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Abstract

CD169, a specific marker for macrophages, is a member of the sialic acid-binding immunoglobulin-like lectin (Siglec)
family which acts as an adhesion molecule implicated in cell-cell interaction via sialylated glycoconjugates. Although
CD169* macrophages have been found to participate in erythroblastic island (EBI) formation and support erythropoiesis
under homeostasis and stress, the exact role of CD169 and its counter receptor in EBI remains unknown. Herein, we
generated CD169-CreERT knock-in mice and investigated the function of CD169 in EBI formation and erythropoiesis using
CD169-null mice. EBI formation was impaired in vitro by both blockade of CD169 using anti-CD169 antibody and deletion
of CD169 on macrophages. Furthermore, CD43 expressed by early erythroblasts (EB) was identified as the counter
receptor for CD169 in mediating the EBI formation via surface plasmon resonance and imaging flow cytometry.
Interestingly, CD43 was proven to be a novel indicator of erythroid differentiation due to the progressive decrease of CD43
expression as EB mature. Although CD169-null mice did not display defects in bone marrow (BM) EBI formation in vivo,
CD169 deficiency impeded BM erythroid differentiation probably via CD43 under stress erythropoiesis, in concert with the
role of CD169 recombinant protein in hemin-induced K562 erythroid differentiation. These findings have shed light on the
role of CD169 in EBI under steady and stress erythropoiesis through binding with its counter receptor CD43, suggesting

that CD169-CD43 interaction might be a promising therapeutic target for erythroid disorders.

Introduction

Erythropoiesis is a complicated progress wherein hema-
topoietic stem cells proliferate and differentiate into ma-
ture red blood cells (RBC) via multiple developmental
stages regulated by various factors.' The last several dec-
ades have witnessed the emerging role of macrophages
in supporting erythroid development. As the first de-
scribed hematopoietic niche, the erythroblastic island
(EBI) is composed of a central macrophage and surround-
ing developing erythroblasts (EB), seen in the fetal liver,
bone marrow (BM), and spleen.?® Central macrophages
function as “nursing” cells in this niche, which anchor EB
within EBI and provide cytokines and growth factors to
promote the proliferation and differentiation of EB.>
Moreover, these macrophages can transfer iron to at-
tached EB for heme synthesis and phagocytose the nuclei
extruded by EB at terminal differentiation.*” Such func-
tions are based on the adhesion of central macrophages

and EB,*® but the mechanisms mediating EBI formation
have not been fully elucidated. Several adhesion molecule
pairs participate in EBI formation, such as erythroblast
macrophage protein (EMP)-EMP,2"? vascular cell adhesion
molecule-1 (VCAM-1)-integrin a4p1"* and integrin av-in-
tercellular adhesion molecule-4 (ICAM-4).%¢ However, re-
cent studies found that not all of these molecules are
essential for EBI formation in vivo.”? EMP expressed by
macrophages, not EB, is necessary for maintaining EBI.™
Another adhesion molecule, VCAM-1, is dispensable for
EBI formation in vivo.? In addition, CD163 expressed by
macrophages might be involved in EBI formation in vitro.”
Nevertheless, little is known regarding the interactions
between other adhesion molecules mediating macro-
phages and EB.

CD169, also known as sialoadhesion (Sn) or sialic acid-
binding immunoglobulin-like lectin 1 (Siglec1), is a specific
marker for tissue resident macrophages.® As the largest
member of the Siglec family, CD169 contains an extracel-
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lular region made up of 16 C2-set immunoglobulin do-
mains and 1 V-set immunoglobulin domain but lacks in-
tracellular signaling motifs.’®"® CD169 was originally named
sheep erythrocyte receptor because of its ability to inter-
act with sialylated structures on sheep erythrocytes, but
later it was found to bind murine EB probably via sialy-
lated glycoconjugates which is located at macrophages-
EB contact zones.?°~>? Further in vivo investigations have
shown that depletion of CD169* macrophages strikingly
impairs EBI and markedly decreases the number of EB in
BM, suggesting that CD169* macrophages are crucial for
EBI formation in vivo.?® In addition, the contribution of
CD169" macrophages to stress and pathological erythro-
poiesis suggests that targeting CD169* macrophages has
therapeutic implications in anemia, polycythemia vera, and
f-thalassemia.?®** These studies emphasize the pivotal
role of CD169* macrophages in supporting erythropoiesis
under homeostasis and stress. A recent study has reported
that EPOR* EBI central macrophages express a higher level
of CD169 than EPOR™ macrophages.?® However, the mech-
anism of CD169 as an adhesion molecule for mediating
macrophages and EB interaction remains unclear. Fur-
thermore, the counter receptor on EB for CD169 has not
been studied.

