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Purpose. Clinical proteomics enhances our understanding of biological functions
and pathological processes. Since the localization of various protein clusters within
the cornea is still unknown, a spatial model of the human corneal proteome was
established.

MEeTtHODS. In this study, successive layers of corneal tissue from five human corneas were
ablated using a nanosecond mid-infrared laser, with ablation depth verified by opti-
cal coherence tomography. Each layer was analyzed by LC-MS/MS-based quantitative
proteomics to generate a spatial map of the corneal proteome.

Resurrs. A total of 4,454 proteins were identified. A clear distinction between proteome
clusters reflecting the tissue layers within the cornea was observed. Various biologi-
cal processes were localized in the individual segments of the cornea. Increased abun-
dances of metabolic proteins in the epithelium reflected high metabolic activity and
regeneration processes. The endothelium was characterized by high energy demand
and increased levels of transmembrane proteins. Notably, the stroma exhibited signif-
icantly higher abundances of immune-related proteins. A distinct proteomic profile was
also observed in the subepithelial region, which is clinically involved in corneal wound
healing.

Concrusions. These results highlight the proteomic differentiation and functional special-
ization of individual corneal layers and provide insights into key biological processes,
including immune responses, wound healing, and corneal homeostasis. Additionally,
these findings hold the potential to be contrasted with pathological conditions and to
trace the morphological localization of pharmacological target molecules.

Keywords: spatial proteomics, human cornea, near-infrared femtosecond laser ablation
(NIRL), corneal biology

B esides its crucial role in light refraction, which
contributes over 70% of the eye’s total refractive power,
the cornea also performs several other important ocular
functions including protection against biological and chemi-
cal damage, as well as providing biomechanical stability and
structural resilience.!> Corneal diseases such as infections,
Fuchs’ endothelial dystrophy, traumatic injuries or kerato-
conus are a leading cause of blindness worldwide and affect
millions of individuals.3~° Despite existing pharmacological
and surgical treatments, a deeper functional understanding
of corneal biology and disease mechanisms is essential for
developing more effective therapeutic strategies.’

The cornea consists of five main layers, with each
contributing to its optical and biological functions. While
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the epithelium primarily serves as a protective barrier,
the stroma consists of a collagen network with few kera-
tocytes and accounts for most of the corneal thickness.
The endothelium maintains stromal dehydration and trans-
parency through its active pump function.® The structural
stratification of the cornea provides a rationale for spatially
resolved proteomic studies.

Several studies have examined the proteome of the
human cornea.’~!” However, most of these studies homog-
enized the entire corneal tissue to gain insights into
intracorneal proteomic processes.'*'® When comparing the
proteomics studies performed to date, the highest proteome
coverage corresponding to 4,824 proteins was achieved
using mechanical homogenization of whole corneal tissue.'*
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Although these findings have expanded our knowledge
of corneal physiological mechanisms and pathologies like
keratoconus,'>'® analyzing the cornea in its entirety fails to
capture the distinct molecular signatures of its individual
layers.

In some studies, the tissue was manually dissected and
the distinct layers of the cornea, such as the epithelium,
stroma or endothelium, were separated and analyzed.'”-'°
Procedures separating the layers were also used to compare
the proteome of corneal pathologies such as keratoconus
or Fuchs’ endothelial dystrophy with healthy corneas.?-2?
However, these methods do not provide the ability to visu-
alize or trace the morphological localization of various
proteins or biological processes in the whole cornea, nor can
they detect proteomic variations within individual regions of
a single anatomical layer such as the stroma.

In addition, proteomic analysis results can be altered by
the mechanical homogenization of the tissue**=* and the
large amount of collagen within the cornea and especially in
the stroma may dilute lower abundance proteins.'® Ablation
of the tissue by laser can offer advantages over mechanical
homogenization. In the recent years, a new laser ablation
technology has emerged, which enables spatial proteomics
by tissue sampling followed by conventional bottom-up
proteomics workflows.?>-%

In this study, we used nanosecond mid-infrared laser
(NIRL) layer-by-layer ablation on consecutive layers of
corneal tissue, combined with optical coherence tomog-
raphy (OCT) for visualization of layer thickness. This
sampling directly from intact fresh-frozen tissue with three-
dimensional resolution followed by LC-MS/MS-based differ-
ential quantitative proteomics provided spatial resolution of
the human corneal proteome. This method provides layer-
specific insights into corneal biology and clinical processes,
clarifies associated signaling pathways, and allows mapping
of potential pharmacological targets.

