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ARTICLE INFO ABSTRACT

Keywords: Efferocytosis of apoptotic neutrophils (PMNs) by macrophages is helpful for inflammation reso-

MaCfOPhag‘e imml{ne lution and injury repair, but the role of efferocytosis in intrinsic nature of macrophages during

SMO.l“tehcamer family 22 member 5 septic acute kidney injury (AKI) remains unknown. Here we report that CD47 and signal regu-
itophagy

latory protein alpha (SIRPa)—the anti-efferocytotic ‘don’t eat me’ signals—are highly expressed
in peripheral blood mononuclear cells (PBMCs) from patients with septic AKI and kidney samples
from mice with polymicrobial sepsis and endotoxin shock. Conditional knockout (CKO) of SIRPA
in macrophages ameliorates AKI and systemic inflammation response in septic mice, accompa-
nied by an escalation in mitophagy inhibition of macrophages. Ablation of SIRPA transcription-
ally downregulates solute carrier family 22 member 5 (SLC22A5) in the lipopolysaccharide (LPS)-
stimulated macrophages that efferocytose apoptotic neutrophils (PMNs). Targeting SLC22A5
renders mitophagy inhibition of macrophages in response to LPS stimuli, improves survival and
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deters development of septic AKI. Our study supports further clinical investigation of CD47-SIRP«
signalling in sepsis and proposes that SLC22A5 might be a promising immunotherapeutic target
for septic AKIL

Abbreviations

AKI acute kidney injury

PMNs neutrophils

CD47 cluster of differentiation 47

SIRPa.  signal regulatory protein alpha
PBMCs peripheral blood mononuclear cells
SLC22A5 solute carrier family 22 member 5
scRNA-seq single-cell RNA sequencing

FACS fluorescence-activated cell sorting
TEM transmission electron microscopy
sg.RNA small-guide RNA

MPO myeloperoxidase

BMDMs bone marrow-derived macrophages
mtROS  mitochondrial reactive oxygen species
NADH nicotinamide adenine dinucleotide
LIE LPS-induced endotoxemia

CLP cecal ligation and puncture

KDIGO kidney disease improving global outcomes

1. Introduction

Septic acute kidney injury (AKI) is a thorny health threat, with characteristic histopathology that causes mortality worldwide,
highlighting the need to better understand the molecular basis of tubular damage resulting from severe infection [1,2]. Despite
widespread availability of antibiotics and continuous renal replacement therapy (CRRT), the clinical prognosis in patients with septic
AKI remains heterogeneous and unfavorable. Accordingly, mechanistic studies regarding septic AKI and its pathogenesis are urgent,
not only to lay a framework for improving prognosis of patients with this debilitating disease, but also to gain insight into strategy that
would extend effective therapies to other organ dysfunction.

Innate and adaptive immune cells, including neutrophils (PMNs), monocytes, macrophages, natural killer (NK) cells, dendritic cells
(DCs) and T cells, collectively underlie the inflammatory microenvironment that has been shown to orchestrate initiation, progression
and resolution of inflammation. Emerging evidence indicate that the interactions between immune and inflammatory cells are crucial
to magnify the overall immune response during sepsis [3,4]. For instance, PMNs recruited at the inflammatory lesions often experience
apoptosis and are cleared by macrophages through a biological process known as efferocytosis, for which receptors specifically
recognizing the phagocytic signal on surface of apoptotic PMNs are required [5,6]. Supporting this notion, insufficient efferocytosis of
apoptotic PMNs is found to be associated with persistence and deterioration of inflammation [7].

CD47, also known as cluster of differentiation 47 or leukocyte surface antigen CD47, is an integrin-associated transmembrane
protein that functions to block phagocytosis through binding to and triggering inhibitory “don’t eat me” signal of signal regulatory
protein alpha (SIRPa) in macrophages [8]. CD47-SIRP« interaction has been tightly linked to various diseases and pathological in-
flammatory settings such as cancer [9], liver damage [10], idiopathic pulmonary fibrosis (IPF) [11], chronic graft versus host disease
[12], nonalcoholic steatohepatitis (NASH) [13] and virus infection [14]. Blockade of CD47-SIRPa signalling can lead to phagocytic
removal of pathogen, epithelial cell debris, hyperproliferating fibroblasts and inflammatory proteases. Hitherto, current understanding
of the possible contribution of CD47-SIRPa axis to the pathogenesis of septic AKI remains elusive.

Alterations of mitochondrial homeostasis play a pivotal role in clinical sepsis and experimental models of septic AKI [15,16].
Mitophagy control a wide range of biological processes and are delicately associated with mitochondrial dynamics and mass with
temporospatial specificity. Despite considerable advancement in understanding the regulatory mechanisms for mitochondrial ho-
meostasis, the fundamental role of mitophagy in immune cells and host defense is just beginning to be appreciated. For instance,
adoptive transfer of bone marrow-derived mononuclear cells lacking mitophagy allows mice refractory to the sepsis-induced lethality
[17]. On the other hand, mitophagy inhibition triggers classical macrophage activation, thereby improving survival of mice with
polymicrobial sepsis [18]. However, the putative roles and mechanisms of efferocytosis in modulating macrophage mitophagy and
outcome of septic AKI have not yet been shown. We therefore investigate the interplay between efferocytosis and macrophage
mitophagy during septic AKI. Our data support the notion that the anti-septic AKI phenotypes due to mitophagy inhibition in



Y. Jia et al. Heliyon 10 (2024) e26791

macrophages could be harnessed by CD47-SIRPa blockade as a result of transcriptional SLC22A5 downregulation through enhancing
efferocytosis towards apoptotic PMNs.

2. Materials and methods
2.1. Isolation of mononuclear cells from human blood

Blood samples were collected from critically ill patients who met the clinical diagnosis of septic AKI in Zhejiang Provincial People’s
Hospital according to Sepsis-3 criteria [19] and Kidney Disease Improving Global Outcomes (KDIGO) score [20]. The study was
conducted in accordance with the principles of the Declaration-of-Helsinki and written Informed consent was obtained from all in-
dividuals (study number: QT2022076). Human peripheral blood was retrieved in EDTA anticoagulant tubes and Ficoll-Paque PLUS
(GE Healthcare) was used to obtain PBMCs for cell sorting of flow cytometry.

