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Human CD34+ hematopoietic stem cell hierarchy:
how far are we with its delineation at the most
primitive level?
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The ability to isolate and characterize different hemato-
poietic stem cell (HSC) or progenitor cell populations
opens avenues to understand how hematopoiesis is
regulated during development, homeostasis, and regen-
eration as well as in age-related conditions such as clonal
hematopoiesis and leukemogenesis. Significant progress
has been made in the past few decades in determining
the composition of the cell types that exist in this system,
but the most significant advances have come from mouse
studies. However, recent breakthroughs have made sig-
nificant strides that have enhanced the resolution of the
human primitive hematopoietic compartment. Therefore,
we aim to review this subject not only from a historical
perspective but also to discuss the progress made in the
characterization of the human postnatal CD34+ HSC–
enriched populations. This approach will enable us to
shed light on the potential future translational applica-
bility of human HSCs.
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Introduction
The aptitude to balance between self-renewal, differentiation,
and cell fate decisions is the hallmark of long-term hemato-
poietic stem cells (LT-HSCs). Despite their rarity, slow cycling
and multipotent LT-HSCs have the capacity to differentiate into
all blood cells at the single-cell level to steadily maintain the
adult hematopoietic system. In addition, LT-HSCs have been
conceptually defined to have long-term reconstitution capacity
(>3-4 months) and the ability to be serially transplantable. This
can be accomplished because LT-HSCs, which sit at the top of
the hierarchy, are responsible for generating intermediate
precursors (eg, short-term HSCs; multipotent cells but without
durable and serial reconstitution ability) that in turn give rise to
different multipotent progenitor (MPP) populations. These
MPPs are known to have limited self-renewal potential but are
the actual workhorses of the hematopoietic system. Despite
being one of the best-characterized stem cells, many of the
biological paradigms have mainly been tested in mice. Given
that the generation of blood cells is largely conserved
throughout vertebrate evolution, one would think that many of
the experimental findings in mice would also be applicable to
the human system. However, this has turned out to not be the
case entirely, and there is an accumulating body of evidence
suggesting that considerable differences exist between the 2
species with many of the important findings in mice not trans-
latable to applications in the human system. For example,
SLAM markers that are currently used to identify mouse LT-
HSCs are not even expressed and/or useful to delineate
human HSC–enriched populations in most postnatal tissues.1 As
such, determining the composition and relationship of the cell
types that constitute the human stem cell compartment may not
only help to identify the cellular and molecular factors that
govern healthy and leukemic development but will also facili-
tate the advancement in the clinical applications of trans-
plantation, gene therapy, stem cell expansion, and tumor-cell
purging. In this article, we will critically review the progress in
the delineation of the human postnatal CD34+ HSC–enriched
population by examining the methodologies and approaches
that have been used over the past 3 decades.

Although recent improvements in sorting approaches, in vitro
clonal assays, xenotransplantation, and single-cell RNA
sequencing (scRNA-seq) have significantly contributed to the
progress toward defining human LT-HSCs,2,3 for any given
phenotypically defined population, one must be cautious when
interpreting such data sets. This is because certain primitive
populations could contain cells with stem cell properties that
fail to generate any functional readout in the aforementioned
assays and are therefore classified as nonstem cells. For
example, in vitro clonal assays that are widely used to test HSC-
enriched populations have only up to 60% efficiency.2,3 In
addition, single-cell transplantation of mouse HSCs and cellular
barcoding experiments have revealed that only a few HSCs
reconstitute all the cell lineages even within a given pheno-
typically defined LT-HSC population, with the rest being either
restricted or having a biased output. Hence, a combinational
approach of single-cell surface phenotype and functional assays
should always be used to define new cell populations, espe-
cially rare cells, such as HSCs. Furthermore, this is particularly
important in the human system because the HSC-enriched
population is less well phenotypically characterized than other
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cell groups. As a result of all these caveats, and given that many
of the previously described HSC populations in humans
have not been functionally validated for their long-term
reconstitution capacity, we have refrained from using the
LT-HSC/short-term–HSC nomenclature. Therefore, a more
acceptable terminology, HSC-enriched, is used in this review to
describe a human hematopoietic cell population that may
contain HSCs. In addition, we would also like to take this
opportunity to hypothesize the potential roles that some of the
cell surface antigens that have been used to enrich human
hematopoietic stem and progenitor cells (HSPCs) may have in
regulating the biology of these primitive cells (Figure 1). The
description of potential molecular regulators of human HSPCs
as well as the current human hematopoietic roadmap at the
progenitor level will not be covered in this study because they
have been comprehensively explored elsewhere.
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A brief history behind the
CD34+CD38–CD45RA– phenotype
Although a very rare HSC population that is negative for CD34
expression has recently been demonstrated to be hierarchically
above the CD34+ HSCs4,5 (not discussed in this review), human
hematopoiesis is mostly sustained by the latter. Since the first
anti-CD34 monoclonal antibody was described, the CD34
antigen has been widely used in different experimental and
clinical settings to define human HSPCs because its expression
in normal hematopoiesis is mainly confined to primitive cells.
This was evidenced by the finding that CD34+ cells purified
from the bone marrow (BM), which represent ~1% to 1.5% of
BM mononuclear cells, can reconstitute hematopoiesis in
patients undergoing autologous marrow reinfusion after mye-
loablation, leading to durable donor-derived hematopoietic
reconstitution.6 It is now well-established that human HSCs are
enriched in the cellular fraction defined as CD34+CD38–/lo. One
of the first demonstrations came from a study in 1991 in which
the authors attempted to subdivide human BM CD34+ cells
using different cell surface antigens known at that time to be
differentially expressed by different mature subpopulations,
such as CD10, CD7, CD33, CD38, and CD71.7 The authors then
reported that human CD34+CD38– marrow cells (~1% of CD34+