METHODS
Corneal Samples Preparation

The corneal tissue used in this study was obtained from
donor eyes from the corneal tissue bank at the Institute
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of Legal Medicine in Hamburg after appropriate medical
information regarding pre-existing conditions and exclu-
sion criteria and consent of the next of kin. The corneas
were obtained from five donors aged 68 to 85 years with-
out corneal diseases (two male and three female donors)
and were harvested within the first 72 hours postmortem.
The corneas were unsuitable for transplantation, as post-
harvesting assessment revealed systemic donor diseases
contraindicating their use. Exclusion criteria for corneal
donation included rapidly progressing dementia, and insuf-
ficient blood volume for serological testing required to
exclude systemic infectious diseases. The corneas were
examined with a hand-held slit lamp and selected only if
they were transparent and showed no morphological or
structural abnormalities.

The corneas were standardly harvested as sclerocorneal
slices after multiple disinfections under sterile conditions
using a trephine. They were then transported in Tissue C
medium (Alchimia, Ponte San Nicolo, Italy) and processed
immediately. The medium was completely removed from the
corneas. The sclerocorneal slices were cut into small pieces
under the microscope using tweezers and a scalpel without
touching the central area of each sample. The samples were
stored at —80°C until further processing with the laser abla-
tion setup, followed by mass spectrometric analyses.

Laser Ablation Setup and Ablation Procedure
Parameters

For the layer-wise tissue sampling, the laser ablation setup
and workflow from Figure 1B was used. The basic laser
system was already described in Navoli¢ et al.,’” but here
we used sample scanning with a motorized XY stage (built
from two MLT25; Newport Corporation, Irvine, CA, USA),
where the controller (XPS-RLD4; Newport Corporation) with
the driver cards (XPS-DRV11; Newport Corporation) trig-
gered the laser emission with the maximum repetition rate
of 20 Hz. The ablation pattern was programmed on the
controller and consists of 10 x 10 applied single laser
shots, forming a layer with the dimensions of 1,000 x 1,000
x 25 pum?® (volume of 25 pL), which was determined by
three-dimensional imaging with OCT. We applied a layer-
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Ficure 1. (A) Schematic overview of the human cornea and example proteomic heatmap, (B) Experimental setup for spatial proteomic
analysis of the human cornea combined with OCT visualization. Created in BioRender by H. Schadwinkel (2025).
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by-layer laser ablation targeting the central and paracen-
tral pieces of the cornea, starting from the anterior side.
Each sampled layer was collected on a separate well of
a polytetrafluoroethylene-coated objective glass slide for
potential downstream proteomic analysis. This sampling
procedure was then repeated from the posterior side with a
transversal shift up to a depth with a specific overlap. The
specific parameters for the ablation patterns were acquired
through previous experiments including thickness and abla-
tion depth measurements using OCT.

A total of 24 samples were taken from each cornea,
following a specific pattern: the first eight samples were
collected through consecutive ablations to achieve detailed
resolution of the epithelial and subepithelial layers. For the
subsequent twelve samples and in the region of the stroma,
every fourth ablation was used. The final four samples were
obtained by rotating the sample to maximize the resolution
of the endothelial side, with four samples taken consecu-
tively from the endothelial layer. The samples were labeled
according to their anatomical order, starting from the epithe-
lial side with Sample 1 and progressing to Sample 24, which
corresponded to the endothelial side. Because of technical
issues, we could just use 22 samples from individual A for
further analysis (samples 3-24).

Sample Processing

The condensed aerosol was resuspended in 10 pL of 0.01%
n-dodecyl-B-D-maltoside in 25 mM ammonium bicarbonate.
Afterwards, the PTFE-coated slide was placed on a heating
block and the samples were heated for five minutes at 95°C.
During the heating step, aliquots of water (LC-MS grade)
were added to keep the samples in solution. Trypsin 20 ng
was added to the samples before incubating overnight at
37°C. During that time the samples were stored in a humidity
chamber. Finally, the sample slides were dried in a vacuum
centrifuge.

