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While the aggregate differentiation of the hematopoietic stem cell
(HSC) population has been extensively studied, little is known
about the lineage commitment process of individual HSC clones.
Here, we provide lineage commitment maps of HSC clones under
homeostasis and after perturbations of the endogenous hemato-
poietic system. Under homeostasis, all donor-derived HSC clones
regenerate blood homogeneously throughout all measured stages
and lineages of hematopoiesis. In contrast, after the hematopoi-
etic system has been perturbed by irradiation or by an antagonistic
anti-ckit antibody, only a small fraction of donor-derived HSC clones
differentiate. Some of these clones dominantly expand and exhibit
lineage bias. We identified the cellular origins of clonal dominance
and lineage bias and uncovered the lineage commitment pathways
that lead HSC clones to different levels of self-renewal and blood
production under various transplantation conditions. This study re-
veals surprising alterations in HSC fate decisions directed by condi-
tioning and identifies the key hematopoiesis stages that may be
manipulated to control blood production and balance.
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Hematopoietic stem cells (HSCs) sustain the blood and im-
mune systems through a complex lineage commitment pro-

cess (1–3). This process involves several steps during which HSCs
become progressively more specified in their potential and even-
tually give rise to mature blood and immune cells with distinct
functions. This stepwise lineage commitment forms the basis of the
hematopoietic hierarchy and establishes a paradigm for studying
cellular development, differentiation, and malignancy. While the
hematopoietic hierarchy has been extensively studied to describe
the aggregate differentiation of the HSC population, little is known
about the lineage commitment process of individual HSC clones.
Knowledge of HSC clonal-level lineage commitment can re-

veal new insights into HSC regulatory mechanisms. Many regu-
latory factors act on individual HSCs and not on the HSC
population as a whole. For example, the microenvironment, or
niche, extends throughout the body and regulates HSCs through
direct contact and through the tuning of local cytokine concen-
trations (4–7). The distinct characteristics of HSC clones have
also been inferred by several recent studies on the clonality of
blood cells, suggesting that HSC clones are heterogeneous and
possess differentiation preferences toward either myeloid or
lymphoid lineages (8–18). Although such lineage bias is averaged
at the population level, it plays important roles in aging, immune
deficiency, and many hematopoietic disorders involving an un-
balanced hematopoietic system (8, 14, 19–22). The existence of
lineage bias indicates that HSC differentiation at the population
level is an amalgamation of diverse lineage commitments of in-
dividual HSC clones. Disentangling the heterogeneity of hema-
topoiesis not only is essential for understanding HSC regulatory
mechanisms but may also provide new insights into the origin of
hematological diseases, identify new therapeutic targets, and il-
luminate better understanding of HSC transplantation which
may ultimately improve HSC-based clinical treatments.

Irradiation-mediated transplantation is used in the vast ma-
jority of HSC studies, including those suggesting HSC lineage bias
(8, 10, 12, 13, 15). HSCs are usually purified using cell-surface
markers ex vivo and then transplanted and studied in a different
host, where the activities of donor HSCs can be distinguished from
those of other cells (1–3, 23). The transplantation procedure is
almost always accompanied by irradiation (1–3, 23), which en-
hances donor HSC engraftment by massively depleting the recip-
ient’s endogenous HSCs and other blood and immune cells (24). It
is also widely used in the clinical treatment of cancers and he-
matopoietic disorders to eliminate diseased cells. Alternative
pretransplantation conditioning regimens have recently been de-
veloped using anti-ckit antibodies (25, 26). In particular, previous
mouse studies have revealed that antagonistic anti-ckit antibody
ACK2 can selectively eradicate hematopoietic stem and pro-
genitor cells in certain disease backgrounds while leaving mature
hematopoietic cells intact (26, 27). This targeted regimen perturbs
the hematopoietic system to a lesser degree than irradiation yet
enables robust HSC engraftment.
While preconditioning the recipient is necessary to obtain high

levels of HSC engraftment, all conditioning regimens, to various
degrees, injure and derange the niches that normally regulate
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HSCs (28, 29). Although damaged niches can be restored to
some extent after conditioning, it is unclear whether HSC regu-
lation in restored niches still resembles that under normal physi-
ological conditions. For instance, the fraction of HSCs in the cell
cycle is significantly higher in irradiated mice than in untreated
mice (30). Additionally, recent studies of hair follicle stem cells
and intestinal stem cells suggest that tissue repair and homeostasis
may be sustained by distinct stem cells and through different
mechanisms (31, 32). Hence, comparing individual HSCs and
their subsequent lineage commitment with and without irradiation
conditioning is crucial for understanding HSC function.
HSCs can be transplanted without the use of conditioning (26,

33), likely by taking advantage of the natural HSC migration in
the peripheral blood (34–36). After unconditioned transplantation,
donor HSCs injected into the peripheral blood may home and
engraft into available niches generated by endogenous migrating
HSCs and subsequently participate in normal hematopoiesis for
the rest of the organism’s lifetime. Unconditioned transplantation
minimally perturbs natural hematopoiesis, provides an important
experimental model for studying homeostatic hematopoiesis of
HSCs, and provides an opportunity for better understanding un-
conditioned lentiviral HSC-based gene therapy.
Unfortunately, unconditioned transplantation produces low

engraftment rates even after repeat transplantations (26, 33). In
vivo tracking of the few individual HSCs that engraft after un-
conditioned transplantation was technically prohibitive until the
recent development of an in vivo clonal tracking technology (37–
39). This technology uses genetic barcodes drawn from a large
semirandom 33-mer DNA barcode library to label and track
individual HSCs. Each barcode uniquely corresponds to a dis-
tinct HSC with more than 95% confidence, and the lentiviral
vectors deliver the barcodes into quiescent HSCs without alter-
ing their properties. DNA barcodes are incorporated into the
cellular genome and inherited by progeny cells along with reg-
ular genomic DNA. The abundance of a genetic barcode in a cell
population is proportional to the number of progeny cells that
the original barcoded cell produces. Barcodes are recovered by
high-throughput sequencing that reads millions of sequences
from each sample and provides quantitative results. Compared
with clonal tracking using a viral insertion site (40, 41), this
technology offers the improved quantification and high sensi-
tivity necessary for tracking the few HSCs that engraft in un-
conditioned transplantation. Compared with clonal tracking
using transposon tagging (16, 17), this technology allows for
quantitative analysis of the clonality of HSCs and HSC-derived
hematopoietic progenitors, providing precise quantifications of
HSC self-renewal and differentiation. Compared with single-cell
transplantation (10, 42), this technology offers high-throughput
capacity to simultaneously track many HSCs in a single mouse,
and thereby reveals the interactions of different HSC clones in
the same host.
Using this high-throughput, high-sensitivity quantitative clonal