cells)7 lacked differentiation features and appeared highly
enriched for blast colony–forming cells, whereas the colonies
could be replated up to 5 times.7 Interestingly, sorting for a
different subpopulation based on the increasing levels of CD38
expression resulted in a decreasing capacity in blast colony
formation,7 thus demonstrating for the first time that the lack of
CD38 (cyclic adenosine diphosphate ribose hydrolase) expres-
sion is associated with primitive features. Subsequent studies
showed that cord blood (CB) CD34+CD38–/lo cells (~5.5% of
CD34+ cells)8 were enriched for long-term culture-initiating cells
with an clonogenic output capacity after ~35 to 60 days when
cocultured with BM stroma.8 In this extended long-term culture-
initiating cell assay, CD34+CD38+ cells did not generate colony
forming units beyond day 40.8 This was further supported when
CD34+CD38–/lo cells (~16% of CD34+ cells)8 were able to
engraft in nonobese diabetic/severe combined immunodefi-
cient (NOD/SCID) mice (with a frequency of 1 in ~600 cells) at 8
weeks after the transplantion, but CD34+CD38+ cells were
unable to produce detectable human engraftment at this time
point.9 Despite this, human engraftment was detectable at 3
510 10 AUGUST 2023 | VOLUME 142, NUMBER 6
weeks after the transplantation of BM CD34+CD38+ cells
(~40%-50% of CD34+ cells) into a more immunocompromised
mouse model (NOD/SCID-β2–macroglobulin–/–)10 or even at
later time points, when this population was delivered directly
via intrabone and/or with significantly increased cell numbers
(>45-fold more cells compared witho CD34+CD38–/lo cells).10,11

All these cumulative results support that CD34+CD38+ cells
have very limited self-renewal capacity. Indeed, it is currently
well recognized that the CD34+CD38+ population represents
hematopoietic progenitor cells that encompass different
lymphoid, myeloid, megakaryocytic, and erythroid pro-
genitors12,13 that will not be discussed here. Of note, for a
better understanding of the different immunodeficient mouse
models that have been developed over the years, we recom-
mend cross checking 2 recent publications.14,15

Differential CD45RA (protein tyrosine phosphatase, receptor
type, C, isoform A) expression analysis was also one of the
earlier means by which different groups attempted to dissect
the heterogeneity of human CD34+ HSPCs. It was first reported
that the CD34+CD45RA– population (from BM, CB, and
mobilized-PB sources) comprised early precursors (in a colony
forming unit assay, these cells differentiated into compact
myeloid and erythroid colonies), whereas the CD34+CD45RA+

population contained B lymphoid as well as more committed
myeloid progenitor cells.16 Within CB CD34+CD38– cells, the
CD45RA+ fraction was showed poor myeloid colony output and
no engraftment potential when transplanted into newborn
NOD/SCID/IL-2Rγ-null (NOG) mice.17 In the same study, it was
shown that the CD45RA+ cells were hierarchically downstream
of the CD34+CD38–CD45RA– cell fraction.17 This led to the
conclusion that the CD34+CD38–CD45RA+ population (in the
BM, it was ~25%, and in the CB, it was ~18% of CD34+CD38–

cells)17 may define some type of progenitors. Indeed,
CD34+CD38–D45RA+ cells were then shown to contain
lymphoid-primed multipotent progenitors and multilymphoid
progenitors. This cell population was shown to give rise to all
lymphoid cell types as well as monocytes, macrophages, and
dendritic cells (DCs).18,19

The only way is up with THY1 (CD90)
THY1 or CD90 is another cell surface marker that has been
trialed to enrich human HSCs, and its use started around the
time when CD38 and CD45RA antigens were described
(as mentioned in “A brief history behind the CD34+CD38−

CD45RA− phenotype”). Weissman’s group tested whether
CD90 could be useful for subfractioning human CD34+ HSPCs.
Using fetal BM CD34+ cells, the authors showed that, contrary
to the mouse system, CD34+CD90+ cells initiated long-term
cocultures at a significantly higher frequency than their
CD34+CD90– counterparts. In addition, cultures initiated with
CD34+CD90+ cells could be replated, and, importantly, these
cells engrafted as well as differentiated in SCID mice.20 The
advantages of using CD90 to enrich postnatal human HSC was
solidified when it was revealed that CB CD34+CD38–CD90+

CD45RA– cells (~25% of CD34+CD38– cells)17 gave ninefold
greater human chimerism than CD34+CD38–CD90–CD45RA–

cells (~50% of CD34+CD38– cells)17 in newborn NOD/SCID-IL-
2Rγ-null (NOG) mice 12 weeks after the transplantation.17

Interestingly CD34+CD38–CD90+CD45RA– cells were able to
give rise to all primitive CD34+ subpopulations in vivo, whereas
ANJOS-AFONSO and BONNET
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CD34+CD38–CD90–CD45RA– cells were incapable to yield
CD90+ fraction, thus revealing a hierarchical relationship
between these 2 populations.17 Altogether, these findings
support the notion that CD34+CD38–CD90+CD45RA– cells
represent a population highly enriched in HSCs, whereas the
CD90– cells are multipotent progenitors.

