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infiltration predicts severe renal
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decline in patients with
diabetic nephropathy
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Lijun Zhao2 and Fang Liu3*

1Department of Pathology, West China Hospital of Sichuan University, Chengdu, China, 2Department
of General Practice Ward/International Medical Center Ward, General Practice Medical Center, West
China Hospital, Sichuan University, Chengdu, China, 3Department of Nephrology, Laboratory of
Diabetic Kidney Disease, Kidney Research Institute, West China Hospital of Sichuan University,
Chengdu, China
Background: More evidence have shown that the combination of immune and

inflammatory mechanism was critical in diabetic nephropathy (DN). However,

the relationship between CD4+ T cells and the development of DN is still unclear.

Therefore, this study will focus on this issue from the perspective

of clinicopathology.

Methods: From September 2019 to December 2022, a total of 112 adult patients

with DN were enrolled in the study. According to the density of CD4+ T cell

infiltration based on immunostaining, the patients were divided into high-CD4

group (56 patients) and low-CD4 group (56 patients). Another 25 diabetic

patients with minimal change disease (non-diabetic nephropathy, NDN) was

reviewed as control group in clinical and molecular analysis. The clinical

parameters, morphological features, and molecular characteristics were

compared. The predictive value of CD4+ T cells for DN prognosis was

also investigated.

Results: DN patients in the high-CD4 group suffered from higher proteinuria and

lower estimated glomerular filtration rate (eGFR) level than those in the low-CD4

group and NDN patients. Renal biopsy in the high-CD4 group presented with

more severe glomerular lesions, higher density of interstitial inflammation, and

more severe tubular atrophy/interstitial fibrosis than in the low-CD4 group.

Multivariate logistic analysis indicated that the density of CD4+ T cell

infiltration could independently predict the severity of tubular atrophy/

interstitial fibrosis. In addition, more severe mitochondrial damage of renal

tubular epithelial cells and a more obvious expression of Bcl6, IL-6, STAT3, and

TGFb1 were observed in DN patients of the high-CD4 group, indicating the

possible mechanism of CD4+ T cells involving the progression of DN.

Multivariate Cox regression analysis revealed that a higher intensity of

interstitial CD4+ T cell deposition remained as an independent predictor of the

double endpoint with doubling of baseline serum creatinine or end-stage

renal disease.
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Conclusion: The high density of CD4+ T cell infiltration was associated with renal

function decline and severity of renal lesions and predicted poor renal survival for

DN patients.
KEYWORDS

diabetic nephropathy, CD4+ T cells, tubular atrophy, interstitial fibrosis,
clinicopathological analysis
Introduction

Diabetic nephropathy (DN) is a chronic kidney disease caused

by diabetic mellitus (DM) and characterized by structural damage

and renal function decline. As the incidence of DM increases

rapidly, the prevalence of DN has been increasing globally (1, 2).

However, no specific treatment is available for DN to prevent the

progression of end-stage renal disease (ESRD) (3). Thus, exploring

new potential risk factors for the long-term prognosis of DN

is important.

Type 2 DM (T2DM)-related DN is a metabolic disorder

essentially that can also manifest as local inflammation of the

kidney, a classic symbol of driving fibrosis and structural

remodeling (4, 5). No clinical intervention was specifically

targeting inflammatory mediators that could delay the

progression of DN (6). Moreover, existing relevant study on the

immune mechanism of DN was focused on oxidative stress, NF-kB,
JAK-STAT pathways, inflammatory cytokines, or immune system-

related pattern recognition receptors signaling pathways (7, 8).

However, relevant clinical research about the role of

inflammatory cells in DN is deficient.

Previous studies had shown that hyperglycemia could promote

the activation and differentiation of T cells, and the combination of

immunology and inflammatory mechanisms could play an essential

role in the development and progression of T2DM (9). Some studies

had shown that CD4+ T cells could promote glomerular damage,

tubulointerstitial inflammatory infiltration, and loss of renal

function in autoimmune glomerular disease (10, 11). Moon et al.

found that the number of CD4+ T cells had increased significantly

in the renal interstitial tissue of T2DM patients and was positively

correlated with proteinuria. Meanwhile, significant CD4+ T cell

infiltration had been observed in the kidneys of diabetic rats (12).

However, the impact of CD4+ T cells on the clinical characteristics,

pathomorphological changes, and long-term prognosis of DN

is unclear.

