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Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) is characterized by necrotizing small vessel vasculitis that frequently manifests as glomerulonephritis (AAV-GN). An accurate noninvasive biomarker reflecting active AAV-GN remains elusive. The knowledge of microRNAs (miRNAs), which have been considered as disease-specific biomarkers, is scarce and lacks validated data in AAV.





Methods

This study validated a renal tissue expression profile of candidate miRNAs specific to AAV-GN selected through prior screening using independent cohorts. The analysis was extended to serum samples to explore the potential of a circulating miRNA panel as a noninvasive biomarker for active AAV-GN. To substantiate the findings, we correlated the molecular data with clinical and histologic markers of AAV-GN activity.





Results

We identified miR-21-3p, miR-181a-5p, and miR-181d-5p as potential biomarkers distinguishing AAV-GN from non-AAV renal diseases and healthy controls. In addition, miR-21-3p and miR-181d-5p correlated with the presence of active AAV-GN, while miR-181a-5p differentiated AAV-GN subtypes based on ANCA antigen specificity. ROC curve analysis demonstrated that the combined serum expression of miR-21-3p and miR-181a-5p reliably distinguished AAV-GN from other renal pathologies, including ANCA-positive cases without histologic evidence of AAV-GN.





Conclusion

Our findings highlight the potential of circulating miRNA expression signature as a noninvasive biomarker for ongoing AAV-GN in the appropriate setting. Larger confirmatory studies are essential to support the clinical application of miRNA-based biomarkers in AAV-GN diagnostics and disease monitoring.
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1 Introduction

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV) encompasses a heterogeneous disease group characterized by autoimmune necrotizing small vessel vasculitis. A severe type of renal involvement is common in AAV, known as relapsing pauci-immune crescentic and necrotizing glomerulonephritis (AAV-GN). AAV-GN is an important determinant of disease-specific morbidity and mortality. While detectable ANCAs provide some correlation with ongoing renal involvement, the ‘ANCA-centric’ approach has limitations, including the presence of ANCAs in non-AAV diseases and the fact that rising titers do not always relate to AAV-GN activity/flare (1). An accurate noninvasive biomarker reflecting active AAV-GN thus remains elusive. Consequently, a renal biopsy, an invasive procedure with inherent risks, remains the diagnostic and prognostic gold standard in cases clinically suspected of AAV-GN.

Due to observed phenotypic and genotypic differences, AAV is best classified by the antigen specificity of ANCAs. The two primary antigens of pathogenic ANCAs are myeloperoxidase (MPO) and proteinase-3 (PR3). Notably, MPO-AAV and PR3-AAV are increasingly considered as entities with distinct pathogeneses, clinical features and management strategies (2, 3).

Altered macrophage polarization (4) and differentiation of CD4+ T-cells towards Th17 subsets (5) are two recognized biological processes implicated in the pathogenesis of AAV; however, the precise mechanisms driving their activation remain poorly understood. Epigenetic regulation through microRNAs (miRNAs) has been implicated in both macrophage polarization (6) and Th17 differentiation (7), but not in the specific context of AAV-GN. While miRNAs have been proposed as candidate biomarkers in various autoimmune diseases (8), validated data in AAV-GN are lacking. This study aimed to validate a renal miRNA expression profile identified as specific to AAV-GN (9) and investigate its potential as a circulating biomarker for active AAV-GN. Additionally, it aimed to identify miRNA expression differences between MPO- and PR3-positive AAG-GN cases and correlate the molecular data with clinical and histologic markers of disease activity to improve diagnostic accuracy.




2 Materials and methods



2.1 Study design

Matched renal tissue and serum samples were collected from 60 consecutive patients of AAV with biopsy-proven renal involvement in the form of AAV-GN, and from 28 individuals with non-AAV medical renal disease (non-AAV RD) between 2018 and 2023. Samples obtained during this period were included in analysis only if considered technically adequate for further processing after sample quality control (see Supplementary Materials & Methods). All AAV-GN cases demonstrated positive serological assays for ANCA (either MPO- or PR3-ANCA) on ELISA, which further stratified this group into MPO- and PR3-positive AAV-GN. The non-AAV RD group comprised a variety of inflammatory and non-inflammatory renal pathologies without detectable ANCA. A further 11 cases with positive MPO- or PR3-ANCA without clinical or histologic evidence of AAV-GN were included in the third group, referred to as the bystander ANCA group. The full list of diagnostic entities comprising the groups and the list of recorded clinical and histologic variables are available in Supplementary Materials & Methods.

All renal biopsies were performed at disease presentation and contained at least seven glomeruli and one interlobular-type artery to eliminate the potential confounding effect of suboptimal specimens. Matched serum samples were collected at the time of renal biopsy for ANCA serological assays by ELISA. All serum samples were snap-frozen and stored at –80°C within 72 hours of collection.

Clinical variables recorded for each case included age, gender, estimated glomerular filtration rate (eGFR in ml/min/1.73 m2, calculated using the CKD-EPI 2021 equation), ANCA serology, and measured daily proteinuria (24h urine total protein excretion in grams). For AAV-GN cases specifically, we documented the Birmingham Vasculitis Activity Score (BVAS) (10), the disease phenotype (renal limited or systemic), the presence of rapidly progressive glomerulonephritis (RPGN), the presence of pulmonary-renal syndrome, the extent of organ involvement (as total number of organs affected), and the application of pre-emptive immunosuppressive therapy and plasmapheresis at or prior to renal biopsy.