Now, the million-dollar question is this, what is the function
of the CD90 protein in human HSCs? CD90 is a
glycophosphatidylinositol-anchored cell surface protein with a
V-like immunoglobulin-domain, with features of extracellular
matrix proteins with an integrin-binding site arginine-glycine-
aspartate–like tripeptide) and a heparin-binding domain, thus
able to bind to integrins and syndecan-4 receptors.21 There are
many reports of THY1-associated functions in different cellular
settings, most of them describing CD90 as the modulator of
integrin signaling (in trans or cis). Many of the integrin-CD90
and syndecan-4–CD90 interaction studies have identified the
signaling being induced in the integrin and syndecan-4–
expressing cells. Therefore, it is challenging to translate this
knowledge into applications in the human HSC context. In
addition, because of the lack of a transmembrane domain, it has
been difficult to dissect the intracellular signaling induced by
this protein. That said, CD90 was shown to interact with αvβ3
integrin, leading to cell signaling in astrocytes.22 It was deter-
mined that THY1 protein–lipid raft microdomains (which
included the C-terminal Src kinase-binding protein) phosphor-
ylated and inactivated Src, resulting in the activation of
p190RhoGAP/RhoA, thus resulting in cytoskeletal alterations
and neurite retractions.22 In T cells, CD90 was shown to cross-
link, at least in part, with the T-cell receptor complex leading to
augmented T-cell activation.23,24 This involves Ca2+ flux, the
activation of Lck, Fyn, and Zap-70 protein tyrosine kinases,
MAPK, PLCγ, PKC, and PI3K.23,24 This has led to speculation in
the field that CD90 may participate in HSC activation; currently,
there is no evidence of such function in human HSCs because
many of these signaling mediators are not expressed in HSPCs,
and one would wonder whether HSCs actually use CD90 to
cross talk with an integrin-expressing niche or other mono-
nuclear cells instead. Apart from loss-of-function experiments,
it would be very interesting to investigate other potential
proteins that are associated with the THY1-lipid raft micro-
domains in HSCs.

Almost there: the tales of integrin-α6
(CD49f) and EPCR (CD201)
It took more than 15 years for the researchers to adopt the use
of CD90/THY1 routinely as a surface antigen to enrich human
HSCs. In the meantime, many other contenders, such as CD59,
CD117, CD133, CD143, HLA-DR, etc, have been used. In
addition, metabolic dyes such as rhodamine 123 (Rho123),
BODIPY aminoacetaldehyde (indicative of aldehyde dehydro-
genase enzyme activity), and others have also been experi-
mentally explored as HSC enrichment methods. Unfortunately,
because of the limited space, these molecules are not dis-
cussed in detail in this article, but a brief description of some of
them can be seen in Table 1.

Integrin-α6 (CD49f)
To further investigate the underlying biological differences
(eg, homing and engraftment) that occurs between CB
HUMAN CD34+ STEM CELL COMPARTMENT
CD34+CD38–CD45RA–RholoCD90+ HSC–enriched population
and CD34+CD38–CD45RA–RholoCD90– MPPs, Notta et al
hypothesized that integrins would depict human HSCs because
they facilitate niche interactions.25 They compared the cell
surface expression of several adhesion molecules between
these 2 primitive populations and found that among the few
investigated molecules, only integrin-α6 (ITGA6; CD49f) was
differentially expressed (twofold).25 From this, the authors
investigated whether CD49f could serve to further enrich
human HSCs. Based on a series of in vivo experiments, the
authors showed credibly that CD34+CD38–CD45RA–Rholo

CD90+CD49f+ (in CB, it was ~1.8% of Lin–CD34+CD38– and
~8% of Lin–CD34+CD38–CD45RA–CD90+)25 cells were highly
efficient in generating long-term multilineage grafts (up to 30
weeks), whereas CD34+CD38–CD45RA–RholoCD90+CD49f–

MPPs (in CB, it was ~14% of Lin–CD34+CD38–; ~56% of
Lin–CD34+CD38–CD45RA–CD90– cells)25 provided human
chimerism only up to 17 or 18 weeks after thetransplantation into
NSG mice.25 Importantly, in vivo limiting dilution assay experi-
ments revealed that the CD34+CD38–CD45RA–RholoCD90+

CD49f+ fraction had the highest repopulating cell frequency
reported to that point with ~1 in 10 cells being labeled an HSC.25

Briefly, integrins are type-I transmembrane glycoproteins
composed of α and β chains (18 types of α and 8 types of β
chains). The different heterodimer combinations have unique
affinities for extracellular matrix components, some with specific
and others with redundant functions. Integrin-α6 can form
heterodimers with either integrin β1 (CD29) or integrin β4
(CD104) and form a receptor for different laminins. Integrin-
α6β1 displays strong binding toward α5-laminins (laminin-511/
521) and α3-laminin (laminin-332)26 that are expressed by niche
cells, such as BM stromal and endothelial cells.27,28 The
importance of CD49f-laminin-511/521 interactions in human
HSPCs was highlighted in a study by Gu et al., in which authors
established that human CD34+ HSPCs, and even more so
CD34+CD38– cells, had preferential binding to laminin-511/521
over laminin-111 or -411 in vitro.29 Notably, these interactions
were abrogated when cells were treated with the anti-CD49f
(GoH3) blocking antibody.29 These results support that the
CD34+CD38–CD45RA–RholoCD90+CD49f+ HSC–enriched pop-
ulation could have better adhesion compared with the other
CD34+CD38–CD45RA– subpopulations, but this has yet to be
directly demonstrated. However, CD49f expression is very low
on CD34+CD38–CD45RA– HSPC surfaces,30 and the isolation of
the HSC-enriched population is normally performed using the
anti-CD49f (GoH3) antibody.25,30 Therefore, it is questionable
whether the CD49f–laminin-511/521 interaction is actually crucial
for the adhesion of human HSCs in vivo. Interestingly, it was
recently demonstrated that CD49f also binds to the matricellular
regulator Nov (CCN3; nephroblastoma is overexpressed).31 It
was shown that Nov was able to bind to 60% of CB
CD34+CD38–CD90+CD45RA– cells, of which 80% were
CD49f+,31 and these interactions were abrogated by the same
anti-CD49f blocking antibodies.31 Importantly, CD34+CD38–

