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Although pig-to-non-human primate (NHP) corneal xenotransplantation has shown long-term graft survival, xenogeneic antigen-related immune responses are still stronger than allogeneic antigen-associated responses. Therefore, there is an unmet need to investigate major rejection pathways in corneal xenotransplantation, even with immunosuppression. This study aimed to identify biomarkers in aqueous humor for predicting rejection and to investigate rejection-related pathways in grafts from NHPs transplanted with porcine corneas following the administration of steroids combined with tacrolimus/rituximab. NHPs who had received corneas from wild-type (WT) or α-1,3-galactosyltransferase gene-knockout (GTKO) pigs were divided into groups with or without rejection according to clinical examinations. Liquid chromatography-mass spectrometry (LC-MS) was used to analyze the proteomes of corneal tissues or aqueous humor. The biological functions of differentially expressed proteins (DEPs) were assessed using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) for pathways and protein–protein interaction network analysis. Among the 66 DEPs in aqueous humor, complement proteins (C3, C5, and C9) and cholesterol metabolic proteins (APOA1 and APOA2) were related to xenogeneic rejection as biomarkers, and alternative pathways of the complement system seemed to be important in xenogeneic graft rejection. Among the 416 DEPs of the cornea, NF-κB1 and proteosomes (PSMD7, PSMA5, and PSMD3) seemed to be related to xenogeneic graft rejection. Additionally, oxidative phosphorylation and leukocyte activation-related pathways are involved in rejection. Overall, our proteomic approach highlights the important role of NF-κB1, proteosomes, oxidative phosphorylation, and leukocyte activation-related inflammation in the cornea and the relevance of complement pathways of the aqueous humor as a predictive biomarker of xenogeneic rejection.
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1 Introduction

Corneal allotransplantation is the standard surgical treatment for medication-resistant corneal blindness (1). Although corneal allotransplantation is widely applied in certain areas, there is still an unmet need for corneal blindness treatments given the donor shortage in developing countries (2). Corneal xenografts or bioengineered products can be considered as alternatives or substitutes for corneal allografts (3). However, xenogeneic antigen-related immune responses are stronger than allogeneic antigen-associated immune responses (3). To overcome hyperacute rejection, which is mediated by natural anti-Galα1-3Galβ1-4GlcNAc-R (anti-αGal) antibodies, alpha-1,3-galactosyltransferase gene-knockout (GTKO) pigs are used in xenotransplantation (4). Nevertheless, corneal pig-to-non-human primate xenotransplantation using GTKO donors still requires extensive immunosuppression (5). Therefore, there are still unmet needs for corneal xenotransplantation given their unknown xenogeneic antigen’s strong immune response.

Recently, LC-MS-based proteomics has evolved to detect low abundant critical proteins in various diseases and allows possible longitudinal monitoring in small-volume samples (6). LC-MS-based proteomics is useful in corneal transplantation research in which the amount of biological specimens is limited, such as the cornea and aqueous humor (AH). To identify biological markers during the rejection of islet allografts placed in the anterior chamber, a small amount of AH can be used for longitudinal proteomics analysis (7). In addition, to identify non-αGal antigens in pig-to-primate cardiac xenotransplantation, a proteomic approach has been applied (8).

Proteomic approaches have shown that neutrophil-mediated immune processes and complement-related and endoplasmic reticulum–phagosome pathways may be critical inflammatory surveillance responses in normal human corneas (9). High concentrations of aqueous interleukin (IL)-6, IL-17A, interferon (IFN)-γ, monocyte chemotactic protein (MCP)-1, soluble intercellular adhesion molecule (sICAM)-1, and interferon gamma-induced protein 10 (IP-10) have been identified as biomarkers for predicting corneal allograft rejection (10, 11). Tear coronin-1A has also been reported as a biomarker of acute corneal rejection in rats (12). However, rejection-predicting biomarkers remain inconclusive in corneal allotransplantation (13). Given that CD8+IFNγ+ T cells and the aqueous complement protein C3a were discovered to predict rejection in corneal xenotransplantation (14), a whole proteomic approach is required to analyze interactive immune pathways and their evolution with the progression of rejection. Therefore, this study aimed 1) to investigate proteomic changes in rejected xenocorneal grafts even with immunosuppressive agents, 2) to identify aqueous biomarkers with xenogeneic rejection progression in pig-to-NHP corneal xenotransplantation, and 3) to evaluate whether xenogeneic rejection-networking pathways would be different between wild-type (WT) and GTKO corneal grafted NHPs.



2 Materials and Methods

This study adhered to the ARVO Statement regarding the Use of Animals in Ophthalmic and Vision Research. This study was approved by Seoul National University (SNU) (IACUC: SNU‐151102‐3) and SNU Hospital (IACUC: 15‐0171, 18-0160). Human corneas (n = 4) rejected after corneal transplantation due to bullous keratopathy were obtained during re-corneal transplantation.


