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ABSTRACT
Background  In lymphoid malignancies, the introduction 
of chimeric antigen receptor T (CAR-T) cells and bispecific 
antibodies (bsAbs) has achieved remarkable clinical 
success. However, such immunotherapeutic strategies are 
not yet established for acute myeloid leukemia (AML), the 
most common form of acute leukemia in adults. Common 
targets in AML such as CD33, CD123, and CLEC12A 
are highly expressed on both AML blasts and on normal 
myeloid cells and hematopoietic stem cells (HSCs), thereby 
raising toxicity concerns. In B-cell acute lymphoblastic 
leukemia (B-ALL), bsAbs and CAR-T therapy targeting 
CD19 and CD22 have demonstrated clinical success, but 
resistance via antigen loss is common, motivating the 
development of agents focused on alternative targets. 
An attractive emerging target is FLT3, a proto-oncogene 
expressed in both AML and B-ALL, with low and limited 
expression on myeloid dendritic cells and HSCs.
Methods  We developed and characterized CLN-049, a T 
cell-activating bsAb targeting CD3 and FLT3, constructed 
as an IgG heavy chain/scFv fusion. CLN-049 binds the 
membrane proximal extracellular domain of the FLT3 
protein tyrosine kinase, which facilitates the targeting of 
leukemic blasts regardless of FLT3 mutational status. CLN-
049 was evaluated for preclinical safety and efficacy in 
vitro and in vivo.
Results  CLN-049 induced target-restricted activation of 
CD4+ and CD8+ T cells. AML cell lines expressing a broad 
range of surface levels of FLT3 were efficiently lysed on 
treatment with subnanomolar concentrations of CLN-049, 
whereas FLT3-expressing hematopoietic progenitor cells 
and dendritic cells were not sensitive to CLN-049 killing. 
Treatment with CLN-049 also induced lysis of AML and 
B-ALL patient blasts by autologous T cells at the low 
effector-to-target ratios typically observed in patients with 
overt disease. Lysis of leukemic cells was not affected by 
supraphysiological levels of soluble FLT3 or FLT3 ligand. 
In mouse xenograft models, CLN-049 was highly active 
against human leukemic cell lines and patient-derived 
AML and B-ALL blasts.
Conclusions  CLN-049 has a favorable efficacy and safety 
profile in preclinical models, warranting evaluation of its 
antileukemic activity in the clinic.

BACKGROUND
Acute myeloid leukemia (AML) is the most 
frequent form of acute leukemia in adults, 
affecting 4–5 per 100 000 population.1 2 
While several new treatments have recently 
been approved, including hypomethyl-
ating agents, the antibody drug conjugate 
gemtuzumab ozogamicin and various small 
molecule kinase inhibitors,3 induction and 
consolidation chemotherapy followed by 
allogeneic hematopoietic stem cell trans-
plantation (HSCT) remains the most widely 
used curative treatment approach. However, 
more than 50% of patients are not eligible for 
the intensive pre-treatment chemotherapy 
regimens. In addition, remission-inducing 
chemotherapy and HSCT are associated with 
substantial treatment-associated morbidity 
and mortality, and many patients experience 
a subsequent relapse. Accordingly, prognosis 
of AML remains dismal with overall 5-year 
survival rates below 15%.4

Strategies to mobilize T cells against 
tumor cells via bispecific antibodies (bsAbs) 
or directly engineering T cells to express 
chimeric antigen receptors have achieved 
remarkable success in lymphoid malignan-
cies, including acute lymphoid leukemia 
(B-ALL) and multiple myeloma.5–7 However, 
T cell engaging strategies for myeloid-derived 
neoplasias like AML are not yet clinically 
established.

A major challenge in AML is target selec-
tion. Antibody-based therapeutics currently 
in development for AML focus primarily 
on CD33, CD123 and CLEC12A as target 
antigens.8 However, beyond their well-
documented expression on malignant cells, 
these targets are also found at similar levels 
on normal myeloid cells and hematopoietic 
stem cells (HSCs), raising concerns regarding 
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a narrow therapeutic window.9 CD33 is expressed on 
approximately 30% of healthy bone marrow (BM) 
myeloid progenitors.10 11 CD123 is also expressed on 
many healthy cells such as myeloid progenitors, plasmacy-
toid dendritic cells (pDCs), monocytes, and basophils.12 
Finally, CLEC12A is also expressed on normal myeloid 
cells including granulocytes, monocytes, macrophages, 
and DCs as well as granulocyte-macrophage progeni-
tors.9 13 14

The receptor tyrosine kinase FLT3 is an attractive 
AML target with frequent expression on both blasts 
and leukemic stem cells, whereas expression on healthy 
myeloid cells is low and limited to myeloid DCs and 
HSCs.15–17 FLT3 is a proto-oncogene that plays a key role 
in promoting leukemic cell proliferation and survival, 
and expression is preserved in AML after relapse.18 Its 
essential role in disease progression has been validated 
by the clinical benefit of tyrosine kinase inhibitors that 
target mutant FLT3.19 20