For each case, the following histologic variables were recorded: percentage of global glomerulosclerosis, extent of interstitial fibrosis/tubular atrophy in 5% increments and the presence of acute tubular injury. AAV-GN cases were classified according to two established scoring systems in AAV-GN i.e., histologic class per ‘Histopathologic classification of ANCA-associated glomerulonephritis (11)’ (Berden class) and ‘ANCA Kidney Risk Score (12)’ (AKRiS) were assigned. Additional histologic variables recorded in AAV-GN cases included the percentages of normal glomeruli (%NG) and cellular or fibrocellular glomerular crescents (%C), and the presence of medullary angiitis and arteritis in interlobular/arcuate-type arteries.

To enhance the specificity of our study at the serologic level, we included unmatched serum-only samples from 20 individuals without clinical or laboratory evidence of kidney disease and with negative ANCA serology, designated as healthy controls group (HC).




2.2 Total RNA isolation, reverse transcription and qPCR

Four 10-µm thick sections were cut from the formalin-fixed paraffin-embedded (FFPE) renal biopsy tissue blocks for RNA isolation into 2.0-ml microcentrifuge sterile tubes. Total RNA isolation was performed using a semi-automatic procedure with the Maxwell RSC (Promega, Madison, WI 53711-5399, USA), in combination with the Maxwell® RSC RNA FFPE kit (Promega, Madison, WI 53711-5399, USA; code AS1440) and Maxwell® RSC miRNA tissue kit (Promega, Madison, WI 53711-5399, USA; code AS1460).

For total RNA isolation from serum samples, 200 µl of stored serum was processed with miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany).

See Supplementary Materials & Methods for detailed protocols of isolation, reverse transcription, reference genes (RGs) selection, and quantification by quantitative polymerase chain reaction. (qPCR).




2.3 Selection of candidate miRNAs for validation in renal tissue and serum samples

We identified 30 candidate miRNAs by (preceding) screenings using miRCURY LNA miRNA miRNOME panel (Qiagen, Hilden, Germany): 17 miRNAs that potentially distinguish AAV-GN from non-AAV GN controls and living donors (9), and 13 additional miRNAs that potentially distinguish MPO- and PR3-positive AAV-GN (the latter are presented in Results).

Candidate miRNAs from the two screening phases were selected for validation based on following criteria: (1) Cq values ≤ 30; (ii) candidate miRNAs belonging to the same miRNA family were included regardless of their Cq values; (iii) miRNAs from the three represented miRNA families that had not been statistically selected were also included for validation. The 21 miRNAs selected for validation in renal tissue samples and their specific inclusion criteria are presented in Supplementary Table S1. The selection process of candidate miRNAs for validation is described in more detail in Supplementary Materials & Methods.

Serum-based analysis and all correlations included candidate miRNAs with significant expression differences in the renal tissue between AAV-GN and non-AAV RD, MPO- and PR3-positive AAV-GN, and/or AAV-GN and bystander ANCA samples.




2.4 Technical yield and selection of samples included in the validation

The technical procedure (isolation and subsequent RT/qPCR) integrity was assessed by expression analysis of selected RG miRNAs in the renal tissue samples and of control spike-in RNAs in the serum samples as suggested by the manufacturer. In the renal tissue samples, comparable expression levels of RG miRNAs were identified in 57/60 AAV-GN, 26/28 non-AAV RD and 11/11 bystander ANCA samples. In the matched serum samples, the isolation and quantification of spike-in RNAs was successful in 38 of 57 AAV-GN, in 23 of 26 non-AAV RD and 6 of 11 bystander ANCA samples. In the unmatched serum samples of HC group, isolation and quantification of spike-in RNAs was successful in all 20 included samples.




2.5 Statistical analysis of miRNA expression and clinicopathologic characteristics

ΔCq was calculated to quantify the expression of individual miRNA gene relative to the geometric expression mean of RGs (13). The Kruskal-Wallis, Mann-Whitney, Chi-square, and Fischer’s exact tests were employed to analyze differences in ΔCq and in clinical and histologic characteristics. The Spearman’s rank correlation coefficient (Spearman’s rho) was used for all correlations, including calculation of statistical power and estimation of needed sample size. The receiver operating characteristic (ROC) curve analysis included the most promising validated serum-expressed miRNAs. All statistical analyses were performed using SPSS analytical software (IBM SPSS statistics, version 27.0, Armonk, NY, USA) with p-values < 0.05 considered statistically significant. Note that due to the nature of ΔCq value calculation, negative correlations in ΔCq values correspond to positive correlations in actual expression levels, and vice versa. See Supplementary Materials & Methods for detailed description of ΔCq calculation and its correlations and ROC curve analyses.





