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Purpose: Arteriovenous fistula (AVF) is the preferred vascular access for hemodialysis, but the low maturation rate is concerning.
Immune cells’ impact on AVF maturation lacks bioinformatics research. The study aims to investigate the potential predictive role of
immune-related genes and immune cell infiltration characteristics in AVF maturation.

Patients and Methods: We analyzed the high-throughput sequencing dataset to identify differentially expressed genes (DEGs). Then, we
performed enrichment analyses (GO, KEGG, GSEA) on immune-related genes and pathways in mature AVF. We focused on differentially
expressed immune-related genes (DEIRGs) and constructed a PPI network to identify hub genes. These hub genes were validated in other
databases and experiments, including JPCR and immunohistochemistry (IHC). The immune cell infiltration characteristics in native veins,
failed AVFs, and matured AVFs were analyzed by cibersortX. Partial experimental validation was conducted using clinical samples.
Results: Our results showed that immune-related genes and signaling pathways are significantly enriched in mature AVF. We
validated this in other databases and ultimately identified three hub genes (IL1B, IL6, CXCR4) in combination with experiments.
Significant differences in immune cell infiltration characteristics were observed among native veins, failed AVFs, and matured AVFs.
Immune cell infiltration analysis revealed that accumulation of CD4+ T cells, dendritic cells, mast cells and M2 macrophages
contribute to AVF maturation. These immune-related genes and immune cells have the potential to serve as predictive factors for
AVF maturation. We partially validated this experimentally.

Conclusion: From a bioinformatics perspective, our results have identified, for the first time, a set of immune-related genes and
immune cell infiltration features that can characterize the maturation of AVF and significantly impact AVF maturation. These features
hold potential as predictive indicators for AVF maturation outcomes.
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Introduction

Chronic kidney disease (CKD) affects between 8% and 16% of the population worldwide.! End-stage renal disease
(ESRD) is the terminal state of CKD. Patients with ESRD rely on renal replacement therapy for life, and native
arteriovenous fistula (AVF) is the preferred vascular access.” AVF maturation clinically means that 6 weeks after
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surgery, the blood flow in the AVF is >600 mL/min, the depth from the skin surface is <6 mm, and the lumen diameter
of the venous outflow is >6 mm? Successful AVF maturation requires venous wall thickening and outward
remodeling.” However, approximately 60% of AVFs will lose function after surgery, also known as failed AVFs,
which causes a huge loss to the patients.*> We still have a limited understanding of the mechanisms that influence AVF
maturation.

Immune response and inflammation have intersections and overlaps in the occurrence and development of disease,
both consistently accompany with dialysis in ESRD patients. Some studies have found an increase in inflammatory
markers primarily in dialysis patients.®” It is clear that dialysis can prime blood lymphocytes to release IL-1 and IL-2.®
The plasma levels of IL-6 and IL-1B have been found to increase during dialysis.g"10 Furthermore, Immune response and
inflammation also play an important role in tissue repair and regeneration. For instance, inflammatory monocytes and
tissue-resident macrophages are key regulators of tissue repair.'' Macrophages undergo marked phenotypic and func-
tional changes during the phases of tissue repair.'” Research has found that regulating genes related to vascular
remodeling, such as ST2,'* can improve vascular remodeling, and vascular remodeling and tissue repair clearly exist
after AVE.'*'> However, the effects of immunity and inflammation on AVF are still poorly understood.

High-throughput RNA sequencing (RNA-seq) is commonly used to find key genes associated with specific biological
processes and to build predictive models in conjunction with a patient’s clinical prognosis. However, failed AVFs or
AVFs that fail after a period of use often undergo interventional procedures due to the requirements of the surgical
approach to AVF, making it difficult to obtain unintervened failed AVF tissue.” Since failed AVFs or those that fail after
a period of use typically do not lead to acute patient mortality, and they often require interventional treatment due to the
demands of AVF surgical techniques, it becomes challenging to obtain the patient’s accurate tissue at the follow-up
endpoint in clinical settings. Therefore, unlike in the field of oncology, there have been no large sample size studies of
AVF to predict AVF maturation or failure. The search for molecular or cellular features that predict or characterize the
maturation state of AVF is a viable alternative.

