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Abstract: The Class III receptor tyrosine kinase Flt3 and its ligand, the Flt3-ligand (FL), play an
integral role in regulating the proliferation, differentiation, and survival of multipotent hematopoietic
and lymphoid progenitors from which B cell precursors derive in bone marrow (BM). More recently,
essential roles for Flt3 signaling in the regulation of peripheral B cell development and affinity
maturation have come to light. Experimental findings derived from a multitude of mouse models have
reinforced the importance of molecular and cellular regulation of Flt3 and FL in lymphohematopoiesis
and adaptive immunity. Here, we provide a comprehensive review of the current state of the
knowledge regarding molecular and cellular regulation of Flt3/FL and the roles of Flt3 signaling
in hematopoietic stem cell (HSC) activation, lymphoid development, BM B lymphopoiesis, and
peripheral B cell development. Cumulatively, the literature has reinforced the importance of FIt3
signaling in B cell development and function. However, it has also identified gaps in the knowledge
regarding Flt3-dependent developmental-stage specific gene regulatory circuits essential for steady-
state B lymphopoiesis that will be the focus of future studies.
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1. Introduction

Fms-like tyrosine kinase 3 (F1t3/Flk2) is a class III receptor tyrosine kinase that plays
essential roles in normal and malignant hematopoiesis [1]. FIt3 is a membrane-bound cell
surface receptor expressed at low levels on primitive hematopoietic progenitors in BM and
is re-expressed on activated germinal center B cells [2,3]. Flt3-ligand, FL, is a type I trans-
membrane protein that upon cellular activation can be released as a soluble homodimeric
protein [4]. FL is ubiquitously expressed, in hematopoietic and non-hematopoietic cells.
Under steady-state conditions, serum levels of FL are low, as pre-formed FL is maintained
in intracellular stores [4]. However, under stress conditions or upon cellular activation,
intracellular stores of FL are transported to the cell surface and released as a soluble pro-
tein [5,6]. Flt3 signaling is largely held in check by the limited expression of Flt3 receptor.
The critical roles of Flt3 signaling in lymphopoiesis, B cell development and maturation,
and humoral immunity were revealed through the analysis of somatic receptor and ligand
knockout mice that exhibit deficiencies in multipotent hematopoietic progenitors (MPP),
common lymphoid progenitors (CLP), and B cell precursors in BM [7,8]. Transplantation
studies revealed defects in lymphoid and myeloid reconstitution, but not HSC maintenance.
Much effort has been put into understanding Flt3 signaling in hematopoietic development
as mutations that render the receptor constitutively active are frequent in acute myeloid
leukemia (AML) and confer a poor clinical outcome. Mutant Flt3 signaling in leukemo-
genesis has been the topic of many reviews and will not be discussed here. The focus
of this review is to integrate the current state of the knowledge regarding molecular and
cellular regulation of fIt3/FL, the roles of Flt3 signaling in hematopoiesis, lymphoid and
B cell fate specification and differentiation, and peripheral B cell development. We will
review data obtained from a number of animal models (summarized in Table 1) and in vivo

Int. . Mol. Sci. 2022, 23, 7289. https:/ /doi.org/10.3390/ijms23137289

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23137289
https://doi.org/10.3390/ijms23137289
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://doi.org/10.3390/ijms23137289
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23137289?type=check_update&version=1

Int. J. Mol. Sci. 2022, 23,7289

20f 11

studies (summarized in Figure 1) that have provided clarification and new insight into FIt3
signaling, and that identify remaining gaps in the knowledge.

Table 1. Mouse models to study Flt3/FL signaling in hematopoiesis and humoral immunity.

. BM and/or Peripheral B . A
Mouse Strain Cell Phenotypes Functional Application References
Reductions in CLP and diminished Determine the requirement for FIt3 in
Flt3/Flk2-/- frequencies of all BM B lineage cells. hematopoiesis, HSC maintenance in steady-state [7,9]
No reductions in HSC. and upon hematopoietic stress.
Fate mapping. The fIt3 promoter drives EYFP; all
Flt3-Cre's/+ R26REYFP/+ AILHSC progeny, but not HSC, cells expressing FlIt3 and their progeny are [10]
express EYFP. .
marked by EYFP expression.
All HSC progeny, but not HSC,
express GFP. Identification of fetal Fate mapping driven by FIk2Cre excision. All
FIkSwitch HSC with increased capacity to cells express membrane Tomato (mT) prior to Cre [11-14]
wite generate innate-like B and T cells. FL expression. Flk2 activated Cre excises mT and all
deficiency protects against recombined progeny are labeled GFP+.
myeloablative insult.
HSC specific cell death induced by S - .
FHHS%-_%_FR administration of diphtheria Selrecitrive 1}111veist11gait10n rc:éhlglsg biology under [15]
toxin (DT) varying physiologic cor ons.
Flt3 signaling not required for - .
F1t3%/f! Vav1-Cre establishment or maintenance of HSC }Iianhematgp ofetic loss of FIt3 in all [16]
N . ematopoietic cells.
in fetal or adult hematopoiesis.
Reductions in Flt3+ MPP but no
FI/A Mx1-Cre reductions in CLP suggesting Flt3 Hematopoietic loss of FIt3 in HSC and [16]
nonredundant for maintenance differentiated progeny.
of CLP.
Reductions in frequencies of FIt3+
CLP; reductions in Pro-B, Pre-B, and Requirement for Flt3 signaling downstream of
FI3"/A Ragl-C IgM+ B cells in BM, suggesting lymphoid priming in B cell development. Also [16]
agl-ire requirement for FIt3 signaling after used to evaluate requirement for Flt3 signaling in
initiation of lymphoid fetal hematopoiesis.
gene expression.
Reduced BM cellularity, numbers of
Flt3+ MPP, CLP, BCP. Reduced spleen Determine the requirement for FL in the
Flt31 (FL)-/- cellularity, reductions in numbers TS development of hematopoietic progenitors in BM [8,9,17]
and FO, but not MZB cells. Defect in and B cell maturation in the periphery.
class switch recombination.
FL-/- Rag1GFP Reduced GFP+ LSK+, GFP+ CLP, and Lymphoid/B lineage tracing and priming. [18]
GFP+ BCP.
Reductions in fIt3]l mRNA and serum - .
FL+/- RaglGFP FL. Mice have reductions in GFP+ FDIf E??ﬁ;égnoﬁiggiiﬁpﬁd}f nitdrz(g]lrlimgnﬁf [18]
LSK-+, GEP+ CLE, and GEP+ BCP. P ymphoid development.
Increased MPP, CLP and Pro-B cells. I t of FL defici th ival of
FL-/- RaglGFP EmBcl2Tg No increase in lymphoid priming in lmrrplya;o(i) d/B Ceell ClreleeYn(i)tf(l) s € survivalo [19]
LSK+ or CLP. ymp Prog :
Blood leukocytosis, splenomegaly,
anemia, and reductions in platelets. . .
FLT3L-Tg Increase in BM lymphoid and myeloid Eetermmg th.e effect of FL f)verprngctlon on BM [20]
. L ematopoiesis and B cell differentiation.
progenitors. Reductions in PreB and
IgM+ B cells in BM.
Expanded frequencies in
myeloid-biased HSC and more severe Determine the combinatorial roles of Hoxa9 and
FL-/-Hoxa9-/- reductions in Flt3+ MPP, BLP and B Flt3 signaling in regulation lymphoid/B cell [21]
cell subsets than in FL-/- or Hoxa9-/- development.
single knockouts.
L Identification and characterization of
Discrimination of FL-GFPlo LT-HSC . -
FL-GFP from FL-GFPhi proliferating ST-HSC. 2§r;1ftopmet1c and non-hematopoietic sources [22]
Complete ablation of BM and fetal Determination of single versus complementar:
FL-/-IL7-/- liver derived B cells. No detectable '8 P Y [23]
- . roles of FL and IL-7 in lymphocyte development.
serum immunoglobulin.
FL signaling is permissive for B cell PP .
FIt3L-Tg IL7-/- survival and commitment but not IL-7 Determination if FL can bypass the requirement [24]

