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Abstract

e AIM: To investigate the anti-inflammatory and
neurorestorative effects of neuroprotectin D1 (NPD1) in
Aspergillus fumigatus (A. fumigatus) keratitis in C57BL/6
mice.

e METHODS: The left corneas of C57BL/6 mice were
infected with A. fumigatus. Each mouse was injected
intraperitoneally with 2 ug NPD1 at 1, 3, and 5d post infection
(p.i.) and injected subconjunctivally with 5 yL NPD1 once a
day. The severity of keratitis was observed by slit lamp and
classified by clinical score at 1, 3, and 5d p.i. Hematoxylin
and eosin (HE) staining was used to evaluate the histological
changes and inflammatory cell infiltration of corneas at
3 and 5d p.i. Polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA), and Western blot were
performed to detect the expression of IL-13, MIP-2, CGRP,
p-p38/p38 MAPK, Nrf-2, and HO-1. Immunofluorescence
staining was utilized to assess the neutrophil infiltration and
neural innervation. Flow cytometry assay was performed to
test the number of total, M1 and M2 macrophages.

e RESULTS: In A. fumigatus infected C57BL/6 mice,
NPD1 treatment ameliorated the severity of keratitis.
Compared with the phosphate-buffered saline (PBS)
control group, NPD1 treatment inhibited the infiltration
of neutrophils and macrophages, increased the ratio of
CD206°/CD86" macrophages, reduced the phosphorylation
level of p38 MAPK, and enhanced the expression of Nrf-
2/HO-1 at 3d p.i. The number of corneal nerves and the
mechanical sensitivity threshold of the NPD1 treatment
group were significantly higher than the PBS group at 3 and
5d p.i. Meanwhile, the expression of IL-13 and MIP-2 in the
NPD1 treatment group was significantly lower at 3 and 5d p.i.

e CONCLUSION: NPD1 improves the prognosis of A.
fumigatus keratitis in mice by inhibiting the recruitment of
neutrophils and macrophages, promoting M2 macrophage
polarization and corneal nerve regeneration.
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INTRODUCTION

ungal keratitis is a highly destructive corneal infection.
F Fungal keratitis has both high incidence (approximately
1 000 000 corneas/year) and high blindness rate among
infectious keratitis. It often results in permanent blindness' ™.
Although the corneal pathogenic fungi can be classified
into more than 100 different species, over 95% of them are
caused by filamentous fungi Fusarium, Aspergillus and yeast
Candida spp."™". Corneal infections which were caused by
filamentous fungi usually have a worse prognosis than those
which were caused by yeast”. However, there are still no
effective therapeutic drugs and methods for fungal keratitis.
Inflammation and nerve loss were the important manifestations
in fungal keratitis™®”!. The excessive inflammatory response is
absolutely an important cause of corneal blindness in fungal
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71 Corneal nerve injury also makes a decrease in

keratitis
both epithelial stem cell function and corneal response activity
to external injury, and results in an ulcer enlargement or
delayed healing!*"". Thus, effective repairing nerve and anti-
inflammatory therapy can restore ocular surface homeostasis,
improve the efficacy and prognosis of patients and reduce the
rate of blindness.

Neuroprotectin D1 (NPD1) is the first neuroprotective medium
identified from docosahexaenoic acid (DHA)"*"". DHA is an
-3 polyunsaturated fatty acid, which is mainly synthesized
from dietary essential omega-3 linolenic acid in the liver and

concentrated in the phospholipids of cell membranes through
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'l NPDI is an important mediator to

the blood circulation!
exert the protective biological activity of DHA, which was
originally found in oxidative stress threatened nerves'* and
retinal pigment epithelial cells"”. It has been confirmed that
NPD1 holds anti-inflammatory effects and it can exert an anti-
inflammatory effect in acute inflammation''>****, A previous
study has indicated that NPD1, which was induced by the
pigment epithelium-derived factor (PEDF) of injured corneal
epithelium, inhibited the production of the leukotriene B4
and promoted nerve regeneration in rabbit corneas’™”. As a
neuroprotective medium, NPD1 has also been reported to
recover the integrity of nerves in stromal dissected rabbit
corneas’”,

To date, it is not clear whether NPD1 has therapeutic effects
on Aspergillus fumigatus (A. fumigatus) keratitis. The purpose
of this paper is to determine whether NPDI1 can play a
protective role in mice A. fumigatus keratitis by regulating the
inflammation and nerve restoration.

