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Hematopoietic stem cells (HSCs) and distinct multipotent progenitor (MPP) populations (MPP1-4)
containedwithin theLin2Sca-11c-Kit1 (LSK) compartmenthavepreviouslybeen identifiedusingdi-
verse surface-marker panels. Here, we phenotypically define and functionally characterize MPP5
(LSK CD341CD1352CD482CD1502). Upon transplantation, MPP5 supports initial emergency
myelopoiesis followed by stable contribution to the lymphoid lineage. MPP5, capable of generat-
ingMPP1-4 but not HSCs, represents a dynamic and versatile component of theMPP network. To
characterize all hematopoietic stem and progenitor cells, we performed RNA-sequencing (RNA-
seq) analysis to identify specific transcriptomic landscapes of HSCs andMPP1-5. This was comple-
mentedby single-cell RNA-seqanalysis of LSKcells toestablish thedifferentiation trajectories from
HSCs toMPP1-5. In agreementwith functional reconstitutionactivity,MPP5 is located immediately
downstreamofHSCsbutupstreamof themore committedMPP2-4. This studyprovides a compre-
hensive analysis of the LSK compartment, focusing on the functional and molecular characteristics
of thenewlydefinedMPP5subset.

Introduction
Multipotent hematopoietic stem cells (HSCs) are located at the
top of the hematopoietic hierarchy and together with multipo-
tent progenitors (MPPs)1-4 are contained within the Lin2Sca-11c-
Kit1 (LSK) compartment. Different markers have been used to
identify and characterize mouse hematopoietic stem and pro-
genitor cells (HSPCs), including CD34, CD135, CD48, and
CD150.5-7 Although HSCs exhibit unique serial multilineage
long-term engraftment potential, MPPs show a lower and vari-
able level of self-renewal capacity and lineage-differentiation po-
tential.8,9 We and others have functionally and molecularly
characterized HSCs and MPP1-4 (supplemental Figure 1A, avail-
able on the Blood Web site).8-10 Furthermore, analysis of the
CD482 and/or CD1502 MPPs has been performed (eg, short-
term HSC [HSCST]).5,10-13 However, a comprehensive characteri-
zation of the complete LSK compartment using CD34/CD135/
CD48/CD150 as surface markers is lacking. Here, we assess the

LSK compartment in mice (Figure 1A; supplemental Figure 1A)
and determine the potential of CD342 MPP6 and CD341

MPP5, previously underexplored progenitor populations.

Study design
For detailed methods, see supplemental Methods.

Mice
C57BL/6J (CD45.2, .1 or .1/.2) mice were used. All animal proce-
dures were performed according to protocols approved by the
German authorities, Regierungspr€asidium Karlsruhe (Nr. A-23/
17, Z110/02, DKFZ 299, G-140/13. G-183/17).

Cell suspensions and flow cytometry
BM cells were isolated, HSPCs were purified by FACS (Aria I, II,
III or FACS Aria Fusion; Becton Dickinson), and subsequently

KEY PO INT S

� CD342 MPP6 and
CD341 MPP5 (both LSK
CD1352CD482CD1502)
are functionally located
between HSCs and
MPP2-4.

� Transplanted MPP5 is
important for
emergency
myelopoiesis and long-
term lymphoid
reconstitution.
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subjected to in vivo or in vitro assays or RNA-Seq analysis. For
scRNAseq analysis, LSK cells were sorted. Antibody conjugates
were purchased from eBioscience or BioLegend.

Reconstitution experiments
Two thousand cells per population were sorted and transplanted
into fully irradiated (2 3 5 Gy) B6 mice (CD45.1) together with 2
3 105 total spleen cells (CD45.1/.2). The CD45.2 contribution
was monitored in PB. For endpoint analysis, BM and spleen
stainings were performed. For secondary transplantations, whole
BM was isolated 16 weeks after transplantation and 3 3 106

cells were retransplanted.

Colony-forming unit (CFU) assays
One thousand FACS-sorted cells were cultured in MethoCult
M3434 (StemCell Technologies) in technical replicates (500 cells
per plate). After 7 days, colony formation was quantified and
30000 cells were replated and quantified 5 days later for sec-
ondary and tertiary platings.

In vitro ontogeny assay
Two thousand cells per analysis time point (6, 16, 24, and 48
hours) were sorted and cultured in complete stem cell medium
and subsequently stained for flow cytometry-based analysis.

