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ABSTRACT

Investigation of Mechanism and its Key Factors Associated with Graft
Rejection in Allogeneic Corneal Transplantation Using Aqueous
Humor Liquid Biopsy

Purpose: Corneal allograft rejection remains a significant challenge in corneal transplantation,
particularly in high-risk patients. Early detection of rejection before clinical manifestations is crucial
for improving graft survival. This study aimed to investigate the molecular mechanisms and identify
key factors associated with graft rejection in allogeneic corneal transplantation using aqueous humor
(AgH) as a liquid biopsy.

Methods: A murine model of allogeneic keratoplasty (KP) was used to simulate the immune
processes of corneal graft rejection. Comprehensive proteomic and transcriptomic analyses were
performed on AqH samples and corneal tissues from different experimental groups, including
accepted, transitional, and rejected grafts. Human AqH samples from patients with corneal graft
rejection and healthy controls were also analyzed to validate findings from the murine model.
Results: Proteomic and transcriptomic analyses revealed distinct molecular profiles corresponding
to different stages of graft rejection. Notably, biliverdin reductase B (BLVRB), glutathione
peroxidase 1 (GPX1), and cystatin B (CSTB) were significantly upregulated in both murine and
human AqH during the transitional and rejection phases. These proteins play pivotal roles in
managing oxidative stress and regulating immune responses. BLVRB, GPX1, and CSTB showed
potential as early biomarkers for predicting graft rejection before clinical signs appeared.
Conclusion: This study demonstrates the utility of AqH as a minimally-invasive liquid biopsy tool
for early detection of molecular changes associated with corneal allograft rejection. The
identification of BLVRB, GPX1, and CSTB as key biomarkers offers a promising approach for

predicting rejection and enabling timely intervention, ultimately improving graft survival outcomes.

Key words: Corneal transplantation, Aqueous humor, Biomarkers, Proteomics, Graft rejection,
Liquid biopsy, Biliverdin reductase B, Glutathione peroxidase 1, Cystatin B



[. INTRODUCTION

Allogeneic corneal transplantation, also known as keratoplasty (KP), is a widely practiced
surgical procedure aimed at restoring vision in individuals suffering from corneal diseases.!? It is
widely acknowledged as one of the most effective solid organ transplantation procedures, largely
due to the cornea's unique immune privilege. This characteristic contributes to favorable short- and
long-term outcomes and reduces the need for extensive immunosuppressive therapy compared to
other organ transplants.>*

However, long-term survival is less promising while the initial success rates for corneal grafts
are relatively high. The risk of graft rejection still remains a significant concern, particularly in
high-risk patients with inflamed or vascularized corneal beds.! In such cases, even with maximal
immunosuppressive therapy, the survival rates drop dramatically, with only about 55% of corneal
transplants remaining clear after 15 years.® Repeated KPs are especially vulnerable, with survival
rates plummeting with each subsequent procedure, where only 25% of second and 0% of third
grafts remain clear after five years.’

Despite the significant demand for corneal transplants worldwide, there is a substantial global
shortage of donor corneas, with only one cornea available for every 70 required globally.®® South
Korea faces similar challenges, where the local supply of donor corneas is insufficient to meet

transplant needs, leading to heavy reliance on imported corneal tissues.'°

1.2. The Challenge of Corneal Alloraft Rejection

Corneal allograft rejection is a critical challenge in corneal transplantation, occurring in up to
30% of transplants.!! This response typically manifests in the form of endothelial rejection, which
affects the innermost layer of the cornea responsible for maintaining corneal clarity by regulating
hydration.!? Endothelial rejection is particularly concerning because endothelial cells do not
regenerate, leading to graft failure. Other forms of rejection, such as epithelial or stromal rejection,
are less common but can occur either alone or in combination.

Early identification of corneal graft rejection is critical for preventing graft failure and ensuring
long-term transplant success. The clinical manifestations of rejection can vary depending on the

affected corneal layer, but certain signs are indicative of early immune response activation: eye



redness, light sensitivity, foggy vision, and eye pain. Corneal edema may develop, compromising
transparency. Sub-epithelial opacities, rejection lines like the Khodadoust line, and raised
intraocular pressure further indicate active rejection.

Immunological rejection episodes may occur at any time post-transplant, sometimes even
years after surgery, highlighting the importance of long-term graft surveillance. Episodes of
rejection can often be reversed if detected early and treated promptly. However, delayed treatment
can lead to irreversible damage to the corneal endothelium, making early detection critical for

improving graft survival outcomes.

1.3. Limitations in Current Diagnostic and Preventive Approaches

While the early detection of graft rejection is crucial for effective intervention, current
diagnostic practices rely primarily on clinical examination methods such as slit-lamp
biomicroscopy, corneal pachymetry, and specular microscopy.®’ However, rejection signs often
manifest only after significant damage has occurred, limiting the ability to intervene before
irreversible injury to the corneal graft.

Another challenge in corneal transplantation is the limited availability of reliable biomarkers
that can predict graft rejection before clinical symptoms appear.’ There is a significant unmet need
for early detection tools that can identify high-risk patients and detect subclinical immune activity.
Moreover, current therapies are primarily reactive, targeting rejection episodes only after clinical
signs are evident. Long-term use of immunosuppressive agents may cause adverse side effects,
including glaucoma, cataract, and opportunistic infections.

The management of high-risk corneal transplants remains particularly difficult. High-risk
patients often require more aggressive immunosuppression, and their risk of rejection is higher due
to the presence of pre-existing ocular inflammation, corneal vascularization, or multiple prior
grafts. Despite advances in surgical techniques, the rejection rates in these patients remain

unacceptably high, with some studies reporting failure rates as high as 70% within 10 years.!?

1.4. The Potential of Aqueous Humor as a Diagnostic Biofluid
Aqueous humor (AgqH), the clear fluid found in the anterior chamber of the eye, presents a
unique opportunity for minimally-invasive diagnostic and monitoring purposes. As a biofluid that

directly bathes the corneal endothelium, the AqH is continuously exposed to the cellular and



molecular changes that occur during immune rejection and other pathological processes.
Therefore, it has the potential to serve as a valuable source of biomarkers that reflect the
underlying immunological state of the transplanted cornea.

The concept of "liquid biopsy" using AqH has garnered increasing interest in recent years,
driven by advancements in proteomics and transcriptomics.'*!> These technologies allow for the
comprehensive analysis of proteins, cytokines, and nucleic acids in small volumes of fluid,
providing insights into the molecular mechanisms driving rejection. Through proteomic analysis,
differentially expressed proteins involved in immune regulation, inflammation, and tissue
remodeling can be identified, offering the possibility of detecting early signs of rejection before
clinical manifestations occur.

Additionally, analyzing transcriptomic changes in the corneal tissues around AqH may help
identify gene expression patterns associated with immune tolerance or activation. By correlating
these molecular signatures with clinical outcomes, it is possible to develop a more personalized
approach to corneal transplantation, where treatment plans are customized to each patient’s risk

profile and immune response.

1.5. Advances in Proteomics and Transcriptomics for Corneal Graft

Rejection Research

Proteomic and transcriptomic analyses have become valuable tools for exploring the molecular
mechanisms involved in corneal graft rejection.!#!8 These high-throughput techniques uncover
diverse proteins and genes with altered expression during the immune response to allogeneic
corneal transplants.

Proteomic analysis has revealed that proteins involved in complement activation, cytokine
production, and cell migration are significantly upregulated during rejection, while other proteins
that support graft survival may be downregulated.!”!® These findings offer potential therapeutic
targets for modulating the immune response and promoting long-term graft survival. Similarly,
transcriptomic analysis of corneal tissues has uncovered key genes involved in immune regulation,
energy metabolism, and cytoskeletal reorganization that contribute to graft rejection.!’

Furthermore, the integration of proteomics and transcriptomics in the analysis of AqH provides
a more comprehensive view of the immune processes that occur during rejection.'® By combining

these approaches, researchers can gain a deeper understanding of how proteins and genes interact



to drive the immune response, enabling the discovery of multi-level biomarkers that could improve

the accuracy and timeliness of rejection diagnosis.

1.6. Previous Research on the Biomarkers for Corneal Allograft Rejection

Previous studies on corneal allograft rejection have greatly advanced our understanding of
immune mechanisms. Early research identified T-cell responses and cytokine production, like
interleukin-2 and interferon-gamma, as key contributors to rejection, emphasizing Thl-type
immune responses in graft failure.!*?° However, these studies relied heavily on clinical
measurments, lacking real-time molecular insights.?!

Recent molecular advances have focused on identifying biomarkers for early rejection.
Proteomic studies with corneal xeno-transplantation have shown upregulation of cytokines,
chemokines, and complement proteins like C3a and C5 in rejected grafts, while transcriptomic
research highlighted gene expression patterns related to immune activation and inflammation.!”!8
These have opened doors for diagnostic advancement, but clinical application remains limited.

Despite progress, understanding the early molecular changes during rejection remains
incomplete. The use of AqH as a minimally-invasive biofluid for detecting these changes is still
emerging. Although proteomic and transcriptomic studies have offered valuable insights,
translating them into actionable biomarkers for early detection is still challenging. This study
builds on existing knowledge by exploring AqH as a real-time diagnostic tool for corneal allograft

rejection.

