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ARTICLE INFO ABSTRACT
Keywords: Background: Antibody-mediated rejection (ABMR) significantly affects transplanted kidney sur-
Macrophage vival, yet the macrophage phenotype, ontogeny, and mechanisms in ABMR remain unclear.
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Method: We analyzed post-transplant sequencing and clinical data from GEO and ArrayExpress.
Using dimensionality reduction and clustering on scRNA-seq data, we identified macrophage
subpopulations and compared their infiltration in ABMR and non-rejection cases. Cibersort
quantified these subpopulations in bulk samples. Cellchat, SCENIC, monocle2, and monocle3

STAT1 helped explore intercellular interactions, predict transcription factors, and simulate differentia-
MIF tion of cell subsets. The Scissor method linked macrophage subgroups with transplant prognosis.
PARP9 Furthermore, hdWGCNA, nichnet, and lasso regression identified key genes associated with core

transcription factors in selected macrophages, validated by external datasets.

Results: Six macrophage subgroups were identified in five post-transplant kidney biopsies. M1-like
infiltrating macrophages, prevalent in ABMR, correlated with pathological injury severity. MIF
acted as a primary intercellular signal in these macrophages. STAT1 regulated monocyte-to-M1-
like phenotype transformation, impacting transplant prognosis via the IFNy pathway. The prog-
nostic models built on the upstream and downstream genes of STAT1 effectively predicted
transplant survival. The TLR4-STAT1-PARP9 axis may regulate the pro-inflammatory phenotype
of M1-like infiltrating macrophages, identifying PARP9 as a potential target for mitigating ABMR
inflammation.

Conclusion: Our study delineates the macrophage landscape in ABMR post-kidney transplantation,
underscoring the detrimental impact of M1-like infiltrating macrophages on ABMR pathology and
prognosis.

1. Introduction

Kidney transplantation is the optimal method for renal replacement therapy, yet post-transplant rejection continues to pose sig-
nificant challenges [1]. In recent decades, advancements in immunosuppressive medications have markedly enhanced early graft
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survival rates, culminating in over 90% one-year survival rates for transplanted kidneys [2]. However, there has been no substantial
improvement in the long-term outcomes of these grafts, with antibody-mediated rejection (ABMR), primarily due to HLA in-
compatibility between donors and recipients, being the primary cause. Reports indicate that over 60% of long-term kidney transplant
failures can be attributed to ABMR [3]. The main culprits behind ABMR are either pre-existing antibodies or newly formed
donor-specific antibodies (DSAs). These antibodies result from the activation of B cells or plasma cells by helper T cells, leading to
pathological changes characterized by both acute and chronic damage to graft microcirculation and microvascular C4d deposition [4].
Consequently, it is reasonable to assert that adaptive immunity plays a pivotal role in ABMR progression. As a result, current frontline
immunosuppressive medications predominantly target the adaptive immune response, where T lymphocytes and B lymphocytes are
key actors. However, their efficacy in enhancing long-term graft survival remains limited. Therefore, increasing focus is being placed
on the role of innate immune cells in the context of ABMR [5].

As an important component of the innate immune system, macrophages are closely involved in alloimmunity. Prior research found
that early infiltration of macrophages in biopsy samples of transplant kidney suggests a worse prognosis [6]. Several clinical studies
have shown that in patients with active ABMR, macrophage infiltration in transplanted kidneys is associated with the severity of
rejection, deterioration in renal function, and eventual graft failure [7-9]. It had always been believed that macrophages contribute to
graft rejection by initiating adaptive immune responses through antigen presentation, providing costimulatory signals, and releasing
cytokines.

Exploring the role and mechanisms of macrophages in alloimmunity is a complex endeavor. On one hand, macrophages are highly
plastic and heterogeneous, capable of displaying a variety of phenotypic and functional states influenced by the damaged graft
microenvironment or temporal effects [10]. On the other hand, the ontogeny of macrophages in allografts is multifaceted. This
multi-source is evident not only in the distinction between infiltrating monocyte-derived macrophages and tissue-resident macro-
phages but also between donor-derived and recipient-derived macrophages. These varying origins significantly influence the func-
tional characteristics of macrophages [11].

Bulk RNA sequencing technology is capable of quantifying gene expression across an entire biological sample, but identifying
specific cell types requires the use of deconvolution algorithms. In contrast, single-cell sequencing technology enhances the resolution
of the transcriptional landscape to the individual cell level. This approach offers novel insights into the cellular heterogeneity between
diseased and healthy tissues, facilitates the discovery of disease-associated biomarkers, and aids in the development of cell-specific
targeted therapies [12,13]. In this study, we pinpointed the differential infiltration macrophage populations by comparing
single-cell profiles from ABMR and non-rejection biopsy samples, and further investigated the occurrence, cellular interactions, and
potential functional mechanisms of these diverse macrophage types through bioinformatics analyses integrated with microarray data.

2. Materials and methods
1 Data Acquisition and Processing

Data Acquisition: We sourced single-cell RNA sequencing and Bulk RNA sequencing data of transplant kidney biopsy tissues, along
with corresponding clinical information, from the GEO (Gene Expression Omnibus) and ArrayExpress databases. The datasets
included, sample sizes, pathological diagnoses, and links are documented in Supplementary Table 1, [14-19]. These samples were
exclusively obtained from indicated biopsies post-kidney transplantation. The pathological diagnoses were based on the Banff criteria.
Additionally, we excluded samples with T-cell-mediated rejection and mixed rejection.

Single-cell RNA Sequencing Data Processing: We retrieved barcodes, features, and matrices files from single-cell datasets, pro-
cessing raw fastq files with Cellranger 7.0. A Seurat object was established using the R Seurat package for data quality control, which
involved discarding cells with fewer than 200 gene expressions and those with mitochondrial gene proportions over 20%. We then
conducted data standardization and normalization using NormalizeData and ScaleData functions. For dimensionality reduction, PCA
was applied to the data using 2000 highly variable genes (HVGs) identified via FindvariableFeatures. To integrate cells from various
samples, we utilized the harmony package, followed by cell clustering using Findneighbors and RunUMAP. Differential expression
genes between cell clusters were identified with FindAllMarkers, serving as cell cluster-specific markers. These markers were then
cross-referenced with the CellMarker [20] database and cell markers from existing literature [21] for accurate cell cluster annotation.

Bulk RNA Sequencing Data Processing: Initially, count data from the series matrix of target samples were retrieved, followed by
log2 transformation of the raw, unstandardized data. We then employed the normalizeBetweenArrays function from the R limma
package to effectively eliminate batch effects across samples. In the subsequent phase, probe information corresponding to the GPL
platform was downloaded. This enabled the conversion of gene probe IDs into a gene symbol format, ensuring consistency and clarity
in gene identification. Additionally, comprehensive data encompassing pathological diagnoses, graft survival times, and Banff scores
associated with the samples were meticulously collected and documented.

