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Abstract 
Anemia is a condition marked by a shortage of red blood cells or hemoglobin, resulting in a diminished ability of the blood to carry 
oxygen. In response to anemia or hypoxia, the body activates a compensatory mechanism known as stress erythropoiesis. This 
crucial physiological process results in increased erythrocyte production, particularly in extramedullary sites such as the spleen 
and liver, to restore adequate oxygen levels. Unlike steady-state erythropoiesis, which primarily occurs in the bone marrow, stress 
erythropoiesis depends on distinct progenitor cells and signaling pathways within a specialized erythroid niche in adult spleen 
and liver. This niche provides essential support for the proliferation, differentiation, and maturation of erythroid progenitors during 
anemic stress. The dynamics within this niche under stress conditions involve complex interactions between progenitor and niche 
cells. These interactions are regulated by specific molecular signals that adapt to the body’s physiological demands, ensuring 
an appropriate response to stress. This review explores the cellular and molecular mechanisms governing these processes, 
highlighting the extrinsic pathways and cellular interactions during stress erythropoiesis. In addition, it underscores the need for 
future research to translate findings from murine models into therapeutic strategies for treating anemia-related diseases.
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1.  INTRODUCTION
Steady-state erythropoiesis ensures the ongoing generation 

of red blood cells (RBCs), which is crucial for efficient oxygen 
supply and delivery to tissues. This well-coordinated process 
maintains erythroid homeostasis under normal conditions.1 
However, stress conditions can inhibit this steady production 
of RBCs, initiating an increase in erythroid output to compen-
sate for the sudden reduction in erythrocyte levels. To address 
this need, an alternative pathway known as stress erythropoie-
sis is activated, which is an important physiological response to 
anemia or hypoxic stress.2 Stress erythropoiesis that has been 
studied extensively in mice occurs extramedullary in the adult 
spleen and liver.3

Distinct from bone marrow (BM) steady-state erythropoi-
esis, stress erythropoiesis primarily occurs in extramedullary 
sites, including the adult spleen and liver. It relies on special-
ized progenitor cells and distinct intrinsic signaling pathways.4 

During stress, multiple cytokines and growth factors are upreg-
ulated to expand and differentiate stress erythroid progenitors 
(SEP). Furthermore, various transcription factors modulate the 
response of these progenitors to the hypoxic and inflammatory 
conditions of anemic stress. These pathways are tightly regu-
lated to enable a rapid erythropoietic response, restoring RBC 
levels and oxygen delivery efficiently.

Extrinsically, erythroid cells require a specialized microenvi-
ronment, termed as the erythroblastic island (EBI), which serves 
as a niche within the BM or spleen where steady-state and stress 
erythropoiesis occur, respectively. The EBI consists of a central 
macrophage surrounded by developing erythroid cells at vari-
ous terminal differentiation stages.5–7 The development and sig-
naling within the EBI microenvironment differ between stress 
and steady-state erythropoiesis, characterized by unique inter-
actions between progenitors and niche cells.

In this review, we will delve into the complex dynamics of the 
erythroid niche and the extrinsic pathways regulating steady-
state and stress erythropoiesis. Our aim is to illuminate the 
adaptive mechanisms from the erythroid niche perspectives that 
ensure an effective erythroid response under both homeostatic 
and stress conditions, highlighting potential therapeutic targets 
for disorders related to impaired erythropoiesis.

2.  STEADY-STATE VERSUS STRESS 
ERYTHROPOIESIS

2.1.  Steady-state erythropoiesis

Hematopoietic stem cells (HSCs), predominantly located in 
the BM, have a distinctive capacity for self-renewal and dif-
ferentiation into various blood cell lineages, including eryth-
roid cells. This differentiation begins with HSCs forming 
multipotent progenitor cells (MPPs), which then develop into 
common myeloid progenitors (CMPs). CMPs subsequently dif-
ferentiate into megakaryocyte-erythroid progenitors (MEPs),8 
which under the influence of erythropoietin (EPO), give rise 
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to erythroid progenitors such as burst-forming unit-erythroid 
(BFU-E) and colony-forming unit-erythroid (CFU-E).9 These 
progenitors differentiate into multiple stages of erythroblasts, 
which subsequently lose their nuclei and organelles to become 
reticulocytes and erythrocytes, enter the bloodstream and facili-
tate oxygen transport.10–12

This tightly regulated differentiation process is influenced 
by intrinsic molecular and signaling pathways, along with the 
extrinsic cellular microenvironment that provides specific sig-
naling molecules, ensuring proper erythroid development and 
function.

