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ABSTRACT

Background Ectopic lymphoid structures called tertiary lymphoid tissues (TLTs) develop in several kidney
diseases and are associated with poor renal prognosis. However, the mechanisms that expand TLTs and
underlie exacerbation of kidney injury remain unclear.

Methods We performed single-nucleus RNA sequencing (snRNA-seq) on aged mouse kidneys with TLTs
after ischemia-reperfusion injury. The results were validated using immunostaining, in situ hybridization of
murine and human kidneys, and in vitro experiments.

Results Using snRNA-seq, we identified proinflammatory and profibrotic Vcam 1 injured proximal tubules
(PTs) with NF«kB and IFN-inducible transcription factor activation. VCAM1" PTs were preferentially
localized around TLTs and drove inflammation and fibrosis via the production of multiple chemokines
or cytokines. Lymphocytes within TLTs expressed Tnf and Ifng at high levels, which synergistically
upregulated VCAM1 and chemokine expression in cultured PT cells. In addition, snRNA-seq also identified
proinflammatory and profibrotic fibroblasts, which resided within and outside TLTs, respectively. Proin-
flammatory fibroblasts exhibited STAT1 activation and various chemokine or cytokine production, in-
cluding CXCL9/CXCL10 and B cell-activating factor, contributing to lymphocyte recruitment and survival.
IFNy upregulated the expression of these molecules in cultured fibroblasts in a STAT1-dependent
manner, indicating potential bidirectional interactions between IFNy-producing CXCR3" T cells and
proinflammatory fibroblasts within TLTs. The cellular and molecular components described in this study
were confirmed in human kidneys with TLTs.

Conclusions These findings suggest that TLTs potentially amplify inflammation by providing a microen-
vironment that allows intense interactions between renal parenchymal and immune cells. These interac-
tions may serve as novel therapeutic targets in kidney diseases involving TLT formation.
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phoid structures consisting mainly of T and B cells
and functionally specialized fibroblasts. In mice
and humans, they develop within nonlymphoid
organs during chronic inflammation cases, such
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as infection, autoimmune diseases, and cancers.'=¢ TLTs have
been also reported as an indicator for poor renal prognosis in
various kidney diseases, such as transplanted kidneys,>° IgA
nephropathy,” and lupus nephritis,® illustrating their clin-
ical importance.

Previously, we demonstrated that TLTs develop in aged
kidneys after injury and underlie sustained inflammation and
impaired kidney regeneration.® Cell-cell interactions between
the two types of age-associated lymphocytes, senescence-
associated T cells and age-associated B cells, via CD153-CD30
signaling pathway, are essential for TLT expansion. Targeting this
pathway attenuates TLT formation and improves renal progno-
sis, suggesting the potential of TLTs as therapeutic targets.'”
However, how renal parenchymal cells are affected by TLIs and
contribute to TLT expansion remains unclear.

The recent development of single-cell transcriptomics has
revealed heterogeneity among various kidney-composing cells,
such as tubular cells,!! fibroblasts,!2 and endothelial cells,!3 in
healthy and diseased kidneys and led to identification of specific
cell types associated with kidney disease progression. This
technology also has the potential to predict various cell-cell
interactions and thus contribute toward the elucidation of the
mechanisms underlying kidney disease development. Impor-
tantly, previous studies classified injured proximal tubular (PT)
cells into heterogeneous populations using single-nucleus RNA
sequencing (snRNA-seq) of young mouse kidneys.!415 Veaml™*
PTs that increased in the late phase after kidney injury were
classified as the failed repair PTs or late injured PTs with the
proinflammatory and profibrotic phenotypes, which poten-
tially contribute to CKD progression after AKI. However, such
injured PTs have not yet been characterized sufficiently in aged
injured kidneys with TLTs.

In this study, to elucidate the heterogeneity of renal pa-
renchymal cells and their interactions with immune cells, we
performed snRNA-seq of aged mouse kidneys with TLTs and
validated the results in mice and humans. Conclusively, we
demonstrate that TLTs potentially function as inflammation
amplifiers by promoting the proinflammatory phenotypes of
renal parenchymal cells and that their interactions with im-
mune cells contribute to sustained inflammation and malad-
aptive repair.

METHODS

Animals

We purchased aged male C57BL/6] mice (12-14 months old)
from Japan SLC. All mice were maintained in a specific
pathogen-free animal faculty at Kyoto University to minimize
the effects of infection on TLT formation.!® All animal exper-
iments were approved by the Animal Research Committee,
Graduate School of Medicine, Kyoto University, and conducted
in accordance with the Guide for the Care and Use of Laboratory
Animals (US National Institutes of Health, Bethesda, MD).
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Significance Statement

Ectopic lymphoid structures called tertiary lymphoid tissues (TLTs)
develop in several kidney diseases and are associated with poor
renal prognosis. However, the mechanisms underlying TLT ex-
pansion and their effect on renal regeneration remain unclear. The
authors report that single-nucleus RNA sequencing and validation
experiments demonstrate that TLTs potentially amplify inflammation
in aged injured kidneys. Lymphocytes within TLTs promote proin-
flammatory phenotypes of the surrounding proximal tubules and
fibroblasts within the TLTs via proinflammatory cytokine production.
These proinflammatory parenchymal cells then interact with immune
cells by chemokine or cytokine production. Such cell-cell interactions
potentially increase inflammation, expand TLTs, and exacerbate
kidney injury. These findings help illuminate renal TLT pathology and
suggest potential therapeutic targets.

Unilateral Renal Ischemia-Reperfusion Injury Model
Unilateral ischemia-reperfusion injury (IRI) was induced by
clamping the left renal pedicle for 45 minutes for a severe
injury model or 18 minutes for a mild injury model. Mice
were maintained at 37°C under anesthesia with 2% isoflurane
inhalation. Sham surgery was performed using the same
procedure without clamping.

Single-Nucleus Isolation and cDNA Library Preparation

Three 12-month-old male mice 30 days after unilateral IRI
and one 12-month-old male mouse 30 days after sham
surgery were separately used for snRNA-seq. The mice
were euthanized under anesthesia with an intraperitoneal
injection of a mixture of midazolam, butorphanol tartrate,
and medetomidine hydrochloride. After perfusion with 30 ml
of cold PBS via the left ventricle, the left kidney was harvested.
The kidneys were cut along the short axis in the middle, and
the half of the kidneys were snap frozen for snRNA-seq.
Single-nucleus isolation was performed using the snap-
frozen kidney tissues within 2 weeks after harvest, as described
below. Kidney samples were minced into <2 mm pieces on a
plate placed onto ice and homogenized in 2 ml of cold lysis
buffer (Nuclei EZ Lysis buffer NUC-101, Sigma-Aldrich, Saint
Louis, MO), protease inhibitor (cOmplete ULTRA tablet,
05892970001, Roche, Basel, Switzerland), and two types of
0.5% RNase inhibitor (Rnasin Plus, N2611, Promega, Mad-
ison, WI, and SUPERaseIn RNase Inhibitor, AM2694,
Thermo Fisher Scientific, Waltham, MA) using dounce ho-
mogenizers. The homogenate was incubated for 5 minutes
with an additional 2 ml of lysis buffer on ice. After incubation,
the homogenate was filtered through a 40-um cell strainer
(352340, Falcon, Corning, NY) and centrifuged at 500 Xg¢ for
5 minutes under 4°C. The pellet was resuspended using 4 ml
of cold lysis buffer, incubated for 5 minutes on ice, and
centrifuged at 500 Xg for 5 minutes at 4°C. The pellet was
resuspended using nuclei suspension buffer (1XPBS, 0.07%
bovine serum albumin, 0.1% RNase inhibitor [RNasin Plus,
N2611, Promega]) and filtered through a 20-um cell strainer
(43-50020-03, pluriSelect, Leipzig, Germany). The filtered
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nuclei were counted using hemocytometers and observed
with propidium iodide staining. The nuclei suspension was
diluted to the appropriate concentration with additional nu-
clei suspension buffer and kept on ice until loading into a
Chromium Controller (10X Genomics, Pleasanton, CA). The
diluted nuclei suspension was loaded onto a Chromium
Controller to prepare cDNA libraries in accordance with
the manufacturer’s instruction. We used Chromium Single
Cell 3" Reagent Kits v3 (10X Genomics) for the first IRI
kidney and the sham-treated control kidney and Chromium
NEXT GEM Single Cell 3" Reagent Kits v3.1 (10X Genomics)
for the second and the third IRI kidneys after the company’s
version update. Quality of the cDNA libraries were evaluated
using Agilent 2200 TapeStation (Agilent, Santa Clara, CA).

