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KEY PO INT S

• FLT3 is a promising
target for ADCs in AML
therapy.

• Combination with
midostaurin enhances
the effectivity of FLT3-
ADC in FLT3-ITD–
mutated AML.
-202
Fms-like tyrosine kinase 3 (FLT3) is often overexpressed or constitutively activated by
internal tandem duplication (ITD) and tyrosine kinase domain (TKD) mutations in acute
myeloid leukemia (AML). Despite the use of receptor tyrosine kinase inhibitors (TKI) in
FLT3-ITD–positive AML, the prognosis of patients is still poor, and further improvement
of therapy is required. Targeting FLT3 independent of mutations by antibody-drug con-
jugates (ADCs) is a promising strategy for AML therapy. Here, we report the develop-
ment and preclinical characterization of a novel FLT3-targeting ADC, 20D9-ADC, which
was generated by applying the innovative P5 conjugation technology. In vitro, 20D9-ADC
mediated potent cytotoxicity to Ba/F3 cells expressing transgenic FLT3 or FLT3-ITD, to
AML cell lines, and to FLT3-ITD–positive patient-derived xenograft AML cells. In vivo,
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20D9-ADC treatment led to a significant tumor reduction and even durable complete remission in AML xenograft
models. Furthermore, 20D9-ADC demonstrated no severe hematotoxicity in in vitro colony formation assays using
concentrations that were cytotoxic in AML cell line treatment. The combination of 20D9-ADC with the TKI midostaurin
showed strong synergy in vitro and in vivo, leading to reduction of aggressive AML cells below the detection limit.
Our data indicate that targeting FLT3 with an advanced new-generation ADC is a promising and potent antileukemic
strategy, especially when combined with FLT3-TKI in FLT3-ITD–positive AML.
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Introduction
Acute myeloid leukemia (AML) is characterized by uncontrolled
growth of differentiation arrested hematopoietic stem and
progenitor cells. The 5-year survival rate in the United States is
29.5% (Surveillance, Epidemiology, and End Results Program
data, 2011-2017), which shows the high medical need to
improve therapy.1-5 Approaches to increase efficacy of the
standard 7+3 chemotherapy include the combination with tar-
geting agents such as receptor tyrosine kinase (RTK) inhibitors
(TKIs) midostaurin and gilteritinib and gemtuzumab-ozogamicin
(GO), an antibody-drug conjugate (ADC) against CD33.6,7

ADCs combine the specificity of antibodies with a highly
potent drug,8,9 and the mechanism of action includes binding
to the target, internalizing, and releasing the payload to kill the
target cells.10 Currently, several ADCs are being investigated in
preclinical settings for AML treatment, targeting, for example,
C-lectin-like molecule 1, CD123, interleukin receptor α, or
CXCR4 and fms-like tyrosine kinase 3 (FLT3).11-16 The latter is a
member of the class III protein RTK and represents an estab-
lished receptor for targeted therapies.17 The binding of the
FLT3-ligand induces phosphorylation, internalization and acti-
vation of downstream targets involved in survival, and expan-
sion of hematopoietic cells.18 In healthy tissue, FLT3 cell surface
expression is restricted to granulocytes/macrophage pro-
genitors, a subset of hematopoietic stem cells and differenti-
ated monocytes, dendritic cells, and natural killer cells.18-21

Remarkably, FLT3 is expressed on blasts and leukemic stem
2 MARCH 2023 | VOLUME 141, NUMBER 9 1023
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cells of most AML patients. The expression levels are
significantly higher compared with healthy tissue, and high
levels of FLT3 were reported as risk factor in prognosis.22,23

Furthermore, activating internal tandem duplication (ITD)
mutations are among the most frequent genetic abnormalities
in AML and occur in ~30% of patients at diagnosis. FLT3-ITD is
associated with a high risk of relapse and a poor clinical
outcome.24-27 FLT3-targeting agents, like midostaurin, are
successfully applied in AML treatment.28

Here, we report the development of a novel mutation-
independent FLT3-targeting ADC for AML treatment and pro-
vide proof of concept of its efficacy in preclinical in vitro and
in vivo models. Recently, we have shown that the treatment of
FLT3-ITD–mutated AML cells with the TKI quizartinib led to an
increased FLT3 expression.29 Accordingly, a combination with
FLT3-TKIs improved the efficacy of the FLT3 ADC both in vitro
and in vivo.

Methods
Cell lines
Cell lines (supplemental Table 1, available on the Blood web-
site) were cultured according to the supplier’s recommenda-
tions. For stable recombinant protein expression, Ba/F3 cells
were retrovirally transduced as described before.30

Primary samples
Primary AML samples were obtained within trials AMLCG-99
(NCT00266136) and AMLCG-2008 (NCT01382147). Healthy
bone marrow samples were obtained and isolated as described
before.31 The study was performed in accordance with the
ethical standards of the responsible committee on human
experimentation (approval numbers LMU 068-08, LMU 222-10,
and TUM 538/16) and with the Helsinki Declaration of 1975, as
revised in 2013.

Binding and internalization of monoclonal
antibodies
For antibody binding studies, cells were stained on ice with
primary mouse, rat, or human anti-FLT3 antibodies (in-house)
and secondary antibody goat F(ab’)2 anti-human immunoglob-
ulin-PE (Ig-PE) (2012-09), goat anti-mouse IgG(H+L)-PE
(1032-09), or goat anti-rat IgG(H+L)-PE (3052-09) purchased
from Southern Biotech. For internalization experiments, cells
incubated with anti-FLT3 antibodies were washed and incu-
bated for 30 minutes at 4◦C or 37◦C followed by staining with
secondary antibody.

