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Abstract: 

Maintaining a healthy pool of circulating red blood cells (RBCs) is essential for adequate 

perfusion, as even minor changes in the population can impair oxygen delivery, 

resulting in serious health complications including tissue ischemia and organ 

dysfunction. This responsibility largely falls to specialized macrophages in the spleen, 

known as red pulp macrophages, which efficiently take up and recycle damaged RBCs. 

However, questions remain regarding how these macrophages are acutely activated to 

accommodate increased demand. Proresolving lipid mediators stimulate macrophage 

phagocytosis and efferocytosis but their role in erythrophagocytosis has only recently 

been described. To investigate the role of lipid mediators on red pulp macrophage 

function, we targeted the ALX/FPR2 signaling pathway, as this receptor binds multiple 

lipid mediator ligands eliciting potent macrophage responses. We found that mice with 

Fpr2 deletion exhibited disrupted erythrocyte homeostasis resulting in an aged RBC 

pool, decreased markers of splenic RBC turnover, and altered splenic macrophage 

phenotype characterized by changes in heme metabolism. Upon activation of on-

demand erythrophagocytosis, production of the ALX/FPR2 ligand, lipoxin A4 (LXA4), was 

induced in the spleen while receptor-deficient animals were unable to efficiently clear 

damaged RBCs, a defect that was conserved in mice with myeloid-specific FPR2 

deletion. Similarly, mice lacking the LXA4 biosynthetic enzyme displayed defective 

erythrophagocytosis that was rescued with LXA4 administration. These results indicate 

that the ALX/FPR2 signaling axis is necessary for maintenance of RBC homeostasis 

and LXA4 activation is a critical aspect of the red pulp macrophage response to acute 

erythroid stress.  
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1. Introduction 

Red blood cells (RBCs) are the most abundant cell type in the body and are traditionally 

appreciated for their role in respiration and gas exchange. Recently, RBCs have 

garnered new attention for their immunomodulatory effects which are primarily achieved 

via their interaction with resident macrophages in the spleen—known as red pulp 

macrophages (RPM).1,2  As erythrocytes enter the spleen, RPM probe the cells for signs 

of mechanical and oxidative damage, as well as inflammatory stimuli bound to cell 

surface receptors (e.g., foreign pathogens, endogenous chemokines).1 Once 

recognized, RPM prune damaged portions of erythrocyte membranes or phagocytose 

the cell entirely, efficiently processing and recycling the cellular cargo.3 In a healthy 

human this process—termed erythrophagocytosis—accounts for the daily turnover of 

roughly 150-200 billion RBCs.3,4 Consequently, defects in the system can impact 

physiological iron recycling and induce wide-ranging health effects including anemia, 

impaired host defense, and even sepsis.2  

While much is known about the process of erythrophagocytosis, critical questions 

remain regarding the fundamental regulatory mechanisms that govern its activation and 

function. Of particular interest is the RPM response to increased erythrophagocytic 

demand as may be encountered during acute hemolytic reactions induced by 

transfusions,5,6 infection,7 autoimmunity,8 or genetic disorders.9 Addressing these gaps 

in knowledge presents a significant opportunity for developing therapeutics for 

conditions like transfusion-related immunomodulation and sickle cell disease.  

 Lipid mediators derived from the enzymatic conversion of polyunsaturated fatty 

acids (PUFA) are a newly appreciated class of autacoid signaling molecules that have 
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dramatic impacts on immune cells, including macrophages.10,11 In particular, specialized 

proresolving lipid mediators (SPM) bind G protein-coupled receptors—like ALX/FPR2—

on macrophages enhancing migration, phagocytosis, and efferocytosis while limiting 

proinflammatory cytokine production, thereby promoting the active resolution of 

inflammation.12-16 SPM activation of ALX/FPR2 is linked to improvements in numerous 

inflammatory conditions (i.e., atherosclerosis, heart failure, diabetes17,18) and, as we 

have demonstrated, plays a vital role in hastening tissue repair processes after injury.19-

21 

While the role of the SPM-ALX/FPR2 signaling axis in promoting macrophage 

clearance of pathogens, debris, apoptotic cells is well documented, its impact on RBC 

disposal has only recently been demonstrated.22,23 These studies establish the 

foundation that SPM, including ligands of ALX/FPR2, are involved in macrophage-

mediated RBC clearance, however, it remains incompletely understood whether 

ALX/FPR2 signaling contributes to basal erythroid homeostasis and what role its 

activation plays during cases of acutely increased erythrophagocytosis.  

Here, we present evidence that the ALX/FPR2 receptor is required for optimal 

homeostatic RBC turnover and is critical in facilitating splenic macrophage-mediated 

erythrophagocytosis. These results demonstrate the importance of the ALX/FPR2 

signaling axis in coordinating red pulp macrophage function and further illustrate the 

potent immunomodulatory ability of SPM to govern fundamental physiological 

processes. 
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2. Methods 

Detailed methods are available in the accompanying Supplementary Materials.  

2.1 Animals and Reagents 

Male C57BL/6J (#00664), Spic-EGFP (#025673), and Alox15-/- (#002778) mice were 

from Jackson Laboratories (Bar Harbor, ME). Fpr2-/- and wild type (C57BL/6Ntac) mice 

were provided by Idorsia Pharmaceuticals and bred on-site. Mice with myeloid-specific 

deletion of hFPR2 were generated as previously described21 by crossing humanized 

ALX/FPR2-GFP floxed mice (provided by Idorsia) with commercially available LysM-Cre 

mice (Jackson; #004781). All procedures were performed in accordance with ethical 

regulations and pre-approved by the University of Louisville Institutional Animal Care 

and Use Committee. LXA4 was purchased from Cayman Chemical (Ann Arbor, MI). 

Antibodies used for flow cytometry were purchased from BioLegend (San Diego, CA).  

2.2 In vivo RBC turnover 

Biotin was administered i.v. and tail blood sampled serially. RBC biotin expression was 

determined by flow cytometry.  

2.3 RNA-Sequencing  

RNA was isolated from mouse spleen and F4/80+ splenocytes and subjected to poly-A 

RNA sequencing. Abclonal second strand synthesis module kit was utilized for library 

construction. Paired-end sequencing was performed on an Illumina NovaSeq X Plus 

using the 25B Flow Cell. RNA-seq data have been deposited in the NCBI GEO 

database with the accession numbers GSE292685 and GSE292686.  

2.4 In vivo splenic RBC uptake 
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RBCs from donor mice were oxidized with 0.2 mM copper(ii) sulfate (CuSO4) and 5 mM 

L-ascorbic acid or incubated with 10 µg/mL CD47 antibody (Bio X Cell) or 10 µg/mL 

mouse IgG isotype control (Bio X Cell, BE0083). RBC (2x108 cells) were labeled with 

carboxyfluorescein succinimidyl ester (CFSE) and administered to mice (i.v.). After 1 

hour, spleens were collected.  

