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Patients with relapsed or refractory acute myeloid leukemia
(AML) have a dismal prognosis and limited treatment options.
Chimeric antigen receptor (CAR) T cells have achieved unprecedented clinical responses in patients with B cell leukemias and
lymphomas and could prove highly efﬁcacious in AML. However, a signiﬁcant number of patients with AML may not receive
treatment with an autologous product due to manufacturing
failures associated with low lymphocyte counts or rapid disease
progression while the therapeutic is being produced. We report
the preclinical evaluation of an off-the-shelf CAR T cell therapy
targeting Fms-related tyrosine kinase 3 (FLT3) for the
treatment of AML. Single-chain variable fragments (scFvs) targeting various epitopes in the extracellular region of FLT3 were
inserted into CAR constructs and tested for their ability to redirect T cell speciﬁcity and effector function to FLT3+ AML cells.
A lead CAR, exhibiting minimal tonic signaling and robust activity in vitro and in vivo, was selected and then modiﬁed to
incorporate a rituximab-responsive off-switch in cis. We found
that allogeneic FLT3 CAR T cells, generated from healthydonor T cells, eliminate primary AML blasts but are also active
against mouse and human hematopoietic stem and progenitor
cells, indicating risk of myelotoxicity. By employing a surrogate
CAR with afﬁnity to murine FLT3, we show that rituximabmediated depletion of FLT3 CAR T cells after AML eradication
enables bone marrow recovery without compromising leukemia remission. These results support clinical investigation of
allogeneic FLT3 CAR T cells in AML and other FLT3+ hematologic malignancies.

high-risk group. Outcomes for patients undergoing HSCT while in
morphologic remission, however, vary widely, with minimal residual
disease (MRD) levels before transplant being a strong prognostic indicator of the risk of relapse.2 Novel and more potent therapies
capable of achieving MRD-negative remissions could substantially
improve patient outcomes3 and are urgently needed.
Chimeric antigen receptor (CAR) T cell therapies have achieved
impressive clinical responses in patients with leukemia, lymphoma,
and multiple myeloma4–6 and could provide beneﬁt in AML. Support
for this notion comes from preclinical studies evaluating CAR T cells
directed toward AML-associated antigens, such as CD33, CD123,
CLL-1, and Fms-related tyrosine kinase 3 (FLT3).7–13 Translating
these promising ﬁndings into clinically feasible autologous therapies
is associated with some challenges. Peripheral blood T cells in patients
with AML often display poor abundance or abnormalities in activation and function14,15 that could lead to poor cellular ﬁtness16 or production failures. Given the rapid progression rate of AML upon
relapse, a 2–4 week wait necessary for manufacturing and release of
an autologous product may be extremely problematic. Taking this
into account, allogeneic CAR T cell therapies, which utilize T cells
derived from healthy donors for large-scale manufacturing of offthe-shelf products and are intended to be readily available to patients,17,18 may be particularly attractive for the treatment of AML.
Identiﬁcation of a truly AML-speciﬁc cell surface antigen has thus far
remained elusive. Most antigens are also expressed in normal myeloid
progenitors and/or mature hematopoietic cells,13,19 posing the risk of
prolonged myeloid cell aplasia,8,11,20 cytokine release syndrome
(CRS), and potentially other toxicities that may limit therapeutic

INTRODUCTION
Acute myeloid leukemia (AML) is the most common acute leukemia
in adults and accounts for roughly 20% of pediatric leukemias.
Although most patients achieve remission after one or two rounds
of chemotherapy, relapses occur frequently and are associated with
poor prognosis, resulting in an estimated 5-year survival rate of
28%.1 Consolidation with hematopoietic stem cell (HSC) transplantation (HSCT) remains the only curative therapy, particularly in the
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efﬁcacy. Among commonly pursued targets, FLT3 appears promising
for the development of immunotherapies in AML.21 Expression of
FLT3 is reported to be restricted to the hematopoietic lineage,
including a subset of hematopoietic stem and progenitor cells
(HSPCs) and plasmacytoid dendritic cells (pDCs).22,23 FLT3 has
also been detected in Purkinje cells in the cerebellum, although it
was reported to be intracellular.24 FLT3 is found expressed at high
density on the surface of AML blasts as well as in leukemic cells of
B cell acute lymphoblastic leukemia (B-ALL) patients.25,26 FLT3 is
the most commonly mutated gene in AML patients27,28 and is implicated in the pathogenesis and progression of the disease. Mutations
involving an internal tandem duplication (ITD) in the juxtamembrane domain of FLT3 are particularly prevalent and result in
ligand-independent overactive signaling that confers a survival and
proliferation advantage to blast cells.29 Adoptive cell therapies with
FLT3-directed CAR T cells, which rely on recognition of the extracellular region of the receptor to effect antitumor activity, are therefore
relevant for patients with either wild-type or mutated FLT3 since the
extracellular portion of the molecule typically remains intact.30 These
observations highlight the potential of FLT3 as a clinically actionable
target for T cell immunotherapies and have prompted studies investigating CARs that incorporate single-chain variable fragments
(scFvs) derived from murine anti-human FLT3 antibodies.10,12 While
preclinical evidence for the antileukemic efﬁcacy of FLT3 CAR T cells
exists, the associated risks of on-target myelotoxicity and neurotoxicity are not completely understood.10,12,13
We report the preclinical evaluation of an allogeneic FLT3 CAR
T cell therapy for the treatment of AML. Fully human scFvs binding
to different domains of the FLT3 protein were isolated from a phagedisplay library and inserted into CAR constructs that were tested
through in vitro assays and in an orthotopic mouse model of
AML. A lead CAR was selected based on exhibiting minimal tonic
signaling and potent antitumor activity in vitro and in vivo and
then engineered to contain an off-switch responsive to rituximab.
Allogeneic FLT3 CAR T cells were generated by transducing healthy
donor-derived T cells with the lead construct followed by transcription activator-like effector nuclease (TALEN)-mediated inactivation
of the T cell receptor a constant (TRAC) and CD52 genes. The geneedited cells were resistant to treatment with a lymphodepleting antiCD52 antibody, allowing the use of anti-CD52 to deplete the patient’s immune cells to delay rejection of the graft, potentially resulting in enhanced persistence and antitumor efﬁcacy. We found that
FLT3 CAR T cells were highly active against patient-derived AML
blasts but also showed on-target activity against a subset of human
HSPCs in vitro and mouse HSPCs in vivo. Activation of the offswitch with rituximab provided a means to deplete circulating
CAR T cells after AML clearance, allowing for subsequent bone
marrow recovery from remaining hematopoietic progenitors
without compromising leukemia remission. The high antileukemic
activity of allogeneic FLT3 CAR T cells combined with a safety
mechanism to mitigate potential off-tumor effects may facilitate
clinical translation in this patient population with a high unmet
medical need.
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RESULTS
Functional Screening of Anti-FLT3 scFvs and Selection of a Lead
CAR with Optimal Activity In Vitro and In Vivo