3 Results

A schematic workflow of this research is depicted in Figure 1. Briefly, we identified 17 candidate miRNAs that potentially distinguish AAV-GN as a group from non-AAV GN controls, as well as from individuals without renal disease (living donors) in the previous study (9). In this study, we performed a similar analysis of screening data and identified 13 candidate miRNAs that could distinguish MPO- from PR3-positive AAV-GN. The 21 out of 30 candidate miRNAs selected for validation in renal tissue samples and their specific inclusion criteria are presented in Supplementary Table S1.
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Figure 1 | Research workflow scheme. Left: screening was based on qPCR in pooled tissue samples of AAV-GN compared to non-AAV RD and individuals without renal disease. Additional screening was performed within the AAV-GN group to identify candidate miRNAs that could distinguish MPO- from PR3-positive AAV-GN. After the statistical analysis of screening data, 21 candidate miRNAs were selected for validation. Middle: parallel analysis of expression of selected miRNAs was performed in matched renal biopsy and serum samples collected at the time of biopsy. We included 60 AAV-GN, 28 non-AAV RD and 11 bystander ANCA samples within the 2018–2023 timeframe. Fifty-seven tissue and 38 serum samples of AAV-GN, 26 tissue and 23 serum samples of non-AAV, and 11 tissue and 6 serum samples of bystander ANCA were analytically accepted after sample quality control. Validation was performed using qPCR. Right: The three most promising miRNAs were determined through statistical analysis of differential tissue and serum expression and through correlations to scoring systems for renal involvement and clinical variables of disease activity in AAV-GN. AAV-GN, patients with ANCA-associated glomerulonephritis; ANCA, anti-neutrophil cytoplasmic antibody; ELISA, enzyme-linked immunosorbent assay; non-AAV RD, non-AAV medical renal disease controls; qPCR, quantitative polymerase chain reaction.



3.1 Screening-based discovery of candidate renal tissue miRNAs differentially expressed in MPO- versus PR3-positive AAV-GN

The characteristics of the screening cohorts are described in detail in our previous research (9). We identified a candidate miRNA signature comprising 13 miRNAs that differentiated MPO- from PR3–positive AAV-GN. Among these, miR-181a-5p was already identified as capable of also distinguishing AAV-GN as a group from non-AAV GN, as well as from living donors without renal disease (9). Two other members of the miR-181 family were identified in this screening, namely miR-181a-2-3p and miR-181d-5p.

The results of the screening-based discovery of differentially expressed renal tissue miRNAs in MPO- compared to PR3-positive AAV-GN are illustrated in Supplementary Figure S1.




3.2 Validation of miRNA expression profiles in the renal tissue

Core clinicopathologic characteristics of the validation cohorts are presented in Table 1, while selected clinical and histologic variables specific to the AAV-GN group are presented in Table 2. See Supplementary Results for full clinicopathologic characteristics of the AAV-GN group.


Table 1 | Clinicopathologic characteristics of the included cases by study groups and subgroups.
	Study group
	Gender ratio
	Age
	eGFR
	DP
	%IFTA
	%GS
	ATI



	AAV-GN
	28:29
	70 (18)
	20 (24)
	1.65 (1.89)
	10 (28)
	18 (31)
	30/57


	MPO
	16:17
	70 (14)
	19 (19)
	1.6 (1.96)
	10 (25)
	24 (35)
	16/33


	PR3
	12:12
	66,5 (29)
	26 (33)
	1.65 (1.89)
	5 (15)
	14 (26)
	14/24


	Non-AAV RD
	13:13
	57 (24)
	24 (69)
	2.5 (3.97)
	10 (31)
	20 (36)
	5/26


	IRP
	8:8
	56 (25)
	22 (57)
	3.6 (3.29)
	10 (25)
	13 (29)
	2/16


	NIRP
	5:5
	61 (23)
	23 (42)
	1.57 (1.89)
	10 (28)
	23 (27)
	3/10


	Bystander ANCA
	5:6
	71 (30)
	22 (12)
	1.83 (2)
	30 (35)
	24 (28)
	4/11


	p-value 1
	0.968
	0.000
	0.012
	0.06
	0.127
	0.115
	0.017


	p-value 2
	0.91
	0.518
	0.505
	0.775
	0.012
	0.033
	0.593


	p-value 3
	1.000
	0.121
	0.990
	0.068
	0.694
	0.706
	0.340





Gender ratio refers to male:female ratio. Numerical variables are presented as median values and IQR (in brackets). p-value 1 refers to the comparison between the three independent groups i.e., AAV-GN, non-AAV RD, and bystander ANCA (bold text), p-value 2 refers to MPO compared to PR3 subgroups, and p-value 3 refers to IRP compared to NIRP subgroups. AAV-GN, all patients with ANCA-associated glomerulonephritis; ANCA, anti-neutrophil cytoplasmic antibodies; non-AAV RD, non-AAV medical renal disease controls, either inflammatory (IRP) or non-inflammatory renal pathology (NIRP); bystander ANCA, cases with positive MPO- or PR3-ANCA without evidence of AAV; eGFR, estimated glomerular filtration rate by CKD-EPI 2021 in ml/min/1.73 m2; DP, measured daily proteinuria in g; %IFTA, extent of interstitial fibrosis/tubular atrophy in 5% increments; IQR, interquartile range; %GS, percentage of global glomerulosclerosis; ATI, number of cases with acute tubular injury.




