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Abstract 31 

 32 

Introduction 33 

Innate immune cells are critical in inflammation, repair, and fibrosis post-kidney injury. Nuclear-34 

cytokine interleukin (IL)-33, which is released upon tissue damage, signals through IL-1-receptor-like-1 35 

(IL1RL1 or ST2), expressed on many immune cells, including macrophages. However, macrophage 36 

regulation by IL-33/ST2 is incompletely understood. We hypothesized that ST2 plays a vital role in 37 

activating and/or mobilizing myeloid cells and macrophages to sites of injury.  38 

Methods 39 

We performed acute and chronic ischemia-reperfusion injury (IRI) in mice with myeloid cell-specific 40 

deletion of ST2 (ST2fl/fl.LysMCre) to examine the role of myeloid cells ST2 expression in renal injury. 41 

The structure and function of the kidney were probed using flow cytometry, histology, 42 

immunohistochemistry, quantitative gene expression, and biochemical analysis. The invitro 43 

efferocytosis assay, RNA Seq, and Seahorse assay were carried out using bone-marrow-derived 44 

macrophages 45 

Results 46 

Interestingly, ST2 deletion resulted in attenuated renal pathology in the acute renal IRI model, whereas 47 

in chronic IRI, the loss of ST2 exacerbated kidney injury, suggesting a role of ST2 in the resolution of 48 

chronic injury. RNA sequencing (RNASeq) analysis of bone-marrow-derived ST2 sufficient and 49 

deficient macrophages showed that loss of ST2 downregulated genes involved in oxidative 50 

phosphorylation and clearance of dead cells (efferocytosis). Indeed, the ST2-deficient macrophages had 51 

reduced phagocytosis activity. Further, Seahorse analysis revealed that ST2-deficient macrophages had 52 

compromised mitochondrial metabolism.  53 

Conclusions 54 

We conclude that the IL-33/ST2 axis is essential for regulating macrophage function and contributes to 55 

regulating tissue homeostasis following renal injury.  56 
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1. Introduction 57 

Acute kidney injury (AKI) is a life-threatening disease affecting 10-15% of hospitalized patients and 58 

50% of patients in intensive care units (ICU) worldwide and is currently without effective early 59 

diagnosis or targeted therapy1. AKI also predisposes to chronic kidney disease (CKD) that leads to end-60 

stage renal disease (ESRD). Kidney-related ailments result in around 2 million patients succumbing to 61 

the disease worldwide due to the shortage of donor kidney availability2,3.  62 

Ischemic injury of the kidneys results in tubular cell death leading to the clinical syndrome of 63 

acute tubular necrosis. Postmortem examination of human specimens has shown that ischemic tubular 64 

injury leads to an accumulation of inflammatory mononuclear cells in the vasa recta of the outer 65 

medulla4. Similarly, animal models of ischemia-reperfusion also demonstrate that renal ischemic injury 66 

(IRI) is characterized by the rapid influx of polymorphonuclear leukocytes, lymphocytes, and 67 

macrophages into the renal interstitium5,6. Innate immune cells play a critical role in the development 68 

and resolution of AKI7. Innate immune cells such as macrophages and neutrophils are activated in 69 

response to AKI, producing cytokines and chemokines that can also cause tissue damage8. This innate 70 

immune response is initiated within minutes of renal injury9. The kidney resident macrophages occupy 71 

specific niches in rodent and human kidneys, and in response to injury attain a developmental state and 72 

unique distribution10,11.  73 

On the other hand, the adaptive immune response, which is mounted at later points (days) after 74 

the injury occurs, is antigen-dependent and targeted. Innate and adaptive immune responses are not 75 

mutually exclusive mechanisms of host defense but rather synergetic12. Defects in either system results 76 

in immune dysregulation. Cells involved in innate immune response include macrophages, neutrophils, 77 

dendritic cells, mast cells, basophils, eosinophils, natural killer (NK) cells, and innate lymphoid cells 78 

(ILCs). The rapid response of these cells is mediated through production of alarmins, cytokines and 79 

chemokines13, which further potentiate cell recruitment and regulate the inflammatory milieu.  80 

Phagocytic actions of macrophages also promote the clearance of damaged cells, cell debris, and 81 

pathogens from the site of injury or inflammation14. Studies have also suggested that boosting 82 

efferocytosis in macrophages could assist in resolving inflammation15. In addition, macrophages present 83 

antigens to T cells16, thus acting as important messengers between innate and adaptive immunity. 84 

Macrophages obtain distinct phenotypes depending on the physiological conditions in response to 85 

stimulation17. Generally, macrophages are classified into classically activated (also referred to as “M1”) 86 
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or alternatively activated (“M2”) macrophages. M1 macrophages are characterized by the release of pro-87 

inflammatory mediators through engagement with T helper 1 (Th1) cells. Contrastingly, M2 88 

macrophages promote immunoregulatory signals through their cooperation with T helper 2 (Th2) cells18. 89 

Molecular mechanisms involved in the plasticity and transitions between these macrophage states have 90 

been reported to have conflicting results with M2 macrophages being contributors to protection from or 91 

resolution of AKI as well as contributing to fibrosis during CKD19. Thus, the molecular mechanisms of 92 

macrophage polarization during ischemic injury are not completely understood.  93 

The alarmin cytokine interleukin 33 (IL-33), a member of the IL-1 cytokine family, is 94 

constitutively expressed in epithelial cells, fibroblasts, and endothelial cells and is released as a 95 

consequence of tissue injury. Upon release, IL-33 binds to the ST2 receptor expressed on most myeloid 96 

cells, such as macrophages, mast cells, eosinophils, basophils, and natural killer cells (reviewed in)20. 97 

ST2 exists in two splice variants21: membrane-bound ST2, which signals via downstream activation of 98 

MyD88/NF-κB and p38 MAPK pathway, and soluble ST2 (sST2), which acts as a decoy receptor and 99 

sequesters free IL-33. Short-term activation of naïve macrophages with IL-33 has been shown to 100 

promote their transition to the M1 phenotype; however, prolonged activation elicits the transition of M1 101 

macrophages to the M2 phenotype22,23.  102 

In this study, we asked whether ST2 signaling in myeloid cells determines the outcome of acute 103 

and chronic ischemia-reperfusion injury in mice and whether ST signaling in macrophages is required 104 

for their homeostatic functionality.  105 

 106 

2. Materials and Methods 107 

2.1. Animal Models 108 

All the animal experiments in the study were approved by the University of Virginia Animal Care and 109 

