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Abstract

Background Although the patient survival rate for many malignancies has been improved with immune checkpoint
inhibitors (ICls), some patients experience various immune-related adverse events (irAEs). IrAEs impact several organ
systems, including the kidney. With anti-programmed cell death protein 1 (PD-1) therapy (pembrolizumab), kidney-
related adverse events occur relatively rarely compared with other irAEs. However, the occurrence of AKI usually leads
to anti-PD-1 therapy interruption or discontinuation. Therefore, there is an urgent need to clarify the mechanisms of
renal irAEs (R-irAEs) to facilitate early management. This study aimed to analyse the characteristics of peripheral blood
mononuclear cells (PBMCs) in R-irAEs.

Methods PBMCs were collected from three patients who developed R-irAEs after anti-PD-1 therapy and three
patients who did not. The PBMCs were subjected to scRNA-seq to identify cell clusters and differentially expressed
genes (DEGs). Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) enrichment analyses were
performed to investigate the most active biological processes in immune cells.

Results Fifteen cell clusters were identified across the two groups. FOS, RPS26, and JUN were the top three
upregulated genes in CD4* T cells. The DEGs in CD4™ T cells were enriched in Th17 differentiation, Th1 and Th2 cell
differentiation, NF-kappa B, Nod-like receptor, TNF, IL-17, apoptosis, and NK cell-mediated cytotoxicity signaling
pathways. RPS26, TRBV25-1, and JUN were the top three upregulated genes in CD8* T cells. The DEGs in CD8* T

cells were enriched in Th17 cell differentiation, antigen processing and presentation, natural killer cell-mediated
cytotoxicity, the intestinal immune network for IgA production, the T-cell receptor signalling pathway, Th1 and Th2
cell differentiation, the phagosome, and cell adhesion molecules.

Conclusions In conclusion, R-irAEs are associated with immune cell dysfunction. DEGs and their enriched pathways

identified in CD4™ T cells and CD8* T cells play important roles in the development of renal irAEs related to anti-PD-1
therapy. These findings offer fresh perspectives on the pathogenesis of renal damage caused by anti-PD-1 therapy.
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Introduction

The emergence and clinical use of immune checkpoint
inhibitors (ICIs) have changed the current status of
cancer treatment [1]. Cytotoxic T-lymphocyte-associ-
ated protein 4 (CTLA-4), programmed death-ligand 1
(PD-L1), and programmed cell death protein 1 (PD-1)
inhibitors are classic ICIs that are widely used clinically
[2]. Over the last several years, several ICIs have been
approved by the US Food and Drug Administration
(FDA) for the treatment of small- cell and non-small cell
lung cancers, urothelial carcinoma, renal cell carcinoma,
classical Hodgkin’s lymphoma, melanoma, and other
cancers [3].

CD4" T cells, CD8* T cells, regulatory T (Treg) cells,
natural killer (NK) cells and B cells all express PD-1 [4].
While binding to either of its ligands, namely, PD-L1
(CD274 and B7-H1) and PD-L2 (CD273 and B7-DC),
PD-1 maintains peripheral tolerance by suppressing
T-cell proliferation, activation, and effector functions [5].
The interaction between PD-1 and PD-L1 suppresses the
immune response, leading to tumour escape and prolif-
eration [6]. ICIs inhibit the negative regulation of T cells
and exert anticancer effects.

ICIs improve cancer prognosis but are also induce a
series of complications called immune-related adverse
events (irAEs) [7]. IrAEs can be defined as immune-
mediated host organ dysfunction occurring secondary
to immune therapy-related abnormal immune system
activity [8]. Common sites of irAEs include the skin,
endocrine glands, lungs, liver, and gastrointestinal tract
[9-13], but other organ systems, such as the cardiovas-
cular and renal systems, can also be affected [14, 15].
Although most irAEs resolve with immunosuppressant
use (e.g., corticosteroids) or are self-limiting, they may
be associated with irreversible organ damage or death in
rare cases [16, 17].

