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Although CD3 T cell redirecting antibodies have been successfully utilized for the treatment of hematological
malignancies (blinatumomab), the T cell signaling pathways induced by these molecules are incompletely
understood. To gain insight into the mechanism of action for T cell redirection antibodies, we created a novel
murine CD3xEpCAM bispecific antibody that incorporates a silent Fc to dissect function and signaling of
murine CD8 OT1 T cells upon stimulation. T cell-mediated cytotoxicity, cytokine secretion, expression of
activation markers, and proliferation were directly induced in T cells treated with the novel CD3xEpCAM
bispecific molecule in vitro in the presence of epithelial cell adhesion molecule (EpCAM) expressing tumor
cells. Nanostring analysis showed that CD3xEpCAM induced a gene expression profile that resembled antigen-
mediated activation, although the magnitude was lower than that of the antigen-induced response. In addition,
this CD3xEpCAM bispecific antibody exhibited in vivo efficacy. This is the first study that investigates both
in vitro and in vivo murine CD8 T cell function and signaling induced by a CD3xEpCAM antibody having a
silent Fc to delineate differences between antigen-independent and antigen-specific T cell activation. These
findings expand the understanding of T cell function and signaling induced by CD3 redirection bispecific
antibodies and may help to develop more efficacious CD3 redirection therapeutics for cancer treatment, par-
ticularly for solid tumors.
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Introduction

C D3 redirection bispecific antibodies represent a
cancer immunotherapy strategy that redirects T cells to

kill tumor cells regardless of antigen specificity through di-
rect engagement of CD3e.(1–4) An example of successful
clinical application of a bispecific T cell redirection antibody
is the CD3xCD19 bispecific T cell engager (BiTE), blinatu-
momab,(5,6) which was approved by the Food and Drug Ad-
ministration for treatment of acute lymphoblastic leukemia
in 2014. Although another T cell redirection antibody
CD3xEpCAM, catumaxomab, was previously approved for
clinical use in Europe in 2009, it has since been withdrawn
from the market.(7,8) There are currently 45(9) CD3-based T
cell redirection bispecific antibodies including BCMAxCD3,
Her2xCD3, CEAxCD3, and PSMAxCD3(10–12) being tested
in clinical trials for treatment of solid and hematological
tumors. Because T cell redirection antibodies are amenable to
large-scale manufacturing,(10,11,13) and orchestrate tumor cell

killing in an MHC/TCR (major histocompatibility complex/
T cell antigen receptor)-independent manner,(1) which in-
creases the number of T cells able to respond, they are a
promising modality for cancer immunotherapy.

Studies demonstrate that CD3 redirection bispecific anti-
bodies bring T cells and target cells together, which leads to
CD3 clustering, indicative of immune synapse formation,
culminating in T cell activation and effector function.(4,5,10)

The immune synapse triggered by the CD3 redirection bis-
pecific antibodies resembles that induced by cognate antigen
in the MHC/TCR interaction(1) in that clustering of CD3,
Lck, and perforin takes place as well as ZAP70 translocation
and CD45 exclusion.(14) Subsequently, T cell proliferation is
induced and is accompanied by acquisition of cytotoxic ef-
fector function via the perforin/granzyme B pathway sup-
porting the hypothesis that the therapeutic effect of CD3
redirection bispecific antibodies is due to T cell activation, as
has been demonstrated in vitro using T cell lines and primary
T cells.(1,5,14–16) Although suggestive, the majority of these
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studies focused on synapse comparison for MHC/TCR-
activated versus CD3-redirection-bispecific-antibody-activated
T cell lines(1,14) rather than on bispecific antibody activation
in primary T cells.(12,16,17) Only a few studies address T cell
function mediated by CD3 redirection antibody compared
with MHC/TCR-activated primary CD8 T cells.(12,16,17) To
address this, a novel CD3xEpCAM T cell redirection bispe-
cific antibody composed of an anti-mouse CD3e paired with
an anti-human epithelial cell adhesion molecule (EpCAM)
binding arm and a functionally silent Fc has been constructed
to characterize murine CD8 T cell activation and function in
the absence of Fc effector function. The functional Fc on CD3
redirection molecules could cause CD3 clustering and T cell
activation in the absence of target tumor cells,(9) which could
lead to an unwanted toxicity. Therefore, we created a mole-
cule with a silent Fc. Furthermore, this antibody on the mu-
rine IgG2as backbone with anti-murine CD3 enables in vivo
studies in syngeneic tumor models, which will help to improve
the understanding of CD3 redirection antibodies mechanism
of action in physiological settings. Currently, there is only one
other CD3 redirection molecule with a silent Fc(17) amenable
for use in syngeneic tumor models with wild-type mice.

