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The pool of hematopoietic stem cells (HSCs) in the bone marrow is a mixture of rest-
ing, proliferating, and differentiating cells. Long-term repopulating HSCs (LT-HSC) are
routinely enriched as Lin−Sca1+c-Kit+CD34−Flt3−CD150+CD48− cells. The Flt3 ligand
(Flt3L) and its receptor Flt3 are important regulators of HSC maintenance, expansion
and differentiation. Using Flt3L-eGFP reporter mice, we show that endogenous Flt3L-
eGFP-reporter RNA expression correlates with eGFP-protein expression. This Flt3L-eGFP-
reporter expression distinguishes two LT-HSC populations with differences in gene
expressions and reconstituting potential. Thus, Flt3L-eGFP-reporterlow cells are identified
as predominantly resting HSCs with long-term repopulating capacities. In contrast, Flt3L-
eGFP-reporterhigh cells are in majority proliferating HSCs with only short-term repop-
ulating capacities. Flt3L-eGFP-reporterlow cells express hypoxia, autophagy-inducing,
and the LT-HSC-associated genes HoxB5 and Fgd5, while Flt3L-eGFP-reporterhigh HSCs
upregulate genes involved in HSC differentiation. Flt3L-eGFP-reporterlow cells develop to
Flt3L-eGFP-reporterhigh cells in vitro, although Flt3L-eGFP-reporterhigh cells remain Flt3L-
eGFP-reporterhigh. CD150+Flt3L-eGFP-reporterlow cells express either endothelial protein
C receptor (EPCR) or CD41, while Flt3L-eGFP-reporterhigh cells do express EPCR but not
CD41. Thus, FACS-enrichment of Flt3/ Flt3L-eGFP-reporter negative, Lin−CD150+CD48−

EPCR+CD41+ HSCs allows a further 5-fold enrichment of functional LT-HSCs.
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Introduction

Hematopoietic stem cells (HSCs) in bone marrow maintain the
life-long production of all blood cells in mice and humans [1–4].
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The pool of HSCs exists in two cell cycle states, i.e. hypoxic,
autophagy-active cells in the G0 phase of cell cycle, and actively
proliferating cells in the G1-S-G2-M phases. Hypoxic, autophagy-
active HSCs can be activated to dividing cells, and dividing cells
can become hypoxic, autophagy-active again [5, 6]. HSCs are able
to self-renew, or to differentiate into all blood cell types [7].
Moreover, as little as one HSC has the ability to long-term
reconstitute a complete hematopoietic system by transplantation
[8–10].

Resting HSCs display activated autophagy [11], show reduced
metabolism and express hypoxia-related genes [12]. They are
thought to localize to hypoxic microenvironments in the bone mar-
row resulting in maintenance of the HSC pool size [12, 13]. The
balance of HSC quiescence, the capacity of self-renewal after acti-
vation into proliferation and the decision to differentiate strongly
depend on interactions of HSCs with their environments that pro-
vide signals through cytokines, e.g. stem cell factor (SCF), fms-
like tyrosine kinase-3 ligand (Flt3L), thrombopoietin (TPO), and
angiopoietin (Ang1), chemokines, e.g. CXCL12, as well as cell
adhesion molecules, e.g. integrins and cadherins, directing HSC
functions [12–16].

In adult mouse bone marrow LT-HSCs are identified as
Lin−Sca1+c-Kit+ (LSK) CD34−Flt3−CD150+CD48− cells [17, 18].
Recently, Fgd5 [19] and HoxB5 [20] expression have further
narrowed the fraction of true LT-HSCs. Genetically engineered
reporter mouse strains for these markers should help in further
characterizations and a deeper understanding of their localization
and functions within bone marrow. Hence, in potentially hetero-
geneous HSC populations it remains challenging to further char-
acterize true LT-HSCs.

The cytokine Flt3L has an important role in hematopoiesis
[21–23]. It acts on Flt3, its receptor, which is expressed on early
hematopoietic progenitors and dendritic cells. Flt3L induces the
differentiation of these progenitors, and it also mobilizes HSCs
[24–27]. Flt3L-overexpressing transgenic mice have expanded
numbers of NK cells, dendritic cells and myeloid cells [28–30].
Flt3L-deficient mice show deficient hematopoiesis, reduced leuko-
cyte cellularity in bone marrow, lymph nodes and spleen, reduced
myeloid and B-lymphoid cellularity in bone marrow, but normal
cellularity in thymic development and platelets [21]. All of these
studies suggest that Flt3L plays an important role in the expan-
sion of early hematopoietic progenitors and the establishment of
myeloid and B lymphoid cell lineages.

However, for the maintenance and post-transplantation expan-
sion of HSCs, Flt3L and its receptor are dispensable [31]. More-
over, when HSCs express Flt3 they lose self-renewal capacity, one
of the critical capacities of an LT-HSC [32], and gain differenti-
ation capacities [33]. This suggests that Flt3L-signalling via Flt3
terminates LT-HSC status and induce differentiation to short-term
(ST–) HSCs, multipotent progenitors (MPPs) and more differenti-
ated progenitors.

In a search for environmental cells in bone marrow, which
could control dormancy, self-renewal and differentiation of HSCs
by Flt3L production, we employed a Flt3L-eGFP reporter mouse
strain [34]. To our surprise, we found that a proportion of

bone marrow LSK CD34−Flt3−CD150+CD48− cells, themselves,
did express Flt3L, detectable by flow cytometry using eGFP as a
reporter.

Here, we show that Flt3L-eGFP-reporter expression distin-
guishes two subtypes of functionally distinct LSK CD34−Flt3−

CD150+CD48− cells, a Flt3L-eGFP-reporterlow and a Flt3L-eGFP-
reporterhigh population. They differ in their cell cycle status,
their pattern of gene expression and in their capacity to long-
term repopulate irradiated hosts. The Flt3L-eGFP-reporterlow pop-
ulation has autophagy- and hypoxia-related genes up-regulated
and qualifies as a LT-HSC, while the Flt3L-eGFP-reporterhigh

population is cycling, expresses differentiation genes, but does
not have LT-HSC qualities. In vitro, Flt3L-eGFP-reporterlow cells
become Flt3L-eGFP-reporterhigh, although Flt3L-eGFP-reporterhigh

cells remain Flt3L-eGFP-reporterhigh.
These results demonstrate that the lack of Flt3L mRNA expres-

sion in HSCs is yet another marker which further defines the status
of LT-HSCs.

