creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Al
o

| M| RNA A&

Single Cell RNA Sequencing to Uncover Differential

expression gene using Peripheral blood mononuclear

cells according to Rejection type of Kidney allograft



joO

2 &

2024 4



<4

MAS
28

2 2l
=

2
024 4



ABSTRACT
Background

Analysis of immune pathways using peripheral blood-based gene expression
patterns has been employed to elucidate the mechanism of rejection in kidney
transplant recipients. Particularly, single-cell sequencing has enabled more precise
research by confirming gene expression in specific cells. We aimed to identify
differentially expressed genes (DEGs) associated with antibody-mediated rejection

and T-cell-mediated rejection following kidney transplantation (KT).
Methods

A for-cause biopsy was performed on six KT recipients, who were categorized into
three groups: no major abnormality (NOMOA), T cell-mediated rejection (TCMR),
and antibody-mediated rejection (ABMR) according to the Revised Banff 2019
classification. Comprehensive single-cell sequencing analysis was performed using
peripheral blood mononuclear cells (PBMCs) from these patients. The DEGs were

confirmed using Gene Ontology (GO) biological pathway analysis.
Results

Out of a total of 52,766 cells, 33,185 cells were assessed, and poor-quality cells
were excluded from the analysis. CD8+ terminally differentiated effector memory
(Temra) T cells and NK T cells were highly abundant in the ABMR group. In CD8+
Temra T cells, 36 ABMR-specific genes were identified, with 20 DEGs involved in
immune and inflammatory responses. STRING analysis using 20 genes showed that
the most related genes were LGALST and /TMZA, which are involved in plasma cell
differentiation. There were 48 ABMR-specific genes in NK T cells, and 28 of them
had significant functions in the GO biological pathway. Among these, the most
relevant genes in the STRING analysis were CD760 and HLA-F which were

confirmed to be involved in the positive regulation of NK cell degranulation. No



significant final cells and DEGs were identified in the TCMR group.
Conclusions

We investigated the distribution of PBMCs from KT recipients and identified DEGs
in each cell. In the context of ABMR, LGALS7 and /TMZA in CD8+ Temra T cells,
and CD760 and HLA-Fin NK T cells, unequivocally play pivotal roles. The findings
of this research will help identify transcripts suitable for future investigations into

the mechanisms of ABMR and non-invasive diagnostic approaches.
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1. Introduction

Kidney transplantation (KT) is the most effective treatment for end-stage renal
disease'. However, rejection remains a critical problem that can deteriorate graft
function and threaten the survival of both the graft and recipients®3. The traditional
diagnostic approaches for kidney transplant rejection are serologic evaluation of
donor-specific antibodies (DSAs) and graft biopsy. However, graft biopsy has
several limitations, including invasiveness, risk of complications, and the need for
histological interpretation*®. Additionally, laboratory tests for DSAs provide limited
insights into the underlying immunological mechanisms and the existence of
immunological memory, as antibodies represent the final products of the immune
response to alloantigen®. For these reasons, the discovery and application of non-
invasive molecular markers for the effective diagnosis of renal transplant rejection

have been studied extensively, particularly transcriptomics in peripheral blood’-™°.

The utilization of single-cell genomics technologies has brought about a
paradigm shift in our understanding of the immune system. Single-cell
transcriptomics technologies provide a comprehensive assessment of the
transcriptional profiles of immune cells. They have been successfully used to
discover novel immune cell subtypes, identify gene modules that govern immune
reactions, and investigate the diversity of lymphocyte antigen receptors'. The
technique enables researchers to examine the diverse makeup of immune cells in
peripheral blood mononuclear cells (PBMCs), offering insights into the functions

of T cells, B cells, NK cells, and other immune cell populations'®'2,

Although the proportion and absolute number in PMBCs are small, NK cells
play a role in antibody-mediated rejection (ABMR)', an increase in CD56-positive
NK cells has been reported in T-cell-mediated rejection (TCMR) biopsies™. Similarly,
myeloid cells, despite their smaller numbers compared to lymphocytes, play a

crucial role in modulating both innate and adaptive immune reactions. After



transplantation, myeloid cells have two contrasting functions. Firstly, they trigger
the immune response by stimulating the activation and proliferation of effector T-
cells. Secondly, they counter-regulate inflammation, uphold tissue homeostasis,

and promote tolerance™.