The extracellular segment of the FLT3 receptor consists of ﬁve immunoglobulin (Ig)-like domains that are potentially accessible to targeting with a CAR.31 A synthetic human scFv phage library was screened
to identify clones demonstrating binding to recombinant human
FLT3 as previously described.21 Epitope mapping experiments using
surface plasmon resonance assays indicated that all ﬁve Ig domains of
FLT3 were targeted by at least one of the nine selected binders with
afﬁnities in the nanomolar range (Table S1). To identify an optimal
anti-FLT3 CAR for clinical development, codon-optimized sequences
of selected scFvs were inserted into lentiviral CAR constructs in orientation variable heavy chain (VH)-linker-variable light chain (VL) followed by a CD8a hinge/transmembrane domain fused with 4-1BB
and CD3z intracellular signaling elements. The CD8a hinge was
selected based on preliminary studies indicating more consistent
degranulation and cytotoxic activity compared with shorter Fcg receptor-based hinges (data not shown). Co-expression of blue ﬂuorescent protein (BFP) from the same vector enabled easy detection of
transduced cells by ﬂow cytometry. A close correlation between
BFP expression and CAR expression was observed by staining transduced Jurkat cells with recombinant soluble FLT3 (sFLT3) protein,
indicating proper folding and cell surface expression of all CARs
(Figure S1A).
Primary T cells isolated from three healthy donors were activated and
effectively transduced with all constructs (Figure 1A). Ligand-independent CAR signaling has been associated with accelerated T cell
differentiation and reduced antitumor efﬁcacy.32,33 To investigate
scFv-dependent tonic signaling, the expression of the activation
marker 4-1BB (CD137) and the differentiation markers CD45RO
and CD62L was measured 6 and 9 days after transduction, respectively. Overall, candidate FLT3 CARs exhibited limited tonic
signaling, with less than 15% of CAR+ cells showing upregulation
of 4-1BB (Figure 1B). T cells expressing P1A5, P12B6, and P14G2
showed the highest frequencies of 4-1BB+ cells (Figure 1B) and
increased differentiation in both the CD4+ and CD8+ subsets (Figure 1C). No FLT3 expression was detected on activated T cells by
ﬂow cytometry (Figure S1B), indicating that any activation was not
due to FLT3 target recognition. P12B6 and P14G2 CAR T cells exhibited some killing of a FLT3-negative control cell line (MOLP-8)
in long-term co-culture assays (Figure S2), suggesting that the
increased activation could in part be attributed to non-speciﬁc
activity.
To attempt to distinguish CARs conferring superior target-speciﬁc
T cell expansion and effector function, CAR T cells were co-cultured
with AML target cell lines expressing varying levels of wild-type and/
or mutant FLT3 (Figure S2A), with fresh target cells being subsequently added every 2–3 days to test long-term CAR T cell activity.
In these repeated antigen stimulation assays, all candidate CAR
T cells displayed proliferation (Figure 1D; Figure S2B) and
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Figure 1. Screening of a Library of FLT3-Targeted scFvs and Selection of a High-Performing FLT3 CAR
(A) Activated primary human T cells were effectively transduced with lentiviral vectors encoding a range of FLT3 CARs. Bar graph shows the frequencies of transduced cells
determined by flow cytometry analysis 3 days after transduction (mean ± SEM; n = 3 donors). (B) Target-independent “tonic” signaling was evaluated by measuring the
frequency of transduced cells positive for the activation marker 4-1BB 6 days after transduction (mean ± SEM; n = 3 donors). (C) Higher tonic signaling observed with some
scFvs (P1A5, P12B6, P14G2) was associated with a decrease in the TSCM cell subset indicative of increased CAR T cell differentiation. CAR T cells were analyzed by flow
cytometry 9 days after transduction and phenotypes were determined according to CD62L and CD45RO expression within the CAR+ cell population: stem cell memory
(CD45RO /CD62L+), central memory (CD45RO+/CD62L+), effector memory (CD45RO+/CD62L ), and effector (CD45RO /CD62L ) cells (mean ± SEM; n = 3 donors). (D)
CAR T cells exhibited expansion upon repeated exposure to target. The proliferative capacity of CAR T cells was determined by counting viable CAR+ cells 20 days after coculture with EOL-1 target cells. Fold-expansion is expressed as mean ± SEM relative to day 0; n = 2 donors. (E) Assessment of antitumor activity in an orthotopic model of
AML led to effective differentiation of candidate scFvs and selection of the lead FLT3 CAR. NSG mice received a single dose of 2.5  106 or 5  106 FLT3 CAR T cells 10 days
after injection of luciferase-labeled EOL-1 cells and tumor burden was assessed by bioluminescence imaging (BLI) over time (n = 10 mice/group). Values are expressed as
mean ± SEM (****p < 0.0001 by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons versus non-transduced control T cells). Tumor growth kinetics for the
P4C7 (2.5  106) and P9B5 (2.5  106) groups was comparable to control T cells, and their curves are not shown for simplicity.
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maintained robust cytotoxic activity (Figure S2C). Four CARs (P4C7,
P9B5, P3A1, P3E10) were then selected for in vivo evaluation based
on low tonic signaling, a less differentiated T cell phenotype, appropriate target-speciﬁc T cell expansion, and cytotoxicity in vitro and
which moreover bound to a range of Ig domains of FLT3 (domains
1–4; Table S1) and therefore likely recognized diverse epitopes. The
two CARs with speciﬁcity to Ig domain 5 of FLT3 (P12B6 and
P14G2) were excluded from further analysis, as they had shown
higher tonic signaling and non-speciﬁc killing in vitro. Mice orthotopically engrafted with luciferase-expressing EOL-1 cells received a
single dose of FLT3 CAR T cells, and changes in tumor burden
were monitored by bioluminescent imaging (BLI). Whereas T cells
expressing the P4C7 or the P9B5 CAR showed no apparent efﬁcacy
in this model at the doses tested (Figure 1E), potent antitumor activity
was seen for P3A1 and P3E10 at a single dose of 5  106 CAR T cells,
with the latter also inducing rapid and sustained tumor eradication at
a dose of 2.5  106 CAR T cells. These in vivo differences in activity
were conﬁrmed using CAR T cells derived from a second donor (data
not shown). Based on these ﬁndings, the P3E10 CAR directed to Ig
domain 4 of FLT3 was selected as the lead CAR for further
development.
FLT3 CAR T Cells Containing an Intra-CAR Off-Switch Maintain
Their Function and Can Be Selectively Depleted with Rituximab

Adoptive cell therapies have the potential to elicit on-target and offtarget toxicities to normal tissues, in addition to cytokine release syndrome caused by rapid immune cell activation induced by CAR T cell
activity.34 In the case of allogeneic CAR T cell therapies, there is an
added risk of graft-versus-host disease (GvHD), although to date
only a few cases of mild GvHD have been encountered in clinical trials
using allogeneic CD19 CAR T cells.35 In order to have the ﬂexibility to
decrease or abrogate FLT3 CAR T cell activity, an inducible system
that relies on the administration of a clinically approved antibody
was evaluated. Incorporation of short linear mimotopes for the
anti-CD20 antibody rituximab in the extracellular portion of the
CAR has been shown to render CAR T cells sensitive to complement-dependent cytotoxicity (CDC) and antibody-dependent
cellular cytotoxicity (ADCC), providing a means to selectively ablate
CAR T cells on-demand.36 The lead CAR, P3E10, was therefore engineered to contain two rituximab (R) mimotopes (R2 off-switch) between the hinge region and the scFv (Figure 2A). T cells transduced
with this construct (hereafter referred to as FLT3 CAR-R2) were efﬁciently co-stained with rituximab and sFLT3 (Figure 2A), demonstrating proper folding of the scFv and the off-switch. Inclusion of
the off-switch did not lead to noticeable changes in transduction efﬁciency, CD4/CD8 ratio, or CAR T cell phenotype (Figures S3A–S3C).
FLT3 CAR-R2 T cells maintained a high proportion of stem cell-like
memory T (TSCM) and central memory T (TCM) cells following the
expansion phase (Figure S3C) and exhibited speciﬁc cytotoxic effector
function that was equivalent to cells transduced with the same CAR
lacking the off-switch (Figure S3D). In vivo, FLT3 CAR-R2 T cells displayed high antitumor efﬁcacy at a single dose of 2.5  106 cells (Figure S3E), although the kinetics of AML clearance relative to FLT3
CAR T cells lacking the off-switch was slightly different. In line
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with our previous observations, FLT3 CAR-R2 T cells exhibited superior efﬁcacy compared to T cells expressing the P3A1 CAR engineered
to incorporate the R2 switch (P3A1-R2; data not shown), suggesting
that scFv-related differences in in vivo activity were preserved in this
format.
To test the functionality of the off-switch, FLT3 CAR-R2 T cells were
cultured with complement and rituximab for 3 h and their viability
was measured by ﬂow cytometry. A signiﬁcant decrease in CAR
T cell viability relative to cells that received complement alone was
observed (Figure 2B), demonstrating that rituximab can mediate
depletion of FLT3 CAR-R2 T cells via CDC. To validate these results
in vivo, mice engrafted with luciferase-expressing EOL-1 cells were
treated with FLT3 CAR-R2 T cells and then administered rituximab
for 5 consecutive days after AML clearance (Figure 2C). To increase
the number of circulating CAR T cells that could be detected by ﬂow
cytometry analysis before and after rituximab administration, mice
were given intermittent injections of interleukin (IL)-15, which has
been shown to increase the persistence of adoptively transferred human CAR T cells in immunocompromised mice.37 Compared with
the control group, a marked depletion of FLT3 CAR-R2 T cells was
seen in the peripheral blood of mice that received rituximab, as
measured at days 3 and 16 after initiation of rituximab treatment (Figure 2D). Notably, CAR T cell depletion did not seem to compromise
leukemia remission in this model, indicating effective eradication of
EOL-1 cells at the time of rituximab administration. EOL-1 cells
stained negative for CD20 (data not shown), ruling out any contribution of rituximab to killing of residual EOL-1 cells and prevention of
AML relapse.
Allogeneic FLT3 CAR-R2 T Cells Generated via Targeted
Disruption of the TRAC and CD52 Genes Display Robust
Antileukemic Activity

