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Purpose: In this study, we aimed to investigate the relationship between the intraocular levels of inflammatory factors and myopia-
related retinal vascular and neuronal degeneration.

Patients and Methods: One hundred and forty-seven patients with Implantable Collamer Lens (ICL) implantation were enrolled and
all participants received comprehensive ophthalmic examination. About 100~150 ul of aqueous humor was collected immediately
before ICL surgery. The levels of inflammatory factors including Aggrecan, April, BAFF, CCL5, CD163, Chi3ll, gp130, IL-6Ra, IL-
8, IL-10, IL-11, IL-12, TL-19, IL-27, IL-28A, 1L-34, IFN-B, IFN-y, MMP-1, MMP-2, MMP-3 and PTX3 in the aqueous humor were
measured using the Luminex Multiplexing system.

Results: Results showed that aqueous humor levels of pro-inflammatory factors Chi3l1, IL-6Ra, IL-8, IL-12, IL-27, inflammation-
related cytokines April, BAFF and IL-34 progressively increased from the progression of myopic retinopathy. Conversely, the aqueous
levels of IL-11 and Aggrecan gradually decreased from the progression of myopic retinopathy. Correlation analysis showed that the
intraocular levels of Chi3l1, IL-6Ra, IL-8, IL-27 and BAFF were negatively correlated with retinal vascular density. The intraocular
level of IL-6Ro was negatively correlated with retinal neuronal thickness. Protein—Protein Interaction (PPI) analysis revealed that
Chi3l1 and Aggrecan were the upstream cytokines that affect IL-10 and IL-8 in the pathological myopic eyes. KEGG pathway analysis
showed that cytokine—cytokine receptor interaction, JAK-STAT signaling pathway, rheumatoid arthritis, and chagas disease were
influenced by these altered inflammatory factors (adjusted p-value<0.001).

Conclusion: The production of inflammatory factors in the eyes of individuals with high myopia and pathological myopia was
altered, and the elevated levels of intraocular pro-inflammatory factors such as Chi3l1, IL-6Ra, and IL-8 were closely associated with
myopia-related retinal microvascular and neurodegeneration.
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Introduction
Myopia is an eye disorder characterized by an excessive increase in axial length relative to the refractive power of the
eye.! The high prevalence of myopia, particularly in Asian countries, is a serious public health-related problem. High
myopia increases the risk of ocular pathological changes such as posterior staphyloma, lacquer cracks, optic disc
abnormalities, chorioretinal atrophy, choroidal neovascularization, and myopic maculopathy, which may eventually
cause irreversible visual impairment.”* The pathogenesis of myopia-related retinal degeneration is poorly understood,
and no effective therapies are available.

Inflammation is a protective mechanism by the higher organism to remove the insults and initiate the healing
process.” In myopia, progressive visual axial elongation is a process of continued tissue remodeling. Previous studies
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have unveiled the association between inflammation and myopia development.®'® High myopia is thought to be
inflammation-related disease and inflammation is closely related to myopia-mediated retinal complications such as
myopic choroidal neovascularization (CNV).""'* Inflammation is also known to be involved in the susceptibility to
myopia progression.'"'* Patients with autoimmune diseases such as type 1 diabetes mellitus, systemic lupus erythema-
tosus, uveitis, and allergic conjunctivitis have a higher prevalence of myopia.® Moreover, animal studies have shown that
myopia progression can be reduced by immunosuppressive agents but enhanced by stimulating inflammation.®’
However, the status of intraocular inflammation in myopic eyes remains controversial and the role of inflammation in
myopia-induced retinal degeneration remains poorly defined. We have previously reported that the inflammation-related
pathways were activated in the guinea pig model of early-stage myopia-induced retinal degeneration and intraocular
complement proteins were significantly elevated in patients with myopic retinopathy.'*'® In this study, we measured 22
cytokines in the aqueous humor from myopic patients. We further investigated the relationship between intraocular
cytokines levels and myopic-related retinal neuronal and vascular degeneration.

