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Objective: Impaired immune system characterized by low-grade inflammation is closely associated with kidney chronic kidney
disease (CKD) progression. To reveal the alterations of the function, component, and intercellular communication of immune cells
during the progression of CKD.

Patients and Methods: We conducted a case-control study enrolling regular hemodialysis patients and healthy controls. Clinical
data, serum and peripheral blood mononuclear cell (PBMC) samples were collected. Flow cytometry and single-cell RNA sequencing
were performed to quantitatively analyze the immune cell subsets and T-cell subsets of PBMCs. scRNA data of GSE140023
containing mouse unilateral ureteral obstruction (UUO) models were analyzed the heterogeneity of immune cells.

Results: Overall reduction in peripheral blood lymphocyte subsets in patients with end-stage renal disease (ESRD) was observed.
A higher ratio of Th17/Treg, Th1/Treg, and b-cell/Treg in the ESRD group was associated with a decrease in eGFR, PTH, and ferritin.
Among T cell subsets identified by scRNA analysis, Th17 cells were significantly increased in the ESRD and UUO group. TFH, Thl,
and Th2 cells are located at the final stage in the developmental tree, while Treg and memory CD8+ T cells are at the beginning site.
Early developmental differentiation of Th17, Thl, and Tth cells was observed in the ESRD and UUO group. Analysis of intercellular
communication between t-cell subpopulations identified two major input and output signaling pathways: the CD40 and macrophage
inhibitory factor (MIF) pathways. The MIF signaling pathway primarily mediates intercellular communication among th17 effects,
CD8+ t-cell, and Th17-Treg in the ESRD group, the serum level of MIF showed significant upregulation, which was closely related to
Th17/Treg cells.

Conclusions: A global immune imbalance was closely associated with the deterioration in renal function and complication
development. The MIF signaling pathway mediates Th17/Treg communication and promotes the trans-differentiation of Treg cells
to Th17 cells in CKD progression.
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Introduction

The prevalence of chronic kidney disease (CKD) has increased rapidly in the last few decades, affecting more than
800 million people worldwide and accelerating cardiovascular disease progression.! CKD refers to the markers of kidney
damage or decreased glomerular filtration rate (GFR) persisting for >3 months according to the Kidney Disease
Improving Global Outcomes (KDIGO) guidelines.” End-stage renal disease (ESRD) is synonymous with stage 5
CKD, defined as GFR < 15 ml/min. It has been reported that impaired immune system characterized by low-grade

inflammation is closely associated with kidney progression.’ During CKD progression, this impairment occurs in both
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innate immunity and adaptive immunity, leading to infections, poor vaccine response, atherosclerosis-associated cardi-
ovascular diseases, ete.t

To date, the potential mechanism underlying immune dysfunction related to CKD has been widely investigated.
Oxidative stress, accumulated uremic toxins and inflammatory cytokines, and other endogenous molecules can serve as
damage-associated molecular patterns (DAMPs) or pathogen-associated patterns (PAMPs) to activate pattern recognition
receptors (PRRs) on innate immune cells, which can regulate the innate immune response and the interaction between
antigen-presenting cells (APCs) and adaptive immune cells, reducing tissue damage.”

Although an increase in studies has revealed the potential mechanisms underlying immune dysfunction during CKD
progression, there are still many significant components that need to be clarified, such as the machinery of T-cell
phenotype switching and the plasticity levels of different subsets. In this study, we investigated the immune cell
composition, function, and interaction with other cells during the ESRD period, especially CD4+ T-cell plasticity and
the involved signaling pathways and mediators, which could be potential therapeutic targets for preventing CKD
progression and complications.

Materials and Methods
Ethical Approval and Consent

This study was performed in accordance with the International Ethical Guidelines for Human Research as stated in the
Declaration of Helsinki. The medical ethics committee of the Second Hospital of Shanxi Medical University for human
studies approved this study (ID: 2023YX (098)). All the participants were issued informed written consent.

Study Design and Clinical Data Collection
In this case—control study, 14 male and 6 female ESRD patients who underwent standard hemodialysis at the Department
of Nephrology, Second Hospital of Shanxi Medical University, were enrolled. Twenty healthy volunteers who were sex-
and age-matched to ESRD patients comprised the healthy control group. All the participants were involved between
June 1, 2022, and September 1, 2022. ESRD patients were required to meet the following inclusion/exclusion criteria.
Inclusion criteria: ESRD patients receiving standard hemodialysis (HD) with arteriovenous fistulas (AVFs) for 5-10
years; the cause of kidney damage was primary kidney disease or diabetic nephropathy; and the discontinuation of
corticosteroid and immunosuppression therapy for at least 1 year. Exclusion criteria: infection, tumor (including
parenchymal tumor and hematological system tumor), autoimmune disease, acute infection, and other diseases; vaccina-
tion for COVID-19, influenza, and other viruses in the past 3 months; and an unwillingness or inability to cooperate due
to individual reasons.

Demographic information, clinical and laboratory examination data, and medication history were collected. The basic
information and characteristics of these participants are summarized in Table 1. All samples were taken from patients
before dialysis.

Lymphocyte Subset Quantification

Peripheral blood samples were collected before dialysis and processed by flow cytometry after 2 hours. Lymphocyte
subset quantification was performed by using a BD multi-test 6-color TBNK reagent kit (BD, 662967, CA, USA).
Briefly, 50 pl of fresh anticoagulant blood was labeled with 6-color TBNK cocktails including CD3/CD8/CD45/CD4
antibodies for 15-20 mins. After loading 450pul of lysis buffer, samples were analyzed with BD CANTO II flow
cytometry by BD FACS Canto Software for at least 15,000 cells per sample.