Cytotoxicity proliferation assays
Suspension cells were treated with 20D9-ADC or IgG1-ADC
(in-house), deglycosylated ADC generated by applying Endo
S (P0741L NEB), 20D9 monoclonal antibodies (mAb) (in-house),
palivizumab (404770, AbbVie), quizartinib (S1526, Selleck
Chem), or midostaurin (MedChemExpress). AML cells were
treated once (day 0), and viability was determined after
96 hours using resazurin solution (50 μM final concentration,
4-hour incubation) (R12204, Thermo Fisher Scientific). For Ba/F3
cell assays, cells were treated once (day 0), and viable cells were
counted after 72 hours on Vi-Cell Cell Viability Analyzer (Beck-
man Coulter, Krefeld, Germany). Calculation of 50% inhibitory
1024 2 MARCH 2023 | VOLUME 141, NUMBER 9
concentration (IC50) values was performed using GraphPad
Prism version 6.07 (GraphPad Software, La Jolla, CA).

In vivo experiments
Patient-derived xenograft (PDX) cells or MOLM-13 cells
expressing enhanced firefly luciferase (luc) and mCherry
(Addgene, plasmid #104833) were established as described
previously.32 For in vivo therapy trials, luc+ MOLM-13 cells or
luc− or luc+ PDX cells were injected intravenously (IV) into 8- to
12-week-old male NSG mice (NOD scid gamma, The Jackson
Laboratory, Bar Harbor, ME), and tumor growth was regularly
monitored by blood analysis or bioluminescence imaging
(BLI).32 After successful engraftment, mice were treated with
deglycosylated or native 20D9-ADC (1 or 3 mg/kg, IV, 1 dose
per week), IgG1-ADC (3 mg/kg), or midostaurin (SelleckChem,
50 mg/kg, oral gavage, 5 doses per week; in 5% DMSO + 45%
PEG300 + 50% ddH2O). Experimental endpoints were BLI
values above 1 × 1010 photons/s or below detection limit (4 ×
106 photons/s) for 90 to 150 days post injection, or blood values
>45% hCD45+ hCD33+ cells. Mice showing clinical signs of
illness or weight loss >15% under therapy were euthanized (1
ADC-treated mouse in Figure 4D). Mice that died in inhalation
narcosis were excluded from further analysis (1 ADC-treated
mouse in Figure 4D).

All animal trials were performed in accordance with the current
ethical standards (Regierung von Oberbayern, number ROB-
55.2Vet-2532.Vet_02-16-7).

Further information is provided in the supplemental Methods.
Results
Generation and characterization of anti-FLT3
antibodies
FLT3-specific mAbs were generated by hybridoma cells of
isolated B cells from immunized rats and mice. After selection
procedures, 7 antibodies were chimerized using a human IgG1
sequence (supplemental Figure 1A). This antibody scaffold
maintains the ability to interact with Fc γ receptors (FcgRs),
especially the high-affinity variant FcγR1 (CD64), which is also
expressed on AML blasts and was already evaluated for tar-
geted therapy.35-37 Chimeric antibodies were efficiently
expressed in HEK293-F cells (supplemental Figure 1B) and
possessed high protein stability (supplemental Figure 1C).
Binding affinities to recombinant FLT3 protein varied from
dissociation constant (KD) = 11.5 ng/mL to KD = 3981 ng/mL
between the different clones (Figure 1A). Epitope mapping of
the antibodies to peptides derived from extracellular domain of
FLT3 identified 2 main binding motifs, KSSSYPM (bound
by 30B12, 29H1, 27E7, 20D9) and SQGESCK (bound by
19H5, 4B12, 2F12) (Figure 1B, supplemental Figure 1D). The
20D9 showed additional affinity to a third minor epitope,
DGYP.

To identify their suitability for ADC development, the binding
and internalization efficiencies of the antibodies to Ba/F3 cells
stably expressing human wildtype FLT3 (hFLT3wt) or empty
MSCV-IRES-YFP vector (pMIY ev) were evaluated. The clones
20D9, 4B12, 29H1, and 27E7 specifically bound the Ba/F3-
hFLT3wt cells as analyzed by flow cytometry (Figure 1C and
ROAS et al
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Figure 1. Evaluation of epitope specificity and internalization capability of anti-FLT3 monoclonal antibodies. (A) Affinity of 7 anti-FLT3 mAb clones to recombinant
human FLT3 measured in enzyme-linked immunosorbent assay normalized to the binding of the antibodies to bovine serum albumin control. KD (mean ± SD; n = 3) is
depicted. (B) Schematic FLT3 receptor. Black arrows indicate common mutations, and blue arrows indicate the 3 identified epitopes of 7 anti-FLT3 antibodies analyzed in
linear epitope mapping by PEPperPRINT. Figure was created with BioRender.com. (C) Binding and temperature-induced internalization of anti-FLT3 mAb in Ba/F3 cells
expressing human wildtype FLT3 (hFLT3wt). Internalization was induced by incubation for 30 minutes at 37◦C (gray) compared with 4◦C (black). Remaining surface-bound
antibody was detected in flow cytometry. Mean fluorescence intensity (MFI) was normalized to control human IgG1 binding. Mean ± SD of n = 3 is depicted. (D) Cell sur-
face binding of 20D9-mAb or control human IgG1 antibody to Ba/F3 cells stably expressing pMIY (Ba/F3-pMIY) empty vector (ev), hFLT3wt, or ITD mutant human FLT3
(hFLT3ITD) was measured in flow cytometry. Mean ± SD of n = 3. (E) Temperature-induced internalization of 4B12-mAb in MOLM-13 (FLT3+) cells after 30-minutes incubation
at 37◦C compared with 4◦C and HL-60 (FLT3−) after 37◦C incubation assessed in immunofluorescence staining. Red = FLT3 staining by 4B12, green = membrane staining by
Vybrant DiO, blue = nuclear staining by DAPI. Scale bar, 5 μm. Representative pictures are shown. (F) Cell surface binding of 20D9-mAb or control hIgG1 antibody to Ba/F3-
pMIY ev, hFLT3wt, murine (mFLT3wt), or cynomolgues monkey FLT3 (cynoFLT3wt) was measured in flow cytometry. Mean ± SD of n = 3. (G) Cell surface binding of 20D9-mAb
or control hIgG1 antibody to Ba/F3-pMIY ev, hFLT3wt, or epitope mutant FLT3 (hFLT3S50P/P54R) measured in flow cytometry. Mean ± SD of n = 3. (H) Cell surface binding of
20D9-mAb or control hIgG1 antibody to Ba/F3-pMIY ev, hFLT3wt, or human CD64 (hCD64) measured in flow cytometry. Mean ± SD of n = 3. *P < .05 (unpaired, 2-tailed t test).
ns, not significant.
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negative control in supplemental Figure 1E), and 20D9 showed
specific binding to Ba/F3 cells expressing hFLT3ITD (Figure 1D,
receptor expression in supplemental Figure 1F) and/or TKD-
mutated FLT3 (supplemental Figure 1G, receptor expression in
supplemental Figure 1H, supplemental Results). Further, the
antibodies displayed significant internalization of ~80% in flow
cytometry-based internalization assays in the Ba/F3-hFLT3wt
cells (Figure 1C, supplemental Figure 2A). These observations
could be confirmed in FLT3+ AML cell lines in flow cytometry and
FLT3-SPECIFIC ADC FOR AML TREATMENT
immunofluorescence staining (Figure 1E, supplemental
Figure 2B-C). Furthermore, the internalized antibodies were
localized to early endosomes, which was demonstrated by the
co-localization with EEA1 (supplemental Figure 2D).