2.5 Ex vivo splenocyte RBC uptake 

A single cell suspension was generated from spleens using 70 µM cell strainer with 

RPMI 1640 supplemented with 10% FBS using the plunger from a 5 mL syringe. The 

suspension was centrifuged and RBC lysis was performed. The suspension was 

centrifuged and resuspended in RPMI 1640 with 10% FBS and 2 mM EDTA. Oxidized, 

CFSE-labeled RBC were added (1:10; splenocyte:RBC ratio) and incubated for 1 hour 

at 37°C, with gentle agitation every 15 minutes. Tubes were placed on ice to stop 

phagocytosis, centrifuged, and RBC lysis performed. Samples were centrifuged and 

resuspended in cell staining buffer prior to antibody staining for flow cytometry analysis.  

2.6 Targeted lipidomics 

Spleens were placed in methanol containing commercially available deuterium-labeled 

synthetic standards (PGE2-d4, 15d-PGJ2-d4, LTB4-d4, LXA4-d5, 11,12-EET-d11, 15-

HETE-d8, 5-HETE-d8, RvE1-d4, RvD2-d5, RvD3-d5, MaR1-d5, and MaR2-d5) then 

stored at -80°C prior to being minced. Samples were acidified and added to C18 SPE 

columns. Neutral lipids were removed from the column using n-hexanes while lipid 

mediators were eluted with methyl formate. Using N2 gas, solvent was evaporated and 

samples resuspended in methanol:water (50:50, v/v). Samples were analyzed using a 

Shimadzu liquid chromatography system (LC 20-AD with an SIL-20AC autoinjector) 
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coupled to a QTrap5500 mass spectrometer operated in negative polarity mode. Lipid 

mediator identification was based on the following criteria: chromatographic peak 

retention time matching that of synthetic standards run in parallel (+/- 0.1 min); 

signal:noise ratio >5; and an on-column calculated concentration above the lower limit 

of quantification for each mediator. Absolute quantification was achieved by comparing 

samples to a 12-point standard curve of synthetic standards run in parallel. SCIEX OS 

(v.2.0.1) software was used for peak identification and quantification.  

2.7 Statistical Analysis 

Data presented as mean ± standard error of the mean. Statistical differences between 

groups were determined by performing two-tailed unpaired Student’s t-test or two-way 

analysis of variance (ANOVA) using GraphPad Prism version 10. Statistical significance 

is denoted as: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, or ns – p>0.05. Schematics 

used in figures were created using BioRender.  
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3. Results 

3.1 Erythroid homeostasis is perturbed in mice lacking the ALX/FPR2 receptor 

Previous studies have suggested a link between proresolving lipid mediator ligands of 

ALX/FPR2 and senescent RBC uptake and disposal.22,23 To better understand the role 

of signaling via ALX/FPR2 in basal RBC homeostasis, we questioned whether deletion 

of the receptor would impact erythrocyte turnover. Using an in vivo two-step labeling 

approach24 wild type (WT) mice and mice lacking the ALX/FPR2 receptor (Fpr2-/-) first 

received a high dose of biotin followed five days later by a second lower dose. This 

method allows for the relative age of circulating RBCs to be distinguished based on 

biotin signaling intensity. Over the course of one week following the second biotin 

administration, we found that the abundance of BiotinHi cells remained elevated while 

there was a reduced appearance of BiotinNeg cells in Fpr2-/- mice compared with WT 

(Fig. 1A,B), indicating that the rate of RBC turnover was significantly decreased in Fpr2-

/- mice. To further characterize the state of the circulating erythroid pool in Fpr2-/- mice, 

we investigated the expression of CD47, an important marker of ‘self’ which is 

expressed highly on erythroblasts—preventing their premature uptake and clearance—

and progressively decreases with age and stress on circulating RBCs.25 We found lower 

levels of CD47 in Fpr2-/- mice (Fig. 1C), indicating an aged RBC population. Additionally, 

we examined the abundance of circulating reticulocytes as a measure of newly released 

erythroid cells into circulation and found that these too were decreased in Fpr2-/- mice 

(Fig. 1D). To determine whether decreased circulating reticulocytes were a result of 

changes in erythropoiesis, we analyzed erythroid precursor populations in the bone 

marrow of WT and Fpr2-/- mice. Interestingly, we found that the number of total 

erythroblasts and reticulocytes was not different between strains but the distribution of 
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subpopulations was altered suggesting potential dysregulation in the erythroblast 

maturation process and release of reticulocytes into circulation (Supplementary Fig. 1). 

Importantly, we did not detect clear clinical indications of overt anemia in Fpr2-/- mice as 

determined by complete blood count analysis (Supplementary Fig. 2), though red cell 

distribution width (RDW) was trending lower. These findings indicate that deletion of 

ALX/FPR2 slows the basal rate of erythrocyte turnover, resulting in an aged pool of 

circulating RBCs.  

 

3.2 Fpr2-/- mice have decreased splenic markers of RBC turnover  

Given the observed changes in erythroid turnover in mice lacking ALX/FPR2, we asked 

whether Fpr2 deletion had specific impacts on the spleen as it is the primary site of RBC 

disposal and a critical regulator of erythroid homeostasis. Gross examination and 

gravimetric analysis (spleen/body weight ratio; data not shown) of spleens suggested no 

differences between WT and Fpr2-/- mice. We then performed histological analyses 

using hematoxylin and eosin-stained tissue sections (Fig. 2A) and similarly found that 

tissue structure was unaltered as quantified by red pulp to white pulp ratio (Fig. 2B). 

Upon closer examination of the tissue, however, we noted an apparent decrease in 

prevalence of deposits of rich brown staining in the red pulp of Fpr2-/- spleens (denoted 

by arrows in higher magnification images of Fig. 2A), which may be indicative of heme 

or iron deposits. We quantified the abundance of these deposits and found that there 

were significantly fewer in Fpr2-/- spleens (Fig. 2C). To further explore whether these 

deposits reflected areas of red blood cell turnover, we stained the sections with 

Prussian blue and found these same regions also had increased amounts of iron (Fig. 
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2D). Moreover, when we quantified the total amount of iron positive areas in the 

sections, we determined that the spleens of Fpr2-/- mice had significantly less (Fig. 2E). 

As resident macrophages in the red pulp are the cells chiefly responsible for 

erythrophagocytosis, we performed F4/80 immunostaining of the tissue and found that, 

as expected, these areas of heme and iron deposits were also highly enriched in 

macrophages (Fig. 2F). To confirm these histological analyses, we performed a 

colorimetric biochemical assay and found that the total amount of heme in Fpr2-/- 

spleens was decreased (Fig. 2G). These data indicate that there is decreased 

abundance of the prominent intracellular components of RBCs in the red pulp of 

spleens of Fpr2-/- mice suggesting that macrophage-mediated uptake and breakdown of 

the cells is reduced.  

 

3.3 Deletion of Fpr2 alters the transcriptomes of spleen and splenic macrophages 

We next sought to define global alterations in the spleen driven by ALX/FPR2 deletion. 