In this observational cohort study, we will analyze the

clinicopathological features based on the CD4 immunostaining

results and then preliminarily investigate the predictive value of

CD4+ T cell infiltration for renal structural damage and the

prognosis of T2DM patients with DN.
02
Materials and methods

Patient selection

A total of 112 biopsy-proven DN patients with T2DM at West

China Hospital of Sichuan University from September 2019 to

December 2022 were reviewed. In addition, 25 patients with T2DM

but pathologically diagnosed with minimal change disease were

selected as the non-diabetic nephropathy (NDN) group. Patients

with available pathological information were included, and patients

with co-existing nondiabetic renal disease or type 1 DM were

excluded. DN was defined in accordance with the criteria

described by An et al. (13) and was diagnosed by at least two

renal pathologists using Tervaert’s classification system (14).

Indications for renal biopsy were DM with persistent albuminuria

or renal dysfunction, particularly those with sudden-onset overt

proteinuria or hematuria (15).
Clinical and laboratory data collection

Baseline demographic and clinical data were collected from the

electronic medical records at the time of renal biopsy, including age,

sex, smoking status, bodymass index (BMI), blood pressure, duration

of diabetes, and use of renin–angiotensin–aldosterone system

blockade, erythropoiesis-stimulating agent, and statins. Hemoglobin

A1c (HbA1c), blood lipids, blood urea nitrogen, serum creatinine,

uric acid, serum hemoglobin, and serum albumin were measured

using routine laboratory methods with Hitachi 7600 (Hitachi, Tokyo,

Japan). Simultaneously, information on 24-h proteinuria was

obtained using a biochemistry autoanalyzer (CobasIntera 400 Plus,

Roche, Basel, Switzerland). The estimated glomerular filtration rate

(eGFR) was evaluated using the Chronic Kidney Disease

Epidemiology Collaboration formula (16).
Histologic evaluation

The biopsy specimens were processed for light microscopy,

immunofluorescence, and electron microscopy. The paraffin
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sections for light microscopy were stained with hematoxylin and

eosin, periodic acid-Schiff, and Masson’s trichrome stain for

pathologic analysis. The pathological features of DN were scored

according to the basis of the Renal Pathology Society (RPS)

classification (14). In particular, glomerular lesion, tubular

atrophy/interstitial fibrosis, interstitial inflammation, arteriolar

hyalinosis, and arteriosclerosis were assessed and scored

according to the RPS DN classification (14). Renal histological

scoring was determined by three renal pathologists who were

blinded to the clinical data and renal outcomes.
Immunohistochemistry staining

Immunohistochemistry staining was performed using the

EnVision Plus detection system (Dako, Carpinteria, CA, USA) with

positive and negative controls, according to the manufacturer’s

instructions, on 3-mm paraffinized sections of renal tissue.

Immunostaining for CD4 (1:100, A19018; ABclonal) was performed

in all 112 DN patients and 25 NDN patients. Immunostaining for Bcl6

(1:100, 66340-1-LG, Proteintech), IL-6 (1:200, GB11117, Servicebio),

STAT3 (1:100, ab68153, abcam), and TGFb1 (1:100, bs-20411R,

Bioss) was performed in five patients selected randomly from the

high-CD4 group, low-CD4 group, and NDN group, respectively.

Semi-quantitative analysis of immunohistochemical results (%) was

performed using Image J software. Five regions with relatively strong

staining under high-power field (×200) were randomly collected from

each case, and the average relative expression level was calculated. The

DN specimens were divided into high-CD4 and low-CD4 groups by

binary method based on CD4 immunostaining results. All

immunohistochemistry assessments were performed by two renal

pathologists, and they were blinded to the grouping.
Analysis of mitochondrial morphology

Mitochondrial morphology was assessed by transmission

electron microscopy. Up to five images of proximal tubule

epithelial cells per kidney section were randomly collected for

each patient at ×6,000 magnification. The mitochondrial length

and width of all mitochondria within a given image were measured

using Image J, and the aspect ratio (length/width) was calculated

and expressed as mean aspect ratio per patient (17). In addition, the

number of mitochondria within each image was evaluated and

expressed as mean mitochondrial number per patient.
Renal outcomes

All DN patients were regularly followed up for at least 12

months until December 2023. Presence of renal endpoint events,

death, or loss to follow-up was the end of follow-up. The composite

endpoint events of kidney was the doubling of baseline serum

creatinine (D-SCr) level and/or progression to ESRD, which was

defined by e-GFR <15 mL/min/1.73 m2 or commencing renal

replacement therapy (16).
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Statistical analysis

Statistical analysis was performed using SPSS 26.0 software or

GraphPad Prism version 9.5 (GraphPad Software, San Diego, CA,

USA). Normally distributed continuous variables were expressed as

means ± standard deviations (SDs), non-normally distributed

continuous variables were expressed as median (25th–75th

percentiles), and categorical variables were expressed as a number

(percentage). One-way ANOVA with Tukey’s post-test was used to

determine statistical significance among the high-CD4, low-CD4, and

NDN groups where nonparametric data were logarithmically

transformed before analysis. Morphological characteristics and

mitochondrial damage were analyzed to determine the differences

between the high-CD4 and low-CD4 groups using t-test or Mann–

Whitney’s U-test as appropriate. Categorical variables were analyzed

using chi-square test or Fisher’s exact test. Survival curves were generated

using the Kaplan–Meier method, and log-rank test was performed

between the high-CD4 and low-CD4 DN groups. Multivariate Cox

proportional hazards models were used to determine the factors

associated with the risk of reaching composite endpoint of kidney.

