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Background: The intolerance of the body to neutrophil antigens drives the pathogenesis of childhood anti-neutrophil cytoplasmic
autoantibody-associated vasculitis (AAV), making neutrophils a central focus of research on the disease’s underlying mechanisms.
Methods: We performed single-cell RNA sequencing on 18 peripheral blood samples (including three healthy human samples, twelve
samples from patients with different types of AAV, and three samples from patients after AAV treatment) to investigate neutrophil
heterogeneity in AAV. These bioinformatics findings were subsequently validated through comprehensive experimental approaches,
including in vitro cellular assays, in vivo animal studies, clinical sample analyses, and correlation with patient clinical data.
Results: In AAV, neutrophils were reclassified into seven distinct clusters, Neutrophils2 (N2, CD10"'CD11B™") exhibited significant
expansion (P<0.01), while Neutrophils5 (N5, CD10 CD11B"") showed a trend toward increase (P>0.05). This phenomenon has been
confirmed by the experimental autoimmune vasculitis model (CD10"CD11B*", P<0.001; CD10"CD11B**, P<0.05). The bioinfor-
matics results indicated that both CD10"CD11B*" neutrophils and CD10"CD11B"" neutrophils exhibited dominant pro-inflammatory
activities, including neutrophil activation, reactive oxygen species production, neutrophil extracellular trap formation, and degranula-
tion. Pseudotime trajectory and RNA velocity analyses indicated direct differentiation of CD10"CDI11B"" neutrophils from
CD10 CD11B™" neutrophils. Experiments using HL-60 cells demonstrated that the peripheral blood microenvironment of AAV
promotes the generation of CD11B"" neutrophils (P<0.001). Functionally relevant metabolic profiling revealed a substantial reduction
in glutamine metabolism in the CD10"CD11B"" neutrophils of AAV patients compared to controls (P<0.001), which was restored
following treatment (P<0.001). Experimental results demonstrated that increasing glutamine concentration in the microenvironment of
HL-60 cells can decrease the production of CD11B*" neutrophils (P<0.001). Clinical data demonstrate that peripheral blood GGT
concentrations increase in patients following treatment (P<0.01).

Conclusion: These findings identify two novel pathogenic neutrophil subsets and suggest that modulation of glutamine metabolism is
a promising avenue for further investigation as a potential therapeutic strategy in childhood AAV.
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Introduction

Anti-neutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV) is a rare but severe systemic vasculitis
characterized by inflammation and necrosis of small blood vessels, leading to multi-organ dysfunction, with three main
subtypes: granulomatous polyangiitis (GPA), microscopic polyangiitis (MPA), and eosinophilic granulomatosis with
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polyangiitis (EGPA), each sharing a common pathogenic mechanism centered on neutrophil dysregulation and auto-
immunity to neutrophil-derived proteins.

The pathogenesis of AAV is fundamentally linked to autoantibodies targeting neutrophil granule components,
predominantly myeloperoxidase (MPO) and proteinase 3 (PR3). These autoantigens not only serve as diagnostic markers
but also play direct roles in mediating vascular injury through complex immunopathological mechanisms. Emerging
evidence suggests that neutrophil activation and subsequent effector responses constitute the cornerstone of AAV
pathogenesis, bridging innate and adaptive immune dysfunction.>® Both pathogenic antigens are produced by auto-
immune cells (mainly neutrophils), so a comprehensive elucidation of the immune system’s dynamic alterations during
AAV development is of paramount importance.

Neutrophils, as key effector cells of the innate immune system, participate in various immune and inflammatory
responses.” Neutrophil maturation proceeds through a well-defined developmental sequence, originating from hemato-
poietic stem cells (HSCs) and progressing via myeloid progenitor cells (MPPs), granulocyte-macrophage progenitor cells
(GMPs), myeloblasts, promyelocytes, myelocytes, metamyelocytes, band cells, and finally segmented neutrophils.’
During this process, the nucleus undergoes progressive condensation and lobulation, while the cytoplasm sequentially
synthesizes primary granules (azurophilic granules containing myeloperoxidase, MPO), secondary granules (specific
granules containing lactoferrin and components of NADPH oxidase), and tertiary granules (containing gelatinase and
hydrolases). These granules constitute essential functional elements that equip neutrophils with potent bactericidal
capabilities.>

Concomitantly, the surface marker profile of neutrophils changes dynamically throughout maturation, providing
a basis for the identification of distinct maturation stages via flow cytometry. Expression of CD11B (Integrin M) and
CD16 (FcyRIIIb) increases with maturation, and high co-expression of CD10 (neutral endopeptidase) and CD16 is
regarded as a reliable indicator of terminal neutrophil maturation.®’

It has been reported that under conditions such as systemic autoimmune diseases, infections, or cancer-induced bone
marrow stress, low-density neutrophils (LDNs) appear in the peripheral blood. LDNs are defined by their physical
density characteristics (<1.075 g/mL) rather than specific surface markers, and represent a heterogeneous population.
This group typically consists of two main subtypes: immature LDNs and activated/degranulated mature LDNs. However,
the mechanisms underlying their generation and their precise pathophysiological significance in disease contexts remain
insufficiently studied.®’

Upon infection or inflammation, TH17 cells stimulate macrophages to produce pro-inflammatory cytokines, activat-
ing neutrophils to release autoantigens such as MPO and PR3.'® The pathogenesis of AAV involves the breakdown of
immune tolerance in T and B cells toward neutrophil-derived antigens. These lymphocytes bind antigens in an
FeyR-dependent manner, leading to excessive neutrophil activation.'' Loss of tolerance results in elevated ANCA levels,
which further promote neutrophil migration to the microvasculature, causing endothelial injury. Activated neutrophils
release self-antigens that are taken up by antigen-presenting cells (eg, dendritic cells), priming effector T cells and
perpetuating vascular damage.'? Neutrophils contribute to AAV progression through multiple mechanisms, including
reactive oxygen species (ROS) production, neutrophil extracellular trap (NET) formation, degranulation, protease
release, and NETosis-mediated cell death.'!

Neutrophil heterogeneity and dysfunction have been increasingly recognized as central elements in the pathogenesis
of anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV). Previous foundational studies in immu-
nopathology, along with emerging single-cell transcriptomic analyses in autoimmune and inflammatory diseases, have
identified functionally distinct neutrophil subsets in adult AAV patients.'> These subsets exhibit varied roles in
inflammation, tissue damage, and immune regulation. However, the metabolic mechanisms underlying neutrophil
heterogeneity, particularly in pediatric AAV, remain largely unexplored.

