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                                                                                                                        Abstract

                                                            Cytokines are essential regulators of hematopoiesis, acting in an instructive or permissive way. Fms-like tyrosine kinase 3 ligand (FLT3L) is an important cytokine for the development of several hematopoietic populations. Its receptor (FLT3) is expressed on both myeloid and lymphoid progenitors and deletion of either the receptor or its ligand leads to defective developmental potential of hematopoietic progenitors. In vivo administration of FLT3L promotes expansion of progenitors with combined myeloid and lymphoid potential. To investigate further the role of this cytokine in hematopoietic development, we generated transgenic mice expressing high levels of human FLT3L. These transgenic mice displayed a dramatic expansion of dendritic and myeloid cells, leading to splenomegaly and blood leukocytosis. Bone marrow myeloid and lymphoid progenitors were significantly increased in numbers but retained their developmental potential. Furthermore, the transgenic mice developed anemia together with a reduction in platelet numbers. FLT3L was shown to rapidly reduce the earliest erythroid progenitors when injected into wild-type mice, indicating a direct negative role of the cytokine on erythropoiesis. We conclude that FLT3L acts on multipotent progenitors in an instructive way, inducing their development into myeloid/lymphoid lineages while suppressing their megakaryocyte/erythrocyte potential.
                                                            
                                                            Introduction
The development of hematopoietic cells is a highly complex and tightly regulated process that in adults is initiated in the bone marrow (BM) from hematopoietic stem cells and continues throughout life. Hematopoietic lineages are derived via intermediate multipotent progenitors, which gradually lose their multipotentiality and eventually become committed to one lineage. Several molecules are considered pivotal for the regulation of this process, including transcription factors, signaling proteins, adhesion molecules and cytokine receptors. Cytokines impart environmental signals into hematopoietic development and several of them have been identified as crucial for the generation of hematopoietic lineages.1 The role of cytokines in hematopoiesis is considered to be either instructive, by directly promoting differentiation of multipotent progenitors into a specific lineage, or permissive, by selectively promoting the survival and/or proliferation of a particular lineage at the expense of others.2 For most hematopoietic cytokines, their precise mode of action remains unknown.
As for other type III receptor tyrosine kinases, the Fms-like tyrosine kinase 3 (FLT3), or CD135, has an extracellular domain composed of five immunoglobulin-like domains and a tyrosine kinase motif in the cytoplasmic domain.53 These features of FLT3 are shared with other hematopoietic cytokine receptors, such as stem cell factor receptor and platelet-derived growth factor receptor.3 FLT3-ligand (FLT3L) is the only known ligand for FLT3.6 Both the soluble and the membrane-bound form of FLT3L can bind FLT3, leading to receptor dimerization and subsequent activation of the tyrosine kinase domain.7 Receptor activation initiates a signaling cascade involving proteins such as STAT5a, ERK1/2 and PI3K.8
FLT3 and its ligand have been the focus of considerable research due to their involvement in leukemias, since several mutations in FLT3 have been identified in acute myeloid leukemia.7 Among them, the most common is an internal tandem duplication of exon 14 of the FLT3 gene (FLT3-ITD) which results in constitutive activation of the kinase domain.9 This mutation is found in ~25% of cases of acute myeloid leukemia and its presence constitutes a poor prognostic factor. FLT3-ITD confers growth factor-independent proliferation to leukemic cell lines and its expression in transgenic mice results in a fatal myeloproliferative syndrome.10
FLT3 is expressed by several hematopoietic cell populations.11 Initially, it is expressed by non-self-renewing, short-term hematopoietic stem cells.1312 Several downstream progenitors with myeloid and/or lymphoid potential continue to express FLT3 whereas megakaryocyte/erythrocyte progenitors do not.181411 With the exception of dendritic cells (DC), which retain FLT3 on their surface, FLT3 expression is down-regulated as cells undergo myeloid or lymphoid commitment. Deletion of either FLT3 or FLT3L results in defects in the developmental potential of myeloid/lymphoid progenitors underscoring the importance of FLT3 in their development.2019 In addition, FLT3L-deficient mice displayed reduced numbers of B cells, DC and natural killer cells,20 while FLT3L has been shown to be crucial in sustaining adult B-cell lymphopoiesis.21 However, ablation of the FLT3/FLT3L axis alone did not result in a complete block in the generation of any hematopoietic lineage, suggesting that FLT3L might exert its crucial role in hematopoiesis through interactions with other cytokines, such as interleukin-7 (IL-7) or stem cell factor.232219
To elucidate the specific action of FLT3L on hematopoiesis in vivo, FLT3L has been administered, with the results confirming the important role of FLT3L in DC generation.24 We have previously shown that apart from DC, FLT3L injection leads to transient expansion of a FLT3 progenitor population with lymphoid and myeloid potential.25 In order to evaluate the role of FLT3L in the development of different hematopoietic lineages, in this study we investigated the effects of sustained over-expression of FLT3L in a transgenic mouse model. Our study confirms the positive role of FLTL in DC development and highlights the importance of this cytokine in the survival and expansion of lymphoid and myeloid progenitors. Furthermore, our data provide evidence for an instructive role of FLT3L in hematopoietic development.
Methods
Mice
All mice used in this study were bred and maintained in our animal facility under pathogen-free conditions and all animal experiments were performed in accordance with institutional guidelines (permission numbers 1887 and 1888). Immunization to induce a T-dependent antibody response and FLT3L treatment of mice were carried out as previously described.25
