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Single Cell RNA Sequencing Identifies a Unique
Inflammatory Macrophage Subset as a Druggable Target for

Alleviating Acute Kidney Injury

Weijian Yao, Ying Chen,* Zehua Li, Jing Ji, Abin You, Shanzhao Jin, Yuan Ma, Youlu Zhao,
Jinwei Wang, Lei Qu, Hui Wang, Chengang Xiang, Suxia Wang, Gang Liu, Fan Bai,*

and Li Yang*

Acute kidney injury (AKI) is a complex clinical disorder associated with poor
outcomes. Targeted regulation of the degree of inflammation has been a
potential strategy for AKI management. Macrophages are the main effector
cells of kidney inflammation. However, macrophage heterogeneity in ischemia
reperfusion injury induced AKI (IRI-AKI) remains unclear. Using single-cell
RNA sequencing of the mononuclear phagocytic system in the murine IRI
model, the authors demonstrate the complementary roles of kidney resident
macrophages (KRMs) and monocyte-derived infiltrated macrophages (IMs) in
modulating tissue inflammation and promoting tissue repair. A unique
population of S100a9"Ly6c" IMs is identified as an early responder to AKI,
mediating the initiation and amplification of kidney inflammation. Kidney
infiltration of ST00A8/A9" macrophages and the relevance of renal
S100A8/A9 to tissue injury is confirmed in human AKI. Targeting the
S100a8/a9 signaling with small-molecule inhibitors exhibits renal protective
effects represented by improved renal function and reduced mortality in
bilateral IRl model, and decreased inflammatory response, ameliorated kidney
injury, and improved long-term outcome with decreased renal fibrosis in the
unilateral IRl model. The findings support S100A8/A9 blockade as a feasible
and clinically relevant therapy potentially waiting for translation in human AKI.

1. Introduction

Acute kidney injury (AKI) is a clinical
syndrome with complex pathogenesis and
limited treatment methods.l'l Severe AKI
can be life-threatening and increases the
risk of chronic kidney disease (CKD) and
mortality.”) Renal ischemia reperfusion in-
jury (IRI) is one of the main causes of
AKI in human.B* Studies from IRI ani-
mal models have shown that in the early
phase of kidney injury, tubular cell damage
triggers an innate immune response, which
is characterized by resident mononuclear
phagocytic cell (MPC) activation and cir-
culating leukocyte adhesion/infiltration.[>*]
Cytokines derived from innate immune
cells activate the following adaptive im-
mune response, enhancing and main-
taining the sterile inflammatory environ-
ment in the kidney. On the other hand,
anti-inflammatory mechanisms of immune
cells also exist. Although renal inflamma-
tion has a critical impact on whether the
kidney injury is resolved or progressed to
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subsequent CKD,[®] the precise mechanisms for renal inflam-
mation after AKI are still unknown, and no drug has been shown
to be able to halt this process.

Macrophages actively participate in the inflammation process
during AKI. Studies from in vitro experiments and animal mod-
els have proved that macrophages can be polarized to a proin-
flammatory phenotype in the early phase of injury, whereas in the
repair phase, they become anti-inflammatory phenotypes, which
offset the effect of aberrant inflammation and support tubular
regeneration.>®! Macrophages have also been observed in kid-
ney biopsy tissues of human AKI and the amount of macrophage
infiltration is correlated with the degree of renal damage.[*'!] Be-
ing involved in all stages of the injury and repair response in
AKI, macrophages have emerged as potentially important ther-
apeutic targets.l'>13] However, strategies targeting macrophages
in AKI have so far led to controversial effects due to the inability
to specifically inhibit the damaging effects of pro-inflammatory
macrophages while leaving the repair macrophages intact.l*15]
Therefore, interests in deciphering the functional heterogeneity
of various macrophage populations, their activation states, and
the specific contributions that drive inflammation, mediate tis-
sue repair, regulate fibrosis, and facilitate the resolution of in-
flammation has been growing substantially.

Previous studies by immunohistochemistry and flow cytom-
etry of kidney samples mainly rely on cell-specific markers,
and cannot reveal previously-unidentified cell types or activa-
tion states.!' Single-cell RNA sequencing (scRNA-seq) opens
the possibility to unbiasedly map cellular heterogeneity and re-
cover cellular identities independently of a priori defined labeling
strategies.l!”18] Recent advances in scRNA-seq have facilitated de-
tailed analysis of immune cells in the mature human kidney and
in kidneys across species and myeloid cells during regression
of fibrosis in the mouse kidney.'*-?!! However, macrophage het-
erogeneity during the acute phase of IRI-AKI remains unclear.
Herein, we aimed to identify the disease-associated macrophage
subsets during I/R injury and uncover their functional states,
markers, and potential molecular regulators at single-cell reso-
lution. We defined a monocyte-derived macrophage subset char-
acterized by S100a8/S100a9 expression specializing in initiation
and amplification of renal inflammation. Pharmacological target-
ing on this pivotal proinflammatory macrophage subset by two
small-molecule inhibitors of S100a8/a9 signaling, significantly
improved renal function and reduced mortality in bilateral IRI
(bIRI) murine model, and ameliorated kidney injury and long-
term renal fibrosis in the unilateral IRI (uIRI) murine model.
Moreover, kidney infiltration of S100A8/A9* macrophages and
its relevance to tissue injury were confirmed in human AKI. Our
results support S100A8/A9* macrophage population as an attrac-
tive druggable target in AKI worthy for translation into clinical
studies.

2. Results

2.1. Mononuclear Phagocyte Atlas at Single-Cell Resolution in
Mice with IRI-AKI

To obtain comprehensive insight into the potential origins and

dynamic features of MPCs in the acute injury stage of AKI, we
performed time series of scRNA-seq on sorted cells collected
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from the kidney, blood, and spleen from mice before and after 45
min of unilateral kidney ischemia followed by reperfusion for 1
and 3 days (Figure 1A and Figure S1A, Supporting Information).
To gain the maximum amount of MPCs in the three organs, the
1:1 mixture of Cd11b+ cells and F4/80+ cells from the kidney
samples, the 1:1 mixture of Cd11b+ cells and Ly6c+ cells from
the blood samples and the Cd11b+ cells from the spleen samples
at each time point were loaded to 10X Genomics for single-cell
RNA sequencing, and the data were analyzed by harmony inte-
gration (Figure 1A and Figure S1B,C, Supporting Information).
A total of 80829 cells passed the quality control (Figure S1D, Sup-
porting Information) and they were divided into 26 clusters (Fig-
ure S2A and Table S1, Supporting Information). According to the
expression of representative MPC genes (Cd68, Adgrel, Cx3crl,
Itgax, Cd209a, Clec9a), a total of 28884 cells from clusters 4, 5,
6,9, 10, 12,13, 15 (Figure S2A-C, Supporting Information) were
defined as MPCs. Through unsupervised clustering, these 28884
MPCs were further divided into 32 subgroups based on the typ-
ical monocyte/macrophage/dendritic cell markers and the com-
parison with the entire gene expression based on Immunological
Genome Project (ImmGen) mouse immune cell datasets (Fig-
ure 1B and Table S2, Supporting Information),/?”] among which
clusters C1-C22 were defined as monocytes/macrophages and
clusters C23-C28 as dendritic cells (DCs) (Figure S3A,B, Support-
ing Information). The remaining clusters C29-C32 contained la-
bile RNA derived from kidney cells thus were not clearly classi-
fied. The dynamic changes of cell number of each cluster on each
time point and in each organ are displayed (Figure S3C, Support-
ing Information).

To trace the potential organ ontogeny of renal MPCs after in-
jury, we formulated three independent characteristic gene sets
of the monocytes/macrophages in the kidney, blood, and spleen
at homeostasis based on genes expressed in cells isolated from
these three organs under normal condition and the typical genes
that have been reported in the literature (Table S3, Supporting
Information). After comparing the transcriptomic similarity, we
found that 74.69% of macrophages in the kidney on D1 after
injury resembled monocytes from the homeostasis-state blood
sample, suggesting that the majority of macrophages which ap-
peared in the injured kidney at the acute injury stage originated
from blood monocytes (Figure 1C). This percentage decreased to
19.86% on D3 after injury (Figure 1C).

2.2. KRMs and Monocyte-Derived Macrophages Played
Complementary Roles in the Acute Phase of IRI-AKI

By quantifying the tissue enrichment based on the ratio of ob-
served to expected cell numbers (Ro/e) in each cluster, we found
that the defined MPC clusters exhibited different tissue prefer-
ence. Clusters 1, 2, 3, 4, 5, 10, 13, 14, 15, 16, 17, and 20 were en-
riched in kidney samples (Figure 2A), among which clusters 1,
2, 3, and 4 were the main MPC clusters presented during home-
ostasis (NC) and remained in the kidney after IRI (Figure 2B).
C1-4 expressed high levels of typical KRM marker genes such as
Clga, Clqc, Cd81, and Ms4a7 (Figure S3D, Supporting Informa-
tion). We hypothesized that these four populations represented
the homeostatic tissue-resident macrophages. The representative
genes for each KRM cluster were MHC-II genes (Cd74, H2-Aa,
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Figure 1. Single-cell transcriptomics profiling of MPCs from kidney, blood, and spleen at hemostasis (NC) and day one (D1), day three (D3) after
ulRl. A) The flow chart of experimental design. n = 6 mice at each time point. The flow chart materials was taken from the Servier Medical Art
(https://smart.servier.com/). B) UMAP plot colored by MPC clusters depicting the MPC annotation. C) Pie graphs displaying the proportion of identified

kidney MPCs ontogeny at each timepoint.