Results

Flt3L-eGFP-reporter expression in hematopoietic cell
populations of bone marrow

Flt3L is required during the differentiation of early hematopoietic
progenitors in the bone marrow [23, 24] and in later steps of
hematopoietic cell differentiation, such as NK cells and dendritic
cells [35, 36]. Flt3L is produced by a variety of different organs
and cell lines [37–41].

In the bacterial artificial chromosome transgenic reporter
mouse that expresses eGFP protein under the control of the
flt3l promoter and cis regulatory elements [34], we detect Flt3L
mRNA expression in early hematopoietic cell populations in bone
marrow. Thus, eGFP expression signifies flt3l transcription. In
order to investigate Flt3L expression on single-cell level, we
quantified eGFP expression in Flt3L-eGFP reporter mice by flow
cytometry.

Consistent with earlier findings [34], we found widespread
expression of Flt3L-eGFP-reporter in a large variety of hematopoi-
etic cell populations of bone marrow, indicating ubiquitous
flt3l transcription across different cell types. Nevertheless,
there were quantitative differences between cell types. Sur-
prisingly, within the hematopoietic progenitor compartment
LSK CD34−Flt3−CD150+CD48− LT-HSCs showed the high-
est Flt3L-eGFP level {MFI fold increase (Flt3L-eGFP/wildtype
C57BL/6J):�2}, followed by LSK CD34−Flt3−CD150+CD48+ ST-
HSCs (MFI fold increase: �1.4), LSK CD34−Flt3−CD150−CD48+

MPPs (MFI fold increase: �1.2), common-lymphoid progeni-
tors (CLP, Lin−CD19+c-Kit+Sca1lowIL7R+Flt3+ cells; MFI fold
increase: �1.1), and common-myeloid progenitors (CMP, Lin−c-
Kit+Sca1−CD34+FcγRlow cells; MFI fold increase: �1) (Fig. 1A,
Supporting Information Figs. 1 and 2). As described previ-
ously [34], the highest Flt3L-eGFP level within differentiated
hematopoietic cells was detected in NK cells, followed by T cells,
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B cells, dendritic cells and myeloid cells. In CD45− non
hematopoietic cells such as endothelial cells, Flt3L-eGFP-reporter
expression levels were comparable to those of B cells and myeloid
cells (data not shown) [34].

LT-HSCs are routinely isolated as LSK CD34−Flt3−

CD150+CD48− cells. In Fig. 1A and Supporting Information
Fig. 2 we show that these LSK CD34−Flt3−CD150+CD48− cells

can be subdivided into Flt3L-eGFP-reporterlow and Flt3L-eGFP-
reporterhigh cells.

To confirm Flt3L expression on the molecular level, we sep-
arated eGFPhigh from eGFPlow LT-HSCs and performed qRT-PCR
analyses. We detected Flt3L expression in eGFPhigh populations but
not in eGFPlow populations of HSCs (Fig. 1B, Supporting Informa-
tion Fig. 2). This reconfirm that Flt3L-eGFP reporter mice are a

Figure 1. Flt3L-eGFP-reporter expression by hematopoietic progenitor cells in mouse bone marrow. (A) Representative flow cytometry histogram
overlays for the expression pattern of Flt3L-eGFP-reporter by hematopoietic progenitor cells in (see also Supporting Information Fig. 2) bone mar-
row of Flt3L-eGFP reporter mice and the C57BL/6J wild-type mice (B6, n = 3). Live cell gates were set for LT-HSCs (LSK CD34−Flt3−CD150+CD48−),
ST-HSCs (LSK CD34−Flt3−CD150+CD48+), and MPPs (LSK CD34−Flt3−CD150−CD48+). Expression patterns of Flt3L-eGFP-reporter are shown as single-
parameter histograms, where the Y-axis display a frequency distribution of the data versus fluorescence intensity. Flow cytometry plots/histograms
are from a single experiment representative of four experiments with three mice per experiment. (B) Relative mRNA expression level of Flt3L and
Flt3 on sort-purified Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LT-HSCs (see also Supporting Information Fig.2). Relative expression of
Flt3L and Flt3 mRNA was assessed by quantitative real-time PCR and normalized to GAPDH. qRT-PCR runs were performed on three indepen-
dent biological samples in technical triplicates. Data are expressed as median ± interquartile range (n = 3). *p ˂ 0.05 by paired Students t-test.
(C) Representative flow cytometry plots for the percentage of SP and non-SP cells gated on Flt3L-eGFPhigh and Flt3L-eGFPlow Lin− cells (n = 3) (see
also Supporting Information Fig. 3). Flow cytometry plots/histograms are from a single experiment representative of two experiments with three
mice per experiment. (D) Representative flow cytometry histograms for the percentage of Ki67− (G0 cells) gated on Flt3L-eGFP-reporterhigh and
Flt3L-eGFP-reporterlow LT-HSCs (n = 3) (see also Supporting Information Fig. 4). Flow cytometry plots/histograms are from a single experiment
representative of three experiments with three mice per experiment. (E) Representative flow cytometry histogram overlays for the expression
pattern of Flt3L-eGFP-reporter gated on CD47− and CD47+ hematopoietic progenitor populations in bone marrow of Flt3L-eGFP reporter mice
(n = 3). The Flt3L-eGFP-reporter MFI fold increase was calculated as the ratio between the eGFP MFI in cells of the Flt3L-eGFP reporter mice
and wild-type C57BL/6J mice. A value of one indicates no Flt3L-eGFP-reporter expression. Flow cytometry plots/histograms are from a single
experiment representative of two experiments with three mice per experiment. (F) Representative FACS blots for the percentage of EPCR+/− and
CD41+/− cells gated on Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow Lin− cells (n = 3) (see also Supporting Information Fig. 5). Flow cytom-
etry plots/histograms are from a single experiment representative of three experiments with three mice per experiment. Expression patterns of
Flt3L-eGFP-reporter are shown as single-parameter histograms, where the Y-axis display a frequency distribution of the data versus fluorescence
intensity. In overlay analyses light grey curves represent C57BL/6J wild-type mice, while dark grey curves represent Flt3L-eGFP-reporter mice.
In gene expression analyses open bars represent Flt3L-eGFP-reporterhigh cells, while filled bars represent Flt3L-eGFP-reporterlow cells. Arrows in
Fig. 1A and E indicate direction of gating.
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reliable source of Flt3L-eGFP-reporterhigh and Flt3L-eGFP-
reporterlow HSCs in order to analyze functional differences of these
populations [34].

