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Abstract

umbilical cord blood.

those carried FLT3 mutation.

Background: Chimeric antigen receptor-engineered T (CAR-T) cells have extraordinary effect in treating lymphoblastic
leukemia. However, treatment of acute myeloid leukemia (AML) using CAR-T cells remains limited to date.
Leukemogenesis always relates with the abnormalities of cytogenetics, and nearly one third of AML patients
have activating mutations in Fms-like tyrosine kinase 3 (FLT3) which reminded poor prognosis. Considering
the FLT3 expressed in AML patients’ blast cells, it may be a new candidate target for CAR-T therapy to treat
FLT3* AML, especially patients harboring FLT3-ITD mutation.

Methods: The FLT3L CAR-T using FLT3 ligand as recognizing domain was constructed. The specific cytotoxicity against
FLT3" leukemia cell lines, primary AML cells, and normal hematopoietic progenitor stem cells (HPSCs) in vitro were
evaluated. In addition, FLT3* AML mouse model was used to assess the effect of FLT3L CAR-T therapy in vivo.

Results: FLT3L CAR-T cells could specifically kill FLT3* leukemia cell lines and AML patients’ bone marrow mononuclear
cells in vitro (with or without FLT3 mutation) and have more potent cytotoxicity to FLT3-TD cells. In a human FLT3"
AML xenograft mouse model, FLT3L CAR-T cells could significantly prolong the survival of mice. Furthermore, it was
found that FLT3L CAR-T cells could activate the FLT3/ERK signaling pathway of FLT3" leukemia cells with wild-type FLT3;
meanwhile, it had no inhibitory effects on the colony formation of CD34" stem cells derived from normal human

Conclusions: The ligand-based FLT3L CAR-T cells could be a promising strategy for FLT3* AML treatment, especially
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Background

Acute myeloid leukemia (AML) remains a disease with a
poor clinical prognosis. Although most of patients
achieve remission by induction chemotherapy, nearly all
of them relapse and need consolidation chemotherapy
or hematopoietic stem cell transplantation (HSCT). The
majority of patients will ultimately die of their disease,
and the 5-year survival rate is only 40-50% [1]. The
FMS-like tyrosine kinase-3 (FLT3), a tyrosine kinase
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receptor, was one of the most frequently mutated genes
in AML and accounted for approximately 30% of AML
cases [2]. Internal tandem duplication (ITD) mutations
of the FLT3 gene occurred in nearly 24% of adult AML
patients [3]; the other common mutant type of FLT3
which occurred in the activation loop of the tyrosine
kinase domain (TKD), mainly at aspartic acid 835, was
found in approximately 7% of AML patients [4]. FLT3-
ITD mutations, as well as TKD mutations, led to consti-
tutive activation of FLT3 kinase and triggered several
downstream signaling pathways, including the Raf/MEK/
ERK pathway, JAK/STAT5 pathway, and PI3K/Akt path-
way, which promoted the progression of AML [5]. In
general, AML patients with FLT3 mutation represented
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poor outcomes [6]. Although the development of FLT3
inhibitors might improve the clinical outcome, the only
effective treatment for FLT3 mutant AML patients
remained allogeneic HSCT currently [7]. Therefore, it is
necessary to investigate a new treatment strategy for
AML patients with FLT3 mutation.

Chimeric antigen receptor (CAR) T-cell therapy is
breaking an innovative new age in treating refractory
and recurrent lymphocytic leukemia patients. In particu-
lar, CD19-targeted CAR-T cell therapy has achieved dra-
matic clinical success in treating acute lymphoblastic
leukemia (ALL) patients [8]. Up to 90% patients
achieved complete remission treating with CD19 CAR-T
cells [9]. One major challenge in achieving the amazing
clinical success of CAR-T cells in ALL to other types of
cancer, including AML, is choosing a proper tumor-
associated antigen (TAA) as target. Up to now, several
TAAs have been reported as AML antigens against by
CAR-T cells such as CD33 and CD123 [10], but previous
CAR-T cell therapy trials in AML did not result in long-
term responses and exhibited toxicity toward normal
hematopoietic progenitor stem cells (HPSCs). Recent
study has reported CAR-T cells targeting FLT3 using the
single-chain variable fragment (scFv) as recognizing do-
main of CAR [11], but FLT3 scFv-based CAR-T cells
failed to identify wild-type FLT3 from mutated FLT3.

In this study, we tried the ligand-based CAR-T cells to
target FLT3. The ligands of FLT3, FLT3L as the recog-
nizing domain and 4-1BB and CD3( as the intracellular
signal domain, were used to generate a novel FLT3L
CAR. T cells were modified to express the FLT3L CAR
through a lentivirus system. Then, the functions of
CAR-T cells were examined. It showed that FLT3L CAR-
T cells were able to robustly kill FLT3" leukemia cells in
vitro and showed more potent cytotoxicity toward FLT3-
ITD cells than FLT3 wild-type (WT) cells. The down-
stream signaling pathway of FLT3-WT cells was acti-
vated by FLT3L CAR-T, rather than FLT3-ITD cells. The
in vivo treatment revealed that FLT3L CAR-T cells could
prolong the survival of xenograft AML mice. Moreover,
FLT3L CAR-T cells showed a limited toxicity against
normal CD34" umbilical cord blood stem cells in vitro.
To our knowledge, there was no previous report that
ever described such an approach of using ligand-based
CAR-transduced effector cells to target the FLT3 mol-
ecule in AML treatment.

Methods

Cell culture

293T cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS and glutamine. REH,
THP-1, MOLM13, and U937 cells were grown in RPMI-
1640 with 10% FBS. MV4-11 cells were maintained in
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Iscove’s modified Dulbecco’s medium supplemented with
15% FBS.

Identification of FLT3-ITD mutations

The multiple mutation domains of FLT3 gene in exons 14
and 15 were amplified from genomic DNA of cells using
the following primers: forward 5'-GCAATTTAGGTAT
GAAAGCCAGC-3’ and reverse 5'-CTTTCAGCATTTT
GACGGCAACC-3". A total volume of 50 pl containing
900 ng of genomic DNA was used under the following
conditions: denatured at 95 °C for 5 min; annealed at
95 °C for 30 s, 60°C for 30 s, and 72°C for 30 s; and
extended at 72 °C for 10 min. The products of PCR
were electrophoresed in 3% agarose gels, stained with
ethidium bromide, and observed under UV light.