Renal irAEs (R-irAEs) are relatively rare, and other
organs are more likely to be affected '8, Most cases of
R-irAEs are asymptomatic; notably, sterile pyuria and
increased serum creatinine (Scr) are the only clinical
signs of R-irAEs [18]. ICI-associated acute kidney injury
(AKI) is the most common kidney irAE reported in the
Adverse Events Reporting System of the US FDA [19].
Renal biopsy confirms acute interstitial nephritis (AIN)
as the most common presentation of ICI-associated
AKI [20]. Other histological lesions, including throm-
botic microangiopathy, minimal change disease (MCD),
and membranous nephropathy (MN), have also been
reported [21, 22]. The exact mechanisms of renal damage
related to ICI treatment remain unknown.

Single-cell RNA sequencing (scRNA-seq) is a novel
technology that is widely used for discovering hetero-
geneity in the response to cancer immunotherapy at the
single-cell level. SCRNA-seq may provide new insights
into the immunologic landscape of ICI-mediated neph-
rotoxicity. In this study, we systematically evaluated the
immune characteristics associated with PD-1-induced
nephrotoxicity in the peripheral blood of lung cancer
patients. Our data provide a rich resource for exploring
the pathogenesis of R-irAEs related to anti-PD-1 therapy.

Materials and methods

Patients

In this study, we included three lung cancer patients with
PD-1 inhibitor-induced R-irAEs and three lung cancer
patients treated with anti-PD-1 therapy (pembrolizumab)
but did not develop R-irAEs (the ctrl group). Details of
the six patients are presented in Table S1. For multifac-
torial matching (comorbidities, potential nephrotoxic
drugs), the patients selected were male. All patients were
recruited from the Third Affiliated Hospital of Soochow
University.

Patients were diagnosed with ICI-induced AKI accord-
ing to the Common Terminology Criteria for Adverse
Events v.4.0 definition [23]: a serum creatine (sCr)
increase>0.3 mg/dl or sCr>1.5% baseline. The last stable
serum creatinine value before PD-1 therapy was defined
as the baseline creatinine value. Owing to ICI-induced
AKI, pembrolizumab therapy was discontinued. Renal
recovery was defined as a nadir sCr<1.5x baseline within
90 days following ICI-induced AKI.

The ethics committee of the Third Affiliated Hospital of
Soochow University (Grant No. 2022[039]) approved this
study. The study protocol adhered to the Declaration of
Helsinki. All patients provided signed informed consent.
Blood samples were collected after informed consent was
obtained. Medical history information was obtained by
accessing the electronic medical records system.

PBMC isolation

Patient blood was collected on the first day of each hos-
pitalization. Blood samples from the participants were
collected in an ethylenediaminetetraacetic acid (EDTA)
anticoagulant tube for subsequent processing and analy-
sis. Then, the PBMCs were separated on the day of blood
collection, and Ficoll-Paque density gradient centrifu-
gation was used to isolate the PBMCs. Cell viability was
assessed by microscopic examination using Taipan blue
staining. Finally, samples with more than 85% viable cells
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were used to prepare single-cell RNA-seq (scRNA-seq)
libraries.

Processing and quality control of scRNA-seq data
ScRNA-seq libraries were generated using the Chromium
Single-Cell 3’ Library and Gel Bead Kit v2 (10xGenomics,
Pleasanton, CA) according to the manufacturer’s instruc-
tions. The libraries were subsequently sequenced on the
lumina NovaSeq 6000 system. Cell Ranger (version
5.0.0) from 10xGenomics was applied to process the raw
gene expression matrices from each sample’s sequenc-
ing data. The R package Seurat (version 4.0.0) was used
to process the unique molecular identifier (UMI) count-
ing matrix, which was then used for quality control, nor-
malization, dimensional reduction, batch effect removal,
clustering, and visualization. DecontX, a novel Bayes-
ian approach, was applied to eliminate the contamina-
tion in individual cells. To exclude low-quality captures
and eliminate the possibility of multiple captures, cells
were filtered out according to the following criteria: (1)
gene numbers less than 400, (2) gene numbers greater
than 6000, (3) UMI greater than 50,000, (4) percentage
of mitochondrial RNA UMIs greater than 10%, (5) per-
centage of ribosome RNA UMIs greater than 40%, and
(6) percentage of contamination in each cell greater than
20%. The “Normalize Data” function in Seurat was sub-
sequently used to normalize and assess the library size.
Elimination of batch effects between individuals was
achieved by identifying anchors between individuals and
passing them to the “IntegrateData” function.