In this study, we found that CD43 is the counter receptor
on EB for CD169 expressed by macrophages in EBI. In ad-
dition, similar to CD44, CD43 expression progressively de-
creased as EB mature, and thus it could be a novel marker
to distinguish erythroid differentiation. Although blocking
CD169 disrupted the adhesion between macrophages and
EB in vitro, CD169 deletion did not impair EBI formation in
vivo, suggesting that CD169 might play a dispensable role
in the BM EBI niche. Moreover, in the model of high-alti-
tude polycythemia (HAPC), CD169 might slightly promote
BM erythroid differentiation through binding with CD43.
Consistently, CD169 recombinant protein promoted
hemin-induced K562 erythroid differentiation mildly with
reduced CD43 expression. Collectively, our findings un-
ravel the counter receptor on EB for CD169 and elucidate
the role of CD169 expressed by macrophages in EBI
formation and erythroid differentiation under homeostasis
and stress conditions, replenishing the molecular mech-
anisms of adhesion molecules participating in EBI forma-
tion.

Methods

Mice

CD169-CreERT mice were generated on a C57BL/6 back-
ground by using CRISPR/Cas9 to knock CreERT into the exon
1 of CD169 (Biocytogen Biotechnology Company, China). Ge-
notyping was performed by polymerase chain reaction (PCR)
with two pairs of primers: WT-F: CATGCCACCAAGTGAGAG-
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CATTTCC; WT-R: TGCACATTCTTGGGACTGGAGACACC; MUT-F:
AGGAGACCAATTTCCGGTGCTTACG; MUT-R: GGCTTGCAGG-
TACAGGAGGTAG. The first pair of primers amplified a 539 bp
wild-type (WT) band while the second pair amplified a 641
bp mutant (MUT) band from the CD169-CreERT allele.
Rosa26tdTomato (Ai9) mice were kindly provided by Dr.
Yuqgiang Ding. In order to induce gene recombination in
CD169-CreERT crossed with Ai9 mice, tamoxifen (100
mg/kg, Sigma) was administered intraperitoneally daily for
5 consecutive days, and analysis was performed 3 weeks
after the last injection. In order to establish a high-alti-
tude polycythemia (HAPC) model,?®* mice were exposed to
hypoxia in a hypobaric chamber corresponding to an alti-
tude of 5,000 m for 7 days. All mice with a C57BL/6 back-
ground were maintained in a specific-pathogen-free
facility. All animal experiments were approved by the Ani-
mal Experiment Administration Committee of the Fourth
Military Medical University. Adult mice 2-3 months of age
were used for the studies.

Cell isolation and culture

Murine BM-derived macrophages (BMDM) were induced
and cultured as described previously.?” The BM EB (CD45-
CD11bTer119*) were sorted by fluorescence activated cell
sorting (FACS) using BD Arialll or magnetic activated cell
sorting (MACS) with the BD IMag™ cell separation system.

Erythroblastic island formation in vitro

EBI formation was performed as previously described.?®
Briefly, BMDM were pretreated with isotype or anti-
CD169 antibody (5 ug/mL) for 1 hour (h), and were then
washed with phosphate-buffered saline (PBS). Pre-
treated BMDM were mixed with sorted EB at a 1:20 ratio
for 12 h in Iscove’s modified Dulbecco’s medium (IMDM)
containing 10% fetal bovine serum (FBS), 5 mM Mg?*, and
5 mM Ca?'. Afterwards, cells were collected for cytospin
and May-Grunwald-Giemsa (MGG) staining to assess
the ability of EBI formation in vitro. In some cases, EB
were pretreated with isotype or anti-CD43 antibody for
1 h before co-culture or BM macrophages were sorted
from CD169 WT and knockout (KO) mice using BD Arialll
or SONY MA9OO.

Preparation of native erythroblastic islands from bone
marrow

Native murine BM EBI were prepared according to the de-
scribed methods,?®?® then stained with different anti-
bodies listed in the Online Supplementary Table S1. Cells
were washed and resuspended for flow cytometry or im-
aging flow cytometry analysis.

Flow cytometry and imaging flow cytometry
Isolated murine BM and spleen cells were stained with
different antibodies listed in the Online Supplementary
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Table S1. Flow cytometry analyses were performed with
routine protocols using a BD CantoPlus flow cytometer.
Dead cells were excluded by 7-AAD staining. Data was
analyzed using the FlowdJo 7.6.1 software. Imaging flow
cytometry was done using a Luminex Amnis Imagestream
Mk Il instrument at 40x magnification with IDEAS 6.2 soft-
ware for data analyses.