CD4+ T-Cell Subset Quantification

Peripheral blood samples were collected into heparin anticoagulant tubes before dialysis. Two hundred microliters of cell culture
medium (HyClone, SH30809.01) was added to blood samples in equal volumes. Ten microliters of cell stimulation cocktail
(TONBO biosciences, TNB-4975-UL100) diluted 10-fold with cell culture medium was added before a 5-hour incubation at 37
°C. Then, 100ul of the incubated samples was added into tubes A and B. The CD4+ T-cell subsets were characterized through
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Table | Clinical and Medical Characteristics of Patients with ESRD and Healthy Controls

Characteristic” ESRD (N=20) Healthy Control (N=20) P value
Mean Standard Mean Standard
Error Error

Age (Years) 56.3 12.43 58.67 2.57 0.43
Gender, Male (%) 14 (70) 14 (70) 0.69
Primary Kidney Damage

Primary Kidney Disease, N (%) 12 (60)

Diabetic Nephropathy, N (%) 8 (40)
Complication

Hypertension, N (%) 19 (95) 0

Diabetes Mellitus, N (%) 8 (40) 0
WBC (*10%/L) 6 0.45 5.64 0.31 0.11
RBC (¥10'%/L) 3.69 0.13 6.12 0.33 0.00
HB (g/L) 110.85 3.95 130 6.23 0.0l
PLT (¥10°/L) 139.5 8.9 258.83 14.42 0.28
LYM (¥10°/L) 1.05 0.08 2.46 0.18 0.03
MON (*10°/L) 0.36 0.02 0.72 0.09 0.00
NEU (*10%/L) 441 0.4 5.43 0.29 0.13
ALT (U/L) 16.43 2.94 28.62 271 0.50
AST (U/L) 15.67 233 20.92 2.13 0.41
ALB (g/L) 39.17 0.84 44.75 2.07 0.0l
BUN (mmol/L) 22.65 1.34 5.95 0.24 0.01
Crea (umol/L) 851.26 44.68 64.67 2.25 0.00
UA (umol/L) 399.68 25.98 3215 17.43 0.03
K (mmol/L) 5.45 0.2 4.04 0.1 0.03
Na (mmol/L) 137.59 0.5 144.58 0.88 0.02
Cl- (mmol/L) 102.13 0.77 110.67 1.73 0.03
Ca (mmol/L) 22 0.05 2.46 0.05 0.62
P (mmol/L) 2.14 0.14 1.3 0.06 0.04
Serum Iron (umol/L) 13.94 1.33 20.83 0.81 0.14
Serum Total Iron Binding Capacity (umol/L) 51.86 2.84 58.19 2.63 0.03
Parathormone (pg/ml) 389.52 80.31 44.1 5.28 0.00
Ferritin (ng/ml) 310.58 163.41 1335 17.43 0.04
eGFR (ml/min*1.73m?) & 7.56 0.85 101.18 1.06 0.00

Notes: #eGFR = 175 x Scr-1.234 x age-0.179[if female, x 0.79](eGFR was calculated with an equation developed by adaptation of the
Modification of Diet in Renal Disease (MDRD) equation on the basis of data from Chinese chronic kidney disease patients.
Abbreviations: #N, Number; U, unit; L, liter; g, gram; ml, milliliter; ng, nanogram; mmol, millimole; nmol, nanomole;umol, micro mole; ng,
nanogram; pg, picogram; min, minute; WBC, white blood cells; RBC, red blood cells; HB, hemoglobin; PLT, blood platelets; LYM, lymphocytes;
MON, monocytes; NEU, neutrophils, ALT, Alanine transaminase; AST, glutamic oxalacetic transaminase; ALB, albumin; BUN, urea nitrogen;
Crea, Creatinine; K, potassium; Na, sodium; CI”, chlorine; Ca, Calcium; P, phosphorus; eGFR, estimated glomerular filtration rate.

their corresponding phenotypes of CD markers and cytokines. The following antibodies were used for Th1/Th2/Th17 subsets:
APC-conjugated anti-IFNy, PE-conjugated anti-IL4, PE-conjugated anti-IL17A, and FITC-conjugated anti-CD4.

For Treg subset quantification, an 80ul anticoagulant blood sample was incubated with FITC-conjugated anti-CD4
and APC-conjugated CD25 antibodies for 30 mins at room temperature and vortexed with 1 ml fresh fixation/
permeabilization (Thermo Fisher Scientific, 00-5123-43). The samples were incubated with PE-conjugated Foxp3
antibodies for 30 mins, washed with PBS solution and processed for analysis.

Peripheral Blood Mononuclear Cell (PBMC) Isolation and Sample Pooling
Ficoll-Paque density gradient centrifugation was applied for PBMC isolation. Dead cells were removed using a Miltenyi
® Dead Cell Removal Kit (MACS, 130-090-101). Cell viability above 85% was required for scRNA sequencing using
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a Countess II Automated Cell Counter. The PBMCs were diluted to a concentration of 1¥10° cells/mL with sorting
buffer. The 20 cellular suspensions from patients and controls were separately pooled with an equal volume.

Data Source and Data Pre-Processing

Single-cell sequencing data from the GEO database, containing four samples of mouse single-cell sequencing data in
GSE140023 (control group, UUO2-day model group, UUO7-day model group, and rUUO model group). Of note, each
sample contained single-cell suspension of the renal cortex of 3 mice in the same group. UUO model constructed following
the methods below: 8-week-old male C57BL/6JOlaHsd mice (Enviago) were laparotomized, the left ureter was separated,
and the distal and proximal bladder were ligated twice with 6/0 black woven silk thread. In reversible ureteral obstruction
model, silicone rubber tubes were placed around the ureter immediately adjacent to the ligation to prevent overexpansion.
After 7 days of obstruction, the ureter was again anastomosed into the bladder and the peritoneum and skin were sutured.

Single Cell Library and Sequencing

Single-cell suspensions were loaded onto 10x Chromium to capture 5000 single cells according to the manufacturer’s
instructions for the 10X Genomics Chromium Single-Cell 3” kit (V3). The following cDNA amplification and library
construction steps were performed according to the standard protocol. Libraries were sequenced on an Illumina NovaSeq
6000 sequencing system (paired-end multiplexing run, 150 bp) by LC-Bio Technology Co., Ltd. (Hangzhou, China) at
a minimum depth of 20,000 reads per cell.

General Analyses of scRNA-Sequence Data

Single-cell transcriptome analysis was performed for peripheral blood mononuclear cells (PBMCs) from 20 healthy
individuals and 20 PT patients. In brief, data were analyzed using “Seurat” v4.1.1 in R.”® Genes that were detected in
fewer than 10 cells were removed. Regarding cell quality control, cells meeting the following criteria were filtered: 1) the
percentage of mitochondrial genes was greater than 5%; 2) the number of feature genes was less than 500; and 3) the
number of read counts was less than 1000 or more than 20,000. A two-dimensional uniform manifold approximation and
projection (UMAP) plot was used for the visualization of the gene expression similarity among all cells. Differentially
expressed genes between clusters were calculated using the Wilcox test, with the prerequisite that genes were expressed
in at least 50% of cells in either of the two groups.