To address this, we performed RNA-sequencing (RNA-seq) analysis of spleens from 

WT and Fpr2-/- mice (Fig. 3A). This analysis revealed 61 differentially expressed genes 

(DEG; 53 downregulated, 8 upregulated) with Fpr2, unsurprisingly being the most 

significantly affected gene (Fig. 3B). Interestingly, Alox5 and Alox15 which encode 5-

lipoxygenase and 12/15-lipoxygenase, respectively, were also significantly 

downregulated (Fig. 3B). These enzymes are required for the conversion of 

polyunsaturated fatty acid (PUFA) substrates into proresolving lipid mediators—

including LXA4, a ligand of ALX/FPR2. To better understand the global changes 

associated with the identified DEG, we performed gene ontology biological processes 
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(GO:BP) enrichment analysis. Driven largely by Alox5 and Alox15, we found that the 

Lipoxin Biosynthesis pathway was significantly enriched (Fig. 3C). Additional 

significantly enriched pathways were then clustered based on their biological 

similarities. Each of these clusters were directly related to innate immune activation and 

suggested that changes in the myeloid/leukocyte compartment of the tissue were 

driving the global transcriptomic signature. Macrophages are known sources and 

targets of SPM, including lipoxins, and are the principal splenic cell type responsible for 

erythrocyte disposal. Thus, we hypothesized that Fpr2-/- deletion acutely targets splenic 

macrophages.  

We isolated F4/80+ splenocytes from WT and Fpr2-/- mice and performed 

additional RNA-seq analysis (Fig. 3D). Here, we found more sweeping changes than 

that of the whole spleens with 179 total DEG (94 downregulated, 85 upregulated). 

However, similar to the spleen analysis, we observed that Fpr2 was the most 

significantly changed gene and Alox5 was also downregulated (Alox15 expression was 

decreased, yet not significantly) (Fig. 3E). Also similar to the analysis of whole spleen, 

GO:BP enrichment analysis identified that pathways related to Immune/Inflammatory 

Response, Defense Response/Response to External Stimuli, and Leukocyte 

Migration/Chemotaxis were significantly enriched (Fig. 3F). Interestingly, however, 

pathways related to Heme Biosynthesis and Hematopoiesis were also impacted. To 

understand which significantly changed genes were driving the observed pathway 

enrichment, we compiled the DEG of each significantly enriched GO pathway and 

displayed them according to their expression change (Fig. 3G). This revealed that the 

majority of DEG that were related to the Immune/Inflammatory Response, Leukocyte 
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Migration/Chemotaxis, and Hemopoiesis/Cell Development pathways were 

downregulated in Fpr2-/- mice, while the Defense Response/Response to External 

Stimuli pathways were represented by DEG that were both upregulated and 

downregulated. Interestingly, all DEG related to Heme Biosynthesis/Metabolism were 

upregulated. Considering these data with the histological examination, this may reflect a 

compensatory induction of genes related to heme balance in Fpr2-/- mice. Taken 

together, these results indicate that deletion of Fpr2 induces an altered transcriptomic 

phenotype in splenic macrophages which may impact their ability to effectively respond 

to inflammatory stimuli or efficiently perform RBC turnover.   

 

3.4 Red pulp macrophages express Fpr2 and in its absence splenic uptake of 

stressed RBCs is impaired 

Next, we questioned whether the altered transcriptomes observed in spleens and 

splenic macrophages of Fpr2-/- mice lead to functional impairments that may contribute 

to altered erythrocyte turnover. Recognition and disposal of damaged RBCs is a task 

primarily performed by red pulp macrophages (RPM), a distinct population of splenic 

resident macrophages. First, we sought to determine whether RPM express Fpr2. To 

definitively identify the RPM population, we used Spic-EGFP reporter mice, as Spic is 

the key transcription factor that controls RPM development26 (Fig. 4A). In spleens of 

these mice, we found that the GFP+ cells were clustered into a distinct population based 

on expression of CD11b and F4/80 (CD11bdim,F4/80hi) while the GFP- cells did not 

contain this population (Supplementary Fig. 3). To further validate that this population 

was RPM, we performed flow cytometry-based cell sorting of GFP+ and GFP- 
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splenocytes and investigated expression of hallmark RPM genes. As expected, we 

found that GFP+ cells expressed significantly higher levels of Spic, Hmox1 (heme 

oxygenase 1), Slc40a1 (ferroportin), and Slc48a1 (heme-responsive gene 1) than GFP- 

cells, confirming their identity as RPM (Fig. 4B). We then measured expression of Fpr2 

and found that the receptor was also significantly enriched in RPM compared to non-

RPM splenocytes (Fig. 4C). Interestingly, we also found that expression of Alox15 was 

decreased in RPM which may suggest that non-RPM cells are more responsible for 

SPM production while RPM are targets of SPM actions.   

After validating the identification of RPM by flow cytometry and establishing that 

RPM express Fpr2, we next questioned whether the ability to clear RBCs efficiently 

would be impacted in mice lacking ALX/FPR2. To test this, we performed an in vivo 

splenic RBC disposal assay in WT and Fpr2-/- mice. RBCs from WT donor mice were 

exposed to an ex vivo oxidative insult (CuSO4) prior to labelling with CFSE and delivery 

(i.v.) to recipient mice (Fig. 4D). First, we determined that splenic RPM abundance was 

not different between WT and Fpr2-/- mice (Fig. 4E). We then quantified the abundance 

of CFSE+ RPM in spleens of WT and Fpr2-/- mice 1 hour after administration of oxidized 

(Ox) or control (Ctrl) RBCs (Fig. 4F-H). When unstressed Ctrl RBCs were delivered, we 

found that only a small percentage of RPM were CFSE+, indicating a minimal amount of 

erythrophagocytosis of the exogenous cells. Further, there was no difference in CFSE+ 

RPM in Fpr2-/- mice compared with WT after Ctrl RBCs were administered. However, in 

mice given oxidized RBCs, we detected a sharp increase in the amount of CFSE+ RPM 

indicating a robust removal of damaged RBCs from circulation. Interestingly, when we 

compared the extent of Ox RBC uptake by RPM between genotypes, we noted a 
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striking decrease in both the percentage of RPM that was CFSE+ and the RPM CFSE 

fluorescence in Fpr2-/- mice (Fig. 4H). To determine whether this defect was due 

specifically to the lack of ALX/FPR2 signaling on macrophages, we first assessed RBC 

uptake in isolated primary splenocytes ex vivo. Spleens from WT and Fpr2⁻/
⁻ mice were 

harvested and processed into single-cell suspensions and the resulting splenocytes 

were then incubated with oxidatively damaged, CFSE-labeled RBCs (Fig. 4I). We found 

that RPM isolated from Fpr2⁻/
⁻ mice displayed decreased uptake of oxidized RBC 

compared with those from WT mice (Fig. 4J), largely recapitulating our in vivo 

observations. Finally, to establish cell specificity in vivo, we performed in vivo RBC 

splenic disposal assay using mice with myeloid-specific deletion of FPR2 (hFPR2MKO) 

(Fig. 4K). As described previously21, these mice were generated by crossing humanized 

ALX/FPR2-GFP knockin floxed mice with lysozyme M-Cre expressing mice. Validation 

of the loss of ALX/FPR2 expression in peripheral blood leukocytes is shown in 

Supplementary Fig. 4. Interestingly, we found that while hFPR2MKO displayed a similar 

amount of CFSE+ RPM compared with floxed controls (hFPR2fl/fl), the fluorescence 

intensity of CFSE within these cells was significantly lower (Fig. 4L,M). These results 

would suggest that when FPR2 is absent from myeloid cells, engulfment of damaged 

RBC may not be significantly affected but rather the capacity and efficiency of 

processing ingested RBC cargo is acutely impacted.  

