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Abstract

Treating patients with refractory acute myeloid leukemia (AML) remains challenging. Currently there is no effective
treatment for refractory AML. Increasing evidence has demonstrated that refractory/relapsed AML is associated with
leukemic blasts which can confer resistance to anticancer drugs. We have previously reported that high expression of
Fms-related tyrosine kinase 4 (FLT4) is associated with increased cancer activity in AML. However, the functional role of
FLT4 in leukemic blasts remains unknown. Here, we explored the significance of FLT4 expression in leukemic blasts of
refractory patients and mechanisms involved in the survival of AML blasts. Inhibition or absence of FLT4 in AML blasts
suppressed homing to bone marrow of immunocompromised mice and blocked engraftment of AML blasts. Moreover,
FLT4 inhibition by MAZ51, an antagonist, effectively reduced the number of leukemic cell-derived colony-forming units
and increased apoptosis of blasts derived from refractory patients when it was co-treated with cytosine arabinoside
under vascular endothelial growth factor C, its ligand. AML patients who expressed high cytosolic FLT4 were linked to an
AML-refractory status by internalization mechanism. In conclusion, FLT4 has a biological function in leukemogenesis and

refractoriness. This novel insight will be useful for targeted therapy and prognostic stratification of AML.

Introduction

Acute myeloid leukemia (AML) is a lethal hematopoietic
malignancy characterized by uncontrolled proliferation of
blood precursor cells.! Approximately, 10-40% of newly di-
agnosed-AML patients do not respond to chemotherapy,
thereby failing to achieve complete remission (CR). This
condition is defined as refractory AML and is one of the
most significant challenges in AML treatment.? Fur-
thermore, two-thirds of patients in CR eventually relapse
despite being given specific post-remission therapy.®* It
has been suggested that this refractory and relapsed AML
is caused by the existence of CD34*CD38" cells (marked
AML blasts in the present study) on the surface; however,
subsequent studies demonstrated considerable het-
erogeneity in surface phenotypes of AML blasts as well
as leukemic stem cells (LSC).® Targeted therapy for re-
fractory AML has been challenging due to the lack of
sophisticated markers that allow identification of blasts,

which are leukemogenic and confer refractoriness to
treatment.

Fms-related tyrosine kinase 4 (FLT4) is a surface receptor
for vascular endothelial growth factor C (VEGF-C) and
plays a crucial role in lymphangiogenesis.®” Under normal
conditions, FLT4 is not expressed in CD45* hematopoietic
cells. However, FLT4 is expressed on certain circulating
progenitor cells or support cells which maintain progen-
itor cells in some pathological conditions 8" and is also
expressed on mononuclear cells (MNC) in cancer and in-
flammatory diseases. Studies reported that FLT4 and
its ligand VEGF-C are expressed in leukemic blasts in AML
and that the role of this signaling axis is closely related
to blast survival.®'® Dias et al. reported that VEGF-C and
FLT4 are expressed in the bone marrow (BM) of AML and
VEGF-C can protect AML blasts against chemotherapy by
inducing their proliferation, showing the importance of
VEGF-C signaling in blast maintenance.” In fact, high
levels of VEGF-C in peripheral blood (PB) and BM cells are
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associated with poor clinical outcome of AML."*"®"® How-
ever, to date no studies explored whether FLT4 can play
a significant role in leukemogenesis and refractoriness.
In this study, we found that FLT4 can function as an im-
portant marker for AML blasts and is able to confer re-
sistance to conventional chemotherapy to AML blasts.
Inhibition of AML blasts with FLT4 suppressed homing of
AML blasts to the BM in immunocompromised mice and
specifically inhibited the engraftment of AML blasts.
Moreover, FLT4 blockage by an antagonist, MAZ51, signifi-
cantly reduced the number of leukemic cell-derived col-
ony-forming units (CFU) and promoted apoptosis of AML
blasts derived from refractory AML patients when co-
treated with cytosine arabinoside (Ara-C). MAZ51 inhibits
VEGF-C-induced activation of FLT4 tyrosine kinase selec-
tively by blocking FLT4 phosphorylation at low concen-
tration.”” MAZ51 was reported to directly inhibit survival
and proliferation of lymphatic endothelial cells and tumor
cells, which express FLT4.2° We also found that MAZ51 did
not affect Ara-C-induced blast apoptosis in the absence
of VEGF-C. However, in the presence of VEGF-C, MAZ51
induced blast apoptosis with Ara-C. Additionally, we also
found that a high level of cytoplasmic FLT4 in the AML
blasts derived from AML-BM at diagnosis was associated
with refractory status after chemotherapy, whereas a low
levels of cytosolic FLT4 in AML blasts was tied to com-
plete remission later. We further demonstrated that this
phenomenon is caused by internalization of FLT4 receptor
in refractory cases, which activated cell survival. Collec-
tively, this study suggests the therapeutic and prognostic
implications of FLT4, particularly for refractory AML.