Surface plasmon resonance

BIAcore T200 (Cytiva) was used to determine the binding
ability of CD169 to CD43. Based on the binding active unit
of rmSiglec1-mFc (RD, 5610-SL) in N-terminal Ig-like V-set
domain, mouse antibody capture kit (Cytiva, BR-1008-38)
was utilized for rmSiglecl-mFc immobilization on a CM3
sensor chip via the C-terminal rmFc domain. Immobiliza-
tion conditions and running conditions were set according
to the mouse antibody capture kit instructions, and
rmCD43-hFc (SinoBiological, 50735-M02H) was injected at
a series of concentrations diluted with HBS-EP buffer. The
association time was 60 seconds (sec), and the dissocia-
tion time was also 60 sec. The equilibrium dissociation
constant (KD) value was obtained using a steady state af-
finity model on the BlAcore evalution software program.

Statistics

The data were quantitatively analyzed using the GraphPad
Prism 7 software. All experiments were replicated at least
three times and all data were reported as mean + stan-
dard error of the mean (SEM). Statistical significance was
assessed using the Student’s t-test and one-way ANOVA
with Tukey’s multiple comparison tests, as appropriate.
P<0.05 was considered statistically significant.

Results

Blockade of CD169 expression on bone marrow-derived
marcrophages disrupts erythroblastic island formation
in vitro

CD169* macrophages are reportedly involved in BM EBI
formation.?® In order to further assess the exact role of
CD169 on EBI macrophages, we first examined CD169 ex-
pression during murine BM monocyte differentiation into
macrophages at different time points. CD169 expression
was found to increase at both the RNA and protein levels
(Figure 1A-C) in the process of monocyte-to-macrophage
differentiation, which is in line with the differentiation of
healthy human peripheral blood monocytes to macro-
phages.?® Meanwhile, the expression of CD169 on mature
BMDM was confirmed by immunofluorescence staining
(Figure 1D). Afterwards, we developed an in vitro EBI
formation assay (Online Supplementary Figure S1A) to
evaluate adhesion between CD169* BMDM and BM EB. BM
EB were sorted (Online Supplementary Figure S1B) and
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then co-cultured with BMDM pretreated with isotype or
anti-CD169 antibody. Representative images and quanti-
tative analyses showed that the ability of EBI formation in
vitro was impaired when the expression of CD169 on
BMDM was blocked by anti-CD169 antibody (Figure 1E, F).
These results demonstrated the crucial role of CD169 in
EBI formation in vitro.

Regarding the lack of VCAM-1 on CD169* BMDM in vitro
(Online Supplementary Figure S1C), it is reasonable to spe-
culate whether overexpression of VCAM-1 on CD169*
BMDM may rescue EBI formation upon blocking CD169. In
order to prove this hypothesis, VCAM-1 was induced in
cultured CD169* BMDM by lentivirus overexpression (On-
line Supplementary Figure S1D). Unexpectedly, the result
showed that overexpression of VCAM-1 on CD169* BMDM
might not rescue the impairment of EBI formation upon
blocking CD169 in vitro, indicating that VCAM-1 may not
compensate for the effect of CD169 deletion in EBI forma-
tion at least in vitro (Online Supplementary Figure STE, F).

Generation of CD169-CreERT mice to investigate the
role of CD169 in erythroblastic island formation

In order to enunciate the role of CD169 in EBI, we con-
structed CD169-CreERT knock-in mice on a C57BL/6
background using CRISPR/Cas9 technology. As shown in
the schematic model, CreERT was knocked into exon 1 to
allow the independent expression of CreERT under the
control of the CD169 promoter (Figure 2A), and the geno-
type was confirmed by PCR (Online Supplementary Figure
S2A). Meanwhile, the different genotype of CD169-CreERT
mice was determined by FACS using BM cell suspension.
As shown in Figure 2B and C, CD169 expression was re-
duced by about half in heterozygotes, and CD169 was
knocked out successfully in CD169-CreERT double knock-
in mutant mice (CD169 KO mice). Further analysis revealed
that CD169 deletion did not affect BM macrophage per-
centage and numbers (Online Supplementary Figure S2B).
Because CD169* macrophages maintain the hematopoietic
stem cells niche,*** we then examined the hematopoietic
stem cell development by FACS. The percentage and cell
numbers of hematopoietic stem and progenitor cells
showed negligible changes in CD169 KO mice (Online Sup-
plementary Figure S2C, D).