Taken together, these data indicate that signaling via ALX/FPR2 specifically on 

RPM is critical for maintaining a healthy circulating erythroid pool. Given the importance 

of the receptor on this process, we next questioned whether abundance of ALX/FPR2 

ligands changes during erythrophagocytosis.  
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3.5 Heightened erythrophagocytosis stimulates LXA4 production 

To test whether ALX/FPR2 ligand abundance is altered during RBC disposal, we 

performed targeted LC-MS/MS lipidomic profiling spanning the arachidonic acid (AA), 

docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) metabolomes. Spleens 

of WT mice were collected 1 hour after mice were administered RBCs that had either 

been subjected to the previously described ex vivo oxidation of RBC or incubated with a 

CD47 blocking antibody (CD47 Ab RBC) (Fig. 5A,B). Both RBC treatments led to a 

clear and marked appearance of CFSE+ cells in the spleen (Fig. 5C,D; Supplementary 

Fig. 5). Lipidomic analysis of spleens following Ox RBC challenge demonstrated a clear 

grouping and separation of samples based on treatment as determined by partial least 

squares discriminant analysis (PLS-DA), indicating a shift in global lipid mediator 

profiles (Fig. 5E). To determine the specific lipid mediators driving group separation, we 

performed volcano and variable importance plot analyses (Fig. 5F,G). These analyses 

revealed that nearly all the compounds that were different between treatments were 

upregulated, spanned each of the parent PUFA metabolomes, and included multiple 

families of lipid mediators (e.g., lipoxins, resolvins, prostaglandins; representative mass 

chromatograms of significantly changed lipid mediators are shown in Supplementary 

Figures 6 and 7). Strikingly, however, the most significantly upregulated compound in 

the analysis was LXA4. Similarly, when CD47 Ab RBCs were delivered we found a 

similar sample grouping by PLS-DA (Fig. 5H) and LXA4 was among the most 

upregulated lipid species in the analysis (Fig. 5I,J). Absolute quantification of LXA4 and 

its parent PUFA (AA) confirmed an activation of the lipoxin biosynthetic pathway in both 

models, albeit with an amplified response after Ox RBC delivery compared with CD47 
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Ab incubation (Fig. 5K). Additionally, levels of 15-HETE were also elevated; however, 

due to the chromatographic conditions used, we were unable to distinguish between the 

15(R)- and 15(S)- isomers. While 15(S)-HETE is a known intermediate in the enzymatic 

biosynthesis of LXA4, we cannot definitively attribute the increase in 15-HETE to the 

15(S)- isomer, alone. These results combined with those from Fpr2-/- mice demonstrate 

that splenic LXA4 production is enhanced during induced erythrophagocytosis and its 

actions are required for optimal RPM uptake and disposal of damaged RBCs.  

 

3.6 LXA4 increases RBC uptake in macrophages in vitro 

To determine whether LXA4 directly targets macrophage-mediated uptake of RBCs, we 

employed an in vitro approach of differentiating RPM-like cells from isolated murine 

bone marrow (BM) cells (Fig. 6A). After stimulation with interleukin-33 and hemin, 

inducible RPM (iRPM) are enriched in genes characteristic of splenic RPM—mirroring 

what we measured in in vivo sorted RPM in Fig. 4B—compared to bone marrow-

derived macrophages (BMDM; Fig. 6B). Importantly, while iRPM exhibit functional 

similarities with splenic RPM in their capacity to phagocytose RBCs, they do not 

completely recapitulate the phenotype observed in vivo. We determined that iRPM 

express Fpr2 similarly to BMDM but had decreased expression of Alox15 (Fig. 6C), 

partially mirroring what we measured in sorted RPM. We then pretreated iRPM with 

LXA4 for 15 minutes prior to addition of CFSE-stained RBCs and found that it 

significantly increased their uptake as determined by CFSE+ iRPM and CFSE 

fluorescence (Fig. 6D). These results suggest that LXA4 stimulates the uptake and 

removal of RBCs via its cognate receptor, ALX/FPR2.  
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3.7   LXA4 is critical for efficient RBC disposal by splenic RPM 

Given that LXA4 abundance was increased in the spleen during heightened RBC uptake 

and its exogenous administration stimulated increased RBC uptake in vitro, we next 

questioned the impact of disrupting its production on erythrophagocytosis. Using mice 

with genetic deletion of 12/15-lipoxygenase (Alox15-/-)—a critical LXA4 biosynthetic 

enzyme—we first confirmed that LXA4 abundance in the spleen was indeed decreased 

(Fig 7A).  Next, we subjected the mice to in vivo RBC uptake assay using Ox RBCs 

(Fig. 7B). Similar to what we observed in Fpr2-/- mice, we found that mice lacking 

Alox15 had no detectable basal difference in RPM-mediated uptake of Ctrl RBCs but 

exhibited a significant decrease in erythrophagocytosis of damaged RBCs (Fig. 7C,D). 

To test whether exogenous LXA4 could restore this defect, we administered LXA4 (i.p.) 

to WT and Alox15-/- mice 15 minutes prior to delivery of Ox RBCs (Fig. 7E). 

Interestingly, we did not observe an LXA4-induced enhancement of RPM uptake in WT 

mice, but in those lacking Alox15-/- there was an increase, restoring levels of uptake to 

that of WT mice (Fig. 7F,G). These results suggest that LXA4 is sufficient to enhance 

RPM-mediated clearance of RBCs.  
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4. Discussion 

In this study, we establish an integral role for ALX/FPR2 signaling in maintaining 

erythroid homeostasis. In mice lacking ALX/FPR2, we found elevated levels of aged 

RBCs in circulation, indicating a decreased rate of basal turnover. Histological analyses 

of spleens from Fpr2-/- mice showed decreased abundance of heme and iron deposits in 

red pulp further suggesting decreased RBC turnover, while transcriptomics revealed an 

altered splenic macrophage phenotype—driven in part by changes in heme metabolism. 

Functionally, we found that during on-demand erythrophagocytosis splenic production of 

LXA4, a key proresolving ligand of ALX/FPR2, was increased in WT mice. However, in 

mice lacking ALX/FPR2 or the biosynthetic enzyme critical for LXA4 production (i.e., 

12/15-LOX), erythrophagocytosis was impaired. Critically, myeloid-specific deletion of 

FPR2 also impaired efficient splenic erythrophagocytosis. Finally, when administered 

exogenous LXA4, the deficient erythrophagocytosis of Alox15-/- mice was restored. 

Together, these results indicate that in response to RBC stress splenic LXA4 production 

is enhanced, activating ALX/FPR2 on red pulp macrophages to promote 

erythrophagocytosis and removal of dysfunctional erythrocytes from circulation to 

maintain hematologic homeostasis.  