Materials and Methods

Clinical Samples

The clinical study was performed following the principles of the Declaration of Helsinki. Informed consent was obtained from all
participants and the Institutional Review Board (IRB) at the Aier Eye Hospital Group approved the study (IRB number: AIER
2019IRB03). This study recruited 147 myopic patients who were willing to participate in the study and underwent ICL surgery for
the first time between November 2019 and October 2020 at Changsha Aier Eye Hospital, Hunan, China. Subjects with systemic
inflammatory or autoimmune diseases, or a history of trauma were excluded from this study. The subgroups including the degree
of myopia (ie, high myopia and low myopia) and the type of pathological myopia (ie, simple myopia (SM), posterior staphyloma
(PS) or with myopic chorioretinal atrophy (PS+CA)) were all based on our previous study (see our previous study).'* All subjects
received comprehensive ophthalmic examinations including logMAR BCVA, slit lamp examination, intraocular pressure, axial
length, spherical equivalent, ocular B-scan ultrasonography and fundus examination (more details were shown in our previous
study)."® It should be emphasized that the retinal neuronal thickness and vascular density in the macular zone and the optic nerve
head included the below parameters: Macular zone: (1) superficial retinal vessel density (SRVD); (2) deep retinal vessel density
(DRVD); (3) superficial retinal thickness (SRT); (4) deep retinal thickness (DRT); (5) foveal vessel density (FD); (6) foveal
avascular zone (FAZ); (7) FAZ perimeter (PERIM); (8) average thickness of ganglion cell complex (GCC). Optic nerve head: (1)
average thickness of retinal nerve fiber layers (average RNFL); (2) optic nerve head all vessel density (ONHVD-all vessels); (3)
optic nerve head small vessel density (ONHVD-small vessels); (4) inside disc all vessel density (IDVD-all vessels); (5) inside disc
small vessel density (IDVD-small vessels); (6) Peripapillary all vessel density (Peripapillary VD-all vessels); (7) peripapillary
small vessel density (Peripapillary VD-small vessels) (see our previous study).'*

Aqueous Sample Collection and Laboratory Measurement

Approximately 100~150 pL of aqueous humor was drawn from the anterior chamber through the limbus using a disposable sterile
syringe before ICL implantation. Then, the sample was transferred into a sterile Eppendorf and stored at —80°C until measure-
ment. The levels of inflammatory factors including Aggrecan, April/TNFSF13, BAFF/BlyS/TNFSF13B, CCLS/RANTES,
CD163, Chitinase3-like 1 (Chi3ll), gp130, IL-6Ra, IL-8/CXCLS, IL-10, IL-11, IL-12/IL-23 p40, IL-19, IL-27, IL-28 A/IFN-
lambda2, IL-34, IFN-B, IFN-y, MMP-1, MMP-2, MMP-3 and Pentraxin 3 (PTX3)/TSG-14 in the aqueous humor were assayed
with the XMAP kits (No. LXSAHM-22, Lot. 139193, Rnd, USA) using the Luminex XMAP system following manufacturer’s
instructions (Luminex Technology, Austin, USA). About 25 pL of aqueous humor from each sample diluted with RD6-52 (1:1
dilution) was used to measure the above inflammatory factors.

Bioinformatics Analysis

A protein—protein interaction (PPI) network of the aqueous humor differentially expressed proteins (DEPs) was
performed using the STRING database with a confidence score >0.4. Cytohubba plugin calculated the highest degree
of connectivity, and the protein—protein interaction network was visualized using the Cytoscape (Version 3.10.1, Oracle,
Redwood City, CA, United States). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway analysis of
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DEPs was conducted using the online platform Omicshare (https://www.omicshare.com) and the pathways with adjusted

p-value <0.05 were considered to be significant.

Animal Study

We previously developed a form deprivation-induced high myopia (FDM) in pigmented guinea pigs and the animals presented
early signs of retinal neuronal degeneration.'> We used samples from this study to evaluate the expression of cytokine genes
(determined by results from a patient-based study). The animal study protocols were approved by the Animal Care and Ethics
Committee of the Central South University (Ref: 2021SYDWO0026) and all procedures were performed according to the
Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision
research.

