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Abstract

Two new bispecific T-cell engaging (BiTE) molecules with
specificity for NKG2D ligands were developed and functionally
characterized. One, huNKG2D-OKT3, was derived from the
extracellular portion of the human NKG2D receptor fused to
a CD3e binding single-chain variable fragment (scFv), known
as OKT3. NKG2D has multiple ligands, including MICA, which
are expressed by a variety of malignant cells. A second mole-
cule, B2-OKT3, was created in the tandem scFv BiTE format that
targets MICA on tumor cells and CD3e on human T cells. Both
BiTEs specifically activated T cells to kill human tumor cell
lines. Cytotoxicity by B2-OKT3, but not huNKG2D-OKT3, is
blocked by soluble rMICA. The huNKG2D-OKT3 induced
greater T-cell cytokine production in comparison with B2-
OKT3. No T-cell pretreatment was required for IFNg production

upon coculture of B2-OKT3 or huNKG2D-OKT3 with T cells
and target cells. The effector memory T-cell compartment was
the primary source of IFNg , and culture of T cells and these
BiTEs with plate-bound rMICA showed ligand density–depen-
dent production of IFNg from both CD4þ and CD8þ T cells.
There was 2-fold more IFNg produced per CD8þ T cell and 5-
fold greater percentage of CD8þ T cells producing IFNg
compared with CD4þ T cells. In addition, both BiTEs elicited
significant antitumor responses against human metastatic
melanoma tumor samples using autologous or healthy
donor T cells. These data demonstrate the robust antitumor
activity of these NKG2D ligand–binding bispecific proteins
and support their further development for clinical use.
Mol Cancer Ther; 16(7); 1335–46. �2017 AACR.

Introduction
Immunotherapies modulating T-cell activity have proven to be

effective in cancer treatment (1). T cells contribute to tumor
immune-surveillance, but as tumors progress, they develop
immune escape mechanisms that limit T-cell efficacy (2). Immu-
notherapies that alleviate T-cell exhaustion, such as checkpoint
blockade, or redirect T cells against tumors can shift the balance
back in favor of the immune system (3). One type of bispecific
protein that has met with success for cancer treatment is the
bispecific T-cell engager (BiTE; refs. 4, 5). A BiTE is traditionally
composed of the heavy and light chains of two single-chain
variable fragments (scFv) joined together through flexible ser-
ine-glycine linkers in a format known as a tandem scFv (6).
Typically, one arm engages T cells through binding to CD3e,
whereas the other scFv binds a ligand on a tumor cell. This dual
binding acts as a bridge resulting in the formation of a synapse

between the T cell and tumor cell. The binding of both sites
activates the T cell resulting in robust cytokine production and
perforin/granzyme–mediated killing of the tumor cell. Thismech-
anism of action gives BiTEs several properties including efficacy at
very lowdoses, no requirement for T-cell costimulation, andT-cell
activation only upon engagement of both receptors (7, 8).

While BiTEs have great promise for the treatment of cancer, the
selection of tumor-specific targets can be challenging. Tumor
antigens can be specific to a cell lineage, such as CD19 on B cells,
or found on the surface ofmany different types of cancer. The first
BiTE approved by the FDA was blinatumomab, an anti-CD19 �
anti-CD3 BiTE, for use in patients with Philadelphia chromo-
some–negative relapsed or refractory precursor B-cell acute lym-
phoblastic leukemia (ALL; ref. 9). There are a number of other
BiTEs in development that target carcinoembryonic antigen
(CEA), CD33, and epithelial cell adhesion molecule (EpCAM),
which are found on several types of tumors (10–12).

In this study, two BiTEs that target Natural killer group 2,
member D (NKG2D) ligands were functionally characterized and
evaluated. NKG2D ligands are often expressed on human tumor
cells, and it has been estimated that more than 90% of human
tumorsmayexpress at least oneNKG2Dligand (13). There are two
families of NKG2D ligands in humans, MHC class I chain-related
proteinsA (MICA)andB (MICB) aswell asUL16-bindingproteins
(ULBP1–6; ref. 13). The reported affinity of human NKG2D to its
ligands is in the range of 1 mmol/L (13–15). The expression of
NKG2D ligands is controlled at the transcriptional, translational,
and posttranslational levels. Under conditions of cell stress, such
as infection or transformation, these ligands can express on the
cell surface (16, 17). In healthy tissues, mRNA and intracellular
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protein expression has been observed; however, miRNA and
proteasome degradation prevents cell surface expression of these
ligands (13, 18–20). The wide expression of NKG2D ligands on
many different tumor types, with limited expression on normal
tissues, makes them attractive targets for immunotherapy. To
redirect T cells to MICAþ tumors, the B2-OKT3 BiTE was created
using a tandem scFv BiTE format, targeting MICA on tumor cells
and CD3e on human T cells. The huNKG2D-OKT3 BiTE is
composed of the extracellular portion of the human NKG2D
receptor linked to a CD3e binding scFv. Both human NKG2D
andMICA-specific BiTEs are able to target a wide variety of tumors
because MICA has broad expression on multiple tumor types,
including cervical, colon, breast, lung, ovarian, prostate, renal cell,
and pancreatic carcinomas (16, 17, 21).MICA is also expressed on
75% of cutaneous melanoma samples and 50% of metastatic
melanoma (13, 22). In this study, two structurally different BiTEs
were evaluated for antitumor activity, antigen dependency, and
the ability to recognize human melanoma tumors.