 

The findings presented here offer new insights into the mechanisms of local 

proresolving signaling pathways significantly impacting systemic immune processes. By 

acting locally on macrophages in the spleen LXA4-ALX/FPR2 signaling is necessary to 

preserve an optimal population of circulating erythrocytes while it is also sufficient to 

overcome acute erythroid stress. The ability to influence the RBC pool is critical as small 
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variations in the fitness of erythrocytes can have profound physiological and 

immunological effects.27,28 As RBCs age or are stressed they undergo a variety of 

alterations including modifications in metabolism, morphology, and membrane structure 

which result in functional decline characterized by decreased ability to facilitate gas 

exchange and an increased risk of aggregation.29-31 Additionally, recent reports have 

suggested that RBCs also have a direct immunomodulatory impact via their ability to 

bind and deliver inflammatory agonists like cytokines and nucleic acids, stimulating 

innate immune responses.32,33 Thus, preserving a healthy pool of circulating RBCs is 

important in mediating the risks of infection, anemia, and thrombosis, and is critical in 

the body’s response to malaria and sickle cell disease.  

 

Recently it was demonstrated that targeting the ALX/FPR2 receptor with proresolving 

ligands during sickle cell crisis may be a beneficial treatment strategy as mice exhibited 

ameliorated cerebral thrombosis34 and vaso-occlusive pathologies.22 While the 

importance of ALX/FPR2 in the development and progression of cardiovascular 

diseases, like atherosclerosis,35 aortic aneurysm,36,37 heart failure,38-40 and infection-

induced cardiac dysfunction41,42 has been well-documented, its role in hematologic 

pathologies remains comparatively unexplored. 

 

Results of our study complement and extend previous work that has established a role 

for proresolving lipid mediators in erythrocyte uptake and disposal22,23,43-46 by 

demonstrating the myeloid dependence of ALX/FPR2 signaling on the process. These 
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previous reports found that the abundance of SPM, including ALX/FPR2 ligands, are 

decreased in spleens of mice with sickle cell disease and demonstrate the ability of D- 

and E-series resolvins, as well as the recently described cysteinyl-resolvins, to promote 

macrophage uptake of senescent RBCs in vivo and in vitro. However, the impact of 

LXA4, specifically, has not been described nor has the essential role of ALX/FPR2. In 

our models of induced erythrophagocytosis we found that the abundance of SPM 

species in spleen were broadly increased, with LXA4 the most significantly induced 

mediator. In addition to LXA4, we found that levels of RvD4, 17R-RvD3, Maresin 1, 

RvE2, and RvE4 were increased after Ox RBC challenge. RvE4 has previously been 

shown to be biosynthesized during co-incubation of human RBCs and macrophages, 

and stimulation with RvE4 potently enhanced erythrophagocytosis in human 

macrophages.44 We also detected an increased abundance of 17R-RvD3. This is 

notable as the related mediator and ALX/FPR2 ligand, 17R-RvD1, was previously found 

to be decreased in spleens of sickle cell mice and its administration was sufficient to 

enhance splenic RBC disposal22 and, more recently to improve cardiomyopathy in 

humanized sickle cell mice.47 Though we did not identify 17R-RvD1, both mediators are 

derived from the aspirin- or COX-2-dependent conversion of DHA but differ in their 

subsequent biosynthetic routes and epoxide intermediates. While it is not clear that 

17R-RvD3 can bind and activate ALX/FPR2, its epimer, RvD3, is a known ligand of the 

receptor.48,49  

 

Importantly, much of the previous work referenced above was conducted in a 

humanized mouse model of sickle cell anemia. It has been demonstrated that while 



21 
 

these mice share important phenotypic similarities with sickle cell diseases patients, 

they also display marked changes in splenic morphology, particularly related to the red 

pulp.50 Conversely, the current study was performed in healthy mice with no overt 

splenic morbidity. Thus, the results presented here demonstrate the critical importance 

of this signaling pathway to basal splenic erythrocyte processing and maintenance of 

hemodynamic homeostasis. 

 

The current study provides new mechanistic insight into the role of ALX/FPR2 in 

erythroid homeostasis. For the first time, we have demonstrated a macrophage-intrinsic 

defect in erythrophagocytosis in the absence of ALX/FPR2 signaling, using both isolated 

primary RPM and mice with myeloid-specific deletion of the receptor. Interestingly, 

comparing the impact of global and myeloid-specific knockout of Fpr2 revealed a 

divergence in erythrophagocytic function. While RPM from myeloid-deficient mice could 

recognize and engulf damaged RBCs similarly to floxed controls, their reduced 

fluorescence intensity indicated a lower RBC load per cell. This suggests that without 

ALX/FPR2, RPM may become functionally satiated more quickly, with impaired capacity 

for simultaneous degradation of multiple RBCs. Additionally, RNA-sequencing from 

Fpr2-/- isolated splenic macrophages revealed significant changes in heme metabolism 

pathways, pointing to a potential defect in processing of RBC-derived heme. Although 

the mechanism for this reduced RBC processing remains unclear, it may involve 

intermediary metabolism, which is increasingly recognized as essential for 

macrophages to degrade multiple apoptotic cells.51-53 Indeed, we have previously 

shown that ALX/FPR2 activation promotes mitochondrial metabolism and efferocytosis 
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via AMPK-dependent signaling.54-56 Additionally, given that RBC digestion releases 

significant quantities of reactive species (i.e., heme, iron), ALX/FPR2-mediated 

suppression of ROS production may help RPM adapt during high-demand 

erythrophagocytic conditions. This aligns with recent reports demonstrating that 

ALX/FPR2 activation protects against macrophages ferroptosis.36,57 While our findings 

establish a functional role for the LXA4–ALX/FPR2 signaling axis in enhancing splenic 

erythrophagocytosis, further studies are needed to more fully elucidate the underlying 

mechanisms. 

 

Overall, our findings reveal new functions of the LXA4-ALX/FPR2 signaling axis and 

contribute to a growing body of literature assigning importance to lipid mediators in the 

uptake and disposal of aged or damaged erythrocytes. These findings offer an 

additional physiologic mechanism that may bolster the capability of ALX/FPR2 activation 

to combat systemic unresolved inflammation and inform the development of new 

therapeutic approaches to target the pathway during transfusion-related 

immunomodulation or acute hemolytic crises.   
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6. Figure Legends 

Figure 1. Deletion of ALX/FPR2 receptor disrupts RBC turnover. The basal rate of 

RBC turnover in wild type (WT) mice and mice lacking the ALX/FPR2 receptor (Fpr2-/-) 

was determined by a two-step biotinylation assay. (A) Representative flow cytometry dot 

plots are shown. Circulating RBCs (Ter119+) were gated based on biotin positivity. (B) 

Quantification of each RBC population is shown over time. (C) Representative flow 

cytometry histogram and quantification of CD47 expression on circulating RBCs. (D) 

Representative flow cytometry dot plots and quantification of circulating reticulocytes 

(Retic; CD71+Ter119+). Data are mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 as 

determined by two-way ANOVA or unpaired Student’s t-test. 

