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Human myelopoiesis has been proposed to occur through oligopotent common myeloid progenitor (CMP)
and lymphoid-primed multipotent progenitor (LMPP) populations. However, other studies have proposed direct
commitment of multipotent cells to unilineage fates, without specific intermediary lineage cosegregation
patterns. We here show that distinct human myeloid progenitor populations generate the neutrophil/monocyte
and mast cell/basophil/eosinophil lineages as previously shown in mouse. Moreover, we find that neutrophil/
monocyte potential selectively cosegregates with lymphoid lineage and mast cell/basophil/eosinophil potentials
with megakaryocyte/erythroid potential early during lineage commitment. Furthermore, after this initial commitment
step, mast cell/basophil/eosinophil and megakaryocyte/erythroid potentials colocalize at the single-cell level in
restricted oligopotent progenitors. These results show that human myeloid lineages are generated through two
distinct cellular pathways defined by complementary oligopotent cell populations.

INTRODUCTION

Myeloid cell types carry out essential innate immune functions, with
macrophages and neutrophils critical to antibacterial defense, eosino-
phils and basophils providing antiparasitic immunity, and mast cells
acting as sentinels in the skin and gut and playing a key role in regu-
lating allergy (1). Defects in myeloid cells lead to immune deficiencies,
whereas excessive production can cause severe inflammation-induced
tissue degeneration (2, 3), and myeloid cell types are critical regula-
tors of inflammation (4) and the tumor microenvironment (5). Last,
malignancies affecting the myeloid lineages include acute myeloid
leukemia, myeloproliferative neoplasms, and myelodysplastic syn-
dromes, all increasing in prevalence with population aging. Conse-
quently, the ontogeny of myeloid cells has been intensively studied,
with particular emphasis on the identification of progenitor popula-
tions committed to specific myeloid fates, as well as the transcription
factors (TFs) (6) and cytokines (7) that regulate myeloid lineage
commitment and differentiation. Initially, granulocyte and monocyte
(GM) progenitors (GMPs) were identified in both murine (8) and
human hematopoiesis (9) and proposed to constitute a single progeni-
tor capable of forming all myeloid cell types. Subsequently, murine
GMPs were found to contain eosinophil, basophil, and mast cell potential
(10, 11). In contrast, in humans, eosinophil potential was located to
the common myeloid progenitor (CMP) population (12), whereas
the origin of human mast cell/basophil progenitors remains to be
determined (13). We recently found that murine pre-GMs and
GMPs could be subdivided using a Gatal-enhanced green fluores-
cent protein (EGFP) reporter, and that the Gatal-EGFP" and
Gatal-EGFP™ subpopulations contained mast cell/eosinophil and
monocyte/neutrophil potentials, respectively (14). The separation of
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the two sets of myeloid lineage potentials preceded their separation
from megakaryocyte/erythroid and lymphoid potentials, respective-
ly. Because also human myeloid cell types can be classified into
GATAI-expressing (mast cells, eosinophils, and basophils) and
GATAI-nonexpressing cell types (neutrophils and monocytes/
macrophages) (15, 16), we here investigate whether human myelo-
poiesis is similarly organized. We find that basophil/mast cell potential
resides within the human CMP, and using single-cell RNA sequencing
identify CD114 and CD131 as markers that define CMP subpopula-
tions that contain neutrophil/monocyte and eosinophil/mast cell/
basophil potential, respectively. Furthermore, neutrophil/monocyte
potential cosegregates with lymphoid potential, whereas eosinophil/
mast cell/basophil potential cosegregates with erythroid/megakaryo-
cytic potential, with CD131* CMPs as oligopotent cells with combined
eosinophil/mast cell/basophil and erythroid/megakaryocytic lineage
potential. These findings lead to a revised model for human myelo-
poiesis and show that initial lineage commitment in human
hematopoiesis involves the generation of lineage-restricted oligopo-
tent progenitor populations containing defined subsets of lineage
potentials.

RESULTS

To localize human mast cell/basophil potentials, we cultured single
CMPs (defined as LIN"CD34"CD38"CD123"CD45RA ™) and GMPs
(LIN"CD34"CD38"CD123"CD45RA") (Fig. 1A) (9) in the pres-
ence of cytokines promoting the differentiation of all myeloid
lineages (hSCF, hFLT3L, hIL-3, hIL-5; hIL-6, hGM-CSF, and
hG-CSF; M-conditions) and analyzed the morphology of the cells
generated. This showed that individual CMPs generated cultures
containing eosinophils and basophils/mast cells (Fig. 1, Cand E) or
neutrophils and monocytes (Fig. 1, C and D), but only very rarely
cells from both of these subsets (2 of 181 cultures; Fig. 1C). The
majority of basophil/eosinophil-containing cultures (24 of 39 or
62%) were bilineage. In contrast, GMPs only generated neutrophils
and monocytes under these conditions (Fig. 1, C and F). In the
mouse, we found that lymphoid-primed multipotent progenitors
(LMPPs) generate neutrophils and monocytes, but not eosino-
phils or mast cells (14). We therefore analyzed the myeloid lineages
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c Fig. 1. Myeloid potential in predefined hema-
Gated on LIN"CD34*CD38* 100 7 e topoietic progenitor populations. (A and
B) Gating strategy of populations in adult human
80 bone marrow samples. Displayed are live, lineage-
= Mixed negative singlets, positive or negative for CD34
Eo and CD38 as indicated above the plots. CD10
= Ma/Ba was included in the lineage cocktail. Data are
m Ma/Ba/Eo representative of seven donors in 16 experi-
uNe ments, and the numbers show gated cells as
aMo percentage + SD of the parental gate. PECy7,
uMo/Ne phycoerythrin cyanine 7. (C) Histogram showing
cell type determined by morphology of
o 10 10 cytospins from single-cell cultures of CMP
CD45RA-BV650 CMP LMPP GMP (n=181), LMPP (n=75), and GMP (n=77) as
percentage of total number of cultures analyzed.
Mo, monocyte; Ne, neutrophil; Eo, eosinophil;
Ma/Ba, mast cell/basophil; Mixed, neutrophil/
monocyte in combination with eosinophil/
basophil/mast cell morphology. Data are summary
of sixindependent experiments (table S1A). (D to
G) Morphology of single-cell cultures from CMP
(D and E), GMP (F), or LMPP (G), representative of
the data in (C). Scale bars, 25 um.
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Fig. 2. Heterogeneity of human CMPs revealed by single-cell RNA sequencing. (A) Plot indicating the CD45RA and CD123 expression measures by flow cytometry of
the CMP, GMP, and MEP cells used for single-cell RNA sequencing. FITC, fluorescein isothiocyanate. (B) Left: t-SNE plot of 237 CMP, 32 GMP, and 27 MEP cells showing
seven clusters as indicated by coloring. The contour plot (red gradient color in the background) indicates the kernel smoothing density of cells. Right: The same t-SNE plot
showing the individual cell types: CMP (gray), MEP (light blue), and GMP (dark blue). (C) GATA1, (D) KLF1, and (E) CEBPA expression [as log, (CPM)] superimposed on the
t-SNE plot from (B).