snRNA-seq Data Preprocessing and Analysis

The prepared cDNA libraries were sequenced using a Hiseq
4000 sequencer (Illumina, San Diego, CA). The sequencing
data were processed using the Cell Ranger pipeline version
3.1.0 (10X Genomics) with the mm10-3.0.0 Cell Ranger
reference customized to count intronic reads, in accordance
with the manufacturer’s instructions. The downstream data
analysis, including initial filtering, normalization, identifica-
tion of highly variable genes, scaling, unsupervised clustering,
finding markers, and integration of the datasets was per-
formed using the R package Seurat (version 3.1.1) in accor-
dance with the Seurat vignette.!” We analyzed each dataset
separately and generated new gene expression matrices for all
datasets as described below, and a graphical flowchart is
displayed in Supplemental Figure 1. We filtered out the genes
expressed in fewer than three nuclei and nuclei that expressed
fewer than 300 genes or more than 6000 genes to exclude low-
quality nuclei and possible doublets. We also excluded nuclei
with a high unique molecular identifier (UMI) count of
mitochondrial genes that was >0.5%. Normalization was
performed using the NormalizeData function by the default
logNormalize method with a scale factor of 10,000. Highly
variable genes were identified using the FindVariableGenes
function with the default setting. We scaled the data with the
ScaleData function to regress out the variation between nuclei
because of the library size and the percentage of mitochon-
drial genes. The data were subjected to principal component
analysis (PCA) dimensional reduction using the RunPCA
function. The number of PCs used for the downstream anal-
ysis was determined on the basis of the elbow point visualized
by the ElbowPlot function after running the JackStraw func-
tion. The determined PCs were used to perform unsupervised
clustering with the FindNeighbors and FindClusters functions
and to generate Uniform Manifold Approximation and Pro-
jection (UMAP) with the RunUMAP function. All datasets for
IRI kidneys included a nonspecific cluster with a low number
of expressed genes and without cell type-specific markers, and
after the nonspecific cluster was excluded, the retained data
were reanalyzed as described above using Seurat. We then
used the R package DoubletFinder (version 2.0.2) to exclude
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estimated doublets, in accordance with the manufacturer’s
instructions.!® After removing the estimated doublets, the
retained datasets were reanalyzed as described above using
Seurat, and we used the R package SoupX (version 1.3.7) to
exclude ambient RNA expression estimated from the expres-
sion patterns in the nuclei-free droplets with extremely low
UMI counts of ten UMISs or less.!® To estimate contamination
fractions, we used the autoEstCont function for the sham-
treated kidney dataset and the calculateContaminationFrac-
tion function with the nonExpressedGeneList set to the B
cell-specific genes, Cd19 and Ighd, for IRI kidney datasets. We
then generated new gene expression matrices by subtracting
the estimated contamination fractions from the original data-
sets, using the adjustCounts function. The newly generated
gene expression matrix for each kidney was used for the
downstream analysis. Similar cell populations were identified
across the three IRI replicates that were analyzed separately
using three newly generated IRI kidney datasets (Supplemental
Figure 2A). To mitigate batch effects, the three newly generated
IRI datasets were integrated with the IntegrateData function
using canonical correlation analysis after identifying anchors
using the FindIntegrationAnchors function in Seurat.!” Each
replicate was confirmed to include all cell types in the in-
tegrated IRI kidney dataset (Supplemental Figure 2, B and C).
The three newly generated IRI and sham-treated control data-
sets and the fibroblast subsets from IRI and sham-treated
kidneys were integrated in the same manner. The subset func-
tion was used to create new Seurat objects comprising the
PT cell clusters or the fibroblast clusters from the sham dataset
and the integrated IRI dataset for the subset analysis. To identify
marker genes in each cluster, the FindAllMarkers function in
Seurat was used with the following cutoff settings: min
pct=0.1; and logfc. threshold=0.25. Marker genes detected
in the analysis of each dataset used in this study are listed in
Supplemental Table 1. The parameters and number of nuclei
used in the computational analysis are listed in Supplemental
Table 2. Cell type annotation was performed based on pre-
viously published canonical cell type-specific markers!!-20-24
using single-cell RNA sequencing (scRNA-seq) online data-
bases (Kidney Cell Explorer [https://cello.shinyapps.io/kidney
cellexplorer/]?> and Kidney Interactive Transcriptomics [http://
humphreyslab.com/SingleCell/]).2¢

Analysis of Ligand Expression Selected from Marker
Genes for the Injured PT Cluster

We selected the genes encoding ligands from the marker genes
for the injured PT-1 cluster in PT subset analysis in the IRI
kidney dataset on the basis of the human ligand-receptor list?”
and plotted the expression patterns of the selected genes
across the four PT clusters as dot plots using the DotPlot
function in Seurat.

Pearson Correlation Analysis

Pearson correlation coefficients were calculated between the
injured PT-1 cluster in our IRI kidney dataset and PT

TLTs as Inflammation Hubs, Yoshikawa et al. 3
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subpopulations in the young IRI kidney dataset in previous
publication'* on the basis of the average expression profiles of
marker genes for PT subpopulations in our PT subset of the IRI
kidney dataset (Supplemental Table 1, IRI_PT_subset). The
average expression was calculated by the AverageExpression
function in Seurat. These Pearson correlation coefficients were
displayed as a heatmap using the R package pheatmap (ver-
sion 1.0.12).

Ligand-Receptor Analysis

To investigate cell-cell interactions, we performed three
ligand-receptor analyses between the following groups: (I) the
injured PT-1 cluster and each immune cell cluster, (2) the injured
PT-1 cluster and the fibroblast cluster, and (3) the proinflam-
matory fibroblast cluster and lymphocyte clusters (T-cell and
B-cell clusters) in the integrated IRI kidney dataset using Cell-
PhoneDB (version 2.0).28 The lower cutoff for the proportion of
cells expressing any ligands or receptors in a specific cell type was
set to 10%. In the analysis, only ligand-receptor interactions
with a significant P-value (<<0.05), including ligands listed both
in the human ligand-receptor list?” and in the marker gene lists of
the specific clusters (Supplemental Table 1), were plotted.

Gene Regulatory Network Analysis

Gene regulatory network analysis was performed on the PT
subset and the fibroblast subset in the integrated IRI kidney
dataset using the R package single cell regulatory network
inference and clustering (version 1.2.4) with normalized ex-
pression values from Seurat objects as input, in accordance
with the manufacturer’s vignette.?? In brief, we identified gene
sets coexpressed with transcription factors (TFs) using
GENIE3. Subsequently, we removed indirect targets lacking
motif support from each coexpression module with cis-
regulatory motif analysis using RcisTarget. We used the mouse
mml0 genome and two gene-motif rankings (ten kilobases
around the transcription start site or 500 base pairs [bp]
upstream and 100 bp downstream of the transcription start
site), as previously described.!* The processed modules are
called regulons. Finally, we scored each regulon activity in
each cell and calculated each average regulon activity in each
cluster. The scaled regulon activities were visualized as heat-
maps using the R package pheatmap (version 1.0.12).

