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Abstract
Acute myeloid leukemia (AML) derives from hematopoietic stem and progenitor cells (HSPCs). To date, no AML‐exclusive, non‐
HSPC‐expressed cell‐surface target molecules for AML selective immunotherapy have been identified. Therefore, to still apply

surface‐directed immunotherapy in this disease setting, time‐limited combined immune‐targeting of AML cells and healthy

HSPCs, followed by hematopoietic stem cell transplantation (HSCT), might be a viable therapeutic approach. To explore this, we

generated a recombinant single‐chain variable fragment‐based bispecific T‐cell engaging and activating antibody directed against

CD3 on T‐cells and CD117, the surface receptor for stem cell factor, expressed by both AML cells and healthy HSPCs. Bispecific

CD117xCD3 targeting induced lysis of CD117‐positive healthy human HSPCs, AML cell lines and patient‐derived AML blasts in

the presence of T‐cells at subnanomolar concentrations in vitro. Furthermore, in immunocompromised mice, engrafted with

human CD117‐expressing leukemia cells and human T‐cells, the bispecific molecule efficiently prevented leukemia growth in

vivo. Additionally, in immunodeficient mice transplanted with healthy human HSPCs, the molecule decreased the number of

CD117‐positive cells in vivo. Therefore, bispecific CD117xCD3 targeting might be developed clinically in order to reduce

CD117‐expressing leukemia cells and HSPCs prior to HSCT.
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INTRODUCTION

Hematopoietic stem and progenitor cells (HSPC) support lifelong he-
matopoiesis.1 HSPC malignancies such as acute myeloid leukemia
(AML), myelodysplastic neoplasia (MDS), and myeloproliferative neo-
plasia (MPN) derive from HSPCs by acquiring genetic alterations in a
stepwise process.2,3 Although some HSPC malignancies might present
specific neoantigens in the context of their MHC,4,5 there are currently
no known broadly expressed surface antigens in HSPC malignancies
that sufficiently distinguish healthy from malignant HSPCs. Thus, se-
lective cell‐surface immune targeting of malignant HSPCs while sparing
healthy, cell‐of‐origin HSPCs remains a yet unresolved challenge.

Indeed, in other hematologic malignancies such as B‐cell
and plasma cell neoplasia, all currently successful clinical im-
munotherapeutic approaches, with either antibody constructs or
chimeric antigen receptor (CAR) T‐cells, target cell‐surface antigens
shared between neoplastic cells and their cells of origin. Targeting
lineage‐specific B‐cell antigens, such as CD19, CD20, CD22, and
CD79a, or plasma cell antigens, such as BCMA and GPRC5D, leads to
healthy B‐ and plasma cell depletion, respectively. This collateral
damage is clinically tolerated, and immunoglobulin substitution
can temporarily compensate for B‐cell and plasma cell functions.6

Furthermore, once immunotherapy against B‐cells and plasma cells is
terminated, healthy target cells can re‐emerge from HSPCs.

We and others have hypothesized that selectively targeting a
common surface antigen present on both neoplastic HSPCs and
their healthy counterparts within a defined timeframe could be a
viable approach.7 It could potentially achieve the dual purpose of
reducing or eliminating neoplastic cell growth and simultaneously
freeing the HSPC niche, thereby serving as a preconditioning
strategy. This, in turn would, upon termination of immunotherapy,
enable subsequent healthy hematopoietic stem cell transplantation
(HSCT) in order to rescue the hematopoietic system.8,9 The target
antigen for such an approach might be CD117 (c‐Kit), the healthy
HSPC and HSPC malignancy expressed transmembrane tyrosine
kinase and receptor for stem cell factor.7,10,11 CD117 might be a
particularly well‐suited target due to the in the hematopoietic‐
system‐restricted expression in HSPCs and mast cells.12–15 Ad-
ditionally, CD117 signaling is vital for maintaining healthy HSPCs
and is likely to be also important for the survival of malignant HSPC,
possibly reducing the risk of immune escape by receptor loss under
selective therapeutic pressure.16,17

Bispecific antibodies or antibody‐derived constructs, capable of re-
directing T‐cell activity in a TCR‐MHC‐independent manner against target
cells, represent a potent class of antibody products that can achieve se-
lective biocidal action in vivo.18–20 T‐cell‐engaging bispecific antibodies
(TCEs) can induce lysis of target cells at sub‐nanomolar concentrations in
the presence of T‐cells.21 The bispecific antibody product blinatumomab,
which simultaneously binds human CD19 and CD3 antigens, is the first‐
in‐class product to receive marketing authorization for the treatment of B‐
cell precursor acute lymphoblastic leukemia [ALL; Kantarjian et al.22].
Blinatumomab is a Bispecific T‐cell engager (BiTE™), a recombinant
antibody‐construct produced by sequential fusion of two single‐chain Fv
antibody fragments.23 We reasoned that similar TCE binding to CD117
and CD3 might be an effective means to selectively eliminate CD117‐
expressing healthy and malignant/diseased HSPCs within a controlled,
limited timeframe prior to subsequent transplantation of allogeneic (or
possibly genetically modified autologous) CD117‐expressing HSPCs. We
here describe the generation and characterization of a tandem arrange-
ment of two scFv antibody fragments, specific to CD117 and to CD3,
resulting in a T‐cell engager (TCE), which we will subsequently call for
simplicity “CD117xCD3 TCE.” We demonstrate that the novel TCE only
activates T‐cells in target‐antigen presence and efficiently directs T‐cell

biocidal activity toward CD117‐expressing human HSPCs, AML cell lines,
and primary human AML cells in vitro and in xenogeneic immunodeficient
mouse models in vivo.

MATERIALS AND METHODS

Generation of the CD117xCD3 bispecific T‐cell
engaging and activating antibody‐construct

We constructed the CD117xCD3 TCE from the sequences of the
anti‐human CD117 (c‐Kit) antibody 79D24 and the anti‐human CD3
antibody OKT3 from blinatumomab.23 It was genetically assembled
by successive overlap PCR in the order VL79D‐Linker15aa‐VH79D‐
Linker5aa‐VHOKT3‐Linker18aa‐VLOKT3 with or without a C‐terminal
His6 tag, indicated as CD117xCD3 TCE His‐tag or CD117xCD3 TCE,
respectively.

Protein expression and purification

We produced CD117xCD3 TCE His‐tag using transient gene
expression (TGE) in Chinese hamster ovary cells (CHO‐S, RRID:
CVCL_7183), and CD117xCD3 TCE using a stably transfected
CHO clonal cell line. In both cases, we purified the product from
the supernatant using protein A affinity chromatography and then
exchanged it with phosphate buffer. The quality of the protein
was assessed by SDS‐PAGE under nonreducing and reducing
conditions and size exclusion chromatography using a Superdex
200 Increased 10/300GL column on an Äkta Pure FPLC system
(both Cytiva). LC‐MS was performed on a Waters Xevo G2‐XS
QTOF instrument coupled to a Waters Acquity UPLC H‐Class 147
System using a 2.1 × 50 mm Acquity BEH300 C4 1.7 μm column
(Waters).