2.1 Study Design

We investigated a cohort of 25 rhesus macaques that had undergone full-thickness WT (n = 20) or GTKO (n = 5) miniature pig corneal xenotransplantation between 2016 and 2018 (5, 14–16). Penetrating keratoplasty procedures were described in previous studies (Figure 1A) (5, 15). After transplantation, a physical examination was performed weekly to calculate the graft score, and the AH was collected every 2–4 weeks. The corneal graft score (0–12) was calculated based on opacity, edema, and vascularization, as described previously (16). Rejection was defined as a score of ≥6. Rejection ongoing (RO) was defined as a score of 4 or 5 with increasing scores over the past 2 weeks. Non-rejected survival control was defined as a score of 0 at least 6 months (180 days) after transplantation. Recipients diagnosed with graft rejection were sacrificed within 2 weeks. Recipients with survived grafts were monitored for up to 6 months. This proteomics analysis was performed on 18 AH and 6 corneal samples from the cohort recipients. Samples were stored at −80°C until analysis. Donor pig characteristics, sample acquisition times, and graft scores of the groups (survival, RO, and rejection) are summarized in Table 1. Recipients were administered systemic and topical immunosuppressants, as listed in Supplementary Table 1.




Figure 1 | (A) Schematic diagram depicting the procedure used for full-thickness corneal xenotransplantation. A clinically applicable porcine corneal donor button of 7.5 mm was used on the 7.0-mm non-human primate recipient bed in all cases. (B) Overall experimental workflow of the proteomics experiments. Aqueous humor (AH) and cornea were lysed and digested into peptides. Digested peptides were analyzed using LC-MS/MS. AH samples were subjected to LFQ analysis and cornea samples were subjected to TMT quantitative analysis. WT, wild type; GTKO, α-1,3-galactosyltransferase gene-knockout; LC, liquid chromatography; LFQ, label-free quantification; TMT, tandem mass tag.




Table 1 | Summary of the groups used for corneal and aqueous proteomic analyses.





2.2 AH Sample for Analysis

Approximately 140 µl of AH was collected and divided in half. Half of the samples were used for proteomics analysis and the other half were used for biomarker candidate assays. The 18 analyzed AH samples were stratified as follows: 1) survival (control) group (n = 5), AH at the nearest 20 weeks after transplantation, all recipients were transplanted with WT porcine cornea; 2) RO group (n = 6), AH at graft scores of 4 or 5, three recipients were transplanted with WT porcine cornea and the other three with the GTKO porcine cornea; and 3) rejection group (n = 7), AH at graft scores of 6, four recipients were transplanted with WT porcine cornea and the other three with the GTKO porcine cornea (Figure 1B).



2.3 Corneal Xenotransplantation Tissue for Analysis

After sacrifice, the entire cornea of the recipient NHP was excised, including the limbus. Thus, the central circular part of the tissue was the porcine cornea, and the tissue surrounding this region was the cornea of the NHP recipient. Half of the excised tissues (semicircular shape) were used for proteomics analysis. The six analyzed corneal samples were stratified as follows: 1) survival (control) group (n = 2), in which all recipients were transplanted with WT porcine cornea, and 2) rejection group (n = 4), in which two recipients were transplanted with WT porcine cornea and the other two with the GTKO porcine cornea (Figure 1B).



2.4 Proteomics Analysis


2.4.1 Aqueous Humor

To study AH proteins characterized by low protein concentrations, we adopted direct in-solution digestion and label-free quantification (LFQ) analysis to minimize protein loss during the experiments. Each AH sample was collected and the protein concentration of each sample was measured using the BCA assay (Pierce, Rockford, IL, USA). An equal amount of protein of each AH sample (20 μg) was digested into peptides using 8 M urea in 100 mM ammonium bicarbonate (Sigma, St. Louis, MO, USA) incubated for 20 min at room temperature (RT). Reduction using 10 mM dithiothreitol (Sigma) and alkylation with 30 mM iodoacetamide (Sigma) were held to denature the proteins. Trypsin was used to treat the sample [with a 1:50 (trypsin:sample) ratio] and incubated at 37°C for 12 h. To quench the trypsin activation, 0.4% TFA was added to the sample and the digested peptides were desalted using the C18 spin column (Pierce). The desalted peptides were dried and resuspended with sol A (0.1% formic acid) for the next step—LC-tandem mass spectrometry (MS/MS).

A high-throughput and high-resolution mass spectrometer, Q Exactive Orbitrap Hybrid Mass Spectrometer coupled with the EASY-nLC 1000 system (Thermo Scientific, Bremen, Germany), was adopted to identify as many proteins as possible. Three-hour gradients (5%–40% of sol B for 130 min, 40%–80% of sol B for 5 min, holding at 80% of sol B for 10 min and equilibrating at 1% of sol B for 30 min; sol A: 0.1% FA in water, sol B: 0.1% FA in acetonitrile) were used. Full MS with scan range (400–2,000 m/z) was acquired in a resolution of 70,000 at m/z 200. Automated gain control (AGC) target value was targeted to 1.0 × 106 with a maximum ion injection time of 120 ms. The maximal ion injection time for MS/MS was set to 60 ms with a resolution of 17,500. To acquire various MS/MS features, dynamic exclusion time was set to 30 s.