generated by LMPPs (defined as LIN"CD34"CD38 CD45RA" Human mast cells/basophil progenitors therefore reside within the
(Fig. 1B) (17)) and observed only neutrophils and monocytes phenotypically defined CMP compartment, as previously reported
(Fig. 1, Cand G). for eosinophil progenitors (12). In addition, the observed combined
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Fig. 3. Characterization of progenitor populations defined by CD114 and CD131. (A) Gene expression level of CSF2RB and
CSF3Rin single CMP cells in identified clusters. Y axis represents the expression level in the log, (CPM) scale. X axis represents the
cluster identification. Numbers below each plot show the number of expressing cells and the total number of cells within the
respective cluster. Box plot shows median and quartile values, and whiskers show outlier values within 1.5 times of the interquar-
tile range. (B) Plot indicating the CD114 and CD131 flow cytometry signals of index-sorted single CMP cells used for gene expres-
sion analysis. PE, phycoerythrin. (C) Heat map showing gene expression of index-sorted CD131* and CD114" CMPs (indicated on
top) as shown in (B). The genes were chosen as markers for the indicated clusters (left). Cells were clustered manually, and the
gene expression was used to annotate the cells to one of the clusters (bottom). (D) Flow cytometry plot showing CD114 and
CD131 signals of CMP cells and gates used for sorting CMP subpopulations. Numbers are cells within each gate as average per-
centage + SD of parental gate. Data are representative of 11 independent experiments using six different donors.

(Fig. 3A and fig. S1A), and the
encoded surface markers were
tested for their ability to sub-
divide the CMP population
(fig. S1, B and C). We observed
that Fc fragment of IgE recep-
tor Ia (FceRla), CD114, and
CD131 each labeled a subfrac-
tion of CMPs. Of these, CD131
and CD114 were of particular
interest, because genes that en-
code them (CSF2RB and CSF3R,
respectively) were expressed in
GATAI-expressing (C1toC3and
C7) and GATAI-nonexpressing
(C4to C6) clusters, respectively
(Fig. 3A). The CD133 marker
(encoded by PROM1) previously
used to separate myeloid pro-
genitor subsets (20) showed an
expression pattern similar to
CD114 by both gene expression
(fig. S1A) and flow cytometry
(fig. S2A), but was less specific
for C4 to C6. We depicted CD131
and CD114 expression on MEP,
GMP, and moreimmature pop-
ulations. CD131 expression is
not observed in hematopoietic
stem cells and MPP (HSC/MPP)
or LMPP but is sustained on

eosinophil and mast cell/basophil output indicated the presence of
a common progenitor for these lineages, distinct from progenitors
with monocyte/neutrophil potential, within the CMP compartment.
To deconvolute these functionally distinct progenitor subsets, we
performed Smart-seq2-based single-cell RNA sequencing (18) of
index-sorted CMPs [237 cells after final quality control (QC)], in-
cluding GMPs (32 cells) and megakaryocyte/erythroid progenitors
(MEPs) (27 cells) as reference populations (Fig. 2A). T-distributed
stochastic neighbor embedding (t-SNE) analysis (19) followed by kernel
density estimation and k-mean clustering analysis identified seven cellular
clusters (Fig. 2B). MEPs and GMPs primarily mapped to cluster 1 (C1)
and C6, respectively, indicating that these represent megakaryocyte/
erythroid- and neutrophil/monocyte-committed CMP subpopulations.
Consistent with this, GATAI and KLFI were highly expressed in C1
to C3 and C7, but not C4 to C6 (Fig. 2, C and D), with CEBPA
expressed in C4 to C6 and C7 (Fig. 2E). We previously observed
coexpression of Cebpa, KIf1, and Gatal in murine progenitors with mast
cell/eosinophil potential, whereas neutrophil/monocyte progenitors
expressed neither Gatal nor KIfl. Furthermore, Cebpa expression was
lost in committed erythroid progenitors, where KifI and Gatal expres-
sion were maintained (14). We therefore hypothesized that C4 to C6
were candidate neutrophil/monocyte progenitors, whereas C7 was
a candidate eosinophil/basophil/mast cell progenitor population.
To allow further characterization of these subpopulations, we
mined the RNA sequencing data for differentially expressed genes
encoding surface markers (table S2). Ten candidates were identified
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MEPs. CD114 is expressed at
low levels in both the HSC/
MPP and LMPP subsets but up-regulated in CD114" CMPs and
sustained in GMPs (fig. S2B).