LC-MS/MS

Tryptic peptides were resuspended in 10 pL 0.1% formic
acid in water. Chromatographic separation of peptides was
achieved with a two-buffer system (buffer A: H20 with 0.1%
FA, buffer B: 80/20 (v/v) ACN/H20 with 0.1% FA) on a
UHPLC (Vanquish neo UHPLC system; Thermo Fisher Scien-
tific, Waltham, MA, USA). Attached to the UHPLC was a
peptide trap (100 um x 20 mm, 100 A pore size, 5 um parti-
cle size, C18; Thermo Fisher Scientific) for online desalt-
ing and purification, followed by a 25 c¢cm C18 reversed-
phase column (75 pm x 250 mm, 130 A pore size, 1.7 pm
particle size, peptide BEH C18, nanoEase; Waters Corpora-
tion, Milford, MA, USA). Peptides were separated using a 60
minutes method with linearly increasing concentration of
buffer B from 2.5% to 37.5% over 50 minutes.

MS/MS measurements were performed on a quadrupole-
orbitrap hybrid mass spectrometer (Exploris 480; Thermo
Fisher Scientific). Eluting peptides were jonized using a
nano-electrospray ionization source with a spray voltage
of 1,800 V and analyzed in data-dependent acquisition
(DDA) mode. For each MS1 scan, ions were accumulated
for a maximum of 25 ms or until a charge density of 3 x
10° ions (AGC target) was reached. Fourier-transformation
based mass analysis of the data from the orbitrap mass
analyzer was performed covering a mass range of m/z 350
- 1,400 with a resolution of 60,000 at m/z 200. Peptides
responsible for the 20 highest signal intensities per precur-
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sor scan with an intensity threshold of 8 x 10° and
charge state from +2 to +6 were isolated within an isola-
tion window of m/z 2 and fragmented with a normal-
ized collision energy of 30% using higher energy collisional
dissociation (HCD). MS2 scanning was performed, cover-
ing a mass range starting at m/z 120 and accumulated for
50 ms or to an AGC target of 1 x 10° at a resolution of 15,000
at m/z 200. Already fragmented peptides were excluded for
30 seconds.

Data Analysis

LC-MS/MS data were searched with the Sequest algo-
rithm integrated into the Proteome Discoverer software
(v3.1.0.638; Thermo Fisher Scientific) against a reviewed
human Swissprot database, obtained in April 2021, contain-
ing 20,365 entries. The oxidation of methionine, and pyro-
glutamate formation at glutamine residues at the peptide
N-terminus, as well as the acetylation and methionine loss
of the protein N-terminus were allowed as variable modifi-
cations. A maximum number of two missing tryptic cleav-
ages was set. Peptides between 6 and 144 amino acids
were considered. A strict cutoff (FDR < 0.01) was set
for peptide and protein identification. Quantification was
performed using the Minora Algorithm, implemented in
Proteome Discoverer.

Statistics

Basic statistical analysis including basic transformation,
normalization and testing steps were performed with
Perseus software (Max Planck Institute for Biochemistry,
v.2.0.11 and 2.0.10). The obtained quantitative relative
protein abundances were log,-transformed and column-
median normalized over all proteins of one sample.
Proteomic data were filtered for proteins present in at least
three samples in total. Based on the Pearson correlation coef-
ficient between the sample, the geometrical side of ablation
and the histology, clusters were defined within each indi-
vidual’s sample. Student’s #-testing was performed between
each defined cluster and all other layers. All proteins reach-
ing a g-value < 0.05 and with a twofold change were consid-
ered significantly different. Gene set enrichment analysis
(GSEA) was performed with the t-test results using the clus-
terProfiler package (version 4.14.0) in the R software envi-
ronment (version 4.4.0) and the gene ontology (GO) terms
in biological process (BP), molecular functions (MF), and
cellular component (CC).?8 Data visualization and statistical
analysis were performed using R (v4.4.0) and relevant pack-
ages including ggplot2, clusterProfiler, and mixOmics. Full
details are available in the Supplement.

Clustering of Different Corneal Regions

To account for inter-individual differences, each individ-
ual’s corneal layers were analyzed separately based on their
proteomic profiles. By using Pearson correlation, layer thick-
ness in OCT, experimental set-up as well as anatomy and
histology of the examined corneal samples, four different
clusters could be defined. Nonlinear-iterative-squares PCA
was used to visualize the proteomic separation of clusters in
each individual. The clusters were labeled according to their
anatomical localization (Cluster 1 as “Epithelium”, Cluster 2
as “Sublayer”, Cluster 3 as “Stroma”, Cluster 4 as “Endothe-
lium”). The clustering reflects subtle variations in layer thick-
ness among different corneas.
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One representative dataset (individual C) was selected
based on optimal layer resolution and used as a reference
to standardize cluster definitions across the remaining indi-
viduals. Correlation-based clustering was then applied to the
combined dataset.

