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Acute kidney injury (AKI) and chronic kidney diseases are associated with high mortality and
morbidity. Although the underlying mechanisms determining the transition from acute to chronic
injury are not completely understood, immune-mediated processes are critical in renal injury. We
have performed a comparison of 2 mouse models leading to either kidney regeneration or fibrosis.
Using global gene expression profiling we could identify immune-related pathways accounting
for the majority of the observed transcriptional changes during fibrosis. Unbiased examination

of the immune cell composition, using single-cell RNA sequencing, revealed major changes

in tissue-resident macrophages and T cells. Following injury, there was a marked increase in
tissue-resident IL-33R* and IL-2Ra* regulatory T cells (Tregs). Expansion of this population before
injury protected the kidney from injury and fibrosis. Transcriptional profiling of Tregs showed a
differential upregulation of regenerative and proangiogenic pathways during regeneration, whereas
in the fibrotic environment they expressed markers of hyperactivation and fibrosis. Our data
point to a hitherto underappreciated plasticity in Treg function within the same tissue, dictated by
environmental cues. Overall, we provide a detailed cellular and molecular characterization of the
immunological changes during kidney injury, regeneration, and fibrosis.

Introduction
Acute kidney injury (AKI) is clinically characterized by an abrupt loss of renal function, usually
occurring in the first 7 days after an initial insult (1). Hospitalized patients, especially those in the
intensive care unit, are at a high risk of developing AKI. Despite advances in medical care, AKI
patients continue to exhibit high morbidity and mortality (2). Furthermore, several comprehensive
metastudies have confirmed that patients suffering from AKI have significantly higher risk of progres-
sion to chronic kidney diseases (CKDs) and end-stage renal diseases (3, 4). One of the main causes of
AKI is renal ischemia/reperfusion injury (IRI), which can result from a variety of conditions, includ-
ing major surgery, sepsis, trauma, dehydration and toxic drug damage (5). Reduced renal blood flow
ultimately leads to acute cellular injury, particularly the renal proximal tubular epithelial cells. Tubular
cell death and associated damage to the endothelium initiates an inflammatory response through the
release of cytokines and chemokines followed by recruitment of leukocytes. In addition, disruption
of peritubular capillary endothelial cells and loss of interaction with pericytes largely contributes to
the propagation of the pathology (6, 7). Depending on the severity and duration of the ischemic inju-
ry, surviving tubular epithelial cells begin an adaptive repair process that can result in full recovery
of renal function. However, for reasons that remain largely unclear, incomplete repair and persistent
damage result in tubular cell loss, vascular rarefaction, chronic inflammation, fibroblast proliferation,
and fibrosis (8, 9). Such maladaptive fibrosis is a common feature of many kidney diseases, driving
progressive deterioration of renal function and culminating in end-stage renal failure.

A number of the advances in our understanding of the mechanisms of fibrosis have been achieved through
the use of mouse models of IRI. These include the critical role of tubular epithelial cell cycle arrest and fibro-
blast activation as early triggers of fibrosis (8—10). However, the cellular and molecular mechanisms
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that determine whether an injury proceeds to repair or fibrotic disease remain elusive. Increasing experimen-
tal evidence suggests that inflammatory processes play both beneficial and deleterious roles in the initiation,
maintenance, and resolution phases following renal injury. Several tissue-resident and -infiltrating cells, from
both innate and adaptive immune compartments, have been implicated as important determinants of disease
outcomes (11-13). Thus, it is important to understand the immune cell composition of injured kidneys, which
factors and cell types are involved in the late phase after ischemia, and how they contribute to fibrosis.

Here, we have performed extensive transcriptional characterization of 2 distinct yet functionally related
mouse models of AKI leading to either full regeneration or resulting in chronic disease and fibrosis. Tem-
poral gene expression patterns identified inflammation-associated pathways as the predominant feature dis-
tinguishing fibrosis development. Further unbiased cell-specific characterization of isolated kidney immune
cells, using single-cell RNA sequencing (scRNA-Seq), resulted in a detailed profile of the kidney immune
cell composition during acute injury, repair and fibrotic phases. Surprisingly, we observed marked and unex-
pectedly diverging roles for kidney-resident regulatory T cells (Tregs) in repair and fibrosis following injury.
Although Tregs isolated from regenerating kidneys expressed proangiogenesis- and tissue repair—associated
genes, Tregs in fibrotic kidneys expressed proinflammatory- and apoptosis-related transcripts. The functional
capacity of Tregs to confer protection in acute injury was experimentally demonstrated through in vivo Treg
expansion by IL-2 and IL-33. Altogether, we have defined the immunological landscape spanning acute inju-
ry, regeneration, and fibrosis, delineated hitherto unappreciated plasticity and functional relevance of Tregs,
and provide molecular targets for the prevention and treatment of kidney fibrosis.

