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Abstract

Anti-VEGF therapy is commonly used to treat proliferative diabetic retinopathy (PDR), but the exact mechanism of VEGF

signaling is not fully understood. Using data-independent acquisition mass spectrometry (DIA-MS), we analyzed proteomic

changes in aqueous humor (AH) samples collected before and one week after intravitreal ranibizumab (IVR) treatment from

10 PDR patients to discover potential biomarkers. Resultantly, 875 proteins were quantified and 26 proteins were significantly

altered in response to IVR treatment in PDR. Further investigation through gene ontology (GO) and pathway analysis revealed

that these differentially expressed proteins were primarily involved in extracellular matrix (ECM) and platelet degranulation

signaling. Protein-protein interaction analysis highlighted five hub proteins (COL3A1, DPT, VEGFA, SPP1, SERPING1) that

were found to be ECM components. Enzyme-linked immunosorbent assay (ELISA) confirmed the decreased levels of VEGFA

and increased levels of DPT proteins after IVR treatment in another 8 samples of AH in 4 PDR patients. Our study provided

novel insights into aqueous proteins of PDR following IVR treatment. Targeting the ECM pathway, particularly the elevation

of DPT protein, may provide a deeper understanding of the anti-VEGF resistance and VEGF signaling in PDR.
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Abstract

Anti-VEGF therapy is commonly used to treat proliferative diabetic retinopathy (PDR),

but the exact mechanism of VEGF signaling is not fully understood. Using data-independent

acquisition mass spectrometry (DIA-MS), we analyzed proteomic changes in aqueous humor

(AH) samples collected before and one week after intravitreal ranibizumab (IVR) treatment

from 10 PDR patients to discover potential biomarkers. Resultantly, 875 proteins were

quantified and 26 proteins were significantly altered in response to IVR treatment in PDR.

Further investigation through gene ontology (GO) and pathway analysis revealed that these

differentially expressed proteins were primarily involved in extracellular matrix (ECM) and

platelet degranulation signaling. Protein-protein interaction analysis highlighted five hub

proteins (COL3A1, DPT, VEGFA, SPP1, SERPING1) that were found to be ECM

components. Enzyme-linked immunosorbent assay (ELISA) confirmed the decreased levels

of VEGFA and increased levels of DPT proteins after IVR treatment in another 8 samples of

AH in 4 PDR patients. Our study provided novel insights into aqueous proteins of PDR

following IVR treatment. Targeting the ECM pathway, particularly the elevation of DPT

protein, may provide a deeper understanding of the anti-VEGF resistance and VEGF

signaling in PDR.
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1. Introduction

Proliferative diabetic retinopathy (PDR) is a leading cause of vision loss and blindness in

the working population, characterized by abnormal neovascularization and subsequent

fibrosis, leading to vitreous hemorrhages (VH) and tractional retinal detachment (TRD)

(Antonetti et al., 2021; Sharma et al., 2022; Soni et al., 2021). Inhibition of retinal

neovascularization is the core of DR prevention and treatment, and abnormal vascular

endothelial growth factor (VEGF) production is a hallmark of angiogenesis (Li et al., 2019).

Therefore, intraocular VEGF inhibitor therapies have become the first choice for DR

complications (Matonti et al., 2022; Mukwaya et al., 2021). In patients with PDR indicated

for vitrectomy, a 3 to 7-day preoperative anti-VEGF agent (e.g. Ranibizumab, Conbercept,

and Aflibercept) is commonly applied to reduce intraoperative and postoperative bleeding and

increase the success rate of the operation (Li, Guo, et al., 2022; Li, Tang, et al., 2022; Smith

& Steel, 2015; Wang et al., 2020).

Although there has been widespread use of anti-VEGF treatment, increasing clinical

investigations have indicated that the efficacy of intravitreal anti-VEGF treatment varies

greatly, as no efficacy was observed and even exacerbated fibrosis and TRD after intraocular

injection in some patients with PDR (Chatziralli & Loewenstein, 2021; Dong et al., 2021;

Mukwaya et al., 2021; Tan et al., 2021; Tsui et al., 2023). This suggests that anti-VEGF

mono-therapy is not sufficient to regress angiogenesis and fibrosis. Interestingly, few

laboratory experiments have indicated that combining anti-VEGF therapy with other factors,

such as apolipoprotein A-I/apoA-I binding protein, pigment epithelium-derived factor, and

müller glia-derived exosomal miR-9-3p, may be more effective than monotherapy in

inhibiting vascular regrowth and overcoming anti-VEGF resistance (Liu et al., 2022; Xi, 2022;

