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SUMMARY

Hematopoietic cells differentiate through several progenitors in a hierarchical manner, and recent single-cell analyses have revealed sub-
stantial heterogeneity within each progenitor. Although common myeloid progenitors (CMPs) are defined as a multipotent cell popula-
tion that can differentiate into granulocyte-monocyte progenitors (GMPs) and megakaryocyte-erythrocyte progenitors (MEPs), and
GMPs generate neutrophils and monocytes, these myeloid progenitors must contain some lineage-committed progenitors. Through
gene expression analysis at single-cell levels, we identified CD62L as a marker to reveal the heterogeneity. We confirmed that CD62L-
negative CMPs represent “bona fide” CMPs, whereas CD62L-high CMPs are mostly restricted to GMP potentials both in mice and
humans. In addition, we identified CD62L-negative GMPs as the most immature subsets in GMPs and Ly6C*CD62L-intermediate and
Ly6C*CD62L-high GMPs are skewed to neutrophil and monocyte differentiation in mice, respectively. Our findings contribute to
more profound understanding about the mechanism of myeloid differentiation.

INTRODUCTION

Hematopoietic cells differentiate from hematopoietic stem
and progenitor cells in a strictly regulated hierarchical
manner to maintain homeostasis (Akashi et al., 2000).
Multipotent hematopoietic stem cells differentiate into
committed progenitor cells with differentiation capacity
into more restricted lineages. Although the differentiation
status is mainly discriminated by surface marker profiles,
recent studies using single-cell analyses and lineage-tracing
approaches have revealed the heterogeneity and lineage
skewing in hematopoietic stem and progenitor cells (Buen-
rostro et al., 2018; Dinh et al., 2020; Drissen et al., 2019; Ja-
cobsen and Nerlov, 2019; Kwok et al., 2020; Nestorowa
et al,, 2016; Olsson et al., 2016; Paul et al., 2015; Weinreb
etal., 2020). These reports have challenged the classical hi-
erarchical model of hematopoiesis and provided a revised
framework indicating a continuum of differentiation (Lau-
renti and Gottgens, 2018; Loughran et al., 2020; Notta
et al., 2016; Velten et al., 2017). Scrutinizing the heteroge-
neity in the progenitor population has clarified the differ-
ence in expression of genes important for differentiation
between each subpopulation, which contributes to eluci-
dating the hematopoietic differentiation mechanism
more minutely (Yanez et al., 2015).

With regard to myeloid progenitors, several articles have
investigated the heterogeneity of common myeloid pro-
genitors (CMPs) (Miyawaki et al., 2017; Mori et al., 2015;
Nishikii et al., 2015) and granulocyte-monocyte progeni-
tors (GMPs) (Dinh et al.,, 2020; Kawamura et al., 2017;
Kwok et al., 2020; Yanez et al., 2015), which have revealed
the existence of lineage-committed subgroups in these pro-
genitors. Moreover, Notta et al. (2016) suggest that the

stem cell compartment is multipotent but that the progen-
itors are unipotent in adult human bone marrow. These
previous reports suggest that CMPs contain the GMP-
skewed subset, but the specific surface marker identifying
this population has not been clarified.

Traditional surface markers defining CMPs and GMPs are
quite different between mice and humans. Human CMPs
are defined as Lineage CD34"CD38*CD45RA-CD123™¢,
and GMPs as Lineage CD34*CD38*CD45RA*CD123™¢
(Manz et al.,, 2002), whereas murine CMPs are defined
as Lineage SCA-1~C-KIT*CD16/327CD34", and murine
GMPs as Lineage SCA-1~C-KIT'CD16/32*CD34" (Akashi
et al., 2000). Identification of common molecular profiles
between the human and mouse will make it easier to trans-
late the findings obtained in mouse studies to humans.

In this study, we analyzed heterogeneity of human and
murine CMPs using single-cell RNA sequencing (RNA-
seq) data and identified CD62L as a useful marker to clarify
functional heterogeneity of the myeloid progenitor popu-
lation in both mice and humans. These findings elucidate
the myeloid cell differentiation diagram in more detail.

RESULTS

Differential CD62L expression levels reveal
heterogeneity within the CMP population in mice and
humans

To elucidate heterogeneity of myeloid progenitors, we
analyzed gene expression profiles of individual cells within
the human and mouse CMP populations using publicly
available single-cell RNA-seq data (GSE70236 and
GSE113046) (Drissen et al., 2019; Olsson et al., 2016). To
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extract the gene sets that represent the CMP attributes, we
first selected the top 10 genes that were most highly ex-
pressed in murine CMPs compared with the downstream
population, GMPs, using bulk RNA-seq data (GSE116177)
(Choi et al., 2019) (Figure S1A). When analyzed at single-
cell levels, the expression signatures of the CMP genes
showed substantial heterogeneity (Figure 1A). We hypoth-
esized that the cells with low CMP scores are more differen-
tiated toward GMP. To find molecular profiles that mark the
differentiated population within CMPs, we compared gene
expression data between cells with high and low expres-
sion of CMP genes and extracted the top 10 genes highly
expressed in cells with low CMP scores (Figure 1B). To
explore genes whose expression patterns were similar in
human cells, we calculated the CMP score using human
transcriptome data (GSE42519) (Rapin et al., 2014), which
also showed substantial heterogeneity (Figures 1C and
S1B). Analysis of the expression of the ten candidate genes
in Figure 1B showed that the expression of CTSG, MPO, and
ELANE was restricted to CMPs with low CMP scores, all of
which are well known as neutrophil/monocyte-specific
genes (Olsson et al.,, 2016), suggesting that CMPs with
low CMP signature scores are more differentiated into
neutrophil/monocyte-lineage cells (Figures 1D, S1C, and
S1J). Among the surface molecule-encoding genes, SELL,
the gene encoding CD62L, was differentially expressed be-
tween cells with the high and low CMP signature score in
both the human and mouse CMP (Figures 1D-1G). Like-
wise, we extracted GMP signature gene sets (Figure S1K),
and Z score calculation showed that CD62L-high CMPs ex-
pressed GMP-specific genes compared with CD62L-nega-
tive CMPs (Figures S1L and S1M). Based on these results,
we focused on CD62L as a promising molecule whose
expression explains heterogeneity of the myeloid progeni-
tor population, suggesting that CD62L-negative CMPs
represent “bona fide” CMPs, and that CD62L-high CMPs
are skewed to GMP potential.