Methods

Patients

All experiments were performed with authorization from
the Institutional Review Board for Human Research at the
Catholic University of Korea (KC11TASI0526) and were per-
formed in accordance with the Helsinki Declaration.
Blood and BM samples were collected from 60 healthy
donors, 103 patients with AML at diagnosis, 18 CR pa-
tients, nine AML patients who received stem cell trans-
plantation (SCT), 12 refractory, and five relapsed AML
patients, following the AML subtype classification desig-
nated by the World Health Organization (WHO). BM-de-
rived mononuclear cells (BM-MNC) and peripheral
blood-derived MNC (PB-MNC) were fractionated by den-
sity gradient centrifugation using Ficoll-Paque™ PLUS (17-
1440-03; GE Healthcare Life Sciences, Piscataway, NJ,
USA). The clinical characteristics and experimental in-
formation regarding patients with AML enrolled in the
present study are listed in the Online Supplementary
Table S1.
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Humanized leukemic mouse model

All animal protocols were reviewed and approved by the In-
stitutional Animal Care and Use Committees of the Catholic
University of Korea (CU-2010-0189-03) and all animal proce-
dures were performed in accordance with approved guide-
lines and  regulations. = NOD/ShiLtSz-scid/IL2Rg"!"
(NOD.Cg-Prkdcsc912rg™™i/SzL) or Nod scid y (NSG) mice
were purchased from the Jackson Laboratory and housed
in ventilated micro-isolator cages in a high-barrier facility
under specific pathogen-free conditions. Autoclaved water
and irradiated food were provided ad libitum. All experi-
ments were performed as previously described.?” For the
leukemic xenograft model, 8-week-old mice were suble-
thally irradiated with 300 cGy total body irradiation 24
hours before intravenous injection of CD34*CD38" cells. For
MAZ51 treatment (EMD-Calbiochem, San Diego, CA, USA),
MNC cells from AML patients were isolated and cultured
for 3 hours in DMEM containing either 1% fetal bovine
serum or 5 uM MAZ51, a FLT4 antagonist, in dimethyl sulf-
oxide. CD34" cells, either MAZ51 treated or untreated, were
isolated and suspended in phoshate-buffered saline (PBS)
at a final concentration of 5x10° cells per 200 uL of PBS and
cells were injected into irradiated NSG mice via the tail vein.
Mice were monitored daily for symptoms of disease such
as ruffled coat, hunched back, weakness, and reduced mo-
tility. Once injected animals showed signs of distress, they
were sacrificed. In the absence of these signs of stress,
mice were analyzed over 15 weeks following transplanta-
tion. The time from transplantation to sacrifice varied from
8 to 15 weeks with an average of 10 weeks.

Statistical analysis

All results were presented as the mean * standard error of
the mean. Statistical analyses were performed with the
Mann-Whitney U test for comparisons between two groups
and the Kruskal-Wallis ANOVA test for >2 groups. Values of
P<0.05 were considered to denote statistical significance.
The GraphPad Prism version 4 software (GraphPad Soft-
ware, La Jolla, CA, USA) was used for statistical analysis. In
clinical correlation with FLT4 expression, the two-tailed
Student t test was used to analyze continuous variables
between two groups and one-way ANOVA followed by the
Scheffé post hoc analysis was used to compare continuous
variables among three groups.

Results

FLT4 functions as an additional marker to define stem
cell activities in acute myeloid leukemia blasts in acute
myeloid leukemia patients

We previously reported high expression of lymphatic en-
dothelial genes including FLT4, PROX1, LYVET and PDPN in
PM-MNC from AML patients (AML-MNC).?? In this study, we
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investigated whether these genes are also enriched in
stem cells marked by CD34 in the BM of AML patients.
Quantitative real-time polymerase chain reaction was then
performed on CD34" cells isolated from BM cells using the
primer/probe sets presented in the Online Supplementary
Table S2 and data showed that CD34" cells showed higher
expression of all four lymphatic endothelial genes, com-
pared to CD34" cells (Figure 1A; P<0.05). We then per-
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formed immunocytochemistry for FLT4 and CD34 on AML-
MNC and found FLT4 expression in CD34" cells (Figure 1B).
We examined the expression of FLT4 in AML blasts via flow
cytometry, comparing BM cells collected from normal do-
nors, patients with AML, and AML with complete remission
(CR). The number of AML blasts was significantly lower in
AML-CR compared to AML (0.3£0.1% vs. 10.912.8%), which
is similar to the number in normal donors (0.9+£0.3%).
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Figure 1. Expression of FLT4 in mononuclear cells derived from acute myeloid leukemia patients and its potential for
stem/progenitor function. (A) Quantitative real-time polymerase chain reaction analysis for MACS-isolated CD34* and CD34"
cells (N=5). Each with technical triplicates; *P<0.05. Mann-Whitney U test with two-sided P values. (B) Confocal microscopic
imaging of acute myeloid leukemia mononuclear cells (AML-MNC), which were double-stained for Fms-related tyrosine kinase
4 (FLT4) (green) and CD34 (red) expression. DAPI: blue. Scale bar =20 um. (C) Flow cytometric analysis of peripheral blood cells
from normal donors, AML, and AML with complete remission (AML-CR) patients. Numbers in boxes are the percentages of
CD34*CD38 and FLT4" cells from the gated region. Normal (N=14), AML (N= 80), CR (N=12). *P<0.05; ***P<0.001 Kruskal-Wallis