LT-HSCs can also be isolated as hypoxic cells expressing the
multidrug transporter proteins MDR1 and ABCG2 as Rho123low or
Hoechstlow cells (“side population”, SP cells) [43, 44]. We show
that Flt3L-eGFP-reporterlow Lin− cells are enriched for Hoechstlow

cells when compared to Flt3L-eGFP-reporterhigh Lin− cells (Fig. 1C,
Supporting Information Fig. 3). Moreover, the majority of Flt3L-
eGFP-reporterlow LSK CD34−Flt3−CD150+CD48− cells are in
the G0 phase of the cell cycle ( ̴ 60–80%) as determined by
Ki67 staining, while ̴ 40–60% of the Flt3L-eGFP-reporterhigh

LSK CD34−Flt3−CD150+CD48− cells are actively cycling, Ki67-
positive (Fig. 1D, Supporting Information Fig. 4).

CD47 is upregulated on circulating HSCs. Thus, it can be used
as a marker for activated HSCs [45]. Confirming these studies,
CD47 was only expressed on ST-HSCs and MPPs, but not on
LT-HSCs. Moreover, CD47+ ST-HSCs as well as MPPs showed
higher Flt3L-eGFP level, when compared to their CD47− coun-
terpart, indicating that in combination with CD47 Flt3L-eGFP-
reporter expression marks activated, potentially circulating HSCs
(Fig. 1E). Taken together, these data suggest that Flt3L-eGFP-
reporterlowCD47− cells characterize a population of long-term
resting LT-HSCs that might be located in hypoxic environments
of bone marrow in vivo.

Another very well validated HSC marker is EPCR [46]. We
show that EPCR surface expression is detected in both, but not
all, Flt3L-eGFP-reporterlow as well as Flt3L-eGFP-reporterhigh HSCs
(Fig. 1F, Supporting Information Fig. 5).

Thus, we suggest, that Flt3L-eGFP-reporter expression further
narrows the population of LT-HSCs and supports our conclusion
of the present work, that Flt3L-eGFP-reporterlow HSCs are a sub-
population of HSCs, which is further enriched for LT-HSCs.

In agreement with previous analyses of Flt3L−/− mice [21, 22],
these results suggest that Flt3L production and Flt3 expression
induces HSC differentiation, and suppression of Flt3L and Flt3
expression conserves the LT-HSC status, and they show that Flt3
and Flt3L are produced by the same cell.

Flt3L-eGFP-reporterlow HSCs repopulate transplanted
recipients for long periods of time

To test the repopulating capacities of FACS-enriched
Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LSK
CD34−Flt3−CD150+CD48− cells (CD45.2+), 10 of these
cells were intravenously co-transplanted with 2 × 105 cells of
CD45.1 total bone marrow into lethally irradiated C57BL/6
CD45.1 recipient mice and the transplanted host analyzed for
engraftment in bone marrow, spleen, thymus, and the peritoneal
cavity (PC) 4, 8 and 16 weeks after transplantation.

Four to eight weeks after transplantation, all of the
transplanted CD45.2 donor-derived cells generated donor cell
chimerisms in ranges between 1 and 20% in the bone marrow,
spleen, thymus, and PC (Fig. 2A–F). Thereafter, i.e. 16 weeks

post-transplantation, Flt3L-eGFP-reporterlow HSC-derived donor
cells continued to show engraftment in the different hematopoietic
organs and cell lineages, seen in a continued donor cell chimerism
(Fig. 2A–F, Supporting Information Fig. 6). By contrast, numbers
of Flt3L-eGFP-reporterhigh HSC-derived donor cells decreased sig-
nificantly between 8 and 16 weeks after transplantation.

These data show that Flt3L-eGFP-reporterlow as well as Flt3L-
eGFP-reporterhigh LSK CD34−Flt3−CD150+CD48− cells were
competent to repopulate the host, but only Flt3Llow LSK
CD34−Flt3−CD150+CD48− cells had long-term repopulating
activity.

The Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow donor-
derived CD45.2 HSCs showed different kinetics of appearance in
bone marrow. Flt3L-eGFP-reporterhigh cells repopulated the bone
marrow 4–8 weeks after transplantation, but later declined in
numbers. By contrast, Flt3L-eGFP-reporterlow cells were hardly
detectable after 4 weeks, but appeared 8 weeks after transplan-
tation and kept increasing until 16 weeks post-transplantation
(Fig. 2A-F). Notably, the majority of the Flt3L-eGFP-reporterlow-
derived donor HSC pool retained a Flt3L-eGFP-reporterlow pheno-
type (MFI fold increase:�1) even 16 weeks post-transplantation
and reconstituted all hematopoietic lineages (Fig. 2G, Supporting
Information Fig. 6). In contrast, Flt3L-eGFP-reporterhigh-derived
donor HSCs showed multi-lineage reconstitution only for 8 weeks
upon transplantation, but not thereafter (Supporting Informa-
tion Fig. 6). These results suggest that HSCs have long-term
reconstituting potential as long as they do not express Flt3L,
but loose long-term reconstituting capacities once they express
Flt3L.

Flt3L-eGFP-reporterlow HSCs develop into
Flt3L-eGFP-reporterhigh HSCs in vitro

We investigated the relationship of Flt3L-eGFP-reporterhigh with
Flt3L-eGFP-reporterlow LT-HSCs in in vitro cultures. As early as
3 days, and as long as after 10 days in culture, all of the Flt3L-
eGFP-reporterlow HSCs had changed to Flt3L-eGFP-reporterhigh

cells, while all of the Flt3L-eGFP-reporterhigh HSCs had remained
Flt3L-eGFP-reporterhigh (Fig. 3A–C; Supporting Information
Fig. 7). When transplanted after 10 days of culture into irradiated
recipients, the originally Flt3L-eGFP-reporterlow, then Flt3L-eGFP-
reporterhigh HSCs had lost their long-term repopulation potential
(data not shown).