directed differentiation of Pro-B cells.

for IL-7 signaling in B cell development.
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LT-HSC

LSK+
CD150+
CDA48-
CD34-
VCAM1+
Thyl.1llo
flt3l+/-
FIt3L-Tg

ST-HSC

.

LSK+
CD150+
CD48-
CD34+
VCAM1+
Thyl.1lo
fit3+
FIt3-Cre
FlkSwitch

LMPP Pro-B Pre-B lgM+ B
LSK+ LSK+ Lin- B220+ B220+ B220+
CD150- CD150- ckitlo CD19+ CD19+ CD19+
CD48+ CD48+ Scallo IL7R+ IL7R+/- IL7R-
CD34+ CD34+ IL7R+ CD43lo CD43- IgM+
VCAM1+ VCAMI1- Ly6D+ Ragl-GFP+ Ragl-GFP+
Thyl.1- Ragl1-GFP+ Ragl-GFP+ cu- cu+
EuBcl2Tg+
Ragl-Cre

Figure 1. Developmental intermediates between HSC and IgM+ B cells. The phenotypic designations
shown are integrated from mouse models discussed and referenced in the text. Flt3 expression shown
in the circle represents protein. Italics indicate FL (flt3]) or FIt3 mRNA. B lineage progenitors (BLP)
are a subset of CLP that have undergone B lineage specification. Cytoplasmic heavy chain protein is
denoted cp. FIt3L-Tg, Flt3-Cre, FlkSwitch, and Rag1-Cre are shown under the developmental stage in
which transcript expression, indicative of promoter activation, has been detected.

2. Molecular and Cellular Regulation of FIt3 and FL

Molecular and cellular regulation of fIt3 is tightly controlled and has been elucidated
in the context of ex vivo isolated developmentally transitional BM progenitors as well
as in a variety of hematopoietic cell lines. At present, eight transcription factors have
been characterized as molecular regulators of fIt3, including Myb, C/EBPx, Hoxa9, Meisl,
Pbx1, PU.1, Bcllla, and Pax5. DNasel hypersensitivity assays revealed three cis-regulatory
elements in the fIt3 genomic locus [25]. To identify key transcription factors as molecular
regulators of fIt3 as a function of hematopoietic differentiation, BM hematopoietic progen-
itor subsets that differ in expression of Flt3 were purified, and DNasel hypersensitivity
assays were performed. The BM subsets evaluated included LSK+Flt3- enriched for HSC,
LSK+Flt3+ enriched for MPP, and the myeloid/erythroid biased progenitor subsets CMP,
GMP, and MEP that express low levels of FIt3 or are Flt3-. The fIt3 promoter was active in
LSK+FlIt3- HSC, LSK+F1t3+MPP, CMP, and GMP. Promoter occupancy in LSK+FIt3- HSC
suggested that the flt3 gene is primed for transcriptional activation in HSC. ChIP assays
identified Hoxa9, Meis1, Pbx1, PU.1, Myb, and C/EBP« binding to the fIt3 promoter. Myb
and C/EBP« were also bound to an intronic element that is functionally active only in
LSK+Fl1t3+ MPPs. Importantly, neither promoter nor intronic nuclease sensitive sites were
protected in MEP, consistent with the silencing of the fIt3 genomic locus upon commitment
to the megakaryocyte and erythroid lineages. The functional significance of Myb and
C/EBPu in regulation of fIt3 was confirmed by shRNA knockdown of Myb or C/EBP« that
caused a reduction in fIt3 transcripts. Forced expression of Myb or C/EBP« in the HSC-like
cell line HPC? failed to induce FIt3; however, enforced co-expression Myb or C/EBPx
resulted in upregulation of FIt3. These data indicate that Myb and C/EBP« functionally
cooperate in the regulation of FIt3.

A similar strategy was used to determine the requirement for Hoxa9 in the regulation
of FIt3 in lymphoid progenitors [26]. The cell surface expression of Flt3 is reduced in
Fl1t3+ LSK+ and Flt3+ CLP in hoxa9—/— mice. ChIP assays revealed Hoxa9, Meis1, Pbxl1,
and PU.1 binding to the fIt3 promoter in FIt3+ multipotential EBF1—/— cells but not in
Flt3- RAG2—/— Pro-B cells. The shRNA knockdown of Hoxa9 in Flt3+ EBF1—/— cells
reduced flt3 mRNA and protein. Importantly, the retroviral forced expression of Hoxa9
in the B lineage specified Pax5—/— cell line that expresses low levels of Flt3, upregulated
f1t3 mRNA and protein. These experimental findings, together with those described
above, implicate Hoxa9 in the regulation of FIt3 from the earliest stages of hematopoietic
differentiation. Notably, hoxa9—/— and FL—/— mice share similar hematopoietic progenitor
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and B cell precursor deficiencies with respect to impaired FIt3 expression [21]. To determine
if impaired lymphopoiesis and B cell genesis in hoxa9—/— mice was due to diminished
Flt3 signaling, FL—/—Hoxa9—/— mice were generated [21]. Unexpectedly, the compound
knockout mice exhibited a profound deficiency in lymphoid progenitors and an expansion
of myeloid-biased HSC. These data suggest that Flt3 signaling synergizes with Hoxa9, from
an extremely early checkpoint, to promote lymphoid developmental potential.

The transcription factor Bcllla has also been implicated in the regulation of Flt3 in
LSK+ progenitors and CLP. The frequencies of LSK+ and CLP were significantly reduced
in Bcllla—/— fetal liver cells [27]. Transplantation experiments confirmed that deficiencies
in the frequencies of LSK+ or CLPs were cell intrinsic. Cre-ERT2 Bcl114"// mice admin-
istered tamoxifen and analyzed 5-7 days post treatment revealed reductions in LSK+,
LMPP, CLP, and B cell precursors. The qRT-PCR of LMPPs confirmed reductions in fIt3
transcripts. The Flt3+ EBF1—/— cell line was established from d14.5 fetal liver cells and
would be an excellent tool to evaluate Bcllla binding and functional relevance to flt3 gene
regulation [26].