Moreover, we observed CD169 distribution in immune
cells by crossing CD169-CreERT mice and Rosa26tdTo-
mato mice with tdTomato followed by the loxp-flanked
STOP sequence inserted into the Rosa26 locus. After ta-
moxifen administration, tdTomato expression was ob-
served in the EBI multiplets (Figure 2D), but not in T cells,
B cells, or NK cells (Online Supplementary Figure S2E),
suggesting that CD169 is a macrophage-restricted marker
and that CD169-CreERT could be utilized for tracing EBI
central macrophages. However, the percentage of tdTo-
mato in EBI central macrophages was not as high as we
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Figure 1. Blockade of CD169 expression on bone marrow-derived macrophages disrupts erythroblastic island formation in vitro. (A)
The relative expression of Cd769 was determined by quantitative real-time polymerase chain reaction (QRT-PCR) at different time
points of bone marrow-derived macrophages (BMDM) differentiation in vitro (N=3). (B) The percentage of CD11b*F4/80* macrophages
(upper panel) and the CD169 expression of CD11b*F4/80* macrophages (lower panel) were analyzed by fluorescence activated cell
sorting (FACS) during BMDM differentiation. The representative FACS plot is shown (N=3). (C) The percentage of CD169* macrophages
was quantitatively analyzed as shown in (B) (N=3). (D) BMDM on day 7 (D7) were stained with CD169 (green), F4/80 (red), and Hoechst
(blue) using immunofluorescence staining (N=3). (E) Sorted BM erythroblasts (EB) were cultured with BMDM pretreated with immu-
noglobulin G (IgG) isotype or anti-CD169 antibody, then in vitro EBI formation was examined by May-Grunwald-Giemsa (MGG) staining
(N=3). (F) Quantitative analyses of in vitro erythroblastic island (EBI) formation by counting the number of surrounding EB associated
with BMDM in (E) (N= 3). Data are shown as mean * standard error of the mean; *P<0.05; **P<0.01; ***P<0.001.
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expected, probably due to the efficiency of tamoxifen in-
duction.

We then sorted BM macrophages from WT and CD169 KO
mice as well as BM EB from WT mice, and performed EBI
formation in vitro. EBI formation was undermined in vitro
in the CD169 KO group (Figure 2E, F), which resembled the
impairment of EBI by blocking CD169 using anti-CD169
antibody (Figure 1E, F). Based on the abovementioned re-
sults, CD169-CreERT double knock-in mice could be util-
ized as CD169 KO mice for studying CD169 function in EBI
formation in vivo.

CDA43 is the counter receptor on erythroblasts for CD169
As the counter receptor on EB for CD169 in EBI has not
been determined, we attempted to determine its potential
counter receptor from some reported sialylated mol-

A B WT
CD45* Ly6G- Ter119-
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ecules interacting with CD169, such as MUC1 and CD43.32%
Since the counter receptor candidate is likely to share a
similar proportion with that of recombinant CD169-Fc
protein binding to BM EB, we first measured the binding
of recombinant mouse CD169-Fc protein to sorted BM EB.
In fact, recombinant CD169-Fc bound only to about 10%
of BM EB (Figure 3A; Online Supplementary Figure S1G).
Next, we examined the expression of MUC1 and CD43 on
EB by western blotting. We found that CD43, but not
MUC1, was expressed on sorted BM EB (Online Supple-
mentary Figure S1H). Accordingly, we also observed ap-
proximately 16% CD43* BM EB by FACS (Figure 3B),
indicating that CD43 might be the counter receptor for
CD169 on EB.

For further insight regarding the interaction between
CD169 and CD43, surface plasmon resonance was per-
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Figure 2. Generation of CD169-CreERT mice for investigating the function of CD169 in erythroblastic island formation. (A) Sche-
matic model for the generation of CD169-CreERT knock-in mice. (B) The expression of CD169 in bone marrow (BM) macrophages
from CD169 wild-type (WT), heterozygous (Het), and mutant (Mut) mice was analyzed by fluorescence activated cell sorting
(FACS) (N=3). (C) The deletion efficiency of CD169 on BM macrophages was determined by mean fluorescence intensity (MFI) as
shown in (B) (N=3). (D) Representative flow cytometry plots of BM erythroblasts (EB) gated as Ter119*F4/80* live multiplets and
representative histograms showing tdTomato expression of erythroblastic island (EBI) central macrophages in CD169-CreERT ™/~
Rosa26tdTomato*~ and CD169-CreERT*~ Rosa26tdTomato*~ mice (N=3). (E) Sorted BM EB were cultured with BM macrophages
sorted from CD169 WT and KO mice, followed by May-Grunwald-Giemsa (MGG) staining for evaluating in vitro EBI formation
(N=3). (F) Quantitative analyses of in vitro EBI formation by counting the number of surrounding EB associated with BM macro-
phages from CD169 WT and KO mice as shown in (E) (N=3). Data are shown as mean * standard error of the mean; *P<0.05;

