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ABSTRACT

ical settings to mobilize hematopoietic stem cells (HSC) into the cir-

culation for HSC harvesting and transplantation. However, whether
G-CSF directly stimulates HSC to change their cell cycle state and fate is
controversial. HSC are a heterogeneous population consisting of different
types of HSC, such as myeloid-biased HSC and lymphoid-biased HSC. We
hypothesized that G-CSF has different effects on different types of HSC. To
verify this, we performed serum-free single-cell culture and competitive
repopulation with cultured cells. Single highly purified HSC and
hematopoietic progenitor cells (HPC) were cultured with stem cell factor
(SCF), SCF + G-CSE SCF + granulocyte/macrophage (GM)-CSE, or SCF +
thrombopoietin (TPO) for 7 days. Compared with SCF alone, SCF + G-CSF
increased the number of divisions of cells from the lymphoid-biased HSC-
enriched population but not that of cells from the My-bi HSC-enriched
population. SCF + G-CSF enhanced the level of reconstitution of lymphoid-
biased HSC but not that of myeloid-biased HSC. Clonal transplantation
assay also showed that SCF + G-CSF did not increase the frequency of
myeloid-biased HSC. These data showed that G-CSF directly acted on lym-
phoid-biased HSC but not myeloid-biased HSC. Our study also revised the
cytokine network at early stages of hematopoiesis: SCF directly acted on
myeloid-biased HSC; TPO directly acted on myeloid-biased HSC and lym-
phoid-biased HSC; and GM-CSF acted only on HPC. Early hematopoiesis
is controlled differentially and sequentially by a number of cytokines.

G ranulocyte colony-stimulating factor (G-CSF) is widely used in clin-

Introduction

Hematopoietic stem cells (HSC) are able to self-renew and differentiate into all
blood lineages.! Granulocyte colony-stimulating factor (G-CSF) is widely used in
clinical settings to mobilize HSC from the bone marrow (BM) to the peripheral
blood (PB) for stem cell harvesting.? However, the effect of G-CSF on HSC is poorly
understood. Several studies have reported that G-CSF drives dormant HSC into the
cell cycle,® whereas other studies have reported that G-CSF does not.” Since in
vivo G-CSF administration results in complex changes in the BM microenviron-
ment, such as disruption of the SDF-1/CXCR4 axis,*” it may be difficult to deter-
mine the direct effect of G-CSF on HSC in vivo. To avoid this issue, Ogawa’s
research group combined in vitro culture with transplantation assay and reported
that G-CSF can induce HSC self-renewal.’’

The above studies are informative but quite controversial. This study aimed to
clarify whether G-CSF acts directly on HSC and drives them into cycling, thus
changing their fates. HSC are a heterogeneous population. Muller-Sieburg’s
research group was the first to classify HSC into myeloid-biased HSC (My-bi
HSC), balanced HSC (Bala HSC), and lymphoid-biased HSC (Ly-bi HSC), based on
the ratio of lymphoid to myeloid cells (the L/M ratio) in reconstituted mice.'""
Given that G-CSF is a neutrophil-specific cytokine that is essential for granu-
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lopoiesis,*"*we hypothesized that G-CSF acts directly on
My-bi HSC but not on Ly-bi HSC.

To address this issue, we used a serum-free culture sys-
tem, which enabled us to exclude the effect of unknown
factors contaminated in the serum.” To overcome the het-
erogeneity of HSC, we performed single-cell culture, sin-
gle-cell transplantation, and single-cell reverse transcrip-
tion-polymerase chain reaction (RT-PCR) on highly puri-
fied HSC and hematopoietic progenitor cells (HPC).
Surprisingly, we found that G-CSF increased the number
of divisions of Ly-bi HSC and maintained their repopulat-
ing activity after transplantation. SCF alone transiently
activated My-bi HSC and increased their long-term recon-
stitution potential, but SCF + G-CSF did not show any
additional effect on that potential. We conclude that G-
CSF acts directly on Ly-bi HSC but not on My-bi HSC.
This study suggested that My-bi HSC, which are more or
less equivalent to long-term HSC, remain in the quiescent
state after G-CSF injection in clinical settings.

Methods

Mice

C57BL/6 (CD45.2-B6) mice were purchased from Beijing HFK
Bioscience Co. (Beijing, China). C57BL/6 mice congenic for the
Ly$ locus (CD45.1-B6) were bred and maintained at the State Key
Laboratory of Experimental Hematology. Animal experiments
were approved by the Animal Care and Use Committees, Institute
of Hematology and Blood Diseases Hospital, Chinese Academy of
Medical Sciences and Peking Union Medical College.

