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Tissue-resident memory T cells break tolerance to renal
autoantigens and orchestrate immune-mediated nephritis
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Immune-mediated nephritis is a leading cause of acute kidney injury and chronic kidney disease. While the role of B cells and
antibodies has been extensively investigated in the past, the advent of immune-checkpoint inhibitors has led to a reappraisal of the
role of T cells in renal immunology. However, it remains elusive how T cells with specificity for renal autoantigens are activated and
participate in immune-mediated nephritis. Here, we followed the fate and function of pathogen-activated autoreactive CD8 T cells
that are specific for a renal autoantigen. We demonstrate that recently activated splenic CD8 T cells developed a hybrid phenotype
in the context of renal autoantigen cross-presentation, combining hallmarks of activation and T cell dysfunction. While circulating
memory T cells rapidly disappeared, tissue-resident memory T cells emerged and persisted within the kidney, orchestrating
immune-mediated nephritis. Notably, T cells infiltrating kidneys of patients with interstitial nephritis also expressed key markers of
tissue residency. This study unveils how a tissue-specific immune response can dissociate from its systemic counterpart driving a
compartmentalized immune response in the kidneys of mice and man. Consequently, targeting tissue-resident memory T cells
emerges as a promising strategy to control immune-mediated kidney disease.
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INTRODUCTION

Immune-mediated nephritis results from an inappropriate
immune response against self-antigens or innocuous substances
(e.g., antibiotics). It can cause renal function decline up to end-
stage renal disease. To date, a substantial body of knowledge
exists regarding antibody-mediated forms of immune-mediated
nephritis [1]. In contrast, the role of cellular immunity in the
context of immune-mediated kidney disease lacks understanding,
even though infiltrates of various immune cells are regularly
present in biopsies of affected kidneys. Additionally, the density
and composition of inflammatory infiltrates correlate with the
deterioration of renal function [2]. Thus, there is a pressing need to
decipher cellular immunity in the kidney.

Cytotoxic CD8" T lymphocytes (CTLs) represent one of the most
abundant immune cell types within renal infiltrates and there is
strong evidence that antigen-specific CTLs play a pivotal role in
various entities of immune-mediated nephritis [3]. CTL infiltrates
are particularly common in forms of interstitial nephritis (e.g.,
drug-induced acute interstitial nephritis [AIN] or immune-
checkpoint inhibitor [ICl]-related nephritis) and can be found in
15-27% of renal biopsies performed for acute kidney injury [4].
Moreover, various infections or systemic auto-immune diseases
can also be associated with interstitial nephritis [5]. Intriguingly,
only a minority of patients treated with a particular drug develop

AIN, indicative of a continuous and active regulation of local
immune responses in the kidney protecting its structural integrity.
Similar to the gut, the kidney is constantly exposed to xenobiotic
products, which it removes from the circulation. It therefore must
balance immune responses to innocuous or self-antigens and
pathogens. Hence, CTL-driven immune-mediated disease occurs if
central or peripheral tolerance mechanisms fail to protect the host
from a self-targeted immune response. The high incidence of
immune-mediated nephritis following ICl therapy for malignant
disease further underlines the importance of peripheral tolerance
mechanisms in protecting the kidneys from autoreactive T cells
[6]. Nevertheless, the details of underlying molecular programs
defining and controlling this autoreactive state, as well as the
complex mechanisms of activation, differentiation, and memory
formation of autoreactive CTLs are not well understood. Since
nephritis involves a primarily localized immune response, the
question arises how local immunity is initiated and maintained in
the kidney over time. This also involves the issue of how CTLs that
are situated in the interstitium of the kidney gain access to their
cognate antigen after its passage through the nephron, from
which they are separated by a layer of epithelial cells. Tissue-
resident memory T (Tgy) cells are a potential culprit as they are a
local memory population that stably resides in the tissue over time
and has been identified in various organs, including the kidneys
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[7]. Trm cell differentiation is essential in accelerating local
pathogen control [8]. However, it is unclear to what extent they
also contribute to inducing and maintaining renal autoimmunity
[91.

Although, several murine models (e.g., transgenic lupus
nephritis, pauci-immune nephritis, immunoglobulin A nephritis,
or nephrotoxic nephritis models) have been established to study
auto-immune kidney disease, none of these models focuses on
the cellular immune response in the kidney [10-13]. Hence,
studying details of CTL-driven renal autoimmunity relies on the
establishment of novel preclinical models.

In this study, we present a new mouse model for cellular
autoimmunity in the kidney, where in vivo activation of adoptively
transferred self-reactive CTLs results in auto-immune kidney
disease. We utilized this model to dissect the role of self-reactive
CTLs, applying single-cell transcriptomics, high-dimensional flow
cytometry, and multiplexed immunofluorescence imaging. We
could demonstrate that renal autoantigen expression induced a
form of split tolerance in pathogen-activated CTLs, if mice were
infected with a pathogen that expresses the same autoantigen.
This split tolerance was characterized by a rapidly dissipating
systemic immune response, while a robust and long-lasting auto-
immune response was propagated in the kidney. Within renal
infiltrates, we identified a subpopulation of autoreactive T cells
that expressed canonical Tgy cell markers. These T cells promoted
local immunity under the influence of sustained autoantigen
cross-presentation. Interestingly, comparable T cell populations,
bearing hallmarks of tissue residency, were also found in the
kidneys of patients with active nephritis. Hence, our data strongly
suggest that these potential Tgy cells are crucial for maintaining
renal autoimmunity and thus may provide a possible target for
novel therapeutic approaches.

RESULTS

Targeting glomerular antigen to model cellular autoimmunity
in the kidney

To unravel cytotoxic CD8" T lymphocyte (CTL)-driven autoimmu-
nity in the kidney, we established a new murine model, based on
NOH (nephrin, chicken ovalbumin [OVA], hen egg lysozyme [HEL])
mice, expressing membrane bound OVA on the surface of
podocytes (Supplementary Fig. STA, B) [14]. Next, congenically
(CD90.1) marked high affinity OVA257_264/H-2Kb-speciﬁc T cell
receptor transgenic CD8" T cells (OT-1 cells) were adoptively
transferred into C57BL/6-NOH (NOH) and C57BL/6-wildtype (wt)
mice (d1) [15, 16]. OT-1 cells transferred into NOH hosts quickly
perished after 1 week (Supplementary Fig. S1C). Thus, subclinical
infection with 2.5 x 103 cfu OVA-expressing Listeria monocytogenes
(LM-OVA) was performed 24 h after cell transfer (d0), promoting
in vivo activation of transferred OT-1 cells [17]. To sustain cellular
immunity over time, mice received a subclinical booster infection
with 2 x 10° pfu of OVA-expressing vesicular stomatitis virus (VSV-
OVA) on day 21 [18, 19]. Weekly blood and urine analyses were
performed on NOH and wt mice to monitor transferred OT-1 cells
and proteinuria in the cohorts. For endpoint analyses, mice were
sacrificed at early (d7; after primary infection) and late time points
(d35-56; after booster infection). A detailed experimental plan is
illustrated in Fig. 1A.

Autoantigen expression facilitates differentiation of a distinct
CTL phenotype

Transferred OT-1 cells were detectable in all mice after transfer
and infection, indicating a robust cellular immunization model.
Interestingly, when compared to wt mice, the total number of OT-
1 cells detected in secondary lymphoid organs of NOH mice was
significantly lower after 7 (1.3 [+0.3] x 10° vs. 2.7 [+0.3] x 10° OT-1
splenocytes; P=0.0261) and 35 days (2.0 [+0.7] x 10° vs. 10.1
[+0.8] x 10° OT-1 splenocytes, P<0.001) (Fig. 1B, C and
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Supplementary Fig. S2A, B). Besides lower OT-1 frequencies, a
more rapid decline of transferred cells after primary infection (day
21:2.5 [£1.3]1% vs. 14.2 [£3.7]1%, P = 0.0114), as well as a limited re-
expansion after booster infection (day 35: 35.5 [+3.0]% vs. 76.5
[£12.6]%; P = 0.0132) was detected in peripheral blood of NOH vs.
wt mice (Fig. 1D). These findings demonstrate a curtailed systemic
immune response in NOH mice as a result of autoantigen
expression in the kidney. To better understand how renal
autoantigen expression affects early activation and division
kinetics, we adoptively transferred CFSE-labeled OT-1 cells into
wt and NOH mice and infected them as described. Intriguingly,
OT-1 cells in NOH mice divided much faster within the first 72 h
after transfer and infection than OT-1 cells in wt mice (30.4 [+2.1]%
vs. 62.6 [+3.31% of CFSE™ OT-1 cells, P < 0.0001; Fig. 1E). Hence, we
conclude that renal autoantigen is recognized by adoptively
transferred OT-1 cells and fuels their early activation during
infection with pathogens expressing the same antigen. Contin-
uous autoantigen recognition in NOH hosts is further corrobo-
rated by sustained T cell receptor internalization of OT-1 cells from
NOH mice (Fig. 1F) [20].