2.2. Cell lines and primary cultures

Murine bone-marrow-derived macrophages (BMDMs) were isolated from femurs of C57BL/6J mice at 6-10 weeks of age and
cultured in Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS), 20% L929-
conditioned media and 100 U/mL penicillin/streptomycin under humidified atmosphere at 37 °C in 5% CO, and 95% air, and allowed
to differentiate in the presence of 20 ng/mL recombinant mouse granulocyte macrophage colony-stimulating factor (GMCSF) for 7 d as
previously described [21]. The detailed information for human monocyte-derived macrophages (HMDMs) and murine neutrophils
(PMNs) preparation was provided in Supplemental materials and methods.

2.3. Transfection and lentivirus transduction

Plasmid transfection was carried out using Lipofectamine 3000 according to the manufacturer’s instructions as described previ-
ously [22,23]. The detailed information was provided in Supplemental materials and methods.

2.4. Immunofluorescence staining

Immunofluorescence (IF) staining was performed as previously described [24]. The detailed information was provided in Sup-
plemental materials and methods.

2.5. Fluorescence activating cell sorter (FACS) analysis

The FACS analyses of surface staining, mitochondrial mass, mitochondrial ROS, mitochondrial membrane potential (Aym) and
dysfunctional mitochondria were performed using a BD LSR II flow cytometer (BD Biosciences, San Jose, CA, USA) and quantified by
the FlowJo V10 software (Tree Star Inc.). The detailed information was provided in Supplemental materials and methods.

2.6. Transmission electron microscopy

The procedure of transmission electron microscopy (TEM) was reported previously [21,22]. The detailed information was provided
in Supplemental materials and methods.

2.7. Measurements of mitochondrial DNA (mtDNA) and NAD"/NADH ratio

Cytosolic mtDNA was measured as previously described [25]. The detailed information was provided in Supplemental materials
and methods.

2.8. Engyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) of sera and kidney homogenates were performed as described previously [21,22].
The detailed information was provided in Supplemental materials and methods.

2.9. RNA-sequencing (RNA-seq) and real-time quantitative PCR (RT-qgPCR)

Total RNA was prepared from BMDMs of WT and SIRPA®XC mice subjected to CLP challenge by using RNeasy kit (Qiagen) with
RNase free DNase set. Strand-specific cDNA libraries were constructed following a standard protocol and sequencing were performed
using Illumina HiSeq 6000 sequencer (OEbiotech, Shanghai, China) at a paired-end run with a 100-bp read length. The expression
levels of a gene were quantified by the reads per kilobase of model per million base pairs sequenced (RPKM) and the differentially
expressed genes (DEGs) was defined by DEGseq algorithm. Annotation information regarding genes engaged in biological pathways
was based on Reactome (https://reactome.org) and Gene Ontology (http://www.geneontology.org) databases.
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The standard protocols for RT-qPCR were as described previously [23,25]. The detailed information was provided in Supplemental
materials and methods.

2.10. Mice

Sirpd™*/f°% mice were generated using the CRISPR-Cas9 system by GemPharmatech Co., Ltd. (Nanjing, China). Two loxP sequences
were inserted in the introns flanked with exon 26 of Sirpa as indicated in Fig. S2A. The Lyz2-Cre transgenic mice (Stock No. 019096)
were purchased from the Jackson laboratory (Bar Harbor, ME, USA) and crossed with the Sirpaﬂ‘”‘/ flox mice for generation of Lyz2-Cre;
Sirpd™/fo% (Sirpa®€©) mice with macrophage-exclusive SIRPA expression. All mice were bred in a standard specific-pathogen-free
environment in accordance with institutional and NIH guidelines and all animal procedures have been approved by the Institu-
tional Animal Care and Use Committee of Hangzhou Medical College.

2.11. Animal experiments

Murine models of LPS-induced endotoxemia (LIE) and cecal ligation and puncture (CLP) were established as described previously
[22,26,27]. The detailed information was provided in Supplemental materials and methods.
2.12. Myeloperoxidase (MPO) assay

MPO assay was performed by Myeloperoxidase Colorimetric Activity Assay Kit (BioVision, Mountain View, CA) according to
manufacturer’s protocol. Briefly, kidney tissues were homogenized in 1 mL PBS and sonictaed for 15 min, followed by homogenizing in

200 pL of MPO assay buffer secondly and centrifuging at 15,000 rpm for 5 min. MPO activity of the supernatant was then measured at
450 nm by a colorimetric microplate reader and calculated as the change in absorbance per sample.
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Fig. 1. CD47 and SIRPa are highly expressed in septic AKI. (A) Heat map showing CD47 and SIRPA gene expression in the publicly available dataset
(GSE57065) from the NCBI GEO as compared to the known anti-efferocytotic immune checkpoints CD24 and SIGLEC10. (B) Meta-analysis denoting
odds ratio (OR) of CD47 and SIRPa expression levels in three GEO datasets of septic patients as indicated. (C) Uniform manifold approximation and
projection (UMAP) plots of cell clusters as well as CD47, SIRPA, CD24 and SIGLEC10 expression in the scRNA-seq data from GSE167363. (D)
Multicolour flow cytometric analyses of t-SNE plots showing the distribution of CD47, SIRPa, CD24 and SIGLEC10 in PBMCs of patients with septic
AKI. (E) Representative images for hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) and immunofluorescence (IF) staining of CD47 and
SIRPa in renal sections from cecal ligature and puncture (CLP) mice (n = 5). Scale bar = 50 pm. Data are expressed as mean =+ s.d. (E). Two-sided
ANOVA with Bonferroni post hoc t-test correction was used to calculate the P value (E).
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2.13. Macrophage elimination and adoptive transfer studies

Macrophages were eliminated by the commercially available clodronate liposomes (www.clodronateliposomes.com) using an
intravenous (i.v.) delivery method as indicated previously [21]. The detailed information was provided in Supplemental materials and
methods.