 

Figure 2. Decreased markers of erythrophagocytosis in spleens of Fpr2-/- mice. (A) 

Representative images of H&E-stained spleen sections. Arrows indicate areas with 

heme deposits. Quantification of the ratio of red pulp to white pulp area (B) and heme 

deposits (C) as determined from H&E sections. Representative images (D) and 

quantification (E) of Prussian blue-stained spleen sections. (F) Representative images 

of F4/80-stained spleen sections. (G) Quantification of total spleen heme as determined 

by colorimetric biochemical assay. (A,D,F) Dashed boxes on images indicate areas of 

red pulp that are displayed at higher magnification. Scale bars: 500 µm in unmagnified 

and 30 µm in magnified images. Data are mean ± SEM. n = 3-4 per group. *p<0.05, 

**p<0.01, as determined by unpaired Student’s t-test.  
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Figure 3. Fpr2-/- mice have altered splenic transcriptome with particular effects on 

splenic macrophages. Schematic of spleens (A) or isolated F4/80+ splenocytes (D) 

from WT and Fpr2-/- mice subjected to RNA-sequencing. (B,E) Volcano plot analyses of 

differentially expressed genes (DEG) in Fpr2-/- mice compared with WT. Downregulated 

genes are shown in blue; upregulated in red. (C,F) Gene ontology (GO): biological 

processes enrichment analyses of DEG displayed with related pathways grouped into 

functional clusters. (G) The change in expression of the component DEG contained in 

the GO pathways is shown for Fpr2-/- F4/80+ splenocytes. An accompanying heatmap 

illustrates the corresponding functional clusters for each DEG. n = 3–4 spleens per 

genotype; 5 F4/80+ splenocyte samples per genotype. 

 

Figure 4. ALX/FPR2 deletion impairs splenic macrophage uptake of damaged 

RBCs. (A) Schematic of Spic-EGFP reporter mouse. (B,C) Gene expression of flow 

cytometry-sorted splenocytes from Spic-EGFP mice. (D) Schematic of in vivo RBC 

uptake assay in WT and Fpr2-/- mice. (E) Representative flow cytometry dot plot of 

splenic red pulp macrophages (RPM) identification and quantification. (F,G) 

Representative flow cytometry dot plots and overlaid histograms of RPM in WT and 

Fpr2-/- mice 1h after administration of untreated (Ctrl) or oxidized (Ox) RBCs. (H) 

Quantification of CFSE+ RPM and RPM CFSE MFI. (I) Primary splenic RPM from WT 

and Fpr2-/- were isolated and incubated ex vivo with Ox RBCs for 1h. Representative 

flow cytometry dot plots and overlaid histograms are shown. (J) Quantification of CFSE+ 

RPM and RPM CFSE MFI. (K) Schematic of in vivo RBC uptake assay in humanized 

FPR2 floxed mice (hFPR2fl/fl) and mice with myeloid specific deletion of hFPR2 
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(hFPR2MKO). (L) Representative flow cytometry dot plots and quantification of CFSE+ 

RPM and (M) representative flow cytometry overlaid histograms and quantification of 

RPM CFSE MFI 1h after administration Ox RBCs. Data are mean ± SEM. n = 4 per 

group (B,C), 5–7 per group (E,H), 5–9 per group (J), 6 per group (K,L). **p<0.01, 

***p<0.001, ****p<0.0001 as determined by unpaired Student’s t-test (B,C,E,J,K,L) or 

two-way ANOVA (H).  

 

Figure 5. Lipoxin A4 (LXA4) is increased during splenic uptake of damaged RBCs. 

Schematic of in vivo uptake assays in which RBCs were oxidized (Ox RBC; A) or 

incubated with CD47 blocking antibody (Ab) or IgG control antibody (IgG; B) ex vivo 

prior to administration (via retroorbital injection). Spleens were removed 1h later and 

subjected to flow cytometric (C,D) or targeted LC-MS/MS lipidomic analyses (E-K). 

(C,D) Representative flow cytometric dot plots showing CFSE+ cells in spleen. (E,H) 

PLS-DA two-dimensional scores plot showing clustering of samples based on their 

global lipidomic profiles. Volcano plot (F,I) and variable importance plot (VIP; G,J) 

analyses displaying significantly changed lipid mediators colored according to their 

parent fatty acid (orange – Arachidonic Acid; blue – Docosahexaenoic Acid; green – 

Eicosapentaenoic Acid; purple – Docosapentaenoic Acid). (K) Absolute abundance of 

selected Arachidonic Acid (AA)-derived lipid mediators. Data are mean ± SEM. n = 4 per 

group (Ctrl vs. Ox RBC); 5 per group (IgG vs. CD47 Ab RBC). *p<0.05 as determined by 

unpaired Student’s t-test vs. appropriate control group. 
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Figure 6. LXA4 stimulates macrophage uptake of RBCs. (A) Schematic of in vitro 

generation of induced RPM (iRPM) from bone marrow (BM) cells using macrophage 

colony-stimulating factor (M-CSF), interleukin-33 (IL-33), and hemin. (B,C) Gene 

expression in iRPM and bone marrow-derived macrophages (BMDM). (D) 

Representative flow cytometry dot plots, overlaid histograms, and quantification of iRPM 

following 15 min stimulation with LXA4 prior to addition of CFSE-stained RBCs. Data are 

mean ± SEM. n = 3 (B,C) or 4 independent experiments including at least 3 technical 

replicates per experiment (D). *p<0.05 as determined by unpaired Student’s t-test.   

 

Figure 7. LXA4 is sufficient to rescue defective erythrophagocytosis. (A) LXA4 

abundance in spleens of WT and 12/15-lipoxygenase deficient mice (Alox15-/-).  (B) 

Schematic of in vivo RBC uptake assay in WT and Alox15-/- mice. (C,D) Representative 

flow cytometry dot plots and quantification of CFSE+ splenic RPM in WT and Alox15-/- 

mice 1h after administration of untreated (Ctrl) or oxidized (Ox) RBCs. (E) Schematic of 

in vivo uptake assay where WT and Alox15-/- received exogenous LXA4 or vehicle (Veh) 

15 min prior to Ox RBC administration. (F) Representative flow cytometry dot plots and 

overlaid histograms of RPM from Alox15-/- mice following vehicle (Veh) or LXA4 

treatment and Ox RBC administration. (G) Quantification of CFSE+ RPM (%) and RPM 

CFSE MFI. Data are mean ± SEM. n = 4-7 per group (A), 4 per group (D), or 7–8 per 

group (G). *p<0.05, **p<0.01 as determined by unpaired Student’s t-test (A) or two-way 

ANOVA (D,G).  
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SUPPLEMENTARY MATERIALS 