To characterize the systemic immune response and differentia-
tion of autoantigen-specific CTLs in the context of concurrent
renal antigen cross-presentation, we performed single-cell RNA
sequencing of OT-1 cells, isolated from splenocyte suspensions of
NOH and wt mice 7 days after initial transfer and infection.
Unsupervised Uniform Manifold Approximation and Projection
(UMAP) clustering of ~7000 OT-1 cells resulted in 10 clusters.
Interestingly, OT-1 cells isolated from NOH (red) and wt mice
(blue) clustered separately, indicating a distinct transcriptional
profile of CTLs in the context of an auto-immune environment
(Fig. 1G). Over 80% of NOH-derived OT-1 cells accumulated in
clusters 0, 4, 6, 7, and 8, while cells from wt mice were mainly
found in clusters 0, 1, 2, and 3 (Fig. TH). Clusters were classified by
their five most upregulated transcripts. We could identify
subpopulations of OT-1 cells from NOH mice, expressing
proliferation-associated genes, indicating higher proliferative
activity of naive autoreactive OT-1 cells in the NOH environment
(clusters 6 and 8; Fig. 11), which was well in line with CFSE division
profiles (Fig. 1E). Properties of terminal T effector differentiation
(upregulation of e.g., Klrg1, Cx3cr1, Zeb2, S1pr5, and Gzma) could
be found in OT-1 cells derived from both NOH and wt mice, with a
higher relative proportion in NOH mice (cluster O; Fig. 1H, )
[21-23]. By contrast, upregulation of T memory (precursor)
associated transcripts (e.g., lI7r, Cxcr3, 1d2) was mainly found in
OT-1 cells isolated from wt mice (clusters 1 and 2, Fig. 11) [24]. This
may indicate a significantly altered T effector and T memory cell
differentiation in NOH mice due to permanent antigen exposure.
Pseudotemporal ordering of the sequencing data revealed a
branched trajectory, suggesting differentiation of T effector and T
memory cells originating from common stem cell-like precursors.
NOH-derived OT-1 cells mainly clustered at the tips of the
trajectories, corroborating a further advanced, distinct differentia-
tion of both T effector and T memory populations in the context of
persistent autoantigen recognition (Supplementary Fig. S3A).
Interestingly, two clusters shared properties of T central memory
(Tcwm) differentiation (e.g., upregulation of Sell, Ccr7, Tcf7) [25, 26].
One mainly contained wt-derived OT-1 cells, the other one cells
from NOH mice (clusters 3 and 7, respectively, Fig. 11). Functional
enrichment analysis on differentially expressed genes (DEGs) of
the NOH-derived cluster 7 divulged an upregulation of genes
associated with lymphocyte differentiation and regulation of T cell
activation (Fig. 1J). Further analysis of feature expression regarding
curated effector, memory and inhibitory signatures of clusters 0, 1,
2, 3, and 7 (Fig. 1K) and comparing DEGs of clusters 7 and 3
(Fig. 1L) revealed a distinct T memory phenotype of NOH-derived
OT-1 cells in cluster 7: while cells of cluster 3 predominantly
expressed T memory associated transcripts (e.g., Sell, ll7r, Tcf7,
Ccr7), NOH-derived OT-1 cells of cluster 7 also expressed markers
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associated with T cell dysfunction (e.g., Tox, lkzf2, Ctla4, Lag3,
Cd200) [24, 27]. Interestingly, /d3, a T memory marker delineating
precursors of exhausted T cells was also more highly expressed in
cluster 7 (Fig. 1K, L and Supplementary Fig. S3B-D) [28]. A unique
phenotype of OT-1 memory cells in NOH mice was further
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delineated by complementary gene set enrichment (GSEA) and
feature expression analyses (Supplementary Fig. S4A, B). Hence,
the presented analysis supports a model in which splenic OT-1
cells from NOH mice display a hybrid phenotype, comprising both
features of T memory formation and T cell dysfunction.
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Fig. 1 OT-1 cells develop a distinct phenotype in an autoreactive environment. A Experimental plan. Initially (d1) 2 x 10° OT-1 cells were i.v.
transferred into wt and NOH mice. After 24 h (d0) mice were infected with 2.5 x 10° cfu of OVA-expressing Listeria monocytogenes (LM-OVA).
After 21 days, mice were reinfected/boostered with 2 x 10° pfu OVA-expressing vesicular stomatitis virus (VSV-OVA). Blood and urine samples
were analyzed weekly. Final analysis was performed at early (d7) and a late time points (d35-56). B Quantitative flow cytometry analysis
depicting less OT-1 cells in the spleens of NOH (red) vs. wt mice (blue) after 7 and 35 days. Total cell numbers were calculated by manually
counting lymphocytes of whole organ lysates and multiplying counts with fractions obtained by flow cytometry analysis. C Anti-CD90.1 (red
channel) immunofluorescence confirming less transferred OT-1 cells in spleens of NOH (right) vs. wt mice (left). D Representative flow
cytometry plots and summary analysis (n =5 per group) showing quicker decline of transferred OT-1 cells in peripheral blood of NOH mice
(red) after primary (d7, d21) and secondary booster infection (d35) compared to wt mice (blue) over time. Dashed line indicating time point of
booster infection. E CFSE assay demonstrating faster initial proliferation of transferred OT-1 cells in LM-OVA infected NOH (red) compared to
wt mice (blue) after 72 h. F Representative flow cytometry plots showing expression of T cell receptor (TCR) chains Va2 and V5.1 prior to
reinfection (d21). Time-course of TCR expression (right) demonstrating earlier TCR-internalization in NOH (red) compared to wt mice (blue).
Dashed line indicating time point of booster infection. G Unsupervised UMAP-clustering of ~7000 OT-1 cell transcriptomes identifying 10
distinct clusters (upper plot). Cells from wt (blue) vs. NOH mice (red) clustered separately (lower plot). H Stacked barplots visualizing cluster
composition of NOH vs. wt mice. Clusters 0, 4, 6, 7, and 8 mainly defined NOH-derived cells. I Annotated heat map of cluster-defining
transcripts. Top five transcripts were identified by highest significant avgLog2FC values. J GO:BP term enrichment analysis of genes
overexpressed in cluster 7. Network depicting linkages of genes and biological processes. K Dot plot illustrating the functional classification of
clusters 0, 1, 2, 3, and 7 by curated genes associated with T cell effector, memory and inhibitory features. Bar below indicates if clusters were
mainly represented by NOH or wt-derived OT-1 cells. L Volcano plot depicting differentially expressed genes comparing clusters 3 and 7.
Dashed lines indicate log, fold change value of 0.5 and p value of 0.05. If not stated differently, bars and whiskers of dot plots representing
flow cytometry data depict means and respective standard errors of the mean (SEM). P values were calculated using unpaired student’s t test.
All presented datasets are representative of at least three individual experiments with n > 3 mice/group. To obtain single-cell RNA-sequencing
data, OT-1 cells were adoptively transferred into wt and NOH mice and isolated 7 days after LM-OVA infection as depicted in (A). Splenocytes
of four mice (two wt and two NOH each) were harvested and FACS-sorted to isolate OT-1 cells. Cells were labeled with antibody bound

hashtag oligos and pooled together for sequencing (detailed information provided in “Materials and Methods" section)

Next, multi-color flow cytometry analysis was performed to
explore the differentiation phenotype and evaluate the cytotoxic
potential of autoreactive OT-1 cells. As indicated by histological
analysis (Fig. 1B, C), lower percentages of transferred OT-1 cells
(12.1 vs. 29.6%, P =10.0017) could be retrieved from NOH mice at
day 7 (Fig. 2A). OT-1 cells from NOH mice displayed a strong
skewing toward a T effector phenotype with elevated frequencies
of KLRG-1" (39.4 vs. 7.4%, P<0.0001), CD62L CD44" (48.7 vs.
34.1%, P=0.0027), and CX3CR1" (41.9 vs. 21.5%, P =0.0005;
Fig. 2B and Supplementary Fig. S5A, B). Besides pronounced
effector characteristics, OT-1 cells from NOH mice expressed
higher levels of the inhibitory receptors programmed death-1 (PD-
1; normalized MFI 1.0 vs. 1.9, P<0.0001) and T cell immunoglo-
bulin mucin-3 (Tim-3; normalized MFI 1.0 vs. 1.3, P=0.0395), even
at an early time point (Fig. 2C and Supplementary Fig. S5C-F). To
assess the cytotoxic capacity of OT-1 cells, splenocytes were
restimulated in vitro with their cognate antigen (SIINFEKL): after
restimulation, fewer OT-1 cells from NOH vs. wt mice were capable
of producing the pro-inflammatory cytokines IFN-y (64.7 vs. 87.1%,
P <0.0001), TNF (33.5 vs. 63.3% double positive, P < 0.0001), and
IL2 (non-significant trend at d7; Fig. 2D-F). Exposing OT-1 cells to
increasing amounts of SIINFEKL and measuring cytokine produc-
tion in vitro, showed lower functional avidity in OT-1 cells from
NOH mice, which could not be compensated for with higher
antigen concentrations (data shown for IFN-y; Fig. 2G). Figure 2H
summarizes the immune phenotype of OT-1 cells isolated from
both NOH and wt mice on day 7. The results align with our single-
cell data, supporting the conclusion of an aberrant differentiation
in the context of autoantigen recognition.