The results were expressed as hazard-rate (HRs) with 95% CI. A value of

p <0.05 was considered as a significant difference.
Results

Demographic and clinical characteristics
according to the infiltration of CD4+
T cells at the time of biopsy

The cohort of 112 patients with DN was stratified according to

the immunostaining results of CD4 in biopsied specimens as either

high-CD4 group (n = 56, median semi-quantitative CD4

expression: 24.4%) or low-CD4 group (n = 56, median semi-

quantitative CD4 expression: 7.9%). The infiltration of CD4+ T

cells in the renal tissue of NDN patients (median semi-quantitative

CD4 expression: 4.8%) was significantly lower than that of DN

patients (p < 0.001). The demographic and clinical characteristics of

the patients are displayed in Table 1.

The baseline characteristics of the study population was

presented with no significant differences among the high-CD4

group, low-CD4 group, and NDN patients in terms of sex, age,

smoking status, BMI, diastolic blood pressure, serum uric acid,

serum cholesterol, and treatment. Compared with the NDN

patients and the patients in the low-CD4 group, the patients in

the high-CD4 group suffered from a lower eGFR level (high-CD4:

43.3 mL/min/1.73 m2 vs. low-CD4: 59.6 mL/min/1.73 m2 vs. NDN:

88.8 mL/min/1.73 m2, p < 0.001), a higher degree of proteinuria

(high-CD4: 7.7 g/day vs. low-CD4: 6.7 g/day vs. NDN: 2.5 g/day, p =

0.003), a higher serum creatinine level (high-CD4: 203.9 umol/L vs.

low-CD4: 138.8 umol/L vs. NDN: 86.2 umol/L, p < 0.001), and a

higher urinary-albumin-to-creatinine ratio (high-CD4: 3,383.3 mg/

mmol vs. low-CD4: 2,839.1 mg/mmol vs. NDN: 1,213.2 mg/mmol,

p = 0.007). Significant differences among these three groups were

also found for systolic blood pressure, duration of diabetes, HbA1c,

serum hemoglobin, serum albumin, and serum triglyceride.
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DN patients in the high-CD4 group
presented with severe pathological lesions
and suffered from more severe
mitochondrial damage of renal tubular
epithelial cells

The representative morphological characteristics of light

microscopy are shown in Figure 1. DN patients harbored more

severe interstitial inflammation infiltration and tubular atrophy/

interstitial fibrosis than NDN patients. Consistent with the lower

eGFR and higher proteinuria levels, DN patients in the high-CD4
Frontiers in Immunology 04
group presented with a higher percentage of severe glomerular

injury (RPS grades III and IV, 75% vs. 53.6%, p = 0.007),

severe tubular atrophy/interstitial fibrosis (grades 2 and 3, 78.6%

vs. 42.9%, p = 0.001; mean area %, 39.6% vs. 23.3%, p < 0.001),

severe interstitial inflammation infiltration (grade 2, 87.5% vs.

57.1%, p < 0.001), more arteriosclerosis (grade 2, 48.2% vs. 26.8%,

p = 0.022), and severe arteriolar hyalinosis (grade 2, 78.5% vs.

37.5%, p < 0.001) than DN patients in the low-CD4

group (Table 2).

Univariate logistic regression analyses showed that RPS

glomerular lesion (OR 2.60, 95% CI 1.17–5.79, p = 0.019), tubular
TABLE 1 Clinical characteristics of DN patients grouped accorrding to the results of CD4 immunohistochemistry staining (NDN patients as
control group).

