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Immune cells, including T and B cells, are key factors in the success of liver transplantation. And the repertoire of T cells and B cells plays an essential function in mechanism of the immune response associated with organ transplantation. An exploration of their expression and distribution in donor organs could contribute to a better understanding of the altered immune microenvironment in grafts. In this study, using single-cell 5’ RNA sequence and single-cell T cell receptor (TCR)/B cell receptor (BCR) repertoire sequence, we profiled immune cells and TCR/BCR repertoire in three pairs of donor livers pre- and post-transplantation. By annotating different immune cell types, we investigated the functional properties of monocytes/Kupffer cells, T cells and B cells in grafts. Bioinformatic characterization of differentially expressed genes (DEGs) between the transcriptomes of these cell subclusters were performed to explore the role of immune cells in inflammatory response or rejection. In addition, we also observed shifts in TCR/BCR repertoire after transplantation. In conclusion, we profiled the immune cell transcriptomics and TCR/BCR immune repertoire of liver grafts during transplantation, which may offer novel strategies for monitoring recipient immune function and treatment of rejection after liver transplantation.
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1 Introduction

Liver transplantation is the only option available for the treatment of end-stage liver disease(1). But the development of liver transplantation surgery is restricted by numerous immunological factors, including liver ischemia-reperfusion injury (IRI)(2, 3), graft-related rejection(4) and graft-versus-host disease (GVHD)(5). These all poses a great challenge for the prognosis of recipients. The mechanisms underlying all these pathological processes are not fully understood, and generally acknowledged that they are the result of the interaction of a diverse range of cells, especially immune cells, and various inflammatory mediators and cytokines(6–8). From the cold storage to the implantation in recipients, the donor livers are subjected to a complex pathophysiological process(9). Different immune cells, or even the same type of cells in distinct microenvironments, will have different roles during the course of IRI, immune rejection or GVDH(2, 10, 11). Enhancing our understanding of the complex immune microenvironment during liver transplantation could greatly contribute to immune research and treatment related to liver transplantation.

A large quantity of heterogeneous parenchymal and mesenchymal cells makes up the liver, which includes a variety of immune cell subsets with different functions, such as macrophages, T cells, and B/plasma cells(12). Single-cell RNA sequencing (scRNA-seq) technique has allowed us to comprehensively resolve liver ecosystems and understand the cellular heterogeneity(13). The scRNA-seq has been applied in many diseases to investigate the immune cell populations(14–16). Therefore, we performed a full-scale scRNA-seq of intrahepatic immune cells during transplantation to study the altered immune microenvironment during liver transplantation.

T cell receptor (TCR) and B cell receptor (BCR) act as critical molecules in adaptive immunity and determine most of the functions of T cells and B cells(17). The diversity of TCR and BCR libraries is the result of rearrangements of variable (V), diversity (D) and linkage (J) genes at the complementary determining region 3 (CDR3) recombination junctions(18), and have been determined to be involved in autoimmune diseases(19), cancers(20), and solid organ transplantations(21). To identify graft-associated TCRs and BCRs may serve as novel biomarkers that could provide new insights into the immune status and therapeutic strategies after liver transplantation.

Herein, we collected three pairs of pre- and post-transplantation human donor liver samples and used 5’ scRNA-seq and scTCR/BCR repertoire sequencing to comprehensively profile all the intrahepatic immune cell types and their transcriptomic changes. This study can elucidate the immune status changes of the donor livers during the surgery and try to find the TCR/BCR associated with organ transplantation immunity.



2 Materials and methods


2.1 Grafts and patients information

All liver donations on record were voluntary after cardiac death. All cases were provided with their informed permission. Immunosuppression treatment and a routine pre-liver transplantation examination were given. Data related to patient and donor including gender, age, blood type, etiology and other laboratory data are presented in 
Supplementary Table S1
. The study has been approved by the Ethics Committee of Ruijin Hospital affiliated to Shanghai Jiao Tong University School of Medicine.