RESULTS

The proteomic analysis of five different corneal samples
with consecutive NIRL-ablated layers with an ablation depth
of 25 ym in the central and paracentral corneal region
resulted in the identification of 4,454 proteins (Supplemen-
tary Table S1). Of these, 3,649 proteins were identified in at
least three samples of each tissue layer and were used for
further statistical testing (Supplementary Table S2). Both the
individual samples and a collective analysis of all samples
were evaluated.

Pearson correlation-based unsupervised hierarchical
clustering across all corneal samples revealed a distinct sepa-
ration between different corneal regions (Figs. 1A, 2), as well
as notable inter-individual variability. Corneal regions char-
acterized by proteomic profiling were assigned to clusters,
designated according to their respective anatomical localiza-
tion (“Epithelium”, “Sublayer”, “Stroma” and “Endothelium”).
Nonlinear Iterative Partial Least Squares PCA displayed a
pronounced separation of these clusters in each cornea. The
analysis of all samples showed a clear differentiation of the
stroma from other tissue layers, especially to the epithelium
and endothelium, while few layers from the sublayer showed
a mixed pattern between the epithelium and stroma.

Each cluster displayed different proteomic signatures.
The relative abundances of various proteins were identified
and systematically compared between each corneal cluster.
In this way, associated specific functional processes within
the cornea could be visualized. GSEA was used to deter-
mine enrichment of GO terms in the categories BP, MF, and
CC, based on the significance and expression patterns of all
quantified proteins.

The results of Student’s #-test have been incorporated into
the data presented in Supplementary Table S2. All proteins
that have been found to be significantly differentially abun-
dant in the respective cluster (epithelium, sublayer, stroma,
endothelium) are highlighted, and they can be filtered for p-
value or g-value significance, as well as log, difference (fold
change). Supplementary Table S7 shows all proteins identi-
fied in at least one sample of only one cluster exclusively.

2 Cluster
Clustert
Cluster2 1.

Clusterd
Clusterd
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Epithelium

The distinct spatial proteomic region, which we annotated
as Epithelium (Cluster 1), was identified based on its marked
separation from surrounding clusters and characterized by
a high abundance of proteins involved in metabolic and
biosynthetic processes (Fig. 3A). Volcano plot analysis iden-
tified a large number of proteins with significantly higher
abundance in the Epithelium compared to other corneal
regions (Fig. 3B). Supplementary Table S3 lists all proteins
identified in at least one sample in the defined epithe-
lium, whereas Supplementary Table S8 shows the GSEA
with the results of the #test epithelium versus the other
clusters.

This cluster showed high abundances of proteins
involved in metabolic processes such as cytoplasmic trans-
lation (Figs. 3C, 3D), intracellular protein transport, vesicle-
mediated trafficking, and posttranslational protein modi-
fication (Fig. 3C). The high translational output of the
epithelium was demonstrated by the increased abundance
of proteins involved in ribosomal biogenesis and RNA
processing (Figs. 3C, 6). Furthermore, elevated signaling
pathways of intercellular communication and structural
epithelial integrity were observed via cell-cell recognition
processes (Fig. 3E), and increased proliferative activity was
indicated by DNA biosynthesis. Various proteins involved
in nucleotide binding (including purine nucleotide bind-
ing, nucleoside binding, and adenyl ribonucleotide bind-
ing) have been shown to participate in signal transduc-
tion, barrier function, and RNA synthesis and processing
(Fig. 6A). Their localization was enriched in metabolically
active organelles (such as the outer endoplasmic reticu-
lum), but they were also present in vesicles, cell junc-
tions, and synaptic compartments (Fig. 6B). Immunogenic
processes such as complement activation, immunoglobulin-
mediated activation, and extracellular matrix assembly were
underrepresented. In summary, various biological processes
were demonstrated that contribute to the high regenera-
tive capacity of the Epithelium and its role as a barrier
interface.