In vitro cytotoxicity assays

The leukemia cell lines (MOLM14, HL‐60, and Kasumi‐1) were
maintained in the appropriate culture medium until the killing assay
was established, whereas primary mononuclear cells (MNCs) or
CD3+/CD19+ double‐depleted peripheral blood (PB) cells were
thawed on the same day as the assay setup. Healthy donor apheresis
samples and AML patient cells were obtained from the Department
of Medical Oncology and Hematology Biobank, University Hospital
Zürich, Zürich, Switzerland, with written informed patient consent.
The study was conducted in accordance with the Declaration of
Helsinki and approved by the Cantonal Ethics Board of Zürich,
Switzerland (2009‐0062). Healthy donor bone marrow MNCs were
purchased from STEMCELL (catalog no. 7001.2) and thawed on the
day of the experiment. The flow cytometric cytotoxicity assay was
adapted from previously published protocols25 and was used to
quantify T‐cell cytotoxicity. We co‐cultured T‐cells and target
cells at the indicated effector‐to‐target ratios in T‐cell medium
comprising advanced RPMI media supplemented with 10% FBS,
penicillin/streptomycin (100 U/mL/100 µg/mL; Gibco, Thermo
Fisher Scientific), and 1× Glutamax™ (Gibco, Thermo Fisher Scien-
tific, catalog no. 35 050 061). CD117xCD3 TCE was diluted in the
medium and added at the specified concentrations. At the indicated
time points, cell lysis was assessed by flow cytometry using a BD
LSR Fortessa II cell analyzer (Becton Dickinson). Antibodies used in
this study are indicated in Supporting Information S1: Table 1. We
calculated the percentage of specific cell lysis using the following
formula26:
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Specific Lysis (%) = 1 − × 100
live target cells (CD117xCD3)

live target cells (control)
⎡
⎣

⎤
⎦

In vivo studies in xenogeneic mouse models

All procedures involving experimental animals were performed ac-
cording to Swiss Animal Welfare Laws and Regulations (licenses 134/
2022 and 004/2018). NSG (RRID: IMSR_JAX:005557) and 129/Sv
(RRID: IMSR_JAX:009104) mice were purchased from Charles River
(Germany) and maintained at our local animal facility. Healthy male and
female mice 6–9 weeks old were selected for in vivo experiments. For
pharmacokinetic studies, we intravenously (i.v.) administered 10–25μg
of bispecific antibody. We collected blood samples at the indicated
time points to determine the antibody concentrations. For safety stu-
dies, we engrafted NSG mice with 1.4 × 107 peripheral blood mono-
nuclear cells (PBMCs), and on the next day, 50μg CD117xCD3 TCE
was injected intraperitoneally (i.p.). Mouse bone marrow (BM), PB, and
spleen were analyzed by flow cytometry for T‐cell activation, and
serum was collected for cytokine analysis. For therapeutic studies, sub‐
lethally irradiated NSG mice were intravenously injected with 105

MOLM14 CD117high GFP+Luc+ cells. The next day and on Day 7, 107

purified expanded T‐cells isolated from healthy donors or AML pa-
tients in remission were i.v. injected. Starting from Day 1 until the end
of the experiment, we administered CD117xCD3 TCE i.p. (12.5 μg)
twice daily every 12 h. Engraftment levels were monitored weekly
using bioluminescence imaging (IVIS), and at the study endpoint, we
performed flow cytometry analysis of the BM, PB, and spleen. BM cells
from one femur were resuspended in 1mL of FACS buffer in a single‐
cell suspension, and 200 μL were analyzed by flow cytometry after the
addition of counting beads (Biolegend). Single‐cell suspensions of
spleens (1mL) and 150 μL of blood were obtained after incubation in
red blood cell lysis buffer (Biolegend). In therapeutic studies against
primary AML, sublethally irradiated NSG mice received 5 × 106 CD3/
CD19 double‐depleted AML blasts intravenously. After 7 days, 107

unexpanded healthy‐donor‐derived T‐cells were injected i.v., and mice
received 12.5 μg CD117xCD3 TCE i.p. every 12 h. After 10 days, the
experiment was terminated, and PB and BM were processed for flow
cytometry as previously described. For xenograft models of healthy
human hematopoiesis, adult donor‐mobilized PB CD34+ cells were
engrafted in NSG mice, following established protocols.27 Nine weeks
postengraftment, as confirmed by PB flow cytometry, 107 T‐cells from

the same apheresis donor were administered in the absence of pre-
conditioning therapy, with or without CD117xCD3 TCE (12.5 μg b.i.d.).
The study was terminated at Week 11 after 10 days of treatment, and
PB and BM were analyzed by flow cytometry.

Statistical analysis

Unless otherwise noted, data are reported as mean ± standard de-
viation (SD). Statistical analyses were conducted using GraphPad
Prism (version 10) using one‐way analysis of variance (ANOVA) with
Šídák's multiple comparisons test or two‐way ANOVA followed by
Tukey's post hoc test for multiple comparisons (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).

RESULTS

CD117 antigen expression on primary AML samples at
diagnosis and on healthy BM HSPCs and mast cells

We analyzed CD117 target antigen expression on the most recently
diagnosed and coherently with the same diagnostic workflow eval-
uated AML patients (n = 69) at the Medical Oncology and Hematology
department of our institution with the same clinical diagnostic ana-
lytic workflow. Background data on AML samples is provided in
Supporting Information S1: Table 2. We further analyzed expression
of CD117 on healthy bone marrow samples (n = 10) from our in-
stitution and on MOLM14 cells with the same diagnostic workflow.
We present the respective data in Figure 1. Specifically, we show the
representative flow cytometry analysis gating strategy for analyzing
CD117 expression on healthy donor BM mast cells, B‐cell progeni-
tors, and HSPCs by flow cytometry (Figure 1A) and the representative
gating strategy to analyze CD117 expression on AML blasts from BM
aspirate and PB samples (Figure 1B). Sequential gating includes time
gating, doublet exclusion, and debris removal. CD15+ granulocytes
and CD19+ cells are excluded before gating CD45dim blast cells based
on CD45 expression and SSC. The CD45dim blast population was
subsequently divided into two sub‐populations based on CD45 ex-
pression: CD45dim,higher and CD45dim,lower. The following figure panels
(Figure 1C–I) illustrate comparative analyses of CD117 mean fluor-
escence intensity (MFI) on different cell types, beginning with a
comparison of CD117 expression on PB versus BM AML blasts from
different patients (total n = 69, PB n = 18; BM n = 51) in Figure 1C. We

F IGURE 1 CD117 antigen expression on primary AML samples at diagnosis, on healthy BM HSPCs and mast cells, and on CD117 expressing MOLM cells.

(A) Representative gating strategy for analyzing CD117 expression on healthy donor BM mast cells, B‐cell progenitors, and HSPCs by flow cytometry. Data clean‐up
includes time gating, doublet exclusion, and debris removal. A CD45/SSC plot is used to discriminate CD45dim cells. After excluding B‐cell progenitors
(CD45dimCD19+CD34+/−), cells were further discriminated into CD45dimCD34+CD38− HSPCs and more differentiated CD45dimCD34+CD38+ HSPCs. Mast cell and HSPC

gating presented as large dots. (B) Representative gating strategy to analyze CD117 expression on AML blasts from bone marrow (BM) aspirate (top) and peripheral blood

(PB) samples (bottom) from two AML patients at diagnosis. Sequential gating includes time gating, doublet exclusion, and debris removal. CD15+ granulocytes and CD19+

cells are excluded before gating CD45dim blast cells based on CD45 expression and SSC. The CD45dim blast population was subsequently divided into two sub‐populations,
based on CD45 expression: CD45dim,higher and CD45dim,lower. (C) CD117 median fluorescence intensity (MFI) with interquartile range on total CD45dim blasts in AML

patient samples (total n = 69) collected from PB (n = 18) and BM (n = 51). Statistical analysis was conducted using an unpaired t‐test. (D) Median CD117 expression and

interquartile range on CD45dim,higher and CD45dim,lower blast populations from AML patient samples. Statistical analysis was conducted using paired t‐test. (E) Within the

same AML sample, CD117MFI was compared between CD45dim,higher and CD45dim,lower populations. A total of 23 patients had rather higher CD117 MFI on CD45dim,lower

cells (left), while 46 patients had higher or similar CD117 MFI on CD45dim,higher cells (right). (F) Median CD117 expression and interquartile range on malignant cells