2 Characterization of Macrophage Subgroups

Building on our established single-cell sequencing data processing approach, we further subclassified and annotated the monocyte-
macrophage clusters. To elucidate the tissue distribution characteristics of the monocyte-macrophage sub-clusters, we calculated Odds
Ratios (ORs) [22] to delineate their distribution preferences. This was followed by a differential analysis of the proportions of various
macrophage subgroups within ABMR and non-rejection samples, identifying statistically significant subgroups as Differential Infil-
tration Macrophages (DIMacs). Moreover, utilizing the methodology proposed by Kaiyu et al. [23], we computed a ’contribution score’
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Fig. 1. Landscape of Transplant Microenvironment of Biopsy Samples post Kidney Transplant. (A) Schematic Overview. (B) UMAP illustrating 12
distinct cell clusters derived from three antibody-mediated rejection (ABMR) and two non-rejection cases. PCE, peritubular capillary endothelium
cells; GE, glomerular endothelium cells; PT, proximal tubular cells; PE, pelvic epithelial cells; LOH, loop of Henle cells; CD, collecting ductal cells;
Mes-cell, mesangial cells; IC, intercalated cells; DT, distal tubular cells; Mon-Mac: monocyte-macrophages. (C) UMAP showcasing the distribution of
these cell clusters within the biopsy samples. (D) Proportion of each cell cluster in biopsy samples. (E) Dot plot representation of characteristic
marker genes for each cell cluster. (F) Detailed visualization of distribution and expression patterns for three key monocyte-macrophage markers:

CD68, C1QB, and LYZ.
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Fig. 2. Detailed Analysis of Macrophage Subclusters in ABMR and Non-Rejection Kidney Transplant Samples. (A) UMAP delineating monocyte-
macrophage (Mon-Mac) subclusters, comparing antibody-mediated rejection (ABMR) and non-rejection cases. (B) Heatmap illustrating the distri-
bution preferences of Mon-Mac subclusters across samples (indicated by OR values). (C) Comparative analysis of the infiltration percentages of
macrophage subclusters in ABMR versus non-rejection samples. (D) Radial graph displaying the contribution scores of each macrophage subcluster
to ABMR, with a dashed line indicating the baseline score of 1 for reference. (E) and (F) UMAPs highlighting the area under curve (AUC) values and
distribution patterns of macrophage-related phenotypic signatures in ABMR versus non-rejection samples. (G) Violin plots providing a comparative
gverview of each signature’s AUC score across different macrophage subclusters.

to quantify each macrophage subgroup’s impact on the disease process. In identifying the phenotypic profiles of these macrophage
subgroups, we extracted infiltrating and resident macrophage signatures, alongside M1 and M2 macrophage signatures, from the
existing literature [24,25]. The activity level of phenotypic signatures in each cell was calculated using the AUcell package, as detailed
in Supplementary Table 2. The sub-clusters were annotated based on these AUcell results, complemented by cell cluster-specific
markers. Additionally, this refined data processing protocol was consistently applied to the single-cell validation dataset.

Finally, the R pheatmap package was employed to display the top 20 cell markers for each sub-cluster. We conducted a Gene
Ontology (GO) analysis through ToppGene Suite [26], with the results showcased in a dot plot format. Our focus was particularly
directed towards macrophage-related genes, encompassing MHC, pro-inflammatory, and anti-inflammatory genes. To this end, we
computed their average expression levels within the sub-clusters. In addition, we utilized the R GSVA package to ascertain the
enrichment scores of each sub-cluster within the inflammation-related Hallmark pathways. The outcomes of these analyses were
effectively visualized using heatmaps.

Moreover, we used the Cibersort [27] deconvolution algorithmto determine the infiltration of specific types of macrophages within
the Bulk RNA seq dataset, thereby validating the differences in their proportions between ABMR samples and non-rejection samples.
According to the Banff criteria, the pathological injury scores used for diagnosing ABMR primarily include the following five metrics
[28]: Glomerulitis (g0~g3), Peritubular Capillaritis (ptcO~ptc3), Arterial Inflammation (vO~V3), C4d (c4d0~ c4d 3), and Transplant
Glomerulopathy (cg0~cg3). We collected the pathological injury scores of samples from the GSE98320 dataset and employed t-tests
and Kruskal-Wallis tests to compare the proportions of DIMacs infiltration under different injury scores. This analysis aimed to explore
the relationship between macrophage infiltration and the extent of pathological injury.

3 Characteristic Analysis of Differentially Infiltrated Macrophages

To delve into the intricacies of cellular crosstalk, we utilized the CellChat [29] package for deducing and analyzing intercellular
communication networks from scRNA-seq data. In this endeavor, the cellphoneDB [30] database served as reference dataset. Our focus
was on identifying critical ligand-receptor pairs and signaling pathways that facilitate communication between DIMacs and the key
effector cells in antibody-mediated rejection, namely T cells and B cells, as well as the principal cells involved in injury, the endothelial
cells.

The SCENIC [31] packageis utilized for the inference of Gene Regulatory Networks (GRNs) within specific macrophage subgroups
and for pinpointing the transcription factors (TFs) that govern these networks. In line with the SCENIC pipeline, the GENIE3 method
and RcisTarget are applied to identify potential TFs, and the regulon activity was generated by AUCell.

We advanced our investigation by tracing the differentiation trajectories of macrophage subgroups, with a particular focus on
DIMacs. To begin, the monocle3 [32] package was used to chart the direction of cell differentiation, guided by identified biological
developmental starting points. Following this, we employed monocle2 [33] (method = "DDRTree", ordering genes = marker genes) to
map out the pseudotime trajectories for individual cells. Finally, we depicted the variations in gene expression of phenotypic genes and
core TFs within DIMacs across the pseudotime.

The Scissor [34] package used to identify cell subgroups related to transplant prognosis phenotypes and to simulate the correlation
between phenotypes and cells through regression models. Cells positively correlated with the graft loss phenotype are classified as
high-risk cells (HR cells), while those negatively correlated are deemed low-risk cells (LR cells). Cells with no significant correlation are
categorized as background cells. Additionally, we compared the proportions of HR cells to non-HR cells within DIMacs to investigate
the differences in gene expression between high and low-risk cells. Further, differential genes were subjected to enrichment analysis
using Metascape.