Table 2 | Clinicopathologic characteristics of the included AAV-GN cases.
	Study group
	BVAS*
	AKRiS
	AKRiS group
	Berden
	RLV
	RPGN
	PRS



	AAV-GN
	18 (10)
	4 (11)
	33:14:7:3
	14:10:22:11
	17/57
	34/57
	29/57


	MPO
	17 (9)
	4 (11)
	18:11:3:1
	5:3:18:7
	13/33
	17/33
	13/33


	PR3
	21 (9)
	2 (14)
	15:3:4:2
	9:7:4:4
	4/24
	17/24
	16/24


	p-value
	0.132
	0.548
	0.231
	0.01
	0.064
	0.142
	0.042





Numerical variables are presented as median values and IQR (in brackets). P-value refers to MPO compared to PR3. AAV-GN, all patients with ANCA-associated glomerulonephritis; MPO, MPO-positive AAV-GN; PR3, PR3-positive AAV-GN; BVAS, Birmingham Vasculitis Activity Score; AKRiS, ANCA Kidney Risk Score; AKRiS group, Risk groups for the AKRiS, presented as low:moderate:high: very high ratio; Berden, histologic class per ‘Histopathologic classification of ANCA-associated GN’, presented as focal:crescentic:mixed:sclerotic class ratio; IQR, interquartile range; RLV, % of cases with renal-limited vasculitis phenotype; *available for 52/57 AAV-GN cases.





3.2.1 AAV-GN versus non-AAV RD group

Significant expression differences were established for 8 out of 21 candidate miRNAs, namely miR-21-3p (p < 0.001), miR-30b-5p (p < 0.001), miR-142-5p (p = 0.001), miR-150-5p (p = 0.001), miR-181a-5p (p < 0.001), miR-181a-2-3p (p < 0.001), miR-181b-5p (p = 0.042), and miR-181d-5p (p < 0.001) in comparisons between AAV-GN and non-AAV RD samples. Figure 2 summarizes the results of renal tissue-based validation between AAV-GN and non-AAV RD samples.
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Figure 2 | Differential expression of validated miRNAs in AAV-GN compared to non-AAV and bystander ANCA in renal tissue samples. AAV-GN, patients with ANCA-associated glomerulonephritis (n = 57); ANCA, anti-neutrophil cytoplasmic antibodies; non-AAV, non-AAV medical renal disease controls (n = 26); bystander ANCA, cases with positive MPO- or PR3-ANCA without evidence of AAV-GN (n = 11); ΔCq, delta quantitation cycle. All values were within 95% confidence interval.




3.2.2 MPO- versus PR3-positive AAV-GN

A significant expression difference was confirmed for miR-181a-5p (p = 0.04). The differential expression of any other candidate miRNA was not established. Figure 3A summarizes the validation results between MPO- and PR3-positive AAV-GN subgroups.

[image: Four box plots showing miRNA expression levels. A: Left plot compares miR-181a-5p expression in renal tissue between MPO and PR3. Right plot compares miR-181a-5p and let-7a-5p expression in serum. Significant differences are noted. B: Left plot compares miR-21-3p expression in renal tissue between AAV-GN and Bystander ANCA. Right plot shows serum expression of miR-21-3p. Significant differences arenoted.]
Figure 3 | Significant expression differences of miRNAs in both renal tissue and serum samples. (A) Differential expression of miR-181a-5p between MPO- and PR3-positive AAV-GN. (B) Differential expression of miR-21-3p in AAV-GN compared to bystander ANCA in renal tissue and serum samples. AAV-GN, patients with ANCA-associated glomerulonephritis (n = 57 for tissue, n = 38 for serum); ANCA, anti-neutrophil cytoplasmic antibodies; MPO, MPO-positive AAV-GN (n = 33 for tissue, n = 23 for serum); PR3, PR3-positive AAV-GN (n = 24 for tissue, n = 15 for serum); bystander ANCA, cases with positive MPO- or PR3-ANCA without evidence of AAV-GN (n = 11 for tissue, n = 6 for serum); ΔCq, delta quantitation cycle. All values were within 95% confidence interval.




3.2.3 Bystander ANCA versus AAV-GN and non-AAV RD groups

Seven candidate miRNAs, namely miR-21-3p (p < 0.001), miR-30d-5p (p = 0.001), miR-30e-5p (p = 0.049), miR-181a-2-3p (p = 0.016), miR-181b-5p (p = 0.024), miR-181d-5p (p < 0.001), and let-7a-5p (p = 0.036) differentiated bystander ANCA from AAV-GN and five miRNAs, namely miR-30b-5p (p = 0.005), miR-30d-5p (p = 0.017), miR-30e-5p (p = 0.005), miR-142-5p (p = 0.039), and miR-181a-5p (p = 0.011) differentiated bystander ANCA from non-AAV RD samples. The expression profile of validated miRNAs in bystander ANCA samples is summarized in Figure 2 (for miRNAs without subsequent validation in serum samples) and Figure 3B (for miR-21-3p, which translated to serum samples).





3.3 Expression analysis of validated miRNAs in the serum samples

Serum-based analysis included 11 candidate miRNAs with significant expression differences in the renal tissue between AAV-GN and non-AAV RD, MPO- and PR3-positive AAV-GN, and/or AAV-GN and bystander ANCA samples (validated miRNAs). The expression of validated miRNAs (miR-21-3p, miR-30b-5p, miR-30d-5p, miR-30e-5p, miR-142-5p, miR-150-5p, miR-181a-5p, miR-181a-2-3p, miR-181b-5p, miR-181d-5p and let-7a-5p) was comparatively analyzed in the serum samples of AAV, non-AAV RD, bystander ANCA and HC groups.



