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Kidney-resident macrophages limit toxin-induced
inflammation through their hallmark functions
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Kook-Hwan Oh?, Kwon Wook Joo?, Dong-Sup Lee', Yon Su Kim'“ and Seung Seok Han’

"Department of Biomedical Sciences, Seoul National University College of Medicine, Seoul, Korea; 2Department of Internal Medicine,
Seoul National University College of Medicine, Seoul, Korea; *Department of Translational Medicine, Seoul National University College of
Medicine, Seoul, Korea; and *Department of Pathology, Seoul National University College of Medicine, Seoul, Korea

Introduction: The inflammatory phenotype of acute kidney
injury (AKI), characterized by interstitial infiltration of
immune cells, arises due to nephrotoxic agents. However, it
does not pose the same risk of occurrence and progression
for everyone, suggesting that the amplification or
attenuation of disease depends on the unique
immunological status of each kidney. Here, our study
investigated the regulatory role of kidney-resident
macrophages (KRMs) in the induction and progression of
toxin-induced AKI.

Methods: To explore this, mice were administered standard
pellet chow supplemented, or not, with 0.2% adenine. We
injected antibodies against the colony-stimulating factor 1
receptor to selectively depleted KRMs while preserving other
kidney-infiltrating macrophages (KiMs) over an extended
period owing to different kinetics of KRMs and KiMs.
Results: During the KRM-free period, apoptotic cells
accumulated in the interstitium, largely due to the lack of
AXL receptor tyrosine kinase, crucial for the efferocytotic
function of KRMs. This KRM-free kidney with apoptotic debris
induced stress on surrounding tubules, thereby increasing
p53 expressing and damage marker (KIM-1)-positive cells.
Additionally, KRM-free kidneys presented increased
production of chemokine CCL5 from effector CD8" T cells
and increased recruitment of CCR5™ natural killer cells. This
occurred because the remaining KiMs, which expressed
lower levels of the immune regulatory protein VISTA than did
the KRMs, stimulated the effector CD8" T cells to produce
CCL5. The overall alterations in the kidney due to the
absence of KRMs ultimately rendered the kidney susceptible
to toxin-induced AKI occurrence and progression. Changes in
AKI outcomes related to AXL and VISTA expression in kidney
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mononuclear phagocytes were also observed in human
kidney tissues.

Conclusions: Collectively, our findings underscore the
hallmark role of KRMs in modulating kidney conditions and
mitigating the risk of toxin-induced AKI.
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Translational Statement

Kidney-resident macrophages (KRMs) exhibit unique
cellular dynamics, kidney distribution, and differentia-
tion machinery distinct from other macrophages. A
hallmark function of KRMs is efferocytotic surveillance,
which involves clearing apoptotic debris via AXL and
suppressing surrounding T-cell activity through V-
domain immunoglobulin suppressor of T-cell activation.
These features contribute to tubulointerstitial homeo-
stasis and influence the individual risk of developing
and progressing toxin-induced acute kidney injury.
KRMs may serve as both predictive and therapeutic
targets for toxin-induced acute kidney injury.
T (AKI) manifests as tubulointerstitial nephritis (TIN),
characterized by immune cell infiltration and tubulitis,
while the glomeruli and vessels are relatively spared.’ The
histologic presence of interstitial immune cell infiltration
clearly indicates that inflammatory AKI is a representative
immune-mediated disease often triggered by toxins, drugs,
and other factors.” Recently, inflammatory AKI has
garnered attention because of its association with novel
therapeutic agents, such as immune checkpoint inhibitors, as
a renal adverse event that necessitates treatment interruption

until recovery.* The risk of AKI occurrence and progression
following specific insults varies among individuals,

he inflammatory phenotype of acute kidney injury
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suggesting that unique immunologic status of each kidney
plays a crucial role.”® Individual components of the kidney
may independently contribute to the development and pro-
gression of toxin-induced AKI. If this issue is not addressed,
it will be challenging to establish treatments tailored to the
underlying immunologic status, and the responsiveness to
corticosteroids or other immunoregulative therapies may
also vary.”®

Tissue-resident immune cells play a tissue-specific role in
maintaining immunologic homeostasis during their resi-
dency.”'” Specifically, tissue-resident macrophages and
memory T cells are recognized as the first layer of protection
against harmful microorganisms, with greater emphasis
placed on their role in infection rather than their noninfec-
tious roles.'" In mouse kidneys, most resident immune cells
are kidney-resident macrophages (KRMs),”'” and they
consistently reside in the tubulointerstitial area even during
inflammation.'>"* These cells regulate the extent of injury in
addition to initiating inflammation, as evidenced by their
dual proinflammatory and anti-inflammatory signatures at
baseline.'™'® This tuning function has been particularly
demonstrated in noninfectious injury models,' " although
the underlying mechanisms remain largely unexplored, in
addition to specific molecule-dependent processes.'” Further
research on aspects of KRMs other than their residency is
warranted because their recovery process is likely to involve
characteristics distinct from those of other heterogeneous
kidney-infiltrating macrophages (KiMs). A prime example is
the phagocytic function of KRMs, which differs from that of
other KiMs, and this difference influences the overall course
of the inflammatory process or the spontaneous occurrence
of kidney-specific disorders."®'” These findings suggest a
homeostatic function for KRMs and anticipate their potential
impact, particularly on the individualized occurrence of
kidney-specific inflammatory conditions. Therefore, efforts
to identify the hallmark functions of KRMs, rather than
merely focusing on their proinflammatory or anti-
inflammatory phenotypes, could broaden our insights into
kidney health and disease.

Current knowledge on the homeostatic role of tissue-
resident macrophages suggests that the presence of KRMs
and their surveillance within the kidney may contribute to
resistance to occurrence and progression of toxin-induced
AKI. To explore this hypothesis, an approach involving the
long-term and selective depletion of KRMs while preserving
other KiMs is essential. However, genetic targeting methods
using transgenic mice face challenges because of the presence
of shared genes, such as LyzM, Itgax, Ccr2, Cx3crl, and
Ms4a3, with KiMs and other myeloid cells.'>*’ One effective
strategy for exclusively depleting KRMs is to exploit differ-
ences in the cellular dynamics between KRMs and KiMs;
notably, KRMs have a longer residency period through self-
renewal than KiMs do.”' The repletion dynamics of KRMs
after depletion differ from those of other tissue-resident
macrophages.”” The residency period varies between tissues
and is influenced by niche conditions, with kidneys having

2

an intermediate residency period compared with the brain
and liver, which have long and short periods, respec-
tively.”>*” Leveraging such cellular dynamics would ulti-
mately deplete KRMs for the desired duration while allowing
ready replenishment of KiMs to remain present in the
interstitial niche.