Unlike kinase inhibitors that are specific to a particular 
FLT3 mutational context, antibody-based therapies that 
target the extracellular domain of FLT3 are independent 
of FLT3 mutations, allowing for treatment of a broader 
patient population. We recently developed an Fc-op-
timized monoclonal antibody (mAb) targeting FLT3, 
FLYSYN, which potently induces antibody-dependent 
cellular cytotoxicity. FLYSYN showed promising safety 
and preliminary efficacy in AML patients with minimal 
residual disease21 (​clinicaltrials.​gov, NCT02789254). 
However, for leukemia patients with higher disease 
burden, more potent treatment modalities are needed. 
To this end, we have constructed CLN-049, a FLT3xCD3 
T cell-engaging bsAb, based on an Fc-silenced hIgG1 
anti-FLT3 antibody with anti-CD3 single-chain antibodies 
(scFvs) fused to the C-termini of the heavy chains. This 
study provides a comprehensive preclinical characteriza-
tion of CLN-049 as foundation for an upcoming clinical 
study in relapsed or refractory AML patients.

METHODS
Biacore evaluation of CLN-049 binding
To determine monovalent affinity for FLT3, CLN-049 was 
captured onto a Protein A chip, and FLT3 (Stratech) was 
flowed over the biosensor. To determine avid affinity for 
FLT3 and FLT3-like orthologs, PDGFα, PDGFβ, VEGFR2, 
VEGFR3 (all from R&D Biosystems) or FLT3 was captured 
onto a CM5 sensor chip, and CLN-049 or positive control 
antibodies were flowed over the cell. A global fit algo-
rithm (Biacore Insight Evaluation) was used to calculate 
KD, ka, and kd values.

To evaluate binding to Fc gamma receptors (FcγRs), 
recombinant His6-tagged FcγRs were immobilized onto 
an anti-His6 antibody coated chip and CLN-049 was 
flowed over the biosensor at either pH 7.4 or 6.0. KD, ka, 
and kd values were determined by steady state analysis for 
each FcγR, except FcγR1, which was evaluated assuming 
1:1 binding.

Sandwich ELISA
Recombinant FLT3 (Sino Biological) was coated to 96 well 
plates at 3 µg/mL. Plates were blocked and washed, then 
incubated with serially diluted CLN-049. After washing, 
2 µg/mL biotinylated CD3ε/δ dimer (Acro Biosystems) 
was added and detected with streptavidin-HRP. Dose 
response curves were fit using a 4-parameter logistic 
regression model.

Cell binding of CLN-049
Target cell lines expressing FLT3 (NALM-16) or T cells 
expressing CD3 (Jurkat) were incubated with CLN-049 
for 30 min at 4°C. After washing, cells were incubated 
with PE-labeled goat anti-human Fc or goat anti-human 
F(ab)2, then assessed via flow cytometry. To compare 
binding to FLT3 and FLT3 N399D, ExpiCHO-S cells were 
transfected with wild-type FLT3 or FLT3 N399D. After 
4 days, binding analysis was performed as described above.

To evaluate binding to primary cells, cryopreserved 
samples, either peripheral blood mononuclear cells 
(PBMC) or isolated T cells from human donors were 
thawed prior to addition of live/dead viability dye, Fc 
block, and staining solution. Samples were bound to 
CLN-049-allophycocyanin (APC), isotype control-APC, 
or incubated with anti-CD3-APC (clone UCHT1) or 
anti-FLT3-PE (clone 4G8) to confirm target positivity. In 
PBMC samples, DC-enriched cells were identified by flow 
cytometry as CD45+CD14-CD20-CD4-CD8-HLA-DR+.

FLT3 expression on cell lines and primary cells
AML cell lines or Jurkat cells were cultured for approxi-
mately 1 week. For normal FLT3+ primary cells, healthy 
donor PBMC were isolated from buffy coats, and cryo-
preserved BM samples were thawed at 37°C overnight. 
Cells were stained with PE-labeled anti-FLT3 antibody 
(clone 4G8 or BV10), evaluated by flow cytometry, and 
quantified by calibrating PE MFI with Quantibrite beads 
(BD Biosciences). pDCs were defined as CD45+HLA-
DR+CD11 c-CD123+ in PBMC, and CD34+ cells were 
defined as CD45+CD3-CD34+ cells in BM samples, after 
exclusion of lineage markers.

Evaluation of FLT3 expression on AML patient samples: 
20 BM samples from adult AML patients were stained 
with anti-FLT3-PE (clone 4G8) and MFI values converted 
to FLT3 molecules per cell.

Evaluation of FLT3 expression on primary B-ALL 
patient samples: cells were labeled with anti-CD45 (clone 
HI30), anti-FLT3 (clone 4G8), anti-CD19 (clone J3-129), 
anti-CD20 (clone 2H7), anti-CD22 (clone HIB22), and 
live/dead viability dye. B-ALL cells were defined by the 
CD45+CD19+ double-positive population.