Based on internalization and high expression yields, we
selected the 20D9 clone for further development and evaluated
the binding to FLT3 orthologs from different species. The
protein sequence of human FLT3 in epitope 1 is identical to the
2 MARCH 2023 | VOLUME 141, NUMBER 9 1025
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cynoFLT3 and differs from the mFLT3 receptor (supplemental
Figure 3A). In contrast to the mFLT3, the cynoFLT3 express-
ing Ba/F3 cells bound the 20D9-mAb (Figure 1F, receptor
expression in supplemental Figure 3B-C). To proof the epitope
specificity, we expressed a human FLT3 receptor with the
epitope region mutated to the murine variant (FLT3S50P/P54R)
in Ba/F3 cells (supplemental Figure 3D), which did not bind the
20D9-mAb (Figure 1G, supplemental Figure 3E). Finally, we
verified the binding of 20D9-mAb to the high-affinity Fc
receptor CD64 via the IgG1 backbone using Ba/F3 cells
expressing human CD64 (Figure 1H, supplemental Figure 3F).

Generation and characterization of 20D9-ADC
We applied the P5 technology, which uses ethynylphosphona-
midates for a stable conjugation to the antibodies’ cysteine
residues.38,39 We conjugated IgG1-based 20D9 with the tubulin
polymerization inhibitor monomethyl auristatin F (MMAF)
payload with a drug-to-antibody ratio (DAR) of 6.2 (Figure 2A).
Incubation for 2 weeks at 40◦C or storage for 14 months at 4◦C
did not reduce the antibody-toxin conjunction (supplemental
Figure 4A-B) and only slightly induced the aggregation
(supplemental Figure 4C-D). Furthermore, to obtain an
IgG1-ADC only possessing the CD64 but no FLT3 binding, we
conjugated MMAF to the IgG1-based antibody palivizumab,
which is specific for the glycoprotein F of the respiratory
syncytial virus.40

In cytotoxicity assays, hFLT3wt, hFLT3ITD, and hFLT3TKD
mutants (Figure 2B, supplemental Figure 4E-G; supplemental
Results) as well as cynoFLT3 (Figure 2C, supplemental
Figure 4H) expressing Ba/F3 cells were sensitive to 20D9-
ADC treatment. Consistent with the binding analysis, 20D9-
ADC was not cytotoxic in Ba/F3-mFLT3 or epitope mutant Ba/
F3-hFLT3S50P/P54R cells (Figure 2C-D). As controls we tested
the cytotoxicity of MMAF and control IgG1-ADC in Ba/F3 cells
expressing the empty vector or hFLT3wt. MMAF killed Ba/F3
cells only at high concentrations and independent of FLT3
expression, whereas IgG1-ADC had no effect on Ba/F3 cell
viability at all (supplemental Figure 4I-J).

Furthermore, we assessed the cytotoxicity mediated by the
IgG1-FcγR binding of the 20D9-ADC. Ba/F3 cells expressing
hCD64 were sensitive to 20D9-ADC and IgG1-ADC with similar
mean IC50 of 37.3 ng/mL and 31.8 ng/mL, respectively
(Figure 2E-F), whereas Ba/F3 cells expressing hCD16 or hCD32
did not respond to 20D9-ADC (supplemental Figure 4K). Ba/F3
cells expressing both hFLT3wt and hCD64 (supplemental
Figure 4L) were significantly more sensitive to 20D9-ADC
compared with IgG1-ADC (IC50 = 0.5 ng/mL vs 78.3 ng/mL),
indicating the advantage of targeting both antigens in vitro
(Figure 2F-G).

In vitro cytotoxic activity of 20D9-ADC in AML cell
lines
We determined the expression levels of FLT3 and CD64 in
different leukemia and lymphoma cell lines (supplemental
Figure 5A-B) and could detect a significant correlation
(Figure 3A). Binding of the 20D9 antibody (supplemental
Figure 5C) and cytotoxicity of the 20D9-ADC could be shown
in all FLT3+ cell lines with IC50 values varying between 1.3 ng/
mL and 107.33 ng/mL (Figure 3B, supplemental Table 1).
1026 2 MARCH 2023 | VOLUME 141, NUMBER 9
Furthermore, a TP53 knockdown in FLT3+ AML cell lines only
slightly altered the IC50 of 20D9-ADC and FLT3 expression
(supplemental Figure 5D-F), indicating that a TP53 mutation is
not likely to compromise efficacy.