3.3.1 AAV-GN versus non-AAV RD, and HC group

Five validated miRNAs, namely miR-21-3p (p < 0.001), miR-142-5p (p = 0.05), miR-150-5p (p = 0.012), miR-181a-5p (p = 0.002), and miR-181d-5p (p = 0.003) differentiated AAV-GN from non-AAV RD on serum samples. When AAV-GN was compared to HC group, the differential expressions of six validated miRNAs, namely miR-21-3p (p < 0.001), miR-30d-5p (p = 0.004), mir-181a-5p (p < 0.001), mir-181a-2-3p (p = 0.030), miR-181d-5p (p = 0.026), and let-7a-5p (p = 0.012) were significant. Conversely, when non-AAV RD group was compared to HC, the expression profile of validated miRNAs was broadly similar, except for miR-30b-5p (p < 0.001), miR-142-5p (p < 0.001), miR-181b-5p (p = 0.039) and let-7a-5p (p = 0.015).

Figure 4 summarizes the results of serum-based expression of validated miRNAs in AAV-GN compared to non-AAV RD and HC groups in box plot form.

[image: Box plots compare DCq values of selected microRNAs in serum samples across three groups: Healthy (green), non-AAV (blue), and AAV-GN (orange). Each plot shows significant p-values for group comparisons.]
Figure 4 | Serum-based differential expression of tissue-validated miRNAs in AAV-GN compared to non-AAV and HC groups. AAV-GN, patients with ANCA-associated glomerulonephritis (n = 38); ANCA, anti-neutrophil cytoplasmic antibodies; non-AAV, non-AAV medical renal disease controls (n = 23); Healthy, healthy serologic controls (n = 20); ΔCq, delta quantitation cycle. All values were within 95% confidence interval.




3.3.2 MPO- versus PR3-positive AAV-GN

On serum samples, significant expression difference was maintained for miR-181a-5p (p = 0.049), while significant difference in let-7a-5p (p = 0.014) expression was additionally observed in contrast to renal-tissue based analysis between MPO- and PR3-positive AAV-GN (refer to Figure 3A for summarized results).




3.3.3 Bystander ANCA versus AAV-GN and non-AAV RD groups

Significant expression difference between bystander ANCA and AAV-GN samples was reiterated in the serum samples for miR-21-3p (p = 0.007, Figure 3B). None of the significant miRNA expression differences observed in the renal tissue translated to serum samples in comparisons between bystander ANCA and non-AAV RD samples.





3.4 Correlation of renal tissue and serum expression of validated miRNAs

Significant correlations were detected in miR-21-3p (ρ = 0.491, p < 0.001), miR-181a-5p (ρ = -0.292, p = 0.020), and miR-181d-5p (ρ = 0.540, p = 0.008) expressions in corresponding renal tissue and serum samples (see Figure 5 for summarized results). The differential expressions of some miRNAs separating AAV-GN from non-AAV RD and HC (miR-21-3p, miR-181a-5p, and miR-181d-5p) or distinguishing AAV-GN from bystander ANCA samples (miR-21-3p) in the serum were thus deducible from the expression differences established in the renal tissue and vice versa.

[image: Three scatter plots depict the relationship between serum and renal tissue expression for three microRNAs: miR-21-3p, miR-181a-5p, and miR-181d-5p. The first plot shows a positive correlation for miR-21-3p. The second plot shows a slight negative correlation for miR-181a-5p. The third plot shows a positive correlation for miR-181d-5p. Each plot includes a dotted trend line and scattered data points.]
Figure 5 | Expression correlation of validated miRNAs in matched renal tissue and serum samples. All values were within 95% confidence interval.




3.5 The ROC curve analysis

We conducted ROC curve analyses using miR-21-3p and miR-181a-5p as the most promising validated serum-expressed miRNAs. Although promising, miR-181d-5p was excluded from the model due to reliability concerns, specifically due to an insufficient rate of detectable serum expression in the analyzed samples. The combination of miR-21-3p and miR-181a-5p still effectively distinguished AAV-GN from the other independent groups. The combined ROC model using both miR-21-3p and miR-181a-5p is illustrated in Figure 6. ROC models using individual miRNAs and AUC values are presented in Supplementary Figure S2 and Supplementary Results, respectively.

[image: Four ROC curve graphs labeled A, B, C, and D. Each graph plots sensitivity against 1-specificity, with a diagonal line representing random chance. Graphs A and B show high sensitivity with curves close to the top-left corner, indicating strong classification performance. Graphs C and D have lower sensitivity, with curves farther from the top-left, suggesting weaker performance.]
Figure 6 | ROC curve analysis for combined miR-21-3p and miR-181a-5p serum expressions; (A) ROC curve for differentiation between AAV-GN and all other samples; (B) ROC curve for differentiation between AAV-GN and healthy controls; (C) ROC curve for differentiation between AAV-GN and non-AAV RD; (D) ROC curve for differentiation between AAV-GN and bystander ANCA. AAV-GN, patients with ANCA-associated glomerulonephritis (n = 38); ANCA, anti-neutrophil cytoplasmic antibodies; non-AAV, non-AAV medical renal disease controls (n = 23). All values were within 95% confidence interval.




3.6 Correlations and associations of validated miRNAs with established scoring systems for renal involvement in AAV-GN and clinical variables of disease activity

The increasing AKRiS correlated with the increasing renal tissue expression of miR-142-5p, miR-150-5p and miR-181d-5p. When stratified into AKRiS risk groups, similar correlations were observed with the addition of correlation with renal tissue expression of miR-21-3p. Comparably, increasing Berden class was associated with increasing renal tissue expressions of miR-150-5p and miR-181d-5p. The renal tissue expression of miR-21-3p, miR-142-5p and miR-150-5p correlated to %NG, and miR-181d-5p correlated to %C. No correlations between any validated miRNA expressions and individual histologic variables or established scoring systems were identified in the serum samples except between increasing expression of miR-30b-5p and decreasing %C.