4 Upstream and Downstream Analysis of Core Transcription Factors in DIMacs

Following the analytical workflow of the hdWGCNA [35] package, we constructed gene co-expression networks using scRNA-seq
data from infiltrating macrophage subgroups. We selected co-expression modules that exhibited the highest overlap with DIMacs gene
expression. The top 100 module eigengenes (MEs) with the highest eigengene-based connectivity (kMEs) were identified as candidate
downstream genes. Further analysis in Cytoscape was performed using the iRegulon [36] plugin to predict core TF regulating these
downstream genes. We then divided randomly the prognosis dataset GSE21374 into a training set and a test set in a 1:1 ratio. Cox
regression was used to identify prognostic downstream genes (PDGs). Subsequent lasso regression helped to pinpoint critical PDGs and
construct a prognostic risk prediction model. The model utilized gene expression levels as parameters and regression coefficients as
gene coefficients, calculating risk scores with the formula: RiskScore = Y 1 ; (coef; * expr;). The survminer package was employed to
plot Kaplan-Meier survival curves, using the Log Rank test to compare transplant survival differences between high and low-risk
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Fig. 3. Transcriptomic Profiling of Macrophage Subclusters and Integration with Bulk RNA Sequencing Data. (A) Left: Heatmap displaying the top
20 cell-special genes in each cell cluster, with gene expression values represented as row-scaled Z-scores. Right: Key Gene Ontology (GO) terms
associated with these genes. (B) Heatmap of the expression patterns of macrophage-related genes across different macrophage subclusters. (C)
Heatmap illustrating Gene Set Variation Analysis (GSVA) scores for inflammatory hallmark signaling pathways in macrophage subclusters. (D)
Estimated proportion of M1-like infiltrating macrophage in ABMR versus non-rejection, based on datasets GSE36059 and GSE98320. (E) Infiltrating
Eroportion of M1-like infiltrating macrophages in ABMR-related pathological lesion.

groups. The timeROC package was used to draw ROC curves to evaluate the predictive performance of the model.

NicheNet [37] is a computational method that simulates how intercellular interactions influence gene expression in cells. It in-
tegrates single-cell gene expression data with a priori knowledge of gene regulatory networks to model authentic cell-to-cell
communication processes: ligand — receptor - signaling protein - transcription regulator - target gene. Using the nichenetr package,
we constructed interaction networks between DIMacs and endothelial cells, as well as immune cells (with DIMacs as the receiver, and
endothelial and immune cells as the senders). We identified potential ligands of core TF (regulatory potential score >0.01) and their
upstream receptors or signaling proteins. Similar to the analysis process for downstream analysis, we employed Cox regression and
Lasso regression to identify key upstream genes affecting prognosis, and then developed and validated a corresponding model.

5 Correlation Analysis Between Core Transcription Factors and Associated Genes

To explore the relationships between core TF and their upstream and downstream genes, as well as their correlations with DIMacs
infiltration, we performed Pearson correlation analysis using the R ’cor’ function on the transcriptome datasets GSE36059 and
GSE98320. For the downstream genes of particular interest, their distribution in relation to upstream genes and core transcription
factors was depicted on a UMAP two-dimensional plane using single-cell data, with a specific focus on assessing their correlations
within DIMacs. Ultimately, we conducted a validation of crucial upstream-TF-downstream pathways in a separate ABMR single-cell
dataset.

3. Results
1 Single-Cell Profiling of the Transplant Microenvironment Landscape in ABMR versus Non-Rejection

In this study, five for-cause biopsy samples post-kidney transplantation were examined, among which three were pathologically
diagnosed as Antibody-Mediated Rejection (ABMR) cases, including two active ABMR and one chronic active ABMR, and the
remaining two as non-rejection cases. The experimental procedure is schematically illustrated in Fig. 1A. After stringent single-cell
data quality control and filtering, a total of 60,971 cells were obtained from these samples. Through unsupervised clustering, these
cells were mapped onto a UMAP two-dimensional axis plane into 12 distinct cell populations. This included renal tissue cells such as
peritubular capillary endothelium cells (PCE), glomerular endothelium cells (GE), proximal tubular cells (PT), pelvic epithelial cells
(PE), loop of Henle cells (LOH), collecting ductal cells (CD), mesangial cells (Mes-cell), intercalated cells (IC), and distal tubular cells
(DT), as well as immune cells such as monocyte-macrophages (Mon-Mac), T cells, and B cells, as depicted in Fig. 1B. The distribution of
these cell clusters was relatively uniform across the samples, showing no evident sample-specific characteristics (Fig. 1C). The marker
genes for each cell type and their expression patterns are presented in a bubble plot (Fig. 1E). Monocyte-macrophages were observed to
constitute the highest proportion within the immune cell clusters and exhibited more abundant infiltration in the ABMR samples
compared to the non-rejection samples (Fig. 1D). The UMAP plot in Fig. 1F displays the distribution and expression of three marker
genes of the monocyte-macrophage cluster (CD68, C1QB, LYZ).

2 Characteristic and Heterogeneity of Macrophages in ABMR versus Non-Rejection

Upon further sub-grouping of monocyte-macrophages, we identified 11 cell subpopulations (Fig. 2A), including one monocyte
subpopulation (Mon), six macrophage subpopulations (Macl-Mac6), two dendritic cell subpopulations (DC1-DC2), one mast cell
subpopulation (Mast), and one unidentified subpopulation (unknown). analysis revealed that Macl predominantly localized in ABMR
samples (OR = 5.49, P < 0.01), while Mac4 showed a preference for non-rejection samples (OR = 3.39, P < 0.01) (Fig. 2B). In the
differential analysis, Mac1 was significantly more prevalent in ABMR than in non-rejection samples (P < 0.001), indicating that Macl
represents differential infiltration macrophages (DIMacs); however, the differences in other subpopulations like Mac4 were not sig-
nificant between the two groups (Fig. 2C). Furthermore, Fig. 2D indicates that Mac1 contributes most significantly to the pathogenesis
of ABMR, followed by Mac4.

We analyzed the phenotypic differences among the macrophage subgroups and found that Macl, Mac2, Mac3, and Mac5 exhibited
distinct infiltrating cell phenotypes, while Mac2 and Mac4 demonstrated tissue-resident cell phenotypes (Fig. 2E and G). Mac1 showed
a particularly prominent M1 macrophage phenotype, and Mac4 showed a notable M2 macrophage phenotype (Fig. 2F and G). Based on
these characteristics, we designated Macl as M1-like infiltrating macrophages (M1-inf-mac) and Mac4 as M2-like resident macro-
phages (M2-res-mac). The pronounced phenotypic features and their substantial contributions to the disease led us to hypothesize that
these two subgroups are the primary effector macrophages in ABMR.

The heatmap in Fig. 3A displays annotations for the specific cell types of the 11 cell subpopulations, integrating the top 20 cell-
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Fig. 4. Cell-cell Communication among Macrophage Subclusters. (A) Visualization of cell interaction networks, contrasting ABMR with non-
rejection samples. Line thickness indicates the number of interactions between cells. (B) Differences in the overall signaling pathway between
ABMR and non-rejection samples. (C) Depiction of incoming and outgoing interaction strengths between cells in ABMR versus non-rejection
samples. Circle sizes represent the intensity of these interactions. (D) Heatmap illustrating the overall signaling patterns in ABMR and non-
rejection samples, with color shades indicating the relative strength of different signaling pathways. (E) Communication probabilities of impor-
tant ligand-receptor pairs between M1-like infiltrating macrophages and effective cells in ABMR. Dot colors show communication probability, while
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dot sizes indicate p-values. (F) Violin plot comparing the expression of genes in the MIF signaling pathway across subclusters in ABMR and non-
rejection samples. (G) Exploration of potential crosstalk between M1-like infiltrating macrophages and other cell types, including T cells, B cells,
and endothelial cells, in the transplant microenvironment.