(Kasumi‐1, HL60 CD117 low, HL60 CD117 high, MOLM14 CD117 low, MOLM14 CD117 high, AML patient CD45dim blasts) and on healthy BM populations (B‐cell
progenitors, CD34+CD38− HSPCs, CD34+CD38+ HSPCs and mast cells) (n = 11 healthy BM samples). Dashed horizontal lines indicate the CD117MFI of MOLM14 CD117

low and MOLM14 CD117 high cells, measured using the same machine and settings as the patient samples and healthy donor BM samples. (G, H) CD117 MFI and

interquartile range according to the mutational status of NPM1 and FLT3 in AML patient cells (G) and ELN Risk group 2017 (H). Statistical analysis was conducted using

one‐way ANOVA with Tukey's multiple comparisons test. (I) Calculated degree of linear correlation (Pearson's r) from the log10 transformed MFI and its statistical

probability (p‐value) to assess the relationship between the CD117 MFI and CD34 MFI (left), CD38 MFI (middle), and CD33 MFI (right) on total CD45dim blast populations

from AML patients. (C–I) AML sample 1, used for both in vitro and in vivo experiments, was denoted in red.
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then examined CD117 expression by gating on the CD45 higher or
lower blast populations (Figure 1D,E). In Figure 1F, AML CD117 ex-
pression is contrasted with healthy BM HSPCs and mast cells, as well
as various AML cell lines with varying CD117 levels. Additionally,
Figure 1G analyzes CD117 expression based on AML NPM1 and FLT3
mutational status, while Figure 1H relates it to the AML European
LeukemiaNet (ELN 2017) classification. Finally, we correlate CD117
expression with the co‐analyzed surface antigens CD34, CD38, and
CD33 (Figure 1I). In sum, the data shows broadly varying CD117
expression on blasts from AML patients, while the range of expres-
sion in healthy BM cells is rather small. The average expression of
AML blasts and healthy HSPCs is similar and lies within the range of
HL60 and MOLM14 low CD117 expressing cell lines. In the rather
small AML cohort analyzed, we find no statistically significant asso-
ciation of CD117 expression with either NPM1/FLT3 mutational
status or ELN 2017 classification. In the correlative analysis of surface
marker expression, we find a weak but significant positive correlation
between CD117 and CD34 and CD38 expression, while there is a
weak negative correlation between CD117 and CD33 expression.

Cloning, expression, and characterization of
CD117xCD3 TCE

Figure 2A,B depicts the schematic structure of the vector and
CD117xCD3 TCE, which was expressed in CHO cells. The chosen
tandem scFv format featured a VL‐VH‐VH‐VL arrangement for the
variable antibody domains. We used the 79D antibody for CD117
recognition,24 while we chose the OKT3 moiety for CD3 targeting, as
this scFv fragment has been successfully used for blinatumomab.23 We
used a short Gly4Ser linker to connect the two scFv fragments in order
to yield a tandem scFv product with minimal amounts of oligomer (e.g.,
TandAb) formation.28 The complete amino acid sequence is shown in
Supporting Information S1: Figure 1A. The fusion protein was ex-
pressed in CHO cells by stable gene expression29 and purified to
homogeneity by Protein A chromatography, as the VH79D domain
belongs to theVH3 family, followed by a hydroxyapatite polishing step.
Mass spectrometric analysis revealed a main peak, whose mass
(54,090Da) was larger than the theoretical one (52,652Da) due to
predicted N‐linked glycosylation at position N154, confirmed by di-
gestion with PNGase F enzyme (New England BioLabs), as illustrated in
Figure 2C. A single band was visible by SDS‐PAGE electrophoresis
(Figure 2D). The TCE was produced in various batches. Purity upon
production was calculated to be >90% based on size‐exclusion chro-
matography analysis (representative example in Figure 2E). The
CD117xCD3 TCE bound with high affinity to recombinant extracellular
preparations of CD117 (Figure 2F) and CD3 (Figure 2G), as revealed by
BIAcore analysis.30 At the beginning of our studies, we generated an
analogous TCE construct displaying a C‐terminal His‐tag by transient
gene expression in CHO cells. In subsequent continuation of the

project, we removed the His‐tag (as it was not essential for purifica-
tion). We indicate throughout the manuscript in which experiments we
used the TCE molecule with the His‐tag. For completeness, we show
the characterization of theTCE with His‐tag in Supporting Information
S1: Figure 1B–F. We tested the serum half‐life of CD117xCD3 TCE in
mice upon i.v. injection, using two independent methods. We either
injected the unmodified CD117xCD3 TCE or the 125I‐radiolabeled
protein version. We then measured antibody levels in serum by ELISA
(Figure 2H) or in whole blood by detecting the radioactivity with a
gamma counter (Supporting Information S1: Figure 1G), respectively.
Both methods revealed a serum half‐life of about 30min (26.8 and
28min, respectively). We also tested the serum half‐life of
CD117xCD3 TCE upon i.p. injection (Figure 2I) as this application route
in our hands is the most feasible for multiple repetitive injections in
respective in vivo experiments. While the peak concentration occurred
with delay and was lower compared to i.v. injection, the measured
serum half‐life remained about the same.

CD117xCD3 TCE induces T‐cell mediated lysis of
CD117+ but not CD117− HeLa cells in vitro

To test and visualize if CD117xCD3 TCE recruits and activates T‐cells
against CD117+ target cells, we artificially expressed the truncated
form of CD117 on adherent HeLa cells and then co‐incubated them
with T‐cells and CD117xCD3 TCE His‐tag. The representative 34.16 h
time‐lapse video of CD117+ versus CD117− HeLa cells, co‐incubated
with T‐cells and CD117xCD3 TCE His‐tag, demonstrated efficient
T‐cell‐mediated lysis of CD117+ HeLa cells, while CD117− HeLa
cells continued to grow without being lysed by T‐cells (Supporting
Information S1: Video 1).

CD117xCD3 TCE activates T‐cells only in presence of
CD117‐expressing target cells in vitro and in vivo

To first evaluate if CD117xCD3 TCE might induce T‐cell activation in
the absence of CD117‐target cells, we incubated healthy donor‐
derived PBMCs (which do not contain relevant amounts of CD117‐
positive cells) with CD117xCD3 TCE for 72 h in the presence and
absence of MOLM14 cells, either negative for CD117 or transduced to
express CD117 at high levels (Figure 1F and Supporting Information
S1: Figure 2). The ratio of PBMCs to MOLM14 target cells was set up
as 1:1, leading to an effector T‐cell to MOLM14 target cell ratio of
about 1:3 in disfavor of effector T‐cells (Figure 3A). To ensure correct
read‐out with respect to CD117 flow‐cytometry detection, we ex-
cluded potential cross‐reactivity/hindrance of CD117 binding by the
CD117xCD3 TCE (79D clone for CD117 binding) and the anti‐CD117
antibody used for CD117 detection by flow cytometry (104D2 clone)
in Supporting Information S1: Figure 3. Over time, significant specific

F IGURE 2 Cloning, expression, and characterization of the bispecific CD117xCD3 TCE. (A) Schematic representation of the arrangement of the CD117xCD3

TCE. The anti‐CD117 antibody 79D24 was cloned in the chain order VL79D‐Linker‐VH79D and genetically fused to the anti‐CD3 antibody OKT3 in the order

VHOKT3−VLOKT3 without a C‐terminal hexa histidine‐tag. (B) Schematic representation of the CD117xCD3 TCE. The N‐terminus of the fusion protein is indicated as

N’. (C) Mass spectrometric analysis of the purified product, native and treated with PNGase, showed a product of 54,090 and 52,642 Da, indicating a single

N‐glycosylation of 1448 Da, thus confirming the theoretical weight of 52,652 Da. (D) Purified CD117xCD3 TCE exhibited migration at the expected (monomeric) size

of ~55 kDa in SDS‐PAGE gel. M, Marker, NR, non‐reducing conditions; R, reducing conditions. (E) Representative size exclusion chromatography profile of the

CD117xCD3 TCE. (F) Binding of the CD117xCD3 TCE to recombinant human target antigen CD117 in a Biacore experiment at the indicated concentrations.

(G) Binding of the CD117xCD3 TCE to recombinant human target antigen CD3 in a Biacore experiment at the indicated concentrations. (H, I) Quantitative

pharmacokinetic study of CD117xCD3 TCE. Mice were injected i.v. (H) and i.p. (I) with 25 μg of CD117xCD3 TCE. Blood was taken at different time points and serum

concentrations of CD117xCD3 TCE were measured by ELISA (mean ± SD from n = 2 mice per time‐point, analyzed in duplicate wells). Half‐life (t1/2) and the highest

concentration in blood (Cmax) are reported on the graph.