RNA-seq and scRNAseq sequencing
RNA sequencing (RNA-seq) data of sorted MPP5 cells was gener-
ated and single-cell RNA-seq (scRNAseq) analysis of LSK cells was
performed. See additional information provided in the supple-
mental Methods. RNA-seq (MPP5) and scRNAseq (LSK) data are
available under ArrayExpress (E-MTAB-9135 and E-MTAB-9208).

Results and discussion
We partitioned the LSK compartment (supplemental Figure
1A), enabling the definition of MPP5 (LSK CD341

CD1352CD482CD1502) and MPP6 (LSK CD342CD1352

CD482CD1502). Comparison of MPP5/MPP6 and MPP1-4, as
previously defined,9 to MPP populations defined by Pietras
et al10 (lacking CD34) and Oguro et al11 (lacking CD34/
CD135), revealed a high overlap between MPP2-4 compart-
ments, when using CD135 but not CD34 (supplemental Figure
1B, top panel) and a mixture of MPPs when both markers were
not included (supplemental Figure 1B, bottom panel). Impor-
tantly, CD34 added an additional layer of information, as the
previously defined long-term HSC (HSCLT)/HSCST (LSK
CD1352CD1501/2CD482)10 compartments could be further

subdivided into a CD342 and CD341 subpopulation (CD342

HSC/CD341 MPP1, CD342 MPP6/CD341 MPP5). As serial
multilineage engraftment is characteristic for CD342 cells, this
subdivision is important to isolate populations with the highest
self-renewal capacity.6,9

The self-renewal and differentiation capacity of all HSPC popu-
lations was assessed by reconstitution analyses in vivo (Figure
1B-C). HSCs displayed the expected long-term multilineage
engraftment (Figure 1B) by peripheral blood (PB) analysis. In
contrast, MPP5 exhibited very unique engraftment patterns
with very early but transient myeloid cell production and subse-
quent stable long-term contribution to lymphoid lineages con-
sistent with previously defined CD482 and/or CD1502 subsets
(but excluding CD34/CD135 and/or CD48)5,10-12,14 but differ-
ent in terms of transplantation dynamics. Regarding overall
contribution to PB and myeloid lineages, MPP5 exhibited the
highest cellular output shortly after transplantation compared
with all other populations (9/10d), suggesting a role as an
emergency reservoir, at least in the setting of transplantation.
The contribution of transplanted MPP1-4 cells to PB was com-
parable to previously published studies.9,10 Comparison with
described CD482CD1502 cell subsets (HSCST)10 revealed dif-
ferences in engraftment capacity and lineage contribution (Fig-
ure 1C). MPP5 and MPP6 show distinct PB contribution, with
MPP5 (CD341) showing fast short-term myeloid and long-term
lymphoid engraftment, whereas MPP6 (CD342) displays slower
dynamics but shows long-term multilineage contribution similar
to HSCs 4 to 12 weeks posttransplantation. In agreement, pre-
viously reported HSCST,10 which includes MPP5 as well as
MPP6 cells (supplemental Figure 1B, top panel), exhibits a
mixed MPP5/MPP6 engraftment pattern with early engraftment
mimicking MPP5 and long-term engraftment mimicking MPP6
patterns. These findings underline the importance of using
CD34 as a marker to distinguish progenitor populations with
long-term multilineage potential.

To further analyze MPP5, we next characterized the reconstitu-
tion capacity of MPP5 in the bone marrow (BM). HSC transplan-
tation led to full replenishment of all HSPCs, whereas MPP5
revealed stable engraftment of itself and MPP3/MPP4 (supple-
mental Figure 1C). In the BM and spleen of MPP5 recipients,
high contribution to lymphoid lineages was detected, but few
myeloid cells were detected (supplemental Figure 1D-E). In sec-
ondary recipients (supplemental Figure 1F), only very minor
MPP5-derived contributions were found, suggesting a limited
self-renewal activity confirming that serial multilineage engraft-
ment is restricted to CD342 HSCs.6,9 The lymphoid cells