A software platform for LC-MS/MS shotgun proteomics, MaxQuant, was used to identify the AH proteins with the UniProt Macaca mulatta database (2021.09 released. Reviewed + TrEMBL) (17). At least two unique and razor peptides were selected to represent a protein. A fixed modification of carbamidomethylation on cysteine and oxidation on methionine as dynamic modification was counted on the LFQ search. In the peptide spectrum match and protein levels, a 1% false discovery rate (FDR) cutoff was applied. Mass tolerance for precursor was up to 4.5 ppm and fragment mass tolerance was up to 20 ppm. The “match between runs” option was used for retention time alignment and identifying potential mismatched proteins; 0.7 min match time window and 20 min alignment time window were set for the identification.

LFQ intensity was processed with R software (v. 4.0.2). Potential contaminants were removed (reversed database, contaminants, only identified by site) and the intensity of the protein left was converted into log2 value and statistically analyzed. Differentially expressed proteins with strict cutoff (2-fold change, 0.05 < p-value from independent t-test) were enriched and used for further analysis.



2.4.2 Corneal Tissue

The cornea is composed of keratocytes and extracellular matrix (ECM) with collagens. Therefore, unlike AH, the cornea was individually cryopulverized using a cryoPREP device (CP02, Covaris, Woburn, MA, USA) and dissociated in lysis buffer (4% SDS, 0.1 M Tris–HCl, pH 7.6) with sonication using a focused ultrasonicator. Twenty sonication cycles were repeated at 16°C. The homogenate was centrifuged at 16,000g at 20°C for 10 min. The supernatant was collected and the protein concentration was measured using the same procedure as the AH sample. The lysed sample was digested using the filter-aided sample preparation (FASP) method (18). An equal amount of the sample (100 μg) with SDT buffer (4% SDS in 0.1 M Tris–HCl, pH 7.6, and 0.1 M DTT) was transferred to a Microcon filter tube (YM-30, Millipore Corporation), and 8 M urea in 0.1 M Tris–HCl, pH 8.5, was mixed with the sample and centrifuged at 14,000g for 60 min to remove SDS. After alkylation with 0.05 M iodoacetamide in 8 M urea for 30 min, a 1:50 trypsin:sample ratio was treated at 37°C overnight. The digested peptides were dried and resuspended with 10 mM triethylammonium bicarbonate (TEAB) in water (pH 7.5) for labeling tandem mass tag (TMT) reagents (19). A six-plex TMT was labeled following the instructor’s guide [C_R4(GTKO)—126, C_R3(GTKO)—127, C_R2(WT)—128, C_R1(WT)—129, C_S1(WT)—130, C_S2(WT)—131]. The labeled peptides were pooled together and dried for the next step—high pH fractionation. The dried peptides were suspended and underwent high pH fractionation. The XBridge C18 analytical column (4.6 mm × 250 mm, 130 Å, 5 mm) was used for the peptide separation. Sol A (10 mM ammonium formate, pH = 10) and sol B (10 mM ammonium formate in 90% ACN, pH = 10) were used as the mobile phase. The gradient was as follows: 0~10 min, 5% B; 10~70 min, 35% B; 70~80 min, 70% B; 80~85 min, 70% B; 85~90 min, 5% B; and 90~105 min, 5% B. Peptides were separated into 12 fractions and the separated peptides were dried in a SpeedVac and desalted with a C18 spin column.

Since the cornea peptides were labeled with TMT reagents, different MS settings were used. To acquire the reporter ion m/z, the fixed first m/z was set to 100 m/z on MS/MS scan. The rest of the values are the same as the AH LC-MS/MS analysis.

Raw files from LC-MS/MS analysis proceeded with postexperiment monoisotopic mass refinement (PEMMR) to increase sensitivity in peptide identification and accuracy by selecting the unique mass class (UMC). MSGF+ was used to find proteins using two species (Macaca mulatta, Sus sucrofa) from the UniProt database (2021.09 released. Reviewed + TrEMBL). In modification, carbamidomethylation on cysteine and TMT six-plex modification of lysine, N-termination as static modification, and oxidation of methionine as a variable modification were used. The 1% FDR for peptide level was adopted. Unlike MaxQuant LFQ analysis, TMT quantitative analysis used the reporter ion intensity to quantify the proteins. The exported reporter ions were normalized and used for statistical analysis. Since TMT quantitative analysis reduced the variation during the experiments, different cutoff values were applied to the cornea proteomics. Differentially expressed proteins with cutoff (1.5-fold change, 0.05 < p-value from independent t-test) were enriched and used for further analysis.




2.5 Biomarker Candidates of AH Assay by ELISA

C3a, a complement activation product, was chosen as a biomarker candidate of AH related to corneal xenograft rejection. The levels of C3a in the AH were measured using the OptEIA™ Human C3a ELISA Kit (BD Biosciences) according to the manufacturer’s protocol. The upper detection limit of C3a concentration was 25 ng/ml.



2.6 Statistical and Bioinformatics Analyses

Gene Ontology (GO) search and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway mapping were performed using g:Profiler (20). Less than 0.05 p-value GO terms were enriched and used for constructing a network. The STRING public database was used for the protein-to-protein interaction network model, and the network was built with sorted DEPs and interactome data using Cytoscape (21). For multiple comparisons, Kruskal–Wallis test followed by Dunn’s post-hoc test was used with statistical significance at p <0.05. All the statistical calculations and plots were made using R (v. 4.0.2) or GraphPad Software (version 9.3.1; GraphPad Software, La Jolla, CA, USA).