HemaSphere | 7 of 21



(A)

(D)

(F)

(G)

(E)

(B) (C)

F IGURE 3 (See caption on next page).

8 of 21 | A CD117xCD3 bispecific TCE



lysis of MOLM14 CD117+ cells was induced by theTCE, while this was
not the case for MOLM14 CD117− cells (Figure 3B). This was paral-
leled by control of MOLM14 CD117+ cell growth in presence of the
TCE, while both MOLM CD117+ cells in absence of TCE as well as
MOLM14 CD117− cells (+/− TCE) continued to grow. T‐cells only
expanded upon exposure to both MOLM14 CD117+ cells and TCE
(Figure 3C). Similarly, only the presence of both MOLM14 CD117+

cells and TCE induced measurable IFN‐γ and IL‐2 cytokine release
(Figure 3D) and T‐cell proliferation, as determined by FarRed dye di-
lution (Figure 3E). Furthermore, only presence of MOLM14 CD117+

cells and TCE induced full phenotypic T‐cell activation as determined
by T‐cell surface expression of the activation markers CD69 and CD25
(Figure 3E,F).

We also evaluated in vivo T‐cell activation in the absence of
CD117 target cells, following administration of CD117xCD3 TCE,
which is not cross‐reactive with the homolog mouse antigens.24,31

The experimental outline is shown in Supporting Information S1:
Figure 4. We injected NSG mice i.v. with 1.4 × 107 healthy donor
PBMCs. The following day, mice were injected with either a bispecific
antibody (50 µg, i.p.) or saline solution. Consistent with the results
from the in vitro experiments, we observed a marginal increase in
CD69 but no CD25 expression on human CD3‐positive cells upon
CD117xCD3 TCE application, and no relevant cytokine release
(Supporting Information S1: Figure 4B–D).

In summary, these experiments provide evidence that the newly
generated CD117xCD3 TCE in combination with T‐cells leads to
T‐cell activation and lysis of target‐antigen expressing cells. Im-
portantly, the data also demonstrates that in absence of target
antigen‐expressing cells, no relevant T‐cell activation and target cell
lysis was observed (even in this allogeneic cell culture setting), in-
dicating CD117 target‐antigen restricted activity of the CD117xCD3
TCE in this in vitro short‐term experimental setting. Furthermore,
short‐term xenogeneic in vivo experiment adds additional evidence
that T‐cell activation by CD117xCD3 TCE does not occur in absence
of target antigen.

CD117xCD3 TCE elicits autologous T‐cell‐mediated
lysis of CD117+ hematopoietic stem and progenitor
cells in vitro

We next investigated the efficacy of CD117xCD3 TCE in eliciting au-
tologous T‐cell‐mediated lysis of hematopoietic stem and progenitor
cells by co‐incubating the TCE with bone marrow mononuclear cells
from three healthy donors for up to 72 h (experimental outline given in
Figure 4A). CD117xCD3 TCE efficiently induced T cell‐mediated de-
pletion of HSPCs (identified by the HSC enrichment markers
CD45dimCD34+CD117+), while sparing the CD117 negative populations
(Figure 4B). Quantification of the specific lysis showed that 78.2% of

target CD45dimCD34+CD117+ HSPCs were already lysed within
24 hours, reaching 94.8% by 72 h (Figure 4C). Additionally, supernatant
analysis demonstrated a significant increase in IFN‐γ levels when cells
were exposed to CD117xCD3 TCE (Figure 4D). The lysis of HSPCs and
secretion of pro‐inflammatory cytokines correlated positively with T‐cell
activation, evidenced by increased expression of activation markers
CD69 and CD25 (Figure 4E). A similar experiment using mobilized
HSPCs is shown in Supporting Information S1: Figure 5, which further
confirms our findings.

CD117xCD3 TCE induces T‐cell mediated lysis of
CD117+ AML cell lines in vitro

To evaluate the biocidal properties of CD117xCD3 TCE, we used three
AML cell lines. We previously engineered the AML cell line HL60 to
express the dual reporter, GFP‐Luciferase, and to display different le-
vels of CD117 on its surface.25 Similarly, we lentivirally transduced
MOLM14 AML cells to express GFP‐luciferase and various levels of
CD117 (Supporting Information S1: Figure 2A). Subsequently, we in-
vestigated the lytic activity of T‐cells elicited by CD117xCD3 TCE
against MOLM14‐CD117high GFP+Luc+ cells at an effector‐to‐target
ratio of 1:1 (E:T = 1:1). Cytotoxicity was exclusively observed when
cells were co‐cultured with CD117xCD3 TCE as exemplified in the
flow cytometry plots in Figure 5A. CD117xCD3 TCE induced pheno-
typic T‐cell activation, illustrated by CD69 and CD25 expression
(Figure 5B), T‐cell mediated target cell lysis (Figure 5C), as well as IFN‐γ
release in the culture supernatant (Figure 5D). Target cell lysis was
positively correlated with CD117 target antigen expression on AML
cell lines, with culture time, and with CD117xCD3 TCE concentration,
reaching a maximum at 1000 ng/mL (Figure 5C,D). However, at the
highest CD117xCD3 TCE concentration used (10,000 ng/mL), we
measured a slight decrease of all induced activities, likely due to target
antigen saturation on both effector and target cells by excessTCE, thus
leading to loss of effective bridging activity, a phenomenon which has
been described in multiple studies by others32,33 and also by us.34

Analysis of total numbers of target and effector cells revealed that,
while target cells were already reduced compared to controls at 24 h,
significant T‐cell proliferation was only observed at 72 h of culture
(Figure 5E).

When using CD117xCD3 TCE with and without terminal His‐tag
we detected no difference in eliciting T‐cell‐mediated lysis against
MOLM14‐CD117high cells as well as activating T‐cells at 24, 48, and
72 h (Supporting Information S1: Figure 6A,B). Expectedly, the effi-
cacy of CD117xCD3 TCE was also dependent on the E:T ratio, as
indicated in Supporting Information S1: Figure 7, where E:T ratios
ranged from 1:20 to 20:1. To test complete tumor eradication, we
performed long‐term in vitro co‐culture experiments over 120 h, and
spiked T‐cells ± CD117xCD3 TCE for a second time at 72 h, which

F IGURE 3 CD117xCD3 TCE elicits T‐cell proliferation, IFN‐γ and IL‐2 cytokine secretion, and immune‐phenotypic activation in presence but not in absence of

CD117‐expressing target cells. (A) Graph depicting average absolute cell counts at the start (time zero) of the in vitro co‐culture experiment. Peripheral blood

mononuclear cells (PBMCs) isolated from three healthy donors were combined with MOLM cells at a 1:1 ratio, resulting in a 1:3 between T‐cells within the PBMC

fraction to MOLM cells. (B) Time‐dependent (24, 48, and 72 h) specific lysis of MOLM14 GFP+CD117high and control MOLM14 WT (CD117neg) cells, induced by

addition of 1000 ng/mL CD117xCD3 TCE in combination with PBMCs. Data are shown as mean ± SD from duplicates of each donor. Statistical analysis was

conducted using two‐way analysis of variance (ANOVA) with Tukey's multiple comparisons test; *p < 0.5, **p < 0.01. (C) Absolute count of the MOLM14 WT and

MOLM14 GFP+CD117high cells (left panel) and T‐cells (right panel) in the presence and absence of TCE. Statistical analysis was conducted using two‐way ANOVA

with Tukey's multiple comparisons test; *p < 0.05, **p < 0.01. (D) IFN‐γ and IL‐2 concentrations in the supernatants of co‐cultures at 48 h shown in (A–C). Data are

shown as mean from duplicates of each donor ±SD. Statistical analysis conducted with two‐way ANOVA with Tukey's multiple comparison test; ****p < 0.0001.