1.7. Study Objectives

This study aims to investigate the molecular mechanisms and biomarkers involved in corneal
graft rejection using a liquid biopsy approach. By integrating proteomic and transcriptomic
analyses of AqH and corneal tissues in murine models of allogeneic transplantation, this research
seeks to: 1) Identify early molecular biomarkers in the AqH can predict allograft rejection,
enabling timely intervention. 2) Elucidate the different molecular profiles of accepted, transitional,
and rejected grafts to track rejection progression. 3) Explore molecular pathways involved in

immune responses during rejection to guide future treatment strategies.



II. MATERIALS AND METHODS

2.1. Animal Model of Corneal transplantation
Male C57BL/6 and BALB/c mice (6—8 weeks old) were sourced from Taconic Farms (Hudson,

NY) and utilized as donors and recipients, respectively. The mice were housed in a controlled
environment with 12-hour light/dark cycles (lights on from 8:00 a.m. to 8:00 p.m.), regulated
humidity, and temperature, within a specific pathogen-free facility. Food and water were provided
ad libitum throughout the study period. All experimental procedures adhered to the guidelines
approved by the Yonsei University Health System Institutional Animal Care and Use Committee
(IACUC) and followed the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research (IACUC approval No. 2018-0270).

The murine KP model has been extensively utilized for decades to study the mechanisms
underlying corneal allograft rejection and acceptance.’>?* Murine orthotopic KP was performed
following established protocols.?*2¢ Briefly, 2 mm donor corneal buttons were excised from
C57BL/6 mice and sutured onto BALB/c recipient corneas following a corresponding 2.0 mm
central corneal excision. For syngeneic controls, BALB/c mice served as both donors and
recipients. Anesthesia was induced using intraperitoneal injections of ketamine (86.98 mg/kg) and
xylazine (13.04 mg/kg). Sterile saline drops were applied to keep the eyes moist throughout the
procedure. The grafts were secured with 8 to 10 interrupted 11-0 nylon sutures, which were
removed 7 days postoperatively to minimize inflammation. All surgical procedures were
performed by a single, experienced, cornea-specialized ophthalmologist (Y. W. Ji), ensuring
consistency and precision across all transplantations. Immediately after surgery, topical 0.3%
ofloxacin antibiotic (Allergan, Irvine, CA) and 1% prednisolone acetate (Allergan, Irvine, CA)
were administered to prevent infection and reduce inflammation. The antibiotic and corticosteroid

drops were applied twice daily for the first 7 days postoperatively.

2.2. Clinical Evaluation and Experimental Groups

Grafts were evaluated every 3 days for the first 3 weeks and weekly thereafter for up to 6

weeks using slit-lamp bio-microscopy. Corneal photographs were taken using a slit-lamp camera



(Haag-Streit, Koniz, Switzerland) at fixed magnification to ensure consistent image quality across

all groups. Graft rejection was defined as corneal opacity that obscured iris details, graded on a

scale from 0 (clear) to 5 (fully opaque) (Table 1).?” Corneal neovascularization was also assessed

using an 8-point scale, which measured blood vessel infiltration into the corneal quadrants (Table

2).27 Graft scoring was conducted by two independent, blinded corneal specialists (Y. W. Ji. and H.

K. Lee.), who evaluated the corneal photographs without prior knowledge of the experimental

groups or conditions. The scores are presented as the mean + standard error of the mean (SEM).

Table 1. Graft Scorning Based on Corneal Opacity

Score Clinical manifestations
0 Clear
1 Minimal superficial opacity, iris vessels visible
2 Minimal stromal opacity, iris vessels visible
3 Moderate stromal opacity, only pupil margin visible
4 Intense stromal opacity, only portion of pupil margin visible
5 Severe stromal opacity, anterior chamber not visible

Table 2. Graft Scorning Based on Corneal Vascularization

Score Clinical manifestations
0 No vessels
1 Vessels recipient-bed only (1 — 2 quadrants)
2 Vessels recipient-bed only (3 — 4 quadrants)
3 Vessels recipient-graft border (1 — 2 quadrants)
4 Vessels recipient-graft border (3 — 4 quadrants)
5 Vessels peripheral donor stroma (1 — 2 quadrants)
6 Vessels peripheral donor stroma (3 — 4 quadrants)
7 Vessels central donor stroma (1 — 2 quadrants)
8 Vessels central donor stroma (3 — 4 quadrants)




Based on clinical observations postoperatively, experimental groups were classified
accordingly as follows:

1. Naive Control (NC) group: No surgery, representing the baseline for comparative analysis.

2. Syngeneic KP-Clear (Syn-C) group: BALB/c donor corneas were transplanted onto

BALB/c recipients, representing clear corneal grafts.

3. Syngeneic KP-Opaque (Syn-O) group: BALB/c donor corneas were transplanted onto

BALBY/c recipients but resulted in opaque grafts.

4. Allogeneic KP-Accepted (Allo-A) group: C57BL/6 donor corneas were transplanted onto

BALB/c recipients, representing successfully accepted allogeneic grafts without signs of

rejection.

5. Allogeneic KP-Intermediate (Allo-I) group: C57BL/6 donor corneas were transplanted

onto BALB/c recipients that exhibited intermediate graft clarity.

6. Allogeneic KP-Rejected (Allo-R) group: C57BL/6 donor corneas were transplanted onto

BALB/c recipients that showed complete graft rejection with severe opacity.

2.3. Sample Collection in Animal Model

AgH was collected from the KP eyes of anesthetized mice using an anterior chamber perfusion
system.?®? Briefly, AqH was aspirated from the anterior chamber using a 35-gauge, 5 mm needle
(Medicom, Canada) attached to a 10 pul Hamilton syringe with a luer tip under a dissecting
microscope. Approximately 3-5 uL of AqH was collected from each eye and immediately frozen at
-80°C for proteomic analysis.

After AqH collection, the mice were euthanized, and corneal tissues were harvested for each
group. The donor graft and recipient bed were not separated, and the entire corneal button,
including both donor and recipient portions, was collected as a single unit. All tissue samples were
preserved at -80°C for further analysis including proteomic and transcriptomic studies.

Biological replicates of n=7 mice were used per group for proteomic or transcriptomic

analysis, with all samples collected in triplicate to ensure reproducibility of results.

2.4. Human Participants and Sample Collection



This study adhered to the ethical principles outlined in the Declaration of Helsinki and Good
Clinical Practice Guidelines. It was approved by the Institutional Review Board (IRB) of Yonsei
University College of Medicine (Seoul, South Korea; IRB approval No. 3-2017-0361), and written
informed consent was obtained from all participants. Participant had no other corneal disease
except corneal graft rejection even prior penetrating KP (PKP). Exclusion criteria included patients
under 20 years old; those with any ocular history, such as surgery, trauma, infection, allergy,
inflammation (e.g., uveitis), glaucoma, or retinal diseases (including macular edema); contact lens
users; and individuals with systemic diseases, such as autoimmune conditions, diabetes, or
cerebrovascular disease.

We collected AgH biofluids from five patients with corneal graft rejection during re-PKP.
Detailed demographic information is provided in Table 1. Normal AqH samples were collected
from age- and sex-matched cataract patients during cataract surgery. Approximately 150 pL of
AgH was aspirated from the anterior chamber during the procedure. All collected samples were

immediately stored at -80°C until analysis.

Table 3. Demographic Characteristics of Patients Enrolled in the Present Study

Control (n=7) Rejected (n=7)
Age,y 60.5 +£6.29 57.48 £9.21
Sex, n (Female: Male) 3:4 3:4

Data are presented as mean + standard deviation. Comparisons of clinical values between two

groups were analyzed using the Wilcoxon signed-rank test.

2.5. Proteome Analysis using LC-MS/MS

2.5.1. Sample Preparation and In-solution Digestion

Pooled AqH samples from murine models and human participants were used for global
profiling with tandem mass tag (TMT) labeling. Protein concentrations were determined in
duplicate using the bicinchoninic acid (BCA) assay following the manufacturer’s instructions
(Thermo Scientific, Foster City, CA, USA). High-abundance proteins were depleted using Seppro
IgY spin columns (Sigma Aldrich, St. Louis, MO, USA) to enhance the detection of low-



abundance marker proteins in AqH. Highly abundant proteins were subjected to in-solution
digestion to generate peptides.

For peptide preparation, samples were mixed with 10 M urea in 100 mM ammonium
bicarbonate (v/v, 1:1), yielding a final urea concentration of at least 5 M, and incubated at room
temperature for 30 minutes to facilitate denaturation. Reduction was performed using 10 mM
dithiothreitol, followed by alkylation with 30 mM iodoacetamide. Proteins were digested
overnight at 37°C with trypsin at a protein-to-protease ratio of 50:1 (w/w). The reaction was
stopped with 0.4% trifluoroacetic acid (TFA), and peptides were desalted using a C18 Harvard
macro spin column (Harvard Apparatus, Holliston, MA, USA). The purified peptides were then
dried and stored at -80°C for further analysis.

For each experimental group, 100 g of proteins from murine corneal tissues were reduced
with 10 mM dithiothreitol for 30 minutes at room temperature, followed by alkylation with 30 mM
iodoacetamide for 45 minutes in the dark. Subsequently, the samples were diluted with 100 mM
ammonium bicarbonate to achieve a final urea concentration of 2 M. Proteins were enzymatically
digested with trypsin and incubated at 37°C for 16 hours. To terminate the reaction, 0.8%
trifluoroacetic acid (TFA) was added. The resulting tryptic peptides were then purified using a C18
Harvard macro spin column (Harvard Apparatus) for desalting. The purified peptides were

concentrated using a speed vacuum and preserved at -80°C for further analysis.