In vitro pharmacology
To evaluate activity against AML cell lines, leukemic cell 
lines were labeled with cell proliferation dye then cocul-
tured with PBMC at a 1:1 effector:target (E:T) ratio in 
RPMI-1640 + 10% fetal bovine serum (FBS) in the pres-
ence of CLN-049 for 72 hours, unless otherwise indicated. 
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If included, sFLT3 or sFLT3L were pre-cultured with 
MOLM-13 target cells for 2 hours prior to addition of 
CLN-049 and PBMC. Via flow cytometry, 7-AAD uptake 
in CD14-CD33+ proliferation dye+ cells and CD69 expres-
sion on T cells were used to determine target cell viability 
and T cell activation, respectively. Cytokine concentra-
tions in supernatants were assayed by Luminex (Bio-Rad). 
EC50 values were determined using 4-parameter logistic 
regression model.

To evaluate killing of primary AML and B-ALL samples, 
cells were cultured with CLN-049 in RPMI-1640 + 10% FBS 
for 72 hours. The number of viable cells was determined 
by excluding 7-AAD+ cells from the CD33+ cell popula-
tion (AML) or CD19+ cell population (B-ALL), and E:T 
ratios were determined by relative ratio of cell types in 
control group.

In vitro toxicology
Cytotoxicity of normal FLT3+ cells: pDC depletion was 
evaluated using PBMC from nine healthy donors isolated 
from buffy coats. CD34+ depletion was evaluated using 
cryopreserved BM samples from five human donors that 
were recovered at 37°C overnight. Cells were treated with 
CLN-049 for 72 hours, either in RPMI-1640  + 10% FBS 
(pDC) or X-vivo media (CD34). pDC viability was assessed 
using Live/Dead eFluor780 uptake in CD45+HLA-
DR+CD11c-CD123+cells, and CD34+ cell viability was 
assessed using 7-AAD uptake in CD45+CD3-CD34+ cells, 
in both cases after exclusion of lineage markers.

To determine T cell activation in the absence of target 
cells, T cells were isolated from three healthy donors and 
incubated for 72 hours with CLN-049, or anti-CD3 anti-
bodies OKT3 or parental UCHT1. CD8+ and CD4+ T cell 
activation after 72 hours was measured by expression of 
CD69 by flow cytometry. Alternatively, PBMC were used 
instead of isolated T cells, and CD69 was evaluated both 
by percent positivity and MFI.

In vivo efficacy studies
MOLM-13 study: 1×105 MOLM-13 cells were inoculated 
intravenously by tail vein injection into NCG mice. One day 
after tumor cell inoculation (Day 1), mice were randomly 
sorted and received 2×107 PBMC intraperitoneally and 
subsequently administered CLN-049 IV, which continued 
weekly until end of study. Animals were regularly monitored 
and euthanized if moribund. On Day 15, 0.1 mL blood was 
sampled and assayed for CD45+CD33+ MOLM-13 tumor 
cells via flow cytometry. For PK analysis, 0.08 mL blood was 
collected and processed for serum from 3 mice/timepoint/
dose group by mandibular bleeds. Serum was collected at 
0.5, 2, 8, 24, 72, and 168 hours post-dose and concentrations 
measured via FLT3/CD3 sandwich immunoassay.

Primary AML study: Immunodeficient NSG mice were 
intravenously engrafted with 8×106 PBMC from an AML 
patient. On the same day, 8×106 PBMC from a healthy donor 
were transferred IV, followed by 20 µg/mouse CLN-049 or 
control antibody (MOPCxCD3) injected intravenously 
4 hours later. CLN-049 treatment (10 µg/mouse IV) was 
repeated on days 3 and 10. At day 24, leukemic burden (ratio 
hCD45+hCD33+/mCD45+ cells) in BM was determined by 
flow cytometry.

Primary B-ALL study: Immunodeficient NSG mice were 
intravenously engrafted with 4×106 PBMC from a B-ALL 
patient. On day 7, 10×106 PBMC from a healthy donor were 
transferred IV, followed by 30 µg/mouse CLN-049 or control 
antibody (MOPCxCD3) injected intravenously 4 hours later. 
CLN-049 treatment was repeated on day 11, using 30 µg/
mouse intravenous. At day 17, leukemic burden (ratio 
hCD45+hCD19+/mCD45+cells) in BM was determined by 
flow cytometry.

RESULTS
Generation and biochemical characterization of CLN-049
CLN-049 has specificity for FLT3 in its two Fab arms 
and specificity for CD3 in two single-chain variable 