MATERIALS AND METHODS

Ethical Approval The study was approved by the Research
Ethics Committee of the Affiliated Hospital of Qingdao
University (Approval No.QYFY WZLL 42022).

Production of A. fumigatus Hyphae Number 3.0772 A.
Jfumigatus stain came from China General Microbiological
Culture Collection Center (Beijing, China) and was planted
in Sabouroud mediums. After a 2-3d incubation at 37°C with
shaking, the hyphae were taken out and grind evenly. Finally,
the grated hyphae were diluted to 3x10° colony-forming units
(CFU)/mL with DMEM.

Mice Models of Fungal Keratitis All operations performed
on 8-week-old female C57BL/6 mice (SiPeiFu Biotechnology,
Beijing, China) and followed the Statement about the Use
of Animals in Ophthalmology and Vision Research declared
by ARVO. Before operation, all mice were anesthetized by
chloral hydrate and placed under a microscope. Then the
central corneal epithelium, 2 mm approximately in diameter,
was removed in the left eye. Eyelids was sutured after coating
5 uL A. fumigatus hyphae and covering with a soft contact
lens. At next day (24h), remove stitches and take out the
lens. Then mice received treatments combined 2 pg NPDI
or phosphate-buffered saline (PBS; 7% alcohol) peritoneal
injection at 1, 3, and 5d post infection (p.i.) and 5 uL. NPD1
or PBS subconjunctival injection every day. Clinical score
was performed to assess the degree of fungal keratitis at 1,
3, and 5d p.i™'. In short, accounted the corneal opacity area,
opacity density, and regularity of corneal surface on a scale
of 1-4 points, respectively. The more severe the performance,
the higher the score. Then sum score of all sections is corneal
clinical score. Then mice corneas or whole eyeballs were
harvested and used for follow-up experiments.
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Von Frey Test The corneal mechanical sensitivity thresholds
were examined by the Von Frey threshold test by the up-down
method. In short, mice were gently held by surgical towels
and the corneas were exposed completely in a stereoscopic
microscope. A range of Von Frey fibers (Stoelting Co., IL,
USA) were used to touch the surrounding areas of corneal
ulcer, and data of fibers was recorded when the blink response
was observed in mice. To accurately measure mechanical
sensitivity, each cornea is repeatedly stimulated five times.
Real-time Polymerase Chain Reaction Polymerase chain
reaction (PCR) was utilized to test mRNA expression of mice
corneas. The protocol was the same as our previous study”™”.
Corneas (n=6/group) were collected and placed each cornea
in 800 pL RNAiso Plus reagent (Takara, Dalian, China).
Total RNA was extracted and concentration was measured.
Then 2 pg total RNA system was configurated. Next, RNA
was reverse-transcribed to cDNA according to the manual
of the HiScript III RT SuperMix for qPCR (+gDNA wiper;
Vazyme, China). PCR was finally performed and test by Roche
LightCycler 96. Nucleotide sequences of mouse primers for
PCR are listed in Table 1.