Single-cell sorting

BM cells were isolated from 8- to 10-week old female CD45.1-
or CD45.2-B6 mice, and c-Kit-positive cells were enriched using
anti-c-Kit ~ antibody-conjugated MACS beads (Miltenyi
Biotechnology, catalog n. 130091224). Cell surface markers used
for the identification of HSC1, HSC2, HPC1, HPC2, HPC3, and
HPC4 are listed in Online Supplementary Table S1. Antibodies used
for flow cytometry are listed in Online Supplementary Table S2.

Single-cell culture

Single cells were cultured in serum-free medium, supplemented
with 50 ng/mL recombinant mouse SCF (Peprotech, 250-03) plus
50 ng/mL recombinant mouse thrombopoietin (TPO) (Peprotech,
315-14), 10 ng/mL recombinant human G-CSF (Peprotech, 300-
28), or 10 ng/mL recombinant mouse GM-CSF (Peprotech, 315-
03). Cells were cultured for 7 days at 37°C with 5% CO, in the air.
Number of cells per well were counted daily under inverted
microscope.

Serial competitive repopulation

Twenty HSC1 or HSC2 cells from CD45.1-B6 mice were cul-
tured with cytokines for 7 days, and cells were transplanted into
lethally irradiated CD45.2-B6 mice with 5x10° BM competitor
cells from CD45.2-B6 mice. As control, 20 freshly isolated HSC1
or HSC2 cells from CD45.1-B6 mice were similarly transplanted.
For secondary transplantation of HSC1 cells, 2x10” BM cells from
primary recipients were transplanted into lethally irradiated
CD45.2-B6 mice. PB cells were analyzed as previously described.'®

Single-cell transplantation

Single HSC1 cells from CD45.1-B6 mice were cultured with
SCF + TPO for 1 day, and the surviving single HSC1 cells were
selected and transplanted into lethally irradiated CD45.2-B6 mice

with 5x105 BM competitor cells from CD45.2-B6 mice (control).
For the cultured cell group, single HSC1 cells were cultured with
cytokines for 7 days, and cells of each well were transplanted into
lethally irradiated CD45.2-B6 mice with 5x10° BM competitor
cells from CD45.2-B6 mice. PB cells were analyzed as previously
described."®

Single-cell reverse transcription polymerase chain
reaction

For single-cell RT-PCR, 48 single HSC1, HSC2, HPC1, HPC2,
HPC3, and HPC4 cells were sorted into each well containing RT-
STA master mix. For single-cell RT-PCR for cultured cells, single
HSC1 cells were cultured with SCE SCE+G-CSE and SCF+TPO
for 7 days. Single cells were randomly picked up from 48 wells by
a micromanipulator and were placed into the RT-STA master mix.
Freshly isolated 48 single HSC1 cells were used as a control. PCR
was performed as previously described.16 The 48 genes set used
for six populations and cultured cells are listed in Online

Supplementary Tables S3 and S4, respectively.

Statistical analysis
Statistical significance was assessed with the unpaired r-test and
analysis of variance using GraphPad Prism 6.0 (GraphPad).

Results

Definitions of HSC1, HSC2, HPC1, HPC2, HPC3,
and HPC4

HSC1 (CD201*CD150"CD48CD41"CD34KSL) and
HSC2 (CD201*CD150°CD48 CD41"CD34KSL) cells were
defined as shown in Figure 1A. HSC1 were separated
from HSC2 by expression of CD150.”"® We previously
showed that HSC1 cells are enriched in long-term (LT, >6
months) My-bi HSC (LT-My-bi HSC), while HSC2 cells
are enriched in short-term (ST, <6 months) Ly-bi HSC
(ST-Ly-bi HSC)."'*?' HPC1 (CD201*CD150*CD48"
CD41*CD34°KSL), HPC2 (CD150°Flt-3-CD34*KSL), HPC3
(CD150°Flt-37CD34'KSL), and HPC4 (CD1507Flt-
3"CD34'KSL) cells were defined as shown in Figure 1A
and B. HPC1 cells are reportedly enriched in myeloid-
restricted repopulating progenitors.” HPC2, HPC3, and
HPCA4 cells were enriched in MPP2, MPP3, and MPP4/lym-
phoid-primed multipotent progenitor (LMPP), respectively
(Online Supplementary Figure S1).