Results
Two murine models of AKI to study kidney regeneration or fibrosis development after IRI. In order to study the mech-
anisms that lead to the progression from acute to chronic renal injury, we investigated 2 established murine
models of IRI. Warm IRI is a widely used model of AKI in mice, which results in differential outcomes
depending upon other experimental variables (14, 15). To study kidney regeneration, we adopted the estab-
lished unilateral IRI with immediate contralateral nephrectomy (9, 14). Alternatively, to study kidney fibro-
sis, we also used the unilateral IRI without contralateral nephrectomy. Because the primary goal of our study
was to investigate regeneration versus fibrosis development induced by the same ischemic injury, which by
definition is a temporal process, we performed pilot studies to determine the appropriate conditions of renal
ischemia that generated high reproducibly of outcome without compromising long-term survival. Mice were
subjected to 25, 30, or 45 minutes of unilateral ischemia by renal vessel clamping, followed by reperfusion.
The best survival rate (>90%) in the unilateral IRT with immediate contralateral nephrectomy was observed
in female mice following 30 minutes of ischemia. However, as previously reported (16), the same ischemic
time and model lead to survival of only 50% in male mice (Supplemental Figure 1A; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.130651DS1). We therefore adopted 30
minutes of unilateral IRI with immediate contralateral nephrectomy in C57BL/6 female mice as a model to
study kidney repair and regeneration after injury, hereafter named the “regeneration model” (Supplemental
Figure 1B). To study fibrosis development, males and females were subjected to 30 minutes of unilateral
renal pedicle clamping, without contralateral kidney nephrectomy. However, only males developed marked
fibrosis (data not shown). Survival was over 95% in both cases, presumably due to compensation from the
normal contralateral kidney (17). Therefore, we adopted 30 minutes of ischemia without contralateral kid-
ney nephrectomy in C57BL/6 male mice as a model to study kidney fibrosis after IRI injury, hereafter
referred to as the “fibrosis model.” We used appropriate age- and sex-matched naive and sham-operated
mice as controls to remove gender bias (Supplemental Figure 2, E and F). To characterize the different
phases following kidney injury, regeneration, and fibrosis development, we performed a time-course study,
starting from day 3 up to day 42 in both models. We evaluated kidney function and histopathology and per-
formed a comprehensive bulk RNA-Seq of whole kidneys, from injured or sex-matched controls. We also
measured serum creatinine (S-cre) levels as the standard method to evaluate the decay of kidney function
(18). In the regeneration model, S-cre was transiently elevated during the first 7 days after injury and then
returned to normal levels. In the fibrosis model, S-cre levels stayed constantly low, throughout all time points
analyzed (Supplemental Figure 1C), an expected observation due to the contralateral kidney compensation.
Histological examination of kidney sections revealed that 30 minutes of ischemia induced early renal
damage in both models. The damage was most pronounced in the corticomedullary junction, evidenced by
disruption of tubular architecture, presence of tubular casts, and marked tubular necrosis, which were not
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seen in control mice (Supplemental Figure 1D). Importantly, and in agreement with previous reports (14,
15), in the regeneration model, renal damage and alterations in kidney structure returned to basal levels
by day 14 and normal kidney architecture was seen on days 28 and 42 after injury (Supplemental Figure
1D). On the other hand, in the fibrosis model, the damage persisted throughout all time points analyzed.
Persistent damage and apoptotic cell death in the kidney are some of the factors that can lead to the devel-
opment of tissue interstitial fibrosis (19). Indeed, in the fibrosis model, we observed increased collagen
deposition in the inner and outer medullary regions compared with sham controls (Supplemental Figure 1,
E and F). We confirmed these findings by morphometric quantification (Supplemental Figure 1G). Nota-
bly, we did not observe any increase in collagen deposition in the regeneration model, for all time points
analyzed, compared to sham and naive controls (data not shown). We further confirmed fibrosis evolution
by o—smooth muscle actin (a-SMA) immunostaining (Supplemental Figure 1H). Morphometric quantifi-
cation revealed a significant increase in positive staining, at all time points analyzed in the fibrosis model,
compared with sham controls. In contrast, in the regeneration model, only a transient increase in a-SMA
staining was seen, which returned to basal levels after day 14 (Figure 1, A and B). When interpreting these
data is important to be aware that both gender and nephrectomy are influencing the fate decision toward
regeneration or fibrosis. These confounders could influence the findings that are reported here; neverthe-
less, the main goal of the study was to independently study these 2 distinct disease outcomes.

Overall, we demonstrated that a single acute ischemic injury could induce acute tubular damage with
distinct long-term outcomes. We therefore decided to use these 2 murine models of IRI to study kidney
regeneration versus long-term development of fibrosis throughout the rest of the study.

In order to identify the transcriptional changes that correlate with kidney regeneration versus fibrosis
development, we performed time-course bulk RNA-Seq from whole kidneys. Principle component analysis
(PCA) segregated regenerating and fibrosing samples into 2 distinct groups, while sham and naive con-
trols grouped together (Supplemental Figure 2A). Early after injury (day 3), regeneration and fibrosis were
very similar, as indicated by close proximity in the PCA plot. However, starting from day 7, differences
between the 2 became more apparent and the samples started to segregate. The clearest separation between
regeneration and fibrosis samples occurred on day 14. By day 42, regeneration samples had returned to the
basal state (indicated by close proximity to naive and sham controls), whereas the fibrosis samples were
distantly located from them, revealing their differences (Supplemental Figure 2A). Differentially expressed
(DE) gene analysis revealed that in regeneration most of the genes peaked at early time points (day 3 and
7), and returned to basal levels 14 days after IRI (Figure 1C), in agreement with the histological findings.
Conversely, in the fibrosis model, we observed not only a higher number, but also maintained expression of
DE genes throughout the time points analyzed. This suggested that constant and ongoing processes were
happening in the fibrotic but not in the regenerating kidney (Figure 1C). Indeed, known kidney injury bio-
markers (Havcrl, Len2, and Sppl) (20, 21) were highly upregulated at early time points, in both models, but
only remained constantly upregulated at later time points in the fibrosis model, consistent with the presence
of persistent injury. Of note, only at later time points in the fibrosis model did we observe upregulation of
key extracellular matrix and profibrotic genes such as Tgfbl, Tnc, Acta2 (a-SMA), and Fnl by RNA-Seq and
quantitative real-time PCR (qPCR) (Figure 1, B and C, and refs. 9, 22).

To gain insight into the changes in cellular composition within regenerating and fibrosing kidneys,
we assessed the changes in expression of genes known to be expressed in specific kidney cell types, there-
by enabling an estimate of their relative abundance over time in both models. As a reference, we used
the previously published mouse kidney-specific sScRNA-Seq signatures from Park et al. (9, 23). Using
this method, we observed decreased expression of proximal tubule epithelial cell genes early after injury,
consistent with these cells being the most abundant and affected cell type during ischemic kidney injury.
Interestingly, in the regeneration model, this cell type recovered over time, while in fibrosis we saw a pro-
gressive decline. On the other hand, the fibroblast cell signature showed an early and transient increase
during regeneration, whereas during fibrosis it remained constantly elevated (Supplemental Figure 2B).
This specific-cell-type deconvolution analysis further supports kidney regeneration versus fibrosis develop-
ment in our mouse models.