The 20D9-ADC acts via apoptosis induction, which was
demonstrated in FLT3-ITD–positive MOLM-13 cells compared
with FLT3− HL-60 cells (supplemental Figure 5G). Furthermore,
we observed no cytotoxicity of 20D9-ADC to 5 out of 6 FLT3−

AML cell lines. The FLT3−, CD64+ cell line U-937 showed an
IC50 of 334 ng/mL (Figure 3C). Consistently, there was a cor-
relation of summarized CD64 and FLT3 expression and the
20D9-ADC IC50 (Figure 3D).

The IgG1-ADC showed cytotoxic activity in all CD64+ cell lines
(Figure 3E). The IC50 ranged from 12.82 to ~2000 ng/mL and
were noticeably higher compared with the 20D9-ADC
(supplemental Table 1). FLT3+ and FLT3− cell lines showed
similar sensitivity towards the payload MMAF (supplemental
Figure 5H). The native 20D9 antibody or the IgG1 antibody
did not impair cell proliferation (supplemental Figure 5I and
data not shown).

To investigate the impact of CD64 interaction on the efficacy
of IgG1-based ADCs, we disrupted the CD64-IgG1 binding
by removing the N-linked glycans of 20D9-ADC and IgG1-
ADC (supplemental Figure 5J). Compared with the native
20D9-ADC, the IC50 of deglycosylated 20D9-ADC shifted
from 15.7 ng/mL to 473.7 ng/mL, reflecting the proportions
of FLT3- and CD64-specific targeting. As control, the degly-
cosylated IgG1-ADC showed no activity on MOLM-13 cells,
confirming the effective abrogation of the CD64-FcgR inter-
action (Figure 3F).
Antileukemic activity of 20D9-ADC in cell line and
patient-derived xenograft AML mouse models
To determine the in vivo antileukemic activity of 20D9-ADC, we
transplanted MOLM-13 or PDX cells into NSG mice. For sen-
sitive monitoring of tumor burden by BLI, luc-expressing cells
were used, which showed similar FLT3 expression levels
compared with parental cells (supplemental Figure 6A).

First, we analyzed the efficacy of ADCs on MOLM-13 cells
in vivo. Whereas repetitive administration of 1 mg/kg (once
weekly ×6) 20D9-ADC decelerated the increase of tumor
burden compared with phosphate-buffered saline (PBS)-treated
mice, 3 mg/kg (once weekly × 4) led to a strong reduction of
tumor burden below detection limit for at least 154 days
(Figure 4A-B). The effect was comparable if therapy started at
intermediate or advanced tumor burden (supplemental
Figure 6B). To define CD64-related effects, we applied native
and deglycosylated IgG1-ADC and 20D9-ADC. Interestingly,
the deglycosylated 20D9-ADC showed strong cytotoxicity
comparable with the native 20D9-ADC, indicating that FLT3
targeting is sufficient to elicit a long-lasting response. In
contrast, the effect of native IgG1-ADC (3 mg/kg; once
weekly ×2) was reduced compared with native 20D9-ADC,
underlining that CD64 targeting was less effective in vivo. The
deglycosylated IgG1-ADC had only a minimal effect compared
with PBS treatment, confirming the functional abrogation of
CD64-IgG1 interaction (Figure 4C).
ROAS et al
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Next, we determined the effect of 20D9-ADC on native and
luc+ PDX samples.32 We selected samples with FLT3-ITD
mutation and moderate to high FLT3 expression compared
with AML patient samples33 (Figure 4D, supplemental Table 2).
Ex vivo, the PDX cells were sensitive to 20D9-ADC treatment
but not to 20D9-mAb treatment (supplemental Figure 6C-D).
In vivo treatment of AML-573–transplanted mice with 3 mg/kg
FLT3-SPECIFIC ADC FOR AML TREATMENT
20D9-ADC (once weekly ×5) led to a strong tumor reduction
followed by stable low tumor burden up to 150 days, both if
treatment started at intermediate or at advanced tumor burden
(Figure 4E-F). The strong effect of 20D9-ADC could also be
seen when native primograft AML-573 cells were transplanted
(supplemental Figure 6E). Similarly, in 2 additional PDX sam-
ples, AML-640 and AML-579, treatment with 3 mg/kg
2 MARCH 2023 | VOLUME 141, NUMBER 9 1027
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20D9-ADC (once weekly ×3) at intermediate or advanced
tumor burden led to a strong tumor reduction followed
by a tumor outgrowth after treatment stop (supplemental
Figure 6F-I).