3 Results


3.1 Proteomics Analysis of the NHP Aqueous Humor During Xenograft Rejection

Quantitative proteomics analysis identified 649 host proteins in the AH samples. In the principal component analysis (PCA), the RO and rejection groups were close to each other and were distinctly different from the survival group (Figure 2A). Ninety-six and 78 proteins in the RO and rejection groups, respectively, were DEPs, which showed more than a 2-fold significant difference compared with those in the survival group. Sixty-six proteins were common DEPs in the RO and rejection groups (Figures 2B, C). A comprehensive list of these 66 DEPs was generated using a heat map (Figure 2D). To gain insight into the functional roles of DEPs associated with the progression of corneal xenograft rejection, we compared the GO of the biological processes (BPs) and KEGG pathway analysis using these 66 common DEPs. The most enriched BP pathways included localization, immune response, proteolysis, lipid metabolic processes, and complement activation regulation (Figure 2E). Among the DEPs of BP, proteins of C3, C5, C9, PLG, and VTN that are known to be involved in complement and coagulation cascades and APOA1 and APOA2 that are involved in cholesterol metabolism were upregulated. Proteins of prothrombin (EGK_06305), α-albumin (EGK_15801), and SERPINA3 were also upregulated. Enriched KEGG pathways were complement and coagulation cascades and cholesterol metabolism (Figure 2F). In KEGG, the upregulated DEPs were similar to those of BPs and were C3, C5, C9, PLG, VTN, SERPINC1, SERPIND1, PLG, VTN, APOA1, APOA2, and NPC2. To identify proteins that play a central role in corneal xenograft rejection, we used network models using DEPs from the AH and cornea using the STRING database (Figure 2E). Through this process, we could explore the potential logical cause–effect network connections to better understand the key proteins involved in crucial biological processes that may influence the mechanism of rejection in corneal xenotransplantation. In network models, DEPs were grouped into four modules, namely, immune response, cell adhesion, proteolysis, and response to stress, based on the GO BP and KEGG analyses (Figure 3F). Upregulated VTN, C3, C5, C9, and APOA1 formed a close network with immune response. In this model, VTN, SPARC, FBLN1, CST3, APP, HPP, and C3 possessed high betweenness centrality (Figure 2G).




Figure 2 | Proteomic analysis of the aqueous humor (AH). Proteins from a non-human primate library (Macaca mulatta) with at least 2-fold significant (p < 0.05) changes in the rejection ongoing (RO) and rejection (R) groups [compared with the survival (S) group] were analyzed. (A) Principal component analysis (PCA) of AH protein expression in the R, RO, and S groups. (B) Venn diagram depicting the comparison of differentially expressed proteins (DEPs) in the RO and R groups compared with the S group. A set of 66 proteins (common DEPs) exhibited a significant and more than 2-fold change in both the RO and R groups (compared with the S group). (C) A volcano plot showing the differential level of proteins in the RO and R groups compared with the S group. (D) Cluster heat map of the 66 common DEPs identified in AH. (E, F) Gene Ontology biological process classification (E) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses (F) of the common DEPs. Node size represents the gene ratio; node color represents the adjusted p-value. (G) Network modeling of the common DEPs in AH. A network model showing the biological processes affected, including the immune response, proteolysis, cell adhesion, and response to stress. The colors of the nodes represent proteins whose levels were greatly increased (red) or decreased (blue) in the RO and R groups compared with the S group. Large nodes indicate a high degree of connectivity (betweenness centrality) with other proteins in the model. Connections between nodes (gray lines) indicate either regulatory roles or physical interactions between proteins. WT, wild type; GTKO, α-1,3-galactosyltransferase gene-knockout.






Figure 3 | Proteomic analysis of the corneal tissues using a non-human primate (Macaca mulatta) library. Proteins with at least 1.5-fold significant (p < 0.05) changes in the rejection (R) groups [compared with the survival (S) group] were analyzed. (A) Principal component analysis of corneal tissue protein expression in the wild-type (WT) porcine cornea transplant group with rejection [C_R(WT)] or without rejection [survival; (C_S(WT)] and α-1,3‐galactosyltransferase gene‐knockout (GTKO) porcine cornea transplant group with rejection [C_R(GTKO)]. (B) A volcano plot showing the differential level of proteins in the R group compared with the S group. (C) Cluster heat map of DEPs identified in corneal tissue. (D, E) Gene Ontology biological process classification (D) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses (E) of the DEPs in corneal tissue. Node size represents the gene ratio; node color represents the adjusted p-value. (F) Network modeling of the DEPs in corneal tissue. The network model showing the biological processes affected, including the immune system, cellular component organization, and oxidative phosphorylation. The colors of the nodes represent proteins whose levels were greatly increased (red) or decreased (blue) in the R group compared with the S group. Large nodes indicate a high degree of connectivity (betweenness centrality) with other proteins in the model. Connections between nodes (gray lines) indicate either regulatory roles or physical interactions between proteins.