In a previous study, differential expression genes (DEGs) for chronic active
ABMR were reported through single-cell RNA sequencing on PBMCs™. However,
the study did not compare ABMR and TCMR, and only analyzed the DEGs of T and
B lymphocytes. Furthermore, there was no analysis of DEGs in NK cells or myeloid
cells, which are also crucial in immune responses. Therefore, in this study, we aimed
to identify significant DEGs among control, TCMR, and ABMR after KT by
conducting single-cell RNA sequencing using PBMCs. Overall PBMCs were
analyzed, including previously attempted T lymphocytes, B lymphocytes, NK cells,

and monocytes. The biological functions of the identified DEGs were confirmed.

2. Materials and Methods
A. Patient selection

Six peripheral blood samples were obtained from kidney transplant recipients
at Asan Medical Center for this study. All patients provided written informed
consent, and the institutional review board and ethics committee approved the
study (AMC IRB number, 2021-0284). The surgeries were performed between July
2012 and October 2021. Between October 2021 and November 2022, we
performed biopsies based on clinical needs and collected peripheral blood for
research when patients were hospitalized for biopsies. The time difference between
surgery and blood collection varied from 1 to 113 months (Table 1). We followed
the established protocol and used an 18-gauge biopsy gun to collect needle-core

biopsies. The renal histopathological examination was conducted in a double-blind



manner by two observers, following the Revised Banff 2019 classification®. The
allograft histopathology was classified into three groups: no major abnormality
(NOMOA) group (n=2), TCMR group (n=2), and ABMR group (n=2). The NOMOA
group exhibited no evidence of active rejection. The TCMR group was diagnosed
with chronic active TCMR, as indicated by a Banff lesion score of # > 2 and a Banff
lesion score of /-/FTA > 2. Other known causes of /-/FTA, such as pyelonephritis or
BK-virus nephritis, were ruled out and the Banff lesion score of fwas also > 2. The
ABMR group was diagnosed with active ABMR, meeting at least one criterion for
AMR activity and at least one criterion for antibody interaction with tissue, as well

as at least one criterion for DSA or equivalent®.

B. Sample processing and microfluidic single-cell sequencing

The overall procedures of the study are summarized in Figure 1. The
specimens were centrifuged at 400 x g for 5 minutes at 4°C and the supernatant
was removed. To isolate PBMCs, red blood cell lysate (SolarBio, R1010, China) was
added and left on ice for 15 minutes. This was followed by another centrifugation
at 400 x g at 4°C for 10 minutes. The supernatant was then discarded, and the
PBMCs were resuspended in phosphate-buffered saline to create a single-cell
suspension. Single-cell suspensions containing 1x10/5 cells/mL in PBS (HyClone)

were prepared.

The cells were loaded onto microfluidic devices, and the scRNA-seq libraries
were generated using the Chromium Next GEM Single Cell 3" Kit v2 (Dual Index)
on the Chromium platform, provided by 10x Genomics in the USA. The library
preparation process followed the guidelines provided by the manufacturer. The
quality of the cDNA library was assessed using an Agilent Bioanalyzer from Agilent
in the USA. Subsequently, individual libraries were diluted to 4 nM and then pooled
for sequencing. The scRNA libraries were sequenced using the lllumina NovaSeq

3



6000 platform.

Figure 1. Schematic diagram of the overall design of the research
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C. Quality control and filtering

The FASTQ sequencing reads underwent processing using Cell Ranger version
7.1.0 (provided by 10x Genomics) for alignment to the GRCh38 human
transcriptome reference. Subsequently, data preprocessing was carried out using
Seurat v4.3.0, applying quality control criteria to eliminate cells that exhibited a
high percentage of mitochondrial genes using the miQC R package, as well as
those with an RBC marker gene percentage less than 5% and a low number of
expressed RNA features (<500). The results of cell isolation and quality control are
shown in Supplement Figure 1. A total of 52,766 cells were isolated, and cells with
an intracellular mitochondrial gene ratio of more than 20% were excluded due to
apoptosis or unhealthy status. Additionally, cells with an intracellular RNA count of
less than 500 were excluded for the same reason. Doublets that could not be
isolated as single cells by oil particles were excluded. When excluding cells for
duplicate reasons, a total of 19,581 cells were excluded, and 33,185 cells were

analyzed.