Previous studies have demonstrated the feasibility of using TALEN
gene-editing technology to produce allogeneic CAR T cells for multiple targets.37,38 CAR T cells lacking expression of the TCRab receptor
have a decreased risk of inducing GvHD. Disrupting expression of
CD52 is intended to increase the window of allogeneic CAR T cell
persistence before rejection by the host immune system in patients
preconditioned with an anti-CD52 antibody, which can efﬁciently
deplete host lymphocytes while leaving the infused CAR T cells untouched.18,38 TALEN designed to speciﬁcally inactivate the TRAC
and CD52 genes were used to generate allogeneic FLT3 CAR-R2
T cells. Efﬁcient knockout (KO) of TRAC and CD52 was veriﬁed by
ﬂow cytometry analysis of the expression of CD3ε and CD52 in
TALEN-treated cells before and after magnetic isolation of the
TCRab cell population (Figure 3A). As expected, absence of
CD52 expression rendered allogeneic FLT3 CAR-R2 T cells resistant
to an anti-CD52 antibody, whereas non-gene-edited (TCR/CD52
wild-type [WT]) CAR T cells were rapidly eliminated under the
same conditions (Figure 3B). To assess any detrimental effects of
TALEN treatment on CAR T cells, allogeneic FLT3 CAR-R2 T cells
were tested for their effector function immediately after thawing
and 7 days after repeated exposure to antigen. Allogeneic FLT3
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Figure 2. Effective Depletion of FLT3 CAR T Cells Containing an Intra-CAR Off-Switch Inducible by Rituximab
(A) Left: schematic of the FLT3 CAR-R2 construct containing two rituximab mimotopes (R2) in the extracellular domain. Right: FLT3 CAR-R2 T cells can be effectively
detected with rituximab. Flow cytometry analysis of transduced T cells using rituximab and biotinylated soluble FLT3 (sFLT3) demonstrates a distinct double-positive cell
population. (B) FLT3 CAR-R2 T cells are depleted via complement-dependent cytotoxicity (CDC) in the presence of rituximab. CAR T cells were cultured in the presence of
complement and/or rituximab for 3 h, and residual viable cells were enumerated by flow cytometry analysis of sFLT3-labeled cells mixed with counting beads. Results are the
mean ± SEM of triplicate wells for a single experiment, representative of three separate experiments. Differences in viability between treatment groups were compared using
the Student’s t test (****p < 0.0001). (C) FLT3 CAR-R2 T cells are depleted in vivo following rituximab administration. NSG mice were engrafted with luciferase-labeled EOL-1
cells and treated with 2.5  106 FLT3 CAR-R2 T cells at day 9, followed by intraperitoneal administration of rituximab or control antibody after tumor clearance (day 21), as
determined by BLI analysis. Mice administered rituximab remained tumor-free until the end of the study (day 37). Representative images of mice taken at different time points
are shown (n = 4 mice/group). (D) Enumeration of FLT3 CAR-R2 T cells was performed by flow cytometry analysis of peripheral blood from the treated mice at days 3 and 16
after initiation of rituximab treatment (mean ± SEM; **p < 0.01, ***p < 0.001 by unpaired t test).

CAR-R2 T cells showed cytotoxicity against the AML cell lines EOL1, MOLM-13, and MV4-11, but negligible cytolytic activity against
the FLT3-negative cell line MOLP-8 (Figure S4). There were no differences in killing capacity between allogeneic (TCR/CD52 KO)
and non-gene-edited (TCR/CD52 WT) CAR T cells (Figure S4).
Furthermore, allogeneic and non-gene-edited FLT3 CAR-R2 T cells
displayed similar antitumor activity in vivo (Figure 3C). Next, the
antitumor efﬁcacy and proliferative capacity of allogeneic FLT3
CAR-R2 T cells were further investigated in two distinct AML xenograft models. Treatment of mice with low disease burden resulted in
complete and durable responses (Figure 3D). In mice with higher disease burden, allogeneic FLT3 CAR-R2 T cells showed dose-dependent
antitumor activity, although responses were transient (Figures 3E and
3F). The deeper responses seen in the EOL-1 model relative to MV4-

11 were consistent with the higher sensitivity of EOL-1 cells to FLT3
CAR-R2 T cells in vitro (Figure S4). Flow cytometry analysis of peripheral blood revealed dose-dependent peak CAR T cell levels on
day 7 and 3 after CAR T cell infusion for EOL-1 and MV4-11, respectively, which corresponded to maximal antileukemic activity (Figures
3E and 3F).
The effector function of allogeneic FLT3 CAR-R2 T cells was further
evaluated in assays with primary AML blasts. Flow cytometry analysis
of patient-derived peripheral blood mononuclear cells (PBMCs)
conﬁrmed cell surface expression of FLT3 in a high percentage of
AML cells (60%–90%) in all samples tested (representative plots
shown in Figure 4A). No apparent differences in FLT3 surface expression between FLT3 wild-type and FLT3 mutant samples were found
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Figure 3. Allogeneic FLT3 CAR-R2 T Cells Are Resistant to Anti-CD52 Antibody Treatment and Exhibit Dose-Dependent Antitumor Activity and Expansion in
Orthotopic Models of Human AML
(A) Generation of allogeneic FLT3 CAR-R2 T cells by targeted inactivation of the TRAC and CD52 genes using TALEN. Flow cytometry analysis shows expression of CD3ε (as
a surrogate for the TCRab complex) and CD52 in control (TCR/CD52 WT, left plot) and gene-edited FLT3 CAR-R2 T cells before (middle plot) and after (right plot) TCRab cell
isolation. (B) Allogeneic FLT3 CAR-R2 T cells are resistant to anti-CD52 antibody-mediated CDC whereas non-gene-edited CAR T cells are efficiently depleted. CAR T cells
were incubated for 3 h with complement and anti-CD52 antibody, and cell viability was measured using flow cytometry. Results are expressed as mean ± SEM (n = 3 donors,
****p < 0.0001 by unpaired t test). (C) Gene-editing does not affect the antitumor activity of FLT3 CAR-R2 T cells. NSG mice were engrafted with luciferase-labeled EOL-1 cells
and treated with a single dose of 2.5  106 TCR/CD52 KO or TCR/CD52 WT FLT3 CAR-R2 T cells 6 days later. Tumor burden was assessed by bioluminescence imaging
(BLI) over time (n = 10 mice/group). Values are expressed as mean ± SEM. (D) Allogeneic FLT3 CAR-R2 T cells induce durable responses in mice with lower tumor burden.
(legend continued on next page)
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(Figures 4A and 4B). Co-culture of allogeneic FLT3 CAR-R2 T cells
with AML PBMCs at a 1:1 effector-to-target (E:T) ratio resulted in
upregulation of the activation marker CD25 and degranulation in
both CD4+ and CD8+ CAR T cell populations (Figure 4C; Figure S5).
Moreover, FLT3 CAR-R2 T cells exhibited enhanced tumor necrosis
factor (TNF)-a, interleukin (IL)-2, and interferon (IFN)-g production relative to control non-transduced T cells (Figure 4C; Figure S5).
Whereas minimal AML cell killing was observed with control T cells,
FLT3 CAR-R2 T cells eliminated more than 80% of AML blasts in
48 h (Figures 4D and 4E).
FLT3 CAR T Cell Treatment Results in Hematopoietic Toxicity