Materials and Methods
Cell culture and cell lines

K562 (human myeloid leukemia cell line) was obtained from
the ATCC. Breast cancer cell lines MCF7 and T47D were provided
by Dr. James Direnzo (Dartmouth Medical School, Lebanon,
NH). Pancreatic cancer cell line Panc1was provided byDr.Murray
Korc (Dartmouth Medical School). Prostate cancer cell line PC-3
was provided by Dr. Marc Ernstoff (Dartmouth Medical School).
The B16F10 cell line was fromRichard Barth (DartmouthMedical
School). These cell lines were obtained between 2002 and 2006.
All human cell lines were authenticated by ATCC between August
and November 2016 by short tandem repeat (STR) analysis. Cell
lines are tested routinely formycoplasma by PCR around the time
of use in experiments and retested periodically. The most recent
mycoplasma testing was conducted July 2015 (MCF7 and PC3),
November 2015 (T47D), September 2016 (Panc1), and March
2017 (B16F10 and K562). After thawing, cells were passaged 2–5
times before use in experiments. K562, K562-Luc, and PC3 were
cultured in complete RPMI-1640 (GE Hyclone Laboratories,
SH30027.01) supplemented with 10% heat-inactivated FBS
(GE Hyclone Laboratories, SH30910.03), 100 U/mL penicillin,
100 mg/mL streptomycin (GE Hyclone Laboratories, SV30010),
1 mmol/L sodium pyruvate (Corning Cellgro, 25-000-Cl),
10 mmol/L HEPES (Corning Cellgro, 25-060-Cl), 0.1 mmol/L
MEM nonessential amino acids (Corning Cellgro, 25-025-Cl),
and 50 mmol/L 2-mercaptoethanol (Sigma, M6250-100ML).
B16F10, B16F10-MICA, Panc1, Panc1-Luc, T47D, and MCF7 cell
lines were cultured in complete DMEM with a high glucose
concentration (4.5 g/L; DMEM, GE Hyclone Laboratories,
SH30022.01) containing the same supplements. K562-Luc and
Panc1-Luc were generated by retrovirus transduction of their
parental cell line K562 or Panc1 cells, respectively, using retroviral
vectors containing a firefly luciferase gene. B16F10-MICA was
generated by retrovirus transduction of the parental cell line
B16F10 using a retroviral vector containing the MICA gene, as
described previously (23).

Healthy donor peripheral blood mononuclear cells (PBMC)
were isolated from cell cones, obtained from plateletpheresis,
and provided anonymously by the Dartmouth-Hitchcock Med-
ical Center Blood Donor Center. Cells were separated using
lymphocyte separation media (Corning, 25-072-CV) density

gradient centrifugation, then stored frozen in 90% FBS, 10%
dimethyl sulfoxide (DMSO, Fisher Scientific, D128-500) in
liquid nitrogen. For experiments, PBMCs were thawed, washed
with HBSS (GE Hyclone Laboratories, SH30031.02), and then
cultured in complete RPMI. Activated T cells were obtained by
culturing PBMCs at 106 cells/mL for three days in the presence
of Ultra-LEAF purified anti-human CD3 antibody clone OKT3
at 40 ng/mL (Biolegend, 317304) and human IL2 at 50 U/mL
(NCI Biological Resource Division). After three days, cells were
washed twice with HBSS then cultured at 106 cells/mL in
complete RPMI with fresh human IL2 at 50 U/mL for an
additional five days before use.

Generation of BiTE constructs
Anti-human CD3e scFv was constructed by fusing VH (aa 20–

138) and VL (aa 23–128) region of an anti-human CD3e hybrid-
oma OKT3 with a (G4S)3 linker. HuNKG2D-OKT3 was created
by joining the anti-CD3e scFv to the extracellular domain of
human NKG2D (aa 78–216) with a second (G4S)3 linker. B2-
OKT3 was generated by fusing an scFv that recognized MICA with
the OKT3 scFv via a (G4S)3 linker. The scFv-recognizing MICA
was selected through a yeast scFv library screen (24). Purified,
recombinant MICA allele �001, mutated at C273S to remove
an unpaired cysteine, was used for the yeast library screen after
biotinylation with EZ-Link Sulfo-NHS-LC-Biotin (Pierce, 21435).
The scFv selected in the screen was amplified from the library
vector. Each construct contains a histidine tag (6xHis) to facilitate
protein purification. The fusiongeneswere then cloned into aCMV
promoter–based expression vector (Clontech). All PCR reactions
were performed using a high-fidelity DNA polymerase Phusion
(New England Biolabs, M0530S). All oligonucleotides were syn-
thesizedby either IntegratedDNATechnologies or Sigma-Genosys.

Purification of BiTEs
BiTEs were purified either using the Expi293 expression system

