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During definitive erythropoiesis, maturation of erythroid progenitors into enucleated
reticulocytes requires the erythroblastic island (EBI) niche comprising a central
macrophage attached to differentiating erythroid progenitors. Normally, the
macrophage provides a nurturing environment for maturation of erythroid cells. Its
critical physiologic importance entails aiding in recovery from anemic insults, such as
systemic stress or acquired disease. Considerable interest in characterizing the central
macrophage of the island niche led to the identification of putative cell surface markers
enriched in island macrophages, enabling isolation and characterization. Recent studies
focus on bulk and single cell transcriptomics of the islandmacrophage during adult steady-
state erythropoiesis and embryonic erythropoiesis. They reveal that the islandmacrophage
is a distinct cell type but with widespread cellular heterogeneity, likely suggesting distinct
developmental origins and biological function. These studies have also uncovered
transcriptional programs that drive gene expression in the island macrophage.
Strikingly, the master erythroid regulator EKLF/Klf1 seems to also play a major role in
specifying gene expression in island macrophages, including a putative EKLF/Klf1-
dependent transcription circuit. Our present review and analysis of mouse single cell
genetic patterns suggest novel expression characteristics that will enable a clear
enrichment of EBI subtypes and resolution of island macrophage heterogeneity.
Specifically, the discovery of markers such as Epor, and specific features for EKLF/
Klf1-expressing island macrophages such as Sptb and Add2, or for SpiC-expressing
island macrophage such as Timd4, or for Maf/Nr1h3-expressing island macrophage such
as Vcam1, opens exciting possibilities for further characterization of these unique
macrophage cell types in the context of their critical developmental function.
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INTRODUCTION

The erythroblastic island (EBI) niche is one of the earliest
observed and described stem cell niches in biology consisting
of a central macrophage that is attached to erythroid cells at
various stages of differentiation (Bessis, 1958; Mohandas and
Prenant, 1978; Bernard, 1991). This macrophage aids erythroid
maturation by providing cytokines and growth factors, enables
enucleation by providing phagocytic functions, and ultimately
provides an effective means for reticulocyte formation and release
(reviewed comprehensively in Chasis and Mohandas (2008),
Manwani and Bieker (2008), de Back et al. (2014), Hom et al.
(2015), Klei et al. (2017), Li et al. (2020)). As a result, considerable
effort has been dedicated to characterizing EBI macrophages by
studying cell surfacemarker expression for their efficient isolation
(Soni et al., 2006; Porcu et al., 2011; Chow et al., 2013; Seu et al.,
2017; Li et al., 2019), with various groups reporting different
combinations of markers associated with them (Sadahira et al.,
1991; Sadahira et al., 1995; Chow et al., 2013; Seu et al., 2017; Li
et al., 2019; Yeo et al., 2019b; Mukherjee et al., 2021; Zhang et al.,
2021).

These studies however reveal that EBI macrophages are
inherently composed of heterogeneous subpopulations, and
distinct subtypes of EBIs have also been reported (Seu et al.,
2017; Tay et al., 2020; Zhang et al., 2021). Surprisingly, despite
their seemingly crucial role in in vivo erythropoiesis, depletion of
EBI macrophages does not affect steady-state erythropoiesis
(Korolnek and Hamza, 2015; Ulyanova et al., 2016). However,
EBI alterations or defects during steady-state erythropoiesis may
not necessarily be manifest as severe phenotypes because
adequate coping mechanisms to recover and repair EBIs are
only required during stress. This is supported by the fact that
EBI macrophages are critical for recovery from stress
erythropoiesis in the splenic red pulp (Sadahira et al., 2000;
Chow et al., 2013; Ramos et al., 2013; Jacobsen et al., 2015;
Liao et al., 2018; May and Forrester, 2020). Recovery is effectively
aided by de novo differentiation of monocytes into macrophages
(Ulyanova et al., 2016; Liao et al., 2018) and via epo-induced
signaling in island macrophage that yields prostaglandin
mediators of stress erythroid progenitors (Chen et al., 2020).
Clinical reports of altered EBI structures correlating with disease
have been observed, particularly after examining the effect of
primary myelofibrosis (PMF) on the bone marrow (BM) or of
lower than normal macrophage levels in some acute leukemias
(Koury, 2014). Modulating the effects of ß-thalassemia and
polycythemia vera (PV) by targeting the central macrophage
have been proposed (Li et al., 2020). Additionally, a significant
proportion of myelodysplastic syndrome (MDS) patients have
alterations in EBIs, particularly of numerical density and size, that
correlate with severe anemia and poor disease prognosis
independent of other factors such as age (Buesche et al., 2016).