special markers and phenotypic analysis results, along with the Gene Ontology (GO) analysis outcomes for these subpopulations’
characteristic genes. We discovered that the characteristic genes of M1-inf-mac are mainly enriched in terms related to cytokine ac-
tivity, cellular response to interferon-gamma, and innate immune response. They also show high expression of MHC-related genes
(B2M, HLA-A, and HLA-B), and pro-inflammatory genes (TNF, IRF1, and IL23A) (Fig. 3B). The characteristic genes of M2-res-mac
correspond to CCR1 chemokine receptor binding, monocyte chemotaxis, extracellular matrix, and show high expression of anti-
inflammatory genes (CD163, MRC1, CCL13, CCL18, FOLR2, STAB1). In the hallmark pathway analysis, genes of M1-inf-mac are
primarily enriched in the IFN-o/y and IL6-JAK-STAT3 pathways (Fig. 3C), while those of M2-res-mac are mainly associated with
angiogenesis and epithelial-mesenchymal transition pathways. These enrichment analysis results are consistent with the aforemen-
tioned phenotypic analyses.

In the external bulk-RNA seq datasets GSE36059 and GSE98320, we validated the significantly higher infiltration of M1-inf-mac in
ABMR samples using a deconvolution algorithm (Fig. 3D). Conversely, M2-res-mac showed no strong infiltration or reduced infil-
tration in ABMR (Supplementary Fig. 1A). Additionally, in our pathological analysis related to ABMR, we observed that in the five
main pathological lesions, the infiltration proportion of M1-inf-mac significantly increased with the escalating Banff scores (Fig. 3E).
This suggests a close correlation between the infiltration of M1-inf-mac and the severity of ABMR damage. However, no clear pattern
was evident between M2-res-mac and the pathological lesions (Supplementary Fig. 1B). Therefore, M1-inf-mac plays a more significant
role in ABMR injury compared to M2-res-mac.

3 MIF is a Crucial Intermediary for M1-inf-mac Interaction with Other Cells in ABMR

Utilizing Cellchat to model the intricacies of cell-to-cell signaling, our analysis revealed a markedly increased frequency of
interaction between immune cells and endothelial cells in ABMR compared to non-rejection scenarios (Fig. 4A). The predominant
signaling motifs in ABMR involved pathways like CCL, IL16, TGFb, SPP1, COMPLEMENT, CXCL, and notably MIF, whereas VEGF and
BAFF signaling were more prominent in non-rejection cases (Fig. 4B). Notably, in ABMR, infiltrating macrophages, specifically M1-inf-
mac, HSPs-inf-mac, and NR4A-inf-mac, demonstrated enhanced output and input interaction strengths (Fig. 4C). Fig. 4D illustrates the
detailed signaling interactions between immune cells and endothelial cells, highlighting that in ABMR, M1-inf-mac chiefly employs
communication pathways such as MIF, GALECTIN, SPP1, and CXCL, with these signals being significantly stronger than in non-
rejection. We mapped the interactive pathways of M1-inf-mac with other cells (Fig. 4E): in ABMR, M1-inf-mac predominantly uti-
lizes the MIF-CD74-CXCR4 axis to relay signals to T cells, B cells, and dendritic cells. Concurrently, the MIF-CD74-CXCR4/CXCR4
pathway functions as an inbound signaling mechanism from T cells, B cells, and dendritic cells to M1-inf-mac. Thus, MIF emerges
as a pivotal mediator in the interaction of M1-inf-mac with other immune cells within the ABMR context. Regarding endothelial cells,
M1l-inf-mac induces inflammatory responses by discharging CXCL9 and CXCL10, which interact with ACKR1 on the endothelial
surface. Additionally, endothelial cells attract M1-inf-mac infiltration via the MIF pathway (Fig. 4G). The expression profiles of key
genes within the MIF signaling pathway are depicted in Fig. 4F. Notably, M1-inf-mac exhibits high expression of the receptor protein
gene CD74, and in ABMR, genes for downstream signaling molecules like CD44 and CXCR4 are significantly upregulated compared to
non-rejection cases.

4 STAT1 Plays a Vital Regulatory Role in M1-inf-mac and Induces the Transformation of SI00As + Mon into this Subtype

SCENIC analysis indicated differential expression of transcription factors across various macrophage subpopulations. Notably,
STAT1, IRF1, and IRF7 were enriched in M1-inf-mac, with STAT1 exhibiting the highest regulatory activity in this subgroup (Fig. 5A).
Fig. 5B depicts a t-SNE plot of the macrophage subgroups, based on the activity levels of transcription regulatory factors. It was
observed that the M1-inf-mac subgroup displayed the most robust regulatory activity of STAT1.

We conducted a pseudotime analysis of the monocyte-macrophage subpopulations (Supplementary Figs. 2A and B). Along the
pseudotime trajectory, the cell lineage bifurcates at node 3 into two branches, with M1-inf-mac and M2-res-mac occupying the
endpoints of these respective branches. This suggests the existence of two distinct differentiation paths within the macrophage sub-
groups: the M1-inf-mac fate and the M2-res-mac fate. FCGR3A + inf-mac, HSPs + inf-mac, and NR4As + inf-mac represent inter-
mediate states in the cell differentiation process (Supplementary Fig. 2C). The characteristic genes of M1-inf-mac (CXCL9, CXCL10,
and STAT1) and those of M2-res-mac (MRC1, STAB1, and MAF) exhibit divergent expression trends over pseudotime (Supplementary
Figs. 2D and 2E).

Considering the biological origins of infiltrating macrophages, we proposed that S100As + Mon serves as the initial stage in the M1-
inf-mac fate. This hypothesis was substantiated by pseudotime analysis, which delineated the differentiation trajectory from S100As +
Mon through FCGR3A + inf-mac to M1-inf-mac (Fig. 5C). Fig. 5D illustrates the expression dynamics over pseudotime for transcription
factors STAT1, IRF1, and IRF7, as well as for CD86, a gene indicative of the M1 macrophage phenotype. A notable parallel in the
expression trends of STAT1 and CD86 was observed, both exhibiting a steadily ascending curve with the progression of pseudotime.
The heatmap reveals the temporal expression patterns of differential genes, showing heightened expression of the MIF pathway
signaling molecule CD74, MHC-II genes (HLA-DR, HLA-DC), inflammatory mediators (GBP1, GBP5, CXCL9, CXCL10), and chemokines
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Fig. 5. Transcription Factor Prediction and Pseudotime Analysis of Macrophage Subclusters. (A) Heatmap representing the regulon activity (%) in
various macrophage subclusters. (B) Analysis of the distribution and activity levels of STAT1 within M1-like infiltrating macrophages. (C) Pseu-
dotime and trajectory of monocyte-derived cell lineage (SI00A + monocytes, FCGR3A + infiltrating macrophages, and M1-like infiltrating mac-
rophages). (D) Comprehensive overview of cell lineage dynamics: Top panel shows cell density variations among monocyte-derived subtypes during
pseudotime. Bottom left panel presents a pseudo-heatmap of representative differentially expressed genes (DEGs) along the trajectory. Bottom right
panel details the expression variation and distribution of selected transcription factors (TFs) and phenotypic genes throughout the pseudotime. (E)
I;JMAP highlighting the coordinated expression of CD68 and STAT1 in S100A + monocytes derived from recipients’ peripheral blood.