Cell cultures
ST2, OP9 and OP9 stromal cells expressing Notch ligand Deltalike 1 (OP9DL1) were maintained in IMDM supplemented with 5 × 10 M β-mercaptoethanol, 1 mM glutamine, 0.03% w/v Primatone (Quest Naarden, the Netherlands), 100 U/mL penicillin, 100 μg/mL streptomycin and 5% fetal bovine serum. Co-cultures of stromal cells with sorted progenitor cells were performed as previously described25 (and Online Supplementary Materials and Methods).
Platelet counts
Blood was drawn from the tail vein of mice and incubated with 1% ammonium oxalate for 10 min at room temperature. Following incubation, live cells were counted in a Neubauer hemocytometer.
Immunofluorescence
Spleens were snap-frozen and embedded in OCT-compound (Sakura, Zoetermeer, the Netherlands), and 5 μm sections were prepared. Sections were fixed in acetone for 10 min, air-dried for 60 min and subsequently stained with fluorescein isothiocyanate-labeled anti-CD90, phycoerythrin-labeled anti-IgM and allophycocyanin-labeled anti-CD11c antibodies for 30 min.
Results
Splenomegaly and lymphadenopathy in FLT3L transgenic mice
To investigate the effect of prolonged FLT3L over-expression, we generated mice expressing the human FLT3L gene under the control of the β-actin promoter (hereafter referred to as FLT3L-Tg mice). FLT3L levels in the blood were in the range of 500–1000 ng/mL, as assesed by enzyme-linked immunosorbent assay using an antihuman FLT3L antibody developed in our laboratory (data not shown). FLT3L-Tg mice were viable and fertile with no apparent signs of disease until the age of 2–3 months, when many developed diarrhea and tail necrosis. Examination of internal organs revealed a striking increase in spleen size. Indeed, total spleen cellularity in 8- to 14-week old FLT3L-Tg mice was 451±127×10 cells compared to 71±12×10 cells in wild-type (WT) littermate controls, representing a 6.3-fold increase in total cell number (Figure 1A). Splenic architecture was disrupted with no clearly formed T-cell follicles and a dramatic increase in CD11c DC (Figure 1B). Analysis of axillary, brachial and inguinal lymph node cellularity demonstrated an increase from 23±2.6×10 cells in WT to 69.6±3.5×10 cells in FLT3L-Tg mice (Figure 1A). Thymus cellularity and CD4/CD8 T-cell subpopulations did not differ between WT and FLT3L-Tg mice (data not shown).
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Figure 1.Splenomegaly, lymphadenopathy, disrupted spleen architecture and altered B and DC bone marrow populations in FLT3L-Tg mice. (A) Total cellularity in spleen, lymph nodes (axillary, brachial and inguinal) and bone marrow (2 femora and 2 tibiae) of 8- to 14- week old wild type (WT - white symbols) and FLT3L-Tg (Tg - black symbols) mice (5–7 mice per group). ***P<0.0001. (B) Immunofluorescence of spleen sections from 8- to 14- week week old WT and FLT3L-Tg mice stained for B cells (anti-IgM, red), T cells (anti-CD90, green) and dendritic cells (anti-CD11c, blue). (C) Numbers of CD19+CD117+ (preB1), CD19+CD117−IgM− (preB2) and CD19+IgM+ B cells in WT (white symbols) and FLT3L-Tg (black symbols) mice (5–7 mice per group). ***P<0.0001. (D) CD11c+SiglecH+ plasmacytoid DC and CD11c+SiglecH− DC numbers in WT (white symbols) and FLT3L-Tg (black symbols) mice (5–7 mice per group). ***P<0.0001, **P=0.0022.
Increased FLT3L availability leads to alterations in the numbers of dendritic cells and B cells in the bone marrow
Bone marrow cellularity (determined in 2 femora and 2 tibiae) was increased from 40±7.7×10 cells in WT to 73.8±14.5×10 cells in FLT3L-Tg mice (Figure 1A). Further analysis of BM myeloid and lymphoid populations revealed no significant change in the numbers of GR1CD11b myeloid cells (data not shown). Staining for CD19 B-cell progenitors revealed no change in the earliest B-cell committed CD19CD117 preB1 population but dramatic 12-fold (from 7±2×10 in WT to 0.6±0.3×10 cells in FLT3L-Tg) and 144-fold (from 8.3±2.2×10 in WT to 0.06±0.09×10 in FLT3L-Tg mice) decreases in CD19CD117IgM preB2 and CD19IgM B cells, respectively (Figure 1C). The apparent increase in total BM cellularity in FLT3L-Tg mice was partly due to a marked increase in DC populations. As shown in Figure 1D, CD11cSiglecH plasmacytoid DC showed a 41-fold increase (from 0.74±0.15×10 in WT to 30±8.8×10 in FLT3L-Tg mice), while CD11cSiglecH conventional DC numbers were increased 13-fold (from 0.3±0.06×10 in WT to 2.5±1.2×10 in FLT3L-Tg mice). Overall, analysis of the FLT3L-Tg BM lymphoid and myeloid populations revealed decreased numbers of B-cell progenitors and a significant increase in DC numbers.
Diminished megakaryocyte/erythrocyte lineage differentiation, anemia and leukocytosis in FLT3L-transgenic mice
Alterations in BM erythroid progenitors in FLT3L-Tg mice were also investigated, revealing a significant 5.4fold decrease in TER119 erythroid progenitor numbers, from 2.7±0.2×10 cells in WT to 0.5±0.2×10 cells in FLT3L-Tg mice (Figure 2A). This decrease in TER119 erythroid progenitors prompted us to analyze the development of the megakaryocyte/erythrocyte lineage in FLT3L-Tg mice. Hematocrit analysis showed that FLT3L-Tg mice manifested a significant decrease in hematocrit (from 46.4±2 in WT to 34±3 in transgenic mice) already at 8–10 weeks of age, which dropped even further to 21.6±5.9 at 19–22 weeks of age (Figure 2B). Blood platelet counts also showed a significant drop, from 400±89×10 cells/mL in WT to 207.5±61×10 cells/mL in FLT3L-Tg mice (Figure 2C). Thus, megakaryocyte/erythrocyte lineage development seemed to be diminished, leading to anemia in FLT3L-Tg mice. Finally, blood smear preparations showed a marked increase in the numbers of leukocytes in FLT3L-Tg blood compared to WT blood (Figure 2D), which was confirmed by a quantitative analysis demonstrating a 27fold increase in numbers of leukocytes in FLT3L-Tg blood (Online Supplementary Figure S1).
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Figure 2.Diminished megakaryocyte/erythrocyte lineage development, anemia and leukocytosis in FLT3L-Tg mice. (A) Numbers of TER119+ erythroid progenitors in the bone marrow (2 femora and 2 tibiae) of 8- to 14-week old WT (white circles) and FLT3L-Tg (black circles) mice (5–7 mice per group). ***P<0.0001. (B) Hematocrit levels in WT (white bars) and FLT3L-Tg (black bars) mice (5–7 mice per group). ***P<0.0001. (C) Platelet numbers (per mL) in the blood of WT (white circles) and FLT3L-Tg (black circles) mice (9–12 mice per group). ***P<0.0001. (D) Hematoxylin-eosin staining of blood smears from WT and FLT3L-Tg mice (40× magnification).