Differential CD62L expression segregates
differentiation potential of the CMP

Consistent with heterogeneity at gene expression levels,
CD62L expression at protein levels was widely distributed
in murine CMPs as well as GMPs, while it was almost nega-
tive in MEPs (Figures 2A and S2A). CMPs were trisected ac-
cording to CD62L expression level and defined as CD62L-
negative (CD62L-neg), CD62L-intermediate (CD62L-int),
and high CMPs (Figure 2A). Colony-forming cell assays of
CD62L-neg, CD62L-int, and high CMPs revealed that
CD62L-neg CMPs produced BFU-E (19.9% + 3.5%), CFU-
Meg (8.1% + 1.3%), and CFU-GEMM (10.7% =+ 1.9%). On
the other hand, CD62L-int and CD62L-high CMPs were
skewed into granulocyte and monocyte colonies (CD62L-
int CMPs: 96.7% = 3.2%, CD62L-high CMPs: 99.4% =
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0.8%) (Figure 2B). Consistent with this, most of the cells
within the colonies derived from CD62L-high CMPs were
CD11b positive, while a part of the cells from CD62L-neg
CMPs was positive for the erythrocyte marker TER119 (Fig-
ures 2C-2E, S2B, and S2C). Giemsa staining showed that
colonies derived from CD62L-high CMPs were mostly
terminally differentiated into macrophages or neutrophils,
whereas colonies from CD62L-neg CMPs contained imma-
ture myeloid cells, megakaryoblasts, and erythroblasts (Fig-
ure S2D). When incubated with the liquid medium,
CD62L-neg CMPs generated both GMPs (45.0% =+ 3.9%)
and MEPs (16.9% + 1.1%), while CD62L-high CMPs mostly
produced GMPs (75.8% + 10.0%) and the frequency of cells
with an MEP phenotype were only 1.5% + 0.9% (Figure 2F).
Also, while CD62L-neg CMPs differentiated into CD62L-
high CMPs, CD62L-high CMPs did not produce CD62L-
neg cells, suggesting that CD62L is upregulated along
with the differentiation of CMPs (Figure 2G).

Next, we examined the expression patterns of CD62L in
human CMPs to investigate whether these findings are
recapitulated in humans. As was seen in murine cells, the
expression of CD62L was widely distributed within the hu-
man CMP population (Figures 2H and S2E). Colony-form-
ing cell assay of CD62L-neg, CD62L-int, and high CMPs
demonstrated that CD62L-neg CMPs were skewed to
generate BFU-E (71.5% = 3.4%), whereas CD62L-high
CMPs mostly generated CFU-G/M/GM (87.0% + 0.9%)
(Figure 2I). Macroscopically, human BFU-Es were detected
as red-colored colonies (Figure S2F). Cells differentiated
from CD62L-neg CMPs were almost positive for CD235a
(Figure 2J). Previous studies have shown that CD41-positve
CMPs are megakaryocyte-specific progenitors in humans
(Miyawaki et al., 2017). When human CMPs were analyzed
for CD41 and CD62L expression, most CD41-positive
CMPs were CD62L-negative, suggesting that CMPs that
are capable of differentiating into megakaryocytes are
confined to the CD62L-neg population (Figure S2G).
Another study has shown that CD71-positive CMPs are
erythrocyte specific (Notta et al., 2016). The expressions
of CD71 and CD62L in CMPs were mutually exclusive (Fig-
ures S2ZH and S2I). Collectively, these data suggest that
CD62L-neg CMPs are genuine CMPs that can differentiate
into myeloid as well as erythro-megakaryocytic cells,
whereas CD62L-high CMPs are skewed to GMP potential
in vitro both in mice and humans.

CD62L-neg but not CD62L-high CMP differentiates
into megakaryocytic cells in vivo

To further elucidate the difference between CD62L-neg and
CD62L-high CMPs, we focused on the capacity to produce
platelets. When murine CMPs were cultured in liquid me-
dium, microscopic imaging showed that megakaryocytes
with large cytoplasm only emerged from CD62L-neg



A B Gene Low z-score High z-score Low - High
15
Fcerlg 9.006805 1.23609 7.770715
580 Ctsg 8.859504  1.092451 7.767054
‘g S Cd53 8.441983 0.791624 7.650359
o % 5 Mpo 11.28589 4.073847 7.212043
3 o H Ms4a6c 8.334855 1.14307 7.191785
E "'é_’ 0 ‘H\Iu.‘. oy Elane 7.850259 0.765338 7.08492
e g em o
) Emb 8.126887 1.06983 7.057057
. —_ Ly86 7.002953 0.320445 6.682508
High Low Sell (CD62L) 7.66468 1.050967 6.613712
Z-score Z-score log, (TPM + 1)
C D E
18 Spearman’s rho = -0.700 15+
5 9 p-value = 3'.2.2(?-36
g $ 10 o <4
Q
2o 8 3
N = N N
3 O 5 o o
E & = =
= (&) O
>3 0
w <
-5 T T
2 4 neg int high
log, (CPM + 1) values of SELL in CD62L expression
human CMPs in human CMPs
F G
© Spearman’s rho = -0.662 15 .°. .
p-value = 3.6e-13 .
1 © 10 s
52 § 10 o .
4 | ms e
N — ®ee °
$” s i
O R o 0_..0..:...:.............;‘......
= < [ e . E & —‘ oo:u'
.o Se e s, 5 N B
o o 5 i - 2°°, .~: 3§:v~ b4
T T | I I 1 4 -10 T T T
o] 2 4 6 8 10 neg int high
log, (TPM + 1) values of Sell in CD62L expression
murine CMPs in murine CMPs

Figure 1. CD62L expression reveals heterogeneity of the CMP population

(A) The distribution of the sum of Z scores of ten CMP signature genes in individual murine CMP cells calculated from the publicly available
single-cell RNA-seq data (GSE70236). The y axis shows the summed Z scores. Cells within the top and bottom third of the scores were
defined as CMP-high and CMP-low groups, respectively.