3.2 Proteomics Analysis of the NHP Corneal Tissues in the Rejected and Survived Grafts

Quantitative proteomics analysis identified 3,062 host proteins in the corneal tissues. In PCA, the survival group showed a distinct difference from the rejection group (Figure 3A). Among the identified proteins, 416 proteins were chosen as DEPs of the cornea (fold change ≥ 1.5; p < 0.05) between the rejected and surviving grafts (Figures 3B, C). A heat map of the GO of the BPs during DEP enrichment analysis showed significantly represented GO BP terms (p < 0.05) for DEPs between the rejected and surviving groups. The most enriched BP pathways included localization, myeloid leukocyte-mediated immunity, immune system process, and oxidative phosphorylation (Figure 3D). Among the DEPs of BP, the proteins EEF2, GUSB, CTSH, CTSB, RNASE3, PNP, PTGES2, FES, CBL, UNC13D, HMOX1, LAMTOR1, NCF2, VIM, NF-κB1, PSMD7, PSMA5, and PSMD3, which are known to be involved in rejection-related immune responses, were upregulated. FGL2, which regulates immune-modulatory function, was downregulated. The proteins AIF1, STX8, PLCG2, TMED10, VAV1, ARHGAP27, FN1, ANXA5, CLTA, and M6PR in vesicle-mediated transport or localization of BPs were also upregulated. Enriched KEGG pathways included oxidative phosphorylation and lysosomes (Figure 3E). In KEGG, the upregulated DEPs were as follows: 1) NDUFS3, NDUFA13, NDUFAB1, NDUFA9, COX6C, COX4I1, COX5B, COX5A, ATP5PF, ATP5ME, ATP5PB, CYCS, and PDXK, which are related to electron transport chain (ETC) with immune responses; 2) CLTA, M6PR, and LGMN of lysosomal proteins to mediate an immune response; 3) NF-κB1 and proteasomes (PSMD7, PSMA5, and PSMD3); and 4) tropomycin 1 to 4 which may facilitate T-cell synaptic actin. In network models, DEPs were grouped into six modules, including immune system process, protein transport, oxidative phosphorylation, localization, and cellular component organization based on the GO BP and KEGG (Figure 3F) analysis. Upregulated NF-κB1, PSMD7, PSMA5, and PSMD3 in both BP and KEGG formed a close network with immune system processes within the protein–protein network model. Among the proteins that possessed the highest betweenness centrality (the top 10 protein–protein interactions), P4HB, TMED10, EEF2, and PDIA3 were enriched in the immune system process with high betweenness centrality in this network model.



3.3 Proteomics Analysis of the NHP Aqueous Humor and Corneal Tissues in the GTKO Rejected and WT Rejected Grafts

In the subgroup analysis, we evaluated whether the characteristics of the donor cornea (WT or GTKO) affected protein expression in the rejected cornea. After the RO and rejection groups were combined and AH was compared between the groups transplanted with WT and GTKO porcine corneas, 17 proteins showed a more than 2-fold significant difference, including AZGP1, Ig-like domain-containing protein, SAA1, SAA2, and RAA1 (Figure 4A). When the RO and rejection groups were analyzed separately (Figures 4B, C, respectively), there were a few DEPs between the groups transplanted with the WT and GTKO porcine corneas, and Ig-like domain-containing proteins were the common DEPs. When we compared the RO and rejection groups, seven proteins showed greater than 2-fold significant difference (Figure 4D). Among the proteins in the rejection group, four proteins, including lipocalin 1 (LCN1) and immunoglobulin heavy variable 3-49 (IGHV3-49), were upregulated, and three proteins, including transforming growth factor-beta-induced protein (TGFBI), were downregulated. In the subgroup analysis of AH, there was no enriched GO BP or KEGG pathway because of the small number of DEPs. In the cornea, quantitative proteome analysis revealed a total of 45 DEPs between GTKO rejected and WT rejected grafts (Figure 5A). Most BPs included protein targeting and KEGG enriched protein processing in the endoplasmic reticulum (Figures 5B, C). Among the DEPs of BP, the proteins SRP68, RPL26, SPCS2, RPS28, and RPL27 were downregulated, whereas the protein EXOC4 was upregulated. Among the DEPs of KEGG, all the proteins HSP90B1, RRBP1, PDIA4, PDIA6, and UBXN4 were down-regulated.




Figure 4 | Proteomic analysis of the subgroups in aqueous humor (AH) using a non-human primate (Macaca mulatta) library. (A) Cluster heat map of differentially expressed proteins (DEPs) comparing subgroups transplanted with wild-type (WT) or α-1,3‐galactosyltransferase gene‐knockout (GTKO) porcine corneas when the rejection ongoing (RO) and rejection (R) groups were combined. (B) Cluster heat map of DEPs comparing subgroups transplanted with WT or GTKO porcine corneas in the RO group. (C) Cluster heat map of DEPs comparing subgroups transplanted with WT or GTKO porcine corneas in the R group. (D) Cluster heat map of DEPs comparing the R and RO groups regardless of donor corneal characteristics.






Figure 5 | Proteomic analysis of the subgroups in corneal tissue. (A) Cluster heat map of differentially expressed proteins (DEPs) comparing subgroups transplanted with wild-type (WT) or α-1,3‐galactosyltransferase gene‐knockout (GTKO) porcine corneas in the rejection (R) group. (B, C) Gene Ontology biological process classification (B) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses (C) of the DEPs between subgroups transplanted with WT and GTKO porcine corneas in the R group. Node size represents the gene ratio; node color represents the adjusted p-value.