(E) Representative example of pre‐gated CD3+ T‐cell proliferation within the PBMC fraction at 48 h in the indicated conditions by means of CellVue Far‐Red dye

dilution. (F) Representative flow cytometry plots at 48 h of co‐culture, gated on the CD4+ and CD8+ T‐cell subsets, showing the activation markers CD69 and CD25

expression on the respective T‐cell populations. (G) Quantification of T‐cell activation status at indicated time points (0, 24, 48, 72 h) highlighting the relative

proportions of CD69+/− and CD25+/− CD4+ T‐cells and CD8+ T‐cells.
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enhanced lytic activity against target cells (Supporting Information S1:
Figure 8). To further test CD117xCD3 TCE in another AML cell line,
we performed analogous experiments using HL60 cells, which we
transduced to express CD117 (Supporting Information S1:
Figure 9AB).25 These experiments confirmed the dose‐response be-
havior, modulated according to antigen density as well as the E:T
ratio. Interestingly, the addition of recombinant IL‐2 to the co‐culture
as an exogenous T‐cell activation signal did not substantially enhance

target cell lysis in this setting (Supporting Information S1: Figure 9C).
Finally, we tested CD117xCD3 TCE‐mediated T‐cell activation and
target cell lysis on a third AML cell line (Kasumi‐1), which en-
dogenously expresses CD117. The in vitro results confirmed time and
TCE concentration‐dependent target cell lysis (Supporting Informa-
tion S1: Figure 10). In summary, these experiments indicate that
CD117xCD3 TCE efficiently induces T‐cell mediated lysis of CD117+

AML cell lines in vitro.

(A)

(B)

(C) (D) (E)

F IGURE 4 CD117xCD3 TCE mediates T‐cell cytotoxicity against healthy HSPCs. (A) Outline of the experimental setup. Human healthy‐donor‐derived BM

mononuclear cells (MNCs) were purchased as frozen material and cultured in vitro in the presence or absence of CD117xCD3 TCE for up to 72 h. Panel created using

Biorender.com. (B) Representative flow cytometry plots showing healthy donor bone marrow mononuclear cells, co‐cultured with and without 1000 ng/mL

CD117xCD3 TCE after 48 h of culture. The gating strategies used to analyze target cells are denoted by the arrows, and the relative frequencies of cells within each

plot are shown as percentages. (C) Quantification of percentage specific lysis of CD45dimCD34+CD117+ HSPCs at indicated time‐points. Three healthy bone marrow

donors were plated in triplicate wells (mean ± SD). (D)Quantification of IFN‐γ in the supernatants at indicated time points. Data from three healthy donors (as in panel

C), analysis performed in triplicate (mean ± SD). Statistical analysis was performed by one‐way ANOVA with Šidák's multiple comparisons test (*p < 0.05, **p < 0.01).

(E) Representative flow cytometry plots showing healthy donor BM MNCs pre‐gated on CD45 high, co‐cultured with and without 1000 ng/mL CD117xCD3 TCE for

48 h. Arrows indicate the subsequent gating sequences for CD3+ effector cell analysis; the relative proportions of cells within a plot are indicated as percent.
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F IGURE 5 (See caption on next page).
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Efficacy and dynamics of CD117xCD3 TCE and T‐cell
versus direct anti‐CD117 CAR T‐cell response against
target cells in vitro

We then compared the lytic efficacy of CD117xCD3 TCE in combi-
nation with T‐cells to the one of anti‐CD117 CAR T‐cells, previously
described.25 Lysis of MOLM14 CD117high cells was significantly more
efficient after 24 h with anti‐CD117 CAR T cells, whereas after 48 h,
lysis rates were comparable (Figure 6A). To study effector‐target‐cell
interaction dynamics, we established time‐lapse imaging with
CD117xCD3 TCE in combination with T‐cells and MACS‐purified
anti‐CD117 CAR T‐cells,25 both derived from the same T‐cell donor
(Figure 6B). We were able to successfully track lysis of MOLM14
CD117high cells with anti‐CD117 CAR‐T cells as well as CD117xCD3
TCE in combination with T‐cells, while in the absence of CD117xCD3
TEA, no target cell lysis was observed (Figure 6C; Supporting In-
formation S1: Video 2‐4). Quantification of >170 individual wells
revealed almost complete attachment of effector cells to target cells
within 24 h in both the direct anti‐CD117 CAR T‐cell and the
CD117xCD3 TCE and T‐cell combination. However, the CD117xCD3
TCE and T‐cell combination showed faster recruitment to target cells
compared to CAR T‐cells, possibly reflecting a quantitatively higher
CD3 than CAR molecule expression in the respective effector cells in
a fully saturated antigen setting (Figure 6D). Most importantly, after
individual target cell attachment, anti‐CD117 CAR T‐cells lysed target
cells more potently than CD117xCD3 TCE with T‐cells, and the lysis
of multiple target cells was more frequently observed by anti‐CD117
CAR T‐cells compared to the CD117xCD3 TCE approach (Figure 6E,
left panel). However, when analyzing only the successful killing
events with either anti‐CD117 CAR T‐cells or CD117xCD3 TCE with
T‐cells, we observed no differences in time from attachment to killing
(Figure 6E, right panel), demonstrating comparable target‐cell lysis
dynamics between anti‐CD117 CAR T‐cells and CD117xCD TCE with
T‐cells. However, the efficacy of lysis at the single‐cell level was
higher with anti‐CD117 CAR T‐cells compared with CD117xCD3 TCE
and T‐cells, possibly due to the presence of co‐stimulatory molecule
signaling in CAR T‐cells (4‐1BB), which is absent in the CD117xCD3
TCE and T‐cell setting.

T‐cells derived from AML patients in remission in
combination with CD117xCD3 TCE induce efficient
lysis of CD117 expressing MOLM14 cells and primary
CD117 expressing human AML cells

We next asked the question if also AML patient‐derived T‐cells (similar
to healthy donor‐derived T‐cells) are capable to induce AML cell line
(MOLM14) or primary patient‐derived AML blast lysis. The expression
of CD117 on six AML patient blasts and patients' characteristics used
in this manuscript experiments are listed in Supporting Information S1:

Figure 11A,B (AML blasts), and Supporting Information S1: Table 3
(AML patient T‐cells).

As demonstrated in Figure 7A–F, the observed lysis of MOLM14
CD117 high and MOLM14 CD117 low target cell lines was similarly
efficient, independently of the healthy‐donor or AML‐patient derived
effector T‐cells. As expected, the T‐cell expansion and IFN‐γ release
to supernatants were lower when targeting MOLM14 CD117 low
cells (Figure 7B,C,E,F). These observations were recapitulated when
executing the same experimental setup against primary AML patient‐
derived blast cells (Figure 7G–I), albeit the lytic activity was sub-
stantially lower compared to the lytic activity observed in MOLM14
cells, likely due to the lower CD117 expression of primary patient
AML blasts. Further experiments testing CD117xCD3 TCE‐mediated
healthy‐donor T‐cell or autologous T‐cell activation against patient
AML cells are shown in Supporting Information S1: Figures 12 and 13.

As biocidal activity increased as a function of time in most ex-
periments, we thought to extend the observation time. We executed a
long‐term in vitro assay for up to 192 h (similar to the MOLM14 cells in
Supporting Information S1: Figure 8), spiking in T‐cells ± CD117xCD3
TCE a second time at 72 h to the co‐culture. A representative ex-
periment demonstrating almost complete primary human AML cell
elimination in the case of both the addition of a second dose of T‐cells
and CD117xCD3 TCE is shown in Supporting Information S1:
Figure 14.

In sum, these experiments demonstrate that both T‐cells from
healthy donors as well as from AML patients in remission are capable
of efficiently lysing MOLM14 cells as well as primary AML blasts (in
autologous and allogeneic settings), when activated via CD117xCD3
TCE in vitro.

