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ABSTRACT

In order to direct T cells to specific features of solid cancer cells, we engineered a bispecific antibody
format, named Dual Antigen T cell Engager (DATE), by fusing a single-chain variable fragment targeting
CD3 to a tumor-targeting antigen-binding fragment. In this format, multiple novel paratopes against
different tumor antigens were able to recruit T-cell cytotoxicity to tumor cells in vitro and in an in vivo
pancreatic ductal adenocarcinoma xenograft model. Since unique surface antigens in solid tumors are
limited, in order to enhance selectivity, we further engineered “double-DATEs” targeting two tumor
antigens simultaneously. The double-DATE contains an additional autonomous variable heavy-chain
domain, which binds a second tumor antigen without itself eliciting a cytotoxic response. This novel
modality provides a strategy to enhance the selectivity of immune redirection through binary targeting of
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native tumor antigens. The modularity and use of a common, stable human framework for all components
enables a pipeline approach to rapidly develop a broad repertoire of tailored DATEs and double-DATEs
with favorable biophysical properties and high potencies and selectivities.

Introduction

Antibody-based immunotherapies have shown great promise in
cancer treatment." These therapies are centered on the stimula-
tion of antitumor immunity and targeting of tumor surface
antigens with antibody-based modalities. In particular, the
enhancement of anti-cancer T-cell responses through check-
point inhibition, or redirection to tumors through bispecific
T-cell engagers (BiTEs) or chimeric antigen receptors (CARs),
has shown promise especially in treating blood cancers.” Despite
this progress, solid tumors remain challenging targets for cancer
immunotherapeutics* due to factors such as limited access of
biologics and immune cells to tumors,™ the immunosuppres-
sive tumor microenvironment,” loss of tumor antigen from the
cell surface, and development of resistance through alternative
signaling pathways.>’ For example, checkpoint inhibition may
have limited efficacy in “cold” tumors, in which there are few
tumor-infiltrating lymphocytes, or in “non-immunogenic”
tumors that are not recognized by T cells due to the absence of
cancer cell-specific ‘neo-antigens’.'*"'>

In such cases, bispecific antibodies can mitigate these problems
by recruiting T cells and directing their cytotoxic activity to
tumors. Antibodies that are engineered for such T-cell redirection
rely on an effective combination of paratopes in order to evoke
T-cell activation specifically upon binding to a tumor cell."*"*®
T-cell binding and activation are typically achieved using a single-
chain variable fragment (scFv) that engages the T-cell co-receptor
CD3. Two T-cell-redirecting molecules have been approved as

human cancer therapies, and many more are in development.>”~
' T-cell redirection has been used effectively to treat blood
cancers, but there are currently no approved CD3-engaging bis-
pecific antibodies for solid tumors, for which targeting, access, and
sustained activity remain major challenges, as discussed in reviews
by Slaney et al.* and Labrijn et al."> Several co-therapies are being
explored in combination with T-cell engagers to enhance T-cell
infiltration in solid tumors and to overcome the immunosuppres-
sive tumor microenvironment, such as oncolytic viruses and
checkpoint blockade."* Compact BiTE molecules, built with tan-
dem scFvs, are favorable for the establishment of effective immune
synapses and efficient T-cell activation®**' and may improve
access to solid tumors.”> However, scFvs are prone to intra- and
intermolecular mispairing of domains and consequent aggrega-
tion, and thus, tandem-scFv BiTEs often suffer from low produc-
tion yields, molecular heterogeneity, and low stability in serum.>*"
%> Moreover, both approved molecules, the BiTE blinatumomab
(Blincyto; DrugBank entry DB09052)"” and the bispecific IgG
catumaxomab (REMOVAB; DrugBank entry DB06607),"® and
many of the antibodies in development, contain nonhuman fra-
meworks that pose an inherent risk of eliciting immunogenicity in
humans. Therefore, multiple limiting factors, including develop-
ability, serum stability, and immunogenicity, have hampered suc-
cessful translation of T-cell-redirecting antibodies to the clinic.
Another fundamental challenge to T-cell redirection is the
limited availability of truly tumor-specific antigens.”® BiTEs,
for instance, target individual tumor antigens, but with the
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exception of rare mutations in tumor surface proteins, such as
the deletion variant EGFRVIII in glioblastoma,27 there are few
antigens that are uniquely displayed on tumors to enable tar-
geting without affecting healthy tissues in patients (on-target,
oft-tumor effects). This is especially true for solid tumors such
as pancreatic cancers, where oncogenic transformation is dri-
ven by mutations in intracellular oncogenes such as KRAS.®
KRAS oncogenic transformation induces changes in the com-
position of the native cell-surface proteins, or “surfaceome,”
which facilitates the growth and metastasis of tumors.”’
Similarly, tumor-initiating cell (TIC) populations have proven
to be challenging targets, as TICs commonly share surface
antigens with adult stem cell populations, prohibiting the safe
application of cytotoxic immunotherapies.

Recruiting T cells to malignant cells by targeting a single
tumor antigen may be sufficient to treat some cancers, but
targeting specific combinations of tumor-associated antigens
(TAAs) to improve selectivity for tumor over normal tissues
could have much broader applications in cancer therapy. There
is evidence that co-targeting TAAs can augment the selectivity
and efficacy of T-cell-redirecting antibodies and CAR-T
therapies.”” > Innovative approaches that use “AND” logic,
i.e. that require simultaneous binding of antibodies to more
than one tumor antigen for T-cell activation, are successfully
being developed.”>** On-target, off-tumor T-cell activity can
also be mitigated by creating increased binding strength
through avidity,”® as demonstrated, for instance, by adding
two low-affinity paratopes targeting HER2 protein for selective
killing of tumor cells with high HER2 receptor density.*®
Herein, a secondary goal of ours was to develop a single mole-
cular entity that would co-target distinct TAAs and increase
binding strength to cells co-expressing these targets, in order to
enable more selective T-cell redirection to solid tumors such as
pancreatic cancer.

To address some of the challenges facing the application of
T-cell-redirecting antibodies for solid tumors, we used
a modular synthetic antibody format, termed a Dual Antigen
T-cell Engager (DATE), which possesses robust biophysical
properties and can be efficiently customized for specific indica-
tions (Figure 1). For T-cell recruitment, we used the highly
validated framework from the anti-HER2 therapeutic antibody
trastuzumab to humanize the murine anti-CD3 antibody mur-
omonab and converted it into scFv format. For targeting of
tumor cells, we used an antigen-binding fragment (Fab)
library, built on the same trastuzumab framework, to rapidly

isolate Fabs that recognized diverse tumor antigens (EPHA2,
EPHB2, CD133 and EPCAM) by phage display. Due to the
modular nature of the antibody structure, Fabs could be effi-
ciently coupled to the anti-CD3 scFv to assemble DATEs for
selective tumor cell killing. A similar Fab-scFv fusion protein
has been previously described to enable co-binding of two
targets.”” By fusing an additional autonomous variable heavy-
chain (VH) domain to the Fab, we constructed “double-
DATEs” (d-DATEs) with enhanced specificity achieved by
targeting two distinct TAAs. The use of a single stable frame-
work, and different antibody fragment formats (scFv, Fab and
VH), ensured that DATEs and d-DATEs could be rapidly
assembled and purified in high yields as molecules with pre-
dictable binding and effector functions. Going forward, the
modular nature of DATEs and their compatibility with syn-
thetic antibody discovery platforms will facilitate a pipeline
approach to efficiently produce customized bi- and tri-
specific T-cell-engaging human antibodies for targeting cancer
cells with high affinity and potency.

Materials and methods
Antibody selections:

The phage-displayed synthetic library F/H and library J-D were
used to select Fabs or VH domains, respectively, that bound to
EPH receptors, as described.’® Briefly, His-tagged EPHA2 or
EPHB2 purified from SF9 insect cells® or Fc-tagged ectodo-
main (ECD) proteins (R&D Systems) were immobilized on
Maxisorp Immuno plates (ThermoFisher, #12-565-135) and
used for positive binding selections with library phage pools
that were first exposed to similarly immobilized Fc protein to
deplete nonspecific binders. After four rounds of binding selec-
tions, clonal phage was prepared and evaluated by phage
ELISA.*® Clones that displayed at least 10-fold greater signal
for binding to antigen compared with Fc were considered to be
specific binders that were subjected to further characterization.
The CD133-targeting paratope has been described previously
(US patent application #20,190,330,362)

Engineering of DATEs and d-DATEs:

DATE and d-DATE expression constructs were generated by
cloning light and heavy chains into mammalian expression
vectors with a CMV promoter. DATEs consist of a Fab heavy

a b
DATE1 HC DATE d-DATE
Tumor
antigen
DATE1 LC
CD3
Fab hOKT3 scFv H-N H-C L-N

Figure 1. DATE and d-DATE designs. (A) Schematic of the two chains that assemble to form a DATE. The first chain is a Fab heavy chain (HC), which consists of a VH
domain (light blue) and a CH1 domain (dark blue). The second chain contains a Fab light chain (LC), which consists of a VL domain (light purple) and a CL domain (dark
purple), fused to a hOKT3 scFv, which consists of a VH domain (light orange) and a VL domain (dark orange) connected by a linker (red). (B) Molecular architecture of
DATE and d-DATE proteins. The Fab and hOKT3 scFv are colored as in (A) and the additional VH domain in d-DATEs is colored green.