Unlike previous studies that depleted KRMs for short
durations, ranging from a few days to 1 or 2 weeks, *** the
present study devised a method to deplete KRMs over a long-
term period exceeding 6 weeks using an anti-colony-stim-
ulating factor 1 receptor antibody (aCSF1R Ab) while pre-
serving KiMs.”® When KRMs were absent for an extended
period, the KiMs that filled the niche were not able to fully
compensate for the functions of the KRMs. A notable
consequence of this was the accumulation of apoptotic debris
due to inadequate efferocytosis by KiMs, which express low
levels of AXL, a characteristic feature of KRMs. This defi-
ciency led to increased p53 expression and the presence of
damage markers in the surrounding tubular cells. Other
immunologic changes included increased levels of C-C motif
chemokine ligand (CCL) 5 produced by effector CD8" T
cells, resulting in the infiltration of C-C chemokine receptor
(CCR) type 5-positive natural killer (NK) cells into the
kidney. This process was facilitated through altered in-
teractions between KRMs or KiMs and effector CD8™ T cells,
where V-domain immunoglobulin suppressor of T-cell
activation (VISTA) might play a role. All of these changes
resulting from the prolonged absence of KRMs contributed
to an exaggerated progression of AKI induced by foreign
toxins. Collectively, KRMs, unlike KiMs, may serve a ho-
meostatic function by regulating excessive inflammation
through specialized efferocytosis and by imparting inhibitory
signals to neighboring T cells, which are mediated by AXL
and VISTA molecules, respectively.

METHODS
Mice
C57BL/6 and Ragl™"~ mice were purchased from the Jackson

Laboratory. C57BL/6 Axl”'~ mice were provided by Professor Q6

Jongsun Park (College of Medicine, Chungnam National
University). C57BL/6 Vsir”'~ mice were established and bred
with a cryopreserved sperm (KOMP Repository, University
of California, Davis). All of the mice used in the experiments
were 8 weeks of age and male. The animals were housed
under specific pathogen-free conditions at the facility of
Seoul National University College of Medicine. All animal
experiments were approved by the Seoul National University
Institutional Animal Care and Use Committee (21-0244-
S1A1). The study was conducted in accordance with na-
tional guidelines on animal experimentation.

To construct a toxin-induced AKI model, the mice were
administered standard pellet chow supplemented with 0.2%
adenine (Sigma-Aldrich) beginning on day 0. Kidneys were
harvested at the indicated time points (e.g., 0, 7, 14, 21, and
28 days) after perfusion with saline. The control mice were
provided a diet without adenine. For another toxin-induced
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AKI model, the mice were administered 250 mg/kg of folic
acid once via i.p. injection.

Human kidney samples

Normal human kidney tissues were obtained from patients
who underwent radical nephrectomy because of urogenital
tumors but did not have hydronephrosis or infectious dis-
eases (n = 7). Biopsied kidney tissues were collected from
patients with toxin-induced AKI, who showed TIN findings
on histologic examination without evidence of other disease
entities (n = 27). Immunohistochemistry and immunofluo-
rescence were used to assess the areas of CD68", AXL™, and
VISTA™ expression in the cortex. The fluorescence intensity
of AXL or VISTA in each CD68" cell was quantified using
Imaris software (version 10.2; Bitplane), with a minimum of
50 CD68™ cells analyzed per section. Samples were stratified
into KRM™&" and KRM'" groups based on the median value
of the KRM fraction among CD68" cells. Composite renal
risk (e.g., doubling of serum creatinine, 50% decrease in
estimated glomerular filtration rate, or progression to end-
stage kidney disease) was compared between the KRMP&h
and KRM'" groups. The study design for human samples
was approved by the institutional review board of Seoul
National University Hospital (H-2001-084-1095) and com-
plied with the Declaration of Helsinki. All patients provided
written informed consent for the donation and use of their
samples.

Statistical analysis
All analyses and calculations were performed using Graph-
Pad Prism software (version 8.0; GraphPad Software, Inc.).
The data are presented as the mean = SEM or proportion.
Differences between groups were evaluated using Student ¢
test for comparisons between 2 groups and analysis of vari-
ance (1 or 2 way) with Tukey test for comparisons among
multiple groups. Correlation coefficients were measured us-
ing Pearson correlation test. Survival curves were drawn
using the Kaplan-Meier method. To compare survival curves
between groups, a log-rank test was applied. P < 0.05 was
considered statistically significant. For single-cell RNA
(scRNA) sequencing, Bonferroni correction was applied to
account for multiple testing, yielding adjusted P values.
The antibodies and primers are listed in Supplementary
Tables S1 and S2, respectively. Additional methods can be
found in Supplementary Methods.

RESULTS

Depletion and repletion of KRMs

Noninjured kidneys harbor 2 subsets of kidney macrophages,
namely KRM and KiM, distinguished by their expression
patterns of F4/80 and CD11b: KRM, CD45" Ly6G~ CD11b™
F4/80"€" and KiM, CD45" Ly6G~ CD11b™¢" F4/80™!*!>!8
(Figure 1a). The KiM subset exhibited heterogeneity based
on the expression of Ly6C and major histocompatibility
complex class II, whereas the KRM subset was homogeneous,
expressing Ly6C™ major histocompatibility complex class

Kidney International (2025) m, H-H

11" Following depletion of macrophages via 0.CSFIR Ab
injection, both F4/80" KRMs and KiMs were almost absent
within the third day, whereas the long-term of KRMs and
KiMs varied (Figure 1b and ¢ and Supplementary Figure S1).
Specifically, KRMs were nearly absent within the kidney
starting from the seventh day and began to reappear after 6
weeks. Although KiMs were initially depleted by «CSFIR Ab
injection, they promptly started to occupy the KRM-absent
interstitial niche, becoming the sole macrophage subset in
the kidney for up to 6 weeks. Ultimately, at 3 months after
oCSFIR Ab injection, the proportion of KRMs within the
kidney was restored to a level similar to that of mice treated
with control Ab (Figure 1d). This cellular dynamic did not
affect the proliferation potential of the KRMs or KiMs, which
exhibited low (i.e, <5%) and high rates, respectively
(Figure le and f). The morphology and size of the original
and repleted KRMs remained similar (Figure 1g). We then
exploited this KRM-free condition to evaluate the homeo-
static role of KRMs, particularly in normal kidneys, before
toxin-induced AKI induction.

