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Erythroblastic Island Macrophages Shape Normal Erythropoiesis and Drive Associated Disorders in Erythroid Hematopoietic Diseases
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Erythroblastic islands (EBIs), discovered more than 60 years ago, are specialized microenvironments for erythropoiesis. This island consists of a central macrophage with surrounding developing erythroid cells. EBI macrophages have received intense interest in the verifications of the supporting erythropoiesis hypothesis. Most of these investigations have focused on the identification and functional analyses of EBI macrophages, yielding significant progresses in identifying and isolating EBI macrophages, as well as verifying the potential roles of EBI macrophages in erythropoiesis. EBI macrophages express erythropoietin receptor (Epor) both in mouse and human, and Epo acts on both erythroid cells and EBI macrophages simultaneously in the niche, thereby promoting erythropoiesis. Impaired Epor signaling in splenic niche macrophages significantly inhibit the differentiation of stress erythroid progenitors. Moreover, accumulating evidence suggests that EBI macrophage dysfunction may lead to certain erythroid hematological disorders. In this review, the heterogeneity, identification, and functions of EBI macrophages during erythropoiesis under both steady-state and stress conditions are outlined. By reviewing the historical data, we discuss the influence of EBI macrophages on erythroid hematopoietic disorders and propose a new hypothesis that erythroid hematopoietic disorders are driven by EBI macrophages.
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INTRODUCTION

“Erythropoiesis is a process by which hematopoietic stem cells (HSCs) proliferate and differentiate via multiple distinct developmental stages, to eventually generate mature red blood cells (RBCs)” (Yan et al., 2017; Huang et al., 2018; Qu et al., 2018). This process occurs at the erythroblastic island (EBI), which is composed of a central macrophage surrounded by developing erythroid cells (BESSIS, 1958). EBI, first described by Bessis in 1958 (BESSIS, 1958), was functionally validated by Mohandas and Prenant (1978), who showed that the number of EBIs was significantly decreased in hypertransfused rat bone marrow (BM) (Mohandas and Prenant, 1978). The roles of macrophages in supporting erythropoiesis have also been demonstrated in vitro. For example, macrophages were found to promote proliferation/survival of erythroblasts (Hanspal and Hanspal, 1994; Rhodes et al., 2008). On the other hand, abnormal macrophage differentiation in EMP-null (Soni et al., 2006) and KLF1-null mice (Porcu et al., 2011) reportedly led to significantly impaired erythropoiesis and anemia. Depletion of macrophages with either clodronate liposomes (Ramos et al., 2013) or with CD169-diptheria toxin (Chow et al., 2013) provides direct evidence that macrophages play significant roles in erythropoiesis in vivo, particularly under stress conditions. Nevertheless, the contribution of EBI macrophages to normal, as well as disordered erythropoiesis, remains unclear, owing to the non-selective nature of approaches used in deleting macrophages in previous studies. This is largely attributed to the inability to isolate EBI macrophages for cellular and molecular studies, indicating a need for accurate identification of EBI macrophages and guide development of novel approaches for their isolation.

Numerous research efforts have been made in identifying the possible proteins expressed by EBI macrophages, such as erythroblast macrophage protein (EMP), vascular cell adhesion molecule-1 (VCAM1), erythroid Krüppel-like factor 1 (KLF1), and DNase2α, among others (Soni et al., 2006; Porcu et al., 2011; Xue et al., 2014). However, the mechanism through which EBI macrophages regulate normal erythropoiesis and erythroid hematopoietic disorders remains unknown, owing to a lack of accurate phenotypic profiles of these macrophages. Recently, An's group used the Epor-eGFPcre mouse model and a specific antibody against human EPOR, to characterize EBI macrophages (Li et al., 2019). In addition, they performed RNA sequence of the newly identified Epor+ EBI macrophages to reveal specialized functions and potential molecular mechanisms of EBI macrophages in supporting erythropoiesis. These results indicated that EBI macrophages promote erythropoiesis via directly interacting with erythroblasts, secreting growth factors, phagocytosing senescent RBCs, providing iron, and finally engulfing nuclei enucleated by erythroblasts (Li et al., 2019). Furthermore, findings from Paulson's group demonstrated that Epo/stat5 signaling may promote stress erythroid progenitor (SEP) transition, from proliferation to differentiation, by acting on Epor+ macrophages in a splenic niche (Chen et al., 2020). In this review, we comprehensively described the role of EBI macrophages in regulating normal erythropoiesis and erythroid hematopoietic disorders based on historical data related to their discovery, heterogeneity, identification, and functional characteristics. We further highlight significant unanswered questions in view of providing vital knowledge to guide understanding of this tightly regulated process in normal and disordered erythropoiesis of hematologic diseases such as β-thalassemia and polycythemia vera (PV), among others.



DISTINCT EBI TYPES REVEAL HETEROGENEITY OF EBI MACROPHAGES

The EBI, composed of a central macrophage and surrounding erythroid cells, was the first hematopoietic niche discovered by Marcel Bessis in (1958). Since the discovery, many studies have been focused on the morphological characteristics. For example, electron microscopy-based studies, between 2003 and 2016, have revealed two distinct types of EBI, which differ by size, morphology, attachment based on different developmental stages of erythroid cells, and location relative to sinusoid (Yokoyama et al., 2003; Yeo et al., 2016). The first type, termed immature EBI, comprises a small-sized, domed macrophage attached with early-stage erythroid cells and away from sinusoid, whereas the other, known as mature EBI, is composed of a large and flat macrophage that is attached by late-stage erythroblasts and close to sinusoid. Interestingly, immature EBI mainly comprises early-stage erythroblasts, whereas mature EBI has erythroblasts at late stage. Early-stage erythroid progenitors and erythroblasts are responsive to interleukin-3 (IL-3), stem cell factor (SCF), and erythropoietin (EPO) to maintain their self-renewal, proliferation, and differentiation, whereas late-stage erythroblasts can no longer proliferate. In fact, the latter need to enucleate the condensed nuclei and import iron to enable hemoglobin synthesis (Dzierzak and Philipsen, 2013). EBI macrophages play distinct roles in RBC development across different developmental stages, from early-stage erythroblasts to late-stage erythroblasts. Specifically, immature EBI macrophages secrete growth factors that promote proliferation and differentiation of early-stage erythroblasts (Hanspal and Hanspal, 1994; Rhodes et al., 2008), whereas mature EBI macrophages promote maturation of late stage erythroblasts by providing iron and phagocytosing nuclei (Donovan et al., 2005; Miyanishi et al., 2007; Chow et al., 2013; Ramos et al., 2013). During maturation, EBIs migrate toward sinusoid (Yokoyama et al., 2003). Previous studies have shown that sinusoid endothelial cells serve as niches for HSCs and megakaryocyte progenitors (Avecilla et al., 2004; Pitchford et al., 2012; Crane et al., 2017); however, the roles of these endothelial cells in supporting erythropoiesis have been largely unknown. Additionally, endothelial cells from different sources have been shown to promote macrophage differentiation and polarization to M2-like macrophages, whereas the endothelium in fetal liver (FL) regulates the seeding of tissue-resident macrophages via a membrane protein (He et al., 2012; Rantakari et al., 2016). EBI macrophages are M2-like macrophages population (Heideveld et al., 2018). Thus, it is possible that SECs may play important roles in erythropoiesis by influencing migration and/or maturation of EBI macrophages and EBIs. A schematic representation of the two EBI types (Figure 1) indicates that they play distinct roles in RBC production. During erythroid cells maturation, EBIs migrate to the sinusoid, and mature erythrocytes are released into peripheral blood. Taken together, there are two distinct EBIs identified by researchers, which suggest EBI macrophages are heterogeneous.
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FIGURE 1. Schematic diagram of two types of EBIs and the process of EBI maturation.


