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AUTOIMMUNITY

Pathogen-induced tissue-resident memory Ty17
(Trm17) cells amplify autoimmune kidney disease
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Although it is well established that microbial infections predispose to autoimmune diseases, the underlying
mechanisms remain poorly understood. After infection, tissue-resident memory T (Tgy) cells persist in peripheral
organs and provide immune protection against reinfection. However, whether Tgy cells participate in responses
unrelated to the primary infection, such as autoimmune inflammation, is unknown. By using high-dimensional
single-cell analysis, we identified CD4* Tgy cells with a Ty17 signature (termed Trw17 cells) in kidneys of patients
with ANCA-associated glomerulonephritis. Experimental models demonstrated that renal Tgy17 cells were
induced by pathogens infecting the kidney, such as Staphylococcus aureus, Candida albicans, and uropathogenic
Escherichia coli, and persisted after the clearance of infections. Upon induction of experimental glomerulonephritis,
these kidney Tgm17 cells rapidly responded to local proinflammatory cytokines by producing IL-17A and thereby
exacerbate renal pathology. Thus, our data show that pathogen-induced Tgm17 cells have a previously unrecognized

function in aggravating autoimmune disease.

INTRODUCTION

Infections have been associated with the development and aggrava-
tion of autoimmune diseases (1), such as antineutrophil cytoplasmic
antibody (ANCA)-associated glomerulonephritis (GN) (2), multiple
sclerosis (3), or inflammatory bowel diseases (IBDs) (4). Molecular
mimicry, enhanced presentation of autoantigens during infection,
and bystander activation of T cells are all considered to be underlying
causes. However, the cellular and molecular mechanisms of how
infections create a permissive environment for autoimmune diseases
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in sites like the kidney, brain, or gut are far from being fully under-
stood (1, 5).

GN represents a heterogeneous group of renal autoimmune
diseases that are characterized by a pathogenic immune response
against renal autoantigens or by manifestations of systemic auto-
immunity in the kidney (6). GNs are a major cause of chronic
kidney diseases, accounting for about 10% of all patients on dialysis.
The most severe form, rapidly progressive or crescentic GN, is
morphologically defined by extensive glomerular crescent formation,
which is formed by proliferation of glomerular parietal epithelial
cells and infiltrating leukocytes. This is typically accompanied by
tubulointerstitial inflammation and immune cell infiltration. Clini-
cally, crescentic GN is characterized by a nephritic syndrome (hema-
turia, proteinuria, and often arterial hypertension) rapidly progressing
to end-stage renal disease (7, 8). Crescentic GN is a typical feature
of renal involvement in ANCA-associated vasculitis and of anti-
glomerular basement membrane GN (anti-GBM-GN) (6). There is
strong evidence for a major role of CD4" T cells in crescentic GN.
GNs are associated with distinct human leukocyte antigen (HLA)
class IT haplotypes (7, 9, 10), renal biopsies from patients with cres-
centic GN show substantial CD4" T cell infiltration (11), and CD4"
T cells reactive to autoantibody targets can be identified during
active disease (7). Rodent crescentic GN models confirm the role
of CD4" T cells and particularly T;17 cells in disease development
(12-14). These studies indicate that T cells promote renal damage
predominantly by local production of cytokines, such as interleukin-
17A (IL-17A), IL-17F, and interferon-y (IFN-y) (6, 8, 15). For
example, CD4" Ty17 cell-derived IL-17A induces the renal expres-
sion of CXCL1 and CXCLS5 and thereby drives the infiltration of
neutrophils and other leukocyte subsets, which promote kidney
pathology in crescentic GN (16).
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Tissue-resident memory T (Trm) cells are a recently found
distinct memory T cell subset mainly located at barrier sites such
as skin or mucosal tissues. Ty cells are defined by their exclusion
from circulation and can act as local sentinels for pathogens that
have been encountered before (17-20). In terms of phenotype and
expression profile, Try cells differ substantially from other memory
T cell subsets. Ty cells are characterized by high expression of CD69
and down-regulation of the sphingosine 1 phosphate receptor and the
transcription factor Krueppel-like factor 2 (KLF2), which is essential for
their long-term tissue residency (21-23). Most studies so far focused
on CD8" Ty cells and their relevance for immediate protection against
pathogens upon local reinfection. In contrast, the role of CD4" Try
cells in peripheral tissues is less well characterized (24). Moreover,
the implications of Try cells for the development and progression
of autoimmunity, such as GNs, are largely unknown.

Here, we analyzed the composition of human renal T cells in
biopsies from patients with ANCA-GN and from healthy kidney
tissue from tumor nephrectomies and identified different T cell
subsets including CD4" Ty cells with Ty1 or Ty17 expression sig-
natures. On the basis of this finding, we hypothesized that aberrant
activation of pathogen-induced Ty cells promotes renal pathology
in patients with GN. To test this, we combined mouse infection
models with models for GN and provide evidence that infection-
induced Trm17 cells can rapidly react to local inflammatory cyto-
kines and aggravate renal autoimmune disease. These results support
a new concept for the predisposing role of microbial infections in
aggravating Ty17 cell-driven autoimmune diseases.

RESULTS

Human renal tissue displays high abundance of

CD4" Tpy cells

T cells are present in the kidney under homeostatic conditions, but
there is limited information on the composition and function of these
cells (25). To elucidate their phenotype and potential function, we
performed single-cell RNA sequencing (scRNA-seq) (26) in combi-
nation with epitope measurement using barcoded antibodies [cellular
indexing of transcriptomes and epitopes by sequencing (CITE-seq)]
(27, 28) of CD3" T cells from the human kidney (Fig. 1A). Be-
cause biopsies from individuals without kidney diseases were not
available, we used tissue from the healthy parts of kidneys after tumor
nephrectomy (table S1). We identified 5905 cells and 16,148 genes
from three renal samples (Fig. 1B and figs. S1 and S2). Unsupervised
clustering analysis revealed 12 distinct populations for renal T cells.
CITE-seq considerably improved the analysis by adding important
information about CD4, CD8, and CD69 surface expression (Fig. 1C
and fig. S2). Clusters C1 to C3 in kidneys (representing 7.5, 11.8,
and 14.0% of analyzed cells, respectively) were composed of CD4"
CD69"E" CD45RA'Y CCR7"" T cells. CD69 expression on CD4"
T cells is indicative of a Try phenotype of these cells. Comparison
of expression profiles of T cells from our datasets with a published
signature gene set for human CD4" Try cells (21) revealed a Try
profile of renal CD4*CD69" T cells but not of renal CD4* CD69'™
T cells or blood T cells (Fig. 1D). The expression profiles of CD69"&"
clusters (Cl1 to C3) included genes associated with Tgy cells, e.g.,
high expression of CD69, RGS1, or CXCR6 and low expression of
KLF2 or SELL (Fig. 1E) (21). Flow cytometry confirmed the pres-
ence of renal CD45RA™CCR7 CD69" CD4" Try cells in the kidney
(Fig. 1F).
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The clusters of CD4" T cells from renal tissue (C1 to C6) were
analyzed for the expression of sets of signature genes of Ty17, Tyl,
T2, TyO, and regulatory T (Tyg) cells (Fig. 1G) (29). CD4*CD69™¢
CCR6"8" T cells of C1 presented with a Ty17 signature, cells in C2
expressed signature genes of Tyl and Ty2 cells, and cells in C3 ex-
pressed signature genes of Ty1 cells. CD45RA™ cells in C5 expressed
CCR?7, SELL, and LEFI and most likely presented naive cells, and
cells in C6 were Ty cells. Last, we detected IL-17A and IFN-y pro-
duction in a subset of these CD4" T cells after phorbol 12-myristate
13-acetate/ionomycin stimulation (fig. $2D).