chain (VH-CHI) and a light chain containing a Fab light chain
(VL-CL) followed by a linker (amino-acid sequence GGGGS)
and the hOKT3 scFv. The hOKT3 scFv was attached in the
VH-VL orientation, where VH and VL are linked with
a flexible long linker (GTTAASGSSGGSSSGA), which facili-
tates scFv formation. D-DATEs were generated by fusing a VH
domain either N-terminally to the DATE heavy chain (H-N) or
light chain (L-N), or C-terminally to the DATE heavy chain
(H-C), either using one (subscript S) or two (subscript L)
GGSGG linker repeats. The H-N format with a single
GGSGG linker was used for all experiments unless otherwise
specified. Expression constructs contain antibody ORF mod-
ules as follows:

DATE HC: VH-CH1

DATE LC (hOKT3 VL-CL-GGGGS-VH-
GTTAASGSSGGSS-
SGA-VL
d-DATE H-Ng (VH domain in bold): VH-GGSGG-VH-CH1
d-DATE H-Cg (VH domain in bold): VH-CH1-GGSGG-VH

in bold):

Western blot and Coomassie analysis:

Western blot analysis was performed using lysates collected
from cells treated with RIPA buffer for 10 min on ice. Cellular
debris was pelleted by centrifugation and supernatants were
heated to 95°C with sample buffer + 5% 3-mercaptoethanol
for 3 min. Samples were separated by SDS PAGE (BioRad
MiniProtein TGX gradient gels), transferred to PVDF mem-
branes, and blocked in 5% skim milk. The following antibo-
dies were used for detection: EPHA2 D4A2 (CellSignaling
#6997 T), EPHB2 1A6C9 (ThermoFisher #37-1700),
GAPDH-HRP H12 (Santa Cruz #sc-166,574 HRP), GAPDH
(CellSignaling  #2118), anti-rabbit-HRP  (CellSignaling
#7074), anti-mouse-HRP (CellSignaling #7076), anti-
hCD133 clone7 (Biolegend #372,802), anti-CD133 clone
133-1 (in house), Goat Anti-Human Kappa-HRP (Southern
Biotech #2060-05). For Coomassie gels, 3 ug or 5 pg protein
were heated to 95°C with sample buffer (nonreducing condi-
tions) or sample buffer + 5% f3-mercaptoethanol for 3 min,
separated by SDS PAGE (BioRad MiniProtein TGX gradient
gels), stained (Coomassie Blue in 10% acetic acid + 50%
methanol in water), destained (10% acetic acid, 50% methanol
in water) and imaged.

Antibody production:

IgGs, DATEs, and d-DATEs were produced using the human
Expi293 expression system (ThermoFisher # A14635).
Expi293F cells were maintained in Expi293 expression medium
(LifeTech A1435102) on orbital shaking platforms (25 mm,
125 rpm) at 37°C and 8% CO2.

For protein production, Expi293 cells were grown to
a density of approximately 2.5 x 10° cells/mL and heavy- and
light-chain DNA was transfected at 1:1 ratios using FectoPro
transfection reagent (Polyplus Transfection #116-010). After
5 d the cell supernatant was harvested by centrifugation, incu-
bated with rProteinA Sepharose FastFlow overnight (GE
Healthcare #GE17-1279-03), and collected in Polyprep col-
umns for purification. ProteinA beads with bound antibodies
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were washed with PBS, antibodies eluted in Pierce Elution
Buffer (ThermoFisher #21,004), neutralized with TRIS pH8.0
and buffer exchanged into DPBS using Amicon centrifugal
concentrators (30 K cutoff, Millipore). Endotoxin levels of the
final preparation were measured (Charles River, Endosafe) and
protein concentrations were determined by absorbance mea-
surements at 280 nm (Biotek Epoch).

ELISA:

ELISAs were performed in 384-well Maxisorp plates coated
overnight with 1 pug/mL recombinant antigen. Plates were
blocked with 0.5% bovine serum albumin (BSA) for 1 hour at
room temperature and washed with PBS + 0.05% Tween20.
The antibody was added at 100 nM unless specified otherwise
and allowed to bind for 60 min at room temperature. Plates
were washed with PBS + 0.05% Tween20 and binding was
detected with anti-kappa HRP antibody (1:5000, Southern
Biotech #2060-05). The following antigens were used:
hEPHA2 (R&D 3035-A2), mEPHA?2 (Sino 50,586-MO0SH),
hEPHB2 (R&D 5189-B2), mEPHB2 (R&D 467-B2-200),
Gaussia luciferase (Nanolight #321-100), hEPCAM (R&D
9277-EP). Human IFN-y was quantified in cell culture super-
natants using the Human IFN-y DuoSet ELISA (R&D
DY285B-05), following the manufacturer’s instructions.
Standard curves were fitted with a 4PL fit and sample measure-
ments were interpolated accordingly.

Biolayer interferometry:

All kinetic data were generated from experiments that were
performed using BLI on an Octet HTX instrument (Forte Bio).
All experiments were performed using a buffer consisting of
PBS supplemented with 0.05% Tween-20 and 1% BSA and
a shaking speed of 1000 rpm. Kinetic measurements were
performed by immobilizing Eph antigens (described above)
to approximately 0.3 nm on AR2G sensors, followed by
quenching remaining reactive sites with ethanolamine.
Sensors were exposed to serial dilutions of the antibody for
300 seconds, followed by a disassociation time of 300 seconds.
Kinetic values were determined using the Octet Data Analysis
Software using a global fitting algorithm. Epitope binning
experiments were performed using BLI in a similar manner.
Recombinant human EphA2 ECD was immobilized via amine
coupling to AR2G sensors to provide a signal change of
approximately 0.3 nm. The competitive binding assay was
performed by saturating the sensors with a primary antibody
(100 nM) and then transferring them to wells containing
a competing antibody (100 nM). The response provided by
the competing antibody after 15 seconds of contact time with
the sensors was quantified. Recombinant Human EphB2-Fc
was captured on antihuman IgG Fc (AHQ) sensors to provide
a signal change of approximately 0.7 nm. The competitive
binding assay was performed by saturating the sensors with
a primary antibody (200 nM) for 600 s and then transferring
them to wells containing a competing antibody or ligand
(200 nM) for 600 s. Endpoint response to competing analytes
was measured and normalized based upon the antigen-
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unblocked response (i.e. an assay in which the sensor was
exposed to a nonbinding control IgG during the primary
saturation step).

Size exclusion chromatography:

Analytical SEC of DATEs or d-DATEs was performed by
applying 50 pg protein at 1 mg/mL on a TSKgel BioAssist
G3SWxl column (Tosoh Bioscience) connected to an NGC
chromatography system (BioRad) in a mobile phase of PBS
and monitoring elution at 215 and 280 nm. Preparative SEC
was performed by separating 1 mg of Protein A purified
d-DATEs over a Superdex200 column (GE Healthcare) in
PBS. Fractions corresponding to monodispersed DATE or
d-DATEs were pooled and concentrated using Amicon spin
concentrators (30 K cutoff, Millipore). Monodispersity was
confirmed via the analytical SEC as described above.

Cell culture:

Cell line HCT116 was obtained from the American Tissue
Type Collection (ATCC). Cell line KP4 was obtained from
the Japan Health Sciences Foundation (JHSF). RCC243 is
a patient-derived renal clear cell carcinoma line previously
described.*’ HEK293T cells stably expressing CD133-Green
Fluorescent Protein (GFP) have been described plreviously.42
Patient tumor-derived pancreatic ductal adenocarcinoma cell
lines GP5A, GP13A, GP14A, and GP16A were a generous gift
from Dr. David Hedley, Toronto, Canada, and described
previously.*’ Cell lines were maintained as follows: KP4 cell
lines in RPMI (ThermoFisher Cat# A1049101) supplemented
with 10% FBS, HCT116 cells in McCoy’s 5A (ThermoFisher
Cat# 16600-108) supplemented with 10% FBS, RCC243 cells in
IMDM (ThermoFisher Cat# 12440061) supplemented with
10% FBS, HEK293T cells in DMEM (ThermoFisher Cat#
11995073), GP5A, GP13A, GP14A in DMEM/F12 1:1
(ThermoFisher Cat# 11320033) supplemented with 10% FBS,
GP16A in DMEM/F12 1:1 (ThermoFisher Cat# 11320033)
supplemented with 2.5% FBS, GP9A in RPMI (Cat#
11875119) supplemented with 10% FBS. All adherent lines
were maintained at 37°C and 5% CO2.

Cell line development:

KP4, HCT116, and RCC243 cells stably expressing firefly luci-
ferase-GFP were generated by lentiviral transduction.
Lentivirus was generated by transfection of HEK293T cells
with packaging plasmid psPAX2 (Addgene #12260), envelope
plasmid pMD2.G (Addgene #12259) and expression plasmid
(Addgene #19319). Briefly, HEK293T cells were seeded 24 h
prior to transfection at a density of 400 K cells per well of
a 6-well plate. 16 h after transfection with 800 ng psPAX2, 400
ng pMD2.G and 800 ng of expression plasmid with 6 pL
X-tremeGENE 9 (Roche), medium was changed to 1.5 mL
harvesting medium (DMEM + 10% FBS + 1.1 g/100 mL BSA)
per well. 48 h after transfection, medium was collected and
spun 3 min at 700 g to pellet residual cells. For transduction,
500 pL supernatant was added to one well of a 6-well plate with
300 K cells in 1.5 mL medium with 12 ug polybrene. After 24 h

incubation, medium was changed to fresh medium with 1 pg/
mL Puromycin to select for successful integration. Cells were
further enriched for high expression clones by FACS sorting
based on the GFP signal. Cell lines were verified by measuring
luciferase signal at different seeding densities to make sure that
luciferase signal readout showed a linear correlation with cell
numbers.