FLT3 has a well-characterized role in human hematopoiesis and is
thought to be expressed in a subset of early progenitors and
HSCs,22 indicating the possibility of on-target off-tumor hematopoietic toxicity. Conﬂicting results regarding the potential impact of
FLT3 CAR T cells on hematopoiesis have nonetheless been reported
in preclinical studies.10,12 The prevalence of FLT3 expression was
therefore investigated in freshly isolated CD34+ bone marrow mononuclear cells obtained from healthy donors using ﬂow cytometry (Figures S6A and S6B). On average, FLT3 expression was detected in
more than 50% of HSCs and nearly half of the multipotent progenitor
(MPP) cell population, with less than 20% of common lymphoid
progenitors (CLPs) on average staining positive for FLT3 (Figure 5A;
Figure S6B). In addition, FLT3 was present in a high proportion of
granulocyte-monocyte progenitors (GMPs) and roughly 50% of a
cell subset corresponding to common-myeloid progenitors (CMPs)
and megakaryocyte-erythrocyte progenitors (MEPs) (Figure 5A).
Analysis of the expression of CD123 in additional donors allowed differentiation of the CMP and MEP populations (Figures S6A and S6B).
Consistent with this expression pattern, co-culture of CD34+ bone
marrow cells with FLT3 CAR-R2 T cells led to a signiﬁcant reduction
in HSCs, MPPs, and GMPs, whereas the CLP population was minimally affected (Figure 5B). Allogeneic T cells expressing a CAR
with speciﬁcity to CD33, a marker of AML that is broadly expressed
on HSPCs,9 were generated following the standard protocol and
tested side by side as a comparator. Both FLT3 CAR-R2 and CD33
CAR T cells displayed similar toxicity in this assay, except for the
CMP + MEP subset, which was found to be signiﬁcantly depleted
with CD33 CAR T cells but only moderately reduced in the presence
of FLT3 CAR-R2 T cells (Figure 5B).
To investigate on-target off-tumor effects of FLT3 CAR T cells in vivo,
a surrogate FLT3 CAR containing an scFv with afﬁnity to murine
FLT3 (clone P7H3; Table S1) was utilized. Preliminary studies had
shown suboptimal in vivo efﬁcacy of P7H3 CAR T cells relative to

P3E10, and therefore supplementation of mice with exogenous human IL-15 was used to augment CAR T cell persistence and antitumor activity, as described recently.37 Tumor-bearing mice received
a single dose of either control non-cross-reactive FLT3 CAR T cells
(anti-human FLT3 CAR) or cross-reactive FLT3 CAR T cells (antimouse/human FLT3 CAR) followed by periodic injections of either
IL-15 or vehicle (Figure 5C). Hematopoietic toxicity was assessed
by measuring the lineage Sca-1+cKit+ (LSK) population (Figure S6C),
representative of HSPCs, in bone marrow samples taken at days 13
and 26 after CAR T cell infusion. Whereas both CAR T cells achieved
AML eradication in the presence of IL-15 (Figure 5D), only mice
treated with cross-reactive FLT3 CAR T cells showed signs of hematopoietic toxicity, evidenced by a signiﬁcant reduction of HSPCs relative
to the control group (Figure 5E). The partial antitumor response
observed with cross-reactive FLT3 CAR T cells in the absence of cytokine support was not accompanied by a reduction of HSPCs, indicating a correlation between the magnitude of on-tumor activity
and the off-tumor effects. The lack of apparent toxicity seen in
mice receiving control non-cross-reactive CAR T cells (with or
without IL-15) suggests that the off-tumor effects of anti-murine
FLT3 CAR T cells can be attributed to direct killing of normal hematopoietic progenitors expressing the target antigen rather than to
a secondary “bystander” effect associated with killing of EOL-1 cells
in the bone marrow. No evidence of target-dependent CAR T cell
inﬁltration or activity in other tissues that express FLT3, including
brain and cerebellum, was found (Figure 5F). Collectively, these ﬁndings indicate that off-tumor effects of cross-reactive FLT3 CAR T cells
in mice are restricted to the hematopoietic lineage and correlate with
antitumor activity.
Rituximab-Mediated Depletion of FLT3 CAR-R2 T Cells after
AML Eradication Facilitates Bone Marrow Recovery in Mice

The presence of FLT3 in a subset of human HSCs and myeloid progenitors and the susceptibility of human and mouse HSPCs to FLT3
CAR T cells observed in the in vitro assays and our in vivo model indicate risk of hematopoietic toxicity associated with uncontrolled FLT3
CAR T cell expansion and reactivity. Therefore, the feasibility of rituximab-mediated depletion of FLT3 CAR-R2 T cells to facilitate bone
marrow repopulation from residual HSPCs in the absence of leukemia remission was investigated (Figure 6A). To this end, the crossreactive FLT3 CAR was engineered to contain the R2 off-switch
inducible by rituximab. As expected, tumor-bearing mice receiving
anti-mouse/human FLT3 CAR-R2 T cells and periodic injections of
IL-15 showed complete tumor elimination (Figure 6B) and a concomitant reduction in bone marrow HSPCs (Figure 6C). Mice were then
administered rituximab or a control antibody for 4 consecutive days.

NSG mice were engrafted with luciferase-labeled EOL-1 cells and treated with a single dose of 5  106 or 1  107 TCR/CD52 KO FLT3 CAR-R2 T cells 4 days later. Tumor
burden was monitored by BLI over time (n = 10 mice/group). Values are expressed as mean ± SEM. (E and F) Allogeneic FLT3 CAR-R2 T cells exhibit dose-dependent
antitumor activity and expansion in two orthotopic models of human AML. NSG mice were inoculated with 5  104 luciferase-labeled EOL-1 cells (E) or 5  106 luciferaselabeled MV4-11 cells (F) and then treated with the indicated numbers of CAR T cells or control non-transduced T cells 6 days (EOL-1) or 7 days (MV4-11) later. CAR T cells in
blood were enumerated using flow cytometry twice a week. Results are expressed as mean ± SEM and are representative of two independent experiments using CAR T cells
from two separate healthy donors (n = 10 mice/group; **p < 0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons versus nontransduced control T cells).
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Figure 4. Allogeneic FLT3 CAR-R2 T Cells Eliminate Primary AML Blasts In Vitro
(A) Cell surface expression of FLT3 was detected in primary AML samples irrespective of the mutation status of the gene. AML blasts were gated using side scatter (SSC)low
and CD45dim characteristics, and residual T cells were used to set negative and positive gates for FLT3. Two representative samples are shown. (B) Percentages of FLT3+
blasts were consistently high in both FLT3WT and FLT3MUT AML samples (mean ± SEM; n = 4/group). (C) Allogeneic FLT3 CAR-R2 T cells displayed markers of effector
function in response to exposure to primary AML cells. Representative histograms show increased expression of markers of target-dependent activation (CD25),
degranulation (CD107a), and cytokine secretion (TNF-a, IL-2, IFN-g) in FLT3 CAR-R2 T cells compared to non-transduced control T cells after co-culture with primary AML
cells. (D) FLT3 CAR-R2 T cells were cytotoxic to primary AML cells. Effector and target cells were co-cultured at a 1:1 ratio for 48 h, and residual AML cells were identified as
SSClowCD45dim and enumerated using flow cytometry. (E) Scatterplot shows the percentage of lysed AML cells for three separate primary AML patient samples (mean ±
SEM).

Partial depletion of CAR T cells in the rituximab group was conﬁrmed
by ﬂow cytometry analysis of peripheral blood (Figure 6D), indicating
that rituximab-mediated elimination was not as efﬁcient for this surrogate CAR as it was for the lead candidate. Despite the lower efﬁciency of CAR T cell clearance, four out of ﬁve mice that had received
rituximab showed hematopoietic progenitor cell repopulation to
levels seen in naive, untreated mice (Figure 6E). In this orthotopic
model of AML with exogenous cytokine support, CAR T cell depletion did not result in AML recurrence at later time points (Figure 6B),
indicative of effective elimination of EOL-1 cells prior to rituximab
administration. These ﬁndings were conﬁrmed with a different
anti-murine FLT3 CAR (data not shown). These results demonstrate
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that depletion of FLT3 CAR-R2 T cells after leukemia eradication in
mice can expedite bone marrow recovery from residual HSPCs.