tracking technology (37), we examined clonal-level HSC differ-
entiation throughout multiple stages of lineage commitment in
the absence of conditioning and after conditioning with lethal
irradiation or ACK2 treatment. These data provide a compre-
hensive view of HSC activities at the clonal level and reveal the
underlying lineage commitment pathways of HSC clones. The
discovery of these clonal pathways identifies key stages of HSC
differentiation that may serve as potential targets for the treat-
ment of hematopoietic disorders and informs the future im-
provements of HSC-based therapies.

Results
Purified mouse HSCs [lineage (CD3, CD4, CD8, B220, Gr1,
Mac1, Ter119)−/ckit+/Sca1+/Flk2−/CD34−/CD150+] were genet-
ically labeled with unique 33-bp barcodes at the single-cell level
using a lentiviral vector before transplantation (Fig. 1A). The ge-

netic barcode was inherited by every progeny of a barcoded HSC
through cell division and differentiation. Thus, the viral labeling
established a one-to-one mapping of a single HSC clone with a
unique barcode (37). Donor-derived HSCs and their progeny were
harvested 22 wk after transplantation, when blood reconstitution
had returned to a steady state (2, 10, 23, 43, 44). To minimize
sampling error, peripheral blood cells were obtained through ani-
mal perfusion and analyzed in their entirety, and bone marrow
cells were obtained and analyzed from the entire crushed contents
of all limb bones. Barcodes recovered from these hematopoietic
populations were subsequently identified and quantified using
high-throughput sequencing.
The number of times that a sequencer detects a unique bar-

code sequence is referred to as the barcode copy number, in-
dicating the abundance of the barcode in a cell population. This
number is proportional to the number of cells that carry the
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Fig. 1. Comparing clonality of HSCs with clonality of blood cells. (A) Experi-
mental design. Donor HSCs are harvested from the bone marrow and genet-
ically labeled with 33-bp barcodes using a lentiviral vector. Barcoded HSCs are
transplanted into WT mice without any conditioning (unconditioned, n = 8),
WT mice preconditioned with irradiation (n = 7), Rag2−/−γc−/− (DKO) mice
preconditioned with anti-ckit antibody (n = 7), or DKO mice preconditioned
with irradiation (n = 10). Twenty-two weeks after transplantation, donor-
derived hematopoietic stem/progenitor cells [HSCs, Flk2− multipotent pro-
genitor (MPPFlk2−), Flk2+ multipotent progenitor (MPPFlk2+), GMPs, CLPs], and
mature blood cells (granulocyte, B cell, CD4 T cell, and CD8 T cell) are isolated
from bone marrow and peripheral blood, respectively. Barcodes are extracted
and analyzed as described elsewhere (37). (B–E) Barcode copy numbers from
HSCs are compared with those from blood cells after unconditioned trans-
plantation. Each dot represents a unique barcode that is used to track a single
HSC clone. The x and y axes represent barcode copy numbers of different cell
populations. The two-tailed P values of the Pearson correlation are shown to
quantify the significance of the linear correlation. These scatter plots depict
data from a single representative mouse. Data from all eight mice are shown
in SI Appendix, Fig. S1.
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barcode. As a donor-derived HSC differentiates through the various
stages of lineage commitment after transplantation, we can obtain
the copy numbers of its barcode from different cell populations at
various differentiation stages. For example, the copy numbers of the
same barcode can be measured in HSCs, granulocytes, B cells, and
other cell populations. While the absolute copy number of a barcode
from each cell population is influenced by the amount of barcoded
DNA loaded onto the sequencer and the PCR amplification used to
recover the barcode, the ratio of barcode copy numbers across dif-
ferent cell populations is informative. Equal ratios across different
cell populations indicate that the respective clones expand at the
same rate. However, dissimilar ratios indicate that some clones ex-
pand at a faster rate than the others.
The relative copy numbers of all barcodes from a population

represent its “clonal composition.” Comparing the clonal com-
position across various stages of differentiation, individual HSC
clones can be mapped to precise lineages and stages of the he-
matopoietic hierarchy in a semiquantitative manner. This reveals
the relative contributions of individual HSC clones to different
hematopoietic lineages and their relative expansion during the
stepwise lineage commitment process. As all cell populations
were collected 22 weeks after transplantation, the data represent
a snapshot of a dynamic hematopoiesis.

HSC Clones Homogenously Differentiate After Unconditioned Transplantation.
Twenty-two weeks after unconditioned transplantation, all bar-
code copy number ratios of HSCs to granulocytes were approx-
imately equal (Fig. 1B and SI Appendix, Fig. S1), indicating that
every engrafted HSC clone expanded at a similar rate between
these two stages. The same relationship held true for barcode
copy numbers between the HSC and B cell stages (Fig. 1C and SI
Appendix, Fig. S1). Taken together, the data indicate that donor-
derived HSC clones homogenously contribute to granulocytes
and B cells after unconditioned transplantation. However, not
every HSC barcode could be found among CD4 T cells or CD8
T cells in the peripheral blood (Fig. 1 D and E and SI Appendix,
Fig. S1), suggesting that some engrafted HSC clones do not
contribute to the mature T cell repertoire. This could explain
why a chronic myelocytic leukemia clone from the HSC pool can
be found in granulocytes, monocytes, erythrocytes, and B cells
but is rarely present in T cells (44). It is likely that the migration
of the T cell precursors, mainly the common lymphocyte pro-
genitors (CLPs), to the thymus or the maturation of T cells
within the thymus is episodic and restricts the number of HSC
clones that eventually contribute to mature T cells (45). Thus, it
is important to use a specific blood-cell type, instead of all white
blood cells, for HSC clonal tracking studies. Hence, in this study,
we use granulocytes and B cells, both of which mature in the
bone marrow, to analyze myeloid versus lymphoid lineage bias.
To determine how the clonal contribution of different HSCs

evolves through the multiple stages of hematopoiesis, we examined
the intermediate progenitors of myeloid and lymphoid differenti-
ation (Fig. 2 A and B and SI Appendix, Fig. S2) (1–3). After un-
conditioned transplantation, the relative copy numbers of barcodes
in HSCs remained generally constant in the multipotent progeni-
tors, the oligopotent progenitors, and the terminally differentiated
granulocytes and B cells (Fig. 2 A and B and SI Appendix, Fig. S2).
This indicates a homogeneous clonal contribution of donor HSCs
to the various stages of hematopoiesis. A few clones expanded at
the progenitor stages, but this infrequent expansion was not
reflected in blood cells (Fig. 2 A and B and SI Appendix, Fig. S2).
Therefore, in unconditioned mice, HSC lineage commitment
progresses with an equal contribution from each clone.