This bispecific molecule has enabled a comprehensive
characterization of CD3 redirection bispecific antibody
activation of CD8 T cells to understand how it differs from
antigen-mediated activation of using the ovalbumin
(OVA)-specific OT1 T cells.(18,19) We report that in vitro
CD3xEpCAM-mediated CD8 T cell activation, as measured
by cytotoxicity, cytokine secretion, proliferation, and ex-
pression of T cell activation markers, had a similar profile and
kinetics to cognate antigen-mediated activation. However,
CD3xEpCAM-mediated T cell activation was lower in
magnitude compared with antigen-mediated activation. The
CD3xEpCAM bispecific antibody exhibited in vivo activity
as it significantly reduced growth of human EpCAM ex-
pressing B16F10 tumors. This in vivo efficacy is exclusively
due to CD3 and EpCAM engagement since the Fc has been
engineered to be functionally silent.(20) Furthermore, al-
though this molecule elicited relatively low levels of T cell
activation in vitro, this did not appear to be predictive of the
characteristics required for in vivo efficacy in a murine
melanoma model.

Materials and Methods

Antibody construction and production

The amino acid sequences of the 4–7 VH and VL of the
antibody were reverse translated, and eukaryotic signal
peptide sequences were appended at the N-termini. The re-
sulting DNA fragments were synthesized (Integrated DNA
Technologies, Coralville, IA) and cloned into modified
pcDNA 3.1 vectors containing the mouse IgG2a sigma
T370K/K409R heavy chain constant region (vector digested
with HindIII and DraIII) or the mouse kappa light chain
constant region (vector digested with HindIII and EcoRI)
using In-Fusion cloning (Takara Bio USA, Mountain View,
CA). Anti-mouse CD3e was produced by cloning the VH and
VL sequences of clone 2C11(21) into vectors containing the
mouse IgG2a sigma F405L heavy chain and mouse lambda
light chain, respectively. The null arm control, anti-
respiratory syncytial virus (RSV),(22) was produced by
cloning the VH and VL sequences of clone B21M into vectors

containing the mouse IgG2a sigma F405L heavy chain and
mouse kappa light chain, respectively. The anti-RSV VH

segment was also cloned into a vector containing the mouse
IgG2a sigma T370K/K409R heavy chain.(20) Final constructs
were verified by sequencing (Genewiz, South Plainfield, NJ).

Proteins were expressed by transfecting Expi293F cells
with heavy and light chain plasmid at a ratio of 1:3, respec-
tively, using an ExpiFectamine Kit according to the manu-
facturer’s recommendations (Thermo Fisher Scientific,
Carlsbad, CA). Protein was expressed for *5 days at 37�C in
a humidified carbon dioxide incubator with shaking. Cells
were harvested by centrifugation at 2000 · g and supernatant
was filtered through 0.2 mm filter.

Antibody protein was purified using a 5 mL HiTrap Mab-
Select SuRe column (GE Life Sciences, Uppsala, Sweden)
equilibrated in phosphate-buffered saline (PBS) and run at
4 mL/min. Protein was eluted using 50 mM citrate, pH 3.5.
Eluted protein was immediately applied to a HiPrep 26/10
desalting column equilibrated in PBS and run at 8 mL/min.
Purified protein was pooled. To remove aggregate, purified
protein was loaded onto an SRT-10C-S300 21.2 · 300 mm
column (Sepax Technologies, Inc.) equilibrated in PBS and
run at 5 mL/min. Fractions containing purified monomeric
protein were pooled and concentrated using Amicon Ultra
Centrifugal filter units (EMD Millipore, Billerica, MA).

Bispecific antibody production

Bispecific antibodies were produced from purified parental
proteins using controlled Fab-arm exchange (cFAE) according
to the established methods.(23,24) In a mouse framework, the
F405L mutation on the heavy chain of one parental antibody
and the T370K, K409R mutations on the heavy chain of an-
other parental antibody permit efficient cFAE.(25) CD3xEp-
CAM and CD3xnull were produced by mixing purified 2C11
mIgG2a sigma F405L with a 5% excess of purified anti-
EpCAM or B21M mIgG2a sigma T370K/K409R; a 5% excess
was used limit the presence of any residual bivalent anti-CD3e.
EpCAMxnull was produced by mixing B21M mIgG2a sigma
F405L with an equivalent amount of anti-EpCAM mIgG2a
sigma T370K/K409R. 2-Mercaptoethylamine dissolved in
1 M Tris, pH 7.5, was added to the mixed proteins to a final
concentration of 75 mM, and proteins were incubated at 31�C
for 5 hours. Proteins were then dialyzed against 1 · PBS, pH
7.2. CD3xEpCAM and CD3xnull were polished by loading
onto an SRT-10C-S300 21.2 · 300 mm column (Sepax Tech-
nologies, Inc.) equilibrated in PBS and run at 5 mL/min to
remove aggregate. Fractions containing monomeric protein
were pooled. Bispecific antibody was quantitated by hydro-
phobic interaction chromatography high performance liquid
chromatography (HPLC) using a TSKgel Butyl-NPR column
(Tosoh Bioscience, Griesheim, Germany) equilibrated in
1.5 M AmSO4, 0.1 M NaHPO4, pH 6.5. Thirty micrograms of
protein was injected onto the column and run at 0.5 mL/min
with a gradient to 0.1 M NaHPO4, pH 6.5, over 25 minutes. All
proteins contained >94% bispecific antibody. All proteins
contained minimal aggregate, as assessed by size exclusion
chromatography-HPLC by injecting 100mg protein onto a
TSKgel G3SWXL column (Tosoh Bioscience) run at
1 mL/min in PBS. Proteins were >95% pure as assessed
by nonreducing and reducing sodium dodecyl sulfate–
polyacrylamide gel electrophoresis. Endotoxin was <1
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EU/mg as measured using Pyrotell-T reagent on a Pyros
Kinetix Flex instrument according to the manufacturer’s
protocol (Associates of Cape Cod, Inc.).