Due to ethical constraints, researchers often face difficulties in obtaining samples twice from the same patient at the
same anatomical location to establish optimal control experiments and minimize the impact of baseline differences in
patient characteristics. Owing to the unique two-stage AVF creation surgeries, the surgeon can potentially collect samples
at 2 times: a segment of the vein used to create the arteriovenous anastomosis during the 1st stage surgery and a sample
of the juxta-anastomotic area of both mature and failed AVFs during the second-stage transposition. Thus, the high-
throughput RNA sequence data (GSE119296) we used for analysis collected samples of native veins (at the time of the
first-stage procedure) and their corresponding AVFs (at the time of the second-stage procedure after one month) from the
same anatomical location in the same individual (Figure 1).'® To understand the differences in immune gene expression
and immune cell characteristics of native veins, failed AVFs and mature AVFs, we performed bioinformatics analysis and
validated the results using clinical samples.

Materials and Methods

Data Source
We downloaded the datasets (GSE119296, GSE39488) from the GEO database (www.ncbi.nlm.nih.gov/geo).
GSE119296 contained 38 samples’ RNA expression profiling, in which the native vein and AVF samples are related

because they originate from the same individual and same anatomical location. We selected 10 matured AVF samples and
10 paired native vein samples from the GSE119296 profiling to perform differential expression analysis. GSE39488
profiling was utilized as the validation set, which includes six samples collected from the venous segments of matured
AVF and four control samples collected from normal cephalic veins in hemodialysis patients.

|dentification of Differentially Expressed Immune-Related Genes

Gene count data was input into DESeq2 package in R to standardize the number of counts in each sample (using the
BaseMean value to estimate the expression level), calculate the FoldChange, and use negative binomial distribution test
to test the significance of the difference in the number of reads. The criteria of statistically significant Differentially
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Characterizing the differences between matured AVF and matured veins using bioinformatics methods
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Figure | The flow diagram of the entire study. In the st stage surgery, native veins were collected, including matured veins and failed veins. Matured or failed vein refers to
a vein that generated an arteriovenous fistula (AVF) that matured or failed, respectively. In the 2nd stage surgery, AVFs were obtained from the patients, including matured
AVFs and failed AVFs. Matured or failed AVF refers to an AVF that matured or failed, respectively.

Abbreviations: GEO, gene expression omnibus; GSEA, the gene set enrichment analysis; GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes; DEIRGs,
the differentially expressed immune-related genes; PPI, protein—protein interaction network.

Expressed Genes (DEGs) were set as follows: adjusted p-value < 0.05 and [log2 fold change| >1. A volcano plot was
mapped to present all of the DEGs using “ggplot2” packages. The immune-related genes (IRGs) were exported from the
ImmPort database. The Differentially Expressed immune-related Genes (DEIRGs) are derived from the intersection of
DEGs and IRGs.

Enrichment Analysis

Gene Ontology (GO) analysis was applied to identify the common functions of DEGs and DEIRGs, which consisted of
biological process, cellular component and molecular function. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis was applied to identify the significant pathways for DEGs and DEIRGs. The P < 0.05 was the criteria for
statistically significant enriched GO term and KEGG pathways.

Gene Set Enrichment Analysis

The Gene Set Enrichment Analysis (GSEA) was investigated to explore the enriched pathways in two risk groups using
the GSEA software provided by the Broad Institute. False discovery rate (FDR) q < 0.05 with p < 0.05 after performing
1000 permutations was determined to be statistically significant.

Analysis of Immune Cells Infiltration Using the CIBERSORTx

The ratio of the 22 immune cell subsets was calculated stepwise using CIBERSORTx according to the mRNA expression
of immune signature genes in the AVFs and native veins.
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Construction of Protein—Protein Interaction Network
We selected 40 up-regulated DEIRGs with the smallest adjusted p-value and submitted them into the online search tool in
the STRING database (http://string-db.org) to create the protein—protein interaction (PPI) networks. The confident score

>0.7 was set as the cutoff to obtain significant PPI networks.