Expansion of myeloid and lymphoid populations in spleens of FLT3L-transgenic mice
Due to the observed splenomegaly we extended the analysis to mature hematopoietic populations in the spleen. Contrary to BM, the spleen of FLT3L-Tg mice displayed a significant (15-fold) increase of GR1CD11b myeloid cells from 1.9±0.7×10 cells in WT to 30.1±7.6×10 cells in the transgenic animals (Figure 3A). NK1.1 natural killer cells were also significantly increased from 2.7±0.8×10 in WT to 23±6.3×10 in the transgenic mice (Figure 3A). A detailed analysis of DC subsets in the spleen of FLT3L-Tg mice showed a dramatic increase in DC numbers, reaching 368-fold for CD11cSiglecH plasmacytoid DC (95.8±26×10 versus 0.26±0.06×10 in WT mice), 208-fold for CD11cCD11b conventional DC (91.7±25×10 versus 0.44±0.29×10 in WT mice) and 161fold for CD11cCD8α conventional DC (21.6±7.2×10 versus 0.13±0.05×10 in WT mice) (Figure 3B,D). These expanded DC populations in our FLT3L-Tg mice were shown to be functional (Online Supplementary Figure S2). We conclude from these data that the massive expansion of myeloid, natural killer and, mainly, DC populations accounts for the splenomegaly observed in FLT3L-Tg mice.
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Figure 3.Alterations in myeloid, lymphoid and dendritic cell populations in the spleens of FLT3L-Tg mice. (A) Numbers of CD11b+GR1+ myeloid and NK1.1+ natural killer (NK) cells in spleens of 8- to 14-week old WT (white symbols) and FLT3L-Tg (black symbols) mice (5 or 6 mice per group). ***P<0.0001. (B) Numbers of CD11c+SiglecH+ plasmacytoid DC (pDC), CD11c+CD11b+ conventional DC (CD11b) and CD11c+CD8α+ conventional DC (CD8α) in spleens of WT (white symbols) and FLT3L-Tg (black symbols) mice (5 or 6 mice per group). ***P<0.0001. (C) Numbers of CD19+IgM+ B cells, CD4+ T cells, CD8+ T cells and Foxp3+CD4+ regulatory T cells (Tregs) in the spleens of WT (white symbols) and FLT3L-Tg (black symbols) mice (5 or 6 mice per group). *(CD4): P=0.149, *(CD8): P=0.0192, ***P<0.0001. (D) FACS plots showing the gating strategy used for staining the DC subpopulations included in (B).
The apparent reduction in BM B lymphopoiesis was not reflected in a reduction of CD19IgM mature B-cell numbers in the spleens of FLT3L-Tg mice (Figure 3C). In contrast, despite the similarity in thymus cellularity, there was nevertheless a 3.2-fold increase (from 11.5±4.3×10 in WT to 37.4±19×10 cells in FLT3L-Tg mice) in splenic CD4 T cells (Figure 3C). The increase in the number of CD8 T cells was smaller (2.4-fold), being from 7.8±2.8×10 cells in WT to 18.9±8.4×10 cells in FLT3L-Tg mice. Using intracellular FACS staining, a 7.4-fold increase in Foxp3CD4 regulatory T cells (from 1.36±0.2×10 in WT to 10.14±1.3×10 in FLT3L-Tg mice), was also detected in the spleen of FLT3L-Tg mice (Figure 3C), as shown previously by in vivo FLT3L injection.26
The abnormal splenic architecture and alterations in some T-cell numbers motivated us to test the quality of the immune response in the FLT3L-Tg mice. Thus, transgenic and WT control littermates were immunized with NIP protein and the levels of serum anti-NIP IgG antibodies were quantified 13 days later by enzyme-linked immunosorbent assay. Anti-NIP IgG responses were somewhat weaker in FLT3L-Tg mice than in WT ones, even though a significant increase in IgG titers was still observed after immunization (Online Supplementary Figure S3).
Expansion of hematopoietic progenitors in the bone marrow of FLT3L-transgenic mice
Increased availability of FLT3L was previously shown to expand DC populations and increase numbers of an FLT3 progenitor population named early progenitor with lymphoid and myeloid potential (EPLM).25 In addition to EPLM, other lymphoid and myeloid progenitor populations such as the lymphoid-primed multipotent progenitor population (LMPP),27 common lymphoid progenitors (CLP)2928 and common myeloid progenitors30 are known to be FLT3. To assess the potential effects of constitutive FLT3L over-expression on these progenitor populations, we analyzed progenitors in the BM of FLT3L-Tg mice. Most of the CLP, EPLM and a fraction of myeloid-restricted CD117CD115Sca1 cells were indeed FLT3, but FLT3 expression was downregulated in FLT3L-Tg mice, presumably due to continuous engagement and internalisation of the receptor (Online Supplementary Figure S4). We did not, therefore, use FLT3 as a marker in our analysis. As shown previously,25 upon increased FLT3L availability, there was a 14-fold increase in EPLM (CD117B220CD19/NK1.1) numbers from 0.2 ± 0.1 × 106 cells in WT to 2.8±0.9×10 cells in FLT3L-Tg mice (Figure 4A,B). Increases in CLP (CD117Sca1CD127) progenitors were even higher with a 75-fold increase from 0.04±0.01×10 cells in WT to 3.2±1.3×10 cells in FLT3L-Tg mice. While staining for CLP, we noted a CD117CD127 population that was increased in FLT3L-Tg mice (Figure 4A). This population could not represent B-cell progenitors, since they were reduced in FLT3L-Tg mice. Indeed, further analysis revealed that these cells were CD11cSiglecH plasmacytoid DC, which had expanded 41-fold in FLT3L-Tg mice BM and were all CD127 (Online Supplementary Figure S5). CD117CD115Sca1 myeloid progenitors were also found to be significantly increased in FLT3L-Tg mice (from 0.4±0.1×10 cells in WT to 5.1 ±1.4×10 in FLT3L-Tg mice). The LineageSca1CD117 (LSK) fraction, which is to a large extent FLT3 (Online Supplementary Figure S4), was also significantly increased in FLT3L-Tg mice (Figure 4C,D). Further staining of LSK cells with CD150 and CD4831 revealed that this increase is mainly due to an increase in CD150CD48 MPP (Online Supplementary Figure S6), which are predominantly FLT3
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Figure 4.Hematopoietic progenitor populations in FLT3L-Tg mice. The figure shows the FACS stainings (A and C) and numbers (B and D) of hematopoietic progenitor populations in the bone marrow (2 femora and 2 tibiae) of 8- to 14-week old mice. (A) Representative FACS plots demonstrating the gating strategy used for staining CD117+CD115+Sca1− (upper panel), CLP (middle panel) and EPLM (lower panel) in WT and FLT3L-Tg bone marrows. (B) Total numbers of CD117+CD115+Sca1−, CLP and EPLM in the bone marrow of WT (white symbols) and FLT3L-Tg (black symbols) mice (5–7 mice per group). ***P<0.0001. (C) Representative FACS plots demonstrating the gating strategy used for staining LSK (left panel), MEP, CMP and GMP (center and right panel) in WT and FLT3L-Tg bone marrows. (D) Total numbers of LSK, MEP, CMP and GMP in the bone marrow of WT (white symbols) and FLT3L-Tg (black symbols) mice (MEP, CMP, GMP: 6 mice per group; LSK: 10 mice per group).