Nanostring gene expression analysis

Purified OT1 T cells were plated at 1 · 106 per well into a
12-well plate and activated with either mature dendritic cell
(DC) loaded with SIINFEKL peptide or CD3xEpCAM or
CD3xnull in the presence of B16F10/EpCAM target cell for
24, 48, and 72 hours. Antibodies were added to cultures at
10 mg/mL. DC to T cell and B16F10/EpCAM to T cell ratio
was 1:10. T cells were harvested at every time point and cell
pellets were frozen in RLT buffer with 2-ME for subsequent
RNA isolation. RNA was isolated using RNeasy Plus Mini
RNA isolation kit from Qiagen and quantified using Drop-
Sense Trinean spectrophotometer. Fifty nanograms of RNA
per sample was used for Nanostring gene expression analysis
that was conducted according to the manufacturer’s protocol.
The custom gene expression panel consisted of 30 T cell
activation/effector function genes and 4 housekeeping genes
(Supplementary Table S1). Nanostring data were analyzed
using nSolver 3.0 Software.

Chemicals and antibodies

All reagents and chemicals were purchased from Sigma–
Aldrich, unless noted otherwise. All flow antibodies for
mouse T cell analysis were purchased from BioLegend. The
following mouse antibodies were used: CD69 PerCP-Cy5.5,
CD8 FITC, and CD44 BV510. Anti-mouse immunoglobulin
G (IgG) allophycocyanin (APC)-conjugated secondary anti-
body was purchased from Jackson ImmunoResearch. Violet
proliferation dye V450 was purchased from BD, and near-
infrared (IR) live–dead dye was purchased from Invitrogen.

Flow cytometry

For all flow cytometry, experiments cells were stained with
near-IR live–dead dye (Invitrogen) at room temperature for
5 minutes in PBS and then incubated with a mouse Fc-Block
(BioLegend) bovine serum albumin-containing BD flow buffer
(BD Pharmingen) at 4�C. Subsequently, all samples were
stained with either the antibody cocktail or the isotype control
for 30 minutes at 4�C and then washed and fixed in BD Cytofix
(BD Pharmingen). Samples were run on the BD LSRFortessa
(BD Biosciences) and then analyzed using the FloJo Software.
The gate was set on live cells, doublets were excluded, and
isotype control antibody stained cells were used to set gates for
negative and positive populations.

Cell lines

B16F10 and E.G7-OVA cell lines were obtained from
Janssen cell repository in Spring House, PA. E.G7-OVA
were cultured in Roswell Park Memorial Institute (RPMI)
with 10% fetal bovine serum (FBS) in the presence of
0.4 mg/mL of G418. B16F10 were cultured in Dulbecco’s
modified Eagle medium with 10% FBS. B16F10/EpCAM
cells stably expressing human EpCAM were generated by
transfecting B16F10 with a pCMV vector encoding human
EpCAM (Sino Biological) with a hygromycin resistance
gene. B16F10 cells were transfected with EpCAM pCMV
plasmid using Lipofectamine 3000 (Invitrogen) and then

were put on selection media containing 1.8 mg/mL hygro-
mycin to select for B16F10 cells that were stably transfected
with human EpCAM. B16F10/EpCAM stable cell line was
maintained in 1.8 mg/mL hygromycin.

Mice

OT1 and WT C57BL/6 mice were obtained from Jackson
Laboratory and maintained at Janssen’s Spring House animal
facility. All animal protocols were approved by Janssen In-
stitutional Animal Care and Use Committee.

T cell activation assays

OT1 T cells were purified from spleens and lymph nodes of
OT1 mice using a negative selection CD8 T cell purification
kit from Miltenyi. T cell purity was 85%–95% in all exper-
iments as verified by CD3/CD8 surface expression using flow
cytometry. C57BL/6 DCs used for T cell activation assays
were purchased from Astarte. To mature DC for T cell acti-
vation assays, a previously described DC maturation protocol
was used.(26,27) DCs were cultured overnight in 125 ng/mL
lipopolysaccharide, 50 ng/mL interferon gamma (IFNg),
50 ng/mL interleukin (IL)-4, and 50 ng/mL granulocyte-
macrophage colony-stimulating factor (PeproTech). Mature
DCs were then loaded with 10 ng/mL of SIINFEKL peptide
in serum-free RPMI for 3 hours at 37�C. For T cell activation
assays, purified OT1 were combined with mature DCs that
were either SIINFEKL loaded or unloaded at 10:1 ratio.
Alternatively, OT1 T cells were combined with either
10 mg/mL of CD3xEpCAM or CD3xnull antibody and
B16F10/EpCAM target cells at 10:1 E:T ratio. OT1 T cells
activated by either antibodies or DC were cultured for 24, 48,
and 72 hours, and T cell activation was assayed using flow
cytometry.