Use Committee (ACUC) in accordance with the NIH Guide for the Care and Use of Laboratory 110 

Animals. The IL1Rl1fl/fl (IL1RL1tm1a) mice were obtained from the UCDAVIS KOMP Repository 111 

(KOMP Project ID CSD35155), USA. LysMCre (LysMCre (Lyz2-Cre24, Jackson Laboratory, Strain 112 

#004781) mice were purchased from Jackson Laboratory (Bar Harbor, USA). IL1Rl1fl/fl LysMCre was 113 

generated by crossing IL1Rl1fl/fl and LysMCre mice. Primers used for genotyping are listed in 114 

Supplementary Table 3. 115 

 116 

2.2. Cell Culture 117 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2026. ; https://doi.org/10.64898/2026.01.24.701541doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.24.701541
http://creativecommons.org/licenses/by/4.0/


 5

The bone marrow-derived macrophages were isolated as previously described25. The macrophages were 118 

cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and 10% L929 conditioned 119 

media.  120 

 121 

2.3. Renal Function 122 

The mice were anesthetized with ketamine-xylazine (i.p.), and blood was collected using the heparinized 123 

capillary tube retro-orbitally. The blood plasma separated from whole blood was used to measure 124 

plasma creatinine (PCr) and blood urea nitrogen (BUN). The plasma creatinine (PCr) was measured 125 

enzymatically per manufacturer instructions with minor modifications in which the sample volume was 126 

doubled (Diazyme Laboratories). BUN was quantitated using a kit (Arbor Assay) as per manufacturer 127 

instructions.  128 

 129 

2.4 Histology and evaluation of kidney injury and fibrosis 130 

Kidney sections stained with Hematoxylin and Eosin (H&E) were used to evaluate kidney injury and 131 

scored as previously described26. Kidney fibrosis was histologically assessed using Masson’s Trichrome 132 

staining and quantified using Image J.   133 

 134 

2.5. Immunofluorescence 135 

Kidney sections were fixed with 1% paraformaldehyde (PFA) for 72 hours and embedded in an optimal 136 

cutting temperature (OCT) compound (Ted Pella, Inc.). The tissue was sectioned 5μm thick, 137 

permeabilized with 0.2% Triton X-100, and blocked using 1% FBS. The samples were first incubated 138 

with the unconjugated antibody overnight at 4°C.  Following primary antibody incubation, fluorescent-139 

labeled secondary antibody was added and incubated at room temperature for 4 hours. All the samples 140 

were mounted using ProLong Diamond Antifade (Thermo Fischer Scientific) containing 4’,6-diamidino-141 

2-phenylindole (DAPI), a nuclear counterstain. Microscopic images were acquired using the Carl Zeiss 142 

Axiovert 200 microscope system with Apotome Image Resolution and Axiovision software (Carl Zeiss 143 

Microscopy, LLC).  144 

 145 

2.6. Apoptosis Analysis 146 

Apoptosis in kidney tissue was quantified using a fluorescein In Situ Cell Death Detection Kit based on 147 

the TUNEL principle (ROCHE) per the manufacturer’s instructions.  148 

 149 
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2.7. Real-time gene expression analysis 150 

RNA was isolated using the RNeasy kit (Qiagen, Germany), and the complementary DNA (cDNA) was 151 

prepared using the iScript cDNA synthesis kit (BioRad). Real-time gene expression analysis of samples 152 

was carried out using iQ SYBRGreen Supermix (BioRad) in CFX Real-Time PCR Detection System 153 

(BioRad). The gene expression levels were normalized using the glyceraldehyde 3-phosphate 154 

dehydrogenase (Gapdh) housekeeping gene. Primers used in QPCR are listed in Supplementary Table 2.  155 

 156 

2.8. Flow cytometry  157 

Flow cytometry was performed as previously described27,28. Antibodies used for the analysis are listed in 158 

the Supplementary Table 1. Cytek Northern Lights (Cytek Biosciences, CA) 3 laser spectral flow 159 

cytometer was used to acquire the samples. FlowJo software (BD Biosciences, NJ) was used for data 160 

analysis. The gating strategies used to analyze kidney-specific Neutrophils, Macrophages, and Dendritic 161 

Cells are shown in Supplementary Figure 7. For gating strategy for kidney Tregs and T cell cytokine 162 

expression refer to earlier study26, Supplementary Figure 3 and Supplementary Figure 5.  163 

 164 

2.9. Efferocytosis Assay 165 

Human Jurkat T cells were stained with CypHer5E (GE Healthcare, PA15401) for 30 minutes at 37°C 166 

water bath. The labeled cells were subjected to apoptosis with 150mJ/cm2 ultraviolet C irradiation and 167 

incubated in a 5%CO2 incubator for 4 hours at 37°C. The levels of apoptosis were confirmed using 168 

Annexin V and 7AAD staining by flow cytometry. Macrophages and apoptotic cells were incubated in a 169 

1:10 ratio for 1 hour. Following incubation, the coculture media was washed, and macrophages were 170 

dissociated using trypsin for downstream analysis using a flow cytometer. A group containing 171 

cytochalasin D was used as a control.  172 

 173 

2.10. Metabolic Flux Analyzer (Seahorse) Assay  174 

The mitochondrial stress test (MST) was performed as previously described29. The macrophages (1x104) 175 

were seeded into the 96-well seahorse tissue culture plate (Agilent Technologies) and cultured 176 

overnight. Prior to assay, UV-irradiated Jurkat cells were seeded at a 1:10 ratio and incubated for 1 hour. 177 

Following incubation, the wells were washed and fresh media DMEM with pyruvate (Thermo-Fisher, 178 

Cat#:12800017; pH = 7.35 at 37°C) was added and equilibrated for 30 min29. Oxygen consumption rate 179 

(OCR) from the cell media was measured using Seahorse XF96 Flux Analyzer (Agilent Technologies). 180 

After three basal OCR measurements, compounds to modulate cellular respiratory function [1μM 181 
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Oligomycin (Sigma-Aldrich); 2μM BAM15 (Cayman Chemical Company); 1μM Antimycin A and 100 182 

nM Rotenone (Sigma-Aldrich)] were injected into the plate, and cellular respiratory rates were 183 

measured. Experiments and analysis were carried out as per the manufacturer’s instructions.  184 

2.11. RNA sequencing 185 

RNA was extracted from cells using the RNeasy Plus mini kit (Qiagen). The purity and quantity of the 186 