Construction of FLT3L CAR lentiviral vectors

The FLT3 binding domain of FLT3L [12] (FLT3L-BD) was
cloned from the ¢cDNA of a patient’s peripheral blood
mononuclear cells (PBMC) by PCR via the following
primers: forward 5'-CGCGGATCCACCCAGGACTGC
TCCTTCCA-3" and reverse 5-CCGGAATTCCTGACAC
TGCAGCTCCAGGC-3'. The FLT3L-BD was subse-
quently cloned into pCDH-4-1BB-CD3{ plasmid which
was constructed before [13]. The empty plasmid pCDH
was used as control vector.

Lentivirus production
Recombinant lentivirus was packaged as we previously
described [13].

T cell isolation and infection

The detailed protocol of CD3" T cell isolation has been
described previously [13]. Briefly, T cells maintained in
X-VIVO15 (LONZA, USA) with 5% FBS, Dynabeads®
Human T-Activator CD3/CD28 (Stem Cell, USA), and
50 IU/ml rhIL-2 (R&D, USA) were inoculated in 24-well
plates with a cell density of 1 x 10°/ml. After 24 h, cells
were transduced with FLT3L-CAR lentivirus. Cells trans-
duced with empty plasmid pCDH lentivirus as control
(VEC-T). The transduced cells were centrifuged and in-
cubated for another 24 h. The culture medium was
changed every other day, and cells were kept in flasks at
a density of 3—5 x 10°/ml with 50 IU/ml rhIL-2.

CAR expression and CAR-T cell phenotype analysis

Four days after infection, T cells were harvested and washed
once with PBS, stained with rabbit anti-FLT3L antibody
(Abcam, USA) for 1 h at 4 °C, and washed twice. Then PE
donkey anti-rabbit IgG antibody (Biolegend, USA) was
added, incubated at 4 °C for 30 min, and analyzed by flow
cytometry using Cantoll flow cytometer (BD Biosciences,
San Jose, CA, USA) [14]. For T cell phenotype analysis, T
cells were harvested 7 days after infection and washed once
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with PBS, stained with anti-CD4-PE/Cy7 (Biolegend, USA),
anti-CD8-PerCP-Cy5.5 (Biolegend, USA), anti-CCR7-PE
(Biolegend, USA), and anti-CD45RA-Pacific Blue (Biole-
gend USA) 30 min at 4 °C, then washed and resuspended
in PBS for flow cytometry analysis [15].

CAR-T specific killing assay

CART-T specific killing assay for cell lines

FLT3L CAR-T (or VEC-T) cells and target cells were
co-cultured in a 24-well plate with an E:T ratio of 1:8, 1:4,
1:2, and 1:1 in 1 ml medium (X-VIVO15 with 5% FBS) for
48 h. Cells were harvested and washed once, stained with
anti-CD3-APC/Cy7 (Biolegend, USA) and anti-CD19-
APC (REH cells) or anti-CD33-APC (THP-1, MOLM13,
MV4-11 and U937 cells) for 30 min at 4 °C, then washed
and resuspended in PBS for flow cytometry analysis. The
percentage of CD19" cells (REH) or CD33" cells (THP-1,
MOLM13, MV4-11 and U937) represented the residual
level of target cells.

CART-T specific killing assay for primary AML cells

Bone marrow mononuclear cells (BMMCs) containing
44~ 98% AML blasts were isolated from bone marrow
aspirates of AML patients through Ficoll-Paque density
centrifugation and frozen in liquid nitrogen until use.
All the samples obtained from the patients enrolled in
the Institute of Hematology and Blood Diseases Hospital
were collected under informed consent.

FLT3L CAR-T (or VEC-T) cells and primary AML
cells were co-cultured in a 24-well plate with an E:T ra-
tio of 1:4 in 1 ml medium (X-VIVO15 with 5% FBS) for
48 h. The followed staining steps were performed as
mentioned above. AML cells were detected using anti-
CD33-APC antibody. The percentage of CD33" cells
represented the residual level of target cells.

Degranulation assay

FLT3L CAR-T (or VEC-T) cells and target cells were
co-cultured in a 96-well plate with an E:T ratio of 1:1 in
triplicate in 200 pl medium with anti-CD107a-PE anti-
body and monensin (Sigma, USA). After 4 h, cells were
labeled with anti-CD3-APC/Cy7 antibody and analyzed
by flow cytometry.

Cytokine release assay

FLT3L CAR-T (or VEC-T) cells and target cells were co-
cultured in a 24-well plate with an E:T ratio of 1:1 in
triplicate in 1 ml medium for 24 h. Supernatants were
harvested and assayed for the production of IFN-y,
TNEF-a, and IL-2 by ELISA (R&D, USA), and the absorb-
ance at 450 nm was measured using Synergy H4 Hybrid
Microplate Reader (Biotek, Winooski, VT, USA).
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Colony formation assay

CD34" cells from cord blood were sorted after labeling
with CD34 magnetic beads (Miltenyi Biotec, Germany)
according to manufacturer’s instructions. Viability and
purity of the sorted CD34" cells were determined by flow
cytometry. CD34" cells were co-cultured with CAR-T or
VEC-T cells for 24 h, and then, 500 CD34" cells from each
group were seeded in a methylcellulose medium (H4434,
Stem Cell, Canada) and incubated at 37 °C, 5% CO,. After
being cultured for 14 days, colonies (determined as 100
cell/colony) were scored and recorded by Nikon Eclipse
Ti-U fluorescent microscopy under a x 10 objective
(Nikon, Japan).