2.5.2. TMT Labeling for Relative Quantification

Desalted peptides from each sample were labeled with 9-plex TMT reagents according to the
manufacturer’s instructions (Thermo Scientific). Peptides were dissolved in 100 pL of 100 mM
triethylammonium bicarbonate, and TMT reagents, prepared in anhydrous acetonitrile as per the
optimized protocol, were added. The labeling reaction was carried out for 1 hour at room
temperature and quenched with 5% hydroxylamine for an additional 15 minutes of incubation. The
TMT-labeled peptides were combined into a single tube and dried using a speed vacuum
centrifuge. To achieve separation based on hydrophobicity, the peptides were fractionated into 12
fractions using a High pH reversed-phase peptide fractionation kit (Thermo Scientific). The
collected fractions were subsequently dried once more using a speed vacuum and stored until

further analysis.



2.5.3. Global Profiling using LC-MS/MS

Dried peptide samples were dissolved in 0.1% formic acid prepared using HPLC-grade water
and analyzed with a Q Exactive Orbitrap Hybrid Mass Spectrometer connected to an EASY-nLC
1000 system (Thermo Scientific). For global proteomic profiling, a solvent gradient was
employed: starting with 5% to 50% of solvent B over 85 minutes, increasing to 80% of solvent B
within 1 minute, holding steady for 8 minutes, and finally re-equilibrating the column at 1% of
solvent B for 30 minutes (Solvent A: water with 0.1% formic acid; Solvent B: acetonitrile with
0.1% formic acid). Ionization was achieved using a spray voltage of 1.8 kV applied to the column
tip. MS1 spectra acquisition was conducted at a resolution of 70,000, with the AGC target set at
1.0 x 10¢. The instrument was configured to select the 20 most abundant ions, isolating them with
a 2 m/z window, fragmenting them through higher-energy collisional dissociation (HCD) with a
normalized collision energy of 30. The resolution for MS2 spectra was maintained at 70,000 for
ions at 200 m/z, and a dynamic exclusion time of 30 seconds was applied to avoid repeated ion
sampling. Each sample was run in triplicate to ensure reproducibility and minimize technical

variation.

2.5.4. Processing and Analysis of Proteomic Data

Raw mass spectrometry (MS) files were analyzed using the Proteome Discoverer software
(Thermo Scientific) with the SEQUEST HT® search engine for peptide identification. Peptides
with a minimum length of six amino acids were considered for identification.
Carbamidomethylation was designated as a static modification, whereas oxidation of methionine
and acetylation at the protein N-terminus were specified as variable modifications. The digestion
parameters were set to recognize trypsin specificity, permitting a maximum of two missed
cleavages. The search tolerances were set at 6 ppm for precursor ions and 20 ppm for fragment
ions. A false discovery rate (FDR) threshold of 1% was applied to ensure high confidence in
protein and peptide identifications. Common contaminants were removed from the dataset.
Statistical analyses, including principal component analysis (PCA) and hierarchical clustering with
heat mapping, were performed using MetaboAnalyst 5.0, a web-based platform designed for
comprehensive statistical evaluation and visualization.

Gene ontology (GO) analysis was conducted using g-Profiler and the Database for Annotation,

Visualization, and Integrated Discovery (DAVID) to investigate GO-biological processes (GO-BP)
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and GO-cellular components (GO-CC) in corneal tissues and AqH under syngeneic or allogeneic
KP conditions, compared to naive controls. Differentially expressed proteins (DEPs) were used to
identify enriched GO terms. Visualization networks of the enriched processes were generated with
Cytoscape 3.7.2 software. EnrichmentMap and AutoAnnotate plugins in Cytoscape were utilized
to interpret and construct the network, facilitating a comprehensive understanding of the enriched

biological pathways and cellular components.

2.5.5. Statistical Analysis

Statistical evaluations were conducted using MetaboAnalyst version 5.0 (Wishart Research
Group, Edmonton, Alberta, Canada) and GraphPad Prism version 10 (GraphPad Software Inc., La
Jolla, CA, USA). Data normality was tested using the Kolmogorov-Smirnov test. For datasets not
conforming to a normal distribution, the Mann-Whitney U test or Wilcoxon signed-rank test was
applied. Conversely, one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test or
unpaired Student’s t-test was utilized for normally distributed datasets to compare group
variations. DEPs were defined as those showing more than +2-fold changes in expression with P-

values less than 0.05.

2.6. Transcriptome Analysis using RNA-sequencing

2.6.1. RNA Preparation and Library Construction

The Quant-IT RiboGreen assay (Invitrogen, Middlesex County, MA, USA) was utilized to
quantify total RNA concentration. RNA integrity was evaluated using TapeStation RNA
ScreenTape (Agilent Technologies, Santa Clara, CA, USA), and only samples with an RNA
Integrity Number (RIN) greater than 7.0 were included in the analysis.

RNA library preparation involved the use of 1 ug of total RNA per sample with the Illumina
TruSeq Stranded mRNA Sample Prep Kit (Illumina, Inc., San Diego, CA, USA). Poly-A mRNA
was selectively isolated using magnetic beads conjugated with poly-T oligos, followed by
fragmentation into smaller sections using divalent cations under elevated temperatures. The
fragmented RNA was reverse-transcribed into first-strand cDNA using SuperScript II reverse

transcriptase (Invitrogen) and random primers. Second-strand cDNA synthesis was subsequently
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performed with DNA Polymerase I, RNase H, and dUTP. The cDNA fragments underwent end-
repair, A-tailing, and ligation to sequencing adapters.

The resulting libraries were enriched through PCR amplification, quantified using Kapa
Library Quantification Kits specific to Illumina platforms (Kapa Biosystems, Wilmington, MA,
USA), and further validated using TapeStation D1000 ScreenTape (Agilent Technologies).
Sequencing of the indexed libraries was conducted using the Illumina NovaSeq platform (Illumina,
Inc., San Diego, CA, USA) in paired-end mode (2x100 bp reads) at Macrogen, Inc. (Seoul,

Korea).

2.6.2. Data Analysis of RNA-sequencing

The initial sequencing data were preprocessed to eliminate low-quality reads and adapter
sequences before proceeding to downstream analyses. Cleaned reads were aligned to the Mus
musculus genome (mm10) using HISAT v2.1.0.3° HISAT utilizes a combination of global whole-
genome and multiple local indexes, constructed using the Burrows-Wheeler transform (BWT) and
graph FM index (GFM). This indexing strategy allows HISAT to perform spliced alignments more
efficiently than commonly used tools like Bowtie and BWA. The reference genome (mm10) and
corresponding annotation files were obtained from the National Center for Biotechnology
Information (NCBI).

Reconstruction of known transcripts was performed using StringTie v2.1.3b.3!32 Transcript and
gene expression levels were quantified as read counts or normalized as FPKM (Fragments Per
Kilobase of transcript per Million mapped reads) values for each sample. These expression profiles
were used to conduct downstream analyses, such as identifying differentially expressed genes
(DEGs). DEGs or transcripts across experimental conditions were determined through statistical

hypothesis testing.

2.6.3. Statistical Analysis

Gene abundances were calculated as read counts using StringTie, and differential expression
analyses were conducted to identify DEGs. Genes with read counts of one or fewer across all
samples were excluded from analysis. The remaining dataset was transformed using a log2 scale

and normalized with the TMM (Trimmed Mean of M-values) method. Statistical significance of
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differential expression was determined using the exactTest function in edgeR, which tests fold
change under the null hypothesis that no difference exists between groups.** Further statistical
analyses were performed with GraphPad Prism (version 10.0), and normality was evaluated using
the Shapiro-Wilk test. For data following a normal distribution, one-way ANOVA with Tukey’s
post-hoc test was applied for comparisons between groups, while non-parametric data were
assessed using the Mann-Whitney U test. P-values were adjusted for multiple comparisons using
the Benjamini-Hochberg method to control the FDR. Hierarchical clustering of DEGs was
performed using complete linkage with Euclidean distance as the similarity metric. Functional
enrichment, annotation, and pathway analyses for significant genes were carried out using
gProfiler (https://biit.cs.ut.ee/gprofiler/orth) and the Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway database (http://www.genome.jp/kegg/pathway.html). All visualizations and

DEG-related analyses were completed using R software (version 3.6.1).

[II. RESULTS

3.1. Clinical Evaluation of Corneal Grafts

Corneal clarity and vascularization were evaluated across the experimental groups following
murine KP. Representative corneal photographs (Figure 1A) illustrate the varying levels of opacity
and vascularization among the groups. The Naive Control group exhibited clear, non-operated
corneas with no signs of opacity or neovascularization.

In the Syn-C group, the corneas remained transparent with minimal immune response,
confirming that syngeneic transplantation did not trigger an immune reaction. However, the Syn-O
group showed notable corneal opacity due to surgically induced inflammation, despite the
syngeneic nature of the grafts.