RNA were measured using Nanodrop 2000 (Thermo Scientific) and HS-RNA Tape Station (Agilent 187 

Technologies). The ribosomal RNA (rRNA) was then removed from the total RNA before preparing the 188 

transcriptome library.  The RNA sequencing was performed using the NGS Nextseq kit – 150 cycle 189 

High Throughput kit (Illumina), with 75bp paired-end sequencing on the Illumina Nextseq 2000 190 

sequencing system. The quality of the library preparation was checked using FASTQC to evaluate the 191 

quality of the sequencing quality and data analysis performed as before30. Briefly, the fastq files were 192 

trimmed to remove the Illumina adapter sequences, and low-quality sequencing reads using cutadapt 193 

with a phred quality cutoff of 20, then reassessed using FastQC. The trimmed sequencing reads were 194 

aligned to the mouse reference genome mm10 using HISAT2. FeatureCounts was used to count the 195 

number of reads mapped to genes, creating a count matrix. Differential gene expression was analyzed 196 

using DESeq2. The gene expression was visualized using a principle component analysis and heatmap. 197 

Gene ontology and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were 198 

performed using goseq31. The full dataset can be found in the National Center for Biotechnology 199 

Information (NCBI) Gene Expression Omnibus (Geo) database, with an Accession Number: 200 

GSE288154 (Reviewer Access Token: mhghwaimdhulhqx) 201 

 202 

2.12. Statistical Analyses 203 

All the statistical analyses for the experiments were performed in GraphPad Prism10. The wild-type 204 

(WT) and mutant alleles were analyzed using a one-way analysis of variance (ANOVA), followed by 205 

Tukey’s post hoc test for multiple comparisons. The results are presented as the mean ± standard error of 206 

the mean (SEM), with P<0.05 considered significant. 207 

 208 

3. Results 209 

3.1. Loss of ST2 in Myeloid Cells Attenuates Acute Renal Injury 210 

To test if ST2 is expressed in murine renal macrophages, we performed a Python programming-based 211 

meta-analysis of single-cell RNA seq data from kidney resident CD45+ cells (Zenodo: 7314511) using 212 
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Scanpy 32,33. Among the various immune cell subsets (Figure 1A), we were able to identify robust ST2 213 

expression in kidney tissue-resident macrophages (Figure 1B). 214 

Next, to understand the role of ST2 in myeloid cell-mediated immunity, we bred ST2fl/fl mice 215 

with LysMCre mouse line to generate mice lacking ST2 expression in myeloid cells (ST2fl/fl LysMCre 
216 

mice). We then subjected ST2fl/fl LysMCre and ST2fl/fl (control) mice to a model of ischemia-reperfusion-217 

induced acute kidney injury (IRI-AKI) (Figure 1C). Ischemia was induced by the clamping of the renal 218 

artery for 26 min before reperfusion was allowed. Mice were euthanized after 24 hours of reperfusion, 219 

and plasma and kidney tissue were collected for analysis. Loss of ST2 in myeloid cells resulted in 220 

significant attenuation of acute renal injury, as evidenced by reduced levels of plasma creatinine (Figure 221 

1D) and blood urea nitrogen (BUN, Figure 1E) in ST2fl/fl LysMCre mice, compared to ST2fl/fl controls. 222 

Analysis of IRI-AKI histological samples showed significantly less tubular damage in the ST2fl/fl 
223 

LysMCre mice compared to ST2fl/fl mice (Figure 1F, 1G). Whole kidney quantitative gene expression 224 

analysis indicated that the kidney injury markers Kim1 and Ngal were significantly downregulated in 225 

ST2fl/fl LysMCre when compared to ST2fl/fl mice. Similarly, expression of the renal fibrosis markers 226 

Col1a1, Col3a1, Sma, and Vim was reduced in ST2fl/fl LysMCre mice (Figure 1H, Supplementary Figure 227 

4).  228 

To understand how loss of ST2 in myeloid cells influences inflammatory infiltration, we 229 

performed flow cytometry analysis of the IRI-AKI renal tissue. The accumulation of myeloid cells 230 

including neutrophils, macrophages, and dendritic cells in the kidneys of IRI-AKI ST2fl/fl controls was 231 

dramatically reduced in ST2fl/fl LysMCre mice (Figure 1I). Reduction of F4/80+ macrophages in IRI-AKI 232 

ST2fl/fl LysMCre mice, was also observed by immunofluorescence staining of F4/80+ cells as compared to 233 

ST2fl/fl mice (Figure 1J). Gene expression analysis revealed reduced transcripts for IFNγ, TNFα, IL-6, 234 

IL-1β, and Ccl2 in the IRI-AKI kidneys of ST2fl/fl LysMCre mice, compared to ST2fl/fl controls, suggestive 235 

of reduced renal inflammation in the absence of myeloid ST2 expression (Figure 1K).  236 

 237 

3.2. Loss of ST2 in Myeloid Cells Exacerbates Renal Injury Under Chronic Conditions 238 

We next sought to determine if the loss of ST2/IL-33 signaling in myeloid cells would alleviate long-239 

term chronic renal pathology. ST2fl/fl LysMCre mice and ST2fl/fl controls were subjected to unilateral 240 

ischemia-reperfusion (Uni-IRI), followed by the nephrectomy of the contralateral kidney two weeks 241 

later, a day prior to euthanasia to measure the function of the injured kidney (Figure 2A). Surprisingly, 242 

plasma creatine and BUN values indicated that renal function was significantly deteriorated in ST2fl/fl 
243 
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LysMCre mice compared to ST2fl/fl mice (Figure 2B-C). Histological analysis also indicated higher 244 

tubular injury, glomerular sclerosis, and immune cell infiltration in mice lacking ST2 expression in 245 

myeloid cells (Figure 2D-E). Quantitative gene expression analysis of the renal tissue indicated that 246 

mRNA expression of kidney injury markers Kim1 and Ngal was significantly increased in ST2fl/fl 
247 

LysMCre when compared to ST2fl/fl mice, as were the kidney fibrosis markers Col1a1, Col3a1, Sma, and 248 

Vim (Figure 2F, Supplementary Figure 5). Masson’s trichrome staining also indicated that ST2fl/fl 
249 

LysMCre mice exhibited increased fibrosis compared to ST2fl/fl mice (Figure 2H-I). Flow cytometry data 250 

showed no significant difference in neutrophils or dendritic cells in the kidneys of ST2fl/fl LysMCre mice 251 

compared to ST2fl/fl controls; however, macrophage numbers were significantly reduced (Figure 2G). 252 