Figure 1. Lineage potential of MPP5 cells and HSC/MPP ontogeny analysis. (A) Workflow of functional and molecular analysis of HSC and MPP cells. (B) Analysis of
HSC/MPP transplantations. Workflow of transplantation approach. The relative percentage of donor contribution to the PB, myeloid, B-cell, and T-cell lineage is shown;
n 5 4-11. (C) Analysis of HSCST/MPP5/6 transplantations. Workflow of transplantation approach. The relative percentage of donor contribution to the PB, myeloid,
B-cell, and T-cell lineage is shown; n 5 5-11. (D) CFU assay of HSC, MPP1, MPP2, and MPP5 cells showing colony numbers for first, second, and third plating.; n 5 6-9
(first, second); n 5 2-5 (third). (E) In vitro ontogeny analysis. Frequency of single cells in the respective HSPC subset is shown 6 hours, 16 hours, 24 hours and 48 hours
after plating as identified in flow cytometry analysis. Statistical analysis between the populations (respective color) or overall output (black) is shown compared with
HSCs; n 5 8 (48 hours: n 5 3). (F) High-throughput simultaneous division and differentiation tracking per ancestor. Cells were stained with distinct carboxyfluorescein
diacetate succinimidyl ester (CFSE)/CellTrace Violet (CTV) combinations and HSC/MPP populations were index sorted combining 4 cells of distinct cell trace colors per
well. Twenty-four hours after culture, phenotypic identification was performed allowing analysis of differentiation trajectories from a founding ancestor. (G) In vivo on-
togeny analysis. Endpoint analysis of recipient animals 1 or 2 weeks following transplantation in sublethally irradiated recipients. HSPC engraftment in the BM is shown
as frequency of single cells. Statistical analysis between the populations (respective color) or overall engraftment (black) is shown compared with HSCs; n 5 5-9. For all
panels, mean plus standard deviation (SD) is shown. Two-way analysis of variance (ANOVA) (B,D-F). (B) Statistical analysis of MPP5 vs HSC is shown. �P , .05; ��P ,

.01; ���P , .001. "n" indicates number of biological replicates. Two to 3 independent experiments (B-C), 2 to 4 independent experiments (D), 6/16/24 hours: 4 inde-
pendent experiments; 48 hours: 1 independent experiment (E) 3 independent experiments (F-G). See also supplemental Figures 1 and 2. ns, not significant.

3220 blood® 10 JUNE 2021 | VOLUME 137, NUMBER 23 SOMMERKAMP et al

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/137/23/3218/1810570/bloodbld2020007876.pdf by guest on 19 M

ay 2023



A
C57Bl6/J

H
SC

M
P

P
1

M
P

P
2

M
P

P
3

M
P

P
4

CD34-
CD48-
CD150+
CD135-

CD34+
CD48-
CD150+
CD135-

CD34+
CD48+
CD150+
CD135-

MPP1 HSC MPP2 

MPP4 MPP3

LSK

BM Isolation and FACS
RNA Isolation
Library Generation
Paired-End Sequencing

CD34+
CD48+
CD150-
CD135-

CD34+
CD48+
CD150-
CD135+

MPP5 

CD34+
CD48-
CD150-
CD135-

M
P

P
5

B

0 10-10-20

-10

-5

0

5

10

PC1 (46%)

PC
2 

(2
0%

)

