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Summary
Activation of the FMS-like tyrosine kinase 3 (FLT3) by its ligand, FLT3 ligand (FL), strongly
augments development of natural killer (NK) cells from human CD34+ hematopoietic progenitor
cells (HPCs) in the presence of interleukin-15 (IL-15), compared to IL-15 alone. In this study, we
observed that blocking the receptor tyrosine kinase Axl/Gas6 pathway with a soluble Axl fusion
protein (Axl-Fc) in the presence of FL significantly diminished the absolute number of
CD3−CD56+ NK cells derived from human CD34+ HPCs. Axl-Fc reduced the expression level of
the IL-2/15 receptor β chain (CD122) and γ chain (CD132) induced by activation of FLT3 and
consequently reduced the frequency of NK precursor cells responding to IL-15. Furthermore, Axl-
Fc diminished FL-induced FLT3 phosphorylation and impeded the physical interaction between
Axl and FLT3 in CD34+ HPCs. Collectively, our data suggest that the Axl/Gas6 pathway
contributes to normal human NK cell development at least in part via its positive regulatory effect
on FLT3 signaling in CD34+ HPCs.
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Introduction
The FMS-like tyrosin kinase 3 (FLT3) is a receptor tyrosine kinase (RTK) and plays an
important role in hematopoiesis[1]. FLT3 is mainly expressed in hematopoietic stem and
early progenitor cells[2], and its biological significance in hematopoietic development has
been underscored by creating mice with a genetic disruption at the FLT3 locus. FLT3−/−

mice show hematopoietic defects that include reduced B cell numbers and defective
development of T cells[3]. Mice deficient in FLT3 ligand (FL) also show reduced numbers
of B-lymphoid progenitors, dendritic cells, and natural killer (NK) cells[4]. Although FL
alone cannot drive NK cell differentiation from CD34+ hematopoietic progenitor cells
(HPCs), FL can enhance differentiation of NK cells from human CD34+ HPCs in the
presence of interleukin-15 (IL-15) when compared to IL-15 alone[5]. Mechanistically,
exogenous FL appears to increase expression of the IL-15 receptor beta (IL-15Rβ or CD122)
on the surface of CD34+FLT3+ HPCs, thereby increasing the NK cell precursor frequency
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among total CD34+FLT3+ cells[5]. However, the mechanism(s) by which FLT3 itself is
regulated in the context of CD34+ HPCs and human NK cell development is unknown.

The Axl/Gas6 pathway refers to the RTK Axl family proteins which is composed of Axl,
Tyro3 (or Sky), and Mer[6], and two natural and highly homologous ligands for the Axl
family, growth arrest-specific gene 6 (Gas6) and protein S[7, 8]. The Axl/Gas6 pathway has
been shown to be important in a variety of cellular responses, such as cell migration[6],
proliferation[9], and NK cell development[10, 11]. In our previous study[11] we showed
that we could block the Axl/Gas6 pathway in human CD34+ HPCs with an excess of the
soluble chimeric protein Axl-Fc, which is composed of the extracellular domain of Axl and
Fc portion of human immunoglobulin G1 (IgG1). In doing so, Axl-Fc diminished STAT5
phosphorylation in CD34+ HPCs following their exposure to IL-15, and diminished the
phosphorylation of c-Kit in CD34+ HPCs following their exposure to c-Kit ligand (KL),
thereby impeding human NK cell development[11]. In the current study we explored the
effects of impeding Axl activation on the RTK FLT3 which is highly homologous to c-
Kit[12] and also involved in both murine and human NK cell development.

Results and Discussion
Although the FLT3/FL pathway cannot direct NK cell differentiation from CD34+ HPCs by
itself, it can greatly augment NK cell development at least in part by increasing the NK cell
precursor frequency, i.e., the number of CD34+ HPCs responsive to IL-15[5].