Characteristics
DN patients
(All, n=112)

HIGH-CD4 (DN
patients, n=56)

LOW-CD4 (DN
patients, n=56)

NDN
patients (n=25)

p

CD4 expression, median (IQR), (%) 13.1 (7.9-24.4) 24.4 (18.1-32.5) 7.9 (5.3-10.8) 4.8 (2.4-9.4) <0.001

Age, mean (SD), y 49.2 (9.4) 48.8 (9.5) 49.6 (9.3) 51.4 (9.3) 0.509

Sex, male, n (%) 86 (76.8%) 41 (73.2%) 45 (80.4%) 15 (60%) 0.156

Smoking, Current/Ex/Never, (n) 25/14/73 10/9/37 15/5/36 3/1/21 0.208

BMI, mean (SD), kg/m2 24.7 (3.5) 24.3 (3.6) 25.1 (3.4) 25.5 (4.2) 0.294

SBP, mean (SD), mmHg 143.8 (22.8) 144.6 (23.3) 143 (22.6) 128 (19.3) 0.016

DBP, mean (SD), mmHg 88.6 (14.3) 88.3 (14.1) 88.8 (14.7) 86.1 (12.6) 0.756

Duration of diabetes, median
(IQR), months

120 (60-144) 120 (60-144) 96 (48-144) 88.5 (83.5-93) <0.001

HbA1c, median (IQR), % 7.7 (6.45-9.15) 7.5 (6.45-8.45) 7.95 (5.7-11.2) 6.1 (5.75-7.1) 0.015

Serum Hb, mean (SD), g/dL 115.1 (24.1) 109.7 (24.4) 120.6 (22.8) 139.6 (15.9) <0.001

Serum albumin, mean (SD), g/L 31.9 (6.99) 32.3 (6.5) 31.4 (7.5) 40.5 (9.4) <0.001

eGFR, mean (SD), mL/min/1.73 m2 51.4 (26.6) 43.3 (25.4) 59.6 (25.5) 88.8 (24.9) <0.001

Serum creatinine, mean (SD), umol/L 171.7 (108.3) 203.9 (129.6) 138.8 (67.9) 86.2 (49.2) <0.001

24-h proteinuria, mean (SD), g/d 7.2 (5.96) 7.7 (6.2) 6.7 (5.7) 2.5 (3.3) 0.003

Urinary Albumin to Creatinine Ratio,
mean (SD), mg/mmol

3133.5 (2168.7) 3383.3 (2209.2) 2839.1 (2121.6) 1213.2 (1757.1) 0.007

Uric acid, mean (SD), mg/dL 384.3 (90.1) 383.2 (91.0) 385.3 (90.1) 348.9 (105.7) 0.245

Triglyceride, median (IQR), mg/dL 1.7 (1.2-2.6) 1.7 (1.2-2.4) 1.7 (1.2-2.8) 1.8 (1.1-3.8) 0.031

Cholesterol, mean (SD), mg/dL 5.4 (2.1) 5.3 (2.3) 5.6 (2.0) 5.2 (2.3) 0.674

HDL-C, mean (SD), mg/dL 1.2 (0.5) 1.1 (0.48) 1.2 (0.48) 1.2 (0.48) 0.640

LDL-C, mean (SD), mg/dL 3.4 (1.8) 3.3 (1.9) 3.5 (1.7) 3.0 (1.9) 0.530

RAAS inhibitors, n (%) 64 (57.1%) 31 (55.4%) 33 (58.9%) 14 (56%) 0.925

Statins, n (%) 55 (49.1%) 29 (51.8%) 26 (46.4%) 7 (28%) 0.135

ESA, n (%) 11 (9.8%) 8 (14.3%) 3 (5.4%) 0 (0) 0.058
Data are presented as the mean (standard) for continuous variables with symmetric distribution, median (25th–75th percentiles) for continuous variables with asymmetric distribution, or
percentages for categorical variables.
†Defined by RPS Diabetic Nephropathy Classification.
BMI, body mass index; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate; ESA, erythropoiesis- stimulating agent; Hb, Hemoglobin; HbA1c, hemoglobin A1c; HDL-C, high
density lipoprotein-cholesterol; IQR, interquartile range; LDL-C, low density lipoprotein-cholesterol; RAAS, renin-angiotensin- aldosterone system; RPS, Renal Pathology Society; SBP, systolic
blood pressure; SD, standard deviation.
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atrophy/interstitial fibrosis (OR 4.89, 95% CI 2.13–11.20, p < 0.001),

interstitial inflammation (OR 5.25, 95% CI 2.03–13.61, p = 0.001),

arteriosclerosis (OR 2.55, 95% CI 1.16–5.61, p = 0.021), and

arteriolar hyalinosis (OR 6.11, 95% CI 2.65–14.11, p < 0.001)

were associated with high-CD4 staining. However, the
Frontiers in Immunology 05
multivariate logistic regression analyses showed that only tubular

atrophy/interstitial fibrosis (OR 6.20, 95% CI 1.92–19.98, p = 0.002),

interstitial inflammation (OR 12.38, 95% CI 2.83–54.13, p = 0.001),

and arteriolar hyalinosis (OR 5.51, 95% CI 1.99–15.29, p = 0.001)

were significantly associated with high CD4 staining. In addition,
FIGURE 1

Histological features of the high-CD4 and low-CD4 groups (A–C) and CD4 immunohistochemical results (D–F). The histological features of the
high-CD4 group (A, D) showed heavier interstitial inflammatory cell infiltration, more severe renal tubular atrophy, and interstitial fibrosis than those
in the low-CD4 group (B, E) and non-diabetic nephropathy group (C, F).
TABLE 2 Renal pathological characteristics of DN patients grouped accorrding to the results of CD4 immunohistochemistry staining.