In contrast to the clear proteomic differentiation among
the other clusters, the sublayer showed only limited
demarcation (Supplementary Table S4: all proteins iden-
tified in at least one sample in the sublayer, Supple-
mentary Table S9: GSEA results of the #test sublayer
versus other clusters). Instead, it exhibited proteomic
features characteristic of a composite structure between
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Ficure 2. Data analysis results of individual C: (A) Heat map visualization of Pearson correlation-based unsupervised hierarchical clustering.
(B) Heatmap visualization of Pearson correlation matrix. (C) Scatterplot visualization of nonlinear iterative partial least squares principal

component analysis results.
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displayed in purple (g-value < 0.05; fold change < 2) and yellow (g-value < 0.05; fold change > 2). (C) Gene set enrichment analysis plot for
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the epithelium and the stroma. Compared to the other

clusters, there was an increased abundance of proteins

involved in telomere organization and RNA binding. In
addition to collagen synthesis, some metabolic pathways
in response to cellular stress were enriched (Supplementary

Figs. S1, S2).

Stroma

The stroma (Cluster 3), the most voluminous layer, displayed
a proteomic profile clearly distinct from that of the

other

layers (Fig. 4A). A large set of differentially abun-

dant proteins was identified within this region (Fig. 4B).
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Supplementary Table S5 contains all proteins detected in
at least one stromal sample, and Supplementary Table S10
provides the GSEA results based on the #test comparing
the stroma with the remaining layers. The stromal proteome
was dominated by proteins involved in extracellular matrix
organization, especially in collagen fibril production and
assembly, whereas metabolic proteins were comparatively
underrepresented (Figs. 4C, 4D). CC annotations revealed

a pronounced enrichment of extracellular matrix-associated
structures, including fibrillar and banded collagen trimers,
as well as collagen type XI. These structural features were
functionally accompanied by molecular functions such as
proteoglycan binding and matrix components conferring
tensile strength and resistance to compression, reflecting the
biomechanical specialization of the corneal stroma. Higher
abundances of proteins of the Golgi lumen were detected,
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Ficure 6. Gene set enrichment plot for /-test significantly abundant proteins: (A) Molecular Function (MF) and (B) cellular components.
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corresponding to the many required post-translational modi-
fications of the extracellular matrix (ECM) (Figs. 6A, 6B).
A distinct increased abundance of immunoglobulins and
proteins generally involved in the immune response could
be visualized in the stromal region (Figs. 4C, 4E, 4F).
Consistent with these findings, the molecular function and
CC annotations of this cluster revealed an enrichment of
antigen-binding proteins, immunoglobulins, and mediators
of both humoral and innate immune pathways (Figs. 6A, 6B).

Endothelium

The endothelium (Cluster 4) was resolved as a discrete
proteomic layer, distinguishable from the adjacent stro-
mal compartment (Fig. 5A). Numerous significantly altered
protein abundances were detected within this compartment
(Fig. 5B). Supplementary Table S6 lists proteins detected in
the endothelium, and Supplementary Table S11 presents the
endothelium versus other clusters #-test GSEA results.

In the cluster, proteins involved in energy metabolism
were significantly higher abundant (Fig. 5C). This was
particularly evident in mitochondrial metabolic pathways,
including oxidative phosphorylation and ATP synthesis.
Compared to the other clusters, there were elevated levels
of mitochondria-localized proteins that generate ATP to
support endothelial pumping activity and cellular homeosta-
sis (Figs. 5C, 5D, 6B). Additionally, there was an increased
abundance of energy-dependent transmembrane transport
proteins for active transport processes. (Figs. 5C, 5F, 6B).
Conversely, some biological processes, such as protein modi-
fication processes, were suppressed in the endothelium
compared to other layers (Fig. 5C). In summary, this clus-
ter exhibited a selective enrichment of energy-generating
processes and transport pathways, reflecting the molecu-
lar basis of the endothelium’s unique physiological role in
preserving corneal clarity.

Many proteins showed depth-dependent abundance
gradients across the cornea, rather than distinct demar-
cation at anatomical layer border. Epithelial structural
and adhesion-associated factors progressively decreased
with depth, while stromal extracellular matrix components
peaked within the central layers. Proteins linked to endothe-
lial matrix organization, ion transport, and metabolic activity
showed a strong increase toward the innermost layers.

DiIscUSSION

In this study, three-dimensional spatial proteomics of
consecutive tissue layers of the human cornea was
performed. This enables the precise mapping of the spatial
distribution of various proteins and biological processes
within the cornea (Fig. 1A).