Generation of KP4 EPHA2 and EPHB2 knockout cell lines:

KP4 EPHA2 knockout cells were generated using CRISPR/
Cas9 technology. Briefly, a gRNA sequence targeting exon3 of
human EPHA2 or exonl of human EPHB2 was cloned into
a modified version of CRISPR/Cas9 vector pSpCas9(BB)-2A-
Puro (PX459), a gift from Feng Zhang (Addgene plasmid #
62988),** which was transiently transfected into KP4 cells using
Lipofectamine3000 (ThermoFisher #L3000001). Successfully
transfected cells were enriched by selection in RPMI + 10%
FBS + 2.5 pg/mL Puromycin for 24 h, then trypsinized and
seeded in RPMI + 10% FBS into 96-well plates at concentra-
tions of 0.5-1 cells per well. Wells were regularly inspected for
colony growth and wells with single colonies were expanded
further. Of the multiple cell lines that showed loss of EPHA2 or
EPHB2 by Western blot, two were further confirmed to have
lost surface display of EPHA2 and EPHB2, respectively, by flow
cytometry. Both clones showed similar growth properties to
KP4 parental cells. The EPHA2 KO line was confirmed to
harbor frame-shift inducing InDels on both alleles of exon3
(+1/-110 nt) by Sanger sequencing of various PCR amplicons
of exon3.
EPHA2 exon3 gRNA: GAACGTGGAGGAGCGCTCCG
EPHB2 exonl gRNA: GCGCAGCCATGGCTCTGCGG

Cytotoxicity assays:

Tumor cell lines were seeded overnight into black, clear-
bottom 96-well plates (Corning #3904) to achieve confluency
the next day (seeding numbers: KP4 20,000-30,000 cells/well,
HCT116 50,000 cells/well, RCC243 20,000 cells/well, GP5A
20,000 cells/well, GP13A, 14A, 16A 30,000-45,000 cells/well).
The next day cells were treated with PBMCs (ATCC #PCS-800-
011) at desired E:T ratios and DATEs. Unless stated differently,
80,000-100,000 PBMCs were added per well, resulting in E:T
ratios of 4:1-5:1 for KP4 cells, 4:1-5:1 for RCC243 cells and 2:1
for HCT116 cells. As far as possible, different PBMC lots
representing different human donors were used for biological
replicates of the same experiment. Endpoint viability assays
were performed 3 d after treatment started. For cell lines stably
expressing firefly luciferase, viability was assessed by measuring
remaining luciferase activity in each well as previously
described*” using Bright-Glo luciferase substrate (Promega
#E2650). For wild-type KP4, HCT116 and patient-derived cell
lines, wells were gently rinsed with PBS to wash off PBMCs.
The viability of the remaining cells was measured using
CellTiter-Glo substrate (Promega #G7571). For both assays,
medium or PBS, respectively, was removed and 40 pL PBS +
40 pL substrate added per well. Cell lysis was facilitated by
orbital shaking for 2 min. Plates were incubated 10 min in the
dark and luminescence signal acquired using an Epoch Synergy



(10 sec integration, 130 gain). Signal in each well was normal-
ized to matching control wells that received the same amount
of PBMCs but no DATEs (named “untreated” in figure
legends; considered 100% viability) and data plotted
(signalmple/signalynereatea™ 100). For each experiment samples
were run in technical duplicates or triplicates. N-numbers
indicate biological replicates and error bars represent standard
deviation.

Jurkat NFAT reporter assay:

Tumor cell lines were seeded overnight into 96-well plates to
achieve confluent wells the next day (seeding numbers: KP4
30,000 cells/well, HCT116 60,000 cells/well, HEK293 WT or
CD133-overexpressing 50,000 cells/well). The next-day med-
ium was replaced with 50-uL complete RPMI medium (ATCC
formulation), containing DATEs and 100,000 Jurkat NFAT-luc
cells (BPS Bioscience # 60621) per well. After 24 h, NFAT
reporter activation was assessed by measuring the remaining
luciferase activity in each well using Bright-Glo luciferase sub-
strate (Promega #E2650). Briefly, 50 pL substrate was added
per well and cell lysis was facilitated by orbital shaking for
2 min. Plates were incubated 10 min in the dark and lumines-
cence signal acquired using an Epoch Synergy (10 sec integra-
tion, 130 gain). Signal in each well was normalized to matching
control wells that received the same amount of Jurkat cells but
no DATEs (named “untreated” in figure legends; considered
baseline) and data was plotted as signal/baseline (signalsample
/signalyptreated)- FOr each experiment samples were run in tech-
nical duplicates or triplicates. N-numbers indicate biological
replicates and error bars represent standard deviation.

Flow cytometric analysis of tumor cells and PBMCs:

Commercial and patient-derived tumor cell lines were
detached using StemPro Accutase Cell Dissociation Reagent
(Thermofisher #A1110501) or 10 mM EDTA (Invitrogen
#15575-038). After washing, cells were resuspended in FACS
buffer (PBS containing 2% heat-inactivated FBS (Fisher
Scientific #10-082-147) and 0.1% sodium azide (Biobasic
#DB0613)) and plated at 2.5 x 10° cells/well of a 96-well round-
bottom plate. Cells were stained with antibodies for 30 min on
ice in a total volume of 100 uL FACS buffer. For quantification
of EPHA2 and EPHB2 expression on tumor lines, primary
staining was performed with 100 nM anti-EPHA2 or EPHB2
profiler Fabs. For CD133 expression, mouse antihuman CD133
IgG (Biolegend clone W6B3C1 # 397902) was used for primary
staining at 1:250 dilution. EpCAM expression was quantified
directly with APC/Fire 750-conjugated antihuman CD326
(Biolegend; Clone 9C4). For DATE or d-DATE titrations,
primary staining was performed with antibody concentrations
ranging from 0.01 to 1500 nM. Depending on the expression of
GFP in cell lines, and other fluorochrome-conjugated antibo-
dies in the panel, secondary staining of Fabs or DATEs was
performed with either 1:500 Alexa Fluor 488-conjugated, 1:400
APC-conjugated, or 1:400 Alexa Fluor 647-conjugated
Affinipure F(ab’)2 fragment-specific goat antihuman IgG
(Jackson Immunoresearch #109-545-097, #109-136-097, or
#109-606-097), or 1:500 PE-conjugated rat anti-FLAG
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antibody (Biolegend; Clone L5). PE-labeled goat anti-mouse
IgG (Jackson ImmunoResearch #115-116-146) was used at
1:400 dilution for secondary detection of anti-human CD133
IgG. Fixable viability dyes eFluor 450, eFluor 455UV, or eFluor
780 (Thermofisher #65-0863-14, #65-0868-14, or #65-0865-14)
were used to exclude dead cells. Cells were acquired on
a Cytoflex instrument or BD FACS Canto HTS, and results
were analyzed with FlowJo software (BD Biosciences).
Fluorescent signals were reported as the half log of the median
fluorescence intensity (MFI) of a given sample normalized to
the MFI of the secondary antibody alone (log,(MFI/MFI,)).
For human PBMC staining, either for profiling of EPHA2
and EPHB2 expression or for the evaluation of T-cell activation
by DATE:s in the presence of tumor cells, cells were first blocked
in 50 pl of brilliant staining buffer (BD Biosciences #566349)
containing 5 pl human FcR blocking reagent (Miltenyi Biotec
#130-059-901) and 3% normal mouse serum (Abcam #ab7486).
Then 50 pL of brilliant staining buffer containing the following
antihuman antibodies was added to label different PBMC sub-
sets: BUV395 anti-CD4 (Clone SK3), BUV737 anti-CD56
(Clone NCAM16.2), V450 anti-CD45 (Clone HI30), BV510
anti-CD45RO (Clone UCHL1), APC anti-CD3, BB700 or APC-
H?7 anti-CD8 (Clones RPA-T8 and SK1), Biotinylated anti-CD19
and anti-CD33 (Clones HIB19 and WM53). T-cell activation
was assessed with Super bright 600 anti-4-1BB (Clone 4B4),
BV786 anti-CD25 (Clone M-A251), BB700 PD-1 (Clone
EH12.1), and PE-Dazzle 594 anti-CD69 (Clone FN50).
Secondary staining was performed for 30 mins in a total volume
of 100 pl PBS containing APC-R700 streptavidin (BD
Biosciences #565,144) and Fixable viability dye eFluor 455UV
for T-cell activation, or PE-labeled anti-Flag, V450 streptavidin
(BD Biosciences #560,797), and Fixable viability dye eFluor 780
for EPH expression. Cells were acquired with a BD Fortessa' ™
X-20 instrument and FACSDiva software (BD Biosciences).