Western Blot Western blot (WB) was performed to evaluate
the degree of phosphorylation of p38 mitogen-activated protein
kinase (p38 MAPK) as well as the expression of calcitonin
gene-related peptide (CGRP) and nuclear factor erythroid
2-related factor 2 (Nrf-2)/heme oxygenase-1 (HO-1). All mice
corneas in each group (n=6/group) were gathered together and
placed in a 200 pL lysate (1% phosphatase inhibitor cocktail
and 1% PMSEF, Solarbio). After 2h decomposition in the ice,
centrifuge the sample (4°C, 12 000 rpm, Smin) and collect the
supernatant to measure concentration of total protein with the
bicinchoninic acid (BCA) protein assay kit (Solarbio). The
40 pg protein sample was used and electrically dispersed to
the sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and then transferred to polyvinylidene difluoride
membrane (PVDF membrane, Solarbio). The protein-
loaded PVDF membrane was blocked with blocking buffer
(Beyotime Biotechnology, China) for 2h, and then they
were soaked in relative primary antibodies at 4°C overnight,
which contain Nrf2 (1:1000; Abcam, Cambridge, UK), HO-1
(1:1000; Abcam), p-p38 (1:1000, CST), p38 (1:1000, CST),
CGRP (1:1000, CST), B-tubulin (1:2000; Elabscience) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:2000;
Elabscience). Next day, the PVDF membranes were further
immersed in the secondary antibodies (1:2000; Elabscience)
for 1h at 37°C followed by detected with enhanced
chemiluminescence (ECL, Vazyme). Image J software was
used to quantify the band intensities. The relative protein
expression levels were normalized to GAPDH or B-tubulin as
internal controls.
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Table 1 Primer list used for PCR

Gene (mouse) Nucleotide sequence Primer Gen bank

[S-actin 5’-GATTACTGCTCTGGCTCCTAGC-3’ F NM_007393.3
5’-GACTCATCGTACTCCTGCTTGC-3’ R

IL-18 5’-CGCAGCAGCACATCAACAAGAGC-3’ F NM_008361.4
5’-TGTCCTCATCCTGGAAGGTCCACG-3’ R

MIP-2 5’-TGTCAATGCCTGAAGACCCTGCC-3’ F NM_009140.2
5-AACTTTTTGACCGCCCTTGAGAGTGG-3’ R

CGRP 5’-GGACTTGGAGACAAACCACCA-3’ F NM_007587.2

5’-GAGAGCAACCAGAGAGGAACTACA-3’ R

PCR: Polymerase chain reaction; IL-1f: Interleukin-1B; MIP-2: Macrophage inflammatory protein-2; CGRP:

Calcitonin gene-related peptide; F: Forward; R: Reverse.

Enzyme-Linked Immunosorbent Assay Enzyme-linked
immunosorbent assay (ELISA) was utilized to test the corneal
protein expression of inflammatory factor. Every 2 corneas
were ground together and ground mechanically in 1000 uL PBS
(n=6/group), and then they were centrifuged for supernatants
(4°C, 5000xg, 10min). Detection steps were carried out
completely according to the instructions of R&D ELISA kit
and measured the absorbance at 450 nm and 570 nm.

MPO Assay The myeloperoxidase (MPO) activity was
performed to detect the discrepancy of the number of corneal
neutrophils between the NPD1 and PBS group. Corneas (n=6/
group) were ground at 3d p.i., then subsequent experimental
steps refer entirely to the manual of the MPO kit (Nanjing
Jiancheng Bioengineering Institute, China).

HE Staining Corneal hematoxylin and eosin (HE) staining
was performed to assess the degree of cell infiltration and
tissue integrity of infected corneas. The infected eyeballs
(n=3/group) were wholly harvested at 3 and 5d p.i. After
fixed in paraformaldehyde (4%) for 3d at room temperature,
the lenses were removed and eyeballs were embedded into
the paraffin. Six micron slices were prepared for staining. The
conventional HE staining method was performed and the slices
were taken pictures by microscopes (magnificationx400).
Flow Cytometry Flow Cytometry was used to test the number
of corneal macrophages. The methods were consistent with the
previous experiments””. Simply put, samples were collected at
3d p.i. Each cornea is clipped and placed in liberase (100 pL,
0.04 mg/mL, Roche, Basel, Switzerland). Then they were
heated at 37°C for 60min with shaking every 15min. After
filtering, the cell suspension was incubated with CD16/CD32
FC Block solution (BD Pharmingen, Franklin Lake, NJ, USA)
for 15min and CD45-PerCP, F4/80-PE-CY7, CD86-PE, and
CD206-FITC (1:200; Biolegend, San Diego, CA, USA) for
20min at 4°C successively. Finally, sample were detected by
flow cytometry (Beckman Coulter, Krefeld, Germany), and the
data of samples were analyzed by the FlowJo V10 software.
All the experiments were repeated 3 times.