Pretransplantation Conditioning Induces Dominant Differentiation of
HSC Clones. To compare HSC lineage commitment after un-
conditioned versus conditioned transplantation, identical num-
bers of barcoded HSCs were transplanted into unconditioned,

lethally irradiated, or anti-ckit antibody (ACK2)-treated mice.
As anti-ckit antibody conditioning was initially developed for
facilitating HSC engraftment in severe combined immunodefi-
ciency mice (26), ACK2 was studied in Rag2−/−γc−/− double-
knockout (DKO) mice and control transplants using irradiation
conditioning were also performed on the DKO mice. In contrast
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Fig. 2. Pretransplantation conditioning induces dominant differentiation of
HSC clones. (A–D) Clonal compositions at each stage of HSC differentiation.
Each column represents a hematopoietic population. Each colored section in a
column represents one distinct genetic barcode, corresponding to an HSC
clone. The size of each colored section indicates its relative abundance within
each cell population. Identical barcodes from different cell populations (col-
umns) are shown in the same color and are connected by lines. Red dotted
lines highlight clones that exhibit dominant differentiation in irradiated mice.
HSC, Flk2− multipotent progenitor (MPPFlk2−), Flk2+ multipotent progenitor
(MPPFlk2+), GMP, CLP, granulocyte (Gr), and B cell (B) are arranged along my-
eloid differentiation stages (A and C) and lymphoid differentiation stages (B
and D). Barcodes are arranged from top to bottom according to their abun-
dances in terminally differentiated cells in the rightmost column of each panel.
Shown are data from a WT recipient mouse not treated with any pre-
transplantation conditioning (A and B) and a WT recipient mouse treated
with lethal irradiation before transplantation (C and D). Data from all eight
unconditioned mice and seven irradiated mice are shown in SI Appendix, Fig.
S2. (E and F) The percentage of barcodes representing dominant clones at each
stage of HSC differentiation under various transplantation conditions. Domi-
nant clones are defined as those whose relative copy numbers in blood cells
(granulocytes or B cells) are more than five times their relative copy numbers in
HSCs. Similar results are obtained when dominant clones are defined by dif-
ferent threshold values (SI Appendix, Fig. S3 A and B). ACK2, a clone of anti-ckit
antibody; DKO, Rag2−/−γc−/− mice. (G) Number of harvested barcoded HSCs
carrying the same barcode 22 wk after transplantation. GFP+ HSCs are counted
as barcoded HSCs at the time of harvest, as GFP is constantly expressed in the
barcode vectors. (E–G) Error bars show the SEMs for all mice under the same
transplantation conditions.
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to the homogeneous differentiation of all engrafted HSC clones
in unconditioned mice (Fig. 2 A and B and SI Appendix, Fig. S2),
in irradiated mice a small fraction of engrafted HSC clones ex-
panded substantially faster than other clones during differenti-
ation and supplied the majority of granulocytes and B cells (Fig.
2 C and D and SI Appendix, Fig. S2). We call this clonal behavior
“dominant differentiation” and the clones that exhibit this be-
havior “dominant.” It is important to note that dominant clones
in irradiated mice are not dominant at the HSC stage but only
become dominant at the intermediate progenitor stages as
measured at week 22 posttransplantation (Fig. 2 C and D and SI
Appendix, Fig. S2). In a conditioned mouse, more than half of the
measured granulocytes and B cells descend from the dominant
differentiation of a few HSC clones (Fig. 2 E and F and SI Ap-
pendix, Fig. S3 A and B). The dominant differentiation of HSC
clones is present at similar levels after irradiation and ACK2
treatment (Fig. 2 E and F and SI Appendix, Fig. S3 A and B), in-
dicating that it is not specific to either regimen, although this
may also be influenced by the DKO setting.
While pretransplantation conditioning induced dominant

clonal expansion in HSC differentiation, we asked whether it
also influenced HSC self-renewal. At the time of transplantation,
each barcode labels one HSC (37). If self-renewed, this HSC
becomes multiple HSCs that all carry identical barcodes. Thus,
the ratio of the number of HSCs to the number of unique
barcodes increases with self-renewal. We found that after un-
conditioned transplantation each barcode was derived from
about one barcoded HSC (Fig. 2G). This is very similar to the
cell-to-barcode ratio of the original HSC infection (37). There-
fore, donor-derived HSCs are not significantly amplified in re-
cipient mice after unconditioned transplantation. This indicates
that HSCs are not pressured to expand during homeostatic he-
matopoiesis after unconditioned transplantation in WT animals.
In contrast, when the endogenous HSCs have been depleted by
transplantation conditioning, donor HSCs must expand via self-
renewal to reconstitute the entire HSC pool. Consistent with this
prediction, after conditioned transplantation each barcode was
derived from, on average, more than eight barcoded HSCs (Fig.
2G). Thus, HSCs had experienced at least three cell cycles of
self-renewal by week 22 after conditioned transplantation. HSCs
in irradiated DKO recipients exhibited a higher level of self-
renewal than those in irradiated WT recipients. Therefore, it is
unclear if the increased HSC self-renewal observed in ACK2-
treated DKO recipients is due to the ACK2 treatment or the
DKO setting. Nonetheless, HSCs dominantly expanded during
self-renewal and differentiation in irradiated mice but not in
unconditioned mice (Fig. 2).