Cytokine receptor expression

Single-cell RT-PCR was performed on HSC1, HSC2,
HPC1, HPC2, HPC3, and HPC4 cells to investigate the
expression of cytokine receptors. Gene expression data
are shown as heatmaps in Online Supplementary Figure S2.
Figure 1C shows the percentage of gene-expressing cells.
¢-Kit and Mpl were detected in most cells examined. M-
CSF receptor, Csf1r, was not expressed in >40% of cells in
any of the populations examined. GM-CSF receptor com-
prises Csf2ra and Csf2rb. Csf2ra was not detected in >15%
of cells in any of the populations examined. Csf2rb was
also expressed in <15% of HSC1 cells, but was expressed
in approximately from 40 to 60% of HSC2, HPC2, HPCS3,
and HPC4 cells, and in 100% of HPC1. G-CSF receptor,
Csf3r, was detected in approximately 30% of HSC1 and
HPC1 cells, while it was detected in >50% of HSC2 and
HPC2, and >70% of HPC3 and HPC4 cells. Cxc/12 was
expressed in approximately from 20 to 40% of all popula-
tions. Cxcr4 was expressed in approximately from 30 to
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Figure 1. Gating strategy and single-cell real-time-polymerase chain reaction (RT-PCR) of HSC1, HSC2, HPC1, HPC2, HPC3, and HPC4 cells. (A) HSC1, HSC2, and
HPC1 gating. Bone marrow (BM) cells were stained with antibodies and gated as follows. (a) Gating for lineage- cells (Lin- cells). (b) Gating for Lin"CD34" cells. (c)
Gating for CD34™ c-Kit* Sca-1" Lin™ cells (CD34 KSL cells). (d) Based on CD150 and CD41 expression, CD34 KSL cells were divided into CD150*CD441"~, CD150°CD41"
,and CD150-CD41" cells. (e-g) CD201*CD48- cells were further selected from CD150*CD41°, CD150°CD41", and CD150 CD41* cells. HSC1, HSC2, and HPC1 cells
were defined as CD201°CD150*CD48°CD41 CD34 KSL cells, CD201*CD150°CD48 CD41°CD34 KSL cells, and CD201'CD150°CD48 CD41'CD34°KSL cells,
respectively. (B) HPC2, HPC3, and HPC4 gating. BM cells were stained with antibodies and gated as follows. (a) Gating for lineage- cells (Lin~ cells). (b) Gating for
Lin"CD34" cells. (c) Gating for CD34"KSL cells. (d) CD34*KSL cells were divided into CD150*FIt-3", CD150 FIt-37, and CD150 Fit-3* cells. HPC2, HPC3 and HPC4
cells were defined as CD150°FIt-3"CD34*KSL cells, CD150 FIt-3"CD34KSL cells, and CD150 FIt-3*CD34*KSL cells, respectively. (C) Single-cell RT-PCR for six pop-
ulations. The percentage of gene-expressing cells is shown. Gene-expressing cells are defined by a threshold cycle (Ct) value < 27.65.
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Figure 2. Single-cell culture of six populations. (A) Percentage of cells that underwent divisions is shown as meantstandard deviation (SD). (n=5). Number of cell
division was estimated from the number of cells per well at days 1-7 of culture. When the number of cells per well was 1, 2, 3-4, or =5, single cells were considered
to have undergone O, 1, 2, or > 3 division(s), respectively. Wells that had no cells were excluded from this analysis. Two-way ANOVA with Tukey's multiple comparisons
test was used for statistical analysis. (B) Cell number per well at day 7 of culture is shown as meanSD. (n=5). Unpaired t-test with Welch’s correction was used for
statistical analysis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001; ns: not significant.
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Figure 3. Repopulating activity of cultured HSC1 and HSC2 cells. (A) Percentages of CD45.1 cells derived from HSC1 cells are shown. Percentage of CD45.1 cells
in the myeloid lineage, B-cell lineage, CD4 T-cell lineage, and CD8 T-cell lineage in the culture with stem cell factor (SCF) alone were greater than those of freshly iso-
lated cells after secondary transplantation. Percentage of CD45.1 cells in the myeloid lineage and B-cell lineage in the culture with SCF + granulocyte colony-stimu-
lating factor (G-CSF) or SCF + granulocyte/macrophage (GM)-CSF were greater than those of freshly isolated cells after secondary transplantation. Percentage of
CD45.1 cells in the myeloid lineage, B-cell lineage, CD4 T-cell lineage, and CD8 T-cell lineage in the culture with SCF+ thrombopoietin (TPO) were greater than those
of freshly isolated cells at early months after primary transplantation. (B) Percentages of CD45.1 cells derived from HSC2 cells are shown. Percentage of CD45.1
cells in the B-cell lineage of the culture with SCF or SCF + TPO was significantly smaller than that of freshly isolated cells. Dots represent % chimerism in myeloid lin-
eage, B-cell lineage, CD4 T-cell lineage and CD8 T-cell lineage from individual mice at a time point after transplantation. The lines above dots indicate the time periods
compared. The unpaired t-test with Welch’s correction was used for statistical analysis between freshly isolated cells and cells in different culture conditions.
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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50% of HPC1, 3, and 4 cells, and in 70% of HPC2 cells.
Notably, Cxcr4 was expressed in very few HSC1 and 2
cells.