or from transiently transfected suspension-adapted Freestyle 293-
F cells (Thermo Fisher Scientific, A14635, R79007). Manufac-
turer's instructions were followed for BiTEs purified using the
Expi293 expression system. For BiTEs purified from 293-F cells,
the following protocol was used: 293-F cells cultured in Gibco
FreeStyle 293 Expression Medium (Thermo Fisher, 12338018)
were transfected with BiTE-specific DNA constructs by 40 kDa PEI
(Polysciences, Inc, 24765). Transfection was done by gently
mixing 293-F cells with DNA and PEI at a final concentration of
106 cells/mL, 1.4 mg/mL DNA, and 25 mg/mL PEI. DNA and PEI
were mixed separately in Opti-MEM (Thermo Fisher Scientific,
31985070), and incubated at room temperature for 10 minutes.
The DNA-PEI solution was then added dropwise to cell cultures.
The culture wasmaintained in 37�C, 8%CO2with shaking at 100
rpm for five days, and cell-free culture supernatant was harvested
and filtered using 0.45-mm filter units and two glass 1.0 micron
fiber prefilters (EMD Millipore Corporation, SCHVU05RE,
AP1507500). The supernatant was mixed with 4X nickel column
binding buffer (1.2 mol/L NaCl, 200 mmol/L NaH2PO4, 80
mmol/L, imidazole, pH ¼ 7.4) and loaded onto a 1 mL HisTrap
HP column (GE Healthcare, 29-0510-21) using an AKTA Start
purification system (GE Healthcare, 29-0220-94). The column
was washed with 10 column volumes of nickel column binding
buffer (300 mmol/L NaCl, 50 mmol/L NaH2PO4, 20 mmol/L
imidazole, pH ¼ 7.4). HuNKG2D-OKT3 elution was performed
with 20 column volumes of elution buffer (300mmol/L NaCl, 50
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mmol/L NaH2PO4, 480 mmol/L imidazole pH ¼ 7.4) with a
linear gradient of imidazole from 20 to 480 mmol/L. B2-OKT3
and the negative control BiTE (TZ47-OKT3) were eluted using a
stepwise gradient, 186 mmol/L of imidazole for three column
volumes and 388 mmol/L of imidazole for 17 column volumes
using the elution buffer (300 mmol/L NaCl, 50 mmol/L
NaH2PO4, 480 mmol/L imidazole pH ¼ 7.4). Eluted fractions
were collected and examined by SDS-PAGE gel stained with
SYPRO Orange (Thermo Fisher Scientific, S6650). Individual
fractions containing BiTE protein were combined and buffer
exchanged into 1� PBS (Corning Cellgro, 21-040-CV) using two
5 mL HiTrap desalting columns (GE Healthcare, 29-0486-84)
connected in tandem using the AKTA Start purification system.
Concentration of BiTE protein was quantified by absorbance
using a Nanodrop at 280 nm. Extinction coefficients (0.1% Abs)
used to calculate concentrations were: 2.293 for huNKG2D-OKT3
and 2.137 for B2-OKT3. Average BiTE yieldwas 1,020 mg/L for B2-
OKT3 and 1,005 mg/L for huNKG2D-OKT3 using the Expi293
expression system. To produce soluble rMICA, the extracellular
domain of MICA�001 allele was cloned into a pCMV-based
protein expression vector containing a 6xHis Tag. The Quick-
Change II XL kit (Agilent Technologies, 200521) was used to
convert the free cysteine to a serine (C273S) by mutation at
nucleotide site 818 (G818C). 293-F cells were transfected with
the rMICA construct and rMICA was eluted stepwise with 180
mmol/L, followed by 400 mmol/L imidazole.

ELISA
Effector cells (105 cells/well) and tumor cells were plated in

96-well flat bottom plates at an effector to target cell ratio (E:T)
ratio of 4:1. When human melanoma tumor cells were used as
target cells, the tumor cells were plated and allowed to culture
overnight (37�C), then washed twice with HBSS before effector
cells or BiTEs were added. For assays where rMICA was used as a
target, rMICA was diluted in 1� PBS, plated at 100 mL/well,
incubated overnight at 4�C, and washed three times before
effector cells or BiTEs were added. After all cells and reagents
were combined, plates were cultured (37�C) and cell-free
medium was collected after 24–48 hours, as indicated. IFNg
was quantified by ELISA, according to the manufacturer's
instructions (Biolegend, 430106).

Luciferase cytotoxicity assay
Cultured human T cells were plated in 96-well plates with

luciferase-expressing tumor cells at specified E:T ratios in trip-
licate in Costar round-bottom non-tissue culture–treated white
polystyrene plates (Corning Incorporated, 3789) and BiTE was
added. After overnight incubation, 50 mL of 200 mg/mL luciferin
(Gold Biotechnology, 115144-35-9), diluted in complete RPMI
was added to each well. The plates were incubated for 30
minutes at 37�C. Each well was read for 2 seconds on a Centro
LB 960 luminometer (Berthold Technologies). Controls includ-
ed T cells alone, luciferase-expressing cell lines alone, and T
cells cocultured with tumor cell lines without BiTE. For the
rMICA blocking experiments, rMICA was added in 5-fold
dilutions at a maximum of 5,000 ng/mL immediately after the
addition of the BiTEs.

Human melanoma samples
Human melanoma tumor cell samples were derived from

patient metastatic tumor specimens at the time of surgical resec-

tion. Tumor cells were isolated by mechanical and enzymatic
digestion and cryopreserved in 90% heat-inactivated Human AB
serum (Gemini Bioproducts, 100-512) with 10% DMSO freeze
media at �140�C. Samples were thawed and allowed to recover
overnight before use in the described assays. All patients signed
informed consent that was approved by the Committee for the
Protection of Human Subjects at Dartmouth Hitchcock Medical
Center to allow use of their melanoma tumor tissue for research
purposes.

Flow cytometry
Cell surface stains were performed by washing cells twice with

FACS buffer, 1% FBS in 1� PBS, followed by incubation with
humanCohn fraction IgG (Sigma-Aldrich,G4386) for 10minutes
to reduce nonspecific binding. Samples were then washed with
FACS buffer twice before incubation in the appropriatemixture of
antibodies for 30 minutes at 4�C. After incubation, the cells were
washed three times and resuspended in FACS buffer before
samples were acquired on a C6 Accuri flow cytometer (BD
Biosciences). Expression of MICA/B on cell lines was quantified
using PE-conjugated anti-MICA/MICB antibody clone 6D4 (Bio-
legend, 320906). T-cell subsets were identified using anti-CD3
clone OKT3 conjugated with PerCP 710 (eBiosciences, 46-0037-
42), PE-conjugated anti-CD45RO clone UCHL1 (Biolegend,
304206), and FITC-conjugated anti-CCR7 clone 150503 (R&D
Systems, FAB197F). When intracellular staining was performed,
cell surface stains were completed before cells were fixed and
permeabilized using a Fix/Perm staining kit (eBioscience, 00-
5523-00) followed by intracellular staining for IFNg with APC
anti-human IFNg clone B27, (Biolegend, 506510) or isotype
control APC msIgG1 clone MOPC-21 (Biolegend, 400120) as
per the manufacturer's instructions. All data acquisition and
analysis was done using the Accuri flow cytometry software (BD
Biosciences).