DISCUSSION
Despite extensive research during the last decades, no standard
regimen for treating relapsed or refractory AML has emerged,39
and the prognosis of these patients remains extremely poor. Allogeneic (allo-)HSCT is the only potentially curative treatment; however,
many patients with persistent disease are considered transplantation
ineligible or have an adverse outcome after HSCT compared with patients who achieve MRD-negative status.3 In these settings, investigational therapies such as CAR T cells, which have shown encouraging
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(A) Distribution of FLT3 expression in adult hematopoietic stem and progenitor cells (HSPCs). CD34+ bone marrow mononuclear cells were isolated from six healthy donors
and analyzed for the expression of FLT3 by flow cytometry. The percentage of FLT3+ cells was measured within the indicated HSPC subpopulations. HSC, hematopoietic
stem cell; MPP, multipotent progenitor; CLP, common lymphoid progenitor; GMP, granulocyte-monocyte progenitor; CMP, common myeloid progenitor; MEP, megakaryocyte-erythroid progenitor. (B) FLT3 CAR-R2 T cells showed differential toxicity to progenitor subsets in vitro. CD34+ bone marrow mononuclear cells were co-cultured
with FLT3 CAR-R2 T cells at 1:1 (E:T) for 24 h, and surviving HSPCs were identified by flow cytometry analysis and enumerated using counting beads. T cells expressing a
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(legend continued on next page)
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therapeutic effects in hematologic malignancies, may prove effective
in preventing or delaying AML relapse or as a bridging therapy between relapse and transplantation.40
In this study, we developed an allogeneic CAR T cell therapy for the
treatment of AML by engineering healthy donor T cells to express a
high-performing fully human FLT3 CAR and to eliminate endogenous TCR expression, thereby minimizing the risk of alloreactivity.
Allogeneic FLT3 CAR-R2 T cells exhibited target-dependent expansion and potent anti-AML activity in vitro and in vivo. Furthermore,
incorporating a rituximab-inducible off-switch in the FLT3 CAR had
no detrimental effects on potency and provided a mechanism to
deplete CAR T cells after leukemia eradication in mice, limiting
hematopoietic toxicity and facilitating bone marrow recovery from
residual HSPCs.
Previous studies had relied on murine anti-FLT3 antibodies to derive
scFvs for CAR design.10,12 scFv-associated differences in CAR expression and activity, either spontaneous or triggered upon binding of the
target antigen, can ultimately affect antitumor efﬁcacy. Likewise, the
binding properties of the scFv and the location of its cognate epitope
relative to the plasma membrane of the target cell could have profound effects on CAR T cell effector function.41 Therefore, we took
a comprehensive approach by screening a library of novel fully human binders targeting all ﬁve domains of the extracellular region of
FLT3 in the context of a second-generation CAR. Within the limitations of our scFv library and the assays performed, we did not ﬁnd
strong correlations between scFv afﬁnity or cognate epitope location
and T cell potency. However, our strategy helped to identify and
exclude scFvs with potential target-independent activity and led to
the selection of a CAR conveying limited tonic signaling and that
was highly effective in vitro and in vivo. Systematic examination of afﬁnity variants of the lead scFv generated through mutagenesis of
complementary-determining regions and ﬁne-tuning of the CAR
modules42 could be explored if required to further improve CAR
activity.
Whereas scFvs displaying afﬁnity to both human and murine FLT3
showed favorable characteristics in vitro, their performance was
signiﬁcantly diminished when tested in orthotopic models of AML.
It is possible that on-target off-tumor activity of CAR T cells express-

ing scFvs that cross-react with the murine ortholog of FLT3 could
compromise their antitumor efﬁcacy in vivo. These observations underline the need to consider potential binding of candidate scFvs to
mouse tissues, either on-target or off-target, when interpreting the
outcome of in vivo efﬁcacy studies. In addition, our ﬁndings indicate
that it may be possible to overcome the reduced antitumor efﬁcacy
secondary to off-tumor activity of CAR T cells by enhancing their
persistence and/or function via cytokine supplementation. Such a
strategy could be used to improve clinical responses when the off-tumor effects are conﬁned to non-vital tissues, such as B cells, or in the
context of CAR T cell-induced myeloablative regimens prior to alloHSCT.43
In agreement with a previous report,37 we found no noticeable differences in antitumor efﬁcacy between TCR/CD52 KO CAR T cells and
non-gene-edited CAR T cells. Maintenance of T cell ﬁtness in gene-edited CAR T cells is paramount, as the intended genetic modiﬁcations are
required for successful implementation of an allogeneic therapy. Inactivation of the TRAC locus has been shown to abolish alloreactivity in
preclinical studies.37,38 Accordingly, clinical trials with allogeneic CAR
T cells have reported only mild cases of GvHD that occurred at low
incidence.35 Abrogation of CD52 expression provides an opportunity
to utilize a CD52-depleting antibody as part of the preparative regimen
prior to CAR T cell infusion.38 We found that whereas CD52-expressing T cells were rapidly depleted by an anti-CD52 antibody in vitro,
allogeneic FLT3 CAR-R2 T cells were resistant to high concentrations
of the same antibody and would likely be spared in this setting, potentially resulting in increased persistence in patients.
Primary and secondary resistance to CAR T cell therapies has been
reported in hematologic malignancies and solid tumors.44–47 In addition to patient-speciﬁc and disease-related factors, it is likely that their
incidence in AML will be inﬂuenced by the relevance of the CAR T
targets in leukemic cell proliferation and survival. Although several
AML-associated antigens have been exploited for the development
of immunotherapies, we reasoned that targeting of FLT3, a tyrosine
kinase receptor with prognostic value and an established role in disease progression, may limit the ability of malignant cells to escape
therapy by target downregulation. In addition, the low expression
of FLT3 in mature myeloid cells21 may reduce the risk of extensive
cytokine release reported for other common AML antigens in

marrow donors (***p < 0.001, ****p < 0.0001 by unpaired t test). (C) Study design for assessing hematopoietic toxicity in mice infused with cross-reactive FLT3 CAR T cells.
NSG mice were injected with luciferase-labeled EOL-1 cells and randomized based on tumor burden. Animals received a single dose of 3  106 T cells expressing either an
anti-mouse/human-FLT3-reactive CAR (P7H3) or an anti-human-FLT3 CAR (P3E10) 7 days after EOL-1 cell injection and tumor burden was monitored by BLI. Where
indicated, 500 ng of IL-15 was administered intraperitoneally. (D) The antitumor efficacy of mouse cross-reactive FLT3 CAR T cells in vivo was dependent on frequent
administration of IL-15, whereas T cells expressing the P3E10 CAR did not require IL-15 to boost efficacy in the same model. BLI values are expressed as mean ± SEM (**p <
0.01, ***p < 0.001 by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons versus non-transduced control T cells; n = 10 mice/group). (E) Mouse crossreactive FLT3 CAR T cells exhibited on-target off-tumor effects in the bone marrow only in the presence of IL-15. Percentages of bone marrow HSPCs were measured by flow
cytometry analysis at days 13 and 26 after CAR T cell infusion. HSPCs were defined as the Lin /Sca-1+/cKit+ (LSK) cell population. Results are expressed as percentage of
HSPCs from total live bone marrow cells (mean ± SEM; n = 5 mice/group; **p < 0.01, ****p < 0.0001 by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons). (F) Decreased cellularity was observed in hematoxylin and eosin-stained sections of femur taken from IL-15-supplemented mice that received cross-reactive FLT3
CAR T cells. No apparent microscopic lesions were seen in mice treated with human FLT3-specific CAR T cells (day 33). Immunohistochemical analysis of human CD3+
T cells in brain and cerebellum tissue sections from the same mice revealed minimal T cell infiltration in both groups and no apparent tissue damage.
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Figure 6. Rituximab Administration after AML Clearance Results in Depletion of Mouse Cross-Reactive FLT3 CAR-R2 T Cells and Expedited Bone Marrow
Recovery
(A) Study design. NSG mice were injected with luciferase-labeled EOL-1 cells and randomized based on tumor burden. Animals received a single dose of 3  106 T cells
expressing either an anti-mouse/human-FLT3 CAR modified to contain the off-switch or the non-cross-reactive FLT3 CAR-R2 6 days after EOL-1 cell injection, and tumor
burden was assessed by BLI. Mice received periodic injections of IL-15 and, where indicated, rituximab was administered once daily. (B) Complete clearance of AML was
seen in all groups. BLI values are expressed as mean ± SEM. (C) The percentage of HSPCs was significantly reduced in mice treated with cross-reactive FLT3 CAR-R2 T cells
compared to mice treated with control CAR-R2 T cells, as measured by flow cytometry analysis before rituximab administration (day 17). Results are expressed as percentage of HSPCs from total live bone marrow cells (mean ± SEM; n = 3-4 mice/group; ***p < 0.001 by unpaired t test). (D) Rituximab administration led to a reduction in
circulating CAR-R2 T cells, as measured by flow cytometry analysis of peripheral blood cells. Results are expressed as mean ± SEM (n = 10 mice/group; *p < 0.05 by unpaired
t test). (E) Recovery of HSPC frequencies to levels seen in naive mice was observed in mice treated with cross-reactive FLT3 CAR-R2 T cells that received rituximab. HSPC
frequencies in the group that did not receive rituximab remained low. Results are expressed as percentage of HSPCs from total live bone marrow cells (mean ± SEM; *p < 0.05
by unpaired t test; n = 5 mice/group for all groups except naive).