Validation of Hub Genes in AVFs and Native Veins

This study was conducted in accordance with the Declaration of Helsinki, and approved by the Medical Ethics
Committee of the Second Xiangya Hospital (NO. 2019-Clinical Research-82), and patients gave informed consent to
use the samples. AVF samples were collected from patients undergoing AVF revision (Table S1). Native veins were
pieces of the cephalic vein collected from patients who underwent first operation of AVF creation (Table S1). All clinical
samples were from patients treated at the Second Xiangya Hospital.

Real-Time Quantitative Polymerase Chain Reaction

Total RNA was isolated from tissue by using trizol. RNA quality was confirmed using a NanoDrop spectrophotometer at
the 260/280-nm ratio (Thermo Scientific, Wilmington, DE). Reverse transcription was performed using Evo M-MLV RT
premix (Accurate Biotechnology, Hunan). Real-time polymerase chain reaction was performed using SYBR Green
supermix (Bio-Rad) and LightCycler® 96 System (Roche).

Immunohistochemistry

Tissue sections were de-paraffined using xylene and a graded series of alcohols. Sections were heated in 0.01M citric acid buffer
(pH 6.0) at 100°C for 20 minutes and cooled to room temperature. After washing three times by PBS, sections were blocked with
5% normal goat serum in PBS (pH 7.4) for 1 hour at room temperature. Sections were then incubated at 4°C overnight with the
primary antibody anti-IL-6 (ab6672, abcam), anti-CXCR4 (ab181020, abcam), anti-IL1B (ab156791, abcam), anti-CD4
(ab133616, abcam), anti-CD11c (ab52632, abcam). Secondary antibodies were goat anti-rabbit a conjugated antibody
(abcam). Sections were stained with 3,3-N-Diaminobenzidine Tertrahydrochloride. Mean 10D values were counted using
Image-Pro-Plus software (National Institutes of Health).

Immunofluorescence

Tissue sections were de-paraffined and then heated in citric acid buffer (pH 6.0) at 100°C for 15 minutes for antigen retrieval. The
sections were blocked with 5% bovine serum albumin for 60 min at room temperature, and then incubated overnight at 4°C with
primary antibody anti-CD68 antibody (Abcam, ab955), anti-CD206 (ab64693, abcam), anti-iNOS (ab178945, abcam). After
incubation, the sections were incubated with Alexa Fluoro secondary antibodies for 1 hour and stained with 4’,6-diamidino-
2-phenylindole (DAPI) (P36935, Invitrogen) to stain cellular nuclei. Positively staining cells were counted per high power fields
or measured the intensity. For negative controls for the antibodies, IgG isotype controls, negative tissue controls and endogenous
tissue background controls were used.

Toluidine Blue Staining

0.02% toluidine blue solution acidified with acetic acid with a final pH of 3.0. Tissue sections were de-paraffined and
stained with Toluidine Blue. Excess Toluidine Blue was rinsed off with distilled water. Sections were dehydrated using
a series of increasing concentrations of ethanol and then cleared with xylene. Finally, neutral mounting medium was used
to cover the sections. Under the microscope, cells showing a purple color and appearing as large, round, or oval-shaped
are identified as mast cells.

Statistical Analysis

Data are represented as mean value + SEM. All data were analyzed using Prism 8 software (GraphPad Software, Inc, La
Jolla, CA). Statistical significance was determined using Student ¢ test or ANOVA. P value<0.05 is considered statistically
significant.
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Results

Identification and Significant Enrichment Analysis of DEGs

We found a total of 2172 DEGs (adjusted p-value < 0.05 and |log2 fold change| >1), including 1417 up-regulated DEGs
and 755 down-regulated DEGs. Volcano plot was utilized to visualize DEGs (Figure 2A). The DAVID database was used
for the GO and KEGG analysis. GO enrichment analysis was performed on up-regulated DEGs (Figure 2B) and down-
regulated DEGs (Figure 2C). For all up-regulated DEGs, biological process mainly focuses on extracellular matrix
organization, immune response and inflammatory response; cellular component mainly focuses on extracellular region,
proteinaceous extracellular matrix and plasma membrane; molecular function mainly focuses on extracellular matrix
structural constituent, metalloendopeptidase activity and growth factor activity. KEGG analysis of all DEGs showed that
DEGs are closely related to Cytokine-cytokine receptor interaction, Malaria, Osteoclast differentiation, Rheumatoid
arthritis and IL-17 signaling pathway (Figure 2D; Table S2).