Despite reduced macrophage accumulation, kidney gene expression analysis revealed increased 253 

expression of several inflammatory cytokines (IFNγ, TNFα, IL-6, IL-1β, and CCL2) in the ST2fl/fl 
254 

LysMCre mice as compared to ST2fl/fl mice (Figure 2J). These data suggest that although the loss of ST2 255 

in myeloid cells impairs macrophage accumulation, it contributes to elevated inflammation and renal 256 

damage in chronic renal injury. 257 

 258 

3.3. Macrophage – T Cell Cross Talk 259 

In the acute IRI-AKI model, loss of ST2 in macrophages also led to reduced systemic immune activation 260 

after acute IRI-AKI, as observed by significantly reduced TNFα and IL-4 production and a trend 261 

towards lower production of IFNγ and IL-10 in CD4+ T-cells (Figure 3A) suggesting a role of ST2 262 

expression in antigen-presenting cells affecting T-cells. Since the T-cell activation takes a few days to 263 

fully mature, we also studied the effects of loss of ST2 in myeloid cells in the chronic injury model. 264 

While there were no significant differences observed in the levels of TNFα and IFNγ production, the 265 

ability of CD4+ T-cells to produce IL-4 and the immunoregulatory cytokine IL-10 was markedly 266 

attenuated in the mice with ST2-deficient myeloid cells (Figure 3C). The data suggests that ST2 267 

expression on myeloid-cell regulated T-cell response may play a role in IRI-AKI. Since the production 268 

of IL-10, a cytokine also produced by the regulatory T-cells (Treg), we hypothesized that macrophage 269 

cross-talk with Treg may be critical to mitigate inflammation and initiate repair processes. Therefore, we 270 

tested if Treg numbers were affected in mice with myeloid ST2 deletion during renal injury. In both 271 

acute and chronic IRI, Treg numbers were elevated in the kidneys of injured ST2fl/fl mice (Figure 3B-D) 272 

as compared to the sham mice. However, we noted that in chronic renal injury, Treg levels were 273 

significantly lower in ST2fl/fl LysMCre mice than in ST2fl/fl controls (Figure 3D), suggesting that reduced 274 
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Treg numbers due to loss of ST2 expression in myeloid cells could contribute to greater chronic renal 275 

injury in these mice.  276 

We next used a macrophage-T cell co-culture system to evaluate how macrophage ST2 277 

expression affects Treg differentiation and cytokine expression (Figure 3E). The bone marrow-derived 278 

macrophages (BMDM) were isolated from ST2fl/fl LysMCre and ST2fl/fl mice. The isolated macrophages 279 

were activated by UV-treated wild-type thymic cells. Responder T cells were isolated from the spleens 280 

of wild-type mice. The T cells were purified using magnetic-activated cell sorting (MACS) to ensure 281 

nonregulatory (CD25-negative), highly pure CD4+ T cells.  Co-culture assay of  BMDM with responder 282 

T cells showed significantly reduced Foxp3+ Treg differentiation in the co-cultures of ST2 deficient 283 

macrophages (Figure 3F). Flow cytometry-based cytokine analysis of the responder cells indicated that 284 

the pro-inflammatory cytokines IFNγ and TNFα were significantly elevated in T cells co-cultured with 285 

ST2 deficient BMDM (Figure 3G(i) and (ii)), whereas the anti-inflammatory cytokine IL-10 was 286 

reduced (Figure 3G(iii)) and there was no significant difference in IL-17 (Figure 3G(iv)). Collectively, 287 

these data suggest that reduced Tregs in myeloid ST2 deficiency and increased inflammatory cytokine 288 

production could contribute to chronic renal pathology. 289 

 290 

3.4. ST2 deficiency changes the transcriptional landscape in macrophages 291 

To discern how the loss of ST2 expression influences macrophage function, we performed bulk RNAseq 292 

analysis of BMDM from ST2-/- and wildtype (ST2+/+) controls. Bone marrow-derived monocyte 293 

differentiated BMDM were used rather than mature macrophages from tissues to understand the early 294 

events and avoid the changes accumulated throughout the lifespan due to ST2 deficiency. Euclidean 295 

distance algorithm indicated that the whole transcriptomic profile of ST2 deficient macrophages was 296 

highly distinct from control macrophages (Figure 4A). Heatmap of differential gene expression 297 

suggested distinct gene expression in ST2 knockout macrophages (Figure 4B).  A volcano plot was used 298 

to identify top-upregulated and downregulated transcripts (Figure 4C). The gene Bcl2a1b helps in 299 

balancing cell survival and programmed cell death, shaping macrophage persistence34. It is a highly 300 

regulated nuclear factor kB (NF-κB) target gene. Arginase (Arg1) directs polarization of macrophages 301 

towards the anti-inflammatory M2 phenotype35. (Growth Differentiation Factor 15) Gdf1536 modulates 302 

the inflammatory process and plays an important role in tissue repair. Cd3837 is involved in regulating 303 

inflammatory responses and influences macrophage activation states, Chitinase-like protein-1 38 (Chil1) 304 

modulates the secretion of pro-inflammatory factors by macrophages, such as TNFα and Monocyte 305 
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chemoattractant protein-1 (MCP1) thus influencing macrophage polarization to anti-inflammatory M2 306 

phenotype. Ly6c239,40 characterizes macrophage subsets, guiding immune surveillance. Chil335 fosters 307 

an anti-inflammatory environment by responding to damaging stimuli. Collectively, the upregulated 308 

genes in ST2 expressing macrophages influence the immunomodulatory landscape. Downstream 309 

pathway analysis showed many functional pathways such as immune cell activation, wound healing 310 

response, metabolism-associated pathways such as oxidative phosphorylation and glycolysis, chemokine 311 

response, cytokine receptor activity, and phagosome formation (Supplementary Figure 1) were highly 312 

influenced by ST2 expression in BMDM (Figure 4D-F).  313 

 314 

3.5. ST2 Deficiency Impairs Normal Homeostatic functions of Macrophages  315 

Macrophage numbers were reduced in the injured kidneys of ST2fl/fl LysMCre mice in both the acute and 316 

chronic renal injury, compared to ST2fl/fl controls (Figures 1I(ii), J and 2G(ii)). Targeted analysis of 317 

genes essential for macrophage development and function showed downregulation of key markers, 318 

including the co-stimulatory molecule CD80, required for effective T-cell activation41; Mfge8 (Milk Fat 319 