Intracellular phosphorylated protein staining assay

FLT3L CAR-T (or VEC-T) cells and target cells were co-
cultured in a 24-well plate with an E:T ratio of 1:8 in tripli-
cate in 1 ml medium for 4 h. Cells were fixed by adding an
equal volume of IC Fixation Buffer (eBioscience, USA) and
vortexed to mix. Cells were incubated for 1 h at room
temperature (RT), protected from light, and then, cells
were washed and fixed by using 1 ml ice-cold methanol.
Cells were vortexed to mix and incubated for 30 min at
4 °C. Cells were washed twice in PBS then resuspended
in 300 pl PBS within 1 pl intracellular phospho-epitope
antibody (anti-p-STAT5-PE, anti-p-ERK-PE, or anti-p-
AKT-PE, eBioscience, USA) and 1 pl anti-CD33-APC
for 30 min at RT. Washed cells were resuspended in
PBS and analyzed by flow cytometry.

In vivo NOD/SCID murine studies

Female NOD/SCID mice about 6 to 8 weeks old were
obtained from Institute of Laboratory Animal Sciences
(CAMS&PUMC, China). After sublethal irradiation, 14
mice were inoculated with 5 x 10® MV4-11 cells intraven-
ously. Seven days after inoculation, mice were randomized
into two treatment groups. Group CAR-T and group VEC-
T were respectively injected intravenously with 1 x 10
CAR-T cells or VEC-T cells at day 7 and day 14. Body
weight and the overall survival of mice were recorded.
Dead mice were dissected for pathological and flow
cytometry analysis to confirm the diagnosis of
leukemia. All animal experiments were approved by
the Institutional Animal Care and Use Committee of
Peking Union Medical College.

Statistical analysis

Values were expressed as mean + SD. Significance were
determined by Student’s ¢ test using GraphPad Prism
(version 5.0). The survival of mice was analyzed by Kaplan-
Meier methods and a log-rank test. p values < 0.05 were
considered statistically significant. *p < 0.05, **p < 0.01, and
**#*p <0.001 in comparison.
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Results

Generation of anti-FLT3 CAR

The FLT3L binding domain (BD) was cloned into previ-
ously verified lentiviral constructs [13], containing CD8a
hinge and transmembrane domains, and intracellular
tandem with 4-1BB and CD3( signaling domain, referred
to as FLT3L CAR. To identify transduced T cells, GFP
was included in the construct and separated with FLT3L
CAR by a T2A peptide (Fig. 1a). Transduction efficien-
cies of human T cells with FLT3L CAR construct were
about 40 to 50% and repeatable as measured by GFP; all
GFP-positive FLT3L CAR-T cells expressed FLT-3 ligand
which were detected by using anti-FLT3L antibody
(Fig. 1b). After expansion for 14 days, CAR expression
was maintained in both CD4" and CD8" T cells with a
usual CD4:CD8 ratio of 60:40 (Fig. 1c). According to
the expression of CD45RA and CCR7 surface markers,
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which were used to determine the distribution of T cell
subpopulations (Tcm, Tem, Temra, and native T cells),
it was demonstrated that CAR-T cells had a higher
percentage of CCR7"CD45RA™ (Tcm); however, no
significant difference was noted between CAR-T or
VEC-T cells in Tem and Temra (Fig. 1d).

FLT3L CAR-T cells exhibited antigen-specific cytotoxicity
against FLT3" leukemia cells

To evaluate the specific cytotoxicity of FLT3L CAR-T
cells, FLT3 expression on several AML cell lines was an-
alyzed by specific fluorescence indices (SFI) using flow
cytometry and FLT3-positive (FLT3") leukemia cell lines
MV4-11 (SFI:1.45), MOMLI13 (SFL:1.77), REH (SFI:2.48),
and THP-1 (SFI:1.88) were used as target cells, FLT3-
negative (FLT37) cell line U937 (SFI:1.07) was used as
control target cells, and VEC-T cells were used as
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control effector cells (Fig. 2a). To detect T cell cytolytic
function, the expression of CD107a surface marker was
measured using T cell degranulation assay [16]. After
being co-cultured for 5 h, the higher expressions of
CD107a were observed in FLT3L CAR-T cells co-cultured
with FLT3" leukemia cells (Fig. 2b, c). To further validate
the cytolytic capability, FLT3L CAR-T cells and leukemia
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cells were co-cultured at the indicated effector/target (E:
T) ratios for 48 h. As showed in Fig. 2d, even in the lowest
E:T ratio of 1:8, MV4-11 cells could not survive and only
30% of MOLM13 cells could survive. If the E:T ratio in-
creased to 1:4, no MOLM13 cells could survive. However,
REH and THP-1 cells could survive up to the highest E:T
ratio of 1:1. As to the FLT3™ cell line U937, the cytolytic
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Fig. 2 FLT3L CAR-T cells exhibited antigen-specific cytotoxicity against FLT3" leukemia cells. a FLT3 expression in AML cell lines analyzed by flow
cytometry after staining with anti-FLT3 antibody (black line); the corresponding isotype (gray line) is used as negative control. SFI of FLT3 expression was
calculated by dividing the median fluorescence of FLT3 mAb staining by the median fluorescence of mouse IgG1  isotype control. b, ¢ Percentage of
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activity was not observed. Therefore, compared with FLT3
wild-type cell lines REH and THP-1 (Fig. 5a), FLT3L
CAR-T cells showed stronger cytolytic effect on FLT3 mu-
tated (FLT3-ITD) cell lines MV4-11 and MOMLI13 cells
(Fig. 5a). Cytokine release in the co-culture supernatant
was assayed to evaluate the cytotoxicity efficacy of CAR-T
cells against target cells by ELISA. When CAR-T cells are
co-cultured with FLT3" leukemia cells, the levels of
interferon-y (IFN-y) and tumor necrosis factor-o (TNF-a)
were significantly increased compared with those co-
cultured with VEC-T cells, while the cytokines could not
be detected in CAR-T co-cultured U937 cells, the FLT3™
cells (Fig. 2e). However, interleukin-2 (IL-2) expression in-
creased slightly in FLT3-ITD and CAR-T system and
showed no difference in FLT3-WT group (Fig. 2e). As it is
similar with the data above, CAR-T cells secreted more
proinflammatory cytokines when co-cultured with MV4-
11 and MOMLI13 than that with REH and THP-1.