In conclusion, our results demonstrate that, under homeostatic
conditions, human kidneys harbor a substantial population of CD4"
Tru cells, including major subsets with a Tyl and Ty17 cell pheno-
type (Trm1 and Try17 cells).

Trm cells are enriched in patients with GN

To address a potential contribution of Try cells to autoimmune
kidney diseases, we analyzed renal expression levels of CD4" Try
cell-associated genes in different glomerular diseases using datasets
from the European Renal cDNA Bank database (30). Diseases in-
cluded minimal change disease, systemic lupus erythematosus, IgA
(immunoglobulin A) nephritis, focal segmental glomerulosclerosis,
membranous GN, and ANCA-associated GN. Expression levels
of the Tru cell-associated genes were highest in the glomeruli of
patients with ANCA-associated GN (Fig. 2A). Renal biopsies from
patients with active ANCA-GN were further studied by scRNA-seq
and CITE-seq. To this end, 6829 cells and 15,360 genes from six
samples could be analyzed (table S2). T cells from the kidney are
distributed to 10 clusters that differed from those observed in matched
blood from these patients (Fig. 2B and figs. S3 and S4). Try cell-
associated genes were enriched in renal CD69" T cells of clusters C1
to C3, representing 3.4, 17.4, and 13.4% of analyzed cells (fig. S4, C
and D). In line with observations under control conditions, signa-
ture gene sets for Ty cell subtypes could be associated with distinct
clusters of CD69" T cells. Tiy17 signature genes were enriched in Cl,
and Ty1 and Ty2 signature genes were enriched in C2 and C3 (Fig. 2C).
CD4" CD69" cells were also detected by immunofluorescence
histology in the renal cortex of patients with ANCA-GN (Fig. 2D).
Flow cytometry confirmed the presence of renal CD45RA"CCR7~
CD69* CD4" Tpry cells (Fig. 2, E and F). We observed limited ex-
pression of CD103 on these cells, consistent with a restriction of
CD103 to mucosal Try cells (31). To further characterize these
renal T cells, we made use of chemokine receptor staining. CD69"
CD4" Try cells included CXCR3" and CCR6" cells representing Ty1
and Ty17 cells, respectively, as well as a large proportion of CXCR3*
CCR6" cells, which have been described as T1*/exTy17 cells (32)
(Fig. 2, Gand H).

In comparison with healthy renal tissue, biopsies from patients
with ANCA-GN contained substantially increased numbers of
CD45RA"CCR7 CD69" CD4" Try cells (Fig. 2I). To compare the
expression profiles of T cells from renal biopsies of ANCA-GN
and control biopsies derived from nephrectomy patients, scRNA-seq
and CITE-seq datasets from both groups were combined, and un-
supervised clustering was performed (Fig. 2]). T cells separated into
11 clusters, and T cells from both groups of samples were found
in all clusters (Fig. 2K). CD69" CD4" T cells were allocated to C1
(CD4"CD69"#"CCR6"8") and C2 (CD4*CD69™#"). For pathway
analysis of differentially expressed genes of CD69"CD4" T cells (C1
and C2) from control and ANCA-GN samples, we used a web-based
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Fig. 1. Human renal tissue displays high abundance of tissue-resident memory T cells. (A) Handling of peripheral blood, renal biopsies, and healthy tissue from
tumor nephrectomies for the diagnostic procedure and high-dimensional profiling by scRNA-seq including epitope measurement and FACS (fluorescence-activated cell
sorting). (B to G) FACS-sorted CD3* T cells from peripheral blood and healthy tissue sections from tumor nephrectomy of the same patients were processed for scRNA-seq
after labeling with barcoded antibodies (CITE-seq). (B) t-SNE plots of unsupervised clustering of T cells from kidney (top) and blood (bottom). (C) mRNA and protein (CITE)
expression profiles of CD4, CD8a, CD69, and CCR6 in t-SNE plots from renal T cells. Clustering revealed three populations of CD69* renal CD4" T cells including a cluster
of CCR6"I" CD69M" cells. (D to F) Analysis of cells from renal CD4" CD69"9", renal CD4* CD69'°Y, and blood CD4* clusters for markers of tissue residency. (D) Comparison
of expression profiles of cells with published expression signatures of human CD4* Tgy, cells. (E) Volcano plot showing the differential RNA expression profiles of renal
CD4*CD45RAYCD69"I" (clusters C1, C2, and C3; red) versus CD4*CD45RA"CD69'°Y (cluster C4, blue) T cells. (F) Frequencies of CD69*CD4*CD45RA™CCR7™ T cells in
blood and kidney samples identified by FACS. *P < 0.05 (unpaired t test). (G) Identification of CD4" T cell subsets in clusters referring to (B). Clusters C1 to C6 were analyzed
for Ty17, Ty1, Tu2, THO, and Treq cell signatures. The heat map indicates the relative expression of individual genes in individual clusters (red: high expression; blue:

low expression).

enrichment analysis tool (Enrichr) (33). This revealed up-regulation
of genes involved in proliferation, cell activation, and cytokine
signaling pathways in T cells from patients with ANCA-GN (Fig. 2L).
Scoring of renal biopsies from patients with active ANCA-GN fur-
ther revealed that increased numbers of CD69" mononuclear cells
correlated with reduced renal filtration rate, as indicated by high
serum creatinine concentration (Fig. 2M and table S3). Together,
these observations show that kidneys from ANCA-GN show mas-
sive accumulation of CD4" Tgry; cells including cells with the pheno-
type and expression signature of Tyl and Ty17 cells compared with
control samples, and the number of CD69" renal cells in acute dis-
ease correlates directly with impairment of kidney function.