Hematotoxicity of 20D9-ADC
To assess hematotoxicity, we investigated the effect of 20D9-
ADC on normal human hematopoietic cells in vitro by
analyzing bone marrow cells from healthy donors enriched for
1028 2 MARCH 2023 | VOLUME 141, NUMBER 9
CD34+ cells (supplemental Figure 7A-B). As expected, FLT3
expression could be detected in 18.9% ± 2.9% of CD34+ cells,
whereas CD64 was barely expressed (1% ± 0.6%, Figure 5A).
Cells were treated with ADC concentrations within the range of
the observed IC50 in AML cells (40 and 200 ng/mL) and with
high dose (1000 ng/mL). Only treatment with the high dose of
both 20D9-ADC and IgG1-ADC led to a significant decrease in
cell viability (Figure 5B), and this might indicate IgG1-
dependent toxicity that induces a significant reduction
ROAS et al
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of CD64-expressing cells after treatment (supplemental
Figure 7C). Accordingly, an effect on the differentiation
capacity could only be seen after treatment with high-dose
20D9-ADC, which revealed a significantly decreased propor-
tion of hematopoietic stem cells, CD34+ CD38−, CD34+ CD38−,
MLP, CMP, and GMP cell populations (Figure 5C). After treat-
ment with IgG1-ADC, we observed significantly decreased
MLPs, CMPs, and GMPs but to a lower extent compared with
the 20D9-ADC. Furthermore, we assessed clonogenic capacity
by colony-forming unit assay of healthy CD34+ cells (Figure 5D,
FLT3-SPECIFIC ADC FOR AML TREATMENT
supplemental Figure 7D). Again, only high-dose treatment with
20D9-ADC and IgG1-ADC revealed significantly reduced
granulocytic, monocytic, and granulocytic-macrophagic colony
formation. The erythroid progenitors were unaffected.
Treatment combination of 20D9-ADC and TKIs
We have previously shown that TKI treatment increased the
surface expression of FLT3 on FLT3-ITD–positive AML cells and
sensitized them to bispecific FLT3 x CD3 antibodies.29 Thus, we
2 MARCH 2023 | VOLUME 141, NUMBER 9 1029
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combined the 20D9-ADC with TKIs for treatment of FLT3-
mutated AML to increase the cytotoxic activity of the ADC.
Incubation of MOLM-13 (FLT3-ITD heterozygote), MV4-11
(FLT3-LOH-ITD), and MM-6 (FLT3V592A) cells with midostaurin,
quizartinib, or sorafenib led to an increase of FLT3 cell surface
expression after incubation (Figure 6A-B and supplemental
Figure 8A-B). To investigate whether this is a FLT3-TKI–specific
effect, we determined the FLT3 expression as response to the
control TKI dasatinib that targets BCR-ABL, c-KIT, EPH, and
PDGFβ and is used in chronic myeloid leukemia, acute lympho-
blastic leukemia, and AML therapy.41 Even though dasatinib
exhibits similar effects on cell viability compared with FLT3-TKIs
in selected concentrations (data not shown), dasatinib did not
upregulate FLT3 surface expression (Figure 6B).

Different dose combinations of 20D9-ADC and TKI were applied
to MOLM-13 cells in vitro. Although midostaurin as single drug
1030 2 MARCH 2023 | VOLUME 141, NUMBER 9
did not affect cell viability at low doses, combination treatment
with the 20D9-ADC was significantly beneficial compared with
20D9-ADC treatment alone (Figure 6C). Similar effects could be
observed for the combination of 20D9-ADC and AC220 in
MOLM-13, MV4-11, and MM-6 cells (Figure 6E and
supplemental Figure 8C). To calculate synergistic effects, we
used 2 calculationmethods, the CI42,43 and the ZIPmethod using
the Synergy finder,44,45 which revealed synergism of a combined
treatment approach with 20D9-ADC and FLT3-TKI (Figure 6C-F).
In the MOLM-13 xenograft model, treatment with midostaurin
(50 mg/kg; 5 times weekly × 3) or 20D9-ADC (1 mg/kg; once
weekly × 3) as single agents only led to modest growth delay
in vivo (Figure 6G). Strikingly, the combination of 20D9-ADC and
midostaurin treatment led to drastic tumor reduction and prob-
ably cure in 2 out of 3 tumor-bearing animals. Thus, these results
indicate a high synergistic potential of the FLT3-specific ADC
when combined with FLT3-TKIs.
ROAS et al
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Discussion
Here, we report the development and preclinical characterization
of a novel FLT3-targeting ADC, 20D9-ADC, with robust preclin-
ical activity in multiple models of AML. Furthermore, we found a
strong synergistic effect of the combination treatment of 20D9-
ADC with a recently approved TKI in FLT3-mutated AML.

FLT3 is an established target for TKIs, like midostaurin, which
are approved in FLT3-mutated AMLs with permanently acti-
vated receptor signaling.46 Moreover, FLT3 is overexpressed in
AML, with a restricted expression pattern in a subset of healthy
hematopoietic cells and low abundance in nonhematopoietic
tissue. There, a low RNA expression in lung, pancreas, and brain
was not yet confirmed to result in cell surface expression of
FLT3. Thus, agents targeting FLT3 in AML may have the largest
therapeutic index compared with other targets like CD33,
CD123, and CLL147 and are expected to have little to no
healthy tissue toxicity beyond potential hematologic toxic-
ities.47 This makes FLT3 a promising ADC target in AML treat-
ment, addressing a broader patient cohort regardless of the
FLT3 mutation status.

So far, GO, an ADC targeting CD33, is the only approved ADC
in AML.48,49 The conjugation and linker design in ADC devel-
opment are essential as they influence the toxicology profile.8

The linker of GO exhibits instability, leading to premature
release of calicheamycin.50 For 20D9-ADC development, the
novel P5 conjugation technology with outstanding serum sta-
bility was applied to conjugate MMAF via a cleavable linker,
which facilitates efficient intracellular release of MMAF.39,51

MMAF belongs, like monomethyl auristatin E, to the
microtubule-targeting agents that are used as payloads in two-
thirds of all clinical stage ADCs.52 It is a highly potent agent with
IC50 in the subnanomolar range and has lower bystander killing
effects in comparison with monomethyl auristatin E, which is an
advantage in hematologic malignancies.53,54