To characterize major changes related to the biological process between regeneration and fibrosis
over all time points, we performed gene enrichment KEGG pathway analysis. Unsupervised hierarchical
clustering analysis revealed that the majority of the upregulated pathways were related to the immune
system (KEGG category 5, organismal systems) (Supplemental Figure 2C). They showed enhanced and
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Figure 1. Kidney regeneration and fibrosis characterization after ischemia/reperfusion injury (IRI) reveal sustained dysregulation in immune
system-related pathways during kidney fibrosis. Time course after kidney injury in regeneration and fibrosis models. Mice were subjected to 30
minutes of unilateral left renal IRI, with (regeneration) or without contralateral kidney nephrectomy (fibrosis). (A) Morphometric quantification of
a-smooth muscle actin (SMA) staining on kidney sections at indicated time points from regeneration (red line) and fibrosis (blue line). (B) gPCR
analysis of the indicated genes, on regeneration (red line) and fibrosis (blue line) samples for the indicated time points, as fold change relative

to control samples. (C) Volcano plots showing the fold change (FC) versus P value of differentially expressed (DE) genes in regeneration (top) and
fibrosis (bottom) for the indicated time points (in days), compared with age- and sex-matched naive and sham control mice. Numbers indicate
upregulated (red) FC > 2, or downregulated genes (blue) FC < 2; P < 0.05. Selected kidney injury and fibrosis biomarker genes are highlighted.

(D) Heatmaps showing the average FC of selected upregulated genes from key regulated pathways. Results are representative of 1 (regeneration
model) or 2 (fibrosis model) independent experiments, with 3 to 5 mice per time point/condition. Mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001 compared with controls by 2-way ANOVA followed by Dunnett's post hoc test for multiple comparisons (A and B).

persistent expression during fibrosis, until late time points. Among those, we found that cytokine—cytokine
receptor interaction, TNF signaling pathway, chemokine signaling pathway, hematopoietic cell lineage,
and IL-17 signaling pathway were most significantly upregulated when ranked by P value (Supplemental
Figure 2D). During fibrosis, some key genes from these selected pathways showed a substantially higher
fold change (Figure 1D), supporting the notion that persistent inflammation contributes to kidney fibrosis.
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Overall, this extensive in situ and molecular characterization of regenerating and fibrotic kidneys suggests
that the immune system plays a major role in the decision to regenerate or progress to kidney fibrosis.

ScRNA-Seq reveals major changes in tissue-resident myeloid and T cells after kidney injury. To obtain an
unbiased characterization of the resident and infiltrating immune cell populations within mouse kid-
neys in healthy and diseased states, we performed scRNA-Seq of FACS-isolated CD45* immune cells
from naive and injured kidneys. To filter out poor quality cells, we performed several stringent quality
control steps, based on the number of detected genes and features per cell, number of unique reads
(unique molecular identifiers [UMIs]), and the ratio of mitochondria gene content per cell (Supple-
mental Figure 3, A and B). The final data set contained 28,767 cells, which passed all quality control
steps, with a median of 1,500 unique genes detected per cell (Supplemental Figure 3C). All batches had
similar coverage and no batch effects have been observed.

We used the single-cell clustering algorithm SC3 (24) to perform normalization and unsupervised clus-
tering of cells. To determine meaningful clusters, informative genes were selected from a mean dispersion
scatter plot using Ndisp/M3Drop (24). The top 10% genes with a significantly increased dispersion were
retained. SC3 was then used to determine clusters and marker genes. From the total 11,065 expressed
genes, 1,956 were selected as informative. Using this approach, SC3 identified an optimal number of 9 clus-
ters in a t-distributed stochastic neighbor embedding (t-SNE) plot (Figure 2A). However, from those, only
7 clusters demonstrated clear marker genes and a minimum number of cells that allowed a cell type to be
identified (Supplemental Figure 3D). In addition, by testing different clustering methods (e.g., Seurat) (25),
we found that most methods identified similar cell groups, expressing the same group of marker genes with
limited variations in cell separation (data not shown). To define the identity of each cell cluster, we gener-
ated an SC3-based cluster-specific marker gene list (Supplemental Table 1) and a heatmap (Supplemental
Figure 3D), showing the top 10 marker genes per cluster (area under the receiver operating characteristic
curve [AUROC] > 0.8). Each subset expressed a unique set of markers, receptors, and signaling pathway
components that were either previously described (26-28) or de novo defined in our data set. Top marker
genes (AUROC > 0.8) with high cluster specificity, combined with existing biological knowledge were used
to classify cell clusters into cell types. Using this approach the 7 main clusters were identified as: 1, tissue
resident macrophages; 2, inflammatory macrophages; 5, B cells; 6, T cells; 7, dendritic cells (DCs)/mono-
cytes; 8, natural killer (NK) cells; and 9, neutrophils/monocytes (Figure 2, A and B). Clusters 3 and 4 con-
tained too few cells to which no specific marker genes could be assigned. To confirm the cluster assignment
identity, we compared the marker gene list from each cluster to each of the 249 immune cell bulk RNA-Seq
results, from sorted cell population data profiled by the Immgen consortium (http://www.immgen.org),
using a slight modification of the algorithm described by Zemmour et al. (ref. 29 and Supplemental Figure
3, E and F). Using this approach, we identified over 20 different immune cell types. However, once related
cell types were combined, we observed a high correlation to our annotated cells types. The B, T, and NK
cell clusters strongly corresponded with the Immgen cell annotation. The myeloid clusters contained a
mixed population of DCs, macrophages, and monocytes. A small population of stromal cells mapped to a
minor distant cluster and probably represented contaminating cells. Only a few cells representing neutro-
phils or eosinophils were identified (Supplemental Figure 3, E and F).