2.2 Human liver sample collection and dissociation

Donor liver organs were obtained using standardized procedures, perfused, and stored in a cold (4°C) University of Wisconsin (UW) solution. “Cold ischemic time”, the period between perfusion of the graft with UW solution and removal of it from the refrigeration, was limited to 8 hours for each person. Pre-LT donor liver samples (pre group: before implantation) were taken from the left lobe of the livers during the back-table preparation, while the post-LT liver samples were taken 3 hours after portal vein reperfusion (post group: before the abdominal closure). Within 48 hours of liver transplantation surgery, the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) in patient’s blood were tested, which reached their peak values. Following tissue collection, 4°C physiological saline was used to rapidly remove any blood or cold UW solution from the liver tissues. Then, the tissues were cut into 1 mm3 pieces in 1640 medium (Meiluncell) and treated with the digesting solution (1 mg/ml Collagenase II + 1 mg/ml Collagenase IV + 50 ug/ml DNase I) for 30 minutes at 37°C into single-cell suspension. The single-cell suspension was then passed through a 70 mm nylon cell strainer before centrifuged at 300 g for 5 min to collect the cell pellet. Red blood cells were lysed using Erythrocyte Lysis Buffer. After washing twice with PBS (Meiluncell), the cells were resuspended at a cell density of 50–500 million cells per ml in resuspension buffer (PBS with 2% fetal bovine serum (Gibco)).



2.3 Single-cell 5’ RNA-seq data processing

ScRNA-seq libraries and scTCR/BCR repertoire were created using the 10× Genomics Chromium Single-cell 5’ Library and single cell V(D)J reagent kits according to the platform’s instructions (10× Genomics, USA). Briefly, the combination of cells, chemicals, and gel beads with barcodes wrapped in oil droplets is referred described as a “GEM”. Following the dissolution of the gel beads in the GEM, cells were lysed to liberate mRNA. Barcoded cDNA was produced using reverse transcription and utilized for sequencing. The generated cDNA was adequate to build 5’ gene expression libraries and TCR/BCR libraries. Purified 5’ libraries were sequenced by Illumina Hi-Seq XTen platform at paired-end 150-bp length. VDJ region-enriched libraries were analyzed on an Illumina HiSeq 2500 device. Cell Ranger (version 6.0.2, 10× Genomics) was applied to align the sequence and generate cell barcode matrix. For the TCR/BCR clonotype analysis, we elaborate on this in a later section.



2.4 Quantification and subcluster

Seurat R package (version: 4.0.3) was used for data filtering, cell normalization and clustering based on the expression table according to the unique molecular identifier (UMI) counts of each sample(22). Low quality cells will be removed: genes expressed < 500, UMI < 1000, and mitochondrial genome ratio > 0.2. Then we performed principal component analysis (PCA analysis) from scaled data, where the top 2000 high variable genes and the top 10 principal were used to construct UMAP. Differential expression markers were analyzed using the “FindAllMarkers” function and significance levels were tested using the Wilcoxon test. Marker genes for each cluster were identified by using the Wilcox rank sum test in the “FindAllMarkers” function for genes expressed in at least 10% of cells and a 0.25 mean natural log-transformed ploidy change criterion. We considered a gene to be a cluster-specific marker when it was differentially upregulated in a cluster relative to other clusters. Cell clusters were annotated as known biotypes with canonical marker genes according to Cell Marker(23) (http://bio-bigdata.hrbmu.edu.cn/CellMarker/) database and previous article(24, 25).



2.5 Differential expression gene analysis

To identify differentially expressed genes among samples, the function “FindMarkers” with wilcox rank sum test algorithm was used under following criteria: log2FC > 0.25, p value<0.05, min.pct > 0.1.



2.6 Functional enrichment analysis

Gene ontology (GO) analysis was performed to illustrate the biological implications of marker genes and differentially expressed genes. We downloaded the GO annotations from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/) and the Gene Ontology (http://www.geneontology.org/). Fisher’s exact test was applied to identify the significant GO categories and FDR was used to correct the P-values. Pathway analysis was used to find out the significant pathway of the marker genes and differentially expressed genes according to KEGG database. We turn to the Fisher’s exact test to select the significant pathway, and the threshold of significance was defined by P-value and FDR. To characterize the relative activation of a given gene set such as pathway activation, we performed Quantitative Set Analysis of Gene Expression (QuSAGE, 2.16.1) analysis(26).