2.14. Meta-analysis of public sepsis data sets

For gene expression studies, raw data of GSE131761, GSE65682 and GSE95233 were downloaded from the Gene Expression
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). After re-annotating the probes, each data set was normalized using
MAS 5.0 algorithm with logs transformation. Meta-analysis were performed using RevMan 5.3 software provided by www.cochrane.
org, with Z-statistics as a ratio of the pooled effect size to its standard error for each gene.

2.15. Quantification and statistical analyses

The gene expression and cell type annotation of RNA-sequencing data from peripheral blood samples of septic shock patients
(GSE57065) and scRNA-sequencing data from peripheral blood mononuclear cells (PBMCs) of patients with systemic gram-negative
bacterial sepsis (GSE167363) were downloaded from the Gene Expression Omnibus. Seurat (version 2.3.2) were used to process single-
cell RNA-seq data following the standard procedure. Data were analyzed using GraphPad Prism software version 8.0 (La Jolla, CA,
USA) and were presented as the mean =+ s.d. of at least three independent experiments. Log-rank test with adjustment for ties based on
mid-ranks was used for statistical evaluation of all survival curves. Two-tailed unpaired t-test was utilized for comparing means from
two groups of data unless otherwise stated. For comparing more than two groups with assumed normal distributions, two-sided
ANOVA was carried out followed by Bonferroni post-hoc t tests. P < 0.05 was considered statistically significant as indicated in the
figure legends.

3. Results
3.1. CD47 and SIRPa are highly expressed in septic AKI

To evaluate the role of CD47-SIRPa signalling in regulating the macrophage-mediated immunity during septic AKI, we examined
the expression of CD47 and SIRPa in diverse sepsis cases. RNA-sequencing data from publicly available transcriptional profiling
datasets deposited in Gene Expression Omnibus (GEO) website [28] identified high expression of CD47 and SIRPA in nearly all pe-
ripheral blood specimens of patients in conjunction with the robust upregulation of known anti-efferocytotic immune checkpoints
CD24 and sialic acid binding Ig like lectin-10 (SIGLEC10) (Fig. 1A and Fig. S1A). Using a formal meta-analysis of four datasets from
blood samples of septic patients versus their individual non-septic subjects, we observed an overall odds ratio (OR) of 0.17 (95%
confidence interval [CI]: 0.08-0.26) for CD47 expression and 0.61 (95% confidence interval [CI]: 0.50-0.72) for SIRPA expression
(Fig. 1B). When determining CD47 and SIRPA expression in peripheral blood mononuclear cells (PBMCs) of patients subjected to
systemic Gram-negative bacterial sepsis by single-cell RNA sequencing (scRNA-seq) data [29], we found that PBMCs expressed high
levels of CD47, which were substantially broader than CD24. In contrast, SIRPA expression was strong in a fraction of monocytes and
macrophages but was weak in other cell clusters (Fig. 1C). The significance of CD47 and SIRPA upregulation for sepsis in the
meta-analysis and scRNA-seq data was further evidenced by our multicolour flow cytometric analyses showing that both CD47 and
SIRPA were highly expressed in PBMCs of patients with septic AKI as compared to those of healthy volunteers (Fig. 1D). These findings
together suggest that upregulation of CD47 and SIRPa in immune cells could be a common feature in sepsis with different
pathoetiologies.

In concert with the dose-dependent elevation in protein abundance (Fig. S1B), fluorescence-activated cell sorting (FACS) identified
prominent upregulation of SIRP« in the LPS-stimulated primary murine bone marrow-derived macrophages (BMDMs) (Fig. S1C).
These observations were in line with transcriptomic data [30] showing that the monocyte-derived macrophages (MDMs) from human
PBMCs expressed higher levels of SIRPA following LPS stimuli (Fig. S1D). We then examined CD47 and SIRPa expression in murine
kidneys from two experimental models of sepsis: cecal ligature and puncture (CLP) and LPS-induced endotoxemia (LIE). It is note-
worthy that the CD47" and SIRPa" cells were almost undetectable in kidneys derived from either sham or control mice, but they
profoundly accumulated in renal sections derived from CLP and LIE mice that were characterized by hallmarks of AKI, including
tubular vacuolization, loss of epithelial brush border and desquamation, as well as altered counts of peripheral monocytes and neu-
trophils (PMNs) (Fig. 1E, Fig. S1E, S2A and B). These data support the notion that levels of CD47 and SIRP« are upregulated in septic
AKI with different origins.

3.2. Interruption of CD47-SIRPa signalling governs the macrophage-mediated immunity against septic AKI

To decipher the immune roles of CD47 and SIRPa in pathogenesis of septic AKI, we generated macrophage-specific SIRPA knockout
(KO) mice (hereinafter termed as SIRPA®KO) (Fig. S2A), which was validated by the absence of SIRP« colocalization with macrophages
from the dichromatic immunofluorescence staining of SIRPa and F4/80 in renal sections as compared to the wild-type (WT) mice
(Fig. S2B). To delineate whether CD47-SIRPu signalling contributes to the development of septic AKI, we subjected SIRPA“XC mice and
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their corresponding wild-type (WT) littermates to CLP. Although SIRPAXC mice had comparable renal morphology to WT mice at

health status, they displayed significantly compromised kidney injury following CLP challenge (Fig. 2A). In parallel, serum crea-
tinine—a marker of glomerular permeability, and cystatin C—an indicator of tubular damage, were lower in SIRPA°X© mice subjected
to CLP relative to WT littermates while were similar in the sham-operated SIRPA®¥0 mice and WT mice (Fig. 2B and C). Given release of
MPO from apoptotic neutrophils (PMNs) is associated with nephrotoxicity mediated by reactive oxygen species (ROS) [31], we
analyzed myeloperoxidase (MPO) activity in renal tissues and found that SIRPA°X° mice had decreased MPO activity in comparison to
WT mice following CLP operation (Fig. 2D). These data thus demonstrate a potential role for macrophage SIRPA deficiency in pro-
tection against septic AKI by counteracting MPO release.