Figure 1  Structure and characterization of CLN-049 (A) Design of CLN-049. (B) SDS-PAGE analysis of CLN-049 under 
reducing and non-reducing conditions. (C) SEC trace of CLN-049 following Protein A-based affinity purification. (D) Mass 
spectrum of CLN-049. (E) Heat flux curve from DSC evaluation of CLN-049 determining three melting temperatures for CLN-
049. DSC, differentiating scanning calorimetry; SDS-PAGE, sodium dodecyl-sulfate polyacrylamide gel electrophoresis; SEC, 
size exclusion chromatography.
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(scFv) fragments fused to the heavy chain C-termini 
(figure  1A). The FLT3-binding Fab arms were derived 
from humanization of murine clone 4G8, which binds to 
the membrane-proximal domain 4 of FLT3.22 Membrane 
proximity of epitopes may critically enable the antitumor 
activity of bsAbs.23–25 The CD3-binding scFvs were derived 
from humanized mAb UCHT1, as described previously.22 
Effector functions in the Fcγ1 domain of CLN-049 were 
silenced by mutations, as previously reported,26 in order 
to prevent FcγR-mediated activation of T cells. CLN-049 
was expressed at a titer of 3 g/L in CHO cells and puri-
fied by Protein A to high purity as assessed by sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) (figure  1B) and size exclusion chromatography 
(figure  1C). Mass spectrometry confirmed the antici-
pated molecular weight of the heavy chain/scFv fusion 
(figure  1D). CLN-049 showed a high overall melting 
temperature of 77°C as determined by differentiating 
scanning calorimetry.

To demonstrate two-armed FLT3 binding by CLN-049, 
which can confer slower dissociation rates and increase 
functional affinity, we measured binding rate constants for 

recombinant FLT3 by surface plasmon resonance (SPR). 
Under avid conditions, the apparent KD was  >10 fold 
lower than for monovalent conditions (15.7 nM vs 
182 nM), which was largely driven by a slower dissociation 
rate constant (1.53×10−3 1/s vs 3.80×10−2 1/s) (figure 2A). 
Binding of CLN-049 was highly specific with no detect-
able binding to other members of the receptor family, 
including PDGFRα, PDGFRβ, VEGFR2, and VEGFR3 
(figure 2A). A critical element of the binding interface 
between CLN-049 and FLT3 was revealed by the lack of 
binding to murine and cynomolgus monkey FLT3 by SPR 
(online supplemental figure 1A). Both species contain 
the divergent mutation D399N in FLT3 domain 4, which 
completely abrogated binding by CLN-049 (figure  2B). 
Figure 2C shows D399 in the presumed CLN-049 binding 
interface within the structure of human FLT3. Further-
more, we confirmed by SPR that mutations introduced 
into the Fcγ1 domain of CLN-049 completely abrogated 
binding to FcγRs but preserved binding to FcRn (online 
supplemental file 1B).

Binding of CLN-049 to FLT3-expressing NALM-16 cells 
and to CD3-expressing Jurkat cells revealed half maximal 

Figure 2  Binding characteristics of CLN-049. (A) Summary of Biacore binding data of CLN-049 using FLT3 and FLT3-related 
proteins. (B) Binding of CLN-049 to CHO cells expressing WT FLT3 or FLT3 N399D. (C) Human FLT3 ligand-receptor complex 
in dimeric form, based on PDB 3QS9. Dimeric ligands are colored in raspberry. Receptor ectodomains are colored as follows: 
domain one in yellow, domain two in green, domain three in cyan, domain four in blue, and domain five in gray. N399 in domain 
four is colored in red. (D) Binding of CLN-049 to FLT3+ NALM-16 cells and CD3+Jurkat cells by flow cytometry. (E) Flow 
cytometry plots depicting HLA-DR+ cells from PBMC of a representative donor stained with PE-labeled FLT3 mAb clone BV10 
(Untreated), an APC-labeled IgG1 isotype control antibody, or APC-labeled CLN-049. The panel below depicts quantification 
across three donors, with the percentage of CLN-049 calculated as %CLN-049+ - %IC+. (F) Histograms showing purified T 
cells from a representative donor stained with APC-labeled IgG1 isotype control antibody (red) or APC-labeled CLN-049 (blue). 
The panel below shows quantification across three donors, where the percentage of CLN-049 is calculated as %CLN-049+ - 
%IC+. (G) Sandwich ELISA with FLT3 capture, incubation with titrations of CLN-049, and CD3-biotin based detection. APC, 
allophycocyanin; DC, dendritic cell; PBMC, peripheral blood mononuclear cells.
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binding at 3.2 nM and 8.4 nM, respectively (figure  2D). 
Approximately 5%–10% of HLA-DR+ DCs in peripheral 
blood (PB) were found to express FLT3 and were bound 
by CLN-049 (figure 2C). CD4+and CD8+ primary T cells 
were also bound by CLN-049 (figure 2D).

Simultaneous binding of CLN-049 to both human FLT3 
and human CD3 was investigated by a sandwich ELISA 
which revealed half maximum dual binding at 88.5 ng/
mL, or 0.45 nM (figure 2E).

CLN-049 induces TDCC against AML cell lines expressing a 
broad range of FLT3 levels
FLT3 expression was determined for 14 human AML 
cell lines by quantitative flow cytometry, which revealed 
a broad range of surface receptor levels, ranging from 
fewer than 100 FLT3 copies per cell in KG-1 cells to 4000 
copies per cell in EOL-1 cells (median of 600 molecules). 
Similar results were obtained on analysis of primary 
BM-derived blasts from 20 AML patients, where expres-
sion ranged from 100 to 3000 FLT3 molecules (median of 
700 molecules) (figure 3A).

