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The atypical chemokine receptor 1

(ACKR1) was discovered on erythrocytes

as the Duffy blood group antigen (Cut-

bush et al., 1950), also called Duffy-anti-

gen/receptor for chemokines, or DARC

(Novitzky-Basso and Rot, 2012). Erythro-

cytes are terminally differentiated anu-

clear cells with no transcription and

limited translation. Accordingly, within

the erythroid lineage ACKR1 expression

occurs first and is the highest in erythro-

blasts (Duchene et al., 2017). Additionally,

ACKR1 expression characterizes venular

endothelial cells (ECs) (Pruenster et al.,

2009; Thiriot et al., 2017), including those

lining bone marrow (BM) sinusoids (Duch-

ene et al., 2017). This well-established,

distinctive pattern of cell expression has

been directly challenged by a publication

purporting ACKR1 expression in mouse

BM by macrophages, but not erythro-

blasts and ECs, suggesting that macro-

phage ACKR1 engages its non-cognate

ligand CD82 on hematopoietic stem cells

(HSCs) to maintain their quiescence (Hur

et al., 2016). In light of the extensive liter-

ature, these findings have been particu-

larly provocative, as this was the first

description of ACKR1 expression by any

leukocyte type and, if correct, would

change current concepts of ACKR1

involvement in pathophysiology. The

reported ACKR1 expression by macro-

phages in Hur et al. relied on using com-

mercial anti-ACKR1 antibody FAB6695,

which has neither been validated by the

manufacturer nor by the authors. This
prompted us to investigate the specificity

of FAB6695 and scrutinize the apparent

ACKR1 expression in BM macrophages.

According to a comprehensive murine

BM transcriptome database (https://

gexc.riken.jp/), ACKR1 mRNA accumu-

lates in nucleated erythroid cells (NECs),

whereas all non-erythroid nucleated cells

(NENCs) are devoid of it (Figure S1A).

First, we used flow cytometry to probe

FAB6695 staining of these two popula-

tions. Whereas ACKR1-specific antibody

6B7 (Duchene et al., 2017; Thiriot et al.,

2017) accurately discriminated between

NECs and NENCs, FAB6695 stained

both cell populations almost equally

(Figure S1B), as also revealed by their

respective staining indices (Figure S1C).

Additionally, in contrast to 6B7,

FAB6695 immunostained NECs of both

wild-type (WT) and ACKR1-deficient

(KO) mice (Figure S1D), as reflected

by the antibodies’ specificity indices

(Figure S1E). Next, we compared the

staining properties of FAB6695 and 6B7

using an unbiased t-SNE analysis of all

BM cells of WT and KOmice. It confirmed

that, in contrast to control 6B7, FAB6695

marked NECs and other BM cells equally

well and failed to discriminate between

WT and ACKR1 KO cells (Figure S1F),

corroborating its lack of sensitivity and

specificity, respectively. Furthermore,

FAB6695 failed to immunodetect ACKR1

on venular ECs in tissue sections

(Figure S1G). These data clearly invalidate

FAB6695, as it is neither sufficiently sensi-
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tive to detect ACKR1 on NECs and

ECs nor specific, as it recognizes unre-

lated epitope(s) present in ACKR1-defi-

cient cells.

Uncovering the unspecific nature of

FAB6695 undermined the assertion of

ACKR1 expression in BM macrophages

and prompted us to address this question

directly by staining the whole BM with

ACKR1-specific 6B7, co-staining with a

broad set of markers and visualizing the

results by t-SNE. Unexpectedly, in addi-

tion to all NECs, 6B7 marked a subset of

F4/80pos macrophages, separating them

into two subpopulations (Figure S1H).

One, F4/80posACKR1neg, co-expressed

myeloidmarkers, CD11b, Ly6C, andCEA-

CAM1, while another, F4/80posACKR1pos,

did not, though it co-expressed erythroid-

specific Ter119 and CD71. Gating on F4/

80pos BM cells confirmed that ACKR1pos

cells also expressed erythroid-specific

markers CD71 and Ter119 (Figure S1I).