HSC

MPP1

MPP2

MPP3

MPP4

MPP5

C

973

561

703

493

731

846

227

HSC

MPP1

MPP2

MPP3

MPP4

MPP5

3370

1098

1439

1320

1399

3089

3018

1034

H

0

1

2

3

4

5

6

HSC MPP1 MPP2 MPP3 MPP4 MPP5

Signature

Cl
us

te
r

MPP5/MPP4

MPP5/MPP1

MPP5/MPP1

HSC/MPP1

MPP2/MPP3

MPP3

MPP4

–1

0

1

Average
Expression 

G

–4

0

4

–5 0 5

UMAP_1

UM
AP

_2

Cluster

0 

1

2

3

4

5

6

HSC/MPP1

MPP5/MPP1

MPP5/MPP4

MPP3

MPP2/MPP3

MPP4

MPP5/MPP1

MPP5/MPP4

MPP5/MPP1

MPP5/MPP1

HSC/MPP1

MPP2/MPP3

MPP3

MPP4

I

–4

0

4

–5 0 5

UMAP_1

UM
AP

_2

Cell cycle phase

G0/G1

G2/M

S

J

–8 –6 –4 –2 0 2 4

–6

–4

–2

0

2

4

6

UMAP_1

UM
AP

_2

Cluster

0

1

2

3

4

5

6

K

-0.06

-0.04

-0.02

0.00

0.02

0.04

-0.04 -0.02 0.00

Diffusion component 1

Di
ffu

sio
n 

co
m

po
ne

nt
 2

-0.06

-0.04

-0.02

0.00

0.02

-0.04 -0.02 0.00 0.02

Cluster

0

1

2

3

4

5

6

D

0

1186

185

910

333

607

184

HSCM
PP1

M
PP2

M
PP3

M
PP4

M
PP5

# 
of g

en
es

E

KRAS_SIGNALING_UP

COMPLEMENT

SPERMATOGENESIS

INFLAMMATORY_RESPONSE

MITOTIC_SPINDLE

GLYCOLYSIS

ALLOGRAFT_REJECTION

OXIDATIVE_PHOSPHORYLATION

MTORC1_SIGNALING

MYC_TARGETS_V1

G2M_CHECKPOINT

E2F_TARGETS

Pa
th

wa
y

0 1 2

Normalized enrichment score

MPP5 vs HSC

padj < 0.05

E2F_TARGETS

G2M_CHECKPOINT

MYC_TARGETS_V1

MTORC1_SIGNALING

OXIDATIVE_PHOSPHORYLATION

MITOTIC_SPINDLE

UNFOLDED_PROTEIN_RESPONSE

SPERMATOGENESIS

MYC_TARGETS_V2

DNA_REPAIR

PI3K_AKT_MTOR_SIGNALING

GLYCOLYSIS

P53_PATHWAY

INTERFERON_GAMMA_RESPONSE

INTERFERON_ALPHA_RESPONSE

MYOGENESIS

TNFA_SIGNALING_VIA_NFKB

-1 0 1

Normalized enrichment score

HSC vs MPP1

Pa
th

wa
y

padj < 0.05

INTERFERON_ALPHA_RESPONSE

KRAS_SIGNALING_UP

INFLAMMATORY_RESPONSE

INTERFERON_GAMMA_RESPONSE

ALLOGRAFT_REJECTION

IL6_JAK_STAT3_SIGNALING

TNFA_SIGNALING_VIA_NFKB

P53_PATHWAY

MTORC1_SIGNALING

UNFOLDED_PROTEIN_RESPONSE

MITOTIC_SPINDLE

MYC_TARGETS_V2

MYC_TARGETS_V1

G2M_CHECKPOINT

E2F_TARGETS

0 1 2 3-1-2

Pa
th

wa
y

Normalized enrichment score
padj < 0.05

MPP1 vs MPP5

F
5520 cells
after QC/
FilteringLS

K

C57Bl6/J
BM Isolation and FACS
10x Genomics v3 

L

H
SC

M
P

P
1

M
P

P
2

M
P

P
3

M
P

P
4

M
P

P
5

HSC

MPP1

MPP2

MPP3

MPP4

MPP5

0.1

Day 4 Assigned Labels

Da
y 2

 as
sig

ne
d 

la
be

ls

0.2
0.3
0.4

Fraction of
Day 2 Clones

LS
K

C57Bl6/J
BM Isolation and FACS

Barcode LSK 2 d / 4 d
sc Profiling

M

0.1

0.2

0.3

M
k/

E
ry

B N
eu

M
o

no

D
C

MPP5

MPP4

MPP3

MPP2

MPP1

HSC

Averaged Fate
Probability

LS
K

C57Bl6/J
BM Isolation and FACS

Barcode LSK
2 d: 50% sc Profiling,
50% Transplantation

2-3 Week Post Transplant
Isolation and sc Profiling

Determination of
Progenitor Fate 

clone

UMAP1

UM
AP

2

clone

UMAP1

UM
AP

2

Figure 2.

CHARACTERIZATION OF MPP5 CELLS blood® 10 JUNE 2021 | VOLUME 137, NUMBER 23 3221

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/137/23/3218/1810570/bloodbld2020007876.pdf by guest on 19 M

ay 2023



observed in secondary MPP5 transplants could potentially also
be generated by more committed progenitors derived from
MPP5 cells in primary recipients. MPP5 seems to act as a reser-
voir to quickly replenish the myeloid compartment in emergency
situations, whereas they are able to produce B and T cells long-
term in primary recipients. CFU analysis mirrored the results ob-
tained from transplantations, with HSCs showing the highest se-
rial colony-forming potential and MPP5 showing higher potential
only in primary platings (Figure 1D), supporting the rationale
that MPP5 is primed for emergency myeloid output associated
with restricted self-renewal activity.