**p<0.01; ***P<0.001.
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formed to examine the binding affinity of CD169 to CD43.
As shown in Figure 3C, their binding was dose-dependent
and exhibited a fast association-dissociation process
with a KD value of 1071 nM. Meanwhile, imaging flow
cytometry analysis showed that in a typical EBI structure
one CD169*F4/80* central macrophage was surrounded
by several Ter119* EB, of which one or two were CD43*
(Figure 3D). Furthermore, blockade of CD43 on BM EB with
anti-CD43 antibody disrupted EBI formation in vitro (Fig-
ure 3E, F), which was consistent with the effect of CD169
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blockade and CD169 deletion on macrophages (Figure 1E,
F; Figure 2E, F). Taken together, our findings strongly sug-
gest that CD43 is the counter receptor on EB for CD169 in
EBI.

CD43 might be a novel marker for distinguishing
erythroid differentiation

Given that not all EB express CD43, we next investigated
whether the kinetics of CD43 expression are relevant to the
specific developmental stages of erythroid cells. We
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Figure 3. The counter receptor on erythroblasts for CD169 is CD43. (A) The binding ability of recombinant mouse CD169-Fc
protein to sorted bone marrow (BM) erythroblasts (EB) was detected by fluorescence activated cell sorting (FACS) with recom-
binant mouse Fc protein as control stained by anti-mouse CD169 antibody (N=7). (B) The CD43 expression of CD45-CD11b Ter119*
BM EB was analyzed by FACS (N= 12). (C) The binding affinity of CD169 to CD43 was determined by surface plasmon resonance
(SPR). (D) The typical erythroblastic island (EBI) structure was observed by using imaging flow cytometry (IFC): CD169*F4/80*
macrophage was surrounded by several Ter119* EB, among which 1to 2 EB were CD43*. (E) Representative May—-Grunwald-Giemsa
(MGG) staining images of in vitro EBI formation between sorted BM macrophages and sorted BM EB pretreated with isotype or
anti-CD43 antibody (N=3). (F) Quantitative analyses of in vitro EBI formation by counting the number of surrounding EB pretreated
with isotype or anti-CD43 antibody associated with macrophages (N=3). Data are shown as mean * standard error of the mean;

*P<0.05; **P<0.01; ***P<0.001.
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adopted a putative method to identify distinct EB popu-
lations®**®* and examined the expression of CD43 in different
developmental stages. During the successive differenti-
ation progress from immature EB to mature RBC, CD43
displayed a progressively decreasing pattern from region
| (highest level) to region V (lowest level) (Figure 4A). In
addition, the difference among the mean fluorescence in-
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tensity (MFI) of CD43 in distinct EB population was stat-
istically significant (Online Supplementary Figure S3A), and
the MFI of CD43 was positively correlated with the MFI of
CD44 (Online Supplementary Figure S3B). Consistently, im-
aging flow cytometry also revealed the progressive de-
crease of CD43 fluorescence as well as CD44 from Pro-EB
to RBC (Figure 4B). Then we used CD43 and FSC-A to sep-
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Figure 4. CD43 may be a novel marker for distinguishing erythroid differentiation. (A) Representative histograms showing CD43 ex-
pression of bone marrow (BM) erythroblasts (EB) at various stages gated by CD44 and FSC-A (I, pro-EB; Il, basophilic EB; Ill, poly-
chromatic EB; IV, orthochromatic EB and reticulocytes; V, mature red blood cells [RBC]). (B) Representative images of imaging flow
cytometry (IFC) analysis showing the expression trend of CD43 as well as changes in cell size, CD44, and Ter119 from pro-EB to RBC.
(C) Representative gating strategy using CD43 and FSC-A of CD45CD11b"Ter119* BM EB and May-Grunwald-Giemsa (MGG) staining
images of EB cytospins sorted from distinct clusters. (D) The expression level of CD43 during human erythroid differentiation was
analyzed from published transcriptomic data (poly vs. ortho false discovery rate [FDR] =0.001). (E) CD43 expression during human
erythroid differentiation from published proteomic analysis (ANOVA significant—FDR <0.05). RPKM: reads per kilobase million.
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arate EB at distinct stages and observed similar morphol-
ogy of EB staged by CD44 (Figure 4C). Moreover, both pub-
lished transcriptomic® and proteomic® data proved that
CD43 expression decreased during human erythroid dif-
ferentiation (Figure 4D, E). Similarly, the protein level of
CD43 progressively decreased in K562 cells induced by
hemin towards erythroid differentiation, whereas the
positive cell rate of benzidine staining and erythroid sur-
face marker CD235a expression increased gradually (On-
line Supplementary Figure S3C-F). Collectively, these
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results indicate that CD43 might be a novel surface
marker to distinguish erythroid differentiation.