EBI macrophages, which act as nurse cells for erythroblasts and form a structure called EBI, were the first ever identified BM resident macrophages (BESSIS, 1958). The interaction between central macrophage and erythroblasts within the EBI is crucial for erythroblast survival and maturation, which then generates functional enucleated reticulocytes to maintain homeostasis. Importantly, these macrophages promote erythroid maturation by producing growth factors, providing iron for hemoglobin synthesis, and clearing extruded nuclei (Chasis and Mohandas, 2008; Vinchi, 2018). However, it is still unclear whether these functions in supporting erythropoiesis come from distinct subpopulations of EBI macrophages or not. To address this question, multispectral imaging flow cytometry (IFC, also called imagestream) and flow cytometry–based findings from Kalfa's group, Paulson's group, and An's group were concluded, showing that EBI macrophages are heterogeneous (Seu et al., 2017; Liao et al., 2018b; Li et al., 2019). Kalfa's group (Seu et al., 2017) used imagestream to show heterogeneous expression of Vcam1, F4/80, and CD169 by EBI macrophages within the EBIs. In their study, they found that the distribution of CD169 is heterogeneous on BM EBI macrophages but not expressed by FL EBI macrophages (Seu et al., 2017). In addition, CD11b was previously used to identify EBI macrophages by flow cytometry (Jacobsen et al., 2014), but not detected on the BM F4/80+ EBI macrophages (Seu et al., 2017). Paulson's group reported that CD11b+Ly6C+ “monocyte-like” macrophages expressed low-level F4/80, CD169, and Vcam1, which interacted with immature CD133+Kit+ SEPs. However, CD11b+Ly6C−Pre-RPMs and CD11blowLy6C−RPMs are interacted with Ter119+ erythroblasts, which expressed CD169 and Vcam1 in BM transplantation (BMT) model (Liao et al., 2018b). Study from An's group indicated that more than 90% of EBIs are formed by F4/80+Epor+macrophages in mouse BM, FL, and stress SP niche (Li et al., 2019). Flow cytometry and imagestream results revealed that Vcam1 and CD169 are broadly distributed on EBI macrophages, although only a proportion of EBI macrophages express CD163 and Ly6C (Li et al., 2019) in mouse BM. CD11b is moderately distributed on mouse BM EBI macrophages from both flow cytometry and imagestream results, suggesting that EBIs are formed by both CD11b+ and CD11b− macrophages (Li et al., 2019). Significantly, Ly6G, previously implicated as an EBI macrophage marker (Jacobsen et al., 2014), is not expressed on the EBI macrophages in mouse BM, FL, and SP (Li et al., 2019). Overall, these findings confirmed the heterogeneity of EBI macrophages between distinct hematopoietic organs and even within the same organ. As discussed above, EBI macrophages may support different stages of erythroblasts via distinct functions. Thus, it is likely that the supporting roles may be due to the distinct subpopulations of EBI macrophages. Future studies are expected to use single-cell RNA-seq analyses to further characterize these subpopulations. This enabled us to study distinct roles of EBI macrophages in supporting erythropoiesis and thereby to answer questions around the heterogeneity of EBI macrophages.



IDENTIFICATION OF EBI MACROPHAGES AND CHARACTERIZATION OF THEIR POTENTIAL ROLES DURING ERYTHROPOIESIS


Identification of EBI Macrophages and Functions of Adhesion Molecules Involved in EBI Formation

Pioneering works by many groups characterized the possible molecules expressed by EBI macrophages, which include EMP, Vcam1, CD169, αV integrin, Klf1, Dnase2α, and so on (Sadahira et al., 1995; Kawane et al., 2001; Mankelow et al., 2004; Soni et al., 2006; Porcu et al., 2011; Chow et al., 2013). However, heterogeneity of macrophages implied that they greatly vary depending on disease state, tissue localization, and developmental origin (Bian et al., 2020). Therefore, it is likely that not all the macrophages are EBI macrophages. Based on this inherent heterogeneity, studies have attempted to identify EBI macrophages. For instance, Kalfa's group (Seu et al., 2017) employed imagestream, which combines high-throughput advantages of flow cytometry with morphological and fluorescence features derived from microscopy, to analyze EBI macrophages and associated cells within the EBI. They quantitatively analyzed EBIs, as well as their structural, morphological details and associated cells. Their study showed that EBI macrophages express several surface markers, including Vcam1, F4/80, and CD169. Based on this, F4/80, Vcam1, and CD169 were considered as the best combination of surface markers to identify mouse EBI macrophages. To examine whether all F4/80+Vcam1+CD169+ macrophages are EBI macrophages, An's group quantified both F4/80+Vcam1+CD169+macrophages and erythroblasts in mouse BM. They found that the ratio of F4/80+Vcam1+CD169+ macrophages vs. erythroblasts is ~1:2.6 (Li et al., 2019), given the fact that the number of erythroblasts per island ranges from 10 cells observed in rat BM (Yokoyama et al., 2002) to 5 to more than 30 erythroblasts in islands harvested from human BM (Lee et al., 1988). These findings strongly suggest that it is unlikely that all F4/80+Vcam1+CD169+ macrophages are EBI macrophages. Using imagestream, their study further revealed that more than 90% of EBIs are formed by Epor+ macrophages under both steady-state and Epo injection conditions in hematopoietic organs (Li et al., 2019). This expression was observed in EBI macrophages derived from murine BM, FL, and SP, as well as human FL, suggesting that Epor+ macrophages define the EBIs. Importantly, RNA-seq–based gene expression analysis of Epor+ and Epor− macrophages from murine BM revealed that genes known to be important for the function of EBI macrophages in promoting erythropoiesis, such as adhesion molecules, CD163, CD169, and Vcam1; machinery for iron recycling, Mertk, ferroportin, Hmox1, and Spic; molecules for engulfing and digesting extruded nuclei, Mertk and Dnase2α, as well as growth factors Igf1, Il18, and Vegfβ, were expected to be highly expressed in Epor+ macrophages, suggesting a specialized function of the Epor+ EBI macrophages (Li et al., 2019).