Accumulating evidence underscores the crucial role of glutamine metabolism in modulating neutrophil behavior and
broader immune responses. Glutamine is not only a key energy source but also contributes to biosynthetic pathways and
redox balance, impacting neutrophil differentiation, activation, and effector functions.'*' In inflammatory environments,

altered metabolic programs can lead to functional diversification among neutrophil subsets. For instance, glutamine
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deprivation or pharmacological inhibition of its metabolism has been shown to impair neutrophil extracellular trap (NET)
formation and reduce reactive oxygen species (ROS) production—processes highly relevant to AAV pathogenesis.'®

In addition to metabolic reprogramming, multiple factors are known to drive neutrophil heterogeneity. These include
prior infections, systemic inflammatory cues, genetic background, and tissue-specific microenvironments.'”'* Such
factors may induce epigenetic remodeling or transcriptional changes that prime neutrophils toward pro-inflammatory,
immunosuppressive, or regulatory phenotypes. A comprehensive understanding of these drivers is essential for accurately
interpreting neutrophil subset dynamics and their contribution to AAV progression.

The developmental context of the immune system adds another layer of complexity. Recent pediatric immunometa-
bolism reviews highlight that immune cell metabolism is intrinsically linked to ontogeny and maturation.'®*° For
example, neonates and children exhibit distinct metabolic requirements and nutrient sensitivities compared to adults,
which may influence disease mechanisms and treatment responses. In pediatric AAV, the interplay between develop-
mental metabolism and neutrophil heterogeneity could reveal age-specific pathological pathways.'

Therefore, this study aims to investigate how glutamine metabolism influences neutrophil heterogeneity and function
in the context of pediatric AAV. By integrating transcriptional and metabolic analyses, we seek to identify subset-specific
and potential immunometabolic therapeutic targets. This research strives not only to advance our mechanistic under-
standing of AAV but also to pave the way for novel treatment strategies.

Materials and Methods

Patients

Inclusion criteria were as follows: patients who fulfilled the 2012 Chapel Hill Consensus Conference(CHCC) criteria®! or
the 2007 European Medicines Agency classification.”” Individuals with systemic lupus erythematosus, medications,
infections, or tumors that cause vasculitis were not included. Three healthy donors (mean age: 11 years; 1 female) were
included in the analysis. No abnormalities were detected in their peripheral blood ANCA levels, complete blood count,
liver and kidney function tests, or abdominal ultrasound examinations. The study was approved by the Ethics Committee
of the Children’s Hospital of Chongqing Medical University (Approval Number: 149/2022) (Figure 1).

Rat and Experimental Autoimmune Vasculitis (EAV) Model

We obtained Wistar-Kyoto (WKY) rats from Vital River (Beijing, China). The model was induced by immunization with
MPO according to the previous study by Little et al.>> This well-validated model reliably recapitulates key pathological
features of human AAYV, including neutrophil infiltration, vascular inflammation, and MPO-ANCA production, and has
been extensively utilized in AAV pathogenesis studies and therapeutic evaluation.”* Female WKY rats (4 weeks old,
representing juvenile status) were used in this study. Rats in the experimental group (N=3) were primarily immunized via
intramuscular and subcutaneous injections with an emulsion of human myeloperoxidase (MPO, 1600 pg/kg) and
complete Freund’s adjuvant, followed by intraperitoneal booster injections of pertussis toxin (1 pg/rat, P7208, Sigma-
Aldrich, St Louis, MO, USA) on days 0 and 2 post-immunization. Control group rats (N=3) received equivalent doses of
human serum albumin (HSA) instead of MPO using the same protocol. All animals were euthanized by CO2 asphyxia-
tion at week 8. All these disease model rats exhibited varying degrees of hematuria, proteinuria, pulmonary hemorrhage,
and renal glomerular crescent formation. The research was approved by the Ethics Committee of Children’s Hospital of
Chongqing Medical University Approval for Research Involving Animals (Number: CHCMU-IACUC20211215001).

Phenotypic Analysis of the EAV Rat Model

Urinalysis in EAV rats was performed using dipsticks (Mission, Hangzhou, China) for semi-quantitative assessment of
hematuria (0—4), while proteinuria was measured with an automated urine biochemical analyzer (Cobas c¢701, Roche,
Basel, Switzerland).

Renal function was evaluated by collecting serum samples prior to sacrifice, followed by centrifugation at 1000 x g
for 15 min and subsequent analysis of serum creatinine (Scr) and blood urea nitrogen (BUN) levels using an automated
blood biochemistry system (Cobas 8000, Roche, Basel, Switzerland).
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Figure | The flow chart of the study design.

For histological examination, lung and kidney tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and
sectioned at thicknesses of 4 uym and 3 um, respectively. Pulmonary hemorrhage was confirmed using a Prussian blue
staining kit (Solarbio), with hemosiderin-laden cells quantified by averaging counts from three random fields per rat.
Pulmonary vasculitis was scored based on gross inspection of lung surface hemorrhages: 0 = none; 1 = single
hemorrhage; 2 = 2-5 hemorrhages; 3 = 612 hemorrhages; and 4 = >12 hemorrhages. Following PAS staining, the
total number of glomeruli in kidney sections was counted, and the percentages of cellular crescents as well as
fibrocellular/fibrous crescents relative to all glomeruli were recorded.”*

Clinical Sample Collection and Single-Cell Preparation Procedures

Peripheral blood samples (3—5 mL) were collected in EDTA anticoagulant tubes and maintained at 2-8°C during
transport to the laboratory, with prior written informed consent obtained from all participants. The blood was diluted 20-
fold with phosphate-buffered saline (PBS), followed by the addition of red blood cell lysis buffer (RCLB; Singleron) at
a 1:3 (v/v) ratio. After 10—12 min incubation at room temperature (20-25°C), the suspension was centrifuged (450 x g,
10 min) and the supernatant aspirated. The cellular pellet was sequentially processed by: (1) resuspension in 1 mL PBS,
(2) volume adjustment to 5 mL with PBS, (3) centrifugation (300 x g, 5 min), and (4) supernatant removal. This washing
cycle was repeated once before final resuspension in an appropriate PBS volume. Cell viability and concentration were
determined using AO/PI (acridine orange/propidium iodide) staining quantified with a Countstar® Rigel automated
fluorescence cell counter.