In contrast, allogeneic grafts exhibited distinct outcomes based on the degree of immune
response. The Allo-A group demonstrated relatively clear corneas, with minimal opacity or
vascularization, suggesting that these grafts were accepted with only mild immune activity. In the

Allo-I group, moderate corneal opacity and neovascularization were observed, indicating a

13



transition from acceptance to rejection, where immune surveillance and early immune activation
might be occurring. The Allo-R group, as expected, exhibited severe opacity and extensive
neovascularization, consistent with full graft rejection.

The Allo-A group showed a higher opacity score compared to the Syn-C group, but a
comparable vascularization score (opacity: 1.21£0.24 vs. 0.36=0.18, respectively, P<0.05;
vascularization: 1.16+0.14 vs. 0.64+0.24, respectively, P=0.56). The Allo-R group exhibited the
highest rejection scores (opacity: 4.43+0.13; vascularization: 6.00+0.44). The Allo-I group, with
intermediate scores, presented a transitional profile. However, there was no statistically significant
difference compared to the Syn-O group (opacity: 2.64+0.09 vs. 2.07+0.25, P=0.24;
vascularization: 3.80+0.45 vs. 3.60+0.54, P=0.99) (Figure 1B).
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Figure 1. Representative Corneal Photographs and Graft Evaluation in the Murine Corneal
Transplantation Model

A. The photographs illustrate corneal opacity and vascularity across the different groups with
keratoplasty (KP), including Naive Control, Syngeneic KP-Clear (Syn-C), Syngeneic KP-Opaque
(Syn-0), Allogeneic KP-Accepted (Allo-A), Allogeneic KP-Intermediate (Allo-I), and Allogeneic
KP-Rejected (Allo-R).

B. Graft scoring for corneal opacity (left) and corneal vascularization (right) across experimental
groups. Corneal opacity scores were assessed using a standardized grading system, and corneal
neovascularization was evaluated using an 8-point scale. Individual data points represent each
mouse, with the range and mean displayed in box plots. Statistical significance was determined using
ANOVA test, with P<0.05 considered significant. Statistically significant differences were observed
between all groups except between Syn-O and Allo-I (ns, not significant; n= 7/group).
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3.2. Analysis of Aqueous Humor in Murine Models with Allogeneic
Corneal Transplantation

3.2.1. Proteomic Alterations in the Aqueous Humor

To further elucidate the molecular mechanisms underlying graft rejection and acceptance in the
allogeneic KP models, we conducted a comprehensive proteomic analysis of the AqH. Samples
were collected from each experimental group 6 weeks post-transplantation (n=7/group) and
analyzed through mass spectrometry-based proteomics (Figure 2A). A total of 1,138 unique
proteins were identified across the groups, highlighting the complexity and diversity of the AqH
proteome.

The hierarchical clustering analysis (Figure 2B) revealed distinct proteomic patterns that
differentiated between the naive (no KP), syngeneic KP, and allogeneic KP groups. The NC and
Syn-C groups exhibited similar clustering, indicating minimal pathophysiological response in the
AgH. Interestingly, the Allo-A group formed its own distinct cluster, separate from both syngeneic
and naive groups. This suggests that graft acceptance is not a passive state, but rather involves
active immune regulation to maintain corneal clarity and prevent rejection.’ In contrast, the
Allo-I and Allo-R groups clustered together, indicating proteomic similarities between these
groups. This clustering pattern indicates that the immune response begins to escalate even before
full rejection is clinically evident in the Allo-I group.

The PCA further validated these findings (Figure 2C). It demonstrates the separation of these
proteomic profiles among groups with PC1 for 90.2% of the variance and PC2 for 6.4%. The NC
and syngeneic groups formed distinct clusters from the allogeneic groups. The fact that Allo-A
clustered closer to Allo-I than to syngeneic groups suggests that immune activity is necessary for
graft acceptance, with some overlap in the molecular pathways seen in transitional rejection.
Moreover, the hierarchical clustering and PCA analysis revealed distinct proteomic profiles of

AgH between Syn-O and Allo-1, despite their similar clinical manifestations.
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Figure 2. Proteomic Analysis of Aqueous Humor in the Murine Corneal Transplantation

A. Schematic overview of the experimental design for the proteomic analysis of aqueous humor
(AgH) collected from different groups with keratoplasty (KP): Naive Control (NC), Syngeneic KP-
Clear (Syn-C), Syngeneic KP-Opaque (Syn-O), Allogeneic KP-Accepted (Allo-A), Allogeneic KP-
Intermediate (Allo-I), and Allogeneic KP-Rejected (Allo-R). The animals were assessed at 6 weeks
post-transplantation. AqH was sampled from each mouse and processed through high-pH reverse-
phase liquid chromatography (RP-LC) fractionation and analyzed using LC-MS/MS to identify
proteomic alterations between the groups (n=7/group).

B. Heatmap of hierarchical clustering showing the proteins identified in AqH across three
biological replicates for each group. Color gradients in the heatmap correspond to the relative
expression levels of proteins, with red indicating upregulation and blue indicating down-regulation.
C. Principal component (PC) analysis plot of the proteomic profiles from the AqH samples. The
plot shows the separation of experimental groups based on the first two PCs (PC1 and PC2).
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3.2.2. Differentially Expressed Proteins in the Aqueous Humor

The DEPs were selected in the AqH across the experimental groups by comparing protein
expression levels to those in the NC group. The volcano plots (Figure 3A) highlight the DEPs for
each group. Proteins with significant fold changes (fold change > 2, P-value < 0.05) were selected
as DEPs and shown in red (upregulated) or blue (downregulated).

Among the groups, the Allo-I group exhibited the highest number of DEPs (184 proteins),
followed by Allo-A (174 proteins), Allo-R (122 proteins), Syn-C (113 proteins), and Syn-O (103
proteins) (Figure 3A). The higher number of DEPs in the Allo-I group suggests dynamic molecular
changes, reflecting its transitional immune state between graft acceptance and rejection. Similarly,
the Allo-A group showed a considerable number of DEPs, indicating that graft acceptance is
associated with active immune regulation.

A hierarchical clustering heatmap (Figure 3B) of significant DEPs demonstrates distinct
clustering patterns. The Allo-I and Allo-R groups clustered closely, indicating similarities in
immune activation and protein expression. In contrast, the Allo-A group clustered separately from
these groups, indicating that successful immune regulation occurs in graft acceptance. The
syngeneic groups (Syn-C and Syn-O) formed their own clusters, with Syn-O showing protein
alterations primarily associated with surgically-induced inflammation.

The PCA further confirmed the separation of AqH proteomic profiles among the groups as
shown Figure 3C. PC1 accounted for 95.9% of the variance, while PC2 captured 3.9%. The
allogeneic groups (Allo-1, Allo-R, and Allo-A) formed distinct clusters from the syngeneic groups
(Syn-C and Syn-0O). Notably, Allo-I and Allo-R were positioned close to each other, reflecting
active immune responses in the AqH during graft rejection. In contrast, Allo-A formed a separate
cluster, suggesting active immune regulation distinct from the inflammatory responses seen in both

the syngeneic and rejecting allografts.
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Figure 3. Differentially Expressed Proteins in Aqueous Humor Across Experimental Groups
A. Volcano plots show differentially expressed proteins (DEPs) for each keratoplasty (KP) group
compared to the Naive Control (NC). Red dots represent upregulated proteins, and blue dots
represent downregulated proteins (Fold change > 2 and P-value < 0.05). Syn-C = Syngeneic KP-
Clear, Syn-O = Syngeneic KP-Opaque, Allo-A = Allogeneic KP-Accepted, Allo-I1 = Allogeneic KP-
Intermediate, Allo-R = Allogeneic KP-Rejected.
B. Heatmap showing hierarchical clustering of DEPs across the groups.
C. Principal component analysis of proteomic data shows the distinct clustering of the experimental
groups. The plot shows the separation of experimental groups based on the first two PCs (PC1 and

PC2).
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3.2.3. Biological Characteristics of Differentially Expressed Proteins in
Aqueous Humor
3.2.3.1. Gene Ontology Analysis of Allogeneic-specific Proteins in

Aqueous Humor

To explore the biological processes associated with graft rejection and acceptance, Gene
Ontology analysis was performed on the DEPs identified in the AqH from both syngeneic (Syn-C,
Syn-O) and allogeneic (Allo-A, Allo-I, Allo-R) groups. The Venn diagram in Figure 4A illustrates
the overlap and distinctions of DEPs between these KP groups. Across the allogeneic KP groups, a
total of 241 DEPs were identified. Of these, 97 DEPs were shared between the syngeneic and
allogeneic groups, while the allogeneic groups exhibited 144 unique DEPs, accounting for
approximately 60% of the total DEPs in the AqH. This indicates that the immune processes
involved in allograft rejection are distinct from those in syngeneic transplants.

Within the allogeneic groups, the Allo-I group exhibited the highest number of unique DEPs
(55 proteins, approximately 30% of the total DEPs), reflecting its dynamic immune environment.
In contrast, the Allo-A group had 34 unique DEPs (19%) and the Allo-R group had 10 unique
DEPs (8%), suggesting that immune regulation in the Allo-A group involves specific biological
processes that differ from both rejection and quiescence. Interestingly, 72 DEPs were shared across
all allogeneic groups, pointing to common biological pathways activated regardless of graft
outcome (Supplementary Figure 1).