Until recently, detailed characterizations of EBI macrophage
heterogeneity and function were hampered by a lack of global
gene expression profiles in these macrophages. This was partly
due to uncertainty regarding cell surface markers that would
specifically enrich for the subpopulation of macrophages that
form the EBI niche (Seu et al., 2017; Tay et al., 2020). F4/80

antigen expression is associated with EBI macrophages (Sadahira
et al., 1991; Manwani and Bieker, 2008) although not all F4/80+
macrophages in hematopoietic tissues necessarily form EBIs.
Nevertheless, recent studies have used F4/80 in addition to
surrogate markers such as pEKLF/GFP or Epor-eGFP to
enrich for EBI macrophage subpopulations from primary
mouse hematopoietic tissue and have determined global gene
expression at the bulk (Xue et al., 2014; Li et al., 2019; Mukherjee
et al., 2021) and single cell level (Mukherjee et al., 2021). These
studies have uncovered novel aspects of EBI macrophage identity,
heterogeneity, and physiological function while reinforcing
certain existing paradigms. They have also shed substantial
light on some unanswered questions regarding transcriptional
control of gene expression in EBI macrophages.

The goal of this review is to summarize the findings of the bulk
transcriptomic studies of murine EBI macrophages, and to delve
deeper into the single cell RNA-Seq data to reveal new aspects of
cellular identity and heterogeneity, and the underlying
transcription programs putatively controlling gene expression
in EBI macrophages.

THE TRANSCRIPTOMICS OF EPOR+ EBI
MACROPHAGES

Two compelling sets of observations led to the hypothesis that the
erythropoietin receptor (Epor) is expressed in EBI macrophages
and EPO signaling is important for EBI macrophage function.
First, EPO signaling and addition of recombinant human EPO
had been noted to increase the expansion and activity of the
erythroid and macrophage compartments in mice primary tissue
(Lifshitz et al., 2010; Xiang et al., 2015; Luo et al., 2016; Wang
et al., 2018). Second, Epor expression is not restricted to erythroid
cells and is indeed expressed in wide variety of tissues (discussed
in Zhang et al. (2021)). Based on these studies it was hypothesized
and demonstrated that BM F4/80+ macrophages express Epor,
and that the fraction of F4/80+ macrophages that form EBIs is
significantly enriched for Epor+ macrophages, thus establishing a
positive correlation between Epor expression inmacrophages and
propensity for EBI formation (Li et al., 2019). Thus, Epor was
established as a novel marker for EBI-enriched macrophages in
combination with F4/80 (Paulson, 2019).

This enabled the development of a strategy to use Epor as a
marker for isolating EBI macrophages with an Epor-/eGFPcre
knock-in mouse. BM F4/80+Epor/eGFP+ and F4/80+Epor/
eGFP- populations (also Ter119-Ly6G-, thus not inclusive of
erythroid cells or granulocytes) were separated by FACS and
global gene expression in the two sub-populations compared by
bulk RNA-Seq (Li et al., 2019). As expected, the two populations
show inherently distinct gene expression signatures, with the
Epor/eGFP+ macrophages expressing genes specifically involved
in EBI niche functions such as iron homeostasis (Hmox1, Slc40a1,
Tfrc), cell adhesion (Vcam1, Siglec1), phagocytosis and nuclear
engulfment (Mertk, Tim4). In contrast, the Epor/eGFP-
macrophages express innate immunity genes involved in
functions such as inflammation, macrophage activation, and
activation of the adaptive immune response (Li et al., 2019).
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Notably, a few transcription factors including EKLF/Klf1 and Spi-
C are enriched in Epor/eGFP+ macrophages, indicating that
transcription regulation in EBI macrophages depends on the
action of these transcription factors. The liver X receptor α
(Nr1h3), implicated in lipid metabolism in macrophages and
inflammation (Zhao et al., 2021), and the transcription factor
Maf, which has been shown to regulate F4/80 (Adgre1) and IL-10
expression in macrophages (Cao et al., 2005; Nakamura et al.,
2009; Kusakabe et al., 2011), are also enriched in Epor+
macrophages. Elucidating their specific roles in regulating
transcription in EBI macrophages is thus a promising avenue
for further investigation.