CD117xCD3 TCE leads to efficient T‐cell mediated
AML cell depletion in vivo

In order to analyze CD117xCD3 TCE activity in vivo, we first established
transplantation and growth kinetics of GFP+Luc+CD117high MOLM14
cells in sublethally irradiated (100 cGy) NSG mice (experimental setup
shown in Supporting Information S1: Figure 15A). The analysis shows
time‐dependent engraftment of 105 MOLM14 cells over 10 days by in
vivo bioluminescence (Supporting Information S1: Figure 15B,C), abso-
lute counts (Supporting Information S1: Figure 15D), and 3D microscopy
(Supporting Information S1: Figure 15E). Based on this data, the dou-
bling time of the MOLM14 cell line in vivo was calculated to be about
1.3 days.

Assuming that the CD117xCD3 TCE activity would likely be most
efficient in a “minimal residual disease (MRD)” setting with a favorable
E:T ratio, we tested the therapeutic activity starting at Day 1 after
MOLM14 transplantation. The experimental setup is illustrated in
Figure 8A. We intravenously injected 105 GFP+Luc+CD117high

MOLM14 cells into sublethally irradiated (100 cGy) NSG mice. The
following day, we administered 107 anti‐CD117 CAR T‐cells as positive

F IGURE 5 CD117xCD3 TCE elicits T‐cell cytotoxicity against human MOLM14 AML cells in a TCE concentration‐dependent, target antigen‐density‐
dependent and time‐dependent manner. (A) Representative flow cytometry analyses at three subsequent time points (24, 48, 72 h), showing the relative proportions

of MOLM14 CD117high GFP‐positive target cells and healthy donor‐derived T‐cells. Conditions with and without 1000 ng/mL CD117xCD3 TCE added into the co‐
culture were compared as indicated. (B) Representative flow cytometry analyses of T‐cell activation at indicated time points (24, 48, 72 h), showing the relative

proportions of CD69+/− and CD25+/− T‐cells (pre‐gated on CD3+ cells). Indicated concentrations of CD117xCD3 TCE were compared to conditions with no

CD117xCD3 TCE added. (C) Quantification of percentage specific lysis of MOLM14 CD117high, CD117medium, and CD117low cells as a function of CD117xCD3 TCE

concentration added to co‐cultures. Data from three T‐cell donors, experiment performed in duplicate wells (mean ± SD). (D) Quantification of IFN‐γ in the

supernatants of co‐cultures from (C). (E) Absolute cell counts of MOLM14 cells (expressing various CD117 levels as indicated, left panel) and of effector T‐cells (right
panel) in presence or absence of 1000 ng/mL TCE. Statistical analysis was conducted using two‐way ANOVA with Tukey's multiple comparisons test; *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001.
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control25 or 107 T‐cells, with or without i.p. injection of 12.5 μg
CD117xCD3 TCE every 12 h. Bioluminescence imaging revealed that
MOLM14 cells were engrafted and expanded in all mice that received
only MOLM14 or MOLM14 cells and T‐cells. In contrast, strong tumor
growth inhibition was observed when mice were treated with either
the combination of T‐cells and CD117xCD3 TCE or with CD117‐CAR

T‐cells (Figure 8B,C). Data were further quantified by counting the
fraction of GFP+ MOLM14 cells within the human CD45+ cell popu-
lation isolated from the PB, spleen, and BM of a femur at terminal
analysis (Figure 8D,E). We detected no statistically significant differ-
ence in the mice treated with either CD117xCD3 TCE plus T‐cells or
CD117‐CAR T‐cells regarding both their flux signal at terminal analysis

(A) (B)

(C)

(D)

(E)

F IGURE 6 (See caption on next page).
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and the residual tumor cells detected by flow cytometry in the
analyzed organs. Of note, as the CD117‐CAR T‐cell products used in
the in vivo experiments were 60%–80% pure, their in vivo E:T ratio
might have been somewhat lower compared to the E:T ratio of non-
transduced T‐cells, activated via the CD117xCD3 TCE. However, this
difference in E:T was possibly compensated by more efficient lytic
activity of CAR T‐cells, which are enhanced by built‐in co‐stimulation, a
feature absent in TCE‐activated T‐cells.

To test if AML patient‐derived T‐cells, harvested at time of re-
mission after induction therapy, are also able to induce CD117xCD3
TCE mediated lysis of GFP+Luc+CD117high MOLM14 cells in vivo, we
repeated the same experimental setup, comparing patient‐derived T‐
cells versus healthy‐donor T‐cells and healthy‐donor derived anti‐
CD117 CAR T‐cells (Supporting Information S1: Figure 16A–D). The
results indicate that that both T‐cells in combination with
CD117xCD3 TCE (but not without it) are about equally efficient in
inhibiting growth of GFP+Luc+CD117high MOLM14 target cells and
that there is no relevant difference observed to direct anti‐CD117‐
CAR T‐cell activity.

Additionally, we tested if the growth of primary patient‐derived
AML cells engrafted into NSG mice can be inhibited by the addition of
healthy‐donor T‐cells with or without the addition of CD117xCD3
TCE. Figure 9A–C shows the experimental setup and the results, in-
dicating significant in vivo reduction of AML cells only in the presence
of both T‐cells and CD117xCD3 TCE.

In summary, the here presented experiments document
CD117xCD3 TCE and T‐cell (healthy donor and AML patient‐derived)
mediated in vivo growth inhibition of GFP+Luc+CD117high MOLM14
and/or primary AML patient blasts.

CD117xCD3 TCE leads to efficient T‐cell mediated
healthy human HSPC depletion in vivo

Finally, we tested the therapeutic activity of CD117xCD3 TCE against
healthy human HSPCs in a xenograft mouse model. The experimental
setup is depicted in Figure 10A. NSG mice were transplanted with
mobilized peripheral blood healthy human donor CD34+ cells. After 7
weeks, engraftment was analyzed in blood of mice, showing multi‐
lineage human hematopoietic development with T‐cells still lacking
(Figure 10B). After 8 weeks, n = 2 mice were sacrificed and analyzed
for engraftment in thymus and bone marrow, showing multi‐lineage
human hematopoietic development, including double‐positive T‐cell

development in the thymus (Figure 10C,D). Mice were then injected at
Week 9 with human T‐cells from the same HSPC donor and were
treated (or not) with CD117xCD3 TCE for 10 subsequent days b.i.d. as
indicated. The subsequent terminal analysis is shown in Figure 10E,G.
We observed significant CD3+ T‐cell expansion and CD19+ B‐cell
reduction in peripheral blood and, more importantly, a significant re-
duction of CD117‐expressing HSPCs in the bone marrow. At the same
time, the relative overall human CD45+ cell engraftment remained
rather stable. Highly CD117‐expressing human mast cells in the bone
marrow of NSG mice were detectable at low levels and those were
further reduced in CD117xCD3 TCE‐treated animals, although, given
the low numbers of mice analyzed, this reduction was not significant
(Supporting Information S1: Figure 17A,B).

In summary, this indicates a relative selective reduction of CD117
expressing human HSPCs, which, over the short treatment period of
10 days, did not yet substantially decrease HSPC offspring cells.

DISCUSSION

Here, we report on a novel single‐chain variable fragment‐based,
bispecific, T‐cell engaging and activating antibody, which binds to
human CD117, expressed on HSPCs and AML cells, and to CD3,
expressed on T‐cells (named CD117xCD3 TCE). In vitro, CD117xCD3
TCE induced T‐cell mediated lysis of healthy HSPCs from human BM
and PB (by activating the same‐donor BM and PB T‐cells) and of AML
cell lines, expressing various levels of CD117 on their surface, in a
concentration‐, antigen‐density‐, as well as time‐dependent manner.
Also, the CD117xCD3 TCE induced T‐cell mediated lysis of primary
human AML cells. In a xenogeneic in vivo setting in NSG mice, re-
sembling a minimal measurable (or residual) disease situation, the
CD117xCD3 TCE in combination with T‐cells prevented the out-
growth of a CD117‐positive AML cell line with comparable efficacy as
direct anti‐CD117 CAR T‐cells. Similarly, CD117xCD3 TCE in com-
bination with T‐cells prevented outgrowth of human primary AML in
vivo in a patient‐derived xenotransplantation setting. Furthermore,
CD117xCD3 TCE in combination with T‐cells induced depletion of
human HSPCs in human CD34+ cell engrafted, immunodeficient mice.
Of importance, upon activation with CD117xCD3 TCE, peripheral
blood T‐cells from AML patients in remission were able to lyse AML
cells with similar efficacy as healthy donor‐derived T‐cells.