Zhang et al., 2022). Recent research has indicated that anti-VEGF treatment in PDR can alter

the levels of certain intravitreal and aqueous proteins, including secreted phosphoprotein 1

(SPP1), placenta growth factor (PIGF), apolipoprotein C-I (APOC1), serpin peptidase

inhibitor clade A member 5 (SERPINA5), keratin 1 (KRT1), and apolipoprotein A-II

(APOA2) (Hu et al., 2022; Loukovaara et al., 2015; B. N. Zhang et al., 2021; Zhang et al.,

2020; Zou, Han, et al., 2018; Zou, Zhao, et al., 2018). Our previous studies have also found

that aldehyde dehydrogenase family 3 member A1 (ALDH3a1), haptoglobin (HP) were

increased after anti-VEGF treatment in aqueous humor of PDR(Chen, Qiu, et al., 2022; Wang

et al., 2023). However, the exact role of these candidate molecules and the underlying



mechanism of anti-VEGF resistance still require further investigation and a comprehensive

understanding.

Ranibizumab is a monoclonal antibody that specifically binds to all isoforms of VEGF-

A(Li, Guo, et al., 2022; Li, Tang, et al., 2022). Han and colleagues discovered that intravitreal

ranibizumab (IVR) treatment leads to changes in the levels of vitreous proteins in PDR,

including increased levels of APOC1, SERPINA5, and KRT1, and decreased levels of TIMP2

and VEGFA, while “innate immune response” and “platelet degranulation” were the notable

pathways in response to IVR (Zou, Han, et al., 2018). Furthermore, proteomic research by

She et al. suggested that IVR treatment could potentially stimulate SPP1 expression via the

"GnRH secretion" and "Circadian rhythm" signaling pathways against PDR development

(She et al., 2022). However, it is still unclear whether ranibizumab also causes changes in the

protein profile of the aqueous humor in patients with PDR, further exploration is needed to

understand the mechanisms of intravitreal ranibizumab (IVR).

To gain deeper insights into the molecular mechanisms underlying anti-VEGF therapy

and to identify potential aqueous proteins associated with IVR treatment, our study employed

data-independent acquisition (DIA) methods to analyze proteomic changes in the aqueous

humor of ten PDR patients before (Pre group) and after (Post group) IVR treatment, and

further verification of candidate proteins were conducted using ELISA on four additional

independent PDR patients (Figure 1).



Figure 1 Study design and proteomics pipeline for aqueous humor before and after

IVR treatment in PDR.

A total of 28 aqueous humor samples were collected from 14 PDR patients, both before (Pre

group) and after (Post group) IVR treatment, by the Hanyi Min team at Peking Union Medical

College Hospital (PUMCH). Twenty paired samples from 10 PDR patients were sent to

BIOMS (Beijing, China) for data-independent acquisition mass spectrometry (DIA-MS)

analysis. Bioinformatics analysis was then performed to investigate the functional tendencies

of differentially expressed proteins (DEPs) and abnormal molecular networks. Finally,

enzyme-linked immunosorbent assay (ELISA) was used to validate the changes in hub

proteins in the aqueous humor of an additional 4 PDR patients.

2. Experimental Procedures

2.1 Participants

The study was a prospective, paired before/after study. From March 2019 to October

2021, a total of 14 patients with PDR who were indicated for vitrectomy were recruited from

the Peking Union Medical College Hospital (PUMCH) and informed consent was obtained

from each subject after a complete explanation of the nature and possible consequences of the

study, of which 10 patients for DIA-MS and 4 patients for ELISA analysis. AH was obtained

from each patient twice: the first time before IVR treatment was defined as the Pre group, and

the second time after one week of IVR treatment was defined as the Post group. Our research

was approved by the Ethics Committee of PUMCH (NO. I-22PJ271) following the provisions

of the Declaration of Helsinki.

The PDR patients indicated for primary pars plana vitrectomy (PPV) as treatment for

vitreous hemorrhages, preretinal membranes, and tractional retinal detachments were enrolled

by one retinal specialist (Hanyi Min). We excluded subjects with any other ocular diseases,

high myopia, glaucoma, retinal vascular occlusion, ocular trauma, uveitis, or history of any

previous ocular surgery such as cataract surgery, or intraocular injection of anti-vascular



endothelial growth factors. All patients were free of other systemic disorders (e.g.,

hematological system diseases, malignant cancer, and hyperthyroidism) and ongoing infection.