preclinical studies,20 potentially enhancing the therapeutic proﬁle of
FLT3 CAR T cells. We conﬁrmed high cell-surface expression of
FLT3 in primary AML cells regardless of the presence or absence of
mutations in the intracellular domain of the receptor. In vitro, allogeneic FLT3 CAR-R2 T cells demonstrated polyfunctionality and
eliminated patient-derived leukemic cells. Although FLT3 is uniformly expressed in AML, it is currently unknown if and how changes
in target density, spontaneous or induced by its ligand, may inﬂuence
clinical responses to FLT3 CAR T cell therapies. Targeting of a second
AML antigen via co-administration of a CAR T cell product with a
different speciﬁcity or by engineering bicistronic vectors or bispeciﬁc
(tandem) CARs may overcome potential antigen loss or downregulation.48 An allogeneic, off-the-shelf platform could expedite clinical
evaluation of dual-targeting approaches in AML, should they be
required to improve patient outcomes.
Prior studies addressing the potential risk of myelosuppression associated with uncontrolled activity of FLT3 CAR T cells had reported con-

ﬂicting results, possibly due to the use of different experimental models
and/or sources of human CD34+ cells.10,12 We investigated FLT3
expression in human HSPCs and found that it was present at higher
levels on HSC, MPP, and GMP subsets, which also showed higher
sensitivity to FLT3 CAR T cells in vitro. Additional in vivo studies using
a surrogate CAR recognizing the mouse FLT3 protein conﬁrmed depletion of murine HSPCs by CAR T cells and revealed an association between antitumor activity and off-tumor effects. Besides the anticipated
depletion of bone marrow progenitors, no other signs of toxicity or tissue damage were observed. In particular, even though FLT3 expression
has been detected in mouse cerebellum,49 no apparent neurological
symptoms or increased inﬁltrations of CAR T cells in brain tissue relative to the control group were seen. The recent ﬁnding that FLT3 protein expression in Purkinje cells in human cerebellum is cytoplasmic24
and the lack of apparent neurotoxicity observed in our studies and in
non-human primates administered a FLT3/CD3 bispeciﬁc antibody21
suggest that the off-tumor effects of FLT3 CAR T cells may be conﬁned
to the hematopoietic tissue.
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Although the expression level of FLT3 has been reported to be higher
in AML versus normal HSPCs,25 we did not ﬁnd that HSPCs were less
susceptible to FLT3 CAR T cells in in vitro assays. Thus, it is likely that
FLT3 CAR T cell expansion and activity in patients responding to the
therapy will be accompanied by some degree of hematopoietic
toxicity. One way to mitigate off-tumor toxicities is the utilization
of suicide switches, and we found that cells expressing the lead
FLT3 CAR modiﬁed to contain a rituximab-inducible off-switch
were sensitive to rituximab treatment in vitro and in vivo. Furthermore, depletion of cross-reactive FLT3 CAR-R2 T cells after AML
eradication enabled bone marrow recovery from remaining HSPCs
in mice without compromising the antitumor activity. Given the differences in FLT3 expression between mice and humans,50,51 it is unknown whether this approach could be equally successful in a clinical
setting. Protracted FLT3 CAR T cell activity in patients could lead to
stem cell depletion, increasing the likelihood of myeloid cell aplasia.
Termination of CAR T cell activity via rituximab administration
could enable bone marrow reconstitution from residual HSCs, albeit
with a concomitant increase in the risk of relapse, or allow rescue alloHSCT, as suggested previously.12,43
In summary, our ﬁndings suggest that allogeneic FLT3 CAR T cells
represent a novel therapeutic approach for the treatment of AML.
The convenience of an off-the-shelf CAR T cell product may result
in improved clinical translatability and faster time to treatment, ultimately increasing patient access to these therapies. The presence of an
off-switch in the lead CAR offers the possibility to regulate CAR T cell
activity to allow AML eradication and then hematological recovery,
either as a route to allow patients to qualify for transplant or as a
standalone treatment.

MATERIALS AND METHODS
Construction of Lentiviral Vectors Encoding FLT3 CARs

scFvs were obtained by panning a synthetic human scFv phagedisplay library against a recombinant protein consisting of the ectodomain of the human FLT3 protein (residues 27–541) fused to a
C-terminal histidine tag.21 Anti-FLT3 binders were isolated and reformatted as human IgG antibodies. Nine antibodies that bound to
various epitopes of FLT3 with high afﬁnities, as determined by surface
plasmon resonance, were chosen for further evaluation (Table S1;
Supplemental Materials and Methods). Codon-optimized sequences
of selected scFvs were inserted into CAR constructs in orientation
VH-linker-VL followed by a CD8a hinge/transmembrane domain
fused with 4-1BB and CD3z intracellular signaling elements. A
sequence encoding BFP was included upstream of the CAR for coexpression via a porcine teschovirus-1 2A (P2A) co-translation peptide to enable detection of transduced cells. In all lentiviral vectors,
CAR expression was under regulatory control of the EF1a promoter
and the WPRE element.
CAR T Cell Production

T cells were isolated from human PBMCs obtained by density
gradient centrifugation (Ficoll Paque, GE Healthcare, Pittsburgh,
PA, USA) using a Pan T cell isolation kit (Miltenyi Biotec, Auburn,
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CA, USA) and cryopreserved. T cells were activated immediately after
recovery from cryopreservation in X-VIVO 15 medium (Lonza, Basel,
Switzerland) supplemented with 10% fetal calf serum (FCS) (GE
Healthcare, Pittsburgh, PA, USA) and 20 ng/mL IL-2 (Miltenyi Biotec, Auburn, CA, USA) using T cell TransAct reagent (Miltenyi Biotec, Auburn, CA, USA), as recommended by the manufacturer. T cells
were transduced with 50% (v/v) lentiviral supernatant 2 days after
activation and then cultured in X-VIVO 15 medium supplemented
with 5% human AB serum (Gemini Bio-Products, West Sacramento,
CA, USA). IL-2 was supplemented every 2–3 days. Six days after activation, T cells were transfected with 25 mg/mL per TRAC and CD52
TALEN monomer mRNA (TriLink Biotechnologies, San Diego,
CA, USA) using AgilePulse MAX electroporators (BTX, Holliston,
MA, USA). Fourteen days after activation, depletion of TCRab-positive cells was performed using a TCRab cell isolation kit (Miltenyi
Biotec, Auburn, CA, USA) and T cells were cryopreserved in 90%
FCS/10% DMSO using rate-controlled freezing chambers and stored
in a liquid nitrogen vapor phase. All functional assays were performed
with cells after recovery from cryopreservation.
Flow Cytometry Analysis

Mouse blood samples were treated twice with red blood cell lysis
buffer (BioLegend, San Diego, CA) and washed in phosphate-buffered saline (PBS). Mouse bone marrow mononuclear cells were
ﬂushed out from mouse femurs with PBS and ﬁltered through a 70mm nylon mesh (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
Cells were stained using standard ﬂow cytometry protocols in brilliant stain buffer (BD Biosciences, San Jose, CA, USA) supplemented
with human TruStain Fc blocking reagent (BioLegend, San Diego,
CA, USA). A list of the antibodies used is provided in the Supplemental Materials and Methods. Dead cells were detected using Sytox
dead cell stains (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
Where indicated, samples were supplemented with counting beads
(Thermo Fisher Scientiﬁc, Waltham, MA, USA) prior to analysis using LSRFortessa II (BD Biosciences, San Jose, CA, USA) or CytoFLEX
(Beckman Coulter, Brea, CA, USA) ﬂow cytometers.
Short-Term Cytotoxicity Assay

3  104 luciferase-expressing target cells were co-cultured with
different numbers of effector cells in RPMI 1640 medium supplemented with 10% FCS at deﬁned E:T ratios for 24 h. Target cell survival was assessed by measuring residual luciferase activity using
Bright-Glo reagent (Promega, Madison, WI, USA) following the
manufacturer’s protocol.
Long-Term Cytotoxicity and Proliferation Assay

To quantify CAR T cell proliferation upon repeated exposure to
target, 1  106 luciferase-expressing target cells and 2.5  105 CAR
T cells were co-cultured in RPMI 1640 medium supplemented with
10% FCS in 24-well G-rex plates (Wilson Wolf, Saint Paul, MN,
USA). Every 2–3 days, target cell viability was measured by luminescence and 1  106 fresh target cells were added to the culture. On day
20, CAR T cells were stained using sFLT3 and quantiﬁed by ﬂow
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cytometry and viable cell count. In some experiments, CAR T cells
were collected on day 7 and tested in the short-term cytotoxicity
assay.
CDC Assay

CAR T cells were diluted in RPMI 1640 medium supplemented with
10% FCS and incubated for 3 h in the presence or absence of 12.5%
baby rabbit complement (Cedarlane, Burlington, ON, Canada) and
an anti-CD52 antibody (100 mg/mL) or the anti-CD20 antibody rituximab (100 mg/mL). Following incubation, CAR T cells were stained
with sFLT3 and cell viability was analyzed using ﬂow cytometry.

human IL-15 (PeproTech, Rocky Hill, NJ, USA; 0.5 mg per mice)
and IL-15Ra (R&D Systems, Minneapolis, MN, USA; 3 mg per
mice) twice weekly to boost CAR T cell persistence. Mouse blood
was collected into EDTA-coated tubes using submandibular bleeds
and 50 mL was used for ﬂow cytometry. Mice were euthanized
when they exhibited disease model-speciﬁc endpoints such as hindleg
paralysis, rufﬂed fur, or 20% of body weight loss. In some experiments, sternums and brains were harvested from euthanized mice
and ﬁxed with formalin. The ﬁxed tissues were sectioned and stained
with H&E or an anti-human CD3 antibody for CAR T cell identiﬁcation. Histopathology and CAR T cell inﬁltration were evaluated by
qualiﬁed pathologists.