(B) The list of the ten genes whose expressions is most upregulated in the CMP-low group compared with the CMP-high group.

(C) The distribution of the sum of Z scores of the ten CMP signature genes in each human CMP from the data of single-cell RNA-seq
(GSE113046). The y axis shows the value of the sum of CMP Z score.

(D and F) Expression levels of SELL, the gene encoding CD62L, were plotted against the sum of CMP Z scores in individual cells in humans
(D) and mice (F). The x axis shows the expression value of SELL and the y axis shows the sum of Z scores.

(Eand G) The plot of the Zscore divided by CD62L-neg, CD62L-int, and high CMPs in humans (E) and mice (G). Statistical significance was
calculated using one-way ANOVA (***p < 0.001, ****p < 0.0001).
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Figure 2. CD62L expression reveals the heterogeneity of CMPs in vitro both in mice and humans
(A) Representative flow cytometry plots analyzing CD62L expression or isotype controlin each progenitor population (CMP, GMP, and MEP)
within mouse bone marrow cells. CMPs were trisected according to CD62L expression level and defined as CD62L-neg, CD62L-int, and high
CMPs.

(legend continued on next page)
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CMPs (Figure 3A). We then investigated in vivo differentia-
tion potential of the CD62L-high and CD62L-neg CMPs us-
ing mouse bone marrow transplantation assays (Okabe
et al., 1997). Wild-type C57BL/6 mice were transplanted
with CD62L-neg, CD62L-int, or high CMPs derived from
the CAG-EGFP mice, and chimerism of the donor cells in
the peripheral blood, bone marrow, and spleen was
analyzed on day 7 (Figure 3B). Platelets were detected as
FSC-low and CD41-positive fractions, and the frequency
as well as the absolute count of GFP-positive platelets was
significantly higher in mice transplanted with CD62L-
neg CMPs (CD62L-neg CMPs, 9.8% + 2.7%; CD62L-int
CMPs, 0.4% = 0.2%; CD62L-high CMPs, 0.2% = 0.1%) (Fig-
ures 3C-3F). With regard to the localization of engrafted
GFP-positive megakaryocytes, CD11b"CD41" cells were
detected in splenic cells (Figure S3A). The proportion of
GFP-positive neutrophils and macrophages was not signif-
icantly different among CD62L-neg, CD62L-int, and high
CMP cells in peripheral blood, bone marrow, and spleen
(Figures 3G-3K, S3B-S3E, and S3G-S3I). The proportion
of TER119* erythrocytes and platelets in the spleen was
significantly higher in mice transplanted with CD62L-
neg CMPs (Figures S3F, S3], and S3K). These in vivo results
reinforce that CD62L-high CMPs have lost differentiation
potential into the megakaryocytic lineage.

Gene expression analysis for CD62L-neg and CD62L-
high CMPs

To further corroborate the differentiation potential from
the aspect of gene expression, we performed RNA-seq of
murine CD62L-neg and CD62L-high CMPs, bulk CMPs
and bulk GMPs. Principal-component analysis (PCA)
showed a clear separation of CD62L-neg CMPs and
CD62L-high CMPs (Figure 4A). Unsupervised hierarchical
clustering showed that CD62L-high CMPs clustered adja-
cent to GMPs and away from the CD62L-neg CMPs (Fig-

ure 4B). Overall, 927 genes were upregulated and 1,064
genes were downregulated in CD62L-high CMPs signifi-
cantly compared with CD62L-neg CMPs (fold change >2,
FDR < 0.05, Figure S4A). Gene ontology analysis showed
that differentially expressed genes in CD62L-high CMPs
were enriched with immune system process, immune
response, and cytokine production, whereas CD62L-neg
CMPs highly expressed the cell adhesion pathway (Fig-
ure 4C). We performed k-means clustering of these four
populations and divided genes into three clusters (Fig-
ure S4B). Pathway enrichment analysis revealed that genes
within cluster A, which are enriched in CD62L-high CMPs
and bulk GMPs, were related with immune reaction against
infection, such as immune system process, immune
response, and cytokine production, while pathways associ-
ated with cell adhesion and platelet function, such as blood
coagulation, were upregulated in cluster B, which were en-
riched in CD62L-neg and bulk CMP (Figure S4C). These re-
sults are compatible with our functional assays; CD62L-
high CMPs have acquired gene expression profiles repre-
senting monocytes and neutrophils while loss of expres-
sion of genes upregulated in megakaryocytes.

We also focused on expression levels of individual genes
characteristic of each lineage. Gatal, Zfpm1 (Fog-1), Tall
(Scl), Lmo2, KIf1 (EKIf) (Cantor and Orkin, 2002; Perry and
Soreq, 2002), and Gfilb (Osawa et al., 2002) are essential
transcription factors to erythroid and megakaryocytic dif-
ferentiation and expansion. Erythropoietin receptor
(Epor) and transferrin receptor 2 (Tfi2) (Forejtnikova
et al.,, 2010), Gypa (CD235a), Tspo2 (Kiatpakdee et al.,
2020), Ldb1, and carbonic anhydrase (Carl, Car2) (Song
et al., 2012) are genes specifically expressed in erythroid-
lineage cells. Itga2b (CD41), Gp9 (CD42a), Gplba
(CD42b), Gplbb (CD42c), Gp5S (CD42d), Itgh3 (CD61)
(Drexler et al., 1997), Mpl, vWf, and Pf4 (Olsson et al.,
2016) are representative megakaryocytic genes. These

(B) The result of colony-forming cell assay of murine CD62L-neg, CD62L-int, and high CMPs. Means + SD of three independent experiments.
Statistical significance for the proportion of CFU-G/M/GM was calculated using one-way ANOVA (****p < 0.0001; n = 3).

(C) Representative flow cytometry plots analyzing CD11b and TER119 expression after 7-day culture of CD62L-neg and high CMPs with
semisolid medium.

(D and E) The result of differentiation into CD11b-positive cells (D) and TER119-positive cells (E) after 7-day culture. Means + SD of three
to four independent experiments. Statistical significance was calculated using unpaired two-tailed t test (*p < 0.05, ***p <0.001; n=3-
4).