Cytotoxic T lymphocyte assays

DELFIA (Perkin-Elmer) Cell Cytotoxicity assay was
conducted according to the manufacturer’s protocol. Briefly,
OT1 T cells were purified from spleens and lymph nodes of
OT1 mice and seeded into six-well plates at 1.5 · 106

cells/mL. Mature DCs loaded with SIINFEKL peptide were
added to OT1 T cells at 1:10 ratio and were cultured for 48–
72 hours. Activated OT1 T cells were counted and plated into
a round bottom 96-well plate. Then, BATDA-labeled E.G7-
OVA, B16F10, or B16F10/EpCAM cells were added to T
cells in a 96-well plate. B16F10/EpCAM-labeled target cells
were added with either 10 mg/mL of CD3xEpCAM or
CD3xnull antibodies. T cells were incubated with target cells
in a total volume of 200 mL for 4 hours. After 4-hour incu-
bation, 20 mL of supernatants was harvested and combined
with 200 mL of europium solution, and fluorescence was read
on EnVision 96-well plate reader.

Multiplex cytokine analysis

Multiplex cytokine analysis was conducted using Meso
Scale Discovery (MSD) 10-plex mouse proinflammatory
panel according to the manufacturer’s protocol. The 10-plex
panel included the following cytokines/chemokines: IFNg,
IL-1b, IL-2, IL-4, IL-6, KC/GRO, IL-10, IL-12p70, and tu-
mor necrosis factor alpha (TNF-a).
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Statistical analysis

For all flow data, the gates were set using either isotype
stained or unstained controls. Quantitative analysis for flow
data was performed on date exported from the FlowJo. Sta-
tistical analysis for flow, MSD, and in vivo tumor study was
conducted in GraphPad Prism version 6. Statistical signifi-
cance and p-values for MSD cytokine data and flow activa-
tion marker expression was performed using two-way
analysis of variance (Holm–Sidak).

B16F10/EpCAM in vivo tumor studies

All procedures were carried out in the vivarium at Janssen
Research and Development, LLC (Spring House, PA). The
facility is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care.

A 5- to 7-week-old female C57Bl/6 mice were purchased
from Horizon and were acclimated for 10–14 days before
experimentation. Mice were assigned by weight to either
treatment (CD3xEpCAM) or control (CD3xnull) groups.
Eight mice per group were used, with the group body weight
after assignment averaging 18 g. On day 0, 100 mL of
B16F10/EpCAM cells (7.5 · 105 cells/mouse) was implanted
subcutaneously in the right flank of each mouse using a 25-
gauge needle. Biweekly intraperitoneal antibody adminis-
tration was started on day 1 and concluded after the fourth
dose on day 10. Mice in CD3xEpCAM and CD3xNull groups
received 60 mg per dose of corresponding monoclonal anti-
bodies. Mice were observed daily for clinical signs. Biweekly
body weights and tumor volumes were recorded using a three-
dimensional subcutaneous tumor scanning device (Tumor-
Imager�; Biopticon, Princeton, NJ). At the termination of the
study, mice were sacrificed by carbon dioxide asphyxiation.

Results

CD3xEpCAM antibody binds to murine CD3
and human EpCAM to redirect OT1 T cells

To explore the mechanism of action for a CD3 redirection
bispecific antibody in a murine model system, a CD3xEp-
CAM bispecific molecule was designed such that any func-
tional activity would be mediated exclusively by engagement
of the variable regions. This molecule was engineered to
harbor a mouse IgG2as silent Fc (Fig. 1A), with one variable
region arm specific for mouse CD3e and the other arm spe-
cific for human EpCAM to permit targeting of murine tumor
cells expressing human EpCAM. Murine IgG was chosen as
the Fc for the architecture of the bispecific antibody because
this bispecific antibody format offered the advantage of sta-
bility both in vitro and in vivo as well as enabling better
production yield. Silent IgG2as Fc(20) was chosen to allow
interrogation of CD8 T cell function induced by the T cell
redirection antibody without the confounding participation of
Fc-mediated effector mechanisms.