Primary AML Cell Cytotoxicity Assay

De-identiﬁed primary human AML samples were obtained from the
Fred Hutchinson Cancer Research Center and the University of
Washington Leukemia Repository under an institutionally approved
protocol. Cytotoxicity assays were conducted by coculturing allogeneic FLT3 CAR T cells and AML cells for 48 h. Residual AML blasts,
identiﬁed as side scatter (SSC)lowCD45dim, were quantitated by ﬂow
cytometry analysis at the end of the culture period. The effector function of CAR T cells was also assessed by ﬂow cytometry analysis of
activation (CD25) and degranulation (CD107a) markers and the cytokines IL-2, TNF-a, and IFN-g. A Cytoﬁx/Cytoperm ﬁxation/permeabilization kit (BD Biosciences, San Jose, CA, USA) was used for
intracellular staining of cytokines, as described by the manufacturer.
HSPC Cytotoxicity Assay

Expression of FLT3 on HSPC subsets was determined by ﬂow cytometry analysis of freshly isolated CD34+ bone marrow cells (HemaCare,
Northridge, CA, USA) stained for expression of lineage-speciﬁc
markers and FLT3. For the cytotoxicity assays, 1  105 CAR T cells
or control cells were co-cultured with the same number of CD34+
HSPCs for 24 h and residual HSPCs were identiﬁed and enumerated
by ﬂow cytometry analysis using counting beads and normalized to
the control group (non-transduced T cells).
Mouse Studies

All animal studies were performed in accordance with regulations and
established guidelines and were reviewed and approved by an Institutional Animal Care and Use Committee. 8- to 12-week-old nonobese
diabetic (NOD).Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Luciferaseexpressing EOL-1 cells (5  104) or MV4-11 cells (5  106) were
intravenously injected into mice, and tumor burden was monitored
using an in vivo imaging system (IVIS) Spectrum instrument (PerkinElmer, Boston, MA, USA) twice weekly. Mice were randomized
based on total body bioluminescence 4 days (EOL-1, lower disease
burden), 6–10 days (EOL-1, higher disease burden), or 7 days
(MV4-11) after tumor cell injection, and CAR T cells were infused
immediately after thawing. Total T cell numbers were kept constant
across all groups by normalizing with non-transduced T cells, unless
stated otherwise. Where indicated, animals received intraperitoneal
injections of 10 mg/kg rituximab or isotype control antibody
(IgG1). In some studies, mice received intraperitoneal injections of

Statistical Analysis

Statistical analysis was performed using the Prism software package
(GraphPad, San Diego, CA, USA), and statistical tests used are indicated in the ﬁgure legends. p < 0.05 was considered signiﬁcant.
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SUPPLEMENTAL FIGURES

Figure S1: Co-expression of FLT3 CARs and BFP in transduced Jurkat cells and absence of
detectable FLT3 expression in activated human T cells. (A) Expression of candidate FLT3 CARs and
blue fluorescent protein (BFP) was measured by flow cytometry analysis of Jurkat cells three days posttransduction. (B) Human T cells were activated and analyzed for the expression of FLT3 by flow cytometry.

1

Figure S2: Target-dependent expansion and cytotoxic activity of FLT3 CAR T cells following coculture with AML cell lines expressing varying levels of FLT3. (A) Cell surface expression of FLT3 in
the AML cell lines EOL-1, MOLM-13, and MV4-11, and in the multiple myeloma cell line MOLP-8 was
determined by flow cytometry analysis using a commercially available antibody (clone 4G8). A
representative histogram for each cell line is shown. (B) Expansion of FLT3 CAR T cells upon repeated
2

exposure to MV4-11 and MOLM-13 cells. The proliferative capacity of FLT3 CAR T cells was estimated
by counting viable CAR+ cells 20 days after co-culture with target cells. Fold-expansion is expressed as
mean +/- SEM relative to day 0; n=2 donors. (C) CAR T cells maintained high cytolytic activity after
multiple encounters with AML cells. Effector and luciferase-labeled target cells were co-cultured at 1:1 E:T
ratio followed by periodic addition of fresh target cells and the viability of residual target cells was
determined at different timepoints by luminescence assay. The same assay was conducted with the MOLP-8
control cell line to estimate potential for non-specific killing activity. Data is shown as the mean +/- SEM
values obtained from triplicate wells for a single experiment, representative of two separate experiments
with different donors.

3

Figure S3: Inclusion of an off-switch into the lead FLT3 CAR P3E10 does not alter CAR T cell
phenotype or effector function. (A) T cells from three separate donors were transduced with either the
FLT3 CAR construct or with the same construct containing the intra-CAR off-switch (FLT3 CAR-R2).
CAR expression was measured by flow cytometry analysis of cells stained with soluble FLT3 three days
after transduction. (B) CAR T cell populations displayed similar frequencies of CD4+ and CD8+ cells at the
end of the expansion phase, as determined by flow cytometry analysis. (C) Comparable distribution of T
cell differentiation subsets between FLT3 CAR and FLT3 CAR-R2 T cells. CAR T cells were analyzed by
flow cytometry 9 days after transduction and phenotypes were determined according to CD62L and
CD45RO expression within the CAR+ cell population: stem cell memory (CD45RO-/CD62L+), central
memory (CD45RO+/CD62L+), effector memory (CD45RO+/CD62L-), effector (CD45RO-/CD62L-) cells
4

(mean +/- SEM; n=3 donors). (D) FLT3 CAR T cells and FLT3 CAR-R2 T cells showed similar cytolytic
activity in vitro. CAR T cells were co-cultured with luciferase-expressing target cells at the indicated ratios
for 24 hours and residual target cell viability was measured by luminescence assay. The FLT3-negative
MOLP-8 cell line was used as negative control. (E) FLT3 CAR-R2 T cells displayed efficacy in an
orthotopic model of AML. NSG mice engrafted with luciferase-labeled EOL-1 cells received a single dose
of CAR T cells at the indicated dose 10 days after tumor implantation and tumor burden was monitored by
bioluminescence (BLI) over time (n=10 mice/group). Values are expressed as mean ± SEM (****p<0.0001,
***p<0.001, one-way ANOVA with Dunnett's post-hoc test for multiple comparisons versus nontransduced control T cells).

5

Figure S4: TALEN® treatment does not alter the cytolytic activity of FLT3 CAR-R2 T cells. Geneedited (TCR/CD52 KO) and non-gene-edited (TCR/CD52 WT) FLT3 CAR-R2 T cells were co-cultured
with luciferase-expressing AML cells at the indicated ratios for 24 hours and residual target cell viability
was measured by luminescence assay. The FLT3-negative MOLP-8 cell line served as control. Assays were
performed with CAR T cells that had not been previously exposed to target cells (day 0, top row) or that had
been repeatedly exposed to target cells for 7 days (day 7, bottom row). Values are expressed as mean ±
SEM (n=3 donors).