Immunofluorescence Staining Immunofluorescence staining
(IFS) was used to evaluate the degree of neutrophil infiltration
and corneal nerve density respectively. The method of the
former was the same as previous study”™. In short, mice
eyeballs (n=3/group) were wholly socked in the optimal
cutting temperature compound (OCT) followed by froze
with liquid nitrogen at 3d p.i. Then, 10 pm corneal slices was
produced and socked in acetone for 30min. After blocking,
corneal slices were successively incubated with neutrophil
marker antibody NIMP-R14 (1:200; Santa Cruz, USA)
overnight. In the next day, slices were treated with secondary
antibody (FITC-conjugated; 1:200; Elabscience) for 1h and
with 4’6-diamidino-2-phenylindole (DAPI; 10 pg/mL;
Solarbio) for 10min. Finally, corneal slices were taken pictures
by a fluorescence microscope.

For detecting the density of the corneal nerve, the whole
eyeball was collected and soaked in 1.3% paraformaldehyde-
PBS solution at room temperature for 1h at 3 and 5d p.i. Then
the corneas were completely exfoliated in sterile PBS and
four radioactive incisions were made in the outer region of
the cornea to allow the cornea to be laid flat. After washed in
PBS five times (five minutes per time), corneas were treated
with 1% Triton X-100 for 1h and followed by washing in
PBS five times. The corneas were next placed in 20% goat
serum for 1h for blocking. After that, corneas were incubated
with 3 pg/mL primary anti-beta III tubulin antibody (Abcam)
for 2h at room temperature and then overnight at 4°C. On
the next day, corneas underwent 2h incubation with anti-
rabbit secondary antibody (1:100; Elabscience) and 15min
incubation with DAPI (ready-to-use; Solarbio), respectively.
Finally, the corneas were fixed on the slides and captured with
a fluorescence confocal microscope.

Statistical Analysis All experimental data were showed in
format of meantstandard deviation (SD). GraphPad Prism 8
software was used for data visualization. The Mann-Whitney
U test was used to evaluate the discrepancy in clinical scores
between two group. An unpaired, two-tailed student’s z-test
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Figure 1 Effect of NPD1 in C57BL/6 mouse A. fumigatus keratitis A: Representative slit lamp photographs of PBS or NPD1 treated A. fumigatus
keratitis mice cornea at days 1, 3, and 5 p.i.; B: Clinical scores of PBS or NPD1 treated mice cornea (n=6 mice/group); C: HE staining of corneal
tissue sections of PBS or NPD1 treated A. fumigatus keratitis mice at 3 and 5d p.i. (n=3 mice/group). Magnification: 400x. All data were
meanxSD and analyzed by the Mann-Whitney U test. NPD1: Neuroprotectin D1; PBS: Phosphate-buffered saline; A. fumigatus: Aspergillus

fumigatus; p.i.: Post-infection; HE: Hematoxylin and eosin; SD: Standard deviation; NS: Not significant.
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Figure 2 Anti-inflammatory activity of NPD1 in C57BL/6 mouse A. fumigatus keratitis PCR results for IL-18 (A), MIP-2 (B) at 3 and 5d p.i.; ELISA
results of IL-1B (C), MIP-2 (D) at 3 and 5d p.i. (n=6 mice/group). All data were meanzSD and analyzed by an unpaired, two-tailed Student’s t-test.
NPD1: Neuroprotectin D1; A. fumigatus: Aspergillus fumigatus; PCR: Polymerase chain reaction; IL-1B: Interleukin-1B; MIP-2: Macrophage

inflammatory protein-2; p.i.: Post-infection; ELISA: Enzyme-linked immunosorbent assay; SD: Standard deviation; NS: Not significant.