Inhibition of the Axl/Gas6 pathway decreases human NK cell development induced by FL
To determine if the Axl/Gas6 pathway regulated NK cell precursor frequency, we cultured
human CD34+ HPCs with FL in the presence of control Fc (Ctrl-Fc) or Axl-Fc for 7 days,
which was followed by washings to remove Axl-Fc, and subsequent culture with IL-15
alone for another 2 weeks. Interrupting the Axl/Gas6 pathway with Axl-Fc under these
conditions significantly reduced the frequency of CD34+ NK precursor cells induced by FL
when compared to cultures with Ctrl-Fc (Figure 1A). Consistent with this, the absolute
number of CD3−CD56+ NK cells resulting from the differentiation of CD34+ HPCs under
these culture conditions was significantly lower in the presence of Axl-Fc when compared to
identical cultures in the presence of Ctrl-Fc (Figure 1B). The inhibitory effect of Axl-Fc on
the development of NK cells is not due to its direct effect on NK cells as the Axl ligand,
Gas6, is not expressed by NK cells [11]. On the other hand, the fewer NK cells that did
differentiate from CD34+ HPCs in the presence of Axl-Fc had normal IFN-γ production and
cytotoxicity per se when compared to NK cells differentiated from CD34+ HPCs in the
presence of Ctrl-Fc (Figure 1C). It is consistent with the previous report showing that
addition of FL into the culture of CD34+ HPCs did not alter either IFN-γ production or
cytotoxicity by differentiated NK cells[5]. Furthermore, the absolute number of
differentiated NK cells was significantly higher when CD34+ HPCs were cultured with
IL-15 plus recombinant Gas6 protein, compared to IL-15 only (Figure 1D). Gas6 alone,
however, did not lead to NK cell development. Collectively, these results suggest that the
Axl/Gas6 pathway is required in order to obtain an optimal number of CD34+ NK cell
precursors generated by the FLT3/FL pathway, as well as for the optimal number of NK
cells differentiated from CD34+ NK precursors in the presence of IL-15. However the Axl/
Gas6 pathway does not appear to have any impact on the function of the mature NK cells
generated in these culture conditions with regard to IFN-γ production and cytotoxic activity.

Inhibition of the Axl/Gas6 pathway diminishes IL-15 responsiveness of CD34+ HPCs
One mechanism by which FL enhances NK cell precursor frequency for FLT3+CD34+

HPCs is by upregulating their expression of IL-15Rβ (or CD122), thereby generating more
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HPCs responsive to IL-15 and thus NK cell differentiation[5]. We asked if blocking the Axl/
Gas6 pathway in FLT3+CD34+ HPCs cultured with FL would affect the surface density
expression of CD122. As shown in Figure 2A, freshly isolated human CD34+ HPCs showed
little or no surface density expression of CD122 (top left, Figure 2A), yet this was
augmented by 10 days of culture in FL plus Ctrl-Fc (top middle, Figure 2A). When identical
CD34+ HPCs were cultured for 10 days in the presence of FL and Axl-Fc there was a
significantly lower surface density expression of CD122 on the CD34+ HPCs (top right and
bottom, Figure 2A). In addition, we tested whether Axl-Fc could regulate other components
of the IL-15 receptor (IL-15R), i.e. IL-15R α subunit (IL-15Rα) and γ subunit (IL-15Rγ,
CD132). Like CD122, neither receptor was detected by flow cytometry in freshly isolated
CD34+ HPCs (data not shown). When CD34+ HPCs were cultured with FL, the expression
level of IL-15Rγ was increased, and this increase was significantly inhibited in the presence
of Axl-Fc (Figure 2B). On the other hand, IL-15Rα expression was not induced by FL (data
not shown). This suggests that the adverse effects on human NK cell development from
CD34+ HPCs caused by the interruption of the Axl/Gas6 pathway results, at least in part,
from the latter’s impedance of signaling down the FLT3/FL pathway.