D. Cell clustering and cell type annotation

Following the quality check, the raw count data was normalized and scaled.
Principal component analysis (PCA) was performed using Seurat, focusing on the
2,000 most variable features. After using Harmony version 1.0.3 for batch effect
correction, we included the top 30 calculated dimensions in the dimension
reduction process to create a Uniform Manifold Approximation and Projection
(UMAP). Then, we applied the Louvain algorithm to identify clusters. To identify
cell types, we used a combination of unsupervised clustering and differential
expression analysis. For the first annotation, manual annotation was performed by
comparing the top differentially expressed genes with the cell type-specific
expression patterns documented in previous reports (Supplement Table 1). The

5



second annotation for each cell subtype was carried out using the FindClusters

function in Seurat, followed by manual annotation for similar clusters.

E. DEGs analysis and finding specific DEGs by Venn diagram

For each cell subtype, DEG testing was performed using the FindMarkers
function in the Seurat R package. DEGs were filtered using a minimum log fold
change of 0.5 and an adjusted p value of < 0.05. A Venn diagram was created to
compare the up-regulated genes in the NOMOA, TCMR, and ABMR groups (Draw

Venn Diagram (ugent.be)). Genes from distinct regions without overlap were defined

as differentially expressed genes specific to ABMR and TCMR.

F. Identification of meaningful DEGs using a two-track strategy

Gene set enrichment analysis (GSEA) was conducted using the genekitr
package with ABMR- and TCMR-specific DEGs from each cell type, based on Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways. A two-track strategy was used to identify significant cells and genes
from a large pool of subtype cells and their numerous DEGs. First, as an essential
criterion, only the pathways related to inflammatory and immune responses were
restricted to a p-value < 0.01 in the GSEA results. The genes involved in these
pathways were identified as ABMR-meaningful DEGs and TCMR-meaningful DEGs.
As a second condition, cells with a cell ratio exceeding 30% compared to other
groups were defined as cells with a significant distribution. We considered the first
criterion essential and selected the final meaningful cells and DEGs by referring to

the second condition. Afterwards, STRING analysis (STRING: functional protein

association networks (string-db.org)) was performed to identify the most significant

genes.


https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
https://string-db.org/

3. Results
A. Patient characteristics and histopathology

We divided the patients into three groups, each consisting of two patients,
according to the revised 2019 Banff classification. The NOMOA group is patients
with no evidence of active rejection on histopathology. The TCMR group included
patients diagnosed with chronic active TCMR, while the ABMR group included
patients diagnosed with active ABMR. The histopathological findings of these
patients are summarized in Supplementary Table 2. The preoperative clinical
information and biopsy results for each group are summarized in Table 1. The
patients' ages range from 42 to 61 years. The NOMOA 2 patient underwent a
second kidney transplant, which was ABO-incompatible (ABOi). One of the patients
in the TCMR group had a positive flow cytometry crossmatch, so transplantation
was performed after rituximab and plasmapheresis. All  maintenance
immunosuppressants were initially started with tacrolimus, but the TCMR group
switched to cyclosporine due to drug side effects, including hair loss and diabetes.
Three patients had DSA before surgery. For patients with re-transplanted NOMOA,
an indication biopsy was performed one month after surgery due to the
development of de novo DSA. Basal creatinine averaged 1.13 mg/dL, and the
creatinine level at the time of biopsy was 1.43 mg/dL, indicating a creatinine
increase of 26.5%. At the time of biopsy, there were a total of 5 patients with DSA,
with 4 patients in both the TCMR group and ABMR group having de novo DSA.

No patient was diagnosed with a urinary tract infection before or after the biopsy.