EKLF/KLF1 EXPRESSION AND FUNCTION
IN FL F4/80+ MACROPHAGES

Although EKLF/Klf1 is mostly known for its tissue-restricted,
global transcriptional role in facilitating maturation and
differentiation of proerythroblasts into mature reticulocytes
(Tallack and Perkins, 2010; Siatecka and Bieker, 2011;
Gnanapragasam and Bieker, 2017) and in fetal to adult globin
switching (Bieker, 2010; Perkins et al., 2016), cellular analyses
show that EKLF is also critical for the integrity of EB islands (Xue
et al., 2014). Consequently, EBIs isolated from EKLF−/− mouse
fetal livers (FL) exhibit quite a few aberrations; for example, there
are overall fewer F4/80+ macrophages (Mukherjee et al., 2021),
and isolated EB islands have severely altered morphology
compared to EKLF+/+ FL (Xue et al., 2014). Thus, our
previous understanding of EKLF’s role in erythropoiesis as
being restricted to the erythroid compartment required
reassessment for which, firstly, EKLF expression in F4/80+
macrophages had to be directly and clearly demonstrated. This
was accomplished by purifying F4/80+ macrophages from E14.5
FL and detecting EKLF mRNA expression by RT-PCR and
protein expression by immunostaining (Porcu et al., 2011;
Mukherjee et al., 2021). Subsequently, using a transgenic
mouse expressing GFP under the EKLF promoter (pEKLF/
GFP; (Lohmann and Bieker, 2008)) it was shown that almost
30% of all F4/80+ macrophages from E13.5 FL are GFP+ (and
thus likely EKLF+) (Xue et al., 2014). Indirect evidence (Li et al.,
2019) demonstrated EKLF mRNA enrichment in Epor+F4/80+
macrophages that are more likely to form EBIs, indicating that
EKLF expression is associated with EBI-forming macrophages. A
direct analysis of RNA shows transient expression of EKLF in
staged, sorted macrophage cells from the developing mouse FL
(Mass et al., 2016). Finally, single cell RNA-Seq as well as flow
cytometry directly show that a subpopulation of about 25% of
total F4/80+ cells in E13.5 mouse FL express EKLF mRNA and
protein (Mukherjee et al., 2021).

Earlier studies suggested that EKLF is important for the
expression of DNase2a and Vcam1 in EBI macrophages
(Porcu et al., 2011; Xue et al., 2014). However, given the
severe alterations in EBIs from EKLF−/− mice, and the known
global role of EKLF in erythroid cells, it was unlikely that EKLF
function in EBI macrophages would be restricted to just these two
genes. To address whether EKLF also plays a global role in

specifying gene expression in EBI macrophages one has to
consider that since not all EBI macrophages express EKLF,
one cannot simply study FL F4/80+ macrophage gene
expression in EKLF−/− mice and derive definitive conclusions.
An ideal system would be a conditional EKLF−/− in F4/80+
macrophages, but such a genetic system is not available as yet.
Thus, in our study (Mukherjee et al., 2021) we combined gene
expression data from two separate mouse genetic models to
address this question.

First, we used the pEKLF/GFP mouse (Lohmann and Bieker,
2008) to separate EKLF/GFP+ and EKLF/GFP- F4/80+
macrophages from E13.5 mouse fetal liver and showed that,
similar to Epor/eGFP+, only the EKLF/GFP+ macrophages are
enriched for genes whose functions are relevant to the EBI niche
macrophages. This includes iron homeostasis and transport,
heme metabolism and erythroid differentiation (Mukherjee
et al., 2021). Among the genes enriched in EKLF/GFP+
macrophages, 99 genes are also enriched in Epor/eGFP+ BM
macrophages (Supplementary Table S2) and GO analysis of this
gene set shows that they only contain genes involved in heme
metabolism and iron homeostasis (Supplementary Table S1).
The two RNA-Seq datasets were generated from very different
erythropoiesis environments (adult BM vs embryonic FL), and
thus these analyses show that EKLF+/Epor+ macrophages play a
crucial role in providing iron and heme to developing
erythroblasts at early stages of development and adult steady
state erythropoiesis (Korolnek and Hamza, 2015; Ganz, 2016;
Alam et al., 2017; Yeo et al., 2019a).

Second, RNA-Seq on F4/80+ macrophages isolated from
EKLF+/+ and EKLF−/− E13.5 FL shows that the predominant
effect on gene expression in the absence of EKLF is gene
downregulation (Mukherjee et al., 2021). This is consistent
with the major role of EKLF as a transcription activator via its
interaction with histone acetylases and other chromatin modifiers
(Yien and Bieker, 2013), and seemingly EKLF activates the
transcription of specific targets in F4/80+ macrophages.
Further, about 500 genes that are significantly downregulated
in EKLF−/− and enriched in EKLF/GFP+ macrophages are likely
to be directly activated by EKLF binding to their promoters. This
is supported by bioinformatic analysis showing that their
promoters contain EKLF binding motifs (Mukherjee et al.,
2021), but this in silico observation requires experimental
validation. Binding motifs of other Klf family and E2f family
TFs are also enriched in these promoters, and identification of
these TFs here are reminiscent of a part of the EKLF-dependent
transcriptional program in erythroid cells (Funnell et al., 2007;
Eaton et al., 2008; Pilon et al., 2008; Tallack et al., 2009). This
suggests the presence of either a transcription circuit or
coregulators of transcription along with EKLF that may
specify gene expression in EBI macrophages, but this again
needs to be further validated by targeted genetic and
molecular experiments to determine the specific roles of these
TFs in EBI macrophages. In addition, other transcription factors
in the EKLF-dependent gene expression program include MafK
(NF-E2), Foxo3, Ikzf1, and Nr3c1(glucocorticoid receptor (Falchi
et al., 2015)). It has been noted that KLF recognition motifs are
enriched in active genes and are uniquely associated with CJUN
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binding in genetically diverse mouse macrophage (Gosselin et al.,
2014; Lavin et al., 2014; Link et al., 2018). These findings point to
a definitive global role for EKLF in EBI macrophages, distinct
from its erythroid role, but towards the same goal of ensuring
efficient in vivo erythropoiesis.