Pseudotime Trajectory Analysis

Pseudotime trajectory analysis was performed on the inte-
grated PT and fibroblast subsets from sham-treated and IRI
kidney datasets. We used the R package Monocle2 (version
2.12.0) with normalized expression values as input.3® The
combination of the marker genes identified using the FindAll-
Markers function in Seurat for each cluster in the integrated PT
and fibroblast dataset (Supplemental Table 1) were used for
ordering of the cells. The branches, including most of the nuclei
from the sham-treated kidney, were defined as the starting
states of cell differentiation. In analysis of PTs, we identified
differentially expressed genes over pseudotime from the marker

4 JASN

genes for PT subpopulations with min pct >0.25 and logfc.
threshold >0.8, using the differentialGeneTest function in
Monocle2, and the expressional changes of these genes
over pseudotime was displayed in a heatmap (genes with
g-value <0.001). In the analysis of fibroblasts, to further
resolve the differentiation into different fibroblast substates,
subset analysis was performed. In the subset analysis, we
identified the branch-dependent genes that were signifi-
cantly differentially expressed between each branch starting
from the branch point to different cell states using the
branched expression analysis modeling function implemen-
ted in Monocle2.

Enrichment Analysis

Enrichment analyses were performed on the reclustered PT
clusters and fibroblast clusters in the integrated IRI kidney
dataset using the web tool Enrichr (https://maayanlab.cloud/
Enrichr/).31-33 We used marker genes for each cluster iden-
tified by the FindAllMarkers function in Seurat as input
(Supplemental Table 1), and we used the Kyoto Encyclopedia
of Genes and Genomes (KEGG) 2019 Mouse3#+35 and Gene
Ontology (GO) Biological Process 2018 databases.3%37

Bulk RNA-Sequencing Analysis

Bulk RNA-sequencing libraries were prepared using a
NEBNext Ultra II Directional RNA Library Prep Kit for
lumina (E7760, New England Biolabs, Ipswich, MA) fol-
lowing the manufacturer’s instructions. The libraries were
sequenced on a NovaSeq 6000 (Illumina) to generate 50 bp
pair-end reads at a read depth of at least 15 million reads
per sample. The pair-end reads were mapped to Ensembl
human reference genome (GRCh38.p13), using STAR
(version 2.6.0c).>8 The expected count and transcripts per
million were calculated using RSEM (version 1.3.1).3° Dif-
ferential expression analyses were conducted using DESeq?2
(version 4.3).40 Scatter plots were generated using ggpubr
(version 0.6.0). The scatter plots showed that names of
selected genes that were upregulated or downregulated in
the injured PT-1 from our snRNA-seq dataset that were iden-
tified using the FindMarkers function in Seurat (version 3.1.1)
with the following cutoff settings: min pct=0.1; and logfc.
threshold=0.25.

Human Kidney Specimens and TLT Identification

Samples of protocol renal biopsies from two patients 1 year
after transplantation were analyzed after obtaining informed
consent and with the approval of the Ethics Committee of Kyoto
University Hospital (registration number: G0562). Clinical pro-
files of these patients are shown in Supplemental Table 3. In
human transplanted kidney samples, TLTs were defined as
organized lymphocyte aggregates composed of more than 60
cells (T cells or B cells) with a proliferative sign, as previously
described.® Lymphocyte infiltration was assessed using CD20
and CD3e immunofluorescence, and their proliferation was
assessed using Ki67 immunofluorescence. This study was

JASN 00: 1-22, 2023
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Figure 1. snRNA-seq revealed injured PT cells and various immune cells emerged in aged injured kidneys with TLTs.
(A) Summary of snRNA-seq workflow. snRNA-seq was performed on individual kidneys 30 days after sham surgery or 45-minute Uni-IRI.
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Figure 1. (Continued) The illustrations were used from the homepage of 10X Genomics (https://www.10xgenomics.com/jp) with
permission. (B) PAS staining of murine kidneys 30 days after sham surgery and IRI, which were used for snRNA-seq. Scale bars=100 um.
PAS staining, Masson-Trichrome staining, and immunofluorescence for the sham-treated and IRI kidneys are displayed in Supplemental
Figure 5. (C) UMAP plots of a kidney 30 days after sham surgery, which were classified into 19 clusters, and dot plots displaying gene
expression patterns of representative marker genes for each cluster. (D) UMAP plots of the integrated IRI kidney dataset, which were
classified into 21 clusters, and dot plots displaying expression patterns of representative marker genes for each cluster. (E) A left panel
displayed UMAP plots of the integrated dataset of the sham-treated and three IRI kidneys, which were classified into 23 clusters. A right
panel showed the UMAP plots separated by sample types, sham (blue dots) and IRl (red dots). Red lines encircled clusters mainly
composed of the nuclei derived from the IRI kidneys (cluster 1, 17-23). (F) Feature plots showing high gene expression of Havcrl
encoding KIM1 in cluster 1 and Ptprc encoding CD45, an immune cell marker, in clusters 17-23 in the integrated dataset of a sham-
treated and three IRl kidneys. CD, collecting duct; CNT, connecting tubule; DCT, distal convoluted tubule; EC, endothelial cell; IC,
intercalated cell; PAS, Periodic acid-Schiff; PB/PC, plasmablast/plasma cell; PC, principal cell; PEC, parietal epithelial cell; Prolif.,
proliferating; PT, proximal tubule; S1/52, S1 segment/S2 segment; S2/S3, S2 segment/S3 segment; snRNA-seq, single-nucleus RNA
sequencing; TAL, thick ascending limbs of the loop of Henle; tLOH, thin limbs of the loop of Henle; TLT, tertiary lymphoid tissues; UMAP,
Uniform Manifold Approximation and Projection; Uni-IRI, unilateral ischemia-reperfusion injury; VSMC, vascular smooth muscle cell.

conducted in accordance with the Declaration of Helsinki.
The clinical and research activities being reported are con-
sistent with the Principles of the Declaration of Istanbul as
outlined in the Declaration of Istanbul on Organ Trafficking
and Transplant Tourism.

Quantification of VCAM1™" PT Cells

Quantification of VCAM1" cells and KIM17 cells in PT cells
was performed on aged injured kidneys 30 days after 18-minute
IRI. PT cells were defined as those stained with LTL or KIMI.
Three regions of interest (ROIs), including TLTs per kidney
section (n=>5, total of 15 ROIs), were analyzed at the magni-
fication of X20. Quantitative analysis was performed for
PT cells adjacent to TLTs that were at least partially contained
within the 35 um line from the periphery of TLIs and for
PT cells not adjacent to TLTs that were outside of the line in
each ROL We also performed this analysis with a different
cutoff distance, 10 pm, from TLT borders. The representative
images are shown in Supplemental Figure 3.

Deletion of Stat1 Gene in C3H10T1/2 Cells by
Clustered Regularly Interspaced Short Palindromic
Repeats/Cas9 System

Stat] genes were deleted from C3H10T1/2 cells using the clus-
tered regularly interspaced short palindromic repeats/Cas9 gene-
editing system, as described below.*! We designed guide RNAs
(gRNA) for exond of Mus musculus Statl with the fewest off-
target sites (sequence: GGTCGCAAACGAGACATCAT) using the
online tool CRISPOR (http://crispor.tefor.net/).4? In brief, pX330-
GFP plasmids (kindly provided by Professor Osamu Takeuchi),
which included GFP sequences and Cas9 sequences, were digested
using Bbs1 and ligated together with dsDNA, including the gRNA
sequence. The ligated plasmids were transfected into C3H10T1/2
cells using a lipofectamine method (Lipofectamine 3000 Trans-
fection Kit, L3000-015, Thermo Fisher Scientific). For the control
C3H10T1/2 cells, the original pX330-GFP plasmids with no
gRNA sequences were transfected. After incubation, single cell
sorting of GFP-positive cells, which appeared to be success-
fully transfected with the plasmids, into 96-well plates was

6 JASN

performed using BD FACS Aria Fusion (BD Bioscience, Frank-
lin Lakes, NJ) and then each single-cell clone was expanded.
After expansion, Sanger sequence and western blotting were
performed to screen cells lacking the STAT1 gene and protein
and to analyze the potential off-target mutations with a high
Cutting Frequency Determination score calculated using the
CRISPOR analysis (Supplemental Figure 4).