Table 1. Baseline characteristics according to pathologic diagnosis

NOMOA1 NOMOA2 TCMR1 TCMR2 ABMR1 ABMR2

Age 50 42 52 61 56 51

7



Sex M F M F F F
BMI, kg/m? 21.1 204 21.8 20.3 23.6 25.1
2" transplantation (Y/N) N Y N N N N
ABOi (Y/N) N Y N N N Y
Deceased donor (Y/N) N N N N Y N
Crossmatching positive N N N Y N N
(Y/N)
HLA mismatching 2 1 5 3 1 4
Induction
Simulect Y Y Y Y N Y
Thymoglobuline N N N N Y
Immunosuppressants
Tacrolimus Y Y N N Y Y
Cyclosporine N N Y Y N N
Steroid Y Y Y Y Y Y
PRA |_pre op (%) - 30 0 29 84 1
PRA Il_pre op (%) - 88 0 62 62 8
DSA_pre op (Y/N) - Y N Y Y N
Op to Biopsy (month) 113 1 6 24 44 59
Basal SCr (mg/dl) 1.32 1.00 1.33 0.86 0.95 1.32
SCr at biopsy (mg/dl) 1.64 1.00 2.0 1.01 1.32 1.61
SCr elevation (%) 24 0 50 17 39 22
PRA | at biopsy (%) 4 29 75 0 81 4
PRA Il at biopsy (%) 4 67 93 98 90 66
DSA at biopsy (Y/N) N Y Y Y Y Y
Denovo_DSA at  biopsy N N Y Y Y Y
(Y/N)
UA_alb 0 0 0 0 0 0
UA_Nit 0 0 0 0 0 1
UA_WBC 0 0 0 0 0 0

Abbreviations: NOMOA, no major abnormalities; BMI, body mass index; ABOi, ABO
incompatible; PRA, panel reactive antibody; DSA, donor-specific antibody; pre-op,

preoperative; SCr, serum creatinine; UA, urinalysis



Figure 2.

PBMCs and T cell subset clustering and transcriptome characteristics
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B. PBMCs and T cell subset clustering and transcriptome characteristics

Single-cell RNA sequencing analysis was performed as previously described,
and a total of 33,185 PBMCs were identified (NOMOA group, 9501 [28.6%]; ABMR
group, 11918 [35.9%]; TCMR group, 11766 [35.4%]). All cells were identified using
the markers listed in Supplementary Table 1 and visualized using cell projection
clustering (UMAP). These cell clusters include CD4+ T cells, CD8+ T cells, T cells,
natural killer T (NK T) cells, NK cells, B cells, monocytes, dendritic cells (DC), and
platelets. Figure 2B and Supplementary Table 3 show the number and proportion
of cells in the three groups. In all groups, CD4+ T cells and CD8+ T cells were the
most abundant cell types. B cells were relatively more abundant in the ABMR and
TCMR groups (NOMOA group 1.8%, TCMR group 6.7%, ABMR group 8.1%), and
monocytes were more prevalent in the ABMR group compared to the TCMR group
(TCMR group 5.4%, ABMR group 13.2%). Figure 2C shows the distribution of
characteristic marker genes for these 9 cell clusters. Thus, we confirmed the cell

clusters and composition among the three groups.

Re-clustering was performed on the T cells that were most prominent. Out of
a total of 21,853 cells (Figure 2D), 510 CD3- cells were excluded due to their low
feature and high mitochondrial gene representation. The subsequent analysis was
then conducted with the remaining T cells. The distribution of markers in Figure
2E is presented in Supplementary Figure 2A, and T cell quality control is shown

in Supplementary Figure 2B.

C. Second annotation for a more specific subtype designation of each cell

Clusters for CD8+ T cells, CD4+ T cells, NK cells, B cells, and myeloid cells
identified in the initial annotation process were determined using the FindClusters

function in Seurat. Subsequently, a second annotation was carried out using
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markers associated with previously known cell subtypes. The markers used in the

second annotation for each cluster are also listed in Supplementary Table 1.

Figure 3. CD8+ T cell subset clustering
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CD8+ T cells were divided into nine subsets, and their distribution depicted
using UMARP is illustrated in Figure 3A. The markers used are highlighted in Figure
3B. Upon examining the variations in cell distribution among NOMOA, TCMR, and
ABMR groups, we found that T naive cells and Terminally Differentiated Effector
Memory (Temra) cells are more prevalent in the ABMR group compared to the
other two cohorts. Examining the critical markers that validate the clusters, T naive
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cells expressed CCR7, SELL+++, and IL7R+, while Temra T cells exhibited ASCL2,

CX3CR1+, GZMH+, CD27, and CD28-. Subsequently, NK cells were classified into

distinct groups: NK T cells expressing CD3, CD56 bright NK cells expressing NCAM1

(CD56) and GZMK, and CD56 dim NK cells expressing FCGR3A (CD16) (Figure 4A,

4B). While the distribution seemed similar for each group, there was a higher

prevalence of NK T cells in the ABMR group compared to the other two groups. A

similar analysis was performed on CD4+ T cells, B cells, and myeloid cells, and the

results are depicted in Supplementary Figure 3.