FLT3L CAR-T cells showed specific cytotoxic capability
against FLT3" primary AML

To verify the cytotoxicity efficacy of FLT3L CAR-T cells
to primary AML cells, we co-cultured FLT3L CAR-T
cells with primary AML cells from 10 patients (Table 1),
including 5 FLT3-ITD patients (nos. 1-5) and 5 FLT3-
WT patients (nos. 6-10). FLT3 expression on primary
AML cells was analyzed by flow cytometry; the specific
fluorescence indices (SFI) > 1.4 is defined as FLT3 posi-
tive (Fig. 3a and Table 1). The significant specific cyto-
toxicity (Fig. 3b), high expression of CD107a (Fig. 3c),
and IFN-y release (Fig. 3d) were observed in FLT3L
CAR-T cells co-cultured with both FLT3-ITD and FLT3-
WT patient leukemia cells compared to that in VEC-T
cells co-cultured with patient cells, while secretion of
IL-2 showed no difference, similar to the results of cell
lines (Fig. 3d). Some patient samples showed high TNF-
a secretion co-cultured with VEC-T cells, which might
be due to the severe unspecific cytotoxicity caused by
major histocompatibility complex (MHC) incompati-
bility (Fig. 3d). The results suggested that FLT3L
CAR-T cells were capable of recognizing FLT3"
(FLT3-WT and FLT3-ITD) primary AML cells and dis-
played cytotoxicity efficacy.

FLT3L CAR-T cells prolonged the survival of AML mice

To evaluate the in vivo function of FLT3L CAR-T cells,
the xenograft FLT3" AML model was established by
intravenously inoculating MV4-11 cells into NOD/SCID
mice. CD45"CD33" cells (leukemia blasts) in peripheral
blood could be detected at the end stage of leukemia
development (Additional file 1: Figure S1) and extensive
infiltrations of AML cells could be detected in bone
marrow, liver, and spleen confirmed by pathology (Fig. 4a)
and flow cytometry (Fig. 4b). At days 7 and 14 after
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Table 1 Patient information

Patient ID  Age  Sex
1 46 F

Cytogenetics CD33 (%) FLT3 (SFI)

FLT3-ITD 90.5 303
NPM1 p.W288fs

(Exon12)

DNMT3A p.re82C

(Exon23)

PTPN11 p.G60R

(Exon3)

FLT3-ITD 95.8 203

FLT3-ITD 97 1.78
PML-RARa

FLT3-ITD
NMP1 p.W288fs

FLT3-ITD 94.1 1.40
PML-RARa

FLT3-WT 65.5 149
DNMT3A p.R882C
(Exon23)

FLT3-WT 91.2 1.94
CBFB-MYH11

NRAS p.G12D

(Exon?2)

NRAS p.Q61K

(Exon3)

FLT3-WT 44 15
CBFR-MYH11

NRAS p.Q61K

(Exon3)

FLT3-WT 66 265
CBFR-MYH11

KIT p.N822K

(Exon17)

NRAS p.G13D

(Exon?2)

FLT3-WT 89.6 2
CBFR-MYH11

NRAS p.Q61H

(Exon3)

96.32 4.87

F female, M male, SFI specific fluorescence indices

transplantation, CAR-T and VEC-T cells were intraven-
ously administered (Fig. 4c). Body weight of both CAR-T
and VEC-T treated mice showed no significant decrease,
indicating little toxicity of CAR-T therapy. Until 28 days
after transplantation, body weight of VEC-T group started
to drop due to the progress of disease (Fig. 4d). The me-
dian survival time of CAR-T treatment group (126 days)
prolonged significantly compared to that of VEC-T treat-
ment group (86 days) (Fig. 4e). In brief, CAR-T-treated
mice showed a longer survival time compared to that of
VEC-T treated mice (p = 0.0039).

FLT3L CAR-T promoted the phosphorylation of ERK1/2 in
FLT3-WT leukemia cells

As stated above, it was interesting that FLT3L CAR-T
cells showed greater cytotoxic capability against MV4-11
and MOMLI13 cells than that against REH and THP-1
cells (Fig. 2d). Therefore, we investigated why FLT3"
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Fig. 3 FLT3L CAR-T cells showed specific cytotoxic ability against FLT3 positive primary AML. a FLT3 surface expression on patients’ AML cells (44~ 95%
blast count; patients 1 to 5, FLT3-ITD; patients 6 to 10, FLT3 wild type) was investigated by flow cytometry. Black line, anti-FLT3; gray line, isotype control.
SFI of FLT3 staining was calculated by dividing median fluorescence obtained with the FLT3 mAb by median fluorescence obtained with the mouse IgG1
K isotype control. The red dotted line represented SFI 14 as a defined threshold for FLT3 positivity. b Cytotoxic activity of FLT3L CAR-T against FLT3-ITD
(bold line) or FLT3-WT (dotted line) primary AML cells. Target cells and effector cells were co-cultured for 48 h at the indicated ET ratio of 1:4. Anti-CD33
antibody and anti-CD3 antibody were used to recognize different cell types. ¢ Percentage of CD3*CD107a" T cells after being co-cultured with FLT3-TD
(bold line) or FLT3-WT (dotted line) primary AML cells for 5 h was determined by flow cytometry. d CAR-T or VEC-T cells were co-cultured with primary
AML cells for 48 h. IFN-y, TNF-q, and IL-2 amounts in the supernatants were detected by using ELISA

leukemia cells responded differently to FLT3L CAR-T
cells. The FLT3 genotypes of MV4-11, MOLM13, REH,
and THP-1 cells were firstly identified, and the results
showed that MV4-11 cells expressed the homozygous
FLT3-ITD mutation, MOLM13 cells displayed the het-
erozygous FLT3 mutation (ITD/WT), and REH and
THP-1 expressed the normal FLT3 (WT/WT) (Fig. 5a).
It is generally considered that ITD mutation led to
ligand-independent activation and resulted in the phos-
phorylation of the downstream signaling pathway of
FLT3. On the contrary, the signaling activation of FLT3-
WT was ligand-dependent [17]. Therefore, different ge-
notypes of FLT3 might have distinct response to FLT3L
[18]. So, the phosphorylation of STAT5, AKT, and