Characteristics
DN patients
(All, n=112)

HIGH-CD4 (DN
patients, n=56)

LOW-CD4 (DN
patients, n=56)

p

RPS glomerular lesion† , n (%) 0.007

I 0 (0) 0 (0) 0 (0)

IIa 18 (16.1) 3 (5.4) 15 (26.8)

IIb 22 (19.6) 11 (19.6) 11 (19.6)

III 62 (55.4) 34 (60.7) 28 (50)

IV 10 (8.9) 8 (14.3) 2 (3.6)

Tubular atrophy/Interstitial fbrosis,
mean (SD), (%)

31.5 (21.2) 39.6 (18.5) 23.3 (20.8) <0.001

Tubular atrophy/Interstitial fbrosis† n (%) 0.001

Score 0 3 (2.7) 0 (0) 3 (5.3)

Score 1 41 (36.6) 12 (21.4) 29 (51.8)

Score 2 37 (33) 22 (39.3) 15 (26.8)

Score 3 31 (27.7) 22 (39.3) 9 (16.1)

Interstitial infammation† n (%) <0.001

Score 0 0 (0) 0 (0) 0 (0)

Score 1 31 (27.7) 7 (12.5) 24 (42.9)

(Continued)
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both univariate and multivariate logistic regression analyses showed

that tubular atrophy/interstitial fibrosis, interstitial inflammation,

arteriosclerosis, and arteriolar hyalinosis were significantly

associated with the semi-quantitative percentage of CD4

immunostaining (Table 3).

We finally analyzed the mitochondrial morphology of renal

tubular epithelial cells under an electron microscope in 104 DN

patients with appropriate specimens (52 in the high-CD4 group and

52 in the low-CD4 group) (Figures 2A–F). Notably, obvious

mitochondrial swelling and mitochondrial cristae rupture had

been observed in DN patients. The mitochondrial count was

fewer (29 ± 9 vs. 41 ± 11, p < 0.001), the aspect ratio was smaller

(1.6 ± 0.3 vs. 2.1 ± 0.5, p < 0.001), and the mitochondrial cristae

rupture was more severe in the high-CD4 group (Figures 2A, B)

than those in the low-CD4 group (Figures 2C, D).
Frontiers in Immunology 06
Increased expression of molecules
associated with renal tubular atrophy/
interstitial fibrosis in the high-CD4 group
of DN patients

To understand renal tubular atrophy, interstitial fibrosis, and

CD4+ T cell infiltration among these patients, we had detected the

expression of the related molecules such as Bcl6, IL-6, STAT3, and

TGFb1 in renal biopsies. The immunohistochemical results showed

that the positive expression of the molecules was mainly in renal

tubular epithelial cells and renal interstitial cells (Figures 3A–L). We

had observed that DN patients in the high-CD4 group significantly

presented with a relatively higher expression level of Bcl6, IL-6,

STAT3, and TGFb1 than DN patients in the low-CD4 group and

NDN patients (Figures 3M–P, p < 0.05).
TABLE 2 Continued

Characteristics
DN patients
(All, n=112)

HIGH-CD4 (DN
patients, n=56)

LOW-CD4 (DN
patients, n=56)

p

Score 2 81 (72.3) 49 (87.5) 32 (57.1)

Arteriosclerosis†, n (%) 0.022

Score 0 3 (2.7) 0 (0) 3 (5.4)

Score 1 67 (59.8) 29 (51.8) 38 (67.8)

Score 2 42 (37.5) 27 (48.2) 15 (26.8)

Arteriolar hyalinosis†, n (%) <0.001

Score 0 11 (9.8) 3 (5.4) 8 (14.3)

Score 1 36 (32.2) 9 (16.1) 27 (48.2)

Score 2 65 (58) 44 (78.5) 21 (37.5)
Data are presented as the mean (standard) for continuous variables with symmetric distribution, or percentages for categorical variables. RPS, Renal Pathology Society; SD, standard deviation.
†Defned by RPS Diabetic Nephropathy Classifcation.
TABLE 3 Univariable and multivariable logistic proportional hazard models analysis of the effect of CD4+T cell infiltration on renal
pathological changes.