When analyzing the relative frequencies of each population, we observed a dynamic change in the
composition of the inflammatory infiltrate after injury. The healthy kidney was dominated by tissue-resi-
dent macrophages (43%), followed by B (16%) and T (16%) cells and a relatively equal proportion of DCs,
monocytes/neutrophils, and NK cells (Figure 2B). Early after injury (day 7), irrespective of the model
(regeneration or fibrosis), we observed a complete depletion of B cells and a partial depletion of T cells.
The myeloid compartment predominated after injury in all time points analyzed. Inflammatory macro-
phages (expressing Apoe, Lyz, Ctsb, Trem2, Cx3crl, Lampl, Lyz2, Fcgr3, and others), almost nonexistent in
naive kidneys, expanded markedly after injury, regardless of the condition and time point. In contrast, tis-
sue-resident macrophages (expressing Cd14, Cd68, Csflr, Fcgr4, and Cst3, among others), were present most-
ly in naive mice and disappeared after injury. We confirmed the macrophage expansion after injury and
accumulation during kidney fibrosis by immunohistochemical staining for the macrophage marker Iba-1
(Supplemental Figure 3G). Quantification of Iba-1* staining showed a significant and persistent increase
in kidney macrophages in the fibrosis model (Figure 2C). Importantly, the expression of the inflammatory
macrophage marker genes Apoe and Lyz2, in addition to classical macrophage markers, Cd68 and Csflr,
could be detected by qPCR in whole-kidney extracts in the fibrosis model. The expression of those genes
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(regeneration model) or 2 (fibrosis model) independent experiments, with 3 to 5 mice per time point/condition. Mean + SEM. **P < 0.01; ****P < 0.0001
compared with controls by 2-way ANOVA followed by Dunnett’s post hoc test for multiple comparisons (E and F). Reg, regeneration; Fib, fibrosis.
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was higher at later time points after injury, further supporting the accumulation of inflammatory macro-
phages in the fibrotic kidney (Supplemental Figure 3H).

Although the inflammatory macrophage population consistently predominated both early and late
after injury, the T cell compartment was the only population that was initially depleted and had a marked
increased at the late time point, pointing to a potential role for T cells during fibrosis development. To
confirm our findings on the T cell expansion, we applied a set of complementary approaches. Immuno-
histochemical staining of CD3 revealed T cell accumulation in the corticomedullary junction and cortex
area, places of concentrated initial damage in injured kidneys (Figure 2D). Morphometric quantifications
confirmed a significant increase in CD3* T cells at later time points in fibrosing kidneys (Figure 2E). This
marked alteration in the T cell compartment prompted us to investigate further the role of T cells, specifi-
cally the CD4* compartment, during kidney repair and fibrosis development.

ScRNA-Seq of kidney CD4* T cells reveals the expansion of Thi17 T cells and Tregs during fibrosis. To better
understand the contribution of the various CD4* T cell subsets, we performed scRNA-Seq experiments
on CD4* T cells isolated from kidneys of naive and injured mice by FACS, at selected time points. Fol-
lowing the same quality control steps outlined in Figure 2, the combined data set contained 22,851 cells.
t-SNE and unsupervised clustering analysis revealed an optimal number of 5 clusters (Figure 3A). The
limited number of marker genes identified per cluster (and lack of kidney-resident CD4* T cell signatures
in the public domain) prevented the cell-type profiling based on the Immgen algorithm. However, based
on canonical markers, we could identify the following cell clusters: clusters 1 and 2, Thl/effector cells
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(Ifng, Nkg7, Ccl4, and Ccl5); cluster 3, naive T cells (Ccr7, Lefl, Satbl, Sell, and others); cluster 4, Th17 cells
(ll17a, Tmeml76a, and Tmeml176b); and cluster 5, Tregs (Ikzf2, Klrgl, Foxp3, IL2ra, and others) (Figure 3B).
Extended marker genes are in Supplemental Figure 4A (30). Notably, the Treg cluster was the only popu-
lation expressing a clear set of marker genes (Supplemental Figure 4A). Among those, classical core Treg
genes (Foxp3, IL2ra, and Ikzf2) in addition to tissue-resident Treg genes (I/17l1, Areg, Ctla4, Tnfisf9, Tnfrsf4,
and Tnfrsfl8) were expressed at higher levels in cluster 5, and were absent in other cell types. These genes
have been previously assigned to Tregs based on bulk and scRNA-Seq data (29-31). Once more, we could
observe major changes in the composition of the CD4* T cell subsets following kidney injury. The popu-
lation of naive T cells (cluster 3) was markedly reduced after injury, especially during fibrosis on day 28.
Clusters 1 and 2 shared similar markers, suggesting that the same cell type was present in naive and injured
kidneys. In addition, 2 new clusters (cluster 4, Th17; and cluster 5, Tregs) expanded substantially after inju-
ry, with the highest frequencies during fibrosis (Figure 3C). To further validate the kinetics of T cell accu-
mulation, we applied these CD4* single-cell-derived signatures (Supplemental Figure 4A) to deconvolute
the different T cell populations in the bulk RNA-Seq data. Using the same deconvolution approach as in
Supplemental Figure 2B, we could observe the upregulation of some signature genes from Th1l (Cc/4, Tcf7,
and Itgbl), Th17 (Rora, Tmeml76a, and Tmeml76b), and Tregs (Ikzf2, II17l1, Gata3, Itgae, Cd83, Rgs2, and
Rgs16) in whole-kidney bulk RNA-Seq (Supplemental Figure 4B). Interestingly, we could confirm that the
Treg genes had the highest upregulation at later time points during fibrosis. To further elucidate the role of
Th17 T cells we performed experiments in the fibrosis model, using an anti—IL-17A neutralizing antibody.
However, and in agreement with previously published results (32), anti—IL-17A neutralization did not influ-
ence kidney injury or fibrosis (data not shown). Therefore, we decided to further focus our investigation on
the role of Tregs in kidney fibrosis.

To confirm the Treg expansion during fibrosis, we performed immunohistochemical analysis on kidney
sections stained for Foxp3 from both models, at indicated time points after injury (Figure 3D). Morphomet-
ric quantification confirmed that Foxp3* Tregs were significantly increased at later time points, only during
fibrosis development (Figure 3E). To further characterize Tregs in the fibrotic kidneys, we performed mul-
tiplexed immunofluorescence (IF). IF revealed that Tregs could be found in SMA* areas in close proximity
to F4/80" macrophages, suggesting a possible interaction. Importantly, F4/80" macrophages were mostly
located in areas of SMA* staining (Figure 3F). Interestingly, when analyzing human kidney sections from
transplanted patients showing significant levels of interstitial fibrosis, we could observe areas of similar
immune infiltrates (Figure 3G). Specifically, in the fibrotic areas, we observed intense CD3* T cells and
CD68* macrophage infiltration. Importantly, in the same areas we also identified Foxp3* cells (Figure 3G).
These results suggest that similar immune infiltrates are present in fibrotic kidneys derived from human
renal transplant recipients.