These results are consistent with the observation by us and oth-
ers that LT-HSCs spontaneously lose their long-term repopulation
potential in tissue culture.

Differences in gene expression profiles between
Flt3L-eGFPhigh and Flt3L-eGFPlow HSCs

Different HSCs should differ in their gene expression programs,
when they change from quiescence and long-term reconstitution
potential to self-renewal and to differentiation [47–51].
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Figure 2. Transplantation of Flt3L-eGFP-reporterlow and Flt3L-eGFP-reporterhigh bone marrow populations into lethally irradiated mice. Ten cells
of sort-purified CD45.2 Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LT-HSCs (see also Supporting Information Fig. 2) were transplanted with
CD45.1 total bone marrow cells into lethally irradiated CD45.1 recipients. Mice were analyzed 4, 8, and 16 weeks after transplantation (see also
Supporting Information Fig. 6). Recipient mice were sacrificed to analyze bone marrow, spleen, thymus, and the peritoneal cavity for donor-derived
CD45.2 or CD45.1 cells by flow cytometry. (A) The percentage of CD45.2 donor cell chimerism in the BM. (B) shows representative flow cytometry
plots of the percentage of CD45.1 and CD45.2 donor-derived cells in bone marrow 16 weeks after transplantation. (C) shows the percentage of CD45.2
donor cell chimerism in the spleen. (D) shows the percentage of CD45.2 donor cell chimerism in the thymus. (E) shows the percentage of CD45.2
donor cell chimerism in peritoneal cavity. (F) shows the number of CD45.2 donor-derived hematopoietic progenitor cells in bone marrow. (G) shows
representative flow cytometry histogram overlays for the expression pattern of Flt3L-eGFP-reporter by donor-derived hematopoietic progenitor
cells in bone marrow of transplanted recipients compared to that of C57BL/6J wild-type mice (B6, n = 3). Live cell gates were set for LT-HSCs (LSK
CD34−Flt3−CD150+CD48−), ST-HSCs (LSK CD34− Flt3−CD150+CD48+), and MPPs (LSK CD34−Flt3−CD150−CD48+). The Flt3L-eGFP-reporter MFI fold
increase was calculated as the ratio between the eGFP MFI in cells of the Flt3L-eGFP reporter mice and wild-type C57BL/6J mice. A value of one
indicates no eGFP expression. Black open squares represent Flt3L-eGFP-reporterhigh cells, while grey filled circles represent Flt3L-eGFP-reporterhigh

cells. In overlay analyses light grey curves represent C57BL/6J wild-type mice, while dark gray curves represent Flt3L-eGFP-reporter mice. Arrow
in Fig. 2G indicates direction of gating. Data in graphs are expressed as median ± interquartile range and are pooled from three independent
experiments with 6–24 mice per experiment. *p ˂ 0.05 by paired Student’s t-test.

Finally, we screened Flt3L-eGFP-reporterhigh and Flt3L-eGFP-
reporterlow HSCs (Supporting Information Fig. 2) for their dif-
ferential gene expression programs of selected sets of genes
connected with niche interaction capacities (e.g. MPL, IL-6R,
VCAM1, Ang1, integrins, chemokine receptors) [52, 53], hypoxia
(e.g. Grp78, Hif-1α, ABCG) [43, 44, 53–55], autophagy (e.g. LC3
and APG7) [11], self-renewal by proliferation (e.g. c-Kit, GATA1,
p21) [42] and differentiation (e.g. transcription factors, Flk1,
CD41, CD45) [56–58].

In our gene expression analyses we detected higher lev-
els of expression for Grp78, Hif-1α, MPL, β4-integrin, p21 as
well as LC3 and APG7 in Flt3L-eGFP-reporterlow HSCs when
compared to their Flt3L-eGFP-reporterhigh counterparts (Fig. 4A-
C). Flt3L-eGFP-reporterlow HSCs also express HoxA10, HoxB5
and Fgd5 transcription factors (Fig. 4D) that have been found

to be expressed in LT-HSCs previously [19, 20]. By contrast,
expression levels for genes that are related to hematopoietic
differentiation towards myeloid and lymphoid cell lineages,
e.g. c-fms, c-Myb, GATA1, and ID2, were decreased in Flt3L-eGFP-
reporterlow HSCs (Fig. 4D). In addition, Flt3L-eGFP-reporterlow

HSCs express increased RNA levels of Flk1 and CD41 [56–58],
and express CD41 protein and EPCR [46] on their surface
(Fig. 1F; Supporting Information Fig. 5), while expression of
EPCR remains, and CD41, CD45 and CD34 are decreased in
Flt3L-eGFP-reporterlow HSCs when compared to in Flt3L-eGFP-
reporterhigh HSCs (Fig. 4D). These gene expression analyses sup-
port the interpretation that Flt3L-eGFP-reporterlow HSCs are less
mature then Flt3L-eGFP-reporterhigh HSCs and belong to hypoxic,
autophagy-active cells. They may be localized in hypoxic stem cell
niches. This conclusion is supported by our FACS analyses showing
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Figure 3. Flt3L-eGFP-reporterlow HSCs develop into Flt3L-eGFP-reporterhigh HSCs in vitro. LT-HSCs were sort purified from bone marrow of wild-
type C57BL/6J mice as well as from bone marrow of Flt3L-eGFP reporter mice (Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LT-HSCs; see
also Supporting Information Fig. 2). Purified bone marrow populations were cultivated for 10 days without serum and stroma cells in serum free
medium/ mSCF/ mIL-6/ mTPO/ hAng1. (A) Representative FACS stainings of surface markers for hematopoietic progenitors (n = 3). (B) Representative
histogram overlays for the expression pattern of Flt3L-eGFP-reporter gated on hematopoietic progenitor cells at day 10 of the culture compared
to that of C57BL/6J wild-type mice (B6) (see also Supporting Information Fig. 7; n = 3). All analyses were performed on live cells. (C) Flt3L-eGFP-
reporter MFI fold increase that was calculated as the ratio between the eGFP MFI in cells of the Flt3L-eGFP reporter mice and wild-type C57BL/6J mice
(n = 3). A value of one indicates no eGFP expression. Expression patterns of Flt3L-eGFP-reporter are shown as single-parameter histograms, where
the Y-axis display a frequency distribution of the data versus fluorescence intensity. In overlay analyses light gray curves represent C57BL/6J
wild-type mice, while dark gray curves represent Flt3L-eGFP-reporter mice. Black open squares represent Flt3L-eGFP-reporterhigh cells, while gray
filled circles represent Flt3L-eGFP-reporterhigh cells. Arrow in Fig. 3B indicates direction of gating. Flow cytometry plots/histograms are from a
single experiment representative of three experiments with three samples prepared from pooled mice per experiment.

that Flt3L-eGFP-reporterlow HSCs are enriched for Hoechstlow cells
(Fig. 1C, Supporting Information Fig. 3), and are Ki67-negative
(Fig. 1D, Supporting Information Fig. 4).