BVAS correlated with the expressions of miR-30b-5p and miR-181b-5p on renal tissue and serum samples, respectively. No validated miRNA in the renal tissue or serum samples correlated to ANCA titers. Additionally, the ANCA titers did not correlate with the BVAS (p = 0.496) or AKRiS (p = 0.262) and did not associate with the Berden class (p = 0.371).

Renal tissue expression of miR-21-3p (p = 0.035) and miR-142-5p (p = 0.022) differentiated cases presenting as RPGN. No significant miRNA expression differences in the renal tissue or serum were identified comparing samples of AAV-GN with renal-limited phenotype (RLV) to those with multiorgan involvement. Conversely, increasing expression of miR-30b-5p in the renal tissue associated with the increasing number of affected organs and the expression of miR-30d-5p in the serum (p = 0.003) differentiated cases with pulmonary-renal syndrome. Pre-emptive immunosuppression did not have any effect on the characteristic miRNA signature within the AAV-GN group.

Correlations of validated miRNAs with scoring systems and clinical variables of disease activity in renal tissue and serum samples are presented in Table 3. Associations and correlations of the validated miRNAs to established scoring systems for renal involvement in AAV-GN are further depicted in Figure 7. All correlations with biomarkers of renal function and histologic variables of chronicity are described in Supplementary Results and Supplementary Table S2 including calculation of statistical power and estimation of needed sample size.


Table 3 | Correlations and associations between the expression of validated miRNAs and scoring systems for renal involvement and clinical variables of disease activity in AAV-GN.
	Variable
	Renal tissue samples
	Serum samples


	miR-30b-5p
	miR-181d-5p
	miR-21-3p
	miR-142-5p
	miR-150-5p
	miR-30b-5p
	miR-181b-5p



	AKRiS
	/
	ρ = 0.329 
p = 0.021
	/
	ρ = 0.388 
p = 0.005
	ρ = 0.468 
p < 0.001
	/
	/


	AKRiS group
	/
	ρ = 0.411 
p = 0.003
	ρ = 0.327 
p = 0.020
	ρ = 0.405 
p = 0.004
	ρ = 0.384 
p = 0.006
	/
	/


	Berden class
	/
	ρ = 0.320 
p = 0.025
	/
	/
	ρ = 0.352 
p = 0.012
	/
	/


	%NG
	/
	/
	ρ = -0.315 
p = 0.026
	ρ = -0.393 
p = 0.005
	ρ = -0.520 
p < 0.001
	/
	/


	%C
	/
	ρ = -0.287 
p = 0.046
	/
	/
	/
	ρ = 0.436 
p = 0.009
	/


	BVAS
	ρ = 0.341 
p = 0.019
	/
	/
	/
	/
	/
	ρ = -0.636 
p = 0.035


	No. of organs
	ρ = 0.312 
p = 0.027
	/
	/
	/
	/
	/
	ρ = -0.691 
p = 0.009





AKRiS, ANCA Kidney Risk Score; AKRiS group, Risk groups for the AKRiS; Berden class, histologic class per ‘Histopathologic classification of ANCA-associated GN’; %NG, percentage of normal glomeruli; %C, percentage of cellular or fibrocellular glomerular crescents; BVAS, Birmingham Vasculitis Activity Score. Serum-based correlations are presented even though miR-30b-5p and miR-181b-5p were not statistically significant enough to distinguish between AAV-GN and non-AAV RD using serum samples.



[image: Box plots and scatter plots display ΔCq values for different microRNAs across Berden classes. The first two box plots show miR-150-5p and miR-181d-5p across four classes: Focal, Crescentic, Mixed, and Sclerotic. The third scatter plot shows correlations of miR-181d-5p, miR-142-5p, and miR-150-5p with AKRiS values, including correlation coefficients and significance levels.]
Figure 7 | Associations and correlations of validated miRNAs in renal tissue samples to Berden class and AKRiS (n = 57). Berden class, histologic class per ‘Histopathologic classification of AAV-related GN’; AKRiS, ANCA Kidney Risk Score; ΔCq, delta quantitation cycle. All values were within 95% confidence interval.





4 Discussion

Our study validated significant renal tissue expression differences in 11 out of 21 candidate miRNAs selected through screening. This suggests that miRNA expression profiling in renal tissue can effectively distinguish AAV-GN from various non-AAV RD, including cases with detectable ANCA without clinical and histologic evidence of AAV-GN. Although tissue-based analysis provides valuable insights, it requires a renal biopsy to obtain sample material, which limits its applicability. Therefore, we also analyzed the expression of validated miRNAs in serum samples. Despite the inherent limitations of biofluid-based miRNA analysis (14), five validated miRNAs distinguished AAV-GN from non-AAV RD using matched serum samples. Notably, three of these five miRNAs also differentiated AAV-GN from both non-AAV RD and HC, consistent with a circulating miRNA expression profile specific to AAV. Additionally, miR-181a-5p also stratified AAV-GN into MPO- and PR3-positive.