Figure 4. NK cell subset clustering
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Figure 5. Identification of ABMR- and TCMR-specific DEGs
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D. Identification of ABMR- and TCMR-specific DEGs

We identified DEGs for the NOMOA vs. ABMR, NOMOA vs. TCMR, and ABMR
vs. TCMR for each subgroup of cells using the FindMarkers function in the Seurat
R package. Within the outcomes for 32 subclusters, Figures 5A and 5B illustrate
the findings for CD8+ Temra T cells and NK cells. The number of DEGs between
NOMOA vs. ABMR, NOMOA vs. TCMR, and ABMR vs. TCMR in CD8+ Temra T cells
was 5095, 4641, and 5164, respectively. Among the identified DEGs, the up-
regulated DEGs in each group that showed a log fold change of 0.5 or higher and
an adjusted p value of < 0.05 were as follows: 42 for ABMR, 34 for NOMOA, and
13 for TCMR. A Venn diagram was created using these values. At this time, 36
genes uniquely belonging to the ABMR region were identified as ABMR-specific
DEGs of CD8+ Temra T cells, and 6 genes uniquely belonging to the green region
were identified as TCMR-specific DEGs of CD8+ Temra T cells (Figure 5C). Analysis
of NK T cells was also performed in the same process, and 48 ABMR-specific DEGs

of NK T cells were identified.

E. Finding meaningful DEGs in CD8+ Temra cells and NK T cells

In line with the original objectives of the study, GO biological process analysis
was performed using ABMR-specific DEGs and TCMR-specific DEGs from each cell
to identify genes associated with rejection and inflammatory responses. In the
results of the GO biological process analysis, pathways that met the significance
threshold of a p value < 0.01 were considered significant. It was confirmed that
ABMR-specific DEGs in CD8+ Temra T cells participated in multiple pathways
related to rejection and inflammatory responses (Figure 6B). The most significant
pathways included the adaptive immune response (GO:0002250), cellular response
to interferon-gamma (GO:0071346), and immune response (GO:0006955). ABMR-
specific DEGs involved in rejection and inflammatory response pathways were
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defined as ABMR-associated meaningful DEGs, while genes involved in unrelated

pathways such as positive wound healing (GO:0090303) were excluded. Among the

36 ABMR-specific DEGs in CD8+ Temra T cells, 20 genes were involved in significant

pathways (Supplementary Table 5).

Figure 6. ABMR-associated meaningful DEGs in CD8+ Temra T cells
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The analysis was conducted across all 32 subgroup cells, and cells were
considered meaningful if the GSEA results for the identified DEGs were strongly
associated with rejection or inflammatory response. Alternatively, cells with a cell
count exceeding 30% compared to other groups were also included in the final
selection. Unfortunately, in TCMR, while GSEA was significant, there were no cells
distributed in greater numbers than other groups. In ABMR, the GSEA results were
also significant, showing that CD8+ Temra T cells and NK T cells were distributed
more than 30% higher than in the other two groups. The composition ratio of each

cell subset is presented in Supplementary Table 4.

Figure 7. ABMR-associated meaningful DEGs in NK T cells
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STRING analysis was conducted to identify the most meaningful DEGs among
the 20 ABMR-associated meaningful DEGs in CD8+ Temra T cells (Figure 6C).
Several genes appeared to be related to each other, and the genes that showed
the strongest connection were LGALST and /TMZ2A, which are involved in plasma
cell differentiation, with a strength of 2.71 and a false discovery rate of 0.0049. The
log2FC values of LGALST and /TMZ2A were 0.6099 and 0.5557 in ABMR vs NOMOA
and ABMR vs TCMR, respectively. Both genes were approximately 1.5 times more

abundant than other groups.