Clustering analysis and visualization

The “FindClusters” function in Seurat was used to per-
form graph-based clustering on the basis of the gene
expression profile of cluster cells. Data visualization was
performed with the uniform manifold approximation
and projection (UMAP) algorithm, and marker genes
for each cluster were identified via the “FindAllMark-
ers” function in Seurat. We used CellTypist to annotate
cells via built-in scRNA-seq models (with a focus on
immune subpopulations) [24]. Three models were used:
COVID19_Immune_Landscape, COVID19_Human-
Challenge, Healthy COVID19_PBMC. After the main
cell types were labelled, we performed clustering analysis
of the CD4* T cells. Cell populations with both CD4 and
CD8A or S100A8 and CD68 expression were regarded
as doublets and discarded. In addition, cells with a rela-
tively high percentage of mitochondria were annotated
as high.mt. The cell populations were indicated as fol-
lows: CCR6, KLRB1 and RORA expression indicated
Th17 cells; ANXA1 and GATA3 expression indicated Th2
cells; FOXP3 and CTLA4 expression indicated Treg cells;
GNLY, NKG7 and GZMB expression indicated cyto-
toxic CD4* T cells (CTL-CD4); And high AQP3, ITGA4,
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PDCD1 and LIMS1 expression indicated LIMS1-CD4 T
cells, similar to the T09 cluster (Identifying CNS-colo-
nizing T cells as potential therapeutic targets to prevent
progression of multiple sclerosis - ScienceDirect); these
cells may also be similar to Treg cells, which express the
checkpoint genes PDCD1 and TIGIT.

Differentially expressed genes (DEGs) analysis

DEGs across different clusters were selected via the
“FindMarkers” function in Seurat. The adjusted P values
of the Wilcoxon rank sum test<0.05 and | log2FC | > 0.2
indicated significant differences.

Functional enrichment analysis of DEGs

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses were performed for
functional annotation analysis of the DEGs. Pathway
enrichment analysis was performed with the R “phyper”
function upon hypergeometric distribution, and enrich-
ment analysis of GO categories was performed via R clus-
terProfiler (v3.14.3). False detection rates of <0.05 and P
values of <0.05 were considered to indicate significant
enrichment in GO terms and KEGG pathways. DEGs>5
were saved for GO classification or pathway analyses.

Results

Single-cell profiling of PBMCs

To explore the immune profile of R-irAEs related to PD-1
treatment, three patients with R-irAEs and three patients
without R-irAEs were recruited for our study. PBMCs
obtained from these patients were subjected to scRNA-
seq (Fig. 1A). We filtered out low-quality cells according
to the previously mentioned criteria (Figure S1). After
quality control, a total of 35,088 cells were included and
15 clusters were identified (Fig. 1B). The dominant cell
types were B cells, CD14-mono cells, CD16-mono cells,
CD4* T cells, CD8" T effector memory cells (CD8-Tem
cells), CD8" T cells, naive CD8" T cells (CD8-Tn cells),
cycling cells, dendritic cells (DCs), gdT cells, megakaryo-
cytes, neutrophils, NK cells, plasmacytoid dendritic cells
(pDCs), and plasma B cells. These clusters were classified
into R-irAE and ctrl groups (Fig. 1C). The UMAP plot of
the canonical markers is shown in Fig. 2A. The cell types
and their markers were as follows: CD4* T cells: CD3D
and CD4; CD8" T cells: CD8A; CDS8-Tn cells: LEF1;
CD8-Tem cells: GZMK; NK cells: NCAM1; gdT cells:
TRGVY; B cells: CD79A; plasma B cells: MZB1; pDCs:
CLEC4C; DCs: CD1C; neutrophils: G0S2; CD14-momo:
CD14; CD16-mono: FCGR3A; Megakaryocytes: GP9;
and cycling cells: MKI67 Fig. 2.