Statistics

Proportions of VCAM1 " PT cells are shown as the median
and interquartile range. They were compared using the Mann-
Whitney test between PT cells adjacent to TLTs and PT cells
not adjacent to TLTs, defined as described above. Data for
quantitative real-time PCR are presented as the mean*SEM,
and statistical significance was determined using a one-way
ANOVA followed by the Tukey-Kramer post hoc tests for
comparisons among more than two groups. Statistical anal-
yses were performed using GraphPad Prism for mac (version
9.50; GraphPad Software, La Jolla, CA). In these analyses, a
P-value < 0.05 was considered significant.

RESULTS

Injured PTs and Various Immune Cells Emerge in Aged
Injured Kidneys with TLTs

snRNA-seq was performed on three aged kidneys 30 days after
IRI and one aged kidney after sham surgery (Figure 1A).
Histological examination of IRI kidneys, but not sham-treated
kidneys, revealed extensive tubular atrophy, interstitial fibro-
sis, and multiple cortical TLTs mainly composed of CD3e™ T
and B220" B cells and p75 neurotrophin receptor (p75NTR) ™"
fibroblasts (Figure 1B, Supplemental Figure 5, A-C).

In the sham-treated kidney dataset, 7,485 nuclei were
classified into 19 clusters (Figure 1C), whereas, in the in-
tegrated dataset for the three IRI kidneys, 15,968 nuclei were
classified into 21 clusters (Figure 1D). In the integrated IRI
kidney dataset, there were seven independent Ptprc¢’ im-
mune cell clusters (clusters 15-21 in Figure 1D), indicating
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Figure 2. Subset analysis of PT clusters in the ischemia-reperfusion injury kidneys showed proinflammatory and profibrotic
injured PTs interacting with immune cells and fibroblasts. (A) UMAP plots displaying the reclustering of the PT cell subset in the
integrated IRl kidney dataset and dot plots showing expression patterns of the representative marker genes for each PT cluster.
Clusters 1 and 2, which expressed Havcr? (encoding KIM1), were annotated as injured PT-1 and injured PT-2, respectively. (B) En-
richment analysis on the marker genes of injured PT-1 was performed. Top six KEGG pathways and GO terms are shown in the bar
graphs. Significance was expressed as —logio(adjusted P-value). (C) Violin plots showing the gene expression patterns of adhesive
molecules (Vcam1 and Icam1), profibrotic ligands (Tgfb2, Pdgfb, and Pdgfd), and chemokines or cytokines (Ccl2, Cxcl2, Cxcl10,

JASN 00: 1-22, 2023 TLTs as Inflammation Hubs, Yoshikawa et al. 7



8L+AWAOANOMNSEAAIAYO/FONEIDYIASALLIAIPOOAELIEAH-DII/HDAU

MV LXOMADYOINX YOHISABZIUTMY+BFNJO}N L WN03Z L ABYHJOGHNQUE Ag usel/wod mm| sjeunol//:dpy wouy papeojumod

€20¢/22/80 uo

BASIC RESEARCH | WWWw.jasn.org

Figure 2. (Continued) Cxcl16, and 1134) across the PT clusters in the IRl kidneys. (D, E) A heatmap showing selected ligand-receptor
interactions between (D) injured PT-1 and each immune cell type and (E) injured PT-1 and fibroblasts in the IRl kidney dataset. The color of
the cell types (red or blue) corresponds to the color of the ligands or receptors expressed by the cell types. In each ligand-receptor
pair name, the molecule at the root of the arrow is a ligand and the molecule at the arrowhead is a receptor. The dot size indicates
the —logso(P-value) calculated using CellphoneDB, and the dot color indicates the log scaled mean expression of the ligand and receptor.
(F) Gene regulatory network analysis was performed on each PT cluster in aged injured kidneys. The heatmap showed the average
regulon activity across the four PT clusters. Representative TFs activated in each cluster were highlighted. The number of predicted target
genes was shown following each TF's name. IRI, ischemia-reperfusion injury; PT, proximal tubule; TF, transcription factor; UMAP, Uniform

Manifold Approximation and Projection.

infiltration of macrophages, dendritic cells, and T, B, and
plasmablasts/plasma cells (Supplemental Figure 6). In addition,
three major Lrp2”" (encoding megalin) PT clusters (clusters 1-3
in Figure 1D) were identified. Subsequently, the integrated
sham-treated and IRI kidney datasets demonstrated that
injured PTs expressing Havcrl (encoding KIM1, a well-known
marker of PT injury) (cluster 1) and Ptprc” immune cells
(clusters 17-23) were the major cell populations that newly
emerged after IRI (Figure 1, E and F). Expression of Lcn2
(encoding Ngal, a distal tubular injury marker) was detected
in distal nephron clusters derived from the IRI kidneys
(Supplemental Figure 7). In short, tubular maladaptive repair
and kidney inflammation persisted in aged kidneys with TLTs,
even a month after IRL

snRNA-seq Detects Proinflammatory and Profibrotic
Vcam1™ Injured PTs with Potential Interactions with
Various Immune Cell Types and Fibroblasts

Three major PT clusters (clusters 1-3 in Figure 1D) in the
integrated IRI kidney dataset were reanalyzed and classified
into four clusters, including two Havcrl (encoding KIM1) ™
injured PT clusters (clusters 1 and 2 in Figure 2A). Enrich-
ment analysis indicated enrichment of focal adhesion and
proinflammatory pathways, such as TNF and NF«B signaling
pathways in injured PT-1 cells, compared with other clusters
(Figure 2B, Supplemental Figure 8, A and B, Supplemental
Table 4). In addition, many types of ligands, including ad-
hesion molecules (Vcaml and Icaml), chemokines, and cy-
tokines (Ccl2, Cxcl2, Cxcl10, Cxcll6, and I134), were highly
expressed in injured PT-1 cells, indicating their proinflam-
matory phenotype (Figure 2C, Supplemental Figure 9). In-
jured PT-1 cells also expressed profibrotic ligands (Tgfb2,
Pdgfb, and Pdgfd) (Figure 2C, Supplemental Figure 9).43-4>
Pearson correlation analysis was performed between the in-
jured PT-1 and PT subpopulations in young IRI kidney dataset
in previous publication,'* demonstrating that the injured PT-
1 was the most similar to the failed repair PTs (Supplemental
Figure 10). Subsequently, based on their high expression of
chemokines and cytokines, we conducted ligand-receptor
analysis between the Haverl™Veaml™ injured PT-1 cells
and immune cells, detecting their cell-cell interactions via
various pathways, including Ccl2—Ccr2, Cxcll6-Cxcr6, and
Veaml/Icaml—integrin (Figure 2D). CCL2 contributes to
the chemotaxis of CCR2" macrophages and dendritic and
T cells*® while CXCL16 recruits CXCR6 ™" -activated T cells.*”

8 JASN

Although Cxcl10 expression was detected in injured PT-1 cells,
the Cxcl10-Cxcr3 pathway was not detected in this ligand-
receptor analysis, possibly because of the low detection sen-
sitivity of snRNA-seq for immune cells (Cxcr3 expression was
not detected in this analysis).#® By contrast, Cxcr3 expression
in T cells was detected in our previous scRNA-seq data for
CD45" immune cells in aged injured kidneys with TLTs!0
(Supplemental Figure 11, A and B) and was also previously
reported,*>>0 suggesting interactions between injured PT cells
and T cells via Cxcl10-Cxcr3 pathway in aged injured kidneys.
CXCL10 contributes to CXCR3" T-cell chemotaxis and po-
larization into IFNvy-producing T-helper type 1 cells.>:>2
These findings suggest that Havcrl ™ Veam1™ injured PT cells
may exacerbate inflammation by recruiting and activating im-
mune cells, especially macrophages and dendritic and T cells,
via multiple chemokine or cytokine production.
Furthermore, we also conducted ligand-receptor analysis
between the injured PT-1 cells and fibroblasts on the basis of
the expression of profibrotic ligands in injured PT-1 cells,
revealing potential interactions between them via profibrotic
pathways, such as the Tgfb2-Tgfb receptors and Pdgfb/Pdgfd-
Pdgf receptors, suggesting that injured PT-1 cells may activate
fibroblasts and aggravate fibrosis (Figure 2E).43-4>
Subsequently, we used single-cell regulatory network in-
ference and clustering to detect the gene regulatory network in
PT subpopulations in the injured kidneys and showed that
activities of regulons, such as NF«kB (Nfkbl and Rela) and
IFN-inducible TFs (Statl and Irfl), were upregulated espe-
cially in the injured PT-1 (Figure 2F, Supplemental Table 5).
Trajectory analysis on integrated data of the PT subsets in
the sham-treated and IRI kidney datasets identified differen-
tially expressed genes over pseudotime from healthy PTs
toward injured PTs, showing expression changes of the genes
(g-value <0.001) in a heatmap (Supplemental Figure 12).