Of these many important molecules, adhesion molecules are significant for the interaction between EBI macrophages and erythroblasts. For example, only a proportion of mouse BM EBI macrophages express CD163 (Li et al., 2019), whereas most of human BM and FL EBI macrophages express CD163 (Heideveld et al., 2018; Li et al., 2019). In general, CD163 is a membrane receptor of group B scavenger receptor cysteine-rich (SRCH) family, which has previously been shown to be a receptor for hemoglobin–haptoglobin complexes and plays a role in free hemoglobin-clearing (Fabriek et al., 2007). This study also (Fabriek et al., 2007) showed that CD163 functions as an erythroblast adhesion receptor in EBI macrophages and may regulate erythropoiesis by mediating bidirectional signaling in EBIs. Akker's group reported that glucocorticoid enhances the EBI formation via increasing the surface expression of CD163 on human monocyte-derived macrophages (Heideveld et al., 2018). Intriguingly, An's group has recently documented that EBI macrophages also express Epor and that Epo enhances the ability of EBI macrophages to form EBIs both in vivo and in vitro (Li et al., 2019). Additionally, these results further showed that Epo injection also increases the expression of adhesion molecules Vcam1 and CD163, indicating that Epo may promote EBI macrophages' function in supporting erythropoiesis, at least in part by promoting the interaction between EBI macrophages and erythroid cells via increased surface expression of Vcam1 and CD163 (Li et al., 2019). Taken together, these studies suggested that CD163 might be a key adhesion molecule during EBI formation. In the future, CD163-conditional knockout (KO) on EBI macrophages should be conducted to further investigate the functional roles of CD163 expressed by EBI macrophages during erythropoiesis. In addition, glucocorticoid and EPO may work in concert to maintain efficient erythrocytes production, which are also worth to be performed.

CD169 (also known as sialoadhesin or Siglec-1) is another cell surface adhesion molecule on macrophages that belongs to the Siglec family and functions as a sialic acid receptor (Hartnell et al., 2001). Studies also showed that CD169 is extensively expressed by EBI macrophages (Li et al., 2019) and localizes at the site of macrophage/erythroblast contact in EBIs (Crocker and Gordon, 1986, 1989; Crocker et al., 1990; Morris et al., 1991). In vivo studies have shown that depletion of CD169+ macrophages in mice leads to impaired erythropoiesis, especially under stress conditions (Chow et al., 2013; Ramos et al., 2013). Other studies have reported that granulocyte colony-stimulating factor (CSF) blocks BM erythropoiesis by depleting CD169+ macrophages (Jacobsen et al., 2014; Tay et al., 2020). Specifically, depleting of CD169+ macrophages in PV mice resulted in decreased RBCs, indicating the importance of CD169+ macrophages during normal erythropoiesis and erythroid hematopoietic disorders (Chow et al., 2013). Although CD169 is highly expressed in EBI macrophages than non-EBI macrophages, the findings from An's group question whether CD169 expression is required for EBI formation, as EPO injection increases the quantity and quality of EBI via increased surface expression of Vcam1, as well as the percentage of CD163, but not CD169 (Li et al., 2019). In the future, more studies are needed to further unravel the role of CD169 in EBI macrophages during erythropoiesis under both steady and stress conditions.

Apart from the aforementioned works, Vcam1 (also known as CD106) is a complementary receptor for erythroid cells α4β1 integrin, which is expressed by EBI macrophages (Seu et al., 2017). In 2013, Chow et al. (2013) showed that Vcam1 is highly expressed by CD169+ BM macrophages, and these BM macrophages work in concert with bone morphogenetic protein 4 (BMP4)–producing CD169+ splenic macrophages to promote erythropoietic recovery following myeloablation. Specifically, their findings showed that antibody against Vcam1 administered after BMT impairs the recovery of BM erythroblasts, reticulocytes, and hematocrit in both macrophage-sufficient and macrophage-depleted mice (Chow et al., 2013). In 2017, Fujiwara et al. (2017) found that VCAM1 is strongly expressed in CD169+ macrophages in human BM and even higher in PV patients. Their results indicated that VCAM1+ macrophages are able to create a niche for reactive and neoplastic erythropoiesis and may be a therapeutic target in PV (Fujiwara et al., 2017). Although the findings from other groups' studies stressed the importance of Vcam1 in island formation, across both steady and stress erythropoiesis, Vcam1 conditional KO in mice macrophages suggests that it is not a prerequisite for BM EBI formation (Wei et al., 2019). Therefore, further studies are needed to clarify the impact of Vcam1 during EBI formation in both normal erythropoiesis and erythroid hematopoietic disorders.

Emp is a quite unique adhesion molecule, which is expressed by both erythroblasts and EBI macrophages (Soni et al., 2006). Previous studies have also shown that Emp expression is similar in both Epor+ (EBI) and Epor− (non-EBI) macrophages (Li et al., 2019). For example, in vitro studies have reported that the absence of Emp may lead to disordered erythropoiesis, suggesting that a direct association between EBI macrophages and erythroblasts is essential for erythroid maturation (Hanspal et al., 1998). In addition, results from in vivo studies indicated that Emp-null embryos lead to significantly impaired erythropoiesis and severe anemia, which die perinatally (in utero at E19.5) (Soni et al., 2006). In this mouse model, the researchers found a dramatic increase in the number of nucleated, and immature erythrocytes in the peripheral blood as well as a decrease in the number of EBIs and F4/80+ macrophages in the FL, suggesting that Emp is required for erythroblast enucleation and in the development of mature macrophages (Soni et al., 2006). Interestingly, a recent study showed that BM macrophages–mediated Emp expression, but not erythroblasts, is required for BM EBI formation (Wei et al., 2019). In addition, conditional KO mouse models of Emp, conducted to assess its cellular and postnatal contributions, revealed that Csf1r-Cre– or CD169-Cre–mediated Emp deletion in macrophages leads to significant reductions in populations of BM macrophages, erythroblasts, and in vivo island formation, whereas Epor-Cre–mediated deletion had no such phenotype. Overall, these findings suggested that Emp has a dominant role in macrophages for BM erythropoiesis (Wei et al., 2019). Furthermore, previous studies have shown that Epor expression in EBI macrophages was lower than that in erythroblasts (An et al., 2014; Li et al., 2019; Chen et al., 2020). Consequently, we hypothesized that Epor-Cre mouse cannot delete Emp expression in EBI macrophages. In addition, knocking out Emp in both EBI and non-EBI macrophages illustrates non-selective features (Wei et al., 2019). In conclusion, Emp is required for EBI formation, but the mechanism is still unknown. Therefore, new Emp mouse models with specific deletions in EBI macrophages are expected to further elucidate the role of Emp in EBI macrophages during both FL and adult BM erythropoiesis.

Macrophages also express αV integrin, an adhesion molecule whose counter-receptor intracellular adhesion molecule 4 (ICAM4) is expressed by erythroblasts. Previous studies have revealed that αV integrin has a similar expression profile between Epor+ and Epor− macrophages (Li et al., 2019). Although its expression is relatively lower than those of other adhesion molecules, it plays pivotal roles in maintaining EBI integrity, whereas disrupting the binding of αV integrin and ICAM4 decreases EBI numbers (Mankelow et al., 2004; Lee et al., 2006). In fact, blocking ICAM-4/αV binding results in a 70% decrease in island formation. Moreover, studies have reported a marked decrease in EBIs in ICAM-4–null mice in the BM (Mankelow et al., 2004; Lee et al., 2006). Conversely, the steady-state ICAM4-null mice exhibit normal hematocrit, hemoglobin, and RBC indices, suggesting that erythropoiesis is not adversely affected in adult animals under this condition (Lee et al., 2006). Another major finding is that secretion of ICAM4S, an ICAM4 isoform in terminal erythropoiesis, dramatically increases (Lee et al., 2003). Consequently, “ICAM4S may compete with ICAM4, thereby blocking the interaction between ICAM4 and αV, which might promote detachment of reticulocytes from the islands,” thereby enabling secretion of egress into peripheral circulation. Taken together, these findings indirectly revealed the roles of αV integrin during erythropoiesis. Future studies are expected to use mouse models expressing αV integrin with specific deletions in EBI macrophage to elucidate αV integrin's role during erythropoiesis.