Cell Annotation and T-Cell Subset Analysis

In this study, the computational tool “singleR” was used to annotate cell clusters based on comparing annotated reference
data with selected marker genes that best differentiate cell phenotypes.® In addition, manual annotations based on rich
biological background knowledge were also performed. Clusters with the same phenotype were combined into a cluster.
Subsequently, T cells were extracted individually for reclustering. The annotation of T-cell subsets relied on classic T-cell

markers. Trajectory analysis was conducted by Monocle v2.24.1."°

Cell-Cell Communication Analysis

To study the strength of intercellular communication between different T-cell subtypes and to determine the expression of
vital signals and ligand receptors, we applied the R package “CellChat” (version 1.1.3) to all identified T-cell subtypes.''
We also compared the differences in communication strength, signaling, and ligand receptors between normal individual-
derived T cells and PT-derived T cells.

Enzyme-Linked Immunosorbent Assay
The macrophage inhibitory factor (MIF) level in the serum was measured by enzyme-linked immunosorbent assay
(ELISA) (Beyotime, No: PM715) following the manufacturer’s instructions.
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Statistical Analysis

All statistical analyses were conducted using SPSS v23.0 (IBM Corporation, NY, USA). The quantitative variables
normally distributed are shown as the mean + standard deviation (SD), and the categorical variables are shown as
frequency and percentages. Significant differences between the groups were tested by the y2 test or Fisher’s exact test.
P < 0.05 was considered statistically significant. Pearson’s correlation analysis was conducted to estimate the association

between immune cell alterations and renal function.

Results

The General Characteristics of ESRD Patients Showed Significant Alteration in Both
Cell Composition of Peripheral Blood and Serum Component Compared to That of
Healthy Controls

The demographic information, clinical and laboratory examination data, and medication history of 20 ESRD patients and

healthy controls are shown in Table 1 and Supplementary Data 1.1. The sex and age of the two groups were matched. The

average ages were 56.30+£12.43 and 58.6742.57 years, respectively. Fourteen males were included in each group. The
primary causes of kidney damage in the ESRD group were primary kidney disease and diabetic nephropathy. Nineteen
out of 20 ESRD patients were complicated with hypertension. ESRD patients showed significant anemia, fewer
lymphocytes and monocytes, and hypoproteinemia, which were consistent with previous studies.'? Although the number
of platelets and neutrophils in ESRD patients was not significantly different (P = 0.28, P = 0.13), ESRD patients showed
an observable reduction. As previously reported, uremic toxins and other molecules generated and accumulated during
kidney dysfunction could impair the proliferation and differentiation of hematopoietic stem cells and thus result in
a global reduction in blood cells."> Electrolytes also exhibited significant dysregulation during ESRD, such as an
upregulation of potassium and phosphorus and a downregulation of sodium, chlorine, and calcium. Of note, despite
a significant reduction in serum albumin, the serum assay showed no significant change in ALT or AST in ESRD patients.
As the kidney maintains important endocrine function by producing vitamin D and erythropoietin (EPO), we also
collected data on serum EPO levels in our research. Compared with healthy controls, ESRD patients showed a significant
reduction in EPO, indicating an impairment of the endocrine function of the kidney during ESRD. According to previous
studies, iron metabolism dysregulation is related to the prognosis of ESRD patients. Iron overload and impaired iron
utilization have been previously identified in CKD patients. Our data also identified insufficient transferrin and total iron-

binding capacity as well as upregulated ferritin in ESRD patients’ serum assays.

ESRD Patients Showed a Global Reduction in Cell Counts of Lymphocyte Subsets in
Peripheral Blood, Especially That of T Lymphocytes

The composition and absolute number of T and B lymphocyte subsets are important indices to evaluate immune status.
As shown in Table 2, although there was no statistically significant difference in the percentage of total T lymphocytes,
helper T (Th) cells, and cytotoxic T cells (Ts) in the ESRD group compared with the healthy control group (P=0.12,
P=0.68, P=0.16), the absolute counts of these subsets were significantly decreased in the ESRD group, especially that of
T lymphocytes. Compared with the healthy control group (1474.41+64.41/uL), the number of total T lymphocytes in
ESRD patients decreased significantly (877.84+68.13/uL). Of note, although the percentage of Th cells and cytotoxic
T cells showed no significant change, the Th/Ts ratio decreased in the ESRD group, indicating immune dysfunction in
ESRD patients. The B lymphocyte percentage of ESRD patients showed a significant reduction compared with that of
healthy controls (P =0.00), which may result in vaccine failure during the COVID-19 pandemic and a high HBV
infection rate in the CKD population.” Meanwhile, the number of NK cells in ESRD patients (211.60+21.82 cells/uL)
was significantly lower than that in the healthy control group (453.68+75.30 cells/uL), suggesting decreased antitumor

and anti-infection abilities in ESRD patients.

Journal of Inflammation Research 2023:16 hetps: 4981

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=424911.docx
https://www.dovepress.com
https://www.dovepress.com

Zhang et al Dove

Table 2 Lymphocyte Subsets Detection

Index* ESRD (N=20) Healthy Controls (N=20) t P. value
Mean Standard Mean Standard
Error Error

Total T lymphocytes (CD3+CD19-) /uL 877.84 68.13 1474.41 64.41 —6.33 0
Total T lymphocytes (CD3+CD19-) (%) 72.44 2.25 67.71 1.86 1.6 0.12
Total B lymphocytes (CD3-CD19+) /uL 88.96 13.61 296.05 41.14 —4.99 0
Total B lymphocytes (CD3-CDI19+) (%) 745 0.99 12.11 1.43 -2.73 0.0l
Th cells (CD3+CD4+) /uL 501.5 38.98 853.89 39.94 —6.31 0
Th cells (CD3+CD4+) (%) 41.81 1.94 40.7 1.81 041 0.68
Ts cells (CD3+CD8+) /uL 352.56 44.14 517.04 38.92 -2.77 0.01
Ts cells (CD3+CD8+) (%) 28.52 2.13 24.54 1.75 1.43 0.16
Th/Ts 1.63 0.14 1.83 0.15 —0.96 0.04
NK cells (CD3-/CD16+CD56+) /uL 211.6 21.82 453.68 753 -3.23 0
NK cells (CD3-/CD16+CD56+) (%) 18.87 2.12 18.56 227 0.1 0.92
Total cells (T lymphocytes, B lymphocytes and NK cells) /uL 1192.43 69.11 2236.65 151.04 -6.5 0
Total cells (T lymphocytes, B lymphocytes and NK cells) (%) 98.76 0.16 98.38 0.26 1.3 0.2

Abbreviations: *Th cells, T helper cells; Ts cells, T cytotoxicity cells; NK cells, natural killer cells.