RT & Amplification & Library Construction
The Singleron Matrix® Single Cell Processing System was used to load single-cell suspensions (2x10° cells/mL) with
PBS (HyClone) onto microwell chips. After the Barcoding Beads are removed from the microwell chip, PCR
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amplification and reverse transcription of the mRNA they have captured are performed to produce cDNA. Sequencing
adapters are then used to fragment and ligate the amplified cDNA. The GEXSCOPE®™ Single Cell RNA Library Kits
(Singleron, 2 RXNs/16 RXNs, November 2023/11) protocol was followed in the construction of the scRNA-seq libraries.
After being diluted to 4 nM, the individual libraries were combined and sequenced using 150 bp paired end reads on an
Illumina Novaseq 6000.

Primary Analysis of Raw Read Data (scRNA-Seq)

Gene expression profiles were produced from raw reads using CeleScope v1.5.2 with default settings. In a nutshell, R1
reads were used to extract and correct barcodes and UMIs. R2 reads had their adapter sequences and poly-A tails
removed before being aligned using STAR (v2.6.1b) against the GRCh38 (hg38) transcriptome. Subsequently, Uniquely
mapped reads were then assigned to exons with FeatureCounts (v2.0.1). Successfully Assigned Reads were grouped
together to create the gene expression matrix for additional analysis if they shared the same gene, cell barcode, and UMI.

Quality Control, Dimension-Reduction, and Clustering (Scanpy)

Under Python 3.7, Scanpy v1.8.1 was utilized for clustering, dimensionality reduction, and quality control. We used the
following criteria to filter the expression matrix for each sample dataset: 1) Excluded were cells with a gene count of less
than 200 or in the top 2%; 2) excluded were cells with a UMI count of less than 2%; 3) excluded were cells with
a mitochondrial content of less than 10%; 4) excluded were genes expressed in fewer than 5 cells. The raw counts in each
cell were used to normalize the raw count matrix, which was then logarithmically transformed into a normalized data
matrix. The top 2000 variable genes were chosen using the flavor = “Seurat” setting. The scaled variable gene matrix
underwent Principle Component Analysis (PCA), with the top 20 principal components being utilized for dimensional
reduction and clustering. Cell clusters were visualized using Uniform Manifold Approximation and Projection
(UMAP).*

Differentially Expressed Genes (DEGs) Analysis (Scanpy)

Using the scanpy.tl.rank genes groups() function, which is based on the Wilcoxon rank sum test with default parameters
and selecting the genes expressed in more than 10% of the cells in either of the compared groups of cells and with an
average log(Fold Change) value greater than 0.25 as differentially expressed genes (DEGs), we were able to identify
DEGs. The value of 0.05 was used as the cutoff to assess the statistical significance of the adjusted p-value, which was
determined using the Benjamin-Hochberg correction.

Pathway Enrichment Analysis

Using the “clusterProfiler” R package v4.0.0,%° Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGQ) analysis were performed to look into the potential functions of neutrophils. The pathways with a p adj value of
less than 0.05 were considered substantially enriched. Bar plots were used to display significant pathways that were
chosen. Gene Ontology gene sets encompassing the categories of cellular component (CC), biological process (BP), and
molecular function (MF) were utilized as a point of reference.

Cell Type Annotation

Cell-ID was used recognize Cell type. Cell-ID is a multivariate approach that uses hypergeometric tests (HGT) to identify
the identity of each cell by extracting its gene signature. By projecting both genes and cells into the same low-
dimensional space, multiple correspondence analysis was used to perform dimensionality reduction on the normalized
gene expression matrix. To obtain each cell’s most featured gene sets, a gene ranking was then computed for each cell.
HGT was performed on these gene sets in comparison to the brain reference from the SynEcoSys database, which
includes the featured genes of every cell type. Due to each cell type having a minimal HGT p-value, the identity of each
cell was determined. Each cell type’s frequency within a cluster was determined for cluster annotation, and the cell type
with the highest frequency was selected as the cluster’s identity.?’
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Subtyping of Major Cell Types
Using the same techniques outlined above, cells from the particular cluster were extracted and reclustered for a more
thorough examination to produce a high-resolution map of B cells, neutrophils, monocytes, T cells, and NK cells.

Filtering Cell Doublets
The expression pattern of canonical cell markers was used to estimate the number of cell doublets. Any clusters enriched
with more than one marker specific to a particular cell type were disregarded for further examination.

UCell Gene Set Scoring

Scores for gene sets UCell v 2.2.0[1], an R package, were used to score gene sets. The Mann—Whitney U statistic, which
ranks query genes according to their levels of expression in distinct cells, serves as the foundation for UCell scores.
UCell is a rank-based scoring technique, making it appropriate for usage in sizable datasets with numerous samples and
batches.”®

Transcription Factor Regulatory Network Analysis (pySCENIC)

The transcription factor network was built with Pyscenic (v0.11.0) using the transcription factors in AnimalTFDB and the
scRNA expression matrix. Initially, a regulatory network was predicted by GRNBoost2 using the co-expression of targets
and regulators. After that, CisTarget was used to look for transcription factor binding motifs and eliminate indirect
targets. Subsequently, AUCell was used to quantify the regulon activity for every cell. Regulon Specificity Scores (RSS)
were used to identify cluster-specific TF regulons, and heatmaps were used to display their activity.?’

Pseudotime Trajectory Analysis: Monocle2

By using Monocle2 v2.10.0, the cell differentiation trajectory of various monocyte subtypes was recreated. Seurat
(v3.1.2) FindVairableFeatures() was used to select the top 2000 highly variable genes for the trajectory, and DDRTree()
was used to reduce the dimensions. The plot_cell_trajectory() function in Monocle2 displayed the trajectory.®®

RNA Velocity

RNA velocity For RNA velocity, BAM file containing neutrophil cells and reference genome GRCh38 were used in the
analysis with velocyto (v0.17.17) and scVelo (v 0.2.3) in python. The analysis process included: (1) genes were first
normalized, selecting the top 2000 genes, (2) principal components, nearest neighbors in PCA space, and first
and second-order moments of the nearest neighbors were calculated (n_pcs = 30, n_neighbors = 30), (3) using the
dynamical model from scVelo, RNA velocities were then estimated and (4) used to compute the velocities and velocity
graph.®!