Currently, clinically successful cell‐surface immune‐targeting ap-
proaches for hematologic malignancies do not discriminate between

F IGURE 6 Comparison of lysis dynamics between anti‐CD117 CAR‐T cells and CD117xCD3 TCE and T‐cells using time‐lapse imaging. (A) Percentage of

specific lysis of MOLM14 GFP+ CD117high cells after 24 and 48 h in co‐culture with anti‐CD117 CAR T‐cells or T‐cells from two matched donors plus 1000 ng/mL

CD117xCD3 TCE. Cells were cocultured at an E:T = 1:1, two independent experiments from two CAR T‐cell and T‐cell matched healthy donors are shown.

(B) Workflow of the time‐lapse imaging pipeline to study effector‐target cell interactions. Cells were co‐cultured at an E:T = 1:1 for up to 72 h on microgrids glued to

chamber slides to allow for quantification of single attachment and lysis events. After meeting standard criteria (i.e., appropriate movie quality allowing for cell

traceability and high cell viability of target and effector cells over the course of imaging) individual time‐lapse movies in which both target and effector cells were

successfully plated in an E:T‐ratio of 3:1 to 1:3 were chosen for final analysis. Panel created using Biorender.com (C) Representative time‐lapse images of MOLM14

GFP+ CD117high cells (grey) co‐incubated with direct anti‐CD117 CAR T‐cells or T‐cells (effector cells in red) with CD117xCD3 TCE (1000 ng/mL). Target cell lysis

was marked by propidium iodide (PI) influx (green). Time to PI influx was further divided into two components: the time to sustained effector‐target cell attachment

and time from attachment to target cell lysis. (D) Effector‐target‐cell interactions were analyzed and quantified in >170 independent wells using time‐lapse imaging

and experimental data were pooled from two different matched healthy donors. Co‐incubation of MOLM14 GFP+ CD117high cells with T‐cells and CD117xCD3 TCE

(1000 ng/mL) led to similar attachment rates to target cells within 24 h when compared to anti‐CD117 CAR T‐cells (left panel). Tracking of successful attachment

events showed significantly faster attachment to MOLM14 GFP+ CD117high cells with CD117xCD3 TCE (right panel). For the fraction of attached cells, Chi2‐test was

used to determine p values; p values for time to attachment were determined by unpaired Student's t‐test; **p < 0.01. (E) After successful target‐cell engagement,

target‐cell lysis was tracked in >150 individual wells. Anti‐CD117 CAR T‐cells lysed significantly more often when compared to CD117xCD3 TCE. In wells containing

>1 target cell, anti‐CD117 CAR T‐cells significantly more frequently lysed multiple target cells when compared to CD117xCD3 TCE with T‐cells (left panel). Time from

attachment to target‐cell lysis did not differ between both groups (right panel). For the fraction of lysed cells, Chi2‐test was used to determine p values; p value for

time to killing was determined by unpaired Student's t‐test; ***p < 0.001; ****p < 0.0001.

14 of 21 | A CD117xCD3 bispecific TCE

https://Biorender.com


malignant cells and healthy cell‐of‐origin counterparts. In fact, all
clinically approved monoclonal antibodies, bispecific T‐cell engaging
and activating antibodies, and CAR T‐cells utilized against B‐ and
plasma cell malignancies eliminate both neoplastic and healthy cells
without discrimination.35,36 While such an approach is clinically ac-
ceptable in B‐ and plasma cell neoplasia, a similar, nondiscriminating
approach with respect to cell‐of‐origin in malignancies derived from
HSPCs, such as AML, MDS, and MPN, will lead to bone marrow
aplasia, which is incompatible with the long‐term survival of patients.
Therefore, the immune targeting of HSPC malignancies is only
possible with more elaborate solutions. Ideally, distinct cell surface
antigens, exclusively expressed on malignant HSPCs, should be
identified. These could be either MHC‐presented epitopes of
mutated driver molecules (NPM‐1; van der Lee et al.4 or some broadly

expressed antigens, such as CD70, CLL‐1 (CD371), or SICLEC‐6,
which might be preferentially expressed in more mature blasts in
AML37–40 or combinations thereof.41,42 While identifying truly
malignant HSPC‐specific target antigens remains an important goal, a
pragmatic solution for the time being is to non‐selectively target
healthy and malignant HSPC‐expressed common antigens, such as
CD33, CD45, CD117, CD123, or CD135, and replace collaterally
eliminated healthy HSPCs with new, autologous, or allogeneic HSPCs
by transplantation. To prevent the incoming transplant from being
attacked, immunotherapy needs to be stopped prior to HSPC trans-
plantation or, as recently demonstrated, the transplant must be
genetically engineered to resist immunotherapy.43–46

In our proposed approach, we suggest targeting CD117, which is
expressed on most, if not all, AML, MDS, MPN initiating, and

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

F IGURE 7 T‐cells derived from AML patients in first remission lyse MOLM14 cells and primary AML cells with similar efficacy as healthy donor T‐cells upon
activation with CD117xCD3 TCE. (A) Percentage specific lysis of MOLM14 CD117high cells by T‐cells upon addition of 1000 ng/mL CD117xCD3 TCE at 24, 48, and

72 h. Cells were cocultured at an E:T = 1:1, and the experiment was performed in duplicate wells (mean ± SD). Data from three healthy‐donor‐derived T‐cells and five

AML‐patient‐derived T‐cells isolated at first remission after AML diagnosis. (B) Absolute count of the target cells (left panel) and effector cells (right panel) in the

presence and absence of TCE from the experiment shown in (A). (C) Quantification of IFN‐γ in the supernatant from experiments depicted in (A, B). (D–F) Same

experimental setup and analysis as in (A–C) but with the use of MOLM CD117 low target cells. (G) Percentage specific lysis of CD45dimCD3− AML blasts from four

AML patients (AML #1, 2, 3, 4) by T‐cells at indicated time‐points following the addition of 1000 ng/mL CD117xCD3 TCE. Cells from each AML patient were

co‐cultured with T‐cells from healthy donors (n = 3) and from AML patients collected at first remission after AML diagnosis (n = 3). The experiment was performed in

duplicate wells, and the data is presented as the mean of the T‐cell‐mediated lysis against the same AML patient blasts ± SD. (H) Absolute count of the target cells

(left panel) and effector cells (right panel) in the presence and absence of TCE from the experiment shown in (G). (I) Quantification of IFN‐γ in the supernatant of

experiment in (G, H). (A–I) Statistical analysis was conducted using two‐way ANOVA with Tukey's multiple comparison test; *p < 0.05; **p < 0.01; ***p < 0.001.
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F IGURE 8 T‐cells in combination with CD117xCD3 TCE elicit similar strong cytotoxicity against MOLM14 AML cells as CD117‐CAR T‐cells in a therapeutic,

low disease‐burden setting in vivo in NSG mice. (A) Schematic outline of the experimental setup. NSG mice were sublethally irradiated (100 cGy) and i.v. injected with

105 GFP+Luc+CD117high MOLM14 cells. The following day, mice received either PBS, 107 anti‐CD117 CAR T‐cells, or 107 T‐cells i.v., the latter with or without

12.5 μg CD117xCD3 TCE i.p. injection every 12 h (n = 4). A second injection of 107 T‐cells was performed in T‐cell‐transferred mice on Day 7. (B) Bioluminescence

imaging (BLI) of MOLM14 engraftment at Days 7, 11, 14, and 18 after transplantation in mice treated as indicated. (C) Quantification of the bioluminescence flux of

whole‐body imaging of mice over at indicated time‐points. Statistical analysis was conducted using two‐way ANOVA with Tukey's multiple comparisons test