Altogether, these results provide a comprehensive characterization of the immune cell populations
infiltrating the kidney at distinct phases after injury and highlight Tregs as a prominent population that
accumulated during fibrosis development.

IL-2 complex— and IL-33—-mediated Treg expansion confers protection from kidney injury and fibrosis. Given
that we saw a late Treg accumulation during kidney fibrosis, which apparently was not sufficient to
resolve the disease, we reasoned that early Treg expansion may protect from injury and fibrosis. To
this end, we first trialed treatment with IL-2 complexed with JES6-1A12 (IL-2c) to expand tissue Tregs
in vivo (33-35). In our hands, IL-2c treatment induced an approximately 4-fold Treg expansion in the
kidney (Supplemental Figure 5A and ref. 33). In addition, we observed that expression of the IL-33
receptor, ST2 (encoded by I/1r1]), was restricted to Tregs within the CD4* T cell populations in the
kidney (Supplemental Figure 4A) and that ST2 expression was increased in kidney Tregs after injury
compared with naive mice or Tregs in the spleen (Supplemental Figure 5B). In line with this, IL-33
treatment of naive mice induced an approximately 3-fold Treg expansion in kidney (Supplemental
Figure 5C). Therefore, we adopted a modified version of a previously established protocol to expand
kidney Tregs (33, 34), specifically using a combination of IL-2¢ and IL-33 treatment before fibro-
sis-inducing kidney injury. Treg-expanded mice had markedly lower body weight loss and significantly
lower kidney weight loss following IRI (Figure 4, A and B). Histological analysis and morphometric
quantification revealed protection from tissue damage (H&E staining) and absence of marked fibrosis
(0-SMA and collagen I staining) in mice treated with Treg-expanding IL-2c/IL-33, compared with
PBS-treated mice (Figure 4, C and D). In addition, gPCR analysis confirmed that the expression of
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markers of kidney injury (Ngal/ and KimI), inflammation (/1b), and fibrosis (Acta2, Tnc, and Vim) had
returned to the same levels as those seen in control mice (Figure 4E). Taken together, our results demon-
strate that prophylactic Treg expansion confers protection to kidney injury and fibrosis development.

Markers of kidney-resident Tregs after injury and fibrosis. To elucidate the mechanisms by which Tregs
protected the kidney from injury and fibrosis, we first generated a kidney scRNA-Seq—derived Treg sig-
nature, by analyzing the genes upregulated in Foxp3* cells versus all other Foxp3-cells (Supplemental
Figure 6A and Supplemental Table 2). Despite the low coverage inherent in scRNA-Seq experiments,
we could still observe genes common to Tregs from naive, regeneration, and fibrosis (such as FoxpJ,
IL2ra, Kirgl, Areg, Ikzf2, Tnfrsf4, and Tnfrsf18), which thus constituted the “core kidney Treg single-cell
signature” (Supplemental Figure 6A). The Treg single-cell signature was dominated by activation
markers, which were more highly expressed after injury (Supplemental Figure 6B). Furthermore, when
comparing the DE genes between Tregs from naive, regenerating, and fibrosing kidneys, we observed
that fibrotic Tregs had higher expression of transcription factors previously linked to fibrosis (Id2,
Nfkb, Rgs2, and Junb) (Supplemental Figure 6C and refs. 36, 37).
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Next, we performed bulk RNA-Seq analysis on FACS-isolated Tregs and conventional CD4" T cells (Tcon-
vs) from kidneys and spleens of Foxp3-EGFP reporter mice, at different phases after injury. First, to determine
the specific tissue signatures, we compared expression changes between Treg and Tconv genes, for spleen and
each kidney disease model (Figure 5, A and B). We could validate the presence of genes from the single-cell-
derived Tconv signature of naive T cells (Ccr7, Tcf7, Lefl, and Satbl), Thl (Ifng, Nkg7, and Ccl5), and Th17 cells
(Ul17a, Tememl76a, and Temem176b) (Figure 5B, genes highlighted in blue). Moreover, previously described
Tconv genes (Cd40lg, Fasl, Tnf, Tbx21, IL2, and Bach2) (29, 30) were also upregulated in fibrotic kidneys.

We then focused on the Treg signatures from spleen and kidneys. We could confirm the expression of
genes previously assigned to a core Treg signature (Foxp3, IL2ra, Ikzf2, Cd83, and Itgae), based on the genes
upregulated under all conditions (fold change > 2, P < 0.05) in Tregs compared with Tconvs (Figure 5C
and refs. 29-31). In addition, when comparing kidney versus lymphoid Treg signatures, we observed that
genes previously assigned to a tissue Treg signature (Areg, 111711, Tnfrsf4, Tnfrsf9, Ctla4, and Kilrgl) (Figure 5D
refs. 29, 30) had indeed higher expression in kidney Tregs compared with splenic Tregs. Furthermore, most
genes were also present in our core kidney Treg single-cell signature (Supplemental Figure 6A). We could
validate the differential expression of CD25 and KLRG]1 between Tregs and Tconvs in spleen and kidney
and between naive and injury by flow cytometry (Supplemental Figure 7). These results suggest that a
“pan” tissue Treg signature is maintained, irrespective of inflammatory alterations and tissue localization,
in agreement with previous reports (29, 30).

To identify changes in Treg signatures after kidney injury, we performed pathway analysis on the upregu-
lated genes in Tregs compared to Tconvs (from Figure 5B), from kidney regeneration and fibrosis (Figure 5E).
The fibrotic Treg signature was enriched in pathways related to inflammation and apoptosis (Gata3, Cxcl3, Pparg,
Ccr9, Rgs2, and Rgs16), whereas Tregs from regeneration were enriched for angiogenesis-related pathways (Nrp!,
Kdr, Mfge8, Vegfa, and Icaml) (Figure 5, E and F), highlighting their differences. Importantly, the transcription
factors Id2 and Rgs2, identified in fibrotic Tregs in the scRNA-Seq analysis, were exclusively upregulated in the
fibrotic Treg bulk RNA-Seq signature (Figure 5SF and Supplemental Figure 6D). These observations indicated
that kidney Tregs differentially express a set of response genes, depending on the inflammatory environment.