Quantitative Real-Time PCR Analysis of Inflammatory Factor Expression in Form Deprivation-Induced Myopic
Retinal Degeneration

We used mRNA samples from our previous study,'> and conducted qRT-PCR analysis on inflammation-related genes,
including Aggrecan, BAFF, CCLS5, CD163, Chi3ll, IL-6r, IL-10, IL-27, MMP-2 and PTX3. Nine retinas were included in
each group. 400 ng RNA from each retina sample was used to synthesize cDNA using a Reverse Transcription kit (Vazyme,
Nanjing, China). We eventually diluted the cDNA to 1.25 ng/ul for the subsequent qRT-PCR and conducted qTR-PCR in
96-well plates using a lightcycle96@Real-Time PCR System (Roche, Germany). Each sample was triplicated. The primers
were purchased from Tsingke Biotechnology (Beijing, China) and GADPH was used as a house-keeping gene. For details
see Supplementary Table 1. The reaction was conducted by 45 cycles of 95 °C for 10s, 60 °C for 15s and 72 °C for 10s
(single acquire), in which each reaction (10 pL of volume) contained 1 puL of primer (10 pM), 2 uL cDNA, 5 uL. Maxima
SYBR Green Master Mix (2X) (Cat. K0252, Thermo Fisher Scientific, MA, USA) and 2 pL ddH2O. The relative
expression of candidate genes was obtained using the comparative threshold cycle (2-AACt) method.'®

Statistics

Data analyses were performed using the Statistical Package for Social Sciences software (SPSS, V. 21.0, IBM Corp.,
USA). The Kolmogorov—Smirnov test was used to determine the normality of the clinical data. The continuous variables
with homogeneity were compared by one-way Analysis of Variance (ANOVA), followed by the Bonferroni’ post hoc
analysis. For those variables that were not homogeneous, the Kruskal-Wallis test was used. Due to the large range of
variables, we rescaled the features with distribution values between 0 and 1, including axial length, spherical equivalent,
corneal curvature, parameters in the optic nerve head and the macular zone and all inflammatory factors. The general
equation is shown below: X .= X-min(x)/Max(x)-Min(x). Unadjusted linear regression was employed to examine the
coefficients of two dependent variables. Chi-square analysis was used to analyze categorical variables such as gender,
family history of myopia, and history of photocoagulation, etc. All continuous values were expressed as mean + SD or
mean + SEM, and the categorical values were expressed as N (%). P value< 0.05 was considered statistically significant.

Results

Patient-Based Study

Clinical Characteristics and Retinal Neuronal and Vascular Degeneration of the Participants

The basic clinical characteristics, including age, gender, BCVA, family history of myopia, spherical equivalent (SE), axial
length and parameters in the optic nerve head and the macular zone of the 147 participants were detailed in our previous
study."* The subjects’ age, axial length and SE exhibited normal distributions (as shown in the Supplement Figure 1).

Additionally, the age, gender distribution, BCVA, and family history of myopia did not differ between different groups of
participants.

Inflammatory Factor Levels in the Aqueous Humor in Eyes with Different Degrees of Myopia
Out of the 22 inflammatory/inflammation-related cytokines, 20 were detected in all aqueous humor, including six pro-
inflammatory factors (CCL5, Chi3l1, IL-6Ra, IL-8, IL-12, IL-27), eight anti-inflammatory factors (CD163, IL-10, IL-11,
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IL-19, IL-28A, MMP-2, MMP-3, Pentraxin 3), and six inflammation-related cytokines (Aggrecan, April, BAFF, gp130,
IFN-B, IL-34). IFN-y and MMP-1 were below the sensitivity limits (ie, 2.7 pg/mL and 0.4 pg/mL respectively).

When comparing the aqueous humor levels of pro-inflammatory factors in high myopia with those in low myopia,
Chi3ll, IL-6Ra, IL-8, IL-12 and IL-27 were significantly higher in high myopic eyes, CCL5 did not differ between the
two groups (Table 1). The anti-inflammatory factors IL-10, IL-11 and IL-28A were significantly lower in the high myopic
eyes. The levels of CD163, IL-19, MMP-2, MMP-3 and Pentraxin3 were comparable among the high and low myopic
eyes. Other inflammation-related cytokines, including April and BAFF, were statistically higher in higher myopia, but
Aggrecan and IL-34 were higher in low myopic eyes (Table 1).