All the subjects underwent comprehensive ophthalmologic examinations including best-

corrected visual acuity, intraocular pressure, corneal endothelial cell counts, axial length, and

B ultrasound.

2.2 Aqueous Humor Sample Collection

Ranibizumab (0.5mg, Novartis) was injected into the vitreous cavity in the 14 eyes with

PDR 1 week before vitrectomy. AH samples were acquired from each PDR patient twice as

previously described (Chen, Qiu, et al., 2022; Tsao et al., 2021; Wang et al., 2023). After

obtaining informed consent, approximately 0.15 mL of aqueous humor samples were obtained

before the injection of ranibizumab and at the start of vitrectomy via anterior paracentesis by

the same experienced ophthalmologist. All AH samples without any dilution were

immediately collected in a 0.5 mL microcentrifuge tube and stored at −80 °C until further

proteomic analysis.

2.3 Sample Preparation for LC/MS-MS

AH sample preparation for LC/MS-MS was performed as previously reported (Chen,

Qiu, et al., 2022; Liu et al., 2021; Wang et al., 2023). Briefly, the procedure was as follows: (1)

protein extraction: after collecting AH samples from ten patients, the AH samples were

thawed and centrifuged at 13,000× g at 4 °C for 15 min from −80 °C. The supernatant was

transferred to a 3 KD ultrafiltration tube (Millipore, Burlington, MA, USA), and then the lysis

buffer (2 M thiourea (Sig-ma-Aldrich, St. Louis, MO, USA), 7 M urea (Amresco 0568-1 Kg,

USA), 0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS), and

protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA)) were used to

exchange protein solutions. The protein concentration was determined with a BCA kit

(Thermo Fisher 23,236, Waltham, MA, USA) according to the manufacturer’s instructions; (2)

Filter-aided sample preparation (FASP) digestion: for protein digestion, the protein solution

was reduced with 25 mM dithiothreitol (DTT) (Bio-Rad, Hercules, CA, USA) for 60 min at

37 °C and alkylated with 50 mM iodoacetamide for 30 min at room temperature in darkness.



The mixture was transferred into a 10 KDa ultrafiltration filter (Millipore, Burlington, MA,

USA). Thereafter, the filter was washed three times using 300 μL of 20 mM

triethylammonium bicarbonate buffer (TEAB) (Sigma T7408, Burlington, MA, USA) and

centrifuged at 12,000× g for 10 min, and then re-washed using TEAB. Finally, trypsin was

added at a trypsin-to-protein mass ratio of 1:50 for digestion overnight and washed three

times using TEAB; (3) High pH re-versed-phase (HpRP) chromatography: the digested

peptides were resuspended by additional HpRP chromatography. Dried peptides were

resuspended in 100 μL of mobile phase A (2% (v/v) acetonitrile (Thermo Fisher, A955-4,

Waltham, MA, USA), 98% v/v) ddH2O and pH 10), and then eluted stepwise by injecting

mobile B (98% (v/v) acetonitrile, 2% (v/v) ddH2O and pH 10) in the RIGOL L-3000 system

(RIGOL, Beijing, China).

2.4 Data-independent acquisition mass spectrometry (DIA-MS)

According to published reports(Chen, Qiu, et al., 2022; Wang et al., 2023; B. N. Zhang

et al., 2021), DIA-based proteomic methods were used to identify the protein profiles of the

aqueous humor in PDR patients before (pre group, n = 10) and after (post group, n = 10) IVR

treatment. The DIA-MS analysis was implemented in BIOMS (Beijing, China).