Next, a GO-BP network analysis (Figure 4B) of these allogeneic-specific DEPs revealed
significant enrichment in processes related to immune response, such as complement activation,
cytokine-mediated signaling, and phagocytosis. These processes are central to mediating graft
rejection, as they involve both innate and adaptive immune responses aimed at targeting the
foreign graft tissue. In particular, complement activation and interleukin-1 production were
prominent in both the Allo-I and Allo-R groups, highlighting their role in the progression of
rejection. Phagocytic activity was also upregulated, emphasizing the importance of immune cell

activation mechanisms in the rejection process.

20



eneic DEPs

Syn
(Syn-C, O)

DEPs in Allo-R

27

72
Allogeneic DEPs —[>
(ATlo-A, I, R) v 30

DEPs in Allo-A  DEPs in Allo-1

~ y
o POsitive regulation
-~ of cell-substrate AY
- adhesion

-~ o -
yosisive wuiffon
of lipid metabolic

process

. o rodifation of

N L X . "~ Jactivation,
r]g % @ altémative pathway
Ibrinolysis b/ \ e .
] . et/

negative regulation

of interleukin-1 beta

production
complement

activation, cellular I

alternative pathway dale:lt‘l:l;;!::n oy
o o ,’
e “Immune Response” B ’

abolic process acuvuy, 4
positive regulagion  regulation of bone ic 7
of extracelluld p wem "SSOPHRN _.‘—‘ —'h ~
matrix organizatio) F -~ negative regulation
o of serine-type
cellular response to endopeptidase
iron ion transport dexamethasone activity
stimulus cysteinetype
endopeptidase

negative regulation endopeptidase

of glucagon
cellular response to  secretion
cholesterol

inhibitor activity

regulator activity

Figure 4. Biological Pathway Networks of Differentially Expressed Proteins in Allogeneic Aqueous
Humor

A. Venn diagrams illustrating the overlap and distinction of differentially expressed proteins (DEPs)
between the syngeneic keratoplasty (KP) groups (Syn-C and Syn-O) and the allogeneic KP groups
(Allo-A, Allo-1, and Allo-R).

B. Gene Ontology (GO) biological process network analysis of DEPs in the allogeneic KP groups.
Each node represents an enriched biological process, with node size proportional to the number of
proteins involved in the process.
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3.2.3.2. Gene Ontology Analysis of Proteins Specific to Allogeneic

Acceptance in Aqueous Humor

To investigate the biological processes underlying graft acceptance, GO-BP analysis was
conducted on DEPs identified in the AqH from the Allo-A group. The analysis revealed both
upregulated and downregulated processes, highlighting the molecular pathways involved in
maintaining immune tolerance during allogeneic transplantation.

Figure 5A illustrates the upregulated biological processes in the Allo-A group. Several immune-
modulatory processes were enriched, particularly those involved in the cellular response to IL-6 and
the negative regulation of IL-1p production. These pathways suggest that IL-6 plays a role in
controlled inflammation, supporting immune tolerance without leading to rejection. Simultaneously,
the suppression of pro-inflammatory signals, such as IL-1f, indicates a reduction in inflammatory
responses, contributing to graft stability. Additionally, processes related to hyaluronan biosynthesis
and mucopolysaccharide metabolism were upregulated, suggesting active tissue repair and
extracellular matrix maintenance during graft acceptance.

Conversely, Figure 5B shows the downregulated biological processes, including the negative
regulation of blood coagulation and the alternative complement pathway, indicating reduced
immune activation. These downregulated processes suggest that suppression of pro-inflammatory
and coagulative pathways is crucial for maintaining a non-rejecting environment. Downregulation
of lipid metabolism-related pathways further emphasizes the regulatory shifts occurring during graft
acceptance.

Moreover, protein-protein interaction (PPI) network analysis of DEPs unique to the Allo-A group
compared to the Naive control (Figure 6) revealed key regulatory interactions. The network
demonstrated downregulation of several immune-related proteins associated with complement
activation, including C3 (Complement component 3), C5, C8, and CFB (Complement factor B) (blue
nodes). At the same time, proteins involved in inflammatory response, such as NF-kB (Nuclear
factor kappa-light-chain-enhancer of activated B cells) and CAMP (Cathelicidin antimicrobial
peptide), were upregulated (red nodes). Proteins related to cell localization processes, such as KRT5
(Keratin 5)and S100A6 (S100 calcium-binding protein A6), were also upregulated, suggesting
ongoing cellular processes that help maintain immune regulation without triggering rejection.

Proteins related to homeostasis including SERPINF1 (Serpin family F member 1) and PCSKIN

(Proprotein convertase subtilisin/kexin type 1 inhibitor) were downregulated, indicating a controlled
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reduction of these processes during graft acceptance. Proteins involved in visual system
development such as KERA (Keratocan) and CRYG (Crystallin gamma) were also downregulated,

reflecting tissue-specific changes contributing to maintaining graft integrity (Figure 6).
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Figure 5. Gene Ontology Biological Process of Upregulated and Downregulated Proteins Specific
to Allogeneic Acceptance in Aqueous Humor

A. Gene Ontology biological process (GO-BP) network analysis of upregulated differentially
expressed proteins (DEPs) in the allogeneic keratoplasty-accepted (Allo-A) group.

B. GO-BP network analysis of downregulated DEPs in the Allo-A group.

24



SFN
. SERPINF2 1TikH2 AT.M 1TIH3
EGF S
. m.:*smm1 ' .

. SERPINF1 IQGAP1  TTR GPX3
PRDXZ S1°°M ITIH4 Al@u TF . . HSPAS

A58 . i £ G.B u:oi.ﬂ. ésm
CHST1 KNG1 GOTH APOA4 .
PSKIN . ' @ E@:chlm
Inflammatory response Homeostatic process
. . iy Metabolic process

’ o s ..

MFGES KRT15

c9
CFB c3 ﬁ @ HRG ' TPM3 ALB

o sfodhe _ aefiGbin SERPINC1
Complement activation .'GFBM HPX ." ofis .
. Localization Biological process
e R
\d | D Allo-A / Naive
Immune response
CRYBB2 0

-3 3

Log2 fold change

oOO

-Log 10 P-value

Visual system development

Figure 6. Protein-Protein Interaction Network of Proteins Specific to Allogeneic Acceptance in the
Aqueous Humor

This figure shows the protein-protein interaction network of differentially expressed proteins (DEPs)
in the allogeneic keratoplasty-accepted (Allo-A) group compared to the Naive Control. The size of
the hexagons corresponds to the statistical significance of the interactions, with larger hexagons
representing higher significance (measured by -loglO P-value). The color of each hexagon
represents the direction of expression: blue indicates downregulated DEPs, and red indicates
upregulated DEPs (based on log2 fold change).
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3.2.3.3. Gene Ontology Analysis of Proteins Associated with Transitional

Allogeneic Response in the Aqueous Humor

The analysis of upregulated and downregulated DEPs in the AqH of the Allo-I group highlights
multiple immune processes reflective of the transitional phase between graft acceptance and
rejection. These findings suggest that ongoing immune activity is preparing the graft for potential
rejection as it shifts from a stable state.

GO-BP analysis (Figure 7A) identifies several immune and metabolic processes active during
this phase. The upregulated processes include ‘peroxidase activity’ and ‘intermediate filament
organization,” which suggest cellular restructuring and oxidative stress response. The ‘cellular
response to interleukin-6 process, also significantly upregulated, pointing to the central role of IL-
6 in modulating immune responses during this transition.

Conversely, the downregulated DEPs (Figure 7B) reveal processes that are actively suppressed
during this phase. The reduced ‘acute inflammatory response to antigenic stimulus’ and
‘prostaglandin metabolic process’ suggest a dampened inflammatory state, while the
downregulation of ‘peptidase activity’ and ‘triglyceride metabolic process’ reflects shifts in
metabolic regulation. Additionally, the downregulation of ‘blood coagulation’ implies an active
suppression of pathways that could otherwise exacerbate inflammation or lead to vascular
complications.

The PPI network analysis (Figure 8) further delineates the molecular interactions within the
Allo-I group, highlighting the balance between immune activation and suppression during this
transitional phase. Key immune-related proteins such as RACI (Ras-related C3 botulinum toxin
substrate 1), which promotes immune cell migration, and CSTB (Cystatin B), a protease inhibitor
known to regulate immune responses, were upregulated, contributing to the controlled immune
activity observed.

Inflammatory response proteins such as CLU (Clusterin), SERPINF2 (Serpin family F member
2), and GPX1 (Glutathione peroxidase 1) were differentially regulated, confirming the presence of
inflammation, though not at the levels typically associated with full rejection. Proteins involved in
oxidative stress responses, such as PAHB (Prolyl 4-hydroxylase subunit beta) and BLVRB
(Biliverdin reductase B), were also upregulated, reflecting the ongoing cellular stress response. At
the same time, homeostasis-related proteins such as APOA1 (Apolipoprotein A1) and ALB

(Albumin) were downregulated, suggesting that metabolic regulation is finely tuned in response to
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immune activation. Complement components, including C3 and C8a, were suppressed, further
indicating that the immune response in the Allo-I group remained regulated, not yet progressing to

full rejection (Figure 8).
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Figure 7. Gene Ontology Biological Process of Upregulated and Downregulated Proteins
Associated with the Transitional Allogeneic Response in the Aqueous Humor

A. Gene Ontology Biological Process (GO-BP) network analysis of upregulated differentially
expressed proteins (DEPs) in the aqueous humor (AqH) of the allogeneic keratoplasty-intermediate
(Allo-I) group.