To better understand the ontogeny within the LSK compart-
ment, we performed short-term in vitro differentiation analyses
(Figure 1E; supplemental Figure 1G). As expected, HSCs were
only detected in HSC cultures and gave rise to MPP1, confirm-
ing their position at the top of the hierarchy. MPP1 was main-
tained or showed additional MPP2/MPP5 marker expression
patterns, whereas MPP2 mainly preserved their fate and only a
few MPP3/MPP4 were detected. MPP3 and MPP4 exhibited a
mixed MPP3/MPP4 potential, giving rise to the respective popu-
lation. In contrast to MPP1-4, MPP5 gave rise to all other MPPs,
identifying them as a hub within the MPP network. These find-
ings are in line with previous reports10,15 as well as our in vivo
results suggesting that at least in vitro, MPP5 can serve as
master-type MPPs (supplemental Figure 1H).

To refine the ontogeny at the single-cell level, we traced the
progeny cell types from single-cell ancestors in vitro16 and ob-
tained similar results compared with bulk analysis, confirming
the broad differentiation capacity of MPP5 (Figure 1F; supple-
mental Figure 2A). In addition, the fraction of cells remaining in
the LSK gate was higher in HSC, MPP1, and MPP5 than in
MPP2-4, both in bulk and single-cell analysis, in line with their
position at the top of the hierarchy.

To investigate MPP hierarchies in vivo, we transplanted purified
HSC and MPP cells in sublethally irradiated recipient animals
and performed BM analysis after 1 or 2 weeks (Figure 1G; sup-
plemental Figure 2B). Interestingly, a high degree of flexibility
within the MPP network was observed in this condition of trans-
plantation stress. In line with our proposed in vitro differentiation
model (supplemental Figure 1H), MPP populations could give
rise to one another. However, HSCs could only be observed in
HSC-recipient animals, again underlining their position at the
top of the hematopoietic hierarchy. Although there is a high
amount of differentiation flexibility in vivo within the MPP com-
partment, transplantation dynamics are different between MPPs.

As expected, MPP5 cells showed the highest and most balanced
MPP contribution to total BM after 1 week, whereas their expan-
sion decreased significantly after 2 weeks. Characteristic engraft-
ment levels, dynamic expansion, and varying sizes in the
different MPP pools were observed for all analyzed HSPC com-
partments. These differences in dynamics and the potential to
give rise to different numbers of progeny cells of different MPPs
in vivo, which in turn have a defined lifespan and self-renewal
capacity, presumably lead to the distinct engraftment patterns
observed upon long-term transplantation of the different MPP
populations (Figure 1B). The provided in vivo data are in agree-
ment with our in vitro analysis. However, the approach relies on
surface marker profiles and in vivo potential was analyzed in the
setting of stress, for example, irradiation. Additional molecular
analysis of the transplanted populations and progeny cells
would be necessary to exclude potential uncertainties regarding
the molecular identity of the analyzed cells. The limited number
of recoverable cells using this experimental approach currently
limits molecular analysis. Thus, for the moment, the suggested
in vivo differentiation potential has to be regarded with caution
and future studies need to further substantiate our proposed
model.

To better understand the molecular differences within HSPCs fo-
cusing on MPP5, we made use of our previously generated tran-
scriptome data set adding novel equivalent data on MPP5 and
reanalyzed the entire data set (Figure 2A).17 Unsupervised clus-
tering grouped HSC/MPP1/MPP5 and MPP2/MPP3/MPP4 to-
gether (supplemental Figure 3A). This is in agreement with
in vivo data, as HSCs, MPP1, and MPP5 robustly engraft in re-
cipients (Figure 1).9,10 Principal component analysis further un-
derscored these findings (Figure 2B). Across all populations, we
identified 3405 differentially expressed genes (DEGs) and con-
firmed RNA-seq expression patterns by quantitative reverse
transcription–polymerase chain reaction (supplemental Figure
3B; supplemental Table 1). Pairwise comparison revealed �2000
DEGs between HSCs and MPP2/3/4, and only 1098 DEGs be-
tween MPP1 and HSCs (Figure 2C). Molecular profiling of MPP5
revealed 1034 DEGs compared with HSCs. Fewer than 1000
DEGs were identified between MPP5 and MPP3/MPP4, and
only 227 DEGs comparing MPP5 to MPP1, providing additional
evidence that MPP5 may function as a hub within the MPP net-
work. We assigned each of the DEGs to 1 of the HSPC popula-
tions to generate gene signatures of HSCs and MPP1-5 as
previously described9 (Figure 2D; supplemental Table 2). Con-
curring with their in vivo potential, analysis of hallmark gene sets
between MPP5 and HSCs revealed enrichment in cell
cycle–related pathways, metabolic processes like oxidative