In vivo testing of DATEs in a PDAC xenograft model:

Immunodeficient male and female NSG-SGM3 mice (Jackson
Laboratories, Bar Harbor, ME, USA; strain# 013062) were
housed in a pathogen-free environment at the animal facility of
the University of Toronto. The study was conducted according
to the guidelines of the Canadian Council on Animal Care
(CCAC) and the animal use protocols approved by the
University Animal Care Committee (UACC) at the University
of Toronto. At 9 weeks of age, animals were inoculated subcu-
taneously in their right flank with 4 x 10° KP4 cells, which were
detached from the cell culture dish with Accutase, washed with
complete RPMI medium and DPBS, and resuspended in 100 pL
of a 1:1 mixture of PBS and cold Matrigel matrix (Corning
#356237) for injection. Tumor volumes were measured using
a Vernier caliper and calculated using the formula: (Length
x Width®) x n/6. Animal weights and tumor volumes were
measured two times weekly from the start of tumor engraftment.
One day before the start of DATE administrations, animals were
assigned to experimental groups such that the average tumor
volume in each group was about 300 mm”. An intravenous (i.v.)
dose of 2 mg/kg DATE was injected the following day. 24 h later,
3 x 107 in vitro-expanded human T cells were adoptively trans-
ferred iv. to the mice, and animals received additional iv.
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administrations of 2 or 4 mg/kg DATE 1 d and 6 d after T-cell
transfer, respectively. Ten days before T-cell adoptive transfer,
cryopreserved human PBMCs (ATCC #PCS-800-011) were
thawed, washed and resuspended at about 1 x 10° cells/mL
ImmunoCult-XF T-cell expansion medium (Stem Cell
Technologies #10981) containing 1% penicillin-streptomycin.
Cells were allowed to rest for 6 h before the addition of 25 pul/
mL ImmunoCult Human CD3/CD28 Activator (Stem Cell
Technologies #10971) and 5 ng/mL recombinant human IL-2
(Peprotech #AF-200-02), IL-7 (Peprotech #AF-200-07) and IL-
15 (Peprotech #AF-200-15). Suspended cells were then trans-
ferred into 6-well plates in order to seed the cells at 1 x 10° cells/
mL/cm* and to remove adherent cells. Cells were divided on
days 3, 5, and 7 and total medium volume was increased four-
fold on days 3 and 5, and three-fold on day 7. Also, additional IL-
2, IL-7 and IL-15 cytokine was added on each of these days,
maintaining cytokine concentrations at 5 ng/mL and cell density
between 1 and 2.5 x 10° cells/mL during their expansion. On day
10 of expansion, cells were collected in 500 mL sterile flasks,
washed with 100 mL DPBS, and resuspended at 3 x 107 cells per
0.2 mL DPBS for iv. injection into mice. Injected cells were
confirmed by flow cytometry to be >96% CD3 + T cells
(Supplementary Figure S4A). The ability of these cells to kill
KP4 cells stably expressing firefly luciferase was also confirmed
in vitro using the cytotoxicity assay described earlier
(Supplementary Figure S4B).

Immunohistochemical staining of PDAC tumors:

Formalin-fixed, paraffin-embedded tissue sections were pre-
treated with low-temperature Tris-EDTA (pH 9.0) and heat-
induced epitope retrieval. Sections were stained with rabbit
monoclonal anti-human CD3 Ab (Ventana; Clone 2 GV6)
and visualized with MACH 4 Universal HRP-polymer detec-
tion kit (Biocare Medical #M4U534), wusing 3,3'-
diaminobenzidine as the chromogen. Slides were scanned in
brightfield at 20x magnification using the Aperio Scanscope
AT2 instrument and images were generated using Aperio
Imagescope software (Leica Biosystems, Wetzlar, Germany).

Statistical analysis

Data were analyzed using GraphPad Prism 7 (GraphPad
Software, Inc., La Jolla, Calif.) and are presented as means +
standard deviation. To evaluate significance, differences between
groups of three or more were identified by analysis of variance
(ANOVA). Tumor volumes were analyzed by regular two-way
ANOVA and simple effects within rows (comparison of experi-
mental groups at a given time point) were tested. A value of P <
0.05 was considered statistically significant.

Results
Design and construction of DATEs and d-DATEs

We sought to develop a modular T-cell redirection discovery
platform to target pancreatic and other solid tumors using
a toolbox of synthetic antibodies, which enables facile assembly
of T-cell redirection modalities. Focusing on tumor-initiating

populations thought to potentiate resistance and metastasis, we
developed antibodies (Figure 2a) against the TIC markers CD133
and EPCAM, and the receptor tyrosine kinase (RTK) EPHA2,
which have been used previously as TAAs for T-cell redirection or
CAR-T  therapies*>"  (clinical trials ~ NCT03013712,
NCT02541370). We intended to use paratopes against EPCAM
(named EC-1), EPHA2 (named A2-1, A2-2, A2-3, A2-4) and
CD133 (named 133-1) as primary agents (“killing arm”), and
thus, we developed antibodies against these antigens in the Fab
format using a validated, phage-displayed synthetic Fab library
built on the trastuzumab framework.”® We also targeted the RTK
EPHB2, which we found frequently co-expressed with EPHA?2 in
pancreatic cancer cells (see below), with a paratope that would act
as a secondary targeting agent (“auxiliary arm”). Thus, we devel-
oped an antibody against EPHB2 in the autonomous VH domain
format (named B2-1), using phage-displayed human VH domain
libraries built with an autonomous framework, also derived from
trastuzumab.>? Finally, to enable T-cell recruitment, we huma-
nized the validated murine anti-CD3 OKT3 muromonab antibody
by grafting the complementarity-determining region (CDR) loops
into the trastuzumab framework in a scFv format (humanized
OKT3 herein named hOKT3) (Supplementary Figure S1).
Affinity measurements of these antibodies to their cognate anti-
gens revealed low to sub-nanomolar binding constants
(Figure 2b). Moreover, we observed high selectivity of the anti-
EPHA?2 and anti-EPHB2 antibodies for their respective antigens
relative to the entire set of 14 human EPH receptors (Figure 2c).
Thus, using phage display and humanization methods, we were
able to develop selective and potent antibodies in appropriate
formats for modular assembly of recombinant T-cell redirection
modalities.

In contrast to classical BiTE formats that consist of two scFvs
fused in tandem, the DATE format contains a Fab fused to a scFv.
Incorporating a Fab ensures VH/VL fidelity through a covalent
disulfide link between the heavy and light chain. To assemble
DATEs, the hOKT3 scFv was attached C-terminally to the anti-
TAA Fab light chain (Figure 1). In this design, the Fab heavy and
light chains form a stable covalent complex and any potential for
intramolecular exchange with the VH and VL domains of the
fused scFv are obviated. Using our toolbox of antibodies
(Figure 2), we used this format to create a panel of DATEs target-
ing EPHA2, EPCAM, and CD133, as well as Gaussia luciferase
(named GLuc), which is not expressed in mammalian cells, as
a negative control. For targeting EPHA2, we developed DATEs
with Fabs of four different paratopes (A2-1, A2-2, A2-3, A2-4)
since competition assays showed that each Fab recognized an
epitope distinct from those of the others (Supplementary Figure
S2A). We showed that each DATE recognized its cognate antigen
by ELISA with recombinant proteins (Figure 2d, Supplementary
Figure S2B) or by flow cytometry with tumor cell lines (Figure 2e-
g). Size-exclusion chromatography (SEC) showed predominantly
homogeneous monodispersed behavior for DATEs generated
from Fabs with similar properties (Supplementary Figure S2C).
We also generated DATEs where the anti-CD3 scFv contained
a murine framework (herein referred to as mOKT3) based on the
BiTE molecule blinatumomab (Supplementary Figure S1).
Notably, we observed that the yield and homogeneity of DATE
proteins containing hOKT3 scFv were substantially improved over
those containing mOKT3 scFv, which facilitated the
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Figure 2. Sequences and characterization of Ab building blocks. (A) Sequences of CDRs that were diversified in the libraries, numbered according to the IMGT
nomenclature. Dashes indicate gaps in the alignment. (B) Kinetic parameters and apparent affinities for Abs binding to immobilized antigens. All values were
determined by BLI, except ECs, values that were determined by titration in ELISA (indicated with (*)) or flow cytometry on CD3+ Jurkat cells (indicated with (#)). (C) Anti-
EPH Ab specificity. The heat map represents the steady-state BLI signal for 100 nM anti-EPHA2 Fab or ELISA signal for 100 nM anti-EPHB2 VH-Fc (x-axis) binding to
immobilized Fc-tagged EPH ECD or negative control Fc (y-axis), normalized to the highest signal for each antibody. (D) ELISA demonstrating binding of LUC and EPHA2
DATEs or d-DATEs at 50 nM. D-DATEs additionally contained the EPHB2 targeting arm and exhibited recognition of EPHB2 in addition to GLuc (Gaussia Luciferase) or
EPHA2. Human and murine versions of EPHA2 and EPHB2 were used to assess species cross-reactivity. (E-F) Titration of GLuc-targeting DATE (LUC-1), (E) CD133-
targeting DATE (133-1), or (F) EPCAM-targeting DATE (EC-1) binding to HCT116 cells that display CD133 and EPCAM, assessed by flow cytometry (n = 1, 2 technical
replicates). (G) Titration of GLuc-targeting DATE (LUC-1) or EPHA2-targeting DATEs (A2-1, A2-2, A2-3, A2-4) binding to KP4 cells that display EPHA2, assessed by flow
cytometry (representative of n = 2 independent experiments). (H) Titration of DATEs, containing mOKT3 or hOKT3 scFv, binding to Jurkat T cells that display human CD3,
assessed by flow cytometry. The anti-CD3 scFv was fused to anti-GLuc Fab LUC-1 (n = 1, 3 technical replicates). All error bars represent standard deviation about the
mean.

manufacturing of DATEs (Supplementary Figure S2D-E). In
direct comparison by flow cytometry we found that the hOKT3
scFv in the DATE format bound to CD3-expressing Jurkat cells as
efficiently as the mOKT3 scFv (Figure 2h). Unless specifically
stated, all DATEs used in this study contain the hOKT3 scFv.