Bio-layer interferometry
The huNKG2D-OKT3 and B2-OKT3 binding to rMICA was

measured by Bio-Layer Interferometry using an Octet RED96
System (ForteBio). For each experiment, two sets of eight strepta-
vidin (SA) biosensor tips (ForteBio, 18-5019) were used, one set
formeasurement andone set as a reference to subtract background
binding. The biosensors were equilibrated with 1� PBS contain-
ing 0.5% BSA and 0.1% Tween 20 (Sigma Aldrich, P1379 and
Fisher Scientific BP1600-100) for 100 seconds. The measurement
biosensors were loaded with 0.1 mg/mL biotin-labeled rMICA
protein for 200 seconds, dipped into buffer to reach baseline for
100 seconds, followed by association of the first analyte for 600
seconds, immediately followed by association in either the same
BiTE, an anti-MICA/B antibody clone 6D4 (Biolegend, 320906),
or the test BiTE for 600 seconds. Fortebio Data Analysis 7.0
software (ForteBio) was used to analyze the data and generate
response curves.

Statistical analysis
A paired t-test was used to evaluate significance for cytotoxicity

assays (Figs. 1A and B and 2C and D), changes in IFNg mean
fluorescence intensity (MFI) following BiTE treatment (Fig. 4C),
andwithhumanmelanoma samples (Fig. 5A–C). For comparison
in T-cell subset distribution, significance was determined by one-
way ANOVAwith Newman–Keulsmultiple comparisons analysis
(Fig. 3B). Two-way ANOVAwas used to determine significance of
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IFNg dose response and between treatment groups (Fig. 4A). A P
value <0.05 was considered statistically significant.

Results
HuNKG2D-OKT3 and B2-OKT3 BiTEs specifically activate T
cells and induce killing of MICA ligand–expressing tumor cells

The extracellular portion of the human NKG2D receptor was
fused to a human CD3e binding scFv derived from the anti-
body clone OKT3, to develop a BiTE that binds all NKG2D

ligands. Thus, this huNKG2D-OKT3 protein is able to bind
CD3e on human T cells with one arm and the multiple tumor
antigens recognized through NKG2D (MICA/B and ULBP1 - 6)
with the other arm. A second BiTE in the traditional tandem
format was also developed. This BiTE, B2-OKT3, is specific for
the NKG2D ligand MICA. Out of four MICA-binding scFvs
isolated by screening a human scFv library against soluble
rMICA, B2 was selected for further analysis due to its robust
activity.

2,0001,5001,0005000
0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

MICA/B mAb
huNKG2D-OKT3
B2-OKT3
Buffer

Time (s)
2,0001,5001,0005000

Time (s)
R

es
po

ns
e 

(n
m

)

rMICA huNKG2D-OKT3 rMICA   B2-OKT3

R
es

po
ns

e 
(n

m
)

A B

C

D

0

rMICA (ng/mL)

K562
(huNKG2D-OKT3)

Panc1
(huNKG2D-OKT3)

K562
(B2-OKT3)

Panc1
(B2-OKT3)

0
0.3

2
1.6

0 8 40 20
0
1,0

00
5,0

00

0
0.3

2
1.6

0 8 40 20
0
1,0

00
5,0

00 0
0.3

2
1.6

0 8 40 20
0
1,0

00
5,0

00

rMICA (ng/mL)

rMICA (ng/mL)
Donor DD Donor FF Donor LL Donor HH

rMICA (ng/mL)

0
0.3

2
1.6

0 8 40 20
0
1,0

00
5,0

00

20
40
60
80

100
120

%
 L

ys
is

0
20
40
60
80

100
120

%
 L

ys
is

0
20
40
60
80

100
120

%
 L

ys
is

0
20
40
60
80

100
120

%
 L

ys
is

Figure 2.

B2-OKT3 and huNKG2D-OKT3 BiTEs
bind different epitopes onMICA and B2-
OKT3 cytotoxic activity is blocked at
supraphysiologic concentrations of
rMICA. B2-OKT3 and huNKG2D-OKT3
binding to rMICA was measured by
biolayer interferometry. Streptavidin
biosensors were loaded with
biotinylated rMICA, saturated with the
blocking BiTE huNKG2D-OKT3 (A) or
B2-OKT3 (B) and then dipped into the
test analytes: anti-MICA/B, huNKG2D-
OKT3, B2-OKT3, and buffer only. Data
are representative of at least two
independent experiments. Cultured
human T cells from four different donors
were plated with either K562-Luc or
Panc1-Luc at a 4:1 ratio. huNKG2D-OKT3
(C) or B2-OKT3 (D) was added at
50 ng/mL. rMICA was at the indicated
concentrations. �� , Indicates
concentrations where the cytotoxicity
was significantly lower than no rMICA
controls, P < 0.01.