CELLULAR HETEROGENEITY IN E13.5 FL
MACROPHAGES REVEALED BY SINGLE
CELL RNA-SEQ
The heterogeneity of macrophages in erythropoietic tissues has
been apparent and efforts have attempted to resolve heterogeneity
by assaying different cell surface markers associated with various
subpopulations (Seu et al., 2017; Li et al., 2019; Tay et al., 2020).
Even within the fraction of FL macrophages that form EBIs, there
was evidence of heterogeneity due to distinct cell surface marker
expression as well as varying morphology (Chasis andMohandas,
2008; Manwani and Bieker, 2008; Yeo et al., 2016). Consistent
with these studies, the Epor/eGFP and EKLF/GFP RNA-Seq
datasets show at least two distinct populations in each case (Li
et al., 2019; Mukherjee et al., 2021) but firm conclusions about the
extent of heterogeneity are difficult to draw from bulk RNA-Seq
data. Single cell RNA-Seq (sc-seq) has been developed precisely
for this purpose, and most researchers in the field were eager to
apply sc-seq on EBI macrophages to resolve heterogeneity.

Our group published sc-seq data on F4/80+ macrophages
isolated from E13.5 mouse FL (Mukherjee et al., 2021). A

challenge that still persists is to decide upon a reliable
marker for isolating EBI macrophages among the fraction of
total macrophages and study only that fraction. We opted to use
F4/80, which is expressed on the surface of all macrophages, and
performed an unbiased survey of the extent of their
heterogeneity based on single cell gene expression profiles.
We applied unsupervised clustering and allowed for the
maximum resolution of clusters based on principal
component analysis. Our FL sc-seq shows more than 10
subpopulations with distinct gene expression profiles in each
subpopulation corresponding to distinct functions and cell
types. Further each cluster is associated with unique
expression of at least one marker (Figure 1). We will
elaborate further on the nature of the major subpopulations
in greater detail in the following sections based on this sc-seq
data (Mukherjee et al., 2021).

CELLULAR PROPERTIES, MARKER
EXPRESSION, AND FUNCTIONS OF
VARIOUS FL MACROPHAGE
SUBPOPULATIONS

Most of the F4/80+ FLmacrophages cluster near each other in the
U-MAP of sc-seq data, apart from two small subpopulations
marked by Serpina6 and Mest transcripts (Figure 1). All clusters
express the Adgre1 transcript that encodes the F4/80 protein, but
each cluster expresses a variable amount (Mukherjee et al., 2021).
This is consistent with the amount of F4/80 protein expression
determined by Flow Cytometry that also shows variability in
various cells. Based on GO analysis of the top significantly
enriched genes in the minor Serpina6+ and Mest+
populations, it appears that the Serpina6+ population has
enriched expression of genes involved in blood coagulation.
Thus, these may be a small population of megakaryocyte
lineage cells. Further, the Mest+ cluster likely comprises cells
of mesodermal origin that are destined to form vasculature.
Finally, the last subpopulation containing few cells is the
Cd200r3+ population which comprise likely antigen-presenting
macrophages that are enriched for genes involved in T-cell
activation via antigen presentation.

Of the major populations, it is evident that there are three
broad categories based on GO analysis of highly expressed genes.
One comprises the Hmox1+, Vcam1+, Fcrls+ supercluster
(Figure 1 - blue), second the Ccr2+, Lcn2+, Sox4+
supercluster (Figure 1 - green), and third the Snca+, Hemgn+,
Hmgb3+ supercluster (Figure 1 - yellow). The Ypel4+ cluster has
intermediate properties of superclusters 1 (Hmox1/Vcam1/Fcrls)
and 3 (Snca/Hemgn/Hmgb3), as is also evidenced by its position
in the U-MAP (Figure 1). Based on differentially expressed genes,
the Hmox1+ and Vcam1+ subpopulations have a significant
overlap in gene expression. These include endocytosis/cell
import, cell adhesion, cell motility, iron homeostasis,
cytoskeleton remodeling, innate immune response, myeloid
leukocyte activation, cytokine production, and some metabolic
processes. The Fcrls+ subpopulation also has similar properties as