Distinct distribution of kidney macrophages during repletion
The kidney is structurally divided into the cortex and me-
dulla, both of which contain interstitial areas that serve as
niches for macrophages.”” However, the volumes of the
interstitial area and their interactions with the parenchyma
differ between these 2 regions, leading to structurally distinct
immunologic homeostasis.'>'*** Before depleting the KRMs
(i.e., day 0), these macrophages were more distributed in the
medulla than in the cortex (Figure 2a and b). During the
repletion period, KiMs primarily occupied the interstitial
areas of the cortex rather than the medulla, resulting in a
reversal of the cellular distribution ratio after depletion. Over
time, this ratio gradually normalized, with an increasing
presence of macrophages in the medulla (Figure 2c). This
characteristic distribution may partly result from alterations
in the chemokine ligands released from the macrophage-
depleted kidneys.”” To explore this further, we examined
the expression of representative chemokine receptors for
KRMs and KiMs, specifically CCR2 and C-X3-C motif che-
mokine receptor 1 (CX3CR1).”® Most KRMs and 80% of
KiMs expressed CX3CR1, with similar expression patterns
observed in the control Ab-treated and dlCSFIR Ab-treated
groups (Figure 2d). With respect to CCR2 expression, the
CCR2-positive subset increased in the KRMs during the
repletion phase, whereas the KiMs showed no difference in
CCR2 expression before and after depletion. These results
suggest that over time, there is a transition from a CCR2-
negative KRM subset, originating from the yolk sac and
fetal liver, to a CCR2-positive subset derived from the bone
marrow.”"

We subsequently compared the gene expression levels of
chemokine ligands targeting CCR2, CX3CR1, and C-X-C
chemokine receptor type 4 on day 7 after Ab injection
because KiMs are known to express these receptors
(Figure 2e).”"”” Ligands targeting CCR5 were also evaluated

3
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Figure 1| Cellular dynamics after macrophage depletion with anti-colony-stimulating factor 1 receptor antibody (2CSF1R Ab). (a)
Representative flow cytometry plot of kidney-resident macrophages (KRMs) and kidney-infiltrating macrophages (KiMs). (b) Representative
images stained for F4/80 before and 3 days (D) after aCSF1R Ab treatment. Bars = 100 pum. (c) Representative flow cytometry plot of KRMs
and KiMs before and after aCSF1R Ab use, and their proportions among kidney immune cells and cell numbers per kidney (n = 5~ 6 per time
point). (d) Proportions and cell numbers of KRMs and KiMs 3 months after a.CSF1R Ab use (n = 3 per group). (e) Representative flow
cytometry plot of EdU™ cells per KRM or KiM after aCSF1R Ab or control Ab treatment, and comparison of EJU™ cells between KRMs and KiMs
(n = 6 per group). (f) Comparison of Ki67 " cells between KRMs and KiMs. (g) Giemsa staining of KRMs 42 days after &CSF1R Ab or control Ab
use, and comparison of their size between the aCSF1R Ab and control Ab groups. The cell size was calculated from 50 cells sorted from the
kidneys of 3 mice. Bars = 5 pm. NS, not significant. To optimize viewing of this image, please see the online version of this article at www. @14

kidney-international.org.

for reference because this receptor is expressed primarily in
kidney-infiltrating lymphocytes.” The gene expression of
Ccl2 and Ccl7, which target CCR2, and Cx3cll, which tar-
gets CX3CR1, appeared to increase in the oCSFIR Ab-
treated kidneys, with the most significant change observed
in the Ccl2 gene. The expression of Ccli2, which targets
CCR2, and Ccl3, Ccl4, and Ccl5, which target CCRS5,
decreased. These trends were observed in both the cortex
and medulla substructures. The protein expression of CCL2
was greater in the CSFIR Ab-treated kidneys than in the
control Ab-treated kidneys, particularly in the cortex rather

than in the medulla (Figure 2f and g). The gene expression
of growth factors targeting CSFIR, such as CSF1 and
interleukin 34, did not change after ?CSF1R Ab injection
(Figure 2h). After blocking the CCL2-CCR2 axis with
oCCL2 Ab, reductions in KRMs during the repopulation
period, as well as in overall macrophage infiltration during
the early phase, were observed (Figure 2i and j). Collec-
tively, consistent with previous reports,'®” the CCL2-
CCR2 axis is involved not only in macrophage infiltration
into the interstitial niche but also in the repopulation of
KRM:s.

Kidney International (2025) B, H-H
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Figure 2| Distribution of kidney macrophages during repletion. (a) Representative images stained for 4’,6-diamidino-2-phenylindole
(DAPI), F4/80, and major histocompatibility complex class Il (MHCII) to visualize the distribution of kidney-resident macrophages (KRMs) in
baseline kidneys. Dashed lines indicate the boundary between the cortex (left) and medulla (right). Bars = 200 um. (b) Ratio of the F4/80"
area between the cortex and medulla. (¢) Cortex-to-medulla ratio of the F4/80™ area at different time points (n = 5 per time point). (d)
Representative flow cytometry plot of C-C chemokine receptor 2 (CCR2) and C-X3-C motif chemokine receptor 1 (CX3CR1) positivity in kidney
macrophage subsets after treatment with anti-colony-stimulating factor 1 receptor antibody (CSF1R Ab) or control Ab, and comparison of
CCR2 and CX3CR1 positivity between the aCSF1R Ab and control Ab treatments (n = 3 per group). (e) Gene expression of chemokine ligands
targeting CCR2, CCR5, CX3CR1, and C-X-C chemokine receptor type 4 on day (D) 7 after Ab injection in the kidney parenchyma. (f)
Representative images of kidney sections immunostained for C-C motif chemokine ligand 2 (CCL2) on day 7 after Ab injection, and
comparison of the CCL2™" area between the o.CSF1R Ab- and control Ab-treated groups (n = 5 per group). Bars = 100 um. (g) Representative
image of kidney sections immunostained for DAPI, lotus tetragonolobus lectin (LTL), calbindin D28k, and CCL2. Bar = 100 um. (h) Gene
expression of chemokine ligands targeting CSF1R on day 7 after Ab injection in the kidney parenchyma (n = 5 per group). (i) Kidney-
infiltrating macrophage (KiM) cell numbers following treatment with a.CCL2 Ab, compared with control Ab treatment, on day 14 after aCSF1R
Ab administration (n = 5 per group). The Ab was administered i.p. at a dose of 200 pg/kg 4 times after aCSF1R Ab treatment, and cell
numbers were evaluated on day 14. (j) Comparison of repopulated KRM numbers between aCCL2 Ab and control Ab treatments (n = 5 per
group). The Ab was administered i.p. at a dose of 200 ng/kg twice per week, starting on day 42 after aCSF1R Ab treatment, and cell numbers
were evaluated on day 63. *P < 0.05, **P < 0.01, ***P < 0.001. To optimize viewing of this image, please see the online version of this article
at www.kidney-international.org.
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Figure 3| Differentiation of kidney-resident macrophages (KRMs) from monocytes during repletion. (a) Uniform Manifold
Approximation and Projection (UMAP) plots of 7596 CD11b-positive immune cells on day 42 after aCSF1R Ab injection. (b) Dot plots to
identify clusters of immune cells. (¢) UMAP plots after subclustering monocytes and KRMs (left) and pseudotime trajectories of cells (right).
The black line represents the trajectory graph when the starting point is set in the monocyte cluster, and the roots are marked as circles. (d)
UMAP plot of the 2 groups of KRMs (left) and a violin plot illustrating changes in the KRM signature score among the monocyte and KRM
groups. (e) SCENIC analysis results identifying transcription factors related to the genetic profile of each cluster. (f) UMAP plots with
expression patterns of transcription factor genes primarily expressed in the KRM-1 cluster. (g) Cell number of kidney macrophage subsets per
kidney during repletion after the use of inhibitors against Fos and Jun transcription factors. *P < 0.05, **P < 0.01. cDC, classic dendritic cell;
KiM, kidney-infiltrating macrophage; M¢, macrophage; NK, natural killer; N¢, neutrophil.
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Figure 4| Changes in parenchymal tissue during the kidney-resident macrophage-absent period. (a) Ingenuity pathway analysis
results using kidney parenchyma on day (D) 42 after anti-colony-stimulating factor 1 receptor antibody (CSF1R Ab) injection compared with
control Ab injection (n = 3 per group). Bars and circles represent Z-score and -log10(P value), respectively. (b) Expression of the Trp53 gene in @16