Overall, several adhesion molecules that may interact to maintain the integrity of EBI have been identified (Figure 2). It is highly likely that future studies will identify additional adhesion molecules between EBI macrophages and erythroblasts. Based on these studies, two key questions need to be addressed in the future: (1) the function of adhesion molecules expressed by EBI macrophages during erythropoiesis and (2) the dynamic of these adhesion molecules expressed by EBI macrophages associated with distinct stages of erythroblasts? This is because integrins regulate intracellular signaling (DeMali et al., 2003) and CD163 being an acute phase–regulated and signal-inducing macrophage protein, as a receptor that scavenges hemoglobin by mediating endocytosis of haptoglobin–hemoglobin complexes (Kristiansen et al., 2001). We hypothesized that some of these adhesion molecules may trigger signaling pathways that coordinate gene expression and adhesion.
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FIGURE 2. Adhesion molecules involved in the formation of EBI.




Secretion of Growth Factors Significant for Erythropoiesis by EBI Macrophages

Previous studies have shown that EBI macrophages enhance the proliferation of erythroid cells in coculture systems (Hanspal and Hanspal, 1994; Rhodes et al., 2008), although the actual mechanisms remain unclear. In addition, cytokines such as EPO, SCF, IL-3, and insulinlike growth factor 1 (IGF1) have been found to promote erythropoiesis. Study from An's group showed the expressions of Igf1, IL-18, and Vegfβ, but not EPO, SCF, and IL-3 in Epor+ EBI macrophages, suggesting that EBI macrophages may enhance erythroid proliferation by secreting these growth factors in mouse BM hematopoietic niche. Erythropoiesis-promoting cytokine Igf1 (Li et al., 2019) is selectively expressed in EBI macrophages, and IGF1 receptor is expressed on erythroid cells across all developmental stages (Aron, 1992; Miyagawa et al., 2000). IGF1 enhances human erythropoiesis (Claustres et al., 1987; Sawada et al., 1989; Correa and Axelrad, 1991), and IGF1 often exerts its effects in an autocrine/paracrine manner traditionally (Nilsson et al., 1986; Croci et al., 2011; Chang et al., 2016; Rajbhandari et al., 2017). Based on these findings, we hypothesized that EBI macrophage-mediated local secretion of Igf1 may contribute to erythropoiesis. To answer this question, future studies are expected to investigate Igf1-conditional KO in EBI macrophages. On the other hand, studies have reported the expression of IL-18 receptor in erythroid progenitors (Li et al., 2014; Yan et al., 2018), and IL-18 has been shown to promote cell proliferation in non-erythroid cells (Victor et al., 2017; Almutairi et al., 2019). However, the role of IL-18 during erythropoiesis remains unknown. Moreover, vascular endothelial growth factor A (VEGF-A) has been found to induce production of Epo under normoxic and non-anemic conditions, thereby expanding erythropoiesis (Greenwald et al., 2019). In fact, knocking out Vegfc in embryonic day 7.5 (E7.5) resulted in defective erythropoiesis, characterized by anemia and lack of enucleated RBCs in blood circulation (Fang et al., 2016). However, Vegfc loss did not disrupt generation of primitive erythroid cells or erythromyeloid progenitors in the yolk sac, although it decreased expression of α4-integrin on erythromyeloid progenitors and compromised erythromyeloid progenitors colonization of the FL. Vegfc KO has also been implicated in compromised distribution, maturation, and enucleation of primitive erythroblasts. In contrast, Vegfc deletion, from E10.5 onward, did not compromise definitive hematopoiesis in the liver and did not cause anemia in adult mice (Fang et al., 2016). Overall, these findings indicated that Vegfc is required for transition to fetal erythropoiesis. On the other hand, VEGF-B, discovered a long time ago, is thought to be a potent therapeutic agent against oxidative stress–related diseases, insulin resistance, and type 2 diabetes (Hagberg et al., 2012; Arjunan et al., 2018), however, unlike VEGF-A and VEGF-C, whose function during erythropoiesis has been extensively studied. The functions of VEGF-B as well as the associated mechanisms in erythropoiesis are poorly understood. Future studies are expected to focus on the roles of growth factors secreted by EBI macrophages, to further advance our knowledge on whether local growth factors affect erythropoiesis under both steady-state and stress conditions.



Senescent RBC Clearance and Iron Recycling by EBI Macrophages

Generally, RBC clearance is thought to take place mainly in the spleen, where senescent RBCs are phagocytosed and degraded by splenic macrophages (Bratosin et al., 1998), and the heme is catabolized by heme oxygenase-1 (Hmox1) (Poss and Tonegawa, 1997; Kovtunovych et al., 2010). Consequently, iron for storage in ferritin is released (Leimberg et al., 2008) or exported into the circulation system by action of an iron exporter ferroportin (Fpn) (Nemeth et al., 2004). The iron subsequently binds onto transferrin (Trf) and is shuttled to the BM (Cumming, 1978; Trenor et al., 2000). Thereafter, Trf binds to Trf receptor (Tfrc), which is followed by internalization of the resulting Trf–Tfrc complex, and endosomal acidification, resulting in release of iron from Trf and transfer of iron to the cytosol for use in erythropoiesis (Muckenthaler et al., 2017). Studies have shown that Hmox1 expressed by EBI macrophages is critical for iron recycling during a steady-state erythropoiesis, with Hmox1-deficient mice found to exhibit low RBC sizes and hemoglobin content (Fraser et al., 2015). Based on this study, it is evident that Hmox1 deficiency increases RBCs lifespan, possibly by attenuating macrophage-mediated RBC clearance in the spleen, liver, and BM, as well as by decreasing both macrophage numbers and Timd4 expression. Indeed, Timd4 bounds this type of cells via recognizing phosphatidylserine (PS), which is exposed by apoptotic cells and nuclei expelled by late stage of erythroid cells. This works as an “eat me” signal for phagocytes (see the detailed description in Nuclei Engulfed and Digested by EBI Macrophages). Other studies have reported the accumulation of iron in hepatocytes and kidneys of Hmox1−/−mice, suggesting that cells in these tissues may compensate for decreased RBC clearance by splenic macrophages, as well as the associated reduction in heme degradation (Poss and Tonegawa, 1997; Kovtunovych et al., 2010). Additionally, Hmox1 deficiency has been found to play an important role in regulating EBI formation in the BM, which is further associated with decreased expression of Vcam1 on EBI macrophages (Fraser et al., 2015). Interestingly, Rouault's group reported that infused wild-type macrophages reside and self-renew in the liver and may rescue the hemolysis and anemia of Hmox1-deficient mice (Kim et al., 2018). Their findings indicated that normal EBI macrophages are critical for erythropoiesis. In fact, macrophages release iron into the bloodstream via a membrane-bound iron export protein, FPN (Lim et al., 2018), whereas hepcidin promotes the degradation of its receptor, the sole known cellular iron exporter FPN, resulting in iron retention by macrophages and reducing intestinal iron absorption (Nemeth and Ganz, 2009). Cell-specific KO of Fpn in intestinal epithelial cells was found to result in severe anemia (Donovan et al., 2005), whereas cell-specific KO of Fpn in macrophages or hepatocytes caused serum iron deficiency and mild anemia (Zhang et al., 2011, 2012). These findings confirmed that Fpn expression in the three tissues plays a crucial role in maintaining systemic iron homeostasis. Additionally, erythroid-specific Fpn KO mice exhibited low serum iron levels, as well as tissue iron overload and increased Fpn expression in spleen and liver, without changing hepcidin levels (Zhang et al., 2018). Furthermore, studies have described the Trf, a serum-abundant metal-binding protein, which is primarily synthesized in the liver and plays a key role in iron homeostasis and erythropoiesis (Huggenvik et al., 1989). For example, hepatocyte-specific Trf KO mice, which are viable and fertile, exhibit impaired erythropoiesis and altered iron metabolism, as well as iron deficiency anemia (Yu et al., 2020). In addition, Trf is also expressed by EBI macrophages in mouse BM, suggesting that EBI macrophages may secrete Trf in the local BM microenvironment to provide iron to erythroblasts (Li et al., 2019). To further elucidate the role of Trf in EBI macrophages, during erythropoiesis, future studies are expected to target macrophage-specific Trf KO mice. Intriguingly, RNA-seq analyses revealed the existence of an iron-recycling machinery in newly identified EBI macrophages, raising the novel concept that EBI macrophages could provide iron to the developing erythroblasts within the niche to support erythropoiesis (Figure 3) (Li et al., 2019). As iron is the most needed nutrient for erythropoiesis, it will be interesting to see whether EBI macrophages locally provide iron to the developing erythroid cells. Existence of an iron-recycling machinery in EBI macrophages strongly suggests this possibility. To understand whether BM EBI macrophages provide iron for erythropoiesis within the niche, future studies are expected to generate conditional KO mouse models with selective deletion of Fpn in BM EBI macrophages.
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FIGURE 3. Schematic diagram of senescent RBC clearance and iron recycling by EBI macrophages in local BM microenvironment.