FIGURE 1 | Subpopulations of F4/80+macrophages from E13.5 mouse
fetal liver. U-MAP clustering analysis of single cell RNA-Seq data from
Mukherjee et al. (2021) showing the 13 subpopulations with the name of a
unique marker for each subpopulation superimposed on it. Three
superclusters are as indicated, based on GO analysis of highly expressed
genes as described in the text: the Hmox1+, Vcam1+, Fcrls+ supercluster 1 in
blue, the Ccr2+, Lcn2+, Sox4+ supercluster 2 in green, and the Snca+,
Hemgn+, Hmgb3+ supercluster 3 in yellow.
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the Vcam1+ subpopulation with notable common functions such
as MAPK signaling, ERK1/2 signaling, IL-1 and IL-6 production,
which are important for erythroblast maturation. Thus, it appears
that the Hmox1+, Vcam1+, Fcrls+ clusters are at least partly
comprised of macrophages that form the EBI niche, consistent
with the fact that both Hmox1 and Vcam1 are known to be
expressed in EBI macrophages (Sadahira et al., 1995; Fraser et al.,
2015). In fact, on surveying known macrophage markers (that
may or may not correlate with EBI niche formation), one finds
that although many markers have similar expression in the
Vcam1+ and Hmox1+ subpopulations (Figure 2A), the
Vcam1+ subpopulation has significantly enriched expression
of Dnase2a, Mertk, Siglec1 (Cd169) and Il4rα compared to the
Hmox1+ subpopulation. Hmox1 expression itself is fairly
ubiquitous in the isolated F4/80+ population, as is the

expression of Slc40a1 (ferroportin) (Figure 2B), suggesting that
expression of these genes may not be solely restricted to EBI
macrophages.

In contrast, supercluster 2 (Ccr2+/Lcn2+/Sox4+) is
enriched for genes involved in innate immunity, T-cell
activation, cytotoxicity, leukocyte and lymphocyte
differentiation, T and B-cell development, suggesting that
these subpopulations are similar to the Cd200r3
subpopulation also residing on the same arm of the
U-MAP adjacent to these clusters. Therefore, these
subpopulations of cells are likely comprised of activated
macrophages that are geared towards provide innate
immunity and assist in the development and differentiation
of the adaptive immune response arm consisting of
lymphocytes (Gautier et al., 2012; Lavin et al., 2014; Mass
et al., 2016). One can rule out their involvement in forming
the EBI niche.

The other arm of the U-MAP containing supercluster 3
(Snca+/Hemgn+/Hmgb3+) and the Ypel4+ subpopulation
(Figure 1) is predominantly enriched for genes that are
involved in erythroid and myeloid development, heme
synthesis, and iron homeostasis, functions that are again
attributable to the EBI niche (Korolnek and Hamza, 2015;
Ganz, 2016; Alam et al., 2017; Yeo et al., 2019a). The Ypel4+
cluster is interesting since it not only expresses these genes, but
also expresses genes involved in endocytosis, cell motility and cell
adhesion indicating that this subpopulation of cells has some
properties of the Hmox1+/Vcam1+ subpopulation as well.
Indeed, this cluster is adjacent to the Vcam1+ cluster and
expresses high levels of Vcam1 and Epor. The Hmgb3+
subpopulation seems to be composed of actively cycling cells
with expression of genes involved in cell cycle, ribosome
synthesis, protein synthesis, RNA processing and splicing.
Supercluster 3 also express the EKLF/Klf1 transcription factor
where Epor is partly enriched in the Snca+/Hemgn+
subpopulations. This is consistent with bulk RNA-seq data
from our group as well as from Li et al. (2019) showing that
EKLF+ macrophages are enriched for Epor expression and vice
versa, but also demonstrating that there are unique
subpopulations of EKLF and Epor expressing macrophages. It
is tempting to speculate that the Hemgn+/Snca+ macrophage
subpopulation expressing both EKLF and Epor form one subtype
of EBI niche, whereas the Ypel4+/Vcam1+ subpopulations form
another, but testing this hypothesis requires carefully crafted
experiments.