the kidney parenchyma in the aCSF1R Ab- and control Ab-treated groups (n = 7 per group). (c) Heat map of Trp53 gene
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Differentiation of KRMs during repletion

Tissue-resident macrophages are influenced by distinct
transcription factors for differentiation and maintenance in
each organ,”’® which may affect their expression patterns
and functions to meet the specific needs of each organ.”'
Under homeostatic and quiescent conditions, bone marrow-
derived KRMs depend on certain transcription factors, such
as MYB.”>” The transcriptional programming of these
macrophages may exhibit high plasticity, particularly in
response to changes in the interstitial niche or surrounding
tissue.”® " To identify transcription factors related to the
repletion phase, scRNA sequencing data were obtained when
KRMs began to repopulate the interstitial niche (i.e., day 42
after the administration of the CSF1R Ab) (Figure 3a and
b). A trajectory analysis was performed on the data, focusing
on 2 clusters: monocytes and KRMs (Figure 3c). For the
KRMs, 2 additional clusters emerged, which we labeled
KRM-1 and KRM-2 (Figure 3d). When we calculated scores
based on KRM signature genes, we observed a sequential
increase in scores from the monocyte cluster to the KRM-2
cluster. Notably, a transient increase in a gene set of tran-
scription factors, including Fos, Jun, Atf3, and Egrl, was
observed in the KRM-1 cluster during differentiation
(Figure 3e and f). These transcription factors are known to be
involved in the differentiation of monocytes into macro-
phages, although they may not function alone.*'*’ When
inhibitors against Fos or Jun were administered during the
repletion phase, KRM differentiation was abrogated
(Figure 3g). Taken together, the machinery of transcription
factors is crucial for KRM differentiation within a specific
niche condition, particularly after long-term depletion of
KRMs. Although the current models do not reflect disease
conditions, this finding provides a basis for understanding
similar conditions in noninjured kidneys and may offer in-
sights into the regulation of KRM differentiation.

Efferocytotic surveillance of KRMs

Analyzing changes in the surrounding parenchymal tissue
when the KRM is absent may confirm the homeostatic role of
KRMs. To achieve this goal, bulk transcriptomics were

initially performed on kidneys on day 42 after the adminis-
tration of either CSF1R Ab or control Ab. Pathway analysis
revealed that the most significant change in aCSFIR Ab-
treated parenchymal tissues was an increase in p53
signaling (Figure 4a). This finding was further validated

through quantitative polymerase chain reaction, scRNA Q8

sequencing, and immunohistochemistry (Figure 4b-d). p53
Signaling was more dominant in distal tubules than in
proximal tubules (Figure 4e). p53 Signaling is a key
component of the cellular response to stress, which induces
apoptosis and cell cycle arrest in kidney tubules."*"” Bio-
markers for kidney injury at the macro level, such as blood
urea nitrogen, serum creatinine, and proteinuria, remained
within normal ranges and did not differ between the CSF1R
Ab-treated and control Ab-treated kidneys (Figure 4f).
However, despite the absence of overt kidney dysfunction,
the OCSF1R Ab-treated kidneys exhibited increased
expression of kidney injury molecule-1 and neutrophil
gelatinase-associated lipocalin, indicating the presence of
subclinical injury in the absence of KRMs (Figure 4g and h).
The expression of injury markers was not confined to p53-
positive tubules (Supplementary Figure S2). We established
kidney conditions without KRMs for up to 18 weeks by
administering oCSFIR Ab 3 times at 6-week intervals
(Supplementary Figure S3). Parenchymal changes, including
the upregulation of p53 and damage markers, were pro-
nounced in this extended KRM-depleted condition
(Figure 4i).

To understand why the absence of KRMs induces p53
signaling in surrounding tissue and leads to subclinical
damage, we evaluated the phagocytic capacity, a hallmark
function of macrophages, which may differ between KRMs
and KiMs. Initially, we assessed the presence of apoptotic
debris in the kidneys, which was increased in the o0CSF1R
Ab-treated kidneys compared with the control Ab-treated
kidneys (Figure 5a). This accumulation of apoptotic debris
was further pronounced in the KRM-depleted kidneys when
the depletion was extended to 18 weeks (Supplementary
Figure S4). The overall transcriptomic profile of KRMs was
more associated with B-cell-mediated immunity and