Changes in cellular proportion
Fig. 3A shows the cell distribution in the two groups. We
compared the differences in the proportions of the 15 cell
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Fig. 1 Study design and landscape. (A) Study design. (B) All 15 clusters were identified and are shown in the UMAP plot. Each colour represents a different
cluster, and each dot represents a single cell. (C) Cell distribution in the ctrl and R-irAE groups shown in the UMAP plot

types between the two groups and noted that there were
no significant differences (Fig. 3B). The distributions of
various cell types in each sample are shown in Fig. 3C.

DEGs observed in patients who experienced R-irAEs

We used differential expression analysis across groups to
analyse variations in gene expression profiles within each
cell type. DEGs were identified as described in the Mate-
rials and methods section (|log2FC| > 0.2 and adjusted P
value<0.05). We identified many DEGs in each cell type
(Fig. 4A), with the greatest number of DEGs noted in
neutrophils.

Anti-PD-1 therapy may induce kidney injury by activat-
ing T cells [25]. A previous report revealed that the path-
ological manifestation of AKI was AIN in 12 patients due
to nivolumab, ipilimumab, or combination therapy; these
12 patients harboured a total of 13 malignant tumours,
which were predominantly infiltrated with lymphocytes
along with plasma cells and eosinophils [26]. In addition,
immunohistochemistry revealed CD3* T lymphocyte
infiltrates in the interstitium of the kidney biopsy samples
from patients with ICI-induced AKI, and these infiltrates
predominantly contained CD4* T cells. In a previously
published case report, a patient with metastatic malig-
nant melanoma received a combination of anti-PD-1-an-
tibody and anti-CTLA-4 antibody therapy; this patient
developed acute tubulointerstitial nephritis, with CD4*
T-cell and CD8" T-cell infiltration confirmed by renal
biopsy and flow cytometry analyses [25]. Consequently,

we concentrated on CD8' T and CD4* T cells in subse-
quent studies. To identify the transcriptomic differences
between the two groups, functional enrichment analysis
of the DEGs was performed.

Characteristics and biological functions of CD4+T cells

We next explored DEGs in CD4* T cells between the two
groups. In total, 303 DEGs (158 downregulated genes
and 145 upregulated genes) were identified in CD4* T
cells between the R-irAE and ctrl groups (Fig. 4A). The
top three enriched upregulated genes were FOS, RPS26,
and JUN (Fig. 5A). FOS and JUN are involved in the pro-
liferation, development, and activation of lymphocytes,
which contribute to immune system functions [27].
RPS26 encodes a ribosomal protein involved in growth
and development [28].

The enrichment analysis suggested that the DEGs of
the CD4* T cells were enriched in gene sets related to
Th17 cell differentiation, Th1 and Th2 cell differentiation,
the NF-kappa B signalling pathway, the Nod-like recep-
tor signalling pathway, the TNF signalling pathway, IL-17
signalling pathway, apoptosis, and the NK cell-mediated
cytotoxicity signalling pathway (Fig. 5B). Various biologi-
cal processes, such as T cell activation and cell death, are
controlled by these DEGs, as shown in Fig. 5C.

For further analysis, CD4" T cells were reclustered
and annotated. scRNA-seq analysis detected 4480
cells in the two groups, and accordingly, six subsets
were defined, namely, CD4-CTL cells, CD4-Tn cells,
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Fig. 2 Distribution and expression of canonical markers in different clusters. (A) Cell markers and cell types—CD4" T cells: CD3D and CD4; CD8* T cells:
CD8A; CD8-Tn cells: LEF1; CD8-Tem cells: GZMK; NK cells: NCAM1; gdT cells: TRGV9; B cells: CD79A; plasma B cells: MZB1; pDCs: CLEC4C; DCs: CD1C; neu-
trophils: GOS2; CD14-momo: CD14; CD16-mono: FCGR3A; Megakaryocytes: GP9; cycling cells: MKI67

LIMS1-CD4 cells, Th2 cells, Th17 cells, and Treg
cells (Fig. 6A, B). Figure 6C displays the distribution
of these cells in the R-irAE and ctrl groups. The per-
centage changes in the six cell types were subsequently
compared between the R-irAE group and the ctrl
group (Fig. 6D).