VCAM1™ Injured PTs with NFkB and IFN-Inducible TFs
Activation Are Preferentially Localized around TLTs
Subsequently, we identified the localization of KIM1*VCAM1™
injured PTs in aged injured kidneys with TLIs. Immunostain-
ing revealed that KIM1"VCAMI1™ injured PTs were extensively
distributed in injured kidneys after severe IRI (Figure 3A, 45
minutes IRI). In the mild IRI model (Supplemental Figure 13),
approximately 84% (median) of KIM1" injured PT cells also
expressed VCAM1 (Figure 3A 18 minutes IRI and 3B). More-
over, PT cells adjacent to TLIs expressed VCAMI more
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Figure 3. Proinflammatory and profibrotic VCAM1™ injured PTs are preferentially localized around TLTs. (A) Representative
immunofluorescence images of LTL (green), VCAM1 (red), and KIM1 (gray) and immunohistochemistry images staining for VCAM1
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Figure 3. (Continued) (brown) and megalin (pink) in the kidneys 30 days after 45-minute severe IRl (upper panels) and 18-minute mild IRI
(lower panels). The areas enclosed by rectangles in the left panel are enlarged in the right panel in each staining. Images of severely
injured kidneys showed that most of the KIM1™ injured PTs expressed VCAM1. In mild IRl kidneys, VCAM17 PT cells were preferentially
localized around TLTs. In some PTs, VCAM1 staining was observed only in the cells adjacent to TLTs in the same tubules (red arrows in the
magnified image located in the lower right). Scale bars=100 um. (B, C) Quantification of the percentages of VCAM1™" PT cells among (B)
all KIM1" PT cells and (C) PT cells adjacent to TLTs or PT cells not adjacent to TLTs, in each ROl in mild IRl model, using three ROIs
including TLTs per kidney section (n=5, total of 15 ROls). Approximately 84% of KIM1™ injured PT cells expressed VCAM1. VCAM1™"
PT cells were significantly more prevalent around TLTs than in the other area (P = 0.001). Data are shown as the median and interquartile
range. Mann-Whitney test was used to analyze the difference in (C). The representative images used for counting VCAM1™" or KIM1™*
PT cells are shown in Supplemental Figure 3. (D) A combination of ISH with RNAscope (Tgfb2 [red]) and immunofluorescence (LTL [green],
VCAM1 [gray], DAPI [blue]) showed more intense Tgfb2 expression in VCAM1* injured PTs (encircled by yellow solid lines) adjacent to
TLTs than in VCAM1~ PTs (encircled by light blue solid lines) in aged injured kidney 30 days after 45-minute IRI. Scale bars=20 um. (E) A
combination of ISH with RNAscope (Ccl2 [upper panel, red] or Cxcl10 [lower panel, red]) and immunofluorescence (LTL [green], VCAM1
[gray], and DAPI [blue]) for aged injured kidneys 30 days after 18-minute mild IRl showed Ccl2 or Cxcl10 expression in the VCAM1™*
injured PT cells adjacent to TLTs. The areas enclosed by rectangles are magnified in the right panels. Scale bars=20 um. (F) Immu-
nohistochemistry images staining for VCAM1, p105/p50, and pé5 (brown), and megalin (pink) (upper panels) and VCAM1, STAT1, and
IRF1 (brown) and megalin (pink) (lower panels) in serial sections of aged injured kidneys 30 days after 18-minute mild IRI. Expression and
nuclear translocation of these transcription factors were upregulated in the VCAM1™ PTs surrounding TLTs. Scale bars=50 um. Im-
munofluorescence images for p105/p50 and STAT1 in aged injured kidneys are also shown in Supplemental Figure 15. (G) A combination
of ISH (Cxcl10[red] and Stat1 [gray]) and immunofluorescence (LTL [green] and DAPI [blue]) displayed high Cxcl10 and Stat1 expression in
the same PT cells surrounding TLTs (arrows). The area enclosed by a square was magnified in the lower panels. PTs are enclosed by yellow
solid lines. Scale bars=20 um. TLT borders are displayed as white dashed lines in immunofluorescence images and yellow dashed lines in
immunohistochemistry images in (A and D-G). IRI, ischemia-reperfusion injury; ISH, in situ hybridization; PT, proximal tubule; ROI, region

of interest; TLT, tertiary lymphoid tissue.

frequently compared with PT cells not adjacent to TLTs (Figure
3C, Supplemental Figure 3D, see Methods for the definition of
PT cells adjacent to TLTs). Interestingly, in some PTs, only the
cells adjacent to the TLTs in the same tubule were positive for
VCAMLI. Consistent with the results of the data analysis, Tgfb2,
Ccl2, and Cxcl10 expression was detected in VCAM1™ injured
PT cells surrounding TLTs (Figure 3, D and E), confirming that
these VCAM1™" injured PTs around TLTs could contribute to
the augmentation of inflammation and fibrosis. Compared
with young injured kidneys, aged kidneys with TLTs showed
more VCAM1" injured PTs and higher gene expression of
adhesion molecules, chemokines, and cytokines expressed by
them (Supplemental Figure 14), suggesting the association of
TLTs with tubular maladaptive repair, sustained inflammation,
and progressive fibrosis in aged kidneys. Furthermore, immu-
nostaining and in situ hybridization (ISH) demonstrated in-
tense p105/p50 (encoded by Nfkbl), p65 (encoded by Rela),
STAT1, and IRF1 expression and nuclear translocation in
VCAMI1™ injured PT cells surrounding the TLTs (Figure 3F
Supplemental Figure 15, Supplemental Figure 16). Cxcl10, an
IEN-inducible chemokine, was also highly expressed in Statl-
expressing PT cells surrounding the TLIs (Figure 3G). These
findings suggest that NFkB and IFN-inducible TF activation
may contribute to the proinflammatory phenotype of
PTs surrounding TLTs.

Increased TNFa and IFNy Production within TLTs May
Promote the Proinflammatory Phenotype of Injured
PTs Surrounding TLTs in Murine and Human Kidneys
The localized activation of NFkB and IFN-inducible TFs in
the PTs surrounding TLTs suggested that cytokines produced

10 JASN

within TLTs affect the phenotype of the surrounding PT cells.
We have previously reported that TLT size is positively cor-
related with TNFa and IFNYy expression levels in aged in-
jured kidneys.® Similarly, ISH for Tnf and Ifng showed
intense expression within TLTs (Figure 4A). snRNA-seq and
scRNA-seq of CD45" immune cells in aged injured kidneys
revealed that Tnf was expressed by several immune cell types,
including T and B cells, whereas Ifng was exclusively expressed
by T cells (Figure 4B, Supplemental Figure 11, C and D).10
In HK-2 cells, a PT cell line, VCAMI, ICAMI, CCL2, and
CXCLI10 expression was synergistically upregulated by costi-
mulation with TNFa and IFNy (Figure 4C). Bulk RNA
sequencing of the treated HK-2 cells also showed that these
cytokines synergistically upregulated several other marker
genes for the injured PT-1, including the genes encoding
ligands (Figure 4, D-F, Supplemental Table 6). These results
suggest that a local increase in TNFa and IFNvy production
by lymphocytes within TLTs could promote the adhesive and
proinflammatory phenotypes of PT cells surrounding the
TLTs. Furthermore, proinflammatory injured PTs surround-
ing TLTs may promote inflammation and TLT expansion via
chemokine or cytokine production.