As important as the induction of FIt3 expression in primitive progenitors is silencing
F1t3 upon commitment to the B cell fate. Commitment and maintenance of the B cell fate is
dependent on the transcription factor Pax5. Holmes, et al. identified Pax5 as a negative
regulator of FIt3 in committed B cell progenitors [28]. Pax5 is bound to the fIt3 promoter in
Pro-B cells. The authors further determined that Pax5 repression of fit3 is critical for B cell
development. Retroviral forced expression of Flt3 in BM HSC impaired B lymphopoiesis
by decreasing B cell precursor frequency.

Molecular and cellular regulation of fIt3! is also important for normal B lymphopoiesis
and impacts expression levels of Flt3 [18]. The heterozygosity of fIt3] reduced FL transcripts
and serum levels. FL+/- mice had reductions in frequencies of LSK+F1t3+MPPs and reduced
expression of Flt3 on LSK+F1t3+MPP. The reductions in LSK+F1t3+MPP in FL+/- mice coin-
cided with reduced lymphoid priming, as indicated by impaired RAGI locus activation, in
addition to reduced frequencies of RAG1 expressing CLP and B cell progenitors. While this
study established that threshold levels of FL are limiting for steady-state B lymphopoiesis,
other reports support that the regulation of FL availability must be tightly regulated, in-
dependent of controlled expression of Flt3. FLT3L-Tg mice that constitutively express
high levels of human FL, exhibit increased BM cellularity, expansion of myeloid cells,
splenomegaly, and blood leukocytosis [20]. The FLT3L-Tg mice also developed anemia and
platelet deficiency. The anemia and platelet deficiencies were reflected by a dramatic de-
crease in MEP with an increase in GMP, consistent with expanded myelopoiesis. Regarding
BM B lymphopoiesis, flow cytometry analysis of FLT3L-Tg mice revealed expanded Ly6D+
CLP (shown as BLP in Figure 1), a normal Pro-B compartment, but reductions in Pre-B and
IgM+ B cells. Interestingly, both ebfI and pax5 transcript levels were reduced in FLT3L-Tg
mice, suggesting that an overabundance of FL impairs the activation of the genetic circuitry
that drives B cell commitment. Thus, while an over-abundance of FL expands the lymphoid
progenitor pool, it impairs the differentiation of committed B cell precursors [24]. Similar
results were obtained upon retroviral overexpression of Flt3 [28].

3. Fl1t3 Is Dispensable for HSC Generation and Maintenance

In mice, immunophenotyping studies coupled with functional assays and molecular
analyses have established that the differential expression of FIt3 discriminates hematopoi-
etic progenitor subsets. FIt3 is not expressed on HSC, consistent with in vivo studies
that neither Flt3 nor FL are required for the steady-state hematopoiesis or the reconsti-
tution of HSCs after primary or serial transplantation [9,29,30]. To further discriminate
hematopoietic stem and progenitor cell functional subsets, the expression profiling of puri-
fied progenitors was performed. The analysis of HSC, CMP, and CLP identified VCAM1
as a marker expressed in HSC and CMP but not CLP. VCAM1+ Thy1.1lo Flt3- cells were
enriched for HSC, the expression of FIt3 on VCAM1+ Thy1.1lo was distinguished HSC from
short-term hematopoietic stem cells (ST-HSC), the loss of Thyl.1 on VCAM1+ Flt3+ cells
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distinguished MPP from HSC, and VCAMI1- Flt3+ cells were enriched for lymphoid-biased
multipotential progenitors (LMPP) that displayed higher surface levels of Flt3 and evidence
of lymphoid priming [31,32]. These data show that differential expression of VCAM1 and
FIt3 are effective markers to resolve multiple primitive hematopoietic progenitor subsets
(Figure 1).

LSK+ subsets can also be fractionated based on the differential expression of CD150,
CD48, CD34, and Flt3 (Figure 1). Only a small fraction of LSK+CD150+CD48- cells enriched
for HSC express Flt3. Frequencies of Flt3+ cells are increased in LSK+CD150+CD48+ that
co-express CD34. The upregulation of Flt3 within CD48+CD34+HSPC coincided with
downregulated CD150 [33]. Another group performed single-cell analysis of flf3 mRNA on
progenitor subsets using the differential expressions of CD150 and CD48 [34]. A very low
frequency of single LSK+CD150+CD48- HSC expressed fIt3 mRNA. Further flow cytometry
analysis determined that within the LSK+CD150+CD48- subset, F1t3+ cells were largely
restricted to progenitors displaying low levels of CD150 and expressing CD34. Notably,
very little co-expression of fIt3 and epor mRNA was found in the same cells, consistent with
the suppression of Flt3 in MEP.

F1t3-Cre!8/*R26RFYFT/+ reporter mice were established for fate mapping [10]. In these
mice, the mouse fIt3 promoter drives the expression of EYFP. Therefore, all cells expressing
FIt3 and their progeny, regardless of Flt3 expression, are marked by EYFP. Not surprisingly,
all lymphoid and most myeloid progenitors were EYFP+. Importantly, all stages of MEP
expressed EYFP, although they lacked Flt3 expression by flow cytometry. Consistent with
functional studies demonstrating that Flt3 signaling is not required for HSC maintenance,
most LSK + CD150 + CD48- lacked the expression of EYFP.

FlkSwitch reporter mice, also generated for fate mapping studies, further reinforced
the finding that HSC maintenance is independent of Flt3 signaling [11]. Flk2Cre driven
by Flk2 (Flt3) regulatory elements were crossed to mice expressing the dual fluorescent
reporter mT/mG in the Rosa26 locus [35]. In this model, all cells express fluorescent
membrane-targeted tandem dimer tomato (mT) prior to Cre excision and green fluorescent
protein (GFP, mG) after Cre excision, allowing for the discrimination of recombined and
non-recombined cells. All HSC (LSK + CD150 + CDA48-Flt3-) expressed mT but not mG.
ST-HSC discriminated by low levels of Flt3 were comprised of ~50% mG+, whereas >90%
Fl1t3+ MPP were mG+, as well as CMP, CLP, MEP, GMP, and differentiated platelets and
erythroid progenitors. Cre mRNA was evaluated in HSC, Flt3+ MPP, myeloid progenitors
(Lin-ckit"Sca1-), and erythroid progenitors (Ter119-CD71+). Notably, Cre expression and
activity was lacking in cells that did not express and had downregulated or silenced Flt3.
Not surprising, the floxing efficiency increased with Flt3 expression on hematopoietic
progenitors. The FlkSwitch mouse substantiated that all hematopoietic lineages differen-
tiate from a Flt3+ intermediary stage under homeostasis, after sublethal irradiation, or
upon transplantation. This mouse model further provided definitive evidence that HSC
specification and maintenance are Flt3-independent. The same group established that Flk2
expression does not restrict multilineage potential but allows for the isolation of highly
functional HSC (mT+, Flk2-) [12]. A follow-up study by the lab using FL—/— and FlkSwitch
reporter mice focused on the impact of Flt3 deficiency on myelopoiesis. In this study, they
determined that Flk2 deficiency does not promote cell fate decisions but promotes cellular
proliferation. An important observation from this study was that Flk2 deficiency provided
a survival advantage after myeloablative stress due to reduced proliferation and cycling,
which may have clinical applications [13]. Finally, the recently reported Flk2-Cre HSC-DTR
mouse model that selectively expresses the diphtheria toxin receptor (DTR) in HSC will
enable future studies of aspects of HSC biology that have remained elusive with existing
models [15].