(CCL3, CCL4) in the later stages of M1-inf-mac development. In the peripheral blood mononuclear cells of recipients with ABMR
samples, S100As + Mon was also detected, demonstrating a significant positive correlation between STAT1 and CD86 (Fig. 5E). This
finding indicates the potential for recruitment and differentiation of SI00As + Mon into M1-inf-mac within the transplanted kidney,
suggesting a pivotal role for STAT1 in this conversion process. Interestingly, M2-res-mac occupies the initial and final points of the
differentiation trajectory that interconverts with M1-inf-mac, with NR4As + inf-mac and HSPs + inf-mac representing transitional
states (Supplementary Fig. 2F). Additionally, TREM2+res mac seems to be a major differentiation precursor for M2-res-mac (Sup-
plementary Fig. 2G).

5 Infiltration of M1-inf-Mac predicts poor graft outcomes after kidney transplant

Considering the distinct infiltration of M1-inf-Mac in ABMR and its association with the degree of pathological damage, we
postulated that the presence of M1-inf-Mac could adversely affect the survival of transplant grafts. Analysis using the Scissor indicated
that high-risk (scissor+) cells were predominantly located within the M1-inf-Mac subgroup (Supplementary Fig. 3A). Furthermore, a
significantly higher proportion of high-risk cells was observed in the M1-inf-Mac subgroup compared to the background cells (P <
0.01) (Supplementary Fig. 3B). A gene expression analysis contrasting high-risk cells with non-risk cells within M1-inf-Mac revealed
notable upregulation of genes such as CXCL10, GBP1, CXCL9, IFITM1, TNFSF10, and STAT1 in high-risk cells (Supplementary Figs. 3C
and 3E), primarily involved in the INF-y pathway (Supplementary Fig. 3D). Survival analyses showed that grafts with high M1-inf-Mac
infiltration exhibited significantly lower survival rates than those with lower infiltration levels (P < 0.001) (Figure Supplementary 3F).
Additionally, a higher proportion of high-risk cells was also observed in M2-res-mac (P < 0.05) (Supplementary Fig. 3B). Grafts with
high infiltration of M2-res-mac were correlated with poorer survival rates (P = 0.017) (Supplementary Fig. 3G), where the prognostic
differential genes were mainly enriched in lipid metabolism and atherosclerosis pathways (Supplementary Fig. 3H).

6 Upstream and Downstream Genes of STAT1 in M1-inf-mac Can Predict Graft Prognosis

The subtypes of infiltrating macrophages, with their pro-inflammatory characteristics, might play a synergistic role in the pro-
gression of ABMR. We constructed a gene co-expression network for infiltrating macrophages using hdWGCNA (Fig. 6A), where the
green module (Fig. 6C) showed a significant association with M1-inf-Mac (Fig. 6B). Enrichment analysis revealed that core genes in the
green module were primarily concentrated in the INF-y pathway (Fig. 6D) and were highly expressed in HR cells (Fig. 6B). Identifying
transcription factors regulating the genes in the green module, we found STAT1 to be the core regulon with the most regulatory genes,
aligning with previous findings; the network of STAT1 and its regulated downstream genes is depicted in Figure Supplementary 4A. We
employed Cox regression (Supplementary Fig. 5) and lasso regression (Fig. 6F and G and Supplementary Table 2) to identify five
critical prognostic downstream genes: GBP1, HLA-E, PARP9, PSMBS8, and TNFSF10 (Fig. 6E). Using these critical PDGs, we developed
a, where the high-risk group showed significantly worse survival rates than the low-risk group (training set: P = 0.001; test set: P <
0.001) (Supplementary F. 4B and F. 6H); the prognostic risk model demonstrated robust predictive performance (training set AUC of 3,
5, 10-year survival: 0.73, 0.78, 0.73; test set AUC of 3, 5, 10-year survival: 0.92, 0.89, 0.92) (Supplementary F. 4C and F. 6I). In datasets
GSE36059 and GSE98320, the expression of critical PDGs in ABMR was significantly higher than in non-rejection (Supplementary
Figs. 4E and 4F). Dot plots show that critical PDGs are highly expressed in M1-inf-Mac and HR cells (Supplementary Figs. 4G and 4H).

By employing Nichnet, we established a ligand-receptor-signaling mediators-STAT1 communication network, as depicted in
Fig. 7A. In this network, receptors and signaling mediators are classified as STAT1’s upstream genes. Through Cox (Supplementary
Fig. 6) and lasso regression (Fig. 7B and C and Supplementary Table 2) analyses, we identified eight critical prognostic upstream genes:
ITGB1, TLR2, TLR4, CD74, PLAUR, ADAM17, CSF1R, and CD81 (Fig. 7A). Building upon these critical PUGs, a prognostic risk model
was developed, which distinctly demonstrated that the survival rates were significantly lower in the high-risk group compared to those
in the low-risk group (training set: P < 0.001; test set: P < 0.001) (Fig. 7D and Supplementary Fig. 41). This prognostic risk model
exhibited excellent predictive accuracy, with the training set AUC for 3, 5, and 10-year survival being 0.84, 0.82, and 0.86, respec-
tively, and the test set AUC being 0.85 for both 3 and 5-year survival, and 0.77 for 10-year survival. Dot plots revealed a heightened
expression of these critical PUGs in HR cells (Fig. 7F and Supplementary Fig. 4J). Furthermore, the dataset GSE98320 validated the
significantly higher expression of these critical PUGs in ABMR compared to non-rejection cases (Fig. 7G).

7 PARP9 as a Novel Regulator of M1-inf-mac Through STAT1 in ABMR
In pursuit of deeper insights into the links between the identified upstream and downstream genes and STAT1, we undertook a
comprehensive correlation analysis. At the cellular level, significant positive correlations were found between M1-inf-mac and these

genes within the datasets GSE36059 and GSE98320 (Fig. 8A). Genetically, a majority of the genes exhibited close interconnections,