Moreover, gating on all ACKR1pos cells

retrieved only cells with a complete

erythroid signature (Figure S1J). Together

these data suggested that either a subset

of F4/80pos macrophages expressed

erythroid-specific surface markers, or,

vice versa, a subset of NECs expressed

F4/80. To clarify the nature of the F4/80pos

ACKR1pos cells, we visualized them

by imaging flow cytometry, thus revealing

that they were not individual cells but

cell aggregates comprising at least

one ACKR1posCD71posTer119pos NEC

and one F4/80posCD11bneg macrophage
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(Figure S1K, Lanes 1–4). NECs and mac-

rophages are spatially and functionally in-

terconnected within the BM erythroblastic

islets, each of which comprises a F4/

80posCD11bneg macrophage (Li et al.,

2019) surrounded by several adherent

NECs (Chasis and Mohandas, 2008). The

tight bonds between these cells evidently

persist also ex vivo, upon their isolation.

Conversely, F4/80posCD11bpos macro-

phages did not form complexes with

NECs and were completely devoid of

membrane ACKR1 immunoreactivity

(Figure S1K, Lane 5), but few emitted a

faint intracellular signal (Figure S1K, Lane

6) that is entirely consistent with an auto-

fluorescence or a spillover from the

CD11b channel. The F4/80posCD11bpos

macrophages in the BM, spleen, and

peritoneum are known to produce auto-

fluorescent signals. Egregious examples

misinterpreting macrophage autofluores-

cence as immunoreactivity include, e.g.,

alleging macrophage expression of

FoxP3 (Li et al., 2012). Another well-

documented artefact associated with im-

munostaining macrophages results from

a non-specific antibody binding via Fc-re-

ceptors, necessitating the use of Fc-block

and careful analysis versus appropriate

controls.

In conjunction, we used a specific anti-

body 6B7 to establish that BM macro-

phages themselves do not express

ACKR1. However, macrophages form ag-

gregates with ACKR1pos NECs, which, in

conventional flow cytometry, despite

stringently set doublet-exclusion gates,

are detected as singlets, potentially

causing artifactual attribution of ACKR1

expression to macrophages, which can

also stem from misinterpreting autofluor-

escence, fluorescence channel spillover,

or antibody binding via Fc-receptors. It

is plausible that the flow cytometry phe-

nomenon of NEC/macrophage doublets

effectively masquerading as single cells

is also mirrored in single-cell transcrip-

tomics. However, this was not the case

as a comprehensive hematopoietic sin-

gle-cell transcriptome database (https://

tabula-muris.ds.czbiohub.org/) correctly

ascribed the ACKR1 mRNA expression

to NECs only (Figure S1L).

Our studies provide evidence that BM

macrophages do not express ACKR1.

However, it remains possible that the

described phenotype of HSC dormancy

maintained via CD82 (Hur et al., 2016) still
1014 Cell Stem Cell 29, July 7, 2022
depends on ACKR1, albeit expressed by

NECs. NECs and macrophages are also

spatially and functionally interconnected

within the erythroblastic islets of the BM,

each comprising a macrophage sur-

rounded by a number of adherent NECs

(Chasis and Mohandas, 2008). Because

of this functional nexus, it is possible

that macrophage depletion by clodro-

nate, which abolished HSC quiescence

(Hur et al., 2016), indirectly affected the

erythroid lineage and disrupted ACKR1-

mediated direct interactions of NECs

with HSCs, shown by us to depend on

ACKR1 expression by NECs (Duchene

et al., 2017). Therefore, it is possible that

the ACKR1-dependent in vitro effects on

HSC proliferation ascribed to BM macro-

phages (Hur et al., 2016) were actually

induced by the ACKR1pos erythroblasts

inconspicuously carried into the in vitro

experimental setups in complex with the

isolated macrophages. If CD82 on HSCs

indeed engages ACKR1, it would involve

NECs, by far the most prevalent BM

cell population with all NECs express-

ing ACKR1.