Discussion

Previous organ-wide studies combined with recent gene expression profiling of mouse kidneys have helped
to discover several clinical AKI biomarkers, derived from epithelial and kidney stromal cell genes (38).
However, until now, an unbiased and comprehensive characterization of kidney immune cell-type-specific
signatures and their contribution to the intrinsic repair and fibrotic mechanisms had not been performed
to the best of our knowledge. Here, we combined complementary multiomics approaches to generate a
detailed cellular and molecular comparison between kidney regeneration and fibrosis, after ischemic inju-
ry in mice. Recent studies have identified early-injury biomarkers with sustained expression during the
chronic phase (39—41). Our work complements and extends these findings to the level of global pathway
changes. By comparing DE genes upregulated at different phases after initial injury, we have identified key
immune-related pathways driving differences between kidney regeneration and fibrosis.

The immune response during IRI is complex, and different immune cells have been shown to play vary-
ing roles in acute and chronic pathogenesis following kidney injury (13, 42—44). So far, the composition of
the immune cell infiltrates of kidneys has been investigated mainly using conventional approaches, such as
histology and immunohistochemistry, and mostly focused on the roles of immune cell populations during
the early phase after injury (11, 43). Recent studies using scRNA-Seq have identified marker genes for the
majority of renal epithelial cell types, but most tissue-resident and -infiltrating immune cells remained poor-
ly characterized (28, 45, 46), mainly because CD45* immune cells account for a small fraction (2%—17%)
of the total kidney cell population (47). Our study has revealed the complexity and the importance of the
immune cell compartment in restoring kidney function following injury. These included major early and late
injury-induced changes in kidney-resident macrophages and T cell populations. The changes in macrophage
subtypes from a tissue-resident to monocyte-derived population following AKI has also been described by
others (48, 49). Interestingly, we saw a major contribution of the T cell response and a highly dynamic
adaptation of this population during injury, regeneration, and fibrosis. This response is surprising, as T cell
responses are generally thought to be triggered by cognate antigens like self-antigens in autoimmune dis-
eases, such as lupus nephritis or alloantigens in kidney transplantation. In the kidney injury setting, intense
levels of danger signals may overcome the requirement for T cell receptor—antigen interaction.
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Figure 5. New marlkers of tissue-resident regulatory T cells during kidney injury and fibrosis. Bulk RNA-Seq analysis showing detected transcriptional
differences. (A and B) Volcano plots with the log fold change (FC) and P value for the comparison between Treg versus Tconv genes for the indicated
conditions and tissues. Selected Tconv and core Treg genes are highlighted in blue and red, respectively. Numbers indicate the amount of upregulated
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In this regard, it is of high interest that our detailed single-cell analysis and in situ characterization of
the CD4" T cell populations revealed that Tregs were an important population preferentially accumulating
in fibrotic mouse kidneys. This special population of tissue-resident Tregs are critically dependent on dan-
ger signaling like IL-33 or IL-18 for tissue homing and expansion (50, 51). Interestingly, Tregs have been
shown to have a protective role in limiting initial inflammation and cellular injury in different models of
renal diseases (33-35, 52, 53). Importantly, our study could extend this observation and showed that early
Treg expansion was not only sufficient to protect the kidney from initial damage, but also to prevent late
fibrosis development. The mechanisms used by Tregs to induce tissue protection are not fully understood;
however, studies in other models of organ injury have elucidated several factors like amphiregulin (AREG)
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to be involved (51, 54). In agreement with these studies, we could also identify AREG and ST2 upregula-
tion in Tregs in the kidney during injury and fibrosis. Our analysis extends this current picture by showing
that Tregs present during kidney regeneration were transcriptionally clearly different from fibrotic Tregs.
Whereas the first had a “proangiogenic” and preregenerative signature, fibrotic Tregs showed upregulation
of proinflammatory pathways. This hitherto unappreciated plasticity in Treg function indicates that resident
Tregs exhibit more complex and likely tissue-specific functions that require further investigation. Beyond the
distinct transcripts identified in our study, we speculate that close proximity of Tregs to macrophages follow-
ing kidney injury holds functional significance, since it has been shown that Tregs can control macrophage
phenotype and function to prevent inflammation and promote repair (35, 55, 56). Further studies, focused
on targeting fibrotic Tregs and their interactions with macrophages or endothelial cells could shed light on
the precise mechanism of Treg-mediated protection during kidney regeneration and fibrosis.

Finally, the presence of large numbers of CD3*CD4" T cells in human fibrotic kidneys, up to 1 year
after the initial injury (39), combined with our own human data, suggests that T cells contribute to the tran-
sition from AKI to CKD in humans. Further, in a recent study describing single-cell analysis of immune
cells from lupus nephritis patients (57) the authors have identified similar immune cell subsets, with over-
lapping marker genes, to those our study. These results not only support the relevance of our murine study
to humans, but also suggest that the immune composition of autoimmune kidneys shares features with
ischemic mouse kidneys, especially in the chronic phase of the disease. This is remarkable, as it suggests
that the same immune cell types could be targeted in different kidney diseases. Given that renal transplants
undergo an episode of IRI at the time of surgery, they provide a good case to study the response after AKI
in conditions in which tissue material is limited (41). Further studies evaluating the presence of Tregs in
fibrotic lesions from AKI patients would further confirm these findings and reveal them as an important
cell type to target to prevent the progression from AKI to CKD in patients.

Our study, for the first time to our knowledge, comprehensively characterizes gene expression in immune
cells isolated from injured kidneys and identifies Treg heterogeneity during the acute and chronic phases
after kidney injury. Taken together, the kidney immune cell atlas presented in this study enhances the under-
standing of the kidney cellular composition and provides information that will help to design targeted thera-
peutic strategies to promote adaptive renal recovery and minimize progressive fibrosis and CKDs.

Methods

Patients. The kidney tissue biopsy of a renal transplant recipient was collected at the Cantonal Hospital
Baselland, Liestal, Switzerland, in order to determine if there were signs of acute or chronic rejection.
The kidney tissue biopsy did not show any signs of acute rejection, but marked interstitial fibrosis and was
selected for further immunostaining for CD3, CD68, and Foxp3.