ERK1/2 which might be activated by FLT3L in FLT3"
leukemia cells and promote the survival of leukemia
cells was further explored. As measured by intracellular
phospho-protein staining, the SFI [19] levels of pERK1/2
was significantly higher in FLT3-WT cells (THP-1) than in
FLT3-ITD cells (MV4-11, MOLM13) and higher in het-
erozygous ITD cell cells (MOLM13) than in homozygous
ITD cells (MV4-11) (Fig. 5b, ). These data suggested that
the antigen-recognizing domain of CAR, FLT3L, activated
the FLT3 downstream signaling pathway in the cells with
FLT3-WT which demonstrated that FLT3L CAR-T had
the ability to distinguish between FLT3 wild-type cells and
FLT3-ITD mutant cells and might have little cytotoxicity
on cells with normal FLT3 genotype.
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FLT3L CAR-T cells did not inhibit CD34" colony formation.
Many surface markers used as targets to treat AML by
CAR-T cells, such as CD33 and CD123, existed in both
AML blasts and HPSCs. It had to be considered the
on-target/off-tumor effect of CAR-T therapies which
was the potential of depletion of normal HPSCs [20].
FLT3 is reported to be expressed on HPSCs and gran-
ulocyte/macrophage progenitor (GMP) stages and per-
forms important roles in maintaining the survival of
stem and progenitor cells [21]. To investigate whether
FLT3L CAR-T cells had cytotoxicity against hematopoietic
progenitors, colony formation assay of pre-treated CD34"
HSCs derived from umbilical cord blood with CAR-T cells
was performed [22]. The purity of the sorted CD34" cells
and their expression of FLT3 were measured by flow
cytometry, and the FLT3 SFI of the three samples were
1.65, 1.52, and 2.06, respectively (Fig. 6a). It showed
that FLT3L CAR-T cells did not inhibit colony forma-
tion of normal CD34" cells (Fig. 6b, c). Taken together,
our findings suggest that FLT3 can be safely pursued as
a target for ligand-based CAR T cell therapy of AML
without harming essential healthy HPSCs.

Discussion

AML patients with favorable prognostic factors responded
well to conventional chemotherapy which combined with
cytarabine and anthracycline compounds. However, pa-
tients with adverse prognostic factors inevitably relapse
and have poor prognosis after chemotherapy. To achieve
better or even optimal treatment response and reduce
treatment-related mortality, strategies such as immuno-
therapy have been applied to the treatment of hematologic
malignancies [23].

Over the past decade, the novel immunotherapy strat-
egy CAR-T cells have revolutionized leukemia treatment,
especially CD19 CAR-T. Chimeric antigen receptor
(CAR) is an artificial structure including antigen-binding
domain which could recognize TAA, transmembrane
region, and signal transduction region which could acti-
vate T cell to kill tumor cells. A large amount of studies
have shown that CD19 CAR-T had striking clinical re-
sponses in relapsed ALL and CLL [24]. Meanwhile, re-
searchers are trying to treat AML patients with CAR-T
therapy and several AML CAR-T cell therapies targeting
relatively specific AML-associated surface markers are
under clinical investigation [24, 25]. Up to now, potential
target antigens for AML treatment by CAR-T cells were
under investigation, including CD33 [26], CD123 [22],
CD38 [27], CD44v6 [28], FRP [29], PR1/HLA-A2 [30],
CLL-1 [31], and LeY [32]. CD33 and CD123 are highly
expressed on primary AML cells and are the most com-
monly used antigens for AML treatment by CAR-T ther-
apy [22, 33]. However, these antigens did not only
restrictively express on AML cells, they also expressed
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in various degrees on normal HSPCs, immune cells, and
normal healthy tissues. Therefore, looking for AML-
associated surface antigens which are specifically
expressed on leukemia cells (or even leukemia stem
cells), but are low or not expressed on normal cells and
tissues, is an ideal strategy to develop CAR-T clinical
application [25]. Besides, hematopoietic malignancies al-
ways arise with cytogenetic alterations, so the choice of
AML-related target antigens involved in leukemogenesis
may be a feasible approach for AML CAR-T therapy.

Due to the high expression of FLT3 in 70 to 100% of
AML patients and in a high percentage of ALL cases [3],
and approximately 30% of AML patients carried the
FLT3 mutation which confers proliferative and survival
advantages for leukemia cells, FLT3 may become the po-
tential and ideal target for generating CAR-T cells and
possess even more effective cytotoxicity on FLT3-ITD
AML. The scFv-based FLT3 CAR-T therapy had been
developed and demonstrated its potential on the treat-
ment of FLT3 AML. Although it had been reported that
FLT3 CAR-T cells did not deplete CD34" HSPCs and
preserved HSPC differentiation [11], the scFv-based
FLT3 CAR-T cells had similar cytotoxic effect on the
cells with FLT3-WT and mutant FLT3 phenotypes.

In our study, a novel type of CAR to target FLT3 using
its ligand as recognizing domain, the FLT3L CAR, was
constructed. FLT3L CAR-T could interact and eradicate
both FLT3" leukemia cell lines and primary AML cells at
the E:T ratio as low as 1:8. Nevertheless, the effect of
specific cytolysis seemed independent of FLT3 expression
level on leukemia cells but relied on whether they carried
FLT3-ITD mutation, and the FLT3-ITD-positive leukemia
cells were more sensitive to FLT3L-based CAR-T cells
than the FLT3 wild-type leukemia cells. Since FLT3 ligand
promotes the dimerization and phosphorylation of FLT3
within 5-15 min and subsequently activates several path-
ways involved in cell survival and proliferation, such as
RAS/RAF/Erk, PI3K/Akt/mTOR, and JAK/STAT [34], it
was supposed that FLT3L expressed by CAR-T cells might
promote dimerization and activation of FLT3 in FLT3-
WT cells, and activation of the signal transduction cas-
cades in FLT3 wild-type leukemia cells may promote their
survival and relieve damage. To address this question, we
measured the phosphorylation level of STAT5, AKT, and
ERK in FLT3" leukemia cells after being co-cultured with
CAR-T or VEC-T cells and found the increased activation
of pERK in FLT3-WT and heterozygous FLT3-ITD
leukemia cells, which indicated that the expression of
FLT3L on CAR-T cells is involved in activating down-
stream proliferative Ras-Raf-Mek-Erk pathways. As a re-
sult, proliferation and survival of FLT3-WT leukemia cells
were promoted. In other words, this may be the reason
why the FLT3 wild-type leukemia cells were insensitive to
FLT3L-based CAR-T cells. Besides that, FLT3L CAR-T
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may show comparative stronger cytotoxic capability on
leukemia cells harboring FLT3-ITD mutation which is
reflecting a very poor prognosis.