The DIA analysis principle and theory were described previously(Bons et al., 2023). For

MS analysis, samples of 1 μg each were analyzed using an EASY-nLC1000 connected to a Q

Exactive HF mass spectrometer (Thermo Fisher, Waltham, MA, USA). Peptides were eluted

by using a binary solvent system A (99.9% H2O, 0.1% formic acid (Sigma, Burlington, MA,

USA) and B (80% acetonitrile, 19.9% H2O, 0.1% formic acid). The following linear gradient

was used:13–28% B for 93 min, 28–38% B for 11 min, 38–100% B for 4 min, and washing

with 100% B for 8 min. The eluent was introduced directly to a Q-Exactive HF mass

spectrometer via an EASY-Spray ion source. Source ionization parameters were as follows:

spray voltage, 2.2 kV; capillary temperature, 320 °C; and declustering potential, 100 V. For

DDA MS runs, one full MS scan from 300 to 1600 m/z followed by 20 MS/MS scans were

continuously acquired. The resolution for MS was set to 60,000, and that for MS/MS was set

to 30,000. The DIA-MS method consisted of an MS1 scan from 300 to 1100 m/z (AGC target



of 3e6 or 80 ms injection time). DIA segments were then acquired at a resolution of 30,000

(AGC target 2e5 and auto injection time). The collision energy was 32%. The spectra were

recorded in profile mode.

The identified raw mass spectrometric data from DIA were analyzed with Biognosys’

Spectronaut pulsar program(Chen, Qiu, et al., 2022; Chen, Wang, et al., 2022; Wang et al.,

2023). The default settings were used for targeted analysis of DIA data in Spectronaut. In

brief, the retention time prediction type was set to dynamic iRT (adapted variable iRT

extraction width for varying iRT precision during the gradient) and the correction factor for

the window. Mass calibration was set to local mass calibration. Decoy generation was set to

scramble (no decoy limit). Interference correction on the MS2 level was enabled, removing

fragments from quantification based on the presence of interfering signals but keeping at least

three fragments for quantification. The false discovery rate (FDR) was estimated with the

prophet approach and set to 1 % at the peptide level. Proteome Discoverer 2.3 was used with

default settings (Trypsin/P (Promega, V5111, USA), two missed cleavages) to analyze the

DDA data. Search criteria included carbamidomethylation of cysteine as a fixed modification

and oxidation of methionine and acetyl (protein N terminus) as variable modifications. Initial

mass tolerance values for precursor and fragment ions were 10 ppm and 0.02 Da, respectively.

The DDA data were searched against the UniProt human database

(uniprot_human_73,940_20,190,731_iRT.fasta), and the Biognosys iRT peptides fasta

database (uploaded to the public repository). Protein intensity was calculated by summing the

intensity of their respective peptides. Proteins identified in more than 50% of the samples in

each group were retained for further analysis.

2.3 Bioinformatics Analysis

Protein profiles of the aqueous humor in 10 patients with PDR by DIA analysis were

analyzed by Wu Kong online platform (https://www.omicsolution.com/wkomics/main/

accessed on 27 September 2022). Proteins with an adjusted |log2 (fold-change) | >0.58 and P-

value <0.05 were identified as differentially expressed proteins (DEPs). To explore potential

biological functional pathways, the proteomic bioinformatic analysis of GO annotation,



KEGG pathway, REACTOME pathway, and WikiPathways were performed using Metascape

web tool (http://metascape.org accessed on 14 January 2023). To further analyze their

associations, the DEPs were implemented by Search Tool for the Retrieval of Interacting

Genes/Proteins (STRING) (http://string-db.org accessed on 14 January 2023). The results

were downloaded and visualized in the form of an interaction network by importing them into

Cytoscape Version 3.9.1(Shannon et al., 2003). Hub nodes were selected via four topological

analysis methods including degree, edge percolated component (EPC), maximal clique

centrality algorithm (MCC), and closeness in Cytoscape plugin cytoHubba(Chin et al., 2014).

2.4 Enzyme-linked immunosorbent assay (ELISA)

To validate the changes of VEGFA and DPT proteins in aqueous humor samples by DIA-

MS analysis, the concentrations of proteins were detected by human VEGFA and DPT

ELISA kit (Aoxing Bioscience, AX-998787H, AX-530014H, China) following the

manufacturer’s instructions in AH from the recruited PDR patients. The absorbance was

obtained by a microplate reader (BioRad, USA) at 450 nm.

2.5 Statistical analysis

Statistical analysis was conducted by SPSS software version 19.0 (IBM SPSS Statistics

24.0 for Windows, IBM Corp., Armonk, NY, USA) and GraphPad Prism version 9.3.1 for

Windows (GraphPad Software, San Diego, California USA, www.graphpad.com accessed on

5 January 2023). Except where indicated otherwise, summary quantitative data were

expressed as mean values ± SME and were analyzed by T-text unless otherwise indicated.

Differences with a p-value < 0.05 were considered statistically significant.