As observed in murine kidneys, VCAM1™" injured PTs
existed not only in the area with diffuse infiltrates of immune
cells but also around TLTs (Figure 4G), and p65 and phospho-
STAT1 (Tyr701) (pSTAT1) expression and nuclear translocation
were upregulated in these VCAM1" PTs (Figure 4H) in the
transplanted human kidneys 1 year after transplantation (case 1
is a 47-year-old male patient diagnosed with chronic active
T-cell-mediated rejection and case 2 is a 39-year-old female
patient diagnosed with borderline lesion). More detailed patient
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Figure 4. Increased production of TNFa and IFNy within TLTs may promote the proinflammatory phenotype of surrounding
injured PTs in murine and human kidneys. (A) A combination of ISH (Tnf [red] and Ifng [gray]) and immunofluorescence (p75NTR
[green], a marker for fibroblasts within TLTs) showed the cells highly expressing Tnf and Ifng accumulated within TLTs in aged injured
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Figure 4. (Continued) kidneys. Scale bars=50 um. (B) Violin plots showing Tnf and Ifng expression patterns in the integrated IRl kidney
dataset, showing that macrophages, T cells, and B cells expressed higher Tnf levels than the other populations and T cells expressed
higher Ifng levels than the other populations. (C) The representative results of quantitative real-time PCR for HK2 cells, a human PT cell
line, treated with vehicle (as a control), TNFe, IFNy, or both for 24 hours were displayed (n=3/group). Relative VCAM1, ICAM1, CCL2,
and CXCLT0 mRNA expressions were shown. The expression levels were normalized to those of GAPDH. Values were shown as
mean=SEM. Statistical significance was determined using a one-way ANOVA followed by the Tukey-Kramer post hoc test (*P < 0.05,
**P < 0.01, and ***P < 0.001). (D-F) Scatter plots showing differentially expressed genes between HK-2 cells treated with vehicle and (D)
TNFa, (E) IFNY, or (F) both cytokines. Each axis showed the log2 scale of average transcripts per million (tom) with the addition of 0.25.
Colored dots indicated transcripts with log2 fold change >0.5 or < —0.5 and adjusted P-value < 0.05. Genes that were significantly
upregulated and downregulated in the HK-2 cells treated with the cytokines were shown as light red and light blue dots, respectively.
Genes upregulated and downregulated both in injured PT-1 in our snRNA-seq dataset and in the HK-2 cells treated with the cytokines
were shown as red and blue dots, respectively. Genes encoding ligands in those upregulated genes were shown as green dots and
named in green characters. Representative downregulated genes of injured PT-1 were named in blue characters. (G) Representative
immunofluorescence images for human transplanted kidneys from two cases. Immunofluorescence image staining for CD20 (green),
CD3e (red), and DAPI (blue) displayed TLTs that consisted of aggregates of both B and T cells (left panels). Immunofluorescence images
for VCAM1 (green), megalin (red), and DAPI (blue) showed VCAM1™ injured PTs surrounding TLTs (right panels). Scale bars=50 um.
Clinical profiles of the two cases were shown in Supplemental Table 3. (H) Magnified immunofluorescence images in the areas enclosed
by rectangles in (G) staining for VCAM1 (green), megalin (red), and DAPI (blue) showed VCAM1™" injured PTs surrounding TLTs in human
transplanted kidneys of two cases. In the same regions, immunostaining for transcription factors (p65 and pSTAT1) (brown) and megalin
(pink) were shown. p65 and pSTAT1 were translocated into nuclei in the VCAM1* PTs surrounding TLTs. Scale bars=50 um. TLT borders
are shown as dashed lines (A, G, and H). CD, collecting duct; CNT, connecting tubule; DCT, distal convoluted tubule; EC, endothelial cell;
IC, intercalated cell; ISH, in situ hybridization; PB/PC, plasmablast/plasma cell; PC, principal cell; PEC, parietal epithelial cell; Prolif.,
proliferating; PT, proximal tubule; S1/52, S1 segment/S2 segment; S2/S3, S2 segment/S3 segment; TAL, thick ascending limbs of the

loop of Henle; tLOH, thin limbs of the loop of Henle; TLT, tertiary lymphoid tissue; VSMC, vascular smooth muscle cell.

profiles are included in Supplemental Table 3. These findings
suggest that TLTs in the human kidneys may also contribute to the
development of proinflammatory injured PTs surrounding them.

Phenotypic Differences between Cortical and
Medullary Fibroblasts in the Sham-Treated Kidney

A subset analysis of the fibroblast clusters in the sham-treated
kidney dataset (cluster 16 in Figure 1C) was performed, and
418 nuclei were classified into three clusters (Supplemental
Figure 17, A and B). Cluster 1 consisted of cortical fibroblasts
expressing Dapk2, a marker of cortical fibroblasts.>3 Cluster 2
was annotated as medullary fibroblasts on the basis of the high
expression of Bmprlb, a marker of medullary fibroblasts.!4
Tenascin-C (encoded by Tnc), another cluster 2 marker, was
intensely stained in fibroblasts in the inner medulla, as pre-
viously reported (Supplemental Figure 17, C and D).>4>>

snRNA-seq of the Fibroblast Subset in Aged Injured
Kidneys Reveals Transcriptomics of Distinct
Subpopulations, Profibrotic Fibroblasts, and
Proinflammatory Fibroblasts

In the subset analysis of fibroblasts from the injured kidney
dataset (cluster 12 in Figure 1D), 966 nuclei were classified
into five clusters (Figure 5A). Clusters 1 and 2 were annotated
as Dapk2™ cortical fibroblasts and cluster 3 as Bmprlb™
medullary fibroblasts. In addition, two other fibroblast clus-
ters (clusters 4 and 5) were identified. The fibroblast sub-
population with high expression of pericyte markers, such as
Cspg4 and Mcam (encoding NG2 and CD146, respectively),>®
was not detected possibly due to the small number of

12 JASN

fibroblasts (Supplemental Figure 18). Enrichment analysis
of the marker genes from cluster 4 showed enrichment of
GO terms related to extracellular matrix (ECM) and TGFB
signaling and KEGG pathways, including focal adhesion,
indicating that this cluster represented profibrotic fibroblasts
(Figure 5B, Supplemental Figure 19A, Supplemental Table 7).
Profibrotic fibroblasts highly expressed several genes encoding
the ECM proteins, Acta2 (encoding aSMA, a myofibroblast
marker), Tgfb, and its receptor Tgfbr, suggesting that their
profibrotic phenotype was enhanced in an autocrine manner
(Figure 5A, Supplemental Figure 20A). By contrast, enrichment
analysis of marker genes from cluster 5 showed enrichment of
GO terms related to the cytokine-mediated signaling pathway
and IFN signaling pathway and the KEGG pathways related to
inflammation, such as TNF and NFkB signaling pathways,
indicating their proinflammatory phenotype (Figure 5B,
Supplemental Figure 19B, Supplemental Table 7). In the proin-
flammatory fibroblasts, genes encoding adhesion molecules
(Veaml, Icaml), chemokines (Cxcl9, Cxcll10, Cxcll3), and
cytokines, including survival factors (Tnfsf13b, 1115, 1133), a
complement (C3), secondary lymphoid organ (SLO) stromal
markers (Pdpn, Mfge8, Enpp2),>” and p75NTR (Ngfr, the
marker for fibroblasts within TLTs),° were upregulated
(Figure 5A, Supplemental Figure 20B).