Axl/Gas6 pathway positively regulates FLT3 activation in CD34+ HPCs
It has been well known that the phosphorylation of FLT3 which follows the binding of its
ligand FL is essential for biological activities of the FLT3/FL pathway[13, 14]. Furthermore,
our previous report documented that the Axl/Gas6 pathway was crucial for optimal KL-
induced phosphorylation of c-Kit[11] (which is highly homologous to FLT3[12]) in human
CD34+ HPCs. Therefore we asked if impedance of the Axl/Gas6 pathway would result in a
diminished FL-induced FLT3 phosphorylation in human CD34+ HPCs. As shown in Figure
2C, interruption of the Axl/Gas6 pathway resulted in a marked reduction of FLT3
phosphorylation in the presence of FL when compared to CD34+ HPCs incubated with Ctrl-
Fc and FL. These data also support the notion that the Axl/Gas6 pathway is important for
signaling via the FLT3/FL pathway and participates in FL-induced human NK cell
development by positively regulating FLT3 signaling.

Physical interaction between Axl and FLT3
Previous studies showed that Axl family receptors functionally and physically interact with
a variety of signaling molecules, such as PI3K and Ras/Erk, and in turn induce activation of
those signaling pathways[15]. We therefore examined whether Axl and FLT3 would
physically interact with each other and, if so, if abrogation of Axl activation would diminish
the interaction between two molecules. While we did indeed observe a low, basal level of
constitutive binding of Axl with FLT3, physical association between Axl and FLT3 was
substantially increased when FLT3 is stimulated by FL in CD34+ HPCs. When Axl-Fc was
added, however, that physical association, as documented by immunoblot analysis, was
significantly decreased. These results suggest that activation of both Axl and FLT3 is
necessary for optimal physical association between the two molecules. As Axl-Fc was able
to decrease FL-induced FLT3 phosphorylation, it seems likely that an activated Axl
positively regulates FL-induced FLT3 phosphorylation through physical interaction with
activated FLT3.

Concluding Remarks
In summary, we have demonstrated here that impedance of the Axl/Gas6 pathway adversely
impacts FL-induced FLT3 phosphorylation in CD34+ HPCs. Diminished FLT3
phosphorylation in turn decreases the expression of IL-15Rβ (CD122) and IL-15Rγ (CD132)
on CD34+ NK precursor cells and consequently decreases the frequency of their
differentiation into mature human NK cells in the presence of IL-15. Our study provides
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mechanistic insight as to how two RTKs, Axl and FLT3, interact and eventually promote
optimal NK cell development. In conjunction with our earlier study[11] the work presented
here indicates that impedance of the Axl/Gas6 pathway reduces optimal signaling of two
receptor tyrosine kinases, c-Kit and FLT3. This raises the possibility that the Axl/Gas6
pathway could be important for the normal development and growth of multiple cell types
under the regulatory control of these and other RTKs.

Materials and Methods
Isolation of CD34+ HPCs from human peripheral blood and generation of NK cells

Human CD34+ HPCs were isolated from human leukopaks (obtained from American Red
Cross, Columbus, OH) with approval from The Ohio State University Institutional Review
Board. After the leukopak was incubated with a Rosette NK enrichment cocktail (StemCell
Technologies, Canada) for 30 min at room temperature, mononuclear cells were obtained
using Ficoll-Paque™ Plus (GE Healthcare, UK). CD34+ HPCs were then isolated using
human Indirect CD34 MicroBead kit (Miltenyi Biotec, Germany) (> 95% purity). Purified
CD34+ progenitor cells were plated (10,000 to 20,000 cells per well) on a 96-well plate with
α-minimal essential medium (MEM) (Cambrex, Walkersville, MD) containing 20% fetal
bovine serum (GIBCO, Grand Island, NY), and FL (100 ng/ml) (R&D Systems,
Minneapolis, MN). After culturing for 7 days, cells were washed and cultured with IL-15
(100 ng/ml) (R&D Systems) alone for another 2 weeks. Harvested cells were then stained
with anti-CD3 and anti-CD56 antibodies (BD Biosciences, Franklin Lakes, NJ) and
analyzed by the FACSCalibur flow cytometer (BD Biosciences).