On closer examination of the entire population for the
expression of specific genes and cell surface markers of
macrophages, we can detect 3 major patterns of marker
expression (Figure 3A). We already found that Hmox1, Fpn
(Slc40a1), Csf1r, and Maea (“pattern 1”) are ubiquitously
expressed in the whole population, and there is only a slight
variation of expression in different subpopulations (Figure 3A).
It would be interesting to determine the nature of this variability to
determine cause-effect relationships between marker expression
and heterogeneity. Additionally, we find that Vcam1 expression
correlates highly with Axl, Timd4, Mertk, and Igf1 (“pattern 2”;
Figure 3A), and all of these genes are known to be expressed in

FIGURE 2 |Macrophagemarker expression in subpopulations of mouse
E13.5 FL macrophages. (A) Bubble-plots showing the expression level of
macrophage markers enriched in certain subpopulations. The intensity of the
color indicates expression level of each gene whereas the size of the
bubble depicts the relative fraction of cells in that subpopulation where the
gene is expressed. (B) Bubble plots showing macrophage markers with
similar levels of expression in most subpopulations.
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subtypes of EBI niches (e.g., MerTK (Toda et al., 2014)). Finally, the
third pattern of marker expression includes Epor, Gypa, Rhd,
Icam4, Add2, and Sptb (Figure 3A). An interesting dichotomy
is revealed from this analysis when we compare the expression of
Add2/Sptb with Csf1r and find that they are expressed in mutually
distinct superclusters (Figure 3B). Interestingly, these
superclusters also correlate with EKLF/Klf1 and Hmox1
expression respectively (Figure 3C). Perhaps this is indicative of
the heterogeneity seen within EBI macrophages with respect to
gene expression andmorphological features such as domed and flat
(Yeo et al., 2016; Yeo et al., 2019b). Whether this may be due to
different developmental origins or different stages of erythroid
maturation of attached erythroblasts remains to be explored.

SPECIFICATION OF HETEROGENEOUS
CELL IDENTITY OF FL F4/80+
MACROPHAGES BY KEY TRANSCRIPTION
FACTORS
Our study focused primarily on the role of EKLF/Klf1 in FL
macrophages, and hence we looked for cell surface markers of the

EKLF+ population, finding that Add2 (Adducin-β), Sptb
(β-spectrin), and Nxpe2 mRNA expression correlates very
highly with EKLF and shows the same transient expression as
EKLF (Mukherjee et al., 2021). We also demonstrated that
Adducin-β and β-spectrin proteins are expressed in a
subpopulation of EBI macrophages. This confirms that the
Hmgb3+/Hemgn+ subpopulations that are EKLF+ and Epor+
form at least one subtype of EBI macrophages. In addition, we
find other cell surface markers enriched in the EKLF+
subpopulations but not correlating exclusively due to
expression in the Ypel4 cluster, e.g., Gypa, Epor, Spta1, and
Rhd (Figure 3A). The EKLF- subpopulations have enriched
expression of the transcription factors Spi-C (Spic), Maf, and
Nr1h3 (Figures 3C and 4A) each of which are implicated in EBI
macrophage function (Kohyama et al., 2009; Kusakabe et al.,
2011; Haldar et al., 2014; Zhao et al., 2021). We find that Klf1 and
Spic/Maf/Nr1h3 expression are mutually exclusive, fitting into
patterns 3 and 2 respectively (Figure 3A). This suggests that these
transcription factors drive transcription in distinct
subpopulations of FL macrophages, and by extension, likely
different categories of EBI macrophages. Exploring the direct
transcriptional roles of EKLF, Spi-C, Maf and Nr1h3 could lead to

FIGURE 3 | Major subpopulations of mouse E13.5 FL macrophages. (A) Bubble-plot showing specific genes expressed in the three major superclusters of FL
macrophages, including population-specific transcription factors. Three patterns are segregated as indicated, based on their common expression as expanded upon in
the text. (B) Feature plot showing cell-surfacemarker expression associated with the superclusters 3 and 1, Sptb/Add2 andCsf1r, respectively. (C) Feature plot showing
EKLF/Klf1 expression; compare to positive overlap with Sptb/Add2 in supercluster 3 (shown in (B)), but lack of overlap as compared to the cell-surface marker
expression associated with supercluster 1, Hmox1.
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interesting insights into whether these subpopulations are also
distinct in terms of morphology, developmental origin, and
function in the EBI niche. In the context of bulk RNA-Seq
studies (Li et al., 2019), it may appear surprising that Epor+
macrophages are enriched for EKLF/Klf1 as well as Spic, Maf,
and Nr1h3, but this can be explained by the overlap in Epor
and Spic/Maf/Nr1h3 expression in the Ypel4+ cluster as well

as the Epor+ EKLF+ supercluster (Hmgb3+/Hemgn+)
(Figure 3A).