2.2.  Stress erythropoiesis and intrinsic molecular 
regulation

Under stress conditions, the continuous production of 
erythrocytes may be disrupted or insufficient, initiating a com-
pensatory increase in erythroid output,2 termed as stress eryth-
ropoiesis. It is often triggered by conditions that increase the 
body’s need for RBCs, due to blood loss, hemolysis, hypoxia, 
or anemia. In addition, infections or inflammatory conditions 
can alter the BM environment, leading to an elevated demand 
for erythropoiesis to compensate for these stresses.13 Although 
stress erythropoiesis plays a crucial role in responding to anemic 
stress, it can result in pathological conditions such as abnormal 
hematopoiesis, inflammation, and myeloproliferative disorders 
when dysregulated. Prolonged activation of this process may 
cause long-term hematologic changes, including disruptions in 
stem cell behavior, which can contribute to aging-related dis-
eases and other complications.14,15

Recent findings suggest that the bone morphogenetic pro-
tein 4 (BMP4)-dependent stress erythropoiesis pathway is trig-
gered to rapidly generate new erythrocytes, helping to maintain 
homeostasis until steady-state erythropoiesis resumes.2 This 
process depends on a population of erythroid-restricted, self- 
renewing, BMP4-dependent SEPs.3 Initially identified during the 
recovery from acute anemia, the BMP4-dependent pathway has 
also been characterized in chronic anemia models.16 This path-
way is particularly active in the adult spleen and liver in murine 
models and is further regulated by additional signals such as 
Hedgehog, stem cell factor (SCF), and hypoxia.3,17–19

Several transcription factors play crucial roles in regulating 
stress erythropoiesis, working together to ensure a rapid and 
effective response to anemic stress. Hypoxia-inducible factor 
(HIF) is activated under low oxygen conditions and is essential 
for upregulating EPO production, which drives the expansion 
of SEPs.20,21 GATA1, a key regulator of both steady-state and 
stress erythropoiesis, controls the expression of genes critical for 
hemoglobin production and erythrocyte development.22 B-cell 
lymphoma/leukemia 11A (BCL11A) regulates fetal hemoglobin 
expression and maintains the balance between erythroid prolif-
eration and differentiation during stress conditions.23 Forkhead 
box O3 (FOXO3) is involved in regulating oxidative stress 
responses, ensuring the survival of erythroid progenitors during 
stress and promoting efficient erythropoiesis.24 SRY-box tran-
scription factor 6 (SOX6) contributes to stress erythropoiesis 
by facilitating the maturation of erythroid cells, enhancing their 
survival rate, and supporting the overall maturation process 
during anemic stress.25 These transcription factors collectively 
regulate the proliferation, survival, and differentiation of eryth-
roid progenitors during stress erythropoiesis, enabling the body 
to respond swiftly and effectively to anemic conditions (Fig. 1).

2.3.  Experimental models to study stress erythropoiesis

To gain deeper insights into the mechanisms controlling stress 
erythropoiesis in humans and to develop novel anemia therapies, 
various experimental models have been established. A major 
challenge, however, is assessing how accurately these models 

represent mechanisms in humans, given the difficulties of direct 
human studies. While observational data from anemic patients 
and cultures of primary erythroid cells provide useful informa-
tion, murine models have proven particularly useful in clarifying 
the molecular mechanisms underlying stress erythropoiesis.