Globule-EGF Factor 8), a glycoprotein facilitating phagocytic clearance of apoptotic cells42; Itgb3 320 

(Integrin Beta 3), an adhesion molecule essential for apoptotic cell clearance and immune regulation43; 321 

Abca1 (ATP-Binding Cassette Transporter A1), crucial for maintaining lipid homeostasis in 322 

macrophages44; and Stab2 (Stabilin-2), a scavenger receptor involved in apoptotic cell clearance45 323 

(Figure 5A). Indeed, KEGG pathway analysis also showed defective phagosome formation in ST2-324 

deficient BMDM (Supplementary Figure 1). Efficient efferocytosis is critical for the resolution of 325 

inflammation and re-establishment of homeostasis after tissue injury46. Therefore, we tested if apoptotic 326 

cell clearance is impaired in ST2fl/fl LysMCre mice during kidney injury. TUNEL staining revealed an 327 

elevated presence of apoptotic cells in ST2fl/fl LysMCre mice compared to ST2fl/fl mice during both acute 328 

and chronic renal inflammation (Figure 5B-C). We next tested if the macrophage capacity to clear 329 

dying cells by efferocytosis ex vivo was reduced in ST2-deficient macrophages. We incubated BMDM 330 

from ST2fl/fl LysMCre and ST2fl/fl mice with apoptotic cells labeled with the pH-sensitive dye CypHer-5e 331 

(which becomes fluorescent upon acidification in the macrophage phagolysosomes), and corpse 332 

engulfment was analyzed by flow cytometry. Efferocytic activity was significantly lower in ST2-333 

deficient BMDM than in wild-type macrophages (Figure 5D). As a control, we incubated macrophages 334 

with cytochalasin D to inhibit the actin cytoskeleton rearrangements, which blocked efferocytosis in 335 

both ST2 deficient and control macrophages (Figure 5D). These data collectively suggest that increased 336 
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numbers of TUNEL-stained apoptotic cells in the kidneys of ST2fl/fl LysMCre mice could stem from 337 

decreased macrophage-mediated efferocytosis. We further evaluated if macrophage proliferation is 338 

impaired in the absence of ST2 expression. We used dehydrogenase-dependent CCK8 assay to detect 339 

live cell doubling time in in vitro cultured macrophages from ST2fl/fl LysMCre and ST2fl/fl mice. We noted 340 

that the doubling time of ST2 deficient macrophages was significantly higher compared to WT 341 

macrophages (Figure 5E-F), suggesting that the loss of the ST2 receptor in BMDM decreases the 342 

macrophage proliferation rate. 343 

3.6. ST2 Regulates Mitochondrial Metabolism in Macrophages 344 

Macrophage efferocytosis and proliferation, including efferocytosis-induced proliferation, are cellular 345 

processes that are highly energy-dependent47,48. We next hypothesized that the macrophage metabolism 346 

could be altered in the absence of ST2 expression. To address this, we subjected ST2KO and ST2WT 347 

BMDM to Seahorse metabolic flux analyzer analysis, using the Mito Stress Test assay (Agilent).  348 

ST2KO macrophages exhibited reduced oxidative phosphorylation rates compared to control 349 

macrophages, as evidenced by a lower oxygen consumption rate (OCR) at baseline (blue vs. green bars, 350 

Figure 6B(i) and reduced maximal respiration (blue vs. green bars, Figure 6B(ii)). This highlights 351 

impaired mitochondrial energetics in ST2-deficient macrophages under homeostatic conditions. Upon 352 

exposure to apoptotic cells, OCR increased in wild-type and ST2KO macrophages. However, this 353 

increase was significantly greater in ST2-sufficient macrophages than ST2KO macrophages (red vs. 354 

magenta bars, Figure 6B(ii)), indicating that ST2 signaling promotes enhanced oxidative metabolism 355 

upon activation by apoptotic cells. ATP production followed a similar trend, with wild-type 356 

macrophages exhibiting higher ATP production than ST2KO macrophages at baseline (blue vs. green 357 

bars, Figure 6B(iii)). This difference was further amplified upon exposure to apoptotic cells (red vs. 358 

magenta bars, Figure 6B(iii)), underscoring the diminished metabolic flexibility of ST2-deficient 359 

macrophages. Overall, OCR changes upon activation (baseline to apoptotic conditions) were more 360 

pronounced in wild-type macrophages (Figure 6B, blue to red bars, compared to ST2KO macrophages 361 

(Figure 6B, green to magenta), suggesting impaired metabolic activation in the absence of ST2 362 

signaling. The Interpretation of energy map data showed that macrophages with the loss of ST2 363 

predominately remained in the quiescent state, compared to controls. During efferocytosis, the ST2-364 

deficient BMDM used less oxidative phosphorylation and glycolysis as a source of energy production, 365 

whereas wild-type efficiently used both oxidative phosphorylation and glycolysis for their ATP 366 

production (Figure 6C). In addition, KEGG-based oxidative phosphorylation analysis showed 367 
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significant downregulation of ATP synthase gene activity in ST2-deficient macrophages 368 

(Supplementary Figure 2). These data suggest reduced macrophage energy expenditure in the absence 369 

of ST2 expression, especially during efferocytosis.  370 

 371 

4. Discussion 372 

Innate immune cells such as macrophages are central not only in the pathogenesis of kidney disease but 373 

also exhibit therapeutic potential in limiting tissue injury and controlling fibrosis49. Macrophages and 374 

neutrophils are activated in response to AKI, producing cytokines and chemokines, causing 375 

inflammation, which if uncontrolled causes tissue damage and progression to CKD and end-stage renal 376 

disease (ESRD) among other causes8,50. Since AKI and CKD pose a significant burden to public 377 

health51, understanding the underlying molecular mechanisms is critical for the development of new 378 

therapeutic strategies. The study aimed to investigate the role of ST2 expression in myeloid cells on 379 

acute and chronic renal injury.  380 

After ischemic injury, innate immune cells are activated and mobilized to the outer medulla 381 

where substantial tubular cell loss occurs52. Earlier studies have shown that damaged parenchymal cells 382 

release alarmins such as IL-33 to recruit innate immune cells53. IL-33 levels are elevated in the kidneys 383 

of the mice with AKI54. Multiple cell types including Tregs, ILC2, and macrophages can respond to the 384 