H2-Ab1, H2-Eb1) in C1, chemokines Ccl4 and Ccl3 in C2, Mrcl
in C3, and Slc40a1, the iron ion transporter, in C4 (Figure 2C).
The existence of these KRMs was confirmed by costaining of the
markers of each cluster with F4/80 in the normal mouse kidney
tissues (Figure S4, Supporting Information).

Under homeostasis, gene ontology (GO) terms enriched in
KRMs were mainly involved in antigen-presenting, maintain-
ing the stable microenvironment of the kidney and promoting
myeloid cell migration and differentiation (Figure 2D). After in-
jury, phagocytic, inflammatory, anti-inflammatory, and wound re-
pairing functions were enhanced in KRMs (Figure 2E and Ta-
ble S3, Supporting Information). Of the four KRM clusters, C2

Adv. Sci. 2022, 2103675

had the highest inflammation score. C3 had the highest anti-
inflammation, wound repair, and chemokine production scores,
expressing wound repair genes such as Pf4, Ferls, and Pdgfa at
D1 after injury and Igf1, Ferls, and Timp2 at D3 after injury. C4
mainly expressed genes involved in angiogenesis including Igf1,
Tnfaip2, and Veam1 at D3 after injury (Figure 2E,F).

On D1 post injury, new clusters C6, C7, C8, C9, C11, and C12
appeared in the kidney, which were also topographically localized
in the same position on the UMAP plot of the blood and spleen
samples (Figure 2B), indicating they were monocyte-derived IMs.
The typical monocyte marker Ly6c2 was highly expressed in C6,
C7, C8, C9 (Ly6c"IMs) (Figure S3B, Supporting Information).
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Figure 2. Functional heterogeneity of KRMs and IMs in the acute phase of AKI. A) Heatmap of Ro/e value showing the distribution of each MPC cluster
in kidney, blood, and spleen. B) UMAP plots demonstrating the MPC cluster distribution at each timepoint and in each organ. C) Dot plot displaying the
representative maker genes of the four KRM clusters. D) Dot plot showing the score comparison of GOBP terms related to KRM functions in the Normal
Control (NC) group. E) The score comparison of typical functions among the four KRM clusters on day one post injury (D1). F) Representative genes
related to typical functions in each KRM cluster before (NC) and day one (D1), day three (D3) after ulRI. G) Dot plot displaying the representative maker
genes of the six IM clusters. H) Dot plot displaying the representative differentially enriched GOBP terms between KRMs, Ly6c"IMs, and Ly6c'®¥IMs.
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The representative genes for each cluster were S100a9, S100a8
in C6, Chil3, and Pla2g7 in C7, Fnl, and Ccl9 in C8 and Hbb-
bs, Ccl5 in C9 (Figure 2G). The Ly6c2 expression were decreased
in C11 (Ly6c™IMs) (Figure S3B, Supporting Information) and
the representative markers for this cluster were Plac8 and Plbd 1.
C12 had the lowest Ly6c2 expression (Ly6c°¥IMs) (Figure S3B,
Supporting Information) and expressed the marker genes of Ace
and Pou2f2 (Figure 2G).

After injury, GO terms for KRMs and IMs showed similar
functions in phagocytosis and leukocyte activation. However,
KRM'’s functions were more focused on antigen presentation and
activation of complement system and other immune cells such
as B cells, dendritic cells, and eosinophils (Figure 2H). Ly6c°¥IM
(C12) played more roles in maintaining the stability of the en-
dothelium, regulation of vasculogenesis, and the transport of
ions (Figure 2H). Compared to the Ly6c®"IMs, GO terms for
Ly6c"IMs were more enriched in clearance of apoptotic cells,
acute inflammatory response, and the proinflammatory ability,
butless enriched in the maintenance of homeostasis (Figure 2H).
These data indicate that KRMs and IMs played complimentary
roles in the acute phase of IRI-AKI, and Ly6c"'IMs could be the
main players in promoting kidney inflammation.

2.3. The Dynamic Functional Plasticity of Monocyte-Derived
Macrophages in the Acute Phase of AKI

Considering the dynamic plasticity of macrophage functions in
the tissue environments during disease progression, we traced
the phenotypic and functional changes of Ly6c" monocyte-
derived macrophages while and after their infiltrating into the
kidney. On day 1 post injury, compared to the peripheral blood
Ly6c™ monocytes, the kidney Ly6cMIMs highly expressed Mafb,
Jdp2, Rbpj, and Mif, which have been reported to promote
monocyte-to-macrophage differentiation (Figure 3A).[2-%] The
transcriptomes of chemokines and chemokine receptors (Ccl7,
Cxcl3, Ccl12, Ccl2, C5arl, Cerl, Cer5), inflammatory regulators
(111b, Il1rn, 111r2, Mmp9, Hmox1), and phagocytic partners (Arg1,
Stab1, Msr1) were also enriched in Ly6ch'IMs (Figure 3A). As a re-
sult, scores for macrophage maturation, migration capacity (traf-
ficking score), phagocytic and inflammatory capacity, chemokine
production, and chemokine receptor expression were all signif-
icantly higher in kidney Ly6c"IMs than in the corresponding
monocytes in the blood (Figure 3B, Table S3).

Notably, after infiltrating into the kidney, the four subpopu-
lations of Ly6c"IMs (C6, C7, C8, and C9) presented developing
trends toward a new cluster of Arg1"C5 as shown by RNA veloc-
ity analysis (Figure 3C). To further characterize the differentia-
tion process, we identified differentially expressed genes (DEGs)
along the Ly6cMIM-to-Arg1"C5 developmental trajectory and de-
fined three gene expression modules starting from modules 1
to 3. As shown in Figure 3D, the inflammatory signals S100a8,
S$100a9, 1118, and C3, and the downstream inflammatory path-
way components Trem1, Ikbkb, Tnfaip3, Nfkbia, and Ripk2 were
found to be dominant in module 1. Both modules 1 and 2 highly
expressed multiple chemokines and receptors including Ccrl2,
Ccl17, Cxcl10, Cxcr2, and Cer2, indicating an increased migra-
tion ability. Module 3 was featured with high expression of mul-
tiple tissue repairing genes including Fnl, Pecam1, Vegfa, and
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Pdgfa and displayed ontology terms in consistent with the promo-
tion of tissue remodeling, extracellular matrix organization, and
wound healing (Figure 3E). Taken together, the three modules ex-
hibited a gene expression program switching from a proinflam-
matory signature to a pro-repairing phenotype (Figure 3D,E), and
the transcription factors that could be involved in this polariza-
tion process included Stat3 and Pou2f2 in module 1; Stat1, Atf3,
Nr4al, and Pparg in module 2; and Hifla and Mafin module 3
(Figure 3D).

We also found a mutual transformation between KRM cluster
4 (KRM-C4) and Arg1™C5 by RNA velocity analysis. As shown
in Figure 3F, on D1 post injury, part of KRM-C4 transformed to
Arg1MC5, while on D3, a developmental trend from Arg1™C5 to
KRM-C4 was detected (Figure 3G). Compared to D1, Arg1"C5
began to express KRM marker genes such as Clga, Clgc, H2-
Eb1, and Cx3crl on D3 post injury (Figure 3H). The presence
of Arg1" macrophages after kidney injury was confirmed by im-
munohistological staining of mouse kidney sections. As shown
in Figure 31, the expression of arginase-1 was not detected in the
normal mouse kidney, while on D1 and D3 post-IRI, arginase-1
level was dramatically increased in the interstitium.

2.4. S100a9"Ly6c" Monocytes as the Earliest Blood Originated
Responder to Renal Injury Signal

As our scRNA sequencing data showed that four distinct Ly6c"
monocyte clusters transiently increased in the blood on D1 post-
IRI and the corresponding IM clusters were detected in the in-
jured kidney, we then wanted to determine which Ly6c" mono-
cyte/macrophage cluster could be the first responder to kidney in-
jury signals. We performed RNA velocity analysis on the D1 blood
monocyte clusters and found that the $100a9" Ly6ch*monocyte
cluster (C6) was the starting point of the blood monocyte trajec-
tory (Figure 4A). Through flow cytometry analysis, we found that
$100a9" Ly6c" monocytes appeared early at 2 h post-IR surgery,
serving as the major population of the increased blood mono-
cytes at this time (Figure 4B and Figure S5A, Supporting Infor-
mation). Not surprisingly, S100a9"1Ms were also detected early
at 2 h in the kidney, and constituted the majority of IMs at this
point (Figure 4C and Figure S5A, Supporting Information). By
immunofluorescent staining of kidney sections, we further con-
firmed the presence of S100a8/a9* macrophages in the intersti-
tium early at 2 h post-IRI (Figure 4D and Figure S5B-E, Sup-
porting Information). To further test the myeloid origin and to
trace the $100a8/a9" macrophage infiltration in the injured kid-
ney, unilateral IRI was performed on the Cx3cr1-GFP, Ms4a3°-
RosaTd double reporter mice (See Experimental Section). The kid-
ney single cells were collected, stained with S100a9, and ana-
lyzed by flow cytometry. Cells from the contralateral kidney were
used as control. As shown in Figure S6A,B, Supporting Infor-
mation, one day after ulRI, the Ms4a3"Cx3cr1"S$100a9™ cells
in the kidney were greatly increased, indicating a marked infil-
tration of bone marrow originated $100a9"" macrophages. We
also performed S100a9 staining on the kidney sections of Cx3cr1-
GFP, Ms4a3-RosaTd mouse one day after ulRI. The cells with
triple staining of Ms4a3, Cx3crl, and S100a9, representing the
$100a9" macrophages that derived from the bone marrow, were
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observed in the injured kidney one day after IRI (Figure S6C, Sup-
porting Information).