Subsequently, we performed gene regulatory network anal-
ysis on the fibroblast subpopulations in the IRI kidney datasets
and identified several TFs that were activated in each cluster
(Figure 5C, Supplemental Table 8). Among the detected TFs,
Runx1, which induces fibroblast-to-myofibroblast transition,>8
and Creb312, which contributes to hepatic fibrosis,>® were
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Figure 5. Analysis of fibroblasts in aged injured kidneys revealed transcriptomics of profibrotic fibroblasts and proinflammatory
fibroblasts. (A) UMAP plots displaying five clusters in the fibroblast subset in the integrated IRl kidney dataset and dot plots showing
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Figure 5. (Continued) expression patterns of the representative marker genes for each fibroblast cluster. The marker gene names for the
profibrotic and proinflammatory fibroblast clusters are displayed in light blue and purple characters, respectively. The categories of the
genes are shown above the dot plot (ECM, extracellular matrix; SLO, secondary lymphoid organ). Expression patterns of these marker
genes are also shown in violin plots in Supplemental Figure 20. (B) Top six GO terms significantly enriched in the profibrotic (cluster 4) and
proinflammatory (cluster 5) fibroblast clusters in aged injured kidneys. Significance was shown as —logsg(adjusted P-value). The KEGG
pathways enriched in these fibroblast clusters are shown in Supplemental Figure 19. (C) Gene regulatory network analysis was performed
on the fibroblast clusters in aged injured kidneys. A heatmap displayed the average regulon activities in each of the five fibroblast clusters.
The representative TFs were highlighted on the right of the heatmaps. The number of predicted target genes was shown following each
TF’s name. (D) Violin plots showing expression patterns of the selected genes encoding TFs (Runx1, Creb3I2, Stat1, and Irf1) across five
fibroblast clusters. (E) UMAP plots showed that the integrated data from fibroblast subsets of sham-treated and IRl kidney datasets was
classified into five clusters. (F) Pseudotime trajectory analysis was performed on the integrated fibroblast dataset using Monocle2. The
trajectory plots were colored by cluster identity (left panel) and by sample type, sham (blue dots), and IRI (red dots) (right panel). All cells
were divided into three cell states. States 1 and 2 were defined as the roots of fibroblast differentiation after kidney injury because they
included most of the nuclei derived from the sham-treated kidney dataset. The nuclei included in the state 3 (encircled by red dashed
lines) were reanalyzed (G). (G) Reanalysis of the nuclei included in the state 3 of the trajectory plots in (F). The trajectory tree bifurcated into
two branches along the distinct fibroblast subtypes from the branch point (node number 2). Right trajectory plots show the pseudotime
along the trajectory tree depending on the shade of blue. (H) A heatmap showing gene expression changes of the differentially expressed
genes identified by branched expression analysis modeling (g-value <0.001) between two fibroblast subtypes, proinflammatory, and
profibrotic fibroblasts. The pseudotime starting point in the middle of the heatmap was the branch point (node number 2) in (G).
Representative gene names are highlighted. IR, ischemia-reperfusion injury; TF, transcription factor; UMAP, Uniform Manifold Ap-

proximation and Projection.

strongly expressed and activated in profibrotic fibroblasts (clus-
ter 4) (Figure 5, C and D). By contrast, several IFN-inducible
TFs (Statl, Stat2, and Irfl) were specifically activated in proin-
flammatory fibroblasts (cluster 5) (Figure 5, C and D).

Furthermore, fibroblast datasets from sham-treated and
IRI kidneys were integrated (Figure 5E), and pseudotime
trajectory analysis of the integrated dataset demonstrated
that most of the sham-treated kidney-derived nuclei were in
states 1 and 2 of the trajectory plots (Figure 5F), indicating
that the cell states shifted from these states toward state 3
after kidney injury. Subsequently, the subset in state 3
in Figure 5F was reanalyzed, resulting in two different
branches for profibrotic and proinflammatory fibroblasts
(Figure 5G). Branched expression analysis modeling
detected significantly differentially expressed genes during
differentiation into the two distinct cell types (Supplemental
Table 9), and the expressional transition of these genes over
pseudotime is shown in a heatmap (genes with g-
value <0.001) (Figure 5H). Genes encoding ECM, TGEFp,
and TGEp receptors were upregulated only along the branch
to the profibrotic fibroblast; however, genes encoding che-
mokines or cytokines and SLO stromal markers were upre-
gulated especially along the branch to the proinflammatory
fibroblasts (Figure 5H, Supplemental Figure 21, A and B).
The TF expression included in the activated regulons de-
tected by gene regulatory network analysis (Runx1, Creb312,
Statl, Stat2, and Irfl) was also specifically upregulated in
each fibroblast subpopulation, suggesting their association
with phenotypic changes (Supplemental Figure 21C). These
results show markedly different changes in gene expression
between profibrotic and proinflammatory fibroblasts in
aged injured kidneys.

14 JASN

Profibrotic Fibroblasts and Proinflammatory
Fibroblasts Show Distinct Localization Outside and
within TLTs

Subsequently, immunostaining and ISH were performed to
localize each fibroblast subpopulation in aged injured kidneys
with TLTs. Immunostaining revealed ECM (type 1 collagen,
tenascin-C, and fibronectin) accumulation outside but not
within TLTs (Figure 6A) and RUNXI expression in aSMA*
myofibroblasts around TLTs (Figure 6B), suggesting that pro-
fibrotic fibroblasts have a unique localization outside TLTs. By
contrast, immunostaining demonstrated that the expression
of CXCL9, CXCL10, IL33, and C3 was upregulated in fibro-
blasts within the TLTs (Figure 6C). ISH also revealed that
Tnfsf13b, which encodes B cell-activating factor (BAFF), was
highly expressed in fibroblasts within the TLTs (Figure 6D).
SLO stromal markers, such as podoplanin and MFGE8, were
also expressed in fibroblasts within the TLTs (Figure 6E).
These results indicated that proinflammatory fibroblasts were
localized within the TLTs. In summary, fibroblasts with dis-
tinct phenotypes have a unique localization within and out-
side TLTs in aged injured kidneys.

Proinflammatory Fibroblasts Contribute to

Lymphocyte Recruitment, Survival, and Proliferation
within TLTs via Chemokine or Cytokine Production
Ligand-receptor analysis between the proinflammatory fibro-
blasts and lymphocytes was conducted on the basis of their
proximity within TLTs (Supplemental Figure 5C) and detected
cell-cell interactions between proinflammatory fibroblasts and
B cells via Veam1/Icam1-integrin, Cxcll3-Cxcr5, and Tnfsfl13b
(BAFF)-Tnfrsfi3b (BAFF receptor) pathways (Figure 6F).
CXCLI13 plays a crucial role in CXCR5 " B-cell recruitment,