Systemic Staphylococcus aureus infection induces renal

CD4* Ty17 cells

To test whether CD4" Ty cells influence renal autoimmune disease,
we combined mouse infection models with models for crescentic
GN. Previous findings from mouse models and human studies
suggest that T17 cells play a role in crescentic GN (8). Kidneys of healthy

Krebs et al., Sci. Immunol. 5, eaba4163 (2020) 7 August 2020

specific pathogen-free mice contain only low frequencies of Ty17 cells
(11). S. aureus infection induces and is controlled by Ty17 cell responses
(32, 34) and has been associated with relapses of granulomatosis
with polyangiitis, a form of ANCA-associated vasculitis (35). Intra-
venous infection of mice with S. aureus induced high bacterial titers
transiently in the kidney but not in other lymphoid and non-
lymphoid tissues (Fig. 3A). Mice were treated with ampicillin to
curb chronic infection (Fig. 3, B and C), and mice had completely
recovered from infection and showed normal renal function and
morphology by day 30 (Fig. 3, D and E). Recovered mice had normal
urinary albumin and blood urea concentrations and showed normal
kidney pathology. No electron-dense depositions along the GBM were
detected, excluding postinfectious GN that is observed occasionally
after bacterial infections (Fig. 3E). Renal T cells were isolated after
intravenous injection of fluorochrome-labeled anti-CD45 monoclonal
antibody (mAb) to identify vascular cells and polyclonally stimulated
to induce cytokine expression. Kidneys of naive mice contained only
marginal frequencies of intraparenchymal (CD45iv") IL-17A-secreting
CD4" Ty17 cells but a substantial population of IFN-y-secreting Ty1
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Fig. 2. High-dimensional single-cell analysis of tissue-resident memory T cells in patients with ANCA-GN. (A) Changes of mean of scores of the Tgy signature gene
sets in the glomerular compartment of renal biopsies from patients with different nephritis entities relative to controls. MCD, minimal change disease; SLE, systemic lupus
erythematosus; IgA, IgA nephiritis; FSGS, focal segmental glomerulosclerosis; MGN, membranous ANCA-GN, antineutrophil cytoplasmic antibody-associated GN. (B) t-SNE
plots of unsupervised clustering of FACS-sorted CD3* T cells from kidney biopsies and peripheral blood from patients with ANCA-GN. (C) Clusters C1 to C5 from patients
with ANCA-GN were analyzed for T cell expression profiles. (D) Immunofluorescence reveals presence of intrarenal CD4"CD69" T cells in patients with ANCA-associated
GN. (E) Tam cell phenotype and (F) frequencies of CD69*CD4"CD45RA™CCR7™ T cells from blood and kidney samples. ****P < 0.0001 (unpaired t test). (G and H) Chemokine
receptor expression of renal CD69"CD4* Try cells. (I) FACS-based quantification of CD4*CD69* T cells from healthy kidney tissue and ANCA-GN kidneys. (J) t-SNE presen-
tation and unsupervised clustering of combined scRNA-seq data of renal T cells from healthy human tissue (Fig. 1) and ANCA-GN (B). (K) Distribution of T cells from both
groups of samples. (L) Pathway analysis of differentially expressed genes of CD4*CD69* T cells [CD4*CD69"I" (orange) and CD4*CD69"I"CCR6MM (red) clusters] from
healthy human tissue versus ANCA-GN using the Enrichr analysis tool. (M) Correlation of renal CD69" cells in biopsies of patients with ANCA-GN with serum-creatinine
level at time of biopsy (n =46).
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Fig. 3. Systemic S. aureus infection results in high bacterial titers in the kidney and induces renal CD4* Ty17 cells. (A) C57BL/6 mice were infected with S. aureus. To
analyze the organ involvement of the infection, different lymphoid and nonlymphoid organs as indicated were analyzed for S. aureus [limit of detection (LOD)]. Data are
representative of three independent experiments. (B to E) Bacteria were cleared with oral ampicillin and kidneys were analyzed at the indicated time points. (C) Bacterial
titers in kidney and spleen. (D) At day 30, renal function with normal urinary protein and regular blood urea nitrogen (BUN) concentrations were detected. (E) Regular
glomerular morphology (PAS staining) and absence of electron-dense deposits along the glomerular capillaries [electron microscopy (EM)] at day 30. (F) Flow cytometry of
stimulated renal and splenic leukocytes at indicated time points after infection. CD45iv™ CD3" CD4" T cells were assessed for IFN-y and IL-17A production. Quantification of
relative and absolute IL-17A- and IFN-y-producing CD45iv™ CD4" T cells in the kidney (G and H) and spleen (I). (J to L) CD69 and RORyt expression of renal CD45iv™ T cells.
Data are representative of three to four independent experiments. *P < 0.05 and **P < 0.01 [one-way analysis of variance (ANOVA) with multiple comparison test].

cells. S. aureus infection caused increased proportions of IL-17A"
CD4" T cells as well as total numbers of these cells in the kidney,
which remained elevated after clearance of S. aureus (Fig. 3, Fand G,
and fig. S5, A and B). In contrast, increase of frequencies and num-
bers of renal IFN-y* CD4" Tyl cells was less evident and infection
resulted in only marginal changes of splenic Tyl and Ty17 cells

Krebs et al., Sci. Immunol. 5, eaba4163 (2020) 7 August 2020

(Fig. 3, Hand I). Ex vivo staining for RORyt confirmed the accumu-
lation of Ty17 cells in kidneys from infected mice (fig. S5C). At day
30, the majority of renal RORyt" CD4" T cells had a CD69" pheno-
type of Try cells (Fig. 3, to L, and fig. S5C). Together, these find-
ings indicate that infection with S. aureus induces renal Ty17 cells
with the phenotype resembling Try cells.
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S. aureus—induced Ty17 cells persist in the kidney