TDCC of CLN-049 was investigated with the human 
AML cell lines EOL-1, MOLM-13, and U-937, which 

displayed high, medium, and low FLT3 expression levels, 
respectively. PBMC from healthy donors were co-cultured 
with AML cells in the presence or absence of CLN-049 
followed by analysis of target cell lysis via 7-AAD uptake. 
In all cases, potent target cell lysis was detected at sub-nM 
concentrations of CLN-049, with EC50 values ranging 
from 16 to 150 pM and with >85% lysis observed in all 
three cell lines with all donor PBMC (figure  3B). The 
analysis was expanded with additional donor PBMC to 
include KG-1, MV-4–11, NOMO-1, and PL-21 AML cell 
lines, confirming CLN-049 activity at similar EC50 values. 
No obvious correlation was found between FLT3 expres-
sion levels on target cells and CLN-049 potency (r2=0.24), 
indicating that CLN-049 was capable of redirecting T cells 
even against AML cells with low level FLT3 expression 
(figure 3C). Of note, the potency of CLN-049 was unaf-
fected by the mutational status of FLT3 in the evaluated 
AML cell lines (online supplemental figures 2A,B). In 
spite of exquisite sensitivity against low FLT3-expressing 
cell lines, lysis was confirmed to be FLT3-dependent by 
the sparing of Jurkat cells (figure 3D), which express no 
FLT3 by flow cytometry (online supplemental figure 3).

Figure 3  CLN-049 potently induces T cell activation and TDCC. (A) FLT3 receptor number on 14 AML cell lines and 20 patient 
BM blast samples. (B) AML cell lines were labeled with cell proliferation dye, cocultured with PBMC from three different healthy 
donors at an E:T ratio of 2:1, in the presence or absence of the indicated concentrations of CLN-049 for 72 hours. Shown 
are lysis curves, as flow cytometrically assessed by 7-AAD uptake in AML cells and CD69 expression profiles as marker for 
activation of CD4+ and CD8+ T cells. (C) Plot of FLT3 receptor number relative to CLN-049 mediated T cell activation killing 
and target cell lysis as measured by flow cytometry. Numbers identify the different AML cell lines used as targets. Correlation 
constants were calculated using log-normalized values for both FLT3 receptor number and EC50 values. (D) MOLM-13 and 
Jurkat cell lysis was determined as described in (B). (E) Supernatants from cocultures of MOLM-13 cells or U-937 cells with 
PBMC as in (B) were analyzed for the indicated cytokines by Luminex. AML, acute myeloid leukemia; BM, bone marrow; PBMC, 
peripheral blood mononuclear cells; TDCC, T cell dependent cellular cytotoxicity; 7-AAD, 7-aminoactinomycin D.
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Soluble FLT3 ligand (sFLT3L) and shed FLT3 extracel-
lular domain (sFLT3) have been reported in AML patient 
sera at concentrations ranging from 0.001 to 0.1 ng/mL 
and 1–100 ng/mL, respectively.27 28 We investigated supra-
physiological levels of recombinant sFLT3L (10 ng/mL) 
or recombinant sFLT3 (150 ng/mL) for a possible inter-
ference with CLN-049-induced TDCC using MOLM-13 
as target cells. No impact on the efficacy of CLN-049 was 
observed under either condition (online supplemental 
figure 4).

Concomitant with TDCC, both CD4+ and CD8+ T 
cells were robustly activated by CLN-049 in the co-cul-
ture assays as measured by CD69 expression, with CD4+ 
T cells appearing to be more potently activated than 
CD8+ T cells. EC50 values for inducing T cell activation 
were consistently lower than for inducing target cell lysis 
(figure  3C). CLN-049 also dose-dependently stimulated 
release of TNFα, IFNγ, and IL-6 in co-cultures of AML 
cell lines with PBMC (figure 3E). Unlike TDCC activity, 
where no significant correlation between FLT3 expres-
sion and cytotoxicity was observed, cytokine release was 
significantly lower in the presence of U-937 cells (~200 

FLT3 molecules/cell) as compared with MOLM-13 cells 
(~1400 FLT3 molecules/cell).

Normal FLT3-expressing cells are less sensitive to CLN-049-
induced TDCC than AML cells
We determined FLT3 expression levels on DCs from 
PB (online supplemental figure 5A,B) and CD34+ cells 
from BM of healthy donors (online supplemental figure 
5C). cDC1 cells (HLA-DR+CD11c+CD141+CD1c-) 
expressed on average 600 FLT3 molecules per cell and 
their frequency in PBMC was only 0.05%. cDC2 cells 
(HLA-DR+CD11c+CD141-CD1c+) and pDCs (HLA-
DR+CD11c-CD123+) were of higher frequency (0.65% 
and 0.25%, respectively), but expressed lower levels of 
FLT3: 300 and 70 molecules per cell, respectively. CD34+ 
cells from BM expressed approximately 100 molecules 
per cell (figure 4A).