Interestingly, while we costained S100a8 or $100a9 with Ly6g
in the kidney sections 2 h after IRI injury, we did not detect
neutrophil infiltration at this timepoint (Figure S7A, Support-
ing Information). In addition to the cluster signature genes
S$100a8, S100a9, and the MPC marker genes Adgrel and Ly6c2,
the $100a9" Ly6cM ' monocytes also highly expressed neutrophil
functional genes such as Lcn2, Elane, Prin3, and Serpinbla, yet
the neutrophil-defining signature gene Ly6g was not present in
this population (Figure S7B). Through ImageStream Multispec-
tral Imaging Flow Cytometry system, the single-cell images of
bright field, Cx3crl, Ms4a3, S100a9, Ly6g, and Hoechst channels
were displayed. The S100a9, Ms4a3, Cx3crl triple-positive cell,
representing the $100a9* IM, showed a typical monocyte nucleus
under the Hoechst channel (Figure S7C, Supporting Informa-
tion). We also fixed the cells after sorting and stained the nuclei
with Giemsa staining. More clearly, the S100a9*Ms4a3*Cx3crl*
cell exhibited a mononuclear morphology and thus resembled
monocyte and macrophage rather than neutrophil (Figure S7C).
Furthermore, through immunohistochemical staining of Cd3 or
Cd19, we did not detect T cells or B cells infiltrating the kidney
within 24 h post-IRI (Figure S7D, Supporting Information).

In order to determine which chemotactic factors could play
essential roles in attracting the $100a9"Ly6c" monocytes infil-
tration, we performed a chemokine array in mouse kidney ho-
mogenates after IRI (Figure 4E). We found that as early as 2 h
post injury, there was a significant increase in the expression
of chemokines Cxcll, Ccl2, Ccl3, and Ccl22. Cxcll, Ccl2, and
Ccl3 were detected on renal tubule epithelial cells (TECs) by im-
munofluorescent staining of kidney tissue 2 h after IRI (Fig-
ure 4F). The Ccl2 and Ccl3 genes could be detected in KRMs by
scRNA-sequencing analysis (Figure 4G). Ccl2 and Ccl3 expres-
sion by interstitial macrophages was also confirmed by staining
(Figure 4H and Figure S8A, Supporting Information). Ligand-
receptor analysis indicated that among the four Ly6c™ mono-
cyte clusters, S$100a9" Ly6c"monocytes (C6) had the strongest in-
teraction with KRMs on day one post injury (Figure 41). This
cluster of monocytes expressed high levels of Ccrl and Ccr2,
receptors for Ccl2 and Ccl3, and uniquely expressed Cxcr2, the
chemokine receptor for Cxcll (Figure 4]). These data suggested
that $100a9" Ly6c™ monocytes/macrophages could be the first
blood-originated reactor to the early kidney injury signals re-
leased by KRMs and TECs.

www.advancedscience.com

2.5. S100a9"Ly6c" Macrophages Initiate and Amply
Inflammatory Injury in the Acute Phase of AKI

We next focused on the potential function of S100a9" Ly6c™ IMs
in IRI kidneys. Compared to other Ly6c™IM clusters,
S100a9"Ly6c"IMs had the highest expression level of the
inflammation-related genes Il1b, Tnf, Tnfaip3, I1l1r2, Ilirn,
Cxcl2, Cxcl3, Cerl2, Mmp8, and Mmp9 (Figure 5A). Accordingly,
$100a9" Ly6c™IMs exhibited the highest inflammatory capacity
and chemokine and chemokine receptor production capacity
among the Ly6c"IMs (Figure 5B and Table S3, Supporting
Information). The ontology terms related to inflammation
such as “neutrophil degranulation”, “myeloid leukocyte mi-
gration”, and “inflammatory response” were also enriched in
$100a9"Ly6cMIMs  (Figure 5C). In addition, ligand-receptor
pair analysis of the kidney macrophage clusters showed that
S100a9"Ly6c"IMs had the strongest interaction with other
Ly6c"IM clusters as well as with KRMs (Figure 5D). The above
data indicate that S100a9" Ly6c™IMs could be the key effectors
and amplifiers of the proinflammatory response in the IRI
kidneys.

Through protein—protein interaction (PPI) enrichment anal-
ysis using STRING-db, we found that S100a8/a9 receptor Tlr4
and the downstream NfxDb signaling pathway-related proteins
were all enriched in S100a9"Ly6c™IM (Figure 5E). The expres-
sion of S100a8/a9 receptor gene Tlr4 was found in KRM-C3 and
C4, and all Ly6c"IMs, and the inflammatory pathway compo-
nents Myd88, Ikbkb, Saa3, Irak2, Irak3, Fos, Socs3, Nfkbia, Nfkb2,
and Junb were also found in both KRMs and Ly6c"IMs (Fig-
ure 5F). We next performed ligand-receptor pair analysis between
$100a9"Ly6cIMs and KRMs and Ly6c™IMs (Figure 5G). Im-
munostaining of Ccl3-Ccr2, Ccl4-Cer2, 1114-111r pairs revealed
that the ligands and receptors were colocalized in the same re-
gion of the kidney (Figure S8B). Most importantly, the S100a8/a9
ligand from $100a9" Ly6cMIMs (C6) and the receptor Tlr4 on ei-
ther KRMs or Ly6c™IMs showed the strongest interaction (Fig-
ure 5G). Through immunofluorescent staining, we found that
Tlr4 was highly expressed in $100a8/a9* cells (Figure 5H), and
the expression of $100a8 or $100a9 in the kidney correlated with
the degree of tubular pathological injury score and the number
of Cd11b* MPCs infiltrated in the kidney (Figure 5I). The above
analysis suggested that S100a9" Ly6c™IMs could potentially pro-
mote and amplify inflammatory injury through the S100a8/a9-
Tlr4 axis, both by an autocrine effect and by activating the in-

Figure 4. $100a9" Ly6c" monocytes infiltration in response to kidney injury signal. A) UMAP plot of circulating monocyte clusters C6-9, C11, C12 in the
blood demonstrating their developmental transition as revealed by RNA velocity on day one post injury. B) Flow cytometry gating of Cd11b+/Ly6c+ and
$100a8+, S100a9+ cells in the blood at various time points after surgery. n = 3. Bar graph showing the percentage of $100a8/5100a9 positive cells and
$100a8/S1009 negative cells at each time point. *** P < 0.001, Student’s ¢ test. C) Flow cytometry gating of Cd11b+/Ly6c+ and S100a8+, S100a9+ cells
in the kidney at various time points after surgery. n = 3. Bar graph showing the percentage of S100a8/S100a9 positive cells and S100a8/S1009 negative
cells at each time point. * P < 0.05, ** P < 0.01, *** P < 0.001, Student’s t test. D) Representative immunofluorescent images of F4/80, S100a8, S100a9
costaining of sham or 2, 6, 12 h post injury kidney tissues. n = 3. *P < 0.05, **P < 0.01, compared to sham, Student’s t test. E) Quantification of renal
chemokine concentrations at different time points after injury. n = 3. *P < 0.05, **P < 0.01, compared to sham, Student’s t test. F) Representative
immunofluorescence images of Cxcl1, Ccl2, Ccl3 staining of sham or 2 h post injury kidney tissues. White dots circle renal tubules. G) Feature plots
showing the representative chemokine expression in renal MPCs. H) Representative immunofluorescence images of Ccl2, Ccl3, and F4/80 costaining
of 2 h post injury kidney tissues. Arrows indicate macrophages with specific chemokine secretion. I) Chord diagram demonstrating the intercellular
communication between KRMs and the four clusters (C6, C7, C8, C9) of blood Ly6c" monocytes on day 1 post injury. J) Violin plots demonstrating
chemokine receptors Ccr1, Ccr2, and Cxcr2 expression in the four clusters of Lysc" monocytes. All scale bar, 50 um.