The B16F10 cell line has been well documented as a
poorly immunogenic melanoma cell line that grows aggres-
sively in vivo.(28,29) This melanoma cell line B16F10 was
engineered to stably express human EpCAM, and the re-
sulting B16F10/EpCAM cells were used to verify binding of
the CD3xEpCAM to human EpCAM. To confirm that the
CD3xEpCAM antibody binds to both mouse CD3 and human
EpCAM, the CD3xEpCAM antibody was incubated with

either mouse primary T cells or B16/EpCAM cells and then
stained with anti-mouse IgG APC-conjugated secondary
antibody. As shown in Figure 1B, only molecules harboring
EpCAM specificity exhibited binding to the B16F10/
EpCAM cells as no staining could be detected using the
CD3xnull control. The ability of CD3xEpCAM to specifi-
cally bind to murine CD3 was confirmed using OT1 T cells
(Fig. 1C). To verify that CD3xEpCAM can redirect antigen-
specific T cells, OVA-specific T cells from OT1 mice were
employed. The OT1 T cells respond specifically to targets
displaying the OVA-derived SIINFEKL peptide(18,19); how-
ever, in the presence of CD3xEpCAM, pre-activated OT1 T
cells were able to kill the B16/EpCAM cells (Fig. 1D, E).
Only the CD3xEpCAM, but not the CD3xnull antibody, re-
directed the OVA-specific OT1 T cells to kill OVA- B16F10/
EpCAM target cells indicating that the killing was T cell
mediated, independent of TCR antigen specificity, and cor-
related with the dose of CD3xEpCAM (Fig. 1D, E). There-
fore, CD3xEpCAM antibody binds to both mouse CD3e and
human EpCAM and redirects OT1 T cells to kill B16/
EpCAM tumor cells in a target-specific manner by essentially
changing the CD8 T cell specificity from OVA to EpCAM.

CD3xEpCAM induces expression of T cell activation
markers, cytokine secretion, and proliferation in OT1
T cells in the presence of EpCAM expressing tumor cells

To examine T cell activation potential and kinetics medi-
ated by the CD3xEpCAM antibody, freshly isolated OT1 T
cells were cocultured with B16/EpCAM tumor cells and
analyzed for expression of CD69 and CD44 activation
markers(30–32) at 24, 48, and 72 hours (Fig. 2A, B). In parallel,
SIINFEKL-loaded DCs were cocultured with OT1 T cells to
provide a point of reference for expression kinetics of CD69
and CD44 under optimal conditions. As expected, OT1 T
cells activated with SIINFEKL-loaded DC had a large pop-
ulation of CD69+ and CD44high T cells. Activation of OT1 T
cells by either CD3xEpCAM or CD3xnull in the presence of
B16F10/EpCAM target cells led to an increase in the per-
centage of CD69+ and CD44high cells (Fig. 2A); however,
CD3xEpCAM-activated OT1 T cells had a significantly higher
frequency of CD69+ cells accompanied by corresponding
higher cell surface levels compared with CD3xnull-activated
T cells. This was not the case for the CD44 expressing popu-
lation as there were no statistically significant differences be-
tween frequency and cell surface expression levels in the
CD44high OT1 T cells that were activated with CD3xEpCAM
or CD3xnull antibodies even in the presence of B16/EpCAM.