Try cells are defined by their exclusion from recirculation. To test
whether S. aureus—induced RORyt"CD69"CD4" T cells persisted in
the kidney, we performed parabiosis of CD45.1 mice after S. aureus
infection with CD45.2 control mice (Fig. 4A). After 4 weeks of para-
biosis, splenic CD4" T cells showed equilibrium between host- and
donor-derived cells. In contrast, CD69"RORyt" CD4" T cells in
the kidney of the previously infected mice were still host-derived
(Fig. 4, B to E). We also used Kaede transgenic mice that ubiquitously
express the Kaede protein, which is permanently converted from green
to red fluorescence by light exposure (Fig. 4F) (11). Kaede transgenic
mice were infected with S. aureus, and after clearance of infection,
one kidney was exposed to light to induce photoconversion (Kaede
red”) of renal CD4" T cells (Fig. 4, G to K). Because of the limited
depth of light penetration, only a fraction of renal cells can be photo-
converted. Four weeks later, the light-exposed kidney still contained
10% Kaede red” CD4" T cells, indicating that these cells had persisted
in the tissue. Converted CD4" T cells contained an enlarged fraction
of up to 60% RORyt" cells, and in contrast to Kaede green” RORyt"
cells, the vast majority of Kaede red” RORyt" cells were CD69". Thus,
CD69" Ty17 cells represented a major population of persisting cells.
Photoconverted cells were not detected in the spleen or the contra-
lateral kidney. These experiments indicate that S. aureus infection
induces bona fide Try cells with a Ty17 signature in the kidney,
referred to as Try17 cells.

S. aureus aggravates crescentic GN and increases the renal
Tu17 cell response

To investigate whether infection-induced Try17 cells can amplify
renal autoimmune disease, we used an established model of cres-
centic GN (6). After passive transfer, anti-GBM sheep Igs bind within
the glomerulus and provoke a T cell response against the deposited
antigen. This response results in Tyl cell- and Ty17 cell-driven
formation of glomerular crescents, tubulointerstitial damage, and loss
of renal function, resembling multiple aspects of human crescentic
GN (6, 8, 11). Ten days after sheep Ig application, control mice
showed proteinuria and crescent formation in about 20% of glom-
eruli (Fig. 5, A to D). Treatment of mice with resolved S. aureus
infection resulted in significantly enhanced numbers of glomerular
crescents, demonstrating a more severe course of crescentic GN. In-
duction of crescentic GN was associated with increased frequencies
of renal Tyl and Ty17 cells (Fig. 5, E and F). Aggravated crescentic
GN after S. aureus infection was accompanied by even greater in-
creases in the frequency of renal Ty17 cells as determined by IL-17A
staining after polyclonal stimulation and of CD69" RORyt" Try17
cells (Fig. 5G). In contrast, renal IFN-y* Ty1 cells were not further
increased in mice with prior S. aureus infection. The more pro-
nounced Ty17 response but similar Ty1 response in mice with prior
S. aureus infection was also evident when total numbers of renal
Tyl and Tyl7 cells were calculated (Fig. 5F). mRNA analysis cor-
roborated the enhanced Ty17 response (Fig. 5H) because we ob-
served higher renal expression of the Ty17-associated cytokines
Il17a, Cxcl5, 116, and 1123a in mice after S. aureus infection and cres-
centic GN induction. Compared with mice that did not have a prior
S. aureus infection, renal I110 levels were not reduced, indicating that
aggravated crescent formation and enhanced Ty17 cell responses in
mice with prior infection were not due to impaired IL-10 produc-
tion. IL-17A fate reporter mice (I117a°" x R26°Y*%) (36), in which T
cells that had produced IL-17A, constitutively expressed enhanced
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yellow fluorescent protein (eYFP), allowed for the localization of Ty17
cells in the kidney (Fig. 5I). eYFP" cells could not be detected in
kidneys of control mice but were frequently found after recovery of
S. aureus infection with or without subsequent induction of crescentic
GN. In these mice, eYFP" cells were mainly found in the tubulointer-
stitium surrounding the glomeruli. In conclusion, S. aureus infec-
tion before crescentic GN induction results in aggravated disease,
which is associated with an enhanced renal Ty17 cell response.

S. aureus—induced renal Tg17 cells drive crescentic GN

Aggravated crescentic GN after S. aureus infection could be caused
by persisting renal damage not detected in our extensive analysis or
by alterations in the local composition and differentiation status of
innate immune cells. To exclude T cell-independent mechanisms,
Ragl™~ mice were infected with S. aureus, and after 7 days, bacteria
were cleared with ampicillin. After recovery, mice were reconstituted
with purified CD4" T cells from naive mice and crescentic GN was
induced (Fig. 5]). Reconstituted mice with and without prior infec-
tion showed similar severity of crescentic GN (Fig. 5, K and L), in-
dicating that aggravation of disease in immunocompetent mice was
likely due to S. aureus-induced changes in the renal T cell composition.

To link the aggravated crescentic GN directly with the enhanced
Ty17 cell response in mice with prior S. aureus infection, we used
an IL-17A neutralization approach. One group of mice was infected
with S. aureus and a control group remained uninfected, and all
mice were subsequently treated with ampicillin. Two months after
infection, crescentic GN was induced in the presence of anti-IL-17A
mADb (Fig. 6A). Blockade of IL-17A was associated with low levels of
glomerular crescent formation, as described previously (37). Neu-
tralization of IL-17A abolished the difference in crescent formation
between mice without and with prior S. aureus infection (Fig. 6,
B and C). After IL-17A neutralization, kidneys of S. aureus—infected
mice still contained enhanced frequencies of renal IL-17A* and
RORyt" Ty17 cells, whereas frequencies of IL-17A* or RORyt"
T17 cells in the spleen were not affected (Fig. 6, D and E). Both
groups of mice showed similar renal mRNA expression of the
IL-17A target gene Cxcl5 (Fig. 6F).

In an alternative approach, we used mice with a diphtheria toxin
receptor (DTR) constitutively induced by Il17a expression (Ii1 72" x
R26°™ x R26°YFP) (36, 38). In these mice, injection of DT resulted
in effective depletion of Ty17 cells (Fig. 6G). Mice with resolved
S. aureus infection and control mice were treated three times with
DT to remove Ty17 cells, including those induced by S. aureus. Two
weeks later, crescentic GN was induced (Fig. 6, H to K), and both
groups showed similarly low levels of crescent formation, which in-
dicates that DT treatment abolished the exacerbated kidney damage
acquired by prior S. aureus infection. We also observed similar
frequencies of renal IL-17A" Ty17 cells in both groups of mice,
suggesting that DT had effectively removed preexisting Ty17 cells
including those induced by S. aureus infection.