TDCC of CLN-049 against cDC1 and cDC2 cells could 
not be evaluated because cells did not remain viable in 
cell culture for the 72 hours required to assess TDCC 
(online supplemental figure 3B). For  ~50% of donors, 
however, a subset of pDCs were evaluable for analysis, 

Figure 4  In vitro safety of CLN-049 (A) FLT3 receptor number of normal cells shown in red, compared with FLT3 receptor 
number of AML cell lines in black. Numbers show the frequency of live events of the indicated cell type. Each point represents 
data from an individual donor. (B) PBMC from healthy donors were incubated with increasing concentrations of CLN-049 
for 72 hours followed by assessment of pDCs lysis by flow cytometry. (C) BM cells from healthy donors were incubated with 
increasing concentrations of CLN-049 for 72 hours followed by assessment of CD34+ cells lysis by flow cytometry. (D) Purified 
T cells from the indicated donors were incubated with increasing concentrations of the indicated CD3-specific antibodies for 
72 hours followed by assessment of CD4+ and CD8+ T cell activation via CD69 analysis by flow cytometry. (E) PBMC from 
healthy donors were incubated with increasing concentrations of the indicated CD3-specific antibodies for 72 hours in the 
presence or absence of MOLM-13 cells. Subsequently, CD4+ and CD8+ T cell activation was assessed via analysis of CD69 
expression by flow cytometry. AML, acute myeloid leukemia; BM, bone marrow; pDCs, plasmacytoid dendritic cells; PBMC, 
peripheral blood mononuclear cells.
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which revealed no significant lysis in four of five donors 
(figure 4B). CLN-049 did not induce significant lysis of 
BM-derived CD34+ cells from any of the five evaluated 
donors (figure 4C).

T cell activation by CLN-049 is dependent on FLT3 binding
Although CLN-049 has two CD3-binding scFvs, they 
seem to bind the CD3ε subunits in the TCR in a mutu-
ally exclusive fashion, as recently shown for a PSMA/
CD3-bispecific sister molecule which shares the Fcγ1 
domain and anti-CD3 scFvs with CLN-049.29 To confirm 
this for CLN-049, we evaluated the activation of purified 
T cells via CD69 expression in the absence of target cells. 
Positive control antibodies were the agonistic anti-CD3 
murine mAbs OKT3 as well as UCHT1, the latter being 
the parental murine anti-CD3 mAb used for construction 
of CLN-049. Whereas OKT3 induced T cell activation in 
3/3 donors and UCHT1 in 2/3 donors, CLN-049 induced 
no significant T cell activation over background in any of 
the donor T cells tested (figure 4D).

Healthy PBMC contain a low frequency of FLT3-
expressing cells (figure  4A). When donor PBMC were 
incubated with CLN-049, both CD4+ and CD8+ T cells 
in the PBMC samples showed a slight dose-dependent 
increase of CD69 expression (figure 4E). When MOLM-13 
AML cells were added, treatment resulted in robust T cell 
activation. The lack of activation with purified T cells, the 
low-level activation of T cells in PBMC, and the profound 
activation of T cells in the presence of AML cells demon-
strate that CLN-049 stimulates T cells in a strictly FLT3-
dependent manner.

Anti-leukemic activity of CLN-049 in a xenograft model of 
human AML
To evaluate the PK and efficacy of CLN-049 in vivo, NCG 
mice were engrafted with human PBMC and MOLM-13 
AML cells, and then treated with CLN-049 as outlined in 
figure 5A,B. In the PK cohort, a 0.01 mg/kg dose yielded 
a terminal half-life of 5.6 days, consistent with a typical IgG 
molecule (figure 5C). In the efficacy cohort (figure 5B), 
mice were treated with CLN-049 weekly. On day 15, PB was 
sampled, and CLN-049 at 0.001 mg/kg reduced the number 
of detectable MOLM-13 cells by 87%, while CLN-049 at 
0.003 mg/kg and 0.01 mg/kg did so by >95% (figure 5D). 
CLN-049 significantly increased median survival compared 
with IgG control by 27% at 0.001 mg/kg, 49% at 0.003 mg/
kg, and 76% at 0.01 mg/kg (figure 5E).

Activity of CLN-049 against primary human AML cells
We next assessed whether CLN-049 could mediate lysis 
of primary AML blasts at physiological E:T ratios. Out of 
three ex-vivo samples from AML patients examined, two 
exhibited E:T ratios below 1:1 (figure  6A). In all cases, 
CLN-049 induced lysis of AML blasts by autologous T cells 
to near-completion at antibody concentrations below 
10 nM (figure 6A).

To evaluate the activity of CLN-049 against primary 
leukemic cells in vivo, we engrafted NSG mice intrave-
nously with AML patient cells and with PBMC from a 
healthy donor as effector cells, followed by treatment with 
CLN-049 or a control bsAb (MOPCxCD3). On day 24, 
compared with animals receiving the control antibody, 
treatment with CLN-049 resulted in a 96% reduction in 
tumor burden in the BM (figure 6B).