In summary, these gene expression analyses allow the conclu-
sion that Flt3L-eGFP-reporterlow HSCs are enriched for hypoxic,
autophagy-active, less differentiated HSCs, while Flt3L-eGFP-
reporterhigh HSCs are in majority proliferation-active, more dif-
ferentiated HSCs.

Discussion

For the phenotypic characterization of the Flt3L-eGFP-reporter
high or low expressing HSC subpopulations in the Flt3L-eGFP
reporter mice, we make use of high or low mRNA expres-
sion of the Flt3L locus, detectable as a consequence of the

Flt3L-gene-associated promoter/enhancer activity which, in turn,
drives high or low RNA and protein expression of the inserted
reporter eGFP gene. It might be true, but is irrelevant for our dis-
tinction of the Flt3L-eGFP-reporter high and low HSCs, that RNA
expression-dependent eGFP marker expression might not neces-
sarily correlate with Flt3L-protein expression. Hence, we do not,
and do not need to use different levels of Flt3L protein expression
for this identification and distinction.

It should also be emphasized that it is not the intention of
the present work to identify functions of Flt3L protein in HSC
populations.

Dormancy, self-renewal by proliferation and differentiation to
more committed hematopoietic progenitors, such as ST-HSCs,
MPPs, CLPs and CMPs are properties of HSC pools which con-
trol their sizes by interactions of cytokines and chemokines with
their receptors, and by integrin- as well as cadherin-mediated
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Figure 4. Differences in gene expression profiles between Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LT-HSCs. Panel A-E shows the
differential gene expression analyses of (A) hypoxia-related genes, (B) niche-interaction genes, (C) autophagy genes, (D) transcription factors
and (E) differentiation-related genes on sort purified Flt3L-eGFP-reporterhigh and Flt3L-eGFP-reporterlow LT-HSCs (see also Supporting Information
Fig. 2). Relative expression of mRNA of selected genes was assessed by quantitative real-time PCR and normalized to murine GAPDH. Data in
graphs are expressed as median ± interquartile range and are from a single experiment representative of two experiments with three independent
biological samples prepared from pooled mice per experiment. qRT-PCR runs were performed in technical triplicates. *p ˂ 0.05 by paired Student’s
t-test. In gene expression analyses open bars represent Flt3L-eGFP-reporterhigh cells, while filled bars represent Flt3L-eGFP-reporterlow cells.

cell-to-cell contacts in niches of bone marrow [27, 59, 60].
Hypoxic, autophagy-active HSCs divide at best twice a year, while
HSCs, activated by inflammation, injury or G-CSF divide as often
as once a day. Activation can mobilize activated HSCs to leave
their niches and enter blood and peripheral circulation, from
where HSCs can return to quiescence by re-entering a hypoxic,
autophagy-active HSC state [5, 6, 61–65].

The cytokine Flt3L, in interaction with its receptor Flt3 has been
identified as a non-redundant regulator of HSCs [24, 25]. Flt3 is
selectively expressed at early stages of hematopoiesis [26, 27, 40].
Mice with deficiencies in either Flt3L or Flt3 show deficient
B- NK-, and dendritic cell development, while myelopoiesis
remains unaltered [21, 24]. This suggested that Flt3L/Flt3 interac-
tions are needed for proper lymphoid development, while myeloid
cells could develop from HSCs without stimulatory influence of
Flt3L and its receptor.

Upregulation of Flt3 expression in HSCs from a LSK Flt3− to
a LSK Flt3+ state in bone marrow is accompanied by the loss
of long-term reconstituting activity [32], but nothing was known
about Flt3L expression. Flt3L has been found to be a stimula-
tor of HSC proliferation and expansion [22, 62–65], and Flt3L-
deficient HSCs show reduced in vivo reconstitution potential [26].

Since Flt3L-stimulated in vitro expanded HSC have been found to
lose its long-term reconstituting potential [33]. The number of
Flt3L-GFPlow HSCs (5 × 103) is too low for a determination of the
expression of Flt3L-protein (assumed to be at best in the range
of 5 × 104 Flt3L-protein molecules per cell). Thus, we can only
hypothesize that, if Flt3L-protein was expressed in activated HSCs,
such, autocrine Flt3L-protein expression might influence the gen-
eration and maintenance of LT-HSCs in vivo in ways, that can-
not be stabilized in vitro. Alternatively, Flt3L/Flt3 interactions
might stimulate differentiation from LT-HSCs to MPPs and CLPs.
If so, this would lead to lymphoid deficiencies in Flt3L- and Flt3-
deficient mice. In line with this latter activity of Flt3L/Flt3 interac-
tions are the findings that Flt3 and Flt3L are dispensable for main-
tenance and post-transplantation expansion of LT-HSC pools [31].
It remains to be investigated, what controls the expression of
Flt3 and Flt3L, how an autocrine stimulation in HSCs induce
hematopoietic differentiation and whether Flt3 overexpression in
AML-malignancies already affects this earlier stage of Flt3/Flt3L
activity [66–68].

Bone marrow also provides a variety of Flt3L-producing cells,
which could be sources of paracrine Flt3/Flt3L stimulation on
HSCs. In bone marrow, 95% of all Flt3L is ubiquitously expressed
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by hematopoietic cells, such as NK cells, basophils, NK-T cells
B cells, granulocytes, monocytes and dendritic cells, while only
5% is produced by non-hematopoietic endothelial and stromal
cells [34]. However, when the generation of dendritic cells in
spleen was taken as a measure of hematopoietic differentiation,
Flt3L production by NK cells, NK-T cells, granulocytes and mono-
cytes was found to redundant and not critical for dendritic cell
homeostasis. On the other hand, Flt3L production by T and B cells
was found to influence dendritic cell generation. It remains to be
investigated, whether HSCs also use Flt3L in an paracrine fash-
ion, e.g. provided by Flt3L-producing environmental cells of their
niches.