Signaling molecules that play essential roles in embryonic development may
not precisely reflect adult hematopoiesis. Examination of fetal and neonatal progeni-
tor subsets using the FlkSwitch reporter identified mT+ and mG+ fractions within the
LSK + CD150 + CD48- subset enriched for HSC, suggesting the coexistence of two HSC
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subsets in early life [14]. Notably, both E14.5 fetal liver mT+ and mG+ were capable of long-
term multilineage reconstitution after transplantation. The mT+ and mG+ HSC expressed
comparable levels of CD34, but the mG+ expressed lower levels of CD150. The mG+ HSC
represented a transient HSC population and were more proliferative as greater frequencies
of mG+ were in S/G2/M with decreased frequency in G0/G1. The mG+ d14.5 FL HSC,
although capable of long-term multilineage reconstitution, showed enhanced generation
of lymphoid cells and reduced production of myeloid cells. Quantitative PCR showed
lymphoid priming in mG+ compared to mT+ HSC. Interestingly, the mG+ FL HSC effi-
ciently generated innate-like B cells in vivo, compared to mT+ FL HSC. The mG+ FL HSC
also exhibited higher chimerism toward marginal zone B cells in the spleen than adult
mT+ HSC.

4. F1t3 Signaling as a Driver of HSC Activation and Lymphopoiesis

Exit from quiescence is a hallmark of HSC activation [33]. FIt3 and flt3] mRNA are
enriched in HSC subsets, showing increased cell cycling [22]. BM hematopoietic progenitors
maintain intracellular stores of pre-formed FL protein [6]. The activation of LSK+ cells
by early acting cytokines (SCF, IL6, IL3, TPO) strongly induced surface expression of
FL [6]. Thus, FL may promote hematopoietic progenitor proliferation, in part, through
autocrine mechanisms.

Tornack, et al. generated an FL-GFP reporter mouse to elucidate cells within the
BM microenvironment that express FL [22]. Interestingly, the FL-GFP reporter indicated
that LSK + CD150 + CD48-Flt3-CD34- cells enriched for HSC could be subdivided into
FL-GFPlo and FL-GFPhi subsets. The FL-GFPhi HSC had increased frequencies of cycling
cells, while FL-GFPlo HSC had decreased frequencies of cycling cells. FL-GFPhi HSC
expressed CD47, a marker of activated HSC [36]. Transplantation studies revealed that the
FL-GFPlo HSC showed long-term reconstitution, while the FL-GFPhi HSC showed only
short-term reconstitution.

F1t3/FL signaling rapidly and in a FL dose-dependent manner induces the phospho-
rylation of AKT and the forkhead transcription factor FOXO3 [37]. The phosphorylation
of FOXO3 results in inactivation and nuclear export. Activated FOXO3 is essential for
the maintenance of the HSC pool as foxo3a—/— HSC exhibits defective maintenance of
quiescence [38]. FOXO3 regulates the proliferation via the transcriptional regulation of the
cyclin-dependent kinase inhibitor p27kip1 and cyclin D. The suppression of FL may con-
serve HSC quiescence by inhibiting proliferation. The upregulation of Flt3, coupled with
the release of intracellular stores of FL, may be an important hub in a signaling network,
leading to the inactivation of FOXO3, promoting HSC activation and FL-promoting prolif-
eration. FOXO3 also contributes to progenitor survival via the transcriptional regulation
of pro-apoptotic gene promoters, including Bim and FasL. Constitutively active FOXO3
induces Bim and p27kip1l even in the presence of Flt3 signaling. Thus, FOXO3 phospho-
rylation may also represent a primary target for FL. mediated regulation of hematopoietic
stem and progenitor survival [37].

Fl1t3 signal transduction cascades initiated by FL binding induce the autophosphoryla-
tion of tyrosine residues. Tyrosine autophosphorylation creates docking sites for the p85
subunit of PI3K, Ras GTPase, phospholipase C-y, Shc, Grb2, and Src (reviewed in [39]).
Mice harboring a dominant negative form of Ras (dnRas) exhibit defective B lymphopoiesis
at the CLP to Pro-B stage, similar to flt3—/— mice [40]. Both flt3—/— and dnRas display
reduced IL-7R expression and impaired proliferation but not survival. dnRas mice crossed
to STAT5b-CA mice did not show restoration of CLP, although numbers of Pro-B cells
were restored. The rescue was not due to increased proliferation. The dnRas CLP and B
cell precursors showed increased socs2 and socs3, which were suggested to reduce Stat5
activation downstream of IL-7 signaling. These data suggest that FIt3 signaling via Ras
primes the ability of CLP and B cell progenitors to respond to IL-7 and activate Stat5.
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5. F1t3 Signaling in B Lymphopoiesis

Previous studies confirmed critical roles for FL and IL-7 in B cell development as
manifested by the ablation of B lymphopoiesis in FL—/—IL7—/— compound knockout
mice [23]. However, the role of Flt3 signaling alone in lymphoid/B cell development was
less clear. Mice deficient in Flt3 signaling exhibit reduced lymphoid priming and impaired
B lymphopoiesis, supporting a nonredundant role for Flt3 signaling in the generation of
lymphoid lineage progenitors that give rise to committed B cell precursors [6]. To determine
if F1t3 signaling could instruct B cell commitment in the absence of IL-7, FLT3L-Tg mice were
assessed for ability to rescue the B cell deficiency in IL-7—/— mice [24]. While numbers of
CD19+ Pro-B cells were rescued in FLT3L-Tg IL7—/— mice, Pre-B cells and immature CD19
+ IgM+ B cells were not rescued to wildtype levels. The CD19+ Pro-B cells generated in the
FLT3L-Tg IL7—/— mice expressed reduced but permissive levels of EBF1, Pax5, and FOXO1
to mediate B cell commitment. This experimental finding suggests that FIt3 signaling is
permissive and sufficient for the expansion of Pro-B cells and that a weak induction of
essential transcriptional regulators is required for B cell commitment but cannot bypass the
requirement for IL-7 signaling in B cell differentiation after lineage commitment.