IL-33 released from damaged cells20,30. We have shown earlier that a bifunctional cytokine IL233, 385 

bearing the activities of IL-2 and IL-33, could increase Tregs and ILC2 to prevent and reverse ongoing 386 

AKI in multiple mouse models28. To understand the effect of IL-33 on Tregs, we recently investigated 387 

the role of ST2 expression on Tregs and their contribution to the repair of tubular injury in an AREG-388 

dependent manner30,55. IL233 treatment also enhanced M2 macrophages and reversed ongoing chronic 389 

inflammation in mouse models of lupus nephritis and diabetic nephropathy28,56. The role of ST2 390 

expression on macrophages remained a knowledge gap. Therefore, this study aimed to investigate the 391 

role of ST2 expression in myeloid cells on acute and chronic renal injury 392 

We noted that myeloid cells, in particular macrophages, express ST2 in the kidneys of mice 393 

(Figure 1) and human macrophages also express ST2 (representative out of two human samples shown; 394 

Supplementary Figure 3). We addressed the role of ST2 in these cells through experiments with mice 395 

that lack ST2 expression in LysM-expressing myeloid cells (ST2fl/fl LysMCre mice). We demonstrated 396 

that ST2 deletion in myeloid cells can be beneficial during the acute bilateral IRI-AKI, but has 397 

deleterious consequences in the context of CKD, modeled by unilateral IRI followed by nephrectomy. 398 
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These results correlate well with previous reports which showed that macrophage depletion at the acute 399 

phase of renal injury protects kidney function, whereas macrophage depletion at later time points after 400 

injury attenuates tubular proliferation and delays repair18. Previous studies have also suggested that 401 

macrophages present in the kidney during the acute phase of injury exhibit a pro-inflammatory 402 

phenotype akin to M1 macrophages18, which is consistent with our observations of the renal cytokine 403 

production of proinflammatory cytokines in acute injury settings (Figure 1K). On the other hand, during 404 

the later repair phase, macrophages appear to have an alternative activation-associated M2-like 405 

phenotype induced by IL-3323. Our study presented here suggests that the loss of the ST2 signaling axis 406 

in macrophages reduces the expression of M2-like signature markers on macrophages in chronic settings 407 

(Supplementary Figure 6)  and a stronger signature of proinflammatory cytokines in the kidneys of 408 

mice with ST2-deficient macrophages (Figure 2J). These findings support a role for ST2 in the 409 

differentiation of macrophages to an M2-like state during chronic injury.  410 

The M2 phenotype macrophages are known to induce immunological tolerance and support the 411 

differentiation of Tregs in acute tissue injury (reviewed in57). Interactions between innate and adaptive 412 

immune cells dictate the outcomes following injury58. Tregs play an important role in maintaining 413 

immune homeostasis and preventing excessive inflammation59. To study the interaction between 414 

macrophages and Tregs, we used a co-culture system of macrophages and naïve T cells and analyzed 415 

Treg differentiation and cytokine production profiles. These results showed that ST2 deficient 416 

macrophages co-cultured with responder T cells supported significantly reduced Treg differentiation and 417 

lower responder T-cell production of IL-4 and IL-10 with higher TNFα and IFNγ production. Even 418 

human macrophages when treated with IL-4 and IL-10, induce Tregs60. Such innate and adaptive 419 

immune interaction changes could also contribute to chronic inflammation in the context of CKD.  420 

Through bulk RNA sequencing of BMDM, we demonstrated that the loss of ST2 expression 421 

significantly alters the transcriptional landscape and functional capacity of macrophages, highlighting its 422 

critical role in macrophage biology. Euclidean distance clustering and differential expression heatmaps 423 

revealed distinct transcriptional profiles in ST2-deficient macrophages. Unbiased differential gene 424 

expression analysis using a volcano plot identified several key genes associated with macrophage 425 

persistence, polarization, and tissue repair. These included Bcl2a1b (B-cell lymphoma 2-related protein 426 

A1b), critical for balancing cell survival and apoptosis34; Arg1, which promotes macrophage 427 

polarization toward the anti-inflammatory M2 phenotype61; Gdf15, a cytokine regulating inflammatory 428 

responses and tissue repair62; CD38, a multifunctional surface protein involved in immune activation 429 
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and macrophage polarization63; and Chil3 (Chitinase-like 3), a marker of M2 macrophages that 430 

contributes to anti-inflammatory environments and tissue repair35. A paralog of Bcl2a1b, Bcl2l1 was 431 

also upregulated in macrophages in biopsies of patients with acute tubular necrosis10. It was shown by 432 

Lloyd Cantley group that ARG1 expression on macrophages is important for renal tubular proliferation 433 

and regeneration in renal IRI studies64.  More recently, deletion of the immune activation-related 434 

phosphatase SHP2 in macrophages promoted M2 polarization and alleviated renal IRI65. Similar to the 435 

macrophage-specific deletion of ST2, Gdf15 expression was also diminished in ST2-deficient Tregs as 436 

compared to ST2-sufficient Tregs, suggesting that IL-33/ST2 pathway may be involved in the induction 437 

of a reparative transcriptional program that includes expression of GDF1530  in multiple cell types 438 

including renal tubular cells and its deletion exacerbated tubular injury in renal IRI66. The upregulation 439 

of these genes in ST2-expressing macrophages suggests that ST2 signaling supports an anti-440 

inflammatory and tissue-reparative macrophage phenotype. Pathway analysis further revealed that ST2 441 

expression influences critical biological processes, including wound healing, metabolic pathways such 442 

as oxidative phosphorylation and glycolysis, chemokine responses, and phagosome formation. These 443 

findings indicate that ST2 signaling plays a central role in regulating macrophage-mediated immune 444 

modulation and tissue repair, underscoring its potential as a therapeutic target. 445 

Macrophages are professional phagocytes with key roles in performing efferocytosis and 446 

clearance of dead cells, cellular debris, and pathogens67. We found increased numbers of uncleared dead 447 

cells in the kidneys of mice with ST2 deficiency in the myeloid lineage in both the acute and chronic 448 

models of renal injury, suggestive of defective efferocytosis in vivo. Uncleared cells and cell debris can 449 

lead to the persistence of proinflammatory signals, which can further exacerbate chronic inflammation. 450 

Importantly, ex vivo efferocytosis was significantly reduced in ST2-deficient macrophages, compared to 451 

control cells. Uncleared cells and cell debris can lead to the persistence of proinflammatory signals, 452 

which can further exacerbate chronic inflammation. The kidney resident macrophages were shown to 453 

upregulate receptors associated with the clearance of cell debris and immune complexes after renal 454 