Pretransplantation Conditioning Induces HSC Lineage Bias. The line-
age bias of an HSC clone is determined by its relative contribution
to myeloid versus lymphoid lineages. For example, HSC barcodes
with myeloid bias have relatively high copy numbers in myeloid
cell types such as granulocytes and relatively low copy numbers in
lymphoid cell types such as B cells. After irradiation-mediated
transplantation, donor-derived HSC clones were separated into
three groups using the ratio of granulocyte barcode copy numbers
to B cell barcode copy numbers (Fig. 3 B and D and SI Appendix,
Fig. S4). These three groups represented myeloid bias, lymphoid
bias, and lineage balance, consistent with previous studies (8, 10,
12, 13, 15). In ACK2-treated mice, HSC clones also exhibited both
lineage biases and lineage balance, forming three clearly sep-
arated groups (Fig. 3C and SI Appendix, Fig. S4). The fraction
of HSCs exhibiting lineage bias and balance was similar after ir-
radiation and after ACK2 treatment (SI Appendix, Fig. S3C).
However, no lineage bias was observed when pretransplantation
conditioning was absent (Fig. 3A and SI Appendix, Fig. S4).
The lineage bias and balance of engrafted clones are also

affected by the irradiation dosage and by the number of helper

cells used in the transplantation procedure (Fig. 3E). Compared
with lethal irradiation, increasing the number of helper cells
resulted in significantly fewer myeloid-biased clones (Fig. 3E).
However, half-lethal irradiation produced significantly fewer
lymphoid-biased clones (Fig. 3E). The use of more helper cells and
the reduction of the irradiation dosage both generated significantly
more balanced HSC clones (Fig. 3E). Thus, the observed lineage
bias of donor HSCs is highly sensitive to transplantation conditions
and is absent when no conditioning regimen is applied (Fig. 3).
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excluded from these plots. Raw data from all mice are shown individually in
SI Appendix, Fig. S4. The percentages of barcodes with distinct lineage bias
and balance are summarized in SI Appendix, Fig. S3C. (E) Lineage bias and
balance of donor HSCs after various conditions of irradiation-mediated
transplantations. Shown are percentages of clones with distinct lineage bi-
as or balance. Lethal irradiation uses 950 cGy and 0.5 million helper cells
(whole bone marrow cells, WBM). Half-lethal irradiation uses 475 cGy and
0.5 million helper cells. The “more helper cells” condition uses 5 million
helper cells and 950 cGy. Error bars show the SEMs for all mice under the
same transplantation conditions. *P < 0.05 by Student’s t test.
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Dominant Differentiation and Lineage Bias Are Connected. As
dominant differentiation and lineage bias are both present in
conditioned recipients and both absent in unconditioned recip-
ients, we wondered whether they are associated with each other
and simultaneously affect the same HSC clones. We separated
all HSC clones of conditioned recipients into dominant and
nondominant groups based on their expansion between HSCs
and blood cells (including both granulocytes and B cells). We
then examined the lineage bias and balance of each group. In
irradiated mice, both dominant clones and nondominant clones
exhibited similar proportions of lineage bias and balance (Fig. 4
A and C and SI Appendix, Fig. S5). However, in ACK2-treated
mice, dominant clones exhibited lineage bias, whereas non-
dominant clones exhibited lineage balance (Fig. 4B and SI Ap-
pendix, Fig. S5). In these mice, if dominant clones were excluded,
the remaining clones were mostly balanced, as if they had been
transplanted without any conditioning (Fig. 4D). This suggests
that HSC differentiation regulatory mechanisms, active under
normal homeostatic conditions, are still active in ACK2-treated
mice and regulate a subset of engrafted HSC clones. However,
these mechanisms are inactivated in irradiated mice. The con-
currence of dominant differentiation and lineage bias in HSC
clones of ACK2-treated mice indicates a connection between
these two phenotypes (Fig. 4B and SI Appendix, Fig. S5).
Lineage bias is associated with clonal expansion not only

during HSC differentiation (Fig. 4B) but also during HSC self-
renewal (Fig. 4E). In ACK2-treated mice, balanced HSC clones
underwent significantly more self-renewal than other clones in
the same mice and the clones in irradiated mice during the first
22 wk after transplantation (Fig. 4E). This suggests that balanced
clones preferentially self-renew in ACK2-treated mice. Thus, a
clonal competition appears to exist in these mice where lineage-
balanced clones outcompete lineage-biased clones in numbers at
the HSC stage. Taken together, these data suggest a connection
between lineage bias, lineage commitment, and self-renewal in ACK2-
treated mice, where lineage-biased clones dominantly expand at
specific steps of lineage commitment and exhibit low self-renewal
(Fig. 4).

Lineage Bias Arises from Dominant Differentiation at Distinct Lineage
Commitment Steps. As lineage bias is associated with dominant
differentiation (Fig. 4 and SI Appendix, Fig. S5), we asked
whether lineage bias is derived from the dominant differentia-
tion of any particular lineage commitment steps. We examined
the percentage of barcodes representing myeloid-biased clones
at various stages of myeloid differentiation and found that the
greatest expansion of myeloid-biased barcodes occurred between
the HSC and Flk2− multipotent progenitor (MPPFlk2−) stages
(Fig. 5A and SI Appendix, Fig. S6). In contrast, lymphoid-biased
clones underwent the greatest expansion at the last lineage
commitment step from CLP to B cell (Fig. 5A and SI Appendix,
Fig. S6). These patterns were found in both ACK2-treated mice
and irradiated mice (Fig. 5A). In addition, if we examined all
clones that expanded dominantly at the CLP-to-B-cell step, they
were significantly more likely to end up with lymphoid bias in
both ACK2-treated mice and irradiated mice (Fig. 5B). How-
ever, clones that expanded dominantly at the HSC-to-MPPFlk2−

step were significantly more likely to develop myeloid bias in
ACK2-treated mice (Fig. 5B). However, in irradiated mice, these
clones became either myeloid-biased or balanced (Fig. 5B). This
indicates that balanced clones in irradiated mice also domi-
nantly differentiate, which will be discussed in depth later (Fig. 6
A and B). Taken together, these data suggest that myeloid versus
lymphoid lineage bias arises from dominant differentiation at
distinct lineage commitment steps (Fig. 5 A and B).
If myeloid bias arises at the first differentiation step and lym-

phoid bias arises at the last differentiation step, as in the case of
ACK2-treated mice (Fig. 5 A and B), then myeloid bias but not

lymphoid bias should characterize the intermediate progenitor
stages. This is validated by data from granulocyte/monocyte pro-
genitors (GMPs) and CLPs (Fig. 5 C and D). In ACK2-treated
mice, clones with myeloid bias at the progenitor stages signifi-
cantly preserved their myeloid bias in blood cells (Fig. 5 C and D).
Moreover, lymphoid-biased clones and balanced clones at the
progenitor stages did not preserve their bias and balance in blood
cells, which is consistent with the prediction (Fig. 5 C and D). In
irradiated WT mice, all of the clones appeared to be balanced at
the progenitor stages (Fig. 5D). In contrast, when Rag2−/−γc−/−