Inflammatory Factor Levels in the Aqueous Humor in Eyes with Different Degrees of Pathological Myopia

To investigate the link between intraocular inflammatory factors and myopia-related retinal pathologies, we further classified
the subjects into three groups: simple myopia (SM, without pathological myopia, n = 78), posterior staphyloma (PS, n = 39)
and posterior staphyloma with myopic chorioretinal atrophy (PS+CA, n = 30) (see detailed classification in our previous
study)."* The aqueous levels of inflammatory factors Chi3ll, IL-6Ra, IL-8, IL-12, IL-27, April, BAFF, and IL-34
progressively increased from SM to PS, and to PS+CA group. Conversely, the aqueous levels of IL-11 and Aggrecan
gradually decrease from SM to PS, with the lowest values in the PS+CA group. Pentraxin 3 showed the highest value in PS
group with no significant difference between SM and PS+CA (Table 2). Our results suggest that with the progression of

pathological myopia, intraocular pro-inflammatory mediators increase, and the anti-inflammatory factors decrease.

Table | Inflammatory Cytokines Levels in the Aqueous Humor of
Patients with High Myopia and Low Myopia (pg/mL)

Low myopia High myopia P values*
Pro-inflammatory cytokines
CCL5 8.00+9.98 4.51£3.60 0.05
Chi3ll 57246.10 72,146.61 0.001

+16,782.49 +34,598.44

IL-6Ra 42.28+15.30 58.09+27.57 <0.001
IL-8 1.83£0.71 2.32+1.14 0.004
IL-12 125.124£29.86 149.00£31.97 0.001
IL-27 80.55+13.04 163.31£60.72 <0.001
Anti-inflammatory cytokines
CDI163 5253.12+872.60 5254.89+911.04 0.99
IL-10 1.2840.19 1.19£0.23 0.02
IL-11 445.27+108.10 333.52%150.51 <0.001
IL-19 648.85+378.92 727.74+366.62 0.28
IL-28A 29.22+4.83 25.06+3.53 <0.001
MMP-2 10,142.15£3180.04 | 10,463.32+ 3284.49 0.57
MMP-3 58.60+59.07 50.93+43.75 0.37
Pentraxin 3 121.75£35.52 120.05+38.76 0.79
inflammation-related cytokines
Aggrecan 421.60+48.11 350.99+54.79 <0.001
April 259.72+111.78 342.76%127.03 <0.001
BAFF 21.43+8.09 34.39+22.80 <0.001
gpl30 6663.07+1408.71 6944.40+1820.49 0.32
IFN-B 3.67+0.96 3.4210.80 0.14
IL-34 85.70+33.35 73.63+30.14 0.03

Notes: * Student’s t-test; Mean+SD; Bold text indicates p value<0.05 was considered
statistically significant.
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Table 2 Inflammatory Cytokines Levels in the Aqueous Humor of Patients from Different Degrees of Pathological Myopia Patients
(pg/mL)

SM PS PS+CA P values (all)® P value® P values® P values®
SM vs PS SM vs PS+CA PS vs PS+CA

Pro-inflammatory cytokines

CCLS 5.49+6.96 6.27+8.33 6.08+5.37 0.89 0.68 0.73 0.73
Chi3ll 60724.52+21,679.68 60,693.18+ 18,783.34 87,048.48+ 46,199.14 <0.001 0.99 0.006 0.006
IL-6Ra 47.86120.21 49.90%19.12 63.5£35.95 0.01 0.60 0.03 0.07
IL-8 6.44+3.37 7.92+3.85 12.37£9.31 <0.001 0.04 0.002 0.02
IL-12 1.22+0.79 1.52+1.04 2.93+£2.29 <0.001 0.12 <0.001 0.003
IL-27 110.71+48.25 151.76+86.30 165.42+ 55.22 0.001 0.02 <0.001 0.47

Anti-inflammatory cytokines

CDl63 5295.22+899.64 5113.59+ 1012.62 5334.17+ 683.51 0.51 0.33 0.83 0.29
IL-10 1.22+0.20 1.27+0.28 1.18+0.14 0.23 0.40 0.16 0.08
IL-11 422.25%143.71 364.96+ 128.48 306.81% 129.18 <0.001 0.05 <0.001 0.09
IL-19 66.62+25.54 63.14£24.53 92.23+40.26 0.43 0.35 0.6l 0.16
IL-28A 28.14+5.22 26.90+3.98 24.76+2.92 0.1l 0.26 0.06 0.15
MMP-2 10,300.34+3228.20 10,144.08+ 3307.35 10,660.90+ 3536.58 0.8l 0.8l 0.62 0.54
MMP-3 53.65+52.93 51.47+40.53 58.96+ 57.66 0.83 0.82 0.66 0.56
Pentraxin 3 116.47+37.37 136.03+39.51 111.60+28.22 0.009 0.01 0.53 0.006