Flow Cytometry

To identify CD10"CD11B""NEU and CD10 CD11B""NEU, we collected peripheral blood from control rats and EAV
model rats. The blood of rats anesthetized with sodium pentobarbital was drawn via the abdominal aorta and subse-
quently placed into EDTA tubes. We took 250 pL of fresh blood, lysed the red blood cells using Lysing Buffer (555899,
BD, USA) for 15 minutes at room temperature. The lysis reaction was terminated by adding PBS, and the samples were
washed twice. The samples were then centrifuged at 400 g for 5 minutes, and the cell pellets were resuspended in 250 uL
of PBS. Next, the samples were blocked with purified mouse anti-rat CD32 antibody (550270, BD, USA) for 10 minutes
at 4°C. Following the blocking step, the cells were stained with flow cytometry antibodies CD45 (561586, BD, USA),
CD11B (566867, BD, USA), CD10 (sc-46656PE, SantaCruz, USA), and RP-1 (566868, BD, USA) for 30 minutes at
4°C. After staining, the cells were washed with PBS to terminate the reaction. Finally, cells were resuspended with
300 uL PBS and 7-AAD (abs9104, Absin, China) was added to detect cell activity (percentage of live cells >85%) for
subsequent flow cytometry analysis. The prepared samples were then analyzed using a flow cytometer (BD, USA) with
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appropriate excitation and emission wavelengths for each antibody, and the data were processed with FlowJo software to
quantify the percentages of CD10"CD11B""NEU and CD10"CD11B*"NEU cells in the samples.'®

Cell Culture

The HL-60 cell line was obtained from Hysigen company. The cell line was tested to be free of mycoplasma
contamination by culture. The HL-60 promyelocytic leukemia cell line, which differentiates into neutrophil-like cells
upon dimethyl sulfoxide (DMSO) stimulation, was utilized for in vitro experiments. This well-established model has
been extensively employed in AAV research to study neutrophil activation mechanisms.** This model is also used to
study the effects of the tumor microenvironment on neutrophil differentiation.*” To evaluate the effect of AAV serum on
cell differentiation, HL-60 cells were cultured for 4 days in RPMI-1640 (C11875500BT, Gibco) basal medium
supplemented with 1.3% DMSO (D8371, Solarbio) and 0.5% FBS (10091148, Gibco). After the initial differentiation
period, the culture was continued for an additional 24 hours following the addition of 10% serum from either healthy
pediatric donors (N=4) or pediatric AAV patients (N=4).

To investigate the role of glutamine metabolism in cell differentiation within an AAV microenvironment, the HL-60
cell line was cultured for 4 days in either complete RPMI-1640 medium (C11875500BT, Gibco) (N=4) or glutamine-free
RPMI-1640 medium (21870076, Gibco)(N=4), both supplemented with 1.3% DMSO (D8371, Solarbio) and 0.5% FBS
(10091148, Gibco). After the initial 4-day culture period, the cells were further incubated for an additional 24 hours
following the addition of 10% serum from pediatric AAV patients to the culture medium.

CD11B (561690, BD, USA) levels were measured by flow cytometry to show the differentiation of HL-60 cells.

Glutamine Concentration Test
We measured glutamine concentrations in human blood plasma using a glutamine colorimetric kit (E-BC-K853-M,
Elabscience).*”

Gamma-Glutamyl Transpeptidase Test
The gamma-glutamyl transpeptidase in peripheral blood serum was measured using Gomma-Glutamyl Transferase
Reagents (Siemens Healthineers).

Statistical Analysis

All statistical analyses were conducted using R and GraphPad Prism. The distribution of data was assessed for normality
using appropriate methods. For conventional analyses (excluding single-cell sequencing), GraphPad Prism was used.
Two-group comparisons were performed using either Student’s t-tests (paired or unpaired) or the nonparametric
Wilcoxon signed-sum tests (paired or unpaired). Single-cell sequencing data were processed and analyzed entirely in
R software. Specifically, gene expression comparisons between two groups were analyzed using unpaired two-tailed
Wilcoxon rank-sum tests. Spearman correlation analysis was applied to evaluate associations between gene expression
levels, gene feature scores, and cellular functions. Comparisons of cell distribution between paired control and AAV
groups were conducted using paired two-tailed Wilcoxon rank-sum tests. Statistical significance is indicated by *p <
0.05, **p < 0.01 and ***p < 0.001.

Results

No Significant Change in the Proportion of Immune Cells in AAV

To study the changes in the immune system of AAV patients (The schematic diagram of the overall research workflow is
presented in Figure 1), we collected a total of 18 blood samples from 3 healthy individuals and 12 patients with different
types of AAV (Table 1 and Supplementary Table 1) for SCRNA-seq (Figure 2A). The cohort comprised 15 AAV samples,
including 12 pediatric cases (aged 5—17 years) and 3 adult cases (aged 19—72 years). The pediatric samples consisted of:

6 MPO-ANCA-positive peripheral blood samples (3 without clinical evidence of renal involvement and 3 exhibiting
renal manifestations including hematuria and proteinuria), 3 PR3-ANCA-positive peripheral blood samples, and
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Table | Clinical Characteristics of AAV Patients and Three Normal Controls

All (N=18) | CON (N=3) | AAV (N=12) | AAV-BT (N=6) | AAV-AT (N=3)

Age—years, median (IQR) 19.17(5-72) | 11.33(10-12) 21.13(5-72) 9.73(5-13.3) 9.6(8.3—11.6)

Sex, n (%)

Female 12(66.67) 1(33.33) 8(66.67) 5(83.33) 2(66.67)

Male 6(33.33) 2(66.67) 4(33.33) 1(16.67) 1(33.33)

ANCA status, n (%)

MPO 10(55.56) 0(0) 7(58.33) 6(100) 3(100)

PR3 5(27.78) 0(0) 5(41.67) 0(0) 0(0)
Initial organ involvement, n (%)

General 5(27.78) 0(0) 5(41.67) 1(16.67) 0(0)

Cutaneous 1(5.56) 0(0) 1(8.33) 1(16.67) 0(0)
Mucous membranes and Eyes 2 (11.11) 0(0) 2(16.67) 1(16.67) 0(0)

Ear & Nose & Throat 3 (16.67) 0(0) 3(25) 1(16.67) 0(0)

Pulmonary 7(38.89) 0(0) 7(58.33) 4(66.67) 0(0)

Cardio-vascular 1(5.56) 0(0) 1(8.33) 0(0) 0(0)

Abdominal 0(0) 0(0) 0(0) 0(0) 0(0)

Renal 5(27.78) 0(0) 5(41.67) 3(50) 0(0)

Nervous system 0(0) 0(0) 0(0) 0(0) 0(0)

Others 0(0) 0(0) 0(0) 0(0) 0(0)

Abbreviations: IQR, interquartile range; ANCA, anti-neutrophil cytoplasmic autoantibody; MPO, myeloperoxidase; PR3, proteinase 3; CON,
control; AAV-BT, AAV-before treatment; AAV-AT, AAV-after treatment.