CD90+CD45RA– treated with Nov resulted in a sixfold increase in
serially transplantable HSCs that were associated with both
metabolic and transcriptional changes (with low oxidative phos-
phorylation, and MYC and E2F target signatures).31 Because Nov
is expressed/secreted by endothelial cells, this interesting data led
us to hypothesize that CD49f-Nov interactions may allow human
HSCs to maintain stemness in close vicinity to endothelial cells.
10 AUGUST 2023 | VOLUME 142, NUMBER 6 511



Table 1. Description of some of the most used cell surface antigens to study human HSPC biology for the past 30 y

Cell surface
antigen/gene
name

Brief
characterization

Potential and/or hypothetical
function(s) in human HSPCs/HSCs

Early reference(s) used to
identify/select functional
HSPCs/source of human

tissue used

CD34 Sialomucin: type-I integral membrane
protein with a short cytoplasmic
domain containing 3 protein kinase
phosphorylation target sites

Potentially in the rolling process on E- and/or
P-selectin–expressing cells (eg, endothelial
cells)51; homing; the cytoplasmic domain
interacts with CrkL;52 hence, it is
hypothesized that it may regulate cell
shape, adhesion, and migration

Civin et al53 (BM),
Katz et al54 (BM), and
Andrews et al55 (BM)

CD117/KIT (c-KIT
proto-oncogene;
receptor tyrosine
kinase)/KIT

Type III receptor tyrosine kinase
Receptor for SCF
Receptor activation leads to PI3K/PDK1/

Akt; JAK2; SHP-1/SHP-2; and PLC
signaling

Soluble SCF stimulation leads to PI3K-PDK1-
Akt signaling: cell cycle regulation by
inducing cell proliferation in mouse
HSCs56

Membrane-bound SCF stimulation (from the
mesenchymal stroma and endothelial
cells): leads to PKI3-actin signaling: cell
cycle regulation potentially inducing
quiescency and reducing oxidative stress
via Akt/nuclear FOXO3A retention in
mouse HSCs57,58

Both functions may occur in human HSPCs59

Cambareri et al60 (BM) and
Ashman et al61 (BM)

CD90/THY1 (Thy-1 cell
surface antigen)/
THY1

GPI-anchored cell surface protein
Lacks transmembrane domain

No data to support a role in HSPCs
Hypothesis that HSPCs may have cross talks

with niche cells via integrin binding

Baum et al20 (FBM)

CD133 (prominin-1)/
PROM1

Pentaspan transmembrane glycoprotein
Binds to cholesterol-containing lipid rafts

Functions of CD133 remain very elusive in
many cell types as generally associated
with apoptosis, differentiation,
metabolism (transferrin update), and
autophagy processes

No data to support its role in human HSPCs,
and too many associated biological
processes to hypothesize its role in human
HSPCs

Yin et al62 (BM and CB)

CD93/C1qRp
(complement
component 1Q
subcomponent
receptor 1)/CD93

C-type lectin transmembrane receptor
Has a highly glycosylated mucin–like

domain and a short cytoplasmic tail

No data to support its role in HSPCs
Described to be involved in adhesion,

migration, and phagocytosis in other cell
types

Hypothesis is that it may regulate adhesion/
migration

Danet et al41 (CB)

CD143/ACE
(angiotensin I
converting enzyme)/
ACE

Cell surface zinc metallopeptidase that
hydrolyzes peptides via the removal of
a dipeptide from the C-terminus

Substrates include angiotensin I,
bradykinin, substance P, Ac-SDKP, etc.

Could positively control cell proliferation by
metabolizing Ac-SDKP and Ang-I

Ac-SDKP (released from the N-terminal
degradation of thymosin β4 [secreted by
endothelial cells]) reduces the
proliferation and clonogenicity of human
CD34+HLA-DRlo HSPCs63

Ang-II and Ang1–7 (degradation product
from Ang-I) promote proliferation of
human CD34+ HSPCs via AT1R64,65

Jokubaitis et al66 (CB)

CD33 (sialic acid–
binding immuno-
globulin-like lectin 3
[Siglec-3])/CD33

Cytoplasmic domain with 1 ITIM motif
and a second ITIM-like tyrosine
residue

Functions of CD33 in HSPCs unknown
Hypothesis is that it may regulate

inflammatory/immune responses
negatively through inhibitory effects on
tyrosine kinase–driven signaling
pathways44

Taussig et al42 (BM and CB)

CD49f (integrin subunit
α 6)/ITGA6

Form heterodimers with either integrin
β1 (CD29) or integrin β4 (CD104),
binding α5-laminins and α3-laminins