Assessment of functional activities of differentiated NK cells
Following culture of human CD34+ HPCs with the cytokines and reagents as described in
the figures, cells were harvested and differentiated NK cells were isolated using CD56
microbeads (Miltenyi Biotec). For measuring IFN-γ production, NK cells generated from
human CD34+ HPCs under each culture condition were plated in equivalent numbers
(10,000 cells/well) in a round-shape 96-well cell culture plate in RPMI 1640 (GIBCO)
containing 10% fetal bovine serum (GIBCO). Cells were then treated with recombinant
human IL-12 (10 ng/ml) and IL-15 (100 ng/ml) for 24 hours, and culture supernatant was
collected. IFN-γ concentration was measured by the ELISA using anti-IFN-γ capture
antibody and biotin-labeled detection antibody from Pierce Endogen (Rockford, IL). For
cytotoxicity, NK cells prepared as described for assessment of IFN-γ production were plated
with equivalent numbers in a V-shape 96-well culture plate and cultured for 4 hours
with 51Cr (Perkin Elmer, Waltham, MA)-labeled NK-sensitive K-562 target cells (5,000
cells/well) at an effector to target ratio of 5 to 1. Supernatants were collected and percentage
of specific lysis was measured as previously described[16].

Limiting dilution assay
NK precursor frequency was determined by limiting dilution assay as previously
described[5, 17]. Briefly, isolated human CD34+ HPCs from peripheral blood were plated
onto a 96-well plate (6,000 cells per well to 94 cells per well with serial dilution) and
cultured with FL (100 ng/ml) (R&D Systems) in the presence of control Fc (Ctrl-Fc) or Axl-
Fc (each 1 μg/ml) for 7 days. After washing the cells twice, the cells were further cultured
with IL-15 (100 ng/ml) alone for another 2 weeks. Separately, CD34+ HPCs from the same
donor were cultured with IL-15 alone for 2 weeks. After culture, cells were harvested and
analyzed for expression of CD56 and CD3 by flow cytometry to score positive
(CD3−CD56+) or negative by comparison to staining with isotype control antibody. NK
precursor frequency was calculated as the reciprocal of the number of cells that resulted in
37% negative wells as described previously[5, 17].
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Immunoblot and immunoprecipitation
In order to measure the level of phosphorylated FLT3 and total FLT3, anti-phospho-FLT3,
anti-FLT3 rabbit monoclonal antibodies (both antibodies from Cell Signaling, Danvers,
MA), and anti-rabbit secondary antibody conjugated with horseradish peroxidase (GE
Healthcare, UK) were used, which was followed by detection using enhanced
chemiluminescence system (GE Healthcare). For immunoprecipitation, cells were lysed with
RIPA buffer containing phosphatase inhibitor cocktail (Sigma, St. Louis, MO) and
immunoprecipitated using anti-FLT3 rabbit antibody (Cell Signaling) or anti-Axl goat
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and Protein A-agarose beads (Santa
Cruz Biotechnology). Protein A-agarose beads were pelleted by centrifugation and washed
four times with RIPA buffer containing phosphatase inhibitor cocktail, which was followed
by immunoblot to detect Axl and FLT3.

Statistical Analysis
Data from experimental groups were compared using the Student’s t-test and it was
considered statistically significant when p value is less than 0.05.
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FLT3 FMS-like tyrosine kinase 3