B. GO-BP network analysis of downregulated DEPs in the AqH of Allo-I group.
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Figure 8. Protein-Protein Interaction Network of Proteins Associated with the Transitional
Allogeneic Response in the Aqueous Humor

The network illustrates the interactions between differentially expressed proteins in the aqueous
humor of the allogeneic keratoplasty-intermediate (Allo-I) group compared to the Naive Control.
Blue hexagons represent downregulated proteins, and red hexagons represent upregulated proteins,
with the color intensity corresponding to the fold change (Log2 fold change). The size of the
hexagons corresponds to the statistical significance of the interactions, with larger hexagons
representing higher significance (measured by -log10 P-value).
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3.2.3.4. Gene Ontology Analysis of Proteins Specific to Allogeneic

Rejection in Aqueous Humor

To explore the biological processes driving graft rejection, we analyzed the DEPs from the
AgH of the Allo-R group, representing late-stage immune rejection in corneal transplants.

Figure 9A demonstrated the upregulated processes predominantly related to heightened
immune activation and inflammatory responses following full-blown graft rejection. Notably,
‘peroxidase activity’ and ‘cellular response to interleukin-6’ were significantly upregulated,
indicating the involvement of oxidative stress and pro-inflammatory cytokines like IL-6 during the
rejection process. Additionally, processes such as ‘lamellipodium assembly’ and ‘intermediate
filament organization’ were enriched, suggesting cytoskeletal changes that facilitate immune cell
migration during rejection.

In contrast, Figure 9B revealed key downregulated processes that suggest a suppression of
regulatory and metabolic pathways. ‘Prostaglandin metabolic process’ and “protein activation
cascade’ were downregulated, reflecting a reduced capacity to modulate inflammation and
promote tissue repair. The ‘negative regulation of blood coagulation’ points to impared control
hemostasis. Additionally, the downregulation of cellular response to reactive oxygen species and
positive regulation of CoA-transferase activity indicated a reduced cellular defense against
oxidative stress and disruptions in metabolic pathways during rejection.

Next, we generated a PPI network using DEPs from the AqH of the Allo-R group (Figure 10).
In the oxidative stress response cluster, BLVRB was upregulated, managing the cellular stress
associated with immune activity during rejection. The inflammatory response cluster included
upregulated proteins such as GPX1 and PRDX2 (Peroxiredoxin-2), supporting the activation of
oxidative damage control mechanisms during rejection. Furthermore, CSTB, involved in the
immune response, was upregulated, highlighting its role in preventing excessive tissue degradation
while immune cells attack the graft. Localization proteins, such as YWHAB (Tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein beta), MUP4 (Major urinary
protein 4) and MUPS, were also upregulated. Those may reflect potential alterations in immune
signaling pathways and cellular organization in response to the rejection process. In contrast,
several crystallins were downregulated, indicating a loss of structural integrity of the cornea. Their
downregulation is likely contributing to the cornea opacity and degradation observed in the

rejected grafts.

30



apping

regulation of thioredoxin

lamellipodium peroxidase activity
assembly

thioredoxir:l'“‘ . .
peroxidase activity pelpxidase activity nierteking

regulat:9n of cellular response to
translational
initiation by elF2
alpha cellular response to
phosphorylation interleukin-6 ~' =

= - N
[ cellular response to

reactive d\xygpn

biosynthe
process

postsynaptic
membrane
organization

lens fiber cell
differentiation

protein activatio bW oot ound hoa . of collagen
i ) ens‘development in biosynthetic
] reaf % amerartype eye embryonic eye process
R . poive regual - morphogenesis

male germ cell
proliferation

positive regulation

Figure 9. Gene Ontology Biological Processes of Differentially Expressed Proteins in the Aqueous

Humor of Allogeneic Rejection

A. Gene ontology biological pathway (GO-BP) analysis of upregulated differentially expressed
proteins (DEPs) in the aqueous humor (AgqH) of the allogeneic keratoplasty-rejected (Allo-R)

group.
B. GO-BP analysis of downregulated DEPs in the Allo-R group.
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Figure 10. Protein-Protein Interaction Network of Proteins Specific to Allogeneic Rejection in the
Aqueous Humor

The protein-protein interaction network highlights differentially expressed proteins in the aqueous
humor of the allogeneic keratoplasty-rejected (Allo-R) group. Nodes represent individual proteins,
and edges represent known interactions between them. The node colors indicate log2 fold change in
expression relative to the naive control group, with red representing upregulated proteins and blue
representing downregulated proteins. The size of the nodes correlates with the statistical significance
of the expression change (—logl10 P-value).
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3.2.3.5. Aqueous Humor Biomarker Candidates for Predicting Corneal

Allograft Rejection

To identify potential biomarkers that can predict corneal allograft rejection, we analyzed
proteins uniquely present in the Allo-I and Allo-R groups but absent in the Allo-A group. These
proteins are likely involved in the early immune response leading to graft rejection, as their
expression increases as immune tolerance begins to break down.

The heatmap in Figure 11 illustrates the distinct DEPs in the AqH of the Allo-I and Allo-R
groups. Notably, BLVRB (biliverdin reductase B), GPX1 (glutathione peroxidase 1), and CSTB
(cystatin B) were consistently upregulated during both the transitional and rejection phases. These
proteins play crucial roles in immune modulation and oxidative stress processes, suggesting their
potential involvement in the early stages of rejection. Specifically, BLVRB is known for its role in
mitigating oxidative damage through its antioxidant activity, indicating an active cellular response
to oxidative stress during immune activation. Similarly, GPX1, a key antioxidant enzyme,
highlights the ongoing efforts to control oxidative damage during the rejection process. CSTB, a
protease inhibitor, regulates proteolysis, which helps balance immune responses and prevents
excessive tissue degradation during rejection.

Conversely, several proteins related to normal cellular functions, such as metabolic regulation
and tissue homeostasis, were downregulated in the Allo-I and Allo-R groups. ACTG1 (actin
gamma 1), PGK1 (phosphoglycerate kinase 1), Cryaa, Cryab, and Crybb1, which are associated
with maintaining lens and corneal transparency and providing cellular protection under stress,
showed decreased expression. This downregulation suggests a loss of tissue integrity and the
inability of the graft to maintain structural resilience, contributing to graft failure and rejection.

The consistent absence of these DEPs in the Allo-A group indicates that their presence in the
AgH during the ongoing rejection process is closely associated with the breakdown of immune
tolerance. The upregulation of oxidative stress-related and immune-regulatory proteins serves as
early molecular signals, potentially allowing for the prediction of rejection before clinical

manifestations emerge.
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Figure 11. Candidate Aqueous Humor Biomarkers for Predicting Corneal Allograft Rejection

This heat map illustrates the differentially expressed proteins (DEPs) unique to the allogeneic
keratoplasty-intermediate (Allo-I) and -rejected (Allo-R) groups, even not present in the Allo-
accepted (Allo-A) group. Proteins in the heat map are presented according to their log2 fold change

(Allo-I or Allo-R vs. Naive control), with red indicating upregulation and blue indicating
downregulation.
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3.3. Validation of Aqueous Humor Biomarker Candidates in Human
Corneal Allograft Rejection through Proteomic Analysis

3.3.1. Proteomic Alterations in Human Aqueous Humor

Following the identification of potential biomarker candidates in the murine model, we
performed a proteomic analysis of AqQH from human patients to assess whether the same proteins
could serve as biomarkers for corneal allograft rejection in clinical settings. AqH samples were
collected from patients with rejected corneal grafts (n=7) and control patients (n=7) with no signs
of rejection. This analysis aimed to validate the relevance of murine biomarker candidates in
human samples (Figure 12A).

A total of 833 proteins were identified from the human AqH samples, and there were 106
significantly increased proteins and 66 significantly decreased proteins in patient samples with
with rejected corneal allografts, compared to controls (Figure 12B). The volcano plot illustrates the
DEPs between the two groups, with significantly upregulated and downregulated proteins (fold
change > 2, P-value < 0.05) in the rejected group compared to controls. Consistent with findings
from the murine model, BLVRB (biliverdin reductase B), GPX1 (glutathione peroxidase 1), and
CSTB (cystatin B) were significantly upregulated in the AqH of human patients with rejected
graft.

The heatmap in Figure 12C illustrate the hierarchical clustering of DEPs between the control
group and the group with rejected corneal allografts. It provides a clear visual representation of the
proteomic changes in AqH during graft rejection. Proteomic profiling revealed distinct expression
patterns, with the rejected group showing both upregulated and downregulated proteins compared
to the control group. Importantly, the consistency in the rejected group’s protein expression

profiles indicates common biological pathways activated in the rejection process.
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Figure 12. Validation of Aqueous Humor Biomarker Candidates in Human Corneal Allograft
Rejection through Proteomic Analysis

A. Overview of the experimental workflow used for proteomic analysis of human aqueous humor
(AgH) samples from control (n=7) and rejected (n=7) corneal graft patients. AqH samples underwent
depletion, digestion, and subsequent analysis using high-resolution Orbitrap mass spectrometry.

B. Volcano plot displaying the difference in protein expression in human AqH between the two
groups. Red dots represent significantly up- and down-regulated proteins (Fold change > 2 and P-
value < 0.05). Three AqH proteins were identified as markers for predicting corneal allograft
rejection, based on AqH proteomics.