3. Results

3.1 Clinical characteristics and deferentially abundant proteins

The baseline characteristics of the patients with proliferative diabetic retinopathy (PDR)

are presented in Table 1. A total of 14 PDR patients who required vitrectomy were included

in our study. Aqueous samples from 10 PDR patients (patients 1-14 in Table 1) were used for

DIA-MS analysis, while samples from 4 PDR patients (patients 10-14 in Table 1) were

utilized for ELISA analysis. The workflow of proteomic analysis and potential biomarker

validation is shown in Figure 1.

In our study, a total of 875 proteins were identified and quantification in AH from the

pre and post group by DIA-MS. A comparison of the expression data (Post/Pre group)

revealed 26 differentially expressed proteins (DEPs) based on the criteria of |log2 (fold-

change) | >0.58 and p-value <0.05, including 16 up-regulation proteins and 10 down-

regulation proteins in the Volcano plot (Figure 2A). To obtain a better comparison of the

global proteomic profiles of aqueous humor in response to IVR, the DEPs were subjected to

hierarchical clustering analysis and illustrated the results in an expression heatmap with a

dendrogram (Figure 2B). The details of 26 differential proteins, including IDs, gene names,

annotations, P-value, and fold changes, are shown in Figure 2C.



Figure 2, Aqueous proteins profile by DIA-MS and DEPs abundant.

A, Volcano plot of the 875 quantified protein groups showing 10 down-regulated and 16 up-

regulated protein groups for “Post group” versus “Pre group” comparison. 875 proteins were

identification and quantification in AH by DIA-MS workflow and volcano plot showing 26

differentially expressed proteins (DEPs) in pre and post groups (|log2 (fold-change) | >0.58

and p-value <0.05). B, Heatmap showing hierarchical clustering of DEPs. C, The uniport ID,

annotations, P-value, and log2 (fold-change) of 26 DEPs. FC, Fold changes of Post-

group/Pre-group injection.



Table 1. Clinical characteristics of PDR patients for DIA-MS and ELISA analysis.

M, male; F, female; BP, blood pressure; IOP, intraocular pressure; VH, vitreous hemorrhage; TRD, tractional retinal detachment.

Patients Age (years) Gender Diabetes course (years) BP (mmHg） surgical eye vision IOP (mmHg) VH TRD

1 30 M 6 154/94 OD 0.1c 19 Yes No

2 36 F 12 128/79 OD HM 12 Yes Yes

3 56 F 9 127/87 OS HM 14 Yes Yes

4 52 M 10 121/82 OS 0.01 16 Yes No

5 50 M 15 172/90 OD CF/10cm 16 Yes No

6 65 F 30 130/67 OD CF/10cm 14 Yes Yes

7 50 F 20 118/70 OD HM 18 Yes Yes

8 52 M 5 160/92 OD CF/30cm 15 Yes Yes

9 57 M 13 121/70 OS CF/20cm 12 Yes Yes

10 65 F 10 163/69 OD 0.05 16 Yes Yes

11 47 M 1 115/65 OD HM 11 Yes Yes

12 43 M 10 121/75 OS HM 15 Yes Yes

13 53 M 20 166/88 OD HM 18 Yes Yes

14 61 F 12 159/95 OS FC 14 Yes Yes



3.2 Go annotation and pathway enrichment

To further understand the function of the differentially expressed proteins (DEPs)

underlying the effect of intravitreal ranibizumab (IVR) in patients with proliferative diabetic

retinopathy (PDR), we conducted gene ontology (GO) enrichment analysis and pathway

analyses. Fisher's exact test (P adjust <0.05) was used to perform enrichment analysis of

DEPs to determine the overall functional enrichment characteristics of all differentially

expressed proteins and identify the most significant enriched pathway and GO terms.

Pathway analysis, including KEGG pathway, REACTOME pathway, and WikiPathways,

revealed that the most notable pathway affected by IVR was "platelet degranulation,"

followed by "complement and coagulation cascades" and "neutrophil degranulation" (Figure

3A). GO annotation analysis identified 26 DEPs mainly associated with "extracellular matrix"

terms, followed by "secretory granule lumen" and "platelet alpha granule lumen" (Figure 3B).

To further explore the molecular function of the DEPs in response to IVR, GO molecular

function annotation revealed that differentially expressed proteins were involved in

extracellular matrix structural constituent, glycosaminoglycan binding, sulfur compound

binding, cytokine activity, heparin binding, extracellular matrix binding, chemoattractant

activity, scaffold protein binding, heparin binding, and structural constituent of skin epidermis

(Figure 3C).