Effect of granulocyte colony-stimulating factor and
granulocyte/ macrophage colony-stimulating factor on
the division of single hematopoietic stem cells and
hematopoietic progenitor cells

We next compared the effects of SCF alone, SCF + G-
CSE SCF + GM-CSE, and SCF + TPO on these six popula-
tions by single-cell culture. Figure 2A shows the percent-
age of cells that underwent divisions. Figure 2B shows the
cell number per well at day 7 of culture. SCF supported the
survival of a proportion of HSC1, HPC1, HPC2, and HPC3
cells, and induced their division 1-2 times. However, SCF
alone did not support the survival of most HSC2 and
HPC4 cells. SCF + G-CSF did not support division of
HSC1 more than SCF alone. However, SCF + G-CSF sig-
nificantly increased the number of divisions in HSC2,
HPC1, HPC2, HPC3, and HPC4 cells, leading to a signifi-
cant increase in the cell number per well. SCF + GM-CSE
did not support the division of HSC1, HSC2, HPC1, and
HPC2 cells but significantly increased the number of divi-
sions of HPC3 and HPC4 cells, leading to an increase in
the cell number per well. SCF + TPO significantly
increased the number of divisions and cells per well in
HSC1, HSC2, HPC1, HPC2, and HPC3 cells, but not in
HPCA4 cells. These data suggested that the target cells of G-
CSE, GM-CSE SCE and TPO were different among HSC
and HPC: SCF acted directly on HSC1, HPC1, HPC2, and
HPC3 cells, but not on HSC2 and HPC4 cells. TPO acted
on HSC1, HSC2, HPC1, HPC2, and HPCS3 cells, but not on
HPC4 cells. G-CSF acted directly on HSC2 and HPC1-4
cells, but not on HSC1 cells. GM-CSF acted directly on
HPC3 and HPC4 cells.

Effect of granulocyte colony-stimulating factor on
reconstitution potential

To examine the effect of the cytokines on the reconsti-
tution potential in HSC1 and HSC2 cells, we performed
competitive repopulation assay. Figure 3A shows the per-
centage of CD45.1 cells in the myeloid, B-cell, CD4 T-cell,
and CD8 T-cell lineages after transplantation with HSC1
cells. Compared with freshly isolated cells, the levels of
reconstitution of each lineage in the SCF culture were sig-
nificantly increased after secondary transplantation. The
levels of myeloid and B-cell lineages in SCF + G-CSF or
SCF + GM-CSF cultures were also significantly increased
after secondary transplantation. However, when we com-
pared the reconstitution levels among cultured cells, there
was no significant difference between SCF + G-CSF or
GM-CSF and SCF cultures, suggesting that SCF, but nei-
ther G-SCF nor GM-CSE, increased the long-term reconsti-
tution potential in HSC1 cells. The levels of reconstitution
of each lineage in SCF + TPO culture were significantly
increased in the early months after primary transplanta-
tion, suggesting that this combination of cytokines
increased the short-term reconstitution potential in HSC1
cells.

Figure 3B shows the percentage of CD45.1 cells in
myeloid, B-cell, CD4 T-cell and CD8 T-cell lineages after
transplantation with HSC2 cells. Freshly isolated HSC2
cells showed B-lymphoid-biased reconstitution. The level
of B-cell lineage reconstitution in SCF and SCF + TPO cul-
tures was significantly lower than that in freshly isolated

cells, whereas that in SCF + G-CSF culture was compara-
ble with that in freshly isolated cells. Taken together, these
data suggested that SCF alone was sufficient to increase
the long-term multilineage reconstitution potential. SCF +
TPO increased the short-term multilineage reconstitution
potential. SCF + G-CSF did not enhance the long-term
myeloid lineage reconstitution potential but maintained
the short-term lymphoid reconstitution potential.

Transplantation of clonally cultured cells

To further clarify the effect of G-CSF on HSC, we per-
formed clonal transplantation assay. Eleven mice in the
control group, 10 mice in the SCF group, 12 mice in the
SCF + G-CSF group, and 4 mice in the SCF + TPO group
were reconstituted (Figure 4). The percentage of
chimerism and its lineage composition in single HSC1
cells varied from one another as reported.”®” Similar to
freshly isolated HSC1 cells, after one day culture single
HSC1 cells showed a varying degree of reconstitution,
indicating the heterogeneity of HSC.