Animals and surgical protocol. C57BL/6N mice were purchased from Charles River and
B6.Cg-Foxp3m2ECERTeh /T (58) (Foxp3-EGFP) were purchased from The Jackson Laboratory (stock
006772) and bred in house. Male and female mice aged 8 to 12 weeks (weighing 25-35 g) underwent
warm IRI, as previously described (14). Two established models of warm IRI were used to induce
kidney injury (9, 14). In the first model, female C57BL/6 or B6-Foxp3-EGFP underwent unilat-
eral 30 minutes of ischemia (left kidney) by renal pedicle clamping, with immediate contralateral
(right) kidney nephrectomy, defined in this study as the regeneration model. Female, sex-matched,
sham-operated mice, without ischemia but with contralateral kidney nephrectomy, and naive nonop-
erated mice were used as controls. In the second model, to induce kidney fibrosis, male C57BL/6 or
B6-Foxp3-EGFP underwent unilateral 30 minutes of ischemia (left kidney) by renal pedicle clamp-
ing, without contralateral (right) kidney nephrectomy, defined as the fibrosis model. Sham animals
in this model were only subjected to laparotomy, without renal vessel clamping. Male, sex-matched
animals were used as sham and naive controls. The animals were kept at a constant body temperature
of 37°C using a temperature-adjustable pad. Mice were weighed and scored daily for the first 7 days,
and then twice a week, until the end of the experiment (and a percentage weight loss or gain was
calculated). Up to 5 mice were used per group in each experimental condition, and 3 sham or naive
controls. Following surgery, mice were sacrificed at indicated times per experiment, transcardially
perfused with PBS, and biological specimens were retrieved and processed as further described.

IL-33 and IL-2c treatment. For Treg expansion experiments, mice were injected intraperitoneally with 1
ug of recombinant murine IL-33 (aa 109-266, Novartis) on days 1, 3, and 5 (59). Alternatively, mice were

insight.jci.org  https://doi.org/10.1172/jci.insight.130651 12


https://doi.org/10.1172/jci.insight.130651

. RESEARCH ARTICLE

also treated with a combination of 1 pg of recombinant mouse IL-2 (R&D Systems) and 5 pg of anti—
mouse IL-2 mAb (JES6-1A12) (BioXCell) at a 1:5 ratio, as previously described (33). For kidney fibrosis
experiments, mice received a mixture of IL-33/IL-2/JES6-1A12 (1:1:5 ratio) for 5 consecutive days, start-
ing 3 days before IRI. Kidney tissues were harvested 28 days after injury for histology and gPCR analysis.

Tissue dissociation and cell isolation. Leukocytes from murine kidneys were isolated as previously
described (60). Briefly, kidneys were cut into small pieces and digested in a mixture of 1 mg/mL colla-
genase IV (Worthington) and 100 pg/mL DNase I (Roche) in DMEM at 37°C for 36 minutes, using an
octoMACS tissue dissociator (Miltenyi Biotec). Single-cell suspensions were filtered through a 40-um cell
strainer to remove debris and further washed with PBS. Leukocytes were enriched through 40%-80% Per-
coll (GE Healthcare) density gradient centrifugation before FACS analysis. Alternatively, kidney CD45*
or CD4" immune cells were enriched using microbeads (Miltenyi Biotec) before FACS isolation.

Histology, immunohistochemistry, and morphometric evaluation. Half or a quarter of a kidney from each
animal was fixed in 10% normal buffered formalin, processed, and embedded in paraffin. Three-microm-
eter-thick sections were cut and stained with H&E and Gomori’s Trichrome Green (kit 38016SS1, Leica
Biosystems). Automated enzymatic immunohistochemical staining for CD3, CD31, collagen I, Iba-1,
Ki-67, and a-SMA) were performed on a Ventana Discovery XT immunostainer (Roche Diagnostics)
and Leica Bond RX stainer (Leica Biosystems). Multicolor immunofluorescence staining was performed
using a sequential multiplex assay with Opal 4-Color anti-Rabbit Automation IHC Kit and Opal 7-Color
Automation THC Kit, according to manufacturer’s instructions (NEL830001KT and NEL821001KT,
PerkinElmer). Slides were mounted with Invitrogen ProLong Gold Antifade (P36930, Thermo Fischer
Scientific). Details of the antibodies used are provided in Supplemental Table 3.

All mouse biopsy samples were digitized using a ScanScope XT (Aperio, Leica Biosystems) and VER-
SA (Leica Biosystems) slide scanners at X20 and x40 magnification. Digital images were viewed using
Aperio Imagescope v12.1.0.5029 software. Quantitative image analyses were performed using the HALO
2.2 software and the Area Quantification v1.0 and Cytonuclear v1.6 algorithms (Indica Labs).

Flow cytometry and cell sorting. Single-cell suspensions were stained in FACS buffer (PBS, 2% FBS,
2 mM EDTA) with fluorochrome-labeled antibodies against CD45 (30-F11), CD4 (GK-1.5), CD3
(17A2), CDS8 (53-6.7), CD25 (PC61), TCRpB (H57-597), Foxp3 (FIK-16s), and KLRG1 (2F1) from
BD Biosciences, BioLegend, and eBioscience and acquired with an LSRFortessa flow cytometer or
sorted with a FACSAria Fusion cell sorter (BD Biosciences). Data were analyzed using FlowJo soft-
ware (Tree Star). For scRNA-Seq, CD45" cells were sorted as CD45" live singlets and CD4" T cells as
CD45*CD4*CDS8 TCRp* live singlets. For Treg bulk RNA-Seq, Tregs were sorted as CD45*CD4*T-
CRB*Foxp3 GFP* live singlets and Tconvs were isolated as CD45*CD4*TCRB*Foxp3 GFP- live sin-
glets. In all cases, purity exceeded 90%.