2.7 SCENIC analysis

To assess transcription factor regulation strength, we applied the Single-cell regulatory network inference and clustering (pySCENIC, v0.9.5) workflow, using the 20-thousand motifs database for RcisTarget and GRNboost (27).TCR/BCR Repertoire Profiling

The scTCR/BCR-seq data was manipulated with Cell Ranger (version 6.0.2, 10× Genomics) with reference to the human VDJ reference offered by 10× Genomics. Cells with at least one productive TCR α or TCR β chain were retained for further analysis, such as the diversity of TCR/BCR repertoire, the usage and combination of V(D)J gene, and the distribution of CDR3 length(28). In order to combine TCR or BCR results with the gene expression, the TCR- or BCR-based assays was conducted only for cells that were identified as T or B cells respectively. In addition, T or B cell clonotype shared among clusters or samples were identified.



2.8 Histological staining

For staining, liver samples were fixed overnight in 4% paraformaldehyde, embedded in paraffin wax, and serially sectioned at 4 μm thickness. At least 10 high-power fields (magnifications of 10× and 40×) per slice were evaluated for each tissue sample.




3 Results


3.1 Single cell atlas construction of human donor liver during transplantation

Three pairs of donor liver samples from three adult males were performed scRNA-seq analysis. A total of 39,505 cells transcriptomes from these 6 samples were captured using 10× Genomics platform, and the medians for UMI and genes were 2812-3672 and 1260-1629 respectively (
Figure 1A
). After quality control (QC) filtration, transcriptional information from a total of 28985 cells was eventually available for further analysis. We conducted dimensional reduction and clustering of the obtained intrahepatic cells based on UMAP. All these cells were annotated into 22 clusters using canonical marker genes, and each individual cluster consisted of a proportionate number of cells from each sample (
Figure 1B
). These clusters across 8 major cell lineages, including NK cells, T cells, B cells, plasmas, monocytes, neutrophils, cholangiocytes, and endothelial cells (
Figure 1C
). Each type of cell was identified by their canonical gene marker profiles such as T cell (CD3D(29)), NK cell (KLRF1(30)), B cell (CD79A(31)), plasmas (IGHG1(31)), neutrophils (CD177(32)), macrophages (CD68(33)), endothelial cells (FCN2(33)), and cholangiocytes (KRT7(34)), respectively (
Figure 1D
 and 
Supplementary Table S1
). From the distribution of cellar fractions, it was clear that T cells, NK cells and macrophages prevailed the liver transplantation in each sample (
Figure 1E
). It was apparent that the proportions of macrophages were higher in the post liver samples, and the difference was also present in the proportions of NK and T cells (
Figure 1E
). This result suggested that there was a significant difference in the detailed structure of immune cell compartments during liver transplantation. The clinical data of the samples and liver H&E staining are shown in 
Supplementary Table S1
 and 
Figure 1F
. And we can tell from the image of H&E staining that there was a certain degree of destruction of the liver tissue structure after reperfusion. The differential gene expression of each cell cluster is shown in 
Figure 1G
.




Figure 1 | 
Single-cell atlas of human donor liver in transplantation surgery. (A) Schematic diagram of scRNA-seq and TCR/BCR repertoire sequencing workflow. (B) Distribution of the 6 liver samples on UMAP plots. (C) UMAP plots for the identification of 22 cell clusters for all cells. (D) Expression of canonical cell markers including CD3D, KLRF1, CD79A, IGHG1, CD177, CD68, PECAM1, and KRT7. (E) Cell proportion in different liver samples. (F) H&E staining of donor liver samples pre- and post- transplantation. (G) Heatmap of top genes of different cell clusters.





3.2 scRNA-seq of macrophage clustering and subtype analysis during liver transplantation

The liver is a solid organ in the human body with the largest number of tissue resident macrophages. In order to investigate the dynamics of different macrophages subtypes during liver transplantation, a total of 6207 macrophages obtained from three pairs of donor samples were divided into four subsets based on the expression of typical monocytic/Kupffer cell marker genes. Based on the specific high expression of genes in cell subsets, we identified two monocyte subsets (CD14+ and CD16+ Monocytes), a tissue macrophage subset (highly expressed FCN1 and FCGR3A gene) and a Kupffer cell subset (highly expressed C1QC) (
Figure 2A
).