We used the published criteria of My-bi, Bala, and Ly-bi
HSC,11,12 and LT- and ST-HSC.” In the control group of
mice, 6 LT-My-bi HSC, 2 ST-Ly-bi HSC, and 3 HPC were
detected (Figure 4A and Omnline Supplementary Table S5).
After culture with SCF for 7 days, 1 LT-My-bi HSC, 1 ST-
Bala HSC, 4 ST-Ly-bi HSC, and 4 HPC were detected
(Figure 4B and Online Supplementary Table S6). After cul-
ture with SCF + G-CSE 2 LT-My-bi HSC, 1 ST-My-bi
HSC, 5 ST-Ly-bi HSC, and 4 HPC were detected (Figure
4C and Online Supplementary Table S7). After culture with
SCF + TPO, 8 ST-Ly-bi HSC and 1 HPC were detected
(Figure 4D and Ounline Supplementary Table S8). These data
showed no difference in reconstitution potential between
SCF and SCF + G-CSF cultures, but the significant reduc-
tion in reconstitution potential after culture with SCF +
TPO.

To be more precise, LT-My-bi HSC activity was detect-
ed in the mouse transplanted with three cells from SCE
culture (#1 mouse), and similarly, in the mice transplanted
with three cells from SCF + G-CSF culture (#1 and #2
mice) (Figure 4B and C and Ounline Supplementary Tables S6
and S7). ST-Ly-bi but not LT-My-bi HSC activity was
detected in mice transplanted with >50 cells from SCF +
TPO culture (#1, 2, and 3 mice) (Figure 4D and Online
Supplementary Tables S8). These data suggested the similar
effects of SCF and SCF + G-CSF on LT-My-bi HSC and the
differentiation effect of SCF + TPO, associated with a
number of divisions, on LT-My-bi HSC.

Gene expression of cultured cells

We examined the expression of cytokine receptors in
day 7 cultured cells by single-cell RT-PCR. Gene expres-
sion data are shown as heatmaps in Online Supplementary
Figure S3. Figure 5A depicts the gene expression in individ-
ual cells. Figure 5B depicts the relative expression level of
genes. Consistent with the data in Figure 1C, both ¢-Kit
and Mpl were expressed in the majority of freshly isolated
HSC1 cells, while Csf3r was expressed in approximately
30% of the cells. After culture with SCE, the percentage of
c-Kit- and Mpl-expressing cells slightly decreased but their
relative expression levels significantly increased.
However, neither the percentage of Csf3r-expressing cells
nor the relative expression level of Csf3r changed.
Interestingly, the percentage of Csf3r-expressing cells
increased after culture with SCF + G-CSF or TPO. The rel-



ative expression level of Csf3r also increased after culture
with SCF + TPO but not with SCF + G-CSE  Suppressor
of cytokine signaling (SOCS) family are physiological reg-
ulators of several cytokine signaling.”® Less than 50% of
HSC1 expressed SOCS3 while most HSC1 expressed
SOCS 2-6, approximately 30% of HSC1 expressed
SOCS1, and <30% of HSC1 expressed SOCS7.
Interestingly, the expression of SOCS3, but not the other
SOCS, increased after culture with SCF + G-CSF or TPO
(Online Supplementary Figure S4A and B) suggesting a posi-
tive correlation between Csf3r and SOCS3 expression in
HSC. Members of early growth response gene (Egr) fami-
ly, Egr2 and Egr3, can directly induce SOCS3 expression.*
Egr3, but neither Egrf nor Egr2, was detected in most cells
(Online Supplementary Figure S4A and B). A very small num-
ber of freshly isolated HSC1 cells expressed Cxcr4, and the
percentage of Cxcr4-expressing cells did not increase after
culture with SCE, SCF + G-CSE and SCF + TPO. These
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data suggested that these cytokines cannot directly upreg-
ulate the expression of Cxcr4.