IRI11. In addition, directed gene expression analysis of macrophage-specific functional markers 455 

demonstrated reduced expression of genes that encode proteins involved in promoting phagocytosis of 456 

dead/apoptotic cells (also known as ‘efferocytosis’), including Mfge8, Itgb3, Abca1, and Stab2 in 457 

macrophages lacking ST2 (Figure 5A).  458 

Since efferocytosis is an energy-consuming process, we also tested the role of ST2 in 459 

macrophage metabolism during efferocytosis using the Seahorse assays. M1 macrophages have an 460 
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inhibition of the TCA cycle, whereas the M2 macrophages depend on constant ATP production via 461 

oxidative phosphorylation and fatty acid oxidation for the resolution of inflammation68. In agreement 462 

with a previous study69, we found that efferocytosis causes a metabolic shift in macrophages from initial 463 

glycolysis towards oxidative phosphorylation and increases ATP production. However, loss of ST2 was 464 

associated with reduced macrophage capacity to utilize oxidative phosphorylation, whereas control 465 

macrophages continued to utilize both oxidative phosphorylation and glycolysis for their ATP 466 

production, as noted by others47,70. These results suggest that ST2 plays an important role in regulating 467 

macrophage metabolic pathways, which could have implications for their function in the immune 468 

response. Whereas a previous report indicated that ST2+ airway macrophages were transcriptionally 469 

primed for support of epithelial repair71, our data indicate that ST2 also regulates macrophage cell cycle 470 

and activation. Since efferocytosis can stimulate macrophage proliferation to hasten tissue repair48, it 471 

will be important to discern whether the decreased proliferation of ST2 deficient macrophages is linked 472 

to reduced efferocytosis efficiency in our future studies. 473 

In conclusion, our study identifies a crucial role of ST2 signaling in myeloid cells in the 474 

regulation of acute and chronic renal injury and highlights the impact of ST2 expression on macrophage 475 

homeostasis and function, including metabolism, proliferation, and efferocytosis. These findings provide 476 

valuable insights into the role of ST2 in regulating macrophages and its underlying effects on kidney 477 

injury.  478 
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Figures: 700 

701 

Figure 1: Absence of ST2 signaling in myeloid cells during acute phase attenuates AKI 702 

lowering innate immune response and inflammation. (A) Meta-analysis of single-cell RNAseq d703 

UMAP clustering of flow-sorted CD45+ immune cells from wild-type kidney. (B) Feature plot of 704 

expression: Visualization of St2 expression across immune cell populations, indicating that 705 

expression is primarily localized to macrophages. (C) Schematic representation of AKI mo706 

Ischemia-reperfusion injury (IRI) induced in ST2fl/fl and ST2fl/fl LysMCre mice by bilateral renal ped707 

clamping for 26 minutes. Kidneys were harvested 24 hours post-IRI for downstream analysis.  Plas708 

creatinine (D) and BUN (E) results demonstrate that the loss of ST2 in myeloid cells resulted in 709 

reduction of acute injury compared to their wild-type counterparts. (F) The histological examinat710 

revealed significantly less tubular damage in ST2fl/fl LysMCre (iii) mice compared to ST2fl/fl mice(ii); Sc711 

bar = 50μm. (G) Kidney Injury Score: Quantitative scoring of tubular injury from histological sectio712 

showing significant reduction in ST2fl/fl LysMCre mice compared to ST2fl/fl  (H) Heatmap represent713 

real-time quantitative gene expression of renal injury (Kim1 and Ngal) and fibrosis markers (Col1714 

Col3a1, Sma, and Vim) suggests ST2 deficiency in myeloid cells reduces the expression of injury 715 

fibrosis-associated genes. (I) Flowcytometry analysis quantifying the presence of (i) Neutrophils, 716 
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Macrophages, and (iii) Dendritic cells in the kidney following AKI reveals significant attenuation of 717 

myeloid cells infiltrating the ST2fl/fl LysMCre mice kidneys; (J) Quantification of immunofluorescence 718 

staining for F4/80+ cells confirms significant reduction in macrophage infiltration in ST2fl/fl LysMCre 719 

mice; Scale bar = 20μm. (K) Quantitative real-time analysis of proinflammatory cytokines and 720 

Chemokines (IFNγ, TNFα, IL-6, IL-1β, and CCL2) in kidneys. Symbols represent individual mice; n≥5, 721 

mean±SEM is shown; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 722 
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 723 
Figure 2: Persistent loss of ST2 signaling in myeloid cells leads to exacerbation of chronic kidney 724 

disease. (A) Schematic representation of the experimental timeline for the chronic injury model, 725 
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indicating unilateral ischemia-reperfusion injury (Uni-IRI) for 24 minutes, followed by contralateral 726 

nephrectomy on day 13, a day before final euthanasia of mice on day 14.  Renal functional parameters 727 

were measured on plasma samples collected on day 14 of the chronic kidney disease (CKD) model. 728 

Plasma Creatinine (B) and Blood Urea Nitrogen assay (C) levels were significantly elevated in mice 729 

lacking ST2 signaling in myeloid cells, ST2fl/fl LysMCre compared to controls (sham and ST2fl/fl). (D) 730 

Histological assessment of kidney damage using Hematoxylin and Eosin (H&E) staining; Scale bar = 731 

50μm. The quantitative representation of tubular and glomerular damage, interstitial fibrosis, and 732 

inflammation using Kidney Injury Score (E) shows ST2fl/fl LysMCre mice had more prominent kidney 733 

injury.  (F) Heatmap representing real-time quantitative gene expression of renal Injury (Kim1 and Ngal)  734 

and fibrosis markers (Col1a1, Col3a1, Sma, and Vim). (G) Flow cytometry analysis quantifying the 735 

presence of (i) Neutrophils, (ii) Macrophages, and (iii) Dendritic cells in the kidney during CKD. (H) 736 

Evaluation of renal fibrosis by Masson’s Trichrome Staining (MTS) reveals increased collagen 737 

deposition (blue staining) in injured mice; Scale bar = 50μm. (I) MTS data quantification demonstrates 738 

significantly higher fibrotic scores in ST2fl/fl LysMCre mice compared to ST2fl/fl. (J) Quantitative real-time 739 

analysis of pro-inflammatory genes (IFNγ, TNFα, IL-6, IL-1β, and CCL2) in kidney tissues at day 14.  740 