Gene Set Enrichment Analysis

For the GSEA of the pathways, MAPK signaling pathway, cytokine-cytokine receptor interaction, chemokine signaling
pathway, JAK-STAT signaling pathway were significantly enriched in overflow AVFs (Figure 3). The complete
significantly enriched KEGG pathway from GSEA are in the Table S3.
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Figure 2 Identification and significant enrichment analysis of differentially expressed genes (DEGs). (A) Volcano map of DEGs between native veins and matured AVFs. The
x-axis is the log2 scale of the fold change of gene expression in veins that matured and matured AVFs. Negative values indicate downregulation; positive values indicate
upregulation. The y-axis is the minus logl0 scale of the adjusted p values (—logl0 (p-value)), which indicate the significant level of expression difference. The red dots
represent significantly upregulated genes with at least twofold change, while the green dots represent significantly downregulated genes with at least twofold change. (B) The
GO terms of up-regulated DEGs. (C) The GO terms of down-regulated DEGs. (D) The KEGG pathway terms of DEGs.

Abbreviations: AVF, arteriovenous fistula; GO, gene ontology; KEGG, the Kyoto encyclopedia of genes and genomes.
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Figure 3 The enriched signaling pathway through the gene set enrichment analysis (GSEA). (A) MAPK signaling pathway. (B) cytokine-cytokine receptor interaction. (C)
chemokine signaling pathway. (D) JAK-STAT signaling pathway. The gene set c2 (cp.kegg.v.6.2.symbols.gmt) database was used to analyze the whole gene expression value of the
AVF and control samples. The cutoff criteria of the significant gene set were the absolute value of normalized enrichment score (NES) > |, p-value < 0.05, and FDR < 0.05. The
enrichment plots (A-D) represent four pathways that are significantly enriched.

Abbreviation: AVF, arteriovenous fistula.

Identification and Significant Enrichment Analysis of DEIRGs

The results of the enrichment analysis of DEGs were highly correlated with immune-related molecular functions and
signaling pathways, as well as inflammation pathways. Since inflammation is often regulated by immune cells and
immune molecules, we further identified 274 DEIRGs, including 225 up-regulated DEIRGs and 49 down-regulated
DEIRGs. Volcano plot was utilized to visualize DEIRGs (Figure 4A). GO enrichment analysis (Figure 4B and C) and
KEGG analysis (Figure 4D) were performed.

PPl Network

We selected 40 up-regulated DEIRGs with the smallest adjusted p-value and submitted them into STRING database (the
confidence score >0.7) to obtain a PPI network (Figure 5). There are 9 genes highly correlated with other genes, therefore
we selected them as candidate hub geneses, including IL1B, IL6, IL10, CCL2, CXCR4, OSM, LIF, SOCS3, HBEGF.
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Figure 4 Identification and significant enrichment analysis of DEIRGs. (A) Volcano map of the differentially expressed immune-related genes (DEIRGs) between matured
AVFs and native veins. The x-axis is the log2 scale of the fold change of gene expression in matured AVFs and veins. Negative values indicate downregulation; positive values
indicate upregulation. The y-axis is the minus logl0 scale of the adjusted p values (—logl0 (p-value)), which indicate the significant level of expression difference. The red dots
represent significantly upregulated genes with at least twofold change, while the green dots represent significantly downregulated genes with at least twofold change. (B) The
GO terms of up-regulated DEIRGs. (C) The GO terms of down-regulated DEIRGs. (D) The KEGG pathway terms of DEIRGs.

Abbreviations: AVF, arteriovenous fistula; GO, gene ontology; KEGG, Kyoto encyclopedia of genes and genomes.