ANOVA test. FSC: forward scatter.
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However, the proportion of FLT4" cells in CD34*CD38" cells
was similarly higher in both AML and CR patients compared
to normal donors (AML, 26.7£2.3%; CR, 23.4+5.4%; normal,
4.7+1.0%) (Figure 1C; *P<0.05; ***P<0.001).

Next, we performed leukemia CFU assays (L-CFU) with
FLT4*AML blasts versus FLT4- AML blasts. L-CFU were clas-
sified as one of the following types: granulocyte, erythro-
cyte, monocyte, and megakaryocyte-L-CFU (L-CFU-GEMM);
granulocyte and macrophage-L-CFU (L-CFU-GM); granulo-
cyte-L-CFU (L-CFU-G); or macrophage-L-CFU (L-CFU-M),
according to the cellular contents.?®** The CFU assays
showed that FLT4*AML blasts formed more L-CFU-GEMM
colonies than FLT4-AML blasts (Online Supplementary Fig-
ure S1A). FLT4'AML blasts-derived CFU-colonies generally
formed normal-looking colonies (Online Supplementary Fig-
ure S1B). We further determined the function of FLT4 in
forming L-CFU by blocking FLT4 tyrosine kinase activity
using MAZ51, a FLT4 antagonist.”® We cultured BM-MNC col-
lected from AML patients in L-CFU culture medium for 14
days after pretreating them with MAZ51 for 2 hours (hrs). In
these assays, L-CFU colonies were smaller with atypical
morphology (Online Supplementary Figure S1C), compared
to CFU colonies derived from FLT4-AML blasts (Online Sup-
plementary Figure S1A). In MNC, the statistical analysis for
the Online Supplementary Figure S1C were displayed in the
Online Supplementary Figure S1D. These data implied that
FLT4 expression in AML blasts can not only be a marker to
represent leukemic blasts in refractory patients but also
endow leukemic blasts activities.

FLT4 expression in acute myeloid leukemia blasts
increased the homing and engraftment in NSG mice

We then determined the effects of FLT4 on homing and en-
graftment characteristics of AML blasts (Figure 2A). First,
we investigated the role of FLT4 in the homing efficiency.
After treating PB-MNC from AML patients with MAZ51, AML
blasts were sorted by fluorescence-activated cell sorting
and injected intravenously into NSG mice. Eighteen hrs
later, the number of AML blasts was counted in the mouse
BM, PB, and spleen. In flow cytometric analysis, the number
of homed AML blasts in the BM and PB was significantly re-
duced in the MAZ51-treated group compared to the un-
treated groups (Figure 2B). Immunostaining confirmed the
existence of human CD34" cells in flushed BM cells of NSG
mice (Online Supplementary Figure S2A) and brightly- and
dimly-stained human CD45" cells (Online Supplementary
Figure S2B). These data indicate that inhibition of FLT4 sig-
nificantly reduced homing efficiency of AML blasts to BM
and PB. We further compared the homing efficiency of
FLT4*AML blasts and FLT4'AML blasts. Again, the homing
efficiency to the BM was significantly higher in the mice in-
jected with FLT4*AML blasts than with FLT4"AML blasts
(Online Supplementary Figure S2C).

Next, we investigated the effects of FLT4 on the engraft-
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ment potential of AML blasts. NSG mice were injected
with either AML blasts or MAZ51-treated AML blasts and
sacrificed 6 to 9 weeks later, and AML blasts were
counted in BM and spleen of the humanized mice. The fre-
quencies of AML blasts in BM and spleen were similar be-
tween the MAZ51 untreated and treated groups, indicating
no effects of MAZ51 on the engraftment of CD34°*CD38"
cells (Online Supplementary Figure S2D). Engraftment of
human CD45* cells was further evaluated by flow cyto-
metry. The results showed no significant differences in the
number of human CD45* cells in BM, PB and spleen be-
tween the two groups (Figure 2C). Additional engraftment
experiments with FLT4*AML blasts and FLT4"AML blasts
also showed no significant difference in the number of en-
grafted human CD45" cells in the BM and spleen (Online
Supplementary Figure S3).