Among the DEPs, the differential expression of proteins related to the extracellular

matrix caught our attention. Quantitative analysis via data-independent acquisition (DIA)

methods showed that IVR treatment in PDR change the protein abundance levels of

extracellular matrix components. The protein of angiogenin, collagen alpha-1 (COL3A1),

DEFA1, Hornerin, and DPT, were up-regulated in response to IVR. Inversely, VEGFA, SPP1,

LEFTY2, FCGBP, IMPG1, HTRA1, FGG, and plasma protease C1 inhibitor (SERPING1)

were down-regulated (Figure 3D). Overall, our findings suggest that IVR affects various

pathways and GO terms, with a significant impact on platelet degranulation and the

extracellular matrix. The proteins related to the extracellular matrix may play a crucial role in

the therapeutic effect of IVR in PDR patients.





Figure 3, GO and pathway analysis for DEPs of AH in response to IVR.

A, KEGG pathway, REACTOME pathway, and WikiPathways analysis of differentially

expressed proteins. B, Gene Ontology (GO) enrichment analysis of differentially expressed

proteins. C, GO molecular function annotation of differentially expressed proteins. D, Bar

graph showing proteins abundance levels of extracellular matrix components by quantitative

analysis via DIA methods. FC, Fold changes of Post-group/Pre-group injection.

3.3 Hub proteins analysis and validation.

To gain a deeper understanding of the relationship between differentially expressed

proteins (DEPs), we conducted a protein-protein interaction (PPI) analysis using the STRING

database and identified hub proteins using the Cytoscape tool. Through four different

topological analysis methods (Degree, Edge Percolated Component (EPC), maximal clique

centrality algorithm (MCC), and Closeness in Cytoscape plugin cytoHubba), we selected

eight hub nodes, including VEGFA, DPT, SPP1, collagen alpha-1 (COL3A1), macrophage

migration inhibitory factor (MIF), vimentin (VIM), peptidyl-prolyl cis-trans isomerase A

(PPIA), and SERPING1 (Figure 4A, B).

Interestingly, among these eight hub proteins, VEGFA, SPP1, SERPING, COL3A1, and

DPT were found to be involved in the extracellular matrix component. Furthermore, the

expression differences in VEGFA and DPT proteins were particularly pronounced using the

DIA method (Figure 3C). To validate these findings, enzyme-linked immunosorbent assay

(ELISA) was performed on an additional set of aqueous samples collected from 4 patients

with proliferative diabetic retinopathy (PDR) before and after intravitreal ranibizumab (IVR)

treatment. In line with the previous findings, the ELISA results showed that the levels of

VEGFA protein decreased (P < 0.01) and the levels of DPT increased (P < 0.001) in the

aqueous humor of PDR patients after treatment with IVR (Figure 4C). These results indicate

that IVR treatment can effectively reduce VEGFA protein expression and promote DPT

protein content in the AH of PDR patients. Our analysis and validation of hub proteins



provide additional evidence for the alterations in VEGFA and DPT proteins in the AH of

PDR patients following IVR treatment. It suggests that changes in these proteins may be

associated with the therapeutic effects of IVR and could potentially serve as biomarkers for

monitoring treatment response in PDR patients.

Figure 4, Hub proteins analysis and validation.

A, Hub proteins were selected using the Cytoscape tool with four algorithms: degree, EPC,

MCC, and Closeness. The tatble shown the intersection of the outcomes from the four



algorithms. B, the protein-protein interaction network of DEPs in response to IVR. C, the

levels of VEGFA and DPT protein in AH were measured by ELISA. The statistics are as

follows: mean ±SEM, n=4. * p < 0.05, **p < 0.01, ***p < 0.001. compared to the Pre group.

4. Discussion

Previous studies have pointed out a few potential molecules in PDR, however, the

mechanisms of the anti-VEGF treatment in the retina remain not fully disentangled. Here, our

study highlights the potential correlation between extracellular matrix dysfunction and VEGF

signaling in PDR. In particular, our data first found the increase of DPT protein in the

aqueous humor of PDR after IVR treatments, in which DPT may be a novel candidate target

to improve retinal neovascularization and fibrosis combined with anti-VEGF therapy.