In vitro cultures of murine BM cells, supplemented with fac-
tors like BMP4, growth differentiation factor 15 (GDF-15), SCF, 
and EPO, have successfully replicated the process, demonstrat-
ing the production of self-renewing SEPs.26

In vivo studies in mice, utilizing models such as erythroid 
short-term radioprotection (STR),27 phenylhydrazine (PHZ)-
induced acute hemolytic anemia, and serial bleeding-induced 
anemia,2,28 have indeed been instrumental in shedding light on 
the intrinsic molecular changes within SEPs. These studies have 
also provided valuable insights into the cellular and molecular 
interactions between SEPs and their surrounding microenviron-
ment. These models simulate the stress conditions that erythroid 
cells undergo during anemia, allowing for a detailed examina-
tion of the adaptive responses and regulatory mechanisms at 
play.

In addition, infection-based models and simulations of 
inflammatory anemia, using agents such as heat-killed Brucella 
abortus (HKBA), Salmonella, and the cecal ligation and punc-
ture (CLP) model, have been used to investigate the mechanisms 
underlying stress erythropoiesis in response to inflammatory 
stimulations.29–31

However, translating findings from murine models to humans 
remains complex, partly due to the anatomical difference that 
complicates the direct application of murine findings to human 
physiology.2 For instance, in mice, extramedullary erythropoi-
esis occurs more readily in the spleen, whereas in humans, this 
process is less pronounced. In addition, the cellular and molecu-
lar regulation of erythroid progenitors within the human spleen 
during anemic stress remains largely unexplored.32 In addition, 
the molecular pathways and gene expression profiles that reg-
ulate stress erythropoiesis vary significantly between species, 
leading to potential discrepancies in the interpretation of experi-
mental results. These differences underscore the need for careful 
consideration when extrapolating data from animal models to 
human conditions and highlight the importance of validating 
key findings derived from murine models in human cells or tis-
sues whenever possible.

3.  MICROENVIRONMENT IN STEADY-STATE 
ERYTHROPOIESIS

3.1.  EBI macrophage functions

Central macrophages are vital for supporting erythroid 
progenitors by delivering crucial signals, nutrients, and struc-
tural support, to facilitate the proliferation, differentiation, 
and maturation of erythroblasts into functional RBCs.5–7 The 
EBI macrophage niche plays a key role in maintaining eryth-
roid homeostasis under both steady-state and stress conditions, 
adjusting to physiological demands such as increased erythro-
poiesis during anemia or hypoxia.

EBI macrophages are essential for erythroblast maturation, 
as they provide growth factors like insulin-like growth factor-1 
(IGF-1) to promote erythroblast proliferation and differenti-
ation, and supply iron necessary for hemoglobin synthesis.33 
Moreover, macrophages are essential to the enucleation process, 
where they engulf the nuclei expelled by newly formed reticu-
locytes. This critical function is highlighted by the significant 
enucleation defects observed in various knockout mouse mod-
els.34 Notably, pyrenocyte is a structure of membrane-wrapped 
nuclei, which is expelled from erythroid cells during the enucle-
ation process.35 The degradation of pyrenocytes by EBI macro-
phages is mediated through the Mer tyrosine kinase (MerTK) 
pathway, which facilitates the attachment of pyrenocytes to EBI 
macrophages.36 In addition, DNase 2α plays a role to digest the 
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nuclear DNA within the pyrenocyte.37 These processes involve 
specific interactions between cell surface proteins on both mac-
rophages and erythroid cells.

3.2.  Interacting molecules on EBIs

The interaction between central EBI macrophages and 
erythroblasts is facilitated by specific adhesion molecules. 
Well-established EBI macrophage markers include αv integrin, 
vascular cell adhesion molecule 1 (VCAM-1; CD106), CD169, 
and F4/80, while erythroblasts display α4β1 integrin, intercel-
lular adhesion molecule 4 (ICAM-4), and erythroblast mac-
rophage protein (Emp).6,38–41 This molecular interplay allows 
macrophages to effectively regulate the proliferation and differ-
entiation of the interacting erythroblasts. The critical function of 
these adhesion molecules is evident from the significant enucle-
ation defects observed in various knockout mouse models.42,43

In addition to these findings, recent studies have identified 
new markers on EBI macrophages and their corresponding 
receptors on erythroid cells, further elucidating their regula-
tory functions. For instance, the Ephrin and Eph receptor inter-
action, specifically ephrin-B2 on macrophages and EphB4 on 
erythroblasts, has been shown to play a critical role in erythro-
blast differentiation.44