3 peripheral blood samples from MPO-ANCA-positive patients in treatment-induced remission. Following the filtering
process, 125350 cells with an average of 2588 UMIs and 946 genes per cell were kept for the subsequent analyses. Based
on typical marker genes, including T cells and Natural killer (NK) cells, B cells, Neutrophils, Monocytes, Plasma cells,
3439 (Figure 2B and C). We show the proportions of the
different subpopulations in each sample (Figure 2D), with weak heterogeneity in blood samples from healthy individuals.

Classical dendritic cells (¢cDCs), Platelets, and Erythrocytes

In contrast, the cellular composition in AAV patient samples showed high heterogeneity, representing the complex
peripheral blood microenvironment of different types of AAV patients. We grouped 18 samples according to different
clinical phenotypes. The three normal control samples (from subjects CO1, C02, and C03) were designated as the
control(CON) group, while the 12 AAV samples of varying subtypes (from subjects PO1-P12) were classified as the AAV
group. Among these, six MPO-ANCA-positive samples (from PO1-P06) were categorized as the AAV-before treatment
(AAV-BT) group, and three post-treatment samples (from treated patients PO1-P03) were assigned to the AAV-after
treatment (AAV-AT) group (Supplementary Table 1 and Supplementary Figure 1). The samples were clinically typed

(CON group, AAV group, AAV-BT group, AAV-AT group) for within-group comparisons of the percentages of different
clusters did not reveal any significant differences (Figure 2E and F) (B cells were not extracted from 2 post-treatment
AAV blood samples due to the use of rituximab®®).

Two Neutrophil Subsets Associated with AAV Pathogenesis Were |dentified
We reclustered the neutrophils to obtain a total of 46623 high-quality cells, an unsupervised Umap of all cells (Figure 3A

and Supplementary Figure 2), and received seven clusters, namely Neutrophils1-7. Bubble plots of labeled genes in each
18,41

cluster are shown (Figure 3B). We found a high degree of similarity between the marker genes of Neutrophils2 and
Neutrophils5. Based on membrane metalloendopeptidase (MME/CD10) expression*? (Figure 3C). Neutrophils5 were
identified as a group of immature neutrophil subpopulations and the rest as mature neutrophil subpopulations. Next, the
percentages of the different subpopulations in the CON and AAV groups were analyzed (Figure 3D).

In the percentage comparison between the CON and AAV groups, neutrophils2 were significantly increased in the
different subpopulations, whereas neutrophils5 tended to increase. Analyzing the gene expression of Neutrophils5 and

Neutrophils2, These 2 subsets of cells highly expressed migration and inflammatory-related factors, such as Integrin
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Subunit Alpha M (ITGAM(CD11B)), S100 Calcium Binding Protein A12 (S100A12), Matrix Metallopeptidase 9
(MMP9), High Mobility Group Box 2 (HMGB2), Peptidyl Arginine Deiminase 4 (PADI4), Arginase 1 (ARGI,
immunosuppression-associated gene), and that Neutrophils5 expresses immature neutrophil signature markers (LCN2,
CAMP, LTF). Neutrophils2 is a subset associated with immune responses (Figure 3E). The Gene Ontology (GO)
pathways enriched in Neutrophils5 are all metabolism-related pathways, indicating that Neutrophils5 have high meta-
bolic properties (Figure 3E). Enrichment analysis of DEGs obtained from within-group comparisons between the CON
and AAV groups (Figure 3F) showed that Neutrophils2 and NeutrophilsS were enriched in granules-related pathways. In
the condition of AAV, the observed increase in granular content in both Neutrophils2 and Neutrophils5 suggests an
enhancement of their effector functions, including degranulation and neutrophil extracellular trap (NET) formation.’
Furthermore, the upregulation of ribosomal-related pathways in Neutrophils5 indicates a state of heightened metabolic
and biosynthetic activity, facilitating large-scale protein production that may support proliferation, differentiation, or the
execution of specific immune functions.

CDI11B acts as a membrane protein and is a key gene in the degranulation, reactive oxygen species (ROS), and
neutrophil extracellular traps (NETs) pathways (Supplementary Figures 3—4). To validate this data, we established a rat

EAV model. The same phenomenon in the Experimental autoimmune vasculitis model of Rats, with an increased
proportion of CD10°CD11B*" neutrophils and CD10 CDI11B"" neutrophils in peripheral blood (Figure 3G and
Supplementary Figure 5). In conclusion, we identified 2 groups (CD10 CD11B"" neutrophils and CD10"CD11B""
neutrophils) of pathogenic subsets of AAV.

The Increased Subset of Immature Neutrophils Suggests Enhancement of the
Non-Classical Differentiation Pathway of Neutrophil

The classical view describes neutrophil development as originating from hematopoietic stem cells in the bone marrow,
where they undergo granulopoiesis. During terminal maturation, the CXCR2-high immature neutrophil subset signifi-
cantly upregulates CXCR2 expression. These cells subsequently egress into peripheral circulation through CXCR2-
mediated chemotaxis in response to CXCL8 gradients.** A minimal number of immature neutrophils are present in the
peripheral blood.'® Neutrophils undergo terminal differentiation in the bone marrow before being released into the
peripheral blood, but it has been demonstrated that “Neutrophil rejuvenation” can occur during inflammatory
emergencies.** This means that immature neutrophils can also be present in the peripheral blood, but the significance
of the process here is not yet clear.

This phenomenon is also present in AAV. Then, we subjected neutrophils to a mimetic time-series analysis, and
differentiation and maturation of concurrent neutrophils occurred in a tightly organized trajectory (Figure 4A and B).
CD10 CD11B"" neutrophils are located at the beginning of the trajectory, and CD10"CD11B"" neutrophils show
continuity with CD10"CD11B"" neutrophils. Next, we traced cell fate and reconstructed cell lineage direction using
the RNA velocity approach (Figure 4C). We found that CD10"CD11B"" neutrophils are directly differentiated from
CD10 CDI11B"" neutrophils.