Signaling molecules also contribute to cellular differentiation programs by regulating
survival pathways. FL—/— RAG1GFP+/— EuBcl2Tg mice were established to examine
the role of Flt3 signaling in the survival of lymphohematopoietic progenitors and B cell
precursors in BM [19]. EuBcl2Tg expression in FL—/— RAG1GFP+/— mice increased
frequencies and numbers of LSK+ cells but did not significantly alter the frequencies of
LMPP and had no impact on lymphoid priming, as determined by RAG1GFP expression.
Similar findings with FL—/— EuBcl2Tg mice without the RAG1-GFP reporter were obtained
by von Muenchow, et al., noting partial restoration of Flt3+ CLPs and CD19+ Pro-B cells [24].

FIt31/fl Vav1-Cre were generated to investigate the role of Flt3 in lymphoid development,
prior to lymphoid specification [16]. Consistent with the findings detailed above, the pan-
hematopoietic loss of FIt3 had no effect on HSC. Reductions in LSK + CD150-CD48 + Flt3+ MPP
were observed, as this subset includes the majority of MPPs. CLPs were also reduced, con-
sistent with normal expression of Flt3. Fl1t3/f Mx1-Cre showed identical results regarding
HSC. In contrast to Flt31/fl Vav1-Cre, FIt31/fl Mx1-Cre showed no effect on CLP, suggesting
that CLP maintenance is not as dependent on Flt3. Interestingly, a genomic analysis of
BM B lineage precursors revealed that the majority of residual CLP retained a non-deleted
floxed allele, suggesting a competitive advantage of Flt3+ progenitors over Flt3- in sus-
taining steady-state B lymphopoiesis. Finally, Ragl-Cre was used to target the loss of Flt3
downstream of lymphoid priming. There was no change in the Flt3 expression on LMPP,
but there was a significant reduction in F1t3+ CLPs in FIt3//l Rag1-Cre mice. The reduction
in Flt3+ CLP led to corresponding reductions in Pro-B, Pre-B, and IgM+ B cells. These data
reinforce a strict requirement for FlIt3 in lymphoid progenitors after lymphoid priming.
This was similarly true for fetal B lymphopoiesis. Taken together, the data obtained from
the loss of Flt3 in LSK+ progenitors or after initiation of lymphoid priming reinforce a
non-redundant role for Flt3 signaling in the regulation of the MPP pool and lymphoid/B
cell development.

6. Regulation of Peripheral B Development by F1t3/FL

FL plays an integral role in steady-state and stress hematopoiesis. The observation that
serum levels of FL increase dramatically in BM-failure-associated blood disorders, suggest-
ing that under physiologic conditions of stress, hematopoiesis release of intracellular stores
of FL is a mechanism to restore normal hematopoiesis [41,42]. Subsequent studies focused
on the cellular source of FL and found that T cells were a major source of pre-formed FL in
the periphery [5]. It was subsequently determined that gamma-chain-sharing cytokines
are efficient inducers of membrane-bound and soluble FL from human T cells, providing
insight into the mechanism of T cell release [43]. A link to humoral immunity was provided
when it was observed that exogenous FL differentially impacted cytokine production by
antigen-specific T cells in vivo and enhanced antibody titers in blood [44]. Interestingly,
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the antibody isotype was biased to IgG2a compared to IgG1 and was the result of higher
frequencies of antibody-producing cells. This finding was further corroborated with it was
shown that patients with Sjogren’s Syndrome showed increased serum levels of FL and
increased frequency of Flt3+ B cells in peripheral blood. Notably, exogenous FL enhanced
anti-IgM mediated proliferation and survival in vitro. Blocking FL or FIt3 impeded patient
survival [45]. Studies were then focused on understanding the mechanisms by which
Flt3 signaling impacts humoral immunity. F1t3 was found to be re-expressed on activated
germinal center B cells, and signaling activates a molecular circuitry critical for class switch
recombination [17,46]. Together, these studies establish a crucial role for Flt3/FL signaling
in the regulation of humoral immunity.

Flt3 signaling also impacts peripheral B cell maturation and homeostasis. FL—/—
mice have reduced splenic cellularity, fewer transitional B cells, skewed frequencies of
marginal zone B cells, and reductions in numbers of follicular B cells [47]. Bone marrow
chimeras established with wildtype and FL—/— bone marrow cells normalized deficiencies
in numbers of transitional and follicular B cells and the marginal zone B skewing. These
results were corroborated when FL—/— mice were administered exogenous FL, establishing
that the peripheral B cell maturation alteration was cell-extrinsic. An additional role
for Flt3 in peripheral B cell homeostasis was suggested in results obtained from mixed
radiation chimeras transplanted with fetal liver cells from Flt37/fl Rag1-Cre and wildtype
competitor cells. Eight weeks post-transplant the authors found impaired reconstitution
of Bla, marginal zone B, and conventional B cells in the peritoneal cavity and spleen
of the transplant recipients [16]. Thus, in addition to being a critical regulator of BM
B lymphopoiesis, Flt3 signaling plays roles in peripheral B cell maturation and class
switch recombination.

7. Conclusions and Future Directions

Here, we summarized the current experimental findings that substantiate and reinforce
the nonredundant role of Flt3 signaling in lymphohematopoiesis and B cell development.
Impaired Flt3 signaling, due to deficiencies in Flt3 or FL, dysregulated expression of Flt3,
or overproduction of FL, disrupts B cell development in BM, as well as peripheral B cell dif-
ferentiation and homeostasis. At present, seven transcription factors have been implicated
in the regulation of fIt3, and additional experimental models are needed to investigate their
combinatorial roles with FlIt3 signaling in the regulation of B lymphopoiesis, similar to
Hoxa9. A major gap in the knowledge is how FIt3 signaling can bypass the requirement
for IL-7 signaling in the activation of the transcriptional circuitry driving commitment to
the B cell fate. The molecular mechanism by which FIt3 signaling suppresses megakary-
ocyte/erythroid development remains unclear. Signaling molecules can impact cell-fate
decisions by altering the expression or activity of key lineage determining transcription
factors. Additional studies, at the single-cell level, are needed to determine if Flt3 signaling
alters the balance of transcription factors that promote MEP or B cell differentiation and the
precise stages impacted. The experimental findings in this review were confined to data
obtained in mouse models or murine cell lines. We know very little concerning the role of
Flt3 signaling in human hematopoiesis and B cell development. The latter is particularly
important given the impact of FL dysregulation in human disease.
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Abbreviations

FL Flt3-ligand
LT-HSC long-term hematopoietic stem cell
ST-HSC  short-term hematopoietic stem cell

LSK+ Lineage-negative Sca-1+ ckit+
CcMmP common myeloid progenitor
CLP common lymphoid progenitor

GMP granulocyte/monocyte progenitor

MEP megakaryocyte/erythroid progenitor
LMPP lymphoid-biased multipotential progenitor
BM bone marrow