The GSEA results of ABMR-specific genes in NK T cells are shown in Figure
7B. ABMR-specific genes of NK T cells were also confirmed to be involved in
various immune and inflammatory responses, and the most strongly related
pathways were the adaptive immune response (GO:0002250) and immune
response (GO:0006955). Similarly, only genes involved in immune and inflammatory
responses were classified as meaningful genes, leading to the identification of a
total of 28 significant genes after excluding duplicates. Among these, STRING
analysis was performed to identify the most meaningful genes, which showed that
CD7160and HLA-Fwere involved in the positive regulation of NK cell degranulation,
with a strength of 2.53 and a false discovery rate of 0.0041. The two genes were
also present approximately 1.5 times more frequently than the other two groups,

with log2FC values of 0.6157 and 0.5119, respectively.

4. Discussion

In this study, we categorized KT recipients into three groups—NOMOA, TCMR,
and ABMR—according to histopathologic findings from patients who underwent a
for-cause biopsy. Subsequently, single-cell sequencing was conducted using their
PBMCs. Various cells within PBMCs were divided into a total of 32 clusters, and
DEGs between groups were identified for each cell. Among them, cells in which
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GSEA was strongly associated with immune or inflammatory responses and had a
distribution that was 30% more than other groups were defined as the final
meaningful cells and meaningful DEGs. Finally, string analysis was used to identify
the most meaningful DEGs, and LGALST7 and /TM2A were found to be involved in
ABMR in CD8+ Temra T cells, while CD760 and HLA-F were identified as genes
involved in ABMR in NK T cells. No cells or genes meeting the conditions were

identified in the TCMR group.

The significant presence of CD8+ Temra T cells and their association with
ABMR has been previously documented'®'”. Furthermore, while there have been
no reports of kidney transplant rejection, LGALST was confirmed in the mouse
corneal allograft rejection model using single-cell RNA sequencing'®. Concurrently,
the mRNA level of /TMZA was shown to be particularly high in the urine of patients
who experienced acute rejection after KT'. Lastly, although it did not affect the
survival of the graft, a study reported a delay in T cell division in CD760 knockout

mice compared to the wild type®.

Although IL1B+ monocytes were relatively less abundant in the ABMR group
compared to other groups, the GSEA results showed significance. ABMR-specific
DEGs satisfying Log2FC > 0.5 and p-value < 0.05 were most abundant, totaling
205. The most significant DEGs involved in rejection and inflammatory reactions
were also the largest, at 58. STRING analysis using these 58 genes is shown in
Supplementary Figure 4E, and the most significant genes are HLA-A, HLA-B, and
HLA-C, which are involved in antigen processing and presentation of endogenous
peptide antigen via the MHC class | via ER pathway, TAP-independent. The log2FC
values for HLA-A, HLA-B, and HLA-C genes were higher, with a twofold greater
prevalence observed in the ABMR group compared to the TCMR group.

Our study has several limitations. Primarily, the sample size for each group is

limited, totaling six samples. Secondly, due to the implementation of for-cause
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biopsies, the NOMOA group, designated as the control group, may not be the
ideal representation of a control group. Thirdly, the mean duration from surgery
to blood collection for individuals in the TCMR group was 15 months, exceeding
the commonly recognized 12-month window associated with the occurrence of
TCMR. Lastly, the validation of the identified DEGs through Western blot or
transgenic mice experiments could not be carried out. Nevertheless, there is a lack
of single-cell sequencing studies using PBMCs from kidney transplant recipients,
and no literature specifically comparing TCMR can be found. Furthermore, given
the existing studies confirming the involvement of the four finally selected genes
in renal transplant rejection and corneal rejection, we anticipate that future research
will focus on validating the genes discovered in this study. Furthermore, in addition
to the four genes selected through STRING analysis, we anticipate that further
understanding may be gained from subsequent studies with similar parameters

among the genes identified as significant.

In conclusion, we identified significant cell types and DEGs associated with
ABMR in PBMCs from KT recipients. In the context of ABMR, LGALST and /TMZ2A
in CD8+ Temra T cells, and CD760 and HLA-F in NK T cells, unequivocally play
pivotal roles. The findings of this research will help identify transcripts that are
suitable for future investigations into the mechanisms of antibody-mediated

rejection and non-invasive diagnostic approaches.
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6. Supplementary data