Nuclei Engulfed and Digested by EBI Macrophages

To maintain homeostasis, EBI macrophages engulf extruded nuclei during the last step of erythroblasts maturation. In addition, the high rate of nuclei generation at steady state requires EBI macrophages to sustain a high level of phagocytic capacity. If nuclei are not swiftly engulfed, they undergo secondary necrosis and release intracellular components that activate the immune system, thereby leading to autoimmune diseases, such as systemic lupus erythematosus (Arandjelovic and Ravichandran, 2015; Toda et al., 2015). Previous studies have reported that some adhesion molecules, such as Emp and β1-integrin, are associated with engulfed extruded nuclei from erythroblasts (Lee et al., 2004; Soni et al., 2006). Functionally, these molecules effectively enable the nuclei to maintain macrophage attachments before phagocytosis. A related study reported that Emp-null embryos die perinatally (Soni et al., 2006) because of an increase in the number of nucleated and immature erythrocytes in peripheral blood. In addition, no EBIs were observed in the FL, and the number of F4/80+ macrophages was substantially reduced (Soni et al., 2006). These findings suggest the importance of Emp for erythroblast enucleation, as well as the development of mature macrophages (Soni et al., 2006). Another study demonstrated how nuclei expelled from erythroblasts. The nuclei expose PS (PtdSer) on their surface, which act as an “eat me” signal and are subsequently phagocytosed by EBI macrophages (Yoshida et al., 2005). In addition, PtdSer is exposed through activation of phospholipid scramblase with inactivation of phospholipid flippase, which are caspase-mediated events (Arandjelovic and Ravichandran, 2015; Toda et al., 2015). To recognize PtdSer, macrophages express a variety of molecules and use a sophisticated mechanism to engulf nuclei (Toda et al., 2015). Additionally, mice with mutant of milk–fat–globule EGF8 (Hanayama et al., 2002) that binds PtdSer (Yoshida et al., 2005) and inhibits phagocytosis of apoptotic cells reportedly blocked phagocytosis of extruded erythroblast nuclei, with strong evidence indicating that recognition signals for expelled nuclei are similar to those in apoptotic cells. After engulfment of the nuclei, DNase2α expressed-EBI macrophages degrade the ingested nuclear DNA (Kawane et al., 2001), and the process is outlined in Figure 4. Importantly, studies using DNase2α KO mice have shown the accumulation of phagocytosed nuclei in F4/80+ EBI macrophages, and the DNA cannot be degraded. In addition, the undegraded nuclei are toxic to macrophages, resulting in decreased numbers of F4/80+ EBI macrophages associated with erythroblasts, and this leads to severe anemia (Kawane et al., 2001). Moreover, Luo et al. (2016) showed that peritoneal and splenic macrophages express Epor, and Epo enhances the phagocytosis of apoptotic cells by activating nuclear receptors peroxisome proliferator-activated receptor gamma (PPARγ) and RXR. Recently, An's group found that BM and FL EBI macrophages express Epor (Li et al., 2019). In addition, the Epor+ macrophages also exhibited high levels of Mertk and Timd4 expression, which are associated with phagocytosis. Functionally, DNase2α is required for DNA degradation, which also expressed high levels in Epor+ macrophages. Thus, it is likely that Epor+ macrophages may engulf nuclei extruded from erythroblasts, and Epo may also play important roles in phagocytosis of nuclei by EBI macrophages both in BM and FL. Future studies targeting KO of Epor in EBI macrophages are expected to ascertain whether Epo enhances phagocytosis of nuclei.
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FIGURE 4. Schematic diagram of nucleus engulfed and digested by EBI macrophages.




Selective Expression of Transcription Factors by EBI Macrophages Shape Their Function