(*p < 0.05, ***p < 0.001). (D) Absolute GFP+ MOLM14 cell count in blood, spleen, and bone marrow of one femur each at terminal analysis. Statistical analysis was

performed by one‐way ANOVA with Tukey's multiple comparisons tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (E) Representative flow cytometry plots

of live cells from BM of indicated experimental groups.
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maintaining cells as well as on healthy HSPCs,7,17 albeit at varying
expression levels. Immune‐targeting of CD117 with a monoclonal
antibody to eliminate healthy HSPCs as a means of selective pre-
conditioning for hematopoietic stem cell transplantation has been
demonstrated in mouse models more than a decade ago.10,47–49 This
concept has been explored in the clinical setting of hematopoietic
stem cell transplantation for immune deficiencies, with remarkable
engraftment results.50 However, targeting CD117 with a stem cell
factor‐blocking antibody may not be sufficient to achieve full donor
chimerism and this approach may not efficiently eliminate malignant
HSPCs.51–53 More efficient CD117‐expressing cell depletion might
be achieved by antibody‐drug conjugates or by CAR T‐cells. Indeed,
fertility‐preserving myeloablative conditioning has been recently de-
monstrated in a non‐human primate therapy model with a CD117
targeting antibody‐drug conjugate.15 Also, a more effective targeting
approach, utilizing CD117‐directed CAR T‐cells in both primary and
humanized mouse models, has been previously explored by others
and us.25,54–56 Although CAR T‐cell mediated approaches seem highly
efficient, they also require elaborate in vitro effector cell generation
followed by in vivo effector cell termination to allow subsequent
HSPC engraftment.

With the development of a short half‐life, bispecific CD117xCD3
TCE, we here provide a possible, non‐genotoxic “off the shelf” solu-
tion for engagement of a strong endogenous T‐cell effector response
against malignant and healthy HSPCs, with the advantage of rapid
termination of treatment within hours in case of occurrence of side
effects (as e.g., cytokine release syndrome, or potential release of

mast cell substrates upon T‐cell induced mast cell apoptosis). In
addition, termination of therapy should theoretically allow for timely
healthy HSPC transplantation without the risk of targeting incoming
CD117‐expressing cells, a procedure, which needs to be tested in
future research.

Besides the described potential advantages of the CD117xCD3
TCE, there might also be limitations. While we believe that most of
the observed biologic activity of the TCE is due to binding of the
monomer to both target antigens, followed by subsequent T‐cell
activation, we cannot formally exclude the theoretical concern that a
likely small portion of the efficacy is due to possible functional
aggregate formation in the non‐monomeric fraction in vitro and in
vivo. Further studies in context of a possible clinical development of
the TCE will need to address and resolve this concern. More than
hundred alternative formats for bispecific antibodies have been
proposed,18 and it is well possible that longer‐lived or different affi-
nity or avidity products may be preferable for clinical applications.
Furthermore, in contrast to second‐generation CAR T‐cells, bispecific
TCEs, such as the here‐described CD117xCD3 TCE, lack the delivery
of a second co‐stimulatory signal in addition to the CD3‐mediated
TCR signal. This lack of co‐stimulation might lead to insufficient
biocidal activity to fully eliminate malignant cells, a limitation that will
possibly be overcome by delivering a co‐stimulatory signal via a
second binder.57,58 Both, the here used 79D anti‐CD117 binder and
the OKT3 anti‐CD3 binder do not cross‐react with respective mouse
homologues. In addition, anti‐CD3 antibody moieties commonly used
for the generation of bispecific products (e.g., OKT3 and UCHT‐1) do

(A)

(B)

(C)

F IGURE 9 T‐cells in combination with CD117xCD3 TCE elicit cytotoxicity against primary human AML cells in a murine xenograft model. (A) Schematic

experimental setup. Sublethally (100 cGy) irradiated NSG mice were i.v. engrafted with 5 × 106 CD3/CD19 double‐depleted PB cells isolated from a primary AML

patient (PID 1). Four days later, indicated mice were injected i.v. with PBS or 107 T‐cells. Subsequently, an indicated subgroup of mice was i.p. injected twice daily with

12.5 μg CD117xCD3 TCE until Day 15. (B) Absolute counts of AML cells (hCD45dim) in blood, spleen, and BM of a single femur per mouse in indicated groups at

terminal analysis. Statistical analysis was conducted using one‐way ANOVA with Tukey's multiple comparisons test; *p < 0.05, **p < 0.01. (C) Representative flow

cytometry plots of live cells from BM at terminal analysis for each experimental group. Gating sequence is indicated by arrows and percentages of cells in the

respective plots are shown.

HemaSphere | 17 of 21



(A)

(B) (C)

(D)

(E)

(F) (G)

F IGURE 10 (See caption on next page).
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not cross‐react with the CD3 antigen of Cynomolgus monkeys.
This restricted antigen recognition pattern prevents the execution of
full toxicology studies in mice and non‐human primates. However,
precedents for OKT3‐based bispecific antibodies have been explored
in clinical trials based on limited safety pharmacology investiga-
tions.59,60 Alternatively, the minimum anticipated biological effect
(MABEL) dose may be determined based on in vitro studies rather
than findings in non‐human primates.61 Novel anti‐CD3 antibodies
that cross‐react with Cynomolgus monkey antigens may facilitate
future product development.62,63

In summary, we have generated and characterized a novel bis-
pecific antibody, which in the presence of T‐cells is able to selectively
eliminate CD117‐positive cells. Although bispecific TCE or CAR T‐cell
therapies are currently mostly approved and applied in clinically
measurable disease settings, we believe that their clinical efficacy will
benefit from more favorable in vivo E:T ratios in minimal disease‐
burden settings, as for example, suggested by recent studies on the
clinical first in class drug blinatumomab.64,65 From our perspective,
the immediate clinical application of the CD117xCD3 TCE might be in
a time‐limited setting prior to state‐of‐the‐art allogeneic HSCT
in patients with high‐risk minimal measurable residual AML or MDS in
first remission. This would allow for testing of safety, on‐target and
off‐target toxicity,7,17 and efficacy with respect to CD117‐positive
cell reduction in the bone marrow prior to pre‐conditioning for HSCT.
Further research is needed to investigate whether such an approach
might also permit the reduction and replacement of cytotoxic che-
motherapy in the pre‐conditioning approach for HSC niche clearance,
allowing subsequent incoming donor HSC to engraft.
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F IGURE 10 CD117xCD3 TCE in combination with T‐cells mediate human CD117 +HSPCs lysis in humanized mice. (A) Schematic outline of the experimental

setup. Sub‐lethally irradiated NSG mice (100 cGy) were engrafted i.v. with 2 × 106 CD34‐selected mobilized peripheral blood HSPCs (M‐PB HSPCs) from healthy

donor 3. At Week 7 after cell inoculation, human chimerism was assessed in peripheral blood by flow cytometry. One week later, two representative cohort mice

were terminally analyzed to assess human engraftment in the thymus and bone marrow. At Week 9, 107 T‐cells isolated from the M‐PB HSPC donor 3 were injected

i.v. Subsequently, 12.5 μg CD117xCD3 TCE was administered i.p. every 12 h for 10 days. (B) Percentages of all human CD45+ cells (left) and human lineage antigen

expression on cells (right) in peripheral blood 7 weeks after transplantation. Each symbol represents an individual mouse. (C) Human T‐cell analysis in the thymus from

a representative mouse 8 weeks after transplantation. (D) Representative flow cytometry plots of BM cells isolated from a single femur of a mouse 8 weeks after

transplantation. Sequential gating is indicated. (E) Representative flow cytometry plots of live cells from BM at terminal analysis for each experimental group. The

sequence of gating is shown in the top row. (F) Percentages of lymphoid and myeloid cells in the peripheral blood of treated and untreated mice at terminal analysis.

Statistical analysis was performed using one‐way ANOVA; ****p < 0.0001. (G) Percentages of all human CD45+ cells (left) in the bone marrow from a femur and

absolute counts of lymphoid and myeloid cells (middle) and progenitors (right). Statistical analysis was performed using one‐way ANOVA; *p < 0.05, **p < 0.01.
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