3.4 Validation of Biomarker Candidates

In the AH, the complement process was found to be related to graft rejection. As C3 activation is commonly involved in complement pathways, we measured the complement activation product C3a by using ELISA. The concentration was significantly higher in the RO and rejection groups than in the survival group (Figure 6A). However, the concentration was not significantly different according to the type of donor cornea (WT versus GTKO) (Figure 6B). When the concentration of AH C3a in each recipient was analyzed in a time-dependent manner, there was no significant change in the survival group (Figure 6C). Meanwhile, the concentration of AH C3a increased over time before rejection (Figure 6D).




Figure 6 | Validation of aqueous humor (AH) C3a as a putative biomarker for corneal xenograft rejection. (A) Concentration of aqueous humor (AH) C3a in the survival (AH_S), rejection ongoing (AH_RO), and rejection (AH_R) groups. The concentration of AH C3a was significantly higher in the rejection ongoing (RO) and rejection (R) groups compared with that in the survival (S) group (p = 0.034 and p = 0.002; Kruskal–Wallis test with Dunn’s multiple comparisons test). (B) Subgroup analysis of the concentration of AH C3a. AH_RO(WT) and AH_RO(GTKO) mean the AH of the RO subgroup transplanted with wild type (WT) and α-1,3‐galactosyltransferase gene‐knockout (GTKO) porcine cornea, respectively. AH_R(WT) and AH_R(GTKO) mean the AH of the R subgroup transplanted with WT and GTKO porcine cornea, respectively. The concentration did not differ according to the type of donor cornea (WT versus GTKO). (C) Time-dependent changes of AH C3a concentration in the survival group after xenotransplantation. The time point of xenotransplantation was set as the reference time point (0 week). (D) Time-dependent changes of AH C3a concentration in the rejection group after xenotransplantation. The time point at which xenograft rejection was set as the reference time point (0 week) and the AH C3a concentrations before rejection were shown. R, rejection. Data are presented as means ± standard error. *p < 0.05, **p < 0.01.






4 Discussion

In this study, we investigated proteomic biomarkers and their associated processes in AH and corneal tissue after pig-to-NHP corneal xenotransplantation. This is the first proteomic study to identify biomarkers related to graft rejection after corneal xenotransplantation, while only one study conducted proteomic analyses of AH after corneal allotransplantation (22). We used a combination of LFQ and TMT quantitative proteomics analyses. We isolated and identified 649 and 3,062 proteins from the aqueous humor and corneal tissues, respectively. Among them, 66 DEPs from aqueous humors and 416 DEPs from corneal tissues were associated with xenogeneic rejection. The most important proteins in the aqueous humor were complement proteins (C3, C5, and C9) and cholesterol metabolic proteins (APOA1 and APOA2). In the corneal tissue, NFKB1 and proteasome-related proteins (PSMD7, PSMA5, and PMDB) were found to be critical for the processing of class I MHC peptides. Corneal proteins involved in oxidative phosphorylation-related pathways and leukocyte activation-related pathways were also found to be involved in graft rejection.

Several studies have reported that activation of the complement pathway in AH after corneal xenotransplantation is associated with corneal xenograft rejection (14, 23, 24). In line with previous findings, our proteomic analysis showed that the complement proteins C3, C5, and C9 and complement activation inhibitor vitronectin (VTN) were increased in the RO and rejection groups than in the survival group. However, C2 and C4 levels did not change. It has not been elucidated which complement activation pathways are important, and the results suggest that alternative pathways, rather than classical or lectin pathways, are mainly involved in corneal xenogeneic rejection (25). Interestingly, when comparing AH in the RO group transplanted with GTKO porcine cornea with that in the survival group, six proteins (C3, C5, C7, C9, C8B, and C8G) were enriched in the “Coronavirus disease - COVID-19” KEGG pathway (data not shown). Coronavirus infection results in the activation of multiple complement pathways (26). Clinically, there have been reports of corneal allograft rejection after COVID-19 vaccination (27–29). Based on the results of our study, an increase in the complement of aqueous humor may be related to the rejection; future research will be necessary in this regard.

The levels of APOA1 and APOA2, which are critical components involved in the formation of high-density lipoprotein (HDL) (30), were increased in the AH of the RO and rejection groups. Similar to our study, APOA1 and APOA2 levels were reportedly elevated in AH in patients with glaucoma shunt devices and corneal endothelial damage (31). However, in a study evaluating heterotopic islet allotransplantation in the AH, APOA1 levels decreased in AH during the progression of rejection (7). Lower levels of plasma APOA1 are associated with acute renal allograft rejection (32), whereas higher APOA1 levels inhibit the rejection of cardiac transplants due to its anti-inflammatory and antioxidant properties (33). The relationship between APOA1 or APOA2 levels and graft rejection may depend on the organ type (allotransplant or xenotransplant) and the sample type (AH or plasma). Anti-inflammatory HDL can turn proinflammatory during the acute phase and under inflammatory conditions (34). Considering the anti-inflammatory properties of HDL cholesterol, elevation in APOA1 and APOA2 levels in AH observed in this study may be secondary to increased inflammation. Taken together, increased levels of APOA1 and APOA2, which are involved in the cholesterol pathway in AH, can be used as biomarkers of corneal xenotransplant rejection; however, further evaluation is necessary to elucidate their precise role.