CD169 plays a dispensable role in the bone marrow
erythroblastic island niche in vivo

In order to further dissect the role of CD169 in BM EBI in
vivo, we evaluated EBI formation and erythroid differenti-
ation in CD169 WT and KO mice. Unexpectedly, we neither
observed paler bones (Figure 5A) nor striking defects of
BM EBI percentages in CD169 KO mice versus WT mice
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Figure 5. CD169 plays a dispensable role in the bone marrow ery-
throblastic island niche in vivo. (A) Representative photograph of
femurs dissected from CD169 wild-type (WT) and knockout (KO)
mice. (B) CD169 expression bone marrow (BM) erythroblastic is-
lands (EBI) gated as Ter119*F4/80* live multiplets was determined
by fluorescence activated cell sorting (FACS) from CD169 WT and
KO mice. (C) The percentage of BM EBI as shown in (B) in CD169
WT and KO mice was quantitatively compared. (D) Representative
flow cytometry gating strategy of BM EB from CD169 WT and KO
mice. (E) The percentage and cell numbers of BM EB as shown in
(D) were quantitatively compared between CD169 WT and KO mice.
(F) The percentages of BM erythroblasts (EB) at distinct stages of
EB differentiation in (D) were quantitatively compared (N=3). Data
are shown as mean * standard error of the mean.

Haematologica | 108 August 2023

2212



ARTICLE - CD169 and CD43 in erythroblastic islands

(Figure 5B, C). There was no significant difference in BM
EB quantification between CD169 WT and KO mice, except
for marginally reduced BM EB numbers in CD169 KO mice
(Figure 5D, E). Moreover, CD169 WT versus KO mice
showed almost no difference in BM EB maturation
measured by CD44 (Figure 5F). Furthermore, CD43 ex-
pression of total EB in BM was not different, either (Online
Supplementary Figure S4A). Notably, CD169 deletion did
neither influence the expression of other adhesion mol-
ecules, such as VCAM-1 and integrin av on BM EBI central
macrophages (Online Supplementary Figure S4B), nor in-
tegrin a4 and integrin $1 on BM EB (Online Supplementary
Figure S4C, D), implying that other adhesion molecules
might compensate for the effect of CD169 deletion in EBI
formation. In addition, spleen EB and macrophages were
not significantly altered and the peripheral RBC compart-
ments at steady state were also normal (Online Supple-
mentary Figure S4E-M).

Next, in order to verify whether CD169 deficiency would
affect the nursing cell phenotype of BM EBI macrophages,
we compared the expression level of genes supporting
erythropoiesis between CD169 WT and KO BM macro-
phages, such as adhesion molecules, nucleus engulfment,
iron handling, transcription factors, growth factors, and
membrane receptors according to the literature® and our
RNA sequencing data (data not shown). Overall, almost no
significant difference was observed on the nursing cell
phenotype of EBlI macrophages mentioned above except
different expression levels of Slc40a7 and Spic between
CD169 WT and KO group, indicating that CD169 deletion
might not affect the EBI nursing macrophage phenotype
(Online Supplementary Figure S5).

Taken together, CD169 plays a dispensable role in the BM
EBI niche in vivo, resembling the function of VCAM-1in BM
EBI formation in vivo as reported by Wei Q et al.?

CD169 slightly promotes bone marrow erythroid
differentiation probably via CD43 in high-altitude
polycythemia

Next, we investigated the functional role of CD169 in stress
erythropoiesis. Similar to the stress erythropoiesis model
induced by erythropoietin (EPO) treatment,*® the HAPC
model was chosen as our experimental model owing to the
hypoxia-induced increase in EPO levels. After 7 days of ex-
posure to high altitude corresponding to 5,000 m, mice ex-
hibited an increase in RBC production with elevated BM
EBI and EB, as well as enhanced spleen erythropoiesis
(Online Supplementary Figure S6). We then induced HAPC
in CD169 WT and KO mice and observed slightly paler
bones in CD169 KO HAPC mice (Online Supplementary Fig-
ure S7A). CD169 KO HAPC mice showed a slight decrease
in BM EBI (Figure 6A, B) and BM EB quantification with no
significance (Figure 6C, D). However, further analysis to
distinguish the EB subpopulation revealed that the per-