The anemia and reduction in TER119 erythroid progenitors and platelets prompted us to investigate the earliest identified megakaryocyte/erythroid progenitors. Staining the CD117Sca1CD127 fraction of BM with CD34 and CD16 allows the identification of common myeloid progenitors, as well as progenitors with restricted granulocyte-macrophage (GMP) and megakaryocyte-erythrocyte (MEP) potential.3330 We found a dramatic 9.7-fold decrease in the numbers of MEP in FLT3L-Tg mice compared to WT, as well as a significant 5.2-fold increase in GMP (Figure 4C,D). Importantly, gene expression analysis of the LSK compartment demonstrated reduced levels of the megakaryocyte/erythrocyte lineage genes Mpl and Klf1, while the expression of myeloid-specific genes Mpo, Csf3r and Cebpa was increased (Online Supplementary Figure S7). These results indicate that increased FLT3L levels skew development towards the myeloid/lymphoid pathway and away from the megakaryocyte/erythroid compartment and that this skewing occurs already at the level of FLT3 multipotent progenitors.
Next, we determined whether the expansion of lymphoid and myeloid progenitors in FLT3L-Tg mice was accompanied by a change in their developmental potential. Therefore, EPLM, CLP and CD117CD115Sca1 cells were sorted from WT or FLT3L-Tg mice and plated in 96-well plates under differentiation conditions promoting myeloid (ST2 stromal cells), B-cell (OP9 stromal cells plus IL-7) and T-cell (OP9DL1 stromal cells plus IL-7) development. As shown in Table 1, our in vitro differentiation analysis showed no significant change in the developmental potential of the analyzed progenitor populations. To assess the in vivo potential of progenitors, CLP and EPLM were sorted from CD45.2 FLT3L-Tg mice and transplanted into CD45.1 congenic mice. Analysis of the recipient mice confirmed the B-cell potential of both FLT3L-Tg CLP and EPLM, while the T-cell potential of transgenic CLP was retained but compromised by poor donor reconstitution of the thymus (Online Supplementary Figures S8 and S9). Finally, transplantation of FLT3L-Tg LSK in a similar setting demonstrated their potent myeloid reconstitution potential but a reduced erythroid potential compared to WT LSK (Online Supplementary Figure S10). We conclude that the lymphoid and myeloid potential of FLT3L-Tg progenitors is retained, while their erythroid potential is reduced.
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Table 1.In vitro developmental potential of CD117+CD115+Sca1−, CLP and EPLM populations from wild-type and FLT3L-Tg mice.
Kinetics of hematopoietic population changes suggest an instructive role of FLT3L in hematopoiesis
The observed alterations in hematopoietic populations in FLT3L-Tg mice could be the consequence of a direct, “instructive”, action of FLT3L on multi-potent progenitors, actively guiding them to acquire a particular cell fate at the expense of other options (“instructive” model). Alternatively, over-expression of FLT3L could result in a vast expansion of FLT3 cells which could leave little space and/or recourse for non-expanding cells, thus leading to a reduction in their numbers (“space” model). In a system with sustained elevated levels of FLT3L it would be difficult to distinguish between the two possibilities. To acquire data supporting either model, we injected WT mice with recombinant FLT3L and monitored kinetic changes in numbers of different hematopoietic lineages. As shown in Figure 5A and B, and in accordance with the anemic phenotype of FLT3L-Tg mice, the percent nucleated BM MEP and TER119 erythroid progenitors showed a reduction by 3 days after FLT3L injection, which was already significant in the case of MEP. Considering the turnover of TER119 erythroid progenitors, the speed by which increased FLT3L availability leads to MEP and TER119 progenitor reduction would argue for an instructive, negative role of FLT3L in their generation.
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Figure 5.Kinetics of changes in percentages of hematopoietic populations following FLT3L injections into wild-type mice. The figure shows percentages of hematopoietic cells in the BM of WT mice injected daily with 10 μg of recombinant FLT3L 0, 3, 5 and 7 days after injection. (A) Percentages of MEP. *P=0.0177, **P=0.0073, ***P=0.001. (B) Percentages of nucleated TER119+ bone marrow cells. **P=0.01, ***P=0.0001. (C) Percentages of CD11c+SiglecH+ plasmacytoid dendritic cells. *P=0.0345, **P=0.0007, ***P<0.0001. (D) Percentages of CD19+CD117+ preB1 cells. *(Day 5): P=0.0368, *(Day 7): P=0.0163. (E) Percentages of CD19+CD117−IgM− preB2 cells. **P=0.0049, ***P=0.0001. (F) Percentages of CD19+IgM+ B cells. ***(Day 5): P=0.0005, ***(Day 7): P=0.0002.
In addition, we quantified the percentages of other hematopoietic cells whose numbers were significantly altered in FLT3L-Tg mice, namely plasmacytoid DC and CD19 B-cell progenitors. Plasmacytoid DC seemed to increase, demonstrating a 2.6-fold increase at 5 days after FLT3L injection and reaching a 5.8-fold increase at day 7 (Figure 5C). This would be consistent with a role of FLT3L in the expansion of these FLT3 cells, shown previously.2524 CD19CD117 preB1 cells showed little reduction; indeed, an up to 2-fold increase in their percentage was observed at day 7 (Figure 5D). In contrast, and in accordance with our FTL3L-Tg analysis, both CD19CD117IgM preB2 and CD19IgM B cells were reduced after FLT3L injection, with the difference becoming significant after 5 days (Figure 5E,F). Overall, our FLT3L injection data point towards an instructive role of FLT3L in the development of certain hematopoietic lineages.
Discussion
Several lines of evidence point towards an important role of FLT3/FLT3L in hematopoiesis. The relatively mild phenotype of both FLT3 and FLT3L knock-out mice suggest that this cytokine exerts its role mainly in concert with other hematopoietic cytokines, such as stem cell factor or IL-7.2219 Administration of FLT3L to adult mice in vivo has been used as a means of elucidating the ligand’s exact role in regulating hematopoiesis.2524 In the present study we report for the first time a detailed in vivo analysis of the effect of elevated and sustained transgenic expression of FLT3L in different hematopoietic lineages. Our results suggest an instructive role of FLT3L in hematopoietic development.