Figure 2 | 
scRNA-seq of macrophages during liver transplantation. (A) UMAP plotting of 16 clusters of mononuclear phagocytes and divided into 4 different cell subpopulations. (B) Expression of VSIG4, C1QC, IL1B, VCAN, CD14, and FCGR3A genes for monocytes and Kupffer cells clusters. (C) Heatmap of 3 differentially expressed genes of each monocytic/Kupffer cell clusters. (D) Pie plot and bar plot showing the proportion of monocytic/Kupffer cells in each sample. (E) Bar plot showing GO analysis results in different samples of monocytic/Kupffer cells during the transplantation. (F) Bubble plot showing the top 20 pathways enrichment in different samples of monocytic/Kupffer cells during the transplantation. (G) Result of QuSAGE analysis showing the selected pathways activation in different monocytic/Kupffer clusters. (H) Heatmap of selected metabolism pathways activation in different monocytic/Kupffer clusters. (I) Heatmap of SCENIC analysis in different monocytic/Kupffer clusters.




The CD14+ and CD16+ monocytic cell clusters highly express S100A8 and other similar genes to those expressed by peripheral mononuclear cells, suggesting that these two clusters may have been recruited and differentiated from peripheral blood circulating mononuclear cells. High expression of C1QC, C1QB and other tissue-resident marker genes in the Kupffer cell and inflammatory macrophage clusters suggests that they are the liver tissue-resident macrophages (
Figures 2B, C
). To further explore the dynamics of different monocytic and Kupffer cell clusters during liver transplantation, a comparative analysis of pre- and post-operative samples was carried out. In the post- samples, the proportion of Kupffer clusters was lower than that in the pre- samples, while the proportion of monocyte clusters was higher than that in the pre- samples (
Figure 2D
).

The liver is an immune tolerant organ and Kupffer cells are the most important component in limiting the activation of inflammation in the liver. Subsequently, we performed the GO analysis of differential genes in Kupffer cells of the donor liver pre- and post- transplantation to analyze the differences in biological function of Kupffer cell. The Kupffer cell clusters were found to have increased expression of neutrophil degranulation, inflammatory response genes, and immune response that promote inflammatory function after transplantation (
Figure 2E
). KEGG pathway analysis also indicated activation of inflammation-related pathways in Kupffer cells (
Figure 2F
). The results of GO and KEGG pathway analysis confirmed that the altered immunosuppressive environment was closely associated with the rapid activation of inflammatory pathways in Kupffer cells in the liver.

To further explore differences in the variation of functional pathways associated with different subpopulations of monocytic/Kupffer cells, we performed QuSAGE analysis Two different phenotypes of Kupffer cell clusters were identified (
Figure 2H
). Analyzed with selected pathways related to inflammation, the results show that cell death pathways (such as Ferroptosis, NOD-like receptor signaling pathway), inflammation-related pathways (IL-17 signaling pathway and TNF signaling pathway) of cluster 4 of Kupffer cells were significantly activated (
Figure 2I
). And the cluster 4 of Kupffer cells also play a role in promoting the activation of a wide range of immune cells (such as Th1 and Th2 cell differentiation, and Th17 cell differentiation). Most of the pathways enriched in the tissue macrophage clusters are the same as those in the Kupffer clusters. But the tissue macrophage clusters play more of a role in promoting the activation of inflammation. In common with Kupffer cell cluster, CD14 + and CD16+ monocyte clusters also exhibited activation of multiple pro-inflammatory pathways (
Figure 2G
). However, Kupffer cells exhibit a stronger pro-inflammatory effect. Different monocytic/Kupffer cell subpopulations also showed marked differences in the outcome of metabolic pathway enrichment. Kupffer clusters are more activated in glycolysis and amino metabolism-related pathways, while monocytic clusters exhibit enrichment in oxidative phosphorylation related metabolic pathways (
Figure 2H
). The result of SCENIC analysis shows the transcription factor activation differs markedly between macrophage types. The cluster 4 of Kupffer cells exhibits significant activation of the NR2F2, HOXB transcription factor, which may be closely related to its function in suppressing the inflammatory response (
Figure 2I
).