The Th17/Treg, Thl/Treg, and B-Cell/Treg Cell Ratios Were Significantly Increased in
the ESRD Group, Which May Contribute to the Impairment of Immune Homeostasis
During Kidney Dysfunction

Many studies have shown that T-cell-mediated immune imbalance plays an important role in the progression of kidney
disease. Our data showed that the absolute T lymphocyte count and Th/Ts cell imbalance were prominent manifestations
of peripheral blood immune function imbalance in patients with ESRD. To clarify the distribution and functional status of
T-cell subsets in the PBMCs of ESRD patients, the CD4+ T-cell subsets of PBMCs were quantitatively analyzed in the

two groups. As shown in Table 3, although there was no significant difference in absolute counts, the percentages of
proinflammatory T-cell subsets such as the Thl subset (20.93+1.74%) and Th17 subset (20.93+1.74%) in ESRD patients

Table 3 CD4+T Cell Subsets Detection

T cell subset* ESRD (N=20) Healthy Control t P. value
Mean Standard Mean Standard
Error Error
Thl (IFN-y) (%) 20.93 1.74 12.29 1.01 4.18 0
Th2 (IL-4) (%) 1.75 0.12 1.42 0.11 1.96 0.06
Th17 (IL-17) (%) 2.17 0.31 1.33 0.12 2.44 0.02
Treg (CD25+FOXP3) (%) 3.64 0.29 3.86 0.25 0.45 0.0l
Thl (IFN-y) /uL 101.42 11.47 105.62 10.33 -0.27 0.79
Th2 (IL-4) /uL 8.88 1.07 11.86 0.8 -2.19 0.05
Th17 (IL-17) /uL 10.49 1.83 11.25 1.08 -0.35 0.73
Treg (CD25+FOXP3) /uL 17.3 1.39 29.48 2.64 —4.2 0
Th1/Th2 12.65 1.14 9.22 0.8 241 0.02
Th17/Treg 0.65 0.1 0.41 0.04 2.24 0.03
Thl/Treg 6.62 0.91 4.01 0.41 2.52 0.02
Th2/Treg 0.55 0.06 0.44 0.04 1.4 0.17
B cell/Treg 5.51 0.8 9.69 1.04 -3.22 0
NK cell/Treg 14.13 1.94 16.46 2.67 -0.72 0.48

Abbreviations: *Th, helper T cell; Treg, Regulatory T cell; IFN-y, interferon y; IL-4, interleukin-4; IL-17, interleukin-17; CD25,
Cluster of Differentiation 25; FOXP3, fork head box P3.
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were significantly higher than those in the healthy control group. The Th2 subset did not change significantly. Notably,
the absolute count (17.30+1.39) and percentage (3.64+0.29%) of the Treg subset, the only subgroup negatively
controlling the inflammatory response, were significantly reduced compared with those in the control group (29.48
+2.64, 3.86+0.25%). According to our results, the Th17/Treg, Th1/Treg, and B-cell/Treg cell ratios were significantly
increased in the ESRD group, suggesting that the inhibitory effect of Treg cells on proinflammatory Thl and Thl7
subgroups and humoral immunity was weakened in ESRD patients.

An Imbalance of Immune Cell Subsets in PBMCs Was Closely Associated with

Deterioration in Renal Function and Complication Development

To investigate the relationship between renal function deterioration and the alteration of immune cell subset composition
and function in PBMCs, especially the Th17/Treg and Thl/Treg ratios, we analyzed the correlation between immune
function and immune cell subpopulation and glomerular filtration rate, parathyroid hormone levels and ferritin. Of note,
secondary hyperparathyroidism and infection were two of the main complications of ESRD, leading to adverse
prognosis. Previous studies identified that PTH and ferritin could partially represent the severity of these two complica-
tions. The results in Table 4 indicated that 1) the absolute count of Th2 cells was negatively correlated with eGFR (r =
—0.458, p =0.05), while the counts of other immune cells and eGFR were not statistically related; 2) the Th17/Treg ratio
was positively correlated with glomerular filtration rate (r = 0.492, p =0.03; r = 0.672, p =0.01); 3) the level of PTH was
positively correlated with the absolute count and percentage of Th cells (r = 0.669, p =0.00; r = 0.557, p =0.01); 4) the