Analysis of FLT3L-Tg mice showed significant alterations in several hematopoietic lineages. The population with the highest increase was DC. Both in BM and spleen, all DC populations displayed a dramatic expansion ranging from 7- to 368-fold compared to numbers in WT mice. Previously, FLT3L was shown to be a crucial factor for the in vitro generation of DC,34 whereas in vivo, absence of FLT3L resulted in a marked decrease in DC numbers.20 Increases in DC were also noted in studies in which either FLT3L was administered in vivo2524 or FLT3L was conditionally over-expressed by transgenesis.35 The importance of FLT3L in DC generation has been shown for conventional DC and plasmacytoid DC, both of which are FLT3 populations. Our results are in accordance with these observations. The elevated numbers of plasmacytoid DC, the population most increased in our transgenic mice, was particularly striking. Plasmacytoid DC are considered an important part of anti-viral immunity, mainly through their production of interferon-α.36 The dramatic increase of interferon-α-producing plasmacytoid DC upon sustained over-expression of FLT3L suggests a potential therapeutic use of this cytokine to combat chronic viral infections. Furthermore, our transgenic system constitutes a source for ex vivo isolation of vast numbers of functional DC populations.
A significant reduction in CD19CD117IgM preB2 and CD19IgM B-cell populations was noted in the BM of FLT3L-Tg mice. This phenotype was somewhat surprising, considering the decreased numbers of B-cell progenitors in mice deficient in functional FLT3 or FLT3L, results that had suggested a positive role of FLT3L in B-cell development.372019 Furthermore, coincident with CD19 expression and due to repression by PAX5, FLT3 is down-regulated in B-cell progenitors,38 thereby excluding the possibility that FLT3L is necessary for the survival of CD19 cells. Moreover, there was no evidence for reduced B-cell potential among CLP and EPLM from FLT3L-Tg mice in which there were normal numbers of the earliest committed CD19CD117 preB1 cells. We consider decreased IL-7 availability the most likely explanation for this apparent reduction in BM CD19 cells. There was a dramatic increase in IL7Rα (CD127) lymphoid progenitors, such as CLP (76-fold) and EPLM (14-fold) in FLT3L-Tg mice. Furthermore, plasmacytoid DC, which we found to be IL7Rα, were also increased (41-fold). Hence, there is an enormous expansion of IL7Rα cells in FLT3L-Tg mouse BM which, by absorbing IL-7, could lead to reduced levels of available IL-7 necessary for CD19 cell survival and/or proliferation. As a population, preB2 cells are particularly sensitive to IL-7 availability, while the reduced numbers of IgM B cells might reflect the reduced input from the preB2 stage. To test this hypothesis we injected FLT3L-Tg mice with IL-7/anti-IL-7 complexes39 and were able to increase preB2 and B-cell percentages almost to the same levels as in WT mice (Online Supplementary Figure S11). Despite the reduction in BM preB2 and B cells, FLT3L-Tg BM output seemed sufficient to reconstitute the splenic B-cell compartment. Overall, we believe that the diminished numbers of BM CD19 B-cell progenitors in FLT3L-Tg mice is a secondary effect, caused by the decreased availability of IL-7, rather than a negative role of FLT3L in B-cell development and survival.
The numbers of FLT3 lymphoid and myeloid progenitors were dramatically increased in the BM of FLT3L-Tg mice. In a previous study, EPLM were also increased following administration of FLT3L in vivo, while their B lineage potential in limiting dilution assays was decreased.25 Despite their expansion in our FLT3L-Tg mice, the B, T and myeloid lineage potential of EPLM was unaltered. This apparent difference from the in vivo administration data could be due to the sustained elevated levels of FLT3L in FLT3L-Tg mice. This dramatic expansion without any apparent alteration in the developmental potential of lympho-myeloid progenitors analyzed would indicate a role of FLT3/FLT3L signaling in their survival and/or proliferation, rather than in instructing them towards a particular downstream lineage fate. In addition, elevated FLT3L levels could enhance the generation of these FLT3 progenitors from hematopoeitic stem cells. Given the very small numbers of common myeloid progenitors, CLP and EPLM in WT BM, our FLT3L-Tg mice provide an excellent mouse model for the isolation of large numbers of these progenitors for further in vitro, in vivo or molecular biology analyses.
Strikingly, FLT3L-Tg mice became severely anemic a few months after birth. Both platelets and erythrocytes were diminished in these mice, suggesting a defect in the generation of the megakaryocyte/erythrocyte lineage. One explanation for this phenotype could be that the dramatic expansion of several other cell types in FLT3L-Tg mice leads to a reduction of FLT3 megakaryocyte/erythrocyte progenitors due to competition for space and/or resources. Nevertheless, the decreased expression of megakaryocyte/erythrocyte-specific genes already in the LSK compartment of FLT3L-Tg mice as well as the dramatic reduction in MEP and their rapid decrease following FLT3L treatment argue for a defect in their development rather than having no space to expand. This developmental defect would in turn suggest that erythrocytes originate from an FLT3L-responsive population that can be induced by FLT3 signaling to develop into lympho-myeloid lineages at the expense of the erythroid lineage. Based on our data, we propose that FLT3 MPP that receive a sufficient FLT3L signal differentiate to lympho-myeloid progenitors, while MPP that do not activate FLT3 signaling, due to either low FLT3 expression and/or low FLT3L levels in their microenvironment, develop into megakaryocyte-erythrocyte progenitors (Figure 6). Increased FLT3L availability would result in very few, if any, MPP not receiving an adequate FLT3L signal, thus leading to decreased megakaryocyte/erythrocyte developmental input and an increased lymphoid-myeloid progenitor compartment, as is the case in our FLT3L-Tg mice. Our data strengthen the suggested importance of FLT3 signaling in promoting lympho-myeloid versus megakaryocyte-erythroid lineage development27 and provide evidence for an instructive role of FLT3L in this process. Furthermore, they are in accordance with recent data demonstrating that platelets and erythrocytes originate from Flt3-expressing progenitors.4240
[image: ]