was performed in the data of PCR, WB, ELISA, plate count,
and IFS. It was considered as significant when P<0.05 (ns=no
significance). All experiments were repeated at least three times.
RESULTS

NPD1 Treatment Reduced the Severity of Fungal Keratitis
in Mice To examine the role of NPDI in mouse fungal
keratitis, we photographed and scored the infected corneas
of mice at 1, 3, and 5d p.i. Results showed that there was no
significant difference in corneal clinical scores (Figure 1B;
P>0.05) and corneal photographs (Figure 1A) between the
two groups of mice at 1d p.i. However, the degree of corneal
inflammation infiltration and ulceration of NPD1 treatment
group was significantly lower than that of PBS group at 3 and
5d p.i. (Figure 1A), and the clinical scores (Figure 1B; P<0.05,
P<0.01, respectively) showed that corneas of NPDI treatment
group significantly got lower scores than those in PBS group.
Corneal HE staining (Figure 1C) was performed at 3 and
5d p.i. Results showed that the degree of corneal edema and
inflammatory cell infiltration of corneas in NPD1 treatment
group were significantly lighter than those in PBS group.
NPD1 Treatment Reduces the Inflammatory Response in
the Cornea of Mice PCR and ELISA were utilized to test the
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expression of inflammatory factors in A. fumigatus infected
corneas at 3 and 5d p.i. PCR results showed that the mRNA
expression of interleukin-1p (IL-1B; Figure 2A; P<0.001)
and macrophage inflammatory protein-2 (MIP-2; Figure
2B; P<0.001) of corneas in NPDI1 treatment group were
significantly lower than those in PBS group. ELISA results
showed that the protein expression of IL-1B (Figure 2C;
P<0.01) and MIP-2 (Figure 2D; P<0.01) of corneas in NPD1
treatment group were significantly lower than those in PBS
group. WB was utilized to detect the changes in pro- and anti-
inflammatory pathways in the cornea of mice at 3d p.i., and
the results showed that compared with PBS group, the ratio of
p-p38/p38 MAPK (Figure 3D, 3E; P<0.001) in the cornea of
mice in NPD1 group was significantly reduced, and the protein
expression of anti-inflammatory signaling pathway proteins
Nrf-2 (Figure 3A, 3B; P<0.001) and HO-1 (Figure 3A, 3C;
P<0.01) was increased.

NPD1 Treatment Reduces Inflammatory Cell Infiltration
of the Cornea IFS and MPO were utilized to detect the
infiltration of neutrophils. The results showed that compared
to PBS group, there was a weaker fluorescence message of
neutrophils (Figure 4A, 4B; P<0.05) and a lower MPO enzyme
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Figure 3 Effects of NPD1 on the anti- and pro-inflammatory pathway in A. fumigatus keratitis mouse model WB results of protein expression
of Nrf-2/HO-1 pathway (A), and their grayscale value analysis, respectively (B-C) at 3d p.i. (n=6 mice/group). WB results of protein expression of
p-p38/p38 MAPK pathway (D), and its grayscale value analysis, respectively (E) at 3d p.i. (n=6 mice/group). All data were meanSD and analyzed
by an unpaired, two-tailed Student’s t-test. NPD1: Neuroprotectin D1; A. fumigatus: Aspergillus fumigatus; WB: Western blot; Nrf-2: Nuclear
factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1; p-p38: phosphorylated p38; p38 MAPK: p38 mitogen-activated protein kinase;
p.i.: Post-infection; SD: Standard deviation; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; AF: A. fumjgatus; PBS: Phosphate-buffered