C. Heatmap showing hierarchical clustering of differentially expressed proteins (DEPs) of AqH in
control versus rejected corneal graft group.
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3.3.2. Protein-Protein Interaction Network in Human Aqueous Humor

To further explore the interactions between these DEPs, a PPI network was constructed based
on the DEPs identified in the human AqH samples (Figure 13). This network highlighted several
protein clusters involved in key biological processes such as immune response, oxidative stress,
and inflammatory regulation.

Importantly, consistent with the findings from the murine model, BLVRB (biliverdin reductase
B), GPX1 (glutathione peroxidase 1), and CSTB (cystatin B) were significantly upregulated in the
AgH of rejected graft patients. BLVRB and GPX1 were upregulated in the oxidative stress
response cluster, mitigating oxidative damage during graft rejection. PRDX2, another oxidative
stress-related protein, was also upregulated, suggesting enhanced antioxidant defense mechanisms
in response to rejection.

In the immune response cluster, CSTB was upregulated along with complement proteins such
as C9 and CIR. CSTB, a protease inhibitor, was also elevated, which is consistent with its role in
preventing excessive tissue degradation by modulating immune response. These proteins are part
of the complement cascade, which plays a crucial role in immune-mediated tissue damage during
rejection. Additionallly, the inflammatory response cluster included upregulated proteins such as
SERPINCI1 (Serpin family C member 1) and VIN (vitronectin), both of which are involved in
modulating inflammation and coagulation.

Other proteins related to developmental processes and cellular communication, such as
crystallins, VCAMI1 (vascular cell adhesion molecule 1) and DKK3 (dickkopf-related protein 3),
were differentially up- or down-expressed.

In summary, this proteomic analysis of human AqH samples aligns with findings from the
murine model, validating BLVRB, GPX1, and CSTB as potential biomarkers for corneal allograft
rejection. Additionally, other proteins involved in immune response, oxidative stress, and
inflammation were differentially expressed, providing further insights into the molecular
mechanisms underlying graft rejection. These results support the potential of AqH proteomics in

predicting and monitoring rejection in clinical settings.
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Figure 13. Protein-Protein Interaction Network of Aqueous Humor Proteins in Patients with Corneal
Allograft Rejection

The protein-protein interaction network showing differentially expressed proteins and significantly
enriched biological processes in the aqueous humor of patients with corneal allogeneic graft
rejection. Nodes represent individual proteins, and edges represent known interactions between them.
The node colors indicate log2 fold change in expression relative to the control group, with red
representing upregulated proteins and blue representing downregulated proteins. The size of the
nodes correlates with the statistical significance of the expression change (—logl0 P-value). The
connection between nodes (grey lines) indicates either a regulatory role or physical interaction
between proteins.
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IV. DISCUSSION

This study aimed to investigate the molecular mechanisms underlying corneal allograft rejection,
identifying key proteins in the AqH that can serve as potential biomarkers for early detection of graft
rejection. Through comprehensive proteomic analysis of both murine models and human patients,
we identified key immune-related and oxidative stress-related proteins, which are consistently
upregulated during the transitional and rejection phases. Particularly, BLVRB, GPX1, and CSTB as
biomarker candidates for corneal allograft rejection represents a significant step toward improving
early detection and management of this condition. These findings provide valuable insight into the
immunological processes driving rejection and highlight the potential of AqH proteomics for clinical
application.

AgH has emerged as an important diagnostic medium for various ocular conditions. As a biofluid
that is in constant contact with the cornea, AqH serves as a unique source of biomarkers that can
reflect real-time changes in the ocular microenvironment. Recent proteomic and cytokine profiling
techniques have positioned AqH as a rich source of potential biomarkers for neurodegenerative and

15.17.18.36 The limited sample volume (50-150 pL) and low protein

inflammatory ocular diseases.
concentration (0.1-0.6 ng/mL) necessitate highly sensitive detection methods. Additionally, the wide
dynamic range of AqH poses further technical challenges in biomarker discovery.’” However,
current advancements in mass spectrometry and affinity-based techniques have improved our ability
to analyze AqH samples, even with these limitations, making AqH proteomics a feasible and
promising diagnostic tool for clinical application.

Previous studies investigating biomarkers for corneal allograft rejection have primarily relied on
tissue biopsies. Di Zazzo et al. reported that decreased Foxp3 in Tregs expression increases rejection
risk.?’ Elevated levels of VEGF-A, VEGF-C, and VEGF-D in corneal grafts have been also shown
to significantly heighten rejection risk.?> Additionally, increased immune cell density in the sub-
basal and endothelial layers of the cornea proposed as an indicator of an active rejection process.?
In parallel, blood-based biomarkers have also been investigated. Yoon et al. demonstrated that
elevated levels of CD8+IFNy+ T cells in peripheral blood are linked to an increased risk of corneal
xenograft rejection.!® The presence of circulating donor-specific antibodies, particularly those

directed against donor class I HLA, has been associated with immune-mediated graft failure.’®
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However, these sources of biomarkers involve invasive procedures and may not be suitable for
detecting early-stage rejection. Tissue biopsies, in particular, are impractical during the early phases
of rejection, as biopsies themselves may induce or exacerbate rejection due to the invasive nature of
the procedure. This limitation emphasizes the significance of liquid biopsy techniques like AqH
analysis.

The present study highlights the potential of AqH as a minimally-invasive and more practical
alternative for early detection of corneal graft rejection. Unlike tissue or blood samples, AqH, being
in direct contact with the cornea, serves as an ideal candidate for liquid biopsy to detect molecular
changes in the corneal environment during graft acceptance, immune surveillance, and rejection. By
employing proteomic analysis of AqH, our study circumvents the challenges of tissue biopsies,
offering a minimally invasive method to monitor graft health (Figure 12A). This novel approach
could address the limitations of conventional methods, such as slit-lamp microscopy, which often
detect rejection only after clinical signs become evident. Consequently, our data show that proteins
involved in immune activation and oxidative stress pathways are consistently upregulated in AqH
prior to overt clinical signs of rejection. This demonstrates that AqH can serve as a reliable and early
indicator of graft rejection, allowing for prompt therapeutic intervention.

The proteomic analysis of murine and human AqH revealed significant upregulation of BLVRB
in both rejected grafts and transitional allografts, suggesting its active involvement during the
rejection process. BLVRB’s primary function—the NADPH-dependent reduction of biliverdin to
bilirubin—plays a crucial role in providing antioxidant defense by regulating cellular redox states.*
Oxidative stress is a key driver of inflammation and tissue damage, and BLVRB's role in mitigating
these effects is central to its function in immune regulation. Studies have demonstrated BLVRB's
ability to modulate immune responses, particularly through the PI3K-Akt-IL-10 signaling axis,
which downregulates pro-inflammatory cytokine production, further supporting its anti-
inflammatory role.** BLVRB also helps suppress pro-inflammatory signaling by inhibiting TLR4
expression, regulating macrophage activity.*’ This aligns with our findings, where BLVRB was
consistently upregulated in the AqH of both the Allo-I and Allo-R groups, suggesting that BLVRB
contributes to immune modulation during both transitional and full rejection phases.

Interestingly, to our knowledge, this study may be the first to report the expression of biliverdin
reductase in AqH during graft rejection. Previous one study has identified BLVRB in zebrafish

retinal tissues, where its expression is induced by environmental stressors such as light-induced
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oxidative damage, functioning in heme catabolism and redox balance.*! In the context of corneal
allograft rejection, the upregulation of BLVRB in AqH during rejection suggests that its protective
mechanisms are activated to counter oxidative stress and immune activation. The fact that BLVRB
is consistently upregulated in both murine and human samples during rejection supports the
hypothesis that its function in managing oxidative stress and protecting ocular tissues from immune-
mediated damage is essential for graft survival.

The biliverdin-bilirubin pathway, mediated by BLVRB, has demonstrated protective effects in
transplantation models.*>** Yamashita et al. have shown that biliverdin administration induces
tolerance in cardiac allografts by inhibiting T cell signaling, particularly by reducing activation of
nuclear factor of activated T cells (NFAT) and nuclear factor kappaB, and suppressing interferon-
gamma production.** Another study reported that biliverdin administration reduced transplantation-
induced injuries in small bowel grafts, improving recipient survival by attenuating inflammation.*
In the case of corneal transplantation, the upregulation of BLVRB observed in our proteomic
analysis of rejected grafts further suggests that this enzyme is a part of the body’s intrinsic defense
mechanism against immune-mediated graft rejection.

Given these findings, therapeutic strategies targeting BLVRB could be explored to modulate its
protective effects and reduce the incidence of corneal allograft rejection. Administering biliverdin
or modulating BLVRB activity might help in reducing oxidative stress and controlling immune
responses, potentially improving outcomes for corneal allografts and other organ transplants. The
consistent upregulation of BLVRB across murine and human AqH samples highlights its importance
during graft rejection. Its dual role in redox regulation and immune modulation makes it a promising
candidate for further research, both as a biomarker for early detection and as a potential therapeutic
target in corneal allograft rejection.

