity of PA keratitis.24 Consistent with these observations in
the miR-183C knockout mice,24 here we have shown that the
application of anti-miR-183C to the cornea results in a tran-
sient and reversible reduction of corneal nerve density, with
the whorl center of the subbasal nerve plexus being most
affected. This may contribute to a decreased level of proin-
flammatory neuropeptide and neuroimmune/inflammatory

responses in the cornea at a later stage of PA keratitis,
similar to what was reported in miR-183C knockout mice.24

The latter hypothesis is consistent with our observation of
decreased IL-1β, reduced number of PMNs, and decreased
severity of PA keratitis in anti-miR-183C versus NC ORN–
treated mice. In the current study, to keep the uniformity
of experimental condition, we used female C57BL/6 mice
in the PA infection/prophylactic anti-miR treatment exper-
iments. However, we are aware that, with new technolog-
ical advances in science, sex-dependent differences have
been reported in corneal nerves,68 tissue resident immune
cells, and innate immunity.69–79 Therefore, we do not exclude
the possibility that sex-dependent differences in the corneal
response to PA infection upon anti-miR-183C treatment may
exist. We will conduct such experiments in both male and
females, separately, in future work.

With regard to potential mechanisms underlying anti-
miR-183C–induced transient/reversible reduction of corneal
nerve density, Nrp1 is a receptor for axon guidance
molecules, such as semaphorin 3A (Sema3A).55,56,80–85

Sema3A/Nrp1 interaction mediates repulsive or inhibitory
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FIGURE 8. Anti-miR-183C treatment results in transient and reversible reduction of corneal nerve density. Compressed confocal microscopy
images of β-III tubulin IF of flatmount corneas treated with NC ORNs (A–C), anti-miR-183C (D–F), or anti-miR-183C with 1-week recovery
(G–I). Scale bars: 500 mm (A, D, G); 100 mm (B, E, H); and 25 mm (C, F, I). ( J) Quantification of nerve density in the central area of the cornea
(n = 3/condition; *P < 0.05; **P < 0.01) in comparison with anti-miR-183C–treated corneas. (K) miR-183C targets Nrp1. (Left) Sequence
alignment of selected predicted target sites in human (hsa) and mouse (mmu) Nrp1 and miR-183 and miR-182. Residues in the green box are
the seed sequences of the miRNAs, which are major determinants of target sites. nt, nucleotide; UTR, untranslated region. (Right) RT-qPCR
with relative expression (exp) normalized (norm) to WT controls. Age, 12 weeks; sex, male; n = 5 per genotype. Error bar: SEM. *P < 0.05.

guidance of corneal nerves during embryonic develop-
ment56,57,82,86 and in adult neurons.81,84,85 Here, we showed
that Nrp1 is a predicted target of miR-183C. Supporting this
prediction, Nrp1 expression is increased in the TG of naïve
miR-183C knockout mice, suggesting that miR-183C may
regulate corneal growth and regression through its regula-
tion of Nrp1 expression in TG neurons.

Collectively, our data suggest that, in addition to its regu-
lation of innate immunity, miR-183C also modulates PA
keratitis through regulation of corneal nerve growth and

regression by targeting key molecules involved in corneal
innervation and neuroimmune/inflammation interactions.

CONCLUSIONS

Our results show that local knockdown of miR-183C by
the application of LNA–anti-miR-183C to the cornea has a
prophylactic, protective effect against PA keratitis through
its regulation of both innate immune/inflammatory response
and corneal innervation and neuroimmune interaction.
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Further studies are warranted to uncover the full potential
and the underlying molecular mechanisms of anti-miR-183C
in the treatment of microbial keratitis.
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