Hub Gene Identification and Validation in Clinical Samples
We examined the expression of 9 candidate hub genes obtained from the PPI network in each group (native veins, failed
AVFs, matured AVFs) in the GSE119296 dataset (Figure 6). The results showed that the gene expression increased
sequentially in native vein, failed AVF, and matured AVF group. Then we identified the DEIRGs in GSE39488 dataset to
verified 9 candidate hub genes (|log2FC|>2, adjusted p-value <0.1 (Table S4). After intersection, 4 candidate hub genes
(CXCR4, IL1B, IL6, OSM) were identified. Then we used these 4 candidate hub genes for experimental verification.
To further validate the results of the bioinformatics analysis, we performed verification (QRT-PCR and IHC) using clinical
samples. We collected AVF samples from uremic patients as the experimental group, native cephalic vein samples as the
control group. Demographic data of patients showed no statistical differences in all clinical characteristics between the two
groups. The results of qPCR proved that the expression of hub genes in the AVF group were significantly higher than that in
the native vein group, and the Statistical significance existed in the three groups of IL1B, IL6, and CXCR4 (Figure 7).
Compared to native veins, the clinical samples we used exhibit distinct AVF characteristics, indicating that the samples are
indeed AVF tissues (Figure 8A and B). We subsequently performed IHC to assess the expression of IL1B, IL6, and CXCR4 in

Journal of Inflammation Research 2024:17 https: 143
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=433525.docx
https://www.dovepress.com
https://www.dovepress.com

Lu et al

Dove

SOCS3

IL6

'OSM

IL10
L
LIF
\. HBEGF

L4

CCL2

IL1B

HSPA1B

NFATC1

Figure 5 Protein—protein interaction (PPl) network of DEIRGs, threshold required confidence (combined score) > 0.7.

®, e 0 ”

weor (8), we

L
§§?§§§
3

=

i 88
(e
SSSW;ZES

mared AVF o

®, . 0 "

vorer (@) we

Figure 6 Candidate genes’ expression in veins, failed AVFs and matured AVFs. (A) Gene expression between veins that matured (n=10) and matured AVFs (n=10), (a-i)
denote CCL2, CXCR4, OSM, LIF, SOCS3, HBEGF, ILIB, IL6, IL10. (B) Gene expression between veins (n=16) and AVFs (n=16), (a-i) denote CCL2, CXCR4, OSM, LIF,
SOCS3, HBEGF, ILIB, IL6, ILI0. (C) Gene expression between veins (n=16), failed AVFs (n=6) and matured AVFs (n=10), (a-i) denote CCL2, CXCR4, OSM, LIF, SOCS3,

o KAV metred A

HBEGF, ILIB, IL6, IL10. AVF, arteriovenous fistula. Significant differences are indicated by *P<0.05, **P<0.01, ***P<0.001.

native vein and AVF (Figure 8C—G). We found that IL1B, IL6 and CXCR4 expression was significantly higher in AVF tissues

than in native veins.

Immune Cell Infiltration and Validation in Clinical Samples
The infiltration of immune cells was analyzed between native veins and AVFs. According to the results, the bar chart and

heatmap illustrate the proportions of infiltrated immune cells (Figure 9A and B). By comparing the differences in

immune cell infiltration between matured veins and matured AVFs, we found that the proportions of four types of
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Figure 7 Gene expression of IL-1B, IL6, CXCR4, OSM by qRT-PCR in AVFs and veins. Gene expression of ILIB, IL6 and CXCR4 was significantly higher in the AVF group
compared to the vein group, while OSM expression was not statistically different. Significant differences are indicated by *P<0.05, **P<0.01.

immune cells (T-cell CD4 memory resting, dendritic cells activated, mast cells activated, and Macrophages M2) were
significantly elevated during the conversion of mature veins to matured AVFs (Figure 9C—F). Interestingly, we observed
that compared to matured AVFs, the infiltration of T-cell CD4 memory resting and Macrophages M2 did not show
a stable increasing trend during the conversion of failed veins to failed AVFs. Additionally, although the proportions of
dendritic cells activated and mast cells activated showed an increasing trend during the conversion of failed veins to
failed AVFs, the magnitude was lower than that observed during the conversion from matured veins to matured AVFs.
Importantly, we found that mast cells activated were completely absent in native veins but present in a certain number in
AVFs (Figure 9E). The proportions of T-cell CD4 memory resting, dendritic cells activated, and mast cells activated
increased sequentially in native veins, failed AVFs, and matured AVFs (Figure 9G—I). Compared to native veins, the
proportions of Macrophages M2 exhibited a disordered trend in failed AVFs, while a consistent increasing trend was
observed in matured AVFs (Figure 9J). We partially validated these findings using clinical samples. We observed
increased infiltration of CD4+ T cells, toluidine blue-stained cells (Mast cells), CD11c+ cells (dendritic cells), and
CD68 and CD206 dual-positive cells (Macrophages M2) in AVFs tissue (Figure 10).