Figure 5  In vivo activity of CLN-049 (A, B) Study designs of CLN-049 administered to NCG mice engrafted with 1×105 
MOLM-13 AML cells and 2×107 human PBMC, consisting of (A) a PK cohort and (B) an efficacy cohort. (C) PK curve of CLN-
049 injected intravenously at 0.01 mg/kg. (D) MOLM-13 counts in peripheral blood at day 15. (E) Kaplan-Meier survival curves. 
Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test (D) or Mantel-Cox test (E). 
AML, acute myeloid leukemia; ANOVA, analysis of variance; PBMC, peripheral blood mononuclear cells; PK, pharmacokinetics.
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Activity of CLN-049 against primary human B-ALL cells
As FLT3 expression has also been reported for B-ALL,30 31 
we investigated how expression compares to other B cell 
leukemia targets. Cell surface expression of FLT3 as well 
as that of CD20 and CD22 was evaluated in samples from 
15 B-ALL patients by flow cytometry. FLT3 was detect-
ably expressed in 10/15 samples, which was a greater 
fraction than observed for CD20 (1/15) or CD22 
expression (9/15) (figure 7A). In a subset of samples, 
including the example shown (figure  7B), CD20 and 
CD22 were poorly expressed compared to FLT3. As with 

AML, CLN-049 could mediate lysis of primary B-ALL 
blasts to near-completion, including E:T ratios below 1:1 
(figure 7C).

To evaluate the in vivo efficacy of CLN-049 against primary 
human B-ALL blasts, we engrafted NSG mice with B-ALL 
patient cells and PBMC from a healthy donor as effector 
cells, followed by treatment with CLN-049 or the control 
bsAb MOPCxCD3. On day 17, compared with animals 
receiving the control antibody, treatment with CLN-049 
resulted in a 85% reduction in tumor burden in the BM 
(figure 7D).

Figure 6  Cytotoxicity against primary AML cells (A) PBMC from three AML patients were incubated with increasing doses 
of CLN-049 for 72 hours followed by assessment of target cell lysis by flow cytometry. (B) NSG mice were coengrafted with 
8×106 PBMC from an AML patient and 8×106 PBMC from a healthy donor, and then treated with CLN-049 or a control antibody 
(MOPCxCD3) on days 0, 3, and 10 (1 mg/kg on day 0, and 0.5 mg/kg on days 3 and 10). Leukemic burden was evaluated by 
flow cytometry of BM on day 24 and quantified by the ratio of human AML cells (hCD45+hCD33+) to murine hematopoietic cells 
(mCD45+). ****p<0.0001. Statistical analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test (B). 
ANOVA, analysis of variance; AML, acute myeloid leukemia; BM, bone marrow.

Figure 7  Efficacy of CLN-049 in B-ALL (A) Fifteen samples of B-ALL patients were evaluated for CD20, CD22, and FLT3 
expression by flow cytometry. B-ALL blasts were identified as CD19+. Shown in each graph is a rank-ordered distribution of 
expression patterns for each target. (B) Representative donor with low expression of CD20 and CD22 and high expression 
of FLT3. (C) PBMC from two B-ALL patients were incubated with increasing doses of CLN-049 for 72 hours followed by 
assessment of target cell lysis by flow cytometry. (D) NSG mice were coengrafted with 4×106 PBMC from a B-ALL patient 
and 10×106 PBMC from a healthy donor, then treated with CLN-049 or a control antibody (MOPCxCD3) on days 7 and 11 
(1.5 mg/kg). Leukemic burden was evaluated by flow cytometry of the BM on day 17 by the ratio of human B-ALL cells 
(hCD45+hCD33+) to murine hematopoietic cells (mCD45+). **p<0.01. Statistical analysis was performed using one-way ANOVA 
with Dunnett’s multiple comparisons test (D). ANOVA, analysis of variance; B-ALL, B-cell acute lymphoblastic leukemia; BM, 
bone marrow.
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DISCUSSION
While T cell-redirecting therapies have significantly 
improved the treatment of certain B cell hematologic 
malignancies,6 7 there remains a dearth of approved 
agents of this class in AML. One shortcoming in the field 
is the quality of target antigens. While several highly 
specific B cell markers have been successfully targeted, 
including CD19, CD20, CD22 and BCMA, without signif-
icant toxicities,32 the situation for AML is different. The 
most frequently exploited targets for T cell therapies in 
AML are CD33, CD123, and CLEC12A,8 which are all 
broadly expressed in the large and complex myeloid cell 
compartment. As a result, T cell-engaging bsAbs against 
these targets are expected to have a narrow therapeutic 
index both due to ablation of normal myeloid cells and as 
a consequence of broad systemic T cell activation which 
can potentially lead to cytokine release syndrome.

Here, we selected FLT3 as target antigen for several 
reasons: (1) FLT3 is expressed in ~80% of AML patients16; 
(2) FLT3 is expressed in B-ALL patients, in some cases to 
a greater extent than CD20 or CD22; (3) FLT3 expression 
on normal cells is limited to subsets of myeloid DCs in PB, 
and expression levels on progenitor cells in the BM are 
low; (4) FLT3 is a well-characterized oncogenic driver of 
disease, reducing the risk of tumor escape by target loss.