(DKO) mice lacking mature lymphoid cells were used as irradiation
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Fig. 4. Connections between dominant differentiation and lineage bias.
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lineage bias and balance. (A–C, Left) Plots are generated as described in the
legend for Fig. 3 A–D. Colors are assigned according to the ratios of HSC
barcode copy numbers to granulocytes and B cells copy numbers. Dominant
clones are defined as those whose relative copy numbers in blood cells
(granulocytes or B cells) are more than five times their relative copy numbers
in HSCs. Similar results are obtained when dominant clones are defined by
different threshold values (SI Appendix, Fig. S5). (A–C, Right) The number of
clones with lineage bias or balance from all mice under the indicated
transplantation condition. P value depicts the probability that a given result
is caused by dominant or nondominant clones randomly becoming lineage-
biased or balanced. (D) Lineage bias and balance of nondominant clones
in ACK2-treated Rag2−/−γc−/− mice (DKO) compared with all clones in un-
conditioned WT mice. (E) Numbers of lineage-biased or balanced barcoded
HSCs carrying the same barcode. Data are normalized by lymphoid-biased
barcodes of each transplantation condition. GFP+ HSCs are counted as
barcoded HSCs at the time of harvest, as GFP is constantly expressed in the
barcode vectors. Error bars show the SEMs for all mice under the same
transplantation conditions. *P < 0.05 by Student’s t test, ***P < 0.001.
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recipients, the progenitors exhibited lineage bias (Fig. 5D). This
bias was moderately preserved in blood cells (Fig. 5C), which
will be discussed in depth later (Fig. 6 E and F). These data
suggest that when transplantation recipients are lineage-deficient,
lineage bias could be determined upstream of the oligopotent
progenitors.

Lineage Commitment Profiles of HSC Clones with Distinct Lineage
Bias and Balance. To systematically examine the lineage commit-
ment paths that lead to differential blood production, we ana-
lyzed the average abundance of clones with distinct lineage bias
and balance through various stages of lineage commitment (Fig.
6). In ACK2-treated DKO mice, myeloid-biased clones expanded
dominantly between the HSC and MPPFlk2− stages (Figs. 5A and
6C). These clones were diminished at the CLP and B cell stages
(Fig. 6D). In contrast, lymphoid-biased clones expanded domi-
nantly between the CLP and B cell stages (Figs. 5A and 6D), and
their abundances remained low during the initial lineage com-
mitment and the myeloid lineage commitment stages (Fig. 6C).
Balanced HSC clones did not exhibit dominant differentiation in
either lineage (Fig. 6 C and D), consistent with previous analysis
(Fig. 4B and SI Appendix, Fig. S5). The fluctuations of the bal-
anced clones appear to be inversely correlated with the dominant
differentiation of myeloid-biased clones and lymphoid-biased
clones (Fig. 6 C and D), indicating that the fluctuation is probably
not a real change but is rather a reflection of the dominant ex-
pansion of other clones. This can be attributed to the data nor-
malization procedure that normalizes the total abundance of all

barcodes in each cell population to 100%. Interestingly, these
balanced clones were more abundant at the HSC stage than other
clones (Figs. 4E and 6 C and D). The high abundances persisted in
their downstream progenies (Fig. 6 C and D), suggesting that
balanced clones are significantly more committed to self-renewal
than other clones, and that all self-renewed, balanced HSCs
differentiate.
In irradiated WT mice, lineage-biased and balanced clones all

exhibited similar abundances at the HSC stage (Fig. 6 A and B).
Myeloid-biased clones dominantly expanded twice during the
lineage commitment process (Fig. 6A). The first dominant ex-
pansion occurred between the HSC and MPPFlk2− stages and the
second dominant expansion occurred between the GMP and
granulocyte stages (Fig. 6A). There was a reduction between
these two expansions, and irradiated WT mice did not exhibit
lineage bias at the progenitor stages (Fig. 5D). Myeloid-biased
clones did not expand between the CLP and B cell stages,
whereas lymphoid-biased clones expanded dominantly at this
lineage commitment step (Figs. 5A and 6B). Lymphoid-biased
clones did not dominantly expand at any other lineage commit-
ment steps, but they were more abundant than undifferentiated
clones at the MPP and CLP stages, suggesting that lymphoid-
biased clones are not absent during the early stages of lymphoid
differentiation (Fig. 6 A and B). Most strikingly, balanced clones
dramatically expanded in irradiated mice at almost every lineage
commitment step (Fig. 6 A and B). Their relatively less severe
expansion at the last step, the GMP-to-granulocyte step, and the
CLP-to-B-cell step, is likely a reflection of the dominant differentiation
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of myeloid-biased clones and lymphoid-biased clones, due to
data normalization (Fig. 6 A and B).
In irradiated DKO mice, balanced clones exhibited moderate

expansion during self-renewal and differentiation (Fig. 6 E and
F), a phenotype in between that of ACK2-treated DKO mice
and irradiated WT mice (Fig. 6 A–D). Myeloid-biased clones
and lymphoid-biased clones in irradiated DKO mice (Fig. 6 E and
F) exhibited lineage commitment profiles similar to those in ACK2-
treated DKOmice (Fig. 6 C andD), combining characteristics from
irradiated WT mice (Fig. 6 A and B) such as the double expansion
of myeloid-biased clones. The second expansion of myeloid-biased
clones occurred not at the last lineage commitment step but at the
MPPFlk2+-to-GMP step. In addition, lymphoid-biased clones also
started to expand early at the MPPFlk2−-to-MPPFlk2+ step (Fig.
6 E and F). The early expansion of lineage-biased clones in irra-
diated DKO mice may have been related to the ubiquitous ex-
pansion of all differentiating clones observed in irradiated WT
mice and to the DKO setting. Taken together, the comparison
of irradiated DKO mice and ACK2-treated DKO mice mani-
fests the characteristics of irradiation-mediated transplantation
observed in WT mice as well.