TAAs which are restricted to express on tumor cells
are ideal target candidates for CAR-T therapy. Unfortu-
nately, antigens used in previous CAR-T studies are also
expressed on normal cells and tissues. In clinical applica-
tion, the on-target/off-tumor toxicities may arise during
CAR-T therapy. Rosenberg et al. reported that T cells
transduced with a CAR-recognizing ERBB2 could also
recognize low levels of ERBB2 on lung epithelial cells,
which caused patient’s serious respiratory distress and
cytokine storm, eventually leading to the death of the
patient [35]. Maude et al. also reported that some CD19
CAR-T treated patients suffered from clinically tolerable
B-lymphocyte aplasia for months to years [36]. However,
AML CAR-T therapy may induce severe on-target/off-
tumor myeloablation and may even threaten life [37].
Kenderian et al. [38], Gill et al. [39], and Wang et al.
[40] have reported that CD33 CAR-T treatment could
impair normal hematopoiesis. As early myeloid and
lymphoid progenitor cells also express FLT3, we detected
the FLT3 expression on CD34" HSPCs, which showed no
significant difference compared with five leukemia cell
lines and leukemia cells of ten AML patients using SFI as
an index (Additional file 1: Figure S2). Therefore, CAR-T
cell that recognizes FLT3 may induce on-target/off-tumor
toxicities. scFv-based FLT3 CAR-T [11] showed no cyto-
toxicity to PBMCs of healthy donors, and CD34" HSCs
isolated from cord blood in vitro and in vivo. To test
whether FLT3L CAR-T could be more safe, colony forma-
tion assay of pre-treated CD34" HSCs derived from
umbilical cord blood with CAR-T cells was performed in
our study. It showed that FLT3L CAR-T cells did not in-
hibit colony formation of normal CD34" cells. It was
reported that FLT3 and FLT3L combination and
activation of the downstream pathway had a pivotal role
in the regulation of hematopoietic cells, including
phospholipid metabolism, transcription, proliferation, and
apoptosis [34]. Based on our results described above,
FLT3L CAR-T has the potential to activate survival-
associated signaling pathways of CD34" HSPCs expressing
FLT3-WT and reduce cytotoxicity to some extent, which
is also indicating the possible safe use of FLT3L CAR-T.
However, clinical application of FLT3L CAR-T requires
more evidences to verify its on-target/off-tumor toxicity.

Proliferation and activation of CAR-T cells in vitro or
in vivo occurred with a sharp increase of inflammatory
cytokines, leading to cytokine release syndrome (CRS)
which was the most common and lethiferous side effect
in CAR-T therapy. CAR-T cells co-cultured with target
AML cells enhanced secretion of inflammatory cytokine
such as IFN-y, IL-2, and TNF-a. Recent research found
that scFv-based FLT3 CAR-T cells released significantly
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increased IL-2 and IFN-y when co-cultured with target
cells [11], while in our study, IL-2 was slightly increased
when co-cultured with FLT3-ITD leukemia cells and
nearly not changed when co-cultured with FLT3-WT
leukemia cells. Similar to the cell line results, IL-2 was
nearly not detectable in the system of CAR-T cells co-
cultured with primary FLT3" AML cells. We suppose
that this may relate with different recognizing domains
of CAR, FLT3L, and scFv and result in different
interaction patterns and different types of cytokine
profiles released by CAR-T.

CRS and on-target/off-tumor effect are the prominent
toxicities of CAR-T therapy. Over the years, improve-
ments in CAR-T cells have been performed to make
AML CAR-T therapy more safe and effective. Effective
means such as suicide gene, inhibitory CAR, dual-
antigen receptor, on-switch CAR, and combination with
checkpoint blockade therapy have been studied to con-
trol CAR-T cells effectively in vivo [41]. Researchers
were also trying to find specific or even unique antigens
for CAR-T therapy and avoid irreversible on-target/off-
tumor cytotoxicity on normal cells. However, unique
antigen expressed only on leukemia cells was scarcely to
be found, and on-target/off-tumor toxicity may happen
at various degrees. The toxicity is mainly due to the
inability of CAR-T cell to distinguish between normal
cells and tumor cells. To find one type of recognizing
domain which can distinguish between normal cell and
tumor cell will have a significant impact on CAR-T ther-
apy. For this goal, we described a new type of CAR-T cell
directed to FLT3 using its ligand as recognizing domain,
the FLT3L CAR-T cell, and demonstrated that it had po-
tent but diverse antitumor activity to FLT3-WT and
FLT3-ITD leukemia cells. FLT3 ligand-based CAR-T
might induce activation of proliferation-related signaling
of FLT3-WT cells, indicating that FLT3L CAR-T was
able to distinguish between FLT3 wild-type cells and
FLT3 mutant cells. Besides that, as distinct from scfv-
based FLT3 CAR-T, our study showed diverse release of
inflammatory cytokine. More importantly, the FLT3L
CAR-T had little off-target cytotoxicity on normal
HSPCs. In vivo FLT3" leukemia model showed that
FLT3L CAR-T could significantly prolong the survival of
leukemia beard mice. In conclusion, FLT3 ligand-based
CAR-T cells exhibited specific cytotoxicity against FLT3
+ leukemia cell and had the ability to distinguish be-
tween FLT3 wild-type cells and FLT3-ITD mutant cells,
which may be an ideal candidate that specifically target
AML with FLT3 mutation.