Transcription factors form the point of convergence for multiple signaling pathways within eukaryotic cells and play significant regulatory roles in the function of all cell types (Papavassiliou and Papavassiliou, 2016). To date, four selective transcription factors, expressed by EBI macrophages, have been identified in mouse BM (Li et al., 2019). These include Klf1, Spic, Nr1h3, and Maf. Bieker's group used pEKLF/GFP mice to show that ~36% of E13.5 mouse FL F4/80+ macrophages express EKLF (Klf1) (Xue et al., 2014). Interestingly, DNase2α and Vcam1, which significantly promote nuclei digestion and EBI formation, were found to be highly expressed in F4/80+Klf1/GFP+ than F4/80+Klf1/GFP− macrophages. Similarly, ~31% of E14.5 mouse FL F4/80+macrophages were reported to express Epor−eGFP+13, which is consistent with this study. Importantly, Klf1 KO mice were found to die in utero due to severe anemia, whereas residual circulating RBCs retained their nuclei. In this mouse model, FL macrophages showed altered morphology (generally round and small) and did not show extensive cytoplasmic projections of normal macrophages (Porcu et al., 2011). Additionally, the number of F4/80+ macrophages was dramatically decreased in E14.5 FL of Klf1-null mice. Interestingly, mice lacking Klf1 also exhibited a dramatic decrease in DNase2α, whereas Klf1 binds and activates DNase2α promoter, indicating that DNase2α is a Klf1 target gene (Porcu et al., 2011). Importantly, DNase2α-null mice exhibited a severe defect in erythropoiesis and embryonic E17 of lethal anemia, evidenced by characteristic definitive circulating erythrocytes that retained their nuclei (Kawane et al., 2001). Collectively, these data demonstrated some similarities between Klf1-null and DNase2α-null phenotypes. Previous studies have also shown that Klf1 is not detectable in either FL macrophages, after several days of culture (Frontelo et al., 2007), or induced pluripotent stem cell (iPSC)–derived macrophages (Wu et al., 2018). However, inducible activation of Klf1 in iPSC-derived macrophages generated an EBI macrophage-like phenotype, which mediated an increase in production of mature, enucleated erythroid cells from umbilical cord blood CD34+ hematopoietic progenitor cells, and iPSCs. This enhancement is partly attributed to Klf1-induced secreted proteins, such as ANGPTL7, IL-33, and SERPINB2 (Lopez-Yrigoyen et al., 2019). Additionally, activation of Klf1 in iPSC-derived macrophages further elevated expression of other targeting adhesion molecules, including CD163, CD169, and PECAM1 (Lopez-Yrigoyen et al., 2019). Taken together, these studies indicated that Klf1 is one of the selective transcription factors that have partly shaped the function of EBI macrophages during erythropoiesis. Future studies seeking to further identify Klf1 target genes in EBI macrophages are expected to carry out in EBI macrophage-specific Klf1 KO mice. Previous studies have reported an elevated expression of Spic in red pulp macrophages (RPMs), a distinct splenic subset of macrophages involved in the clearing of the senescent RBCs (Kohyama et al., 2009). In fact, Spic−/− mice were found to have a selective loss of RPMs, suggesting an important role of Spic in maintaining efficient phagocytosis of RBCs in the spleen (Kohyama et al., 2009). Additionally, Vcam1, which is highly expressed in RPMs, was virtually absent in Spic−/− mice spleen, suggesting that this molecule may be one of Spic's target genes. Moreover, Spic reportedly regulated the development of F4/80+VCAM1+ BM macrophages and that Spic expression in BM macrophages and RPM development was induced by heme, a metabolite of erythrocyte degradation (Haldar et al., 2014). Studies using Spic-EGFP mouse model have revealed that Spic-EGFPhi BM macrophages were F4/80hiVcam1hiCD11blowCD169+CD68+BM macrophages (Haldar et al., 2014), which is consistent with the results from surface marker profiles of EBI macrophages (Chow et al., 2013; Li et al., 2019). On the other hand, a significant reduction in CD169 expression was reported in Spic−/− mice BM, indicating that a loss of erythropoiesis-supporting macrophages was observed (Haldar et al., 2014). Similar to ablating CD169+BM macrophages, Spic−/− mice were found to exhibit reduced frequencies of erythroblasts in BM (Haldar et al., 2014). Furthermore, hemoglobin recovery from hemolytic anemia appeared to be impaired in Spic−/−mice, albeit not significantly (Haldar et al., 2014). Apart from the aforementioned molecules, previous studies have also described Nr1H3, also known as liver X receptors (LXRα and LXRβ), members of the nuclear receptor family of transcription factors that play essential roles in transcriptional control of lipid metabolism, as well as innate and adaptive immune responses. Results from studies targeting Nr1H3 have confirmed the importance as therapeutic target for treatment of chronic inflammatory disorders (Levin et al., 2005). In addition, c-Maf has been found to play a crucial role in definitive erythropoiesis, which accompanies EBI formation in FL (Kusakabe et al., 2011), as evidenced by a significant reduction of mature erythroid compartments, but not CFU-E colony, in c-Maf−/−embryos relative to normal littermates. Interestingly, the number of erythroblasts, surrounding the macrophages in EBIs, was significantly reduced in c-Maf−/−embryos, whereas low levels of VCAM-1 were recorded in c-Maf−/− FL macrophages (Kusakabe et al., 2011). In summary, the aforementioned selective transcription factors may collectively shape the function of EBI macrophages. To comprehensively elucidate the detailed roles of these transcription factors in EBI macrophages during steady-state conditions, as well as in response to anemic stress erythropoiesis, future studies are expected to employ KO experiments in mouse models.



EPOR Signaling in EBI Macrophages During Steady-State Erythropoiesis and Stress Erythropoiesis

In adults, erythropoiesis is a dynamic and constant process that generates mature RBCs (Yan et al., 2017). Homeostasis of the steady-state erythropoiesis is mainly regulated by EPO, which occurs in both mouse and human BM (Wojchowski et al., 2006; Sathyanarayana et al., 2008). During this process, BM EBI macrophages mainly support the proliferation and maturation of erythroid cells (BESSIS, 1958); however, senescent erythrocytes are engulfed by RPMs in the spleen (Klei et al., 2017). Therefore, the balance between production and destruction of senescent erythrocytes is tightly regulated to maintain optimal erythrocyte concentration in the blood. Decreased number of erythrocytes results in insufficient oxygen supply into tissues, whereas excessive number of erythrocytes causes high blood viscosity, which compromises blood flow, hence reducing oxygen supply. Stress erythropoiesis maintains erythroid homeostasis when steady-state erythropoiesis is impaired (Paulson et al., 2020). Stress erythropoiesis is mainly modulated by splenic erythropoiesis, which are distinct from BM steady-state erythropoiesis (Liao et al., 2018b). During stress condition, spleen RPMs secreted C-C motif chemokine ligand 2, which then recruit monocytes into the spleen, and these monocytes develop into macrophages that form EBIs (Liao et al., 2018b). These studies indicated that BM and splenic macrophages have distinct roles in supporting erythropoiesis. Studies will be needed to further investigate the distinct roles of BM and splenic macrophages in regulating the generation of erythrocytes by steady and stress erythropoiesis.

Although macrophages are primarily involved in immune functions, prevailing evidence indicated that they have additional roles, including regulating the hematopoietic microenvironment, influencing metabolism, mediating tissue repair, and overseeing the maturation of embryonic tissue (Bian et al., 2020). Frenette's group found that specific depletion of CD169+ macrophages markedly decreases the number of erythroblasts in the BM but does not result in overt anemia under homeostatic conditions, probably because of concomitant alterations in RBC clearance (Chow et al., 2013). However, depletion of CD169+ macrophages significantly impaired erythroid recovery from hemolytic anemia, caused acute blood loss and myeloablation (Chow et al., 2013). Interestingly, previous studies showed that stress erythropoiesis is dependent on BMP4, growth differentiation factor 15, SCF, Hedgehog, and EPO (Harandi et al., 2010; Chow et al., 2013; Hao et al., 2019; Chen et al., 2020). The significance of BMP4 has been well-confirmed by Paulson's group, showing that BMP4 signal pathway dysfunction significantly impairs the development of SEPs, while delaying peripheral erythroid recovery in response to acute hemolytic anemia (Lenox et al., 2005; Harandi et al., 2010). Frenette's group found that depletion of macrophages by clodronate liposome or depletion of CD169+ macrophages after BMT impairs BMP4-mediated stress erythropoiesis, which is consistent with the finding of Paulson's group (Harandi et al., 2010) and suggests that BMP4 might be derived from splenic RPMs. Taken together, senescent RBCs are cleared by RPMs in general; however, BMP4-producing RPMs, monocyte-derived macrophages, and Epor+ macrophages may work in concert to mediate stress erythropoiesis (Chow et al., 2013; Li et al., 2019; Chen et al., 2020). However, there is no conclusion whether these macrophages are the same or distinct subpopulations of macrophages or they have some cross. Studying the heterogeneity of FL, BM and splenic macrophages during erythropoiesis would be the key to developing new mechanisms to better understand erythropoiesis both in steady and stress state.