Efferocytosis of apoptotic PMNs by macrophages facilitate inflammation resolution [32]. Upon CLP surgery, coimmunostaining of
Ly6G and F4/80 in renal sections from WT mice demonstrated that macrophages engulfed PMNs, and this phenomenon became more
evident in SIRPAXC mice (Fig. 3A). Co-localization of Ly6G was predominantly found in the MHCII™ macrophages, but not in the
CD206™ macrophages within septic AKI lesions (Figs. S3A and B). An independent in vivo efferocytosis assays using flow cytometry
with F4/80 and CMFDA staining further revealed that SIRPA deficiency significantly increased percentage of peritoneal macrophages
(PMs) that efferocytose CMFDA™ apoptotic PMNs in response to CLP challenge (Fig. S3C). We therefore measured cytokines of innate
immune system in kidneys and sera from both SIRPA®XC and WT mice following CLP surgery and found that the production of
pro-inflammatory cytokines in SIRPA®XO mice were less than those of WT littermates (Fig. 3B and C). These results indicate that
blockade of CD47-SIRPu signalling renders the macrophage-mediated efferocytosis for inflammation resolution during septic AKI.

3.3. Interruption of CD47-SIRPa signalling escalates mitophagy inhibition of macrophages during septic AKI

To understand the general impact of efferocytosis on macrophages triggered by CD47-SIRPa blockade, we performed RNA
sequencing (RNA-Seq) in bone marrow-derived macrophages (BMDMs) isolated from WT and SIRPA®XO mice subjected to CLP
challenge. Gene Ontology (GO) and Reactome pathway analyses identifed the top 20 of differentially expressed genes that were
significantly enriched in distinct biological processes including cellular response to oxidative stress and regulation of mitochondrial
memebrane potential (Aym) (Fig. 4A). To verify this, we harvested PMNs and exposed them to 1% FBS-supplemented Hank’s Balanced
Salt Solution (HBSS) overnight for apoptosis induction (Fig. S4A), followed by coincubation with WT or SIRPA®®® BMDMs under LPS
stimuli. We observed that SIRPA®X® BMDMs engulfed apoptotic PMNs to a much stronger degree than WT BMDMs did (Fig. S4B); they
concomitantly displayed an increase in mitochondrial reactive oxygen species (mtROS) production as reflected by MitoSox Red
staining (Fig. 4B, left panel). However, incubating of BMDMs with apoptotic PMNs and in a Transwell system or utilizing conditioned
medium (CM) from apoptotic PMNs to treat BMDMs barely influenced mtROS production of BMDMs regardless of SIRPA deficiency
(Figs. S4C and D). Notably and in accordance with this finding, TMRM staining revealed a significantly greater amount of Aym in the
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acid-Schiff (PAS) images of renal sections from wild-type (WT) and SIRPA“® mice with cecal ligature and puncture (CLP) challenge. Scale bar = 50
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Fig. 3. Macrophage-specific knockout (KO) of SIRPA governs the macrophage -mediated efferocytosis for inflammation resolution. (A) Dichromatic
immunofluorescence staining and proportion of Ly6G and F4/80 in renal sections from wild-type (WT) and SIRPA®XC mice with cecal ligature and
puncture (CLP) challenge (n = 4). (B) ELISA assays testing interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a) in kidney homogenate of wild-
type (WT) and SIRPA®X® mice with sham or cecal ligature and puncture (CLP) challenge (n > 4). (C) ELISA assays measuring interleukin-6 (IL-6),
interleukin-1p (IL-1p), high mobility group box 1 (HMGB1), tumor necrosis factor-a (TNF-o), monocyte chemoattractant protein-1 (MCP-1) and
interleukin-10 (IL-10) production in sera of wild-type (WT) and SIRPA®XC mice with sham or cecal ligature and puncture (CLP) challenge (n > 3).

Data are expressed as mean + s.d. (A-C). Two-sided ANOVA with Bonferroni post hoc t-test correction (A-C) was used to calculate the P value.

LPS-stimulated SIRPA®X® BMDMs with apoptotic PMNs coincubation in comparison to the stimulated WT BMDMs with apoptotic
PMNs coincubation or the SIRPAXC BMDMs without coincubation (Fig. 4B, right panel). Pretreatment with cytochalasin D, an actin
polymerization inhibitor that blocks ingestion of apoptotic PMNs, however, eventually abrogated the elevation of Aym in efferocytic
SIRPA®KC BMDMs (Fig. S4E).

mtROS production and Aym alteration are linked to mitophagy [33]. In support of this, SIRPA®XC BMDMs contained a higher
amount of mitochondrial mass as reflected by MitoTracker Green staining of FACS than WT BMDMs in CLP mice (Fig. 4C and Fig. S5A).
Transmission electron microscopy (TEM) corroborated a reduction in mitophagosome of the CLP-challenged SIRPA®X® BMDMs
(Fig. 4D). In primary mouse peritoneal macrophages (PMs) from the efferocytic coculture systems under LPS stimuli, depleting SIRPA
with short hairpin RNA (sh.RNA) favored release of fragmented mtDNA to cytosol but circumvented NAD*/NADH ratio (Fig. 4E, F and
S5B). The SIRPA-deficient PMs, however, had comparable mtDNA levels and NAD'/NADH ratio to the stimulated SIRPA-proficient
cells in the absence of apoptotic PMNs coincubation, suggesting that the mitophagy-inhibitory role of SIRPA deficiency in macrophages
are presented only in the case of efferocytosis. To elucidate whether pharmacological blockade of CD47-SIRPa« signalling influences
mitophagy of PMs in vivo, we chose to use MIAP410, an anti-CD47 mAb that that had been shown to fully block the in trans CD47
interaction with SIRPa without interfering with the in cis CD47-82 integrin interaction [34]. Administering MIAP410 led to a
remarkable increase in population of the MHCII™ PMs with high mitochondrial mass in CLP mice, yet had minimal effects on those in
sham mice (Fig. S6). Thus, blockade of CD47-SIRPa signalling enhances efferocytosis for mitophagy inhibition in macrophages during
septic AKL