11



Q. Pang et al. Heliyon 10 (2024) e27865

A C green
SI'AH
5615
SEgPWA1
TA{SFL‘{B
PSMB9 T2A
gM “ T“SE/?X
85}’5 - \gMP5
flT?
BP4. GBP1 IFI6
8 . ®
. ANKRD22
Co-expression network of © g T
MX1
infiltrating macrophages e RgsE ©
¥
PSMB8
o, ®
o) Tgsam
2ot IFIT3 SEngm
b )
R-HSA-913531: Interferon Signalin
M5913: HALLMARK INTERFERON GAMMA RESPONSE
R-HSA-877300: Interferon gamma signaling
G0:0071345: cellular response to cytokine stimulus
G0:0034340: response to type | interferon
- G0:0052548: regulation of endopeptidase activity
R-HSA-9824446: Viral Infection Pathways
G0:0031347: regulation of defense response
G0:0043254: regulation of protein-containing complex assembly
G0:0008285: negative regulation of cell population proliferation
0 s 0 15 20
-log10(P)
" N . Percent Expressed
blue . lverage Xpression : 33
-4
yellow [ ] ® 45
1 ® 50
brown [ ) o @ 55
black [ ] ® o
turquoise ) Percent Expressed Average Expression
-0
red [ ) . 25 04
green oo ® 50 0.0
® 75 R
L 08 o€ o WO © W& N 9
R I A I R R e F
Q7. Q7 &7 &7 o7 o7 &
S S §
W’ L7 W P s
E FEE
¢
LN
is
ALPKI IFITM1 3
- —— APOL2  IRF2 HE
e Nucleus APOL3 1SG15
APOL6  MT2A H
7/ BST2 Mx1
/ Céorf62 OAS2 2 r
CIRBP PARP9 o ss 0 a5 20
/ Target genes FCERZ? ~ PSMB8 sl GBP1
FCGRIA ~ PSMBY 3
I O O E> GALNTE  RARRES3 Lasso HLA-E Risk
GBP1 RWDDI - —_—
GBPS SLCIAS Regression PARP9 model
i GNB4 5P110 PSMB8
TF: STAT1 GSTK1 STARD7 G B - . i 5
HIFO STAT2 TNFSF10
HISTIHZAC TMSB10
HLA-E TNFSF10
IFIE TRIM22
IFIT2 WDFY1
IFIT3 wsB1 £
H 3
o —
100
e ors
£
£
2
g om z
£ 5 os0
H ]
o
p<0.001
oo 025
R S R N R RN e R N ]
Time o by o fairicensorngiyears) AUCora-y st 052
ACors-ysunma 039
. — UG 10y sunal 0
g 7m0 7 6 s 00000 000 -
L 9 1" 4 4 2 2 10 0 o0 0.00 025 050 075 100
e 1 speciliy

T I
“Time from biopsy to falure/censoring(years)

Fig. 6. Development and Validation of a Prognostic Prediction Model Based on STAT1 Downstream Genes. (A) Illustration of the co-expression
network of infiltrating macrophages derived from hierarchical weighted gene co-expression network analysis (hdWGCNA). (B) Dot plot show-
casing the similarity in gene expression between co-expression modules and various cell clusters or prognostic phenotypes. (C) Top20 hub genes
within green module. (D) Enrichment analysis results for the top hub genes in the green module. (E) Schematic overview of the procedure for
constructing the prognostic risk model. The left box details the identification of prognostic downstream genes (PDGs) via Cox regression analysis.
The right box illustrates the selection of critical PDGs through Lasso regression. Genes highlighted in red are those whose roles in kidney
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transplantation have been verified in published literature. (F) Lasso coefficient profiles of the model. (G) Plot depicting the partial likelihood
deviance for model optimization. (H) Kaplan-Meier (K-M) survival curve comparing graft survival between high-risk and low-risk groups in the test
set. (I) Receiver operating characteristic (ROC) curve analysis of the model, displaying the area under the curve (AUC) for 3-year, 5-year, and 10-
year graft survival predictions in the test set.

with TLR4, STAT1, and PARP9 showing a notable positive correlation (Fig. 8B). The TLR4-STAT1-PARP9 signaling axis, not previously
reported in the literature, thus became a focus of our further investigations. Our single-cell data revealed that TLR4 and PARP9 are
concurrently expressed in M1-inf-mac, displaying a significant positive correlation (R = 0.44, P = 0.012). Furthermore, the gene
expressions of TLR4 and PARP9 were also found to be closely related (R = 0.3, P = 0.00066) (Fig. 8C). Additionally, within M1-inf-
mac, PARP9’s expression showed significant positive correlations with pro-inflammatory genes (TNF, CCL2, and CXCL10), the IFNy
receptor gene (IFNR2), and IFNy stimulated genes (TNFSF10 and IFITM1) (Fig. 8D). This suggests an association of PARP9 with the
IFNy pathway. Existing research confirms that PARP9, by inhibiting the ADP-ribosylation of STAT1, facilitates the activation of in-
flammatory macrophages and bolsters IFNy-induced immune responses [38]. STAT1 serves as a nexus between the TLR4 and IFNy
pathways [39]. Consequently, we propose that in M1-inf-mac, upstream signals from TLR4, synergizing with IFNR, initiate the
phosphorylation of STATI1, resulting in augmented transcription of PARP9. This action of PARP9, inhibiting STAT1 ADP-ribosylation
and promoting its nuclear translocation, intensifies the transcription of ISGs and pro-inflammatory genes, ultimately leading to the
inflammatory activation of M1-inf-mac (Fig. 8E).

To corroborate our discoveries and conjectures, we undertook an analysis of single-cell data from two ABMR samples within an
independent dataset, employing an identical analytical process. Post-data processing, the cells were categorized into nine distinct types
(Fig. 9A), with cluster 7, characterized by high expression of CD68 and LYZ (Fig. 9B), identified as a monocyte-macrophage subgroup.
Following another round of unsupervised clustering, we identified four cell subpopulations consistent with our prior analysis — M1-
inf-mac, M2-res-mac, FCGR3A + inf-mac, and S100As + mon — and additionally, a novel macrophage subgroup, FOLR2-res-mac, as
well as a noise cell subgroup, B cells (Fig. 9C). The marker genes of these subgroups are displayed in Fig. 9D. Notably, Fig. 9E shows the
M1 macrophage signature activity prominently in M1-inf-mac, and similarly, M2 macrophage signature activity was significantly
observed in M2-res-mac, validating our cell annotations. The expression of STAT1 and associated upstream/downstream prognostic
genes was notably elevated in M1-inf-mac and its precursor, FCGR3A + inf-mac (Fig. 9F). Furthermore, TLR4 and PARP9, as well as
STAT1 and PARP9, demonstrated synergistic expression and significant positive correlation within M1-inf-mac.

4. Discussion

In this study, we combined scRNAseq and bulkRNAseq data to identify the primary mononuclear macrophage subgroups involved
in antibody-mediated rejection after kidney transplantation. Additionally, we conducted a thorough investigation of the significant
macrophage infiltration observed in ABMR. The specific novel findings demonstrated in this report include the following: 1. In
antibody-mediated rejection tissues, M1-like macrophages demonstrate a more pronounced infiltration tendency compared to M2-like
macrophages. The degree of this infiltration is intricately linked to the severity of the pathological damage. 2. M1-like macrophages
exhibit characteristics of infiltrating cells, while M2-like macrophages display traits of resident cells. These cells originate from the
recipient’s circulating monocytes and the donor’s renal resident macrophages, respectively, and exhibit the potential for mutual
transformation. 3. MIF serves as a crucial mediator in the interaction between M1-like infiltrating macrophages, lymphocytes, and
vascular endothelial cells. 4. STAT1 is a key transcription factor that regulates the gene expression of M1-like infiltrating macrophages
and facilitates the transformation of monocytes into these macrophages. 5. The infiltration of M1-like infiltrating macrophages in-
dicates poor graft prognosis, with the IFNy pathway playing a central role in these adverse outcomes. 6. Prognosis models utilizing
upstream and downstream genes of STAT1 demonstrates robust predictive capabilities. 7.The TLR4-STAT1-PARP9 axis in M1-like
infiltrating macrophages may promote the transcription of IFNy-related genes by inhibiting the ADP-ribosylation of STAT1. Our
study provides a new insight into the macrophages clustering and underlying mechanism in ABMR, and provides fresh perspectives on
mitigating the pathological lesions of ABMR and enhancing the survival of renal grafts.