Figure 2. Molecular analysis of HSPCs and LSK cells on the population and single-cell level. (A) Workflow generation population RNA-seq data. (B) Principal com-
ponent analysis. (C) Relative distances are shown based on numbers of DEGs in pairwise comparisons. (D) Gene-expression clusters. DEGs were grouped into 6 clusters
based on higher expression (enriched) in the respective cell population compared with mean expression level across all cell populations. Number of genes in the re-
spective gene cluster is shown. (E) Hallmark-term analysis of gene sets enriched in MPP5 compared with HSCs, HSCs compared with MPP1 and MPP1 compared with
MPP5. Normalized enrichment score (NES) for significant pathways (adjusted P [padj] , .05) is shown. (F) Workflow generation scRNAseq data. (G) Uniform manifold
approximation and projection (UMAP) projection. Clusters are color-coded based on enrichment scores, and clusters were associated to the respective gene signatures
identified in the population RNA-seq analysis (based on panel H). (H) Expression of HSPC gene signatures in the respective clusters. Red circles indicate maximal en-
richment 6 0.02 considering the signature scoring. Analysis of maximal enrichment was used to assign colors and MPP identity to the respective clusters. (I) UMAP pro-
jection. Coloring is derived from the cell-cycle status. (J) UMAP projection. Trajectory analysis is depicted. (K) Pseudotime analysis. Zoom in in gray box shows analysis
for selected clusters 0, 1, 2, 4, and 6. (L) Workflow in vitro barcoding and single-cell (sc) profiling,27 Clone label transference within HSPC clusters between 2 and 4
days of in vitro culture was analyzed based on the respective gene signatures identified in the population RNA-seq data. (M) Workflow in vitro barcoding and in vitro/
in vivo single-cell profiling.27 Fate probability matrix is shown. HSPC identity of clones (2 days) was identified based on population RNA-seq gene signatures and line-
ages were assigned based on marker expression (2-3 weeks after transplantation). See also supplemental Figures 3 and 4. DC, dendritic cell; FACS, fluorescence-
activated cell sorting; Mk/Ery, megakaryocyte/erythrocyte; Mono, monocyte; Neu, neutrophil; QC, quality control.
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phosphorylation, and inflammatory responses (Figure 2E). Inter-
estingly, processes enriched in MPP1 compared with HSCs also
included cell cycle–associated and metabolic processes, but
lacked inflammatory pathways. Consequently, inflammatory pro-
cesses were enriched in MPP5 compared with MPP1, whereas
MPP1 exhibited even higher enrichment in cell-cycle pathways,
highlighting the different molecular characteristics of these 2
closely related cell populations (Figure 2E). In contrast to other
MPPs,17 the close relationship of MPP5 and HSCs was also ob-
served at the level of alternative polyadenylation as only 3 differ-
entially used sites and a modest shortening of 39 untranslated
regions could be identified (supplemental Figure 3C-D).