(F) The result of differentiation into GMPs and MEPs after 2-day liquid culture of CD62L-neg and CD62L-high CMPs. Means + SD of three
independent experiments. Statistical significance was calculated using unpaired two-tailed t test (*p < 0.05, ****p < 0.0001; n = 3).
(G) Representative flow cytometry plots analyzing CD62L expression when CD62L-neg and CD62L-high CMPs were sorted (red) and after
1-day liquid culture (blue). Experiments were repeated three times.

(H) Representative flow cytometry plots analyzing CD62L expression or isotype control in each progenitor population (CMP, GMP, and MEP)
within human CD34" bone marrow cells.

(I) The result of colony-forming cell assay of human CD62L-neg, CD62L-int, and high CMPs. Means + SD of three independent experiments.
Statistical significance for the proportion of CFU-G/M/GM was calculated using one-way ANOVA (***p < 0.001, ****p < 0.0001; n = 3).
(J) The result of proportion of CD235a-positive erythroid cells after 14-day culture with semisolid medium. Means + SD of three inde-
pendent experiments. Statistical significance was calculated using unpaired two-tailed t test (*p < 0.05; n = 3).

Stem Cell Reports | Vol. 16 | 2871-2886 | December 14,2021 2875

'O‘
©



Y
&

A B
8.5Gy RT CMPs from GFP-mice
+ Rescue Bone Marrow cells
C57/B6 mice \ /
post ! !
transplantation 7 FACS
(days) PB/BM/Spleen
CD62L-neg CMP CD62L-high CMP
C D E
FSC-low, CD41-positive platelet fraction
= 48 = 6x10%— .
1000 1000- 1000 >~ *k
~ *
] wo " 5 &
ﬁ ®le E‘ L
600 600. 600, =1 -
g ool osts ol 08 § g 4x104—
. o
200 J e 200 i s ol % <
g g 5 2
i g m’_)G'\__niD T T T T P T TR 2‘ ?— 2x104—
CD62L neg CMP CD62L int CMP CD62LhighCMP =2 %
s
o
[
[0) 0
neg int high neg int high
ns G CD62L expression CD62L expression
6x105—
i) GFP* WBC
= LQ 10* ] g 10* 3
= fa) 3
S 4x105-| Q 5] (TERED e
3 T3 . T =
- i 5 0 = 10?
% 102 o Neutrophil
E =y w0’
S 2x105- i mmmd © 3 Macrophage s
g IUD-
(g T Ty L § ™ ° s | L | T A Ty L | Ty Ty T
102 w0t 100 ' 10?2 w0d w0t 100 o 0*
—GFP —CD11b —Ly6G
0
neg int high
CD62L expression
H 1000 n.s. 400 n.s. o 100 n.s. K 40 n.s.
= 'y & 50 =
= 900 . = a0 Py 5 30
€ € . » © »n =
S 600 % Z O 604 g?
o 8 [N} R
o & 20 g 5% 20 .
Q400 o 3O 40 28
z z 2a Sa
= B 100 L =10
2 200 o O 20 [0}
= (O] £ =
0-! 0 0 0!
neg int high neg int high neg int high neg int high
CD62L expression CD62L expression CD62L expression CD62L expression

Figure 3. CD62L-neg but not CD62L-high CMPs differentiate into megakaryocytic cells in vitro and in vivo

(A) The microscopic findings after 4-day liquid culture of CD62L-neg and CD62L-high CMPs. Large megakaryocytes were exclusively
differentiated from CD62L-neg CMPs (arrows).
(B) A scheme of in vivo transplantation assay. Wild-type mice were lethally irradiated (8.5 Gy), and then 1.5 x 10* CD62L-neg, CD62L-int,
or high CMPs from CAG-EGFP mice and 2 X 10> bone marrow cells from wild-type mice were injected intravenously. Peripheral blood, bone
marrow, and spleen were analyzed after 7 days.
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genes were all significantly upregulated in CD62L-neg
CMPs compared with CD62L-high CMPs (Figure 4D). On
the other hand, Spil, Cebpa, Cebpb, Cebpe, Gfil (Olsson
etal., 2016), Irf8, and Kif4 (Kurotaki et al., 2013) are essen-
tial transcription factors for differentiating into neutro-
phils and monocytes. M-CSFR (Csf1r, CD115), GM-CSFR
(Csf2rb, CD131), and G-CSFR (Csf3r, CD114) are important
receptors for granulocytic and monocytic colony-stimu-
lating factors. Ctsg, Mpo, Elane, Slpi, and Ly86 are specific
genes for granulocytes and monocytes (Olsson et al.,
2016). Expression of these genes was significantly higher
in CD62L-high CMPs than CD62L-neg CMPs (Figure 4E).
These profiles were confirmed at single-cell level by using
published murine and human single-cell RNA-seq data
(GSE70236 and GSE113046) (Drissen et al., 2019; Olsson
et al.,, 2016) (Figures S4D-S4I and S5A-SSH). Moreover,
we compared our RNA-seq data of bulk CMPs and bulk
GMPs, and created a top 200 CMP signature gene sets
and top 200 GMP signature gene sets (Table S1). Gene set
enrichment analysis (GSEA) showed that CD62L-neg
CMPs had CMP signatures (Figure 4F) and that CD62L-
high CMPs had GMP signatures (Figure 4G). Collectively,
our data demonstrated that CD62L-neg CMPs have
genuine CMP attributes and CD62L-high CMPs are skewed
to the GMP population (Figure 4H).

CD62L-neg GMPs in mice are the most immature
subset in GMPs
Next, we investigated whether a small population of
CD62L-neg cells in the GMP fraction (Figure 2A) is func-
tionally different from the CD62L-positive GMP in mice.
Approximately 10% of the murine GMP cells were negative
or dim positive for CD62L, thus we defined this lowest 10%
as CD62L-neg GMPs and analyzed these subsets (Figure 5A).
Colony-forming cell assay revealed that colonies derived
from CD62L-neg GMPs were still CD11b negative after
7 days of culture (Figures 5B and 5C), and that these
CD11b-negative cells were almost TER119 negative, sug-
gesting immature myeloid cells.