Table 4 Correlation Analysis of Immune Cell Imbalance and Kidney Dysfunction

Index eGFR PTH Ferritin
r Pvalue r Pvalue r Pvalue

Total T lymphocytes (CD3+CD19-) /uL 0.13 0.59 0.38 0.1 0.52 0.05
Total T lymphocytes (CD3+CD19-) (%) —0.01 0.97 0.18 0.45 0.13 0.66
Total B lymphocytes (CD3-CD19+) /uL 0.09 0.7 —0.09 0.7 0.582* 0.03
Total B lymphocytes (CD3-CD19+) (%) 0.02 0.95 —-0.29 0.21 0.3 0.3
Th cells (CD3+CD4+) /uL —0.02 0.93 0.669%* 0 0.34 0.23
Th cells (CD3+CD4+) (%) —0.11 0.65 0.557* 0.01 —-0.17 0.55
Ts cells (CD3+CD8+) /uL 0.21 0.39 0.02 0.94 0.535% 0.05
Ts cells (CD3+CD8+) (%) 0.07 0.76 —0.24 0.31 0.36 0.21
Th/Ts 0.11 0.67 0.45 0.05 —0.36 0.21
NK cells (CD3-/CD16+CD56+) /uL 0 | 0.22 0.35 —0.14 0.63
NK cells (CD3-/CD16+CD56+) (%) —0.02 0.95 —0.06 0.8l —0.32 0.27
Total cells (T lymphocytes, B lymphocytes and NK cells) /uL 0.15 0.53 0.43 0.06 0.574* 0.03
Total cells (T lymphocytes, B lymphocytes and NK cells) (%) —0.24 031 —0.06 0.81 —0.11 0.7
Thl (IFN-y) (%) 0.1 0.67 -0.23 0.33 0.744%* 0
Th2 (IL-4) (%) —0.458* 0.05 0.16 0.51 0.612* 0.02
Th17 (IL-17) (%) 0.37 0.12 0.09 0.71 —0.33 0.24
Treg (CD25+FOXP3) (%) —0.12 0.63 -0.22 0.35 —0.38 0.18
Thl (IFN-y) /uL 0.03 0.89 0.25 0.29 0.863** 0
Th2 (IL-4) /uL —0.24 0.33 0.581** 0.01 0.645% 0.0l
Th17 (IL-17) /uL 0.31 0.2 0.34 0.14 —0.21 0.47
Treg (CD25+FOXP3) /uL —0.05 0.85 —0.467* 0.04 -0.2 0.5
Thl/Th2 0.546* 0.02 —-0.29 0.22 0.03 091
Th17/Treg 0.492* 0.03 0.09 0.71 —-0.21 0.47
Thl/Treg 0.672* 0.01 —0.08 0.75 0.789** 0
Th2/Treg -0.23 0.34 0.16 0.5 0.766** 0
B cell/Treg 0.09 0.72 —0.25 0.29 0.738%* 0
NK cell/Treg 0.11 0.64 —0.14 0.57 —0.04 0.89

Notes: *P <0.05; **P<0.01.
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PTH level was negatively correlated with the absolute count of Treg cells (r = —0.467, p =0.04); 5) ferritin was positively
correlated with the total B lymphocyte count (r = 0.582, p =0.03) and the Treg cell count (r = 0.582, p =0.03); and 6)
ferritin was positively correlated with the percentage and absolute count of Thl and Th2 cells.

Among Nine T Cell Subsets Identified by scRNA Analysis, the Proinflammatory T-Cell
Subset, Th17 Cells, Were Significantly Increased in the ESRD Group, While Naive
CD4+ and CD8+ T Cells Were Decreased During Kidney Dysfunction

A schematic overview of the single-cell RNA sequencing analysis is shown in Figure 1A. Briefly, PBMCs were extracted
from the remaining samples of 20 ESRD patients and 20 healthy controls enrolled in our study. Equal cell counts of each
sample were pooled for further analysis in both groups. The two groups of samples obtained 9560 and 10,991 qualified
cells, respectively, for analysis. After screening out unqualified cells and genes, a total of 20,551 cells were obtained from
the two groups, among which 31,723 genes were obtained from the ESRD patient group (PT) and 31,755 genes were
obtained from the healthy control group (NC). By using an unsupervised cluster algorithm (Supplement Figure 1) and

marker genes of each group (Supplementary Data 1.2), cells were re-annotated as T cells, monocytes, B cells, NK cells, and

multipotent myeloid progenitor cells (CMPs) by “SingleR”, as shown in Figure 1B and C. Successful validation of these
clusters was validated by marker genes (Figure 1D). The most abundant cell type in both groups was T cells, while CMP
cells had the least number of cells (Supplementary Table 1). As shown in Figure 1E, the percentages of B cells and T cells

were significantly lower in ESRD patients than in healthy controls, while the percentages of monocytes and NK cells were
increased in ESRD patients, indicating the impairment of both innate and adaptive immunity during kidney dysfunction.
Since we identified alterations in the composition and functions of T-cell subsets by flow cytometry, we extracted T cells
separately and re-clustered them automatically by “SingleR” into 12 clusters (Figure 2A and B). Subsequently, we identified nine
canonical T-cell subsets according to previously reported marker genes (Figure 2E, Supplementary Data 1.3 and Supplementary
Table 2), including Th1, Th2, Th17, TFH, Treg, naive CD4+ T, naive CD8+ T, effector CD8+ T, and memory CD8+ T cells, as
shown in Figure 2C and D. The percentage of each cluster shown in Figure 2D indicated that the proinflammatory T-cell subset,

Th17 cells, were significantly increased in the ESRD group, while naive CD4+ and CD8&+ T cells were decreased during kidney
dysfunction, indicating the inflammatory microenvironment and the premature aging of the immune system in ESRD.

TFH, Thl, and Th2 Cells Were ldentified in the End Stage of the Developmental
Trajectory, While Treg and Memory CD8+ T Cells Were Identified in the Initiation

Stage According to Pseudotime Cell Developmental Trajectory Analysis

T-cell plasticity refers to the capacity of differentiated T cells to polarize to other phenotypes in response to a changed
microenvironment or context and obtain characteristics of other subsets.'®'* As T-cell plasticity has been identified by many
researchers and has been shown to be closely linked with CKD progression,'* we applied Monocle2 to analyze the pseudotime
cell developmental trajectories of nine T cell clusters, as shown in Figure 3A. We identified three developmental states of T cells
(Figure 3B) and found that TFH, Th1, and Th2 cells were in the end stage of the development trajectory, while Treg and memory
CDB8+ T cells were in the initiation stage (Figure 3C). Notably, Th17 cells were found in the middle stage between Treg and Th1
cells, indicating their role in mediating the plasticity of anti-inflammatory to proinflammatory phenotype switching. Then, we
compared the developmental trajectory alterations in the ESRD and healthy control groups, as shown in Figure 3D. During the
ESRD stage, the development and differentiation of Th17, Thl, and Tth cells were shown in a relatively earlier stage than that in
healthy controls, supporting our hypothesis that T-cell plasticity contributes to CKD progression and Th17 cells may be an
important mediator during this process.