Similar to our approach for EKLF, we searched for cell surface
markers that correlate with transcription factor expression in FL
macrophages and find that Spic expression correlates highly with
Timd4 and thatMaf andNr1h3 are most closely coexpressed with
Vcam1 (Figures 4A and B). Consequently, to develop a viable

FIGURE 4 | Transcription factor expression and cell surface markers in FL macrophage subpopulations. (A) Feature plot showing expression of transcription
factors Spic, Maf and Nr1h3 in the EKLF−/− subpopulation of FL macrophages (compare to Figure 3C). (B) Feature plot showing expression of cell surface markers
Timd4 associated with Spi-C+, and Vcam1 associated with Maf+/Nr1h3+ subpopulations.
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strategy for separating the EKLF and Spi-C subpopulations, one
approach would be to use the cell surface markers Sptb/Add2 and
Timd4 or Vcam1 to separately isolate EKLF+ and Spi-C+/Maf+/
Nr1h3+ subpopulations for detailed characterization (Figure 5).
As alluded to earlier, it would be incredibly interesting to
determine whether these starkly distinct populations have
separate developmental origins but convergent functions in
erythroid development. It is also likely that both
subpopulations form EBI niches, but in different contexts
depending on the stage of maturation of the attached
erythroid progenitors.

SUMMARY AND OUTSTANDING
QUESTIONS

From earlier studies focusing on morphology and cell surface
marker expression in EBI macrophages in various hematopoietic
tissues, to the current attempts in determining gene expression at
bulk and single cell resolution in various tissues, the
characterization of EBI macrophages have come a long way.
However, there is much to learn about this intriguing cell-type in
all the above areas. Despite earlier efforts, we still lack clarity on
the exact nature and types of EBI macrophages based on cell
surface marker expression, and as a result, we still lack a coherent
strategy for isolation of various EBI macrophage subpopulations
to study their form and function. Population heterogeneity
continues to complicate interpretations of data generated using
F4/80+ macrophages. In addition and as previously discussed
(Mukherjee et al., 2021), different subtypes may dynamically
appear under stress or pathological conditions, and specific
expression patterns may also depend on the niche
environment (fetal liver vs bone marrow vs spleen (Gosselin

et al., 2014; Lavin et al., 2014)) and modified by neural signaling
in the bone marrow (Mendez-Ferrer et al., 2020). These may give
rise to morphologically distinct classes of islands as observed by
electron microscopy (Yeo et al., 2016).

In this context, one should avoid confusion between use of a
protein as a marker versus its functional requirement for the cell.
The suggestion that Vcam1 expression in macrophage is not
required for erythroblastic island formation (Wei et al., 2019)
does not negate its usefulness as a selection marker of a subset of
islands. As another example, deletion of the widely-used F4/80
enrichment marker has no effect on macrophage viability/
function (Schaller et al., 2002).

An additional challenge in the field has been the concern that
pieces of macrophage can contaminate other cell types and have a
confounding effect on conclusions from mRNA expression
analysis. Contamination is apparent when analyzing flow-
sorted single cells by image stream, where punctate expression
frommacrophage remnants attached at the cell surface are visible
(Levesque et al., 2021). However, the extensive efforts to
morphologically verify sorted single cell isolates, the inclusion
of small peptides during isolation that disrupt erythroid/
macrophage interactions, the verification of homogeneous
distribution of marker expression in single cell images, and the
clear segregation of cell surface expression used in the recent
studies (Li et al., 2019; Mukherjee et al., 2021; Zhang et al., 2021)
alleviate contamination concerns.

It is hoped the single cell studies provide foundation for
breakthroughs in understanding heterogeneity and function by
validation of FACS-based isolation methods for various
subpopulations of F4/80+ macrophages. However, some
outstanding questions remain:

Developmental Onset of Critical Cell Types
There remains considerable ambiguity regarding what inherent
cellular properties or external factors drive EBI niche formation
by macrophages. In this context, recent studies implicating
PPARγ in EBI development have opened up a window into
the potential non-lipid-dependent role of this transcription
factor in the adult bone marrow and spleen, perhaps by its
modulation of macrophage subset lineage decisions and
establishing identity (Okreglicka et al., 2021). Additionally,
structural proteins such as tropomodulin3 are implicated in
both erythroid and macrophage coordinate function in the
EBI (Sui et al., 2014). However, in essence we know little
about developmental origins of macrophages destined to form
the EBI niche, and it appears from our single cell studies that
there might be distinct populations of such macrophages likely
originating from alternative sources. It is exciting to note that
these subpopulations also express unique transcription factors,
and this opens up multiple avenues of exploration (Figure 5).
One interesting approach would be to examine how EKLF
expression in these subpopulations is initiated and regulated.
Further, one must determine how EKLF function in macrophages
differs from its erythroid counterpart; since EKLF has a conserved
DNA binding sequence (5′CCMCRCCCN; (Tallack et al., 2010;
Gillinder et al., 2017; Kulczynska et al., 2020)), what prevents
EKLF binding to erythroid targets and driving the erythroid gene

FIGURE 5 | Summary of transcription factors and corresponding cell
surface markers associated with cellular heterogeneity in E13.5 FL
macrophages.
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program in macrophages? One likelihood is that EKLF has
separate molecular interactions with transcription cofactors
leading to distinct chromatin dynamics at EKLF targets in
erythroid cells and macrophages, perhaps determined by its
cell- or stage-specific post-translational modification status
(discussed in Yien and Bieker (2013)).