Macrophages are typically classified into two groups based on activators (IFNy or IL-4), namely M1 macrophages (classic mac-
rophages) and M2 macrophages (alternative macrophages) [40]. This rough classification does not fully capture the complex func-
tional phenotypes of macrophages in diverse diseases, but it’s role in various disease processes can be mainly concluded into two
opposite functional states: proinflammatory and anti-inflammatory. In this study, we identified M1-like and M2-like macrophages
within biopsy samples of renal grafts, characterized by high expression of pro-inflammatory and anti-inflammatory genes, respec-
tively. Previous research on ABMR predominantly focused on M2 macrophages [11] due to their critical role in transplant glomer-
ulopathy (TG) [41] and interstitial fibrosis and tubular atrophy (IF/TA) [42]. However, our findings reveal that the infiltration of
M1-like macrophages in ABMR is more significant, with higher levels of infiltration correlating with increased Banff lesion scores
and poorer graft survival outcomes. Although M2-like macrophages exhibits the anti-inflammatory transcriptomic features typical of
traditional M2-type macrophages, their increased infiltration does not distinctly mitigate graft injury. Contrarily, it appears to hasten
graft loss. This may be linked to their reparative functions through endothelial-mesenchymal transition and angiogenesis, which
paradoxically accelerate renal graft fibrosis. This is consistent with the opinion of Toki et al. [43] that the infiltration of M2 macro-
phages aggravates renal tubular injury and fibrosis in the transplanted kidneys.

A unique feature of macrophages in allografts is that the donor’s macrophages, migrating along with the transplanted organ,
become tissue-resident macrophages that participate in inflammation resolution and fibrosis processes. In response to inflammation or
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Fig. 7. Development and Evaluation of a Prognostic Prediction Model Based on Upstream Genes of STAT1. (A) Schematic representation of the
process for constructing the prognostic risk model. The left boxes show the upstream genes of STAT1 (including receptors and signaling mediators)
and their paired ligands. The right box indicates the critical upstream genes (PUGs) identified through Cox and Lasso regression analysis. Genes
highlighted in red are those with roles in kidney transplantation as confirmed by published literature. (B) Lasso coefficient profiles of the model. (C)
Graph depicting the partial likelihood deviance for model optimization. (D) Kaplan-Meier (K-M) survival curve comparing graft survival between
high-risk and low-risk groups in the training set. (E) Receiver operating characteristic (ROC) curve for the model, showing the area under the curve
(AUQ) for 3-year, 5-year, and 10-year graft survival predictions in the training set. (F) Dot plot representing the average expression of critical PUGs
(‘cPUGs) across different prognostic states. (G) cPUGs’ expression in ABMR versus non-rejection samples using dataset GSE98320.

damage within the allograft, monocyte-derived macrophages from the recipient are then recruited [44]. Our study confirms this notion
and identifies two differentiation trajectories: SIO0A + monocytes transitioning into M1-like infiltrating macrophages, and TREM2+
resident macrophages evolving into M2-like resident macrophages. These differentiation pathways are informed by the biological
properties of monocytes and findings by Kawakami [45], which suggest that most tissue-resident macrophages, including those in
renal tissues, predominantly display an M2 macrophage phenotype. FCGR3A + infiltrating macrophages and NR4As + infiltrating
macrophages represent intermediate states during differentiation. These two cell types bear resemblance to M1-like infiltrating
macrophages and M2-like resident macrophages, respectively, both in terms of their differentiation trajectories and transcriptomic
characteristics. Previous studies suggested that the functional Fc gamma receptor (FcyR) IIIA polymorphism FCGR3A-V/F158 on the
surface of monocyte/macrophage is in involved in the microcirculatory inflammation caused by DSA [46,47]. Macrophage NR4A1-3
receptors can integrate as well as limit inflammatory signaling, and promote tissue repair [48]. The deletion of NR4A1 can exacerbate
the macrophage-mediated kidney injury [49]. It’s worth noting that only certain macrophage subsets were identified in the external
ABMR samples. These subsets, characterized by marker genes consistent with M1-like infiltrating macrophages, M2-like resident
macrophages, and FCGR3A + infiltrating macrophages, indicate that these three subpopulations are conserved in ABMR. Meanwhile,
the remaining subsets may exist in an intermediate state of differentiation or under inflammatory stimulation. Fig. 10 illustrates the
dynamic transformation pathways among macrophage subsets in ABMR.

MIF is a pleiotropic molecule named for its inhibition of random migration of macrophages [50]. It functions as a pro-inflammatory
factor and chemokine, regulating cell proliferation, angiogenesis, and fibrosis [51]. MIF plays a vital role in immune responses; it can
recruit macrophages, enhance the expression of HLA-DR on macrophage surfaces, stimulate macrophages through nitric oxide (NO)
production, and regulate the proliferation and activation of T cells [52-54]. In acute kidney transplant rejection, the production of
local MIF is significantly increased [55], and MIF levels in urine have proven useful for monitoring allogeneic rejection in kidney
transplant recipients [56]. D74 is a receptor for extracellular MIF. Upon MIF binding to CD74, it activates the CD74 CD44 or
CD74-CXCRx signaling complexes [52]. The former activates the ERK pathway [57], influencing cell proliferation and activation [58],
while the latter functions in chemotaxis [51]. It has been observed that CD74 is highly expressed in renal tubular epithelium during
acute rejection [59]. Our study reveals that MIF acts as a crucial signaling molecule between M1-like infiltrating macrophages,
lymphocytes, and endothelial cells, a pattern more prevalent in ABMR. M1-like infiltrating macrophages release MIF to recruit
lymphocytes, which in turn activate macrophages via the MIF-CD74 signaling, leading to the production of inflammatory cytokines
and consequent endothelial inflammation. However, the deletion of MIF fails to prevent the occurrence of kidney transplant rejection
in mice, suggesting that the role of MIF in rejection may be replaced by other molecules [60].