To understand the relationship between the T cell pheno-
type and cytokine secretion, supernatants were harvested
from T cells activated as shown in Figure 2 and analyzed for
cytokine levels at 24, 48, and 72 hours. Both IFNg and TNF-a
cytokine secretion induced by CD3xEpCAM peaked at 48
hours (Fig. 3) possibly due to the peak of T cell activation
being between 24 and 48 hours as shown by the kinetics of T
cell activation markers in Figure 2. Levels of IL-2, IFNg, and
TNF-a were significantly higher at every time point in
CD3xEpCAM-treated cultures compared with cytokine lev-
els secreted in response to CD3xnull control (Fig. 3). As
expected, levels of IL-2, IFNg, and TNF-a were much lower
when compared with the control SIINFEKL-loaded DC-
activated T cells (Supplementary Fig. S1). Similarly, a higher
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FIG. 1. CD3xEpCAM murine bispecific antibody binds mouse CD3 and human EpCAM and redirected OT1 T cells to
kill human EpCAM expressing B16F10. (A) CD3xEpCAM mouse bispecific antibody had anti-murine CD3e arm (clone
2C11) and anti-human EpCAM arm (clones 4–7).(15) (B) B16F10/EpCAM cells were incubated with 10 mg/mL of either
CD3xEpCAM or CD3xnull and EpCAMxnull controls. Antibody binding to human EpCAM on B16F10 was detected using
anti-mouse IgG APC secondary antibody. Secondary antibody stained cells only (gray-filled histograms) were used as a
negative control, and open histograms denotes staining with CD3xEpCAM bispecific antibody of either B16F10/EpCAM
(B) or OT1 T cells (C). (D, E) The CD3xEpCAM antibody redirected OT1 T cells isolated from spleen and lymph nodes of
OT1 mice and pre-activated with SIINFEKL peptide loaded C57BL/6 mature DC for 48–72 hours as demonstrated by
BADTA/Eu-based CTL. (D) E:T ratio was varied in the presence of 10 mg/mL of either CD3xEpCAM (red circles) or
CD3xnull negative control (blue squares). (E) The concentration of either CD3xEpCAM (red circles) or CD3xnull (blue
circles) was varied from 0.006 to 5 mg/mL, and the E:T is kept constant at 10:1. The data are representative of three
individual experiments. APC, allophycocyanin; CTL, cytotoxic T lymphocytes; DC, dendritic cell; EpCAM, epithelial cell
adhesion molecule; IgG, immunoglobulin G.
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FIG. 2. T cell activation induced by CD3xEpCAM is lower in magnitude compared with antigen-induced activation. OT1
T cells were purified from spleens and lymph nodes of OT1 mice and activated for 24, 48, or 72 hours, with either mature
DC loaded with SIINFEKL or 10mg/mL of CD3xEpCAM or CD3xnull with B16/EpCAM target cells at 10:1 ratio. The
cells were harvested and stained with live–dead dye as well as for CD8, CD69, and CD44 at every time point. (A) Percent
CD69-positive CD8-positive T cells and CD69 MFI for CD8-positive T cells activated as indicated above. (B) Percent
CD44 high CD8-positive T cells and CD44 MFI for CD8-positive T cells activated as indicated above. The data are
representative of three individual experiments. MFI, mean channel fluorescence.
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frequency of OT1 T cells proliferated when activated by
CD3xEpCAM compared with CD3xnull treatment of OT1 T
cells cultured with B16/EpCAM (Fig. 4A). The frequency of
OT1 T cells that had divided following the stimulation with
either SIINFEKL-loaded mature DC or CD3xEpCAM was
similar, although stimulation with DC plus SIINFEKL resulted
in a higher replication index (Fig. 4B), which is defined as fold
expansion over the culture time. This is not unexpected in that
cognate antigen stimulation induces more potent proliferation
compared with CD3xEpCAM. Stimulation with either
CD3xEpCAM or CD3xnull resulted in upregulation of CD69
and CD44 T cell activation markers on naive OT1 T cells in the
presence of B16/EpCAM cells; however, only the CD3xEp-
CAM bispecific could induce cytokine secretion and prolifera-
tion. These studies demonstrate that the CD3xEpCAM
bispecific mediate T cell activation and effector function when
in the presence of ligand-expressing tumor cells.

The gene expression profile exhibited by OT1 T cells
redirected by CD3xEpCAM resembles that observed
during stimulation with cognate antigen

To elucidate the activation signaling pathways induced by
CD3xEpCAM, a custom Nanostring gene expression panel

was created that consisted of genes expressed during T cell
activation/effector function (Supplementary Table S1).(33,34)

This gene panel included transcription factors that drive T
cell effector or memory differentiation such as Tbx21,
Eomes, and Bcl6, as well as genes that are crucial for T cell
proliferation and cytotoxicity such as IL2ra, Il2, Ifng, and
Gzmb. This analysis of OT1 T cells was conducted using
cells activated, by coculture with B16/EpCAM in the
presence of CD3xEpCAM, CD3xnull bispecifics, or DC
loaded with SIINFEKL as previously described. From these
cultures, the nonadherent cells were harvested, which con-
sisted almost entirely of T cells, as the tumor cells and DCs
are adherent, then RNA was prepared from cultures at 24-,
48-, and 72-hour time points (Fig. 5; Supplementary
Fig. S2). The fold change in gene expression was derived
using RNA from unstimulated T cells that were incubated
with media as the baseline for the indicated time points. This
analysis revealed that at 48 hours CD3xEpCAM-activated
OT1 T cells exhibited a gene expression profile that resembled
that of OVA antigen-activated OT1 T cells, with the main
difference being that the magnitude of the response for some of
the genes such as IL-2 and GrzB was reproducibly 50- to 100-
fold lower in CD3xEpCAM-treated T cells cocultured with
B16/EpCAM (Fig. 5; Supplementary Fig. S2).

FIG. 3. Cytokine secretion in OT1 T cells in response to CD3xEpCAM stimulation. Supernatants from the same sample as
shown in Figure 2A were harvested and assayed for IL-2, IFNg, and TNF-a using 10-plex Meso Scale Discovery. The data are
representative of three individual experiments. IFNg, interferon gamma; IL-2, interleukin 2; TNF-a, tumor necrosis factor alpha.
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Notably, GrzmB, Il2ra, and Ccl3 were reproducibly up-
regulated more than twofold over unstimulated T cells in
CD3xEpCAM-treated cocultures of B16/EpCAM and OT1 T
cells; GrzB and Il2ra genes are crucial for the effector response
in antigen-activated T cells (Fig. 5; Supplementary Fig. S2).
Some genes were upregulated to a similar degree (ccl3 and
tbx21) in response to both antigen- and CD3xEpCAM-induced
T cell activation. In addition, Eomes was uniquely upregulated
1.34-fold in the CD3xEpCAM-treated T cells. Since the ac-
tivity of T-bet is in part regulated posttranslationally,(35) it is
difficult to interpret the meaning of changes in the T-bet
transcript levels. Treatment with the CD3xnull antibody did
not elicit any significant increase in expression of T cell ef-
fector genes at any of the time points studied (Fig. 5; Sup-
plementary Fig. S2).