J. Bai et al.

centage of regions | and Il increased, while the percentage
of region V decreased in CD169 KO HAPC mice (Figure 6E).
These results indicate a partial blockade of differentiation
at a relatively early EB stage in CD169 KO HAPC mice. Ad-
ditionally, a small but significant increase in the CD43 level
of BM total EB was observed in CD169 KO HAPC mice (Fig-
ure 6F). The BM macrophages and monocytes of CD169 KO
HAPC mice did not expand significantly versus controls
(Online Supplementary Figure S7B, C). Although stress ery-
thropoiesis primarily occurs in the spleen,**#°in CD169 KO
HAPC mice, mild splenomegaly (Online Supplementary Fig-
ure S7D, E) was accompanied by a faint increase in spleen
EB (Online Supplementary Figure S7F-1) and slightly aug-
mented spleen macrophages (Online Supplementary Figure
S7J, K), but no alterations in the peripheral RBC par-
ameters (Online Supplementary Figure S7L).

We then validated whether CD169 could promote ery-
throid differentiation in hemin-induced K562 cells. We
observed a higher positive cell rate in benzidine staining
in the hemin plus CD169 group during the first 2 days
(Online Supplementary Figure S8A) and lower expression
of CD43 in the hemin plus CD169 group versus the hemin
group (Online Supplementary Figure S8C, D). However,
CD235a percentage showed no remarkable changes (On-
line Supplementary Figure S8B), in accordance with no
prominent differences in the BM EB percentage between
CD169 WT and KO HAPC mice, suggesting that CD169 only
weakly promotes erythroid differentiation. In contrast,
CD43 expression exhibited significant alterations in both
the HAPC mice model and hemin-induced K562 cells
model.

Discussion

EBI are specialized niches for erythropoiesis, consisting
of a central macrophage surrounded by developing EB.??
EBI central macrophages, characterized by specific
markers and transcriptional factors,?®#-** nurse and sup-
port erythroid development through adhesion molecule
interaction pairs.®>” Previously, adhesion molecules were
validated in vitro by neutralizing antibodies to elucidate
their function in mediating macrophages-EB inter-
action.®®® However, the latest study on this declared that
not all adhesion molecules are indispensable for EBI
formation in vivo using conditional gene KO mice,”? impli-
cating the need to comprehensively revisit and reassess
the functional role of adhesion molecules in EBI forma-
tion. CD169 is suggested to be such an adhesion molecule
participating in this progress,*5254% put its exact role and
counter receptor in the EBI have not been deeply ex-
plored. In the current study, we find that CD169 exerts
functions on EBI central macrophages by interacting with
CD43 on EB, which is a novel marker to distinguish ery-
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Figure 6. CD169 slightly promotes bone marrow erythroid differentiation probably via CD43 in high-altitude polycythemia. CD169
wild-type (WT) and knockout (KO) mice were exposed to hypoxia in a hypobaric chamber (altitude: 5,000 m) for 7 days to establish
high-altitude polycythemia (HAPC) models. (A) CD169 expression in bone marrow (BM) erythroblastic island (EBI) was determined
by fluorescence activated cell sorting (FACS) from CD169 WT and KO HAPC mice, respectively. (B) The percentage of BM EBI as
shown in (A) in CD169 WT and KO HAPC mice was quantitatively compared (N=6). (C) Representative flow cytometry gating
strategy of BM erythroblasts (EB) from CD169 WT and KO HAPC mice. (D) The percentage and cell numbers of BM EB as shown
in (C) were quantitatively compared between CD169 WT and KO HAPC mice (N=6). (E) The percentage of BM EB at different stages
of EB differentiation in (C) was quantitatively compared (N=6). (F) CD43 expression of CD45"CD11b Ter119* BM EB as shown in (C)
was detected by FACS from CD169 WT and KO HAPC mice, and the mean fluorescense intensisty (MFI) of CD43 was quantitatively
compared (N=4). Data are shown as mean * standard error of the mean; *P<0.05; **P<0.01.

throid differentiation. This CD169-CD43 interaction might
promote BM EB differentiation in stress erythropoiesis
(Figure 7). Although CD169 deletion may not affect the EBI
nursing macrophage phenotype with the exception of
Slc40a1 and Spic, which are reportedly involved in iron-
recycling,*® the role of CD169 in scavenging extruded EB
nuclei and iron-recycling still awaits further investigation.
This study evaluated the function of CD169 in EBI forma-
tion through both in vitro and in vivo studies. Blocking
CD169 and CD169 deletion could impair EBI formation in
vitro, but CD169 KO mice did not display defects in BM EBI
function in vivo, indicating that other adhesion molecules
may compensate for the effect of CD169 deletion in BM
EBI formation in vivo. Furthermore, in vitro cultured murine
BMDM lack VCAM-1 expression, which is consistent with
the report of Li W et al. in which VCAM-1 expression is not
observed in umbilical cord blood CD34* cell-derived mac-
rophages in vitro.”® Unexpectedly, overexpression of VCAM-
1 on CD169* BMDM might not rescue the impairment of
EBI formation upon blocking CD169 in vitro. However,
whether VCAM-1 can synergize with CD169 on nursing

macrophages for EBI formation in vivo still needs more ex-
periments to verify.