o
N

Figure 4 | (continued) expression in the aCSF1R Ab-treated kidneys relative to the control Ab-treated group, based on single-cell RNA
sequencing data of sorted CD45™ cells. Expression ratios are presented as log, fold changes (left) and normalized enrichment scores (ESs) from
pathway analysis. (d) Representative plots of kidney sections immunostained for p53 on day 42 after Ab injection, and comparison of the p53™
area between the aCSF1R Ab- and control Ab-treated groups (n = 5 per group). Bars = 100 um. (e) Representative image of aCSF1R Ab-
treated kidney sections immunostained for 4’,6-diamidino-2-phenylindole (DAPI), lotus tetragonolobus lectin (LTL), calbindin D28k, and
p53. Merged cells for calbindin and p53 are shown in orange. Bars = 100 pum (left) and 50 um (right). The bar graph indicates the proportion
of p53™ cells within the tubular subset. (f) Biomarkers for kidney injury at the macro level on day 42 after Ab injection. (g) Representative plots
of kidney sections immunostained for kidney injury molecule-1 (KIM-1) on day 42 after Ab injection, and comparison of tubular KIM-1" area
between the aCSF1R Ab- and control Ab-treated groups (n = 5 per group). Bars = 100 um. (h) Representative plots of kidney sections immu-
nostained for neutrophil gelatinase-associated lipocalin (NGAL) on day 42 after Ab injection, and comparison of tubular NGAL™ area between
the alCSF1R Ab- and control Ab-treated groups (n = 5 per group). Bars = 100 um. (i) Comparison of the p53*, KIM-17, and NGAL™ areas
between the alCSF1R Ab- and control Ab-treated groups after Ab administration 3 times every 6 weeks (n = 6 ~8 per group). *P < 0.05,
**P < 0.01, ***P < 0.001. BUN, blood urea nitrogen; CNT, connecting tubule; CSDE, xxx; DCT, distal convoluted tubule; EMT, epithelial-to-
mesenchymal transition; FIB, fibroblast; gEC, glomerular endothelial cell; IC, intercalated cell of collecting duct; PC, principal cell of collecting
duct; PCR, random urine protein-to-creatinine ratio; PODO, podocyte; PT, proximal tubule; ptEC, peritubular endothelial cell; TAL, thick
ascending limb; tDL, thin descending limb. To optimize viewing of this image, please see the online version of this article at www.kidney-
international.org.
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complement activation than that of KiMs (Figure 5b-e). The
differences in KRM signature gene scores at baseline (i.e.,
before d.CSFIR Ab administration) were maintained after
depletion and subsequent replication of KRMs (Figure 5f).
However, identifying a phagocytosis-related signature spe-
cific to KRMs was challenging when using highly ranked
genes. The expression of phagocytosis-related genes did not
differ between KRMs and KiMs (Figure 5g), whereas the
expression of efferocytosis-related genes was greater in
KRMs than in KiMs (Figure 5h and i). Notably, among the
efferocytosis-related genes, Axl was almost not expressed in
KiMs or other immune cells. The protein expression of AXL
was also greater in KRMs than in KiMs (Figure 5j). In vitro
experiments revealed that AxI”’~ KRMs had a lower capacity
for efferocytosis than AxI™" KRMs did (Figure 5k). At 24
weeks of age, AXL-depleted mice presented higher numbers
of apoptotic cells, along with increased p53 expression and
tubular damage, than wild-type mice (Figure 5l-n). Collec-
tively, the deteriorative changes observed in the tubules of
KRM-free kidneys may be attributable to the accumulation
of apoptotic debris resulting from the absence of the KRM-
specific efferocytotic function. In this process, the KRM-
specific AXL molecule plays a role.

Suppression of CD8* T-cell activity by KRMs

We next investigated the impact of KRMs on other immune
cells in noninjured, normal kidneys, focusing on both
quantitative and qualitative aspects. With respect to quanti-
tative changes, we examined the frequency of immune cells
that underwent the most significant changes in the absence
of KRMs. In the scRNA sequencing data set, a corresponding
increase in NK cells was observed, as the number of KRMs
was lower in the 0lCSFIR Ab-treated kidneys than in the
control Ab-treated kidneys (Figure 6a). Flow cytometry
analysis further confirmed an increase in both the number
and frequency of NK cells in the a.CSFIR Ab-treated kidneys
(Figure 6b and Supplementary Figure S5 for the extended
KRM-depleted condition). The proportions of NK cell sub-
sets, based on CD11b and CD27 expression,’® the frequency
of the CD490." resident subset,”” and cytokine production
did not differ between oCSFIR Ab-treated and control Ab-

o

treated kidneys (Figure 6¢c-e). The parenchymal expression
of adhesion molecules for infiltrating NK cells remained
unchanged between the 2 groups (Supplementary Figure S6).
In terms of qualitative changes, the incoming and outgoing
interactions among immune cells, referring respectively to
the signals that cells receive from other cell types and the
signals that they send out, were compared between the
o.CSF1R Ab-treated and control Ab-treated kidneys using
the scRNA sequencing data set. Effector CD8" T cells were
found to be most influenced by the absence of KRMs
(Figure 6f and g). The upregulated pathways in effector
CD8™" T cells from a.CSF1R Ab-treated kidneys were related
to cellular morphology and protein production (Figure 6h).
Analysis of the changes in transcription factors associated
with effector CD8" T cells revealed increased expression
patterns of Junb, Crem, KIf6, and Nr4al in the «CSF1R Ab-
treated kidneys (Figure 6i), which are linked to an inflam-
matory or activated T-cell phenotype.”* " Collectively, the
absence of KRMs led to quantitative changes in NK cells and
qualitative changes in effector CD8" T cells, highlighting the
distinct roles that KRMs play in regulating these immune cell
subsets.

We hypothesized that the effector CD8" T-cell subset,
which exhibited the most significant qualitative changes in
the absence of KRMs, is responsible for NK cell infiltration.
To test this hypothesis, we examined the effects of combi-
nations of chemokine ligands and receptors on these im-
mune cells. The prominent chemokine receptor gene
expressed by NK cells was Ccr5, followed by Ccr2 (Figure 7a).
Among the ligand genes for Ccr5, effector CD8" T cells
primarily expressed the Ccl5 gene (Figure 7b), which is
consistent with findings from a previous study.”’ The pro-
duction of CCL5 protein in CD44" CD8" T cells (corre-
sponding to the effector CD8™ T-cell subset) was greater in
the CSF1R Ab-treated group than in the control Ab-treated
group (Figure 7c). Elevated gene transcription and protein
production of CCL5 were also observed in overall kidney
tissues (Figure 7d and e and Supplementary Figure S7 for
analyses on day 63 and in the extended KRM-depleted
condition). We confirmed the increased CCL5 production
from CD44" CD8" T cells when CD8" T cells were