CLN-049 was designed for two-armed FLT3 target binding 
and functionally single-armed CD3 binding by employing a 
symmetric IgG fusion protein format with a silent Fc domain. 
As shown here, CLN-049 is able to bind cells expressing low 
levels of FLT3 by an avidity effect but cannot activate T cells 
in the absence of FLT3. Alternative engineering strategies to 
achieve monovalent CD3 binding include asymmetric IgG-
based fusions or tandem single-chain Fv constructs, so called 
BiTE antibodies. Such formats typically do not exploit an 
avidity effect for target binding. Due to its symmetric, IgG-
based design, CLN-049 can be produced and purified at 
the high yields and with the stability typical of conventional 
mAbs, allowing for a conventional antibody manufacturing 
processes.

In cocultures of human PBMC with various AML cell 
lines, CLN-049 consistently drove complete target cell 
lysis at sub-nM EC50 values, suggesting that responses may 
be achieved in patients at very low doses. As observed with 
other T cell-engaging antibodies,33 34 neither EC50 values 
for TDCC nor for T cell activation significantly correlated 
with levels of FLT3 expression on target cells. This is in 
accordance with typical cytotoxic T cell function, where 
single digit numbers of pMHC complexes are sufficient 
to trigger formation of cytolytic immune synapses and 
target cell lysis.35 The high potency of CLN-049 may be 
facilitated by avid binding to FLT3 and specifically via a 
membrane-proximal epitope. This feature of CLN-049 
should be confirmed in animal models bearing low FLT3-
expresing tumors. If survival is significantly improved 
in this setting, as would be predicted from the in vitro 
co-culture data, then this would suggest that CLN-049 
could address a broad patient population due to a low 
FLT3 expression threshold required for clinical benefit. 

As previously described,36 we found target expression 
level to affect cytokine release more so than cytotoxicity. 
Although in vitro cytokine release is not always predic-
tive of cytokine release syndrome in the clinic, and these 
studies were not reproduced in an in vivo model, the 
trends described herein suggest that patients with low 
FLT3 expressing blasts may have reduced cytokine-related 
toxicities yet maintain benefit from CLN-049 treatment.

Despite the high potency of CLN-049 against AML cell 
lines, we did not observe significant depletion of normal 
FLT3-expressing cells, including DCs from PB and CD34+ 
cells in BM samples. In contrast, autologous T cells in PBMC 
from AML and B-ALL patients mediated complete lysis of 
AML blasts on treatment with CLN-049, even at very low 
E:T ratios. This suggests that normal FLT3-expressing cells 
are less susceptible to TDCC by CLN-049 than AML cells 
expressing similarly low levels of FLT3, the mechanistic basis 
for which warrants further investigation.

Given the low threshold for FLT3 expression levels, 
CLN-049 may have applications beyond AML. For 
example, CLN-049 may impart clinical benefit in prema-
lignant myeloid disorders, including myeloproliferative 
neoplasms and myelodysplastic syndrome, especially 
patients that present as refractory anemia with excess 
blasts that have a high likelihood of progressing to 
AML.37 While canonically considered a marker and driver 
of myeloid disease, we also detected robust FLT3 expres-
sion on B-ALL patient samples, in line with published 
data.30 31 In a subset of samples, expression of FLT3 was 
higher than expression of CD22, an emerging target for 
immunotherapy of B-ALL. In accordance with these find-
ings, CLN-049 was able to drive the depletion of patient-
derived B-ALL both in vitro and in vivo. In conclusion, we 
expect CLN-049 to have robust antitumor activity in the 
clinic in both AML and related myeloid disorders as well 
as in FLT3-expressing B-ALL patient populations.
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SUPPLEMENTARY FIGURES 

 

Supplemental Figure 1. Lack of binding to FLT3 homologs and characterization of binding to Fc receptors A) 

Summary of Biacore binding data of CLN-049 using human, murine, and rhesus FLT3. B) Summary of Biacore binding 

data of CLN-049 using recombinant FcγR and FcRn. 
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Supplemental Figure 2. Lack of sensitivity of CLN-049 to FLT3 mutational status A) Summary of FLT3 genotype from 

evaluated AML cell lines. B) Potency of CLN-049 as measured by cytotoxicity, CD8 activation, and CD4 activation 

against AML cell lines of indicated FLT3 genotype. 
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Supplemental Figure 4. Lack of interference of soluble FLT3L or soluble FLT3 at supraphysiological levels MOLM-

13 cells were labeled with cell proliferation dye and pre-incubated with 10 ng/ml sFLT3L or 150 ng/ml sFLT3L, as 

indicated, prior to addition of CLN-049 and PBMC at an E:T ratio of 2:1 for 72h. Shown are lysis curves, as flow 

cytometrically assessed by 7-AAD uptake in MOLM-13 cells.   
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Supplemental Figure 5. Flow cytometry gating schema to evaluate in vitro toxicity A) Gating schema to identify DC 

subsets in peripheral blood. B)  Representative flow cytometry plots demonstrating that while all evaluable donors 

had observable pDC and cDC populations on 0h, only ~50% of donors had an observable pDC population after 72h. 

C) Gating schema to identify CD34+ subsets in BM aspirates. 
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