Autoreactive OT-1 cells bear the potential of re-expansion upon
systemic reencounter with the autoantigen. As demonstrated
histologically and in the time-course analysis of peripheral blood
(Fig. 1B-D), OT-1 proliferation was curtailed in NOH mice after
booster infection with VSV-OVA (15.6 vs. 48.6%, P < 0.0001, Fig. 2I).
The above described hybrid phenotype of NOH-derived OT-1 cells
was even more striking after re-challenge with VSV-OVA. Skewing
toward effector differentiation of NOH-derived OT-1 cells was
even more pronounced at day 35 (KLRG1™ 453 vs. 14.5%,
P =10.0007; CD62L"~ 88.5 vs. 66.7%, P < 0.0001; CX3CR1" 71.7 vs.
35.2%, P<0.0001; Fig. 2J and Supplementary Fig. S5G, H).
Additionally, more inhibitory receptors were upregulated in OT-1
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cells of NOH vs. wt mice at the late time point (Fig. 2K and
Supplementary Fig. S5I-L). While the capability of IFN-y produc-
tion was maintained in NOH-derived OT-1 cells at day 35 (IFN-y*:
68.8 vs. 85.5%, P<0.0001), fractions of IFN-y"TNF"-double
positive (12.8 vs. 29.9%, P <0.0001) and INF-y"TNFTIL2*"-triple
positive (0.9 vs. 2.4%, P = 0.0004) cells were generally lower at the
late time point (Fig. 2L-N), and the reduced functional avidity in
NOH vs. wt OT-1 cells was still apparent (Fig. 20). Figure 2P
summarizes the immune phenotype of OT-1 cells at day 35.
Comparable results could be observed when a higher LM-OVA
dose (250,000 cfu) was administered as a booster infection
(homologous prime-boost system) instead of VSV-OVA (Supple-
mentary Fig. S6).

In summary, autoantigen exposure resulted in a restricted
systemic immune response in NOH mice: First, a more rapid
decline of peripheral OT-1 cells was induced. Second, it imposed
the development of a stable hybrid OT-1 phenotype in NOH mice,
which was characterized by both T memory features and T
inhibitory traits. Lastly, while higher proportions of effector OT-1
cells differentiated in NOH mice, their capacity to produce
cytokines was notably restricted.

Autoreactive CTLs can induce a renal phenotype

Despite the abrogated activation and differentiation of OT-1 cells,
NOH mice developed significant proteinuria after OT-1 transfer
and infection compared to wt mice, indicating renal pathology
driven by podocyte-specific OVA expression. Neither adoptive OT-
1 transfer nor prime-boost infection with OVA-expressing patho-
gens alone could induce a detectable renal phenotype (Fig. 3A).
Pathological proteinuria in NOH mice was measurable beginning
14-21 days after OT-1 transfer and remained elevated over the
entire observational period (Fig. 3B). Accordingly, serum creatinine
levels were higher in NOH vs. wt mice after 35 days (6.5 [+0.5] vs.
4.2 [£0.7] umol/l; P=0.0166; Fig. 3C). Both findings indicate renal
damage in the context of CTL-driven autoimmunity.

In contrast to limited OT-1 expansion in the periphery,
transferred cells accumulated in the kidneys of NOH mice, where
the autoantigen is expressed. Significantly more OT-1 cells were
detected in kidneys of NOH vs. wt mice, 7 (2.6 [+1.2] x 10* vs. 0.4
[+0.1]x 10% P=0.0492) and 35 days (7.0 [+1.9]x10* vs. 1.2
[+0.2] x 10% P=0.0110) after transfer (Fig. 3D). Although OVA-
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specific immunoglobulin G levels remained lower in NOH vs. wt
mice (Fig. 3E), humoral immune response may additionally
contribute to the observed phenotype.

We performed histopathological analysis of whole kidney
sections to further characterize renal infiltrations. Tissues were
stained for CD8 and the congenic marker CD90.1 to label
transferred OT-1 cells in host kidneys of NOH and wt mice. Seven
days (early time point) after OT-1 transfer and primary LM-OVA
infection, only a few OT-1 cells were randomly scattered
throughout kidneys of wt mice, whereas dense OT-1 infiltrates
with predominantly periglomerular and proximal peritubular
localization could be detected in kidneys of NOH mice (Fig. 3F).
Semi-automated cell type identification and infiltrate detection

SPRINGER NATURE

(Supplementary Fig. S7 and “Materials and Methods” section)
confirmed higher numbers of infiltrating OT-1 cells in kidney
sections of NOH vs. wt mice (435 [+85] vs. 204 [+33] OT-1 cells/
mm?; p= 0.0355) and larger infiltrated cortex areas (13.0 [+2.8] vs.
48 [+£1.1]% of infiltrated cortex area; p=0.0266) (Fig. 3G).
Corresponding to chronic proteinuria, histopathological analysis
on day 35 revealed persistent infiltration (390 [+61] vs. 70 [£12]
OT-1 cells/mm? P=0.0009 and 132 [+2.6] vs. 0.2 [+0.2]% of
infiltrated cortex area; P=0.0010) in kidneys of NOH mice. As
opposed to peripheral OT-1 counts, the number of renal OT-1 cells
declined in wt mice over time (Fig. 3H, I). Complementary
brightfield histology of both time points corroborated these
findings (Supplementary Fig. S8A, B). Additional in-depth

Cellular & Molecular Immunology (2024) 21:1066 - 1081



F. Arnold et al.

Fig. 2 Autoreactive OT-1 cells express more inhibitory markers and produce less cytokines, 7 (A-H) and 35 days (I-P) after adoptive cell
transfer. Representative flow cytometry plots discriminating transferred OT-1 cells from native CD8™ cells (CD90.17) in splenocyte suspensions.
Dot plot (right) shows significantly lower OT-1 cell fractions in NOH (red) compared to wt mice (blue) on day 7 (A) and day 35 ().
Representative flow cytometry plots illustrating KLRG1 and CD127 expression of transferred OT-1 cells. Dot plot and stacked bar plot
depicting higher percentages of KLRG1" CD127~ short-lived effector OT-1 cells, compared to KLRG1~ CD127* memory precursor OT-1 cells in
NOH (red) vs. wt mice (blue) on day 7 (B) and day 35 (J). Representative histograms illustrating PD-1 expression of transferred OT-1 cells. Dot
plot comparing normalized mean fluorescent intensities (MFls) of the PD-1 signal, showing higher PD-1 expression in OT-1 cells from NOH
(red) vs. wt mice (blue) on day 7 (C) and day 35 (K). Flow cytometry plots illustrating interferon-y (IFNy) and tumor necrosis factor (TNF)
production of transferred OT-1 cells after in vitro restimulation with 107> M SIINFEKL peptide; cytokine excretion blocked with brefeldin A. Dot
plots showing lower fractions of IFN\(+ and IFN}(*TNF+ double-positive OT-1 cells in NOH (red) vs. wt mice (blue) on day 7 (D) and day 37 (L).
Flow cytometry plots illustrating tumor necrosis factor (TNF) and IL2 production of transferred IFNy-OT-1 cells after in vitro restimulation. Dot
plots indicating lower fractions of IL2TIFNy"TNF™ triple positive OT-1 cells in NOH (red) vs. wt mice (blue) on day 7 (E) and day 35 (M). Radial
charts comparing cytokine production of OT-1 cells in NOH (red) vs. wt mice (blue). SP single positive, (IFNy™); DP double positive,
(IFNy"TNF™); TP triple positive, (IL2'IFNy*TNF™) on day 7 (F) and day 35 (N). Functional avidity testing demonstrated that higher SIINFEKL
concentrations could not increase the capability of IFNy production in OT-1 cells from NOH mice (red) on day 7 (G) and day 35 (O). Spider
graphs summarizing relative expression of activation markers, inhibitory receptors and cytokine production on day 7 (H) and day 35 (P). Bars
and whiskers of dot plots depict means and respective standard errors of the mean (SEM). P values were calculated using unpaired student’s t
test. All presented datasets are representative of at least three individual experiments with n=5 mice per group. Normalized Median

Fluorescence Intensities (MFls) were calculated by dividing the MFIs of each sample by the mean MFI of the respective wt group

histopathological analysis on day 35 also revealed features of
structural kidney damage in NOH mice (Supplementary
Fig. S8C-E).

As expected, neither an isolated (prime-boost) infection nor an
isolated adoptive OT-1 transfer was sufficient to induce renal CTL
infiltrations (Supplementary Fig. S9A, B). By contrast, comparably
dense OT-1 infiltrations were also observed in the context of a
homologous prime-boost system, applying a higher LM-OVA dose
(250,000 cfu) instead of VSV-OVA as booster infection on day 21
(Supplementary Fig. S10A, B).

To characterize the structure and composition of renal
infiltrates, multiplex immunofluorescence staining was performed,
targeting a total of 16 different immune cell and structural tissue
markers (Fig. 31 and Supplementary Fig. S11). Periglomerular
infiltrates appeared significantly denser (1354 [+118] vs. 237 [+32]
immune cells/mm?, P <0.05; Fig. 3K) and more glomeruli were
affected in NOH vs. wt mice (Fig. 3L). As expected, infiltrates were
composed by several different immune cell entities. Besides CD8"
CTLs (641 [+72] cells/mm?), CD4™ T cells (1561 [+227] cells/mm?),
CD11c™ dendritic cells or tissue macrophages (235 [+47] cells/
mm?), and F4/80" macrophages (1111 [+41] cells/mm?) could be
detected within the periglomerular infiltrates (Fig. 3M).