To further enhance the specificity of targeting, we constructed
d-DATEs in which we fused an additional tumor-targeting anti-
EPHB2 VH domain to one of the free termini of the Fab in the

DATE (Figure 1b). For this purpose, we initially chose the lowest
affinity anti-EPHA2 Fab A2-4, reasoning that the anti-EPHB2 VH
domain might enhance binding through avidity effects on cancer
cells that express both antigens. The fusion of the VH domain to
either terminus of the Fab heavy chain resulted in d-DATEs with
production yields that were even higher than that of the parental
DATE, whereas the yield of the light-chain fusion was severely
reduced (Figure 3a). For the heavy-chain VH domain fusions,
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SDS-PAGE showed that, under nonreducing conditions, each ~Assessment of DATE specificity and efficacy
d-DATE protein ran predominantly as a single band that migrated
at a size consistent with a covalently linked assembly of the two
chains, and under reducing conditions, as two bands that migrated
at sizes consistent with those of the two separate chains (Figure
3b). Similar to their parental A2-4 DATE, by SEC, d-DATEs with
the VH domain fused to the N- or C-terminus of the Fab heavy
chain eluted primarily as a single peak indicative of monodispersed

To establish solid tumor cell models to evaluate DATE cyto-
toxicity, we focused on pancreatic ductal adenocarcinoma
(PDAC). To this end, we quantified the surface display of
TAAs in situ in both commercial (KP4) and patient-derived
(GP5A, GP13A, GP14A, GP16A) pancreatic tumor lines and
selected cell lines with a differential display of EPCAM, CD133,
) . ) . EPHA?2, and EPHB2 (Figure 4a). All pancreatic lines displayed
0, 0,
behavior §75,A] a?‘d 90% of total protein, respect1vely)'w1th a 31.nall high levels of EPHA2 and lower levels of EPHB2. EPCAM was
shoulder indicative of a small percentage of aggregation or oligo- disolaved at high levels in all GP 1i b low i 1
ization. Furthermore, d-DATEs could be purified to 95% ook )¢ at high levels in all GP lines, but was low in KP4 cells.
mer'lzab ' " SE’C (Fi 3c.d). Fi allp firmed GPI13A additionally displayed CD133, whereas KP4 and the
E;lrllit]i’ISX F:flzls a;}a_ 1::; d C-ternzgillizr:laly i’l:lse. q cllr-lDZ:[“I:ZVse rce(():rctg;ril;z d other GP lines did not. As additional solid tumor models, we
both EPHA2 and EPHB2 (Figure 3d). The introduction of longer used the colon cancer line HCTH?’ wh1ch displayed all fc')ur
linkers between the Fab and VH domain did not affect the bi TAAs, and the renal clear-cell carcinoma line RCC243, which
Hnkers between Hhe tab an omain Qi hot atrect the bo- displayed EPCAM, EPHA2 and low levels of EPHB2, but not
physical properties (Figure 3a-b). Taken together, these results CD133 (Figure 4a). We also screened other solid tumor cell
showed that functionally complex d-DATEs with favorable pro- & ' .
Jucti haracteristi di dh v based lines for endogenous expression of the stem cell marker CD133
hu; 1o(r11 charac eris 1cs an me rove bl Zm.ogenefltyﬂ ased on by Western blot. We used a stable CD133 overexpression
uZinronerll?glllc Zgr;mzibclznmofiu?:e:;ve Fall;l azrll da\(;; dlz)l:nl;?rel; HEK293T cell line as a positive control and confirmed that
" 8 i Y fC1§3 d the first and ’ dTAA ivel the colon cancer line HCT116 was positive for CD133, com-
or recognition o and the firstand secon > respectively: parable to the human embryonic stem cell line H1 (Figure 4b).
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Assessment of specificity by ELISA. Signals (y-axis) were measured for 50 nM DATE or d-DATEs (x-axis) binding to immobilized Fc-tagged EPHA2 or EPHB2 ECD or BSA
(negative control). Data shown are averaged from two replicate wells. All error bars represent standard deviation about the mean.



Together, these cell lines formed a panel to assess synthetic
DATE specificity and activity.

We first characterized DATE functionality on human
T cells. DATE-mediated activation of the T-cell receptor
(TCR) was verified in Jurkat reporter cells 24 h after co-
culture with cancer cells, by measuring activation of
a luciferase reporter under the control of the promoter for
the nuclear factor of activator T cells (NFAT) gene. As
expected, the Jurkat NFAT reporter was strongly activated by
the 133-1 DATE specifically when co-cultured with HEK293T
cells that overexpress CD133 (Figure 4c). Similarly, when co-
cultured with KP4 cells, the reporter was specifically activated
by EPHA2-targeting DATEs, but not by DATEs targeting
EPCAM or GLuc, which are not expressed on KP4 cells
(Figure 4d). TCR activation promotes the rapid upregulation
of cell-surface activation markers in T cells. Therefore, T-cell
activation markers were quantified by flow cytometry in per-
ipheral blood mononuclear cells (PBMCs) after 48 h of co-
culture with KP4 cells and DATEs. Induction of the early
activation markers CD69, PD-1, and CD25 was confirmed
based on the increased frequency of CD4" and CD8" T cells
expressing these markers after PBMC culture with EPHA2-
targeting DATEs, but not with the LUC-1 control DATE
(Figure 4e, Supplementary Figure S3A). Furthermore, the
frequency of CD8" T cells expressing the inducible costimula-
tory molecule 4-1BB was significantly elevated by EPHA2-
targeting DATEs only. Human interferon-y (IFN-y) was mea-
sured in supernatants after 3 d of tumor cell culture with
PBMCs and was specifically induced by three out of the four
EPHA2 DATEs that were tested, but not by the LUC-1 DATE
(Supplementary Figure S3B). These results indicated that
T-cell activation by a DATE occurs only in the presence of
cancer cells that display the specific antigen targeted by the Fab
module of the DATE.

Next, we evaluated if DATEs could elicit a cytotoxic
response from T cells by treating monolayers of tumor cells
with donor PBMCs and DATEs, and then assessing tumor cell
viability after 3 d. One of two assays was used to detect the
percentage of remaining live tumor cells at the endpoint,
depending on whether the cells expressed firefly luciferase.
We generated KP4, HCT116 and RCC243 cell lines stably
expressing firefly luciferase, which enabled the measurement
of target cell viability without interference from PBMCs. At the
endpoint, after addition of luciferase substrate, the lumines-
cence readout correlates with the number of viable tumor cells
(luciferase assay™). For all other cell types, we performed ATP-
dependent luminescence-based CellTiter-Glo assays, after rin-
sing the target cells to remove contaminating PBMCs. By
quantifying cell viability at endpoint with these methods, we
found that the DATEs promoted potent cytotoxicity in cell
lines displaying their cognate TAA, but not in cells with no
or low antigen display. All EPHA2-targeting DATEs induced
strong cytotoxicity on KP4, HCT116, GP5A and GP13A lines,
while EC-1 DATE was only effective in the EPCAM-displaying
lines HCT116, GP5A and GP13A. The 133-1 DATE specifi-
cally killed HCT116 and GP13A, but not KP4 or GP5A cells
(figure 4f). The negative control LUC-1 DATE had no effect on
any cell line (figure 4f, Supplementary Figure S3F-I).
Importantly, the cytotoxic response was T cell-dependent,
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where maximum cytotoxicity in KP4 cells was reached at
a 4:1 effector (E) to target (T) cell (E:T) ratio
(Supplementary Figure S3C), and no effect of DATEs on cell
viability was observed in the absence of PBMCs
(Supplementary Figure S3D-F). To quantify the effective con-
centrations of each DATE, we titrated 133-1 and EC-1 DATEs
on HCT116 cells and EPHA2-targeting DATEs on KP4 cells,
while keeping the E:T ratio constant (Figure 4g,
Supplementary Figure S3F-G). The extent of cytotoxicity
was dose-dependent, ranking with the affinity of the DATE
for the TAA, and all DATEs were extremely potent with low to
subnanomolar EC50s. Finally, we evaluated the broader appli-
cation of our DATEs across the panel of patient-derived pan-
creatic cell lines (GP5A, GP13A, GP14A, GP16A) and RCC243
cells (Supplementary Figure S3G-I). We observed in vitro
DATE-mediated cytotoxicity in each cell line displaying the
relevant TAA, albeit to varying degrees. Together, these data
demonstrate a robust application of DATE modalities to
induce targeted T-cell cytotoxicity in vitro in multiple solid
tumor cell models by targeting three different TAAs.