We show here that 20D9-ADC had strong and selective cytotox-
icity in FLT3+ cell lines in vitro. We could clearly distinguish
between CD64- and FLT3-mediated cytotoxicity in a cell line
model by applying deglycosylated ADCs, showing a strong
advantage of co-targeting both receptors. In vivo, we found a
dose-dependent response of aggressive AML cell lines to 20D9-
ADC independent from the tumor burden at start of treatment,
proving the robustness and high efficacy of 20D9-ADC. Interest-
ingly, the deglycosylated 20D9-ADC achieved almost the same
efficacy compared with the native 20D9-ADC in MOLM-13 cells
in vivo, despite targeting exclusively FLT3. Applying IgG1-ADC
in vivo was much less effective than applying 20D9-ADC, indi-
cating that FLT3 targeting might be sufficient and superior
compared with dual targeting in the AML mouse model. More-
over, we could also successfully treat AML PDX models in vivo.
These PDX samples recapitulate the phenotype of human AML
since they comprise AML stem cells and subclonal AML cell
Figure 6 (continued) (C,E) Each dot represents 1 biological replicate; the horizontal
determined using CompuSyn software; CI < 1 indicates synergy and is underlined; CI =
Finder software using zero interaction potency (ZIP) modeling. Gray triangles indicate inc
indicate synergism. (G) Treatment combination of 20D9-ADC and midostaurin in vivo. N
burden was monitored once or twice a week by BLI, and total flux was quantified (left). Me
transplantation, mice were treated for 3 weeks with 20D9-ADC (1 mg/kg IV, once per wee
as control (n = 4/group). Bioluminescence imaging of 1 representative mouse of each gro
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populations.32,55 In the in vivo studies, the ADCs were well toler-
ated as single agent or in combination with TKIs.

To evaluate the toxicity profile of 20D9-ADC in healthy tissue, we
focused on hematopoietic stem and progenitor cells, since FLT3
expression in the brain, pancreas, and lung tissue seems to be
limited to the cytoplasm or to be very low.47 20D9-ADC in con-
centrations in the range of IC50 values of AML cell lines did not
affect healthy human CD34+ cells, which is promising for a favor-
able toxicity profile. Only in high concentrations do the 20D9-ADC
but also the IgG1-ADC show cytotoxicity toward myelomonocytic
and lymphoid progenitors. Thus, Fc receptor engagement might
result in side effects and toxicity toward megakaryocytes, leading
to thrombocytopenia.48 However, brentuximab vedotin, an
approved IgG1-based ADC in Hodgkin lymphoma, showed
manageable tolerability and safety profile in a phase 3 study.49 A
functional IgG1 Fc region might also have advantages as it
was reported that IgG1 can mediate antibody-dependent cell-
mediated cytotoxicity and antibody-dependent cellular phagocy-
tosis in the context of drug conjugates.52,56-58 Of note, our studies
have shown a superior cytotoxic activity of the native 20D9-ADC
compared with the deglycosylated 20D9-ADC (that is devoid of
FcgR binding) in vitro but not in vivo. It is unclear whether the FcgR
binding properties of the 20D9-ADC will be beneficial in AML
patients with respect to toxicity and efficacy. Therefore, further
studies in humans or nonhuman primates will be necessary to
answer this question. For FLT3 targeting, a favorable toxicity profile
can be expected, since a FLT3 x CD3 bispecific antibody in cyn-
omolgues monkey revealed a reversible depletion of dendritic
cells, hematopoietic stem and progenitor cells, and monocytes
without any major clinical signs of toxicity.47

Due to the observed high efficacy, we evaluated the potential of
20D9-ADC for therapy of FLT3-mutated AML, since especially
patients with a high ratio of FLT3-ITD have a worse prognosis.59

By combining 20D9-ADC and FLT3-TKIs, we aimed at (1)
exploiting the potential of the FLT3 target, since the ITD-
mutated FLT3 receptor has a partially intracellular localiza-
tion29; (2) opening the therapeutic window for the FLT3-specific
ADC treatment while reducing side effects; and (3) integrating an
FLT3 ADC in the therapeutic landscape of FLT3-mutated AML.

The combination of 20D9-ADC and TKI treatments showed
significantly higher effectivity in vitro compared with single-drug
treatment. The in vivo experiments resulted in even more striking
benefit of the combination therapy of low-dose 20D9-ADC and
midostaurin. We hypothesize that the outstanding treatment
efficacy of the drug combination of 20D9-ADC and midostaurin
is due to an upregulation of the activated FLT3 receptor on the
cell surface as previously reported by our group.29 However, we
cannot exclude other mechanisms as midostaurin is not specific
for FLT3 and also inhibits other kinases like VEGFR-2, PDGFR,
and KIT.60 Furthermore, Li et al described an anti-CD123 ADC
to be more efficient in combination with quizartinib,14 and a
line indicates the mean. Combination indices (CIs) with standard deviation were
1 additivity; CI > 1 antagonism. (D-F) The synergy score was calculated by Synergy
reasing drug concentrations. A positive Synergy score value δ and the red coloring
SG mice were injected IV with 1e5 luciferase-expressing MOLM-13 cells. Leukemic
an ± SD is depicted. Dashed black line indicates imaging threshold. One week after
k), midostaurin (50 mg/kg by mouth, 5 days per week), a combination of both, or PBS
up at days 6 and 16 (right). Two-way analysis of variance: ***P < .001; ****P < .0001.
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CD33-targeting ADC (IMGN779) showed increased effectivity in
combination with quizartinib.61

Interestingly, an anti-FLT3 ADC from Astellas Pharma (AGS62P1;
NCT02864290) is being evaluated in clinical studies, supporting
the relevance of the FLT3 receptor as a therapeutic target for
ADCs.56 Our study using 20D9-ADC clearly distinguishes from
the AGS62P1 molecule. We use ethynylphosphonamidate linkers
with excellent stability as opposed to oxime linkages in
AGS62P1, which is limited to DAR2, and we believe that the
expression profile of FLT3 dictates a higher DAR to ensure a
good efficacy also in FLT3 low-expressing malignant cells.
Furthermore, the additional CD64 targeting and the combination
therapy with TKIs to enhance the efficacy are mostly promising
regarding the effectivity in FLT3+ AML.