In culture with SCF or SCF + G-CSE most HSC1 cells
divided only 1-2 times and then stopped dividing.
However, the multilineage reconstitution potential was
maintained in these cells. To address the question of
whether these cells returned to the quiescent state, we
examined their cell cycle status by single-cell RT-PCR.
Mki-67 antigen is a nuclear protein exclusively expressed
in proliferating cells during all phases of the cell cycle
except G0.” Mki67 was expressed in a small number of
freshly isolated HSC1 cells. After culture, Mki67 was
expressed in approximately 50%, approximately 60%,
and >95% of cells cultured with SCE SCF + G-CSE, and
SCF + TPO, respectively, and its relative expression level
was also significantly increased. Both percentage of posi-
tive cells and relative expression level expressions for
Ccnet and Cene2 increased in Mki67" cultured cells. These
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Figure 4. Transplantation of clonally cultured cells. (A) Lineage chimerism of single HSC1 cells. (B) Lineage chimerism of single-cell-derived cells in culture with stem
cell factor (SCF). (C)Lineage chimerism of single-cell-derived cells in culture with SCF + granulocyte colony-stimulating factor (G-CSF). (D) Lineage chimerism of sin-
gle-cell-derived cells in culture with SCF+ thrombopoietin (TPO). The percentage of the total chimerism was calculated as % (CD45.1" cells) x 100/% (CD45.1" cells
+ CD45.2* cells). The percentage of myeloid lineage chimerism was calculated as (% CD45.1 cells) x (Mac-1/Gr-1* cells) / (Mac-1/Gr-1" cells + B220* cells + CD4*
cells + CD8" cells), in which (Mac-1/Gr-1* cells)/(Mac-1/Gr-1* cells + B220" cells + CD4" cells + CD8" cells) was derived from CD45.1* cells. The percentage of B-
cell lineage chimerism was calculated as (% CD45.1 cells) x (B220" cells)/(Mac-1/Gr-1" cells + B220" cells + CD4" cells + CD8" cells). The percentage of CD4 T-
cell lineage chimerism was calculated as (% CD45.1 cells) x (CD4* cells)/(Mac-1/Gr-1" cells + B220* cells + CD4" cells + CD8" cells). The percentage of CD8 T-cell
lineage chimerism was calculated as (% CD45.1 cells) x (CD8" cells)/(Mac-1/Gr-1" cells + B220" cells + CD4"* cells + CD8" cells). Mice were considered to be recon-
stituted with donor cells when the percentage of donor-derived cells was >0.2%. My-bi, Bala, and Ly-bi hematopoietic stem cells (HSC) were defined by the ratio of
lymphocytes to myeloid cells (L/M ratio) in the peripheral blood 6 months after transplantation. My-bi HSC were defined by the L/M ratio <3, Ly-bi HSC were defined
by the L/M ratio >10, and Bala HSC were defined by 3 < L/M < 10. Long-term (LT)-HSC were defined when the percentage of myeloid cells maintained or increased
by 6 months after transplantation. Short-term (ST)-HSC were defined when the percentage of myeloid cells decreased by 6 months, with myeloid, B-lymphoid, and
T-lymphoid lineage reconstitution at a time after transplantation. HPC were defined when one or two lineages lacked from the definition of ST-HSC.
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data suggested that HSC1 cells were quiescent in the
steady state. After culture, most cells were continuously
cycling in SCF + TPO, while approximately half of the
cells were cycling in SCF or SCF + G-CSE

Cell cycle progression is regulated by Cdkn1a (p21),
Cdlen1b (p27), and Cdk1c (pS7).* p21 was not expressed in
the majority of freshly isolated Mki67" cells (Figure 5) but
p21 was expressed in most Mki67" cells after culture; in
particular, in SCF + TPO, its relative expression level was
significantly increased. Interestingly, p27 was expressed in
most freshly isolated Mki67" cells as well as most Mki67*
cells after culture. p57 was expressed in some of freshly
isolated Mki67" cells, and also in some Mki67* cells after
culture; however, its relative expression level was
decreased after culture. These data suggested that p21 was
expressed in cycling cells while p57 was expressed in
some quiescent cells. p27 was expressed in both quiescent
cells and cycling cells.

Discussion

Functionally distinct HSC have been classified into My-
bi, Bala, and Ly-bi HSC; a, B, and y cells; or ST- and LT-
HSC by different criteria. However, these classified cells
overlap one another.” Particularly, My-bi HSC overlap LT-
HSC, and Ly-bi HSC overlap ST-HSC. In this study, by
definition, we detected LT-My-bi HSC and ST-Ly-bi HSC
at the single-cell level. We used HSC1 and HSC2 cells as
highly purified HSC. HSC1 cells are significantly enriched
in LT-My-bi HSC, while HSC2 cells are significantly
enriched in ST-Ly-bi HSC."****' As shown in clonal trans-
plantation, however, a small proportion of HSC1 con-
tained ST-Ly-bi HSC (Figure 4A). Therefore, ST-Ly-bi HSC
co-existed with LT-My-bi HSC in HSC1. We used HPCI1,
HPC2, HPC3, and HPC4 as highly purified HPC. We have
recently shown that LT-HSC can be similarly detected in
HSC1 and HPC1 cells.”* However, this study showed that
Csf2rb expression in HPC1 was significantly greater than
in HSC1 (Figure 1C), and HPC1 but not HSC1 cells
responded to G-CSF in single-cell culture (Figure 2A).
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Effect of G-CSF on mouse HSC

Figure 6. Cytokine network at the early stage of hematopoiesis. The
model shows the cytokine network among HSC1, HSC2, HPC1, HPC2,
HPC3, and HPC4. HSC1 cells respond to stem cell factor (SCF) and
thrombopoietin (TPO). HSC2 cells respond to TPO and granulocyte
colony-stimulating factor (G-CSF). HPC1 and HPC2 cells respond to SCF,
TPO, and G-CSF. HPC3 cells respond to SCF, TPO, G-CSF, and GM-CSF.
HPC4 cells respond to G-CSF and GM-CSF.