It has also been reported that macrophages contribute to increased erythroid activity following administration of human recombinant EPO (Ramos et al., 2013; Wang et al., 2018; Li et al., 2019). Rivella's group reported that clodronate administration impairs erythroid expansion in the spleen, as well as RBC and reticulocyte production in response to EPO supplementation, suggesting the potential contribution of macrophages in response to EPO administration (Ramos et al., 2013). Huang's group demonstrated that activation of Epor signaling increases both erythrocytes and macrophages in mice models of primary and secondary erythrocytosis (Wang et al., 2018). To explore the mechanisms, the authors showed that most of macrophages do not express Epor; however, a tight interaction between macrophages and Epor-expressing erythroid cells was found. The authors thought that this may affect the judgment of Epor expression by macrophages, because they cannot exclude the possibility that a subpopulation of macrophages, which are the EBI macrophages binding to erythroblasts, thereby expresses Epor on their cell surface (Wang et al., 2018). An's group further pointed that EBI macrophages do express Epor via in vitro and in vivo experiments (Li et al., 2019). Significantly, EPO enhances the EBI formation via increasing the production of erythroblasts and EBI macrophages, as well as the expression of adhesion molecules Vcam1 and CD163 in mouse BM (Li et al., 2019). Stress erythropoiesis is best understood in mice where it is extramedullary occurring primarily in the spleen (Liao et al., 2018a,b). EPO administration changes spleen from a non-erythropoietic organ into a fully erythropoietic one as demonstrated by the dramatic increases in both erythroblasts and EBIs, accompanied by the increase in Epor+ macrophages. Importantly, Epor+ macrophages form stress splenic EBIs, demonstrating the role of Epor+ macrophages in splenic stress erythropoiesis (Li et al., 2019). Anemic stress induces the rapid proliferation of SEPs and differentiation after increase in EPO levels (Liao et al., 2018b). Paulson's group also confirmed the expression of Epor in splenic macrophages using macrophages-specific KO STAT5 mice and found that these Epor+ splenic macrophages could support the proliferation and differentiation of SEPs (Chen et al., 2020). However, previous studies showed that developing erythroid cells, ranging from CFU-E to terminal erythroid cells, are found to be associated with EBI macrophages. These studies suggested that EBI macrophages support proliferation and differentiation of CFU-E and terminal erythroid maturation in general. The very recent and exciting work reported by Paulson's group indicated that the differentiation of immature SEPs is also regulated by splenic Epor+ macrophages, which extends the stages of erythroid cells regulated by EBI macrophages (Chen et al., 2020). They reported that Epo promotes SEP transition from proliferation to differentiation by acting on macrophages in the splenic niche (Chen et al., 2020). During the process of proliferation of SEPs, macrophages produce Wnt ligands, which promote proliferation and inhibit differentiation of SEPs. Specific deletion of Stat5 in macrophages significantly disturbed Epo/stat5-dependent signal transduction and inhibited the production of bioactive lipid mediators in macrophages (Chen et al., 2020). Decreased production of prostaglandin J2 inhibited PPARγ-dependent repression of Wnt expression, whereas decreased production of prostaglandin E2 inhibited the differentiation of SEPs (Chen et al., 2020). In addition, human cord blood–derived macrophages express EPOR, but late-stage erythroblasts do not relay on EPO to survive and mature. Coculturing these macrophages with erythroblasts, An's group found that EPO enhances EBI formation (Li et al., 2019). These data indicated that Epor signaling pathway in EBI macrophages contributes to steady-state erythropoiesis and stress erythropoiesis. EPO regulates erythroid development, and Epo/Epor-mediated signaling transduction in macrophages regulates erythropoiesis (Wang et al., 2018; Li et al., 2019; Paulson, 2019; Chen et al., 2020). Therefore, a novel concept is that Epo simultaneously acts on both erythroid cells and EBI macrophages in the niche to ensure efficient erythropoiesis. Consequently, the potential knowledge for Epo to regulate the function of EBI macrophages and erythroblasts opens a new frontier for future research into the coordinated regulation of differentiation of erythroblasts and their niche to ensure efficient erythropoiesis (Paulson, 2019).

In conclusion, transcriptomic data from F4/80+Epor−eGFP+ and F4/80+Epor−eGFP− macrophages provide new insights into potential mechanisms by which EBI macrophages support erythropoiesis. Data show that inhibition of Epo/stat5 signaling in macrophages impairs stress erythropoiesis in the splenic niche. Given the fact that EPO/EPOR is essential for the survival of erythroid progenitors and early-stage erythroblasts (Koury and Bondurant, 1990), while EBI macrophages do not require EPO/EPOR for survival, these suggest the downstream effectors of EPO/EPOR-mediated signal pathways in EBI macrophages are different from those in erythroid cells. In erythroid cells, EPO administration leads to upregulation of antiapoptotic genes (Sathyanarayana et al., 2008). Interestingly, it has been reported that EPO administration led to increase in phagocytosis activity via upregulation of PPARγ in both peritoneal macrophages and spleen niche macrophages (Luo et al., 2016; Chen et al., 2020). Study also reported that EPO administration resulted in increased EBI macrophage numbers and the surface expression of adhesion molecule Vcam1 (Li et al., 2019). Furthermore, it is needed to uncover additional EPO/EPOR-mediated molecules/pathways in the EBI macrophages through RNA-seq analyses. All the specific molecules associated with EBI macrophages and KO hematopoietic phenotype of these proteins reported so far are listed in Table 1. Several other differentially expressed genes between F4/80+Epor−eGFP+ and F4/80+Epor−eGFP− macrophages such as Apoe, C1qa, C1qb, C1qc, Cd5l, Mrc1, myb, Mmp14, and Slc48a1 (Li et al., 2019) are also highly or selectively expressed in EBI macrophages; however, the roles of these genes during erythropoiesis are still unknown. In the future, further studies of these unknown molecules expressed on EBI macrophages will further advance the field of EBI macrophages during erythropoiesis.


Table 1. List of markers of EBI macrophages in mice and human and potential hematopoietic phenotype of gene deletion mice models.
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EBI MACROPHAGES DRIVE ERYTHROID HEMATOPOIETIC DISORDERS