To follow the transition of CD62L expression on GMPs,
we analyzed the expression of CD62L in 24 h after liquid
culture, which showed that CD62L-neg GMPs were only

generated from CD62L-neg CMPs and that CD62L-neg
GMPs differentiated into CD62L-positive GMPs but not
vice versa (Figure 5D). These results suggest that CD62L-
neg GMPs are the most immature subset in GMPs, and
that CD62L-neg CMPs differentiate into CD62L-pos
GMPs through two pathways: CD62L-high CMPs or
CD62L-neg GMPs, depending on the order of upregulation
of CD62L and CD16/32. To confirm these results, we
analyzed single-cell RNA-seq data of murine GMPs
(GSE130966 and GSE70240) (Dress et al.,, 2019; Olsson
et al., 2016). Consistent with our in vitro data, calculating
CMP Z scores using both data demonstrated that only a
few GMPs had high CMP signatures and none of them ex-
pressed CD62L (Figures S5E and SF). These data suggest that
CD62L-neg GMPs are the most immature subsets in GMPs,
located between CMPs and GMPs in mice.

To further elucidate the characteristics of CD62L-neg
GMPs, we performed RNA-seq of murine progenitors.
PCA and hierarchical clustering showed that CD62L-neg
GMPs formed a distinct subset in GMPs (Figures 6A and
6B). Overall, 483 genes were significantly upregulated
and 418 genes were downregulated in CD62L-neg GMPs
compared with bulk GMPs (Figure 6C). Heatmaps showed
that some essential genes to erythroid and megakaryocytic
differentiation were still expressed in CD62L-neg GMPs
(Figure 6D), while some genes to granulocytic and mono-
cytic differentiation were not yet fully upregulated (Fig-
ure 6E). GSEA showed that CMP signature genes were
downregulated in order of bulk CMPs, CD62L-neg GMPs,
and bulk GMPs (Figures 6F and 6G), whereas GMP signa-
ture genes were upregulated in order of bulk CMPs,
CD62L-neg GMPs, and bulk GMPs (Figures 6H and 6l).
These results were further supported at the single-cell level
(GSE130966), which demonstrated that some CD62L-neg
GMPs highly expressed Gatal, KIf1, Gfilb (which are ex-
pressed higher in conventional CMPs) and some did not
express Spil, Irf8, Cebpa, Cebpb, and Runx1 (which are ex-
pressed higher in conventional GMPs) (Figures S5I-S5P).
Collectively, these RNA-seq data clarified that CD62L-neg
GMPs were the most immature subsets in GMPs and
located between CMPs and GMPs, and still possessed
gene expression patterns of CMPs to some extent in mice.

(C) Representative flow cytometry plots analyzing GFP expression in FSC-low, CD41-positive platelets from each mouse. Experiments were

repeated three times.

(D-F) The result of proportion (D) and absolute count (E) of GFP-positive platelets, and (F) total platelet count in peripheral blood from
each mouse. Means + SD of three independent experiments. Statistical significance was calculated using one-way ANOVA (*p < 0.05, **p <

0.01; n.s., not significant, n = 3).

(G) Representative flow cytometry plots analyzing Ly6G* neutrophils and F4/80" macrophages in GFP-positive cells from each mouse.

Experiments were repeated three times.

(H-K) The result of (H) total CD45" cell count, (I) GFP-positive cell count, and the proportion of (J) neutrophils and (K) macrophages in
GFP-positive cells in peripheral blood. Means + SD of three independent experiments. Statistical significance was calculated using one-

way ANOVA (n.s., not significant, n = 3).
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CD62L-int GMPs are skewed to neutrophil
differentiation in mice

Although GMPs are defined as cells that can differentiate
into both neutrophils and monocytes, several studies
showed the existence of subsets destined to differentiate
into either neutrophils or monocytes alone (Kwok et al.,
2020; Yanez et al., 2015). We tested whether the difference
in CD62L expression levels within the GMP population is
associated with their heterogeneous differentiation poten-
tial in mice. The majority of murine GMP cells ranged from
intermediate to high expression levels, and we isolated the
highest 10% (high levels) and the lowest 10% (intermedi-
ate levels) (Figure 7A). Colony-forming cell assay showed
that CD62L-int GMPs were skewed to neutrophil differen-
tiation (CFU-G: 74.7% + 6.2%, CFU-M: 17.5% = 3.4%)
compared with CD62L-high GMPs (CFU-G: 44.9% =+
2.8%, CFU-M: 45.6% = 3.9%) (Figure 7B). F4/80-positive
macrophages (Figure S6A) were more abundant in
CD62L-high GMPs (10.1% =+ 1.3% versus 5.3% =+ 0.4%, Fig-
ures 7C and 7D). To confirm these findings in vivo, we per-
formed transplantation assay using Ly5.1 mice as donors
and Ly5.2 mice as recipients. We transplanted CD62L-int,
CD62L-high, or bulk GMPs from LyS5.1 mice into lethally
irradiated Ly5.2 mice (Figure 7E). On day 5, the analysis
of splenic cells revealed that CD62L-int GMPs differenti-
ated into Ly6G-positive neutrophils significantly more
than the bulk and CD62L-high GMPs (Figures 7F, 7G, and
S6C), while donor-derived cells were scarcely detected in
the peripheral blood and bone marrow (Figures S6B and
S6D-56G).

We then performed RNA-seq of bulk, CD62L-int, and
CD62L-high GMPs. PCA and clustering analysis showed
their heterogeneity (Figures 7H, 7I, and S6H). We focused
on some neutrophil- or monocyte-specific genes. Gfil
and Cebpe are important transcription factors for neutro-
phil fate choice, while Irf8 and KIf4 for monocyte (Kurotaki
et al., 2013; Laurenti and Gottgens, 2018). Also, Vcaml,
Rgce, Gfil, and Cd81 were known as neutrophil-related
genes, and CsfIr, Ly86, and Irf8 as monocytic fate-deter-
mining genes (Kwok et al., 2020). We analyzed these ex-
pressions in our RNA-seq data and confirmed the tendency

that neutrophil-related genes were upregulated in CD62L-
int GMPs, whereas monocyte-related genes were downre-
gulated (Figure 7J).