N

Figure 5 | (continued) Ab)- and control Ab-treated groups (n = 5 per group). The number of TUNEL™" cells was calculated from the IHC images.
Bars = 50 um (IHC) and 100 pm (IF). (b) Uniform Manifold Approximation and Projection (UMAP) plots of 13,222 immune cells on day 42 after
aCSF1R Ab or control Ab injection. (c) Dot plots to identify clusters. (d) Volcano plot showing gene expression fold changes between KRMs and
kidney-infiltrating macrophages (KiMs). The genes showing the most significant changes are listed in the box. (e) Gene set enrichment analysis
of Gene Ontology terms in order of normalized enrichment score (ES). (f) Scores of KRM-related genes before and 42 days after aCSF1R Ab
injection. (g) Scores of phagocytosis-related genes in kidney macrophage subsets. (h) Dot plot showing efferocytosis-related genes. (i) Scores
of efferocytosis-related genes in kidney macrophage subsets. (j) Representative flow cytometry plot of AXL expression in kidney macrophage
subsets, and comparison of AXL™ cells between 2 macrophage subsets on day 42 after Ab injection (n = 3 per group). No difference was
detected between the alCSF1R Ab- and control Ab-treated groups. (k) In vitro efferocytotic capacity in single-cell suspension assay with
apoptotic cells. (I) Comparison of TUNEL™ cells in 24-week-old AxI"’* and Ax/™~ mice (n = 5 per group). (m) Representative images of kidney
sections from 24-week-old mice immunostained for p53, and comparison of the p53* area between Ax/*/* and AxI”~ mice. (n) Comparison of
tubular KIM-1" area in 24-week-old AxI™/* and AxI™~ mice. *P < 0.05, **P < 0.01, ***P < 0.001. cDC, classic dendritic cell; ILC, innate lymphoid
cell; NK, natural killer; NKT, natural killer T; N, neutrophil; PC, plasma cell; Ty, resident memory T. To optimize viewing of this image, please
see the online version of this article at www.kidney-international.org.
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Figure 6 | Changes in immune cell subsets during the kidney-resident macrophages (KRM)-absent period. (a) Proportion of immune
cell subsets on day 42 after antibody (Ab) injection. The calculations were derived from single-cell RNA sequencing data. (b) Flow cytometric
analysis of the proportion (left) and cell number (right) of natural killer (NK) cells after Ab injection (n = 5~ 6 per time point). (c) Proportion of
NK cell subsets based on the expression of CD11b and CD27 on day 42 after Ab injection (n = 5 per group). (d) Proportion of CD49a." resident
NK cell subset (n = 5 per group). (e) Proportion of cytokine production in NK cells (n = 4 per group). (f) CellChat analysis results to identify
cell-cell interactions on day 42 after Ab injection. The open and closed circles represent the control Ab- and anti-colony-stimulating factor 1
receptor Ab (CSF1R Ab)-treated groups, respectively. (g) Heat map of differential interaction strengths. The red and blue color bars indicate
an increase and decrease in interaction strength, respectively, in the aCSF1R Ab-treated group compared with the control Ab-treated group.
The top and right colored bar plots denote the sum of incoming and outgoing signals in each cell cluster, respectively. (h) Gene set
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adoptively transferred into dCSF1R Ab-treated Ragl™'~ mice
compared with control Ab-treated mice (Figure 7f). These
results suggest that, compared with the condition harboring
KRMs, KiMs alone are insufficient to suppress CCL5 pro-
duction from CD8" T cells, highlighting the distinct role of
KRMs in this regulatory process.

We examined the immune checkpoint molecules of KRMs
and KiMs to determine whether their differential expression
is responsible for altered crosstalk with CD8" T cells and
subsequent CCL5 production.”” ™ Among the genes
encoding checkpoint molecules that provide negative signals
to T cells, KRMs presented higher expression levels of Vsir,
Lgals9, and Cd200 than KiMs did, with Vsir showing the
most significant difference between the 2 macrophage sub-
sets (Figure 7g). VISTA (the protein encoded by the Visir
gene) is highly expressed in KRMs and plays a role in miti-
gating the inflammatory milieu after glomerular and tubular
injuries.'” We hypothesized that the overproduction of
CCLS5 in the absence of KRMs may be attributable to the low
expression of VISTA in KiMs, resulting in reduced inhibitory
signals to counterpart effector CD8" T cells, as shown in
previous study focused on cancer conditions.”” These CD8™"
T cells, as well as other T cells, expressed leucine-rich repeats
and immunoglobulin-like domains 1 as a receptor for VISTA
(Figure 7h).”® Consistent with this hypothesis, CD44" CD8*
T cells from Vsir’~ mice produced more CCL5 than those
from Vsir™'" mice did (Figure 7i). Overall CCL5 production
in kidney tissues was higher in Vsir”’~ kidneys than in Vsir™
* kidneys (Figure 7j). This VISTA-dependent regulation of
CCLS5 production was also observed in an in vitro experiment
where T-cell proliferation was assessed on VISTA-Fc-coated
or control-Fc-coated plates (Figure 7k). Additionally, the
frequency of NK cell infiltration was higher in Vsir’~ kid-
neys than in Vsir™’" kidneys (Figure 71). Overall, in non-
injured, normal kidneys, KRMs may maintain immunologic
homeostasis through crosstalk with CD8" T cells, with
VISTA playing a key role in suppressing the overproduction
of CCL5 and regulating NK cell infiltration within the
kidneys.

Exacerbated tubulointerstitial nephritis in KRM-depleted
kidneys

Despite the absence of KRMs, kidney function markers at the
macro level were not altered (Figure 4f), but subcellular
markers in both tubules and circulating immune cells
notably changed. We then investigated the potential risk of
toxin-induced AKI progression in KRM-deficient kid-
neys.”””® At the post-aCSFIR Ab or post-control Ab time
points, we induced AKI with an adenine-mixed diet as the
toxin. We established 2 time points for observation, days 42
and 63. On day 42, KRMs were entirely absent, whereas by
day 63, they had been partially restored; nonetheless,

o

immunologic changes persisted, including increased pro-
duction of CCL5 and subsequent infiltration of NK cells
(Figure 6b and Supplementary Figure S7). The disease pro-
gression was more rapid in the «CSF1R Ab-treated kidneys
(i.e., KRM deficient or lacking) than in the control Ab-
treated kidneys. This was evident in macrolevel changes,
such as elevated blood urea nitrogen and serum creatinine
levels (Figure 8a). The deposition of fibrotic materials was
more severe in the ®CSF1R Ab-treated kidneys than in the
control Ab-treated kidneys (Figure 8b). When we applied a
folic acid-induced injury model as an alternative AKI
model,” the 0/CSFIR Ab-treated kidneys sustained higher
damage than did the control Ab-treated kidneys
(Supplementary Figure S8).

We next examined whether the course of toxin-induced
AKI was altered in KRMs lacking the characteristic check-
point molecules, AXL and VISTA. Compared with their
wild-type counterparts, Vsir’~ mice exhibited severe injury
following adenine-mixed diet, consistent with previous
studies,' ™' whereas Axl gene deletion was not associated
with AKI progression but rather was protective when AXL
was present (Figure 8c and d). The deposition of fibrotic
material due to AKI was higher in Vsir’~ mice than in wild-
type mice, whereas fibrosis in AxI”’~ kidneys did not differ
from that in AxI™’" kidneys (Figure 8e and f). The difference
in the progression of toxin-induced AKI depending on the
expression of the 2 molecules is likely due to the difference in
expression patterns between AXL and VISTA during disease
progression (Supplementary Figure S9). Specifically, VISTA
was expressed primarily in macrophages even as disease
progressed, whereas AXL was also expressed in glomerular
and tubular parenchymal tissues, which supports the previ-
ous study results.”