saline; NS: Not significant.
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Figure 4 Effects of NPD1 on inflammatory cells infiltration in A. fumigatus infected C57BL/6 mice corneas Representative IFS images of
infected mice corneas with NPD1 or PBS treated for accumulated neutrophils (A, green) and nucleus (A, blue), and its quantitative analysis
(B; n=3 mice/group). MPO activity (C) in infected mice corneas with NPD1 or PBS treated (n=6 mice/group). Flow cytometry gating strategies
(D) of M1 macrophages (CD45+F4/80+CD86+) and M2 macrophages (CD45+F4/80+CD206+). The ratio of total macrophages (E), M1/M®
(F), M2/M® (G) and M2/M1 (H). Magnification: 400x. All data were meanzSD and analyzed by an unpaired, two-tailed Student’s t-test.
NPD1: Neuroprotectin D1; A. fumigatus: Aspergillus fumigatus; IFS: Immunofluorescence staining; PBS: Phosphate-buffered saline; MPO:

Myeloperoxidase; SD: Standard deviation; DAPI: 4’6-diamidino-2-phenylindole; AF: A. fumjgatus; NS: Not significant.

activity (Figure 4C; P<0.01) in corneas of NPD1 treated group  infiltration in corneal stroma. Flow cytometry was utilized
at 3d p.i., which indicated NPD1 treatment reduced neutrophils ~ to detect macrophages and their phenotypes in the cornea.
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Results showed that compared with PBS group, the total
amount of macrophages (Figure 4E; P<0.001) infiltrated in
the cornea of mice of NPD1 group were significantly reduced.
The proportion of M2 macrophages (Figure 4G; P<0.01)
and the ratio of M2/M1 (Figure 4H; P<0.05) in the cornea of
mice of NPD1 group was significantly higher than that of PBS
group although the proportion of M1 macrophages (Figure 4F;
P>0.05) between two groups were not significantly different.
NPD1 Treatment Promotes Corneal Nerve Repair The
whole cornea was taken for IFS to detect the corneal nerves,
and the results showed that both NPD1 and PBS treated
group got a weak fluorescence message of the corneal nerve
at 3d p.i. However, compared to PBS group, there was a
stronger fluorescence message of the corneal nerve (Figure
5A, 5B; P<0.01) in corneas of NPD1 treated group. At 5d
p.i., both NPD1 and PBS treated group got a little stronger
fluorescence message of corneal nerve than those at 3d p.i.,
but the fluorescence message of the corneal nerve (Figure
5A, 5B; P<0.01) in corneas of NPDI treated group was also
stronger than that in PBS treated group. Those indicated that
corneas of NPDI treated group possessed more nerve than
PBS treated group after infected with 4. fumigatus. Von Frey
Test showed that compared to the PBS treated group, the von
Frey filament force of NPDI treated group was reduced at 3
and 5d p.i. (Figure 5C; P<0.05), which indicated that corneas
of NPDI1 treated group maintain a higher sensitivity than those
of PBS treated group. PCR and WB were utilized to detect
the expression of CGRP, and results showed that compared
with PBS group, the mRNA (Figure 5D; P<0.05) and protein
(Figure SE, 5F; P<0.001) expression of CGRP of corneas in
NPDI treatment group were significantly increased.
DISCUSSION