1. Materials and Methods   

1.1 Animals and Reagents 

C57BL/6J (#00664), Spic-EGFP (#025673), LysM-Cre (#004781) and Alox15-/- (#002778) 

mice were purchased from The Jackson Laboratories (Bar Harbor, ME) at 10 to 16 weeks 

of age and allowed to acclimate for at least 1 week prior to inclusion in experimental 

studies or used as breeders. Fpr2-/- and humanized ALX/FPR2-GFP floxed (hFPR2fl/fl) 

mice were provided by Idorsia Pharmaceuticals and bred in-house. All mice were 

maintained on normal laboratory chow diet, housed in a temperature controlled, 12-hour 

light–dark cycling environment, and were randomized to experimental groups. All animal 

procedures were performed in accordance with ethical regulations and pre-approved by 

the University of Louisville Institutional Animal Care and Use Committee. LXA4 was 

purchased from Cayman Chemical (Ann Arbor, MI). Antibodies used for flow cytometry 

were purchased from BioLegend (San Diego, CA) and included: Streptavidin-FITC, 

F4/80-APC (BM8), CD11b-Brilliant Violet 421 (M1/70), CD47-PE (miap301), Ter119-

Brilliant Violet 421 (TER-119), Ter119-PE (TER-119), CD71-APC (RI7217), CD45-FITC 

(S18009F), CD11b-FITC (M1/70), Gr1-FITC (RB6-8C5), DRAQ5, CD44-Brilliant Violet 

711 (IM7).  

 

1.2 In vivo RBC turnover 

For in vivo tracking of circulating RBC, EZ-Link Sulfo-NHS Biotin (Thermo Scientific) was 

administered in a two-step labelling protocol, essentially as described1,2. Briefly, biotin 

was dissolved in water and further diluted in sterile saline prior to i.v. retro-orbital injection 
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(100 µl). In the first step, daily 1 mg biotin doses were administered for three days. Five 

days after the third administration, a second labelling dose of 0.6 mg was injected. Serial 

blood samples were collected via tail bleed at the indicated days and biotin expression 

was determined by flow cytometry.  

 

1.2 Bone marrow erythroid precursors 

Bone marrow from femur and tibia of WT and Fpr2-/- mice was flushed in cell staining 

buffer (BioLegend) using a 25G needle. Single cell solutions were obtained using a 70 

µm cell strainer and subjected to flow cytometry analysis. Erythroid precursors were 

identified as CD45-CD11b-Gr1-Ter119+DRAQ5+. Subpopulations of erythroblasts and 

reticulocytes were differentiated based on CD44 expression and cell size.  

 

1.3 Histology 

Spleens were collected and fixed in 10% neutral buffered formalin prior to being 

embedded in paraffin wax. Tissue sections (5 µM) were deparaffinized and stained with 

Mayer’s Hematoxylin (Electron Microscopy Sciences, PA, USA) and Eosin Y Solution 

(Sigma-Aldrich, MO, USA), or with Prussian blue (Abcam, UK) according to 

manufacturer’s instructions. For immunofluorescence staining, deparaffinized sections 

were rehydrated prior to antigen retrieval using a citrate buffer and incubation with Anti-

F4/80-APC rat monoclonal antibody (clone: BM8; BioLegend). Imaging and analysis were 

performed using a Keyence BZ-X810 fluorescence microscope (IL, USA).  

 

1.4 Gene Expression Analysis 
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1.4.1 RNA-Sequencing 

An antibody-based magnetic bead isolation kit (Stem Cell Technologies) was used 

according to manufacturer’s instructions to obtain F4/80+ cells from whole spleen. Total 

RNA was isolated from mouse spleen and F4/80+ splenocytes using the RNeasy Plus 

Universal Mini Kit (Qiagen). RNA quality was evaluated using NanoDrop ONEC 

(Thermo Scientific) and then subjected to poly-A RNA sequencing. RNA integrity was 

assessed using the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). For 

library construction, the abclonal second strand synthesis module kit was utilized (Cat. # 

RK20346). Equimolar pooling of libraries was performed based on Q.C. values, and 

paired-end sequencing was performed on an Illumina NovaSeq X Plus (Illumina, 

California, USA) using the 25B Flow Cell. FASTQ files were generated utilizing 

BCL2fastq. 

 

1.4.2 Bioinformatics analysis 

Quality control (Q.C.) of the raw sequence data was performed using FastQC (version 

0.10.0) for each sequencing sample. The sequences were aligned to the mm10 mouse 

reference genome using STAR version 2.6 3. Differential expression of ENSEMBL 

protein-coding transcripts was performed using DESeq24, and raw counts were 

obtained from the STAR-aligned bam format files using HTSeq version 0.10.05. The raw 

counts were normalized using the Relative Log Expression (RLE) method and then 

filtered to exclude genes with fewer than ten counts across the samples. DESeq2 

guidelines were used to identify differentially expressed genes, and all P values were 

adjusted for testing multiple genes (Benjamini–Hochberg procedure; p≤0.05). Functional 
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enrichment analysis was performed using the clusterProfiler R package to identify 

enriched Gene Ontology biological processes for each set of differentially expressed 

genes (DEGs)6. RNA-seq data have been deposited in the NCBI GEO database with 

the accession numbers GSE292685 and GSE292686.  

1.4.3 qRT-PCR 

RNA from flow cytometry-sorted or differentiated macrophages was isolated using 

RNeasy Plus Universal Mini Kit (Qiagen) according to manufacturer’s instructions. 

cDNA was synthesized using Applied Biosystems High-Capacity cDNA Reverse 

Transcription Kit and qPCR was performed with Applied Biosystems PowerUp SYBR 

Green Master Mix (Thermo Fisher Scientific) on an Applied Biosystems QuantStudio 5. 

RT2 qPCR Primer Assays (Qiagen) were used for each target gene and relative 

expression was determined using the 2-ΔΔCt method normalized to expression of Hprt.   

 

1.5 In vivo splenic RBC uptake 

Erythrophagocytosis in vivo was assessed essentially as described7,8. Blood was 

collected from a naïve donor mouse via cardiac puncture and mixed with 0.2 M EDTA. 

RBC were separated from plasma by centrifugation at 3,500 rpm for 10 minutes at 4°C 

and washed twice with PBS. Washed RBC were resuspended in PBS and either 

oxidized with copper(ii) sulfate (CuSO4) and L-ascorbic acid or incubated with CD47 

blocking antibody. For oxidation, RBC were incubated in 0.2 mM CuSO4 and 5 mM L-

ascorbic acid in PBS at 4% hematocrit for 30 minutes at 37°C, with gentle agitation 

every 10 minutes. After incubation, RBC were washed twice with PBS containing 5 mM 

EDTA followed by two washes with PBS alone. For CD47 antibody blockage, RBC were 
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incubated with 10 µg/mL CD47 antibody (Bio X Cell) or 10 µg/mL mouse IgG isotype 

control (Bio X Cell, BE0083) for 1 hour at 37°C. Treated RBC were labeled with 

carboxyfluorescein succinimidyl ester (CFSE; BioLegend, CA, USA) according to the 

manufacturer’s instructions. Briefly, 1x108 cells/mL were incubated with 5 µM/mL CFSE 

in PBS for 20 minutes at room temperature then washed with PBS. CFSE-labeled RBC 

(2x108 cells) were administered to mice via retro-orbital injection (200 µL sterile saline). 