The CD3xEpCAM bispecific antibody reduces tumor
growth and extends survival of B16F10/EpCAM
tumor-bearing animals

The CD3xEpCAM bispecific antibody was demonstrated
to activate CD8 T cells in vitro; however, the question

remained as to whether this would translate into an ability to
interfere with tumor growth in vivo. To determine whether
treatment with CD3xEpCAM was sufficient to impact tumor
growth in vivo, C57BL/6 mice were implanted with B16F10/
EpCAM tumor cells and then treated with either CD3xEp-
CAM or CD3xnull control bispecific antibody as described.
As shown in Figure 6, treatment with the CD3xEpCAM
bispecific antibody significantly reduced the growth of tu-
mors (Fig. 6A, C) and extended survival of B16F10/EpCAM
tumor-bearing mice (Fig. 6B) compared with CD3xnull-
treated animals. This indicates that both specificities of
the bispecific antibody are required for reduction of tumor
growth and, based on the in vitro CD8 T cell data, it is highly
likely that redirected CD8 T cells play a role. These data
indicate that the CD3xEpCAM bispecific antibody can re-
direct T cells to kill human EpCAM expressing target tumor
cells both in vitro and in vivo.

Discussion

This study is the first to comprehensively characterize the
activation properties of a novel CD3xEpCAM bispecific

FIG. 4. CD3xEpCAM antibody is induced OT1 T cell proliferation. To measure OT1 T cell proliferation, T cells were
labeled with violet proliferation dye and activated with the same stimuli as shown in Figure 3 for 72 hours. To measure
percentage, divided gates were set on viable T cells. (A) Percentage of T cells that divided in response to different stimuli
plotted as a bar graph. (B) Replication index for CD3xEpCAM and DC plus SIINFEKL-stimulated T cells. (C) Flow
cytometry gating strategy and representative flow plots for samples shown in (A) and (B). The data are representative of
three individual experiments. ns, non-significant.
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antibody with a silent Fc and its impact on antigen-specific
murine CD8 T cell function. While a previous study used
2C11 anti-murine CD3 and 4–7 anti-human EpCAM for
creation of a BiTE,(15) to our knowledge, this is the first fully
murine CD3xEpCAM antibody on a mouse IgG2as silent Fc
architecture. Even though BiTEs have demonstrated efficacy
in clinic, their in vivo half-life is about 1 hour.(9,15) CD3
redirection molecules with a silent Fc have a significantly
longer half-life of several weeks in vivo,(17) which makes
them better suited for clinical use. This CD3xEpCAM bis-
pecific molecule with a silent Fc has successfully redirected
pre-activated OT1 T cells to kill B16F10 cells that express
human EpCAM. Additionally, this T cell redirection anti-
body induced cytokine secretion and proliferation upon
treatment of freshly isolated OT1 T cells. In accordance with
the in vitro activity, the CD3xEpCAM bispecific antibody
significantly reduced tumor growth in mice bearing B16F10/
EpCAM tumors.

Although unable to match the potency of an antigen-
presenting cell, the CD3xEpCAM bispecific induced enough
signal to affect the activation state of freshly isolated OT1 T
cells. This was shown by increased cytokine production and
proliferative response as well as cell surface marker expres-
sion. There are many differences in these two methods of

T cell stimulation with the most notable being the cooperative
action of co-stimulatory and adhesion molecules expressed
on APCs that enhance their activation capacity.

In the case of T cell redirection antibodies, it is known that
the magnitude of T cell activation induced can be modulated
by engineering binding affinity, structural modifications such
as spacing between binding domains, or changing antigen
binding site to enable recognition of an alternate epi-
tope.(13,36) Binding affinities for each arm of the CD3xEp-
CAM have been previously published; the Kd value for 2C11
anti-murine CD3 has been reported to be 90 nM and the Kd

for 4–7 anti-human EpCAM has been reported to be
50 nM.(15) These affinities are much tighter than those gen-
erally seen for TCR-peptide-MHC interactions and for OVA
the Kd reported for OT1 TCR bound Kb + OVA peptide is
5.9 mM.(37) Although not the sole factor, difference in levels
of T cell activation induced by CD3xEpCAM antibody
compared with OVA-loaded DCs was not due to weaker af-
finity of antibody binding to CD3e and EpCAM compared
with MHC/TCR interaction. Because stimulation with APCs
is so different from stimulation with the CD3xEpCAM, a
reasonable comparison cannot be made; however, the effi-
ciency and consistency of the APC–T cell interaction lends
itself to a reliable reference point for T cell activation. It is

FIG. 5. CD3xEpCAM-activated T cells expressed lower levels of T cell effector function genes. RNA was isolated and
Nanostring gene expression analysis was conducted on OT1 T cells activated for 48 hours as shown in Figures 2 and 3, and
Supplementary Figure S2.
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conceivable that by optimizing binding affinity and kinetics
of binding to CD3 and to EpCAM, the in vitro and in vivo
activity of the CD3xEpCAM bispecific may be enhanced.
That the CD3xEpCAM bispecific molecule could activate
CD8+ T cells in vitro regardless of TCR specificity and re-
duce tumor growth in vivo even though optimal antibody
architecture and affinity was not identified is in itself re-
markable.