Furthermore, CD163 has been recognized as an EBI mac-
rophage marker, primarily expressed on EBI macrophages and 
interacts with erythroblasts. However, the interacting partner on 
erythroid cells has yet to be identified.45 Interestingly, transcrip-
tome analysis has shown that EBI macrophages express the EPO 
receptor in both mice and human fetal liver. This expression 

allows EPO to act on both erythroid cells and EBI macrophages 
at the same time. By increasing the expression of adhesion mol-
ecules in macrophages, EPO enhances EBI formation and influ-
ences efficient RBC production in an erythroid cell-extrinsic 
manner.46

4.  MICROENVIRONMENT IN STRESS 
ERYTHROPOIESIS AND ANEMIA

4.1.  Distinct EBI macrophage subtypes to regulate stress 
erythropoiesis

During stress conditions, the interaction between progenitors 
and macrophages within EBIs differs markedly from steady-
state erythropoiesis. CD169+ EBI macrophages are especially 
important in stress erythropoiesis, where they play a pivotal role 
in the late stages of erythroid maturation and recovery from 
various anemic stressors. Their depletion leads to a reduced 
erythroblast count in the BM, resulting in a marked impairment 
of erythroid recovery.38,47

Another study highlights the multifaceted role of 
pro-inflammatory signals in regulating stress erythropoiesis. 
While inflammation is typically considered harmful to BM eryth-
ropoiesis due to its inhibitory effects on erythroid progenitor pro-
liferation, it enhances the expansion and differentiation of SEPs 
in extramedullary sites, particularly the spleen. During PHZ-
induced hemolytic anemia, there is a significant increase in splenic 
red pulp macrophages (RPMs), driven by monocyte recruitment 
through the Ccr2 signaling pathway. These monocytes migrate 
to the spleen and differentiate into mature EBI macrophages. 

Figure 1. Overview of steady-state and stress erythropoiesis. In steady-state erythropoiesis, erythroid differentiation takes place in the BM. This process 
involves the progression through various stages of EB, culminating in enucleation within the EBI niche to form reticulocytes and RBCs. During these stages, 
heme biosynthesis, chromatin condensation, and organelle clearance are critical. In response to anemic stress, stress erythropoiesis is activated, predominantly 
in the spleen as an extramedullary site. This process involves the expansion of SEPs, driven by multiple signaling pathways, including EPO and SCF, and reg-
ulated by various transcription factors. Together, these elements induce a rapid burst of RBC production, facilitating erythroid recovery. BM = bone marrow, 
EB = erythroblasts, EBI = erythroblastic island, EPO = erythropoietin, RBC = red blood cells, SEPs = stress erythroid progenitors, SCF = stem cell factor. The 
illustration was created with BioRender.com.
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This process not only demonstrates the dynamic plasticity of the 
spleen’s microenvironment but also underscores the crucial role 
of monocyte recruitment and differentiation to mediate stress 
erythropoiesis. These findings provide valuable insights into mod-
ulating the splenic response to anemic stress by targeting inflam-
matory signals and monocyte recruitment pathways.48

4.2.  Bidirectional mitochondria transfer in EBI 
microenvironment

Interestingly, recent studies revealed the bidirectional transfer 
of mitochondria within EBIs between erythroid cells and their 
macrophage niche under various conditions. In steady-state 
erythropoiesis, mitochondria are cleared from erythroblasts pri-
marily through autophagy. However, emerging findings highlight 
that mitochondrial transfer between cells provides additional 
support for the mitochondria clearance process. Specifically, 
early-stage erythroblasts transfer mitochondria to EBI mac-
rophages through mechanisms such as tunneling nanotubes 
(TNTs).49 This intercellular transfer of mitochondria facilitates 
their clearance which is necessary for erythroid maturation.