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Parcells, BW.,; Ikeda, A.K.; Simms-Waldrip, T.; Moore, T.B.; Sakamoto, K.M. FMS-Like Tyrosine Kinase 3 in Normal Hematopoiesis
and Acute Myeloid Leukemia. Stem Cells 2006, 24, 1174-1184. [CrossRef] [PubMed]

Adolfsson, J.; Mansson, R.; Buza-Vidas, N.; Hultquist, A.; Liuba, K.; Jensen, C.T.; Bryder, D.; Yang, L.; Borge, O.-];
Thoren, L.A; et al. Identification of Flt3+ Lympho-Myeloid Stem Cells Lacking Erythro-Megakaryocytic Potential: A Revised
Road Map for Adult Blood Lineage Commitment. Cell 2005, 121, 295-306. [CrossRef]

Lyman, S.D.; James, L.; Escobar, S.; Downey, H.; De Vries, P; Brasel, K.; Stocking, K.; Beckmann, M.P,; Copeland, N.G;
Cleveland, L.S. Identification of soluble and membrane-bound isoforms of the murine fIt3 ligand generated by alternative
splicing of mRNAs. Oncogene 1995, 10, 149-157. [PubMed]

McClanahan, T.; Culpepper, J.; Campbell, D.; Wagner, J.; Franz-Bacon, K.; Mattson, J.; Tsai, S.; Luh, J.; Guimaraes, M.J.;
Mattei, M.G.; et al. Biochemical and genetic characterization of multiple splice variants of the Flt3 ligand. Blood 1996, 88,
3371-3382. [CrossRef] [PubMed]

Chklovskaia, E.; Jansen, W.; Nissen, C.; Lyman, S.D.; Rahner, C.; Landmann, L.; Wodnar-Filipowicz, A. Mechanism of fIt3 ligand
expression in bone marrow failure: Translocation from intracellular stores to the surface of T lymphocytes after chemotherapy-
induced suppression of hematopoiesis. Blood 1999, 93, 2595-2604. [CrossRef] [PubMed]

Sitnicka, E.; Bryder, D.; Theilgaard-Monch, K.; Buza-Vidas, N.; Adolfsson, J.; Jacobsen, S.E.W. 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.
[CrossRef]

Mackarehtschian, K.; Hardin, ].D.; Moore, K.A.; Boastm, S.; Goff, S.P.; Lemischka, I.R. Targeted disruption of the flk2/flt3 gene
leads to deficiencies in primitive hematopoietic progenitors. Immunity 1995, 3, 147-161. [CrossRef]

McKenna, H.J.; Stocking, K.L.; Miller, R.E.; Brasel, K.; De Smedt, T.; Maraskovsky, E.; Maliszewski, C.R.; Lynch, D.H.; Smith, J.;
Pulendran, B.; et al. Mice lacking flt3 ligand have deficient hematopoiesis affecting hematopoietic progenitor cells, dendritic cells,
and natural killer cells. Blood 2000, 95, 3489-3497. [CrossRef]

Buza-Vidas, N.; Cheng, M.; Duarte, S.; Charoudeh, H.N.; Jacobsen, S.E.W.; Sitnicka, E. FLT3 receptor and ligand are dispensable
for maintenance and posttransplantation expansion of mouse hematopoietic stem cells. Blood 2009, 113, 3453-3460. [CrossRef]
Buza-Vidas, N.; Woll, P.S.; Hultquist, A.; Duarte, S.; Lutteropp, M.; Bouriez-Jones, T.; Ferry, H.; Luc, S.; Jacobsen, S.E.W. FLT3
expression initiates in fully multipotent mouse hematopoietic progenitor cells. Blood 2011, 118, 1544-1548. [CrossRef]

Boyer, S.W.; Schroeder, A.V.; Smith-Berdan, S.; Forsberg, E.C. All hematopoietic cells develop from hematopoietic stem cells
through Flk2 /Flt3-positive progenitor cells. Cell Stem Cell. 2011, 9, 64-73. [CrossRef] [PubMed]

Boyer, S.W,; Beaudin, A.E.; Forsberg, E.C. Mapping differentiation pathways from hematopoietic stem cells using F1k2/F1t3
lineage tracing. Cell Cycle 2012, 11, 3180-3188. [CrossRef] [PubMed]

Beaudin, A.E.; Boyer, S.W.; Forsberg, E.C. FIk2/FIt3 promotes both myeloid and lymphoid development by expanding non-self-
renewing multipotent hematopoietic progenitor cells. Exp. Hematol. 2013, 42, 218-229.e4. [CrossRef] [PubMed]

Beaudin, A.E.; Boyer, S.W.; Perez-Cunningham, J.; Hernandez, G.E.; Derderian, S.C.; Jujjavarapu, C.; Aaserude, E.; MacKenzie, T.;
Forsberg, E.C. A Transient Developmental Hematopoietic Stem Cell Gives Rise to Innate-like B and T Cells. Cell Stem Cell 2016,
19, 768-783. [CrossRef] [PubMed]

Baena, A.R.Y,; Rajendiran, S.; Manso, B.A.; Krietsch, J.; Boyer, S.W.; Kirschmann, J.; Forsberg, E.C. New transgenic mouse models
enabling pan-hematopoietic or selective hematopoietic stem cell depletion in vivo. Sci. Rep. 2022, 12, 3156. [CrossRef]

Zriwil, A.; Boiers, C.; Kristiansen, T.A.; Wittmann, L.; Yuan, J.; Nerlov, C.; Sitnicka, E.; Jacobsen, S.E.W. Direct role of FLT3 in
regulation of early lymphoid progenitors. Br. |. Haematol. 2018, 183, 588-600. [CrossRef]

Svensson, M.N.D.; Andersson, KM.E.; Wasén, C.; Erlandsson, M.C.; Nurkkala-Karlsson, M.; Jonsson, 1.-M.; Brisslert, M.;
Bemark, M.; Bokarewa, M.I. Murine germinal center B cells require functional Fms-like tyrosine kinase 3 signaling for IgG1
class-switch recombination. Proc. Natl. Acad. Sci. USA 2015, 112, E6644-E6653. [CrossRef]