Pathological
characteristics

Percentage of CD4 immunostaining (%) High CD4 immunostaining (binary analysis)

Univariate Multivariate Univariate Multivariate

Odds
ratio

(95% CI) p Odds
ratio

(95% CI) p Odds
ratio

(95% CI) p Odds
ratio

(95% CI) p

RPS glomerular
lesion (graded III

and IV)

1.02 0.99-1.06 0.136 1.02 0.98-1.06 0.300 2.60 1.17-5.79 0.019 2.33 0.88-6.15 0.087

Tubular atrophy/
Interstitial

fbrosis (score>1)

1.12 1.06-1.19 <0.001 1.13 1.06-1.21 <0.001 4.89 2.13-11.20 <0.001 6.20 1.92-19.98 0.002

Interstitial
inflamation
(score>1)

1.13 1.05-1.20 <0.001 1.13 1.05-1.22 0.001 5.25 2.03-13.61 0.001 12.38 2.83-54.13 0.001

Arteriosclerosis
(score>1)

1.03 1.00-1.06 0.030 1.04 1.00-1.07 0.047 2.55 1.16-5.61 0.021 2.04 0.76-5.48 0.158

Arteriolar hyalinosis
(score>1)

1.13 1.07-1.19 <0.001 1.13 1.06-1.21 <0.001 6.11 2.65-14.11 <0.001 5.51 1.99-15.29 0.001
frontier
CI, confdence interval; RPS, Renal Pathology Society.
These variables were adjusted in multivariate logistic regression analyses: Age, gender, and clinical variables that are statistically different between the two groups and that might affect renal
pathological changes include SBP, duration of diabetes, HbA1c, serum Hb, serum albumin and triglyceride.
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Prognostic value of CD4+ T cell infiltration
for renal outcome in patients with DN

All 112 DN patients were followed up for 12 to 51 months until

a renal endpoint event occurred, including 13 patients lost to

follow-up (11.6%). The composite endpoint occurred in 59.6%

(59/99) patients. Survival curves were performed according to the

Kaplan–Meier method. In the high-CD4 group, 65.3% (32/49)
Frontiers in Immunology 07
patients experienced endpoint events, and the median survival

time was 15 months. In the low-CD4 group, endpoint events

were observed in 54% (27/50) patients, with a median survival

time of 31 months (p = 0.009). The proportion of renal survival was

20.7% at 51 months of follow-up in the low-CD4 group and 22.6%

at 41 months of follow-up in the high-CD4 group (Figure 4A).

Among DN patients with severe glomerular lesions, the median

survival time was 12 months for patients in the high-CD4 group
FIGURE 2

Characteristics of mitochondria in proximal tubular epithelial cells of diabetic nephropathy patients grouped by CD4 immunostaining results (A–F).
Compared with the patients in the low-CD4 group (C, D), patients in the high-CD4 group (A, B) harbored more severe mitochondrial damage
manifested by more obvious rupture of the mitochondrial cristae, fewer mitochondrial number (E), and more obvious mitochondrial swelling
(smaller aspect ratio) (F). ****p < 0.0001.
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and 30 months for patients in the low-CD4 group (p = 0.002). The

proportion of renal survival was 17.1% at 48 months of follow-up in

the low-CD4 group and 13.1% at 28 months of follow-up in the

high-CD4 group (Figure 4B).

We then investigated whether CD4+ T cell infiltration could

independently predict poor renal outcome (Table 4). In the

univariate Cox regression model, renal outcome for composite

endpoint was significantly associated with CD4 immunostaining.
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After adjusting for baseline parameters plus parameters with

statist ical differences among groups, the higher-CD4

immunostaining remained as an independent predictor for renal

endpoint events (Table 4, model 1; adjusted HR 2.61, 95% CI 1.36–

5.03, p = 0.004). When the histopathologic features were included in

the multivariate model, the higher-CD4 immunostaining was still

significantly associated with adverse renal outcomes (Table 4,

model 2; adjusted HR 3.17, 95% CI 1.28–7.90, p = 0.013).
FIGURE 3

Immunostaining results of some molecules among different groups. (A–L) Immunohistochemical results of Bcl6 (A–C), IL-6 (D–F), STAT3 (G–I), and
TGFb1 (J–L) in the high-CD4, low-CD4, and non-diabetic nephropathy (NDN) groups (scale bar = 100 mm; red arrows indicate partial positive
expression). (M–P) The expression of Bcl6, IL-6, STAT3, and TGFb1 in renal tissue was more obvious in the high-CD4 group than in the low-CD4
and NDN groups (data was shown as mean ± SD, five cases in each group; ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001).
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1474377
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Han et al. 10.3389/fimmu.2024.1474377
Otherwise, the percentage of positive CD4 staining remained as the

risk factor for poor renal prognosis after adjusting for clinical,

pathological, and renal function parameters (Table 4, model 3;

adjusted HR 1.80, 95% CI 1.21–2.68, p = 0.003).
Discussion

In this study, we found that patients with heavier CD4+ T cell

infiltration suffered from higher proteinuria and lower eGFR levels,

more severe glomerular lesions, heavier renal interstitial

inflammatory infiltration, more severe tubular atrophy/interstitial

fibrosis, more severe arterial hyalinosis, and more severe

mitochondrial injury. According to the follow-up data, a higher

density of CD4+ T cell infiltration was associated with deterioration

of renal function in T2DM patients with DN.