To test the ability of these markers to prospectively separate the
identified clusters, signature genes selectively expressed in each
cluster were identified (fig. S3A and table S2). We found that C4
and C5 were separated only by distinct cell cycle status (fig. S3, B
and C), and common signature genes were therefore identified for
these two clusters. C2 was too weak to generate signature genes.
To test whether CD114 and CD131 surface expression identified
the predicted clusters, single CMPs were index-sorted on CD114
and CD131 (Fig. 3B), and expression of the above identified cluster
signature genes was analyzed by microfluidics-based quantitative
reverse transcription polymerase chain reaction (QRT-PCR). As pre-
dicted, C1 and C7 signature genes were expressed in CD114"CD131"
CMPs (henceforth CD131" CMPs) and C4/5 and C6 signatures in
CD1147CD131~ CMPs (henceforth CD114" CMPs) (Fig. 3C), vali-
dating the ability of these markers to prospectively separate clusters
with molecular characteristics of neutrophil/monocyte progeni-
tors (C4/5 + C6) and eosinophil/mast cell progenitors (C7). The
CD114 CD131" CMPs were a mixed population containing pre-
dominantly cells expressing C4/5 signature genes, as well as some
C1/3 and C7 signature gene-expressing cells. The CD114 CD131~
double-negative CMP fraction therefore did not contain dis-
tinct cell types, but rather cells with functional characteristics of
CD114" CMPs or CD131" CMPs that could not be separated using
these markers.
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Fig. 4. Measurement of lineage output from CD114*and CD131*CMPs. (A) Gating strategy for flow cytometry analysis of bulk cultured progenitors. Examples of cul-
tures of CD114" CMPs (top) and CD131* CMPs (bottom) are shown. Arrows in the top panel indicate sequential gating. APC, allophycocyanin. (B) Quantification of cell
types identified as in (A) after culture of indicated progenitor populations, presented as frequency of total defined cells. Data are averaged from five (GMP) or six (CMP
CD114* and CMP CD131%) donors, and 2 to 10 cultures were grown for each population. (C) Number of live cells retrieved from cultures in (B) measured by flow cytome-
try. P values indicate significance of differences in cell numbers (Mann-Whitney U test).

To efficiently separate the GATAI-expressing and GATAI-
nonexpressing clusters, we therefore focused on CD114" and
CD131" CMPs. These two populations were sorted (Fig. 3D), bulk
cells cultured under M-conditions and analyzed for the generation of
myeloid cell types by flow cytometry (Fig. 4A). We observed that
CD114* CMPs generated predominantly neutrophils and mono-
cytes (>98%; Fig. 4B), whereas CD131" CMPs generated predomi-
nantly eosinophils, mast cells, and basophils (>92%; Fig. 4B),
demonstrating that CD114 and CD131 expression can be used for
the prospective separation of these two sets of myeloid lineage po-
tentials. Furthermore, in this assay, GMPs generated essentially
only neutrophils and monocytes (Fig. 4B), and these cultures were
less proliferative than the CD114" CMPs (Fig. 4C).

To colocalize lineage potentials at the single-cell level, we index-
sorted CMPs followed by single-cell culture under conditions supporting
megakaryocyte/erythroid lineage output [myeloid/megakaryocyte/
erythroid (MME) conditions; see Materials and Methods]. To strin-
gently define lineage readout, all cultures were subjected to both
morphological analysis and microfluidics-based expression analysis

Drissen et al., Sci. Immunol. 4, eaau7148 (2019) 24 May 2019

of key lineage-specific genes, and only readouts supported by both
criteria were considered positive, except for megakaryocytes, which
could be reliably identified by morphology alone. At least one positive
lineage readout was obtained from 243 cultures (Fig. 5A). We observed
that megakaryocyte/erythroid lineage output was highly dissociated
from neutrophil/monocyte output (P = 2 x 10", %* test), but not
from eosinophil/basophil/mast cell lineage output (P = 0.22, % test)
(Fig. 5B). Mapping single cells to CD114 and CD131 expression
confirmed that CD131" CMPs were restricted to mast cell/basophil/
eosinophil output, whereas CD114" CMPs generated neutrophils
and monocytes (Fig. 5C). Separate analysis of all GATAI" lineages
showed that the majority of cultures were bi- or oligolineage under MME
conditions (129 of 160 or 81%; Fig. 5D), including megakaryocyte/
erythroid (Fig. 5E) and megakaryocyte/erythroid/basophil (Fig. 5F)
readouts. However, compared with the data obtained under M-
conditions (Fig. 1), we noticed that eosinophil lineage output was
reduced. We therefore repeated the analysis, using the same donor bone
marrows, under M-conditions. Here, neutrophil and eosinophil
readouts, and consequently bilineage myeloid readouts, were improved
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Fig. 5. Lineage affiliation of prospectively isolated myeloid progenitors. (A) CMP cells were index-sorted and
cultured under MME conditions. The CD131 and CD114 expression of cells with at least one positive lineage readout
indicated. The data are cumulative from two independent experiments (table S1B). (B) Venn diagram of lineage
output from cells in (A) with positive lineage readout defined by the presence of both appropriate morphology and
lineage-specific gene expression. (C) CD114 and CD131 intensity of isolated CMPs that gave rise to cultures con-
taining mast cells, basophils or eosinophils (orange), or monocytes or neutrophils (blue). (D) Venn diagram as
in (B) showing the overlap between positive eosinophil, mast cell/basophil, megakaryocyte, and erythrocyte lineage
readouts. (E and F) Cytospins of single CMP cultures showing (E) erythroid (Er) and megakaryocyte (Mk) morphology
and (F) erythroid, megakaryocyte, and basophil (Ba) morphology. (G) Lymphoid potential of indicated progenitor cell
populations (30 cells per culture) grown in B/NK cell conditions (MS-5 stromal cells) or T cell conditions (OP9-hDL1
stromal cells) shown as frequency of cultures producing B, NK, or T cells. Data are from two donors in two independent
experiments. Numbers above bars indicate number of cultures with a positive readout/number of cultures.