Previous reports showed that Ly6C-neg GMPs were more
immature oligopotent progenitors in GMPs than Ly6C-
positive GMPs (Yanez et al.,, 2015). When Ly6C and
CD62L expressions in GMPs were analyzed, CD62L-neg
GMPs were all included in Ly6C-neg GMPs, which was
compatible that CD62L-neg GMPs were the most imma-
ture subsets in GMPs (Figure 7K). Also, Ly6C-positive
GMPs were able to be divided into CD62L-int and
CD62L-high GMPs, and Ly6C*CD62L-int GMPs were
more skewed to neutrophil differentiation, while
Ly6C"CD62L-high GMPs were significantly skewed to
monocyte differentiation (Ly6C*CD62L-int GMPs: CFU-G
81.1% + 5.3%, CFU-M 15.6% = 4.8%, Ly6C*CD62L-high
GMPs: CFU-G 34.4% =+ 6.3%, CFU-M 56.2% =+ 4.1%, Fig-
ure 7L). Consequently, these experiments revealed that
CD62L can be used as a robust surface marker for subdivid-
ing heterogeneous murine myeloid progenitors (Figure S7).

DISCUSSION

Recent studies have revealed the heterogeneity in each
myeloid progenitor. For instance, in humans, the CD64-
high/CLEC12a-high fraction in GMPs was identified as
monocyte-restricted progenitors (Kawamura et al., 2017),
and CD41* CMPs as unipotent megakaryocyte progenitors
(Miyawaki et al., 2017). On the other hand, in mice,
Ly6C*CD115* GMPs were determined as monocyte pro-
genitors (Yanez et al., 2015), and CD42b* CMPs as unipo-
tent megakaryocyte progenitors (Nishikii et al., 2015).
Here, we studied the heterogeneity of CMPs by using sin-
gle-cell RNA-seq data. We demonstrated that previously
defined CMPs contained the subset, which was skewed to
GMP differentiation potential, and CD62L was a useful
marker to distinguish this subgroup. These findings suggest
that significant heterogeneity has been offset by putting
these subsets together in the previous data of bulk CMPs.
To separate subsets and purify more homogeneous and

Figure 4. Gene expression profiles of murine CD62L-neg and CD62L-high CMPs
(A) Principal-component analysis of bulk CMPs, CD62L-neg CMPs, CD62L-high CMPs, and bulk GMPs.
(B) The result of hierarchical clustering of bulk CMPs, CD62L-neg CMPs, CD62L-high CMPs, and bulk GMPs using the top 1,000 genes ranked

by their standard deviation.

(C) The result of gene ontology analysis of differentially expressed genes between CD62L-neg CMPs and CD62L-high CMPs. The top 10

enriched gene ontology terms are listed.

(D and E) Heatmap of representative genes essential for erythrocytes and megakaryocytes (D) and granulocytes and monocytes (E).
(F and G) Gene set enrichment analysis of the CMP signature gene set (F) and the GMP signature gene set (G) comparing the indicated

populations.

(H) Proposed model of CMP differentiation. CD62L-neg CMPs are located at the upper differentiation hierarchy, and CD62L-high CMPs are

more differentiated into GMP population.
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Figure 5. The CD62L-neg cell population is the most immature subset within murine GMPs

(A) Representative flow cytometry plots analyzing CD62L expression in murine GMPs. CD62L-neg GMPs are defined as low 10% population.
(B) Representative flow cytometry plots analyzing CD11b and TER119 expression after 7-day culture with semisolid medium. Experiments
were performed four times.

(C) The result of differentiation into CD11b-positive cells after 7-day culture. Means + SD of four independent experiments. Statistical
significance was calculated using unpaired two-tailed t test (****p < 0.0001; n = 4).

(D) Representative flow cytometry plots analyzing CD62L expression in GMPs after 1-day culture of CD62L-neg CMPs, CD62L-high CMPs,
CD62L-neg GMPs, and CD62L-pos GMPs. Experiments were performed three times.

(E and F) The relationship between the summed Z score of CMP genes and CD62L expression from single-cell RNA-seq data of murine GMPs
(E) (GSE130966) and (F) (GSE70240). The x axis shows log,(TPM + 1) of CD62L and the y axis shows the summed Z score of CMP signature
genes.
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Figure 6. Gene expression profiles of CD62L-neg GMPs
(A) Principal-component analysis of bulk CMPs, CD62L-neg GMPs, and bulk GMPs.

(B) The result of hierarchical clustering of bulk CMPs, CD62L-neg GMPs, and bulk GMPs.

(C) The scatterplot of differentially expressed genes between CD62L-neg GMPs and bulk GMPs. Fold change > 2, FDR < 0.05.

(D and E) Heatmap of representative genes essential for erythrocytes and megakaryocytes (D), and granulocytes and monocytes (E).
(F-I) Gene set enrichment analysis of CMP signature (F and G) and GMP signature (H and I) gene sets comparing the indicated populations.
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genuine CMPs enable to determine their characteristics
more precisely, and elucidate more sophisticated mecha-
nism of myeloid differentiation. Moreover, CD62L expres-
sion in CMPs shows the same tendency in mice and
humans, which makes it easier to apply the results of
mice to humans.

We elucidated the heterogeneity of GMPs and found
that CD62L-neg GMPs were the most immature sub-
groups in GMPs. Our results suggest that a small part of
them may still possess CMP potential, which may suggest
the incompleteness of the present surface markers to
define myeloid differentiation potential and should be
further elucidated. Also, we showed the existence of
neutrophil- and monocyte-skewed populations in GMPs,
which was compatible with several former studies (Dinh
et al., 2020; Kwok et al., 2020), and added new aspects
for myeloid differentiation. We confirmed that CD62L-
high CMPs differentiate into GMPs while maintaining
the positive expression of CD62L, which suggests that
CD62L-positive  GMPs can be generated from both
CD62L-neg GMPs and CD62L-high CMPs. Further investi-
gation is needed to clarify the difference between these
differentiation pathways.