Figure 6.Proposed model of the instructive action of FLT3L in determining lymphoid/myeloid versus megakaryocyte/erythrocyte lineage development.
Acknowledgements
We thank Professor Jan Andersson for critical reading of the manuscript. Antonius G. Rolink is the holder of the chair in Immunology endowed by F. Hoffmann-La Roche Ltd., Basel, Switzerland.
Footnotes
	
↵4 Current address: Novartis Biologics R&D, Basel, Switzerland
	
The online version of this article has a Supplementary Appendix
	
Funding
This work was supported by grants from the Swiss National Science Foundation to AGR.
	
Authorship and Disclosures
Information on authorship, contributions, and financial & other disclosures was provided by the authors and is available with the online version of this article at www.haematologica.org.

	Received April 5, 2013.
	Accepted January 21, 2014.

References
	Metcalf D. Hematopoietic cytokines. Blood. 2008; 111(2):485-91. PubMedhttps://doi.org/10.1182/blood-2007-03-079681Google Scholar

	Rieger MA, Hoppe PS, Smejkal BM, Eitelhuber AC, Schroeder T. Hematopoietic cytokines can instruct lineage choice. Science. 2009; 325(5937):217-8. PubMedhttps://doi.org/10.1126/science.1171461Google Scholar

	Rosnet O, Birnbaum D. Hematopoietic receptors of class III receptor-type tyrosine kinases. Crit Rev Oncog. 1993; 4(6):595-613. PubMedGoogle Scholar

	Matthews W, Jordan CT, Wiegand GW, Pardoll D, Lemischka IR. A receptor tyrosine kinase specific to hematopoietic stem and progenitor cell-enriched populations. Cell. 1991; 65(7):1143-52. PubMedhttps://doi.org/10.1016/0092-8674(91)90010-VGoogle Scholar

	Rosnet O, Marchetto S, deLapeyriere O, Birnbaum D. Murine Flt3, a gene encoding a novel tyrosine kinase receptor of the PDGFR/CSF1R family. Oncogene. 1991; 6(9):1641-50. PubMedGoogle Scholar

	Lyman SD, James L, Vanden Bos T, de Vries P, Brasel K, Gliniak B. Molecular cloning of a ligand for the flt3/flk-2 tyrosine kinase receptor: a proliferative factor for primitive hematopoietic cells. Cell. 1993; 75(6):1157-67. PubMedhttps://doi.org/10.1016/0092-8674(93)90325-KGoogle Scholar

	Gilliland DG, Griffin JD. The roles of FLT3 in hematopoiesis and leukemia. Blood. 2002; 100(5):1532-42. PubMedhttps://doi.org/10.1182/blood-2002-02-0492Google Scholar

	Weisberg E, Barrett R, Liu Q, Stone R, Gray N, Griffin JD. FLT3 inhibition and mechanisms of drug resistance in mutant FLT3-positive AML. Drug Resist Updat. 2009; 12(3):81-9. PubMedhttps://doi.org/10.1016/j.drup.2009.04.001Google Scholar

	Nakao M, Yokota S, Iwai T, Kaneko H, Horiike S, Kashima K. Internal tandem duplication of the flt3 gene found in acute myeloid leukemia. Leukemia. 1996; 10(12):1911-8. PubMedGoogle Scholar

	Li L, Piloto O, Nguyen HB, Greenberg K, Takamiya K, Racke F. Knock-in of an internal tandem duplication mutation into murine FLT3 confers myeloproliferative disease in a mouse model. Blood. 2008; 111(7):3849-58. PubMedhttps://doi.org/10.1182/blood-2007-08-109942Google Scholar

	Rasko JE, Metcalf D, Rossner MT, Begley CG, Nicola NA. The flt3/flk-2 ligand: receptor distribution and action on murine haemopoietic cell survival and proliferation. Leukemia. 1995; 9(12):2058-66. PubMedGoogle Scholar

	Adolfsson J, Borge OJ, Bryder D, Theilgaard-Monch K, Astrand-Grundstrom I, Sitnicka E. Upregulation of Flt3 expression within the bone marrow Lin(−)Sca1(+)c-kit(+) stem cell compartment is accompanied by loss of self-renewal capacity. Immunity. 2001; 15(4):659-69. PubMedhttps://doi.org/10.1016/S1074-7613(01)00220-5Google Scholar

	Christensen JL, Weissman IL. Flk-2 is a marker in hematopoietic stem cell differentiation: a simple method to isolate long-term stem cells. Proc Natl Acad Sci USA. 2001; 98(25):14541-6. PubMedhttps://doi.org/10.1073/pnas.261562798Google Scholar

	Lyman SD, Jacobsen SE. c-kit ligand and Flt3 ligand: stem/progenitor cell factors with overlapping yet distinct activities. Blood. 1998; 91(4):1101-34. PubMedGoogle Scholar

	Boiers C, Buza-Vidas N, Jensen CT, Pronk CJ, Kharazi S, Wittmann L. Expression and role of FLT3 in regulation of the earliest stage of normal granulocyte-monocyte progenitor development. Blood. 2010; 115(24):5061-8. PubMedhttps://doi.org/10.1182/blood-2009-12-258756Google Scholar

	Karsunky H, Merad M, Cozzio A, Weissman IL, Manz MG. Flt3 ligand regulates dendritic cell development from Flt3+ lymphoid and myeloid-committed progenitors to Flt3+ dendritic cells in vivo. J Exp Med. 2003; 198(2):305-13. PubMedhttps://doi.org/10.1084/jem.20030323Google Scholar

	Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D, Manz MG. Identification of clonogenic common Flt3+M-CSFR+ plasmacytoid and conventional dendritic cell progenitors in mouse bone marrow. Nat Immunol. 2007; 8(11):1207-16. PubMedhttps://doi.org/10.1038/ni1518Google Scholar

	Kikushige Y, Yoshimoto G, Miyamoto T, Iino T, Mori Y, Iwasaki H. Human Flt3 is expressed at the hematopoietic stem cell and the granulocyte/macrophage progenitor stages to maintain cell survival. J Immunol. 2008; 180(11):7358-67. PubMedhttps://doi.org/10.4049/jimmunol.180.11.7358Google Scholar