Dolence, J.J.; Gwin, K,; Frank, E.; Medina, K.L. Threshold levels of Flt3-ligand are required for the generation and survival of
lymphoid progenitors and B-cell precursors. Eur. |. Immunol. 2011, 41, 324-334. [CrossRef]


http://doi.org/10.1634/stemcells.2005-0519
http://www.ncbi.nlm.nih.gov/pubmed/16410383
http://doi.org/10.1016/j.cell.2005.02.013
http://www.ncbi.nlm.nih.gov/pubmed/7824267
http://doi.org/10.1182/blood.V88.9.3371.bloodjournal8893371
http://www.ncbi.nlm.nih.gov/pubmed/8896402
http://doi.org/10.1182/blood.V93.8.2595
http://www.ncbi.nlm.nih.gov/pubmed/10194439
http://doi.org/10.1016/S1074-7613(02)00419-3
http://doi.org/10.1016/1074-7613(95)90167-1
http://doi.org/10.1182/blood.V95.11.3489
http://doi.org/10.1182/blood-2008-08-174060
http://doi.org/10.1182/blood-2010-10-316232
http://doi.org/10.1016/j.stem.2011.04.021
http://www.ncbi.nlm.nih.gov/pubmed/21726834
http://doi.org/10.4161/cc.21279
http://www.ncbi.nlm.nih.gov/pubmed/22895180
http://doi.org/10.1016/j.exphem.2013.11.013
http://www.ncbi.nlm.nih.gov/pubmed/24333663
http://doi.org/10.1016/j.stem.2016.08.013
http://www.ncbi.nlm.nih.gov/pubmed/27666010
http://doi.org/10.1038/s41598-022-07041-6
http://doi.org/10.1111/bjh.15578
http://doi.org/10.1073/pnas.1514191112
http://doi.org/10.1002/eji.201040710

Int. J. Mol. Sci. 2022, 23,7289 10 of 11

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

Dolence, J.J.; Gwin, K.A.; Shapiro, M.B.; Medina, K.L. Flt3 signaling regulates the proliferation, survival, and maintenance of
multipotent hematopoietic progenitors that generate B cell precursors. Exp. Hematol. 2014, 42, 380-393.e3. [CrossRef]

Tsapogas, P.; Swee, L.K; Nusser, A.; Nuber, N.; Kreuzaler, M.; Capoferri, G.; Rolink, H.; Ceredig, R.; Rolink, A. In vivo evidence
for an instructive role of fms-like tyrosine kinase-3 (FLT3) ligand in hematopoietic development. Haematologica 2014, 99, 638—-646.
[CrossRef]

Gwin, K.A.; Shapiro, M.B.; Dolence, ].J.; Huang, Z.L.; Medina, K.L. Hoxa9 and Flt3 Signaling Synergistically Regulate an Early
Checkpoint in Lymphopoiesis. J. Immunol. 2013, 191, 745-754. [CrossRef] [PubMed]

Tornack, J.; Kawano, Y.; Garbi, N.; Himmerling, G.J.; Melchers, F.; Tsuneto, M. Flt3 ligand-eGFP-reporter expression characterizes
functionally distinct subpopulations of CD150+long-term repopulating murine hematopoietic stem cells. Eur. J. Immunol. 2017,
47,1477-1487. [CrossRef] [PubMed]

Sitnicka, E.; Brakebusch, C.; Martensson, I.-L.; Svensson-Frej, M.; Agace, W.; Sigvardsson, M.; Buza-Vidas, N.; Bryder, D.; M.Cilio,
C.; Ahlenius, H.; et al. Complementary Signaling through fIt3 and Interleukin-7 Receptor o Is Indispensable for Fetal and Adult B
Cell Genesis. J. Exp. Med. 2003, 198, 1495-1506. [CrossRef] [PubMed]

von Muenchow, L.; Alberti-Servera, L.; Klein, F.; Capoferri, G.; Finke, D.; Ceredig, R.; Rolink, A.; Tsapogas, P. Permissive roles of
cytokines interleukin-7 and Flt3 ligand in mouse B-cell lineage commitment. Proc. Natl. Acad. Sci. USA 2016, 113, E8122-E8130.
[CrossRef]

Volpe, G.; Walton, D.S.; Del Pozzo, W.; Garcia, P; Dassé, E.; O'Neill, L.P; Griffiths, M.; Frampton, J.; Dumon, S. C/EBPo and MYB
regulate FLT3 expression in AML. Leukemia 2013, 27, 1487-1496. [CrossRef]

Gwin, K,; Frank, E.; Bossou, A.; Medina, K.L. Hoxa9 Regulates FIt3 in Lymphohematopoietic Progenitors. . Immunol. 2010, 185,
6572-6583. [CrossRef]

Yu, Y.; Wang, J.; Khaled, W.; Burke, S; Li, P; Chen, X.; Yang, W.; Jenkins, N.A.; Copeland, N.G.; Zhang, S.; et al. Bcll1la is essential
for lymphoid development and negatively regulates p53. . Exp. Med. 2012, 209, 2467-2483. [CrossRef]

Holmes, M.L.; Carotta, S.; Corcoran, L.M.; Nutt, S.L. Repression of FIt3 by Pax5 is crucial for B-cell lineage commitment. Genes
Dev. 2006, 20, 933-938. [CrossRef]

Adolfsson, J.; Borge, O.].; Bryder, D.; Theilgaard-Monch, K,; Astrand-Grundstrom, L; Sitnicka, E.; Sasaki, Y.; Jacobsen, S.E.
Upregulation of Flt3 Expression within the Bone Marrow Lin—Scal+c-kit+ Stem Cell Compartment Is Accompanied by Loss of
Self-Renewal Capacity. Immunity 2001, 15, 659—-669. [CrossRef]

Yang, L.; Bryder, D.; Adolfsson, J.; Nygren, J.; Mansson, R.; Sigvardsson, M.; Jacobsen, S.E.W. Identification of Lin—
Scal+kit+CD34+Fl1t3— short-term hematopoietic stem cells capable of rapidly reconstituting and rescuing myeloablated transplant
recipients. Blood 2005, 105, 2717-2723. [CrossRef]

Lai, A.Y.; Kondo, M. Asymmetrical lymphoid and myeloid lineage commitment in multipotent hematopoietic progenitors. J. Exp.
Med. 2006, 203, 1867-1873. [CrossRef] [PubMed]

Lai, A.Y,; Lin, S.M.; Kondo, M. Heterogeneity of Flt3-Expressing Multipotent Progenitors in Mouse Bone Marrow. J. Immunol.
2005, 175, 5016-5023. [CrossRef] [PubMed]

Wilson, A.; Laurenti, E.; Oser, G.; van der Wath, R.C.; Blanco-Bose, W.; Jaworski, M.; Offner, S.; Dunant, C.E,; Eshkind, L.;
Bockamp, E.; et al. Hematopoietic Stem Cells Reversibly Switch from Dormancy to Self-Renewal during Homeostasis and Repair.
Cell 2008, 135, 1118-1129. [CrossRef]

Mooney, C.J.; Cunningham, A.; Tsapogas, P.; Toellner, K.-M.; Brown, G. Selective Expression of Flt3 within the Mouse Hematopoi-
etic Stem Cell Compartment. Int. . Mol. Sci. 2017, 18, 1037. [CrossRef]

Muzumdar, M.D.; Tasic, B.; Miyamichi, K.; Li, L.; Luo, L. A global double-fluorescent Cre reporter mouse. Genesis 2007, 45,
593-605. [CrossRef] [PubMed]