3.3 scRNA-seq of CD4+T cell clustering and subtype analysis during liver transplantation

A total of 793 CD4+ T single cell transcriptomes were obtained from three pairs of liver samples and reconstituted into 9 clusters (
Figure 3A
). Based on typical genetic markers, we grouped these nine cell clusters into four CD4+ T cell lineages. The cells were annotated as CD4+ memory T cells (Tem, GZMK), CD4+ Naive T cells (CCR7, LEF1), CD4+ mucosa-associated invariant T cells (MAIT, SLC4A10), and CD4+ T cycling cells (MKI67) based on their characteristic expression profiles (
Figures 3B, C
). To investigate the dynamics of CD4+ T cell clusters during liver transplantation, we found that the proportion of CD4+ MAIT decreased post-operatively, while the proportion of CD4+Tem cell clusters increased (
Figure 3D
). GO analysis showed that CD4+ T cells in post-operative grafts were enriched in biological processes of apoptosis, inflammatory cell activation (cytokine−mediated signaling pathway) and adaptive immune response (T cell activation) (
Figure 3E
). GO analysis of DEG in pre- and post-operative samples showed that CD4+ T cell clusters were activated in the Chemokine signaling pathway, Graft−versus−host disease, Allograft rejection, T cell receptor signaling pathway and other pathways associated with inflammation and lymphocyte activation during the surgery (
Figure 3F
). QuSAGE was used to observe the dynamic changes in specific cell clusters. We found that inflammation-related pathways such as P53 pathway, inflammatory response signaling pathway, IL−6_JAK_STAT3 signaling pathway, and IL2_STAT5 signaling pathway were significantly activated after transplantation in CD4+ Tem and CD4+ T Cycling populations (
Figure 3G
). The results of the enrichment of Treg gene and immune checkpoint receptors suggest that CD4+ Naïve T cells have the potential to differentiate into Treg cells and that activation of the immune checkpoint receptor gene in Tem cells may be able to exert immunomodulatory effects in the graft (
Figures 3H, I
)




Figure 3 | 
scRNA-seq of CD4+ cell clustering and subtype during liver transplantation. (A) UMAP plotting of 8 clusters of CD4+ T cells and divided into 4 different cell subpopulations. (B) Expression of CCR7, GZMA, MKI67, and SLC4A10 genes for CD4+ T cell clusters. (C) Heatmap of 3 differentially expressed genes of each CD4+ T cell cluster. (D) Pieplot and barplot showing the proportion of CD4+ T cell clusters in each sample. (E) Barplot showing GO analysis results of CD4+ T cell clusters. (F) Result of KEGG pathway analysis showing the top 20 significantly different pathways activation in different samples of CD4+T cell clusters. (G) Heatmap of hallmark pathways activation in different CD4+T cell clusters. (H) Expression of Treg related genes expressed in CD4+ T cells. (I) Expression of immune checkpoint inhibition receptor genes expressed in CD4+ T cells.





3.4 scRNA-seq of CD8+ T cell clustering and subtype analysis during liver transplantation

A total of 7271 single CD8+ T cell transcriptomes were obtained from three pairs of liver samples and reconstituted into 14 cell clusters (
Figure 4A
). In accordance with previous studies, these 14 cell clusters were grouped by characteristic expression profiles into four CD8+ T cell lineages, including a CD8+ MAIT (SLC4A10, RORC), a CD8+ Tem (GZMK, CXCR3), CD8+Naïve T cell (CCR7, LEF1) and a CD8+ Temra (CX3CR1) (
Figures 4B, C
). To study the dynamics of the CD8+ T cell ratio during liver transplantation, we found an increase in the proportion of CD8+ Tem cells and a decrease in the number of CD8+ MAIT cells (
Figure 4D
). GO analysis showed that, like CD4+T cells, CD8+ T cells were also predominantly enriched in apoptosis and T cell activation functions (
Figure 4E
). GO pathway enrichment indicated that most CD8+ T cell clusters were activated in the NF−kappa B signaling pathway and Natural killer cell mediated cytotoxicity (
Figure 4F
). Observation of pathway enrichment of specific cell clusters by QuSAGE. We found that inflammatory and cell death-related pathways, such as IL2 STAT5 Signaling, TNFA signaling via NFKB and inflammatory response pathway, were significantly activated in the CD8+ MAIT cell clusters (
Figure 4G
). The enrichment results of metabolism-related pathways showed that CD8+ T Cycling cluster was abnormally active (
Figure 4G
). The cytotoxicity gene enrichment results showed that almost all CD8+ T cell clusters, except CD8+ Naive T cells, exhibited some cytotoxicity (
Figure 4H
). The immune checkpoint receptor gene enrichment results suggest that LAG3, CD160 and TMIGD2 may serve as effective immune checkpoint targets (
Figure 4I
).