However, in detailed flow cytometric analyses of MAZ51 in-
hibition experiments, we found that there were two distinct
populations of engrafted human CD45" cells, having bright
or dim intensities in flushed BM and PB cells (Figure 2C).
Intriguingly, while the total number of human CD45" cells
in PB was not different between control and MAZ51-treated
groups, in the control AML group, most human CD45" cells
were in the CD45%™ fraction, which is regarded as leukemic
blasts; however, in the MAZ51-treated group, a majority of
CDA45" cells were in the CD45P" fraction (Figure 2C, middle
panel). It is known that AML blasts have lower expression
of CD45 (CD45%™) than normal hematopoietic cells
(CD45"€") when MNC were gated.?® Taken together, these
data suggest that FLT4 plays a significant role in the homing
of AML blasts and engraftment of CD45%™ blasts.

Inhibition of FLT4 in acute myeloid leukemia blasts
significantly reduced engraftment of CD45“™CD34'CD38"
cells, but not CD45"€"*CD34'CD38" cells

In order to further elucidate the effects of FLT4 on the en-
graftment of AML blasts, we analyzed the flow cytometry
data in detail. The frequency of AML blasts in PB-MNC
was lower in the MAZ51-treated group than in the con-
trol AML group (control AML vs. MAZ51-treated,
11.0+£10.4% vs. 4.314.2%) (Figure 3A; **P<0.01), suggesting
that FLT4 inhibition reduced the frequency of overall en-
grafted AML blasts. We then further analyzed the fre-
guency of engrafted AML blasts within CD45"" and
CD459™ populations in both MAZ51-treated and un-
treated groups (Figure 3B). In the CD45""" population,
CD34*CD38 normal HSC displayed no significant differ-
ence between the control group and the MAZ51-treated
group. However, in the CD45%™ blast population, AML
blasts were remarkably decreased in the MAZ51-treated
group compared to the untreated control group (Figure
3C; **P<0.01). Together, these data demonstrate that
FLT4 inhibition in AML blasts restrictively reduces en-
graftment of CD459™ blasts.
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Figure 2. Inhibition of homing and engraftment of acute myeloid leukemia CD34*'CD38" cells in NSG mice by ex vivo MAZ51
treatment. (A) A schematic showing animal experiments of homing and engraftment of CD34*CD38" cells derived from acute
myloid leukemia peripheral blood (AML-PB). (B) Homing of injected AML-derived CD34*CD38" cells in NSG mice. Homing
efficiency in bone marrow (BM), PB, and spleen of mice B following ex vivo MAZ51 treatment (N=2-3 per group, each with
technical triplicates). (C) Engraftment of injected AML-derived CD34*CD38" cells in NSG mice. Percentages of engrafted human
CD45" cells in the BM, PB, and spleen of NSG mice following treatment with or without ex vivo MAZ51 (N=2-6 per group, each
with technical triplicates). *P<0.05; **P<0.01. Mann-Whitney U test with two-sided P values. Representative images of PB

immunostained for human CD45 (hCD45).

FLT4 inhibition together with arabinoside in the
presence of VEGF-C induced apoptosis of acute myeloid
leukemia blasts derived from refractory patients

In order to determine whether the effects of MAZ51 on the
engraftment of leukemic MNC and AML blasts were at-
tributed to direct toxicity of MAZ51, we performed an apop-
totic assay using an Annexin V test after directly treating
MNC and AML blasts with MAZ51. The results showed that
there was no increase in apoptosis in either cell type re-
gardless of MAZ51 treatment in different concentrations, in-
dicating no direct toxicity of MAZ51 (Figure 4A; *P<0.05;
**P<0.01). Next, we determined the effects of VEGF-C and
FLT4 inhibition on apoptosis of leukemic MNC induced by

Ara-C. Treatment of Ara-C, but not MAZ51, to MNC culture
induced apoptosis in the absence of VEGF-C (Figure 4B). Ad-
dition of VEGF-C to the culture significantly reduced apop-
tosis by Ara-C treatment. However, addition of MAZ51 to the
MNC culture containing Ara-C and VEGF-C again increased
apoptosis of MNC, suggesting FLT4 inhibition blocked the
anti-apoptotic effects of VEGF-C on MNC. We then investi-
gated the effects of FLT4 inhibition and VEGF-C on the
apoptosis of CD45%™ AML blasts induced by Ara-C. In cells
derived from patients with non-refractory AML, MAZ51 did
not have any additional effects on Ara-C-induced apoptosis
regardless of the presence of VEGF-C in the culture (Online
Supplementary Figure S4). However, in the cells derived
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from three of four different refractory AML patients, MAZ51
and Ara-C treatment relatively increased the apoptosis of
the cells in the presence of VEGF-C (Figure 4C). These data
indicate that Ara-C-induced blast apoptosis can be en-
hanced by FLT4 inhibition in the presence of VEGF-C in re-
fractory AML patients.