We also confirmed DATE activity in vivo, using a mouse
xenograft model of KP4 PDAC, which displays high levels of
EPHA2. We tested the two most potent anti-EPHA2 DATEs
from in vitro cytotoxicity assays that recognized both human
and mouse EPHA2 (A2-1 and A2-2) (Figure 2d). T cells were
expanded from human PBMCs and tested in vitro with
EPHA2-targeting DATEs and KP4 cells (Supplementary
Figure S4A-B). Expanded T cells were effective in killing
tumor cells and were more potent than PBMCs used in equiva-
lent assays. We also demonstrated that CD4" and CD8" T cells
are low in EPHA2 display, suggesting that binding of the
DATEs to T cells is mainly mediated through the hOKT3-
CD3 interaction (Supplementary Figure S4C). For the
in vivo study, DATEs were administered to NSG-SGM3 mice,
which lack mature T cells, bearing KP4 tumors with a volume
of ~300 mm®. Expanded human T cells were adoptively trans-
ferred the following day, and animals subsequently received
two additional DATE administrations and tumor size was
monitored for 2 weeks (Figure 5). Tumor-infiltrating human
CD3 + T cells were detected by immunohistochemical analysis
in resected tumors at endpoint (Supplementary Figure S4D).
Consistent with our in vitro data, a significant reduction of
tumor growth was observed in mice treated with the A2-1 and
A2-2 DATEs, compared to animals treated with the negative
control LUC-1 DATE. In sum, these data demonstrate that
EPHA2-targeting DATEs can drive efficacious T-cell responses
in solid tumor models.

Assessment of d-DATE specificity and activity

A major challenge for immunotherapies targeting overex-
pressed cancer antigens is toxicity through the recognition of
healthy cells with shared target expression. We reasoned that
addition of an antibody fragment targeting a second TAA to
our DATE format would enhance cell and tissue selectivity,
beyond what could be achieved by DATEs targeting a single
TAA. EPHA?2 overexpression is a common feature of pancrea-
tic carcinoma,”>* while less is known about co-expression
patterns with other members of the EPH receptor family,
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Figure 4. Cytotoxic effects of DATEs on tumor cell lines. (A) Display of antigens (x-axis) on cancer cell lines (y-axis), assessed by flow cytometry. Binding signal
normalized to samples stained with secondary antibody only (data pooled from n = 3 independent experiments, each with technical replicates). (B) Western blot of
whole-cell lysates probed with 133-1 IgG or commercial anti-CD133 clone7 (Biolegend #372,802) and GAPDH as the loading control. CD133 is strongly expressed in
CD133 overexpressing HEK293T cells, HCT116 cells, and H1 human embryonic stem cells (hESC). (C) Jurkat NFAT reporter activation in response to DATEs after 1 day of
co-culture with CD133-negative (WT) or CD133 overexpressing (CD133+) HEK293T cells. (5 nM DATEs, NFAT-luc assay) (n = 2, 3 technical replicates each). (D) Jurkat
NFAT reporter activation in response to DATEs after 1 day of co-culture with KP4 cells. (5 nM DATEs, NFAT-luc assay) (n = 2, 2 technical replicates each). Dashed line
indicates 10-fold over baseline. (E) Frequency of CD4+ (left) and CD8+ (right) T cells (y-axis) displaying activation markers (x-axis) after co-culture for 48 h with KP4 cells
in the presence of 5 nM of each indicated DATE (data pooled from n = 3 independent experiments with PBMCs from a total of 9 different donors). (F) Viability (y-axis) of
cancer cell lines (x-axis) assessed by luciferase expression (left, 0.5 nM DATEs) (n = 2, 3 technical replicates each) or CellTiter-Glo assay (right, 50 nM DATEs) (n = 2, 2
technical replicates each) following treatment with DATEs and PBMCs for 3 d. (G) Dose-response curves for viability (y-axis) of indicated cancer cell lines treated for 3 d
with serial dilutions (x-axis) of DATE (0.08 nM - 50 nM) containing the indicated anti-tumor antigen Fab, in the presence of PBMCs. Cell viability was determined by
luciferase expression at endpoint (n = 3, 2 technical replicates each). All error bars represent standard deviation about the mean.

which comprises 14 members. EPH receptors form homomeric
and heteromeric clusters,” and we explored whether EPHB2
was upregulated along with EPHA2 in PDAC cell lines. We
used highly specific Fabs and flow cytometry to profile cell-
surface levels of EPHA2 and EPHB2 on KP4 and various
patient-derived pancreatic cell lines. We consistently found
EPHA?2 to be displayed highest and that EPHB2 was generally
highly co-displayed with EPHA2 (Figure 4a). Whereas
RCC243 cells showed lower EPHB2 surface display, a similar
pattern was found in HCT116 cells. We therefore selected

EPHA2 and EPHB2 to develop and validate the novel
d-DATE modality for targeting co-expressed tumor antigens.
To this end, we fused an EPHB2-targeting VH domain to our
EPHA2-targeting DATESs to yield EPHA2/EPHB2 co-targeting
d-DATEs (Figure 1b).

We started with the less efficacious and lower affinity A2-4
DATE as a basis to generate d-DATEs, in order to facilitate the
detection of potentially increased binding or killing after the
addition of the VH domain. We fused the B2-1 VH domain to
the N- or C-terminus of the Fab in the A2-4 DATE with short



(S) or long (L) linkers (named H-Ng,;-A2-4/B2-1 and H-Cg/; -
A2-4/B2-1, respectively) and tested the ability of these
d-DATEs to activate TCR signaling in Jurkat NFAT reporter
cells (Supplementary Figure S5A-B). All four d-DATEs pro-
moted TCR activation in this cell line in a dose-dependent
manner when co-cultured with KP4 and HCT116 cells.
Constructs with short and long linkers behaved similarly, but
activation was greater with d-DATEs that contained the B2-1
VH domain fused to the N-terminus rather than the
C-terminus of the A2-4 Fab heavy chain, implying that
C-terminal fusions have an unfavorable domain geometry for
T-cell activation (Supplementary Figure S5A-B). We focused
on d-DATEs with short linkers and tested their cytotoxic
activity in H-Ng and H-Cg formats on various target cell
lines. We observed cytotoxicity for both formats on luciferase-
expressing KP4 cells, but in accordance with Jurkat activation
data, we found that H-Ng-A2-4/B2-1 clearly outperformed H-
Cs-A2-4/B2-1, and also outperformed the A2-4 DATE (Figure
6a). Consistent with avidity effects from co-targeting of EPHA2
and EPHB2, both d-DATEs bound to KP4 cells with higher
apparent affinities compared to their DATE counterpart.
Moreover, consistent with relative cytotoxicity, H-Ng-A2-4/
B2-1 exhibited the highest relative binding affinity (Figure
6b). We further evaluated the cytotoxic activity of the
d-DATEs on HCT116 cells and patient-derived pancreatic
cells; the effect of d-DATEs was equivalent to that of the A2-
4 DATE, indicating that the VH domain neither enhanced nor
compromised the cytotoxic activity of this T-cell engager in
these cell lines (Figure 6¢-d). In all experiments, we observed
no effects on cell viability in the absence of PBMCs
(Supplementary Figure S5C-D).

As an additional control we also generated an A2-4 d-DATE
in the H-Ng format in which the VH domain contained
a nonbinding (NB) paratope containing the LUC-1 CDRs
(referred to as A2-4/NB) (Supplementary Figure S5E). We
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Figure 5. Effects of anti-EPHA2 DATEs in the subcutaneous KP4 xenograft model.
NSG-SGM3 mice received an intravenous dose of 2 mg/kg of the indicated DATE
upon tumors reaching an average volume of 300 mm? within the cohort. One day
later, 3 x 10 in vitro-expanded human T cells were adoptively transferred to the
mice. One day and 6 d after T-cell transfer, the mice received additional admin-
istration of 2 or 4 mg/kg DATE, respectively. Black and red arrows indicate DATE
administration or T-cell transfer, respectively. Tumor volume was monitored by
caliper measurements (n = 8-10 mice/group pooled from two independent
experiments; ** p < .01, **** p < .0001).
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directly compared binding strength and cytotoxic ability of A2-
4 DATE, A2-4/NB d-DATE and A2-4/B2-1 d-DATE on KP4
cells (Supplementary Figure S5F-H). In cytotoxicity assays,
we corroborated our findings using both wild type (WT) and
luciferase-expressing KP4 cells for a direct comparison of the
CellTiter-Glo  and  luciferase  assays,  respectively
(Supplementary Figure S5G-H). Both assays gave qualitatively
similar results, but consistent with previous experiments, the
luciferase assay showed higher sensitivity due to the direct
readout of cancer target cells without confounding signals
from PBMCs. We found that the addition of the NB VH
domain reduced binding and cytotoxicity of the A2-4
d-DATE to a degree, indicating some interference with Fab
target binding. However, in comparison, binding strength and
cytotoxicity were enhanced >20 fold when the NB VH domain
was replaced with the B2-1 VH domain (Supplementary
Figure S5F-H). Therefore, in KP4 cells specifically, the engage-
ment of EPHB2 as a second antigen by the A2-4/B2-1 d-DATE
can enhance the affinity of this T-cell engager toward its target
cell and even augment its cytotoxic activity. These data demon-
strate that additional arming of the DATE format with
a second binding site can produce d-DATEs with the capacity
to engage two TAAs on a target cell with potentially enhanced
activity.