Figure 1.
BiTEs specifically activate T cells and induce killing of MICAþ cell lines.A, Cytotoxicity of human T cells induced by BiTEs against MICAþ human cell lines over a range
of effector: target (E:T) cell ratios. Cultured T cells from four healthy donors were incubatedwith K562-Luc (left) or Panc1-Luc (right) tumor cells with 250 ng/mL B2-
OKT3 or huNKG2D-OKT3, or no BiTE in triplicate wells. Relative light units (RLU) weremeasured after overnight culture. Representative plotswith averaged RLU are
shown. Error bars, SD. � , P� 0.05 compared to no BiTE treatment. B, Dose response of cytotoxicity induced by BiTE. Cultured T cells from two healthy donors were
incubated with K562-Luc (left) or Panc1-Luc (right) cells at an E:T of 10:1 with the indicated concentrations of B2-OKT3 or huNKG2D-OKT3 in triplicate wells.
Representative plots with averaged RLU are shown. Error bars, SD. � , P� 0.05 compared with 0 ng/mL BiTE. T-cell IFNg production when cultured with huNKG2D-
OKT3 (C) or B2-OKT3 (D) against different tumor cell lines. Cultured T cells from four to six healthy donors (K, S, X, CC, DD, or EE) were incubated with
human tumor cell lines, K562, PC3, Panc1, MCF7, or T47D. IFNg was measured in cell-free medium after 24 hours. Error bars reflect the standard deviation.
E, Representative flow plots showing expression of MICA/B (black) compared with unstained controls (gray) for the cell lines used in C and D. F, T-cell IFNg
production (from healthy donors Q, S,W, U) when culturedwith huNKG2D-OKT3 (left) B2-OKT3 (middle) or a TZ47-OKT3 (control BiTE; right) against either MICA�

cell line B16F10 or B16F10 cells transduced to express MICA (B16F10-MICA). G, Flow plots showing expression of MICA/B (black) compared with unstained controls
(gray) for B16F10 and B16F10-MICA.
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To determine whether huNKG2D-OKT3 and B2-OKT3 redir-
ected primary T cells to specifically recognize and kill ligand
expressing tumor cells, effectors (T cells) and tumor cells were
cultured together at different ratios of effectors to target cells (E:T)

with 250 ng/mL of either BiTE (Fig. 1A). Cytotoxicity was mea-
sured using a luciferase-based assay, where reduction of luciferase
signal corresponded to a decrease in viable target cells. At all E:T
ratios tested, significant decreases in tumor survival were observed

Figure 3.

After BiTE treatment, IFNg producing
T cells are enriched for effector memory
T cells.A,Gating strategyused to identify
functionally active T-cell subsets based
on IFNgþ intracellular staining. In the
indicated treatment groups, PBMCs and
target K562 cells were cultured at an E:T
ratio of 4:1, and BiTE was used at a dose
of 250 ng/mL. Treatment with PMA and
Ionomycin (Ion) was used as a positive
control. Samples were stained with CD3,
CD45RO, CCR7 and IFNg . T-cell subsets
were designated as follows: Na€�ve (TN)
CD3þCD45RO�CCR7þ, central memory
(TCM) CD3

þCD45ROþCCR7þ, effector
memory (TEM) CD3

þCD45ROþCCR7�,
and terminal effector T cells (TEMRA)
CD3þCD45RO�CCR7�. Data are
representative of experiments
performed with four different PBMC
Donors. B, Distribution of cells in each
T-cell subset in the treatment groups
described in A. Data are shown for mean
value of the four donorsþ SD. Statistical
significance determined by one-way
ANOVA with Newman–Keuls multiple
comparisons analysis. The color of the
asterisk indicates the population that is
statistically different. � , P � 0.05;
�� , P � 0.01; ��� , P � 0.001.
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in cultures with K562-Luc (chronic myelogenous leukemia) or
Panc1-Luc (pancreatic cancer) tumor cells with BiTE compared
with no BiTE treatment. B2-OKT3 and huNKG2D-OKT3 were
almost equivalent in their ability to elicit cytotoxicity from T cells
under these conditions. To determine the dose dependency of the
cytotoxic activity, each BiTEwas coculturedwith T cells and tumor
cells at BiTE concentrations from 0 to 250 ng/mL (Fig. 1B).
Cytotoxicity was observed at all doses of each BiTE. B2-OKT3
and huNKG2D-OKT3 had equivalent cytotoxicity at doses above
28 ng/mL. These results demonstrate that both BiTEs are effective
at low concentrations against MICA/B–expressing cell lines
derived from liquid or solid tumors.

To determine the ability of BiTEs to elicit T-cell responses
against a panel of human cell lines from different tissues, T cells
from four to six donors were cultured with the BiTEs and tumor
cell lines and cytokine production wasmeasured (Fig. 1C and D).
IFNg production was observed with all tumor target cells, at even
the lowest dose (3.1 ng/well) of the huNKG2D-OKT3 BiTE (Fig.

1C). The B2-OKT3 BiTE resulted in T-cell IFNg production in a
dose-dependent manner when cocultured with K562, Panc1, or
MCF7 tumor cells, and triggered IFNg production to a lesser extent
with the PC3 tumor cell line. In contrast to huNKG2D-OKT3,
minimal IFNg wasproducedby T cells coculturedwith the cell line
T47D and B2-OKT3 (Fig. 1D). The expressions of MICA/B are
shown for these cell lines, and overall those with the highest
expression induced greater IFNg production (Fig. 1E). Because
NKG2D can recognize both MICA and MICB, along with other
ligands, it is not surprising that the NKG2D BiTE would lead to
greater IFNg production against these cell lines than the B2-OKT3
BiTE. Importantly, both BiTEs caused T cells to produce little IFNg
when cultured with T cells alone. As an additional control for
MICA specificity, we tested the induction of IFNg by human T cells
cultured with increasing amounts of these BiTEs or an irrelevant
BiTE (B7H6-specific TZ47-OKT3) against murine tumor cells that
do (B16F10-MICA) or do not (B16F10) express MICA. Specificity
for MICA was demonstrated by showing a dose-dependent
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Figure 4.