Supplementary Table 1. Cell and subtype cell marker for annotation

Cell type Cell subtype Surface markers
CD4+ T cell CD3D, CD3G, CDh4
Naive CCR7, SELL+++
Central memory (CM) CCR7, SELL+
Tfth LAG3, MAF, IGFL2+++
Th1 TBX21, IFNGR1+, CXCR3+
Th2 GATA3
Th9 IL4, IL10++
Th17 CCR6+, KLRB1++
Th22 CCR10++
Treg FOXP3++
CD8+ T cell CD3D, CD3G, CD8A, CD8B
Naive CCR7, SELL+++, IL7R+
Central memory CCR7, SELL+, IL7R+++, CD27, CD28+
Effector memory IL7R+, KLRG1++, PRF1, GZMB++
Effector IL7R-, CCL4, CCL5, PRF1, GZMB++

Terminally differentiated ~ ASCL2, CX3CR1+, GZMH+, CD27, CD28-

effector memory (Temra)

gd-like TRGC1, TRDC ++
Tc17 KLRB1, ZBTB16++
Proliferating MKI67, PCNA++
HBB+ HBB+
B cell CD19, CD24, CD40, CD72
Naive B cell IL4R, IGHD
Memory B cell CD19, MS4A1
Plasma cell IGHG1, MZB1, SDC1
NK T Cell CD3E, CD3G, CD3D, NCAM1, KLRD1, FCGR3A
NK cell CD3-, NCAM1, KLRD1, FCGR3A
CD56 Bright NK cell NCAM1
CD56 dim NK cell FCGR3A
Monocyte CD14, FCGR3A
Classical CDh14

22



Intermediate CD14, FCGR3A
Nonclassical FCGR3A

Supplementary Table 2. Pathologic findings according to the Revised Banff 2019

classification

Banff score NOMOAT NOMOA2 TCMR1 TCMR2 ABMR1  ABMR2

g 0 0 0 0 2 1
ptc 0 0 2 0 3 2
v 0 0 0 0 0 0
cg 0 0 0 0 0 0
v 1 1 3 1 3 1
ptcml 0 0 0 0 0 0
C4d>0 0 60% 0 1% 0 5%
i 0 0 3 3 0 0
t 0 0 2 3 1 1
Ci 1 0 1 1 1 1
ct 1 1 2 1 1 1
ti 0 0 3 3 0 1
mm 1 0 2 1 0 1
ah 0 1 2 1 1 2
i-IFTA 1 0 2 3 0 1
t-IFTA 0 0 2 3 1 0
aah 0 0 1 0 0 1
pvl 0 0 0 0 0 0
Supplementary Table 3. Proportions of different cell types
Cell type NOMOA group (%) TCMR group (%) ABMR group (%)
n=9501 n=11766 n=11918
CD4+ T cell 3492 (36.8) 4019 (34.2) 3613 (30.3)
CD8+ T cell 2297 (24.2) 3292 (28.0) 3261 (27.4)
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T cell 751 (7.9) 758 (6.4) 370 (3.1)
NKT cell 636 (6.7) 1034 (8.8) 903 (7.6)
NK cell 850 (8.9) 1049 (8.9) 846 (7.1)
B cell 170 (1.8) 785 (6.7 970 (8.1)
Monocyte 1050 (11.1) 634 (5.4) 1575 (13.2)
DC 148 (1.6) 152 (1.3) 141 (1.2)
Platelet 107 (1.1) 43 (0.4) 239 (2.0)
Supplementary Table 4. Proportions of different subset cell types
Subset cell type NOMOA TCMR TCMR/ ABMR ABMR/
group (%) group (%) "OVO* group (%) NOMA
(%) (%)
CD8+ 2704 3712 3513
Naive T cell 371 (13.7) 447 (12.0) 87.6 907 (25.8) 188.3
CM T cell 641 (126) 620 (16.7) 1325 387 (11.00 873
EMTcell 467 (17.3) 625 (16.8) 97.1 485 (13.8) 798
Effector T cell 390 (144) 442 (11.9) 826 238 (6.8) 472
Temra T cell 598 (22.1) 886 (23.9) 108.1 1114 (31.7) 1434
gd like T cell 51 (1.9) 148 (4.0) 210.5 62 (1.8) 947
Tc17 cell 104 (3.8) 182 (49) 1289 143 (4.1) 1079
Proliferating T cell 55 (2.0) 39 (1.1) 55.0 42 (1.2) 60.0
HBB+ T cell 327 (121 323 (87) 719 135(3.8) 314
CD4+ 3570 4088 3616
CM T cell 353 (9.9) 361 (8.8) 889 310 (8.6) 86.9
gd like T cell 9 (0.3) 6 (0.1) 333 5.1 333
Naive T cell 1502 (42.1) 1454 (35.6) 84.6 1614 (44.6) 105.9
T reg cell 101 (2.8) 193 4.7) 1679 137 (3.8) 1357
Tth cell 44 (1.2) 28 (0.7) 70 36 (1.0) 833
Th1 cell 350 (9.8) 606 (14.8) 107.2 499 (13.8) 140.8
Th17 cell 947 26.5) 1090 (26.7) 124.2 779 (21.5) 81.1
Th22 cell 264(7.4) 350 (8.6) 1323 236 (6.5) 878
NK 1486 2083 1749
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CD56 bright NK cell 106 (7.1) 150 (7.2) 1014 51 (29) 40.8
CD56 dim NK cell 1017 (68.4) 1388 (66.7) 975 1077 (61.6)  90.1
NK T cell 363 (24.4) 545 (26.2) 107.4 621 (35.5) 1455