Collectively, activated autoreactive OT-1 cells could initiate renal
autoimmunity in NOH mice, despite the limited systemic cellular
immune response in presence of autoantigen expression.

Glomerullary shedded antigens are presented in the
periglomerular space

Since OVA-expressing podocytes in NOH mice reside within the
enclosed Bowman’s capsule, they are not directly accessible by
immune cells [29]. Hence, we wondered how OT-1 cells are able to
sense their cognate antigen in NOH mice and why infiltrates
largely surrounded glomeruli and proximal tubules.

To assess cross-presentation of antigens that pass through the
nephron, fluorescent dye tagged OVA was injected intravenously
(i.v.) into wt mice. With a molecular size of ~45 kDa, the conjugate
is filtered through the glomerular slit diaphragm. Immunofluores-
cence imaging of kidney sections 60 min after conjugate injection
depicted bright OVA signals in brush borders and apical poles of
proximal tubular epithelial cells (PTECs; Fig. 4A). To identify PTECs,
anti-EpCam-staining was performed, mainly labeling distal tubular
and collecting duct epithelial cells [30]. Quantification of OVA
signals by multi-color flow cytometry confirmed initial OVA uptake
in proximal, rather than distal tubular or collecting duct epithelial
cells (Fig. 4B). Signal intensity in proximal tubular cells slowly
declined over time, most likely due to further procession and
degradation of the protein. Tubular OVA uptake appeared very
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effective, with almost all filtrated proteins being taken up by
PTECs. To test the efficacy of protein uptake, in vitro antigen
stimulation of OT-1 cells with urine of mice 60 min after OVA or
SIINFEKL injection was performed. Urine from these mice was not
sufficient to induce relevant OT-1 proliferation, compared to urine
from control mice that was spiked with OVA or SIINFEKL (Fig. 4C).

Co-staining the tissue sections with anti-MHCll-antibody
revealed OVA uptake in MHCII™ antigen-presenting cells (APCs)
in the interstitium, indicating transcytosis through PTECs
(Fig. 4D). To confirm uptake and cross-presentation via APCs,
renal immune cells were classified by unsupervised clustering
and cluster identification of flow cytometry data from kidney
single-cell suspensions (Fig. 4E). MHCIItCX3CR1MCD11c™ APCs
were identified to accumulate fluorescence dye tagged OVA.
Moreover, these APCs also cross-presented OVA in the periglo-
merular and proximal peritubular space. This was demonstrated
by flow cytometry staining with the monoclonal antibody 25-
D1.16 that recognizes OVA-derived SIINFEKL bound to the MHC
class | molecule H2-K® (Fig. 4F). We found that OVA and MHCI-
SIINFEKL signals were both enriched in the APC cluster (Fig. 4G).
Temporal analysis showed quick OVA uptake in APCs, with
signals plateauing 30-60 min after injection. Accordingly, anti-
gen uptake, processing, and cross-presentation were time
delayed with signals constantly increasing during the observa-
tional period of 120 min (Fig. 4G).

Consequently, our results promoted a model for intrarenal
antigen cross-presentation: antigens that are either filtered or
shedded within the glomerulus are most likely taken up by PTECs
and from there released into the renal interstitium. Here,
surveilling APCs can capture, process, and render the antigens
accessible to CTLs. Figure 4H illustrates the concepts of this model.

Autoantigen promotes formation of potential Tgy, cells fueling
local autoimmunity

Although systemic T memory formation of autoreactive OT-1 cells
was limited in NOH mice, renal infiltrations persisted and even
increased after booster infection. The previously identified
autoreactive T memory subpopulation in NOH mice (cluster 7)
may have initially fed renal infiltrations. However, these cells were
probably not the only factor promoting sustained renal auto-
immunity. Especially, since splenic autoreactive OT-1 cells
exhibited features of T cell dysfunction (Fig. 1K, L). To explore
the phenotype of kidney-specific T cells and distinguish them
from their circulating counterparts, flow cytometry analyses of
kidney single-cell suspensions were performed. In line with
histological findings, more OT-1 cells were found in single-cell
suspensions of NOH vs. wt kidneys. OT-1 frequencies further

SPRINGER NATURE

1071



F. Arnold et al.

1072

ay ay lay ay
A C day 7 day 35 day 7 day 35
colorimetric 00110
scale 5 0.0166 ° 10 _00%21
| _ _ 10 o z @
0 4 ° o c 10¢
© 2 w2 £ g 10 o
T8 =) £ _ o & = >
2ES3 2E 53 gx <E
38 58 S§8s ) _ooso2 3 35 &
0% 2 07 = 3 5 3 i E10 %
22 22 3 3 g e )
né 1 D d Q§ g o E % <
om  ° e . 5 %
0 T T Of—T—Tf 71T T T T 1T i 0 T T T T T T
NOH _ + | + | - | + 0 7 14 21°28 35 42 49 56 wt NOH wt  NOH wt NOH wt  NOH wt  NOH
OT-1 S+ [+ |+ time [days]
infection + | - | + | +
— 1000 g355
400um 800
anti-CD8a @ El E ©
anti-CD90.1 @ anti-CD0.1 @ £ 600
DAPI @ DAPI @ =z
400
o o S
200
£
O—T—71—
wt NOH
§ 30 oo
?
F o
£ 20+
o
S
2 &
L
® 109 o
z o
£ B
® 0T
wt NOH
I 1000+
400
400um um
" " 800 0.0009
anti-CD8a @ anti-CD8a @ E
anti-CD90.1 & anti-CD90.1 @ £ 600 °
DAPI @ DAPI 8 = (O]
T 400
N
z b
200 o
0
wt NOH
©
2
?
x
o
£
o
S
°
2
g
£
£
ES

100um

BDAPI @CD3t ®CD8a

®CD4

increased after booster infection (19.4 vs. 9.8% of single cells,
P =0.0180; Fig. 5A and Supplementary Fig. S12A).

Unsupervised clustering of flow cytometry data revealed a
specific OT-1 subpopulation in NOH mice, expressing the tissue-
resident Tgy cell markers CD103 and CD69, but also higher levels
of the inhibitory receptors PD-1, lymphocyte activating gene-3
(LAG3) and CD39 (Fig. 5B). The majority of OT-1 cells derived from
NOH mice expressed CD69, while a smaller subpopulation also
expressed CD103 (CD697/CD103™: 13.5 vs. 0.5%, P<0.0001;
Fig. 5C). Additional histological analysis, focusing on CD103 as a
surrogate marker, revealed that these potential Tgy cells resided
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within the periglomerular and peritubular infiltrates in kidneys of
NOH mice (Fig. 5D). Expression of Tgy makers increased over time.
After primary infection, expression of CD69 and CD103 in NOH
mice was lower compared to the later time point (Fig. 5C and
Supplementary Fig. S12B). Hence, CD69 expression is most likely
induced in the context of Ty differentiation or persistent antigen
recognition, and not in the context of early activation. This was
further corroborated by comparable expression patterns of
activation and memory markers in NOH and wt-derived renal
OT-1 cells at both time points (Supplementary Fig. S12C-E, J-L).
Interestingly, potential Try differentiation in the auto-immune
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Fig.3 Autoreactive OT-1 cells induce a renal phenotype. A Dot plot illustrating semi-quantitative proteinuria assessed via colorimetric dipstick
assays after 35 days. NOH mice (red) develop significant proteinuria after OT-1 cell transfer and infection, compared to wt mice (blue) and
NOH mice after either infection (green) or OT-1 transfer (yellow). B Time-course showing persistent proteinuria in NOH mice (red). Dashed line
indicates time point of booster infection. C Dot plot showing higher serum creatinine levels in NOH (red) vs. wt (blue) mice after 35 days.
D Quantitative flow cytometry analysis depicting more OT-1 cells in the kidney of NOH (red) vs. wt mice (blue) after 7 (left) and 35 (right) days.
Total cell numbers were calculated by manually counting lymphocytes of whole organ lysates and multiplying counts with fractions obtained
by flow cytometry analysis. E Dot plot comparing anti-OVA IgG levels in serum of NOH (red) vs. wt (blue) mice. Lower IgG levels were detected
in NOH vs. wt mice after 35 days, indicating a curtailed humoral immune response. F Immunofluorescence of whole kidney sections, labeled
with FITC-anti-CD8a- (green channel) and PE-anti-CD90.1-antibodies (red channel), depicting the OT-1 cell infiltration in wt (left) and NOH
mice (right) after 7 days. G Dot plots showing higher OT-1 cell density/mm? (upper graph) and percentage of infiltrated cortex area (lower
graph) in NOH (red) vs. wt mice (blue) after 7 days. H Immunofluorescence of whole kidney sections, labeled with FITC-anti-CD8a- (green
channel) and PE-anti-CD90.1-antibodies (red channel), depicting the OT-1 cell infiltration in wt (left) and NOH mice (right) after 35 days. I Dot
plots showing higher OT-1 cell density/mm? (upper graph) and percentage of infiltrated cortex area (lower graph) in NOH (red) vs. wt mice
(blue) after 35 days. J 16-plex 4i immunofluorescence of whole kidney sections, labeling immune cell entities and structural markers after
35 days. K Dot plot showing a higher number of immune cells per infiltrated periglomerular area in NOH (red) mice. n depicts the number of
analyzed glomeruli/sample. Comparison of three NOH mice (red) to wt control (blue). L Dot plot illustrating fractions of affected glomeruli/
whole kidney section. M Dot plot illustrating immune-cell composition of periglomerular infiltrates. Bars and whiskers of dot plots depict
means and respective standard errors of the mean (SEM). P values were calculated using unpaired student’s t test or one-way ANOVA with
post-hoc Tukey’s multiple comparisons method if two or more groups were analyzed. All presented datasets are representative of at least