Discussion
In this study, we identify the clonal-level lineage commitment
pathways of HSCs in vivo. Under various transplantation con-
ditions, we show that lineage commitment of HSC clones after

conditioning is characterized by dominant differentiation and
lineage bias (Figs. 2 and 3). In addition, we show that dominant
differentiation and lineage bias are interrelated (Figs. 4 and 5)
and together delineate distinct pathways that lead to balanced or
biased blood production (Fig. 6). These pathways elucidate cel-
lular proliferation and differentiation of HSCs at the clonal level
and demonstrate distinct modes of HSC regulation in vivo.

A Model of Clonal-Level Lineage Commitment Pathways of HSCs in
Vivo. Based on all of the data (Figs. 1–6), we propose a model for
the clonal-level lineage commitment pathways of HSCs in vivo
(Fig. 7). After unconditioned transplantation, all engrafted HSCs
uniformly differentiate and self-renew (Figs. 1 B and C and 2 A,
B, and G). While they may contribute differently to blood cells
with distinct maturation processes, such as T cells (Fig. 1 D and
E), they do not exhibit dominant differentiation or myeloid
versus lymphoid lineage bias (Figs. 2 and 3). In contrast, after
conditioned transplantation, only a small subset of engrafted
HSC clones are involved in differentiation (Fig. 2 C–F). These
clones follow distinct pathways that are characterized by domi-
nant differentiation and lineage bias.
After ACK2 antibody-mediated transplantation in DKO mice,

differentiating HSC clones follow one of three pathways (Fig. 7).
In the first pathway, the majority of HSC clones do not exhibit
dominant differentiation or lineage bias (Fig. 4B). Their lineage
commitment process resembles that of HSC clones transplanted
into unconditioned recipients (Fig. 4D). Furthermore, these
HSC clones self-renew significantly more than other HSC clones
(Figs. 4E and 6 C and D). In the second pathway, HSC clones
dominantly expand at the first lineage commitment step, HSC to
MPPFlk2− (Fig. 5A). These HSC clones eventually become
myeloid-biased (Fig. 5B), which may be triggered by the ACK2-
mediated depletion of host myeloid progenitors (26). In the third
pathway, HSC clones dominantly expand at the last lineage com-
mitment step, CLP to B cell (Fig. 5A), and end up with lymphoid
bias (Fig. 5B), which may be in part due to the DKO setting. Ad-
ditionally, other HSC clones are not recruited into differentiation
and do not participate in any of these pathways but instead re-
main quiescent and can be found even at 22 weeks after trans-
plantation (Fig. 6 C and D and SI Appendix, Fig. S6 E and F).
After irradiation-mediated transplantation, HSC clones

follow lineage commitment pathways similar to those after
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Fig. 7. A model of clonal-level lineage commitment pathways of HSCs in
vivo. Thicker and ascendant arrows represent dominant differentiation of
HSC clones. HSCs transplanted into mice pretreated with different condi-
tioning regimens follow distinct pathways during lineage commitment.
These pathways lead to distinct balanced or biased blood production.
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ACK2-mediated transplantation (Fig. 7). The major difference is
that all differentiating HSCs dominantly expand during differen-
tiation in irradiated recipients regardless of their lineage bias or
balance (Fig. 6 A and B). This dominant expansion is manifested
in distinct differentiation lineages and stages in different path-
ways. However, none of these pathways is associated with dominant
self-renewal (Figs. 4E and 6 A and B). In particular, balanced
HSCs expand dramatically at every step of the lineage commit-
ment process (Fig. 6 A and B). The dominant differentiation of
balanced clones may restrain the expansion of myeloid-biased clones,
such that myeloid-biased clones are not significantly more pre-
sent in GMP than lymphoid-biased clones (Fig. 6A). Therefore,
lineage bias is absent at the GMP and CLP stages in WT irradi-
ated recipients (Fig. 5D). The MPPFlk2− population has recently
been found to contain two MPP subsets (MPP2/3) that represent
distinct pathways of differentiation (29). The observed clonal ex-
pansion in MPPFlk2− may be associated with a subset of this pop-
ulation. Downstream of these progenitors, myeloid-biased clones
expand again at the last step of lineage commitment from GMP
to granulocyte. Lymphoid-biased and undifferentiated pathways
in irradiated recipients exhibit lineage commitment characteris-
tics similar to their counterparts in ACK2-treated recipients
(Figs. 5 A and B and 6).

Transplantation Conditions Alter HSC Differentiation at the Clonal
Level. Irradiation is used in the vast majority of HSC studies. It
is also widely applied in clinical therapies to facilitate bone
marrow transplantation and to treat cancers and hematopoietic
disorders. Here, we have shown how irradiation alters HSC
regulation at the clonal level (Figs. 2 and 3). This striking alteration
could lead to new interpretations of HSC physiology studies that
use irradiation as a conditioning regimen. For example, many
recent studies propose that HSCs are heterogeneous and possess
differential lineage bias (8, 10, 12, 13, 15). These studies all used
irradiation to facilitate HSC engraftment. Our data now demon-
strate that engrafted HSCs uniformly differentiate and self-renew
in the absence of any pretransplantation conditioning and that
heterogeneous hematopoiesis is only observed after conditioned
transplantation (Figs. 2 and 3). This indicates that the condition-
ing regimen used in the previous studies may have contributed to
the observed HSC heterogeneity. Thus, future studies must be
carefully designed to distinguish normal HSC physiology from
emergency modes.
HSC regulatory mechanisms activated after conditioning are

likely to be more susceptible to perturbation and damage (46).
These mechanisms may be key to understanding how hemato-
poiesis becomes malignant and to reducing the side effects of
clinical regimens used to treat these malignancies. For example,
during several gene therapy trials, researchers were dismayed by
the appearance of clonal dominance in the blood cells of treated
patients (47, 48). This clonal dominance was interpreted to be a
result of viral integration that ectopically activated nearby on-
cogenes and drove cellular expansion. However, our data suggest
that the observed clonal dominance may instead have been in-
duced by the use of pretransplantation conditioning regimens
that accompanied the gene therapy procedure. Optimal regener-
ation of gene-modified HSCs may emerge by testing acceptable
conditioning conditions in preclinical nonhuman primate studies
and clinical trials.
In addition to irradiation conditioning, we showed that ACK2-