Similarly, GPX1 (glutathione peroxidase 1), another key antioxidant enzyme, was upregulated,
reflecting the ongoing oxidative stress in the AqH during rejection. Although GPX1 was detected in
the murine AqH during both transitional and rejection phases, our study did not detect GPX1 in
human AqH; instead, a related GPX isoform was found (Figure 11 and 13). While there is limited
evidence of GPX1's direct involvement in acute rejection and chronic allograft transplantation,
previous studies in kidney transplantation suggest that the GPX system plays a critical role in
maintaining antioxidant defenses during the post-transplant period.***7 Specifically, these studies

highlighted that successful kidney transplantation can rapidly restore GPX activity, and monitoring
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GPX activity could potentially serve as an indicator of graft function early after transplantation.*®

GPX1 is a well-known antioxidant enzyme that protects cells from oxidative damage by
neutralizing reactive oxygen species. GPX1-deficient models have demonstrated heightened
oxidative damage and increased vulnerability to tissue injury during conditions such as ischemia-
reperfusion injury, a common challenge in transplantation.*® This suggests that GPX1 may play a
protective role in transplanted corneal tissues, particularly during the early postoperative period
when oxidative stress is elevated due to graft reoxygenation.

Given GPX1’s established role in reducing oxidative stress and modulating immune responses,
its upregulation in the murine model highlights a potential therapeutic target. Enhancing GPX
activity, whether through upregulation of GPX1 or related GPX isoforms, may help mitigate
oxidative stress and improve graft survival. Antioxidant therapies that target the GPX pathways,
such as selenium supplementation (a necessary cofactor for GPX1 activity), could be explored as a
strategy to reduce corneal allograft rejection rates. Further research into the specific GPX isoforms
involved in human corneal graft rejection may provide additional insights into potential
interventions to optimize graft outcomes.

Cystatin B (CSTB), a cysteine protease inhibitor, emerged as a significantly upregulated protein
in both murine and human AqH during the transitional and rejection phases of corneal allograft
rejection (Figures 11 and 13). CSTB plays a critical role in regulating inflammation, protecting cells
from protease-mediated damage, and controlling oxidative stress, all of which are key factors during
graft rejection.*! Previous studies have shown that CSTB-deficient models exhibit enhanced
inflammation with an increased release of nitric oxide from immune cells, suggesting CSTB
normally acts to suppress excessive immune responses.*® Additionally, Cystatin B-deficient mice
display increased sensitivity to sepsis and elevated production of pro-inflammatory cytokines like
IL-1pB and IL-138, highlighting its role in mitigating inflammatory pathways.>!

CSTB’s ability to protect cells from oxidative stress is particularly important in the immune-
privileged environment of the eye, where oxidative stress can exacerbate tissue damage and drive
graft rejection. Recent studies demonstrate that CSTB helps maintain cellular homeostasis under
oxidative stress by inhibiting cathepsins and preventing uncontrolled proteolytic activity.’> CSTB
also is involved in controlling cell proliferation and differentiation, synaptic functions and protection
against oxidative stress, likely through regulation of mitochondrial function. This protective effect

could be vital in prolonging graft survival by minimizing oxidative damage to corneal cells,
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especially during heightened immune responses seen during graft rejection.

Although direct evidence linking CSTB to corneal transplantation outcomes is limited, its
biological functions suggest CSTB plays a key role in regulating immune activation and protecting
corneal tissues from inflammatory damage during the rejection process. In our study, CSTB was
consistently upregulated in both murine and human AqH samples during the transitional and
rejection phases, indicating that its role in immune regulation and tissue protection is likely activated
during the rejection process. CSTB’s increased expression in the AqH implies that it may help limit
protease-mediated tissue degradation, a critical factor in graft survival.

While prior research on CSTB has not directly addressed its role in transplantation, our findings
suggest that its biological functions, particularly its ability to regulate inflammation and oxidative
stress, could influence transplant outcomes. However, further investigation is required to confirm
the specific role of CSTB in corneal transplantation and its potential as a therapeutic target for
reducing allograft rejection rates.

The corneal transcriptome data from murine models (Supplementary Figures 2 and 3) support
our findings. The transcriptomic analysis revealed significant upregulation of immune-related genes,
particularly in the Allo-I and Allo-R corneas, which corresponded with the proteomic changes
observed in AqH. Additionally, the Allo-A cornea’s unique transcriptomic profile suggests that graft
acceptance involves active immune regulation, consistent with prior studies indicating that accepted
allografts maintain immune tolerance through active modulation (Supplementary Figure 2).5%%*
Interestingly, a PPI network analysis of DEGs from the Allo-I and Allo-R corneas highlighted
several key biological processes, particularly those related to immune system responses
(Supplementary Figure 3). In this cluster, genes such as Ppp3rl, Rho, and Sodl are more highly
expressed in the Allo-I corneas compared to the Allo-R. Especially, Ppp3rl, a regulatory subunit of
calcineurin, plays a critical role in T-cell activation through the NFAT pathway and Nurr77 signaling,
both of which are pivotal in driving immune responses during graft rejection.>>>’

Despite the valuable insights gained from this study, limitations must be acknowledged. One of
the main limitations is the inability to sample AqH from patients with accepted or intermediate-stage
grafts. This limitation restricts our ability to fully capture the proteomic and immune dynamics
during the critical transition from immune tolerance to rejection in human corneal transplants.
However, the overlap observed between murine and human proteomic data offers a strong

foundation for the potential clinical application of AqH biomarkers. While murine models provide
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controlled insight into immune processes, further studies are needed to validate these biomarkers in
diverse human populations, particularly in the early stages of rejection or immune tolerance.

In addition, although this study demonstrates the utility of AqH proteomics, there remain
practical challenges in collecting AqH samples from patients in routine clinical settings, especially
before clinical signs of rejection appear. This raises the need for improved, minimally-invasive
sampling techniques to monitor corneal graft health more frequently. Despite these limitations, our
findings contribute to the growing body of evidence that immune-related proteins in AqH play a
central role in graft rejection, suggesting that AqH analysis could serve as a valuable tool for the

early detection and prediction of corneal allograft rejection in clinical practice.
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V. CONCLUSION

This study provides novel insights into the molecular mechanisms underlying corneal allograft
rejection by identifying key proteins in the AqH that may serve as biomarkers for early detection
and intervention. Due to the clinical challenge of distinguishing early signs of rejection, we aimed
to identify biomarkers that represent the molecular changes occurring before clinical symptoms
appear. Through the use of AqH liquid biopsy, we were able to capture these early molecular
alterations and propose BLVRB, GPX1, and CSTB as potential biomarkers for corneal allograft
rejection.

BLVRB, as a key enzyme involved in redox regulation, emerged as a central player in
managing oxidative stress during graft rejection. Its upregulation across both murine and human
samples highlights its importance in mitigating tissue damage during immune activation. Similarly,
GPX1, another potent antioxidant enzyme, was upregulated, reflecting the ongoing efforts to
control oxidative damage. CSTB, a cysteine protease inhibitor, further contributed to immune
regulation by preventing excessive proteolytic activity and tissue degradation.

The identification of these proteins as biomarkers not only provides insight into the rejection
process but also offers a minimally invasive diagnostic tool using AqH proteomics, which could
allow for early detection and timely therapeutic intervention. This approach circumvents the
limitations of conventional clinical methods, which often detect rejection only after significant
tissue damage has occurred.

While these findings provide a solid foundation for the use of AqH proteomics in clinical
practice, further studies are necessary to validate these biomarkers in larger and more diverse
patient populations. Additionally, exploring therapeutic strategies that target these key proteins
could offer new approaches to improving graft survival rates, particularly through antioxidant
therapies or immune modulation.

In conclusion, by identifying BLVRB, GPX1, and CSTB as critical proteins involved in the
rejection process, this study highlights the potential of AqH liquid biopsy for the early detection of
corneal allograft rejection. These findings could significantly enhance the clinical management of

corneal allograft recipients, improving both graft survival and patient outcomes.
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APPENDICES
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Supplementary Figure 1. Venn Diagrams Illustrating the Common Differentially Expressed
Proteins (DEPs) among the Allogeneic Keratoplasty Groups (Allo-A, Allo-1, and Allo-R). Gene
Ontology biological process enriched by common DEPs in the allogeneic KP groups.
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Supplementary Figure 2. Transcriptome Analysis of Corneal Tissues in Murine Keratoplasty
Models

A. Experimental workflow depicting the corneal sampling and RNA-sequencing process for
transcriptome analysis across six experimental groups: naive control (NC), syngeneic keratoplasty
(KP)-clear (Syn-C), syngeneic KP-opaque (Syn-O), allogeneic KP-accepted (Allo-A), allogeneic
KP-intermediate (Allo-I), and allogeneic KP-rejected (Allo-R).

B. Heatmap showing the hierarchical clustering of 4,238 differentially expressed genes (DEGs) with
a fold change >2 and P-value < 0.05. Each row represents a gene, and each column represents an
experimental group, with color indicating the Z-score for gene expression levels.

C. Principal Component Analysis plot of the transcriptomic profiles from corneal tissues.
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Supplementary Figure 3. Protein-Protein Interaction Network of Differentially Expressed Genes
In the Corneal Allograft During Rejection

This figure presents the protein-protein Interaction network of differentially expressed genes
(DEGs) in the corneal tissue of the allogeneic keratoplasty (KP)-intermediate (Allo-I) and allogeneic
KP-rejected (Allo-R) groups compared to the Naive control group. Red nodes indicate upregulated
DEGs, and blue nodes indicate downregulated DEGs.
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