in M-condition compared with MME-condition cultures (fig. S4,
A and B). Under both conditions, a significant dissociation of neutrophil/
monocyte and mast cell/basophil/eosinophil readouts was observed
(M-conditions: P = 0.0014; MME conditions: P=1.2 x 107/, x* test).
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Although this dissociation was absolute un-
der MME conditions, under M-conditions,
we observed rare cultures where mast
cell/basophil/eosinophil potential was
combined with neutrophil potential
(but not monocyte potential) (fig. S4,
B to D), an observation similar to that
previously made in murine pre-GMs (14).
Therefore, optimal measurement of
myeloid and myeloid-erythroid copoten-
tials may require distinct culture condi-
tions, and suboptimal conditions lead to
an underestimate of the potency of the
cells analyzed. Last, to determine the rela-
tionship of the two myeloid lineage sub-
sets to lymphoid lineages, we measured
lymphoid lineage output of LMPPs, GMPs,
CD114" CMPs, and CD131" CMPs in
murine marrow stromal cell line (MS-5)
[for B and natural killer (NK) cell read-
out] and osteo-petrotic 9-human delta-
like 1 (OP9-hDL1) cocultures (for T cell
readout). We observed B, T, and NK cell
output from populations with neutrophil/
monocyte potential (LMPP, CD114" CMP,
and GMP), but not from CD131* CMPs
(Fig. 5G and fig. S4E).

To molecularly characterize the identi-
fied CMP subpopulations, we performed
Smart-seq2-based RNA sequencing of bulk
cell populations from four independent
bone marrow donors. In addition to CD114"
CMPs and CD131" CMPs, we also profiled
GMPs, MEPs, LMPPs, and HSCs/MPPs
(defined as LIN"CD34"CD38 CD45RA")
(fig. S5). We validated that the purified
CMP subpopulations expressed CSF3R and
CSF2RB, respectively (Fig. 6A). In prin-
cipal components analysis (PCA), CD131*
CMPs clustered with MEPs, whereas CD114"
CMPs clustered with GMPs and were
adjacent to LMPPs, consistent with these
populations defining distinct develop-
mental pathways (Fig. 6B). Similarly, the
expression of mast cell/basophil (Fig. 6C),
eosinophil (Fig. 6D), and megakaryocyte/
erythroid (Fig. 6E) genes was observed
in CD131" CMPs and MEPs, whereas
neutrophil/monocyte genes were expressed
in CD114" CMPs and GMPs (Fig. 6F).
Comparison of CD114* and CD131* CMPs
using gene set enrichment analysis [GSEA
(21)] showed that the former were enriched
for neutrophil, monocyte, and lymphoid
(B, T, and NK cell) gene expression (fig. S6,

A and B), whereas basophil and eosinophil genes were enriched in the
latter (fig. S6C). The gene expression signatures of the CMP sub-
fractions therefore correspond to their lineage potentials. Hemato-
poietic lineage specification is controlled by the combinatorial action
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Fig. 6. Gene expression in prospectively isolated progenitor populations. (A) The indicated cell populations
were purified from four independent bone marrow donors and RNA-sequenced. The box-and-whisker plots show the
expression of CSF2RB and CSF3R. Boxes show mean and central quartiles; whiskers show data range. Individual data
points are overlaid on the plots. (B) The three-dimensional plot shows PCA using the first three components de-
rived from 1868 genes [P < 0.05 (ANOVA) and CV > 0.3]; encircled areas indicate clusters containing myelo-
erythroid progenitor cells with or without GATAT expression as indicated. (C to K) Gene expression levels measured
by RNA sequencing of the indicated genes, shown as in (A).
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of key TFs (6). CD131" CMPs express
TFs associated with both erythroid/
megakaryocytic differentiation (KLFI
and GATAL Fig. 6G) and with specifica-
tion of GATAI" myeloid cell types
(CEBPA and SPI1; Fig. 61). Expression
of myeloid TFs (SPII and CEBPA) was
decreased upon MEP specification, con-
comitant with expression of ZFPM 1 and
its target gene TRIB2 (22), a negative
regulator of CCAAT/enhancer binding
proteins (C/EBPs) (Fig. 6H) (23, 24),
and paralleled by down-regulation of ba-
sophil and eosinophil programs (fig. S6D),
consistent with the loss of myeloid lin-
eage potentials in this population (9). In
contrast, CD114" CMPs and GMPs ex-
pressed genes involved in monocyte/
neutrophil specification (GFII and IRFS;
Fig. 6]), as well as general myeloid lineage
specification (SPI1 and CEBPA), but lack
expression of GATAI (Fig. 6G). GSEA
showed that neutrophil and monocyte/
macrophage genes were expressed at
higher levels in GMPs compared with
CD114" CMPs (fig. S6E), consistent with
their lower expression of the TFs driving
these differentiation programs (IRFS,
GFI1, CEBPA, and SPII), and indicat-
ing that CD114" CMPs represent an
earlier, committed stage of neutrophil/
monocyte development than GMPs. In
line with the lymphoid potentials found
in the populations, T cell (ZAP70), B cell
(IGLL1), NK cell (NKG7), and pan-
lymphoid (CD96) representative genes
are all preferentially expressed in the
lymphoid-competent progenitor subsets
(LMPPs, CD114" CMPs, and GMPs),
when compared with CD131* CMPs
and MEPs (Fig. 6K).