In conclusion, our expression analyses suggest that, in major-
ity, the Flt3L−/Flt3− HSCs are hypoxic and autophagy-active cells
(Fig. 4). Some of these CD150+ cells show mRNA expression of
Flk1 and CD41, early markers of which appear before CD45 and
CD34 expression during differentiation of embryonic stem cells to
hematopoietic cells [56–58]. Thus, these Flt3L-eGFP-reporterlow

cells showing highCD41 and low CD45 mRNA expression might
define a developmental stage between hemangioblasts and HSCs.
When HSCs express Flt3Land Flt3 they upregulate differentiation
markers.

Under hypoxia, Hif-1α regulates the expression of a number of
genes that are critical for HSC activity and quiescence, including
VEGF, SCF, Ang2, p16, p19, p21, FOXOs, and others, and inter-
acts with other proteins involved in HSC signaling [67]. In fact,
Sironi et al. [68], described a hypoxia-mediated down-regulation
specific for Flt3 that is reversible and proteasome-dependent. Our
results suggest that Hif-1α could also negatively regulate Flt3L
expression. This in turn, could then regulate quiescence versus
self-renewal and differentiation in hypoxic niches in bone marrow.
Whenever HSCs move from the hypoxic, endosteal area to the cen-
tral non-hypoxic bone marrow Flt3L would become expressed, and
HSCs would differentiate. Chen et al. [20] have recently shown
that HoxB5 expression marks LT-HSCs. Our expression analy-
ses show that Flt3L/Flt3mRNA− LT-HSCs differentially express
HoxB5. Since we have successfully transplanted as little as 10 of
such Flt3L/Flt3mRNA− LT-HSCs to obtain long-term repopulation
of irradiated hosts our analyses suggest that many of the HoxB5+

LT-HSCs are Flt3L−/Flt3−. Future single cell expression analyses
should be able to evaluate the precise relationship of HoxB5+ with
Flt3L/Flt3mRNA− LT-HSCs.

In this study, we showed that Flt3L-eGFP-reporter expression
was one criteria for distinguishment of repopulatable LT-HSCs. It
is still unclear whether Flt3L/ Flt3 mRNA-expression is reversed,
when an activated HSC re-enter a hypoxic, autophagy-active state
[6]. Single cell RNA sequencing would be the most informative
way to characterize these HSC populations.

If such flexibility of Flt3L/ Flt3 mRNA-expression exists, it sug-
gests that the controls of expression of Flt3L/ Flt3 could be tar-
gets for externally induced down-regulation to stabilize and favor
the LT-HSC state for improvements in bone marrow transplan-
tations, and for externally induced up-regulation to terminate a
long-term cancer stem cell pool in AML and other early leukemia
[69, 70].

Materials and methods

Mice

CD45.1 C57BL/6 and Flt3L-eGFP reporter mice (CD45.2
C57BL/6) [34] were bred in our facilities. Mice were maintained
under specific pathogen-free conditions, and all animal experi-
ments were approved by the local ethics committee of the German
authorities (State Office of Health and Social Affairs Berlin; Lan-
desamtes für Gesundheit und Soziales Berlin, # G0236-12).

Antibodies

For analyses by flow cytometry and cell sorting, the following
anti-mouse antibodies were used: Mac1 (M1/70), Gr1 (RB6-
8C5), Ter119 (TER-119), CD19 (1D3), B220 (RA3-6B2), CD5 (53-
7.3), CD3ε (145-2C11), CD11c (N418), CD4 (GK1.5), CD8 (53-
6.7), NK1.1 (PK136), CD41 (MWReg30), EPCR (RMEPCR1560),
CD45.1 (A20), CD45.2 (104), CD47 (miap301), c-Kit (2B8), Sca1
(D7), CD34 (RAM34), Flt3 (A2F10), CD150 (TC15-12F12.2),
CD48 (HM48-1), and CD31 (390). All antibodies were obtained
from eBioscience (San Diego, CA). Propidium iodide (PI; 5 μg/ml,
Calbiochem) was added for live–dead cell discrimination.

For intracellular Ki67 staining, BM cells were stained with sur-
face markers, fixed, and permeabilized using a Cytofix/Cytoperm
kit according to the manufacturer’s instructions (BD) and stained
with an anti–mouse Ki67 antibody (SolA15) for 1 h at room tem-
perature. In cell sortings, cells were purified in a purity of >98%.
Data of flow cytometry were analyzed by using the FACSDiVa and
FlowJoV10 software.

Hoechst staining

Bone marrow cells were resuspended in PBS supplemented with
2% FCS (Thermo Fisher scientific) and 2mM HEPES buffer (SP-
buffer) (Thermo Fisher Scientific), prewarmed to 37°C and incu-
bated with Hoechst 33342 (Molecular Probes, Life Technologies)
at 5 μg/mL for 2 h at 37°C. All subsequent steps were carried out
on ice. Cells were resuspended in ice-cold SP-buffer and stained
with antibodies against lineage markers as described above.
As negative control, we used bone marrow cells pre-incubated
with verapamil (50 μM, Sigma Aldrich). Lineage-negative, single,
viable and nucleated cells showing a dim staining in the Hoechst
blue and Hoechst red channels were identified as HSCs. Cells were
analyzed on a LSRII flow cytometer (Aria II, BD Biosciences).

In vitro culture of bone marrow-derived HSCs

Purified HSCs from bone marrow of 8–10 weeks old male C57BL/6
CD45.1 and C57BL/6 CD45.2 Flt3L-eGFP mice were cultured with-
out any supporting stromal cell layer in serum-free StemPro R©-34
SFM (Thermo Fisher scientific) supplemented with murine recom-
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binant SCF (100 ng/mL; Peprotech), IL-6 (5 ng/mL; Peprotech),
TPO (10 ng/mL; Peprotech), and human recombinant angiopoi-
etin 1 (20 ng/mL; Peprotech). Cell suspensions were plated on cell
culture flasks and cultivated in a humidified incubator at 37°C,
10% CO2 for 10 days. Thereafter, cultivated cells were prepared
for FACS analyses or transplantation.