three individual experiments with n 2 3 mice/group

environment appeared to correlate with increasing expression of
inhibitory receptors over time (Supplementary Fig. S12F-I, M-O).
Highest expression levels of PD-1 were found in CD697CD103"
double-positive cells, with gradually lower expression of PD-1 in
CD69" single positive and CD69 CD103~ double negative OT-1
cells in the kidney (normalized MFI 3.9 vs. 3.0 vs. 1.0, global
P =0.0075; Fig. 5E). The inhibitory receptors LAG3 and CD39 were
found to have comparable expression patterns (Supplementary
Fig. S12P, Q). Additionally, PD-L1 expression was significantly
upregulated in PTECs of infiltrated areas (Fig. 5F), which was in line
with prior data showing inducible PD-L1 upregulation in renal
tubular epithelial cells under inflammatory conditions [31].

To further investigate whether site-specific renal immunity and
memory formation are dependent on a systemic immune
response, instead of booster infection, repetitive ovalbumin
injections were administered. As demonstrated previously,
injected ovalbumin is quickly filtrated and presented in the renal
interstitium. Hence, a cohort of mice was injected weekly with
50 ug of ovalbumin beginning on day 7 after primary LM-OVA
infection. NOH mice developed a renal phenotype with infiltra-
tions and significant proteinuria comparable to NOH mice after
prime-boost infection (Fig. 5G, H). After 35 days, a high frequency
of renal OT-1 cells in NOH vs. wt mice also expressed CD69 and
CD103 (66.8 vs. 8.0%, P = 0.0007), suggesting local Tgy, differentia-
tion (Fig. 5l). However, antigen exposure without systemic
infection was not sufficient to maintain peripheral OT-1 popula-
tions, and no transferred cells were detected in peripheral blood
of NOH mice after 5 weeks (Fig. 5J).

In summary, we demonstrated that local autoantigen exposure
induced differentiation of CD69™" and CD103™" autoreactive T cells
in the kidney, which would be in line with adopting a Tgm
phenotype. These T cells were likely maintained locally by
continuous on-site autoantigen cross-presentation, as the sys-
temic immune response meanwhile gradually diminished. An
upregulation of the PD-1/PD-L1 axis indicated additional regula-
tory influences. Consequently, these potential Try cells suppo-
sedly played a pivotal role in mediating and controlling of the
persistent self-reactive immune response.

Human forms of interstitial nephritis are also driven by
potential Tgy cells

Different forms of auto-immune interstitial nephritis in humans are
characterized by infiltrates of various inflammatory cells. Renal
pathology of these entities is mainly driven by cell-mediated,
rather than humoral mechanisms [4, 32]. To investigate if our
study model might serve as a blueprint for human forms of
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interstitial nephritis, we performed histopathological analysis of
renal biopsies of four patients diagnosed with AIN and one patient
diagnosed with ICl-associated nephritis.

Besides interstitial infiltrates, T cell-rich periglomerular infiltra-
tions were detected in all analyzed samples. As expected, T cell
infiltrates were composed of both CD8" CTLs and CD4" T helper
cells, while only single B cells were detectable (Supplementary
Fig. S13). Interestingly, relevant subpopulations of T cells also
expressed the Tgy associated markers CD69 and/or CD103 in both
AIN and ICl-associated nephritis (Fig. 6A, B). According to the
acuity of the disease, frequencies and densities of renal T cell
infiltrations exhibited interindividual variations, but were present
in all cases (Fig. 6C, D). The percentage of affected glomeruli and
the severity of the periglomerular infiltrations were associated
with overall T cell density (Fig. 6E). Of note, the most severe renal
infiltration was found in ICl-associated nephritis, which could be
attributed to the ICl-induced reactivation of multiple inhibited T
cell clones maintaining an immune response against a diverse set
of autoantigens.

Collectively, cellular infiltrates of human auto-immune inter-
stitial nephritis closely resemble those found in the NOH model,
while potential Tgy differentiation, as indicated by CD69 and
CD103 expression, appeared to be a relevant feature of human
auto-immune nephritis as well.

DISCUSSION

Here, we developed and harnessed a murine model of CD8 T cell-
dependent cellular auto-immune nephritis to elucidate the
activation and maintenance of tissue-resident autoreactive CTLs.

Intriguingly, autoreactive CD8 T cells that become activated in
the presence of their cognate antigen during the acute phase of
an infection develop a hybrid phenotype with features of effector
development, memory formation, and dysfunction. This eventually
leads to their demise in the systemic circulation. However, in a
case of split tolerance, local autoantigen cross-presentation in the
kidney maintains potential Tgy cells, where they cause auto-
immune nephritis, closely resembling human forms of interstitial
nephritis.

Neither adoptive transfer of naive OT-1 CTLs nor infection with
OVA-expressing pathogens could directly trigger renal autoimmu-
nity in NOH mice, which implicates robust peripheral and central
tolerance against OVA in NOH mice, respectively [33]. Yet, through
combination of adoptive transfer and prime-boost infection, we
were able to mount a long-lasting immune response against a
tissue-specific antigen [34].
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Fig.4 Uptake and presentation of ovalbumin in the kidney. A Wt kidney section 60 min after AF488-OVA injection and PBS-perfusion through
the renal artery. Representative immunofluorescence showing OVA (green channel) accumulation in proximal tubular cells, identified by low
signal of co-staining with anti-CD326 (EpCam)-antibody (red channel). B FACS analysis of proximal (CD45 EpCam'®") vs. distal
(CD45 EpCam™) renal tubular epithelial cells, 60 (left) and 120 min (right) after AF555-OVA injection, demonstrating the OVA uptake in
proximal tubular segments. Control: CD45 EpCam'" renal cells 60 min after PBS injection. C In vitro stimulation of CFSE-labeled OT-1 cells for
72 h, demonstrating high effectiveness of OVA uptake in proximal tubular cells. Division rates of OT-1 T cells stimulated with urine of wt mice
taken 60 min after i.v. OVA- or SIINFEKL injection were compared to positive controls of OT-1 CD8" T cells stimulated with urine spiked with
OVA protein or SIINFEKL peptide. D Wt kidney section 60 min after AF488-OVA injection (green channel) and PBS-perfusion through the renal
artery; co-staining against MHCII. Representative immunofluorescence demonstrating OVA uptake (green channel; ») in periglomerular
MHCII*-antigen-presenting cells (magenta channel). E Unsupervised clustering of kidney cells (dimensionality reduction with UMAP and
cluster detection with FlowSOM algorithm applied on flow cytometry data), characterizing the renal immune cell compartment (left) and heat
map showing relative marker expression of detected clusters (right). F Representative flow cytometry plots of kidn.ekl cell suspensions 60 min
after AF488-OVA injection, demonstrating OVA uptake and SIINFEKL-cross-presentation via MHCIITCX3CR1"CD11c™ antigen-presenting cells
(central plot). Control: 60 min after PBS injection (right plot). G Superimposition of AF488-OVA (green, left dot plot) and MHCI-SIINFEKL signals
(red, right dot plot) on UMAP, demonstrating processing and cross-presentation of injected OVA in antigen-presenting cells (APCs).
Histograms illustrating AF488-OVA (green, left histogram plot) and MHCI-SIINFEKL (red, right histogram plot) signals in APCs, 30, 60, and
120 min after AF488-OVA injection. Graphs on the right comparing percentages (left graph) and MFls (right graph) of OVA™ (green) and MHCI-
SIINFEKL™ (red) over time. H Schematic, illustrating cross-presentation of podocyte antigens: dying podocytes release antigens/epitopes (e.g.,
OVA) within Bowman’s capsule. They are transcellularly transported in the periglomerular space by proximal tubular epithelial cells.
Endocytosis and antigen presentation by APCs can initiate adaptive immunity within the kidney