In further in vitro experiments, we depleted SIRPA gene in J774 macrophages and transfected them with pDsRed2-Mito vector that
allows fluorescent labeling of mitochondria before coincubation with apoptotic PMNs in the context of LPS stimuli (Fig. S7A). We
observed diminished fluorescence intensity in the SIRPA-depleted J774 macrophages when compared with the SIRPA-intact J774
macrophages (Fig. S7B). We then measured the spectral shift of mitochondrial-targeted mKeima (mt-mKeima) by establishing a J774
macrophage line stably expressing mt-mKeima-cox8, whose fluorescence emitted is converted by the Keima protein. Determination of
the replacement of green fluorescence by red fluorescence, a quantitative method for reflecting mitophagic activity, showed an
impaired replacement in the SIRPA-depleted J774 macrophages (Fig. 4G). Mitochondrial recruitment of PINK1 is a hallmark of
mitophagy [35]. We determined the colocalization of PINK1 with mitochondrion outer membrane protein TOMM20 in the
LPS-stimulated J774 macrophages with apoptotic PMNs coincubation and found that the recruitment of PINK1 into mitochondria was
impeded after SIRPA depletion (Fig. S7C).

To explore the translation of these findings to human pathology, we tested whether interruption of CD47-SIRPa signalling could
alter mitochondrial homeostasis of human monocyte-derived macrophages (HMDMs) through confering efferocytosis towards
apoptotic human neutrophils (HPMNs). To this end, we used a small-guide RNA (sg.RNA) to target the SIRPA locus, which markedly
knocked out SIRPa expression relative to control sg. RNA (sg.Ctrl) after introduction for three days (Fig. S8A). Of note, transduction of
sg. SIRPA potentiated the efferocytic ability of HMDMs and increased their mtROS production under LPS stimuli (Figs. S8B and C). We
then hypothesized that the increased mtROS in the efferocytotic HMDMs upon SIRPA KO could be due to accumulation of dysfunc-
tional mitochondria. To address this issue, we performed flow cytometry with a combination of MitoTracker Green (Aym-independent
mitochondrial stain) and MitoTracker Red (Aym-dependent mitochondrial stain). SIRPA KO increased dysfunctional mitochondria of
the efferocytotic HMDMs but failed to do so in the non-efferocytotic HMDMs (Fig. 4H).
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Fig. 4. Ablation of SIRPA escalates mitophagy inhibition of macrophages during septic AKI. (A) Chord diagram showing enriched biological
processes based on Gene Ontology (GO) and Reactome pathway analyses for top 20 differentially expressed genes (DEGs) in RNA-seq datasets of
bone marrow-derived macrophages (BMDMs) from WT and SIRPAS¥C mice subjected to cecal ligature and puncture (CLP). (B) Histogram plots and
quantification of flow cytometry with MitoSox Red (left panel) and TMRM (right panel) staining for measurement of mitochondrial reactive oxygen
species (mtROS) and mitochondrial membrane potential (Aym) in WT and SIRPA®X? bone marrow-derived macrophages (BMDMs) coincubated
with apoptotic neutrophils (PMNs) in the presence of LPS (150 ng/mL) stimuli (n = 4 and 3). (C) Histogram plots and quantification of flow
cytometry with MitoTracker Green staining for measurement of mitochondrial mass in bone marrow-derived macrophages (BMDMs) from WT and
SIRPA®© mice subjected to cecal ligature and puncture (CLP) challenge at the indicated times, respectively (n = 3). (D) Representative images and
quantification of transmission electron microscopy (TEM) examining mitophagosome (indicated by asterisk) in bone marrow-derived macrophages
(BMDMs) from WT and SIRPA®X® mice subjected to cecal ligature and puncture (CLP) challenge (n = 3). Scale bar = 0.5 pm. (E) RT-gPCR
determining cytosolic release of mitochondrial COX-1 (mt-COX-1) in the LPS-stimulated primary mouse peritoneal macrophages (PMs) after
introduction of short hairpin RNA (sh.RNA) targeting scrambled (Scr) or SIRPA (sh.SIRPA) in the presence of apoptotic neutrophils (PMNs) coin-
cubation (n = 4). (F) NAD'/NADH ratio of the LPS-stimulated primary mouse peritoneal macrophages (PMs) after introduction of short hairpin RNA
(sh.RNA) targeting scrambled (Scr) or SIRPA (sh.SIRPA) in the presence of apoptotic neutrophils (PMNs) coincubation (n = 4). (G) Immunofluo-
rescence images of the LPS-stimulated J774 macrophages with mt-mKeima-cox8 plasmid transfection after introduction of short hairpin RNA (sh.
RNA) targeting scrambled (Scr) or SIRPA (sh.SIRPA) in the presence or absence of apoptotic neutrophils (PMNs) coincubation. GFP, green fluo-
rescence protein. RFP, red fluorescence protein. Scale bar = 25 pm. (H) Pseudocolor plots and quantification of flow cytometry measuring
dysfunctional mitochondria in sg. SIRPA-transfected human monocyte-derived macrophages (HMDMs) with apoptotic human neutrophils (HPMNs)
coincubation coincubation in the presence of LPS stimuli (n = 3). Data are expressed as mean =+ s.d. (B-F, H). Unpaired, two-tailed Student’s t-test
(D) and two-sided ANOVA with Bonferroni post hoc t-test correction (B, C, E, F and H) was used to calculate the P value, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.4. Blockade of CD47-SIRPa signalling inhibits mitophagy of efferocytotic macrophages through downregulating SLC22A5