RNA isolation and gPCR. For whole-kidney bulk RNA-Seq and qPCR analysis, whole kidneys were
weighed and preserved in RNAlater (Qiagen) solution for further processing. RNA was extracted using
an RNeasy micro kit (Qiagen) according to the manufacturer’s instructions. Quality and quantity of
RNA was tested with the Agilent 2100 Bioanalyzer using the RNA 6000 Pico Chip and reagents (Agi-
lent). For Treg bulk RNA-Seq, 3 to 5 biological replicates of 3000-5000 Tregs or Tconvs, consisting of a
pool of 5 to 10 mice, were FACS isolated in lysis buffer (Qiagen) containing 1% 2-mercaptoethanol (Mil-
liporeSigma) and preserved at —80°C until RNA extraction. cDNA was synthesized using a High-Capac-
ity RNA-to-cDNA kit (Applied Biosystems). Gene expression analysis was determined by qPCR using
TagMan-based assays (Applied Biosystems). Probes used are listed in Supplemental Table 4. Transcript
values were normalized to the mouse Gapdh or Thp housekeeping genes. Data are expressed as fold
change + SEM, relative to sham and naive controls.

Bulk RNA-Seq library preparation and data analysis. For low-yield RNA samples (primary tissue-resident
lymphocytes), SMARTer Stranded RNA-Seq libraries were prepared from 1.6 to 2.5 ng of total RNA, fol-
lowing the manufacturer’s instructions (Takara). Whole-kidney RNA extracts were processed using 250 ng
of total RNA as input for library construction with the TruSeq Stranded Total RNA Sample Preparation
kit with Ribo-Zero Gold, following the manufacturer’s instructions (Illumina). Libraries were pooled and
sequenced to a minimum depth of 30 million on a HiSeq 2500 or 4000 (Illumina). Reads were aligned to
the mm10 genome with STAR aligner (version 2.5.2a) (61). Gene-level count data were normalized with
the voom R package and further analyzed for differential expression of relevant contrasts with the limma
R package (significance cutoffs were FDR < 0.01 and absolute log2 fold change > 1) (62). Before statistical
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assessment, genes having expression values below a given threshold in a majority of experimental group
samples were removed from the subsequent analysis.

Pathway analysis was performed using the output from the differential expression analysis with the
GAGE methodology, as implemented in the gage R package (63). The GAGE analysis was run on the
KEGG pathway database. The KEGG pathway list was first downloaded from http://www.genome.jp/
kegg/pathway.html on April 25, 2018. To be able to assess pathway gene enrichment in each KEGG sub-
group independently from one another, a GAGE analysis was run per pathway family with local FDR con-
trols of the enrichment P values. Human Diseases and Drug Development categories were not considered.
The pathway to gene identifier mappings was retrieved from the KEGG API REST server (http://www.
kegg.jp/kegg/rest/keggapi.html). GO pathway analysis of Treg signatures was done using DAVID (64).
Spotfire (TIBCO) was used to generate volcano plots and heatmaps.

ScRNA-Seq: 10x Genomics. FACS-isolated kidney CD45" and kidney CD4" cells were resuspended in PBS
with 0.05% BSA. Viability was accessed by Trypan blue cell counting and exceeded 90%. Cells (2000-10,000)
were loaded on a 10X Genomics Chromium instrument to generate single-cell GEMs. scRNA-Seq libraries
were prepared using a GemCode Single Cell 3" Gel Bead Kit according to the manufacturer’s instructions
(10x Genomics). Amplified cDNA products were cleaned up with the SPRIselect Reagent Kit (0.6x SPRI).
Indexed sequencing libraries were constructed using the reagents in the Chromium Single Cell 3’ library kit V2
(10x Genomics). The barcoded sequencing libraries were quantified using a Qubit 2.0 dsDNA HS Assay Kit
(Invitrogen). The quality of the libraries was accessed on an Agilent 2100 Bioanalyzer using an Agilent High
Sensitivity DNA kit. Sequencing libraries were loaded at 10 to 12 pM on an Illumina HiSeq 2500 platform.

scRNA-Seq data analysis. Raw gene counts obtained from Cell Ranger were processed with an R
(3.5.2) pipeline based on scater v1.8.4 (https://bioconductor.org/packages/release/bioc/html/scater.
html). The initial total cell numbers were 29,044 CD45* and 23,704 CD4* cells. CD45* and CD4" sort-
ed cells were processed separately. The data sets comprised 2 to 4 biological replicates for each time
point, from a pool of 2 mice each. Low quality cells were initially filtered out based on the following.
For CD45": fewer than 512 expressed genes, fewer than 1024 UMIs, and more than 12% UMIs from
mitochondrial genes. For CD4": fewer than 1024 expressed genes, fewer than 512 UMIs, and more
than 10% UMIs from mitochondrial genes. This resulted in 28,767 cells for CD45* and 22,851 cells
for CD4*. Normalization was performed using scran v1.8.4. Informative genes were selected using
M3Drop (v3.10.3) (24). CD45" selection was based on dispersion and the top 10% genes were select-
ed. CD4" selection was based on dropout rate with cutoff of 0.1 for the significance level. Clustering
was performed on the set of informative genes using SC3 (v1.8.0) (24) in the range of 2 to 12 clusters.
Results are shown with & = 9 clusters for CD45" and & = 5 clusters for CD4*. An initial PCA representa-
tion on the set of informative genes with d = 50 was obtained using irlba (v2.3.2; https://cran.r-project.
org/web/packages/irlba/index.html). Based on this PCA, a t-SNE representation was obtained using
Rtsne function (v0.15; https://cran.r-project.org/web/packages/Rtsne/index.html).

Accession number. The data reported in this paper have been deposited in ArrayExpress (https://www.ebi.
ac.uk/arrayexpress/) with accession numbers E-MTAB-7957, E-MTAB-7961, and E-MTAB-8002.

Statistics. Graphs in the figures represent mean values + SEM. Statistical tests include Student’s ¢ test and
ordinary 1-way and 2-way ANOVA (Turkey’s or Dunnett’s post hoc test for multiple comparisons, respectively),
using GraphPad Prism. Significance is indicated in the graphs as follows: *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. Nonsignificant differences were not indicated.

Study approval. Human kidney tissue biopsy was obtained from the Institute of Pathology, Cantonal
Hospital Baselland, Liestal, Switzerland, and initially collected under the approval of the Ethics Com-
mittee Basel (KEK-EKBB-N0.2016-01499). Animal handling and all surgical procedures were performed
according the animal experimentation laws and guidelines approved by the Swiss Cantonal Veterinary
Authority, under license number BS-2785.
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