inflammation-related cytokines

Aggrecan 398.29+63.84 375.50+ 57.67 338.52+ 4291 <0.001 0.06 <0.001 0.005
April 279.87+131.14 326.30+115.84 360.10+ 114.28 0.008 0.06 0.005 0.24
gpl30 6766.40+1677.86 6700.03 +1441.35 7163.59 £1900.76 0.47 0.83 0.30 0.26
BAFF 24.56£11.70 27.41£11.66 43.06+33.01 <0.001 0.22 0.006 0.02
IFN-B 3.65+0.97 3.40+0.79 3.39+0.69 0.33 0.24 0.26 0.94
IL-34 157.10+60.04 186.64+76.09 225.33+£79.32 <0.001 0.02 <0.001 0.04

Notes: * ANOVA; ® Bonferroni’post hoc analysis; Mean+SD; Bold text indicates p value<0.05 was considered statistically significant; SM: simple myopia; PS: posterior
staphyloma; CA: myopic chorioretinal atrophy; PS+CA: posterior staphyloma with myopic chorioretinal atrophy.

The Relationship Between Intraocular Inflammatory Factors and Axial Length

To explore the link between intraocular inflammatory factors and myopia-mediated ocular pathologies including axial
length elongation and retinal vascular and neuronal degeneration, we further analyzed the correlation between the
inflammatory cytokine levels and myopia-related ocular parameters. Our results show that the pro-inflammatory factors,
including Chi3ll, IL-6Ra, IL-8, IL-12 and IL-27, inflammation-related cytokines including April and BAFF positively
correlated with axial length, with the highest being 1L-27, Chi3l11, and IL-12 (=0.62, 0.41, 0.37, respectively, p<0.001,
Supplementary Table 2). Other cytokines including IL-11 (f=—0.57, p<0.001), IL-28A (B=—0.59, p<0.001), Aggrecan
(B=—0.41, p<0.001, Supplementary Table 2), and IFN-B (f=—0.21, p<0.05, Supplementary Table 2) negatively correlated
with axial length. Further subgroup analysis revealed that the PS group had the highest level of correlation

(Supplementary Table 2).
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The Relationship Between Intraocular Inflammatory Factors and Retinal Vascular Density in Myopic Eyes

We previously reported a progressive loss of macular zone blood vessels and peripapillary vascular degeneration (VD) in
myopic retinopathy.'* Next, we examined the relationship between intraocular cytokines and the optic nerve head
vascular density (VD). Chi3ll, IL-6Ra, IL-8, IL-27, MMP3, Aggrecan, and BAFF negatively correlated with peripapil-
lary VD (all vessels) with the highest correlation being IL-27 followed by IL-6Ra, and IL-8 (B = —0.64, —0.39, —0.36,
respectively, p<0.01, Supplementary Table 3). The anti-inflammatory factors IL-28 A and IL-11 positively correlated with

peripapillary VD (all vessels).

Regarding macular zone vessels, Chi3l1, IL-6Ra, IL-8 and IL-27, and BAFF negatively correlated with DRVD and
SRVD, with the highest values being IL-27 followed by IL-8 (B = —0.32 and —0.32 for DRVD and —0.49 and —0.32 for
SRVD, respectively, p<0.01, Supplementary Table 4 and 5). No other correlations were observed.

The Relationship Between Intraocular Inflammatory Factors and Retinal Thickness in Myopic Eyes

Myopic retinopathy is a progressive thinning of macular zone neurons.'* Therefore, we investigated the link between intraocular
cytokines and retinal neuronal degeneration. IL-60. and IL-27 negatively correlated with retinal nerve fibre layer (RNFL) thickness
(Supplementary Table 6). Chi3l1, IL-6Ra, IL8, IL-12 and BAFF negatively correlated with the superficial retinal thickness (SRT)
and deep retinal thickness (DRT), which the highest correlation is Chi3ll (B = —0.40 and —0.38, respectively, p<0.001,
Supplementary Table 7 and 8). However, Aggrecan showed a positive correlation with all retinal neuronal thicknesses, including
RNFL, SRT and DRT (3 =0.24, 0.27 and 0.31, p<0.05, Supplementary Table 6, 7 and 8). Further subgroup analysis showed that
most of the correlations lie in the PS+CA group (Supplementary Tables 7 and 8).