OT-1 cells served in our model as surrogates for CD8 T cells that subpopulations exhibited functional impairment, as cytokine
escape negative selection and usually undergo peripheral production (e.g., IFN-y, TNF) was limited in peripheral OT-1 cells
tolerance. In vivo activation was therefore essential for the of NOH mice. Supporting this, higher fractions of
survival of transferred autoreactive OT-1 cells. After an initially KLRG1+CX3CR1"9" OT-1 effectors were detected in NOH com-
pronounced effector response, an accelerated attrition of auto- pared to wt mice. Our data are supported by a recent study which
reactive CTLs could be observed in NOH mice. This may be directly coupled CX3CR1 expression to the differentiation
explained by overstimulation and activation-induced cell death continuum of CTLs and demonstrated that terminally differen-
through strong TCR engagement during acute infection and tiated CTLs lose their ability to efficiently produce IFN-y and TNF
concomitant autoantigen cross-presentation. Additionally, effector [35].
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Fig. 5 Autoreactive OT-1 cells accumulate in NOH-kidneys originating a potential Tgy subpopulation. A Representative flow cytometry plots
identifying transferred OT-1 cells in kidney single-cell suspensions. Dot plot (right) showing a significantly higher percentage of OT-1 cells in
kidneys of NOH (red) compared to wt mice (blue) on day 35. B Unsupervised clustering of kidney cells (dimensionality reduction with UMAP
and cluster detection with FlowSOM algorithm applied on flow cytometry data) depicting a Tgy OT-1 cell subpopulation in kidneys of NOH
mice (purple cluster [2]; >100 cells required per defined cluster). Marker-specific histograms and summarizing heatmap showing expression of
Trm Markers CD103 and CD69, as well as higher levels of inhibitory makers (PD-1, CD39, NKG2A, CD94, LAG3) in cells of the purple cluster (2).
C Representative flow cytometry plots illustrating CD69 and CD103 expression of renal OT-1 cells on day 35 after heterologous prime-boost
infection. Dot plots depicting a higher percentage of CD69™" cells (left) and double positive CD697CD103™ OT-1 Ty cells (right) in kidneys of
NOH (red) vs. wt mice (blue). D Immunofluorescence of kidney section, labeled with APC-anti-CD103- (blue channel) and PE-anti-CD90.1-
antibodies (red channel), depicting OT-1 Tgy cells in periglomerular infiltrates of NOH mice. E Representative histograms illustrating PD-1
expression of double positive (CD697CD103™), single positive (CD697CD1037) and double negative (CD69~CD1037) renal OT-1 cells in NOH
mice on day 35. Dot plot comparing normalized mean fluorescent intensities (MFls) of the PD-1 signal, showing higher PD-1 expression in
double positive (CD697CD103™) vs single positive (CD697CD103~) and double negative (CD69~CD103") renal OT-1 cells. F Representative
immunofluorescence of wt (upper picture) and NOH (lower picture) kidney sections, showing elevated PD-L1 expression (green channel) in
proximal tubular epithelial cells of infiltrated areas. Co-staining for transferred OT-1 cells (red channel) and renal APCs (magenta channel).
G Immunofluorescence of kidney sections, labeled with FITC-anti-CD8x- (green channel) and PE-anti-CD90.1-antibodies (red channel),
demonstrating that renal OT-1 infiltration can be detected in NOH mice on day 35 after primary infection, followed by weekly OVA injections
(right). No infiltrates were detected in wt mice after infection and weekly OVA injections (upper left) and NOH mice after primary infection
alone (lower left). H Time-course showing persistent proteinuria in NOH mice (red) after primary infection, followed by weekly OVA injections.
| Representative flow cytometry plots illustrating CD69 and CD103 expression of renal OT-1 cells on day 35 after primary infection and weekly
OVA injections. Dot plots depicting a higher percentage of double positive CD691CD103" OT-1 Tgy, cells (right) in kidneys of NOH (red) vs. wt
mice (blue). J Summary analysis (n = 3/group) showing a decline of transferred OT-1 cells in peripheral blood of NOH (red) vs. wt (blue) mice
after primary infection and weekly OVA injections. Bars and whiskers of dot plots depict means and respective standard errors of the mean
(SEM). P values were calculated using unpaired student’s t test or one-way ANOVA with post-hoc Tukey’s multiple comparisons method if two
or more groups were analyzed. All presented datasets are representative of at least three individual experiments with n>3 mice/
group. Normalized MFIs were calculated by dividing the MFIs of each sample by the mean MFI of the respective wt group
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Fig. 6 Potential Ty differentiation can be detected in human forms of interstitial nephritis, with periglomerular infiltrates closely resembling
those in the NOH model. A Representative immunohistochemistry from sequential kidney sections from a human patient diagnosed with
acute interstitial nephritis (AIN), showing periglomerular T cell (CD3™) infiltrates (left), as well as CD69 positive (central) and CD103 positive
cells (right) within the infiltrate. B Representative immunohistochemistry from sequential kidney sections of a human patient diagnosed with
immune-checkpoint inhibitor (ICl)-associated nephritis, showing periglomerular T cell (CD3™) infiltrates (left), as well as CD69 positive (central)
and CD103 positive cells (right) within the infiltrate. C Dot plot illustrating T cell percentages of all renal cells/slide in a series of four cases with
AIN and one case ICl-associated nephrites. D Dot plot illustrating the number of T cells/mm? in a series of four cases with AIN and one case ICI-
associated nephrites. E Bar graph illustrating percentages of glomeruli, affected by periglomerular T cell infiltration. Colors depict the severity
of periglomerular infiltrates in three categories. Panel on the right shows examples of the visual grading. Numbers in bars indicate fractions of
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Corroborating our differential flow cytometry data, transcrip-
tomic analysis revealed a hybrid T memory phenotype in OT-1
cells from NOH mice, which implies that tolerance and effector
differentiation can occur within the same cell concurrently. The
ultimate outcome of such a competition is most likely decided by
the strength of the individual signals as shown before [36-38]. The
hybrid phenotype was characterized by higher expression of “T
cell exhaustion” patterns and other markers associated with T cell
dysfunction (e.g., Pdcd1, Ctla4, Lag3, Cd200, Ikzf2 [Helios], and Tox).
Tox, for example, orchestrates early transcriptional and epigenetic
programs driving fate commitment toward T cell exhaustion [39].
An aberrant T memory fate can compromise maintenance of a
long-term auto-immune response. Limited memory formation was
further corroborated by lower fractions of peripheral
CD127CX3CR1"™ memory (precursor) CTLs and higher expres-
sion of inhibitory receptors (e.g., PD-1, Tim3) in NOH-derived OT-
1 cells. Interestingly, the divergent T cell phenotype in NOH mice
could already be detected during the acute phase of infection (day
7) with a stable phenotype over time. This higher expression of
inhibitory receptors in combination with downregulation of the
TCR in OT-1 cells from NOH mice might also explain the observed
regression of functional avidity, which is in contrast to functional
avidity maturation of canonical CD8 memory T cells [40, 41].
Hence, we postulate that the memory formation of autoreactive
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CTLs is controlled by a distinct differentiation program that diverts
canonical T effector and T memory cell differentiation by partly
adopting genetic programs also acting during CD8 T cell
exhaustion. In line with our data, “exhaustion-like” programs have
previously been linked to autoreactive CTLs (e.g., in models of
diabetes mellitus and lupus nephritis) [42, 43].

Taken together, an accelerated T effector differentiation and
impaired T memory cell formation can control immunity and may
be crucial in mitigating a potentially overwhelming self-targeted
immune response. Harnessing mechanisms that tip the balance in
favor of a tolerogenic immune response could therefore be of
great potential in treating immune-mediated diseases.

While peripheral OT-1 counts rapidly declined in NOH mice,
significant proteinuria persisted and a robust accumulation of
autoreactive cells in kidneys of NOH mice, forming dense
periglomerular and peritubular infiltrates, could be detected.
Interestingly, infiltrates were not just composed of transferred
autoreactive CTLs, but consisted of different immune cell types
(e.g., significant amounts of CD4" T helper cells, F4/80%
monocytes/macrophages, and CD11ct dendritic cells) required
for a complex local immune response. To recruit autoreactive CTLs,
as well as establish and maintain these intrarenal infiltrates, local
cross-presentation of autoantigen is mandatory, as demonstrated
by their absence in wt mice. We were able to show that antigens
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located within Bowman’s capsule (either filtered or shed from
glomerular cells), can be effectively internalized by PTECs and
eventually transported to antigen-presenting cells (APCs, e.g., F4/
80" monocytes/macrophages or CD11c™ dendritic cells) located in
the periglomerular space. Here, soluble antigen could be taken up
via mannose receptor-mediated endocytosis and cross-presented
by APCs to initiate or maintain a CTL response [44, 45]. Recent
studies could also demonstrate that PTECs can act as non-
professional APCs, after internalizing soluble antigen [45]. This may
be an additional mechanism contributing to intrarenal antigen
cross-presentation and tubulitis. The relevance of CTLs in immune-
mediated renal disease is further emphasized by their presence
and correlation with disease activity in forms of human auto-
immune nephritis (e.g., lupus nephritis) [46]. While it is conceivable
that autoantibodies could also contribute to the pathology in our
model, the low levels of OVA-specific immunoglobulins suggest
that the humoral immune response has, at most, a modifying
effect.

We further characterized renal infiltrations and successfully
identified distinct subpopulations of renal CTLs expressing
canonical tissue residency markers like CD69 and CD103. Tgw
cells can act as vigilant immune sentinels in the tissue and play a
crucial role in localized immune responses by providing inflam-
matory cytokines and cellular cytotoxicity. Thus, Tgy cells can
actively contribute to local pathology [47]. Importantly, Tgy cells
have the ability to self-renew, forming a specialized tissue-specific
T memory population. Recent studies have suggested a role for
autoreactive Tgy cells in the context of various auto-immune
diseases by contributing to long-lasting tissue damage. In mouse
models of lupus, for example, kidney-specific Try cells were
identified, and their prevalence was found to positively correlate
with disease activity [48, 49].