In addition to IL-17A-producing Try17 cells, IFN-y* CD4" Try
cells could be detected in the kidney of mice with prior S. aureus infec-
tion (Fig. 5, E and F). We neutralized IFN-y to directly test whether
IFN-y-producing Trum cells could amplify crescentic GN. In contrast
to IL-17A blockade, IFN-y neutralization did not prevent more pro-
nounced crescent formation in mice with prior S. aureus infection
(Fig. 6, L to O). Together, these results indicate that S. aureus—
induced renal Tgy17 cells play a role and significantly contributed
to the aggravated crescentic GN.
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Fig. 4. S. aureus induces tissue-resident memory T17 cells in the kidney. (A to
E) Parabiosis of S. aureus—infected and noninfected mice. (A) CD45.1" mice were
infected with S. aureus. Two weeks later, infected and CD45.2* control mice were
treated for 1 week with ampicillin in the drinking water. Thirty days after infection,
the circulation of CD45.1* and CD45.2* mice was surgically connected. Spleen and
kidney T cells were analyzed 28 days later by flow cytometry. (B) Identification of
donor-derived (CD45.2*) and host-derived (CD45.1%) CD4* RORyt" CD69" Tgy cells
in kidneys of previously infected host. (C) Frequencies of CD4* RORyt"CD69" Tgm
cells in kidneys of infected hosts. (D) Representative staining and (E) quantification
of CD4* RORyt CD69™ of spleen cells from previously infected CD45.1* mice. Data
are combined from two independent experiments. ****P < 0.0001 (unpaired t test).
n.s., not significant. (F to I) Use of photoconvertible Kaede transgenic mice to in-
vestigate tissue residency of renal T cells. (F) Photoconversion and fluorescence
microscopy before and after renal photoconversion. (G) Experimental setup.
Sixty days after S. aureus infection, one kidney was photoconverted and analyzed
4 weeks later. (H) Kaede red* T cells 4 weeks after photoconversion. (I) Frequency of
photoconverted Kaede red* CD4* T cells in blood, spleen, and kidneys of Kaede
mice 28 days after photoconversion (mean = SD, n = 3). (J) Quantification of RORyt"
cells among Kaede red* and Kaede green* CD4" T cells 4 weeks after photo-
conversion. (K) CD69 expression of Kaede red” and Kaede green™ CD4* RORyt"
T cells. Data are representative of three independent experiments. **P <0.01 and
**¥%P < 0.0001 (unpaired t test).

To investigate whether S. aureus—induced T cells residing in the
kidney become reactivated and contribute to the Ty17 cell response
during subsequent crescentic GN, we made use of Kaede transgenic
mice. Mice were infected with S. aureus, and crescentic GN was in-
duced after recovery from infection. Four days after crescentic GN
induction, which is before the main wave of Ty17 cell recruitment
to the kidney occurs (39), cells in one kidney were converted (Kaede
red”) (Fig. 6P). Three days later, a large population of Kaede red”
CD4" T cells that expressed IL-17A was detected in the kidney
of mice with preceding infection. In contrast, the vast majority of
IL-17A-expressing CD4" T cells in kidneys of control mice were Kaede
green” (Fig. 6, Q and P). This indicates that the majority of Tyy17
cells in control mice were recruited to the kidney, but mice with prior
infection had a large fraction of these cells derived from S. aureus-
induced renal-resident Ty17 cells.

We tested the consequence of S. aureus infection-induced renal
Trum17 cells in a second model of crescentic GN, experimental auto-
immune GN (EAG), a mouse model of Goodpasture syndrome (40).
In this model, repeated immunization of DBA/1 mice with a frag-
ment of type IV collagen induces antibodies as well as Tyl and
Tu17 cells specific to the collagen matrix of the GBM. Over a period
of several weeks, mice develop severe crescentic GN and eventually
succumb to renal failure (14). DBA/1 mice were infected with S. aureus
and EAG was induced after recovery from infection (Fig. 7, A to D).
In contrast to immunized control mice, a substantial number of
previously infected mice succumbed to renal disease. After 10 weeks,
surviving mice showed more severe crescentic GN in terms of en-
hanced crescent formation compared with mice that were not in-
fected. Mice had increased frequencies of renal IL-17A" Ty17 cells,
but similar frequencies of IFN-y" Ty1 cells. Overall, results from the
EAG model were consistent with the results observed after transfer
of anti-GBM sheep Ig.

Listeria monocytogenes transiently infects the kidney and induces
strong CD4" Tyl cell responses (41). After induction of crescentic
GN, mice with and without preceding L. monocytogenes infection
showed similar levels of kidney injury and equal frequencies of
renal RORyt" Ty17 cells (fig. S6). Thus, in contrast to S. aureus
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infection, which caused aggravation of renal damage in different mod-
els, L. monocytogenes infection did not change renal disease. These
results indicate that the course and severity of renal autoimmunity
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depend on the type of prior infection and the renal T cell composi-
tion elicited during the antipathogen response and suggest a unique

expansion of the Tryp17 cell population (Fig. 3, A, K, and L). To
test whether infection at distant sites also resulted in the generation

pathogenic role of Trp17 cells in this context.

Infection-induced Tgm17 cells did not promote
autoimmunity at distant sites

After systemic infection, S. aureus disseminated into peripheral tis-
sues, particularly into the kidney, which was associated with renal

Krebs et al., Sci. Immunol. 5, eaba4163 (2020) 7 August 2020

of renal Trym17 cells, mice received intradermal infection with
S. aureus (fig. S7A) (42). Analysis after antibiotic treatment and
recovery revealed that local skin infection with S. aureus did not
induce Trym17 cells in the kidney (fig. S7, B and C), suggesting
that the presence of pathogens in tissue is a prerequisite for local
Trm17 generation.
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We also tested whether systemic S. aureus promoted autoimmunity
in the skin using an imiquimod-induced dermal inflammation, which
is a well-established mouse model of IL-17-driven psoriasis (43).
Mice were intravenously infected with S. aureus and imiquimod was
applied to one ear of each mouse after recovery from infection. Ears
were scored for thickness and inflammation (fig. S7, D to G). In