The 155 downregulated genes and 68 upregulated
genes in CD4-CTL cells between the R-irAE and ctrl
groups are shown in Fig. 7A. Notably, 174 down-
regulated genes and 216 upregulated genes were
found in CD4-Tn cells; 8 downregulated genes and

38 upregulated genes were discovered in LIMS1-CD4
T cells; 38 downregulated genes and 45 upregulated
genes were found in Th2 cells; 2 downregulated genes
and 7 upregulated genes were found in Th17 cells; and
37 downregulated genes and 28 upregulated genes
were found in Treg cells.

RPS26, TRBV20-1, and HLA-DRA were the top three
upregulated genes in CD4-CTL cells (Fig. 8A). HLA-
DRA is expressed on the surface of various antigen pre-
senting cells and plays a central role in the immune
system and response by presenting peptides derived
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from extracellular proteins to T cells [29]. Enrichment
analysis revealed that the DEGs of CD4-CTL cells were
enriched mainly in antigen processing and presentation,
cell adhesion molecules, Th17 cell differentiation, phago-
some, Th1 and Th2 cell differentiation, and natural killer
cell-mediated cytotoxicity signalling pathways (Fig. 8B).
These DEGs are involved in the biological processes of

cytoplasmic translation, immune system processes, and
cell death.

FOS, RPS26, and JUN were the top three upregulated
genes in CD4-Tn cells, and the most downregulated gene
was ITM2A (Fig. 9A). ITM2A, which encodes a type II
membrane protein, is reportedly downregulated in breast
cancer and can inhibit the cell growth and reduce the
aggressiveness of breast cancer [30]. Enrichment analy-
sis revealed that the DEGs of the CD4-Tn cells were
enriched mainly in the apoptosis pathway and in the
TNEF, IL-17, MAPK, T-cell receptor, NF-kappa B, and fer-
roptosis signalling pathways (Fig. 9B). These DEGs are
involved in the biological processes of cytoplasmic trans-
lation, immune system development, cell death, and the
regulation of protein matabolism (Fig. 9C).

RPS26, JUN, and FOS were the top three upregulated
genes in LIMS1-CDAT cells (Fig. 10A). The enrichment
analysis suggested that the DEGs of LIMS1-CD4T cells
were enriched in the IL-17, TNF, and Th17 cell differen-
tiation pathways and the Th1 and Th2 cell differentiation
signalling pathways (Fig. 10B). These DEGs are involved
in the biological processes of cytoplasmic translation and
immune system development (Fig. 10C).

FOS, JUN, and DUSP1 were the top three upregu-
lated genes in Th2 cells (Fig. 11A). DUSPI is a negative
feedback regulator of mitogen-activated protein kinase
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(MAPK) signalling pathways, which could be important
in Th1/Th2 polarization [31]. The enrichment analy-
sis suggested that the DEGs of Th2 cells were enriched
in pathways related to cell adhesion molecules, oxyto-
cin, mitophagy, antigen processing and presentation
(Fig. 11B). These DEGs are involved in the biological pro-
cesses of cytoplasmic translation and rRNA processing
(Fig. 11C).
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FOS, RPS26, and JUN were the top three upregulated
genes in Th17 cells (Figure S2). Given that there were
only a small number of DEGs in Treg cells, enrichment
analyses could not be performed.

FOS, RPS26, and JUND were the top three upregulated
genes in Treg cells (Fig. 12A). JUND is a member of the
JUN family. This protein has been proposed to protect
cells from p53-dependent senescence and apoptosis [32].