In conclusion, we have developed and characterized a novel
FLT3-targeting ADC that demonstrated potent antileukemic
activity in preclinical models of AML, including PDX mouse
models. Importantly, 20D9-ADC was effective at low concen-
trations in combination with midostaurin, suggesting a treat-
ment concept with a possibly favorable toxicity profile. Our data
indicate that FLT3 is a clinically promising target for ADC
application, which should be further evaluated in clinical studies
in combination with FLT3 inhibitors.
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Barragán E, Martínez-Cuadrón D,
Montesinos P. Tyrosine kinase inhibitors for
acute myeloid leukemia: a step toward
disease control? Blood Rev. 2020;44:100675.

29. Reiter K, Polzer H, Krupka C, et al.
Tyrosine kinase inhibition increases the cell
surface localization of FLT3-ITD and
enhances FLT3-directed immunotherapy of
acute myeloid leukemia. Leukemia.
2018;32(2):313-322.

30. Polzer H, Janke H, Schmid D, Hiddemann W,
Spiekermann K. Casitas B-lineage lymphoma
mutants activate AKT to induce
transformation in cooperation with class III
receptor tyrosine kinases. Exp Hematol.
2013;41(3):271-280.e4.

31. Hecker JS, Hartmann L, Rivière J, et al. CHIP
and hips: clonal hematopoiesis is common in
patients undergoing hip arthroplasty and is
associated with autoimmune disease. Blood.
2021;138(18):1727-1732.

32. Vick B, Rothenberg M, Sandhöfer N, et al. An
advanced preclinical mouse model for acute
myeloid leukemia using patients’ cells of
various genetic subgroups and in vivo
bioluminescence imaging. PLoS One.
2015;10(3):1-20.

33. Herold T, Jurinovic V, Batcha AMN, et al.
A 29-gene and cytogenetic score for the
prediction of resistance to induction
treatment in acute myeloid leukemia.
Haematologica. 2018;103(3):456-465.
BER 9
34. Bagnoli JW, Ziegenhain C, Janjic A, et al.
Sensitive and powerful single-cell RNA
sequencing using mcSCRB-seq. Nat
Commun. 2018;9(1):1-8.

35. Dunphy CH, Tang W. The value of CD64
expression in distinguishing acute myeloid
leukemia with monocytic differentiation
from other subtypes of acute myeloid
leukemia: a flow cytometric analysis of 64
cases. Arch Pathol Lab Med. 2007;131(5):
748-754.

36. Tur MK, Huhn M, Jost E, Thepen T,
Brümmendorf TH, Barth S. In vivo efficacy of
the recombinant anti-CD64 immunotoxin
H22(scFv)-ETA’ in a human acute myeloid
leukemia xenograft tumor model. Int J
Cancer. 2011;129(5):1277-1282.

37. Mladenov R, Hristodorov D, Cremer C, et al.
CD64-directed microtubule associated
protein tau kills leukemic blasts ex vivo.
Oncotarget. 2016;7(41):67166-67174.

38. Kasper MA, Glanz M, Stengl A, et al.
Cysteine-selective phosphonamidate
electrophiles for modular protein
bioconjugations. Angew Chem Int Ed Engl.
2019;58(34):11625-11630.

39. Kasper MA, Stengl A, Ochtrop P, et al.
Ethynylphosphonamidates for the rapid and
cysteine-selective generation of efficacious
antibody-drug conjugates. Angew Chem Int
Ed Engl. 2019;58(34):11631-11636.

40. Fenton C, Scott LI, Plosker GL. Palivizumab: a
review of its use as prophylaxis for serious
respiratory syncytial virus infection. Pediatr
Drugs. 2004;6(3):177-197.

41. Paschka P, Schlenk RF, Weber D, et al.
Adding dasatinib to intensive treatment in
core-binding factor acute myeloid leukemia-
results of the AMLSG 11-08 trial. Leukemia.
2018;32(7):1621-1630.

42. Chou T-C, Martin N. CompuSyn for Drug
Combinations and for General Dose-Effect
Analysis: User’s Guide: A Computer Program
for Quantitation of Synergism and
Antagonism in Drug Combinations, and the
Determination of IC 50, ED 50, and LD 50
Values; 2005. www.combosyn.com

43. Chou TC. Theoretical basis, experimental
design, and computerized simulation of
synergism and antagonism in drug
combination studies. Pharmacol Rev.
2006;58(3):621-681.

44. Yadav B, Wennerberg K, Aittokallio T, Tang J.
Searching for drug synergy in complex dose-
response landscapes using an interaction
potency model. Comput Struct Biotechnol J.
2015;13:504-513.

45. Ianevski A, Giri AK, Aittokallio T.
SynergyFinder 2.0: visual analytics of multi-
drug combination synergies. Nucleic Acids
Res. 2021;48(1):W488-W493.

46. Hospital MA, Green AS, Maciel TT, et al. FLT3
inhibitors: clinical potential in acute myeloid
leukemia.OncoTargets Ther. 2017;10:607-615.

47. Yeung YA, Krishnamoorthy V, Dettling D,
et al. An optimized full-length FLT3/CD3
bispecific antibody demonstrates potent
ROAS et al