	Mackarehtschian K, Hardin JD, Moore KA, Boast S, Goff SP, Lemischka IR. Targeted disruption of the flk2/flt3 gene leads to deficiencies in primitive hematopoietic progenitors. Immunity. 1995; 3(1):147-61. PubMedhttps://doi.org/10.1016/1074-7613(95)90167-1Google Scholar

	McKenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T, Maraskovsky E. Mice lacking flt3 ligand have deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood. 2000; 95(11):3489-97. PubMedGoogle Scholar

	Buza-Vidas N, Cheng M, Duarte S, Nozad H, Jacobsen SE, Sitnicka E. Crucial role of FLT3 ligand in immune reconstitution after bone marrow transplantation and high-dose chemotherapy. Blood. 2007; 110(1):424-32. PubMedhttps://doi.org/10.1182/blood-2006-09-047480Google Scholar

	Sitnicka E, Brakebusch C, Martensson IL, Svensson M, Agace WW, Sigvardsson M. Complementary signaling through flt3 and interleukin-7 receptor alpha is indispensable for fetal and adult B cell genesis. J Exp Med. 2003; 198(10):1495-506. PubMedhttps://doi.org/10.1084/jem.20031152Google Scholar

	Ahsberg J, Tsapogas P, Qian H, Zetterblad J, Zandi S, Mansson R. Interleukin-7-induced Stat-5 acts in synergy with Flt-3 signaling to stimulate expansion of hematopoietic progenitor cells. J Biol Chem. 2010; 285(47):36275-84. PubMedhttps://doi.org/10.1074/jbc.M110.155531Google Scholar

	Maraskovsky E, Brasel K, Teepe M, Roux ER, Lyman SD, Shortman K. Dramatic increase in the numbers of functionally mature dendritic cells in Flt3 ligand-treated mice: multiple dendritic cell subpopulations identified. J Exp Med. 1996; 184(5):1953-62. PubMedhttps://doi.org/10.1084/jem.184.5.1953Google Scholar

	Ceredig R, Rauch M, Balciunaite G, Rolink AG. Increasing Flt3L availability alters composition of a novel bone marrow lymphoid progenitor compartment. Blood. 2006; 108(4):1216-22. PubMedhttps://doi.org/10.1182/blood-2005-10-006643Google Scholar

	Swee LK, Bosco N, Malissen B, Ceredig R, Rolink A. Expansion of peripheral naturally occurring T regulatory cells by Fms-like tyrosine kinase 3 ligand treatment. Blood. 2009; 113(25):6277-87. PubMedhttps://doi.org/10.1182/blood-2008-06-161026Google Scholar

	Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT. Identification of Flt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road map for adult blood lineage commitment. Cell. 2005; 121(2):295-306. PubMedhttps://doi.org/10.1016/j.cell.2005.02.013Google Scholar

	Kondo M, Weissman IL, Akashi K. Identification of clonogenic common lymphoid progenitors in mouse bone marrow. Cell. 1997; 91(5):661-72. PubMedhttps://doi.org/10.1016/S0092-8674(00)80453-5Google Scholar

	Karsunky H, Inlay MA, Serwold T, Bhattacharya D, Weissman IL. Flk2+ common lymphoid progenitors possess equivalent differentiation potential for the B and T lineages. Blood. 2008; 111(12):5562-70. PubMedhttps://doi.org/10.1182/blood-2007-11-126219Google Scholar

	Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common myeloid progenitor that gives rise to all myeloid lineages. Nature. 2000; 404(6774):193-7. PubMedhttps://doi.org/10.1038/35004599Google Scholar

	Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ. SLAM family receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for stem cells. Cell. 2005; 121(7):1109-21. PubMedhttps://doi.org/10.1016/j.cell.2005.05.026Google Scholar

	Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, Jaworski M. Hematopoietic stem cells reversibly switch from dormancy to self-renewal during homeostasis and repair. Cell. 2008; 135(6):1118-29. PubMedhttps://doi.org/10.1016/j.cell.2008.10.048Google Scholar

	Pronk CJ, Rossi DJ, Mansson R, Attema JL, Norddahl GL, Chan CK. Elucidation of the phenotypic, functional, and molecular topography of a myeloerythroid progenitor cell hierarchy. Cell Stem Cell. 2007; 1(4):428-42. PubMedhttps://doi.org/10.1016/j.stem.2007.07.005Google Scholar

	Brasel K, De Smedt T, Smith JL, Maliszewski CR. Generation of murine dendritic cells from flt3-ligand-supplemented bone marrow cultures. Blood. 2000; 96(9):3029-39. PubMedGoogle Scholar

	Manfra DJ, Chen SC, Jensen KK, Fine JS, Wiekowski MT, Lira SA. Conditional expression of murine Flt3 ligand leads to expansion of multiple dendritic cell subsets in peripheral blood and tissues of transgenic mice. J Immunol. 2003; 170(6):2843-52. PubMedhttps://doi.org/10.4049/jimmunol.170.6.2843Google Scholar

	Liu YJ. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic cell precursors. Annu Rev Immunol. 2005; 23:275-306. PubMedhttps://doi.org/10.1146/annurev.immunol.23.021704.115633Google Scholar

	Sitnicka E, Bryder D, Theilgaard-Monch K, Buza-Vidas N, Adolfsson J, Jacobsen SE. 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(4):463-72. PubMedhttps://doi.org/10.1016/S1074-7613(02)00419-3Google Scholar

	Holmes ML, Carotta S, Corcoran LM, Nutt SL. Repression of Flt3 by Pax5 is crucial for B-cell lineage commitment. Genes Dev. 2006; 20(8):933-8. PubMedhttps://doi.org/10.1101/gad.1396206Google Scholar

	Boyman O, Ramsey C, Kim DM, Sprent J, Surh CD. IL-7/anti-IL-7 mAb complexes restore T cell development and induce homeostatic T cell expansion without lymphopenia. J Immunol. 2008; 180(11):7265-75. PubMedhttps://doi.org/10.4049/jimmunol.180.11.7265Google Scholar

	Forsberg EC, Serwold T, Kogan S, Weissman IL, Passegue E. New evidence supporting megakaryocyte-erythrocyte potential of flk2/flt3+ multipotent hematopoietic progenitors. Cell. 2006; 126(2):415-26. PubMedhttps://doi.org/10.1016/j.cell.2006.06.037Google Scholar