Chimeric transplantation (adoptive transfer)

Before chimeric transplantation, freshly isolated bone marrow
cells (male C57BL/6 CD45.2 Flt3L-eGFP or C57BL/6 CD45.1)
were washed twice with PBS to remove cell debris and FCS and
were passed through a MACS R© Pre-Separation Filter with 30 μm
mesh. Thereafter, 2 × 105 cells of C57BL/6 CD45.1 bone mar-
row together with 10 cells of sorted HSC populations of C57BL/6
CD45.2 Flt3L-eGFP reporter mice were resuspended in a total vol-
ume of 100 μL PBS for one C57BL/6 CD45.1 recipient mouse and
injected into the lateral tail vein. If not stated otherwise, recipi-
ent mice were lethally irradiated with 1010 rad 1 day before the
transfer. To prevent the risk of infection after irradiation, recipient
mice were fed Baytril (125 mg/l) in the drinking water from one
week before the transfer. Mice were analyzed 4, 8, and 16 weeks
post-transplantation.

RNA/qRT-PCR

Cells were homogenized and RNA was isolated via TRIzol total
RNA isolation reagent (Thermo Fisher Scientific) using glycogen
as a carrier according to the suppliers’ recommendation. One hun-
dred ng of total RNA was reverse-transcribed by SuperScript III
(Thermo Fisher Scientific) primed with oligo(dT) (Thermo Fisher
Scientific).

The cDNA for the specific target assays was then amplified by
indicated primers (Supporting information Table 1). RNA abun-
dances of specific genes were normalized to murine GAPDH as
endogenous control (Supporting Information Table 1). Each sam-
ple was assayed in biological and technical triplicates. RNA from
total mouse bone marrow cells was used to construct a standard
curve for all inspected genes, proving specificity and reliability of
the designed primer. In order to reduce amplification backgrounds
with primers, we performed quantitative PCR analyses using a “no
template = water control” for every run. The PCR amplification
was detected as an increase in fluorescence with the ABI PRISM
7700 instrument. RNA was quantified using the SDS software,
version 2.2.2.

Statistics

For all statistical analyses, PRISM (Version 6, GraphPad, San
Diego) software was used. Dispersion is presented as the median ±
interquartile range, unless stated otherwise. Statistical analysis

was performed with paired Students t-test and p values <0.05
were considered significant.

Acknowledgments: This work was supported in parts by a Rein-
hard Koselleck-Grant of the Deutsche Forschungsgemeinschaft ME
2764/1-1 to F.M. We thank Dr. Simon Fillatreau, DRFZ Berlin and
Institute Necker, Prof. Andreas Radbruch (DRFZ) and Dr. Hiromi
Kubagawa (DRFZ) for critical reading and discussion.

Conflict of interest: The authors declare no commercial or finan-
cial conflict of interest.

References

1 Ikuta, K. and Weissman, I.L., Evidence that hematopoietic stem cells

express mouse c-kit but do not depend on steel factor for their genera-

tion. Proc Natl Acad Sci USA. 1992. 89: 1502–1506.

2 Okada, S., Nakauchi, H., Nagayoshi, K., Nishikawa, S., Miura, Y. and

Suda, T., In vivo and in vitro stem cell function of c-kit- and Sca-1-

positive murine hematopoietic cells. Blood 1992. 80: 3044–3050.

3 Morrison, S. J. and Weissman, I. L., The long-term repopulating subset of

hematopoietic stem cells is deterministic and isolatable by phenotype.

Immunity 1994. 1: 661–673.

4 Majeti, R., Park, C. J., Weissman, I. L., Identification of a hierarchy of

multipotent hematopoietic progenitors in human cord blood. Cell Stem

Cell 2007. 1: 635–645.

5 Cheshier, S. H., Morrison, S. J., Liao, X. and Weissman, I. L., In vivo prolif-

eration and cell cycle kinetics of long-term self-renewing hematopoietic

stem cells. Proc. Natl. Acad. Sci. USA. 1999. 96: 3120–3125.

6 Wilson, A., Laurenti, E., Oser, G., van der Wath, R. C., Blanco-Bose, W.,

Jaworski, M., Offner, S. et al., Hematopoietic stem cells reversibly switch

from dormancy to self-renewal during homeostasis and repair. Cell 2008.

135: 1118–1129.

7 Morrison, S. J., Uchida, N. and Weissman, I. L., The biology of hematopoi-

etic stem cells. Annu. Rev. Cell Dev. Biol. 1995. 11: 35–71.

8 Spangrude, G. J., Brooks, D. M. and Tumas, D. B., Long-term repopulation

of irradiated mice with limiting numbers of purified hematopoietic stem

cells: in vivo expansion of stem cell phenotype but not function. Blood

1995. 85: 1006–1016.

9 Osawa, M., Hanada, K.I., Hamada, H. and Nakauchi, H., Long-term

lymphohematopoietic reconstitution by a single CD34-low/negative

hematopoietic stem cell. Science 1996. 273: 242–245.

10 Lu, R., Neff, N. F., Quake, S. R. and Weissman, I. L., Tracking single

hematopoietic stem cells in vivo using high-throughput sequencing in

conjunction with viral genetic barcoding. Nature Biotechnol 2011. 29: 928–

933.

11 Mortensen, M., Soilleux, E. J., Djordjevic, G., Tripp, R., Lutteropp, M.,

Sadighi-Akha, E., Stranks, A. J. et al., The autophagy protein Atg7 is

essential for hematopoietic stem cell maintenance. J. Exp. Med. 2011. 208:

455–467.

C© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



1486 Julia Tornack et al. Eur. J. Immunol. 2017. 47: 1477–1487

12 Simsek, T., Kocabas, F., Zheng, J., Deberardinis, R. J., Mahmoud, A. I.,

Olson, E. N., Schneider, J. W. et al., The distinct metabolic profile of

hematopoietic stem cells reflects their location in a hypoxic niche. Cell

Stem Cell 2010. 7: 380–390.

13 Parmar, K., Mauch, P., Vergilio, J. A., Sackstein, R. and Down, J. D., Dis-

tribution of hematopoietic stem cells in the bone marrow according to

regional hypoxia. Proc. Natl. Acad. Sci. USA 2007. 104: 5431–5436.