Efferocytosis predominates solute carrier family of membrane transport proteins (SLCs) in macrophages [36]. We hypothesized
that certain SLCs might be involved in the inhibitory role of CD47-SIRPa blockade in mitophagy of efferocytotic macrophages. To test
this possibility, we compared SLC transcripts in SIRPA®XO versus WT BMDM:s from the CLP-challenged mice and identified SLC31A2
and SLC22A5—the Copper and carnitine transporters responsible for copper ion transmembrane transport and 1-carnitine uptake—as
two mostly downregulated genes (Fig. 5A). We therefore tried to clarify this finding by conducting RT-qPCR and western-blotting,
which showed that SLC31A2 and SLC22A5 mRNA and protein levels were lower in SIRPA®X® BMDMs than in WT BMDMs of CLP
mice (Figs. S9A and B). To further assess the effect of CD47-SIRPa blockade on SLC31A2 and SLC22A5 genes, the SIRPA-depleted PMs
were coincubated with apoptotic PMNs under LPS stimuli. Both SLC31A2 and SLC22A5 expression were reduced in the SIRPA-depleted
PMs with apoptotic PMNs coincubation but remained statistically unchanged in those without (Fig. 5B). The downregulation of
SLC31A2 and SLC22A5 at protein levels were also confirmed in efferocytotic PMs with LPS stimuli after depleting SIRPA (Fig. 5C). In
the LPS-stimulated HMDM s efferocytosis coculture system, sg. SIRPA suppressed mRNA and protein levels of SLC22A5 (Fig. 5D and E).
These results depict that the CD47-SIRPa blockade-dependent efferocytosis may be well-positioned to affect biological roles of
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Fig. 5. Blockade of CD47-SIRPa signalling downregulates SLC31A2 and SLC22A5 in efferocytotic macrophages in response to LPS stimuli. (A) Fold
changes of SLC transcripts in SIRPA®KC versus WT bone marrow-derived macrophages (BMDMs) from mice subjected to cecal ligature and puncture
(CLP) challenge. (B) RT-qPCR comparing SLC31A2 and SLC22A5 mRNA expression in LPS-stimulated primary mouse peritoneal macrophages (PMs)
with apoptotic neutrophils (PMNs) coincubation after introduction of short hairpin RNA (sh.RNA) targeting scrambled (Scr) or SIRPA (sh.SIRPA) (n
= 3). Insert: Western-blotting (WB) analyses examining SIRPa expression in primary mouse peritoneal macrophages (PMs) transfected with shRNA
targeting scrambled (Scr) or SIRPA (sh.SIRPA). (C) Western-blotting (WB) analyses assessing SLC31A2 and SLC22A5 abundance in LPS-stimulated
primary mouse peritoneal macrophages (PMs) with apoptotic neutrophils (PMNs) coincubation after introduction of short hairpin RNA (sh.RNA)
targeting scrambled (Scr) or SIRPA (sh.SIRPA) (n = 3). (D and E) RT-qPCR (D) and western-blotting (WB) analyses (E) measuring mRNA and protein
expression of SLC31A2 and SLC22A5 in sg. SIRPA-transfected human monocyte-derived macrophages (HMDMSs) with apoptotic human neutrophils
(HPMNSs) coincubation in the presence of LPS stimuli (n = 3). Data are expressed as mean + s.d. (B and D). Two-sided ANOVA with Bonferroni post
hoc t-test correction (B) and Unpaired, two-tailed Student’s t-test (D) was used to calculate the P value, respectively.
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Fig. 6. Depletion of SLC22A5, but not SLC31A2, inhibits mitophagy of macrophages under LPS stimuli. (A) Western-blotting (WB) analyses
determining SLC22A5 abundance in bone marrow-derived macrophages (BMDMs) transfected with shRNA targeting scrambled (Scr) or SLC22A5
(sh.SLC22A5). (B) Western-blotting (WB) analyses examining SLC31A2 abundance in bone marrow-derived macrophages (BMDMs) transfected with
shRNA targeting scrambled (Scr) or SLC31A2 (sh.SLC31A2) (n = 3). (C and D) Histogram plots and quantification of flow cytometry with MitoSox
Red (C) and TMRM (D) staining for measurement of mitochondrial reactive oxygen species (mtROS) and mitochondrial membrane potential (Aym)
in bone marrow-derived macrophages (BMDMs) with LPS (150 ng/mL) stimuli after transfecting with shRNA targeting scrambled (Scr) or SLC22A5
(sh.SLC22A5) (n = 3). (E and F) Histogram plots and quantification of flow cytometry with MitoSox Red (E) and TMRM (F) staining for measurement
of mitochondrial reactive oxygen species (mtROS) and mitochondrial membrane potential (Aym) in bone marrow-derived macrophages (BMDMs)
with LPS (150 ng/mL) stimuli after transfecting with shRNA targeting scrambled (Scr) or SLC31A2 (sh.SLC31A2) (n = 3). Data are expressed as
mean =+ s.d. (C-F). Unpaired, two-tailed Student’s t-test (C-F) was used to calculate the P value. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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macrophages via SLC31A2 and SLC22A5.

To address whether SLC31A2 and SLC22A5 downregulation are responsible for mitophagy inhibition of efferocytotic macrophages
by CD47-SIRPa blockade, we employed shRNA duplexes that gave robust SLC31A2 and SLC22A5 silencing, respectively (Fig. 6A and
B). We found that downregulation of SLC22A5, rather than SLC31A2, was crucial for mitophagy inhibition of macrophage, as mtROS
production and Aym cytosolic mtDNA release were elevated in the SLC22A5-silenced but not in SLC31A2-silenced BMDMs with LPS
stimuli (Fig. 6C-F). The elevation of mtROS production and Aym in the SLC22A5-silenced BMDMs could be reversed by concomitant
expression of wild-type SLC22A5, ruling out potential off-target effects (Figs. SOC-E).