DISCUSSION

We have here used a combination of
single-cell RNA sequencing and single-
cell functional readouts to assess the
lineage potentials of individual human
bone marrow progenitor cells. We have
assessed all myeloid cell fates and com-
bined morphological, flow cytometric,
and gene expression analysis to obtain
coherent and reliable identification of
the cell types generated. We observe that
when assessed in vitro at the single-cell
level, CD34"CD38" human progenitor
cells have either neutrophil/monocyte
or eosinophil/basophil/mast cell poten-
tial, but virtually never a combination
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of these. We also find that restriction to neutrophil/monocyte my-
eloid fate occurs in LMPPs, where lymphoid lineage readout was
previously found to co-occur with neutrophil and/or monocyte
readout in the vast majority of single cells analyzed (25). Conversely,
most of the CD131" CMPs that generate basophil/mast cell/eosinophils
also produce megakaryocyte or erythroid lineage cells, but not
neutrophils, monocytes, or lymphoid cells (this study). Together with
previous findings that GMPs (9) and LMPPs (17) lack megakaryocyte/
erythroid lineage potential, these results support a hierarchical
model of adult human bone marrow hematopoiesis where GATA1™
(neutrophils and monocytes) and GATAI" myeloid lineages
(mast cells/basophils/eosinophils) separate before they segregate
from lymphoid and megakaryocyte/erythroid lineages, respec-
tively (fig. S7).

This model has several key features in common with our current
understanding of murine hematopoiesis (14). In particular, in nei-
ther mouse nor human has a myeloid lineage-committed progenitor
containing all myeloid lineage potentials at the single-cell level been
identified. Instead, progenitors restricted to neutrophil/monocyte
differentiation can be prospectively isolated in both species [human
CD114" CMP and GMP, respectively, corresponding to murine
Gatal-pre-GM and GMP (14)], as can progenitors restricted to
mast cell/basophil and eosinophil myeloid differentiation (CD131"
CMP and Gatal™ GMP). Single-cell RNA sequencing of human
myeloid progenitor cells has been used to computationally generate
trajectories leading to eosinophil and mast cell/basophil progenitor
formation, variably predicting that these cell types cosegregate
with neutrophil/monocyte (26) or erythroid lineage progenitors
(27). Our data would be largely compatible with the latter model.
Our model is not readily compatible with the previously observed
segregation of neutrophil (CD133") and basophil/eosinophil
(CD1337""°) progenitors, where monocytes were generated from
both populations (20). The use of two markers (CD114 and CD131)
and the greater selectivity of CD114 expression for neutrophil/
monocyte-restricted progenitors likely explain why we obtain strict
segregation of neutrophil-monocyte from basophil-mast cell-
eosinophil, as well as megakaryocyte/erythroid potential.

Recent studies have proposed direct commitment of multipo-
tent HSCs/MPPs to unilineage fate in adult bone hematopoiesis, on
the basis of the inability to detect oligopotent cells with combined
myeloid and erythroid/megakaryocytic lineage potential functionally
(28) or computationally based on coexpression of lineage-affiliated
genes in single cells (26). However, we here observe combined
megakaryocyte/erythroid and myeloid readout from >15% of
human bone marrow CMPs. One possible explanation for this
discrepancy is that our assay conditions and analysis were optimized
for the detection of basophils/mast cells and eosinophils, which are
not fully detected by the CD11b antibody used by Notta et al. (28) to
identify myeloid cells (fig. S8). Although this remains to be clarified,
it underscores the importance of evaluating the output of myeloid
lineages individually rather than as a whole, because they derive from
two distinct progenitor pathways and therefore cannot be used as
proxies for each other.

Our results establish the existence of two complementary oli-
gopotent progenitors in human hematopoiesis: one containing
neutrophil/monocyte as well as lymphoid lineage potentials [the
previously described LMPP (17, 29)] and one capable of generat-
ing megakaryocytes, erythroid cells, and the GATAI-expressing
myeloid cell types (basophils/mast cells and eosinophils), here desig-

Drissen et al., Sci. Immunol. 4, eaau7148 (2019) 24 May 2019

nated as EMPP (erythroid/megakaryocyte-primed MPP; corre-
sponding to the CD131" CMP). As discussed above, in both of
these populations, myeloid potentials colocalize with other poten-
tials at the single-cell level, demonstrating true oligopotentiality. These
observations are therefore consistent with an early lineage bifurcation
that generates GATAI" and GATAI™ progenitor domains (fig. S7),
with EMPPs and LMPPs, respectively, defining the entry points, simi-
larly to what has been proposed for murine hematopoiesis (14). How-
ever, our data do not exclude that direct commitment to individual
lineages also occurs, a notion supported by the identification of
murine HSCs that are fate restricted to platelet lineage output (30-32).
Last, LMPPs and GMPs have been identified as target cells for trans-
formation of the neutrophil/monocyte lineages (17), and it will now be
relevant to investigate the role of the herein identified eosinophil and
basophil/mast cell lineage-restricted progenitor populations in sus-
taining malignancies of these lineages.