Antigen density directly impacts T-cell activation by B2-OKT3 and huNKG2D-OKT3 BiTEs. A, Activated T cells from ten donors were incubated with immobilized
rMICA at the indicated concentrations and either huNKG2D-OKT3 (left), B2-OKT3 (center) or negative control BiTE (right) at 250 ng/mL for 24 hours. IFNg
from cell-free supernatant was measured by ELISA. B, Cells from 2–4 donors were treated as in A, but after a 6-hour incubation in the presence of Brefeldin A, cells
were stained for expression of CD4, CD8, and intracellular IFNg , and data were acquired by flow cytometry. Percentage of activated cells as indicated
by IFNgþ staining are shown inB, while MFI for each T-cell subset over the range of antigen densities tested is shown inC. MFI were comparedwith 0 ng/mL group by
paired t test (� , P � 0.05; �� , P � 0.01). Error bars represent SD of triplicates in A and between donors in C. Blood donors are designated by letters (K, S, P,
X, Y, Z, CC, DD, EE, FF, GG).
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increase in IFNg onlywhenMICAwas expressed on the target cells
(Fig. 1F and G). Results of these analyses show that both
huNKG2D-OKT3 and B2-OKT3 induce cytotoxicity and robust
proinflammatory cytokine production fromhumanT cells against
a diversity of tumor cells.

Cytotoxicity by B2-OKT3, but not huNKG2D-OKT3, is blocked
by soluble rMICA

We tested competition of huNKG2D-OKT3 and B2-OKT3 for
binding to rMICA to determine whether they bind at overlapping
or distinct epitopes by Biolayer Interferometry (BLI). (Fig. 2A
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huNKG2D-OKT3 andB2-OKT3BiTEs are able to activate healthy donor T cells, PBMCs anddonormatched T cells against humanmelanoma tumor cell samples. T cells
from twodifferent healthydonors and autologous T cellswereplatedwith eachmelanoma tumor cell sample at anE:T ratio of 4:1 andhuNKG2D-OKT3 (A) or B2-OKT3
BiTE (B) at 250 ng/mL and incubated for 24 hours. IFNg production was measured by ELISA. C, Unstimulated PBMCs from two healthy donors were
incubated with each primary melanoma sample as in A and B, but IFNg production in the supernatants was measured after a 48-hour incubation. Treatment with
huNKG2D-OKT3 is shown on the left, and B2-OKT3 on the right. Each sample was run in triplicate and data are shown þ SD of triplicates. A � indicates P � 0.05 or
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and B). Briefly, SA biosensors were activated with biotinylated
rMICA, then allowed to saturate with one BiTE before testing for
association with the second BiTE or a control analyte. The results
show that blockingwith either BiTE did not prevent association of
the second BiTE, whereas each BiTE prevented the binding of
additional BiTE of the same type. These data are consistent with
distinct epitopes on MICA for the NKG2D and B2 BiTEs.

In some patients, tumors are known to shedMICA protein into
the bloodstream with the potential to inhibit NKG2D function
(25). We tested whether soluble rMICA inhibited BiTE-triggered
cytotoxicity of K562 or Panc1 tumor cells (Fig. 2C and D). When
low amounts of BiTE were used (50 ng/mL) a decrease in lysis
triggered by the B2-OKT3 BiTE was observed when a 5-fold or
greater amount of rMICAwas present. This is due to the specificity
of this BiTE for MICA, reinforced by the need for higher amounts
of rMICA to cause a similar level of inhibition for the K562 target
cell line, which expresses more surface MICA than the Panc1
targets (Fig. 2D). In contrast, the huNKG2D-OKT3 was not
inhibited by rMICA under these conditions (Fig. 2C). This may
be due to the weaker binding of NKG2D for MICA and/or its
ability to recognize multiple ligands on tumor cells. Although
soluble MICA may be present in patient sera, it is typically less
than 10 ng/mL and often under 1 ng/mL (25). At this concen-
tration, it may not alter the ability of BiTEs to trigger T-cell
cytotoxicity until local amounts become very high, which has
not been reported.

Both cultured human T cells and resting PBMCs respond to
ligand-positive cells in the presence of B2-OKT3 and
huNKG2D-OKT3

It has been shown that BiTEs are able to activate T cells in the
absence of any T-cell preconditioning or costimulation (7). To
determine the ability of B2-OKT3 and huNKG2D-OKT3 to acti-
vate both cultured and resting T cells against ligand-expressing
tumor cells, resting (PBMCs) or cultured (anti-CD3 stimulated) T
cells fromfivedifferent humandonorswere treatedwith a range of
BiTE concentrations in the presence of MICAþ K562 tumor cells.
T-cell activation was assessed by IFNg production. T cells from all
five donors showed robust IFNg production in response to BiTE
treatment. Maximum IFNg production was observed after 24
hours for the activated T cells, while T cells among resting PBMCs
reached maximum IFNg production after 48 hours (our unpub-
lished observations). EC50 values were calculated from the dose–
response curves for each donor at the time of maximum IFNg
production (Table 1). The EC50 values show that both PBMCs and
cultured T cells were able to be activated at low ng/mL doses with

either BiTE. In addition, comparison of the EC50 values between
the two constructs showed a trend of lower EC50 values
for huNKG2D-OKT3 compared with B2-OKT3 demonstrating
an ability of huNKG2D to elicit T-cell activity at very low
concentrations.