Discussion

As the failed arteriovenous fistula (AVF) typically does not lead to acute patient mortality, and the failed AVF or those
that fail after a period of use often require interventional treatment due to the demands of AVF surgical techniques, it
becomes challenging to obtain the patient’s accurate tissue at the follow-up endpoint in clinical settings.” Only the
2-stage AVF creation surgery approach can obtain patient tissues before and after AVF creation. Currently, a rare study
recruited 38 patients over a four-year period (19 samples of mature AVFs and 19 samples of failed AVFs) and identified
the Hallmarks of Maturation Failure through transcriptome analysis.!” However, it is also unclear which immune-related
genes or immune cells may have potential predictive roles in the maturation of AVF.

In this study, we used the GSE119296 dataset (samples from two-stage AVF creation surgeries) to compare paired
native veins and mature AVFs which originate from the same individual and same anatomical location to identify
differentially expressed genes (DEGs). Then we performed GO and KEGG enrichment analysis on these differentially
expressed genes, we found that immune-related signaling pathways were mainly enriched, as well as inflammation
pathways. GSEA was used to explore the potentially activated signaling pathways with the advantage of avoiding
undetectable, small changes in the expression of single genes. Due to the significant enrichment of immune and
inflammation-related pathways, we selected all differentially expressed immune-related genes (DEIRGs) and performed
enrichment analysis again. PPI network analysis was performed on DEIRGs to select candidate hub genes. Then we
detected their expression in the GSE39488 dataset, and finally identified 4 hub genes. We did verification in Clinical
Samples by qPCR and IHE. Finally, we depicted the immune cell infiltration in native veins, failed AVFs, and mature
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Figure 8 The result of immunohistochemistry staining showed that the expression of IL6, CXCR4 and ILIB were increased in AVFs. (A) The Hematoxylin and Eosin staining
of native vein and AVF. (B) The Elastica van Gieson (EVG) staining of native vein and AVF. (C) The IHC result of ILIB in native veins and AVFs. (D) Box plot was used to show
that the expression of ILIB significantly increased in AVF. (E) the IHC result of IL6 in native veins and AVFs. (F) Box plot was used to show that the expression of IL6é
significantly increased in AVF. (G) the IHC result of CXCR4 in native veins and AVFs. (H) Box plot was used to show that the expression of CXCR4 significantly increased in
AVE. Significant differences are indicated by **P<0.001.

Abbreviation: AVF, arteriovenous fistula.

AVFs, and partially validated it in clinical samples. We found that 1) immune-related pathways and inflammation-related
pathways were abundantly enriched, indicating that they may play an important role in the AVF maturation; 2) we
identified 3 immune-related hub genes, which may be involved in the maturation of AVF, and the results of qRT-PCR and
IHC by clinical samples validated our bioinformatic results; 3) we found that certain immune cells (T-cell CD4 memory
resting, activated dendritic cells, activated mast cells, and Macrophages M2) have an impact on the maturation of AVF
and may have potential predictive roles.