mediated transplantation alters HSC differentiation to a lesser
extent (Figs. 2–7). Both conditioning regimens interrupt ho-
meostatic hematopoiesis and trigger emergent demands for he-
matopoietic cells, which may induce the observed clonal expansion
and lineage bias. The more profound effect of irradiation may drive
the higher levels of clonal expansion and lineage bias in HSC dif-
ferentiation, which could be associated with its increased damage to
the niche. Interestingly, cotransplantation of differing numbers of

transient progenitor (helper) cells was found to change donor HSC
differentiation, further suggestive of a need-sensing mechanism
(Fig. 3E). Additionally, recent work in our laboratory has shown
how HSC differentiation is influenced by the amount of donor
HSCs (38) and by the presence of defective HSCs (39). Taken to-
gether, these findings suggest that HSC self-renewal and differ-
entiation programs can be altered by transplantation conditions
and by environmental conditions and demands.

Cellular Origins of Clonal Dominance and Lineage Bias. Our eluci-
dation of the HSC clonal-level lineage commitment pathways
reveals the HSC regulatory mechanisms and identifies the cel-
lular origins of the clonal dominance and lineage bias that were
previously observed in blood cells (8, 10, 12, 13, 15). Recent
studies suggested that HSCs differentiate through different MPP
subsets and produce distinct lineage biases (17, 29, 42, 49). Our
study showed that most HSC clones were found in both MPPFlk2−

and MPPFlk2+ subsets (Fig. 2). In particular, clonal dominance is
initiated by the outgrowth of clones predominantly at the he-
matopoietic progenitor stages, and not at the HSC stage (Fig. 2).
This explains why previous studies detected few clones in the
blood after irradiation (11, 40, 41, 50). We demonstrate that
lineage bias arises from the dominant clonal expansion of spe-
cific lineages at key lineage commitment steps in conditioned
mice (Fig. 5) and explains the presence of lineage bias in blood
(8, 10, 12, 13, 15). Dominant clonal expansion may arise from
high-performing clones, perhaps in response to the poor per-
formance of other clones.

Unconditioned Transplantation Provides Unique Insights into Natural
HSC Physiology. Unconditioned transplantation minimally per-
turbs natural hematopoiesis and provides insights into natural
HSC physiology and additionally provides insights into un-
conditioned lentiviral gene therapy studies (51). In our studies,
we did not detect the presence of “dormant HSCs” (52) in un-
conditioned transplantation (Figs. 1 B and C and 2 A and B). It is
possible that “active HSCs” are selectively engrafted or that
HSCs engrafted after unconditioned transplantation are regu-
lated as active HSCs and not as dormant HSCs. While our un-
conditioned transplantation is limited to analyzing engrafted
HSCs, recent studies using transposon tagging bone marrow cells
suggest that some HSC clones preferentially differentiate into
the megakaryocyte lineage during native hematopoiesis (16, 17).
Nonetheless, our data suggest that engrafted HSCs continuously
and homogenously contribute to the blood pool (Figs. 1 B and C
and 2 A and B). As HSCs frequently migrate through the pe-
ripheral blood and reenter their niche under homeostatic con-
ditions (34–36), this process may be a natural procedure to select
for active and lineage-balanced HSCs (Figs. 1 B and C and 2 A
and B). The homogeneity of HSC clonal behavior indicates that
HSCs can be uniformly regulated in their niche and do not re-
quire a complex regulatory system to shepherd selected HSCs in
and out of differentiation and self-renewal under homeostatic
conditions (11, 40, 41, 53).

Different Clonal Pathways Can Coexist Simultaneously in a Single
Organism. By tracking many HSC clones simultaneously after
transplantation we identified several distinct pathways coexisting
in a single mouse after conditioning (Fig. 7). These pathways
mutually compensate to sustain overall blood and immune pro-
duction (Figs. 6 and 7). Importantly, the striking differences in HSC
regulation uncovered by this clonal analysis are not evident at the
population level, further highlighting the importance of this type
of assessment. This is not unexpected, as blood cells are critical for
the survival of the organism. Redundant and feedback mecha-
nisms may have evolved to maintain overall blood production (2, 54).
An unexpected coexistence of different clonal pathways is

found in ACK2-treated mice (Figs. 4 B and D and 7). In these
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mice, one pathway preserves the characteristics from the uncondi-
tioned state, lacking both dominant differentiation and lineage bias.
The other pathways resemble those from the irradiated state,
exhibiting both dominant differentiation and linage bias, which
may be due to sensing and filling the hematopoietic void created
by the ACK2 treatment or due to niche injury. Interestingly, despite
their differences in mechanism and toxicity, irradiation and ACK2
treatments both produce dominant differentiation and lineage bias
(Figs. 2 and 3 and SI Appendix, Fig. S3C). The presence of the
unconditioned pathway even after conditioning may be responsible
for the long-term stability of hematopoiesis observed in clinical
HSC transplantation, which is thought to be improved with non-
ablative conditioning (55, 56). The coexistence of the unconditioned
pathway with pathways activated after conditioning in the same
mouse suggests that these pathways are not mutually exclusive
and are not altered by globally mobilized factors. It also provides
the possibility for activating the unconditioned pathway in mye-
loablated (irradiated) patients as part of a therapeutic procedure
to achieve benefits similar to that of less-myeloablated protocols.