Fungal keratitis is a refractory infectious corneal disease with
a high rate of blindness. In the course of fungal keratitis,
the corneal inflammatory response is not only the resistance
to pathogenic fungi but also the destroyer of corneal tissue
structure. The excessive inflammatory response will aggravate
tissue damage in fungal keratitis, which can lead to corneal
ulceration, perforation, blindness and even eyeball loss”"*".
Thus, controlling excessive corneal inflammatory response is a
crucial treatment for fungal keratitis. NPD1 is a lipid mediator
that promotes inflammation-resolution. Previous studies have
proved that NPD1 can play a strong anti-inflammatory role
in different nervous system diseases and retinal diseases”™""),
Our data showed that NPD1 treatment reduced the degree
of corneal infiltration and ulcer in 4. fumigatus infected
mice corneas and reduced corneal tissue damage. This is
consistent with another study, which demonstrated that the
local application of methyl ester prodrug NPD1 reduced the
incidence rate and degree of corneal damage as well as reduced
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Figure 5 Nerve restoration activity of NPD1 in A. fumigatus infected
C57BL/6 mice corneas Representative IFS images of infected mice
corneas with NPD1 or PBS treated for corneal nerve (A, green) and
quantitative analysis (B; n=3 mice/group). Von Frey test of infected
mice corneas with NPD1 or PBS treated for mechanical sensitivity
thresholds (C). mRNA (D) and protein (E, F) expression of CGRP.
All data were mean+SD and analyzed by an unpaired, two-tailed
Student’s t-test. NPD1: Neuroprotectin D1; A. fumigatus: Aspergillus
fumigatus; IFS: Immunofluorescence staining; PBS: Phosphate-
buffered saline; CGRP: Calcitonin gene-related peptide; SD: Standard
deviation; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; AF:
A. fumjgatus; NS: Not significant.

the degree of corneal neovascularization in herpes simplex
virus-induced stromal keratitis™. These results suggest that
NPD1 can promote the resolution of inflammation response in
infectious keratitis.

Innate immunity is the first line of defense against fungal
infection. When the pattern recognition receptor recognizes the
invaded fungus, the innate immune response is immediately
initiated and resulted in the release of pro-inflammatory
factors such as IL-1p, IL-6, IL-8, and IFN-y"**7* IL-1p
is considered a marker of inflammation and reducing the
production of IL-1p significantly reduced corneal opacity in
fungal keratitis"***. Our research data showed that NPD1
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effectively curbed the expression of pro-inflammatory factors
IL-1B and MIP-2 in A. fumigatus infected corneas. Our data is
consistent with a published paper which argued that NPD1 can
reduce the expression of TNF-a and IL-1f, and thus protect

photoreceptors away from apoptosis"®

. More interestingly,
we also observed that NPD1 promoted the expression of the
anti-inflammatory signaling pathway Nrf-2/HO-1 and inhibit
the activation of the pro-inflammatory signaling pathway p38
MAPK. Studies have proved that both inhibition of the p38
MAPK pathway and activation of the Nrf-2/HO-1 pathway
can significantly slow down the course of A. fumigatus

26,28,37 .
C ! The evidence above

keratitis and improve prognosis
suggests that NPD1 can inhibit 4. fumigatus induced corneal
inflammatory response by regulating the balance of pro- and
anti-inflammatory signal pathways.

Host anti-fungal immune responses in the cornea are mainly
undertaken by innate immunity mediated by macrophages
and neutrophils. Neutrophils are the first immune cells to
be recruited into the infected cornea. By releasing cytotoxic
molecules, respiratory burst, and neutrophil extracellular trap,
neutrophils can effectively eliminate the invaded pathogenic
bacteria, but also damage the corneal tissue structure****”. Our
study shows that NPD1 can effectively inhibit the recruitment
of neutrophils and reduced the activity of the MPO enzyme
after corneas are infected with A. fumigatus. This coincides
with another study which demonstrated that NPDI1 has anti-
inflammatory activity, and can decrease neutrophil infiltration
and T cell migration in the nervous systems and immune
systems"'!. Macrophages, as the first-line defense cells,
can polarize into different phenotypes in response to local
microenvironment signals, including M1 (pro-inflammatory)
and M2 macrophages (anti-inflammatory)“**?. M1 macrophages
facilitated the clearance of pathogenic fungi in the early stages
of infection, however, it will lead to uncontrolled inflammation
and tissue damage if the M1 macrophages polarization keeps
for a long time'*”. M2 macrophages are associated with anti-
inflammatory response and tissue remodeling'". Studies
have reported that M2 macrophages play a protective role in
keratitis'*”. Our results show that NPD1 can reduce the total
number of macrophages and promote its transformation to
M2 type, and thus raised the ratio of M1/M2 macrophages
in A. fumigatus infected cornea. A previous study has
shown that NPD1 treatment could increase the expression
level of CD206 (M2 marker) and regulate the expression
of inflammatory cytokines in lipopolysaccharide (LPS)-
stimulated macrophages'*®, which is consistent with us. This
polarization shift is likely mechanistically linked to our other
findings. The observed inhibition of the pro-inflammatory p38
MAPK pathway, which is a known driver of M1 polarization,
coupled with the activation of the Nrf-2/HO-1 anti-