Adv. Sci. 2022, 2103675 2103675 (8 0f20) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
ADVANCED
SCIENCE SEWS sCl E

www.advancedsciencenews.com www.advancedscience.com

B C
b Tnf Tnfa:p.? Hir2 trophil degranutation)

Myelold lakoayts migration

3
2. 3 .
2 1 g Coy o Percent Expressed  icotinamide nucieoh moianelic pracess
1 1.0 a0 Regul lamm of leukocyte migration,
0.5 50 ocytn cellcell 5“.."'1"’3
0. 0. o. [of:] 9 . 8% tathione metabolism.

6155 0455 tba * o el o osioaten

Callular aldehyde motabolic process
Protein processing in endoplasmic etioutum
Response to Smic reticulum stress|
Collagen etaholc process
sponse o oxidative stre:
Rugulntmn of papiicase activity

Average Expression
Max

rn Cxci2 Cxci3 cmz

Min Metal
ponse to interleukin-1

Regulation o1 eyiokine production

in maturation

Datoxification of Reactive Oxygen Species,

a@imu
ons O
?
oNn B

uIIHI ||||||

10 16
-1og10[P]

o
O=NWH
G‘E
’_

Cluster
. @ @
KRM .
&, 4\’ o Ltb -rnfaips Ptgs2 @ Tird binding site
+4 "9 @ Nfkb pathway
@ AP-1 related transcription factors
@ Nfkb pathway related proteins
¢ G"'s‘. . Collagen degradation process
\ Osm B ’..I.a
\7.0 / é’c ZEgr
© \ & 4 s1m.e"°""P“"‘1,|M""’sM p’ =
N 510021 Palyrp1- Hp
~Ce ’G1 Counts g P ﬁ”’m“‘.’,‘ﬁ’m.l F
1 1
wmin M max it "M 1o
Foiz Fi3al .o, BuspiEts2
F G
Tird o Mydss 5 Ikbkb 5 Saa3
1' 51 1.
: g 18]
0.! .51 0. a
0.0 0. 0.0 1
VHEA DS HHA! A5 LS RYHHADS
2 Irak2 | Irak3 Fos 4, Socs3 LRscore
1 5 g 3 B Max
1 ol 2 2
0 i 's| | 1
0.0 0: 04 By
55ADS ADD b«\% RAAFADS
20, Nfkb2 o Nfkbia Junb
: ! e
0. M| } 1 z
0.0 0 ]
VA DS AMAHYADS A5 MADS
Cluster
H S$100a8
$100a9
|
£ g
s
5 r=0.87 £ r=0.89 g r=0.89 L. r=0.87
800 . =
210 _P=0.0001 3 * P=0.0002 ;ﬂs P=0.0001 £ 'a P=0.0005
s8] | = 3 210 [
8¢l o & §s 2
2 DO 5 10 3 (x10%) 5 10 15(x10%) 2 0 5 10 15 20(x10%) § 10 15 20(x10%
& T-ssueswo:s-lon = Tissue-5100a9- |on

Figure 5. Characteristics of monocyte-derived $100a9" Ly6c" macrophages. A) The expression of inflammation-related genes in the four clusters (C6,
C7, C8, C9) of kidney Ly6c" IMs on day one post injury. B) Dot plot of scores of inflammation, chemokines, and chemokine receptors in the four clusters
(C6, C7, C8, C9) of kidney Ly6c"IMs on day one post injury. C) Top 20 GOBP and KEGG items in kidney Ly6c"' IMs on day one post injury. D) Chord
diagrams demonstrating the intercellular communication from kidney Ly6c"'IM clusters (C6, C7, C8, C9) to KRMs, and among the four kidney Ly6c"'IM
clusters (C6, C7, C8, C9) on day one post injury. E) PPl enrichment analyses in kidney $100a9" Ly6c™ IMs on day one post injury using the STRING-db.
F) The expression of genes in Tlr4-dependent inflammatory signaling pathways in KRMs (C1, C2, C3, C4) and kidney Ly6c" IMs (C6, C7, C8, C9) on day
one post injury. G) Chord diagram displaying the significant representative ligand-receptor pairs from ligands in kidney S100a9" Ly6c"' C6 to receptors in
KRMs and kidney Ly6cIMs, respectively, on day one post injury. H) Representative immunofluorescent images of $100a8, $100a9, and Tlr4 costaining.
Scale bar, 50 um. 1) The correlation analysis between kidney S100a8, S100a9 expression, and renal tubular acute injury score and the number of Cd11b+
cells,n=11.
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Figure 6. S100A8/A9+ macrophages in human kidney with acute tubular injury (ATI). A) The representative images of ST00A8/A9 and CD68 immunoflu-
orescence costaining in normal kidney and severe ATI kidney. Arrows indicate ST00A8/A9 positive macrophages. B) The representative images of
S100A8/A9 immunohistochemistry in normal kidney and kidney biopsy specimens with different levels of ATl and semi-quantitative analysis. * P <
0.05, ** P < 0.01, Student’s ¢t test. C) TUNEL assay in patients with different ATI severity and its correlation with tissue ST00A8/A9 expression. * P <

()05v Yk

P <0.01, Student’s t test. D) The urine S100A8/A9 concentrations of healthy control (n = 13) and patients with mild-ATI (n = 12) and severe-AT|

(n = 14).* P<0.05. E) Correlation analysis of the expression levels of tissue ST00A8/A9 and urine ST00A8/A9. F) Correlation analysis of the expression

levels of tissue ST00A8/A9 and plasma S100A8/A9. All scale bar, 50 pm.

flammatory response of other macrophage clusters, thus deteri-
orating tubular pathological injury.

To further investigate the potential pathological significance
of infiltrated S100A8/A9" macrophages in human AKI, we took
advantage of an AKI cohort with biopsy-proven acute tubular in-
jury (ATI, n = 36) (Table S6, Supporting Information). The causes
of AKI were defined as nephrotoxicity in 20 cases and ischemic
injury in 7 cases. Through costaining with anti-S100A8/A9 and

Adv. Sci. 2022, 2103675 2103675

anti-CD68 antibodies, a majority of S100A8/A9" cells in the
kidney tissues were defined as macrophages (Figure 6A). As
shown in Figure 6B, no S100A8/A9 positive staining was de-
tected in the normal control kidney sections, while the expres-
sion of S100A8/A9 increased significantly in the kidney tissues
of AKI patients, and the expression level increased with the sever-
ity of tissue injury and the degree of tubular apoptosis (Fig-
ure 6B,C). Kidney S100A8/A9 expression was positively corre-
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Table 1. Correlation analysis between kidney tissue ST00A8/9 level and clinical indicators of renal function.

Test items Correlation coefficient (r) Pvalue
Serum creatinine 0.3725 0.03
Urine microalbumin 0.3920 0.03
Urine N-acetyl-g-glucosaminidase 0.3631 0.04
Tissue S100A8/A9 Urine a-1 microglobulin 0.4867 0.03
Urine microalbumin/urine creatinine 0.1310 0.58
Urine N-acetyl-f-glucosaminidase/urine creatinine 0.4501 0.04
Urine a-1 microglobulin/urine creatinine 0.4924 0.02

lated with urinary tubular injury biomarkers, including N-acetyl-
p-glucosaminidase and a-1 microglobulin (Table 1). Urinary ex-
cretion of S100A8/A9 also increased in AKI patients, and the lev-
els were significantly correlated with the severity of kidney tissue
injury and the amount of kidney S100A8/A9 expression, but were
not related to the ST00A8/A9 levels in the plasma (Figure 6D-F),
indicating the kidney tissue origin of S100A8/A9 in the urine in-
stead of being solely filtered from the blood.

2.6. Targeting S100a8/a9 Signaling Protects against Kidney Injury
in IRl Mouse Model

Based on the characteristics of $100a9"Ly6c"IMs on rapid in-
filtration and inflammation propagation, we proposed that the
alarmin complex S100a8/a9 might be a therapeutic target in IRI-
AKI. We then tested two S100a9 inhibitors tasquinimod (TAS)
and paquinimod (PAQ) in both the murine uIRI-AKI and bIRI-
AKI models (Figures 7A and 9A). These two inhibitors could bind
to the S100a8/a9 alarmin heterodimer and impede its interaction
with TLR4.%%1 As shown in Figure 7B-F for the ulRI-AKI model,
compared to the vehicle control, both 5mg kg=! TAS or 30 mg
kg™! PAQ (See Experimental Section and Figure S9, Support-
ing Information) administration significantly decreased the in-
filtration of neutrophils and macrophages in the kidney as well
as the number of neutrophils and monocytes in the blood on
D1 post-IRI as assessed by flow cytometry (Figure 7B,C and Fig-
ure S10A, Supporting Information), while the number of these
leukocytes in the spleen was not affected by the treatment (Fig-
ure S10A, Supporting Information). Immunostaining of kidney
tissues revealed a significant reduction of S100a8 and S100a9
levels (Figure 7D and Figure S10B, Supporting Information) as
well as the number of infiltrated S100a9" macrophages in the
kidney by both treatments (Figure 7D and Figure S11A, Sup-
porting Information). The protein levels of Tlr4 and p-Nfxb in
the injured kidney were markedly decreased (Figure 7E and Fig-
ure S10C, Supporting Information) and the gene expression of
proinflammatory cytokines, chemokines, and chemokine recep-
tors including Il6, I11b, Tnfa, Ccl2, Cxcl3, Cer2, and Cxcr2 was
significantly inhibited (Figure 7F and Figure S10D, Supporting
Information). Interestingly, the expression of signature genes
of the reparatory macrophage phenotype, such as II-10, Arg-1,
and Chil3, was maintained or enhanced by TAS and PAQ treat-
ments (Figure 7F and Figure S10D, Supporting Information),
and the number of Argl+ macrophages in the interstitium was
unchanged by both treatment on D1 post injury as detected by