MATERIALS AND METHODS

Study design

The aim of this study was to determine heterogeneity within the
CMP population of healthy adult human bone marrow cells and to
prospectively isolate subpopulations for investigating their lineage
potentials and thus providing evidence for independent pathways
toward different myeloid cell types. Progenitor cells were analyzed
by gene expression and fluorescence-activated cell sorting (FACS),
and cell potentials were tested by in vitro cultures. Sample size, repli-
cates, number of experiments, statistical analysis, and donor sample
information are specified in figure legends and in this section.

Human bone marrow cells

Bone marrow samples were from AllCells or taken from healthy
male volunteers at the age of 21 to 29 years old, who provided written
informed consent in accordance with local guidelines established by
and with the approval of the local Ethics Committee of the Cities of
Copenhagen and Frederiksberg. Mononuclear cells were isolated
using Ficoll density gradient. Cryopreserved mononuclear cells
were thawed and processed for flow cytometry as previously described
(33). Where possible and relevant, experiments were repeated with
cells from at least two donors (table S3).

Flow cytometry

For flow cytometry and cell sorting, a BD LSRFortessa, LSR II,
FACSAria II, FACSAria III, and FACSAria Fusion (BD Biosciences)
were used. Flow]Jo analysis software was used for subsequent data
analysis. All antibody stainings were preceded by incubation with
human FcR Blocking Reagent (Miltenyi Biotec, 130-059-901) at a
1:10 dilution. For antibody stainings that included purified CD131,
cells were first stained with purified CD131, followed by BV421
anti-mouse immunoglobulin G1 (IgG1). The cells were then resuspended
in purified mouse IgG (500 pg/ml) (PMPO1X, Bio-Rad), and after
5 to 10 min, an equal volume containing relevant antibodies was added. In
all flow experiments, 7-aminoactinomycin D (7-AAD) (40037, Bio-
tium) was used at a final concentration of 1 pg/ml to exclude dead
cells. Antibodies, suppliers, and dilutions used are listed in table S4.
Populations were defined as follows: Lineage cocktail: CD2, CD3, CD4,
CD7, CD8, CD10, CD11b, CD14, CD19, CD20, CD56, and CD235a.
HSC/MPP: LIN"CD34*CD38 CD45RA™, LMPP: LIN"CD34"
CD38 CD45RA*, CMP: LIN"CD34"CD38"CD45RA " CD123",
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MEP: LIN"CD34"CD38"CD45RA™CD123", and GMP: LIN CD34"
CD38"CD45RACD123". Cultured cells: monocytes: CD14"CD157,
neutrophils: CD14"°CD15"Siglec8"CCR3"CD117 FceR1a™, mast
cells: CD14"CD15 ™°Siglec8 CD117 FceR1a*, basophils: CD14 CD15
Siglec8"CD117 FceR1a", eosinophils: CD14"CD15 "°Siglec8 "CCR3",
B cells: CD45"CD14°CD15 CD19°CD567, NK cells: CD45'CD14~
CD15"CD197CD56", and T cells: CD45"CD7™.

Generation of complementary DNA libraries using
Smart-seq2 protocol

Single cells or bulk cells (100 cells) were isolated by FACS into 96-well
plates (Thermo Fisher Scientific, single cells) or Eppendorf tubes
(bulk) containing 4 pl of a lysis mix, consisting of 0.2% Triton X-100,
4 U of ribonuclease (RNase) inhibitor (Takara), 2.5 UM oligo-dT5,VN
(Biomers), and 2.5 mM deoxyribonucleotide triphosphate (ANTP) mix
(Fermentas). This was stored at —80°C for up to 1 week. For the reverse
transcriptase, 6 pl of the following mix was added: 2 ul of Super-
script II first-strand buffer, 0.5 pl of dithiothreitol (100 mM), 2 ul of
betaine (5 M), 0.1 ul of MgCl, (1 M), 0.25 ul of RNase inhibitor
(40 U/ul), 0.1 ul of template switching oligonucleotide (TSO) (100 M),
0.25 ul of Superscript II reverse transcriptase (200 U/ul), and 0.8 ul
(single cells) or 0.4 ul (bulk) of water. After reverse transcriptase,
15 ul was added containing 12.5 ul of KAPA HiFi HS Ready Mix
(2x) and 0.125 pl of ISPCR primers (10 uM). The thermal conditions
for reverse transcriptase and preamplification were according to the
original Smart-seq2 protocol (18). The number of cycles used for PCR
amplification was 22 for single cells and 16 for bulk samples. After
PCR amplification, complementary DNA (cDNA) libraries were puri-
fied using AMPure XP magnetic beads according to the manufacturer’s
instructions. After purification, the libraries were resuspended in 17.5 pl
of elution buffer (Qiagen) and stored at —20°C. Quality and concentra-
tion of the cDNA libraries generated was assessed using High-
Sensitivity Bioanalyzer (Agilent).

lllumina library preparation and sequencing

From single cells, 1.25 ul of cDNA was used, and from bulk samples,
0.7 ng of cDNA was tagmented using the Nextera XT DNA Sample
Preparation kit (Illumina) according to the manufacturer’s instruc-
tions, except that one-fourth of the volumes indicated were used.
Purification of the product was done with a 1:1 ratio of AMPure XP
beads, with a final elution in 17.5 pl in resuspension buffer provided
by the Nextera kit. Samples were loaded on a High Sensitivity DNA
chip (Agilent Technologies) to check the size and quality of the
indexed library, and the concentration was measured with a Quant-iT
PicoGreen double-stranded DNA Assay Kit (Invitrogen) on a
CLARIOstar (BMG LABTECH) or with Qubit high-sensitivity
DNA kit (Invitrogen). Libraries were pooled to a final concentration
of 4 nM and were sequenced with Illumina NextSeq 500 (76-base pair
single-end read) after preparation according to the manufacturer’s
instructions. For the bulk samples, gene expression data were accu-
mulated from two sequence runs.