During acute anemic conditions, mitochondria transfer from 
EBI macrophages to early-stage erythroblasts occurs, enhancing 
erythroid recovery. Infusing EBI macrophages into anemic mice 
demonstrated this transfer, which was linked to improved eryth-
roid recovery. Single-cell RNA sequencing revealed that erythro-
blasts acquiring exogenous mitochondria exhibited heightened 
metabolic activity, characterized by high CD47 expression. 
Blocking CD47 or its ligand Sirpα reduced mitochondria 
transfer and erythroid recovery, highlighting the necessity of 
the CD47–Sirpα interaction in this process. These findings 
emphasize the importance of mitochondria transfer in boosting 
erythroid recovery by altering erythroblast bioenergetics.50 The 
bidirectional transfer of mitochondria between erythroblasts 
and macrophages plays a crucial role in maintaining erythroid 
homeostasis and adapting to physiological needs under both 
steady-state and stress conditions.

Collectively, these findings highlight the role of EBI macro-
phages as crucial regulators of erythroid recovery during stress 
and pathological erythropoiesis, suggesting that targeting these 
niche cells could present a promising therapeutic strategy for 
managing erythropoietic disorders.

5.  MOLECULAR PATHWAYS AND SIGNALING 
DURING ANEMIC STRESS

5.1.  GDF-15 regulatory pathway

GDF-15, a cytokine within the transforming growth factor 
beta (TGF-β) superfamily, plays a crucial role in immune tol-
erance and is significantly elevated in various stress conditions, 
often correlating with disease severity in cancer and other dis-
orders. Under stress, macrophages produce high levels of GDF-
15, influencing tissue fibrosis and angiogenesis. Given that 
macrophage-mediated inflammatory responses significantly 
impact the pathogenesis of many human diseases, GDF-15, 
with its potential anti-inflammatory properties, emerges as an 
important modulator of these pathological processes.51

Studies indicate that while GDF-15 may not be a crucial niche 
factor during steady-state erythropoiesis, it plays a vital regula-
tory role during stress erythropoiesis. GDF-15 orchestrates the 
microenvironment of erythroid progenitor cells under stress, 
aligning with their metabolic demands to support the response 
to anemic stress. It facilitates the proliferation of SEPs in the 
spleen, primarily via the expansion of monocyte-derived cells. 
In addition, GDF-15 upholds the expression of Bmp4 within the 
niche under hypoxic conditions and regulates the expression of 
metabolic enzymes in SEPs, thereby enhancing their prolifera-
tive capacity.52

Another study demonstrated that during recovery from bone 
marrow transplantation (BMT), splenic monocyte and mac-
rophage populations were monitored, revealing that RPMs 
expressed high levels of F4/80, CD169, and Vcam1, while pre-
RPMs from donor cells showed lower levels of these markers. In 
addition, an increase in Ccl2 mRNA expression was observed, 
along with a concurrent rise in the expression of Gdf15 and 
Bmp4, key regulators of stress erythropoiesis.48

5.2.  SPI-C activation during stress erythropoiesis

SPI-C (Spi-C transcription factor) is selectively expressed in 
splenic RPMs, which are critical for the degradation of aged 
erythrocytes and the recycling of iron. RPMs development is 
activated by heme, a byproduct of erythrocyte breakdown. 
Heme has been shown to promote the proteasomal degradation 
of BTB domain and CNC homology 1 (BACH1), a transcrip-
tional repressor of SPI-C, thereby relieving its inhibition and 
enhancing SPI-C expression.53

Notably, inflammation has been demonstrated to play a 
crucial role in initiating erythrophagocytosis by splenic mac-
rophages, a process that is mediated through the activation of 
toll-like receptor (TLR) signaling pathways. This cascade of 
events leads to the activation of SPI-C, which is essential for 
orchestrating subsequent cellular responses. Once activated, 
SPI-C, in conjunction with continued TLR signaling, induces 
the expression of Gdf15 and Bmp4, which are key drivers 
of the expansion of SEPs within the spleen.16 SPI-C triggers 
a vital response in splenic macrophages to compensate for 
inflammation-induced disruptions in steady-state erythropoie-
sis. This reflects a dynamic system that in response to inflamma-
tion, the body both boosts innate immune cell production and 
promotes stress erythropoiesis. This dual mechanism maintains 
erythroid homeostasis and preserves oxygen-carrying capacity 
during immune activation.