In summary, our results suggest that higher intraocular inflammatory factors are related to myopia-mediated retinal
vascular and neuronal degeneration.

The Relationship Between Intraocular Inflammatory Factors and Age

Furthermore, we investigated the relationship between inflammatory factors and age. In our study, the mean age of the
subjects was 26.02 + 5.86 years. Among them, 119 had myopia progression for >10 years, 25 had progression lasting
from 5 to less than 10 years, and 3 had progression lasting for less than 5 years. There were no significant age differences
among groups with varying degrees of myopia, including low to high myopia and different levels of pathological myopia.
The normal distribution plot of age was shown in Supplementary Figure 1. Our findings indicated a positive correlation
between age and the levels of inflammatory factors, including Chi3ll, IL-6Ra, IL-8, MMP-3, Aggrecan, BAFF, and
gp130. Remarkably, the correlation between these inflammatory factors was more pronounced in subjects with higher

degrees of pathology, particularly for IL-8 and MMP-3 (Supplement Table 9). This further suggests that the expression of

inflammatory factors in myopic eyes is positively associated with age, with the strongest correlation observed in the PS
+CA group, which exhibited the most severe pathological manifestations.

PPl and Enrichment Analysis of the Targeted Inflammatory Factors

To better understand the pathways associated with high myopia and pathological myopia, we conducted protein—protein
interaction (PPI) analysis using 16 cytokines/growth factors, which were either significantly altered in different groups of
myopic retinopathies or linked to myopic retinal vascular or neuronal degeneration using the STRING database. We
obtained 11 nodes and 29 edges with a confidence score >0.4. Chi311 and Aggrecan appear to be the upstream factors that
could affect other factors, whereas BAFF, IL-34 and MMP3 are the downstream factors that could be affected by others
in the PPI network (Figure 1A). The KEGG analysis identified cytokine—cytokine receptor interaction, JAK-STAT
signaling pathway, rheumatoid arthritis, and Chagas disease as the top 4 significantly enriched pathways (adjusted
p-value <0.001, Figure 1B).

Animal Study

We previously developed a long-term form-deprivation-induced mild myopic retinopathy in guinea pigs.'”> Using retinal
samples from the animal study, we further investigated the immune-related gene expression. Real-time RT-PCR showed
that the expression of Chi3ll, IL-6r, IL-27, PTX3, Aggrecan and BAFF in the FDM retinae was significantly higher
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Figure | Pathway analysis of the differentially expressed proteins (DEPs). (A) The image showed the |1 highest degree of aqueous connection DEPs calculated by
Cytohubba plugin. Arrows suggest the direction of protein-protein interaction. The darker the color, the higher degree of the connections between the nodes. (B) The top
|5 pathways analyzed by KEGG enrichment of aqueous humor’s DEPs.

compared to that in self-control eyes or in eyes from control guinea pigs (Figure 2). No significant difference was
observed in CCLS5, IL-10, CD163 and MMP2 genes.

Discussion
In this study, we detected a significant alteration in the intraocular levels of inflammatory factors in different groups of
myopic retinopathy. We found that with the progression of myopic retinopathy, the intraocular levels of pro-inflammatory
factors increase, and anti-inflammatory factors decrease. The intraocular levels of Chi3l11, IL-6Ra, IL-8, IL-27 and BAFF
negatively correlated with the retinal vascular density; the levels of IL-6Ra also negatively correlated with retinal
neuronal thickness. Aggrecan was positively correlated with retinal neuronal thickness. Our results suggest that
intraocular inflammatory status is related to myopic retinopathy, specifically, activation of the IL-27/IL6R pathway
may contribute to myopic retinal microvascular and neuronal degeneration, and Aggrecan appears to be neuroprotective.