DR is a microvasculature complication in diabetes (Soni et al., 2021; Tonade & Kern,

2021), of which PDR is the sight-threatening stage led by retinal neovascularization and

fibrovascular proliferation (Kang & Yang, 2020; Sahajpal et al., 2019). VEGF is a key

angiogenic factor inducing neovascularization (Lawler, 2022), which is expressed by

astrocytes, retinal pigment epithelial cells (RPE), ganglion cells, photoreceptor cells, and

Müller cells (Li et al., 2019). Anti-VEGF therapy has become a common choice in the

treatment of PDR (Mukwaya et al., 2021), however, several issues and underlying

mechanisms remain unclear in the treatment of intravitreal anti-VEGF injection. Firstly, this

treatment requires repeated, easily recurs angiogenesis, and places a large economic burden

on patients (Liu et al., 2022; Mukwaya et al., 2021). Secondly, it can only maintain but not

reverse or improve overall vision (Mukwaya et al., 2021). What’s more, accumulating

evidence has indicated that intravitreal injection of anti-VEGF agents may increase the risk of

fibrosis to accelerate TRD (Chatziralli & Loewenstein, 2021; Liu et al., 2022; Tsui et al.,

2023). Several molecules have been indicated as potential targets in PDR, such as PIGF,

SPP1, APOC1, and ALDH3A1 in our and other studies(Chen, Qiu, et al., 2022; Hu et al.,

2022; B. N. Zhang et al., 2021; Zhang et al., 2020; Zou, Han, et al., 2018; Zou, Zhao, et al.,

2018). However, current research still does not fully explain the mechanisms and relationship

between anti-VEGF therapy and fibrosis.

To fully explore the molecular mechanism of anti-VEGF therapy in PDR, DIA analysis

was used to measure the proteomic change of AH between pre and post IVR treatment in

PDR. In line with the vitreous humor study (Zou, Han, et al., 2018; Zou, Zhao, et al., 2018),



our data have found that the most notable pathway was “platelet degranulation” in AH of

PDR compared with after anti-VEGF treatment. What’s more, GO annotation analysis

showed the DEPs were mostly enrichment in “extracellular matrix” (ECM). The ECM, a non-

cellular component, is a highly dynamic network of intercellular communication in all tissues

and organs that serves not only as a physical scaffolding but also affords mechanical support

and initiates pivotal biochemical and biomechanical cues to maintain tissue homeostasis

(Corvera et al., 2022; Kai et al., 2019; Weiskirchen et al., 2019). The excessive deposition of

ECM was the most key part of pathological architecture and a hallmarking in fibrosis (Pakshir

& Hinz, 2018; Piersma et al., 2020). Water, proteoglycans, collagens, hyaluronan, and

polysaccharides make up ECM (de Castro Brás & Frangogiannis, 2020; Mohan et al., 2020),

while previous studies have indicated some components of ECM interaction with TGF-β

signaling (Hachana & Larrivée, 2022; Mallone et al., 2021) to connect with ocular fibrosis

and angiogenesis, such as integrins (Schulz et al., 2018; Van Hove et al., 2021), VEGFA

(Lawler, 2022), fibronectin (Rocher et al., 2020), collagen (Lim et al., 2016), MMP(Yi et al.,

2022) and so on. Therefore, the compositional variation of ECM may appear as a risk in

fibrosis.

In our DEPs, the ECM components of DPT and COL3A1 were increased after IVR

treatment and the protein of DPT has shown the greatest difference involved. Meanwhile,

DPT and COL3A1 were also in the list of hub nodes. COL3A1 is a major fibrillar collagen of

ECM, and the heterozygous mutations of the COL3A1 gene result in severe vascular diseases

(Berezowska et al., 2018; D'Hondt et al., 2018; De Backer & De Backer, 2019). The

extracellular matrix deposition can be relieved by the loss of COL3A1 expression (Lerner et

al., 2020; H. Zhang et al., 2021).