6

Figure S5: Allogeneic FLT3 CAR-R2 T cells show polyfunctionality in the presence of primary AML
cells. (A) The frequencies of CD4+ and CD8+ FLT3 CAR-R2 T cells expressing markers of T cell effector
function in response to primary AML cells were determined by flow cytometry analysis 48 hours after coculture at 1:1 (E:T). Non-transduced T cells were used as control for CAR-independent T cell reactivity.
Results are shown as mean +/- SEM of three AML samples.
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8

Figure S6: Gating strategies used to identify subsets of human and mouse HSPCs. (A) Flow cytometry
analysis of CD34+ cells isolated from bone marrow mononuclear cells (n=6 donors). The different
populations of HSPCs were identified using antibodies against CD34, CD10, CD38, CD45RA, CD90, and
CD123. The gating strategy for a representative donor is shown. HSC, hematopoietic stem cell; MPP,
multipotent progenitor; CLP, common lymphoid progenitor; GMP, granulocyte-monocyte progenitor; CMP,
common myeloid progenitor; MEP, megakaryocyte-erythroid progenitor. (B) Cell surface expression of
FLT3 on normal HSPCs was assessed by flow cytometry using an anti-FLT3 antibody (4G8) or an isotype
control antibody. Representative histograms from one donor are shown. (C) Gating strategy used to identify
HSPCs in mouse bone marrow cell suspensions, defined as the lineage (Lin)-, Sca1+, c-kit+ (LSK)
population. Expression of CD34 and FLT3 within LSK cells was used to distinguish long-term (LT)-HSC,
short-term (ST)-HSC, and multipotent progenitors (MPP).
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Table S1: Binding properties of anti-FLT3 antibodies
ScFv

FLT3
domain

hFLT3
KD (nM)

mFLT3
KD (nM)

P4C7

1

7.7

400

P3A1

2

64

>1000

P9B5

3

11

1.5

P3E10

4

106

>1000

P1A5

4

0.19

>1000

P4H11

4

233

>1000

P7H3

4

2

0.9

P12B6

5

84

>1000

P14G2

5

8

>1000

Selected scFvs were reformatted as human IgG molecules and their affinity to human FLT3 (hFLT3) and
mouse FLT3 (mFTL3) protein was determined at 37°C by surface plasmon resonance. KD: equilibrium
dissociation constant.
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SUPPLEMENTAL MATERIALS AND METHODS
Cells and cell culture conditions
Cell lines and primary cells were cultured in a humidified incubator at 37ºC and 5% CO2. The cell lines
HEK293T (CRL-3216) and MV4-11 (CRL-9591) were acquired from ATCC (Manassas, VA). MOLM-13
(ACC-554), MOLP-8 (ACC-569) and EOL-1 (ACC-386) cells were obtained from Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). Cell lines were engineered to
express Luciferase and GFP using Luc2AGFP lentivirus (AMSbio, Cambridge, MA). Peripheral blood
mononuclear cells (PBMC) were sourced from Stanford Blood Center (Palo Alto, CA) or Stemcell
Technologies (Vancouver, BC, Canada) and T cells were isolated using the human Pan T Cell Isolation Kit
(Miltenyi Biotec, Auburn, CA).
Protein Reagents
The extracellular domain of the human FLT3 protein (NP_004110.2) fused to C-terminal polyhistidine-tag
(His-Tag) and Avi-Tag was expressed in Expi293 cells and purified from culture supernatants. For use as a
detection reagent, recombinant soluble FLT3 was biotinylated using the Bulk BirA ligase reaction kit
(Avidity, Aurora, CO). Rituximab and anti-CD52 antibodies were produced in recombinant form using
sequences obtained from public sources. Rituximab was labeled with R-Phycoerythrin (R-PE) using
sulfhydryl-maleimide reaction chemistry (Prozyme, Hayward, CA) for use in flow cytometry assays at 1
µg/mL.
Lentiviral vector production
HEK293T cells were transfected with lentiviral transfer vectors, psPAX2, and pMD.2G (École
Polytechnique Fédérale de Lausanne, France) using Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA). Twenty-four hours after transfection, the medium was replaced with X-Vivo 15 medium
(Lonza, Basel, Switzerland) supplemented with 10% FCS (GE Healthcare, Pittsburgh, PA). Viruscontaining supernatants were harvested 24 hours later, filtered through a 0.45 µm filter and immediately
used for transduction.
Determination of the binding kinetics of anti-FLT3 antibodies
Binding affinities of selected anti-FLT3 antibodies to human FLT3 were determined by Surface Plasmon
Resonance (SPR) as described previously.1 An anti-human IgG Fc capture chip was prepared by aminecoupling of goat anti-human IgG Fc (Southern Biotech, Birmingham, AL) to a Biacore Series S sensor chip
CM4 (GE Lifesciences, Marlborough, MA) surface at 25°C. Kinetic assays were performed at 37°C in
running buffer HBST+ supplemented with 1 mg/ml bovine serum albumin. IgG-containing cell culture
supernatants were injected for 2 minutes at 10 µl/min onto a downstream flowcell (resulting in different
IgGs being immobilized in flowcell 2, 3 or 4). In all experiments, flowcell 1 was used as a reference surface.
Human FLT3 was diluted into running buffer at concentrations of 5 and 25 nM, injected as analyte for two
minutes at 30 µl/min and dissociation was monitored for 20 minutes. The anti-human IgG Fc surfaces were
regenerated using three 60-second injections of 75 mM phosphoric acid between each analyte binding cycle.
All sensorgrams were double-referenced and fit to a 1:1 Langmuir binding with mass transport model using
Biacore T200 Evaluation Software (Version 2.0).
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Detection of human T cells in mouse tissues by immunohistochemistry (IHC)
Sections were de-paraffinized, and heat-induced epitope retrieval was performed in a pressure cooker with
citrate buffer. Endogenous peroxidase and protein blocking steps were applied, and slides were incubated
with rabbit monoclonal CD3 antibody, clone EP41 (Biocare Medical, CME 324) at a concentration of 0.085
µg/ml. The antibody was detected using an anti-rabbit polymer and visualized with DAB. All slides were
counterstained with Mayer’s Hematoxylin.
Lists of antibodies used
CAR T cell phenotyping and characterization
Antibody
Anti-human CD4
Anti-human CD8
Anti-human CD52
Anti-human TCRαβ
Anti-human CD3ε
Anti-human CD45RO
Anti-human CD62L
Anti-human CD137
Rituximab

Fluorophore
BV785
BV510
FITC
PE
APC
PerCP-Cy5.5
BUV395
APC
PE

Clone
OKT4
RPA-T8
HI86
BW242/412
BW264/56
UCHL1
SK11
4B4-1

Manufacturer
BioLegend
BioLegend
Thermo Fisher
Miltenyi
Miltenyi
BioLegend
BD Biosciences
BioLegend
In-house

Clone
30-F11
HI30
OKT4
RPA-T8

Manufacturer
BioLegend
BD Biosciences
BioLegend
BioLegend
In-house

Clone
D7
2B8
RAM34
A2F10
RB6-8C5
N418
M1/70
PK136
RA3-6B2
1D3
145-2C11
TER-119

Manufacturer
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Detection of CAR T cells in mouse blood
Antibody
Anti-mouse CD45
Anti-human CD45
Anti-human CD4
Anti-human CD8
Rituximab

Fluorophore
APC-Cy7
BV510
BV785
APC
PE

Mouse bone marrow analysis
Antibody
Anti-mouse Sca-1
Anti-mouse c-Kit
Anti-mouse CD34
Anti-mouse FLT3
Anti-mouse Gr1
Anti-mouse CD11c
Anti-mouse CD11b
Anti-mouse NK1.1
Anti-mouse B220
Anti-mouse CD19
Anti-mouse CD3
Anti-mouse Ter-119

Fluorophore
FITC
PE-Cy7
AF700
APC
PE
PE
PE
PE
PE
PE
PE
PE
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Human HSPC and primary AML cell analysis
Antibody
Anti-human CD4
Anti-human CD8
Anti-human CD34
Anti-human CD38
Anti-human CD90
Anti-human CD45RA
Anti-human CD123
Anti-human CD10
Anti-human FLT3
Anti-human CD45

Fluorophore
PerCP-Cy5.5
PerCP-Cy5.5
BUV395
BV605
APC
APC-H7
BV510
FITC
PE
FITC

Clone
SK3
HIT8a
8G12
HB-7
5E10
HI100
9F5
HI10a
4G8
HI30

Manufacturer
BioLegend
BioLegend
BioLegend
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
BD Biosciences
BD Biosciences

Clone
BC96
H4A3
Mab11
MQ1-17H12
B27

Manufacturer
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

Clone
EP41

Manufacturer
Biocare Medical

Detection of functional markers in CAR T cells
Antibody
Anti-human CD25
Anti-human CD107a
Anti-human TNFα
Anti-human IL2
Anti-human IFNγ

Fluorophore
BV711
FITC
PE
PE-Cy7
PerCP-Cy5.5

Detection of human T cells by IHC
Antibody
Anti-human CD3

Fluorophore
N/A
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