Noteworthy observations apply to ‘bystander ANCA’ cases, ie. patients who underwent kidney biopsy, typically due to asymptomatic urinary abnormalities, and positive MPO- or PR3-ANCA but no histologic evidence of AAV-GN. Clinicians often struggle to distinguish between harmless (bystander) and pathogenic, disease-driving ANCAs in ANCA-positive patients. A reliable biomarker would be invaluable for guiding clinical decision-making in such cases. Comparative miRNA expression profiling in the renal tissue and serum revealed that bystander ANCA cases clustered separately from AAV-GN and non-AAV RD. While overall more aligned with non-AAV RD, bystander ANCA samples exhibited miR-142-5p, miR-150-5p, and miR-181a-5p expression patterns indistinguishable from AAV, suggesting a partial AAV-like epigenetic profile. This finding bears potential clinical implications as it raises questions about the ‘bystander’ nature of ANCAs in cases lacking clinical or histologic evidence of AAV-GN. Notably, miR-21-3p expression effectively differentiated AAV-GN from bystander ANCA cases in renal tissue or serum samples, highlighting its potential as a key biomarker in resolving this diagnostic uncertainty.

To refine the validated miRNA signature, the molecular data was correlated with established scoring systems for renal involvement in AAV-GN In the renal tissue, miR-142-5p, miR-150-5p and miR-181d-5p correlated with the AKRiS, while miR-150-5p and miR-181d-5p associated with the Berden classes. Accordingly, renal tissue expressions of miR-142-5p and miR-150-5p also correlated with %NG, supporting the importance of %NG in estimating risk in AAV-GN and corroborates the need for early diagnosis of kidney involvement in AAV (15–17).

Furthermore, the miRNA signature was analyzed in the context of clinical variables of disease activity. Notably, renal tissue expression of miR-21-3p and miR-142-5p differentiated AAV-GN cases presenting as RPGN, while the expression of miR-30b-5p in the renal tissue and the expression of miR-181b-5p in the serum associated with the increasing number of affected organs. Accordingly, BVAS correlated with the expressions of miR-30b-5p and miR-181b-5p on renal tissue and serum samples, respectively. Additionally, the expression of miR-30d-5p in the serum differentiated cases presenting with pulmonary-renal syndrome. Interestingly, no significant miRNA expression differences in the renal tissue or serum were identified comparing samples of AAV-GN labelled as RLV to those with multiorgan involvement.

Importantly, we could not directly translate any individual finding observed between variables of disease activity and validated miRNAs in the renal tissue to serum samples. This may be due to inadequate size of technically adequate serum samples, a lack of expression correlation between matched renal tissue and serum samples, or to expression levels of certain miRNAs in the serum falling below the detection threshold. Furthermore, some miRNAs may preferentially be expressed and thus detectable only in renal tissue. Conversely, aggregated miRNA expression in serum may also reflect influences from related or unrelated conditions in other organs or homeostatic mechanisms.

We would like to highlight miR-21-3p, miR-181a-5p and miR-181d-5p as the three most promising serum-expressed miRNAs. These miRNAs effectively differentiated AAV-GN from both non-AAV RD and HC cases. Moreover, the expression of miR-21-3p and miR-181d-5p differentiated the presence of RPGN and correlated with AKRiS in renal tissue samples, respectively, while miR-181a-5p differentiated MPO- from PR3-positive AAV-GN in renal tissue and serum samples. Furthermore, miR-21-3p distinguished AAV-GN from bystander ANCA cases in renal tissue and serum samples.

Importantly, miR-21-3p, miR-181a-5p and miR-181d-5p were the only validated miRNAs showing significant expression correlation between matched renal tissue and serum samples, underscoring their potential as robust noninvasive biomarkers for active AAV-GN. Additionally, ROC curve analyses demonstrated that combining serum levels of miR-21-3p and miR-181a-5p yielded a strong ability to differentiate AAV-GN from other groups. Beyond statistical analyses, functional annotations of miR-21-3p, miR-181a-5p and miR-181d-5p to biological processes implicated in AAV pathogenesis support their relevance. Namely, miR-21-3p and miR-181a-5p are implicated in altered macrophage polarization (6, 18). Indeed, alternatively activated (i.e., M2-polarized) macrophages are considered the dominant macrophage phenotype in AAV and are associated with a higher end-stage renal disease risk in AAV (4, 19).

miR-181a-5p also regulates the processes of B- and T-cell differentiation, namely the differentiation towards pathogenic autoantigen specific Th17 subsets in CD4+ T-cells and is involved in T-cell tolerance and selection stringency (7, 20). These processes are implicated in several autoimmune diseases, including AAV (5, 21, 22). Similarly, miR-21-3p overexpression promotes Th17 differentiation and activates the IL-23/IL-17 axis through MAP3K14, exacerbating inflammation in a psoriasis model (23). Elevated IL-23 and IL-17 levels were also observed in AAV (5). Interestingly, increased IL-17 levels in the context of Th17-predominant inflammation skew macrophage polarization toward the M2 phenotype (24). These insights not only align with established aspects of AAV pathogenesis but also suggest potential therapeutic implications, either by miRNA ago-/antagomirs and sponges, or by targeting implicated biologic processes with existent modalities, such as anti-IL23/IL-17 agents or abatacept (CTLA4-Ig).