What’s more, DPT protein, also known as tyrosine-rich acidic matrix protein (TRAMP),

is predominantly found in the dermis of the skin and is an extensively distributed non-

collagenous component of the ECM (Kim et al., 2019). It is involved in cell adhesion

(Kramer et al., 2017), fibrosis (Wu et al., 2014), myogenesis (Kim et al., 2019), angiogenesis

(Krishnaswamy et al., 2017), adipose tissue inflammation (Catalán et al., 2022), osteogenic

proliferation and differentiation (Xi et al., 2018; Zhao et al., 2023), and tumor invasion and

metastasis (Yamatoji et al., 2012). Combining DIA analysis and existing reports, we focused

on the protein of DPT. Our data further demonstrated that anti-VEGF treatment can

upregulate DPT expression and suppress the levels of VEGFA in the AH of PDR. Recently,

several animal models have shown that new combination therapies by targeted VEGF with

other factors (e.g., APOA1, pigment epithelium-derived factor (PEDF), leukocyte cell-

derived chemotaxin 2 (LECT2)) were superior to anti-VEGF alone in reducing angiogenesis,

neurodegeneration, and fibrosis (Lin et al., 2022; Xi, 2022; Zhang et al., 2022). Thus, this



makes DPT a novel target with great therapeutic promise which combines anti-VEGF therapy

to further optimize the treatment outcomes of DR.

Except for DPT and COL3A1 protein, we also found the ECM proteins of VEGFA,

SPP1, Fn1, SERPING1, and interphotoreceptor matrix proteoglycan 1 (IMPG1) were

decreased after IVR treatment in PDR patients consistent with others (Youngblood et al.,

2019), suggesting the protective function of anti-VEGF therapy. SPP1 is a multifunctional

protein expressed in various cell types that acts both in intercellular interaction and the ECM

to serve as an early driver of inflammation and long-term tissue damage in response to tumor

growth and migration, angiogenesis, brain injury, immune reaction, and liver fibrosis (Song et

al., 2021; Yim et al., 2022). It has been reported that SPP1 was increased in optic neuron

degeneration (Ruzafa et al., 2018), and the down-regulation of SPP1 could reduce the

generation of VEGF in the cornea (Fujita et al., 2010). As the main inhibitor of the classic

complement system, lacking SERPING1 can lead to paroxysmal angioedema (Levi & Cohn,

2019; Shi & Wang, 2021), and the SERPING1 SNPs are a genetic risk factor for AMD and

PCV (Liu et al., 2015).

In addition, the proteins of MIF, PPIA, and VIM were also in our hub proteins. MIF is a

driver and pro-factor of inflammation, obesity, and insulin resistance tumors (Bozza et al.,

2020; Penticuff et al., 2019). It has been reported that MIF and retinal angiogenesis have a

positive correlation(Abu El-Asrar et al., 2019). With the inhibition of MIF, pathological

damage responses can be blocked in retinal detachment (Kim et al., 2017). PPIAa is a rate-

limiting enzyme in the protein folding reaction, whose activity is typically inhibited by

cyclosporine A (CsA) (Cho et al., 2015). VIM is a mesenchymal marker interacting with

SPP1 to induce cell division and migration in tumors (Ramos et al., 2020), and the existence

of VIM promotes the degeneration of Müller glia cells (Hippert et al., 2021) and pigment

epithelial cells (Llorián-Salvador et al., 2022) in the retina. Thus, we speculated that the

increased protein of MIF and PPIA, and the decreased VIM in PDR with IVR treatment may

be a reaction to the down of VEGFA. Meanwhile, similar to previously reported (Zou, Zhao,

et al., 2018) that IVR treatment could increase the level of vitreous KRT1, we also found that

the protein of keratin 2 (KRT2), keratin 5 (KRT5), and keratin 10 (KRT10) was upregulated

in aqueous humor.

However, there were several limitations in our study. Firstly, this study was conducted

on a limited number of patients and further verification of the mechanism (cells, animals, or

populations) is needed; Secondly, the PDR can be sub-classified into early, high-risk, and

severe PDR based on ETDRS Grading(Kroll et al., 2007), so studies on different degrees of

PDR are warranted. Furthermore, other proteins such as APOA2, APOC1, TIMP2, and CP

have shown a significant difference in vitreous humor in previous studies after IVR treatment

in PDR (Zou, Han, et al., 2018; Zou, Zhao, et al., 2018) and were not in our DEPs list in AH.



The potential reasons are likely the differences in the organization itself of the aqueous and

vitreous humor.

5. Conclusion

In summary, this study highlighted the changes of the ECM components in aqueous

humor of PDR after IVR treatment, such as the up-regulated of DPT protein, which provide a

clue between the anti-VEGF resistance and the exacerbation of fibrosis in PDR. Further

exploration of the ECM pathway could enhance our comprehension of the molecular

mechanisms driving angiogenesis and fibrosis, potentially leading to the development of new

therapeutic strategies for PDR.
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