The method of NIRL-based spatial sampling has already
been applied and validated by our research group in other
tissues, such as cerebral and intestinal tissue.?>27-?° In addi-
tion to providing spatial resolution, this method offers
advantages such as the ability to resolve the proteome on
a miniaturized scale and the elimination of the need for
extensive tissue homogenization and requires only minimal
additional steps for proteome extraction.’®?” By enabling
spatially resolved proteomic analysis, this method provides
new insights into the organization of biological processes
and interactions within tissues—a perspective that has previ-
ously not been accessible in corneal research.
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With this method, a total of 4,454 proteins in five corneas
could be identified. To our knowledge, this is the second
most comprehensive proteome analysis of the human cornea
to date. Subbannayya et al.' successfully identified 4,824
proteins by LC-MS/MS analysis of entire corneas from three
individuals. In contrast, the NIRL-based approach used in
our study allows for a spatially resolved, layer-specific anal-
ysis within a limited volume of the central cornea. Impor-
tantly, peripheral regions, particularly the limbal zone hous-
ing limbal stem cells, were not included in the present
analysis. These areas likely harbor additional proteins that
are absent in the central cornea.’*=3? It is assumed that our
analysis therefore provides a precise representation of the
proteome within the central corneal region.

A separation into different clusters corresponding to
anatomical structures within the cornea was shown. These
clusters showed a high level of distinguishability within
individuals. In particular, the proteomic distinction between
the stroma, which is rich in organized collagen fibrils
with just sparsely distributed keratocytes, and the cell-
dense epithelial and endothelial layers was clearly observ-
able. Furthermore, they exhibited biologically individual
patterns that correspond to their anatomical localization as
confirmed by OCT visualization. The distinct characteris-
tics of the individual clusters not only align with findings
from previous studies but also enhance our understanding
of the proteome and the biological functions of the corneal
layers.13:19:33.34

It could also be revealed that more substructures than
previously assumed are required to properly describe the
cornea and that the proteomic differences vary gradually
throughout the layers. Although specific biological pathways
are associated within one corneal layer, the abundance of the
involved proteins is rather depicted as a gradient throughout
the layers.

Matching its role as the outermost protective layer of
the cornea, the rapidly replenishing cellular epithelium
showed high abundances of enzymes participating in vari-
ous metabolic pathways. As previously demonstrated, high
levels of different proteins were involved in transcription,
cytoplasmic translation and in cell maintenance of func-
tional proteins.!® These findings align with the GSEA results
observed in our study. The observation of high proportions
of intracellular and extracellular vesicles suggests dynamic
vesicular trafficking and active intracellular communication
for regulating corneal wound repair and infection states.!!
To form a strong barrier that prevents the penetration of
pathogens into the deeper corneal layers, strong anchor-
ing cell junctions are required, for which associated proteins
have also been detected in high abundance in the epithelium
cluster. The extracellular matrix proteins of the cell-dense
epithelial layer were proportionally less pronounced than in
the stroma. The epithelium is extensively innervated by free
nerve endings, which contribute to its heightened sensitiv-
ity to physical stimuli.>>3° Proteins located in synapses could
also be identified, which were not displayed accordingly in
any other cluster.

According to the histological structure of the stroma,
significantly higher abundances of ECM proteins, including
especially fibrillar and banded collagen trimers, along with
proteins that preserve structural integrity, could be identified
in this cluster. Except for collagen metabolic processes, only
a low abundance of other metabolic proteins was observed
within the stromal cluster’s limited cellular content. It was
revealed that the previously reported high overall abun-
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dances of the proteins keratocan and lumican were more
pronounced in the stroma and sublayer than in the epithe-
lium and endothelium.'4