contrast to the GN models, preceding S. aureus infection did not
aggravate dermal inflammation. These results suggest that S. aureus
infection does not cause a generally increased susceptibility to auto-
immune diseases. Aggravation of disease may depend on local
generation of Tryp17 cells that become reactivated during an auto-
immune response at the site.
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Rapid IL-17 response of renal Tpy17 cells is cytokine-driven
To directly assess reactivation of renal Trpy17 cells, Kaede mice that
were also transgenic for the fluorescent protein Katushka under the
control of the Il17a promotor [Kaede x Il1 7a%* mice (11, 44)] were
infected with S. aureus. After recovery, one kidney was photo-
converted and crescentic GN was induced 1 day later, and CD4"
T cells from both kidneys were analyzed 2 days later (Fig. 8, A and B).
In the nonexposed kidneys, about 1% of CD4" T cells were Kat”,
indicating that cells actively produced IL-17A. In the light-exposed
kidney, Kat" cells were mainly found in the photoconverted CD4"
T cell population when compared with nonconverted CD4" T cells.
This result demonstrates that IL-17A production in the early phase
of crescentic GN was mainly due to the activation of kidney-resident
T cells and not to rapid recruitment of cells to the kidney. Because
photoconversion of renal cells is incomplete, a fraction of IL-17A*
cells in the nonconverted Kaede green” CD4" T cell population was
most likely also derived from kidney-resident cells, which suggests
that IL-17A production was almost exclusively due to renal-resident
CD4" T cells.

It is unlikely that S. aureus—specific Trm17 cells generated during
infection recognize and become activated by unrelated antigens in
two distinct models of crescentic GN. The rapid IL-17A response of
S. aureus—induced renal T cells after crescentic GN induction suggests
that activation is antigen independent. IL-17A fate reporter mice were
infected to identify activation pathways of renal Trp17 cells. After re-
covery from infection, crescentic GN was induced in one group of
mice. At day 2 of crescentic GN, which is a very early time point pre-
ceding renal T cell recruitment and substantial tissue injury, scRNA-
seq of renal IL-17A fate" CD4" T cells was performed. Unsupervised
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C2, cells from mice with crescentic GN
displayed up-regulation of a number of
genes, including 1174, as compared with
cells from control animals (Fig. 8C and
fig. S8C). To uncover activation pathways
that were triggered in these T cells by in-
duction of crescentic GN, we made use
of the TRRUSTV2 database, which was
generated to study transcriptional regu-
lation based on gene expression profiles
(45). The TRRUSTV2 analysis tool iden-
tified several transcription factors that
might be active in these cells with signal
transducer and activator of transcription
3 (STAT3) and nuclear factor kB (NFkB)
(p50/Nfkb1) as top candidates (table S4).
On the basis of these analyses and Kyoto
Encyclopedia of Genes and Genomes ref-
erence pathways for STAT3 and NFxB
(46), we proposed a model of Try17 cell
activation by inflammatory cytokines such as IL-1f, IL-6, and IL-23
(Fig. 8D), which is also consistent with the observation that Ty17
cell can be activated by inflammatory cytokines (47).

Analyses of renal tissues revealed increased expression of Il1b,
116, and 1123a mRNA at 1 day after crescentic GN induction (Fig. 8E).
To test whether these cytokines induce IL-17A, CD4" T cells were
sorted from the spleen and kidney of mice previously infected with
S. aureus and were stimulated with a cocktail of IL-1B, IL-6, and IL-23,
or with anti-CD3 and anti-CD28 mADb as a control (Fig. 8F), and cyto-
kines in supernatants were determined. Anti-CD3/CD28 stimulation
induced IL-17A and IFN-y in T cells from the spleen and kidney.
Renal CD4" T cells also responded to inflammatory cytokines in the
absence of T cell receptor (TCR) stimulation by producing IL-17A,
indicating that inflammatory cytokines can activate renal Try17 cells in
the early phase of crescentic GN. On the basis of these results, mice were
infected with S. aureus, and after recovery, crescentic GN was induced
in the presence of neutralizing mAb against IL-1f, IL-6, and IL-23p40
(Fig. 8, G to I). Anti-cytokine mAb-treated mice demonstrated at-
tenuated crescent formation when compared with mice treated with
control IgG (isotype) (Fig. 8, G and H). We also observed reduced
frequencies of renal RORyt" Ty17 cells, most likely as a consequence
of reduced renal inflammation (Fig. 8I). Collectively, these results
demonstrate that resident renal Ty17 cells can be activated by in-
flammatory cytokines and thereby cause aggravated crescentic GN.

@ e EAG
e S. aureus + EAG

DISCUSSION
In contrast to the role of Try cells in the defense against pathogens
at interfaces with the environment, such as skin, gut, and airways,
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Fig. 8. Rapid IL-17 response in tissue-resident memory T cells is cytokine-driven. (A and B) cGN drives rapid IL-17 expression in Tgw17 cells in the kidney. (A) Kaede x
1117a"* mice were infected with S. aureus. After bacterial clearance, one kidney was photoconverted and cGN was induced. Two days after cGN, Katushka expression
(indicating IL-17A production) was determined in renal CD45iv- CD4™ T cells by flow cytometry. (B) Quantification of in vivo IL-17A production in kidneys at day 2 of cGN
in Kaede x I117a"®" mice. Data are representative of two independent experiments. *P < 0.05 (one-way ANOVA with multiple comparison test). (C and D) Gene expression
profiles induced by cGN in Tgw17 cells. (C) IL-17A fate reporter mice with prior S. aureus infection were subjected to cGN and control treatment. After 2 days, sorted renal
CD4" eYFP* Tru17 cells were analyzed by scRNA-seq. In infected mice, three clusters with up-regulation of //77a or Il17f were identified (CO to C2). Genes up-regulated
after cGN in cells of the respective clusters are shown. (D) Proposed model of the potential regulatory network of Tau17 cell activation based on scRNA profiles, TRRUSTv2
analysis of differentially expressed genes of cells from mice with and without cGN (clusters CO to C2) and KEGG reference pathways (orange: proteins and transcription
factors identified by scRNA-seq and TRRUSTV2). (E and F) Trm17 cells can be activated by cytokines in the absence of TCR signaling. (E) Proinflammatory cytokines in the
kidney were analyzed during the early phase of cGN by qPCR (mean + SEM, n=5 to 11). (F) FACS-sorted CD4" T cells from spleen and kidney were stimulated with
proinflammatory cytokines for 72 hours. Cytokines were measured in the supernatants. Data are representative of three independent experiments. ****P < 0.0001
(unpaired t test). (G to I) After prior S. aureus infection, cGN was induced in mice. Cytokines (IL-1B, IL-6, and IL-23p40) were neutralized using mAb at days 0, 3, and 6
of cGN. (G and H) Glomerular crescents and (I) frequencies of Ty17 cells were determined at day 10 of cGN. Data are representative of two independent experiments.
*P < 0.05 (one-tailed t test).