It would be valuable to explore the exact function and target genes of miR-21-3p, miR-181a-5p and miR-181d-5p as the three most promising miRNAs. This can be achieved by experimentally validating the target genes of these miRNAs in appropriate cell line models. A commonly employed method involves cloning the 3’-untranslated region (3’-UTR) of the predicted miRNA target gene into a luciferase reporter construct and analyzing the change in luciferase expression as evidence of binding and regulatory activity of a particular miRNA. One such approach involves transfecting a cell line that expresses the miRNA of interest with a reporter containing either the wild-type UTR of a target gene or the UTR in which the miRNA binding site is mutated. If the construct containing the wild-type UTR shows a reduction in luciferase expression and this decrease is absent in the mutated version, this likely indicates that the endogenously expressed miRNA is capable of regulating that UTR. In this same setup, a miRNA inhibitor to block miRNA function could be used, which should lead to an increase in luciferase. Another approach is to transfect cells with both the luciferase reporter construct and increase amounts of the miRNA of interest. The advantage of introducing a miRNA is that if the miRNA really targets the binding site in the UTR, a dose-dependent effect on luciferase readout can be determined, with this response being absent with the mutated construct (25).

Several important study limitations should be acknowledged. The inherent variability of biofluid-based miRNA analysis, influenced by low isolation yields, expression variability, and the lack of standardized normalization methods, remains a challenge. This issue could be addressed by adjusting the sample volume or protocol (i.e., employing a more sensitive detection method, such as digital PCR). Additionally, the heterogeneity of renal tissue may lead to the omission or misidentification of compartment- or cell-specific miRNAs, which could be mitigated by spatial transcriptomics. Furthermore, the proposed miRNA signature relates specifically to AAV-GN and our findings may not apply to all AAV patients without renal involvement or ANCA-negative patients. Our study was also limited by small size of technically adequate samples (especially for bystander ANCA group), resulting in limited statistical power, incomplete correlation between renal tissue and serum miRNA expression for some miRNAs, and the exclusion of miR-181d-5p from the ROC curve analysis. Therefore, an independent validation in larger multicenter cohorts, using an alternative platform such as next-generation sequencing to reduce platform-dependent bias, is essential to confirm the proposed AAV-specific miRNA signature.

In conclusion, this study establishes miR-21-3p, miR-181a-5p, and miR-181d-5p as constituents of a circulating miRNA signature related to AAV-GN, providing a potential noninvasive biomarker for active AAV-GN in the appropriate clinical setting. By integrating renal tissue and serum miRNA expression profiles, we demonstrate that these miRNAs might effectively differentiate AAV-GN from non-AAV RD and correlate with disease activity markers. Future research, ideally as a multi-center study to increase sample sizes, should focus on refining presented findings to establish the role of identified miRNAs in the pathogenesis of AAV-GN and support the clinical application of miRNA-based biomarkers in AAV-GN diagnostics and disease monitoring.
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range; RLV, % of cases with renal-limited vasculitis phenotype; *available for 52/57 AAV-GN cases.
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AKRiS, ANCA Kidney Risk Score; AKRiS group, Risk groups for the AKRiS; Berden class, histologic class per ‘Histopathologic classification of ANCA-associated GN’s %NG, percentage of
normal glomeruli; %C, percentage of cellular or fibrocellular glomerular crescents; BVAS, Birmingham Vasculitis Activity Score. Serum-based correlations are presented even though miR-30b-5p
and miR-181b-5p were not statistically significant enough to distinguish between AAV-GN and non-AAV RD using serum samples.
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OEBPS/Images/table1.jpg
Study group = Gender ratio Age eGFR DP IFT. pACN ATI
AAV-GN 28:29 70 (18) 20 (24) 1.65 (1.89) 10 (28) 18 (31) 30/57
MPO 16:17 70 (14) 19 (19) 1.6 (1.96) 10 (25) 24 (35) 16/33

PR3 12:12 66,5 (29) 26 (33) 1.65 (1.89) 5(15) 14 (26) 14/24
Non-AAV RD 13:13 57 (24) 24 (69) 2.5 (3.97) 10 (31) 20 (36) 5/26
IRP 8:8 56 (25) 22 (57) 3.6 (3.29) 10 (25) 13 (29) 2/16

NIRP 55 61 (23) 23 (42) 1.57 (1.89) 10 (28) 23 (27) 3/10
Bystander ANCA 5:6 71 (30) 22 (12) 1.83 (2) 30 (35) 24 (28) 4/11
p-value 1 0.968 0.000 0.012 0.06 0.127 0.115 0.017
p-value 2 091 0.518 0.505 0.775 0.012 0.033 0.593
p-value 3 1.000 0.121 0.990 0.068 0.694 0.706 0.340

Gender ratio refers to male:female ratio. Numerical variables are presented as median values and IQR (in brackets). p-value 1 refers to the comparison between the three independent groups i.e.,
AAV-GN, non-AAV RD, and bystander ANCA (bold text), p-value 2 refers to MPO compared to PR3 subgroups, and p-value 3 refers to IRP compared to NIRP subgroups. AAV-GN, all patients
with ANCA-associated glomerulonephritis; ANCA, anti-neutrophil cytoplasmic antibodies; non-AAV RD, non-AAV medical renal disease controls, either inflammatory (IRP) or non-
inflammatory renal pathology (NIRP); bystander ANCA, cases with positive MPO- or PR3-ANCA without evidence of AAV; eGFR, estimated glomerular filtration rate by CKD-EPI 2021 in ml/
min/1.73 m? DP, measured daily proteinuria in g; %IFTA, extent of interstitial fibrosis/tubular atrophy in 5% increments; IQR, interquartile range; %G, percentage of global glomerulosclerosis;
ATL number of cases with acute tubular injury.
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