5.3.  Cd81/C1q expressing EBI macrophages

Recent advancements in high-throughput sequencing, par-
ticularly single-cell multi-omics, have significantly advanced 
our understanding of EBI macrophages during anemic stress. 
These technologies enable the detailed dissection of cellular 
heterogeneity and the identification of specific transcriptional 
programs that govern the function of distinct types of macro-
phages within the erythroid niche. In one recent study, research-
ers used single-cell RNA sequencing on spleen tissue from mice 
subjected to various forms of anemic stress, revealing distinct 
transcriptional signatures in Vcam1+ macrophages. This anal-
ysis identified CD81 as a novel and crucial marker for central 
macrophages within EBIs, which are essential for mounting 
effective responses to anemic stress. The CD81+ macrophages 
exhibited resident macrophage gene expression profiles that 
distinguished them from other infiltrating macrophage sub-
types, suggesting their specialized role in maintaining erythroid 
homeostasis under stress conditions.28

These findings were further substantiated by another study 
investigating macrophage subsets within EBIs in mice pre-
disposed to systemic lupus erythematosus (SLE). This study 
identified 2 primary macrophage subsets within the EBIs: one 
subset expressing Ly6c2 and Ccr2, and another subset express-
ing Cd81 and complement component 1q (C1q). Notably, C1q 
is primarily produced by monocyte lineages, such as macro-
phages, and is typically found at low levels in blood circulation 
under normal conditions.54 In SLE, anti-C1q autoantibodies 
specifically target C1q bound to its natural ligands, enhancing 
Fc-receptor-mediated phagocytosis and potentially contributing 
to the pathology of autoimmune diseases.55 Here, the Cd81/
C1q-expressing macrophages displayed canonical markers of 
central macrophages and exhibited a pro-inflammatory profile. 



www.blood-science.org  5 

 Chin Assoc of Blood Sci

These macrophages also downregulated genes critical for adhe-
sion and nutrient provision to erythroid precursors, correlating 
with impaired erythropoiesis in the context of SLE. This sug-
gests that the inflammatory environment in SLE disrupts the 
normal supportive functions of EBI macrophages, leading to 
defective erythropoiesis.56

Collectively, these studies provide invaluable insights into 
the intrinsic and extrinsic pathways that regulate erythroblast 
responses to stress. They also highlight the potential for ther-
apeutic intervention in conditions where erythropoiesis is dis-
rupted. By targeting specific macrophage subsets or modulating 
their transcriptional programs, it may be possible to restore 
effective erythropoiesis in diseases characterized by anemia 
and other hematologic abnormalities. Future research aimed 
at translating these findings into human therapies could lead 
to novel treatments for a range of disorders involving defective 
erythropoiesis, including chronic inflammatory conditions and 
autoimmune diseases such as SLE (Fig. 2).

6.  ANEMIA AND NICHE REGULATIONS
Anemias that may rely on niche regulation are typically those 

associated with impaired or dysregulated hematopoiesis, where 
the BM or other hematopoietic niches fail to support normal 

RBC production. Examples of anemic disorders that may be 
regulated by niche interactions are listed.

6.1.  Aplastic anemia (AA)

AA involves BM failure characterized by elevated immune 
responses, compromised HSC functions, and dysfunc-
tional BM microenvironment.57 Since AA is often linked to 
immune-mediated destruction of HSCs, the niche, including 
macrophages in the BM microenvironment, plays a crucial role 
in maintaining hematopoiesis, and dysregulation can contribute 
to the development of AA. Research indicates that AA patients 
exhibit higher occurrence of TNF-α–producing CD16+CD68+ 
macrophages in their BM compared to healthy controls. 
Moreover, patients with elevated levels of M2 macrophages 
tend to have better overall survival.58,59

6.2.  Myelodysplastic syndromes (MDS)

MDS comprise a diverse group of hematological disorders 
characterized by ineffective hematopoiesis, resulting in anemia 
and other cytopenias. The BM niche, particularly the mesenchy-
mal niche, plays a crucial role in disease initiation and progres-
sion. This niche, including stromal cells and various signaling 