Of particular interest is the significantly higher abun-
dance of immune proteins in the stromal layer. The identi-
fied proteins included several immunoglobulin components,
such as the heavy chains of immunoglobulins G, M, and A, as
well as the variable and constant regions of the light chains
A (lambda) and « (kappa). Moreover, multiple proteins of
the complement cascade (C1, C3, C4B, C5, C7, Complement
Factor H and B), together with Transforming Growth Factor
Beta Induced (TGFBD and Interferon Regulatory Factor 3
(IRF3), were present. The cornea possesses an inherent
immune privilege to preserve its characteristic functions.
In general, the cornea’s complex immune defense mecha-
nisms are designed to prevent excess inflammation, as severe
inflammation could impair clear vision.>’~3° There are fewer
antigen-presenting cells in the central cornea and a lower
concentration of factors for the humoral response than in
the periphery to obtain the corneal transparency.?’ In our
proteome analysis, a higher abundance of immunoglobu-
lins (IgG, IgM and IgA) was detected in the stroma. Surpris-
ingly, proteins of the complement system also showed an
increased abundance, suggesting a layer-specific immune
preparedness. Unexpectedly, we found a significantly lower
abundance of proteins involved in the classical pathway of
complement activation in the epithelial and sublayer clus-
ter. However, immune responses in the subepithelial region
also frequently present subclinically.

In literature, high levels of IgG and IgA immunoglob-
ulins were detected within the cornea, while IgM could
not be found in the central region.*! It has already been
described that proteomes of the complement system and
immunoglobulins are among the most abundant proteins
of the cornea.'*'7:' Meade et al.'” assumed an approxi-
mately even distribution of immune-related proteins across
all corneal layers, with the main proteins identified as
immunoglobulins. In contrast, our data suggest a stromal
predominance of immunoglobulins. Further studies with
functional validation are needed to demonstrate the localiza-
tion and relative ratio of immunoglobulins within the cornea
and the immune response process of the cornea.

Gene ontology biological process analysis of the endothe-
lial cluster highlighted its role in maintaining corneal trans-
parency via active water transport from the cornea to the
anterior chamber.® Correspondingly, a comparatively obvi-
ous increased abundance of active transmembrane trans-
porters and mitochondrial proteins was observed within
the endothelial layers. Highest normalized enrichment score
included cellular respiration, oxidative phosphorylation and
energy derivation by oxidation of organic compounds. These
results can complement former proteomic studies that have
partially focused on the proteomic integrity of endothelium
and Descemet’s membrane and thus also strongly on the
ECM of this region.!?-21,22,42

The respective basement membranes as for Bowman’s
membrane and Descemet’s membrane of the cornea could
not be effectively captured, likely because of the thickness of
the membranes and the resolution limits of the laser abla-
tion. Nevertheless, the subepithelial region displayed tran-
sitional abundance peaks, consistent with matrix remod-
eling at the interface of Bowman’s layer and the anterior
stroma.

Interestingly, there were subtle indications of a confined
subepithelial region exhibiting a slightly distinct structural
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organization compared to the surrounding stromal tissue
which was named “sublayer.” However, the demarcation
between this region and the stromal cluster was not clearly
defined in all analyses; therefore, it was not delineated with
strict criteria. The proteomic characteristics of this suggested
cluster, although not representing a clearly defined anatomi-
cal structure in the strict sense, revealed a gradual proteomic
transition between the epithelium and the stroma. The ante-
rior part of the corneal stroma contains a higher density
and larger volume of highly active stromal keratocytes in
contrast to the more organized posterior stroma.®3-% Indi-
cations of an involvement in wound response processes
were observed. Telomere organization is one of the highest
normalized enrichment score. For cells involved in wound
healing maintaining telomere integrity is critical for opti-
mal tissue repair.®> This finding is of particular relevance,
because post-surgical corneal haze after photorefractive
procedures is frequently localized to this region.*44

Limitations of our study include the age of the donors
and the number of corneas examined. However, we assume
the sample size to be appropriate for the methodological
aim to establish a workflow for spatially resolved corneal
proteomics. Given the bradytrophic structure of the cornea
and its relatively slow metabolic turnover, we consider it
likely that our findings remain valid despite the advanced
donor age. In future studies, it might also be benefi-
cial to include functional validation assays (e.g., based on
immunofluorescence microscopy).

Future studies aim to compare the spatial proteome of
healthy corneas with that of corneal disorders such as kera-
toconus to facilitate the spatial localization of pathological
molecular processes. This could improve the understand-
ing of molecular and cellular pathomechanisms of various
diseases and could take us one step further to the develop-
ment of new therapeutic strategies.

Summarizing, our findings offer proteomic insights into
key biological processes in the cornea, including immune
response, wound healing and corneal homeostasis. Addi-
tionally, they provide a possibility for mapping the abun-
dance of pharmacological target molecules, which could
enhance the understanding of therapeutic mechanisms and
drug delivery strategies.
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