Intercellular Communication Analysis Among T-Cell Subsets Identified Two Main
Incoming and Outgoing Signal Pathways: the CD40 and MIF Signaling Pathways

The intercellular communication of T-cell subsets could facilitate T-cell priming and differentiation, mediating immune
tolerance and the effector immune response.'' To construct a panorama of intercellular communication of T-cell subsets
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in PBMCs, we applied “Cell Chat” to analyze the extracted sc-RNA sequence data of T cells. The overall communication
number and weight among nine T-cell clusters are qualified and visualized in Figure 4A and B. We found that Th17 and
Treg cells showed the strongest interaction with other clusters. Th1l, Th2, and naive CD4+ T cells showed relatively weak
communication. Subsequently, we extracted the communication number of each cluster and found that Th17 cells showed
a strong interaction with Treg and CD8+ T cells, while Treg cells interacted with Th17, memory, and effector CD8+
T cells (Figure 4C). To clarify the communication pattern among each cluster and investigate the role of each cell type
and signaling pathway, we explored and calculated the possible value of each ligand—-receptor interaction by identifying
differentially overexpressed ligands and receptors in each cluster. By assuming that all cells act as secreting cells,
outgoing communication patterns were studied. We identified two major patterns incorporating macrophage inhibitory
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factor (MIF) and CDA40 signaling pathways (Figure 4D). Th17 cells were concentrated in Pattern 1, characterized by the
CDA40 signaling pathway, while naive CD8+ T cells, effector CD8+ T cells, and Treg cells were concentrated in Pattern 2,
characterized by the MIF signaling pathway. When considered as receivers/target cells, Th17 cells, naive CD8+ T cells,
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effector CD8+ T cells, and Treg cells were concentrated in Pattern 1, while TFH cells were related to Pattern 2. In brief,
we identified MIF and CD40 as two major intercellular communication patterns involved in T-cell communication.

The MIF Signaling Pathway Facilitated Intercellular Communication Between
Th17-Treg Interactions in PBMCs

To investigate the specific role in different clusters of MIF and CD40 signaling pathways, we analyzed the detailed
information of each pathway. The MIF pathway contained two types of ligand-receptor pairs: MIF-(CD74+CXCR4) and
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MIF-(CD74+CD44). According to the calculation based on gene expression, MIF-(CD74+CXCR4) showed a higher
contribution to intercellular communication (Figure 5A). The heatmap indicated that Th17 cells and Treg cells were two
major senders in the MIF signaling pathway network and that effector CD8+ T cells and Treg cells were important
receivers. Of note, Treg cells showed strong activity acting as senders, receivers, mediators, and influencers in the
network, indicating a vital role of the MIF pathway in the maintenance of immune tolerance and anti-inflammation. Since
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visualized the interaction strength among T cell subsets.
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Th17 cells are the most important transmitters in the MIF network, we further analyzed the communication strength of
the MIF signaling pathway among different T-cell subsets. As shown in Figure 5C, we found that the MIF signaling
pathway had strong activity mediating Th17-effector CD8+ T cells and Th17-Treg interactions. In addition, when Treg
cells acted as a communication source, the MIF signaling pathway was involved in communication with effector CD8+
T cells and other Treg cells. The hierarchy plot in Figure 5D reveals the interaction strength of two L-R pairs of MIF
signaling pathways. Of note, the Th17-Treg interaction through both L-R pairs showed the strongest activity. Briefly, our
results showed that the MIF signaling pathway showed the most energetic activity in intercellular communication among
T-cell subsets in PBMCs, especially in Th17-Treg interactions.

Since we identified two patterns involved in cell-cell communication, including MIF and CDA40 signaling pathways,
we also applied the same detailed analysis to unravel the potential function of CD40 signaling pathways. As shown in
Supplementary Figure 2, the only L-R pair of this pathway was CD40LG-(ITAG2B+ITAGB3), which facilitated only the
interaction between Th17 and TFH cells.

The MIF Signaling Pathway Was the Major Pathway That Facilitated Intercellular
Communication Between Th17 and Treg Cells in the T-Cell Subset of PBMCs

The panorama of intercellular communication was investigated in our aforementioned analysis. We further clarified the
differences in intercellular communication patterns between ESRD patients and healthy controls to explore the potential
mechanism between T-cell subset interactions and CKD progression. As shown in Figure 6A, we found that although the
number of inferred interactions increased in ESRD patients (PT), the strength of the interaction showed a decreasing
trend. Then, we compared the information flow between the ESRD group and healthy controls (Figure 6B and C). In
ESRD patient PBMCs, the information flow of interleukin 16 (IL16) and CD40 signaling was significantly stronger than
that in healthy controls, and the relative information flow of interleukin 16, CD40, adhesion G protein-coupled receptor
E5 (ADGREY), C-type lectin domain (CLEC), MIF, CD99 and major histocompatibility complex-1I (MHC-II) was
elevated in ESRD patients, while that of intercellular adhesion molecule (ICAM), MHC-I and lymphocyte protein
tyrosine kinase (LCK) was weakened. Among all these upregulated signaling pathways, the MIF signaling pathway
showed significant upregulation in ESRD patients (Figure 6D). Combined with our aforementioned development
trajectory analysis, the MIF signaling pathway between Th17 and Treg intercellular communication may mediate the
plasticity of the two clusters and contribute to disease progression.

Serum Levels of MIF Was Significantly Upregulated in ERSD Group, and Closely
Associated with Th17/Treg Imbalance in PBMCs of ESRD Group

Since the MIF signaling pathway has been identified as the main intercellular communication pathway between Th17 and
Treg cells, which was one of the most significantly upregulated information flows in patients with ESRD, we further
clarified the differences in serum MIF concentration and verified the relationship of MIF and immune cell composition,
especially of MIF and the Th7/Treg ratio, in patients with ESRD and healthy controls. Using ELISA, we identified that
serum MIF was significantly upregulated (P<0.001) in ESRD patients (1.24+0.25 ng/ml) compared to healthy controls
(0.61+0.16 ng/ml) (Figure 7). Further correlation analysis in Table 5 clarified that the absolute counts of Th17 cells and
the Th17/Treg ratio were positively correlated with serum level of MIF (r = 0.325, p =0.02; r = 0.503, p =0.01), while the
percentage of Treg cells was negatively correlated with it (r = —0.231, p =0.015), indicating that MIF may promote the
trans-differentiation of Treg cells to Th17 cells.