Myeloid 1230 843 1791
IL1B+ monocyte 87 (7.1) 143 (17.0) 2394 106 (5.9)  83.1
Classical monocyte 524 (42.6) 222 (26.3)  61.7 816 (45.6) 107
Intermediate monocyte 188 (15.3) 51 (6.0) 392 284 (15.9) 103.9
Non-classical monocyte 122 (9.9) 123 (14.6) 1475 170 (9.5) 96.0
pDC 54 (4.4) 51 (6.0) 1364 7 (1.5 341
cDC1 18 (1.5) 41 (49) 3267 13(0.7) 46.7
cDC2 105 (8.5) 86 (10.2) 120 120 (6.7) 788
Platelet 13 (1.1) 0 (0.0 0 90 (5.0) 4545
Doublet 119 (9.7 126 (14.9) 162.0 165 (9.2) 9438

B cell 138 721 895
Memory B cell 56 (40.6) 75 (10.4) 25.6 142 (15.9) 202.1
Naive B cell 80 (58.0) 623 (86.4) 149.0 730 (81.6) 7274
Plasma cell 2 (1.4) 23 (3.2) 2286 23 (2.6) 916.8

Supplementary Table 5. Meaningful DEGs associated with ABMR in each subtype

cells

Cell

Meaningful DEGs

CD8+ Temra T cell

NK T cell

IL1B+ monocytes

ACTG1, ACTR3, ANXAT, CDZ CRIPI, GZMA, HLA-DPA1, HLA-
DQAT1, HLA-DRBT, IFITMZ, ITGBT, [TMZA, KLRDT, LGALS]T,
ST00AT11, STAT1, TRAC TRGCZ, VIM, ZNF683

ACTG1, ACTR3, ANXA1, CD160, CDZ, CD3D, CD3G, CRIP1T, CX3CRI,
HCST, HLA-DPAT, HLA-DPBT, HLA-DQAT, HLA-DRB1, HLA-F IL32,
KEGG, KLRBT, KLRC3, KLRD1, KLRDT, NCR3, NCR3, PRELID1, STATT,
TRDC, TRGCT, VIM

ADGRES, AKAP13, ALOX5, AP3B1, APP B2M, BSG, BST1, CASPS,
CCDC8E8B, CD14, CD36, CD4, CD46, CD84, CSF3R, CTSD CTSH,
CTSS, CYBA, CYBB, FOS, FPR1, HLA-A, HLA-B, HLA-C HLA-DQB],
HLA-DRB1, HLA-E HLA-F ICAM3, ITGAS, ITGAM, JAML, LILRB3,
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MPEGT, NAIP NCFT, NCKAPIL, PNN, POUZFZ PPBR PTAFR,
PTPRC, RIPORZ, S100A12, ST00A8 SIRPA, SLCT1AT, TCIRGI,
TINFRSF1B, TNFSF10, TRIM38, TRIM56, TXNIP VCAN, VCL, CANX

Supplementary Figure 1. Quality control and filtering
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Supplementary Figure 2. T cell subset markers and quality control
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Supplementary Figure 3. Second annotation of CD4+ T cells, B cells, and myeloid
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