Perhaps only a fraction of OT1 T cells responded to
CD3xEpCAM-mediated stimulation as reflected by the low
frequency of CD3xEpCAM-activated T cells that exhibited
upregulation of CD69 and CD44 (Fig. 2) compared with
SIINFEKL-activated OT1. This is further supported by the
low frequency of OT1 T cells that proliferated in response to
the CD3xEpCAM bispecific antibody in coculture with B16/
EpCAM cells. This phenomenon could be representative of
immune response in young adult or pediatric cancer patients
who have a higher fraction of naive CD8 T cells(38,39) with
higher threshold for activation. In senior adult cancer pa-
tients, it is likely that more of their CD8 T cells are antigen

experienced(40) and may be more readily activated by T cell
redirection antibodies.

The in vivo data demonstrated that CD3xEpCAM signifi-
cantly reduced tumor growth and prolonged survival of B16/
EpCAM tumor-bearing mice (Fig. 6). While exploring
combination therapies to enhance in vivo efficacy of
CD3xEpCAM is beyond the scope of the work presented
here, it should be noted that in vivo potency could potentially
be further enhanced by combining CD3xEpCAM with either
anti-PD1 or other checkpoint inhibitors. A recent study(41)

demonstrated that anti-PD-L1 enhances the potency of a
CD3xCD33 antibody in vitro, thus combining CD3xEpCAM
with anti-PD1 could enhance CD3xEpCAM efficacy in vivo
and would be an informative experiment.

Our finding that the CD3xEpCAM bispecific demonstrates
in vivo efficacy concomitant with relatively lower in vitro
activity suggests that rigorous T cell activation is not nec-
essary to achieve in vivo efficacy. Furthermore, this finding
was recently replicated in a study that used a fully murine
CD3 redirection antibody that had relatively low level of

FIG. 6. CD3xEpCAM treatment increased survival and reduced tumor growth of B16F10/EpCAM-treated mice. Sixteen
C57BL/6 mice were implanted with B16F10/EpCAM tumors. Eight mice were treated biweekly with 60mg of CD3xEp-
CAM antibody per dose (green line) or 60 mg of CD3xnull antibody over the course of 2 weeks. Blue arrows indicate
antibody injections. (A) Average tumor growth of CD3xEpCAM- and CD3xnull-treated mice. Error bars are standard error
of the mean. (B) Survival plot of CD3xEpCAM- and CD3xnull-treated groups. (C) Spider plots for CD3xnull (purple lines)
or CD3xEpCAM (green lines)-treated mice. **p < 0.004 by the Wilcoxon sign-rank test for tumor size growth and the
Mantel–Cox test for survival. The data are representative of two individual experiments.
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in vitro cytotoxicity, yet exhibited significant in vivo effica-
cy.(17) In fact, strong activation of CD8 T cells may cause
adverse events, such as cytokine release syndrome (CRS).
Therefore, a T cell redirection antibody that induces T cell
effector function that is just rigorous enough to achieve
in vivo efficacy, in the absence of CRS may provide the op-
timal therapeutic window for efficacious cancer treatment.
This optimal therapeutic window may be achieved by the low
affinity anti-CD3 arm(9) and modulating the tumor antigen
affinity to tailor it to the antigen expression levels.

Although our in vitro studies were designed to specifically
address the response of CD8 T cells to CD3 redirection an-
tibody engagement, it is highly likely that in vivo, CD4 T
cells also play a role in tumor eradication. This is supported
by several studies(17,42–44) demonstrating that CD4 T cells
play a prominent role in the anti-tumor immune response.
Thus, the CD4 T cell contribution could explain the enhanced
in vivo activity compared with in vitro activation and function
using purified CD8 T cells.

In conclusion, this is the first study that used CD3xEpCAM
on mouse IgG2as framework with a silent Fc to specifically
characterize CD8 T cell activation and effector function in
response to T cell redirection antibody stimulation. The
CD3xEpCAM bispecific antibody was shown to be capable
of directly stimulating CD8 T cells in vitro and reducing
tumor growth in B16/EpCAM tumor-bearing mice. En-
gagement of the OT1 T cells by CD3xEpCAM appears to
engage a subset of the same cellular signaling pathways that
operate during conventional MHC/TCR-mediated T cell ac-
tivation. The characterization of this tool CD3 redirection
bispecific molecule sets the stage for additional studies to
delve into the in vivo mechanism of action of this bispecific to
better understand how it is impacting the T cells to limit
tumor growth. Altogether, the data from this study shed light
on mechanism of action for CD3 redirection bispecific anti-
bodies and can be used for design and testing of novel effi-
cacious T cell redirection molecules.
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