Alternate Island Populations
We have not addressed other cell types that may also be playing a
role in the island niche. For example, the Kalfa lab analyzed single
cells derived from isolated whole erythroblastic islands (Seu et al.,
2018). Their data support the idea that non-F4/80 cells (ie, F4/80-
Ly6G+ granulocytes) may play a role in a separate subset of island
function, particularly as related to myelopoiesis following anemia
of inflammation, leading to a dynamic antagonistic balance
between granulopoiesis and erythropoiesis, a notion supported
by the dramatic effects of G-CSF treatment on suppression of
erythropoiesis (Jacobsen et al., 2014; Jacobsen et al., 2015). These
data are consistent with imaging multi-color fluorescence
analyses showing that F4/80, VCAM1, and CD169 (Siglec1),
but not CD11b (Itgam) or Ly6G, are expressed in
erythroblastic islands, while at the same time, the
CD11b+Ly6G+F4/80- cells can be found “at the periphery” of
a subset of these aggregates (Tay et al., 2020). The dynamic
balance between these populations in the bone marrow versus the
spleen, and whether they reside in the same ‘niche’ or are separate
entities, will be quite interesting to quantify and delineate.

Role of EKLF Mutations in Erythroblastic
Island Macrophage Alterations
Two dominant monoallelic mutations in mammalian EKLF are
causative for hematologic deficiencies: the mouse Nan mutation
(E339D) leads to hemolytic neonatal anemia, and the human
CDA mutation (E325K) causes congenital dyserythropoietic
anemia (CDA) type IV (reviewed in Kulczynska-Figurny et al.
(2020)). Although numerous other monoallelic mutations have
been identified that lead to haploinsufficiency (Waye and Eng,
2015; Perkins et al., 2016), these have mild phenotypic effects.
However, inheritance of two altered alleles can lead to compound
heterozygosity and effects on blood cell production and
properties, leading to anemia (Perkins et al., 2016;
Tangsricharoen et al., 2021; Xu et al., 2021). These analyses
have completely focused on effect on the red cell; however, it
is easily conceivable that the island macrophage is also affected,
particularly as the Nan and CDA mutations alter EKLF DNA
recognition properties that lead to neomorphic expression
changes and systemic effects (Kulczynska-Figurny et al., 2020).

Relevance to Human Biology
Human macrophage also exhibit an extensive level of heterogeneity
during development (Bian et al., 2020). However, many of the same
subtype expression patterns described here for the mouse are also

apparent from single cell analysis of human fetal liver cells,
particularly within the “erythroblastic island macrophage” cluster
(Popescu et al., 2019). In addition, a role for EKLF in proper
programming of macrophage for island function is suggested by
gain-of-function studies in macrophage derived from human iPS
cells (Lopez-Yrigoyen et al., 2019). There remains a need to increase
the expansion capability of erythroid cells in culture for their clinical
use (Migliaccio et al., 2012; Heshusius et al., 2019; Olivier et al., 2019;
Deleschaux et al., 2020; Pellegrin et al., 2021), and identification of
the relevant macrophage subtype can inform approaches to
overcome heterogeneity and utilize the optimal cells to aid
efficient in vitro erythropoiesis (Rhodes et al., 2008; Hom et al.,
2015; May and Forrester, 2020). Indeed, human island macrophage
function can be recapitulated in culture by inclusion of lipids and by
glucocorticoid receptor activation (Falchi et al., 2015; Heideveld
et al., 2018).

FINAL COMMENTS

Establishing the necessity of EBI macrophage function for in vivo
erythropoiesis remains challenging since contingency
mechanisms have evolved to compensate for their loss. Future
work in this area must aim to deplete not only EBI macrophages
but also monocytes, but that can lead to other complications with
immune function, unrelated to erythropoiesis. Still, the exact
physiological role of EBIs in erythropoiesis at different stages of
development, in different hematopoietic tissues, and in the
context of diseases such as anemia and dysplasia, remains to
be extensively characterized. Overall, the study of EBI
macrophages is at an exciting juncture where the progress that
has been made in gene expression studies can be extended into
various erythropoietic tissues and conditions, and used as a guide
for developing hypotheses to characterize their molecular nature
and developmental origins.
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