Enrichment analysis of DEGs indicated that activation of immune-related pathways and immune-related genes are
indispensable in the maturation of AVFs. We found that immune response and inflammatory response are the main
biological process of GO terms (Figure 2B and C). In addition, a number of immune-related signaling pathways were
enriched (Figures 2D, 3), such as IL17 signaling pathway and T cell receptor signaling pathway. Some current studies
about immunity and inflammation mediating AVF maturation consistent with our research results. The latest study found
that circulating IL6 and CD16 positive monocytes increase following angioplasty of AVE.'® Interestingly, the inflam-
matory response does not seem to be more favorable for the maturation of AVF. Systemic inflammation correlates
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Figure 9 Immune infiltration analysis of native veins, failed AVFs and matured AVFs. (A) Histograms show the relative proportion of 22 immune cell in native veins, failed
AVFs and matured AVFs. Each column represents a sample, and each color represents a cell type. (B) Clustered heatmap on the expression of 22 immune cells in tissues of
native veins, failed AVFs and matured AVFs, with red indicating a greater percentage. (C) Infiltration of T-cell CD4 memory resting was significantly elevated during
conversion of mature veins to AVFs, whereas failed AVFs lacked infiltration of T-cell CD4 memory resting. (D) Infiltration of dendritic cells activated was significantly
elevated during conversion of both mature veins and failed veins to AVFs. (E) Infiltration of Mast cells activated was significantly elevated during conversion of both mature
veins and failed veins to AVFs, but the increase was more pronounced in the matured group. (F) Infiltration of Macrophages M2 was significantly elevated during conversion
of mature veins to AVFs, whereas failed AVFs lacked infiltration of Macrophages M2. (G) Relative abundance of T cells CD4 memory resting between veins (n=16), failed
AVFs (n=6) and matured AVFs (n=10). (H) Relative abundance of Dendritic cells activated between veins (n=16), failed AVFs (n=6) and matured AVFs (n=10). (I) Relative
abundance of Mast cells activated between veins (n=16), failed AVFs (n=6) and matured AVFs (n=10). (J) Relative abundance of Macrophages M2 between veins (n=16), failed
AVFs (n=6) and matured AVFs (n=10). Significant differences are indicated by *P<0.05, **P<0.01, ***P<0.001.

Abbreviation: AVF, arteriovenous fistula.

inversely with AVF maturation, for example, the plasma levels of C-reactive protein are inversely correlated with
successful AVF maturation.' In addition, glucocorticoids, a well-known anti-inflammatory drug, can enhance venous
outward remodeling in a murine arteriovenous fistula model.'> However, local glucocorticoids did not seem to work in
humans, although negative results may be due to lack of power or drug dosage/delivery.?’ These studies are consistent
with some of our results, and in addition, our results provide other potential directions for studying the relationship

between immunity, inflammation, and AVF maturation.
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Abbreviation: AVF, arteriovenous fistula.
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Furthermore, the immune cell infiltration in AVFs shows that the proportion of T-cell CD4 memory resting, activated
dendritic cells, activated mast cells, and Macrophages M2 increased significantly compared to native veins. The results of
a previous study showed significant infiltration of mast cells, neutrophils, monocytes, and macrophages around the
arteriovenous fistula at day 7.2' Previous studies have confirmed that AVF maturation requires inflammation that is
characterized by accumulation of macrophages and T-cell.”> > M2 macrophages are associated with vascular wall
thickening, and promoting the accumulation of M2 macrophages may promote AVF maturation.?* Inhibition of T-cells by
cyclosporine A reduces macrophage accumulation to regulate venous adaptive remodeling and increase arteriovenous
maturation.* Inhibition of PD-L1 reduced regulatory T cells to increase M1 macrophages and reduce M2 macrophages,
reducing vascular wall thickening and AVF patency.”® The absence of mature CD4+ T-cells results in reduced macro-
phage infiltration resulting in failure of AVF maturation.”” These findings are consistent with our results. However, it is
interesting to note that we observed that compared to matured AVFs, the infiltration of T-cell CD4 memory resting and
Macrophages M2 did not show a stable increasing trend during the conversion of failed veins to failed AVFs (Figure 9).
This suggests that inadequate infiltration of CD4+ T-cells and M2 macrophages could be a factor leading to the failure of
AVF maturation. We validated the high infiltration of CD4+ T-cells and M2 macrophages in clinical samples (Figure 10).
The impact of dendritic cells and mast cells on AVF maturation is currently not well understood. Our research found that
during the transition from native vein to AVF, the infiltration of these two cell types increases (Figures 9 and 10).
However, compared to failed AVF, both dendritic cells and mast cells show higher infiltration in matured AVF. This
observation suggests that these two cell types may be involved in the process of AVF maturation. It is important to note
that the infiltration of immune cells was achieved through algorithms and may not fully reflect the actual immune cell
infiltration in the tissues.”® Further single-cell research is necessary to corroborate these findings and provide a more
accurate understanding of the immune cell infiltration in AVF maturation.