While detailed functions of Tgy cells in the context of auto-
immune nephritis are still elusive, our data strongly indicate that
self-renewing Tgy cells might promote persistent local autoimmu-
nity. We could detect potential Tgy cells as early as day 7 in our
nephritis model and differentiation of CD69% and/or CD103™
positive cells was dependent on local autoantigen dose, as higher
fractions differentiated in kidneys of NOH mice that were
administered weekly ovalbumin injections instead of a booster
infection. Notably, no significant numbers of circulating OT-1 cells
were left in these mice after 35 days. Hence, autonomous renal
Trm cell populations might be the key drivers of a self-targeted
local immune response, without requiring continuous replenish-
ment from the periphery. However, it remains uncertain whether
potential Tgy cells differentiate locally from infiltrating CTLs or if
distinct circulating precursor cells, poised for Tgy differentiation,
populate the kidneys during the initial phases of inflammation
[50]. Trm differentiation has been associated with higher expres-
sion of, e.g., Znf683, Itgae, Cd69, Xcl1, Ahr, Nrdal, Runx3, Egr2,
Prdm1, and P2rx7 as well as reduced expression of KIf2 and S1pri1
[51-56]. Of note, we found circulating OT-1 cells at day 7 (cluster 7)
from NOH mice that showed higher expression of Itgae, Cd69, Xcl1,
Ahr, Nr4al, Egr2, and P2rx7, while KIif2 and Sipr1 were
concomitantly downregulated. Thus, a circulating subpopulation
of Tgm precursors might have its origin within cluster 7. These data
promote further studies addressing the origin and replenishment
of kidney-specific Try cells.

Furthermore, T cells residing in the kidneys of NOH mice, like
their potential peripheral precursor population, exhibited a
moderate upregulation of inhibitory receptors such as PD-1,
Tim-3, LAG3, and CD39, with the highest levels observed in
CD69"CD103" double-positive cells. Contribution of inhibitory
signaling to regulating and fine-tuning of the renal immune
response was further corroborated by enhanced PD-L1 expression
in PTECs and other cell types within the infiltrated areas.
Heightened signaling through inhibitory receptors might also
lower the functional avidity of OT-1 T cells, which may serve as
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negative feedback to limit tissue damage. The occurrence of
primary cell-mediated auto-immune nephritis in patients treated
with checkpoint inhibitors (e.g., anti-PD-1 or anti-CTLA-4 mono-
clonal antibodies) further strengthens the hypothesis that
inhibitory signals are necessary to control self-reactive tissue-
resident T cells. Inhibitory molecules have also been found on
murine and human Tgy cells from various locations and
additionally support the concept of a self-regulating immune
response within the tissue niche [57-60].

A translational aspect of our model is strongly supported by the
identification of comparable CD69" and CD103™ T cell subpopu-
lations in kidney samples from patients with various types of auto-
immune nephritis, including AIN or ICl-related nephritis. In human
kidneys, the infiltrations closely resembled those observed in NOH
mice in terms of immune cell density and localization. Thus, our
data contribute to the expanding body of evidence suggesting
that Try cells likely play a pivotal role not just in the context of
host defense but also in promoting autoimmunity. Inhibition of
autoreactive T cells within the tissue niche could therefore be a
viable therapeutic approach for treating auto-immune nephritis.
Based on our data, augmentation of inhibitory signaling (e.g., Fc-
fused PD-L1), in Tgyw cells might be a suitable therapeutic strategy
in already established disease [61, 62]. As a limitation of our study,
it should be acknowledged that the NOH model only partially
replicates (acute) interstitial nephritis. Although OVA expression
on podocytes suggests the possibility of additional intraglomer-
ular antigen recognition, our findings demonstrate effective OVA
transport through PTECs eliciting the local immune response in
the tubulointerstitium.

In summary, our study yields profound insights into the
dynamics of cell-driven renal autoimmunity. We have demon-
strated that autoreactive CTLs can attain activation, temporarily
bypassing peripheral self-tolerance when exposed to pathogens
expressing their cognate antigens. Furthermore, we have high-
lighted the process by which antigen passing through Bowman'’s
capsule reaches the periglomerular space, where it is cross-
presented and eventually activates autoreactive CTLs. While the
systemic immune response fades rapidly in the autoreactive
context, a robust renal response persists through local autoanti-
gen cross-presentation. Within the kidneys, we were able to
identify a specialized subset of autoreactive CD697CD103™ T cells
that bears canonical hallmarks of Tgy cells and likely plays a
pivotal role in sustaining long-lasting local autoimmunity. Lastly,
we also detected potential Ty cell subsets in kidney sections from
patients with auto-immune nephritis, suggesting the potential of
our model to develop innovative therapeutic approaches to treat
cell-driven autoimmunity. Taken together, our findings signifi-
cantly complement current knowledge about function and
regulation of self-targeted cellular immunity and pathogenesis
of auto-immune nephritis. Eventually, they might help to identify
potential therapeutic targets for the treatment of CTL-driven auto-
immune nephritis.

MATERIALS AND METHODS

Study design

In this study, we developed a murine model of cellular auto-immune
nephritis to investigate the differentiation and functions of self-targeted
CD8™ T cells systemically and locally. To establish renal autoimmunity, we
used NOH (nephrin, ovalbumin, HEL) mice, expressing the neo-autoantigen
ovalbumin on the surface of podocytes (Supplementary Fig. STA, B) [14].
Autoreactive CD90.1*0T-1 cells (referred to as OT-1 cells) with high avidity
for MHC class | restricted ovalbumin were adoptively transferred into wt
and NOH hosts. Transferred OT-1 cells could be traced via anti-
CD90.1 staining in hosts on C57BL/6 (CD90.2) background. In vivo,
activation of OT-1 cells was accomplished via primary infection on day 1
after adoptive transfer using recombinant Listeria monocytogenes that
express the neo-antigen ovalbumin (LM-OVA) [17, 63]. To maintain high
levels of autoreactive OT-1 cells, secondary heterologous booster infection
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with recombinant vesicular stomatitis virus, encoding ovalbumin (VSV-
OVA) was performed on day 21 [18]. Both pathogens induce a predictable
and well-characterized cytotoxic immune response and robust CD8" T
memory differentiation [64, 65]. Weekly blood and urine analyses were
performed to track CD8 T cell responses and kidney damage. Mice were
euthanized for final analysis on day 7 and days 35-57 (Fig. 1A). To unravel
renal antigen presentation wt mice were iv. injected with labeled
ovalbumin and euthanized for histopathological and FACS analysis, 30,
60, and 120 min after injection. Experimental groups consisted of 3-5 mice
and each experiment was replicated at least three times.

Mice

All mice were maintained in specific-pathogen-free facilities at the Institute
of Microbiology and Hygiene, Medical Center — University of Freiburg,
Germany. Mice were provided a standardized environment with filtered air,
controlled temperature, and humidity, a 12-h light-dark cycle, and
unlimited access to water and standardized food. C57BL/6 mice were
purchased from Janvier Laboratories (LeGenest St-Isle, France) and are
referred to as wt mice throughout the manuscript. NOH transgenic (C57BL/
6-Tg(NOH)) founder mice were kindly provided by the Kurts lab (Institute
of Molecular Medicine & Experimental Immunology, University of Bonn,
Germany) and bred locally [14]. OT-1 transgenic (C57BL/6-Tg(TcraTcrb)
1100™P) mice were maintained locally on a Thy1.1 congenic (B6.PL-Thy1%/
CyJ) background to obtain CD90.1" OT-1 lymphocytes for transfer [15]. For
all transfer experiments, donor and recipient mice were sex-matched. All
experimental cohorts were sex and age matched and all mice were
between 6 and 16 weeks of age at the start of the experiments. All animal
experiments were approved and conducted according to Institutional and
National Guidelines (Approval Number G21/021, Regional Council Freiburg
i. Br., Germany).

Adoptive CD8" T cell transfer

Donor CD90.1" OT-1 cells were isolated from the spleens and lymph nodes
of euthanized mice. Single-cell suspensions were generated by mechanical
disruption under sterile conditions. After red cell lysis, frequencies of
CD8a*CD90.1"TCRVa1"TCR-VB5.1"  lymphocytes (OT-1 cells) were
obtained via flow cytometry and multiplied with the manual count of
living lymphocytes. The concentration of single-cell suspensions was
adjusted to 107 OT-1 cells/ml and each host mouse was i.v. injected with
200 pl (2% 10° OT-1 cells) of single-cell suspension. For each experiment,
OT-1 cells of 2-3 pooled donor mice were transferred in cohorts of 10 mice
(5 NOH and 5 wt mice). For the in vivo CFSE assay, cells were labeled prior
to transfer, using a CFSE Cell Division Tracker Kit (BioLegend) according to
the manufacturer’s protocol.

Infection and ovalbumin injection
Recombinant LM-OVA was acquired from log phase of growth in BHI
medium. Each mouse was i.v. infected with 5000 cfu LM-OVA 24 h after OT-
1 transfer. The final suspensions were plated out to post-hoc check the
concentration used for infection. For booster infection, each mouse was i.v.
injected with 2 x 106 pfu VSV-OVA on day 21. VSV-OVA stocks were kindly
provided by the Pinschewer Lab (Department of Biomedicine, University of
Basel, Switzerland).