Uncoupling target engagement from T-cell cytotoxicity

In order to better understand how the VH domain influences
DATE targeting and activity, we generated the EPHB2 co-
targeting d-DATE equivalents of all EPHA2, EPCAM and
GLuc-targeting DATEs by fusing the B2-1 VH domain in the
H-Njs orientation and confirmed that they were able to bind
both targets by ELISA (Figure 2d). We tested DATEs and
d-DATEs side-by-side for cytotoxicity with KP4 (medium
EPHB2), HCT116 (medium EPHB2), and RCC243 (low
EPHB2) cells. All d-DATEs showed similar efficacy as their
respective DATEs at 5 nM (Figure 7a). A significant enhance-
ment of cytotoxic activity, as shown for the A2-4/B2-1 d-DATE
on KP4 cells (Figure 6a, Supplementary Figure S5G-H), was
not observed for other molecules, and in the case of the EC-1
d-DATE, even a slight decrease in cytotoxic potency on
HCT116 cells was detected (Supplementary Figure S6A).
This suggests that the functional behavior of a d-DATE is
influenced by the combination of TAAs and epitopes targeted,
as well as the affinity of each paratope. Notably however, the
B2-1 VH domain did not confer cytotoxicity by itself, as EC-1
d-DATEs equipped with the EPHB2-targeting arm remained
unable to kill KP4 cells (EPCAM negative, EPHB2 positive),
and the LUC-1/B2-1 d-DATE showed no efficacy in any
EPHB2 positive cell line (Figure 7a).

To gain further insight into the mechanism of d-DATEs, we
established KP4 cells lacking EPHA2 or EPHB2 display, using
CRISPR/Cas9 genome editing. From multiple clonal lines that
had lost EPHA2 or EPHB2, as evidenced by Western blot
analysis, we selected a clone each with similar growth proper-
ties as the parental WT KP4 cells and confirmed loss of surface
display by flow cytometry (Figure 7b, Supplementary Figure
S6B). Flow cytometric analysis over a range of concentrations
further revealed that, as expected, the EPHA2-targeting DATEs
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Figure 6. Functional characterization of d-DATE formats. (A) Viability of KP4 cells assessed by luciferase expression 3 d after treatment with the indicated concentration
of the A2-4 DATE or the indicated A2-4/B2-1 d-DATE, in the presence (+) or absence (-) of PBMCs (n = 4, 3 technical replicates each; two-way ANOVA *p < .05, ***p <
.0005). (B) Dose-response curves for DATE or d-DATEs binding to KP4 cells assessed by flow cytometry (n = 1, 2 technical replicates). (C) Viability (y-axis) of cancer cell
lines (x-axis) assessed by luciferase expression 3 d after treatment with 0.5 nM of the indicated DATE or d-DATE in the presence of PBMCs (n = 2, 3 technical replicates
each). (D) Viability (y-axis) of cancer cell lines (x-axis) assessed by CellTiter-Glo assay 3 d after treatment with 50 nM of the indicated DATE or d-DATE in the presence of
PBMCs (n = 4, 2 technical replicates each). All error bars represent standard deviation about the mean.

lost binding to EPHA2 knockout (KO) cells, but not EPHB2
KO cells (Figure 7c-d, Supplementary Figure S6C). In con-
trast, d-DATEs were consistently able to bind EPHA2 KO cells,
indicating that the EPHB2-targeting VH domain can drive
a high affinity cell interaction in the absence of binding
through the EPHA2-targeting Fab. Similar to the observations
with the A2-4/NB d-DATE (Supplementary Figure S5F), we
also found a decrease in affinity of the EPHA2-targeting Fab in
the presence of the VH domain when comparing binding of
DATEs and d-DATEs on EPHB2 KO cells (where the VH
domain is unable to bind). In contrast, binding of d-DATEs
to WT cells relative to EPHB2 KO cells was enhanced in all
cases, indicating avid binding in the presence of both TAA
targets (Figure 7c-D, Supplementary Figure S6C). Therefore,
although d-DATEs A2-1 to A2-3 did not show enhanced
binding compared to their respective DATEs, they exhibited
a subtle increase in selectivity toward dual antigen-expressing
cells. The only d-DATE that displayed significantly enhanced
affinity for WT cells was A2-4/B2-1, in which the EPHA2-
targeting Fab is significantly weaker than the B2-1 VH domain
(Figure 7c-d, Supplementary Figure S6C). Taken together,
these data indicate that the EPHB2-targeting VH domain can
enhance the selectivity of a d-DATE for cells that express both
EPHA?2 and EPHB2, as opposed to EPHA2 or EPHB2 alone,
and significantly augments affinity toward dual-expressing
cells when the VH is coupled with a lower affinity Fab.
Another important finding is that, when assayed in cyto-
toxicity assays, none of the d-DATEs were able to kill KP4
EPHA2 KO cells (Figure 7e) even though they bound these
cells efficiently due to the EPHB2-targeting VH domain
(Figure 7c-d). Consistent with this, we observed TCR activa-
tion only when Jurkat cells (NFAT reporter) were co-cultured
in the presence of KP4 parental (WT) cells but not in the
presence of EPHA2 KO cells (figure 7f). Moreover, DATEs
and d-DATEs induced strong TCR activation on EPHB2 KO
cells, at comparable levels to KP4 parental cells
(Supplementary Figure S6D). Therefore, our anti-EPHB2
VH auxiliary arm has the capacity to augment binding

(especially when combined with a lower affinity Fab), but it
cannot induce killing on its own. In contrast, the Fab killing
arm mediates both binding and cytotoxicity.

To better understand why the B2-1 VH domain was unable
to mediate killing by itself, we explored whether EPHB2, and
the epitope bound by the B2-1 paratope in particular, was
a suitable target for DATE-mediated killing. To this end, we
generated EPHB2-targeting Fabs (Figure 2a) and converted
them into DATEs, which we screened by biolayer interferome-
try (BLI) for competition with the B2-1 VH domain for bind-
ing to EPHB2 (Supplementary Figure S7). We identified two
DATEs (B2-2 and B2-3) that competed with B2-1, and a third
(B2-4) that did not. Like the B2-1 VH domain, B2-2 and B2-3
DATEs, but not B2-4, also competed with an Fc-tagged version
of the natural ligand Ephrin B2 for binding to EPHB2, indicat-
ing that they bind to the ligand-binding domain of EPHB2
(Supplementary Figure S7).

To assess the activity of B2-2 and B2-3 DATEs, we tested
their ability to bind KP4 cells and redirect and stimulate T cells.
Both DATEs bound to KP4 cells with sub-nanomolar ECs,
values (Figure 8a) and induced TCR activation (Jurkat NFAT
reporter) on parental KP4 cells and EPHA2 KO cells, but not
on EPHB2 KO cells (Figure 8b), thus demonstrating their
specificity. Both DATEs also induced killing of KP4 cells
when co-cultured with PBMCs (Figure 8c). These results
showed that the B2-1 epitope is permissive for DATE-
mediated cytotoxicity and that the inability of the B2-1 VH
domain to induce killing in the auxiliary arm format must be
due to other factors, such as geometry and/or distance relative
to the T-cell recruitment arm. Taken together, our results
support a mechanism in which d-DATEs can be designed to
recognize cells expressing only the auxiliary arm TAA, but can
only kill cells that co-display the killing arm TAA (Figure 9).

Discussion

In this study we characterized a DATE format that facilitates
redirection of T cells to elicit cytotoxic effects on tumor cells,
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Figure 7. Cytotoxic effects of d-DATEs on tumor cell lines. (A) Viability of luciferase-expressing KP4, HCT116, or RCC243 cells, assessed by luciferase expression 3 d after
treatment with 5 nM DATEs or d-DATEs in the presence of PBMCs (n = 3, 2 technical replicates). d-DATEs (striped) have similar cytotoxic effects as DATEs (solid), and
killing depends on the availability of the Fab target. Red and black dashed lines indicate 100% and 50% viability, respectively. (B) Flow cytometry profiling of EPHA2 and
EPHB2 expression in KP4 parental, luciferase-expressing, EPHA2 KO, and EPHB2 KO lines (n = 1; 2 technical replicates). (C) Binding of DATEs or d-DATEs (all containing
B2-1 VH domain) to KP4 parental (WT) and EPHA2 KO cells assessed by flow cytometry at various concentrations (0.006— 50 nM) (n = 1; 2 technical replicates). (D)
Comparison of DATEs and d-DATES binding to cells. ECsq values of DATEs and d-DATEs binding to KP4 parental (WT), EPHA2 KO, and EPHB2 KO cells as assessed by flow
cytometry. Each row indicates molecules sharing the same core Fab. All d-DATEs contain the B2-1 VH domain in H-Ns format. NB = no binding. Complete set of graphs in
Supplementary Figure S6F. (E) Viability of KP4 parental and KP4 EPHA2 KO cells assessed by CellTiter-Glo assay 3 d after treatment with 50 nM DATEs or d-DATEs in the
presence of PBMCs (n = 4, 2 technical replicates each). Legend as in (A). Red and black dashed lines indicate 100% and 50% viability, respectively. (F) Jurkat TCR
activation assessed by NFAT reporter assay 1 day after treatment of KP4 parental or EPHA2 KO cells with 50 nM (top) or 5 nM (bottom) DATEs or d-DATEs (n = 2, 2
technical replicates each). Legend as in (A). Gray dashed lines indicate 10-fold activation over baseline. All error bars represent standard deviation about the mean.

in vitro and in vivo. When directed toward appropriate epi- are physically inert and can be reliably fused to a scFv

topes, DATEs are extremely potent T cell redirecting molecules
that can be used to target and kill diverse cancer cell lines,
including PDAC lines derived from patients. By using anti-
tumor Fabs with a common, highly stable human framework,
coupled to an anti-CD3 scFv with the same framework, we
reliably purified many distinct DATEs with protein yields
comparable to those of full-length IgG molecules.
Furthermore, the use of a common framework from the vali-
dated therapeutic trastuzumab minimizes the risk of immuno-
genicity in clinical applications.