Conclusions

FLT3L CAR-T cells exhibited specific cytotoxicity against
FLT3" leukemia cell lines and primary AML cells in
vitro, particularly FLT3-ITD leukemia cell lines. In vivo

Page 11 of 12

treatment of FLT3L CAR-T cells could significantly pro-
long the survival of FLT3" mouse model. Especially,
FLT3L CAR-T cells could promote the phosphorylation
of ERK1/2 in FLT3-WT cells but not FLT3-ITD cells,
and it had no inhibitory effects on CD34" stem cell
colony formation, which indicated its stronger cytotoxic
effect on FLT3-ITD leukemia cells and potential in pro-
tection of normal HPSCs. In conclusion, FLT3 ligand-
based CAR-T cell may be an ideal strategy to target
AML with FLT3 mutation.

Additional file

Additional file 1: Figure S1. Flow cytometry analysis of CD45"CD33*
leukemia cells in peripheral blood of 14 and 7 days before death of
leukemia mice. Figure S2. FLT3 SFI of three cord blood CD34" HSCs, five
FLT3" leukemia cell lines, and leukemia cells of ten AML patients were
analyzed by flow cytometry. (PNG 1277 kb)

Abbreviations

ALL: Acute lymphoblastic leukemia; AML: Acute myeloid leukemia;

BD: Binding domain; BMMC: Bone marrow mononuclear cell; CRS: Cytokine
release syndrome; FLT3: Fms-like tyrosine kinase; GMP: Granulocyte/
macrophage progenitor; HPSC: Hematopoietic progenitor stem cells;

HSCT: Hematopoietic stem cell transplantation; IFN-y: Interferon-gamma;
IL-2: Interleukin-2; ITD: Internal tandem duplications; MHC: Major
histocompatibility complex; RT: Room temperature; scFv: Single-chain
variable fragment; SFI: Specific fluorescence indices; TAA: Tumor-associated
antigen; Tcm: Central memory T cell; Tem: Effector memory T cell;

Temra: Terminally differentiated effector memory T cell; TKD: Tyrosine kinase
domain; TNF-a: Tumor necrosis factor-alpha; WT: Wild type

Funding

This work was supported by grants from the National Natural Science
Foundation of China (81430004, 81770181 and 81700163), National Key
Research and Development Program for Precision Medicine (2017YFC0909800),
and CAMS Initiative Fund for Medical Sciences (2016-12M-1-007).

Authors’ contributions

YW performed the experiments, analyzed the data, and wrote the
manuscript. YX constructed the CAR vector, offered important advices, and
wrote the manuscript. SL, JL, YX, and HX helped with some experiments. ZT
and KT helped in the blood sample preparation. QR, MW, and JW conceived
and supervised the study and reviewed and approved the manuscript. All
authors read and approved the final manuscript.

Ethics approval

All the samples obtained from the patients enrolled in the Institute of
Hematology and Blood Diseases Hospital were collected under informed
consent. All the animals were obtained from the Institute of Laboratory
Animal Sciences (CAMS&PUMC, China). All animal experiments were
approved by the Institutional Animal Care and Use Committee of Peking
Union Medical College.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1186/s13045-018-0603-7

Wang et al. Journal of Hematology & Oncology (2018) 11:60

Received: 9 February 2018 Accepted: 23 April 2018
Published online: 02 May 2018

References

1.

20.

21.

22.

23.

24

25.

26.

Roboz GJ. Current treatment of acute myeloid leukemia. Curr Opin Oncol.
2012,24(6):711-9.

Kottaridis PD, et al. The presence of a FLT3 internal tandem duplication in
patients with acute myeloid leukemia (AML) adds important prognostic
information to cytogenetic risk group and response to the first cycle of
chemotherapy: analysis of 854 patients from the United Kingdom Medical
Research Council AML 10 and 12 trials. Blood. 2001;98(6):1752-9.

Gilliland DG, Griffin JD. The roles of FLT3 in hematopoiesis and leukemia.
Blood. 2002;100(5):1532-42.

Yamamoto Y, et al. Activating mutation of D835 within the activation loop
of FLT3 in human hematologic malignancies. Blood. 2001,97(8):2434-9.
Takahashi S. Downstream molecular pathways of FLT3 in the pathogenesis
of acute myeloid leukemia: biology and therapeutic implications. J Hematol
Oncol. 2011;4:13.

Kantarjian H. Acute myeloid leukemia—major progress over four decades
and glimpses into the future. Am J Hematol. 2016,91(1):131-45.

Dohner H, Weisdorf DJ, Bloomfield CD. Acute myeloid leukemia. N Engl J
Med. 2015;373(12):1136-52.

Davila ML, Brentjens RJ. CD19-targeted CAR T cells as novel cancer
immunotherapy for relapsed or refractory B-cell acute lymphoblastic
leukemia. Clin Adv Hematol Oncol. 2016;14(10):802-8.

Johnson LA, June CH. Driving gene-engineered T cell immunotherapy of
cancer. Cell Res. 2017,27(1):38-58.

Xu YX, Wang M, Wang JX. Recent advances in immunotherapy of acute
leukemia via chimeric antigen receptor-engineered T cells (in Chinese). Sci
Sin Vitae. 2017,47:1-17.

Chen L, et al. Targeting FLT3 by chimeric antigen receptor T cells for the
treatment of acute myeloid leukemia. Leukemia. 2017;31(8):1830-4.
Verstraete K, et al. Structural insights into the extracellular assembly of the
hematopoietic FIt3 signaling complex. Blood. 2011;118(1):60-8.

An N, et al. Construction of a new anti-CD19 chimeric antigen receptor and
the anti-leukemia function study of the transduced T cells. Oncotarget.
2016;7(9):10638-49.

Patel ES, et al. Regulation of in vitro human T cell development through
interleukin-7 deprivation and anti-CD3 stimulation. BMC Immunol. 2012;13:46.
Gupta S, et al. Life and death of lymphocytes: a role in immunesenescence.
Immun Ageing. 2005;2:12.