Cytokines, chemokines and growth factors in the aqueous humor originate from intraocular cells and their constitu-
tions reflect the states of the intraocular microenvironment, particularly the retina. Alterations in aqueous humor
inflammatory mediators have been reported in many retinal disease conditions, including diabetic retinopathy,'’
glaucoma,'® and high myopia.'” However, the intraocular inflammation status remains controversial. Zhu et al found
higher intraocular levels of MCP-1 together with reduced IL-Ira in high myopic cataract eyes.'® Yuan et al detected
higher IL-6 and MMP2 and lower VEGF in high myopia and myopic retinopathy.>® Shchuko et al reported elevated
PDGEF, IL-2, IL-5, IL-13, IL-15, IL-17A, TNF-a, IL-8, and RANTES and decreased VEGF in myopic choroidal
neovascularization (mCNV),?" although Yukimi et al found that the aqueous levels of VEGF were higher in mCNV
eyes.”” In the current study, we measured the intraocular inflammation status of myopic subjects unaffected by other
ocular diseases such as cataracts, which could better inflect the intraocular inflammation status associated with myopia.
We observed elevated levels of inflammatory mediators including April, BAFF, Chi3l11, IL-6Ra, IL-8, IL-12, and 1L-27
and reduced levels of immune regulators/inhibitors such as Aggrecan, IL-10, IL-11, IL-28A, and L-34 in high myopic
eyes compared to those in low myopic eyes.

Our results highlight a pro-inflammatory intraocular microenvironment in high-myopic eyes. To determine the role of
intraocular inflammation in the development of myopic retinopathy, we further categorized the participants into SM,
myopia with PS, and PS + CA based on the severity of myopic retinopathy.'* We found that the levels of pro-
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Figure 2 The relative gene expression of inflammatory/inflammation-related cytokines in different groups of Guinea pig retina by qRT-PCR. Data presented as fold change of
gene expression compared to control groups. Mean * SEM, n = 9/group. ns — no significant difference, * p < 0.05. **p < 0.01. One-way ANOVA followed by Dunn’s Multiple
comparison test. FDM — form-deprivation induced myopia.

inflammatory factors, including Chi3ll, IL-6Ra, IL-8, IL-12, and IL-27 progressively increase from SM to PS and PS
+CA. The levels of IL-11 and Aggrecan decrease with the progression of myopic retinopathy. We also observed positive
correlations between inflammatory mediators (including Chi3l1, IL-6Ra, IL-8, IL-12, IL-27, April, and BAFF) and axial
length, particularly in the PS+CA group, suggesting the potential role of intraocular inflammation and myopic progres-
sion. It is well known that cataract surgery could initiate intraocular inflammation,” including inflammation in the
retina.>* The pro-inflammatory intraocular microenvironment may put the high-myopic eyes at risk of ocular complica-
tions from additional insults such as intraocular surgery. It may also contribute to the accelerated onset of cataracts in
eyes that have undergone phakic implantation procedures, and the occurrence of proliferative vitreoretinopathy (PVR) in
cases of myopic retinal detachment. We urge the ophthalmology community to carefully consider ICL implantation in
high-myopic eyes. If intraocular surgery is unavoidable in these eyes, intraocular inflammation should be carefully
monitored and promptly controlled.

We have previously reported progressive retinal microvascular and neuronal degeneration during the progression of
myopic retinopathy from SM, PS, to PS+CA."* Here, we found that the intraocular levels of immune mediators including
Chill3, IL-6Ra, IL-8, IL-27, and BAFF negatively correlated with retinal vascular density (peripapillary and macular
zone). In terms of retinal neuronal degeneration, negative correlations were observed between the levels of IL-6Ra and
retinal neuronal thickness (eg, RNFL, SRT and DRT). However, Aggrecan was positively correlated with retinal neuronal
thickness. IL-27 had the highest degree of negative correlation with retinal vascular density, and the intraocular level of
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IL-27 progressively increased from SM, PS, to PS+CA. Our results suggest that intraocular inflammation is related to
retinal vascular and neuronal degeneration. However, the causal relationship between intraocular inflammation and
myopic retinal degeneration requires further investigation. IL-27 is a member of the IL-12 cytokine family and can be
produced by antigen-presenting cells, monocytes, endothelial cells (ECs), and dendritic cells. During inflammation, 1L-27
can activate target cells through binding to its receptors including IL-27R, IL-27Ra (WSX-1) and gp130.%° Depending on
the microenvironment, IL-27 can be pro-inflammatory (eg, by promoting Thl cell differentiation) or anti-inflammatory
(eg, by suppressing IL-17 production).?® In the retina, IL-27 together with IL-10 are known to play a role in maintaining
the immune suppressive intraocular microenvironment.”” Apart from the immune-related roles, IL-27 can reduce
angiogenesis in multiple myeloma.”® Despite the close relationship between IL-27 and retinal vascular and neuronal
degeneration, PPI analysis did not reveal a significant interaction of IL-27 with other cytokines, indicating that IL-27 may
function alone and the role of IL-27 in myopic retinal vascular and neuronal degeneration warrants further investigation.