Single-cell RNA sequencing analysis

Short reads were aligned to the human (GRCh37/hg19) genome us-
ing TopHat (v2.0.13) (34). The mapping parameter “~g 1” was used
to allow one alignment to the reference for a given read. A total of
20 cells with <500,000 mapped reads, with the percentage of map-
ping to the mitochondrial chromosome >10% or <2000 detected genes,
were excluded from further analysis. A total of 296 cells (237 CMPs,
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32 GMPs, and 27 MEPs) fulfilled these criteria. The featureCounts
(35) software was used to count reads on the basis of the RefSeq
gene model. Counts per million (CPM) values were calculated using
a script in R. We normalized the CPM values into log, (CPM) scale
and set up the limit of detection at 1 CPM. Log, scale of genes
expressed at <1 CPM was set to zero. We selected 4731 predicted
variable genes based on a simple noise model using the Lowess
model of the average gene expression and the coefficient of varia-
tion (CV) (36). We then performed PCA. The top 100 genes, without
the cell cycle-related genes, with the highest absolute correlation
coefficient (PCA component loadings, one of the first three compo-
nents) were used for the t-SNE analysis. The Rtsne package, a
Barnes-Hut implementation, was used to perform the t-SNE analy-
sis. We used the kernel density estimation function in the kernel
smoothing package to perform the kernel smoothing density esti-
mation using the basis of t-SNE analysis results (from dimensions 1
and 2) to visualize high-density regions of data points. We estimated
seven high-density regions. We then used the centers of each
high-density region as the input for the k-means clustering analysis
(k = 7) to assign the cell clusters. Differentially expressed genes
analysis was performed using nonparametric Wilcoxon test for the
expression level and Fisher’s exact test for the expressing cell fre-
quency. P values generated from both tests were then combined
using Fisher’s method and were adjusted using Benjamini-Hochberg.
Differentially expressed genes were selected on the basis of the
absolute log; fold change of >2 and the adjusted P < 0.05. Core cell
cycle genes from S and G,M phases were previously described (37).

Bulk RNA sequencing analysis

The same mapping and gene expression quantification procedures
were performed as described in the single-cell analysis. Reads per
kilobase of transcript per million mapped reads (RPKM) values
were calculated using a script in R. A total of 1868 genes were selected
for PCA on the basis of the high variation of gene expression
across populations [analysis of variance (ANOVA) with adjusted
P <0.05and CV equal to or larger than 0.3]. Differentially expressed
gene analysis was performed on the read count using DESeq2 (38).

Gene set enrichment analysis

Gene set enrichment was performed using GSEA v3.0 (http://software.
broadinstitute.org/gsea/index.jsp) and human cell type-specific gene
sets for neutrophils, monocytes, macrophages, basophils, and eosino-
phils (http://nano.princeton.edu/standard/). Human gene sets for
NK, B, and T cells were generated by taking the top 100 genes iden-
tified as specific for these cell types by Novershtern et al. (39) (table S5).
The monocyte gene set was >500 genes and was therefore divided
into two sets and tested individually with similar results. A repre-
sentative analysis is shown.

Myeloid cell cultures

To test myeloid potential, single cells were cultured in Terasaki
plates in 20 ul of Iscove’s Modified Dulbecco’s Medium (IMDM)
with L-glutamine (Gibco), 20% HyClone Defined Fetal Bovine Serum
(SH30070.03, GE Healthcare), penicillin-streptomycin (Invitrogen),
and 0.1 uM B-mercaptoethanol (Sigma-Aldrich), supplemented with
hSCF (20 ng/ml), hFIt3L (20 ng/ml), hIl-3 (20 ng/ml), hiIl-5
(50 ng/ml), hIl-6 (20 ng/ml), hGM-CSF (50 ng/ml), and hG-CSF
(20 ng/ml). For bulk cultures, 50 to 150 cells were cultured in 400 pl of
the same culture medium in 48-well plates. For combined erythroid,
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megakaryocyte, and myeloid readout, single cells were cultured in
round-bottom 96-well plates in 50 ul of StemSpan (STEMCELL
Technologies) with hSCF (20 ng/ml), hFIt3L (20 ng/ml), hil-3 (20 ng/ml),
hIl-5 (50 ng/ml), hIl-6 (20 ng/ml), hGM-CSF (50 ng/ml), hG-CSF
(20 ng/ml), hLDL (40 pg/ml; Sigma-Aldrich), erythropoietin (0.5 U/ml),
and thrombopoietin (100 ng/ml). Cells were cultured at 37°C, 5%
CO,. Cytokines, suppliers, and concentrations used are found in
table S6. Cytospins were prepared with a Shandon Cytospin at
1000 rpm with low acceleration, followed by May-Griinwald-Giemsa
stain (VWR).