Adv. Sci. 2022, 2103675

immunostaining (Figure 7D and Figure S11B, Supporting Infor-
mation). Consequently, the kidney tubular injury was alleviated
(Figure 8A). We observed a decreased expression of y-H2AX by
immunostaining, and a less degree of renal tubular cell necrosis
and apoptosis assessed by TUNEL in situ hybridization after TAS
or PAQ administration (Figure 8A and Figure S10E, Supporting
Information). We also found an increased expression of the two
reparative growth factors Igfl and Egf in renal tubular cells (Fig-
ure 8 B,C), with an increased number of Ki67 positive cells (Fig-
ure 8D and Figure S10E, Supporting Information) in ulRI mice
with S100a8/a9 blockade. These data suggest an enhanced re-
generation capacity of renal tubular cells after inhibition of acute
inflammation in AKI. By 14 days after ulRI, there was a signifi-
cant decrease in the degree of kidney fibrosis in uIRI mice treated
with TAS or PAQ, assessed by both Masson’s trichrome and pi-
crosirius red staining and anti- collagen-1, collagen-1V, and a-
SMA staining of kidney sections (Figure 8E).

To further confirm the protective effect of anti- S100a8/a9
treatment on IRI-AKI, we performed DIRI in mouse
model (Figure 9A). As shown in Figure 9B, either 2.5 mg
kg™' TAS or PAQ treatment was able to reduce the 7-day mor-
tality rate of mice with bIRI-AKI (68% versus 30% versus 30%,
P < 0.05), with significantly decreased serum creatinine levels
day 1 and day 2 post surgery (Figure 9C). Renal histological ex-
amination revealed alleviated renal tubular necrosis (Figure 9D)
and apoptosis (Figure 9E), with decreased macrophage and
neutrophil infiltration (Figure 9F-G) in bIRI-AKI mice treated
with TAS or PAQ compared to those treated with vehicles.
The above results confirmed the protective roles of targeting
S100a8/a9 signaling in IRI-AKI, represented by significantly re-
duced inflammatory response and tubular injury and enhanced
renal function and tissue repair ability. The treatment might also
result in an improved long-term outcome with decreased kidney
fibrosis and reduced mortality after IRI.

3. Discussion

Macrophages have been shown to play essential roles in fos-
tering renal inflammation, interstitial fibrosis, and tubular and
vascular atrophy in AKI,[!>?7] yet their specific contributions re-
main controversial due to their highly heterogeneous nature, es-
pecially in complex microenvironments. The KRMs and infiltrat-
ing macrophages are the two major populations of macrophages
present under kidney injury settings.[?®] Previous studies of the
role of macrophages in the pathogenesis of AKI were not de-
signed to clearly define the ontogeny of these cells, nor did they

2103675 (11 0f20) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 7. Targeting S100a8/a9 signaling in unilateral IRl (ulRI) mouse model. A) Flow charts of drug treatments in ulRIl animal models. V: vehicle; T
tasquinimod; P: paquinimod. B,C), Flow cytometry showing the number of kidney IMs (B) and neutrophils (C) in each treatment group. D) Representative
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explicitly correlate cell lineage with differing gene expression.
Here we combined flow cytometry cell sorting by traditional
MPC markers F4/80, Cd11Db, Ly6c with newly established scRNA-
sequencing technique to build a comprehensive and unbiased
MPC atlas during the acute phase of IRI-AKI. For the first time,
cell composition, functional states, developmental trajectory, and
cellular interactions of MPCs from the kidney, blood, and spleen
organs at different time points before and after ischemia were
explored and compared systematically.

Time and ontogeny are important determinants of
macrophage function, but the complex microenvironments of in-
jured tissues also impact the differentiation of macrophages.!*’!
After infiltrating the kidney, the fate of monocyte-derived IMs
in the injured kidney has not been well defined before. Based
on the RNA velocity analysis, we revealed for the first time that
proinflammatory monocyte-derived Ly6cIMs differentiated
into a newly appeared Argl™ macrophage population, which
occurred within one day post-IRI and became one of the major
subtypes of kidney macrophages on day 3, expressing genes
promoting phagocytosis, wound repair and angiogenesis. This
dynamic plasticity of monocyte-derived Ly6c™IMs illustrates the
difficulty and the complexity of developing macrophage-targeted
therapies in treating AKI. Identifying the key subpopulation
that initiates/amplifies inflammation is thus of critical im-
portance. scRNA-seq analysis helps us identifying a unique
monocyte-derived macrophage population with high S100a8 and
S$100a9 expression that initiates and amplifies the inflammatory
response during the acute stage of tissue injury in murine IRI-
AKI. As early as 2 h after IRI, the pro-inflammatory chemokines
Cxcll, Ccl2, and Ccl3 were released by renal resident cells,
including TECs and KRMs, which seemed to specifically call for
the massive infiltration of $100a9"Ly6ch monocytes through
their uniquely expressed Cxcr2 and highly expressed Ccrl and
Ccr2 receptors. These rapidly responding S$100a9"Ly6cMIMs
presented the most intensive pro-inflammatory capacity among
various Ly6cMIM populations by a strong interaction with KRMs
and other Ly6c™IMs through S100a8/a9-Tlr4 axis, indicating
their central role in the acute inflammatory response to IRI
insult.

Neutrophils are well known for their rapid chemotaxis and mi-
gration to acutely injured tissue.l**3! Surprisingly, we found that
$100a9" Ly6c™ monocytes arrived even earlier than neutrophils
in the injured kidney. Moreover, these $100a9" Ly6c" monocytes
specifically expressed a number of granule genes, in particu-
lar S100a8, S100a9, Len2, Elane, Prin3, and Serpinbla. Although
expressing the typical neutrophil genes, the bone marrow-
derived $100a9" Ly6c" monocytes exhibited a mononuclear mor-
phology rather than polymorphonuclear-like neutrophils. Re-
cently, Yanze et al. reported a “neutrophil-like” monocyte (NLM)
population in the process of emergency monopoiesis in re-
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sponse to LPS challenge.®?] These NLMs bypass the canonical
MDP-cMoP-monocyte developmental pathway but are derived
from Granulocyte-Monocyte Progenitors (GMPs) and display in-
creased proinflammatory capabilities. We hypothesize that the
$100a9" Ly6c™ monocytes defined in the current study might re-
semble this NLM population in response to acute organ sterile
inflammation, for example, AKI. Further studies are needed to
elucidate the bone marrow antecedents and the precise develop-
mental pathways of $100a9"'Ly6c™ monocytes after AKI.

Being the first responder to kidney injury and the most in-
tensive pro-inflammatory macrophage subset among Ly6c"IMs
triggers us to explore the therapeutic potential of $100a9" Ly6ch!
macrophages for treating AKI. Although we have not imple-
mented an exhaustive panel of different timings of S100a8/a9
intervention, we did find that the blockade of S100a8/a9 by sin-
gle doses of the two small-molecule inhibitors, tasquinimod or
paquinimod, successfully decreased the infiltration of proinflam-
matory Ly6c™ macrophages and neutrophils, decreased the pro-
duction of inflammatory cytokines, and ameliorated the degree
of kidney tissue injury in the ulRI-AKI mouse model. Interest-
ingly, the kidney exhibited an enhanced regeneration capacity af-
ter S100a8/a9 inhibition as revealed by unchanged pro-repairing
Arg1" macrophage population, increased Igfl and Egf expres-
sion, and enhanced renal tubular cell proliferation, finally lead-
ing to the prevention of the development of kidney fibrosis. These
data indicate that ST00A8/A9 inhibition could be used as a pre-
cise intervention strategy to mitigate the inflammatory tissue in-
jury at the early phase of AKI.

In previous studies, genetic modifications of mice with condi-
tional ablation of S100a8 gene in myeloid cells or general knock-
out of $100a9 gene have exhibited beneficial effects in glomeru-
lonephritis and obstructive nephropathy due to the inhibition of
inflammatory response.[>*3] Yet in a bIRI (bIRI) mouse model,
sustained S100a8/a9 deficiency by S100a9 knockout shows detri-
mental effects leading to renal fibrosis and damage.l**) However,
we observed a recovery of survival rate and improved renal func-
tion after small molecule inhibition of S100a8/a9 signaling in
bIRI mouse model. This could be explained by the dynamic plas-
ticity of macrophage differentiation during AKI disease progres-
sion as described above, that is, a sustained and complete defi-
ciency in pro-inflammatory S100a9 signals might disturb the fol-
lowing repairing process. As a matter of fact, we indeed found
that the beneficial effects of small-molecule inhibitors were not
achieved at high doses but at the relatively lower doses. Thus,
utilizing specific small-molecule inhibitors could provide a more
flexible treatment time window and help to build more precise
macrophage-targeted therapies for treating AKI.