Interestingly, we found Chi3ll, IL-12, IL-11, IL-28A, MMP-2, Aggrecan, and April were correlated with AL and the
B values (cytokine vs AL) were 0.55, 0.32, —0.28, —0.33, 0.17, —0.58, and 0.38 (these results not shown), respectively,
larger or smaller than that in cytokine vs blood vessels/retinal thickness. Indeed, as myopia progresses, the axial length of
the eye elongates, stretching the retina and consequently reducing the density of retinal blood vessels and the thickness of
the retina. As a result, the retina degenerates gradually. The increased intraocular inflammatory response could be
a response to remove the dead cells/debris, but some of the inflammatory mediators may also promote retinal degenera-
tion. It is possible that retinal degeneration and inflammatory cytokine production both result from abnormal AL
elongation. Furthermore, we also found that the intraocular levels of IL-8 and MMP-3 demonstrated a strong correlation
with age in our study, especially in more severe pathologic myopia. Previous studies reported that aging induced para-
inflammation in the retina.”’ As aging occurs, the risk of developing various retinal degenerative conditions, like age-
related macular degeneration, diabetic retinopathy, and glaucomatous retinopathy increases.”® Some inflammatory
markers like IL-6, CRP and TNF-R1 increase during aging.®' For patients with myopia, the onset and progression of
myopia are also closely linked to the age.’* This highlights the potential use of specific inflammatory biomarkers in the
future to reflect the degree of myopic retinopathy and for the prevention and control of high myopia and pathological
myopia.

PPI analysis showed that Aggrecan and Chi311 were the upstream proteins and MMP-3, BAFF, and IL-34 were the
down-stream proteins. It should be mentioned that Aggrecan was reduced in eyes with myopic retinopathy and positively
correlated with retinal neuronal thickness, indicating that Aggrecan may be protective in myopia. Aggrecan is a major
extracellular matrix protein. Previous studies have shown that Aggrecan could modulate pro-inflammatory cytokine
production by T cells in Rheumatoid Arthritis.>® Aggrecan accumulation has been observed in the chick model of
myopia.** Chil3l1, a member of the glycoside hydrolase family 18, is synthesized and secreted by macrophages,
neutrophils, chondrocytes and vascular smooth muscle cells.>> Chi3l1 is involved in a variety of biological processes
including oxidant injury, inflammasome activation, Th1/Th2 inflammatory balance, macrophage differentiation, ECM
regulation and angiogenesis.*® In chronic inflammatory diseases, Chi311 was elevated and correlated with the severity of
the disease.>”*® In our study, Chi3l1 was significantly higher in PS + CA group, positively correlated with axial length
and negatively correlated with retinal vascular density and neuronal thickness. Our results suggest that Aggrecan and
Chi3l1 may affect myopic retinopathy indirectly through other down-stream mediators such as IL-8 and MMP-3.

There are several limitations in our study. Firstly, we were unable to acquire aqueous humor from the emmetropic
controls. Secondly, all subjects in our study were grouped into simple myopia, posterior staphyloma, and posterior
staphyloma with myopic retinopathy. Subjects with pure myopic retinopathy were not present in our study, and therefore
we were unable to identify the inflammation status in myopic retinopathy. Thirdly, all pathological lesions were at early
and mild stages. Further studies will be needed to understand the inflammation status in more severe myopic maculo-
pathy such as myopic CNV and macular hemorrhage. Fourthly, we did not measure the circulating levels of inflammatory
factors. In this study, we could not determine if the status of intraocular inflammation is due to systemic inflammatory
factor changes. Finally, aqueous humor samples at multiple time points in this clinical study were not available, and

therefore we could only assess the alteration of inflammatory factors at the early stage of pathological myopia. Further
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functional studies will be needed to prove the causal link between altered inflammatory factors and myopia-related retinal
degeneration.

Conclusion

The production of inflammatory factors in the eyes of individuals with high myopia and pathological myopia was altered,
and the elevated levels of intraocular pro-inflammatory factors such as Chi311, IL-6Ra, and IL-8 were closely associated
with myopia-related retinal microvascular and neurodegeneration.
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