To address heterogeneity, we performed scRNAseq of 5520
LSK cells (Figure 2F) forming 7 clusters (Figure 2G; supple-
mental Table 3). Using our gene signatures (Figure 2D), we
associated the scRNAseq clusters to the different HSPCs (Fig-
ure 2G-H; supplemental Figure 3E) and confirmed this ap-
proach using a previously published scRNAseq LSK data
set18 (supplemental Figure 3F). Analysis of reported HSC sig-
natures (MolO; NoMO)19 and expression patterns of HSPC
markers and regulators9,10,20,21 further established the identi-
ty of the clusters (supplemental Figures 3G-H and 4A). In ad-
dition, we identified markers and potential regulators of
MPP5 clusters (# 0, 4, 6) (supplemental Figure 4B). This in-
cludes histone modifiers such as the peptidyl arginine deimi-
nase 4 (Padi4) and the demethylase Kdm7a, involved in
chromatin regulation,22,23 as well as Nfkbiz, involved in in-
flammatory processes.24 Cell-cycle scores and regulators
(Cdk6, Mki67) exhibited the expected distribution,8,25,26 with
HSC/MPP1/MPP5 localized mainly in G0/G1 clusters and
MPP2/3/4 enriched for G2/M and S signatures as confirmed
by flow cytometry analysis (Figure 2I; supplemental Figure
4C-E). Using HSCs (cluster 2) as a defined starting point, tra-
jectory analysis was performed revealing the MPP1/MPP5
clusters to be localized immediately downstream of HSCs
(Figure 2J). MPP5 were centrally located, with trajectories to-
ward all other MPPs. MPP2/3/4 were closely connected, but
were located more downstream without direct trajectory to
HSCs. These data provide a molecular explanation for the on-
togeny patterns and are further supported by pseudotime
analysis (Figure 2K). The latter also confirmed HSCs (cluster
2) as the molecular starting point of the differentiation cas-
cade, giving first rise to MPP1/MPP5 and subsequently to the
MPP2/3/4 clusters.

To further analyze HSC-MPP trajectories, we reanalyzed pub-
lished data27 in which LSK cells were sorted and barcoded
using the LARRY system and single-cell profiling was per-
formed 2 and 4 days after in vitro culture. Using our gene sig-
natures to assign cell identities, we quantified label transfer
between the different HSPC populations in vitro (Figure 2L;
supplemental Figure 4F). The trajectories identified by this
analysis are very much in line with our results based on in vitro
surface marker profiling (Figure 1E-F). HSCs localize at the
top of the hierarchy and MPP5 cells exhibit a high degree of
label transfer to MPP2/3/4 clusters, whereas MPP2/3/4 mostly
retain the label in their compartments (Figure 2L; supplemen-
tal Figure 4F). In addition, we reanalyzed MPP in vivo fate
data 2 to 3 weeks following transplantation from the same
study (Figure 2M).27 Here, we successfully projected our
HSPC gene signatures (Figure 2D) on single-cell clusters at

the starting point of the analysis (day 2) and quantified the
average fate distribution observed in vivo for each HSPC
population (Figure 2M; supplemental Figure 4G). These data
are not directly comparable to analysis of fate by surface
marker profiling (Figure 1B) as PB was not analyzed 2 to 3
weeks after transplantation. However, we could confirm the
balanced contribution of MPP5 cells to all of the different lin-
eages analyzed at this early timepoint. Other MPP subsets
showed less balanced lineage contribution (Figure 2M), in
agreement with our PB analysis (Figure 1B). By using gene
signatures and different single-cell sequencing data sets de-
rived from freshly isolated LSK, and in vitro cultured and in vi-
vo transplanted barcoded HSPCs, we were able to provide a
first definition of trajectories within the HSPC compartment
and identify MPP5 as a myeloid source for emergency situa-
tions such as irradiation.

We report a close relationship between MPP1 and MPP5, plac-
ing them downstream of HSCs but upstream of less potent
MPP2/3/4. MPP5 forms a dynamic MPP cloud and MPP6 repre-
sents a subset with higher multilineage potential compared with
MPP5. Our suggested partitioning of HSPCs, which is linked to
the biological and functional potential of cells, should be under-
stood as a complement to models derived from high-resolution,
but descriptive, single-cell omics data. Although the latter can
provide explanations for the continuous changes occurring dur-
ing differentiation at the single-cell level, surface marker–based
identification of cells remains currently the only way to isolate
and functionally characterize single cells and populations. In this
study, together with the already reported characterization of
MPP1-4, we functionally characterize MPP5 and MPP6 and pro-
vide the transcriptomic landscapes of MPP1-5, further refining
the definition of progenitor populations downstream of HSCs
within the classical LSK gate. Future molecular characterization
of MPP6 will help to integrate it into the HSC/MPP1-5 differenti-
ation trajectories and potentially reveal novel and distinct differ-
entiation pathways such as distinct routes via the MPP1/2 and
MPP5/6 families.
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