Figure 4 | 
scRNA-seq of CD8+ cell clustering and subtype during liver transplantation. (A) UMAP plotting of 14 clusters of CD8+ T cells and divided into 5 different cell subpopulations. (B) Expression of CD8A, CXCR3, SLC4A10, CX3CR1, GZMK and MKI67 genes for CD8+ T cell clusters. (C) Heatmap of 3 differentially expressed genes of each CD8+ T cell cluster. (D) Pieplot and barplot showing the proportion of CD8+ T cell clusters in each sample. (E) Barplot showing GO analysis results of CD8+ T cell clusters. (F) Result of KEGG pathway analysis showing the top 20 significantly different pathways activation in different samples of CD8+T cell clusters. (G) Heatmap of hallmark pathways activation in different CD8+T cell clusters. (H) Expression of cytotoxic related genes expressed in CD8+ T cells. (I) Expression of immune checkpoint inhibition receptor genes expressed in CD4+ T cells.





3.5 Usage of V(D)J genes and frequency of clonotypes in T cells

The results showed that the TCR clonotypes in donor liver was more significantly reduced in CD4+T cell after transplantation, compared to CD8+T cell. (
Figures 5B, D
). In addition, the usage of VDJ genes in TCR α and β chains was biased between the pre and post group both in CD4+ and CD8+ T cells. In TCRα CD4+T cell, the most used V gene was TRAV8-6 in pre group, while in post group it is TRAV8-3 (
Figure 5A
). However, the differences of usage bias in CD8+ T cells were not as significant as those in CD4+T cells (
Figure 5C
). The overlapping of TCR among samples were shown in 
Figures S1A, B
.




Figure 5 | 
Usage of V(D)J genes and frequency of clonotypes in T cells. (A) The usage of the V(D)J gene of TCR α and β chain in CD4+T cell between pre and post group. (B) The frequency of TCR clonotypes in CD4+T cells of different groups. (C) The usage of the V(D)J gene of TCR α and β chain in CD8+T cells between pre and post group. (D) The frequency of TCR clonotypes in CD8+T cells of different groups.





3.6 scRNA-seq of B/plasma cell clustering and subtype analysis during liver transplantation

A total of transcriptome information for 1026 B cells were obtained from these three pairs of donor liver samples. To investigate the dynamics of the different B subtypes, we divided B cells into six subsets based on the expression of typical B cell markers (
Figure 6A
). These clusters revealed one naive B cell (MS4A1, TCL1A) subset clusters, one memory B cell (AIM2) subset clusters, and three plasma cell (IGHA) clusters in the donor liver with different canonical marker genes (
Figures 6B, C
). Notably, the proportion of memory B cell subpopulations in the liver was significantly increased after transplantation compared to the pre-operative period, while the proportion of plasma cell clusters were decreased (
Figure 6D
). To further investigate the differential transcriptomic changes in B/plasma cells, we compared the expression profiles of B/plasma cells pre- and post- transplantation by using GO analysis. We observed an enrichment of DEG in the neutrophil degranulation and apoptotic process (
Figure 6E
). And the pathway enrichment result showed that two pathways, Graft−versus−host disease and Th1 and Th2 cell differentiation are associated with B/plasma cells (
Figure 6F
). The results of QuSAGE analysis showed that the expression of genes in the plasma cell clusters related to Protein secretion, while the B cell clusters related to interferon response pathways (
Figure 6G
). Metabolism-related pathway enrichment results suggest that plasma cell clusters exhibit enrichment in the glycolysis and oxidative phosphorylation metabolism. In contrast, B cell clusters show more enrichment in fatty acid metabolism and oxidative phosphorylation metabolism pathways (
Figure 6G
).