After BiTE treatment, effector memory T cells are the primary
producers of IFNg

To identify the T-cell subsets activated by the B2-OKT3 and
huNKG2D-OKT3 BiTEs, resting PBMCs and K562 cells were
treated with BiTE, and specific subsets of activated T cells were
identified by intracellular staining of IFNg . CD3þ T cells were
subcategorized into na€�ve (TN), central memory (TCM), effector
memory (TEM), or terminal effector (TEMRA) T cells based on
surface staining of CD45RO/CCR7. An example of the gating
strategy used to identify the different T-cell subsets is shown in Fig.
3A.Quantification of the percent of cells in each T-cell subset from
four donors, under control conditions including PBMCs alone,
PBMCs with either BiTE, and PBMCs with K562 cells had no
statistical difference in distribution of T-cell subsets. As a control
for T-cell activation, the T-cell subset distribution of PBMCs
stimulated with PMA and ionomycin (Ion) was also examined.
CD3þ IFNgþPMA/Ion–treated PBMCshad a significant reduction
in TN cells compared with all control conditions and some
enrichment of the TEM population. However, IFNg was produced
nearly exclusively by TEM cells upon coculture of either BiTE with
K562 cells and PBMCs. This was a significant change in T-cell
distribution compared with the initial distribution in any of the
control conditions as well as compared with PMA/Ion–treated
PBMCs (Fig. 3B). The TEMpopulation is preferentially activated by
these two BiTEs because the same change in cell distribution was
not induced by nonspecific T-cell activation with PMA/Ion.

Antigen density affects T-cell activation by B2-OKT3 and
huNKG2D-OKT3 BiTEs

HuNKG2D-OKT3 can recognize multiple NKG2D ligands,
which may be one reason for the higher activity of this BiTE
against tumor cells. To determine the contribution that antigen
density plays in the activation of T cells by the two BiTEs, plate-
bound rMICA was used as a ligand in the absence of tumor cells.
Theuse of rMICAeliminated the possibility that huNKG2D-OKT3
recognized another ligand in the assay. The rMICA was immobi-
lized at multiple concentrations, and T cells were cultured in the
presence of huNKG2D-OKT3 or B2-OKT3. T-cell activation was
subsequently measured by IFNg production and by intracellular
IFNg staining. Analysis of total IFNg production for ten donors
demonstrated an antigen concentration–dependent increase for T
cells treated with either huNKG2D-OKT3 or B2-OKT3. TZ47-
OKT3 (B7H6-specific) served as a negative BiTE control protein
(Fig. 4A). Comparisonof the dose–response curves revealed that 8
of the 10 donors produced less IFNg when treated with B2-OKT3
compared with treatment with huNKG2D-OKT3 (P < 0.01). This
indicates that less MICA was needed to trigger T-cell activation
with the huNKG2D-OKT3 BiTE.

Analysis of intracellular IFNgþ cells from T cells cultured in the
presence of either BiTE showed that the percentage of activated
CD4þ and CD8þ T cells increased in concert with increasing
rMICA antigen concentration (Fig. 4B). However, treatment with
huNKG2D-OKT3 resulted on average in a 4-fold greater percent-
age of CD4þ and 2.2-fold greater percentage of CD8þ T cells
producing IFNg as compared with treatment with B2-OKT3

Table 1. HuNKG2D-OKT3 and B2-OKT3 elicit IFNg production from both
cultured T cells and PBMCs in the presence of MICAþ tumor cells

Cultured T cells Resting PBMCs
Donor huNKG2D-OKT3 B2-OKT3 huNKG2D-OKT3 B2-OKT3

Q 22a 103 7 146
S 10 15 9 187
W 46 66 6 5
X 2 21 15 2246
FF 1 9 3 92

Mean 15 43 8 535

SD 21 40 5 959
aNumbers represent EC50 (ng/mL BiTE) required for half maximal IFNg response
measured by ELISA after 24 hours (T cells) or 48 hours (PBMCs) of culture at an
E:T ratio of 4:1 and BiTE concentrations of 0, 5, 15, 50, 150, and 500 ng/mL.
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(Fig. 4B). Treatment with the huNKG2D-OKT3 BiTE also elicited
an antigen-dependent increase in IFNg production on a per cell
basis, as indicated by an increased mean fluorescence intensity
(MFI) for both CD4þ and CD8þ T cells. While treatment with B2-
OKT3 only showed this increase in IFNg production on a per cell
basis for the CD8þ T cells, but not in the CD4þ compartment (Fig.
4C). Overall, these results show that T-cell activation by both
BiTEs was dependent on antigen density, that huNKG2D-OKT3
induced greater T-cell activation compared with B2-OKT3, and
this increase in T-cell activation occurred when MICA was the
target ligand.

HuNKG2D-OKT3 andB2-OKT3BiTEs are able to activate T cells
against human melanoma tumor samples

To determine the ability of these two NKG2D ligand–binding
BiTEs to trigger T-cell responses to human tumor cells, cultured T
cells and resting PBMCs from healthy donors, and autologous T
cells from metastatic melanoma patients were tested against a
panel of eight matched human melanoma tumor samples. Each
tumor sample was cocultured with effector cells at an E:T ratio of
4:1, in the presence or absence of the BiTEs, and T-cell IFNg
production was measured. Upon treatment with huNKG2D-
OKT3, significant IFNg was produced by all cultured T cells tested
against each of the eight tumor samples (100% response; Fig. 5A).
Treatment with B2-OKT3 resulted in significant IFNg production
from T cells for 5 of the 8 tested donors (62.5% response; Fig. 5B).
It is interesting to note that autologous T-cell responses were often
equally as robust as those from healthy donors, indicating that
melanoma patient T cells can be activated with these therapeutic
proteins.