Next, we sought to analyze the transcription factor changes in neutrophils from AAV patients. We found that three
new transcription factors, POU6F1, ZNF217, and ZNF788, were significantly expressed in CD10"CD11B"" neutrophils
and CD10"CD11B"" neutrophils, suggesting that these factors are essential for subsets.

Meanwhile, the significant expression of the differentiation transcription factor CEBPA (CCAAT Enhancer Binding
Protein Alpha) was detected in both CD10 CD11B™" neutrophils and CD10"CD11B"" neutrophils, which belongs to the
CEBP family of transcription factors and plays an important role in homeostatic granulopoiesis. This also represents that
CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils share the same direction of differentiation, and CEBPA-
deficient progenitors produce a large number of granulocytes,* and the reduced expression of CEBPA in CD10 CD11B*
" neutrophils in the AAV condition also suggests that this is an abnormal differentiation. (Figure 4D and E). We
complemented a set of CEBP family gene sets (Figure 4F and G), and we found that the expression of CEBPD (CCAAT
Enhancer Binding Protein Delta, an important transcriptional activator of genes related to the regulation of immune and
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inflammatory responses) was significantly increased in CD10 CD11B"" neutrophils and CD10"CD11B™" neutrophils
which implies that CEBPD is an important AAV-causing transcription factor.

By analyzing the transcription factors of different neutrophil subpopulations, we found significant changes in the
transcription factors of the AAV groups of CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils compared to the
CON group.

To investigate whether external microenvironmental factors influence abnormal neutrophil differentiation, we estab-
lished a cell model using HL-60 cells (Figure 4H). Subsequently, DMSO-induced HL-60 cells were stimulated with 10%
serum for 24 hours. Compared to serum from healthy children, treatment with serum from AAV patients resulted in an
increased proportion of CD11B*" cells (Figure 4I).

We hypothesized that in the AAV setting, there would be an excess of immature CD10 CD11B"" neutrophil subsets
in the peripheral blood and that the peripheral blood microenvironment promotes the differentiation of immature
neutrophils toward CD10"CD11B*" neutrophils. We speculate that the non-classical differentiation can rapidly increase
the proportion of CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils in the peripheral blood.

CDI0 CDIIB™ and CDIO*CDIIB*" Neutrophils are the Major Pathogenic
Neutrophil Subsets in the AAV Condition

To further predict the function of individual neutrophils, we analyzed some specific DEGs and functional scores
(Table 2). We made a gene set of genes involved in various antigen production by neutrophils (Figure 5A). Compared
to other mature neutrophils, CD10"CD11B"" neutrophils significantly expressed antigen-related genes, which included
MPO and PR3. We made a functional set of scores for the bacterial defense response pathways (Figure 5B), and we
found that CD10 CD11B"™" neutrophils scored significantly higher than the other subsets. We hypothesized that
CD10 CD11B"" neutrophils were the first neutrophil subset to respond in the AAV situation. Only immature neutrophils
can produce the antigens MPO and PR3; mature neutrophils use antigens produced and stored during immaturity.

Table 2 List of Pathways Used to Calculate Neutrophil
Functional Scores

Enrichment Pathway Names ID
Defense response to bacterium GO:0042742
Azurophil granule GO:0042582
Specific granule GO:0042581
Tertiary granule GO:0070820
Secretory vesicles GO:0099503
NADPH oxidase complex GO:0043020
Neutrophil activation GO:0042119
Neutrophil chemotaxis GO:0030593
Neutrophil degranulation GO:0043312
Reactive oxygen species biosynthetic process | GO:1903409
Phagocytosis GO:0006909
Apoptosis hsa04210
Cell-adhesion GO:0007155
Neutrophil extracellular trap formation hsa04613
Glycolysis Gluconeogenesis hsa00010
Tricarboxylic acid cycle GO:0006099
Oxidative phosphorylation GO:00061 19
Pentose phosphate pathway hsa00030
Electron transport chain GO0:0022900
Lipid metabolic process GO:0006629
Glutamine metabolic process GO:000654 1
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Granules are essential for neutrophils to function. Granule membranes contain proteins that respond to environmental
cues, direct neutrophils to sites of infection, and initiate the production of bactericidal oxides.’ For this reason, we
examined the expression of different granule genes in neutrophils including azurophil granules (primary granules),
specific granules (secondary granules), gelatinase granules (tertiary granules), and secretory vesicles. We found that
CD10 CD11B"" neutrophils were the granule functionally highest scoring subset, and CD10"CD11B"" neutrophils were
the highest scoring subset of granule function among mature neutrophils (Figure 5C and D).

Next, we performed a series of functional scores for all neutrophil clusters and found that CD10"CDI11B™"
neutrophils and CD10"'CD11B"" neutrophils had higher functional scores of NADPH oxidase, ROS, neutrophil activa-
tion, degranulation, phagocytosis, cell adherence, NETs, and apoptotic than the other subsets. The CD10"CDI11B"™"
neutrophils had the highest chemotactic function score (Figure SE-M).

To understand the functional changes of neutrophils in the disease situation, we also compared the changes in
functional scores in the healthy situation and the AAV condition. We found that the granule function scores of these 2
groups of neutrophils increased significantly in the AAV condition. The functional scores for NADPH oxidase, ROS,
neutrophil activation, neutrophil chemotaxis, neutrophil degranulation, phagocytosis, cellular adhesion, and neutrophil
extracellular trapping networks (NETs) were all elevated (apoptosis scores of CD10 " CD11B" neutrophils and NADPH
functional scores of CD10"CD11B"" neutrophils only tended to be elevated) (Figure 6A-J). Of these functions, ROS,
degranulation, and NETs are closely associated with antigen production and endothelial injury.

Metabolic Analysis of Neutrophil Subsets

Considering that neutrophil heterogeneity is multifactorial, in which intracellular metabolic changes play a crucial role,
we explored the glucose metabolism, tricarboxylic acid metabolism, and lipid metabolism of neutrophils. We found that
CD10 CDI11B™" and CD10'CD11B™" neutrophils exhibited higher functional scores in glycolysis-gluconeogenesis,
tricarboxylic acid cycle, oxidative phosphorylation, pentose phosphate pathway, the electron transport chain, and lipid
metabolism compared to other neutrophil subsets, except for lower glutamine metabolic process (Figure 7A-G).