Figure 6 | 
scRNA-seq of B/plasma cell clustering and subtype analysis during liver transplantation. (A) UMAP plot of 5 different B/plasma cell clusters during liver transplantation, colored according to diverse clusters. (B) Distinctive genes expression of CD79A, AIM2, TCL1A, MS4A1, IGHG1 and IGHA1 for B/plasma cell clusters. (C) Heatmap of 3 differentially expressed genes of each B/plasma cell cluster. (D) The proportion of cells in different B/plasma cell populations in each sample. (E) Gene Ontology enrichment analysis results of B/plasma cell clusters. (F) Result of KEGG pathway analysis showing the top 20 significantly different pathways activation in different samples of B/plasma cell clusters. (G) Heatmap of hallmark pathways activation in different B/plasma cell clusters.





3.7 Usage of V(D)J genes and frequency of clonotypes in B cells

The results showed that the BCR clonotypes in donor liver was decreased after transplantation (
Figure 7B
). In addition, the usage of V and J genes in IGH/IGK/IGL chains was biased between the pre and post group. In BCR IGH, the most used J gene is IGHJ4 in pre group, while in post group it is IGHJ5 (
Figure 7A
). The overlapping of BCR among samples was shown in 
Figure S1C
.




Figure 7 | 
Usage of V(D)J genes and frequency of clonotypes in B cells. (A) The usage of the V(D)J gene of BCR in B cell between pre and post group. (B) The frequency of BCR clonotypes in B cells of different groups.





3.8 scRNA-seq of NK/NKT cell clustering and subtype analysis during liver transplantation

From these three sets of donor liver samples, 6029 NK/NKT cells’ transcriptome data were gathered. We classified NK/NKT cells into five subsets based on the expression of characteristic NK/NKT cell markers to explore the dynamics of the various NK/NKT subtypes (
Figure 8A
). These clusters revealed one NK cycling cell (MKI67) subset clusters, one KLRC1+ NK cell (KLRC, XCL1) subset clusters, one CD16+ KLRC1+ NK cell (FCGR3A), one CD16+ NKT cell (KLRC1, CD3D), and one CD16+ NK cell (FCGR3A) clusters in the donor liver with different canonical marker genes (
Figures 8B, C
). Notably, compared to the pre-operative period, the number of CD16+ NKT cell subpopulations in the liver rose dramatically, whereas the proportion of KLRC1+ NK cell clusters dropped (
Figure 8D
). We used GO analysis to analyze the expression profiles of NK/NKT cells pre- and post-transplantation in order to further study the various transcriptome alterations in NK/NKT cells. We observed an enrichment of DEG in the neutrophil degranulation and negative regulation of apoptotic process (
Figure 8E
). And the pathway enrichment result showed that two pathways, Graft−versus−host disease and allograft rejection are associated with NK/NKT cells (
Figure 8F
). The results of QuSAGE analysis showed that the expression of genes in the cycling NK cell and KLRC+ NK cell clusters related to IL6 JAK STAT3 signaling and IL2 STAT5 signal, while the CD16+ NK cell clusters were inhibited in those pathways (
Figure 8G
).




Figure 8 | 
scRNA-seq of NK/NKT cell clustering and subtype analysis during liver transplantation. (A) UMAP plot of 5 different NK/NKT cell clusters during liver transplantation, colored according to diverse clusters. (B) Distinctive genes expression of FCGR3A, KLRC1, NCAM1,MKI67 and NCR1 for NK/NKT cell clusters. (C) Heatmap of 3 differentially expressed genes of each NK/NKT cell cluster. (D) The proportion of cells in different NK/NKT cell populations in each sample. (E) Gene Ontology enrichment analysis results of B/plasma cell clusters. (F) Result of KEGG pathway analysis showing the top 20 significantly different pathways activation in different samples of NK/NKT cell clusters. (G) Heatmap of hallmark pathways activation in different NK/NKT cell clusters.






4 Discussion

Some reports applied scRNA-seq technique to profile differences in the distribution of immune cells and transcriptome heterogeneity in solid organ transplants(33, 35). During liver transplantation, immune cells from the donor graft will enter the recipient patient and reshape the immune microenvironment together with the recipient’s own immune cells. However, there are no comprehensive research that has fully revealed how this immune shift affect IRI, immune rejection, immune tolerance and GVHD involving with organ transplantation. In this study, we annotated a comprehensive transcriptome profile of intrahepatic monocytes/Kupffer cells, NK cells, T cells, B cells and plasma cell clusters, and resolved a more detailed immunological response landscape.