T Cells Showed Significant Expansion in Kidney Dysfunction and Th17/Treg Ratio
Showed Significantly Increased in UUO7 and Decreased in rUUO Group

After screening out unqualified cells and genes, a total of 15,016 cells and 28,692 genes were obtained from the four
samples. There were 3491 cells in the rUUO group, 4606 cells in the control group, 2479 cells in the UUO2 group, and
4440 cells in the UUQO7 group. Using an unsupervised cluster algorithm and marker genes of each group, Use “SingleR”
to annotate the cells as proximal tubule cells, macrophages, Henle loops/distal tubules, T cells, monocytes, endothelial
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cells, epithelial cells, collecting tubules, fibroblasts, and B cells (Figure 8A and B). After further analysis of the
components of cell groups in each group, it was found (Figure 8C) that among all parenchymal cell groups, proximal
tubule cells showed a significant alteration, followed by Henle loop/distal tubule cells. Among all immune cells,
macrophages showed the most obvious changes followed by T cells. Since macrophages have been analyzed and studied
in detail in the original article, we focused on the heterogeneity of T cell subsets in different stages of UUO and
reversible UUO models. As shown in Figure 9A, we identified seven T cell subsets, Treg, CD4 memory, CD8 effector,
Tth, Thl, Th17, and CD8 naive T cells, based on the marker genes for each subpopulation. Further analysis showed in
Figure 9A and B, the number of T cell subsets in UUO2 and UUQO7 groups was significantly increased, which may be
related to the proliferation and differentiation of T cells induced by the increase of inflammatory factors in renal
dysfunction. Furthermore, the percentage of T cell subsets indicated that compared with the sham and rUUO group,
the number of both Th17 and Treg cells in UUO7 group was significantly increased compared with sham and rUUO
group indicating the ratio of Th17/Treg may be more meaningful in CKD progression.

Inhibition the Transdifferentiating of Treg into Th17 Was an Important Mechanism for

Promoting Renal Repair

We applied Monocle2 to analyze the pseudotime cell developmental trajectories of seven T cell clusters similar to what we did
in Figure 3. As shown in Figure 9C, we identified three developmental states of T cells (Figure 9C) and found that Thl, Treg,
and Th17 were in the end stage of the development trajectory, while naive CD4+ and CD8+ T cells were in the initiation stage.
Notably, Th17 cells were in the end stage following Treg, indicating the plasticity of anti-inflammatory to proinflammatory
phenotype switching. It is worth noting that the timelines of each cell subpopulation showed a relatively consistent trajectory of
Treg and Th17, suggesting that the mutual transdifferentiation of Treg and Th17 plays an important role in different stages of
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Table 5 Correlation Analysis of Serum Level of MIF and Immune Cell

Imbalance
MIF

r P.value
Total T lymphocyte (CD3+CD19-) /uL —0.087 0.716
CD3+CDI9- (%) 0.079 0.742
Total B lymphocyte (CD3-CD19+) /uL 0.058 0.809
CD3-CDI9+ (%) 0.14 0.557
Th cells (CD3+CD4+) /uL —0.068 0.775
CD3+CD4+ (%) 0.05 0.835
Ts cells (CD3+CD8+) /uL —0.043 0.859
CD3+CD8+ (%) 0.048 0.841
Th/Ts —0.034 0.886
NK cells (CD3-/CD16+CD56+) /uL —0.281 0.23
CD3-/CDI16+CD56+ (%) —0.134 0.575
CD3+CDI19-+CD3-CD19++CD3-/CD16+CD56+ —0.162 0.494
CD3+CD|19-+CD3-CD19++CD3-/CD16+CD56+ (%) 0.197 0.405
Thl (IFN-y) (%) 0.08 0.739
Th2 (IL-4) (%) —0.236 0.315
Thi7 (IL-17) (%) 0.325 0.002
Treg (CD25+FOXP3) (%) —0.231 0.015
Thl (IFN-y) /uL 0.034 0.889
Th2 (IL-4) /uL 0.16 0.513
Th17 (IL-17) /uL 0.358 0.034
Treg (CD25+FOXP3) /uL —0.062 0.004
Th1/Th2 —0.255 0.401
Th17/Treg 0.503 0.001
Thl/Treg 0.839 0.05
Th2/Treg -0.23 0.342
B cell/Treg -0.363 0.127
NK cell/Treg 0.511 0.161

UUO. Consistent with the result in pseudotime cell developmental trajectory analysis of human PBMCs, which was showed in
Figure 9D, in the rtUUO group, T cell subsets showed an obvious tendency to differentiate to Treg, while in the UUO7 group,
T cell subsets showed an obvious tendency to differentiate to Th17 and Thl. It is suggested that inhibiting the transdifferentia-
tion of Treg into Th17 is an important mechanism to reverse the progression of renal dysfunction and promote renal repair.

MIF-Mediated Signaling Pathway is the Primary Mode of Communication Between Treg
and Th17 Cells, Which Was Significantly Enhanced in UUO Model but Significantly
Weakened in rUUO Group

Consistent with the results of single-cell sequencing of human PBMCs, MIF is the main communication mode between
Th17 and Treg in mouse UUO and rUUO models (Figure 10A). We found that MIF, as a ligand, combined with CD74
+CD44, mediated the signaling pathway of MIF communication in mouse UUO and rUUO models. By analyzing the signal
strength among subpopulations in the MIF communication network (Figure 10B), it was found that Treg cells and Th17
could be used as signal transmitters and receivers respectively through the MIF-CD74 +CD44 signaling pathway to conduct
intercellular communication, thus affecting their functional status and differentiation, which was consistent with our
previous analysis results in PBMCs. In order to further clarify the effect of MIF-mediated intercellular communication
on reversing renal fibrosis, we further compared the intercellular communication of T cell subsets in the mouse UUO model
and the reversible UUO model at 7 days after modeling (Figure 10C), and found that MIF, C-X-C motif chemokine ligand
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(CXCL), intracellular adhesion molecule (ICAM), and collagen signaling pathways were significantly enhanced in the UUO
group, especially the MIF signaling pathway was significantly increased while interleukin 16 (IL-16), programmed cell
death ligand 2 (PDL2), differentiation cluster 226 (CD226), PVR cell adhesion molecule, cadherin 1 (CDH1), cadherin
(CDH), and proto-oncogene LCK were significantly elevated in rtUUO. Further analysis in Figure 10C showed that in the
rUUO group, the MIF pathway was too weak to make corresponding diagrams, while in the UUO7 group the MIF signaling
pathway had the strongest effect, suggesting that the MIF signaling pathway can induce Th17/Treg imbalance by mediating
Th17/Treg intercellular communication and thus effectively reverse kidney injury.