In the AAV condition, CD10"CD11B"" neutrophils showed a significant increase in metabolic scores in the above
pathways, and CD10"CD11B"" neutrophils showed a significant increase in functional scores in the metabolic pathways:
Oxidative phosphorylation, Pentose phosphate pathway, Electron transport chain, Lipid metabolic (Figure 7H-N). We
also found that glutamine metabolic process scores (glutamine and cystine are necessary for glutathione synthesis) were
significantly decreased in the AAV situation.

Increasing Neutrophil Glutamine Metabolism May Be a Strategy for AAV Treatment
Continuing to analyze the changes in the different metabolic pathways of CD10°CD11B"" neutrophils among the CON
group, AAV group, and AAV-AT group. We found that glutamine metabolism was significantly lower in CD10"CD11B""
neutrophils in the AAV group compared to the CON group. Glutamine metabolism was significantly higher in the AAV-
AT group compared to the AAV group (Figure 8A—C).

We have validated this finding by testing plasma samples and clinical data. Plasma glutamine concentrations in
pediatric AAV patients were lower than those in normal children (Figure 8D). Among the 12 AAV patients whose
samples were used for single-cell sequencing, 6 cases with available follow-up data showed significantly increased
gamma-glutamyl transpeptidase (GGT) levels after treatment. To further validate this clinical observation, we retro-
spectively analyzed 21 additional AAV cases (excluding the original single-cell sequenced cohort) treated at our
institution. The results consistently demonstrated marked increases in GGT levels post-therapy (Figure 8E and F and
Supplementary Tables 1-2).

To explore the significance of increasing neutrophil glutamine metabolism levels, HL-60 cells were cultured in either
glutamine-containing or glutamine-free medium. We found that the proportion of the CD11B"" subset was reduced in
HL-60 cells cultured in glutamine-containing medium compared with those cultured in glutamine-free medium. These
results suggest that enhancing neutrophil glutamine metabolism could serve as a potential therapeutic target for AAV.
(Figure 8G).
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Figure 7 Metabolic characteristics of neutrophil in AAV patients. Functional scores for Glycolysis-Gluconeogenesis (A), tricarboxylic acid cycle (B), oxidative phosphor-
ylation (C), Pentose phosphate pathway (D), electron transport chain (E), lipid metabolic process (F), and glutamine metabolism (G) of different neutrophil subsets.
Comparison of changes in functional scores for Glycolysis-Gluconeogenesis (H), tricarboxylic acid cycle (I), oxidative phosphorylation (J), Pentose phosphate pathway (K),

electron transport chain (L), lipid metabolic process (M), and glutamine metabolism process (N) of different neutrophils in the healthy and AAV conditions.
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Figure 8 Glutamine metabolism analysis of CD10"CD| IB** neutrophils. (A) Heatmap showing changes in different metabolic pathways of CD10"CD 1 IB**(N2) in different
subgroups (CON group, AAV group, AAV-after treatment(AAV-AT)). (B) Functional scores of glutamine metabolism in different subgroups (CON group, AAV group, AAV-
AT group) for CDI0 CDIIB**(N5) neutrophils. (C) Functional scores of glutamine metabolism in different subgroups (CON group, AAV group, AAV-AT) for
CDI0*CDI1B**(N2) neutrophils. (D) Plasma glutamine concentrations were measured by colorimetric assay in normal children (N=6) and in pediatric AAV patients
(N=6). *P<0.05. (E) Comparison of Gamma-glutamy| transpeptidase(GGT) levels between acute phase and final post-treatment follow-up in single-cell sequenced patients
with available follow-up (Supplementary Table I, N=6). **P<0.01. (F) Comparison of GGT levels between acute phase and final post-treatment follow-up in clinically treated
patients (excluding single-cell sequenced cohort, Supplementary Table 2, N=21). **P<0.01. (G) Quantification of CD | 1B** neutrophils in HL-60 cells after stimulation with
glutamine-containing medium (N=4) or without glutamine-containing medium (N=4), data from flow experiments. The black box in the flow cytometry plot indicates the
CDIIB** subpopulation. ***P<0.001.

https:

18

Journal of Inflammation Research 2026:19


https://www.dovepress.com/article/supplementary_file/545080/545080%20Supplementary%20Materials.pdf
https://www.dovepress.com/article/supplementary_file/545080/545080%20Supplementary%20Materials.pdf

Wei et al

Discussion

AAV is a systemic severe autoimmune vasculitis involving multiple organs. The study of pediatric AAV presents
a unique challenge due to its rarity and the variability in clinical manifestations across different regions, races, and
age groups.*®*® Neutrophils are the effector cells of the innate immune system, but their inherent fragility and tendency
to undergo cell death in vitro have limited our understanding of their heterogeneity in infection diseases, as well as in
immune-associated diseases.'' Given that neutrophils are increasingly being acknowledged for their pathogenicity in
AAYV, we recruited healthy individuals and AAV patients to comprehensively explore the peripheral blood neutrophil
heterogeneity in AAV situation by single-cell sequencing. Until now, our study is the first exploration of neutrophils in
pediatric AAV by single-cell sequencing (Figure 9).