May be involved in adhesion to BM
mesenchymal stroma cells via α5-laminins
interactions26

May interact with Nov/CCN3 (endothelial
cells) to control stemness31

Notta et al25 (CB)

The list is roughly organized chronologically in accordance with their first depiction to enrich HSPCs/HSCs.
FBM, fetal bone marrow; GPI, glycophosphatidylinositol; SCF, stem cell factor.
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Table 1 (continued)

Cell surface
antigen/gene
name

Brief
characterization

Potential and/or hypothetical
function(s) in human HSPCs/HSCs

Early reference(s) used to
identify/select functional
HSPCs/source of human

tissue used

CD201/EPCR
(endothelial protein
C receptor)/EPCR

Enhances protein C receptor activation
Modulator of PARs

May modulate the type of PAR1 responses in
HSCs by regulating APC-like (HSC
retention) vs thrombin-like signaling
response (HSC mobilization)38

Fares et al34 (CB)

CD370 (C-type lectin
domain containing
9A)/CLEC9A

Type II membrane receptor, with a single
C-type lectin-like domain

Intracellular domain contains a hemi-
immunoreceptor tyrosine–based
activation signaling motif

Functions of CD370 in HSPCs unknown;
hypothesize that may regulate
inflammatory signals

Belluschi et al47 (CB)

GPRC5C (G protein-
coupled receptor
class C group 5-
member C)/GPRC5C

G protein-coupled receptor
Has short extracellular N-terminus and 7-

transmembrane domain motif

The binding of hyaluronic acid to GPRC5C
maintains HSPCs dormant50

Zhang et al50 (BM, CB)

The list is roughly organized chronologically in accordance with their first depiction to enrich HSPCs/HSCs.
FBM, fetal bone marrow; GPI, glycophosphatidylinositol; SCF, stem cell factor.
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EPCR (CD201)
With the addition of anti-CD49f and anti-CD90 stains, it
is possible to separate CD34+CD38–CD45RA– cells into 4
subpopulations, CD90+or–CD49f+or–. The CD90+CD49f+ and
CD90–CD49f– populations are highly enriched in HSCs and
MPPs, respectively;25 and notably, these cell populations have
widely been used as references to define stem as well as early
progenitors. However, the CD90+CD49f+ population remains
heterogeneous25 with a suboptimal purity ranging from 5% to
10%. This is partly due to the difficulties in separating the
negative and positive populations, because CD49f is weakly
expressed on human CD34+ HSPCs,30 making the separation of
these 4 subpopulations difficult and somewhat ambiguous (it
has been randomly assigned as the lower/higher 15% to 30%
expressing cells). This has affected data reproducibility between
different laboratories as well as the interpretation of molecular
data (eg, scRNA-seq).

To resolve this, our laboratory members went on to find alter-
native means to improve human HSC enrichment. While
exploring the potential relationship between the different prim-
itive CD34+CD38–CD45RA–CD90+or–CD49+or– subpopulations,
we found that the CD90+CD49f+ HSC–enriched fraction (in CB
was ~6%-7% and in BM was ~2%-4% of CD34+CD38–CD45RA–

cells)30 did not comprise all human HSCs because we identified
that the CD90–CD49f+ fraction (in CB, it was ~7%-8%, and in BM,
it was ~1.5%-3% of CD34+CD38–CD45RA– cells)30 was also
enriched in HSCs. Importantly, both populations were shown to
be interconvertible and gave rise to the whole CD34+ HSPCs
in vivo.30 This was not totally surprising because some data had
implied that the CD34+CD38–CD45RA–CD90– population may
contain cells with self-renewal capacity, albeit at a much lower
frequency, with a potential to engraft in secondary NOG mice.17

A close inspection of the seminal work from Dick’s group also
revealed that (CD34+CD38–CD45RA–Rholo) CD90–CD49f+ cells
were able to sustain long-term engraftment similar to the
CD90+CD49f+ cells, although no secondary transplantation
experiments were performed to establish their self-renewal
HUMAN CD34+ STEM CELL COMPARTMENT
properties.25 Our scRNA-seq and functional assays have
demonstrated that only a fraction of cells (~6%-10%) within these
2 populations have long-term repopulating capacity.30 We then
identified a primitive human hematopoietic population using
endothelial protein C receptor (EPCR)/CD201 as an alternative
surface antigen. We demonstrated that the CD34+(CD38/
CD45RA)–EPCR+ population (in CB, it was ~2%-5% and in BM, it
was ~0.1%- 0.3% of CD34+CD38– and ~0.2%-0.8% and ~0.03%
of CD34+ cells)30 contained all the cells with robust multipotent
repopulating capacity within the 2 CD49f+ HSC–enriched pop-
ulations.30 Although using EPCR as a surface antigen for HSC
enrichment was not entirely novel, as it has been previously
described in mice32,33 and more recently in unmanipulated and
expanded CB HSPCs with UM171,34,35 this newly identified
population harbored the highest human HSC frequency identi-
fied to date, ~1 in 3 cells, thus closely matching the purities
described in mice.36,37 In addition, our scRNA-seq and in vitro
functional studies supported that this newly defined HSC-
enriched population appeared to be very homogeneous.30

Altogether, we have defined the most primitive postnatal
(CB and BM) CD34+ HSCs that have the potential to sequen-
tially generate CD34+CD90+(CD38/CD45RA)–EPCR– pro-
genitors, then (newly defined) MPPs (CD34+CD90–[CD38/
CD45RA]–EPCR–), thus revealing a restructured human HSPC
hierarchy at the most primitive level.

