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Duffy antigen receptor for chemokines

(DARC)/CD234, also known as atypical

chemokine receptor 1 (ACKR1), is a

seven-transmembrane domain protein ex-

pressed on erythrocytes, vascular endo-

thelium, and a subset of epithelial cells

(Peiper et al., 1995). Previously, we re-

ported that ACKR1 was expressed in

bone marrow macrophages. ACKR1 inter-

acts with CD82 on long-term repopulating

hematopoietic stem cells (LT-HSCs) to

maintain the dormancy of LT-HSCs during

homeostasis (Hur et al., 2016). We also

demonstrated that ACKR1 interacts with

CD82 in HSCs from human umbilical cord

blood (hUCB). These findings demon-

strated that CD82 is a functional surface

marker of LT-HSCs and this molecule

maintains LT-HSC quiescence by interac-

tions with ACKR1-expressing macro-

phages in mice and humans.

Not only our study but other groups also

described that ACKR1 is expressed in

various cell types such as macrophages

(Kim et al., 2019), lymphocytes (Davis

et al., 2015), mesenchymal stem cell-

derived adipocyte (Schafer et al., 2011),

and cancer cells (Jenkins et al., 2019). Ac-

cording to immgen microarray database

(immgen.org), it has been shown that

ACKR1 mRNA is expressed in several

subsets of macrophages. For example,

ACKR1 is expressed in splenic CD4+

T cells (CD45+MHC II+CD11c+CD4+) and

splenic CD8+ dendritic cells (CD45+MHC

II+CD11c+CD8+). But ACKR1 is not ex-

pressed in peritoneal macrophage (F4/

80+ICAM2+). To validate these microarray

data, we performed quantitative real-time
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PCR and we confirmed that ACKR1

mRNA was expressed in T cells, dendritic

cells, monocytes, and macrophages

(Figure S1A). In this study, to exclude the

contamination of nucleated erythroid cells

(NECs), we sortedNECs (CD71+TER119+)

out first and prepared each cell with FACS

sorting. Toconfirm theabsenceof contam-

ination by erythroblasts, we performed

quantitative real-time PCR with erythro-

blast-specific genes, such as hemoglobin

subunit alpha (HBA) and beta (HBB). They

were not detected (Figure S1B) in non-

erythroid nucleated cells.

Rot et al. (2021) have raised questions

about the cell type specificity of ACKR1

expression, which we address here. More

specifically, they demonstrated that, in a

comprehensive murine bone marrow sin-

gle-cell RNA-sequencing (scRNA-seq)

database (gexc.riken.jp), ACKR1 mRNA

accumulates in NECs, whereas it is not ex-

pressed in all non-erythroid nucleated

cells. However, it is suggested that an

overall note of caution is required when in-

terpreting scRNA-seq data for low-abun-

dance transcripts (Ziegler et al., 2020),

because detection inefficiencies might

result in an underestimation of the actual

frequencies of ACKR1+ cells in a tissue.

Moreover, the protein amounts of each

cell might differ from their mRNA abun-

dance (Shalek et al., 2013).

To investigate this discrepancy, we per-

formed immunofluorescence of mouse

bone marrow sections using macrophage

markers including F4/80 (Ebioscience,

13-4801-82), CD11b (Abcam, ABC-

AB184308), and ACKR1 antibody (Santa
lsevier Inc.
Cruz, sc-27817). We observed a small

proportion (about 2%) of bone marrow

macrophages expressing ACKR1 (Figure

S1C). To confirm these findings using

the same validated antibody and tech-

nique employed by Rot and colleagues,

we analyzed by ‘‘ImageStream’’ 2,320

CD11b+Ly6G�F4/80+ BM macrophages

and found that 2.7% of them were

ACKR1+. While this frequency is 15-fold

lower compared with our original report

using less-specific antibodies, the results

confirm the presence of a rare population

of ACKR1+ macrophages in the BM

(Figure S1E).

Ludin et al. reported in 2012 that LT-

HSCs are maintained in an undifferenti-

ated state by a rare population of

bone marrow mono-macrophages ex-

pressing a-smooth muscle actin (a-SMA)

(Ludin et al., 2012). Among those mono-

cytes and macrophages, a minority

fraction expressed COX-2 (cyclooxyge-

nase-2) and preserved the primitive

HSPC (hematopoietic stem and progeni-

tor cell) population in a COX-2-dependent

manner. In detail, COX-2-induced pro-

duction and secretion of PGE2 from a

rare a-SMA+ BMmacrophage population

prevents ROS production in LT-HSCs,

thereby maintaining the undifferentiated

status of LT-HSCs. In our re-analysis we

found that 95% of ACKR1+macrophages

(75.3% low and 20% high) expressed

a-SMA and COX-2. These results suggest

that a-SMA and ACKR1 double-positive

macrophages protect the HSPC pool by

inducing a quiescent status. Given that af-

ter macrophages lose COX-2 activity,



Letter
ll
they no longer maintain LT-HSC quies-

cence, there is a possibility that crosstalk

exists between the ACKR1/CD82 axis and

COX-2-mediated PGE2 generation. As

shown in Figures S1F and S1G, not only

the ACKR1+ macrophages (about 2%)

but also a-SMA/COX-2 and ACKR1 tri-

ple-positive macrophages (about 2%)

exist in the bone marrow. These data re-

confirmed the existence of the unique

subset of macrophages to preserve he-

matopoietic stem cells. Thus, we propose

that ACKR1-positive macrophages are a

unique subset of themacrophage popula-

tion having a specific role for HSCs and

that they do not represent the whole

mono-macrophage lineage. Such a small

but unique subset of mono-macrophages

expressing ACKR1 plays an important

role to maintain dormancy of HSCs.