14 Kiel, M. J., Yilmaz, O. H., Iwashita, T., Yilmaz, O. H., Terhorst, C. and

Morrison, S. J., SLAM family receptors distinguish hematopoietic stem

and progenitor cells and reveal endothelial niches for stem cells. Cell

2005. 121: 1109–1121.

15 Méndez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R.,

Macarthur, B. D., Lira, S. A., Scadden, D. T. et al., Mesenchymal and

haematopoietic stem cells form a unique bone marrow niche. Nature

2010. 466: 829–834.

16 Calvi, L. M., Adams, G. B., Weibrecht, K. W., Weber, J. M., Olson,

D. P., Knight, M. C., Martin, R. P. et al., Osteoblastic cells regulate the

haematopoietic stem cell niche. Nature 2003. 425: 841–846.

17 Papathanasiou, P., Attema, J. L., Karsunky, H., Xu, J., Smale, S. T. and

Weissman, I. L., Evaluation of the long-term reconstituting subset of

hematopoietic stem cells with CD150. Stem Cells 2009. 27: 2498–2508.

18 Yilmaz, O. H., Kiel, M. J. and Morrison, S. J., SLAM family markers are

conserved among hematopoietic stem cells from old and reconstituted

mice and markedly increase their purity. Blood 2006. 107: 924–930.

19 Gazit, R., Mandal, P. K., Ebina, W., Ben-Zvi, A., Nombela-Arrieta, C., Sil-

berstein, L. E. and Rossi, D. J., Fgd5 identifies hematopoietic stem cells

in the murine bone marrow. J. Exp. Med. 2014. 211: 1315–1331.

20 Chen, J. Y., Miyanishi, M., Wang, S. K., Yamazaki, S., Sinha, R., Kao,

K. S., Seita, J. et al., Hoxb5 marks long-term haematopoietic stem cells

and reveals a homogenous perivascular niche. Nature 2016. 530: 223–227.

21 McKenna, H. J., Stocking, K. L., Miller, R. E., Brasel, K., De Smedt, T.,

Maraskovsky, E., Maliszewski, C. R. et al., Mice lacking flt3 ligand have

deficient hematopoiesis affecting hematopoietic progenitor cells, den-

dritic cells, and natural killer cells. Blood 2000. 95: 3489–3497.

22 Lyman, S. D. and Jacobsen, S. E., c-kit ligand and Flt3 ligand:

stem/progenitor cell factors with overlapping yet distinct activities. Blood

1998. 91: 1101–1134.

23 Sitnicka, E., Bryder, D., Theilgaard-Mönch, K., Buza-Vidas, N., Adolfsson,

J. and Jacobsen, S. E., Key role of flt3 ligand in regulation of the common

lymphoid progenitor but not in maintenance of the hematopoietic stem

cell pool. Immunity 2002. 17: 463–472.

24 Mackarehtschian, K., Hardin, J. D., Moore, K. A., Boast, S., Goff, S. P.

and Lemischka, I. R., Targeted disruption of the flk2/flt3 gene leads to

deficiencies in primitive hematopoietic progenitors. Immunity 1995. 3:

147–161

25 Matthews, W., Jordan, C. T., Wiegand, G. W., Pardoll, D. and Lemischka,

I. R., A receptor tyrosine kinase specific to hematopoietic stem and pro-

genitor cell-enriched populations. Cell 1991. 65: 1143–1152

26 Rasko, J. E., Metcalf, D., Rossner, M. T., Begley, C. G. and Nicola, N. A., The

flt3/flk-2 ligand: receptor distribution and action on murine haemopoi-

etic cell survival and proliferation. Leukemia 1995. 9: 2058–2066.

27 Zeigler, F. C., Bennett, B. D., Jordan, C. T., Spencer, S. D., Baumhueter, S.,

Carroll, K. J., Hooley, J. et al., Cellular and molecular characterization of

the role of the flk-2/flt-3 receptor tyrosine kinase in hematopoietic stem

cells. Blood 1994. 84: 2422–2430.

28 Chaudhry, I., Katz, S. C., Kingham, T. P., Pillarisetty, V. G., Raab, J. R.,

Shah, A. B. and DeMatteo, R. P., In vivo overexpression of Flt3 ligand

expands and activates murine spleen natural killer dendritic cells. FASEB

J 2006. 20: 982–984.

29 Miller, G., Pillarisetty, V. G., Shah, A. B., Lahrs, S. and DeMatteo,

R. P., Murine Flt3 ligand expands distinct dendritic cells with both

tolerogenic and immunogenic properties. J. Immunol. 2003. 170: 3554–

3564.

30 Tsapogas, P., Swee, L. K., Nusser, A., Nuber, N., Kreuzaler, M., Capoferri,

G., Rolink, H. et al., In vivo evidence for an instructive role of Fms-like

tyrosine kinase-3 (FLT3) ligand in hematopoietic development. Haemato-

logica 2014. 99: 638–646.

31 Buza-Vidas, N., Cheng, M., Duarte, S., Charoudeh, H. N., Jacobsen, S. E.

and Sitnicka, E., FLT3 receptor and ligand are dispensable for mainte-

nance and posttransplantation expansion of mouse hematopoietic stem

cells. Blood 2009. 113: 3453–3460.

32 Adolfsson, J., Borge, O. J., Bryder, D., Theilgaard-Mönch, K., Astrand-

Grundström, I., Sitnicka, E., Sasaki, Y. et al., Upregulation of flt3 expres-

sion within the bone marrow Lin−Sca1+c-kit+ stem cell compartment is

accompanied by loss of self-renewal capacity. Immunity 2001. 15: 659–669.

33 Mueller, Y. M., Cramer, D. E., Huang, Y., Exner, B. G. and Ildstad, S. T.,

Hematopoietic stem cells from the marrow of mice treated with Flt3 lig-

and are significantly expanded but exhibit reduced engraftment poten-

tial. Transplantation 2002. 73: 1177–1185.

34 Miloud, T., Fiegler, N., Suffner, J., Hämmerling, G. J. and Garbi, N., Organ-

specific cellular requirements for in vivo dendritic cell generation. J

Immunol 2012. 188: 1125–1135.

35 Hochweller, K., Miloud, T., Striegler, J., Naik, S., Hämmerling, G. J. and

Garbi, N., Homeostasis of dendritic cells in lymphoid organs is controlled

by regulation of their precursors via a feedback loop. Blood 2009. 114:

4411–4421.
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