Small-molecule therapeutics blocking S100A8/A9 activity has
been demonstrated to be safe in humans.l’’-*! Tasquinimod
has been designated an orphan drug by the U.S. Food and

Figure 8. Targeting S100a8/a9 signaling in ulRI mouse model alleviated kidney injury. A) Representative images of PAS staining, TUNEL assay, and
y-H,AX staining of kidney sections one day after treatment. * P < 0.05, *** P < 0.001 compared to ulRI+V group, Student’s t test. B) Relative mRNA
levels of IgfT and Egf in the kidney one day after treatment. n =5 in each group. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to ulRI+V group,
Student’s t test. C) Representative images of Igf1 and Egf staining of kidney sections one day after treatment. D) Ki67 immunofluorescence staining of
kidney sections on three days after treatment and semi-quantitative analysis in each group. n = 5. * P < 0.05, *** P < 0.001 compared to ulRI+V group,
Student’s t test. E) Representative images of Masson, Sirius Red, collagen-l, collagen-1V, and a-SMA staining of kidney sections on fourteen days after
treatment and semi-quantitative analysis in each group. n = 5. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to ulRI+V, Student’s t test. V: vehicle;

T: tasquinimod; P: paquinimod. All scale bar, 50 pm.
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Figure 9. Targeting S100a8/a9 signaling in bIRI (bIRI) mouse model. A) Flow charts of drug treatments in bIRI animal models. V: vehicle; T: tasquinimod;
P: paquinimod. B) Survival curve of mice treated with different doses of tasquinimod (T) and paquinimod (P) in bIRI mouse model. The survival curve
of 10mg/kg paquinimod treatment is overlapped with the survival curve of vehicle treatment. n = 6 in each group. * P < 0.05 compared to vehicle group,
Log-rank(Mantel-Cox) test. C) The serum creatinine level after drug treatments in bIRI mouse model. n = 4 in each group on each day. * P < 0.05, ** P
< 0.01 compared to bIRI+V group, Student’s t test. D) Representative images of PAS staining on kidney sections one day after treatment in bIRI mouse
model. n = 6 in each group. * P < 0.05 compared to bIRI+V group, Mann-Whitney U test. E) Representative images of TUNEL assay of kidney sections
one day after treatment. n = 6 in each group. ** P < 0.01, *** P < 0.001 compared to bIRI+V group, Student’s t test. F,G) Representative images of
kidney F4/80 and Ly6g immunohistochemistry on kidney sections one day after treatment. n = 6 in each group. * P < 0.05, compared to bIRI+V group,
Student’s t test. All scale bar, 50 um.
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Drug Administration for the treatment of multiple myeloma in
2017. Testing tasquinimod or paquinimod has been suggested
as a clinical strategy for patients with severe COVID-19 since
plasma calprotectin (S100A8/A9) level positively correlates with
disease severity.***!] In the current study, the presence of kidney
S100A8/S100A9" macrophage infiltration and the relevance of
renal S100a8/a9 expression to the degree of renal tubular patho-
logical injury, tubule cell apoptosis, and renal dysfunction were
confirmed in human AKI with nephrotoxic or renal ischemic eti-
ologies. The urinary excretion of SI00A8/A9 in AKI patients cor-
related with the severity of kidney tissue injury and the amount
of kidney tissue S100A8/A9 expression. Previous studies have re-
ported that the elevated levels of urinary S100A8/A9 could help
differentiate intrinsic-AKI from pre-renal AKL!**~* Together the
data support the potential pathogenic roles of S1T00A8/S100A9*
macrophages in human AKI and S100A8/A9 may serve as a novel
therapeutic target.

4. Conclusion

In the present study, we provide a comprehensive MPC atlas to
elucidate the phenotypic features, functional plasticity, and close
crosstalk of interstitial KRMs and blood monocyte-derived IMs in
the acute phase of IRI-AKI. scRNA-seq analysis identified a dis-
tinct $100a9" Ly6cM IM population that initiates and amplifies the
inflammatory response during the acute stage of kidney injury.
Tasquinimod and paquinimod blocked the $100a8/a9-Tlr4-Nfxb
signaling pathway, improved renal function, and reduced mortal-
ity, and also decreased inflammatory monocytes infiltration, ame-
liorated kidney injury phenotype, and prevented long-term renal
fibrosis. These findings now await translation into large animal
models and clinical research in human AKI, with the aid of dy-
namic monitoring of kidney S100A8/A9+ macrophage infiltra-
tion through urine S100A8/A9 detection, for precisely treating
human AKI.

5. Experimental Section

Animals and Materials: C57BL/6) male mice (10 to 12 weeks, 25-30 g
weight) were purchased from SPF Biotechnology Co. Ltd. (Beijing, China)
and bred in a pathogen-free environment at the Peking University First
Hospital Animal Center. The Cx3cr1-GFP, Ms4a3"-RosaTd double reporter
mice were a kind gift from Prof. Florent Ginhoux in Shanghai Institute
of Immunology. The generation of this mouse model was based on the
previous report.[*3] Bone marrow-derived monocytes/macrophages were
double-positive for Cx3cr1 driven GFP and Ms4a3 driven Td-tomato. All
protocols and procedures involving animal experiments were approved by
the Experimental Animal Welfare Ethics Committee of Peking University
First Hospital (approval number: J201817). The antibodies and materials
used in the current study are listed in Table S4, Supporting Information.

ulRI/bIRI Mouse Models: The IRl surgery was performed as previ-
ously reported.[*®l Briefly, mice were anesthetized by i.p. injection of 0.5%
sodium pentobarbital. The back skin was cut open. For ulRlI, the left kidney
was exposed and the renal pedicle was clamped with a vascular clip (Roboz
Surgical Instrument Co, Germany) for 45 min. For bIRI, both kidneys were
exposed and the renal pedicles were clamped for 30 min. The mice were
kept at a constant body temperature of 37 °C. In the sham group, only
anesthesia and muscle incision were performed.

Drug Treatments: Five increasing doses (5, 10, 20, 30, 50 mg kg~'
of body weight) of TAS or PAQ diluted in vehicle (10% DMSO with 40%

Adv. Sci. 2022, 2103675

www.advancedscience.com

PEG300 and 5%Tween-80 in PBS) were administered by intraperitoneal in-
jection right after ulRI surgery. The numbers of neutrophils/macrophages
in the injured kidney and the mRNA encoding proteins involved in
inflammation were examined in kidney tissues collected on D1 post-
IRI. It was found that 50 mg kg~ dose of both drugs were lethal for
the mice (Figure S9A, Supporting Information), while the optimal in-
hibitory effect on inflammation was achieved at 5 mg kg™' dose for
TAS and 30 mg kg™! dose for PAQ (Figure S9B,C, Supporting Informa-
tion). Three increasing doses (2.5, 5, 10 mg kg™ of body weight) of TAS
or PAQ were administered by intraperitoneal injection right after bIRI
surgery. 2.5 mg kg™' of TAS and PAQ could decrease the mice mortal-
ity rate from 68% to 30% (Figure 9B). Therefore, the dose of 2.5 mg
kg~! was used for drug treatment in the bIRI animal model.

Preparation of Single Peripheral Blood Mononuclear Cells (PBMCs):  The
mice were anesthetized and 0.6-0.7 mL whole blood was collected through
the right atrium of the heart. Then PBMCs were separated following the
instructions by the mouse PBMC separation solution kit (Solarbio, China,
P6340). Briefly, whole blood was diluted with an equal volume of whole
blood diluent from the kit and 3 mL mononuclear cell separation solution
was added. Then, the solution was centrifuged at 800 g at RT for 30 min.
After centrifugation, the mononuclear cell layer was carefully aspirated and
resuspended in 10 mL pre-chilled PBS and was centrifuged at 250 g at
4 °C for 10 min. After that, the cell pellets were washed with 5 mL PBS
twice. Finally, the cells were centrifuged at 250 g at 4 °C for 10 min and
resuspended in 500 pL of pre-chilled PBS with 0.04% BSA. The Dead Cell
Removal Micro Beads (Miltenyi Biotec, Germany) were used to remove
dead cells in PBMCs.

Preparation of Single Cells from the Kidney and the Spleen: The mice
were anesthetized and perfused with 10 mL pre-chilled PBS via the left
heart ventricle. The kidney and spleen were removed and stored in cold
1640 medium (Gibco, USA), cut into 1 mm? pieces with a small scissor
on ice, then incubated in 5 mL of digestion buffer containing 0.25 mg
mL~! Liberase TH (Thermolysin High) Research Grade enzyme (0.25 mg
mL~1, Roche, USA) and 50 pg mL~' DNase | (NEB, USA) at 37 °C for
30 min, shaking gently twice during the period. Then the digestion was
stopped with 5% FBS. The digested tissue was then passed through a
70 um cell strainer (Falcon, BD Biosciences, USA) into pre-chilled PBS
twice on ice and the cells were palleted by centrifugation at 400 g at
4 °Cfor 5 min. After centrifugation, the cell pellet was incubated with 3 mL
of red blood cell (RBC) lysis buffer (Invitrogen, USA) on ice for 5 min and
palleted by centrifugation on 400 g at 4°C for 5 min. Then, the cells were
washed and resuspended in pre-chilled PBS twice and filtered through a
40 um cell strainer (Falcon, BD Biosciences, USA) to remove debris or cell
aggregates. Finally, the cells were centrifuged at 400 g at 4 °C for 5 min
and resuspended in 500 pL of pre-chilled PBS with 0.04% BSA and the
Dead Cell Removal Micro Beads (Miltenyi Biotec, Germany) were used to
remove dead cells.