JASN 00: 1-22, 2023
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Figure 6. Distinct localization of profibrotic fibroblasts and proinflammatory fibroblasts outside and within TLTs. (A) Immuno-
fluorescence images staining for ECM proteins (type 1 collagen, tenascin-C, and fibronectin) (green), aSMA (red), and DAPI (blue)
showed that these ECM accumulated in the interstitial space outside TLTs. Scale bars=50 um. (B) Immunofluorescence images
staining for RUNX1 (green), @SMA (red), and DAPI (blue) showed that RUNX1 was expressed in the nuclei of «SMA™ myofibroblasts
(arrows) around TLTs in aged injured kidneys. A magnified view of the areas enclosed by a rectangle in the left panel is shown in the
right panel. Scale bars=20 um. (C) Representative immunofluorescence images staining for the selected markers for proinflammatory
fibroblasts (CXCL9, CXCL10, IL33, and C3 [green], PDGFRB [red], p75NTR [red], and DAPI [blue]) showed that these markers were
expressed in the fibroblasts within TLTs. Magnified views of the area enclosed by rectangles in the left panels are shown in the right
panels. Scale bars=20 um. (D) A combined immunofluorescence (p75NTR [green] and DAPI [blue]) and in situ hybridization (Tnfsf13b
[red] and Pdgfrb [gray]) showed that fibroblasts within TLTs expressed Tnfsf13b more intensely than fibroblasts in the other area. The
areas enclosed by squares are displayed in a magnified view in the upper right of the panels, and they show that Tnfsf13b and Pdgfrb
are expressed in the same p75NTR™ fibroblast. Scale bars=10 um. (E) Immunofluorescence images staining for markers of secondary
lymphoid organ stromal cells (podoplanin and MFGES) (green) and p75NTR (red) in TLTs. Podoplanin and MFGES8 expression merged
with p75NTR expression in the fibroblasts within TLTs. Scale bars=50 um. (F) A heatmap showing selected ligand-receptor inter-
actions between the proinflammatory fibroblasts and lymphocytes (T and B cells) in aged injured kidneys. The cell type color (red or
blue) corresponds to the colors of the ligands or receptors expressed by the cell types. In the ligand-receptor pair name, the molecule
at the root of the arrow is a ligand and the molecule at the arrowhead is a receptor. The dot size indicates —logo(P-value) calculated
using CellPhoneDB, and the dot color indicates the log scaled mean expression of the ligand and receptor. TLT borders are shown as
dashed lines (A-E). ECM, extracellular matrix; TLT, tertiary lymphoid tissue.
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Figure 7. IFNy/STAT1 signaling potentially promotes the proinflammatory phenotype of the fibroblasts within TLTs in murine
and human kidneys. (A, B) A combination of immunofluorescence (p75NTR [green]) and ISH (Stat1 [red]) showed high Stat1 ex-
pression within TLT areas indicated by the presence of p75NTR™ fibroblasts (A) in low magnification in murine aged injured kidneys
(Scale bars=300 um). (B) The magnified image within TLTs showed that p75NTR™ fibroblasts expressed Stat1 (Scale bars=20 um).
(C) Immunofluorescence images staining for pSTAT1 (green), p75NTR (red), and DAPI (blue) showed that pSTAT1 was expressed in
the nuclei of the fibroblasts within TLTs in murine aged injured kidneys. TLT borders are displayed as dashed lines. A magnified view
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Figure 7. (Continued) of the areas enclosed by a rectangle in the left panel is shown in the right panel. Scale bars=20 um. (D) Western
blotting for STAT1 and GAPDH in WT and STAT1 KO C3H10T1/2 cells showed complete loss of STAT1 protein in all KO cells. Sanger
sequences for a part of Stat1 exon4 in representative WT cells and STAT1-KO cells showed double peaks starting from the downstream of
PAM sequence only in STAT1-KO cells, indicating successful DNA deletions at the target sequence (red line, PAM sequence; black arrow,
sgRNA sequence). (E) Representative relative Cxcl?, Cxcl10, and Tnfsf13b mRNA expression levels in WT and STAT1-KO C3H10T1/2
treated with vehicle or IFNy for 24 hours (n=3/group). The expression levels were normalized to those of Gapdh. Values are shown as the
mean*SEM. Statistical significance was determined using a one-way ANOVA followed by the Tukey-Kramer post hoc test (**P < 0.01,
***P < 0.001). (F) Immunofluorescence images of TLTs in a human transplanted kidney (Case 1 in Supplemental Table 3). The im-
munofluorescence image staining for CD20 (green), CD3e (red), and DAPI (blue) displayed the B-cell zone (encircled by yellow dashed
lines) and the T-cell zone in the TLT surrounded by white dashed lines. Scale bars=20 um. (G) A combination of immunofluorescence
(p75NTR [red], pSTAT1 [grayl, and DAPI [blue]) and ISH (CXCL? [green]) showed high CXCL? and pSTAT1 expression in the T-cell zone
outside the B-cell zone (encircled by yellow dashed lines) in TLTs (encircled by white dashed lines) in the human transplanted kidney. The
area enclosed by a solid square is magnified at the right lower bottom of each image, showing a p75SNTR™ fibroblast expressing CXCL9
with pSTAT1 nuclear translocation. Scale bars=10 um. ISH, in situ hybridization; KO, knockout; PAM, protospacer adjacent motif; WT,

wild type.

and BAFF contributes to B-cell survival and proliferation,®!:62
indicating that proinflammatory fibroblasts within TLTs
contribute to B-cell recruitment, retention, survival, and
proliferation. In addition, cell-cell interactions could occur
between proinflammatory fibroblasts and T cells via the
CXCL9/CXCL10-CXCR3 pathway, which contributes to
T-cell recruitment and retention on the basis of CXCL9/
CXCL10 expression in fibroblasts within TLTs and CXCR3
expression in T cells (Supplemental Figure 11B).10->1,52
Furthermore, aged injured kidneys with TLTs 30 days after
18-minutes IRI showed higher gene expression of the
chemokines and cytokines expressed by the proinflamma-
tory fibroblasts than young injured kidneys (Supplemental
Figure 22), indicating that TLTs potentially promote in-
flammation via abovementioned cell-cell interactions uni-
quely in aged injured kidneys.

IFNy/STAT1 Signaling Potentially Promotes the
Proinflammatory Phenotype of Fibroblasts within TLTs
in Murine and Human Kidneys

We focused on STAT1 as a TF associated with the proinflam-
matory phenotype of fibroblasts within TLTs because gene
regulatory network analysis showed that the Statl regulon was
activated specifically in proinflammatory fibroblasts. Consis-
tently, ISH demonstrated strong Statl expression in fibro-
blasts within TLTs (Figure 7, A and B), and immunostaining
showed pSTAT1 nuclear translocation in fibroblasts within
TLTs (Figure 7C).

Subsequently, we used cultured fibroblasts and found that
Cxcl9, Cxcl10, and Tnfsfl13b upregulation by IFNy was abolished
in STAT1-KO fibroblasts (Figure 7, D and E), indicating that
IFN7y/STAT1 signaling promotes the proinflammatory pheno-
type of fibroblasts. As shown by scRNA-seq,!0 Cxcr3" T cells
highly expressed Ifng (Supplemental Figure 11, B and D).
Therefore, CXCR3" T cells may upregulate CXCL9/CXCL10
production by fibroblasts within TLTs via IFN+y production,
leading to further T-cell recruitment.

In TLTs in human transplanted kidneys, p75NTR™ fibro-
blasts expressing Cxcl9 with pSTAT1 nuclear translocation

JASN 00: 1-22, 2023

were detected in the T-cell zones (Figure 7, F and G). This
finding indicates that proinflammatory fibroblasts with acti-
vated STAT1 and proinflammatory chemokine production
also exist within human TLTs, contributing to TLT mainte-
nance and expansion in human kidneys.

DISCUSSION

Here, we characterized heterogeneous cell populations among
renal parenchymal cells in aged injured kidneys with TLTs and
identified proinflammatory PT cells and fibroblasts. Bidirec-
tional interactions between these proinflammatory renal pa-
renchymal cells and immune cells within and outside TLTs
have the potential to promote inflammation, TLT expansion,
and kidney injury.

VCAMI1 " PT cells were recently reported as failed repair
PTs or late injured PTs with proinflammatory and profibrotic
phenotypes.'+1> To the best of our knowledge, we, for the first
time, demonstrated unique localization of VCAM1™ injured
PTs surrounding TLTs and the potential contribution of TLTs
to their proinflammatory phenotypes via cytokine produc-
tion. Previous studies indicated that NFxB might contribute
to the maintenance of VCAM1" PTs in both mice and
humans.'4%3 Qur study demonstrated that NF«B, as well as
IFN-inducible TFs, such as STAT1 and IRF1, were activated in
VCAM1" PTs around TLTs. Furthermore, IFNy and TNFa
synergistically induced adhesive and proinflammatory phe-
notypes in cultured PT cells, suggesting that these cytokines,
which are excessively produced by lymphocytes within TLTs,
may directly promote the proinflammatory phenotype of
VCAMI™" PTs surrounding TLIs. Several previous reports
showing the direct cytotoxic effects of TNFa and IFNvy
suggest that these cytokines may also directly induce malad-
aptive repair and phenotypic changes in PT cells surrounding
TLT5.64-66 Conversely, these proinflammatory VCAM1 " PTs
have the potential to recruit, retain, and activate immune cells
via various cytokine or chemokine production, increasing
inflammation and expanding TLTs (Figure 8A).
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