Human translation of mouse results

To translate these findings from mouse models to humans,
we analyzed kidney tissues from patients with biopsy-
confirmed toxin-induced AKI. The baseline characteristics
of these patients are presented in Supplementary Table 3.
CD68" mononuclear phagocytes (MNPs), including mac-
rophages, were more widely distributed in the interstitial
areas of AKI tissues than in noninjured tissues (Figure 9a).
Given that macrophage heterogeneity influences the direc-
tion of TIN progression,”’ we sought to compare the dis-
tribution of KRM-like and KiM-like MNPs, as well as their
levels of AXL and VISTA expression, in toxin-induced AKI.
Using scRNA sequencing data sets of normal human kid-
neys,”” * we identified KRM-like and KiM-like MNP clus-
ters based on the expression of C1QC, APOE, CD163, CD74,
HLA-DRA, FCNI, VCAN, IFITM2, and CDKNIC
(Figure 9¢). Among parenchymal tissue cells, AXL gene
expression was predominantly observed in podocytes,

N

Figure 6 | (continued) the aCSF1R Ab-treated group compared with the control Ab-treated group. (i) Volcano plot of differential transcription
factors in effector CD8" T cells between the aCSF1R Ab- and control Ab-treated groups. *P < 0.05. cDC, classic dendritic cell; ILC, innate
lymphoid cell; KiM, kidney-infiltrating macrophage; NKT, natural killer T cell; N, neutrophil; PC, plasma cell; Tz, resident memory T.
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Figure 7 | Natural killer (NK) cell infiltration via crosstalk between kidney-resident macrophage (KRM) and effector CD8* T cells. (a)

Dot plot to identify the gene expression of chemokine receptors in each cluster. Gene expression for the NK cluster is highlighted in yellow.

(b) Dot plot to identify the gene expression of chemokine ligands in each cluster. Gene expression for the effector CD8" T-cell cluster is
highlighted in yellow. (¢) Flow cytometric analysis of C-C motif chemokine ligand 5 (CCL5) production in effector CD8" T cells (continued)
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whereas the chromosome 10 open reading frame 54
(Cl0orf54; the human gene name for Vsir) gene was
expressed in podocytes and endothelial cells (Figure 9d).
Among PTPRC' immune cells, AXL gene expression was
primarily found in KRM-like MNPs, whereas C100rf54 gene
expression was present in both KRM-like and KiM-like
MNPs. Next, we aimed to validate the observed differences
in AXL and VISTA gene expression at the protein level.
Among the genes distinguishing KRM-like from KiM-like
MNPs, we selected VSIG4 as a marker with minimal
expression in parenchymal tissues (Supplementary
Figure S10). We then performed costaining for CD68 and
VSIG4 in kidney tissues from patients with toxin-induced
AKI (Figure 9e), and classified the cells as KRM-like MNPs
(CD68" VSIG4™) and KiM-like MNPs (CD68" VSIG4)
accordingly. KRM-like MNPs exhibited high levels of AXL
and VISTA protein expression, whereas KiM-like MNPs
showed low expression of both markers (Figure 9F). On the
basis of the proportion of KRMs among CD68" MNPs,
samples were divided into KRM-high and KRM-low groups
to compare the risk of kidney disease progression following
AKI. Accordingly, the group with a high KRM distribution
tended to exhibit a lower risk of kidney disease progression
than the group with a low KRM distribution (Figure 9g).
These findings suggest that the presence of AXL" and
VISTA™ human KRMs, which correspond to mouse KRMs,
may help maintain kidney homeostasis and provide indi-
vidualized risk stratification for AKI progression following
toxin-induced injury.

DISCUSSION

Although many studies have suggested the homeostatic role
of KRMs, there has been no direct clue regarding their
impact on surrounding parenchymal tissue and immune cells
when KRMs are absent in noninjured kidneys. The present
study addresses this gap by using a model of long-term KRM
depletion using both cellular dynamics and aCSF1IR Ab
treatment. The CCL2-CCR2 axis and transcription factor
machinery are involved in these cyclical periods of depletion
and repletion. KRM-depleted kidneys harbor p53™¢" tubules
with damage markers, which is attributable to the lack of
efficient efferocytosis performed by AXL™&" KRMs. Among

o

the surrounding immune cells, effector CD8" T cells dis-
played the most pronounced changes in the absence of
KRMs, including increased CCL5 production and NK cell
infiltration, which was linked to the VISTA molecule, which
is highly expressed in KRMs. These alterations contributed to
an increased risk of progression after toxin administration, a
finding that was also observed in human cases of toxin-
induced AKI. Therefore, maintaining a population of
KRMs within the interstitial niche may help reduce the risk
of AKI progression before such insults occur.

Nephrotoxic agents may provoke AKI by disrupting ho-
meostasis.”” However, this inflammatory event does not
occur in everyone but is more likely in individuals with
certain risk factors. Therefore, research on the immunologic
status of noninjured baseline kidneys is critical because it can
help predict individualized responses to such insults. In
noninjured kidneys, KRMs constitute most resident immune
cells,®'>!® and their infiltration into the interstitial niche
appears to be dependent on the CCR2-CCL2 axis, consistent
with previous findings."®” Although KRMs inherently ex-
press molecules that can promote inflammation,”’ they are
expected to play a role in regulating the inflammatory
response. > The roles identified in the present study
include highly efficient efferocytosis and the modulation of
CD8" T-cell activity through checkpoint molecules, such as
AXL and VISTA, which likely reduce kidney stress before
disease onset. Therefore, in clinical practice, the distribution
of KRMs within the kidney or the expression levels of AXL
and VISTA could serve as immunologic biomarkers to
determine an individual’s response to nephrotoxic agents.