inflammatory axis, likely creates a local microenvironment
that actively suppresses M1 characteristics while promoting
the M2 phenotype. Thus, NPD1 does not just passively reduce
inflammation; it actively orchestrates the resolution phase by
reprogramming key immune cells. The above results prove that
NPDI can play an anti-inflammatory role by suppressing the
aggregation of neutrophils and macrophages, and increasing
the polarization of macrophages to M2 type in fungal keratitis.
In addition, cornea is densely innervated with sensory nerves.
The homeostasis of the ocular surface and the repair of
corneal injury partly depends on the relationship between
corneal epithelial cells and corneal nerves. As we all know,
corneal nerves can promote epithelial cell appreciation and
differentiation, as well as maintain the mechanical sensitivity

thresholds of the cornea"**’

! However, it has been proved
that the degree of corneal innervation was reduced in A.
fumigatus keratitis'. In our experiment, we found that NPD1
can effectively promote the repair of damaged nerves and
restore corneal sensitivity in A. fumigatus keratitis. A previous
study has argued that the simultaneous application of pigment
epithelium-derived factor (PEDF) and DHA could increase the
synthesis of NPD1 after corneal stromal dissection, followed
by the regeneration of corneal nerve, while neither PEDF nor
DHA alone has the same effects'™. This is consistent with us
and proves that NPD1 can promote the restoration of damaged
corneal nerves in A. fumigatus keratitis. Furthermore, we found
that NPDI1 treatment significantly improved the expression
of CGRP. As an important corneal neuropeptide, CGRP plays
an important role in the corneal neurotrophic function and

[49-50

immune regulation'>”. The elevation of CGRP is a key piece
of the puzzle. CGRP is not only a marker for sensory nerves
but is also a potent neurotrophic and immunomodulatory
factor itself. By promoting CGRP expression, NPD1 may
indirectly create a positive feedback loop: NPD1 promotes
nerve survival, which in turn leads to more CGRP release,
and this CGRP further supports nerve regeneration and helps
to dampen the local inflammatory response, creating a more
permissive environment for tissue healing. This proved that
NPD1 indirectly protects the cornea by inducing corneal nerve
regeneration in A. fumigatus Keratitis.

Our study, for the first time, unveils the unique therapeutic
potential of NPDI in these complex pathological processes,
thereby highlighting the innovativeness and significance of this
work.

In summary, we found that NPD1 can repress the inflammatory
response of A. fumigatus keratitis, and promote tissue repair
and corneal nerve regeneration. Our data showed that NPD1
can effectively reduce the expression of IL-1p and MIP-2,
inhibit the activation of the pro-inflammatory p38 MAPK
signaling pathway, and increase the expression of the anti-
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inflammatory Nrf-2/HO-1 signaling pathway in 4. fumigatus

infected corneas. In addition, NPD1 can reduce the recruitment

of neutrophils and macrophages as well as promote the M2

macrophages polarization. Therefore, NPD1 is expected to be a

new option for regulating the excessive inflammatory response

of A. fumigatus keratitis.
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