Enrichment of CD7°CD34" cells in FLT4* acute myeloid
leukemia blasts, and reconstruction of sinusoidal
endothelial cells and protection of the endosteal niche
in bone marrow by inhibition of FLT4 in acute myeloid
leukemia blasts

Thus far, our data have shown that FLT4 can be an additional

JY. Lee et al.

marker to define the LSC properties of AML blasts. In order
to prove the role of FLT4" cells in AML leukemic blasts, we
determined whether FLT4* cells in BM could predict higher
measurable residual disease (MRD), which is presumed to
be caused by preserved CD34*CD38" LSC post chemother-
apy. We evaluated MRD using BM-MNC of CR patients by
counting the frequency of lineage aberrancy of CD7-ex-
pressing cells in CD34*CD45%™ cells, called the leukemia-
associated immunophenotype (LAIP). LAIP is a common
denominator for defining MRD when the frequency reaches
over 0.01%.%°2" Flow cytometry demonstrated that the fre-
quency of LAIP in FLT4"* blasts in BM was 3.5£2.5% (range,
1.0-9.3%), suggesting MRD while in CR status (Figure 5A).
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Figure 3. Reduction of engrafted CD34'CD38" cells in mouse bone marrow after injection of peripheral blood mononuclear cells
derived from acute myeloid leukemia into mice, which were pretreated with MAZ51. (A) Representative flow cytometry plots
comparing expression of human CD34 (hCD34) and hCD38 in human peripheral blood (PB) obtained from acute myeloid leukemia
(AML) patients. Numbers in boxes are the percentages of CD34*CD38" cells (N=16; **P<0.01). Mann-Whitney U test with two-
sided P values. (B) Flow cytometry for hCD45 and mouse CD45 (mCD45) of bone marrow mononucelar cells (BM-MNC) in mice,
showing bright and dim fractions in human CD45 cells. (C) Flow cytometry for hCD34 and hCD38 with CD45%™ (low) and CD45P"ent
(upper) cells in the mouse BM with and without treatment of cells with MAZ51 (N=5 for CD45%™; N=6-7 for in CD45"€" each with
technical triplicates). Each value is the average of at least 4 different PB cell samples obtained from AML patients (hnumber of
mice =3-5 per each PB). Mann-Whitney U test with two-sided P values.
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Next, we investigated whether FLT4" AML blasts occupy
endosteal niche and affect sinusoidal endothelial cells in
the BM when injected, and whether FLT4 inhibition in
FLT4" AML blasts can reverse these characteristics. As
preliminary control experiments, we examined the
changes of BM after irradiation. Among BM compart-
ments, sinusoidal endothelial cells (SEC) can function as
exits for circulating cells and for stem cell retention.
When damage occurs by cancer or irradiation,?® SEC
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rapidly expand with aberrant morphology.?® After partial
irradiation, BM architecture was destroyed and FLT4 ex-
pression in SEC was not detected in the long bone area,
suggesting impairment of SEC (Figure 5B).?%*" We then
performed the main experiments in which MAZ51-treated
and untreated FLT4* AML blasts were injected into NSG
mice, and 5 weeks later, BM tissues were harvested and
subjected to immunostaining. We investigated two as-
pects: i) the localization of the FLT4" AML blasts in the
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Figure 4. MAZ51 induces apoptosis of CD34'CD38" cells collected from bone marrow of refractory/relapsed acute myeloid
leukemia under VEGF-C exposure. (A) The percentage of apoptosis of mononucelar cells (MNC) and CD34*CD38" cells collected
from acute myeloid leukemia (AML) patients’ peripheral blood (PB) treated with different concentrations of MAZ51 (N=8, Kruskal-
Wallis ANOVA test). (B) The percentages of apoptosis of AML PB-MNC cultured with or without cytosine arabinoside (Ara-C),
MAZ51, or vascular endothelial growth factor C (VEGF-C) (N=11; *P<0.05, **P< 0.01; Kruskal-Wallis ANOVA test). (C) The
percentage of apoptosis of CD45dimCD34+CD38- cells cultured with or without Ara-C, MAZ51, or VEGF-C. The number in the

title represents the patient identification number (e.g., AML 69).
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stem cell zone and the reconstitution of SEC in the BM.
Hematoxylin and eosin staining showed that in the
MAZ51-untreated group, leukemic blasts were massively
infiltrated both endosteal and vascular regions of the BM.
These data are consistent with prior reports that
CD34'CD38" LSC are preferentially localized at the endos-
teal surface abutting osteoblasts for retention (Figure 5C,