HSC1 and HPC1 as populations remained functionally
distinct.

Hematopoietic cytokines play a critical role in the regu-
lation of hematopoiesis. In this study, we examined the
effects of SCE TPO, G-CSE and GM-CSF on HSC1, HSC2,
HPC1, HPC2, HPC3, and HPC4. SCF/c-Kit signaling plays
an important role in hematopoiesis, particularly in the
interaction of HSC and their niche, as shown by studies of
W and Steel mutant mice.”” It has recently been reported
that SCF is a niche factor from endothelial cells and
perivascular stromal cells to maintain HSC.” Li and
Johnson were the first to report that SCF is a survival fac-
tor of HSC in culture. We now confirmed their finding by
transplantation assays (Figures 3 and 4). SCF alone was
sufficient to support the survival of LT-HSC. Clonal trans-
plantation assay showed that LT-HSC activity was detect-
ed in progeny from single LT-HSC. Therefore, self-renew-
al division took place in SCF culture (Figure 4B and Online
Supplementary Table S6). Interestingly, HSC stopped divid-
ing after 1-2 times in SCF culture (Figure 2). Single-cell RT-
PCR suggested that some cells may be non-cycling, based
on the expression of Mki67 (Figure 5). The role of p57 in
regulating HSC quiescence has been suggested.”®
However, we showed that p57 was not upregulated in
Mki67 cells by SCE p21 was expressed in the continuous-
ly cycling cells in Mki67+ cells from SCF + TPO culture,
but not Mki67 cells from freshly isolated cells. p21 expres-
sion was upregulated in Aki67 cells after SCF culture,
compared to Mki67 cells from freshly isolated cells (Figure
5). These 'stop-dividing' cells may differ from the quies-
cent state /1 vivo at the molecular level. It would be inter-
esting to see the functional difference between GO and
pseudo-GO HSC.

Mpl was the second highly expressed receptor in HSC
and HPC (Figure 1C). SCF and TPO synergistically acted
on HSC1, HSC2, HPC1, HPC2, and HPC3, but they did
not exert much action on HPC4 because the percentage of
division and colony sizes in HPC4 were significantly
smaller than those in the others (Figure 2B). Consistent
with our data, it has been reported that deletion of TPO
did not affect the number of CD34"FLT3'KSL cells but sig-
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nificantly reduced that of CD34*"FLT3 KSL cells.32 It also
has been reported that deletion of TPO or Mpl results in
the increase of cycling of HSC and subsequent reduction
of the pool of quiescent HSC in mice.**

TPO in synergy with SCF promoted rapid division of
HSC in vitro (Figures 2 and 5). SCF + TPO transiently
increased the level of ST reconstitution but this was sub-
stantially decreased in LT reconstitution (Figures 34, 4D,
and Ounline Supplementary Table S8). In this study, SCF +
TPO supported the differentiation more than self-renewal
in HSC. However, HSC may behave differently, depend-
ing on different culture conditions as recently reported.34
It has also been recently reported that a low concentration
of SCF and TPO can maintain HSC quiescent HSC in
vitro.*> TPO may have different roles in the regulation of
HSC under different conditions.

About 30% of HSC1 expressed Csf3r, but either G-CSF
alone or G-CSF + SCF did not induce their division at all
(Figure 2A and data not shown). SCF + G-CSF did not
increase LT reconstitution level more than did SCF alone
(Figures 3A, 4B and C, and Online Supplementary Tables S6
and S7). Csf3r expression was upregulated in SCF + G-CSF
culture (Figure 5). The percentage of SOCS3" cells
increased in Csf3r" cells after SCF + G-CSF culture (Online
Supplementary Figure S4A). SOCS3 may play a negative
role in G-CSF signaling in LT-HSC as reported for G-CSF-
driven granulopoiesis.®®” As a result, most Csf3r+ LT-
HSCs do not respond to G-CSE Only approximately 10%
of Csf3r* cells responded to G-CSF and continuously divid-
ed more than three times and differentiated (Figure 2A),
presumably escaping from the negative regulation by
SOCS3. SCF + G-CSF maintained the reconstitution
potential of HSC2 in vitro (Figure 3B), supporting a previ-
ous study demonstrating that SCF + G-CSF maintains B-
lymphoid potential in culture.* Taken together, these data
suggested that c-Kit and G-CSFR signaling in ST Ly-bi
HSC is regulated differently from that in LT My-bi HSC.