their function in autoimmune diseases is currently not well under-  pletion of Try cells attenuated colitis activity, suggesting a critical
stood (18-20). The long-term persistence of Try cells in tissues often  role of Try cells in the pathogenesis of IBD (50). Steinbach et al.
affected by chronic relapsing and remitting autoimmune diseases  (52) recently reported that a transient viral infection of the mouse
such as skin (psoriasis) (48), gut (IBD) (49, 50), and brain (multiple  brain in early life induces brain Tgy cells that precipitate CNS
sclerosis) (51) suggests a potential contribution of Tgy cells to these ~ autoimmune disease.

diseases. Try cells are detectable in active skin lesions of patients We detected T cells with a CD4* CD45RA"Y CCR7"°Y CD69*
with psoriasis and persist in these areas after successful treatment  phenotype and the signature transcriptional profile of CD4" Try
(48), which might explain the recurrence of treated and resolved  cells (21) in the human kidney. When compared with healthy re-
psoriasis lesions at the same site. The accumulation of CD4"CD69"  nal tissue from tumor nephrectomies, tissue from patients with
CD103" T cells in the mucosa of patients with IBD was predictive =~ ANCA-GN had substantially increased numbers of CD4" Try cells.
for the development of disease flares, and in experimental IBD, de- In addition, in biopsies of a larger cohort of patients with active
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ANCA-associated GN, high numbers of renal CD69" cells are cor-
related with impaired kidney function. In terms of mRNA expression
profile and chemokine receptor surface expression, major subsets of
renal CD4"CD69" Try cells showed features of Tyl or Tyl7 cells
and therefore were termed Trym1 and Try17 cells, respectively.
Direct comparison of CD4" Tgy cells derived from renal tissue of
patients with ANCA-GN with CD4" Tgy cells from healthy renal
tissue from patients with tumor nephrectomy revealed up-regulation
of genes involved in activation, proliferation, and cytokine signal-
ing. This expression profile likely reflects activation of Ty cells
in the context of an acute renal immune response in the patients
with ANCA-GN.

S. aureus induces Ty17 cell responses, and S. aureus—specific Ty17
cells are relatively abundant in human peripheral blood (34, 53). On
the basis of our experimental data from mouse models, we hypo-
thesized that Trm17 cells specific for S. aureus could amplify an auto-
immune reaction in the kidney. Patients with ANCA-associated
vasculitis that carry S. aureus on their nasal mucosa show higher
relapse rates and antibiotic treatment with trimethoprim and sulfa-
methoxazole (cotrimoxazole) prevents relapses (35, 54). S. aureus—
specific Try17 cells could be a link between S. aureus and GN in
ANCA-vasculitis. Overt or subclinical systemic infections (55) could
boost renal Trp17 cells, which subsequently amplify a smoldering
autoimmune reaction. Other pathogens that infect the human kidney
are uropathogenic Escherichia coli strains and Candida albicans. We
infected mice with uropathogenic E. coli, which induces a transient
form of acute pyelonephritis (56), and with C. albicans, a well-known
trigger of Ty17 cell response (57). Analysis after clearance of the
renal infections revealed that both pathogens induced Trm17 cell
formation in the kidneys of mice (fig. $9). These results suggest that
in addition to S. aureus, C. albicans and uropathogenic E. coli
but also other so far unknown pathogens can induce Try cells in
human kidneys.

It is currently unknown to which extent pathogen-specific T cells
and particularly T cells specific for S. aureus, E. coli, or C. albicans
contribute to CD4" Try17 cell populations in the human kidney.
Because all three pathogens are inducers of Ty17 cells in humans
(34, 58), it is likely that a fraction of human renal Tgp17 cells is di-
rected against these pathogens. CD4" T cells specific for these three
pathogens are found in the blood of healthy individuals in the range
of 1 in 10° to 10* CD4" T cells (53, 59). We therefore estimate that
at least 10° purified CD4" T cells would be required for the reliable
detection of these pathogen-specific CD4" T cells. Using currently
available approaches, it is not possible to obtain these quantities of
CD4" T cells from renal biopsies or from tissue of tumor nephrectomies.

Our infection studies in mice support the concept that renal
Trm17 cells are generated in response to kidney infection because
we found high numbers of Trp17 cells that persisted in the kidney
after resolution of infections. In the S. aureus infection model, para-
biosis proved that the tissue residency of infection induced Tgry17
cells. Photoconversion of kidneys in Kaede transgenic mice con-
firmed this result and might provide a tool to circumvent ethically
controversial parabiosis experiments in the future. It is therefore
possible that Try17 cells identified in the healthy human kidney
represent the memory of preceding infections.

Resolved S. aureus infection caused aggravation of renal disease
in two different crescentic GN models. We carefully excluded per-
sisting glomerular damage as cause for aggravated crescentic GN.
Ragl™™ mice reconstituted with CD4* T cells after S. aureus infec-
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tion and reconstituted controls showed similar crescentic GN de-
velopment. Comparable severity of disease was also observed after
depletion of Try17 cells or IL-17A neutralization in mice with and
without prior infection. In contrast, neutralization of IFN-y did not
prevent the more pronounced crescent formation in mice with prior
S. aureus infection. These experiments define the enlarged Ty17 cell
population as a mediator of worsened disease, which is consistent
with the detrimental function of Ty17 cells in both crescentic GN
models (11, 14). Labeling of cells in Kaede mice before crescentic
GN revealed that renal Tryp17 cells become locally activated in the
kidney. Renal Ty17 cells produced IL-17A after stimulation with
IL-1B, IL-6, and IL-23, and transcriptional analyses indicated a
response to inflammatory cytokines in renal Ty17 cells in the early
stage of crescentic GN (60). Together, these results suggest that
Trm17 cells can respond to the local inflammation by production
of IL-17A and most likely further cytokines that promote renal
damage. Antigen-independent activation by inflammatory cytokines,
including IL-1 family members, IL-6, IL-12, and IL-23, has been
described not only for innate T cells, such as natural killer T cells
(61), but also for conventional CD4" and CD8" effector T cells (62-66).
The bystander activation of conventional T cells could support con-
trol of infection but could also contribute to tissue damage in auto-
immune responses. In the model of experimental autoimmune
encephalomyelitis, Lee et al. (47) could recently show that accumu-
lation of Ty17 cells with irrelevant specificity in the inflamed central
nervous system and bystander activation of these cells by IL-1p and
IL-23 contribute to local injury. Our data indicate that Trp17 cells
induced by previous unrelated infections could function in a similar
manner and promote tissue damage after activation by inflammatory
cytokines.