Studies show that EBI macrophages function as “nurse cells” providing iron and growth factors during erythropoiesis. The EBI macrophages also engulf and digest extruded erythroid nuclei. EBIs have recently been found to play clinically important roles in erythroid hematopoietic disorders, such as β-thalassemia, and PV (Chow et al., 2013; Ramos et al., 2013). β-Thalassemia and PV are genetic disorders, which mainly affect erythropoiesis due to persistent high erythropoietic activity (Crielaard and Rivella, 2014). Most patients with PV present high hemoglobin levels because of excessive RBC synthesis, whereas patients with β-thalassemia exhibit impairment in β-globin synthesis, leading to defective RBCs and anemia. In 2013, Ramos et al. reported that macrophages facilitate recovery from induced anemia and prevent the pathological progression of PV and β-thalassemia by modulating erythroid proliferation and differentiation (Ramos et al., 2013). Importantly, macrophage depletion normalized the erythroid compartment in a JAK2(V617F)-driven mouse model of PV, suggesting that erythropoiesis in PV remains under the control of macrophages in the BM and splenic hematopoietic niche (Chow et al., 2013). This further shows the contribution of EBI macrophages in the pathological progression of PV and β-thalassemia. Therefore, EBI macrophages may be a novel target of therapeutic interventions. CSF1R inhibitor and anti-CD47 antibodies or anti-SIRPα antibodies have been applied for solid tumors and some hematologic malignancies such as acute myeloid leukemia and myelodysplastic syndrome (MDS) (Weiskopf, 2017). However, there are no reports about these therapies in PV, given the fact that anemia is one key adverse effect of these therapies. Therefore, we speculate that CSF1R inhibitor, anti-CD47 antibodies or anti-SIRPα antibodies, may be a novel therapy option for PV via targeting macrophages. Clinical studies are worthy to confirm this hypothesis. In addition, further studies are also needed to explore the function of EBI macrophages in hematological diseases such as ineffective erythropoiesis of thalassemia and the expanded erythron in PV. A cross between β-thalassemia mice with Epor-eGFPcre mice may provide a mouse model which could allow further investigation into the contribution of EBI macrophages to the pathophysiology of erythropoietic disorders β-thalassemia, given the fact that Epor-eGFPcre mice will elicit both erythroid cell–autonomous and EBI effects. A cross between JAK2 V617F/+mice with Spic-EYFPCre or Csf1r-Cre or CD169-Cre mice would allow further investigation into the specific contribution of EBI macrophages on the pathophysiology of PV, as Spic, Csf1r, and CD169 are expressed by EBI macrophages but not erythroid cells (An et al., 2014; Li et al., 2019). Of these three murine Cre lines, Spic-EYFPCre mice may play more significant roles in exploring the contributions of EBI macrophages in PV than the other two Cre lines. Because Spic is selectively expressed by EBI macrophages, however, Csf1r and CD169 are both expressed by EBI macrophages and non-EBI macrophages (Li et al., 2019).

Sickle cell disease (SCD) is an autosomal recessive genetic RBC disorder that is widely distributed globally (Lombardi et al., 2019). Hemolytic disease is a feature of SCD, which presents with high amount of hemoglobin and heme in the peripheral circulation (Kato et al., 2017), heme-iron loading in reticuloendothelial system macrophages, and chronic inflammation (Vinchi et al., 2016). In this condition, Vinchi et al. reported that heme and iron could polarize macrophage toward an M1-like proinflammatory phenotype in vitro and in vivo (Vinchi et al., 2016). Heme and iron increased the expression of MHCII, tumor necrosis factor α, CD86, CD14, IL-6, and IL-1β and decreased the expression of CD206, IL-10 and agrinase-1 in macrophages. A similar macrophages phenotype was seen in SCD mice (Vinchi et al., 2016). Importantly, hemopexin, a heme scavenger, has been found to attenuate the inflammatory phenotype of macrophages in SCD mice (Vinchi et al., 2016). These data suggest that macrophages contribute to the pathogenesis of SCD, whereas hemopexin could counteract the heme-driven macrophage-mediated inflammation, which is a featured pathophysiologic consequence of SCD. In addition, inflammatory disorders may induce anemia, and these conditions are commonly considered as the activation of innate immune system, which includes the monocyte/macrophage lineage (Akilesh et al., 2019). Based on this, Akilesh et al. reported that inflammation caused anemia via inducing inflammatory Ly6Chi monocytes differentiated into inflammatory hemophagocytes (iHPCs) (Akilesh et al., 2019). These iHPCs shared the expression of key transcription factor Spic with RPMs but showed increased phagocytic uptake of RBCs. They also found that the development and differentiation of iHPCs from inflammatory Ly6Chi required cell-intrinsic toll-like receptor 7 signaling (Akilesh et al., 2019). Significantly, deletion of monocytes caused a severe reduction in iHPC numbers and rescued this inflammatory anemia (Akilesh et al., 2019). Spic is a selective transcription factor expressed by EBI macrophages, which suggest these iHPCs also express Epor, whereas Epo/Epor signaling pathway in macrophages has been reported to have anti-inflammatory functions (Luo et al., 2016; Li et al., 2019; Paulson, 2019). Taken together, SCD is an inflammatory anemia at some extent, and macrophages remolding or reactivation of Epo/Epor signaling in macrophages may be another treatment option for SCD.

Erythroid hematopoietic disorders include PV, β-thalassemia, SCD, congenital dyserythropoietic anemia (Wickramasinghe and Wood, 2005; Heimpel et al., 2006; Schwarz et al., 2009), Diamond-Blackfan anemia (Diamond et al., 1976; Lipton and Ellis, 2009; Ashley et al., 2020), malarial anemia (Chang et al., 2004; Casals-Pascual et al., 2006; Haldar and Mohandas, 2009), and MDS (Ebert et al., 2008; Nimer, 2008). Further studies should be conducted to delineate the roles of EBI macrophages during erythroid hematopoietic disorders. The role of macrophages, especially EBI macrophages in disease progression and pathogenesis, is not well-defined; however, it still represents novel targets of therapeutic interventions. In the future, exploring novel EBI macrophage-specific targeting strategies will further advance the field of erythroid hematopoietic disorders.



FUTURE PERSPECTIVES

EBI macrophages were discovered more than 60 years ago and first identified and characterized in An's laboratory. Transcriptome data of EBI macrophages generated in An's laboratory lay the foundation and provide new insights into the potential mechanisms by which they support erythropoiesis. This study also leads to a better understanding of the pathophysiology of erythropoietic disorders such as ineffective erythropoiesis of β-thalassemia, expanded erythron in PV, and inflammatory conditions of SCD. Depletion of macrophages in murine models of these diseases improved erythropoiesis, showing that EBI macrophages are novel targets for therapeutic intervention. EBI macrophages express Epor, and Epo/Epor signaling pathway regulates stress erythropoiesis in EBI macrophages. These studies indicate that signaling by EBI macrophages affects disease progression and pathology, which must be taken into account when developing new treatments of anemia and PV. Several questions remain unanswered such as (1) do EBI macrophages produce iron locally to the developing erythroid cells? The findings that molecules involved in iron recycle such as PS receptor Timd4, tyrosine kinase Mertk, Axl, Hmox1, iron exporter Fpn, and iron transporter Trf are abundant in EBI macrophages strongly suggest that EBI macrophages may provide iron locally to support erythropoiesis. (2) Does local secretion of igf1 by EBI macrophages contribute to erythropoiesis? Igf1 is expressed in EBI macrophages but not non-EBI macrophages, which enhance erythropoiesis. (3) EBI macrophages engulf nuclei extruded from erythroblasts. Does Epo enhance engulfment of nuclei by EBI macrophages? If so, what are the underlying molecular pathways? (4) As EBI macrophages express Epor, what are the additional Epo/Epor-mediated molecules/pathways in the EBI macrophages? (5) To what extent are EBI macrophages heterogonous? And what are the specific functions of each subtype in erythropoiesis? (6) How to treat erythroid hematopoietic disorders by targeting EBI macrophages? In conclusion, EBI macrophages shape normal erythropoiesis and drive erythroid hematological diseases. By developing protocols for isolation of EBI macrophages and creation of an RNA-seq database, An's group have generated foundation knowledge for future studies to expand our understanding on the roles of EBI macrophages both in normal conditions and in erythroid-associated hematological diseases.
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