Previously, HSC were stained with carboxyfluorescein
diacetate succinimidyl ester (CFSE), their division was fol-
lowed by CFSE intensity, and the function of CFSE-
labeled HSC was examined through serial transplantation.
This in vivo HSC division tracking study reported that G-
CSF did not induce self-renewing division of HSC.®
Similarly, the other group, using H2B-GFP label retaining
system, also reported that G-CSF did not stimulate LT-
HSC.” Supporting these studies, this study showed that G-
CSF did not directly act on LT-My-bi HSC in vitro.

Our conclusions of the G-CSF effect may contradict pre-
vious studies.**" The levels of previous HSC purifications
were not as high as ours, as they contained a mix of LT-
My-bi HSC, ST-Ly-bi HSC, and HPC; serum was used in
culture; some experiments lacked an appropriate control;
the follow-up period after transplantation was not long
enough to distinguish ST-Ly-bi HSC from LT-My-bi HSC
by our definition; and experimental conditions differed.
These differences may account for the discrepancies.

GM-CSF receptor is composed of two subunits, o and f.
The o subunit binds GM-CSF with low affinity, while
subunit has no binding capacity by itself but forms a high
affinity receptor with a subunit and plays a role in signal
transduction.®* Our data showed that most HSC and
HPC populations did not express Csf2ra, but most HPC1
and half of HSC2, HPC3, and HPC4 expressed Csf2rb.
Only HPC2, HPC3 and HPC4 responded to GM-CSE
These data showed that target cells of GM-CSF differ

from those of G-CSE and particular progenitors can
receive signals from both G-CSF and GM-CSE

Cxcl12 is also considered to be a niche factor synthe-
sized by bone marrow stromal cells.”** Deletion of
Cxcl12 from the BM, or its receptor, Cxcr4, from
hematopoietic cells reduced HSC in the BM, indicating
their roles in HSC retention.”** In agreement with this,
successful mobilization of HSC and HPC from BM into
the circulation has been achieved by the use of G-CSF or
Cxcrd antagonists through the disruption of the
Cxcrd/Cxcl12 interaction.** In this study, however, we
detected little expression of Cxcr4 in HSC (Figure 1C)
even after stimulation with SCE SCF + G-CSF, and SCF +
TPO for 7 days (Figure 5). At least some HSC may not
express Cxcrd and be mobilized via Cxcr4-independent
mechanism. As Cxcr/ has been reported as a new candi-
date receptor for Cxcl12.* Nevertheless, more precise
mechanisms of HSC mobilization by G-CSF should be
clarified.

Hematopoiesis is a blood formation process depicted as
a hierarchy with self-renewing HSC ranking at the apex.
In our model (Figure 6), HSC1 cells resides at the top rank,
HSC2 and HPC1 cells reside at the second rank, and
HPC2, HPC3, and HPC4 cells reside at the third rank. SCE
G-CSE GM-CSE and TPO act on different cell types, sup-
porting the concept that cytokines exhibit multiple func-
tions affecting cells at different developmental stages.” In
addition, based on the cytokine responses, two major dif-
ferentiation pathways from LT-HSCs are suggested: (1)
the HSC1-HPC1-HPC2 pathway represents the myeloid
differentiation pathway;” and (2) the HSC1-HSC2-
HPC3/4 pathway represents the lymphoid differentiation
pathway. LT-HSC differentiated into either ST-HSC or
myeloid progenitors like common myeloid progenitors.
ST-HSC further give rise to LMPP which lose the response
to SCF and TPO (Figure 2B), consistent with the decreased
self-renewal ability and megakaryocyte potential in
LMPP.*# G-CSF is involved in both the myeloid and lym-
phoid differentiation pathways, regulating the prolifera-
tion of myeloid progenitors while maintaining Ly-bi HSC.
In this regard, G-CSF works as a multipotent factor in
hematopoiesis. Collectively, this cytokine network model
indicates that different cytokines play a role in different
differentiation pathways.

This study showed that LT-My-bi HSC do not respond
to G-CSE suggesting that HSC in healthy donors are pro-
tected from the proliferation and sequential exhaustion
after G-CSF administration. G-CSF enhanced the efficacy
of chemotherapy for eliminating leukemia stem cells
without affecting the survival of normal HSC in the
mouse acute myeloid leukemia (AML) model.” A large
randomized clinical trial of G-CSF in AML patients
showed that priming AML cells with G-CSF reduced the
rate of relapse and improved disease-free survival without
affecting hematologic recovery. These studies together
with our own suggested that normal HSC are protected
from the cytotoxic effect of chemotherapy when G-CSF is
injected before chemotherapy.
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