Molecular Mechanisms Underlying the Lineage Commitment Pathways
of HSC Clones. It would be clinically valuable to drive HSC differ-
entiation into one particular lineage commitment pathway. How-
ever, the molecular mechanisms that determine how HSCs choose
between the lineage commitment pathways are complex (Fig. 7)
and likely involve both intrinsic and extrinsic factors. Several recent
studies have revealed cell-surface markers on HSCs that enrich
for distinct lineage bias shown when transplanted into irradiated
hosts (8, 12, 15, 57). This suggests that select HSCs preferentially
follow certain pathways. For example, the myeloid-biased HSC
clones are enriched with CD150hi, and the balanced clones are
enriched with CD150med (8, 12, 15), showing that the predisposition
for clonotypes is determined at the HSC level but read out at the
level of different progenitors. It has also been shown that cytokines
can direct hematopoiesis into distinct lineages (4–7), which suggests
that extrinsic factors can alter the pathway choices of HSCs.
HSCs in conditioned and unconditioned recipients may re-

ceive different regulatory signals (Figs. 2 and 3). These signals
may selectively engraft a subset of HSCs that are lineage-biased
and may induce lineage bias from balanced HSCs. In the latter
scenario, it is possible that intrinsic differences among HSCs
elicit different responses to the conditioning regimen (2, 8, 57).
These regulatory signals may be produced as a consequence of
stimulation or damage to the HSC niche by the conditioning
regimen (28). A blood cell deficiency may also induce feedback
signals that boost HSC differentiation. These signals can activate
the first few HSCs landing at niches and instruct them to dom-
inantly differentiate to compensate for the hematopoietic de-
ficiency. We have shown that, after irradiation, all differentiating
HSC clones expand dominantly at various stages (Figs. 6 A and B
and 7), indicating the stress for the HSCs to supply the blood
cells after irradiation.
In summary, we have provided a comprehensive view of HSC

lineage commitment at the clonal level after transplantation and
have uncovered the underlying lineage commitment pathways of
individual HSC clones (Fig. 7). These pathways are altered by
transplantation conditioning such as irradiation (Figs. 2 and 3),
which has been ubiquitously used in HSC studies. The pathways
also identify the HSC differentiation stages where HSC clones
become dominant and where lineage bias originates (Figs. 5 and
6). These studies reveal important insights into the diversity of
HSC behavior and provide opportunities for studying the un-
derlying regulatory mechanisms. In addition to improving un-
derstanding of hematopoiesis, knowledge of clonal-level HSC
lineage commitment pathways opens new avenues of research
for understanding and manipulating blood production and bal-
ance, understanding potential malignant evolution, and improving
transplantation treatments.

Experimental Procedures
The donor mice used in all experiments were C57BL6/Ka (CD45.1+). The re-
cipient mice used in the unconditioned transplantation experiments (M1–8)
were C57BL6/Ka (CD45.1

+/CD45.2+). The recipient mice used in the irradiation-
mediated transplantation experiments (M9–15, and those used in Fig. 3E)
were C57B L6/Ka (CD45.2+). The recipient mice used in the ACK2-mediated
transplantation experiments (M16–22) were Rag2−/−γc−/− with C57BL6/Ka

background (DKO) (26). The DKO mice were also used as irradiation recipients
(M23–32). All donor and recipient mice were 8 to 12 wk old at the time of
transplantation. Mice were bred and maintained at Stanford University’s
Research Animal Facility. Animal procedures were approved by the Institu-
tional Animal Care and Use Committee.

HSCs [lineage (CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)−/ckit+/Sca1+/Flk2−/
CD34−/CD150+] were obtained from the crushed bones of donor mice and
isolated using double FACS sorting with the FACS-Aria II (BD Biosciences)
after enrichment using CD117 microbeads (AutoMACS; Miltenyi Biotec).
HSCs were infected for 10 hours with lentivirus carrying barcodes and
then transplanted via retroorbital injection. Recipient mice were treated
with one of the following three conditions before transplantation: (i ) no
treatment, referred to as “unconditioned” (M1–8), (ii ) irradiation with
950 cGy immediately before transplantation (M9–15 and M23–32), or (iii)
retroorbital injection of 500 μg of ACK2 into Rag2−/−γc−/− mice 9 days before
transplantation (26) (M16–22). In unconditioned transplantation, 1,000
barcoded HSCs were transplanted into each mouse every other day for
18 days (9,000 donor HSCs total). Long-term stable engraftment of ∼1%
donor chimerism was consistently obtained. In irradiation-mediated and
ACK2-mediated transplantation, 9,000 donor HSCs were transplanted all at
once. Donor chimerism observed in granulocytes was around 90% and
10%, respectively; 250,000 whole bone marrow cells without viral trans-
duction were cotransplanted into each irradiated mouse as helper cells,
except specified otherwise (Fig. 3E). All cells were harvested 22 weeks after
transplantation.

HSC clonal labeling and data analysis are explained in detail elsewhere
(37). Dominant clones are defined as those whose relative copy numbers
in blood cells are more than five times their relative copy numbers in
HSCs. Lineage-biased clones are defined as those whose relative copy
numbers in one lineage are more than 2.4142 (cotangent 22.5°) times
their relative copy numbers in the other lineage. Low-abundance clones
are excluded from the analysis of lineage bias versus balance. These
clones are defined as those whose copy numbers are less than 10% of the
maximum copy numbers in both lineages. All results have been reaf-
firmed using different lineage bias and clonal dominance threshold
values.

Below is the list of cell-surface markers used to harvest hematopoietic
populations. Donor cells were sorted based on the CD45 marker.

Granulocytes: CD4−/CD8−/B220−/CD19−/Mac1+/Gr1+/side scatterhigh;

B cells: CD4−/CD8−/Gr1−/Mac1−/B220+/CD19+;

CD4 T cells: B220−/CD19−/Mac1−/Gr1−/TCRαβ+/CD4+/CD8−;

CD8 T cells: B220−/CD19−/Mac1−/Gr1−/TCRαβ+/CD4−/CD8+;

HSCs: lineage (CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)−/IL7Rα−/ckit+/
Sca1+/Flk2−/CD34−/CD150+;

MPPFlk2− (Flk2− multipotent progenitor): lineage (CD3, CD4, CD8, B220,
Gr1, Mac1, Ter119)−/IL7Rα−/ckit+/Sca1+/Flk2−/CD34+;

MPPFlk2+ (Flk2+ multipotent progenitor): lineage (CD3, CD4, CD8, B220,
Gr1, Mac1, Ter119)−/IL7Rα−/ckit+/Sca1+/Flk2+;

CLPs: lineage (CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)−/IL7Rα+/Flk2+;

GMPs: lineage (CD3, CD4, CD8, B220, Gr1, Mac1, Ter119)−/IL7Rα−/ckit+/
Sca1−/CD34+/FcγR+.
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