Lymphoid cultures

For NK and B cell potential, cultures of 30 or 5 cells were grown in
gelatin-coated 24-well plates seeded with MS-5 feeder cells in
o-minimum essential medium (0-MEM), GlutaMAX Supplement
(32561, Gibco/Life Technologies) supplemented with 10% HyClone
Defined Fetal Bovine Serum (SH30070.03, GE Healthcare),
1% penicillin-streptomycin, 1% L-glutamine, hSCF (20 ng/ml), hFLT3L
(10 ng/ml), hIL-2 (10 ng/ml), and hIL-15 (10 ng/ml). Half of the
medium was changed every week. Cultures were analyzed by flow
cytometry after 3 weeks. Cultures with more than eight cells in the re-
spective gates were considered positive for NK or B cells. For T cell
potential, cultures of 30 or 5 sorted cells were grown in gelatin-
coated 24-well plates seeded with OP9-hDL1 feeder cells in freshly
prepared a-MEM medium (Gibco/Thermo Fisher Scientific, 12000-063)
with 20% HyClone Defined Fetal Bovine Serum, 1% penicillin-
streptomycin, 1% L-glutamine, hSCF (10 ng/ml), hFLT3L (5 ng/ml),
and hIL-7 (5 ng/ml). Every week, cells were transferred to new plates
with feeder cells and fresh medium. Cultures were analyzed by flow
cytometry after 5 weeks. Cultures with more than 50 cells in the
respective gates were considered positive T cells.

Quantitative PCR

For single cells, the CellsDirect One-Step qRT-PCR kit (Life Tech-
nologies, 11753-100) was used according to the manufacturer’s pro-
tocol for preparation and amplification of cDNA. The BioMark 192.24
Dynamic Array platform (Fluidigm) and TagMan assays (table S7)
were used according to the manufacturers’ instructions. ACt values
were zero-centered for each gene by subtraction of the mean value
of all positive cells for the gene. These normalized values were used
to generate a heat map using the web-based tool Morpheus (https://
software.broadinstitute.org/morpheus/). For gene expression of
cultured cells, medium of the cultures was removed and the cells
were resuspended in 15 pl of CellDirect 2x Reaction Mix containing
SUPERase In RNase Inhibitor (0.2 U/ul; AM2694) and placed at
—80°C. Preparation of cDNA and preamplification were done with
2.5 ul of the lysed cells, using 22 preamplification cycles in a total
volume of 5 pl. This was diluted 50 times for further gene expres-
sion using the BioMark 192.24 Dynamic Array platform (Fluidigm)
and TaQman assays according to the manufacturers’ instructions.
ACt values relative to HPRT [Ct(HPRT)-Ct(Gene)] were zero-centered
for each gene by subtraction of the mean value of all positive cells
for the gene. Single-cell-derived cultures were divided with one-half
used for cytospin and one-half for quantitative PCR. A positive lin-
eage readout was defined as both morphologically differentiated cells
and signature gene expression being observed, with positive readout
defined as Ct(IRF8) < Ct(HPRT) for monocytes, Ct(CSF3R) < Ct(HPRT)
for neutrophils, Ct(HDC) < Ct(HPRT) for mast cells/basophils,
Ct(IL5RA) < Ct(HPRT), and Ct(EPX) < Ct(HPRT) for eosinophils;
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and Ct(KLFI) < Ct(HPRT) + 4, Ct(AHSP) < Ct(HPRT) + 4, and
Ct(CA) < Ct(HPRT) + 4 for erythroid cells.

Statistical analysis

Significance of differences in distribution of lineage potentials in
single cells was analyzed using the x” test. For the identification of
differentially expressed genes from single-cell RNA sequencing
data, a combination of the Wilcoxon and Fisher’s exact test was
used; combined significance was calculated using Fisher’s method
and P values were adjusted using Benjamini-Hochberg.

SUPPLEMENTARY MATERIALS

immunology.sciencemag.org/cgi/content/full/4/35/eaau7148/DC1

Fig. S1. Candidate cell surface markers for separation of myeloid progenitor subsets.
Fig. S2. Expression of CD131, CD114, and CD133 on hematopoietic stem and progenitor
subsets.

Fig. S3. Single-cell heat map of clustered CMPs.

Fig. S4. Influence of culture conditions on lineage readout.

Fig. S5. Gating strategy for isolation of human stem and progenitor cell subsets.

Fig. S6. Myeloid and lymphoid potential of progenitor populations is reflected in their gene
expression.

Fig. S7. Proposed model of the human hematopoietic hierarchy.

Fig. S8. Expression of CD11b on myeloid cell types generated in vitro.

Table S1. Cloning efficiencies of myeloid progenitors.

Table S2. Genes differentially expressed between CMP clusters.

Table S3. Donor samples.

Table S4. Antibodies used for flow cytometry and FACS.

Table S5. Gene sets used for GSEA.

Table S6. Cytokines used for progenitor assays.

Table S7. TagMan probes for qRT-PCR.
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Goodbye CMPs

Advances in single-cell analyses continue to profoundly change our understanding of hematopoiesis. Here, using
single-cell RNA sequencing in conjunction with functional studies, Drissen et al. studied the differentiation potentials of
human common myeloid progenitor (CMP) cells. They report that CMPs that have been defined on the basis of cell
surface markers are a mixture of at least two cell types with the potential to give rise to either mast
cells/basophils/eosinophils or neutrophils/monocytes. In other words, they report that CMPs having the potential to give
rise to all myeloid cell types do not exist. Furthermore, they found that the cells in the former group retain the potential to
give rise to megakaryocytes and erythrocytes, whereas cells in the latter groups retain lymphoid potential.
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