Studies have reported a landscape of human liver cells using scRNA-seq and observed the presence of macrophages with different functions in normal liver tissue(33, 34). Similarly, our study has classified, annotated various heterogeneous immune cell clusters, and then analyzed the different biological functions of them in the liver. The difference is that our study focuses more on resolving the dynamics of the transcriptome of different cell clusters in the donor liver during transplantation, and carries out a customized bioinformatics analysis. In addition, immune repertoire study was carried out to obtain a more comprehensive immunological information. A study has used MARCO as a marker gene to identify the anti-inflammatory and pro-inflammatory phenotypes of macrophages(34). This was also used in our liver transplant scRNA-seq dataset to study macrophages with different anti-inflammatory and pro-inflammatory effects in the donor liver.

The inflammatory cascade triggered by macrophages is the critical mechanism leading to liver damage in IRI(36, 37). After reperfusion, the accumulated damage associated molecular patterns (DAMPs) and inflammatory mediators are released into the liver, activating Kupffer cells and producing more ROS, TNF-α, IL-1β and other pro-inflammatory cytokines(38). At the same time, inflammatory cytokines lead to the recruitment of monocytes, neutrophils, and T cells from the periphery, creating inflammatory cascade. On the other hand, some reports also claimed that Kupffer cells can reduce hepatic IRI damage by producing IL-10 production(39). In the present study, we found that functionally distinct clusters of Kupffer cells do exist in the donor liver, which is consistent with previous studies, and confirmed the dual role of Kupffer cells in liver IRI. In our results, such as the NF-κB and other inflammatory related pathways were activated after reperfusion in tissue macrophage clusters. This indicates that macrophages from liver play a more important pro-inflammatory role in the early stage of reperfusion.

T cells and B cells are the cell populations most closely associated with transplantation-related rejection, immune tolerance and GVHD. We found an increased proportion of CD4+Tem and CD8+Tem/Temra cell clusters in postoperative grafts, suggesting that there are more resident memory T (Trm) cells in liver grafts. Trm plays an immunomodulatory role in several organs(40). Trm also serves in the coordination of the adaptive immune system through crosstalk(41). By annotating the different immune cell types in liver transplantation, we assessed the relative importance of different immune checkpoint molecules in human liver transplantation. These molecules, such as CD44, LAG3, HAVCR2, BTLA, and PDCD1, are highly expressed in CD8+ T cells. At the same time, our data also suggested that some T cell populations in the transplanted liver are decreasing.

The diversity and composition of the TCR/BCR repertoire is the result of recombination of the V, (D), and J genes in the TCR/BCR gene locus, which has been found to be associated with T/B cell responses in several diseases. In this study, we comprehensively profiled the T and B cell repertoire in liver transplantation organs by single-cell combined TCR/BCR repertoire sequencing. T cells in the donor organ have fewer overlapping clones compared to pre-transplant donor T cells. This is the first comprehensive study to establish the association between T cell activation and liver transplantation at the level of the TCR and BCR clones. In addition, identification of TCR/BCR repertoire can identify antibodies that contribute to a functional immune response(42). TCR/BCR repertoire can also be used as diagnostic biomarkers or therapeutic targets for GVHD. The immune repertoire sequencing-based approach may represent a new personalized strategy to guide anti-rejection and induction of immune tolerance strategies after liver transplantation.

There are some limitations in our study, firstly we did not obtain enough hepatocytes which play a very important role in liver transplantation. The hepatocyte population is especially vulnerable to damage. Second, we need a larger sample size to understand the dynamics of the cells for more detailed understanding.

In summary, our study first annotated differences in subpopulations of multiple immune cell types in the donor graft during the liver transplantation, and explored their transcriptional features, which allowed us to better understand the reshaping mechanisms of the immune microenvironment. In addition, using immune repertoire sequencing technology, we have successfully studied the entire diversity of the immune pool at the single cell level. It can help us to accurately monitor immunosuppressive strategies and has the potential to identify new therapeutics.
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