The AXL molecule is a member of the TYRO3-AXL-

MERTK receptor family.”® This molecule has garnered

particular attention in the field of cancer immunity because
of its high expression in tumor cells, where it enables these
cells to evade immune recognition and destruction.’”
Numerous therapeutic agents targeting AXL are currently
under development for cancer treatment. However, AXL is
also naturally expressed in various cell types, particularly in
phagocytes, where it plays a crucial role in the clearance of
apoptotic cells.”” The absence of AXL expression is associ-
ated with tissue inflammation due to the accumulation of
uncleared apoptotic debris.”"’* In the kidney, AXL is more

N

Figure 7 | (continued) and NK cells on day (D) 42 after antibody (Ab) injection (n = 6 per group). (d) Expression of the Cc/5 gene in kidneys
from the anti—-colony-stimulating factor 1 receptor Ab (CSF1R Ab)- and control Ab-treated groups (n = 5 per group). (e) Representative im-
ages of kidney sections immunostained for CCL5 on day 42 after Ab injection, and comparison of the CCL5" areas between the alCSF1R Ab—
and control Ab-treated groups (n = 8 per group). (f) Representative flow cytometric plots on day 42 after Ab injection in Rag1™~ mice, and
comparison of CCL5 production from adoptively transferred effector CD8™ cells between the aCSF1R Ab- and control Ab-treated groups (n =
4 per group). (g) Heat map showing the gene expression of immune checkpoint stimulatory (left) and inhibitory (right) molecules in KRMs
compared with kidney-infiltrating macrophages (KiMs). Genes are listed in order of their expression levels in KRMs. (h) Dot plot to identify
Lrig1 gene expression in each cluster. (i) Flow cytometric analysis of CCL5 production in effector CD8" T cells from the Vsir'/* and Vsir™~ kid-
neys of 6-month-old mice (n = 4 per group). (j) Representative images of kidney sections from 6-month-old mice immunostained for CCL5,
and comparison of the CCL5™" area between Vsir™”* and Vsir”~ kidneys (n = 4 per group). (k) Flow cytometric analysis of CCL5 production from
sorted effector CD8™" T cells on plates coated with anti-CD3 antibodies and either VISTA-Fc or control-Fc. (I) Comparison of the number of NK
cells per kidney in 6-month-old Vsir™* and Vsir’™ mice (n = 4 per group). *P < 0.05, **P < 0.01. cDC, classic dendritic cell; ILC, innate lymphoid
cell; NKT, natural killer T cell; N¢, neutrophil; PC, plasma cell; Tgy, resident memory T; VISTA, V-domain immunoglobulin suppressor of T-cell
activation. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.
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Figure 8| Progression of toxin-induced acute kidney injury (AKI) according to the presence of kidney-resident macrophages or their
signatures. (a) Tubular damage markers after AKI induction with adenine-mixed diet on day (D) 42 or 63 after antibody (Ab) injection (n =
9~ 10 per group). (b) Comparison of kidney fibrosis on day 28 after AKI induction between anti—-colony-stimulating factor 1 receptor Ab

(0.CSF1R Ab)-treated and control Ab-treated groups (n = 9~ 10 per group). (c) Comparison of tubular damage markers between Ax
AxI”~ kidneys after AKI induction with adenine-mixed diet (n = 6 per group). (d) Comparison of tubular damage markers between Vsir

I+ and

+/+

and Vsir”~ kidneys after AKI induction with adenine-mixed diet (n = 5 per group). (e) Comparison of fibrosis between AxI™’" and Ax/”~
kidneys on day 28 after AKI induction with adenine-mixed diet (n = 6 per group). (f) Comparison of fibrosis between Vsir™”* and Vsir”"
kidneys on day 28 after AKI induction with adenine-mixed diet (n = 5 per group). *P < 0.05, **P < 0.01, ***P < 0.001. BUN, blood urea

nitrogen; TIN, tubulointerstitial nephritis.

highly expressed in KRMs than in KiMs or other immune
cells, suggesting its role in KRM-dependent homeostatic
surveillance through timely removal of cellular debris.
However, AXL is also expressed in podocytes, and its
expression is augmented in both glomerular and tubular cells
under inflammatory conditions.”’ Owing to this expression
pattern, Axl-deficient mice did not undergo overzealous
progression of TIN. When an AXL-targeting inhibitor was
used in the glomerular injury model, glomerulonephritis was
alleviated.”? Therefore, rather than using AXL enhancers or
inhibitors that target the entire kidney, developing agents

Kidney International (2025) m, H-H

that specifically target KRMs or KiMs for immunologic
maintenance under noninjured conditions may be more
effective.

VISTA is an immunoregulatory and inhibitory check-
point molecule expressed in cells of both the myeloid and
lymphoid lineages.”* In the context of cancer, VISTAME"
macrophages deliver negative signals to T cells, thereby
promoting cancer progression.””’’ In noninjured kidneys,
KRMs naturally and highly express VISTA, and their resi-
dency helps mitigate the immunofibrotic processes following
tubular or glomerular injury.'>'> We further explored the
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Figure 9| Translation of the results to human samples. (a) Representative image of kidney sections immunostained for CD68 in a patient
with toxin-induced acute kidney injury (AKI), and comparison of the number of CD68™ cells between noninjured (n = 7) and AKI (n = 27)
kidneys. Bars = 100 pum. (b) Uniform Manifold Approximation and Projection (UMAP) plots of 92,511 kidney cells from 31 healthy humans. (c)
Dot plots to identify clusters of parenchymal tissue cells (left) and immune cells (right). (d) Dot plots to identify the AXL and C10orf54 gene
expression in each cluster. (e) Representative images of kidney tissues from patients with toxin-induced AKI, immunostained for 4,6-

diamidino-2-phenylindole (DAPI), CD68, VSIG4, and AXL (top) or V-domain immunoglobulin suppressor of T-cell activation (VISTA) (bottom). a1s

Bars = 200 um (left) and 100 pm (right). (f) Expression patterns of AXL and VISTA in kidney-resident macrophage (KRM)-like and kidney-

infiltrating macrophage (KiM)-like mononuclear phagocytes (MNPs).

(g) Kidney disease progression in patients with toxin-induced AKI,

stratified by KRM™" and KRM'®" fractions within MNPs. ***P < 0.001. cDC, classic dendritic cell; CNT, connecting tubule; DCT, distal
convoluted tubule; ENDO, endothelium; IC, intercalated cell of collecting duct; IMM, immune cell; NK, natural killer; T; N¢, neutrophil; PC,
principal cell of collecting duct; PODO, podocyte; PT, proximal tubule; PT-S3, segment 3 of proximal tubule; TAL, thick ascending limb; URO,
urothelial cell. To optimize viewing of this image, please see the online version of this article at www.kidney-international.org.

interaction between KRMs and effector CD8" T cells in
noninjured kidneys. CCL5 expression in effector CD8" T
cells was influenced by VISTA™E" KRMs, leading to NK cell
infiltration and increased susceptibility to TIN. However, it is
still unknown which signaling pathway via VISTA modulates

16

CCL5 expression in these T cells under noninjured condi-
tions. Further research is required to elucidate the related
signaling pathways.

In conclusion, the present study provides the first evi-
dence that KRMs play a crucial role in maintaining
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homeostasis in noninjured kidneys, owing to their hallmark
function and molecular signatures compared with those of
KiMs. Understanding the cellular dynamics of heterogeneous
macrophages during rhythmic cycles of depletion and
repletion will be instrumental in developing strategies to
preserve immunologic homeostasis. Additionally, these
findings offer valuable insights into the prevention of toxin-
induced AKI and suggest the potential use of macrophage-
specific biomarkers to individualize the assessment of dis-
ease risk.
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