Figure 2. Intrinsic and extrinsic regulatory machineries of steady-state and stress erythropoiesis. Under steady-state conditions, erythroid differentiation within 
the bone marrow involves complex interactions between EB and EBI macrophages. Multiple binding partners, such as adhesion molecules and receptors, 
facilitate close physical interactions between these cells. This proximity enables efficient enucleation facilitated by EBI macrophages, as well as the transfer of 
mitochondria from erythroblasts to macrophages to promote terminal erythroid differentiation. In addition, the transport of iron and growth factors from macro-
phages to erythroblasts further supports effective erythroid maturation. During anemic stress, extrinsic signaling within the erythroid niche, particularly in splenic 
RPMs, is significantly altered. Key signaling pathways, including BMP4, transcription factor SPI-C, and GDF-15, are upregulated in these niche cells. These 
changes enhance the supportive environment for the expansion of SEPs. In addition, the transfer of mitochondria from niche cells to erythroblasts, facilitated 
by the upregulation of CD47, is augmented, providing essential energy (ie, ATP) and support for the rapid production of RBCs needed to counteract anemia. 
BMP4 = bone morphogenetic protein 4, EB = erythroblasts, EBI = erythroblastic island, GDF-15 = growth differentiation factor 15, RBC = red blood cells,  
RPMs = red pulp macrophages, SEPs = stress erythroid progenitors. The illustration was created with BioRender.com.
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pathways, is implicated in the pathogenesis of MDS by influenc-
ing the proliferation and differentiation of hematopoietic cells.60 
Especially during aging, the BM microenvironment becomes 
increasingly inflammatory, causing mesenchymal stem cells 
(MSCs) to secrete pro-inflammatory factors, thereby elevating 
the risk of leukemogenesis.61

6.3.  Diamond-Blackfan anemia (DBA)

DBA is a rare congenital anemia caused by defects in ribo-
somal proteins, resulting in defective erythropoiesis. Although 
most studies on DBA have traditionally focused on intrinsic 
erythroid defects, recent advancements in single-cell and spatial 
technologies have allowed for the investigation of non-erythroid 
and non-hematopoietic cells within the BM niches.62 In DBA, 
triggered by ribosome-defective erythroid cells, the BM micro-
environment including mesenchymal stromal cells becomes 
inflammatory and releases pro-inflammatory cytokines. This 
inflammatory state can influence the severity of the disease and 
the patient’s response to treatment by producing reactive oxy-
gen species (ROS), which leads to excessive oxidative stress and 
the activation of the DNA damage response.63

6.4.  Thalassemia

Thalassemia is a collection of inherited blood disorders where 
the body is unable to produce enough hemoglobin, leading to 
anemia. A hallmark of thalassemia is ineffective erythropoie-
sis, often accompanied by iron overload, which can impair the 
BM microenvironment, particularly affecting the functions of 
MSCs and osteoblasts.64 Therefore, targeting the BM microen-
vironment offers potential as a therapeutic strategy for treating 
thalassemia.

The interactions between erythroblasts or HSCs and their 
niche can impact the severity of anemia. In these conditions, 
therapeutic strategies targeting the hematopoietic niche, or its 
regulatory mechanisms may help improve erythropoiesis and 
alleviate anemia.

7.  FUTURE DIRECTIONS
Despite these advancements in erythroid niche research 

under anemic conditions, several intriguing questions remain 
unanswered. How do specific signaling molecules and pathways 
orchestrate the recruitment and differentiation of erythroid pro-
genitors during anemia? Other than EBI macrophages, are other 
types of immune cells involved in the mediation of erythroid 
recovery from stress? What are the precise mechanisms behind 
the bidirectional transfer of mitochondria between erythro-
blasts and macrophages, and how do these exchanges influence 
erythroid recovery? Unraveling these mysteries will require 
imaginative experimental designs and interdisciplinary collab-
orations, blending insights from cell biology, immunology, and 
bioinformatics.