Characteristics and biological functions of CD8+ T cells
There are three cell types of CD8" T cells: CD8-Tem,
CD8" T, and CD8-Tn cells. Considering that CD8-Tem
and CD8-Tn cells were present in extremely small num-
bers, we focused on CD8" T cells. RPS26, TRBV25-1,
and JUN were the top three upregulated genes in CD8*
T cells (Fig. 13A). TRBV25-1 belongs to the T-cell recep-
tor (TCR) beta chain variable gene (TRBV) family. The
TRBV, TRBD, and TRBJ genes encode regions of CDR3f
in the beta chains of the TCR, which is responsible for
interactions with antigenic peptides.

The DEGs of the CD8* T cells were enriched in Th17
cell differentiation, Thl and Th2 cell differentiation,
antigen processing and presentation, the intestinal
immune network for IgA production, NK cell-medi-
ated cytotoxicity, the T-cell receptor signalling path-
way, the phagosome, and cell adhesion molecules
(Fig. 13B).
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(C) Dot plot of the enriched biological processes of the DEGs

These DEGs were found to be responsible for the bio-
logical processes of cytoplasmic translation, antigen pro-
cessing and presentation of exogenous peptide antigens,
regulation of lipid kinase activity, and the T-cell receptor
signaling pathway (Fig. 13C).

Discussion

In recent years, the advent of ICIs has revolutionized
the field of oncology. However, the ICI-related renal
toxicity has attracted the attention of oncologists and
nephrologists. The occurrence of ICI-related AKI may
warrant the interruption of tumour treatment. Conse-
quently, studies on the mechanisms of ICI-related AKI
are urgently needed.

Although the mechanisms underlying PD-1-asso-
ciated renal toxicity have not been elucidated, some
hypotheses have been proposed through some clini-
cal studies and mouse experiments; these hypothesis
include loss of tolerance versus self-antigens, reacti-
vation of drug-specific T cells, proinflammatory cyto-
kines, and off-target effects [33]. On the basis of these
studies, we focused on CD8" T cells and CD4" T cells.
In this research, we applied scRNA-seq technology to
reveal the features of PBMCs from lung cancer patients
who developed R-irAEs due to PD-1 therapy. Fifteen
clusters were identified. We were concerned about the
DEGs, the pathways in which they were enriched, and
the biological functions of CD4* T and CD8* T cells as

we noted no significant differences in the proportion
of each cluster between the R-irAE and ctrl groups.
RPS26 and JUN were both the top upregulated genes
in both CD4" T cells and CD8* T cells. The DEGs of
CD4+T cells and CD8+T cells were enriched in Th17,
Thl, and Th2 cell differentiation, and NK cell-medi-
ated cytotoxicity signalling pathways. These results
suggest that we may focus on these genes and path-
ways in future studies and that these genes and path-
ways may be targets for the treatment of PD-1-induced
AKI.

Despite some notable results, this study has some
limitations. First, the sample size was small, and stud-
ies with larger sample sizes are needed in the future.
Only male patients were included, and the inclu-
sion of female patients needs to be considered in the
future. Second, no kidney specimens were obtained in
this study because of the poor physical fitness of the
patients and the lack of patient consent to undergo
renal biopsy. Therefore, for subsequent research, we
collected PBMCs from lung cancer patients treated
with PD-1 inhibitors. We used PBMC samples for
scRNA-seq, but these samples do not directly reflect
the changes in the immune profile associated with
PD-1 related AKI. Since there were no renal speci-
mens, PD-1 induced AKI was not confirmed by renal
biopsy in this study. The diagnosis of PD-1-induced
AKI is empirical. On the basis of abnormal sCr,
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potential nephrotoxic drugs and other causes of renal
impairment such as dehydration, infection, and uri-
nary tract obstruction were excluded. Many studies
have reported that increased sCr level occurring along-
side proteinuria, haematuria, and pyuria are symptoms
of AKI caused by ICI treatment. In our study, all three
patients with R-irAEs had elevated sCr levels. These
findings indicate that patients should be closely moni-
tored for changes in sCr levels in the urine. Finally, we
did not analyse intercellular communication, which
may have revealed some potential mechanisms.

Taken together, this study explored the immune
mechanisms of PD-1-related R-irAEs in patients with
lung cancer via scRNA-seq. The DEGs and enriched
pathways may be novel markers of R-irAEs caused by
anti-PD-1 therapy.
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