FL FLT3 ligand

NK natural killer

HPC hematopoietic progenitor cell
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Figure 1. The Axl/Gas6 pathway is important for human NK cell development by FLT3/FL
(A) Isolated CD34+ HPCs from human peripheral blood were plated using serial dilution
(from 6,000 to 94 cells/well × 12 wells/condition). CD34+ HPCs were cultured in one of
three conditions: 1) IL-15 (100 ng/ml) for 2 weeks (IL-15); 2) FL (100 ng/ml) plus Ctrl-Fc
(1 μg/ml) for 7 days followed by culture in IL-15 (100 ng/ml) alone for 2 weeks (FL + Ctrl-
Fc → IL-15); 3) FL (100 ng/ml) plus Axl-Fc (1 μg/ml) for 7 days followed by culture in
IL-15 (100 ng/ml) alone for 2 weeks (FL + Axl-Fc → IL-15). Cells cultured in medium
alone are non-viable within 7 days. At the completion of culture in IL-15, cells were stained
with anti-CD3 and anti-CD56 antibodies and NK precursor frequency was determined as
described in the Materials and Methods. Results are from 5 donors and show the mean +
standard error of the mean (S.E.M.). * p < 0.05. (B) Purified CD34+ HPCs from human
peripheral blood were cultured for 7 days with FL (100 ng/ml) in the presence of Ctrl-Fc or
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Axl-Fc (1 μg/ml). Cells were then washed twice and then resuspended in culture medium
along with IL-15 (100 ng/ml) for the following 2 weeks. Harvested cells were stained with
conjugated anti-CD3 and anti-CD56 antibodies or conjugated isotype control antibody and
analyzed by flow cytometry. Graph shows the absolute numbers of CD3−CD56+ NK cells
(calculated by multiplying total number of cells counted in each well times the percentage of
NK cells). Result is from 5 separate donors and the bar showing the S.E.M. * p < 0.05. (C)
Differentiated NK cells were prepared as described in (B), isolated, and plated in equivalent
numbers to measure IFN-γ production (top) or cytotoxicity (bottom). For the quantification
of IFN-γ, NK cells generated from human CD34+ HPCs under each culture condition were
treated with recombinant human IL-12 (10 ng/ml) and IL-15 (100 ng/ml) for 24 hours after
which the concentration of IFN-γ in the culture supernatant was measured by ELISA. For
cytotoxicity, NK cells prepared from (B) were cultured for 4 hours with 51Cr-labeled NK-
sensitive K562 target cells at an effector to target ratio of 5 to 1. Graphs show the data from
3 donors and error bar shows S.E.M. n.s., not significant. (D) Isolated CD34+ HPCs from
human peripheral blood were cultured with IL-15 alone (100 ng/ml), recombinant Gas6
protein alone (1 μg/ml), or IL-15 plus Gas6 for 14 days. Cells were then stained with anti-
CD3 and anti-CD56 antibodies, analyzed with flow cytometry, and the absolute number of
differentiated NK cells was calculated. The graph shows the data from 3 separate donors
(mean + S.D). * p < 0.05 (paired t-test). n.d., not detected.
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Figure 2. The Axl/Gas6 pathway positively regulates FLT3 activation
(A) Purified CD34+ HPCs from human peripheral blood were either analyzed on day 0 or
cultured in FL for 10 days in the presence of Ctrl-Fc or Axl-Fc. Cells were stained with anti-
CD34 and anti-IL-15Rβ subunit (CD122) antibodies. The top of the figure shows a
representative flow cytometric plot. Numbers indicate the percentage of CD34+CD122+

cells (upper right quadrant). The bottom depicts a graph summarizing the data from 3
donors. ** p < 0.01. (B) Purified CD34+ HPCs from human peripheral blood were cultured
with FL for 10 days in the presence of Ctrl-Fc or Axl-Fc. Cells were stained with anti-CD34
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and anti-IL-15Rγ subunit (CD132) antibodies. The graph summarizes the data from 3
donors with 3 separate experiments. * p < 0.05. (C) (Top) Purified CD34+ HPCs from two
different donors were pre-incubated with Ctrl-Fc or Axl-Fc for 30 min, which was followed
by treatment with FL for 15 min. Immunoblot was performed to detect phospho-FLT3 (p-
FLT3) and total FLT3. Band density was measured and numbers indicate the relative ratio of
p-FLT3 to FLT3. The p-FLT3:FLT3 ratio of CD34+ HPCs treated with media only was
arbitrarily set as one. (Bottom) The graph summarizes the data pooled from 4 donors (mean
+ S.E.M.). * p < 0.05 (D) Purified CD34+ HPCs from two different donors were pre-
incubated with Ctrl-Fc or Axl-Fc for 30 min, which was followed by treatment with FL for
15 min. Thereafter, cell lysates were prepared, which was followed by immunoprecipitation
using anti-FLT3 (top) or anti-Axl (bottom) antibody and protein A-agarose beads. Protein
A-agarose beads were pelleted by centrifugation, washed four times, boiled, and subject to
immunoblot to detect Axl and FLT3.
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