The future of erythroid niche research under anemic condi-
tions is set to be an exciting frontier, fueled by cutting-edge tech-
nologies and innovative methodologies. Emerging technologies 
such as single-cell and spatial multi-omics, along with advanced 
imaging methods, are expanding our understanding of the com-
plicated cellular interactions and molecular pathways within 
the erythroid niche. These technologies enable us to explore 
the interactions between erythroblasts and novel niche cells, 
including immune cells beyond EBI macrophages, mapping the 
emerging interacting molecules involved and deciphering the 
mechanisms underlying these interactions.

Despite significant progress, several critical questions remain 
unanswered, particularly regarding how the erythroid niche, 
especially macrophages, facilitates erythroblast enucleation 
through extrinsic mechanisms beyond the engulfment and 

degradation of nuclei in pyrenocytes.36 Macrophages may influ-
ence the composition of the extracellular matrix (ECM) and the 
expression of adhesion molecules in the erythroid niche, affecting 
erythroblast interactions with their environment and promoting 
enucleation. The involvement of integrins and other adhesion 
molecules could be pivotal in modulating cytoskeletal dynamics 
during this process. In addition, erythroid niche secretes cyto-
kines and growth factors, such as IGF-1, interleukin-18 (IL-18), 
and vascular endothelial growth factor B (VEGF-B), which may 
activate signaling pathways in erythroblasts,46 leading to chro-
matin condensation and subsequent enucleation. Investigating 
these signaling pathways could reveal how they work in concert 
with intrinsic factors within erythroblasts to facilitate nucleus 
extrusion. Super-resolution imaging, including fluorescence 
electron microscopy techniques, offers the potential to uncover 
these mechanisms, providing unprecedented resolution to map 
the dynamic landscape of EBI macrophages and erythroblasts.

Given that the niche microenvironment plays a critical role 
in the regulation and pathogenesis of various anemic disor-
ders, including AA, MDS, DBA, and thalassemia, targeting 
niche-interacting molecules with hematopoietic cells or modu-
lating the pro-inflammatory cytokine signaling pathways could 
offer significant therapeutic potential. Moreover, the potential 
for personalized medicine in this field is largely untapped. By 
leveraging genomics and proteomics, we can envision a future 
where treatments for erythropoietic disorders are tailored to 
the unique molecular and genetic profiles of individual anemic 
patients. This personalized approach promises more effective 
and targeted therapies, minimizing side effects while optimiz-
ing therapeutic outcomes. In the quest to modulate the eryth-
roid niche for therapeutic purposes, several promising avenues 
emerge. For instance, the therapeutic manipulation of interacting 
molecules and pro-inflammatory pathways in niche cells could 
enhance erythroid recovery and revolutionize anemia treatment. 
In addition, investigating the role of epigenetic regulation and 
transcription factors in EBI macrophages may uncover novel 
strategies to hinder red cell pathogenesis or promote healthy 
RBC production.

Ultimately, the journey to fully understand and harness the 
erythroid niche will be a blend of meticulous science and imag-
inative exploration. As we venture into this promising future, 
the integration of emerging technologies, the resolution of long-
standing questions, and the realization of personalized medicine 
will transform our approach to managing anemia and related 
disorders.

8.  CONCLUSION
Stress erythropoiesis is a vital compensatory mechanism 

that boosts RBC production during anemic conditions and is 
well-coordinated by intrinsic and extrinsic mechanisms, includ-
ing specialized progenitor cells, unique microenvironments, and 
distinct signaling pathways that adapt dynamically to stress. 
Although murine models have significantly advanced our under-
standing of these processes, translating these findings to human 
medicine is challenging due to species-specific differences. 
Future research aims to address these challenges by elucidating 
the molecular mechanisms within the human erythroid niche, 
utilizing advanced technologies such as cutting-edge imaging 
techniques and single-cell and spatial multi-omics. These efforts 
are geared toward personalized medicine, focusing on individ-
ual molecular profiles to develop more effective and tailored 
therapies for anemia and related disorders such as AA, MDS, 
DBA, and thalassemia, thereby enhancing clinical outcomes and 
offering new hope for patients.
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