The BiTEs were also able to activate resting healthy donor
PBMCs against melanoma tumor cell samples. Two of the mel-
anoma samples, E10 and E11, were cocultured with resting
PBMCs from two healthy donors at an E:T ratio of 4:1 with and
without BiTEs, and IFNg production was measured (Fig. 5C).
Significant IFNg was produced upon treatment with huNKG2D-
OKT3 from both PBMC donors cocultured with E10 tumor cells
and with one donor when cocultured with E11 tumor cells.
Treatment with B2-OKT3 elicited significant IFNg production
from one PBMC donor against tumor E10. Notably, there was
greater IFNg production with both donors against each of the
melanoma tumor samples compared with T cells with BiTE or T
cells with tumor samples alone. These data show that prior T-cell
stimulation was not required for these BiTEs to elicit T-cell
cytokine production against human melanoma tumor cells.

Discussion
In this study, we have characterized two new bispecific proteins

with ligands recognized by the human NKG2D receptor. NKG2D
functions in the recognition of carcinogenic transformation of
cells (18). NKG2D ligands can be polymorphic, heterogeneous,
and vary in expression during tumor progression (13, 26–28).
There aremore than 100 alleles ofMICA that code for 82 different
proteins and 40 alleles of MICB that encode 28 different proteins
(29). The MICA-targeting BiTE, B2-OKT3, was screened against
the MICA�001 allele. The ability of this BiTE to bind other alleles
of MICA is not known, but broad activity against tumor cell lines
and human melanoma tumor cells suggests that the B2-OKT3
protein may have therapeutic application for a broad range of
tumors. The huNKG2D-OKT3 BiTE has the potential to be effec-

tive for a high percentage of patients, based on the 100% response
rate of T cells with this protein against each of the human
melanoma tumor samples. It is possible that chemotherapy or
infection may transiently upregulate NKG2D ligands on tissues,
and this represents a safety concern for on-target off-tumor effects.
As clinical data are published on targeting NKG2D ligands, the
nature of these potential concerns will be better understood and
mitigated.

Many T-cell–redirecting bispecifics are being clinically and
preclinically evaluated, and BiTEs have emerged as a successful
format. This is partially due to the ability of this format to activate
T cells in the absence of anypreactivation or costimulation (7, 30).
This costimulation-independent activation of T cells is thought to
be the reason for the preferential expansion of the effector
memory T-cell population upon BiTE treatment. It has been
shown that the TEM cell population expanded during treatment
of ALL patients with blinatumomab, and TEM expansion was also
shown in long-term T-cell cultures expanded with BiTE ESK-1
(31, 32). Treatmentwith 6PHU3, a BiTE that targets claudin 6,was
also found to increase the population of TEM in the tumors of
xenografted mice (33). The TEM cell population has also been
shown to contribute to BiTE-redirected target cell lysis. The
importance of the TEM population in cytotoxicity has been shown
with MT110, an EpCAM targeting BiTE. In an in vitro study of
MT110, isolated TEM cells made the largest contribution to T-cell
redirected lysis as compared with na€�ve or terminal effectors (34).
TEM are long-lived and retain their effector function, unlike
terminal effector cells. It is possible that the expansion of TEM
may be necessary for BiTE efficacy in patients where there is
reduced T-cell function, which has been shown in CLL (35). In
this study, TEM cells were the major contributor to IFNg produc-
tion after BiTE activation, which is important because IFNg is an
important mediator of a proinflammatory microenvironment
and is known to be essential for BiTE efficacy in vivo (36).

Another importantmodulator of BiTE efficacy is ligand density.
Differences in ligand expression on cells can affect T-cell cytotox-
icity induced by BiTEs (10). Ligand density–dependent IFNg
production by T cells was observed with plate-bound rMICA in
the presence of either BiTE,which shows that plate-bound antigen
alone is sufficient to trigger T-cell activity. In addition, these
experiments showed that the percentage of both CD4þ and CD8þ

T cells producing IFNg , and the amount of IFNg produced per
CD8þ T cell, was dependent on ligand density. CD4þ T cells have
been shown to contribute to BiTE activity, but have a delayed
activation as comparedwithCD8þ T cells (7, 37), so itmay be that
at time points beyond those tested, B2-OKT3 could induce greater
CD4þ T-cell activity.

The huNKG2D-OKT3 BiTE has several advantages when com-
pared with the B2-OKT3 BiTE, including recognition of multiple
ligands that allows for application to a wider range of tumors.
While T-cell responses were able to be induced against 100% of
the testedmelanoma tumor samples with huNKG2D-OKT3 treat-
ment, more than half of the samples produced IFNg when B2-
OKT3 was present (62.5%). This is congruent with the observa-
tion that 50%–75% of melanoma tumors are expected to express
MICA, while at least one NKG2D ligand may be present on up to
90% of human tumors (13). HuNKG2D-based targeting may
reduce tumor escape through heterogeneous ligand expression or
downregulation of ligands as comparedwith B2-OKT3where one
ligand is targeted, as has been seen after treatment with blinatu-
momab (38). Furthermore, the huNKG2D-OKT3 was not readily
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inhibited by soluble rMICA comparedwith the B2-OKT3 and thus
may avoid this tumor escape mechanism. This may be due to the
lower affinity of NKG2D for MICA or how the NKG2D complex
interacts with MICA. However, the B2-OKT3 construct has other
properties that should not be overlooked. The tandemscFv format
typically has a higher protein yield during production (our
unpublished observations), which may make the B2-OKT3 BiTE
a better candidate for GMPmanufacturing. In addition, the safety
concern for on-target off-tumor effects arising from chemother-
apeutic or infection-induced upregulation of NKG2D ligands,
makes the use of the MICA-targeting BiTE desirable if it leads to a
more favorable safety profile. These results support the conclusion
that both BiTEs are excellent candidates for clinical application
and further testing will elucidate the best choice based on efficacy,
safety, and protein production.
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