JY. Lee et al.

support the identity of FLT4" AML blasts as more specific
CD34*CD38" LSC and the inhibitory effects of MAZ51. Im-
munostaining for FLT4 further showed that in the MAZ51-
untreated group, SEC appeared aberrant by infiltration of
leukemic blasts. However, in the MAZ51-treated group,
SEC were reconstituted and circulating blast cells were
decreased (Figure 5D). Together, these data indicate that

FLT4* AML blasts can function as CD34*CD38" LSC in AML
and FLT4 inhibition by MAZ51 treatment can recover the
SEC in BM.

left panel).*> However, in the MAZ51-treated group, leu-
kemic blasts were enriched in the vascular niche but not
in the endosteal niche (Figure 5C, right panel). These data
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Figure 5. Enrichment of FLT4* cells in measurable residual disease and restoration of the bone marrow niche with protective
endosteal niche by FLT4 inhibition. (A) Flow cytometric analysis of Fms-related tyrosine kinase 4-positive (FLT4*) cells for CD45,
CD34, and CD7. CD45%™-gated blasts represent high CD34*CD7* cells. Samples were collected from acute myeloid leukemia with
complete remission (AML-CR) patients (N=5). (B) Immunostaining of bone marrow (BM) after irradiation of wild-type mice,
showing destroyed microenvironment. (C) Hematoxylin and eosin (H&E) staining of BM after intravenous injection of MAZ51-
untreated and MAZ51-treated FLT4*CD34*CD38" cells. Mouse BM injected with MAZ51-untreated FLT4*CD34*CD38" cells showed
successful engraftment of injected cells in the endosteal niche except for a small normal mouse region (red region) (left panel).
MAZ51-treated FLT4*CD34*CD38" failed to engraft into the endosteal niche (the red region indicates normal mouse BM cells). (D)
In the MAZ51-untreated group, aberrant sinusoidal endothelial cells (SEC) by infiltration of leukemic blasts were shown (red
arrows on the left) whereas in the MAZ51-treated group, SEC were restored (brown staining). Representative examples of N=3.
Scale bar =100 uM.
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Role of FLT4 and VEGF-C in leukemic blasts derived plasma of patients with newly diagnosed (ND)-AML, refrac-
from refractory acute myeloid leukemia patients tory AML, and AML with CR, and normal donors and found
Previous studies®*3* and our data (Figure 5) demonstrated that it was significantly higher in all the leukemia groups
that the BM niche is important to maintain CD34*CD38" compared to normal donors (Figure 6A; **P<0.01). Next, we
cells and the concentration of VEGF-C is high in the BM of compared the percentages of FLT4*CD34*CD38" cells col-
leukemia-induced mouse?® and in AML patients.?? In this lected from the BM of the same groups. Flow cytometric
study, we measured the concentration of VEGF-C in the BM analysis showed that the frequency of FLT4*CD34*CD38"
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Figure 6. Relationship between FLT4/VEGF-C levels at diagnosis and the clinical outcomes of acute myeloid leukemia. (A)
Comparison of vascular endothelial growth factor C (VEGF-C) concentration in bone marrow (BM) plasma of newly diagnosed
acute myeloid leukemia (ND-AML), refractory AML (Ref-AML), AML with complete remission (CR), and normal donor groups (N=9
in each group; **P<0.01; the Kruskal-Wallis ANOVA test). (B) Flow cytometry data for FLT4*CD34*CD38" cells in the peripheral
blood (PB) of ND-AML, Ref-AML, CR, and normal donor groups. A total of 64 patients were analyzed for clinical correlation (ND-
AML, N= 30; Ref-AML, N=9; CR, N=18; normal donors, N=7). One-way ANOVA followed by the Scheffé post hoc analysis. (C) In the
bone marrow (BM), the frequency of cytosolic Fms-related tyrosine kinase 4-positive (FLT4") cells expressing CD34*CD38" at the
time of diagnosis who later became non-CR or CR increased. High cytosolic FLT4 represents non-CR in the BM 8 (N=8-11). VEGF-
C expression at the mRNA levels in BM at diagnosis (N=10-27, two-tailed Student t test). (D) The percentage of surface and
cytosolic FLT4" cells among BM CD34°CD38" cells from refractory AML patients with and without VEGF-C measured by flow
cytometry (N=7; **P<0.01; Mann-Whitney U test with two-sided P values). (E) Confocal microscopic images showing enrichment
of FLT4 in the cytosolic region of BM mononucelar cells collected from refractory patients by treatment with VEGF-C.
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cells was higher in all leukemia groups compared to the
normal donors (Figure 6B; *P<0.05; **P<0.01). These data
demonstrate that higher concentrations of VEGF-C and
higher numbers of FLT4* AML blasts are correlated with
AML status, regardless of treatment, compared to normal
donors.