Jaiswal, S.; Jamieson, C.H.; Pang, WW.; Park, C.Y.; Chao, M.P; Majeti, R.; Traver, D.; van Rooijen, N.; Weissman, I.L. CD47
Is Upregulated on Circulating Hematopoietic Stem Cells and Leukemia Cells to Avoid Phagocytosis. Cell 2009, 138, 271-285.
[CrossRef] [PubMed]

Jonsson, M.; Engstrom, M.; Jonsson, J.-I. FLT3 ligand regulates apoptosis through AKT-dependent inactivation of transcription
factor FoxO3. Biochem. Biophys. Res. Commun. 2004, 318, 899-903. [CrossRef]

Miyamoto, K.; Araki, K.Y.; Naka, K.; Arai, F,; Takubo, K.; Yamazaki, S.; Matsuoka, S.; Miyamoto, T.; Ito, K.; Ohmura, M.; et al.
Foxo3a Is Essential for Maintenance of the Hematopoietic Stem Cell Pool. Cell Stem Cell 2007, 1, 101-112. [CrossRef]

Drexler, H.G.; Quentmeier, H. Mini ReviewFLT3: Receptor and Ligand. Growth Factors 2004, 22, 71-73. [CrossRef] [PubMed]

Li, L.-X.; Goetz, C.A.; Katerndahl, C.D.S.; Sakaguchi, N.; Farrar, M.A. A Flt3- and Ras-Dependent Pathway Primes B Cell
Development by Inducing a State of IL-7 Responsiveness. J. Immunol. 2010, 184, 1728-1736. [CrossRef]

Lyman, S.D.; Seaberg, M.; Hanna, R.; Zappone, ].; Brasel, K.; Abkowitz, ].L.; Prchal, ].T.; Schultz, ].C.; Shahidi, N.T. Plasma/serum
levels of fIt3 ligand are low in normal individuals and highly elevated in patients with Fanconi anemia and acquired aplastic
anemia. Blood 1995, 86, 4091-4096. [CrossRef] [PubMed]

Wodnar-Filipowicz, A.; Lyman, S.D.; Gratwohl, A.; Tichelli, A.; Speck, B.; Nissen, C. Flt3 ligand level reflects hematopoietic
progenitor cell function in aplastic anemia and chemotherapy-induced bone marrow aplasia. Blood 1996, 88, 4493-4499. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.exphem.2014.01.001
http://doi.org/10.3324/haematol.2013.089482
http://doi.org/10.4049/jimmunol.1203294
http://www.ncbi.nlm.nih.gov/pubmed/23772038
http://doi.org/10.1002/eji.201646730
http://www.ncbi.nlm.nih.gov/pubmed/28667750
http://doi.org/10.1084/jem.20031152
http://www.ncbi.nlm.nih.gov/pubmed/14610045
http://doi.org/10.1073/pnas.1613316113
http://doi.org/10.1038/leu.2013.23
http://doi.org/10.4049/jimmunol.0904203
http://doi.org/10.1084/jem.20121846
http://doi.org/10.1101/gad.1396206
http://doi.org/10.1016/S1074-7613(01)00220-5
http://doi.org/10.1182/blood-2004-06-2159
http://doi.org/10.1084/jem.20060697
http://www.ncbi.nlm.nih.gov/pubmed/16880261
http://doi.org/10.4049/jimmunol.175.8.5016
http://www.ncbi.nlm.nih.gov/pubmed/16210604
http://doi.org/10.1016/j.cell.2008.10.048
http://doi.org/10.3390/ijms18051037
http://doi.org/10.1002/dvg.20335
http://www.ncbi.nlm.nih.gov/pubmed/17868096
http://doi.org/10.1016/j.cell.2009.05.046
http://www.ncbi.nlm.nih.gov/pubmed/19632178
http://doi.org/10.1016/j.bbrc.2004.04.110
http://doi.org/10.1016/j.stem.2007.02.001
http://doi.org/10.1080/08977190410001700989
http://www.ncbi.nlm.nih.gov/pubmed/15253381
http://doi.org/10.4049/jimmunol.0903023
http://doi.org/10.1182/blood.V86.11.4091.bloodjournal86114091
http://www.ncbi.nlm.nih.gov/pubmed/7492765
http://doi.org/10.1182/blood.V88.12.4493.bloodjournal88124493
http://www.ncbi.nlm.nih.gov/pubmed/8977241

Int. ]. Mol. Sci. 2022, 23, 7289 11 of 11

43.

44.

45.

46.

47.

Chklovskaia, E.; Nissen, C.; Landmann, L.; Rahner, C.; Pfister, O.; Wodnar-Filipowicz, A. Cell-surface trafficking and release of
flt3 ligand from T lymphocytes is induced by common cytokine receptor y-chain signaling and inhibited by cyclosporin A. Blood
2001, 97, 1027-1034. [CrossRef] [PubMed]

Pulendran, B.; Smith, J.L.; Caspary, G.; Brasel, K.; Pettit, D.; Maraskovsky, E.; Maliszewski, C.R. Distinct dendritic cell subsets
differentially regulate the class of immune response in vivo. Proc. Natl. Acad. Sci. USA 1999, 96, 1036-1041. [CrossRef] [PubMed]
Tobén, G.J.; Renaudineau, Y.; Hillion, S.; Cornec, D.; Devauchelle-Pensec, V.; Youinou, P; Pers, J.-O. The Fms-like tyrosine kinase
3 ligand, a mediator of B cell survival, is also a marker of lymphoma in primary Sjogren’s syndrome. Arthritis Care Res. 2010, 62,
3447-3456. [CrossRef]

Kallies, A.; Hasbold, J.; Fairfax, K.; Pridans, C.; Emslie, D.; McKenzie, B.S.; Lew, A.M.; Corcoran, L.M.; Hodgkin, P.D.; Tarlinton,
D.M.; et al. Initiation of Plasma-Cell Differentiation Is Independent of the Transcription Factor Blimp-1. Immunity 2007, 26,
555-566. [CrossRef]

Dolence, ].J.; Gwin, K.A.; Shapiro, M.B.; Hsu, E-C.; Shapiro, V.S.; Medina, K.L. Cell extrinsic alterations in splenic B cell maturation
in Flt3-ligand knockout mice. Immun. Inflamm. Dis. 2015, 3, 103-117. [CrossRef]


http://doi.org/10.1182/blood.V97.4.1027
http://www.ncbi.nlm.nih.gov/pubmed/11159533
http://doi.org/10.1073/pnas.96.3.1036
http://www.ncbi.nlm.nih.gov/pubmed/9927689
http://doi.org/10.1002/art.27611
http://doi.org/10.1016/j.immuni.2007.04.007
http://doi.org/10.1002/iid3.54

	Introduction 
	Molecular and Cellular Regulation of Flt3 and FL 
	Flt3 Is Dispensable for HSC Generation and Maintenance 
	Flt3 Signaling as a Driver of HSC Activation and Lymphopoiesis 
	Flt3 Signaling in B Lymphopoiesis 
	Regulation of Peripheral B Development by Flt3/FL 
	Conclusions and Future Directions 
	References