Betts MR, et al. Sensitive and viable identification of antigen-specific CD8+ T
cells by a flow cytometric assay for degranulation. J Immunol Methods.
2003;281(1-2):65-78.

Grafone T, et al. An overview on the role of FLT3-tyrosine kinase receptor in
acute myeloid leukemia: biology and treatment. Oncol Rev. 2012;6(1):e8.
Rosen DB, et al. Functional characterization of FLT3 receptor signaling
deregulation in acute myeloid leukemia by single cell network profiling
(SCNP). PLoS One. 2010;5(10):e13543.

Schmiedel BJ, et al. Receptor activator for NF-kappaB ligand in acute
myeloid leukemia: expression, function, and modulation of NK cell
immunosurveillance. J Immunol. 2013;190(2):821-31.

Lynn RC, et al. Targeting of folate receptor beta on acute myeloid
leukemia blasts with chimeric antigen receptor-expressing T cells. Blood.
2015;125(22):3466-76.

Kikushige Y, et al. Human FIt3 is expressed at the hematopoietic stem cell
and the granulocyte/macrophage progenitor stages to maintain cell
survival. J Immunol. 2008;180(11):7358-67.

Mardiros A, et al. T cells expressing CD123-specific chimeric antigen
receptors exhibit specific cytolytic effector functions and antitumor effects
against human acute myeloid leukemia. Blood. 2013;122(18):3138-48.
Lichtenegger FS, et al. Recent developments in immunotherapy of acute
myeloid leukemia. J Hematol Oncol. 2017;10(1):142.

Liu B, Song Y, Liu D. Clinical trials of CAR-T cells in China. J Hematol Oncol.
2017;10(1):166.

Fan M, et al. Chimeric antigen receptors for adoptive T cell therapy in acute
myeloid leukemia. J Hematol Oncol. 2017;10(1):151.

Li S, et al. CD33 specific chimeric antigen receptor T cells with different
costimulators showed potent anti-leukemia efficacy and different
phenotype. Hum Gene Ther. 2018; PMID 29409351. https://doi.org/10.1089/
hum.2017.241.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12 of 12

Yoshida T, et al. All-trans retinoic acid enhances cytotoxic effect of T cells
with an anti-CD38 chimeric antigen receptor in acute myeloid leukemia.
Clin Transl Immunology. 2016;5(12):.e116.

Casucci M, et al. CD44v6-targeted T cells mediate potent antitumor
effects against acute myeloid leukemia and multiple myeloma. Blood.
2013;122(20):3461-72.

Lynn RC, et al. High-affinity FRbeta-specific CAR T cells eradicate AML and
normal myeloid lineage without HSC toxicity. Leukemia. 2016;30(6):1355-64.
Ma Q, et al. A novel TCR-like CAR with specificity for PR1/HLA-A2 effectively
targets myeloid leukemia in vitro when expressed in human adult
peripheral blood and cord blood T cells. Cytotherapy. 2016;18(8):985-94.
Wang J, et al. CAR-T cells targeting CLL-1 as an approach to treat acute
myeloid leukemia. J Hematol Oncol. 2018;11(1):7.

Peinert S, et al. Gene-modified T cells as immunotherapy for multiple
myeloma and acute myeloid leukemia expressing the Lewis Y antigen.
Gene Ther. 2010;17(5):678-86.

O'Hear C, et al. Anti-CD33 chimeric antigen receptor targeting of acute
myeloid leukemia. Haematologica. 2015;100(3):336-44.

Stirewalt DL, Radich JP. The role of FLT3 in haematopoietic malignancies.
Nat Rev Cancer. 2003;3(9):650-65.

Morgan RA, et al. Case report of a serious adverse event following the
administration of T cells transduced with a chimeric antigen receptor
recognizing ERBB2. Mol Ther. 2010;18(4):843-51.

Maude SL, et al. Chimeric antigen receptor T cells for sustained remissions
in leukemia. N Engl J Med. 2014;371(16):1507-17.

Tasian SK; et al. Optimized depletion of chimeric antigen receptor T cells in
murine xenograft models of human acute myeloid leukemia. Blood. 2017;
129(17):2395-407.

Kenderian SS, et al. CD33-specific chimeric antigen receptor T cells exhibit
potent preclinical activity against human acute myeloid leukemia. Leukemia.
2015;29(8):1637-47.

Gill S, et al. Preclinical targeting of human acute myeloid leukemia and
myeloablation using chimeric antigen receptor-modified T cells. Blood.
2014;123(15):2343-54.

Wang QS, et al. Treatment of CD33-directed chimeric antigen receptor-
modified T cells in one patient with relapsed and refractory acute myeloid
leukemia. Mol Ther. 2015;23(1):184-91.

Zhang E, Xu H. A new insight in chimeric antigen receptor-engineered T
cells for cancer immunotherapy. J Hematol Oncol. 2017;10(1):1.

Ready to submit your research? Choose BMC and benefit from:

o fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1089/hum.2017.241
https://doi.org/10.1089/hum.2017.241

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture
	Identification of FLT3-ITD mutations
	Construction of FLT3L CAR lentiviral vectors
	Lentivirus production
	T cell isolation and infection
	CAR expression and CAR-T cell phenotype analysis
	CAR-T specific killing assay
	CART-T specific killing assay for cell lines
	CART-T specific killing assay for primary AML cells

	Degranulation assay
	Cytokine release assay
	Colony formation assay
	Intracellular phosphorylated protein staining assay
	In vivo NOD/SCID murine studies
	Statistical analysis

	Results
	Generation of anti-FLT3 CAR
	FLT3L CAR-T cells exhibited antigen-specific cytotoxicity against FLT3+ leukemia cells
	FLT3L CAR-T cells showed specific cytotoxic capability against FLT3+ primary AML
	FLT3L CAR-T cells prolonged the survival of AML mice
	FLT3L CAR-T promoted the phosphorylation of ERK1/2 in FLT3-WT leukemia cells
	FLT3L CAR-T cells did not inhibit CD34+ colony formation.


	Discussion
	Conclusions
	Additional file
	Abbreviations
	Authors’ contributions
	Ethics approval
	Competing interests
	Publisher’s Note
	References