Whether the generation and persistence of CD4" Try17 cells in
nonlymphoid tissues in response to Ty17 cell-inducing microbes,
e.g., S. aureus, C. albicans, or E. coli, are a common amplifier for
Ty17 cell-driven autoimmune diseases in humans remain to be
elucidated. In addition to Trym17 cells, we detected Try cells of the
Tyl or Ty2 phenotype as well as CD69" CD8" T cells in human
kidneys. It would be of interest to investigate whether these T cells
can act in a similar way in amplifying immune-mediated disorders.
In the murine crescentic GN model, infection with L. monocytogenes
that induces a local CD4" Ty1 cell response (67) did not affect the
course of renal disease. Moreover, IFN-y neutralization did not pre-
vent the more pronounced crescent formation in mice with prior
S. aureus infection. However, these results do not exclude the idea that
Trul cells interfere with responses in other autoimmune diseases.

Together, we provide a concept for the predisposing role of
microbial infections for Ty17-driven autoimmune diseases and
identify Tram17 cells as a potential therapeutic target (fig. S10), indi-
cating that Try17 cell depletion rather than transient cytokine (IL-17)
neutralization might be a causal treatment strategy in chronic re-
lapsing and remitting autoimmune diseases.

MATERIALS AND METHODS

Study design

The aims of the study were to characterize T cell subsets in the kidney
and to determine their potential role in renal autoimmunity. T cells
from human kidney biopsies from controls and from individuals with
ANCA-associated GN were analyzed by scRNA-seq, CITE-seq, flow
cytometry, and immune histology. These assays revealed renal CD4"
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Trum cells with phenotype and mRNA expression profile of Ty17
cells. For the functional characterization of renal CD4" Ty cells,
we combined mouse infection models (S. aureus, L. monocytogenes,
E. coli, and C. albicans) with models of crescentic GN. Transgenic
cytokine reporter mice and Kaede mice that allowed identification
and tracking of cells in vivo were included in these experiments. Mice
were analyzed using standard assays for renal function, as well as
scRNA-seq, quantitative polymerase chain reaction, flow cytometry,
and histology. Detailed methods are given below and in the Supple-
mentary Materials.

Human studies

Human biopsies for flow cytometry and scRNA-seq were obtained
either from the healthy part of kidneys after tumor nephrectomy or
from renal biopsies of patients with ANCA-associated GN. Human
kidney sections and clinical parameters were analyzed from patients
included in the Hamburg GN Registry. For some of the analyses,
matched blood samples from the same patient were used. These
studies were approved by the Ethik-Kommission der Arztekammer
Hamburg, local ethics committee of the chamber of physicians in
Hamburg (Registration numbers PV 5026 and PV 5822), and were
conducted in accordance with the ethical principles stated by the
Declaration of Helsinki. Informed consent was obtained from all
participating patients. Information on the patient cohorts is provided
in tables S1 to S3. Details on the analysis of human renal biopsies
and of human T cells are given in the Supplementary Materials.

Mice

Mouse experiments were carried out in accordance with the national
guidelines. The protocols were approved by local ethics committees.
Mice were housed under specific pathogen-free conditions in indi-
vidually ventilated cages with standard food and water ad libitum.
During experiments, mice were monitored daily and mice with signs
of severe disease were euthanized with an O,/CO, mixture to mini-
mize suffering. All experiments were conducted with age-matched
male mice on C57BL/6 background, with the exception of EAG that
was induced in male DBA/1 mice. The following transgenic mouse
strains were used: Kaede mice (11), I117a%* mice (44), I117a°™ x
R26™"" mice (36, 39), 1117a°" x R26°™ x R26°""" mice (36, 38),
CD45.1 congenic mice (B6.SJL-Ptprc* Pepcb/Boy]), and Ragl™"™ mice
(B6.129S7-Ragl"™™°™ 1), Details on mouse experiments are given
in the Supplementary Materials.

Statistics

Statistical analysis was performed using GraphPad Prism (La Jolla,
CA). The results are shown as mean + SEM or mean + SD when
presented as a bar graph or as single data points with the mean in
a scatter dot plot. Differences between two individual groups were
compared using a two-tailed f test. In the case of three or more
groups, a one-way analysis of variance (ANOVA) with Bonferroni’s
multiple comparisons test was used.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/5/50/eaba4163/DC1

Material and Methods

Fig. S1. scRNA-seq analysis of T cells from human blood and healthy kidney tissue from tumor
nephrectomies.

Fig. S2. Profiling of T cells from human blood and healthy kidney tissue from tumor
nephrectomies.

Fig. S3. scRNA-seq analysis of T cells from blood and kidney of patients with ANCA-GN.
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Fig. S4. Profiling of T cells from kidney and blood of patients with ANCA-GN.

Fig. S5. Flow cytometry gating strategy for murine T cell analysis.

Fig. S6. Prior L. monocytogenes infection does not affect crescentic GN.

Fig. S7. Effect of local S. aureus skin infection on renal Tgw17 cell generation and effect of
systemic S. aureus infection on imiquimod-induced skin inflammation.

Fig. S8. Gene expression analysis of renal CD4* T cells from nephritic mice previously infected
with S. aureus.

Fig. S9. The Ty17-associated pathogens C. albicans and E. coli cause renal Tgm17 cell formation.
Fig. S10. Conceptual link of pathogen-induced tissue resident memory T cells with
autoimmunity.

Table S1. Baseline characteristics of controls at time of biopsy.

Table S2. Baseline characteristics of patients with ANCA-GN at the time of biopsy.

Table S3. Clinical characteristics and ANCA-serotype of patients from the Hamburg

GN Registry.

Table S4. List of transcription factors identified by TRRUSTv2 analysis.

Data file S1.
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Autoimmunity promoter
Tissue-resident memory T (Trpy) cells are involved in peripheral immunity against reinfection, but their role in
autoimmunity is unclear. Krebs et aIF.2

antibody (ANCA)-dependent glomerulonephritis (GN). They identified multiple T cell subsets in healthy kidney tissue

biopsies, but a marked increase in CD4 * TR cells was seen in kidney biopsies from patients with ANCA-GN. They
infected mice with Staphylococcus aureus, which induced renal Ty17 cells that had a Tr), cell phenotype and persisted
in kidney tissue. In a mouse model of crescentic GN, S. aureus infection aggravated kidney pathology and appeared to
drive localized renal autoimmune responses. These findings provide critical insight into the role of CD4 * TR cells in

contributing to autoimmune disease.
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