CD62L is an adhesion molecule, also called as L-selectin
(SELL), and its function has been mainly studied in T cells.
CD62L on T cells is important for T cell homing and asso-
ciated with T cell quiescence (Ivetic et al., 2019). Until
now, the role of CD62L on hematopoietic progenitors
was only studied in multipotent progenitors (MPPs)
(Cho and Spangrude, 2011) and T cell-lineage progenitors
(Perry et al., 2004). These studies revealed the heterogene-
ity of Lin"SCA-1*C-KIT* (LSK) population by CD62L. In
LSK fraction, CD62L-low subsets were more immature
and mainly contained long-term hematopoietic stem
cells, whereas CD62L-high subsets contained MPPs, and

also upregulation of CD62L in MPPs decreased erythro-
megakaryocytic lineage potentials (Cho and Spangrude,
2011), which were compatible with our data. However,
CD62L expression on myeloid progenitors has not been
fully examined so far. CD62L is also an important adhe-
sion molecule in neutrophils and highly expressed on
mature neutrophils (Tak et al., 2017). Monocytes also ex-
press CD62L, but the expression level in mice is lower
than neutrophils (data not shown). Therefore, it is needed
to elucidate the expression transition and regulation
mechanism between unipotent progenitors and mature
cells.

In conclusion, we identified CD62L as a surface marker to
elucidate the heterogeneity of CMPs and GMPs, and
refined these differentiation potentials. CD62L-neg CMPs
are genuine CMPs, whereas CD62L-high CMPs are highly
restricted to GMP potentials in mice and humans.
CD62L-neg GMPs are the most immature subset in
GMPs, and Ly6C"CD62L-int and CD62L-high GMPs are
skewed to neutrophil and monocyte differentiation,
respectively in mice. These findings refine the definition
of CMPs and GMPs, and elucidate the differentiation
mechanism of myeloid cells in more detail.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice (LyS.2), C57BL/6-CD45.1 (LyS.1), and C57BL/6-
Tg(CAG-EGFP)C14-Y01-FM1310sb mice were purchased from
Japan SLC, Sankyo Lab Service Corporation, and RIKEN Bio-
Resource Research Center, respectively (Okabe et al., 1997). All
mice were aged 8-12 weeks when used for experiments. All animal
experiments were approved by The University of Tokyo Ethics
Committee for Animal Experiments and performed according to
the Guidelines for Animal Experiments of the University of Tokyo.

(B) Colony-forming cell assay of murine CD62L-int, CD62L-high, and bulk GMPs. Mean proportions =+ SD of three independent experiments
for the indicated colonies are shown. Statistical significance for the proportion of CFU-G was calculated using one-way ANOVA (*p < 0.05;
n.s., not significant; n = 3).

(C and D) F4/80 expression was analyzed after 7-days culture of the indicated populations in semisolid medium. Representative flow
cytometry plots (C) and frequency of the F4/80" cells are shown (D) (n = 4; unpaired t test; ***p < 0.001).

(E) A scheme of in vivo transplantation assay. Lethally irradiated (8.5 Gy) Ly5.2 mice were intravenously injected with 1.0-4.0 x 10*
CD62L-int, CD62L-high, or bulk GMPs derived from Ly5.1 mice with 2.0 X 10° bone marrow cells from Ly5.2 mice. Differentiation of the
transplanted cells was analyzed 5 days after transplantation.

(F and G) Differentiation of transplanted GMPs into neutrophils and macrophages in splenic cells was analyzed by flow cytometry. The
frequency of (F) neutrophils and (G) macrophages in the Ly5.1-positive donor cell population is shown. Means + SD of three to six in-
dependent experiments. Statistical significance was calculated using unpaired one-way ANOVA (*p < 0.05, **p < 0.01).

(H) Principal-component analysis of gene expression profiles among CD62L-int, CD62L-high, and bulk GMPs.

(I) The scatterplot of differentially expressed genes between CD62L-int GMPs and CD62L-high GMPs. Fold change > 2, FDR < 0.05.

(J) Heatmap of representative genes important for granulocyte and monocyte differentiation.

(K) Representative flow cytometry plot analyzing CD62L and Ly6C expression in murine GMPs. Experiments were performed three times.
(L) The result of colony-forming cell assay of murine Ly6C*/CD62L-int and Ly6C*/CD62L-high GMPs. Mean proportions + SD of three in-
dependent experiments. Statistical significance for the proportion of CFU-G was calculated using one-way ANOVA (*p < 0.05, **p < 0.01;
n=3).
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Colony-forming cell assay

For colony-forming cell assay, murine myeloid progenitors were
cultured at 1 x 10 cells per well for 7 days with 1 mL of methylcel-
lulose medium (MethoCult GF M3434, STEMCELL Technologies).
CD34" human bone marrow samples were purchased from Lonza,
and myeloid progenitors were cultured at 1 x 10? cells per well for
14 days in methylcellulose medium (MethoCult H4434 Classic,
STEMCELL Technologies).

Liquid culture assay

For liquid culture, murine myeloid progenitors were cultured at 1-
2 x 10 cells per well in IMDM (Sigma) medium containing 20%
FBS, 1% penicillin/streptomycin, and cytokines (50 ng/mL FIt3L,
50 ng/mL TPO, 100 ng/mL SCE and 20 ng/mL IL-3) at 37°Cin a
5% CO; incubator. The transition of CD62L expression level in
CMPs and GMPs were analyzed after 24 h, and the differentiation
capacity of CMPs into GMPs and MEPs were analyzed after 48 h.

In vivo transplantation assay

For in vivo transplantation assay of CMPs, C57BL/6 mice were irra-
diated at lethal doses (8.5 Gy) and intravenously infused with
1.5 x 10* CMP cells from CAG-EGFP mice and 2.0 x 10° bone
marrow cells from C57BL/6 mice. One week after transplantation,
peripheral blood, bone marrow, and spleen were analyzed. Blood
cell count was performed by ERMA PCE-210N (ERMA). For in vivo
transplantation of GMPs, C57/B6 mice were irradiated at lethal
doses (8.5 Gy) and infused with 1.0-4.0 x 10* GMP cells from
Ly5.1 mice and 2.0 x 10° bone marrow cells from C57BL/6 mice.
Peripheral blood, bone marrow, and spleen were analyzed 5 days
after transplantation.