Increased levels of other proteins, such as the acute phase response protein SERPINA3 as well as α-albumin, a protein related to the inflammatory breakdown of the blood–aqueous barrier, were observed (EGK_15801) (22, 35). These results correspond with those of a previous study that performed proteomic analysis of AH in patients with acute rejection after corneal allotransplantation and showed that the levels of albumin and serine proteinase inhibitors were significantly increased in the AH of rejected corneal allografts (22).

Comparing the results of xenografts with those of allografts, complement or cholesterol-related proteins did not change in aqueous humor of cases with allograft rejection (22), indicating that these proteins are more likely to influence corneal xenograft rejection than allograft rejection.

Nuclear factor-κB (NF-κB), proteasomes, protein disulfide-isomerase, and immunometabolism regulated by ETC coupled with oxidative phosphorylation appear to play important roles in corneal xenogeneic rejection under treatment with conventional immunosuppressive agents. NF-κB signaling contributes to the activation of T or B cells or hampers regulatory T-cell (Treg) activation in allogeneic as well as xenogeneic rejection (36–43). NF-κB signaling can be activated by various signals, including those mediated via Toll-like receptors (TLRs), tumor necrosis factor receptor (TNFR), T-cell receptor (TCR), B-cell receptor (BCR), or membrane attack complex (MAC) of the complement (37, 42). Given that NF-κB signaling is involved in both allogeneic and xenogeneic rejection (38, 39), complement activation can trigger the NF-κB pathway via MAC to induce corneal xenogeneic rejection. In addition, NF-κB translocates to the nucleus following IκB degradation to induce activation of the immune cascade (44, 45). Proteasomes of which the PSMD family genes are positively correlated with ubiquinone metabolism, the immune system, and cell-cycle regulatory pathways are also related to NF-κB activation (44–46). Considering that proteasome 26S non-ATPase subunits, such as PSMD 3 and PSMD 7, are positively correlated with the progression of various cancers via NF-κB activation or immune cell infiltration (47–49), proteasomes may be related to xenogeneic rejection via close interactions with NF-κB1. MHC I-processing-related proteins such as Rho GTPase-activating protein 45 (ARHGAP45) and protein disulfide-isomerase (P4HB, PDIA3) are involved in xenogeneic rejection, with a high betweenness centrality (50, 51). Metabolism of T cells or macrophages through ETCs linking oxidative phosphorylation is closely related to alloimmune responses (52–54). Proteins such as “vesicle-mediated transport,” allograft inflammatory factor 1 (AIF1), clathrin light chain (CLTA), mannose-6-phosphate receptor (M6PR), PLCG2, STX8, and VAV1 are related to immune responses such as allograft rejection, B-cell maturation, lytic granule trafficking in cytotoxic T cells, and TCR-induced integrin clustering (12, 55–59). Notably, clathrin-mediated endocytosis is enriched in corneal allograft rejection (12). In addition, the S100 protein, seen in corneal inflammation as a regulator of macrophage inflammation (60–63), was upregulated. Indeed, S100A9 and S100A8 expression levels were also significantly elevated in rejected grafts compared with those in normal corneas (Supplementary Figure 1). Given that it has not yet been elucidated which biological pathways are mainly enriched in xenogeneic rejection, this study gives us informative evidence on protein–protein interactions in corneal xenogeneic rejection. Inhibition of NF-κB activation and proteasome subunits, along with steroids and tacrolimus, may enable the reduction of the incidence of xenogeneic rejection.

In the subgroup AH analysis, we compared the groups transplanted with WT and GTKO porcine corneas. Surprisingly, there were only a few DEPs in either the AH or rejected grafts. Most DEPs in the AH were Ig-like domain-containing proteins. When the GTKO cornea was transplanted, it was expected that the antibody reactions would be mild; however, the expression of Ig-like domain-containing protein was higher in the GTKO group than in the WT group. The GTKO porcine cornea showed decreased αGal antigen expression; however, it may increase the expression levels of non-Gal antigens. Indeed, elevated levels of non-Gal IgG were reported in rejected GTKO porcine corneas after corneal xenotransplantation (5). In addition, anti-CD20 antibodies (rituximab) were not used in the GTKO porcine cornea-transplanted group; this may have influenced the results. In the subgroup corneal analysis, proteins related to platelet activation or thrombosis were downregulated in GTKO corneas, compared with those in the case of WT corneas. Nevertheless, both GTKO and WT grafts were rejected similarly. This suggests that the other biological pathways mentioned above are still present in both groups.

Because the cornea is an avascular organ, the effect of hyperacute rejection involving alpha Gal is expected to be less than that of a solid organ such as the kidney and heart. In addition, GTKO porcine cornea may increase the expression levels of non-Gal antigens because the level of non-Gal antigens from GTKO porcine fibroblasts is much higher than that from WT porcine fibroblasts (64). Indeed, elevated levels of non-Gal IgG were reported in rejected GTKO porcine corneas after corneal xenotransplantation. These reasons are supposed to be the reason why GTKO was not effective in pig-to-non-human primate corneal xenotransplantation.