From all the cell surface antigens that have been described, the
function of EPCR could be the one with a better described role
in HSCs. Thanks to the important and detailed works from
Lapidot’s group, EPCR was shown to be important in the niche
retention and mobilization of mouse HSCs.38 Briefly, EPCR is a
transmembrane glycoprotein, and it promotes the activation of
protein C (APC) by the thrombin–thrombomodulin complex
upon the binding of protein C. EPCR has only a short cyto-
plasmic tail, hence unlikely to be able to induce cell signaling
itself,39,40 but it plays an important role in modulating other
mediators localized in the EPCR-lipid rafts, such as protease-
activated receptors (PARs).39,40 Indeed, the APC-EPCR activation
10 AUGUST 2023 | VOLUME 142, NUMBER 6 513
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of PAR1 initiates signaling via β-arrestin 2, resulting in the activa-
tion of the PI3K/Akt pathway and Rac1 guanosine triphosphatase
and the transactivation of S1P1.39,40 In the context of mouse
HSCs, it was described that the adhesion of EPCR+LSK (Lin–Sca-
1+c-Kit+) cells to VLA4 (α4β1) integrin was reduced by a blocking
anti-EPCR antibody, and this was enhanced upon APC stimula-
tion,38 suggesting a role in HSC retention. Mechanistically, APC–
EPCR-PAR1 signaling led to increased eNOS phosphorylation at
the negative regulatory site Thr495 and reduced phosphorylation
at the positive regulatory site Ser1177, inducing low levels of nitric
oxide (NO) production in HSCs.38 The low levels of NO limited
Cdc42 activity, which was required for HSC adhesion and BM
retention.38 Conversely, treating mice with thrombin (mimicking
physiological stress, inflammation, and cytokine-induced mobili-
zation that increases thrombin generation) was shown to induce
EPCR shedding (with concomitant increased levels of soluble
EPCR in the BM fluid and reduced cell surface EPCR expression on
HSCs), which induced HSC egress to the circulation.38 Thrombin-
induced PAR1 activation (through the G proteins instead) was
evidenced by eNOS phosphorylation shifting at the activating
Ser1177 site of PAR1 that led to the NO production.38 Together,
we can extrapolate that one of the potential functions of EPCR is
to modulate the type of PAR1 responses in human HSCs
by regulating APC-like vs thrombin-like signaling responses.
Whether similar mechanisms occur in human CD34+(CD38/
CD45RA)–EPCR+ HSCs remains to be fully determined. None-
theless, Sauvageau’s group reported that the knockdown of EPCR
in human HSPCs resulted in a ~10-fold decrease in human
engraftment in NSG mice,34 thus supporting an important role of
EPCR during regeneration.

New contenders: CD33 (Siglec-3),
CD370 (CLEC9A/DNGR-1), and…
Human HSPCs were long thought of to be devoid of lineage-
associated markers, but this has emerged to not be the case.
In fact, human HSPCs highly express multiple myeloid antigens,
such as CD13 (ANPEP), CD33 (Siglec-3) CD93 (C1qRp),
and CD123 (interleukin-3Rα).41,42 Indeed, we have previously
shown that most of the in vivo repopulating capacity of
Lin–CD34+CD38– HSPCs in NOD/SCID mice was confined in
the CD33+ fraction.42 To further enrich human HSCs from the
CB CD34+CD38–CD45RA–CD90+CD49f+ population, Eaves’
group has demonstrated that cells with the highest expression
of CD33 harbored the highest self-renewal capacity.43 Despite
their efforts, the authors did not show further HSC enrichment
of their testing population. We later reported that although
CD34+(CD38/CD45RA)–EPCR+ HSCs had the highest CD33
expression, a large majority of the downstream CD34+(CD38/
CD45RA)–CD90+EPCR– progenitors also had high CD33
expression,30 therefore making CD33 a less powerful antigen
for human HSC enrichment.

CD33 is a sialic acid–binding immunoglobulin-like lectin-3
transmembrane receptor, and it can be stimulated by any
molecule with sialic acid residues, such as glycoproteins or
glycolipids. Intracellularly, the cytoplasmic domain has 1 ITIM
motif and a second ITIM-like tyrosine residue. Upon binding to
sialic acid, the cytosolic portion of the protein is phosphorylated
and acts as a docking site for SHP phosphatases. There is
increasing evidence that CD33 has a suppressive endocytic
property and antiproliferative/activation functions. It also
514 10 AUGUST 2023 | VOLUME 142, NUMBER 6
regulates inflammatory/immune responses negatively through
inhibitory effects on tyrosine kinase–driven signaling pathways,
features that have been determined in different leukocyte
populations.44 Although the function of CD33 in healthy HSPCs
remains largely unknown, it is tempting to question whether
human HSPCs use CD33 to control inflammatory responses to
dampen the NFκB pathway, which can be detrimental to the
functions of HSCs.45,46