Flow Cytometry Cell Sorting for scRNA Sequencing: Single-cell sus-
pensions were stained in FACS buffer (PBS, 1% BSA, 0.05% sodium
azide) with fluorochrome-labeled antibodies against F4/80 (BM8), Cd11b
(M1/70), Ly6c (HK1.4), Cd45 (QA17A26), Calcein and 7-AAD and sorted
with an Aria sorp and cell sorter (BD Biosciences, USA). FSC and SSC pa-
rameters were used to exclude cell debris, SSC or FSC W and H parameters
to exclude cell adhesion, 7-AAD, and Calcein AM to exclude dead cells to
select cells with good viability. Then Cd45 positive cells were sortred, and
then sorted positive cells for each organ with representative markers. In
order to obtain enough amount of MPC cells, F4/80" cells and Cd11b*
cells were sorted separately from kidney samples and mixed at the ratio of
1:1. Cd11b* cells and Ly6c™ cells were sorted separately from blood sam-
ples and collected at a ratio of 1:1. Cd11b* cells were sorted from spleen
samples. The specific gating strategies were displayed in Figure S1B, Sup-
porting Information.

scRNA-Seq by10 x Genomics: Single-cell RNA-seq libraries were pre-
pared using 10x Genomics Chromium Single Cell 3’ Reagent Kits accord-
ing to the manufacturer’s instructions. Briefly, FACS-sorted cells were re-
suspended to a final cell concentration of 700-1200 cells L™ with more
than 85% viability as determined by Countess Il (Thermo Fisher Scien-
tific). 8000 to 12 000 cells were captured in droplets. After the reverse
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transcription step, emulsions were broken and barcoded-cDNA was pu-
rified with Dynabeads, followed by PCR amplification (at 98 °C for 45 s; at
98 °Cfor20's, 67 °C for 30's, and 72 °C for 1 min with 13-18 cycles; finally,
at 72 °C for 1 min). Amplified cDNA was then used for 3’ gene expres-
sion library construction. Fifty nanograms of amplified cDNA were frag-
mented and end-repaired. DNA fragmentation was analyzed by Fragment
Analyzer 5300(Aglient), double-size selected with SPRI select beads (avg.
size 450 bp), and sequenced on an lllumina platform using 150 paired-end
reads at a coverage of 40 000 mean reads per cell.

scRNA-seq Data Processing: Raw sequencing data were analyzed fol-
lowing the standard Chromium’s Cell Ranger pipeline (version 3.1.0)
to align the raw sequence reads according to the reference genome
(mm10-2.1.0) using STAR. The count matrices from different batches were
merged, integrated, and processed with the Seurat pipeline (V3).[*7] For
quality control, cells with mitochondrial gene percentages less than 50%,
unique gene counts between 1000 to 50 000, and detected genes between
200 to 7000 were kept. The merged filtered count matrix was then normal-
ized and scaled with the default SCTransform pipeline.[*®] During normal-
ization, the authors also removed confounding sources of variation caused
by mitochondrial mapping percentage were also removed and UMI counts
by setting vars.to.regress = c(“percent.mt”,“nCount_RNA”) in this step.
This returned corrected SCT assay that enables recovering sharper biolog-
ical distinction. Principal component analysis (PCA) was performed based
on the 3000 highly variable genes detected in the SCT assay. The standard
harmony integration pipeline was used to remove the batch effect.[’] This
algorithm reduces data dimensions and meanwhile eliminates technical
differences while reserving biological differences. The first 75 integrated
principal components were selected as input for Uniform Manifold Ap-
proximation and Projection (UMAP) reduction and unsupervised cluster-
ing. For the clustering of the whole dataset and the MPC subset, the reso-
lution was set to 0.3 and 1.2, respectively. For the identification of DEGs,
“FindAllMarkers()” and “FindMarkers()” functions with the default pa-
rameters were used on the normalized SCT data. Visualization of gene ex-
pression by scatter plots, dot plots, violin plots, and volcano plots were im-
plemented through function “FeaturePlot()”, “DotPlot()”, “VInPlot()” in
the Seurat package, “EnhancedVolcano()” in the EnhancedVolcano pack-
age and “ggplot()” in the ggplot2 package. The UMAP graphs were plotted
by “DimPlot()” function.

Assignment to MPC Cluster on the Immunological Genome Project Consor-
tium:  For the identification of DEGs, “FindAllMarkers()” was used to 26
clusters of all cells, the top 200 DEG was listed in Table S1, Supporting In-
formation. The Top200 DEG genes were selected in each group and scored
them in the Immunological Genome Project Consortium by geneset Mi-
croarray V2 (http://rstats.immgen.org/MyGeneSet_New/index.html) to
determine which cell clusters were MPC cells.

Quantification of Tissue Enrichment for MPC Clusters: To quantify the
MPC clusters enrichment across tissues, the observed and expected cell
numbers were compared in each cluster according to the following for-

mula as described previously.[?%>1]
Rofe = Observed
Expected

The expected cell numbers for each combination of cell clusters and
tissues were obtained from the Chi-square test. Ro/e > 1 represented the
enrichment of that cluster in a specific tissue. Visualization of Ro/e by
heatmap was implemented through the heatmap package.

Gene Set Scoring and Comparison in the scRNA-seq Data: Gene sets
containing related markers were constructed based on previously pub-
lished reports on different lineages, organ origins, and cellular functions of
MPCs (Table S3, Supporting Information). Gene set scores of every single
cell were calculated using the “AddModuleScore()” function in the Seurat
package and the gene set scores were compared within each class follow-
ing the frame same as the “CellCycleScoring()” function. This algorithm
assigned the predominant phenotype to single cells according to the score
difference between gene sets.

GO Analysis: GO Biological Process- Over Representation Analysis
(GOBP-ORA) and related comparison analysis were performed using the
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R package clusterProfiler.[>?] The top 200 DEGs of each cluster were used
(Table S2, Supporting Information) as input for the enrichment. Specif-
ically, for the GOBP-ORA analysis, the p value cutoff was set to 0.05,
and the q value cutoff was set to 0.05 in the “enrichGO()” function
to ensure the statistical significance of each enrichment item. Function
“merge_result()” was used to compare the enrichment results in GOBP
comparison analysis. For visualization, R package ggplot2 was used for
the histogram, while the “dotplot()” function in the R package enrichplot
was used for the comparative lattice diagram.

Cell-Cell Interaction/Communication Analysis: Ligand Receptor Pair
(LRP) database CellTalkDB (http://tcm.zju.edu.cn/celltalkdb) was used for
the Cell-Cell Interaction/Communication (CCI/CCC) analysis through the
standard pipeline of the R package scsrctdb.[33] Briefly, the DEGs of inter-
acting cells were calculated using the “cluster_analysis()” function, and
then the significant interaction pairs were identified (defined as LRscore
> 0.5) by the “cell_signaling()” function. Framework of the “Visualize()”
function was used to display the number of significant interaction pairs of
CCl/CCC within each group through chord graphs. For LRP visualization,
framework of the “LRplot()” function in R package iTALK was used after
the calculation of LRscore of each LRP.[34]

RNA Velocity Analysis:  Velocyto python package was used to obtain
the spliced and unspliced counts matrix, and the standard pipeline of the
scvelo python package was followed to calculate and visualize the RNA ve-
locity of the scRNA-seq data.[>>°6] Briefly, “min_shared_counts” was set to
30 and “n_top_genes” was set to 3000 in the “pp.filter_and_normalize()”
function for preliminary filtering and the normalization of the spliced
and unspliced RNA expression matrices. Next, PCA dimension reduc-
tion of the two matrices was performed by the “pp. moments()” func-
tion. The number of neighboring cells was set to 30 in this step.
The function “tl.velocity()” and “tl.velocity_graph()” with default pa-
rameters were run respectively to calculate the RNA velocity, and the
“pl.velocity_embedding_stream()” function was used to visualize the RNA
velocity stream on the UMAP dimensionality reduction graph. For the
pseudotime calculation, functions “tl.latent_time()” and “pl.scatter()” in
scvelo package were used to calculate and visualize the pseudotime based
on RNA velocity.

Gene Clustering Based on Pseudo-Temporal Expression Pattern: Genes
that changed during the development and transition process with statisti-
cal significance were identified by scvelo package. Subsequently, dynamic
genes along the pseudotime were clustered and plotted on heatmap by
the “plot_pseudotime_heatmap()” function in the Monocle package.[>”]
The obtained gene modules were analyzed and compared through GOBP
comparison analysis.