We then investigated whether SLC22A5 downregulation is a directeffect resulting from efferocytosis mediated by CD47-SIRPa
blockadeor secondary to mitophagy inhibition of efferocytotic macrophages. To approach this, the SIRPA“X? BMDMs were transfected
with SLC22A5 shRNA first, and then incubated with apoptotic PMNs in the presence of LPS stimuli. Interestingly, silencing of SLC22A5
made SIRPA®XC BMDMs refractory to the efferocytosis-dependent mtROS production and Aym elevation (Figs. S10A-C). Nevertheless,
mitophagy inhibition by the siRNA-mediated deleting of PINK1 did not affect SLC22A5 downregulation in the LPS-stimulated SIR-
PACKO BMDMs with apoptotic PMNs coincubation (Figs. S10D and E). The PINK1-deleted BMDMs also had similar SLC22A5 mRNA
levels to the PINK1-intact BMDMs regardless of LPS stimuli (Fig. S10F), suggesting that SLC22A5 downregulation serves a downstream
event responsible for mitophagy inhibition of efferocytotic macrophages by CD47-SIRPa blockade under inflammatory circumstances.

3.5. SLC22A5 is a potential immunotherapeutic target for septic AKI

Emetine, an alkaloid extracted from the root of ipecac that inhibits carnitine transport through deterring SLC22AS5, efficiently
thwarts cellular autophagy and manifests anti-infectious activity [37,38]. Exposure of the LPS-stimulated BMDM s to emetine increased
mtROS production that could be abrogated by silencing SLC22A5 (Fig. 7A and B). The emetine-inducible mtROS production under LPS
stimuli was further enhanced in response to different mitophagy inhibitors, including 3-Methyladenine (3-MA), Mdivi-1 and Apigenin
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Fig. 7. SLC22A5 is a potential immunotherapeutic target for septic AKI. (A) Western-blotting (WB) analyses determining SLC22A5 abundance in
bone marrow-derived macrophages (BMDMs) transfected with shRNA targeting scrambled (Scr) or SLC22A5 (sh.SLC22A5) (n = 3). (B) Histogram
plots and quantification of flow cytometry with MitoSox Red staining for measurement of mitochondrial reactive oxygen species (mtROS) in the LPS-
stimulated bone marrow-derived macrophages (BMDMs) transfected with shRNA targeting scrambled (Scr) or SLC22A5 (sh.SLC22A5) in the
presence of emetine (150 nmol/L) treatment (n = 3). (C) Schematic showing therapeutic regimen of emetine (0.25 mg/kg) in cecal ligature and
puncture (CLP)-challenged mice. (D) Kaplan-Meier curves analyzing survivals of emetine-treated mice with sham and cecal ligature and puncture
(CLP) challenge at the indicated times (n > 11 mice per group). (E) Representative hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS)
images and quantification of renal sections from emetine-treated mice with sham and cecal ligature and puncture (CLP) challenge (n = 9). Scale bar
= 50 pm. (F) Serum creatinine of emetine-treated mice with sham and cecal ligature and puncture (CLP) challenge (n = 6). (G) Myeloperoxidase
(MPO) activity of kidneys in CLP mice receiving the vehicle- or emetine-primed BMDMs reconstitution after eliminating macrophages (n = 3). Data
are expressed as mean =+ s.d. (B and E-G). Log-rank t-test (D) and Two-sided ANOVA with Bonferroni post hoc t-test correction (B and E-G) were used
to calculate the P value. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. S11A). These results suggest that the mitophagy-inhibitory effect of emetine in macrophages under inflammatory stress reply on
SLC22A5.

Given that CD47-SIRPa blockade alleviates septic AKI and downregulates SLC22A5 in efferocytotic macrophages, SLC22A5 might
be a promising immunotherapeutic target for septic AKI. To address this issue, emetine were administered by oral gavage twice daily
for 4 consecutive days into mice with CLP surgery (Fig. 7C). Emetine treatment resulted in reduced mortality as compared with vehicle
treatment (Fig. 7D). CLP mice receiving emetine therapy exhibited improved renal morphology with significantly alleviated tubu-
lotoxicity than CLP mice receiving vehicle therapy (Fig. 7E). Biochemical detection revealed that the CLP-challenged mice with
emetine treatment had decreased serum creatinine levels compared to the challenged mice with vehicle treatment (Fig. 7F). We then
administered emetine to LIE mice and observed that the overwhelming majority of the vehicle-treated mice died within 48 h after LIE
challenge, while more than 60% of the emetine-treated mice survived the entire period of endotoxin shock (Figs. S11B and C). LIE mice
treated with emetine had markedly ameliorated AKI with respect to sepsis, as indicated by the reduced tubular damage and serum
creatinine levels (Figs. S11D and E).

Finally, we asked whether targeting SLC22A5 would affect the anti-septic AKI efficacy of macrophages in vivo. To approach this, we
eliminated macrophages in mice by clodronate liposome and reconstituted these mice with BMDMs that were primed with emetine,
followed by CLP surgery. Renal tissues of the

macrophage-eliminated mice receiving reconstitution of the emetine-primed BMDMs had lower MPO activity than those of the
eliminated mice receiving vehicle-primed BMDMs reconstitution (Fig. 7G). These results demonstrate that targeting SLC22A5 po-
tentiates the anti-septic AKI efficacy of macrophages.

4. Discussion

Apoptotic PMNs cause an imbalance in inflammation-immune response, driving unwarranted tissue damage after pathogenic in-
sults. Effective clearance of apoptotic PMNs by innate and adaptive immune systems is a prerequisite for inflammation resolution and
injury repair [39]. Although clearance of cell fragments by macrophages is helpful to resolve inflammation, the mechanism underlying
efferocytosis towards apoptotic PMNs might be distinct from that underlying phagocytosis towards foreign materials. It is noteworthy
that efferocytosis enables metabolic reprogramming and phenotypic conversion in macrophages [40], and recent studies have started
to explore the separate roles of efferocytosis and mitophagy in macrophage polarization [41,42]. However, the intrinsic linkage be-
tween efferocytosis and mitophagy in pathogenesis of septic AKI remains hitherto undefined. We provide demonstration here that
CDA47 signalling through SIRPa represents a regulatory loop whereby efferocytosis favors mitophagy inhibition of macrophages
through repressing SLC22A5 transcription, thus reinforcing tubular protection against infectious patterns. More importantly, our study
underscores the significance of targeting macrophagic SLC22A5 as a feasible strategy in murine models of septic AKI. Our future work
will aim at ascertaining whether other members of carnitine transporter family are responsible for repressing macrophage mitophagy
during septic AKI and surmising the precise mechanism of how the CD47-SIRPa blockade-dependent efferocytosis orchestrates
SLC22A5 transcription.