On a similar line of thought, human HSPCs appear to have
retained some features of the innate immune system, perhaps
as a surveillance mechanism and/or a way to control inflam-
matory responses. It is well described that human HSPCs
express HLA-DR, which is usually present on professional
antigen-presenting cells. Moreover, it was recently reported
that human HSPCs also express CD370 (CLEC9A/DNGR-1),47 a
protein that was thought to be DC–specific.48 In this interesting
study, it was illustrated that CD370 expression was mainly
confined in CB CD34+CD38– HSPCs and at the highest level in
CD34+CD38–CD45RA–CD90+ cells,47 making CD370 a plau-
sible candidate for further refinement of the HSC population.
Unfortunately, no additional functional HSC enrichment was
achieved in CD34+CD38–CD45RA–CD90+CD49f+CD370hi cells
(reaching an in vivo repopulating frequency of 1 in 13 cells in
NSG mice [in CB, it was ~24% of CD34+CD38–CD45RA–CD90+

and ~5% of CD34+CD38– cells]).47 Of note, within
CD34+CD38–CD45RA–CD90+CD49f+ HSC–enriched cells, a
considerable proportion (~85%) were already shown to be
CD370+,47 which might explain why it was not possible to
further refine the HSC compartment using an anti-CD370 anti-
body. Interestingly though, both CD370hi and CD370lo sub-
fractions contained durable repopulating capacity albeit the
latter was more sporadic and only restricted to myeloid-
lymphoid differentiation.47 Additional functional and
transcriptomic studies provided support that the CD370lo sub-
fraction represented the earliest entry point into lymphoid
commitment.47 We also observed this feature in the
CD34+(CD38/CD45RA)–CD90+EPCR– progenitors.30 It is highly
likely that the CD370lo subfraction does not express EPCR.
Although these CD370lo cells do express CD49f+, it is known
that not all CD49f-expressing cells are EPCR+ and HSCs.30

DNGR-1 is a type II membrane receptor, holding a single
C-type lectin-like domain structure and an intracellular domain
containing a hemi-immunoreceptor tyrosine–based activation
signaling motif. In conventional type-1 DCs, DNGR-1 senses
polymeric F-actin that is exposed upon the loss of plasma
membrane integrity. Upon the binding of F-actin, it signals
through spleen tyrosine kinase and mediates the cross-
presentation of dead cell–associated antigens to CD8+ T cells. In
addition, it was recently suggested that DNGR-1 may have cross
talks with heterologous receptors and dampen heterologous
signaling pathways to limit the induction of proinflammatory
signals. It was shown in conventional type-1 DCs that the
engagement of DNGR-1 by its ligand was accompanied by the
phosphorylation of the phosphatase SHP1, which limited
the signaling through heterologous receptors such as Dectin-1,
resulting in reduced NFκB signaling.49 Clearly, these functions
have not been reported in HSPCs; however, it is quite plausible
that the latter mechanism could occur in HSPCs; hence, it would
be interesting to take this hypothesis further and investigate if
human HSCs use DNGR-1 to control NFκB signaling.
ANJOS-AFONSO and BONNET
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One additional surface antigen has been recently described as
a potential candidate to enrich for quiescent HSCs: GPRC5C
(G protein-coupled receptor class C group 5 member C).50

GPRC5C was found to be differently expressed between
CD34+CD38–CD45RA–CD90+CD49f+ HSC–enriched vs CD34+

CD38–CD45RA–CD90–CD49f– MPP–enriched cells (in CB and
BM). It was then shown that CD34+CD38–GPRC5C+ HSPCs
were more confined in the G0 phase of the cell cycle as
compared with their negative counterparts (~95% vs 75%,
respectively). Using phenotypic and functional analyses, it was
revealed that CD34+GPRC5C+ cells had a ~twofold enrichment
in CD34+CD38–CD45RA–CD90+CD49f+ cells and ~2.5-fold
more repopulating cells as compared with CD34+GPRC5C– (in
BM CD34+CD38–CD45RA–CD90+CD49f+, GPRC5C+ made up
~20% of CD34+CD38– and ~2%-4% of CD34+)50 cells. How-
ever, like many other surface markers, staining with anti-
GPRC5C antibody results in a smear-type pattern of staining,
making it difficult to reproducibly delineate GPRC5C+ events.
Importantly, most CD34+GPRC5C+ cells were CD38+ pro-
genitors, and many MPPs and CD34+CD38–CD45RA+ cells
were also found to be positive for GPRC5C expression.50

Despite that, some enrichment of cells with primitive features
were attained (as described). Our laboratory members also
experienced this (in their observations), thus raising the ques-
tion of how useful GPRC5C is to further delineate quiescent
HSCs from CD34+CD38–CD45RA–CD90+CD49f+ HSC–enriched
cells or CD34+(CD38/CD45RA)–EPCR+ HSCs. Nonetheless, it
appears that GPRC5C was shown to be activated by hyaluronic
acid leading to intracellular calcium signaling.50 Nevertheless, it
was unclear from this study how this activation led to gene
regulation and subsequent regulation of human HSPC’s quies-
cence. That said, it would be interesting to determine how
human HSCs use GPRC5C to maintain a dormant state.

Concluding remarks
This review highlights several important points. Firstly, despite
many of the markers used to identify different HSPC pop-
ulations that have been characterized for a long time, there is
still limited knowledge of their biological roles in human HSPCs.
However, many of these surface antigens, from CD34 to CD49f
as well as EPCR and, perhaps, GPRC5C appear to be involved,
at least in part, in adhesion/homing. Therefore, effective
adhesion/homing should also be included as an HSC hallmark
in addition to the classical self-renewal, differentiation capacity,
and quiescent/dormancy features. Interestingly, some of the
surface markers described that are highly expressed on HSCs,
such as CD33 and CD370 could be involved in controlling
inflammatory signaling and should be further investigated to
establish their role in such processes.