Discussion

Recently, increasing evidence has indicated that immune dysfunction is one of the key factors related to CKD initiation
and progression, which has been termed secondary immunodeficiency related to kidney disease (SIDKD).'> Immune
dysregulation/dysfunction occurs at the early stage of CKD and plays a vital role in the occurrence of complications, such
as infections and adverse cardiovascular events. Monitoring immune function regularly is of great significance in
evaluating the prognosis of CKD patients and the prevention of complications, which could reduce CKD prevalence
and mortality. In our study, we evaluated routine laboratory test results, immune function, and T-cell subset functions in
the PBMCs of ESRD patients and healthy controls and conducted single-cell RNA sequencing of PBMCs, aiming to
construct a whole picture of the immune system in ESRD. Of note, due to the diversity of the CKD etiology,
pathophysiology, and therapeutic regimens in these patients who were not receiving renal replacement therapy, our
study recruited patients only receiving long-term hemodialysis with at least a 6-month washout period of immune
suppression agents and glucocorticoids.

Innate immunity acts as the first line of defense against foreign pathogens. Innate immune cells, which include
monocytes/macrophages, neutrophils, dendritic cells, and NK cells, can sense pathogen-associated molecular patterns
from stressed or injured tissues through pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs). By
being activated by these PRRs, innate immune cells can recognize pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs) and recruit other immune cells to facilitate the immune response, which
is of important significance in tissue injury and repair.'® Several studies have shown that endogenous cytokines and
chemokines released by injured cells in the kidney could promote oxidative stress and the activation of DAMPs, thus
leading to CKD progression.’ Our data also confirmed the decreased number of monocytes, neutrophils, and NK cells in
PBMCs from patients with ESRD, indicating the existence of innate immune dysfunction during ESRD. Thus, we and
other researchers revealed the impairment of innate immune cell properties, leading to insufficient host defense and
decreased capacity to interact with adaptive immune cells.

During the COVID-19 pandemic, a large proportion of vaccine failures occurred in the ESRD population, indicating
the dysfunction of adaptive immunity among these patients.'”'® In this study, we also clarified the decreased number and
percentage of B cells, which was positively related to the serum ferritin level. Ferritin has been identified as a biomarker
of iron overload, inflammation, and malignancy and is thus associated with uremic cardiomyopathy and elevated all-
cause mortality.'>*° Other researchers demonstrated that decreased Bcl-2 expression and resistance to B-cell-activating
factors in patients on HD contributed to the apoptosis of B cells and the inhibition of B-cell proliferation, leading to the
global suppression of humoral immunity.>' Another important finding in our study was the imbalance of B cells/Treg
cells in patients with ESRD, indicating that humoral immunity was also dysregulated due to the dysfunction of immune
suppression maintained by Treg cells. As another important compartment, T cells also show great changes in both
function and composition during kidney dysfunction. The altered antigen presentation of dendritic cells and monocytes/

222
23 and

macrophages has been identified to suppress T-cell activation and redirect T-cell differentiation in many studies,
uremic toxins, shifts in the cytokine/chemokine context and persistent inflammation due to kidney disease could also
facilitate and participate in this process.'> T cells, especially Th cells, exhibit significant plasticity, which refers to the
capacity to polarize in different directions. Under physiological conditions, naive CD4+ T cells can differentiate/polarize
into several eventually differentiated T helper (Th) subsets under different microenvironments, including Th1, Th2, Th3,
ThS, Th9, TFH, TFH-13, Th17, Treg, Th22 and other T-cell subsets, and exert their roles in the immune response.24

However, under some pathophysiological circumstances, these differentiated T-cell subsets can transdifferentiate into
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other subsets and acquire other phenotypes.>* Among all the T-cell subsets, Th17 and Treg cells have been widely
reported to be the most plastic clusters.”>° A large amount of evidence suggests that an imbalance in the Th17/Treg ratio
plays an important role in kidney disease.”’*® Our results indicated that great alterations in both T-cell subset composi-
tion and function occurred in CKD progression, especially in the ESRD stage, especially in the upregulated Th17/Treg
and Thl1/Treg ratios. Our scRNA-sequencing data obtained through trajectory analysis further identified the early
occurrence of the trans-differentiation of Treg cells into Thl and Th17 cells in both PBMCs from patients with ESRD
and UUO mouse model. Subsequently, we identified the MIF-(CD74+CXCR4) signaling pathway as the predominant
pathway that could facilitate intercellular communication between Th17 and Treg cells. Moreover, the upregulation of
serum MIF positively associated with the Th17/Treg ratio also indicated the participation of MIF in accelerating kidney
dysfunction progression. Other researchers have revealed that in acute kidney injury, crescent glomerulonephritis, and
other kidney diseases, MIF acts as a biomarker of oxidative species and promotes sterile inflammation.?*°

One major limitation of the current study is that a sample size of 20 patients receiving standard hemodialysis (HD)
were included in our research, although we applied strict criterions aiming to the possible factor such as different
hemodialysis access, immune suppression therapy, non-kidney primary disease, and etc., the sample size was still needed
to expanded. Furthermore, carefully designed in vitro and in vivo experimental models are needed to verify the MIF-
(CD74+CXCR4) signaling pathway in the trans-differentiation of Treg cells to Th17 cells. Another limitation is that due
to the biological incompatibility of the dialysis membrane and anticoagulant administration, patients on HD do not
present a complete immune landscape in CKD stage 5. Patients with ESRD on peritoneal dialysis and pre-dialysis
patients should also be recruited to help us to achieve a full understanding of immune dysfunction in CKD progression.

Nevertheless, our findings provide novel insights into the complete picture of immune dysfunction and the role of
MIF-mediated intercellular communication among T-cell subsets in the pathogenesis of ESRD, novel pathways under-
lying immune impairment and new targets for future therapeutic interventions for CKD, ESRD, and their related
diseases.

Conclusion

A global immune imbalance was closely associated with the deterioration in renal function and complication develop-
ment. The MIF signaling pathway mediates Th17/Treg communication and promotes the trans-differentiation of Treg
cells to Th17 cells in CKD progression, providing a potential therapeutic target for preventing CKD progression.
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