Based upon this correlation between VEGF-C and FLT4, we
evaluated the effects of FLT4 expression on AML blasts at
the time of diagnosis on achievement of CR after chemo-
therapy. Using the BM taken at the time of diagnosis, the
frequency of FLT4 in AML blasts was compared between
the patients who later became CR or refractory following
standard induction chemotherapy. Intriguingly, refractory
patients showed higher expression of cytosolic FLT4 than
CR patients. We then measured the VEGF-C mRNA levels in
the BM-MNC, taken at the time of diagnosis. The mRNA ex-
pression was also higher in the refractory group compared
to the CR group (Figure 6C; *P<0.05). Meanwhile, the level
of VEGF-C protein showed inconsistent results, compared
to the results of mRNA levels (data not shown). The dis-
crepancy led us to consider the internalization of VEGF-C
in refractory patients. In such a case, cells take up se-
creted VEGF-C, resulting in a low external protein concen-
tration. In addition, together with the results of reduced
FLT4 expression on the surface of AML blasts in the refrac-
tory patients, we further thought that VEGF-C may also in-
ternalize its receptor, FLT4, leading to simultaneous
reduction of external VEGF-C and surface FLT4. If this is
the case, cytosolic FLT4 should become high. In order to
test this hypothesis in in vitro experiments, we next iso-
lated CD34*CD38" cells from BM of patients who later be-
came refractory, treated them with or without VEGF-C, and
performed flow cytometry for FLT4 expression in the cyto-
sol. The results showed that FLT4 expression in
CD34*CD38" cells was increased in the cytosol in the pres-
ence of VEGF-C in the BM cells (Figure 6D; *P<0.05;
**P<0.01). Also, confocal microscopy was conducted using
BM-MNC from refractory patients. Without VEGF-C expo-
sure, the density of FLT4 was higher on the cell membrane
than in the cytosolic region. With VEGF-C exposures, the
density of FLT4 became higher in the cytosol, indicating in-
ternalization of FLT4 (Figure 6E). Taken together, newly di-
agnosed AML patients showing a high percentage of
cytosolic FLT4*AML cells in the BM are likely to be refrac-
tory after chemotherapy, suggesting FLT4 as a diagnostic
marker for refractory status in AML patients. We then ex-
plored how this FLT4 internalization could increase survival
of LSC by performing western blotting using FLT4-express-
ing Jurkat cells. The results showed that VEGF-C induced
phosphorylation of FLT4 and its downstream molecules,
PI3K and AKT (Online Supplementary Figure S5). These data
suggest that activation of FLT4 signaling through the
PI3K/AKT-pathway can protect leukemic blasts in the pres-
ence of VEGF-C in refractory patients.
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Discussion

Despite extensive research focused on identifying LSC
based on a CD34'CD38" phenotype,**?* neither an effective
marker nor their clinical significance for LSC involving re-
fractory status has yet been determined due to
CD34*CD38" cells as a broad pan marker. Here we have
made two important discoveries regarding the role of FLT4
in CD34'CD38" AML blasts. First, FLT4-expressing
CD34*CD38" (FLT4* AML) cells can function as AML-LSC and
their function can be suppressed by inhibition of FLT4.
These findings open up a new option for treating AML by
targeting FLT4 on CD34°CD38" AML blasts, especially in re-
fractory patients. Second, FLT4 internalization in AML blasts
under VEGF-C in the BM plays a crucial role in drug resis-
tance in refractory patients. High cytosolic FLT4 expression
in AML blasts at the time of diagnosis is associated with
refractory status in AML; whereas relatively high FLT4 sur-
face expression with low cytosolic FLT4 expression in AML
blasts is related to CR owing to blast destruction by Ara-C
treatment. This internalization of FLT4 under VEGF-C can
protect AML blasts by activating cell survival signaling. Such
paradoxical FLT4 expression suggests prognostic implica-
tions for predicting refractory patients at the time of diag-
nosis.