To investigate the in vivo function of

ACKR1+ macrophages, we generated a

tamoxifen-inducible macrophage-specific

ACKR1 knockout mouse (Figure S1H).

This mouse was made by crossing a

CSF1R (colony stimulating factor 1 recep-

tor) promoter driven cre (Jackson Labora-

tory) and ACKR1 flox mouse (Macrogen

Co). CSF1R is a well-known gene that is

only expressed in monocytes or macro-

phages. When we treated this mouse

with tamoxifen for 3 days, the population

of ACKR1+ monocytes (CD11b+Ly6G�
CD115+F4/80�) wasdramatically reduced

(Figure S1I). ACKR1+ cells were reduced

not only in monocytes but also in macro-

phages (CD11b+Ly6G�F4/80+)

(Figure S1J). However, the number of

ACKR1 and Ter119/CD71 triple-positive

erythrocytes did not change after treat-

ment with tamoxifen (Figure S1K). These

results confirmed that macrophage and

monocyte expressed ACKR1. Concurrent

with the reduction of ACKR1 in macro-

phages, the percentage of LT-HSCs in G0

significantly decreased (Figure S1L) and

we found that the number of WBCs and

neutrophils increased (Figure S1M), sug-

gesting that the activated LT-HSC may

proliferate and differentiate. Therefore,

this mouse should be useful to investigate

the role of ACKR1+ macrophages in vivo;

we will further investigate the function of

ACKR1+ macrophages in the near future.

The study by Rot et al. importantly

noted the insufficient specificity of some

antibodies used in our previous study
and prompted us to re-analyze ACKR1

expression using validated antibodies

and higher-resolution techniques. The

new results suggest that the vast majority

of BM macrophages do not express

ACKR1, which is partly in agreement

with the interpretation by Rot el at. How-

ever, the new results also confirm the

presence of an ACKR1+ subpopulation

of BM macrophages (albeit rarer than we

previously reported) that contributes to

maintaining quiescence of HSCs.

In summary, we showed evidence that

ACKR1 mRNA expression varies in

different subsets of macrophages and

that the ACKR1 protein was expressed

at the single-cell level without forming a

complex with any other cells. Further-

more, we provided evidence of ACKR1

expression in monocytes and macro-

phages at the single-cell level with the

exact same ACKR1 antibody (6B7)

as was used in Rot and colleagues’

experiments. Finally, we confirmed the

function of ACKR1+ macrophages for

LT-HSC quiescence in vivo. For these ex-

periments, we used tamoxifen-inducible

monocyte/macrophage-specific ACKR1

knockout mouse. In this study, we

confirmed that ACKR1 was expressed

not only in nucleated erythrocytes but

also in a unique subset of monocytes

and macrophages.
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Supplemental Figure 1. Murine bone marrow macrophages and human
monocytes express ACKR1 that interacts with CD82 leading to dormancy of
stem cells.

(A) ACKR1 mRNA expression in mouse non-nucleated erythrocyte cells: Peritoneal
macrophages (PM), Bone marrow derived macrophages and monocytes, Splenic
CD8+ DC (Dendritic cells), Splenic CD4+ T cells and nucleated erythrocytes (NEC)
(B) mRNA expression of NEC specific genes, Hemoglobin subunit alpha (HBA)
and beta (HBB) in non-NECs and NECs. (C, D) Representative images of Immuno-
fluorescent staining of macrophage marker F4/80 (red), CD11b (green) and
ACKR1 (white) in bone marrow endosteal niche. Scale bar means 5 um. (E-G)
Representative visualized FACS single cell images of (E) ACKR1+ macrophages
(CD11b+Ly6G-F4/80+) (F) ACKR1 and  -SMA double positive macrophages (G)
ACKR1,  -SMA and COX2 triple-positive macrophages. (H) Schematic figure of
tamoxifen-inducible Csf1r-specific conditional knockout mouse. (I-K)
Fluorescence-activated cell sorting (FACS) analysis of (I) Monocyte
(CD11b+CD115+F4/80-Ly6G-), (J) Macrophage (CD11b+Ly6G-F4/80+) and (K)
NEC (Ter119+CD71+) with or without tamoxifen, stained with validated ACKR1
antibody. (L) (Left) Quantification of the plot for Cell-cycle status of the primary
LT-HSC with or without tamoxifen (***p<0.01, n=3) (Right) The number of LT-HSC
cells with or without tamoxifen (**p<0.05, n=3). (M) The test of Complete Blood
Counting (CBC) in the mouse with or without tamoxifen (*p<0.1, ***p<0.001, n=3)