http://refhub.elsevier.com/S0006-4971(22)01065-5/sref8
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref8
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref9
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref9
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref9
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref9
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref10
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref10
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref10
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref10
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref11
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref11
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref11
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref11
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref12
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref13
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref14
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref14
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref14
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref14
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref14
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref15
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref15
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref15
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref15
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref15
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref16
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref17
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref17
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref17
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref17
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref17
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref18
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref18
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref18
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref18
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref18
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref19
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref19
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref19
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref19
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref19
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref20
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref20
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref20
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref20
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref20
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref21
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref22
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref22
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref22
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref22
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref22
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref23
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref23
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref23
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref23
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref24
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref25
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref26
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref26
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref26
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref26
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref27
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref28
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref29
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref30
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref31
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref32
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref33
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref33
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref33
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref33
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref33
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref34
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref34
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref34
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref34
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref35
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref36
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref37
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref37
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref37
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref37
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref38
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref38
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref38
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref38
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref38
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref39
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref39
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref39
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref39
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref39
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref40
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref40
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref40
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref40
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref41
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref41
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref41
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref41
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref41
http://www.combosyn.com
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref43
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref43
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref43
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref43
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref43
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref44
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref44
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref44
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref44
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref44
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref45
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref45
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref45
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref45
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref46
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref46
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref46
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47


D
ow

nloaded from
 http://ashpub
anti-leukemia activity and reversible
hematological toxicity. Mol Ther. 2020;28(3):
889-900.

48. Uppal H, Doudement E, Mahapatra K,
et al. Potential mechanisms for
thrombocytopenia development with
trastuzumab emtansine (T-DM1). Clin
Cancer Res. 2015;21(1):123-133.

49. Scott LJ. Brentuximab vedotin: a review in
CD30-positive Hodgkin lymphoma. Drugs.
2017;77(4):435-445.

50. ten Cate B, Bremer E, de Bruyn M, et al.
A novel AML-selective TRAIL fusion
protein that is superior to gemtuzumab
ozogamicin in terms of in vitro selectivity,
activity and stability. Leukemia.
2009;23(8):1389-1397.

51. Kostova V, Désos P, Starck JB, Kotschy A. The
chemistry behind ADCs. Pharmaceuticals.
2021;14(5):442.

52. Hoffmann RM, Coumbe BGT, Josephs DH,
et al. Antibody structure and engineering
considerations for the design and function of
FLT3-SPECIFIC ADC FOR AML TREATMENT
antibody drug conjugates (ADCs).
Oncoimmunology. 2018;7(3):1-11.

53. Yaghoubi S, Karimi MH, Lotfinia M, et al.
Potential drugs used in the antibody-drug
conjugate (ADC) architecture for cancer
therapy. J Cell Physiol. 2020;235(1):31-64.

54. Ponziani S, Di Vittorio G, Pitari G, et al.
Antibody-drug conjugates: the new frontier
of chemotherapy. Int J Mol Sci.
2020;21(15):1-28.

55. Ebinger S, Zeller C, Carlet M, et al. Plasticity
in growth behavior of patients’ acute myeloid
leukemia stem cells growing in mice.
Haematologica. 2020;105(12):2855-2860.

56. Junttila TT, Li G, Parsons K, Phillips GL,
Sliwkowski MX. Trastuzumab-DM1 (T-DM1)
retains all the mechanisms of action of
trastuzumab and efficiently inhibits growth of
lapatinib insensitive breast cancer. Breast
Cancer Res Treat. 2011;128(2):347-356.

57. Weiskopf K, Weissman IL. Macrophages are
critical effectors of antibody therapies for
cancer. MAbs. 2015;7(2):303-310.
2

58. Gong Q, Ou Q, Ye S, et al. Importance of
cellular microenvironment and circulatory
dynamics in B cell immunotherapy.
J Immunol. 2005;174(2):817-826.

59. Kiyoi H, Kawashima N, Ishikawa Y. FLT3
mutations in acute myeloid leukemia:
therapeutic paradigm beyond inhibitor
development. Cancer Sci. 2020;111(2):
312-322.

60. Weisberg E, Sattler M, Manley PW,
Griffin JD. Spotlight on midostaurin in the
treatment of FLT3-mutated acute myeloid
leukemia and systemic mastocytosis:
design, development, and potential place
in therapy. OncoTargets Ther. 2017;29(11):
175-182.

61. Walker R, Watkins K, Zweidler-McKay P.
Combination treatment with antibody-
drug-conjugates and FLT3 inhibitors PCT/
US20 19/032090. Immunogen, Inc.
2019;2(51).
© 2023 by The American Society of Hematology
lica
MARCH 2023 | VOLUME 141, NUMBER 9 1035

tions.org/blood/article-pdf/141/9/1023/2036384/blood_bld-2021-015246-m
ain.pdf by guest on 19 M

ay 2023

http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref47
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref48
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref48
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref48
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref48
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref48
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref49
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref49
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref49
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref50
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref51
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref51
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref51
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref51
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref52
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref52
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref52
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref52
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref52
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref53
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref53
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref53
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref53
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref54
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref54
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref54
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref54
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref55
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref55
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref55
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref55
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref56
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref57
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref57
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref57
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref58
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref58
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref58
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref58
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref59
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref59
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref59
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref59
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref59
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref60
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref61
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref61
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref61
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref61
http://refhub.elsevier.com/S0006-4971(22)01065-5/sref61

	Targeting FLT3 with a new-generation antibody-drug conjugate in combination with kinase inhibitors for treatment of AML
	Introduction
	Methods
	Cell lines
	Primary samples
	Binding and internalization of monoclonal antibodies
	Cytotoxicity proliferation assays
	In vivo experiments

	Results
	Generation and characterization of anti-FLT3 antibodies
	Generation and characterization of 20D9-ADC
	In vitro cytotoxic activity of 20D9-ADC in AML cell lines
	Antileukemic activity of 20D9-ADC in cell line and patient-derived xenograft AML mouse models
	Hematotoxicity of 20D9-ADC
	Treatment combination of 20D9-ADC and TKIs

	Discussion
	Authorship
	References