The counter receptor on EB for CD169 in EBI formation has
been unknown in this field. MUC1 is anticipated to bind
CD169, as evidenced from the study of human erythro-
leukemia K562 cells.?? However, murine BM EB do not ex-
press MUC1. Therefore, we turned to another possible
candidate, CD43 (also called sialophorin [Spn]), which was
originally identified as the counter receptor for CD169 on T
cells.®® It has been reported that CD43 is expressed in
hematopoietic cells, including T lymphocytes, B-cell sub-
populations, and natural killer cells,* but it had so far re-
mained unclear whether CD43 is expressed by EB. We
confirmed the expression of CD43 on BM EB and found that
the proportion of CD43* BM EB bore a striking similarity to
that of recombinant CD169 protein binding to BM EB. Using
multiple approaches, we have identified CD43 as the
counter receptor for CD169 in the EBI. Our current results
strongly authenticate the new finding that CD169 on mac-
rophages and CD43 expressed by both classical and im-
mune-prone erythroid cells are involved in the EBI based
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Figure 7. Schematic model of CD169-CD43 interaction in bone marrow erythroblastic island formation and erythroid differenti-
ation. CD43 is identified as the counter receptor on erythroblasts (EB) for CD169 expressed by macrophages in erythroblastic
island (EBI). As bone marrow (BM) EB mature, they gradually reduce and even lose CD43 expression, and their binding abilities
to CD169 correspondingly attenuate in steady erythropoiesis (left). However, in high-altitude polycythemia (HAPC) stress ery-
thropoiesis, CD169 deficiency impedes BM erythroid differentiation probably via CD43, with the increased percentage of pro-EB

and baso-EB and decreased percentage of erythrocytes (right).

on single-cell RNA sequencing combined with CellPhoneDB
analysis.*® Additionally, we observed a progressive decrease
of CD43 expression during murine EB maturation similar to
the decrease of CD44. Moreover, both published transcrip-
tomic®*® and proteomic® data also showed reduced CD43
expression during human erythroid differentiation, which
needs further proof to determine whether CD43 could in-
dicate human BM erythroid differentiation, especially by
using human BM cell samples coupled with integrin a4 and
band 3 antibodies.* Collectively, these findings suggest the
potential of CD43 as a new marker for distinguishing ery-
throid maturation. However, it remains to be addressed
whether CD43 deletion affects erythroid differentiation by
generating CD43 KO mice.

Although CD169 plays a dispensable role in the EBI forma-
tion in vivo, CD169 deletion impedes erythroid differenti-
ation under stress erythropoiesis, as seen in our mice
HAPC model. In line with this, in a burn injury-associated
anemia model, Hasan et al. highlighted that stagnant early
EB of BM may be attributed to CD169 downregulation of
EBI central macrophages, leading to the retardation of late
EB and reticulocyte differentiation.®® Our findings provide
further evidence to uncover the underlying mechanism
behind the phenomenon that CD169 deletion or down-
regulation of macrophages hinders BM erythroid differ-
entiation probably via upregulated CD43 on EB in stress
erythropoiesis. However, in our HAPC model, compensa-
tory splenic erythropoiesis of CD169 KO mice might mask

the BM deficit. Similarly, recombinant CD169 protein could
enhance hemin-induced K562 erythroid differentiation,
along with reduced CD43 expression. However, the mech-
anism of CD169 promoting erythroid differentiation re-
mains to be determined. Combined with previous studies
using CD169-DTR mice in a polycythemia vera model,? our
current findings may indicate that the effect of CD169
molecule deletion in stress erythropoiesis is weaker than
that of CD169* marcrophage depletion.

In summary, we have demonstrated that CD169 partici-
pates in the interaction between macrophages and EB.
CD43 is also identified to be the counter receptor on EB
for CD169 expressed by EBI central macrophages. More
importantly, CD43 might be a novel indicator of erythroid
differentiation and maturation. Despite the dispensable
role of CD169 in EBI formation in vivo, CD169 could pro-
mote erythroid differentiation probably via CD43 under
stress erythropoiesis, which might be a promising target
for the treatment of erythroid disorders.
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