Flow cytometry and cell sorting

Isolation of cells was performed using FACSAria II or III Cell Sorter
(BD Biosciences). Data were analyzed with FlowJo (TreeStar, Ash-
land, OR, USA). To isolate murine progenitors, murine CMPs,
GMPs, and MEPs were defined as Lin SCA-1-C-KIT*CD16/
327CD34*, Lin SCA-1"C-KIT*CD16/32*CD34", and Lin SCA-
17C-KIT*CD16/327CD34" cells, respectively (Akashi et al., 2000).
Biotinylated anti-GR-1 (RB6-8CS5; BioLegend), CD11b (M1/70; Bio-
Legend), TER119 (TER-119; BioLegend), B220 (RAS-6B2; Bio-
Legend), CD3e (145-2C11; BioLegend), CD4 (GK1.5; BioLegend),
CD8a (53-6.7; BioLegend), and CD127 (A7R34; BioLegend), fol-
lowed by streptavidin-APC/Cy7 (BioLegend), PE/Cy7-conjugated
anti-C-KIT (2B8; BioLegend), PerCP/CyS5.5 (D7; BioLegend), PE-
conjugated anti-SCA-1 (D7; eBioscience), APC-conjugated anti-
CD16/32 (93; BioLegend), FITC-conjugated anti-CD34 (RAM34;
eBioscience), PE or Pacific blue-conjugated anti-CD62L (MEL-14;
BioLegend), PerCP/CyS.5-conjugated anti-Ly6C (HK1.4; Bio-
Legend), and PE-conjugated rat IgG2axk isotype control (BioLegend)
were used. When CAG-EGFP mice were used, lineage marker-posi-
tive cells were depleted by streptavidin microbeads by AutoMACS
Pro Separator (Miltenyi Biotec) at first, then PerCP/CyS5.5-conju-
gated anti-SCA-1 (D7; BioLegend), PE/Cy7-conjugated anti-C-KIT
(2B8; BioLegend), APC/Cy7-conjugated anti-CD16/32 (93; Bio-
Legend), Alexa Fluor 647-conjugated anti-CD34 (RAM34; BD Bio-
sciences), and PE-conjugated anti-CD62L (MEL-14; BioLegend)
were used. Human CMPs were purified as Lin”CD34*CD38"C-
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D45RA-CD123™ populations (Manz et al., 2002). Biotinylated
anti-CD3 (HIT3a; BioLegend), CD11b (ICRF44; BioLegend), CD14
(HCD14; BioLegend), CD16 (3G8; BioLegend), CD19 (HIB19; Bio-
Legend), CD20 (2H7; BioLegend), CD56 (HCDS6; BioLegend),
and CD235a (HIR2; eBioscience), followed by streptavidin-PerCP/
Cy5.5 (BioLegend), APC or PE/Cy7-conjugated anti-CD34 (581;
BioLegend), APC/Cy7-conjugated anti-CD38 (HIT2; BioLegend),
Pacific blue or APC-conjugated anti-CD123 (6H6; BioLegend),
FITC-conjugated anti-CD45RA (HI100; BD Biosciences), PE-conju-
gated anti-CD62L (DREG-56; BioLegend), Pacific blue-conjugated
anti-CD41 (HIP8; BioLegend), PE/Cy7-conjugated anti-CD71
(CY1G4; BioLegend), and PE-conjugated mouse IgG 1k isotype con-
trol (BioLegend) were used. For colony-forming cell assay, PE- or
APC-conjugated anti-CD11b (M1/70; BioLegend), PE-conjugated
anti-F4/80 (BM8.1; Tombo biosciences), APC-conjugated TER119
(TER-119, BioLegend), and PerCP/CyS.5-conjugated anti-Ly6G
(1A8; BioLegend) were used. For in vivo transplantation assay,
APC-conjugated anti-CD41 (eBioMWReg30; eBioscience), APC-
conjugated anti-CD45 (30-F11; BD Biosciences), PE/Cy7-conju-
gated CD45 (30-D11; BioLegend), FITC or PE/Cy7-conjugated
anti-CD45.1 (A20; BioLegend), PE-conjugated anti-CD45.2 (104;
BioLegend), PerCP/CyS.5-conjugated anti-Ly6G (1A8; BioLegend),
PE- or APC-conjugated CD11b (M1/70; BioLegend), PE- or PE/Cy7-
conjugated F4/80 (BMS; BioLegend), and PE-conjugated TER119
(TER-119; BioLegend) were used.

RNA-seq

For gene expression profiling, RNA-seq was performed with the use
of SMART-Seq v.4 Ultra Low Input. 2.5-4.0 x 10* cells of bulk
CMPs, CD62L-neg CMPs, CD62L-high CMPs, bulk GMPs,
CD62L-neg GMPs, CD62L-int GMPs, and CD62L-high GMPs
were sorted per sample. All subsets were triplicated and one bulk
CMP sample was excluded due to the low mapping rate. Base call-
ing was performed using Illumina RTA software in sequencer, and
further demultiplexing was performed using Illumina bcl2fastq
software. The raw data were stored in FASTQ format. Trimming,
mapping, and acquiring read count data were performed by
Trim-galore, Hisat2, and Htseq. Differentially expressed gene anal-
ysis was performed using the DESeq2 package. PCA, hierarchical
clustering, k-means clustering, and pathway enrichment analysis
were performed using iDEP (Ge et al., 2018). Genes were ranked
by their standard deviation across all samples, and the top 1,000
genes were used for hierarchical clustering analysis, and the top
2,000 genes were used for k-means clustering analysis (Ge et al.,
2018). Gene set enrichment analysis was performed using GSEA
software. Gene sets for murine CMP and GMP signatures were
created by comparing gene expressions in bulk CMPs and GMPs
using our RNA-seq data (Table S1). Our RNA-seq data are available
in the Gene Expression Omnibus under accession number
GSE166065. CD62L-low CMP and CD62L-low GMP in this dataset
are described as CD62L-neg CMPs and CD62L-int GMPs in this
article, respectively.

Statistical analysis

Significance of differences between two groups was assessed with
unpaired two-tailed t tests, and three or more groups with one-
way ANOVA. Differences were considered statistically significant



at a p value of less than 0.05. We used Prism 8 software for statisti-
cal analysis and graphical design.

Data and code availability
Our RNA-seq data are available in the Gene Expression Omnibus
under accession number GSE166065.
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