Flow Cytometry: Single-cell suspensions of kidney, blood, and spleen
were prepared as described above. For cell surface staining, single cell
suspensions were incubated with antibodies (APC-Cd11b, PE-cy7-Lyé6c,
PE-cy7-Ly6g) for 30 min on ice. For S100a8 and S100a9 staining, single-
cell suspensions were fixed and permeabilized and then incubated with
primary antibodies anti-S100a8 and anti-S100a9 and anti-goat FITC-
conjugated secondary antibody. The samples were acquired on a FACS
Verse instrument (BD Biosciences) and analyzed with Flow Jo version 10
(Treestar, Ashland, OR).

ImageStream Multispectral Imaging Flow Cytometry: Kidneys from
Cx3cr1-GFP, Ms4a3“"®-RosaTd mice were prepared into single-cell suspen-
sion after tissue dissociation. The cells were incubated with anti-S100a9-
APC and anti-Ly6g-PE-Cy7 antibodies and Hoechst. Single-channel image
acquisition was performed using the ImageStream system (Amnis Corpo-
ration, Seattle, WA, USA) and analyzed by the ImageStream Data Explo-
ration and Analysis Software (IDEAS; Amnis).

Giemsa staining: S100a9tMs4a3*tCx3cr1t IMs, S100a9~Ms4a3*
Cx3cr1t IMs, and S100a9" Ms4a3tLy6g™ neutrophils were sorted by
ImageStream Multispectral Imaging flow cytometry. The cells were fixed
with 70% ethanol and stained with Giemsa solution (Beyotime, C0131) at
room temperature for 50 min.

Immunohistochemistry and Immunofluorescence:  Tissue slides under-
went EDTA antigen retrieval. For immunohistochemistry, the tissues were
blocked with peroxidase-blocking buffer (Zhong Shan Jin Qiao, Beijing,
China) for 20min at room temperature and 3% BSA for 30 min at

”
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37 °C, and then incubated with the primary antibodies (anti-S100a8, anti-
$100a9, anti-Arg1, anti-a-smooth muscle actin (a-SMA), anti-collagen |,
anti-collagen- 1V, anti-Cd3, anti-Cd19, and anti-S100A8/A9, F4/80, Ly6g,
1gf1, and Egf) (Table S4, Supporting Information) at 4 °C overnight. Sub-
sequently, secondary antibodies (Zhong Shan Jin Qiao, Beijing, China)
were applied and detection was performed with DAB. Nuclei were coun-
terstained with Mayer’'s hematoxylin solution. The primary antibodies
for immunofluorescence included anti-Ki67, anti-F4/80, anti-S100a8, anti-
S$100a9, anti-Arg1, anti-Ccl3 and anti-Ccl4, anti-MHCII, anti-Ccl2, anti-
Cxcl1, anti-Slc40a1, anti-CD68, anti-Ccr2, anti-1l1b, anti-111r2, anti-y-H2AX
and anti-ST00A8/A9 (Table S4). Primary antibodies were incubated with
tissues overnight at 4 °C, and followed by fluorophore-conjugated sec-
ondary antibody incubation. TUNEL staining was performed using a
TUNEL Apoptosis Assay Kit (Beyotime, Beijing, China) according to the
manual. The random visual fields were acquired on the Eclipse 90i fluo-
rescence microscope (Nikon, Japan), DM2500 light macroscope (Leica,
Germany), and Zeiss LSM 780 confocal microscope (Carl Zeiss, Berlin,
Germany). The number of apoptotic cells, proliferating cells, and S100a9*
macrophages were quantified by counting the number of cells positive for
TUNEL, Ki67, or S100a9/F4/80 and Arg-1/F4/80 in 10 high-powered fields
(400x magnification) in deidentified samples by two people. The intensity
of specificimmunohistochemical staining was measured using Image Pro
Plus software (Media Cybernetics, USA). All images were acquired using
the same microscope and camera set. The intensities of the positive stain-
ing in the cytoplasm and membranes were determined using the mean
integrated optical density (mean |OD) per area of tissue (400 x magnifi-
cation).

Real-Time RT-PCR: Total RNA from frozen kidney tissues was ex-
tracted using the Total RNA Extraction Kit (Tiangen Biotech Co. Ltd., Bei-
jing, China). RNA concentration and purity were detected using nanodrop-
photometric quantification (Thermo Scientific). cDNA synthesis was per-
formed by using a FastKing RT kit (Tiangen Biotech). The primer sets for
real-time PCR are listed in Table S5, Supporting Information. Real-time
PCR was performed with SYBR Green PCR Mater Mixture Reagents (Ap-
plied Biosystems, United States) on the Real-Time PCR Detection System
(Bio-Rad).

Western Blot Analysis:  The samples were subjected to 8% SDS PAGE,
and western blot analysis was performed as previously described.l8]
The membranes were incubated with primary antibodies against Tlr4,
Myd88, phospho-NfkB, and p-actin followed by horseradish peroxidase-
conjugated secondary antibody incubation. Bands were visualized by an
electro-chemiluminescence (ECL) system (GE Healthcare) and quantified
using Gel-Pro 32 software (Media Cybernetics, Inc., Rockville, MD, USA).

Mouse Serum Creatinine Quantification: Fresh mouse blood samples
were centrifuged at 2500 rpm at 4° for 10 min. Serum creatinine levels were
detected using the Quantichrom Creatinine Assay Kit (DICT-500; BioAssay
Systems) as the manufactural instructions.

Cytokine and Chemokine Quantification: The concentrations of cy-
tokines and chemokines were quantified from mouse kidney homogenates
at the different time points after ulRI injury by a Bio-Plex Pro Mouse
Chemokine Panel 31-Plex kit (Bio-Rad, #12009159, Hercules, CA, USA,)
following the manufacturer’s instructions. The plates were read using the
Luminex X200 System (Luminex Corporation, Austin, TX, USA).

Patient Selection of Renal Biopsy-AKI Cross-Sectional Cohort:  Patients
who were hospitalized in the Renal Division of Peking University First Hos-
pital from 2006 to July 2020, and underwent renal biopsy with a patho-
logical diagnosis of only ATI were included. Those who had ATI concomi-
tant with glomerular or vascular lesions were excluded. The plasma and
urine samples were collected on the day of renal biopsy. Clinical charac-
teristics of the enrolled patients are summarized in Table S6. The protocol
concerning the use of patient samples in this study was approved by the
Biomedical Research Ethics Committee of Peking University First Hospital
(approval number: 2017[1280], informed consents were obtained from all
participants.

Histological Examinations: Kidney samples were fixed in 10% neu-
tral buffered formalin (Leagene) and paraffin-embedded kidney sections
(4um) were stained with hematoxylin—eosin or periodic acid-Schiff (PAS).
The degree of renal tubular acute injury was assessed by two renal pathol-
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ogists who were blinded to the experimental groups. The scores were
based on a 0 to 4+ scale,l®] according to the percentage of the cortex
and medullar junction region affected by loss of TEC brush border and
tubular necrosis and/or apoptosis (0 = no lesion, 1+ = < 25%, 2+ => 25
to 50%, 3+ = > 50 to 75%, 4+ = > 75 to < 100%). Total scores of 1 and
2 were defined as mild-ATI (acute tubular injury), and scores of 3 and 4
were defined as severe-ATI. Masson'’s trichrome (BASO, Zhuhai, China)
and Sirius Red (Soledad Bao Technology Co., Beijing, China) staining was
carried out to evaluate kidney fibrosis. For the immunohistochemistry as-
say of STO0A8/A9 expression in the biopsied kidney samples of patients
with AT, renal tissue adjacent to renal tumors was used as normal control.

Human S100A8/S100A9 Heterodimer Quantification: The concentra-
tions of S100A8/S100A9 heterodimer in the plasma and urine sam-
ples from the renal biopsy cohort were measured by enzyme-linked im-
munosorbent assay (ELISA) using human ST00A8/S100A9 Quantikine kit
(R&D, USA) according to the manufacturer’s instructions. After proper
dilution, the corresponding reagents were added and samples were mea-
sured by a 96-well microplate reader (BioRad, Hercules, CA). Plasma and
urine samples for the healthy controls were from 20 ethically matched vol-
unteers.

Statistical Analysis: Test of the normal distribution of numeric data
was performed by Kolmogorov-Smirnov test. Normal distribution data
were shown as the mean + standard deviation, otherwise, the data were
presented as median with interquartile range (IQR). Comparison of nor-
mally distributed numeric parameters was performed by analysis of vari-
ance (ANOVA). Comparison of numeric data with skewed distribution was
performed by Kruskal-Wallis test. Comparison of categorical parameters
was analyzed using chi-square test. Association between the expression of
S100A8, S100A9 in the kidney and the renal tubular injury score, was ana-
lyzed by Spearman’s correlation test. And the association between Cd11b*
cell counts and the expression of ST00A8 or ST00A9 in the kidney was de-
termined by Pearson correlation analysis. Data were presented with mean
+ SEM. Two-sided P value < 0.05 was considered as statistically signifi-
cant. All of the statistical analyses were performed using GraphPad Prism
8.0 (GraphPad Software, Inc., La Jolla, California, USA).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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