We found no significant change in the overall percentage of neutrophils in the AAV condition. However, we
reclustered neutrophils and found 2 subsets (CD10"CD11B™" and CD10 CD11B"") of neutrophils elevated in AAV
disease. These 2 subsets of cells are present in different types of AAV. While our study primarily focuses on pediatric
AAV, we unexpectedly discovered that these two cell populations also exhibit pathogenic significance in adult AAV.
Neutrophils2 (CD10"CD11B"™") are a subset of inflammatory and migration-associated mature neutrophils.**~>>
Neutrophils5 (CD10 CD11B"™") is a subset of immature neutrophils that enter the peripheral blood in excess in the
AAV situation. The phenomenon of excess immature neutrophils appearing in the peripheral blood is not only seen in
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Figure 9 Schematic outline showing the heterogeneity of neutrophils in the AAV condition. . In the AAV setting, there is an excess of immature CDI10 CDIIB™
neutrophil subpopulations present in the peripheral blood, and the peripheral blood microenvironment promotes the differentiation of immature neutrophils toward
CDI0*CDIIB*". 2. This differentiation pathway leads to an increased percentage of CDI0"CDIIB™* neutrophils in peripheral blood. 3.CDI0*CDIIB** neutrophils
showed more substantial functions (ROS, NETs, degranulation) than other mature neutrophils. 4. An increased proportion of CDI10*CDI1B*" neutrophils leads to an
increased ability of neutrophils to produce antigens and damage endothelial cells. 5. The low glutamine microenvironment in peripheral blood promotes differentiation of
CDI10 CDIIB*™ neutrophils toward CD10"CDI1B** neutrophils.
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AAYV, but we also find it in inflammatory and immunologic diseases such as systemic lupus erythematosus (SLE) and
sepsis.’®>’ However, the significance of this phenomenon has not been fully explored. Physiologically, immature
neutrophils complete terminal differentiation in the bone marrow. This process is accomplished in the bone marrow
microenvironment. The presence of immature neutrophils in the peripheral blood causes his differentiation to be
influenced by the peripheral blood microenvironment. By exploring AAV single-cell data, we found that the micro-
environment created by AAV disease promotes immature neutrophils that will differentiate in a specific direction. This
result leads to an increased proportion of CD10"CD11B"" neutrophils.

CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils showed more substantial functions than other neutro-
phil subsets, including neutrophil activation, ROS, NETs, degranulation, NADPH oxidative complexes, phagocytosis,
cell adhesion, apoptosis. CD10 CD11B"" neutrophils still have the ability to express the antigenic genes MPO and PR3
capacity (This may be an important reason why the function associated with antigen production by CD10 CD11B""
neutrophils is the strongest). CD10"CDI11B"™" neutrophils had the strongest chemotaxis scores. ROS, NETs, and
degranulation are key functions of neutrophils in antigen production and damage to endothelial cells. This implies that
CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils are key subsets of antigen production and endothelial cell
damage in AAV disease.'' The proportion of CD10 CD11B*" in peripheral blood is small and its contribution to AAV
pathogenicity is uncertain. In addition, there is leukocyte transendothelial migration in the CD10"CD11B"" neutrophils
enrichment pathway, which may result in CD10"CD11B"" neutrophils being more likely to cross endothelial cells to
localized tissues causing vasculitis in AAV.

We found that CD10 CD11B"" neutrophils and CD10"CD11B"" neutrophils metabolism and function are signifi-
cantly similar. This may be inextricably linked to the fact that the 2 subsets are directly differentiated. Metabolism is the
basis of function.”® For example, we know that neutrophil ROS production is mainly through anaerobic metabolism,
including glycolytic metabolism and pentose phosphate metabolism. Glutathione is required to neutralize ROS.>
CD10'CD11B"" neutrophils have a more substantial ROS function because of increased glycolytic metabolism, pentose
phosphate metabolism, and decreased glutamine metabolism.

In the AAV situation, we observed that there would be an excess of immature CD10 CD11B ™" neutrophil subpopula-
tions in the peripheral blood and that the peripheral blood microenvironment promotes the differentiation of immature
neutrophils toward CD10°CD11B"". This is the nonclassical differentiation pathway that distinguishes it from the
classical differentiation pathway (where differentiation is completed in the bone marrow'®). We also found significant
changes in the intracellular differentiation-related transcription factors CEBPA and CEBPD. Thus, the pathogenic subset
may arise as a result of a combination of the AAV peripheral blood microenvironment (eg, low-glutamine microenvir-
onment) and intracellular factors (eg, CEBPA and CEBPD). These factors promote a nonclassical differentiation path-
way. We speculate that investigating methods to block this non-canonical pathway may hold significant therapeutic
implications for AAV treatment. It was found that low glutamine might be one of the key pathogenic factors in the
peripheral blood microenvironment, which have also demonstrated in vitro experiments: increasing neutrophil glutamine
metabolism reduces the production of pathogenic neutrophil subpopulations. This suggests that increasing neutrophil
glutamine metabolism by increasing peripheral blood glutamine concentrations and GGT levels may be an important
potential target of AAV.

The presence of immature neutrophils in peripheral blood has been previously documented in AAV, as evidenced by
prior single-cell sequencing studies in adult AAV patients.'* However, these studies only provided limited characteriza-
tion, primarily associating them with low-density neutrophils without further mechanistic exploration. Notably,
a dedicated single-cell study on inflammatory conditions systematically investigated neutrophil differentiation trajec-
tories, revealing that immature neutrophils exhibit distinct differentiation pathways in bone marrow versus peripheral
blood under physiological conditions. Under inflammatory states, this study observed both an expansion of immature
neutrophils and their preferential differentiation toward an interferon-stimulated gene (ISG)-associated neutrophil
phenotype.'® Complementary findings from cancer single-cell sequencing studies further demonstrate that metabolic
reprogramming within the tumor microenvironment can drive neutrophil differentiation along alternative pathways.
These collective findings suggest that neutrophil heterogeneity is dynamically regulated by microenvironmental cues
across disease contexts.>
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Although we showed a large number of gene expression and signaling pathway changes in AAV by bioinformatics
analysis, the specific biological significance of these changes was not fully clarified; on the other hand, pediatric AAV is
a rare disease, and the scarcity of samples may lead to unstable or biased results of the analyses, so it is also necessary to
obtain a sufficient number and quality of biological samples (eg, blood, tissues, etc.) for in-depth experimental validation
and biological studies to elucidate the underlying mechanisms of these changes. A noted limitation is the variability in
neutrophil percentages (from <5% to ~50%), likely due to the selective loss of these fragile cells during whole blood
processing. This inherent technical issue may bias analyses based on these measures. While the data provide strong
preliminary evidence for the proposed mechanistic model, further validation in larger, multi-centre pediatric cohorts are
warranted to confirm these observations and evaluate the generalizability of the findings.

Conclusion

In conclusion, this study used scRNA-seq to characterize the immune cell profile in the peripheral blood of AAV patients
and delineate neutrophil heterogeneity within this context. Our results suggest that blocking the non-classical neutrophil
differentiation pathway may represent a potential therapeutic strategy for AAV, while enhancing glutamine metabolism in
neutrophils could offer a means to reverse this pathogenic differentiation process. However, given the exploratory nature
of this research, these findings should be interpreted as preliminary. Nonetheless, this work provides valuable data for
further investigation into neutrophil heterogeneity across different pathological conditions and proposes novel directions
for targeted therapy in immune-mediated diseases.
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