The modular DATE design allows facile coupling of
Fabs recognizing a variety of TAAs because most Fabs

without the risk of aggregation, which can arise from
noncognate interactions between VH/VL domains in tan-
dem scFv fusions.”> Notably, the trastuzumab framework
has proven to be highly robust for supporting many
diverse paratopes, and we and others have used this fra-
mework to construct naive phage-displayed libraries that
have yielded thousands of Fabs recognizing hundreds of
diverse antigens.””****>* Consequently, virtually any
stable Fab derived from natural IgGs or synthetic libraries
could be converted into the DATE format to provide
a vast toolkit for exploring novel TAAs for T-cell recruit-
ment against diverse tumors.



€1933690-14 L. ENDERLE ET AL.

To further enhance specificity in a modular manner, we
developed d-DATEs by adding a second tumor-targeting moi-
ety in the form of an autonomous VH domain, built on
a modified version of the trastuzumab framework.
Autonomous VH domains are inert to interactions with Fabs
and scFvs because they do not interact with VL domains and
are stable and soluble on their own.”>*" Moreover, we show
that the VH domain, which is the smallest functional antibody
fragment, could be fused to the DATE without interfering with
the function of either the antitumor Fab or the anti-CD3 scFv.
Thus, the complementary properties of Fabs, scFvs and VH
domains can be exploited to assemble DATEs and d-DATEs
with complex biological functions, but in a facile, modular
manner that ensures predictable behavior in vitro and in vivo.

To validate the DATE and d-DATE formats, we focused on
developing immune T-cell redirection strategies to target pan-
creatic cancer, which remains recalcitrant to immunotherapy
and other targeted therapies.®’ Consistent with our findings at
the protein level, EPHA2 was recently identified as the most
highly expressed EPH family member in human PDACs by
analysis of transcriptomic data from The Cancer Genome
Atlas.®” This study also showed that EPHA2 mRNA expression
was inversely correlated with patient survival and that tumor-
intrinsic EPHA2 suppressed and excluded T cells from the
tumor microenvironment, promoting resistance against
immunotherapies. These data suggest that redirection of
T cells to EPHA2 using BiTEs or DATEs could potentially
overcome this effect. A BiTE targeting EPHA2 was previously
shown to be effective in preventing the engraftment of human
colorectal cancer cells and the subsequent appearance of
tumors in mice, although the cancer cells were co-injected
subcutaneously with T cells.* Building on this and other
reports suggesting that EPHA2 may be a promising target for
pancreatic carcinoma,”*®> we showed that our potent anti-
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EPHA2 DATEs indeed effectively recruited T-cell cytotoxic
activity to multiple PDAC lines in vitro and could even inhibit
the growth of pre-established, rapidly growing tumors in
a PDAC mouse model. These promising initial studies warrant
more detailed follow-up to assess not only efficacy, but also
serum half-life, biodistribution, and most importantly, toxicity
and other adverse events, including cytokine release syndrome,
which is the most common and severe adverse event of T-cell
redirection therapies.®*~%°

Our data demonstrated that d-DATEs, targeting EPHB2 in
addition to EPHA2, were at least as efficacious in vitro as
DATE:s targeting only EPHA2. In combination with an anti-
EPHA2 Fab, the anti-EPHB2 VH domain enhanced binding to
cells that express both antigens, compared to cells that express
only EPHA2. While we observed a reduction in binding for all
EPHA2/B2-targeting d-DATEs that we tested compared to
their respective DATEs to cells that express EPHA2 alone,
only the A2-4/B2-1 d-DATE additionally displayed enhanced
binding to WT KP4 cells compared to the A2-4 DATE, and
corresponding cytotoxic efficacy. Given that A2-4 was the
weakest of the EPHA2-binding Fabs, this suggests that the
EPHB2-binding VH domain may enhance affinity and efficacy
of the d-DATE when coupled to a lower affinity Fab. Similar
function-enhancing effects driven by increased cross-arm
binding efficiency have been shown for other bispecific
antibodies.”>®” Additionally, we showed that the anti-EPHB2
VH domain in these d-DATEs does not induce T-cell stimula-
tion and consequent T-cell-mediated cytotoxicity on its own,
but rather, this function is mediated via the Fab arm of the
d-DATEs. Therefore, these particular d-DATEs do not depend
on conventional “AND” logic for T-cell activation where both
antigens contribute equally to the cytotoxic potential of the
therapy. Instead, selectivity is conferred to dual antigen-
expressing cells compared to single antigen-expressing cells
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Figure 8. Characterization of EPHB2-targeting DATEs. (A) Binding of EPHB2-targeting DATEs to KP4-luciferase cells assessed by flow cytometry at various concentrations
(0.013-1000 nM) (pooled from n = 2 independent experiments). (B) Jurkat TCR activation assay in response to 50 nM DATE treatment of KP4 parental, EPHA2 KO or
EPHB2 KO cells (NFAT reporter assay) (n = 2, 2 technical replicates each). Grey and red dashed lines indicate 5- and 10-fold activation over baseline, respectively. (C)
Viability of KP4-luciferase cells assessed by luciferase expression 3 d after treatment with 50 nM DATEs in the presence of PBMCs (pooled from n = 3 independent

experiments with PBMCs from different donors).



MABS (&) e1933690-15

a b c d
CD3 CD3 + EPHB2 CD3 + EPHA2 CD3 + EPHB2 + EPHA2
binding binding binding binding

HOKT3 [

VH

Target cell binding no yes

Target cell killing no no

yes yes

yes yes

Figure 9. Schematic of cell binding and killing by d-DATEs. (A) d-DATEs that only bind to CD3 on T cells through the hOKT3 scFv arm (yellow) do not bind or kill target
cells. (B) d-DATEs that bind to target cells through the EPHB2-targeting VH domain (pink) do not kill target cells. (C) d-DATEs that bind to EPHA2 only through the Fab
(blue) cause target cell killing. (D) d-DATEs that bind to EPHA2 and EPHB2 through the Fab and VH domain, respectively, also cause target cell killing.

through avidity effects, which can also enhance cytotoxic
action that is dependent on a single antigen, as in the case of
the A2-4/B2-1 d-DATE.

Thus, we report here the design of a modular antibody
format that could be customized to enhance the specificity of
T-cell redirection to tumors. Further evaluation of antigen
pairs will allow us to evaluate the generality of these observa-
tions. Further studies will also be required to define considera-
tions that guide effective antigen/epitope pairing to create co-
accessible d-DATE targets and geometries suitable for T-cell
toxicity. In particular, EPH receptors homo- and heterodimer-
ize to create a range of conformational forms in which ecto-
domains either protrude perpendicular to the cell surface or
potentially bend and array parallel to the cell surface.®®** It is
not clear which receptor conformation is preferred for engage-
ment of DATEs and d-DATEs and how these conformations
influence cytotoxicity.

In the case of the anti-EPHB2 B2-1 VH domain that was
used as an auxiliary arm, we showed effects on binding but not
killing of target cells, despite our observation that the B2-1
epitope is permissive to T-cell-mediated cytotoxicity when
targeted with a DATE containing an anti-EPHB2 Fab. One
explanation for the inability of the VH domain to induce kill-
ing on its own in the d-DATE format could be its lower affinity
for EPHB2 compared with the Fabs in the DATE format.
Alternatively, the distance between the target cell and T cell
has been shown to be crucial for effective killing, with shorter
distances facilitating the formation of an immunological
synapse.'®?>?! Tt is likely that a target cell bound by the VH
domain in a d-DATE is not in the same proximity to the T cell
as a target cell bound by the Fab. However, the exact mechan-
ism remains to be elucidated, as well as whether this property
applies broadly to d-DATEs. It is plausible that the function of
the auxiliary arm may differ depending on the affinity and
epitope of the particular VH domain and the Fab killing arm
with which it is coupled. Whether other VH domains in the
d-DATE format may be capable of mediating T-cell activation
on their own remains to be determined. If this were the case, it

would suggest the possibility of employing “OR” logic with
d-DATE:s to prevent antigen escape of tumor cells by promot-
ing T-cell activation with either one of two TAAs.”

We hypothesize that a nonkilling auxiliary arm could be
used to preferentially accumulate the d-DATE in a specific
tissue, where it only induces cytotoxicity when bound to the
killing arm target, thereby increasing specificity and promoting
a more localized T-cell response. Our data suggest that this
strategy may be particularly effective with a high affinity aux-
iliary arm that would mainly drive targeting and a low affinity
killing arm that would cause cytotoxicity and would be
enhanced by cross-arm binding efficiency. Using synthetic
biology, d-DATEs with precisely engineered specificities and
affinities may enable more targeted activation of T-cell cyto-
toxicity based on engagement of two distinct cell-surface mar-
kers on tumors. Thus, d-DATEs can be tailored to
preferentially bind cancer cells that express distinct combina-
tions of antigens to potentially improve the efficacy and safety
of T-cell redirection.

Abbreviations:

BITEs: Bispecific T cell engager
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