Moreover, using EPCR as a surface antigen can help identify the
purest human HSC population described to date (with a stem cell
frequency of ~1 in 3 cells),5 but, more importantly, anti-EPCR
staining clearly demarks a defined subpopulation in CD34+

HSPCs that is mostly composed of CD38lo/−, CD45RA−, and
CD49f+, making an easy and reproducible way for purifying
human HSCs. However, it remains to be determined whether we
could use CD370 and/or GPRC5C markers to go beyond EPCR+

HSCs and attain single-cell transplantation more robustly.
Furthermore, it would be interesting to investigate whether the
heterogeneity present within the CD34+(CD38/CD45RA)–EPCR+
HUMAN CD34+ STEM CELL COMPARTMENT
HSCs can be delineated using an advanced OMICs approach,
such as cellular indexing of transcriptomes and epitopes
sequencing. A similar approach needs to be applied to examine
the human MPP compartment that is currently poorly under-
stood. Indeed, apart from the work by Dick’s group that reported
the existence of 2 to 3 MPP subpopulations based on CD71 and
BAH1 markers,67 little has been described. More importantly, the
scientific community will benefit if research groups could report
methodology papers describing the practical details of their
recent cell phenotypes to increase reproducibility across various
laboratories (eg, appropriate fluorochromes and antibody clones,
precise gating strategy/staining pattern for cell populations).
Certainly, in some of the recent publications, the authors selected
~20% to 35% of the high and low antigen-expressing cells as their
cell population of interest without specific biological reasoning,
which could be problematic for accurately reproducing data
between laboratories.

Another major issue over the years has been the use of different
immunodeficient mouse models (eg, from SCID to NOD/SCID
mice, etc) for performing functional experiments to validate the
potency of human HSCs. Hence, readers must take this into
consideration when interpreting and comparing past data (in
terms of stem cell frequency and differentiation outputs) pro-
duced by different laboratories. Currently, NSG mice seem to
be the gold standard in vivo model to test human HSPC
potential. However, some groups have opted to preferentially
analyze the primary engraftment at ~20 to 28 weeks after the
transplantation,25,43,50 and others have performed secondary
transplantations30,47 to test the long-term self-renewal capacity
of their testing populations. With our long-term experience in
this field, we believe that the latter method is the most
appropriate. We have indeed observed that using NSG mice
allow for the long-term engraftment of human cells, even if the
transplantation was done using certain progenitors (eg,
CD34+CD90+[CD38/CD45RA]–EPCR– progenitors or CD34+

CD90–[CD38/CD45RA]–EPCR– MPPs), as long as substantial
cells are being transplanted into the primary mice. However, it
is important to note that these progenitor cells are not able to
generate successful engraftment in serial transplantation set-
tings (unpublished observations). Therefore, an overall stan-
dardization of the different phenotypic analyses and in vivo
assays is important for a more consistent, faster, and robust
advancement of this field.

Despite the recent improvements in xenotransplantation to
assay human blood development, there are certain cell types
that are still difficult to evaluate in vivo, for example erythro-
poietic/megakaryocytic lineages, even in NSGW41 (NSG
KitW41/W41) mice.68 High level of human chimerism in these
mice is required to attain detectable levels of such cell lineages
(unpublished observations). Despite the benefits of the
NSGW41 model, it still remains far from perfect, especially
when a low number of HSC-enriched cells are transplanted.
Furthermore, it is well-known that residual murine macrophages
prevent human red blood cell reconstitution in immunodefi-
cient mice. Hence, novel models in which mouse macrophages
can be conditionally depleted combined with the expression of
human EPO (erythropoietin) and TPO (thrombopoietin) (eg,
NSG TgHu(EPO/TPO) LysM-Cre/DTR) may be very useful to
properly assay the output of these cell populations. Similarly,
making the microenvironment in these mouse models resemble
that in human (eg, use of scaffolds seeded with human
10 AUGUST 2023 | VOLUME 142, NUMBER 6 515
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Figure 1. Hematopoietic stem cell markers and their potential signaling interactions governing their biology. A schematic diagram of potential signaling pathways
downstream of key markers expressed on CD34+(CD38/CD45RA)–EPCR+ HSCs (which are also CD49f+ and CD90+/−) upon interacting with their potential ligands in the niche.
This highly HSC-enriched population highly expresses CD33, CD93, CD117, CD133, and CD143.30 We hypothesize that these cells may also express GPRC5C and CD370 as
well as PAR1 and ATR1 (to convey the EPCR/APC/PAR1 and CD143/Ang-/ATR1 signaling, respectively).
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mesenchymal stroma, endothelial cells, etc)69 when performing
future studies will be essential to better understanding human
HSC biology.

Finally, the quest for a purer HSC population in humans,
particularly determining HSCs across different adult hemato-
poietic tissues, has been rather slow (please refer to Table 1 for
the timeline). There are many reasons for such slow progress,
but the increasing difficulties in accessing primary human
samples worldwide (eg, due to more restricted ethical regula-
tions) and sustaining/developing specific scientific platforms/
models (eg, immunodeficient mice) have not helped speed up
the development of this research area. Indeed, many of the
recent studies highlighted in this review have been conducted
using CB (for being easier to access as compared with adult
tissues), therefore it would be imperative to examine whether
the current surface antigens could also be useful to delineate
similar HSC-enriched populations in different adult hemato-
poietic tissues. More importantly, the role of these cell surface
proteins during the aging process and malignancy needs to be
studied. Altogether, these studies would allow not only a better
understanding of human HSC biology but will have a higher
impact on their use in clinical settings.
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