The cytokine IFNy derived from type 1 helper T cells (Th1) binds to the IFN receptor on the cell surface, then activates the Janus
kinase (JAK)-signal transducer and the downstream STAT1 pathway. This activation induces the expression of interferon-stimulated
genes (ISGs) that play a critical role in immune effector functions, thereby influencing tissue homeostasis, inflammation, and immune
responses [61]. Previous studies have shown that free or intracellular IFNy is associated with acute rejection after kidney trans-
plantation [62] and serves as a biomarker for the detection of acute rejection [63]. However, the mechanism is not elucidated. Zhang
et al. [64] suggested IFN-y as a determinant of ABMR and clinical outcomes in patients after kidney transplantation. Our study believed
that M1-like infiltrating macrophages expressed a large number of IFNy-induced transcripts with STAT1 as the core of the gene
regulatory network after receiving IFNy signal, which may aggravate tissue damage in AMBR. Likewise, Callemeyn et al. [65]
discovered that biopsy specimens with ABMR histology showed overexpression of transcripts mostly related to IFNy-induced path-
ways. Furthermore, the prognosis model built with upstream and downstream genes of STAT1 demonstrates strong predictive ca-
pabilities. These genes are implicated in various renal conditions, such as ischemia-reperfusion (ITGB1 [66], TLR2/4 [67,68]), acute
and chronic rejection (TLR4 [69], HLA-E [70,71], PSMB8 [72]), recurrent primary nephropathy (PLAUR [73]), metabolic diseases
associated with renal transplants (ADAM17 [74]), and serve as non-invasive molecular markers for ABMR diagnosis (GBP1 [75,76]),
and apoptosis processes (TNFSF10 [77]).

Significantly, our research succeeded in identifying a novel prognostic molecule, PARP9, whose role in kidney transplantation
remains largely unexplored. Functioning as a downstream molecule of STAT1, PARP9 appears to be pivotal in the phenotypic
transformation of pro-inflammatory macrophages and in amplifying IFNy-induced gene expression. Previous studies have revealed
that silencing PARP9 can suppress the expression of pro-inflammatory genes and the IFNy-induced phosphorylation of STAT1 in
macrophages [39]. The PARP9-DTX3L complex interacts with STAT1 and activates E3 ubiquitinase to enhances the expression of
interferon-stimulated genes [78]. The Poly-ADP-ribose polymerase (PARP) family constitutes a group of mammalian
ADP-ribosyltransferases (ARTs) that catalyze the transfer of ADP-ribose from NAD + to various substrates, resulting in
ADP-ribosylation [79]. This process represents a post-translational modification that regulates proteins, nucleic acids, and metabolites.
Although part of the PARP family, PARP9 lacks transferase activity [80]. Intriguingly, the macrodomain1 of PARP9 exhibits hydrolytic
activity, acting as an ’eraser’ in the realm of epigenetics [81]. This function is crucial for regulating ADPr levels in other transferases or
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Fig. 8. Analysis of Correlations Between STAT1 and Its Upstream and Downstream Genes. (A) Heatmap showing the correlation between STAT1-
up/downstream genes and infiltration of M1-like infiltrating macrophages in GSE36059 and GSE98320. (B) Analysis of the correlations between
STAT1 upstream/downstream genes in GSE36059 (upper right) and GSE98320 (upper left). Scatter plots detail specific correlation coefficients and
p-values for selected gene pairs. (C) UMAP exhibiting coordinated expression of TLR4/STAT1 and PARP9 of M1-like infiltrating macrophages in
ABMR. Accompanying scatter plots show the correlation between TLR4/STAT1 and PARP9. (D) Scatter plots of correlation between PARP9 and pro-
inflammatory genes (TNF, CCL2, and CXCL10), IFNy receptor gene (IFNR2), and IFNy stimulated genes (TNFSF10 and IFITM1). (E) Potential
r‘nechanism of TLR4-STAT1-PARP9 axis of M1-like infiltrating macrophages in ABMR.

under specific cellular contexts. This supports the explanation of the experimental phenomenon by Hiroshi et al. [39]: the opposing
pro-inflammatory and anti-inflammatory phenotypes in macrophages driven by PARP9 and PARP14 might result from PARP9
inhibiting the ADP-ribosylation of STAT1 by PARP14. In our research, STAT1 serves as the intersection of TLR4 and IFNy signaling
crosstalk. PARP9 enhances the phosphorylation of STAT1 by modulating its ADP-ribosylation, leading to increased IFNy-induced genes
expression. This positive feedback loop intensifies the pro-inflammatory phenotypic polarization of M1-like macrophages, contrib-
uting to their pro-inflammatory impact in ABMR. Consequently, targeting PARP9 could be a promising therapeutic strategy for ABMR.

Nevertheless, our research faces certain limitations: 1. Due to the complexity and high costs of single-cell sequencing technology,
our study includes a relatively small sample size. Additionally, The ABMR cases included in the study exhibit at leat some differences in
pathological mechanisms, and the different types of antibody and donor-recipient mismatches are not taken into account. Thus, these
factors introduced potential confounding variables. 2. The number of immune cells obtained by single-cell technology and the depth of
sequencing are limited, and some macrophages may be lost or physically activated in the process of cell dissociation [82], which brings
disturbance to data analysis. 3. Bioinformatics analysis can determine correlations between molecules but struggles to establish
causality. Hence, our study’s proposed mechanisms necessitate further validation via knockout and overexpression experiments.
Nonetheless, our findings are enlightening, paving the way for future research on ABMR-associated macrophages.

5. Conclusion
In conclusion, this study depicted the macrophage profile in antibody-mediated rejection after kidney transplantation by

combining scRNA-seq and bulkRNA-seq data, highlighted the negative impact of M1-like infiltrating macrophages on graft injury and
prognosis, and found that PARP9 may be a therapeutic target for alleviating inflammatory damage in ABMR.
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Fig. 9. Validation of Study Findings Using an Independent External Single-Cell Dataset. (A) UMAP of 9 distinct cell clusters identified in the dataset.
(B) UMAP showing distribution and expression of mon-macrophage related marker genes (CD68 and LYZ). (C) Re-clustering of mon-macrophage
clusters. (D) Dotplot detailing the expression of specific marker genes for each monocyte-macrophage subcluster. (E) UMAPs demonstrating the
area under curve (AUC) values and distribution of macrophage-related phenotypic signatures in the subclusters. (F) Dot plot presenting the
expression patterns of STAT1 upstream/downstream genes in the subclusters. UMAP exhibiting coordinated expression of TLR4 (G)/STAT1 (H) and
PARP9 of Ml-like infiltrating macrophages in ABMR. Accompanying scatter plots illustrate the correlations between TLR4 (G)/STAT1 (H)
and PARP9.
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Fig. 10. Transformation Pathways Among Macrophage Subsets in ABMR. M1-like infiltrating macrophages originate from S100As + monocytes in
the recipient’s circulation, transitioning through an intermediate FCGR3A + infiltrating macrophage state. Meanwhile, M2-like resident macro-
phages differentiate from donor renal tissue resident cells, specifically TREM2+ resident macrophages. Additionally, M1-like and M2-like macro-
phages can interconvert through two transitional states: NR4As+ and HSPs + infiltrating macrophages.
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