This study had shown that the degree of CD4+ T cell infiltration

in the renal tissue of DN patients was significantly higher than that

in NDN control patients. A previous study had also reported that

the penetration level of CD4 + effective memory T cells in the

kidneys of DN was significantly increased compared to healthy

controls by using xCell to generate cell type enrichment scores from

gene expression data (18). This study had found that the heavy

infiltration of CD4+ T cells was associated with the decrease of

eGFR and the increase of serum creatinine and proteinuria levels.

The close relationship between CD4+ T cell infiltration in renal

interstitium and the presence of proteinuria had been likewise

observed previously (12). All of the above indicated that CD4+ T

cells might play a non-negligible role in the occurrence and

progression of renal injury of T2DM patients.

In immune-mediated glomerular diseases, CD4+ T cells would

be accumulated within the tubulointerstitial compartment in close

contact to proximal and distal tubular epithelial cells and drive renal

inflammation and tissue damage (19). Another study had

implicated that CD4+ T cells were involved in interstitial fibrosis
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to induce kidney injury (20). Otherwise, the results in this study had

shown that CD4+ T cell infiltration was proportional to the degree

of renal tubular atrophy and interstitial fibrosis and was related to

the prognosis of DN. The associated mechanism of CD4+ T cells

highly related to renal injury of DN might be the activation of the
FIGURE 4

Kaplan–Meier survival curves for renal outcome according to the CD4 immunostaining results. (A) Kaplan–Meier survival curves for renal outcome
stratified by the severity of CD4+ T cell infiltration in the total of 112 diabetic nephropathy patients. (B) Kaplan–Meier survival curves for renal
outcome stratified by the severity of CD4+ T cell infiltration in 72 patients with severe glomerular lesions.
TABLE 4 Univariable and multivariable Cox analysis of the effect of CD4
+T cell infiltration on renal prognosis.

Variables CD4 immunostaining
(binary analysis)

Percentage of
CD4 immuno-
staining (%)

Low-
CD4

High-
CD4

Univariate
Models

HR (95% CI)

1 (reference) 2.35
(1.34-4.13)

1.03 (1.00-1.04)

p value 0.003 0.006

Multivariable
a model 1a

HR (95% CI)

1 (reference) 2.61
(1.36-5.03)

1.03 (1.01-1.06)

p value 0.004 0.002

Multivariable
b model 2b

HR (95% CI)

1 (reference) 3.17
(1.28-7.90)

1.03 (1.00-1.06)

p value 0.013 0.023

Multivariable
b model 3c

HR (95% CI)

1 (reference) 4.73
(0.21-104.62)

1.80 (1.21-2.68)

p value 0.325 0.003
a Adjusted for baseline parameters age and sex, plus parameters with statistical differences
including systolic blood pressure, duration of diabetes, hemoglobin A1c, hemoglobin, serum
albumin, and triglyceride.
b Adjusted for the parameters in multivariable model a plus pathological parameters (Renal
Pathology Society glomerular classifcations, interstitial fbrosis and tubular atrophy, interstitial
infammation, arteriosclerosis and arteriolar hyalinosis).
b Adjusted for the parameters in multivariable model b plus Clinical renal function parameters
(eGFR, Serum creatinine, 24-h proteinuria, Urinary Albumin to Creatinine Ratio).
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JAK/STAT pathway after upregulation of CD4+ T cells or the

activation of cytokines such as TGFb, IL6, and STAT3 (21). Our

immunohistochemical analysis results also supported this

conclusion. IL-6 and TGFb1 could synergistically promote the

differentiation of T cells, thereby increasing Bcl6 levels, and at the

same time activate the STAT3 pathway (22). However, the sample

size was limited, and the analysis was based on semiquantitative

results. More molecular research is desired to confirm this

mechanism hypothesis. Nevertheless, a previous study had shown

that both the classical and the trans-signaling pathways of IL-6 were

shown to participate in the pathogenesis and progression of DN

(21). IL-6 trans-signaling and phosphorylation of STAT3 were

associated with tubular atrophy and interstitial fibrosis (23).