Through bioinformatics analysis, we obtained 3 significantly up-regulated immune-related hub genes, namely IL1B,
IL6 and CXCR4, which were validated by qRT-PCR and IHE using clinical samples (Figures 8 and 9). IL1B, a potent
proinflammatory cytokine, initially discovered as the major endogenous pyrogen, induces neutrophil influx and activa-
tion, T-cell activation and cytokine production, B-cell activation and antibody production, as well as fibroblast prolifera-
tion and collagen production.”” IL1B also plays a role in angiogenesis by inducing VEGF production synergistically with
TNF and IL6.*° IL1B promotes cell migration and angiogenesis in tumors,*! and induces chemokine expression.? These
studies allow to speculate that IL1B-mediated inflammatory cell chemotaxis and VEGF production, among others, might
play a role in the maturation of the venous wall after AVF surgery. The results of our study likewise support this
hypothesis. However, excessive expression of IL1B may lead to a more pronounced inflammatory response. It may be
a viable treatment option to use PCSK9 inhibitors, which have a cardiovascular protective effect, to promote VEGFA
expression while mitigating the pro-inflammatory effects of high IL1B.**** Further studies are needed to confirm the role
of IL1B in the maturation of arteriovenous fistula.

IL6 is generally considered a pro-inflammatory factor and is involved in many immune regulations. In the innate immune
response, IL6 is synthesized by myeloid cells, such as macrophages.*® IL6 plays a major role in the differentiation of CD4+
T cell subsets and is also an essential factor for the T follicular helper cells.*® The Accumulation of macrophages and CD4+
T-cells has an important impact on AVF maturation.”*** IL6 also induces the production of VEGF synergistically with IL1B
and TNF through “trans-signaling”.*® The role of IL6 in the maturation of AVF remains controversial. Circulating IL-6 was
significantly higher in patients with AVF maturation failure than with successful maturation.>® Studies have found that
circulating IL6 increases following angioplasty of AVF (1-2 days).'® However, other studies hold the opposite conclusion.
They found that IL6 in the adipose tissue around the fistula vein were associated with a reduction in the fractional vein
diameter during the early time frame of 1 day to 2 weeks,?” which shows that IL6 appears to have an early negative effect after
AVF creation. In conclusion, the effect of IL6 on AVF maturation has been demonstrated, which is consistent with our
experimental results.

CXCR4 is one of the C-X-C chemokine receptors which involved in various immunity and inflammatory responses. IL6 is
best known as a coreceptor (CD4 being the primary receptor) for human immunodeficiency virus-1/HIV-1 X4 isolates and as
a primary receptor for some HIV-2.>® CXCR4 is a receptor for the C-X-C chemokine CXCL12 /SDF-1, and is involved in the
enhancing of MAPK1/MAPK3 activation and the AKT signaling cascade.> These signaling pathways have been shown to
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play an important role in AVF maturation. The role of chemokines in AVF maturation has been demonstrated. For instance,
CX3CR1 blockade has been found to reduce VNH/VS formation by decreasing proinflammatory cues.*’ Previous bioinfor-
matics analysis also identified CXCR4 as hub gene for AVF maturation®' This is in agreement with our finding. In summary,
the role of CXCR4 in AVF maturation deserves to be further investigated.

Conclusion

Due to the unique Two-stage AVF creation surgeries, which allow for the acquisition of preoperative native vein and
postoperative 30-day AVF samples from the same individual and anatomical location, clinical physicians can obtain
native veins, failed AVFs, and matured AVFs. These samples are highly valuable for investigating factors influencing
AVF maturation. We collected the high-throughput sequencing results from these samples and conducted a series of
experiments using bioinformatics methods. Additionally, we partially validated our findings using clinical samples. In
conclusion, our findings indicate significant differences in immune-related genes and immune cell infiltration between
failing and mature AVFs. We have identified three immune-related genes and several immune cell types that potentially
predict AVF maturation outcomes. Our study also suggests that immunity and inflammation may play a more important
role in AVF maturation than is currently recognized.
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