There is only one study regarding pig-to-NHP solid organ xenotransplantation. In the study of heart xenotransplantation, 14 potential proteins including fibronectin, annexin, and vimentin were identified as targets of IgG antibodies (8). In line with the study, fibronectin (EGK_04766) was a common DEP in AH, and fibronectin (FN1), annexin (ANXA5), and vimentin (VIM) were DEPs in corneal tissue, and those proteins were higher in both the rejection and rejection ongoing groups than in the survival group. Especially, fibronectin is regarded as the predominant xeno-antigen in GTKO porcine tissue (65). Although fibronectin was not different between the GTKO rejected and WT rejected grafts, it may be a candidate target protein to reduce rejection in both pig-to-NHP corneal and solid organ xenotransplantation.

This study has several limitations. First, the immunosuppressive regimen was variable among the subjects, which may have affected protein expression. There were no different basic conditions of the recipients with and without immunosuppression, and we performed several NHP studies to find the most appropriate immunosuppressive regimen. Through the studies of pig-to-NHP corneal xenotransplantation using various immunosuppressant regimens (5, 16), we found rituximab as one of the key drugs to reduce xenogeneic rejection. Therefore, most recipients with survived graft were immunosuppressed under the regimen that included rituximab. However, this study revealed the difference between the groups that showed long-term graft survival and rejection, even under immunosuppression. Therefore, it is necessary to administer drugs that target DEPs that are associated with rejection. Second, the sample size was small. Because corneal xenotransplantation was performed on NHPs, a large number of samples could not be collected. Further studies are needed to confirm these results. Third, because the AH sample is composed mostly of water and extracellular proteins, it is difficult to identify more than 1,000 proteins in the samples. In addition, the low protein concentration in the AH sample restricted the protein identification process. Moreover, the database of M. mulatta and S. scrofa lacks reviewed data, unlike human or mouse databases. These sample- and species-associated limitations further restricted the protein identification process. In addition, the cornea is composed of abundant amounts of ECM and collagen matrix, and the major proteins present in the cornea are mostly isoforms of collagen or ECM proteins. Of course, due to the nature of the cornea, mass spectrometry analysis with a higher resolution and novel methods for analyzing more proteins, such as cytokines or interleukins, will be necessary in order to deepen our understanding of the cornea. Due to the lack of samples, it was difficult to quantify each protein using targeted methods to validate our results.

In this study, we aimed to evaluate the proteomic changes in the corneal tissue, identify AH biomarkers related to graft rejection, and explore the changes in xenogeneic rejection-networking pathways according to donor characteristics (WT and GTKO porcine graft) after corneal xenotransplantation. The complement pathways of the AH can be used as predictive biomarkers in xenogeneic rejection, and alternative pathways are expected to be mainly involved in the complement system. The difference in protein expression according to the donor characteristics was small. Proteins related to platelet activation or thrombosis were downregulated in the GTKO cornea (compared with their expression in WT). Nevertheless, both the GT KO and WT grafts were similarly rejected, suggesting that the cornea was affected by other biological pathways related to rejection even when the GTKO cornea was used. Upon combining the results of proteomic analysis of the AH and cornea, the complement pathway of AH or corneal NFKB/proteasome-related proteins was found to be associated with graft rejection. It is presumed that the combination of immunosuppressive agents used in the study is not sufficient to inhibit these pathways and the additional use of eculizumab (a complement pathway inhibitor) or bortezomib (a proteasome/NF-κB activation inhibitor) can reduce xenogeneic rejection after corneal xenotransplantation. In addition, the use of genetically modified pigs expressing GTKO, CD46, CD55, and/or human A20 that modulate the complement and NF-κB pathway may also reduce rejection in pig-to-non-human primate corneal xenotransplantation.

In conclusion, the NFKB/proteasome-related proteins were associated with corneal xenograft rejection even with immunosuppressive agents. Furthermore, the complement activation product C3a was found to be an aqueous biomarker for the progression of xenogeneic rejection in pig-to-NHP corneal xenotransplantation, and xenogeneic rejection-networking pathways were found to be not so different between WT and GTKO corneal grafted NHPs. Further studies with a larger number of experiments are needed to determine and select more accurate markers and to validate our hypotheses.
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OEBPS/Images/table1.jpg
Group name Number Donor Sample acquisition time (after transplantation, weeks) Graft score
Aqueous humor analysis
Survival (S) 5 WT 19, 20, 20, 21, 22 0
Rejection ongoing (RO) 3 WT 8,13, 21 4orb5
3 GTKO 5,10,21 4orb5
Rejection (R) 4 wWT 5,18, 23,24 6
3 GTKO 8,12,18 6
Corneal analysis
Survival 2 WT 26, 67 0
Rejection 2 WT 22,25 6
2 GTKO 19,23 6

The AH samples at week 5 from the GTKO rejection ongoing group and week 8 from the GTKO rejection group and the AH samples at week 10 from the GTKO RO group and at week 12
from the GTKO rejection group were from the same recipients. All the other samples were obtained from different recipients.
WT, wild type; GTKO, o-1,3-galactosyltransferase gene knockout.