ST2fl/fl LysMCre mice displayed heightened expression of these markers, indicative of amplified 741 

inflammatory response. Symbols represent individual mice; n≥5, mean±SEM is shown; *p<0.05; 742 

**p<0.01; ***p<0.001; ****p<0.0001. 743 
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744 

Figure 3: Macrophage-T Cell cross-talk is critical for Immune cell homeostasis. (A) F745 

cytometry analysis of cytokines (Ifnγ, Tnfα, Il-4, and Il-10) in CD4+ Tcells during (A) acute and 746 

chronic kidney injury; Flowcytomtery analysis of kidney-specific regulatory T cells (Tregs) in (B) Ac747 

and (D) chronic kidney injury models. The results suggest significant attenuation of Tregs in ST748 

LysMCre mice following chronic injury. (E) Schematic representation of the in vitro coculture syst749 
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Bone marrow-derived macrophages (BMDM) and thymic cells were isolated; UV-treated apoptotic 750 

thymic cells were cocultured with BMDM for BMDM activation; Activated BMDM was cocultured 751 

with splenic CD4+CD25- T cell in the presence of TGFβ and ant-CD3 for Treg differentiation and only 752 

anti-CD3 for cytokine analysis.  (F) Flow cytometry analysis of T cell differentiation shows an increase 753 

in Tregs generation when cocultured in the presence of ST2 sufficient macrophages; (G) Proportion of 754 

CD4+ lymphocytes expressing IFNγ, TNFα, IL-10, and IL-17 quantified via flow cytometry following 755 

macrophage-T cell coculture. IFNγ+CD4+ T-cells/TNFα+CD4+ T-cells proinflammatory Th1 skewed 756 

lymphocytes were elevated during T cell co-culture with ST2 deficient BMDM. Symbols represent 757 

individual mice (A-D; n≥5); In vitro experiments, Figure E-G  (two replicates of n=3); mean±SEM is 758 

shown; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 759 

 760 

Figure 4: RNA sequencing analysis showing differential gene expression analysis between ST2 761 

sufficient (BMDMWT) and deficient (BMDMKO) bone marrow derived macrophages. (A) 762 

Eucledian distant matrix indicating the distance of the cell type based on whole transcriptomics. A small 763 

distance between two cells in the matrix indicates that their gene expression profiles are very similar, 764 

suggesting they might belong to the same cell type. (B) Heatmap of differentially expressed genes 765 

(DEGs) highlights the distinct gene expression signatures between BMDMWT (n=2) and BMDMKO 766 
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(n=2) macrophages; (C) Volcano plot illustrating the DEGs between BMDMWT vs BMDMKO, the x-767 

axis represents the log2 fold change, and the y-axis represents the -log10P-value. ST2 sufficient 768 

macrophages exhibited upregulation of Bcl2a1b, Arg1, Gdf15, Cd38, Chil1, Chil3, and Ly6c2 769 

immunomodulatory and reparative genes. (D) Gene ontology analysis of bone marrow macrophage 770 

showing normalized enrichment scores (NES), pathways related to Leukocyte Trafficking, Humoral 771 

Immune Response, Oxidative Phosphorylation, Glycolysis, Leukocyte chemotaxis, and Regulation of 772 

Wound Healing were markedly upregulated in BMDMWT. (E) Gene set enrichment analysis (GSEA) 773 

plot shows (i) Oxidative Phosphorylation, (ii) Glycolysis, (iii) Chemokine Response, (iv) Response to 774 

injury, and (v) Cytokine receptor activity positively correlated with BMDMWT. 775 
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Figure 5: Loss of ST2 affects macrophage proliferation and efferocytosis activity. (A) Heatmap 777 

representing target gene expression profiles of macrophage-associated markers between BMDMWT 778 

(n=2) and BMDMKO (n=2). The analysis highlights significant downregulation of genes associated 779 

with macrophage development and functionality in BMDMKO. (B) Quantification of the apoptotic cells 780 

by TUNEL staining in acute (B) and chronic (C) kidney injury models; Scale bar = 20μm. Quantifying 781 

immunofluorescence staining reveals increased presence of TUNEL+ cells in  ST2fl/fl LysMCre mice 782 

kidneys during the injury's acute (Biii-iv) and chronic phases (Ciii-iv). (D) Efferocytosis activity of bone 783 

marrow-derived macrophages. The percentage of macrophages engulfing apoptotic cells was quantified, 784 

indicating impaired efferocytosis in ST2-deficient macrophages. (E) Light microscopy image of 785 

BMDMWT and BMDMKO groups, illustrating differences in cell proliferation. Representative images 786 

highlight morphological changes associated with ST2 loss; Scale bar = 100μm. (F) Quantification of  787 

Macrophage proliferation rates in WT and ST2KO groups (passage 1) demonstrates a significant 788 

reduction in cell proliferation in the absence of ST2 signaling, confirming its role in supporting 789 

macrophage growth. Symbols represent individual mice (B-C; n≥5); In vitro experiments, D three 790 

replicates, n=2 and F three replicates, n=1;  mean±SEM is shown; *p<0.05; **p<0.01; ***p<0.001; 791 

****p<0.0001. 792 
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 793 
Figure 6: ST2 deficiency impairs the mitochondrial metabolism of macrophages. (A) Seahorse-794 

based Cell mito stress assay of bone marrow-derived macrophages shows oxygen consumption rate 795 

(OCR) as a function of time under different metabolic stress conditions. (B) Quantitative analysis of  (i) 796 

Basal Respiration, (ii) Maximal Respiration, and (iii) ATP Production highlights the metabolic 797 

differences between wild-type (WT) and ST2-deficient (ST2KO) macrophages under basal conditions 798 

and upon exposure to apoptotic cells (Apo).  (C) Energy Map: OCR and extracellular acidification rate 799 

(ECAR) values from basal and stressed conditions are plotted, illustrating the distinct metabolic profiles 800 

of WT and ST2KO macrophages. WT macrophages (blue and red) show a greater shift towards high 801 

OCR and ECAR upon activation compared to ST2KO macrophages (green and magenta). The position 802 

of the basal and stressed conditions highlights the reduced metabolic flexibility and energetic capacity of 803 

ST2KO macrophages. Two replicates, n=3;  mean±SEM is shown; *p<0.05; **p<0.01; ***p<0.001; 804 

****p<0.0001. 805 
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