STAT3 was mechanistically involved in the communication

between epithelial cells and fibroblasts (24), and IL-6-STAT3

signaling could enhance the expression of TGF-b1 to promote

fibrosis (25). In addition, an experiment data in mouse had

demonstrated that proximal tubular cells could activate CD4+ T

cells through antigen presentation, leading to T cell spread and

inflammatory cytokine secretion (26). The binding of CD4+ T cells

to MHC class II antigens would serve as an important role in

immune effects and promoting renal fibrosis (26). Of course, the

effect of CD4+ T cells on renal structural damage of DN and

associated mechanism still requires further investigation.

CD4+ T cells included a cluster of highly plastic Th cells,

primarily grouped into Th1, Th2, Th3, Th9, Th17, Th22, T

follicular helper, and Tregs (27). CD4+ T cell subsets could

obtain regulatory functions under chronic high glucose

stimulation, opening up a new perspective for exploring the

immune regulation mechanism of DM (27, 28). Compared with

healthy controls, the number of CD4 + CXCR5 +T cells in the

peripheral blood of DN patients was increased, which was

proportional to the 24-h urine protein level, and the number of

CD4 + CXCR5 +T cells was decreased after the patients’ routine

treatment (29). Besides that, Kim et al. found that CD4+ T cells in

the kidneys of diabetic mice increased significantly since the

appearance of proteinuria (30). Interestingly, mycophenolate

mofetil only suppressed IL-17+CD4+ T cells in the kidney of

early DN and could improve albuminuria and interstitial fibrosis

independent of glycemic control (30). Further research is desired to

explore the specific targets to balance CD4+ T cells in the

immunotherapy of DN.

Notably, it had been reported that the injury to proximal

tubular cells occurred before glomerular podocytes in a diabetic

rat model, which meant that renal tubular damage might be the

initiating factor of DN (31). Proximal tubular mitochondria were

the crucial organelles regulating oxidative stress and hypoxic

damage in diabetic conditions (32), and mitochondrial

dysfunction induced by high glucose was involved in the

development of DN (33, 34). This study supported the

phenomenon that CD4+ T cell infiltration in kidney tissue was

associated with mitochondrial injury in renal tubular epithelial cells

of DN. Of course, further research is desired to clarify the

mechanism about CD4+ T cells and mitochondrial damage.
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Some previous studies indicated that inflammation was one of

the pathogenesis of DN. The interaction between T cells,

macrophages, dendritic cells, and renal tubular cells might be one

of the mechanisms for inflammation mediating the progression of

DN (5, 35). Lim et al. showed that, among STZ-induced mice, only

Rag1 (+/+) mice with mature T lymphocytes developed globular

immunoglobulin deposition (36). In addition, the extent of

albuminuria was regulated by the number of T cells in the

kidneys of DN, and Abatacept had been observed to improve DN

by blocking the activation of systemic T cells (37). Our results also

supported that CD4+ T cells were associated with renal pathological

injury in DN. However, this phenomenon needs to be viewed

dialectically. Abais et al. showed that STZ-induced mice lacking T

cells had higher serum tumor necrosis factor, albuminuria, and

more hypertrophy of the kidneys than wild-type mice (38).

Therefore, more experimental evidence is needed to demonstrate

how CD4+ T cells affect DN.

This study had certain limitations. First, the sample size was

relatively limited; more research on a larger population is needed to

harbor generalizability of the findings. Second, the NDN patients

were included as the control in clinical characteristics and

molecular analysis in order to show the influence of CD4+ T cells

on the occurrence of DN, but only the high-CD4 and low-CD4

groups of DN patients in pathological and prognostic analysis were

compared due to the differences in assessment standards for

different renal diseases. It might be beneficial to include a broader

range of control groups for comparison. Third, the research method

in this study was mainly based on semi-quantitative analysis of

immunohistochemical results, and there were inevitable

misclassification biases. Future studies should aim to refine these

methods. Fourth, we had analyzed the mitochondrial morphology

in renal tubular epithelial cells in this study. Nonetheless, the

podocytes, mesangial cells, and interstitial fibroblasts should also

be observed in future research.

In summary, this study highlighted the clinical significance of

CD4+ T cell infiltration in the renal interstitium for the first time

and indicated that the high density of CD4+ T cell distribution was

associated with severe glomerular lesions, tubular atrophy, and

interstitial fibrosis. Notably, CD4+ T cell infiltration was

significantly associated with poor renal outcome in DN patients.

Moreover, mitochondrial dysfunction in renal tubular epithelial

cells might be an intermediate mechanism in which CD4+ T cells

participated in kidney injury and renal function decline of DN

patients. These findings suggested that CD4+ T cells are potentially

served as a therapeutic target for DN patients. Nevertheless, further

cellular and animal experiments are still needed to verify the

clinical findings.
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