After 1 hour, mice were euthanized and spleens collected for flow cytometry. A single 

cell suspension was generated using a 70 µM cell strainer with PBS using the plunger 

from a 5 mL syringe. The suspension was centrifuged and resuspended in Cell Staining 

Buffer (BioLegend). Cells were incubated in 2 µg Fc-block (BioLegend) for 5-10 

minutes, stained with fluorescent antibodies for 15-20 minutes, and fixed in 1% 

paraformaldehyde. Data were acquired using a BD Fortessa X-20 Flow Cytometer and 

analyzed using FlowJo software. 

 

1.6 Targeted lipidomics 

1.6.1 Tissue preparation and solid phase extraction (SPE) 

All reagents used in lipid mediator extractions and analyses were LC/MS grade, ensuring 

the highest level of purity. Spleens were removed from animals and placed directly in ice-

cold methanol containing commercially available deuterium-labeled synthetic standards 

(PGE2-d4, 15d-PGJ2-d4, LTB4-d4, LXA4-d5, 11,12-EET-d11, 15-HETE-d8, 5-HETE-d8, 

RvE1-d4, RvD2-d5, RvD3-d5, MaR1-d5, and MaR2-d5; Cayman Chemical, Ann Arbor, 

MI, USA), then stored at -80°C. Prior to lipid extraction, tissue was minced with surgical 
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scissors on ice and then centrifuged (13,000 rpm; 10 min; 4°C). The supernatant was 

collected and subjected to solid phase extraction (SPE) essentially as described 

previously9. Briefly, samples were acidified to a pH of 3.5 and added to C18 SPE columns 

(Biotage, Uppsala, Sweden) that were conditioned with successive washes of methanol 

and water. Neutral lipids were removed from the column using n-hexanes while lipid 

mediators were eluted with methyl formate. Using N2 gas, the solvent was evaporated 

and samples resuspended in methanol:water (50:50, v/v). 

 

1.6.2 LC-MS/MS analysis  

Extracted lipid mediator samples were analyzed using a Shimadzu (Kyoto, Japan) liquid 

chromatography system (LC 20-AD with an SIL-20AC autoinjector) coupled to a 

QTrap5500 mass spectrometer (AB Sciex, Framingham, MA, USA) operated in negative 

polarity mode. Samples were injected onto a Kinetex Polar C18 HPLC column (100 mm 

x 3 mm x 2.6 µm; Phenomenex, CA, USA) held at 59°C. A gradient elution of 

methanol:water:acetic acid beginning at 45:55:0.01 (v/v/v) and ending at 80:20:0.01 

(v/v/v) was used at a flow rate of 0.5 ml/min. Data was acquired using Analyst software 

(v 1.7.1) and analyzed with Sciex OS-Q. Identified mediators had matching 

chromatographic peak retention time with that of synthetic standards run in parallel (+/- 

0.1 min), signal:noise ratio >5, and an on-column calculated concentration above the 

lower limit of quantification for each mediator. Fragmentation spectra of synthetic 

standards compared with that of samples was also used. Absolute quantification was 

achieved by comparing samples to a 12-point standard curve of synthetic standards run 
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in parallel. SCIEX OS (v.2.0.1) software was used for peak identification and 

quantification.  

 

1.6.3 Data analysis 

Statistical analyses were performed using the freely available Metaboanalyst software 

platform (Metaboanalyst.ca). Analytes with missing data in more than 50% of samples in 

both experimental groups were excluded from analysis. Missing values were imputed 

with 1/5 the minimum value of that analyte. Data were then log transformed and 

autoscaled prior to downstream analyses (partial least squares discriminant, volcano 

plot, VIP). 

 

1.7 iRPM differentiation  

Differentiation of iRPM was performed essentially as described10. Briefly, murine bone 

marrow was isolated and plated in RPMI-1640 (Thermo Fisher) supplemented with 10% 

heat-inactivated FBS, 1% penicillin-streptomycin, and 20 ng/mL M-CSF (StemCell 

Technologies). On day 4, media was supplemented with IL-33 (10 ng/mL; BioLegend) 

and hemin (20 µM; Sigma-Aldrich). After 5 additional days, cells were ready for 

experiments. For gene expression studies, BMDM were generated using M-CSF media 

without hemin and IL-33.  
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3. Figure Legends 

Supplementary Figure 1. Bone marrow erythropoiesis. Representative flow 

cytometry dot plots and quantification of erythroid precursors in the bone marrow of WT 

and Fpr2-/- mice. n = 6-7 per group. Data are mean ± SEM. *p<0.05 as determined by 

unpaired Student’s t-test. 

Supplementary Figure 2. Erythrocyte parameters of complete blood count 

analysis in WT and Fpr2-/- mice. Quantification is shown. Data are mean ± SEM. n = 

34 per group. RBC – red blood cell count, Hb – hemoglobin, HCT – hematocrit, MCV – 

mean corpuscular volume, MCH – mean corpuscular hemoglobin, MCHC – mean 

corpuscular hemoglobin concentration, RDW – red cell distribution width  

Supplementary Figure 3. Flow cytometry gating of splenic red pulp macrophages. 

Representative flow cytometry dot plots of spleens of WT and Spic-EGFP mice. GFP+ 

cells cluster into a population of CD11bdimF4/80+ cells.   

Supplementary Figure 4. Validation of myeloid-specific hALX/FPR2 knockout 

mice. (A) Humanized FPR2-GFP knockin floxed mice (hFPR2fl/fl) were crossed with 

mice expressing Cre recombinase under the Lysozyme M promoter (LysM-Cre) to 

generate mice with myeloid-specific deletion of FPR2 (hFPR2MKO). (B) Representative 

PCR gel electrophoresis used for genotyping of hFPR2MKO colony. (C) Expression of 

GFP and human ALX/FPR2 was determined in peripheral blood leukocytes by flow 

cytometry using Ly6C and Ly6G to identify monocytes and neutrophils, respectively.   

Supplementary Figure 5. Quantification of CFSE+ cells in spleens after adoptive 

transfer of oxidized (Ox) or CD47 blocking antibody (CD47 Ab) treated RBC. Data 
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are mean ± SEM. n = 4-6 per group. ns: p>0.05 as determined by unpaired Student’s t-

test. 

Supplementary Figure 6. Chromatograms from Arachidonic Acid Metabolome. 

Representative extracted ion mass chromatograms are shown for arachidonic acid-

derived lipid mediators that were significantly changed in spleens after adoptive transfer 

of damaged red blood cells. A representative synthetic standard is shown in addition to 

a sample. Shaded area illustrates the peak area that was used for quantitation.  

 Supplementary Figure 7. Chromatograms from Docosahexaenoic Acid, 

Docosapentaenoic Acid, and Eicosapentaenoic Acid Metabolomes. Representative 

extracted ion mass chromatograms are shown for docosahexaenoic, docosapentaenoic, 

and eicosapentaenoic acid-derived lipid mediators that were significantly changed in 

spleens after adoptive transfer of damaged red blood cells. A representative synthetic 

standard is shown in addition to a sample. Shaded area illustrates the peak area that 

was used for quantitation.  
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