The current paradigm illustrated for mitophagy inhibition of efferocytotic macrohages emphasizes the interaction between CD47
and its receptor SIRPa. Proof-of-concept studies using SIRPA-null mice or CD47 and SIRPa blocking mAb have shown beneficial against
inflammatory diseases including encephalomyelitis, atherosclerosis, osteoarthritis and autoimmune uveitis (EAU), in all of which
efferocytosis plays a fundamental role [43-46]. An effective strategy to restrain excessive inflammation must therefore concern the
alterations of macrophagic activity to pathogens. To our knowledge, we believe the present study is the first to demonstrate that
CD47-based SIRPa recognition regulates mitophagy of efferocytotic macrophages in response to inflammation. In identifying tran-
scriptional downregulation of SLC22A5 as a predominant mechanism for mitophagy inhibition of efferocytotic macrophages by
CD47-SIRPa blockade, we explore if pharmacological targeting of SLC22A5 could prevent septic AKI. Our experimental results show
that emetine could inhibit mitophagy of macrophages and enable the anti-septic AKI phenotypes. This work defines SLC22A5 as an
innate immune checkpoint that is essential for the macrophage-mediated immunity against sepsis and provides evidence for the
immunotherapeutic potential of targeting SLC22A5 with particular promise in the treatment of septic AKI.

Determining the relationship between efferocytosis and macrophage mitophagy within inflammatory microenvironment allows
better prediction of patients who lack efficient therapy against sepsis. Based on our observations that blockade of CD47-SIRPa
interaction successfully inhibits macrophage mitophagy in efferocytosis coculture systems in vitro and in septic mice, and the evidence
that mitophagy inhibition in macrophages confer host defense against sepsis [18], we postulate that CD47-SIRPa signalling may
provide valuable prediction of therapeutic effectiveness for septic AKI, for which CD47 impairs response to therapies that rely on
efferocytic capacity of macrophages. Our strategy proposes that disruption of CD47-SIRPa interaction may have a prominent
advantage over conventional options to cure septic AKI, as the progression of sepsis is an extremely complex pathophysiological
process that engages in crosstalk of multiple immune populations, targeting single molecule may have limited efficacy. By providing
pre-clinical evidence for the significance of disrupting CD47-SIRPa interaction in protection against septic AKI, our data suggest that
additional approach that manipulates this cascade deserves to be further explored in therapeutic regimen of patients with septic AKI.

The contribution of mitophagy to cell fate is controversial ever since it was discovered. Mitophagy is found to be boosted in
damaged dopaminergic neurons, lung epithelial cells and tubules [47-49], whereas emerging studies demonstrate that under in-
flammatory circumstances, mitophagy flux is terminated in various cell types, including adipocytes, T cells and macrophages [50-52].
Mitophagy is associated with glycolytic metabolic shift, Aym remodeling, ATP synthesis switch, reduction of mtROS production and
cytosolic mtDNA leakage that are required for dealing with the energetic cost of inflammation and ensuring cellular integrity and
plasticity. Mitophagy is known to be regulated by the PTEN-induced kinase 1/parkin RBR E3 ubiquitin protein ligase (PINK1/Parkin),
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BCL2 and adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), BNIP3-like (BNIP3L/NIX) pathways and dynamin-1-like protein
(DRP1) [53-55]. Given the involvement of efferocytosis in inflammation resolution, the pleitropic aspect of macrophages in sepsis and
the suspecting reports about the controversial roles of mitophagy, we investigate the correlation of macrophage mitophagy with the
anti-septic AKI efficacy of CD47-SIRPa blockade and observe that conditional SIRPA knockout renders mitophagy inhibition of
efferocytic macrophages and potentiates their abilities to alleviate septic AKI. Our findings highlight the notion that compartmen-
talized witness of mitophagy might govern distinct homeostatic functions that can be harnessed by the anti-sepsis immunotherapy.

One limitation of the current study is that albeit our study clearly demonstrates that CD47-SIRP« blockade prevents septic AKI via
inhibiting mitophagy of efferocytic macrophages through transcriptional downregulation of SLC22A5, the precise relevance of our
findings to clinical patients is still yet unclear. Since L-carnitine transporter expression is believed to be downregulated late in the LPS-
elicited inflammation [56], targeting of carnitine transporters might be ineffective in patients at late stages of sepsis. So it would be of
interest to prioritise therapies based on empirical data before blindly moving forward clinical trials. Another limitation is that our
study did not investigate the impact of efferocytosis towards other pathogenic patterns on mitophagy inhibition of macrophages. In
previous studies reported by us and other scholars [25,57], tubular mitophagy are protective against septic AKI, so it is possible that
low amounts of ROS are essential for cell survival in that setting. Meanwhile, experimental studies and large clinical trials quite
convincingly suggest that antioxidants, including ascorbate, MitoTEMPOL and thymoquinone [58-60], should be recommended for
sepsis treatment due to the fact that their use may achieve the anti-apoptotic benefits.

5. Conclusions

In summary, we have shown that efferocytosis towards apoptotic PMNs by CD47-SIRPa blockade fosters mitophagy inhibition of
macrophages to maintain the anti-septic AKI immunity via downregulating SLC22A5. Our work unearths an intrinsic interplay be-
tween immune checkpoint, metabolism profile and mitophagy program in efferocytic macrophages. On this basis, selectively targeting
macrophage SLC22A5 may be a promising approach for septic AKI management. Future studies are needed to investigate the
immunological features of septic AKI that may benefit from the emetine-based strategy in combination with conventional therapy. It
also warrants to elucidate whether immunotargeting of other carnitine transporters is efficient in improving prognosis.
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