For the renal cross-presentation experiments, mice were i.v. injected
with 50 ug of fluorophore-labeled ovalbumin (Alexa Fluor 488-OVA or
Alexa Fluor 555-OVA) 30, 60, or 120 min prior to sacrifice.

Cell isolation from tissues

Lymphocytes from spleens and lymph nodes were isolated via mechanical
disruption by passing the tissue through a 70 um cell strainer, followed by
red cell lysis and resuspension in phosphate-buffered saline (PBS). Cell
concentrations were adjusted according to manual counts of living
lymphocytes. For the preparation of single-cell suspensions from the
kidneys, organs were minced, pre-digested with collagenase (at 37 °C for
60 min), mechanically disrupted, and finally filtered through a 70 pm cell
strainer. Lymphocytes were isolated using density gradient centrifugation
by resuspending the cell pellets in 5 ml of 40% Percoll in RPMI layered onto
5ml of 80% Percoll in PRPMI and centrifugation for 20 min at 400 x g.
Concentrated leukocytes and remaining tissue epithelial cells were
collected from the interphase, washed, resuspended in PBS, and adjusted
to final concentrations according to manual counts of living lymphocytes
[54]. Peripheral blood was analyzed after red cell lysis.
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Flow cytometry

Single-cell suspensions of tissues were labeled for 30-60 min on ice, using
the antibodies listed in Supplementary Table S1. In vitro, restimulation was
performed by incubating 5x10°% cells in 200ul RPMI medium with
different concentrations of SIINFEKL peptide (2x 107"*-2x1075M) and
20 pg/ml brefeldin A over 4 h at 37 °C. After washing and surface staining,
cells were fixated using BD Cytofix fixation buffer (Ref. 554655, BD
Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s
specifications. Staining for intracellularly accumulated cytokines was
performed in permeabilization buffer (0.5% saponin in PBS) using the
antibodies listed in Supplementary Table S2. Samples were acquired on an
LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Flow
cytometry data were analyzed using FlowJo V10.8 software (TreeStar,
Ashland, OR, USA). Dimensionality reduction of flow cytometry data was
performed after downsampling and concatenation, using UMAP as
implemented in the UMAP plugin (Version 3.3.4) [66]. Semi-unsupervised
cluster identification was achieved by generating self-organizing maps
(SOM) applying the R-based plugin FlowSOM (Version 3.0.18) [67].

Histological analysis of mouse and human samples

For immunofluorescence, spleen, lymph node, and kidney sections were
fixated in 4% formaldehyde solution (2h on ice), dehydrated in 30%
sucrose solution (>12h), embedded (Tissue-Tek O.C.T. Compound), and
snap frozen in liquid nitrogen. Cryosections of 6 pm thickness were
blocked for 30 min with 5% bovine serum albumin containing Fc-block
(1:200) followed by incubation with mixtures of directly fluorophore-
labeled antibodies and DAPI for 60 min. Used antibodies are listed in
Supplementary Table S2. After mounting and sealing, epifluorescence
images were acquired with an Axioplan 2 Fluorescence Microscope
equipped using a 20-fold and 40-fold objective. Confocal laser scanning
microscopy was performed with an LSM880 Confocal Microscope (both
Zeiss, Oberkochen, Germany).

For classical histology, 2 um sections of murine formalin fixed paraffin
embedded (FFPE) kidney tissue were stained with the periodic acid Schiff
method (0.5% periodic acid solution, followed by Schiff's reagent,
counterstained with hematoxylin). Slides were scanned using a slide
scanner (VENTANA DP 200, Roche Diagnostics, Basel, Switzerland).

Iterative indirect immunofluorescence imaging (4i) on FFPE tissue
sections of murine kidneys was performed as recently described [68].
Primary antibodies used for labelling are listed in Supplementary Table S3.
Images were acquired using an inverted Zeiss Axio Observer microscope
equipped with a scanning stage and 20-fold objective (Zeiss, Oberkochen,
Germany).

For immunohistochemistry analysis of human kidney biopsy samples,
2um FFPE sections were stained using the antibodies listed in
Supplementary Table S4. Automated staining was performed with Agilent
antibodies using the Autostainer Link 48 (Agilent Dako, Santa Clara, CA,
USA) according to the manufacturer’s protocol. Additional manual staining
procedures, including heat-induced antigen retrieval (citrate pH6) for
CD103 and DAB staining, were performed as recently described [68]. Slides
were scanned using a slide scanner (VENTANA DP 200). To reduce
variations between the different stainings, automated color deconvolution
and normalization were performed on the RGB images using Image)
(Version 1.53s) [69]. The local Ethics Committee of the Medical Center,
University of Freiburg approved the use of human cancer nephrectomy
(control) and kidney biopsy (AIN) samples (EK 21/1288 and EK 512/18).
Informed consent was obtained from all individual participants included in
the study. The study is in conformity with the Helsinki and Istanbul
declarations and their amendments.

Semi-automated cell quantification in kidney sections

Cell type detection and quantification of whole kidney immunofluores-
cence sections and 4i-stainings were performed using QuPath (Version
0.3.2) [70].

Single-cell RNA-sequencing analysis

Single-cell suspensions of spleen and lymph nodes of two wt and two NOH
mice at day 7 after infection were pre-enriched for CD8" cells applying
negative selection immunomagnetic cell separation using the Dynabeads™
Untouched™ Mouse CD8 Cells Kit (Invitrogen, Waltham, MA, USA) as per
manufacturer’s protocol, except for the addition of CD90.2 antibody (1:100)
to the stock antibody mix to increase selection purity.
CD8a"CD90.1"DAPI~ OT-1 cells were isolated from the pre-enriched cell
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suspensions by flow cytometry-assisted cell sorting using an FACSAria Il
(BD Biosciences, Franklin Lakes, NJ) cytometer. Sorted OT-1 cells of each
sample were labeled with different oligonucleotide-tagged TotalSeq anti-
CD45/anti-MHCI hashing antibodies as listed in Supplementary Table S5.
Hashed cells were multiplexed and loaded on a GemCode Single-Cell
Instrument (10x Genomics, Pleasanton, CA, USA) to generate single-cell gel
beads in emulsion. Gene expression and feature barcode libraries were
generated as described in the user’s guide for 10x Chromium Single Cell
Reagent Kits with feature barcoding technology for cell surface protein.
The library pool was commercially sequenced on an lllumina NovaSeq6000
platform (PE150 bp) at Novogene Europe (Cambridge, UK). Demultiplexed
FASTQ files were generated from raw sequencing data. Cell Ranger
(Version 6.0.0, 10x Genomics) software was used to perform alignment
against the murine reference genome and gene annotation (Cell Ranger
reference package mm10-2020-A based on GRCm38/mm10 and Genocode
Release vM23), barcode processing, and gene counting. Downstream
bioinformatics analysis was performed using the R package Seurat (Version
4.3.0) [71]. Samples were demultiplexed based on the enrichment of
hashtag oligos (HTOs) applying the HTODemux function integrated in
Seurat. The demuxed feature/barcode matrices were filtered for cells
with a feature counts >1500 and a percentage of mitochondrial genes
<5%. Mitochondrial, ribosomal, and unknown features were excluded
from further analysis. The filtered matrix was log-normalized for the
library size of each cell. Gene expression levels of the 2000 most highly
variable features were scaled and dimensionality reduction was
performed on these genes using principal component analysis. Clusters
were identified via the graph-based clustering approach implemented in
the FindNeighbors and FindClusters functions of Seurat (dimensionality
of the dataset was estimated to be 30, resolution parameter was set to
0.8). A two-dimensional embedding of cells from significant principal
components was generated using UMAP. Gene ontology (GO) term
enrichment analyses were performed using gene sets derived from the
mouse GO biological process (BP) ontology database. Additional GSEA
was performed using the MSigDB “exhausted vs. memory CD8 T cell”
datasets (accession number GSE9650) [72]. For enrichment analysis and
visualization, the clusterProfiler and enrichplot packages were used [73].
Pseudotemporal ordering for the construction of single-cell trajectories
was done with monocle3 [74-76].

Statistical analysis of flow cytometry and histological data
Statistical analysis was performed using Prism Version 9.3.1 (GraphPad
Software, Boston, MA, USA). Data were compared applying unpaired
Student’s t tests or one-way analysis of variance (ANOVA) with post-hoc
Tukey's multiple comparison, if more than two groups were compared.
Parametric tests were performed under the assumption of normally
distributed data, which was not formally tested. All data points are
individually shown in the graphs with corresponding mean and standard
error of the mean (SEM) depicted by horizontal bars and whiskers. Exact P
values are reported in the figures. Two-tailed P values<0.05 were
considered statistically significant.

DATA AVAILABILITY

All data are available in the main text or the Supplementary Materials. Single-cell
RNA-seq data generated in this manuscript are available from the Gene Expression
Omnibus (GEO) under Accession Number GSE249212. The following publicly
available datasets were used for analysis: mouse genome for alignment of
sequencing data: pre-built Cell Ranger mouse reference 2020-A (July 7, 2020);
effector vs. memory CD8 T cell gene sets available under the GEO accession number
GSE9650. Curated gene sets for circulating vs. resident and activated vs. exhausted T
cells as published by Crowl et al. [54].
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Standard R packages were used for data analysis and generation of figures as
describes in the “Materials and Methods” section. Specific computer codes are
available upon reasonable request from the corresponding author.
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