Our study provides evidence that FLT4" AML blasts can
represent more specific CD34*CD38" LSC. It has been
known that the VEGF-C/FLT4 axis plays a pivotal role in
the invasion and metastasis of solid tumor cells®” and in
regenerating lymphatic vessels at the postnatal stage.®®
Interestingly, in AML BM plasma, VEGF-C concentration is
increased and the level is correlated with poor clinical
outcomes."® In addition, FLT4, a major receptor for VEGF-
C, is expressed in AML blasts.""* Dias et al. also demon-
strated that VEGF-C promotes blast survival through FLT4
and KDR, through paracrine and autocrine mechanisms,
respectively.”*® However, the role of FLT4 expression in
CD34*CD38" cells has been elusive. In normal BM, FLT4 is
expressed on SEC, but not on hematopoietic cells.** We
found that high levels of FLT4 and VEGF-C were restricted
in CD45%™ blast cells, but not in normal HSC in the BM,
suggesting the association of FLT4 with CD34*CD38" cells.
Our results also showed that FLT4* AML blasts are still
present even in the CR patients, who were treated with
Ara-C. In addition, LAIP in FLT4" cells in the BM is high,
suggesting MRD even in CR status (Figure 5A).2°?" In rela-
tion to this, the multi-drug resistance (MDR)-1 gene was
more highly expressed in FLT4" cells than FLT4" cells
among AML blasts, indicating drug refractoriness of FLT4*
cells (data not shown). These data suggest that therapies
targeting FLT4* AML blasts would help reduce MRD in AML.
Animal and in vitro experiments provide direct evidence
that FLT4" cells play a key role in generating leukemia.
FLT4* AML blasts homed and engrafted to mouse BM more
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efficiently than FLT4"~ AML blasts, and FLT4* AML blasts
generated leukemic colonies more robustly in cultures
than FLT4- AML blasts. Lastly, the flow-MRD detection by
FLT4*CD7" aberrant cell population in CR patients with
AML should be a very good approach in a real clinical set-
ting, as shown in Figure 5A.

Our study further proved that FLT4 is not only a marker
but functions as a key regulator to endow refractory leu-
kemic properties. in vitro, FLT4 inhibition in AML blasts de-
rived from AML patients reduced leukemic colony-forming
activities. Specific inhibition of FLT4 by MAZ51 in AML
blasts led to low homing and engraftment efficiencies of
CD34*CD38" cells in the CD45%™ blast population. FLT4 in-
hibition in FLT4* AML blasts suppressed activities of AML
blasts. This further implies that inhibition of FLT4 by
MAZ51 can interrupt leukemia induction without damage
to normal hematopoiesis. We also demonstrated effects
of MAZ51 with Ara-C on AML blasts apoptosis under VEGF-
C, suggesting that the survival of AML blasts involves FLT4
binding by VEGF-C.

The identification of the role of FLT4" AML blasts in leuke-
mogenecity further led to discovery of the role of FLT4 in-
ternalization in conferring refractory status to
conventional chemotherapy. We found that a relatively low
surface and high cytosolic FLT4* AML blast at the time of
diagnosis was associated with later refractory status
among AML patients. Although individual variations
existed, this paradox was noted in refractory patients
compared to CR patients. Most receptor tyrosine kinases
such as FLT4 bind to their ligands on the cell membrane
and the ligand-receptor complex undergoes internaliza-
tion, leading to complex signaling and cellular activities.
Studies have shown that internalization of VEGF-C/FLT4
is required for lymphatic endothelial cell survival and pro-
liferation.*®*" FLT4 internalization activates the PI3K-AKT
pathway, which is crucial for survival of many types of
cells.***?*3 Such internalization occurs in FLT4* AML blasts
in BM while maintaining higher levels of VEGF-C mRNA.
This persistent internalization could be a hallmark for
CD34*CD38" cells and a low ratio of surface to cytosol
FLT4 could represent a prognostic marker for refractory
patients. Moreover, this mechanistic insight supports the
idea that new therapeutic approaches are required for tar-
geting the VEGF-C/FLT4 pathway, particularly for refrac-
tory patients. We also examined prognosis between 84
patients with AML in terms of high and low expression of
FLT4 at initial diagnosis. The preliminary analysis displayed
lower overall survival rates in the high FLT4 expression
group, compared to that of the low FLT4 expression group
(data not shown). Taken together, these results implied the
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potential of FLT4 as a prognostic indicator. However, it
cannot definitively represent the ultimate outcome due to
the diversity of individual variations in patients with AML.
We will investigate the clinical correlation of prognosis
based on a large number of patients by integrating various
variables with FLT4 expression in patients with AML.
There are some limitations of this study. It remains to be
determined how internalization could be sustained in AML
blasts. The cutoff value for the surface/cytosolic FLT4 ratio
needs to be investigated before it can be used for prog-
nostic stratification. This would further help to determine
the candidate patients who need anti-VEGF-C or anti-FLT4
therapies. No doubt, such a therapeutic and prognostic
strategy needs to be tested prospectively in the future.
Nevertheless, this study demonstrated that the VEGF-
C/FLT4 axis plays a crucial role for defining refractoriness
and has a biological function in leukemogenesis. This
novel insight will be useful for prognostic stratification and
targeted therapy for AML.
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