	Boyer SW, Schroeder AV, Smith-Berdan S, Forsberg EC. All hematopoietic cells develop from hematopoietic stem cells through Flk2/Flt3-positive progenitor cells. Cell Stem Cell. 2011; 9(1):64-73. PubMedhttps://doi.org/10.1016/j.stem.2011.04.021Google Scholar

	Buza-Vidas N, Woll P, Hultquist A, Duarte S, Lutteropp M, Bouriez-Jones T. FLT3 expression initiates in fully multipotent mouse hematopoietic progenitor cells. Blood. 2011; 118(6):1544-8. PubMedhttps://doi.org/10.1182/blood-2010-10-316232Google Scholar




                                                        

                                                    

                                                    
                                                        


                                                                                                                                                                        


                                                                                                                                                                                    
                                                                Data Supplements
                                                                    
	    


            

    
        GA_Tsapogas_v2-01.pdf


	    


            

    
        2013.089482.Tsapogas_suppl.pdf


	    


            

    
        2013_089482-Contributions.pdf


	    


            

    
        2013_089482-Disclosures.pdf




                                                            

                                                                                                                    

                                                                                                                
                                                            Figures & Tables
                                                        



                                                    

                                                    
                                                        
                                                            Article Information

                                                              



                                                                                                                        
                                                                
                                                                                                                                        
                                                                                                                                                    Vol. 99 No. 4 (2014): April, 2014 : Articles
                                                                                                                                                

                                                                





                                                                
                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                                                                                                                                                                
                                                                                                                                         
                                                                        DOI
                                                                    

                                                                    
                                                                    
                                                                        
                                                                                                                                                                                                                                    https://doi.org/10.3324/haematol.2013.089482
                                                                        


                                                                                                                                            

                                                                                                                                    

                                                            

                                                            
                                                                                                                        
                                                            

                                                                                                                        
                                                                
                                                                    Pubmed
                                                                

                                                                
                                                                    
                                                                        24463214
                                                                    
                                                                

                                                            

                                                                                                                                                                                    
                                                                
                                                                    Pubmed Central
                                                                

                                                                
                                                                    
                                                                        PMC3971073
                                                                    
                                                                

                                                            

                                                                                                                        
                                                                
                                                                     
                                                                

                                                            

                                                                                                                        
                                                                
                                                                    Published
                                                                

                                                                
                                                                    2014-04-01
                                                                

                                                            

                                                                                                                        
                                                            
                                                                
                                                                    
                                                                        Published By
                                                                    


                                                                    
                                                                        Ferrata Storti Foundation, Pavia, Italy
                                                                    

                                                                


                                                                
                                                                    
                                                                        Print ISSN
                                                                    

                                                                    
                                                                        0390-6078
                                                                    

                                                                

                                                                
                                                                    
                                                                        Online ISSN
                                                                    

                                                                    
                                                                        1592-8721
                                                                    

                                                                

                                                                
                                                                    
                                                                         
                                                                    

                                                                

                                                            

                                                        




                                                                                                                
                                                                                                                                                                                    



                                                                                                                        
                                                                Article Usage

                                                            

                                                            


    
        Online Views

        2273

    

    
        PDF Downloads

        323

    





    
    



            

        Statistics from Altmetric.com



        
            
                No Data
            

        





    

    





                                                            

                                                        

                                                    


                                                

                                                                                                
                                                    
                                                        
    	
            
                
            
        
	
                            
    

        



            
    
    
    
    
                        
	
            
                
            
        
	

            
                
            
        
	
        
        
    


                    



                                                    

                                                

                                            

                                        

                                                                                



                                            
                                                
                                                                                    
                    
                    
                        
                    

                
                                                


                                                
                                                                                    
                    
                        
                        
                            
                        

                    

                
                                                


                                                
                                                    
                                                                                                            
                                                
                                                
                                                                                                        
                                                




                                            


                                        

                                                                        

                            

                            
    
        
            
                How to Cite

                
                    ×
                
            

            
    
        
                        
            
                
                    
  1. 
Panagiotis Tsapogas, Lee Kim Swee, Anja Nusser, Natko Nuber, Matthias Kreuzaler, Giuseppina Capoferri, Hannie Rolink, Rhodri Ceredig, Antonius Rolink. In vivo evidence for an instructive role of fms-like tyrosine kinase-3 (FLT3) ligand in hematopoietic development. Haematologica 2014;99(4):638-646; https://doi.org/10.3324/haematol.2013.089482.





                

                

                
                
  Copy Citation
  
  

                
                

                
                Choose Citation Format
                


                                        
                        	
                                
                                    Chicago
                                
                            
	
                                
                                    Harvard
                                
                            
	
                                
                                    Vancouver
                                
                            
	
                                
                                    Haematologica
                                
                            


                                                
                            Download Citation

                        

                        	
                                
                                    
                                    Endnote/Zotero/Mendeley (RIS)
                                
                            
	
                                
                                    
                                    BibTeX
                                
                            


                                            

                

            

        

    

    
            

        

    


                            
    
        
            
                Share Article

                
                    ×
                
            

            
                
                

                    
                        
                        
                            
                                Copy URL
                            
                        
                    

                

                
                
         

           
                

            

        

    



                                                                    
    
        
            
                Request Permissions

                
                    ×
                
            

            
                
                
                    To create an adaptation, translation, or derivative of the
                        original work, for commercial e-prints and printed articles further permission is
                        required.
 For
                        information contact: marketing@haematologica.org


                                        
                    Other types of copyright management, can be agreed with the Editorial office.



                

            

        

    


            
                        
    


 







  










    
        
            

            				
                                                                    
                                
					
Navigate

	Home
	Current issue
	Early view
	Archive
	About Haematologica
	Editorial Team
	Our policies





For Authors

	Author Guidelines
	Submit Manuscript
	Track Manuscript


For Reviewers

	Reviewer Guidelines
	Access Your Profile
	Access Your Tasks





For Advertisers

	Informations For Advertising


Education

	Review Articles
	Guidelines Articles


Privacy

	Cookie Policy
	Newsletter Privacy Policy
	Privacy Policy





More

	Rights & Permissions


	Web design
	Development



                                
                                    
                                
                                
                                
                                
                                
                                    
                                
                                


Copyright © 2023 by the Ferrata Storti Foundation | Web design ￫ | Development ￫


ISSN 0390-6078 print | ISSN 1592-8721 online
 





				

			                        

        

    

   
















 