Paralleling findings in mouse, Hur et al.

used an anti-human antibody FAB4139

to ascribe ACKR1 expression to

human blood monocytes. We set out

to determine the specificity of FAB4139

by comparing its immunoreactivity

with erythrocytes of Duffy-positive and

Duffy-negative individuals, controlled by

a validated anti-ACKR1 antibody 2C3.

In contrast to 2C3, which efficiently

distinguished Duffy-positive and Duffy-

negative erythrocytes, FAB4139 only

weakly immunoreacted with Duffy-posi-

tive erythrocytes at the highest con-

centration tested (Figure S1M) and

with negligible specificity (Figure S1N).

Instead, FAB4139 strongly marked

CD45+ leukocytes of both Duffy-positive

and Duffy-negative individuals, whereas

2C3 labeled leukocytes of Duffy-positive

donors only (Figure S1O). Strong immu-

noreactivity with leukocytes of Duffy-

negative donors combined with low

sensitivity for erythrocyte ACKR1 sug-

gests that FAB4139 cross-reacts with

an epitope unrelated to ACKR1. Because

the ACKR1-specific 2C3 also immunor-

eacted with CD14+ monocytes (Figure

S1P), we investigated whether this might

be due to the formation of cell com-

plexes between erythrocytes and leuko-

cytes. Indeed, imaging flow cytometry
confirmed that this was the case, as

each CD14+ACKR1+ event correspo-

nded to a cell complex of a monocyte

and an erythrocyte (Figure S1Q).

Antibodies are indispensable research

tools but many, like FAB6695 and

FAB4139, are not fit-for-purpose, bec-

ause they are not specific for their anti-

gens. It is imperative that all antibodies

are validated prior to their use. Currently

all commercial anti-mouse ACKR1 anti-

bodies, including sc-27817 (Santa Cruz),

also used by Hur et al., remain non-vali-

dated, completely undermining the

credibility of any results obtained using

these reagents. Curiously, due to the pro-

pensity of myeloid cells to complex with

ACKR1pos erythroid cells, staining with

specific anti-ACKR1 antibodies might

also lead to an erroneous ascription of

ACKR1 immunoreactivity to cells devoid

of it. Imaging flow cytometry was required

to unmask such cell complexes and un-

equivocally show that myeloid cells them-

selves neither express ACKR1 nor acquire

ACKR1 immunoreactivity through phago-

cytosis of ACKR1-expressing cells. Other

examples of heterologous cell aggrega-

tion causing false attribution of cell-spe-

cific immunomarkers include complexes

between follicular helper T cells and B

cells in mouse lymph nodes (Reinhardt

et al., 2009) as well as those between

T cells and monocytes (Burel et al.,

2019) or B cells (Burel et al., 2020) in hu-

man blood. It is likely that phenomena of

heterologous cell complexes appearing

in the singlet gate and masquerading as

unusual cell types are even more wide-

spread, necessitating confirmation by im-

aging whenever new cell types are

described solely based on flow cytometry

profiles.

In summary, we show that commercial

antibodies FAB6695 and FAB4139 are

unspecific and unsuitable for detecting

mouse and human ACKR1, respectively.

We conclude that BM macrophages do

not express ACKR1 and therefore cannot

maintain the dormancy of HSCs through

the ACKR1-CD82 pathway. The human

correlate of this molecular pathway is

also unsubstantiated, as monocytes do

not express ACKR1.
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Supplemental Figure 1. Mouse bone marrow macrophages and human blood monocytes do 
not express ACKR1.  
(A) Microarray analysis heatmap of Ackr1 mRNA expression in mouse BM cells: 
proerythroblasts (ProE), early normoblasts (BasoE), late normoblasts (PolyE), endothelial cells 
(EC). NECs, nucleated erythroid cells; NENCs, non-erythroid nucleated cells. Source: 
gexc.riken.jp/models/1649. (B) Representative flow cytometry analysis of BM cells of WT mice 
stained with different concentrations (0.125 – 2µg/mL) of FAB6695 and 6B7. Here and 
elsewhere NECs were gated as CD71posTer119pos and NENCs as CD71negTer119neg. (C) Staining 
Index curves of FAB6695 and 6B7. Geometric MFI of signals in NECs and NENCs were obtained 
and used to calculate the Staining Index= (MFINEC–MFINENC)/(2xSDNENC). (D) Representative 
flow cytometry staining of BM NECs from WT and ACKR1-deficient (KO) mice by FAB6695 and 
6B7 at 0.125 to 2µg/mL. (E) Specificity index curves of FAB6695 and 6B7. Geo MFI values 
obtained for FAB6695 and 6B7 in WT and KO NECs were used to calculate the Specificity 
Index=(MFIWT–MFIKO)/(2xSDKO). (F) BM cells of WT (red) and KO (blue) mice combined in t-SNE 
plots. Expression levels of indicated markers are reflected by a color scale from blue (low 
expression) to red (high expression). ACKR1 stained by FAB6695 or 6B7. Arrows indicate NECs. 
(G) Representative immunofluorescence micrographs of omentum of WT and KO mice, as 
assessed by confocal microscopy after staining for CD31 (red) and for AKCR1 with either 
FAB6695 or 6B7 (blue). Scale bar: 100 µm. (H) BM cells of WT mice in t-SNE dimensional 
reduction based on the expression of 13 immunomarkers. Expression levels are color mapped 
from blue (low expression) to red (high expression). ACKR1 stained by 6B7. (I) Top: 
Representative flow cytometry plot showing the gating strategy based on the F4/80 staining 
of the whole BM. Bottom left: Fraction of NECs (red) from the parental gate. Bottom right: 
Expression of ACKR1 (stained by 6B7) in NECs (red) and remaining NENCs (grey). (J) Top: 
Representative flow cytometry plot showing the gating strategy of the whole WT (red) and KO 
(blue) BM based on ACKR1 expression stained with 6B7. Lineage cocktail contained B220, CD3, 
CD11b and Gr1 antibodies. Bottom: Fraction of NECs from the parental gate. (K) Gallery of 
representative images of F4/80posACKR1pos events visualized by imaging flow cytometry; 
ACKR1 stained by 6B7. BF, Brightfield. (L) tSNE graph of mRNA expression of Ackr1 determined 
by single cell RNA sequencing of mouse BM cells. NECs and macrophages (MAC) are indicated 
by arrows. Source: tabula-muris.ds.czbiohub.org. (M) Representative flow cytometry analysis 
of FAB41139 and 2C3 binding at different concentrations to red blood cells (RBCs) from 
healthy Duffy-positive and Duffy-negative individuals. (N) Specificity index curves of FAB41139 
and 2C3. Geo MFI values obtained for FAB41139 and 2C3 in Duffy-positive and Duffy-negative 
RBCs were used to calculate the Specificity Index=(MFIDuffy-pos–MFIDuffy-neg)/(2xSDDuffy-neg). Red 
dots represent antibody concentrations recommended as optimal by the providers. (O) 
Representative flow cytometry analysis for binding of FAB41139 and 2C3 to white blood cells 
(WBCs) from Duffy-positive and Duffy-negative individuals. WBCs were gated as CD45pos cells. 
(P) Representative flow cytometry plot of CD14posACKR1pos events from Duffy-positive donor 
blood reacted with 2C3. (Q) Gallery of representative images of CD14posACKR1pos events 
visualized by imaging flow cytometry, ACKR1 stained by 2C3. BF, brightfield. 
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