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Epidermal growth factor receptor (EGFR)-specific monoclonal anti-
bodies predominantly inhibit colorectal cancer (CRC) growth by
interfering with receptor signaling. Recent analyses have shown
that patients with CRC with mutated KRAS and BRAF oncogenes
do not profit from treatment with such antibodies. Here we have
used the binding domains of cetuximab and pantitumumab for
constructing T cell-engaging BiTE antibodies. Both EGFR-specific
BiTE antibodies mediated potent redirected lysis of KRAS- and
BRAF-mutated CRC lines by human T cells at subpicomolar concen-
trations. The cetuximab-based BiTE antibody also prevented at
very low doses growth of tumors from KRAS- and BRAF-mutated
human CRC xenografts, whereas cetuximab was not effective. In
nonhuman primates, no significant adverse events were observed
during treatment for 3 wk at BiTE serum concentrations inducing,
within 1 d, complete lysis of EGFR-overexpressing cancer cells.
EGFR-specific BiTE antibodies may have potential to treat CRC that
does not respond to conventional antibodies.
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Epidermal growth factor receptor (EGFR) type 1 (referred to
hereafter as EGFR) is a validated target for therapy of co-

lorectal cancer (CRC). Small molecule tyrosine kinase inhibitors as
well as EGFR-blocking monoclonal antibodies, such as cetuximab
(Erbitux) and panitumumab (Vectibix), are marketed for the treat-
ment of patients with CRC (1, 2). Recent analyses showed that
patients with tumors mutated in KRAS and BRAF genes do not
profit from an increased overall survival following treatment with
cetuximab or panitumumab (3). Cetuximab, a human/mouse chi-
meric IgG1 antibody, has been shown to lyse EGFR-expressing
lung cancer cells by antibody-dependent cellular cytotoxicity (4),
but the impact of mutated KRAS and BRAF proteins on overall
survival suggests that receptor inhibition is the dominant mode of
cetuximab action, at least in patients with CRC.
BiTE antibodies are designed to transiently connect T cells with

cancer cells for initiation of redirected target cell lysis (5). Regular
IgG1 antibodies cannot engage T cells because these lack Fcγ re-
ceptors as needed for interacting with antibodies. BiTE antibodies
are composed of two flexibly linked single-chain antibodies, one
binding to CD3 on T cells and the other to a surface antigen on the
target cell. Many publications have analyzed the mode of BiTE
antibody action and characterized antitumor activity in cell culture
and various xenograft models (6). Most studies characterized BiTE
antibodies targetingCD19 onB cellmalignancies (7, 8), orEpCAM
on adenocarcinoma (9). The CD19/CD3–bispecific BiTE antibody
blinatumomab (MT103) has shown high response rates at very low
doses in patients with non-Hodgkin lymphoma (10) and B-pre-
cursor acute lymphoblastic leukemia (11), providing clinical proof
of concept for the principle of antibody-based T cell engagement.
Key features of BiTE antibodies are a conditional activation of T
cells depending on the presence of target cells (12), induction of
serial lysis by T cells (13), effective formation of cytolytic synapses

(14), and high potency of redirected lysis (15). Treatment of mice
with BiTE antibodies for several weeks does not trigger substantial
internalization of CD3 or lead to T cell anergy (16).
Here we have generated new BiTE antibodies based on mini-

mal binding domains of monoclonal antibodies with specificity for
EGFR. EGFR-specific BiTE antibodies based on variable domains
of therapeuticmonoclonal antibodies cetuximab and panitumumab
triggered a very effective redirected lysis of KRAS- and BRAF-
mutated CRC lines. The cetuximab-based BiTE antibody was also
highly efficacious at microgram-per-kilogram doses in two different
xenograft models, whereas cetuximab had no or very little impact
on tumor growth even on prolonged treatment with 50-mg/kg
doses. In macaque monkeys, serum levels of the cetuximab-based
BiTE antibody could be safely maintained for 3 wk that would, in
vitro, support complete cancer cell lysis by macaque T cells within
24 h. T cell engagement by BiTE antibodies has the potential to
overcome limitations of conventional monoclonal antibodies, and
may have a therapeutic window based on differential recognition of
EGFR-overexpressing cancer cells.

Results
Bispecific Binding and T cell Activation by BiTE Antibodies Based on
Cetuximab and Panitumumab. For construction of EGFR-specific
BiTE antibodies, cDNAs encoding variable domains of chimeric
monoclonal antibody cetuximab and of human antibody panitu-
mumab were procured by gene synthesis according to published
sequences. Variable domains of anti-EGFR antibodies were ge-
netically fused by linker sequences and connected by a second
linker with the variable domains of a human single-chain anti-
body specific for CD3 of human and nonhuman primate origin.
Cetuximab- and panitumumab-based BiTE antibodies (C-BiTE
and P-BiTE antibodies, respectively) were stably expressed in
CHO cells and monomeric 55–60-kDa polypeptides purified to
homogeneity from cell culture supernatants as described for
other BiTE antibodies (17).
C- and P-BiTE antibodies produced robust and similar binding

signals in FACS analysis with CHO cell lines stably expressing
EGFR of either human (Fig. 1A) or cynomolgus monkey (Macaca
fascicularis) origin (Fig. 1B). Likewise, C- and P-BiTE antibod-
ies bound with similar strength to CD3 on the human T cell line
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HPB-ALL (Fig. 1A), and to CD3 of the Rhesus monkey (Macaca
mulatta) T cell line 4119 LnPx (Fig. 1B).
In the presence of EGFR-positive target cells, both C- and

P-BiTE antibodies induced, in a dose-dependent fashion, de novo
expression of the early T cell activation marker CD69 on resting
peripheral T cells derived from human peripheral blood mono-
nuclear cells (PBMCs; Fig. 1 C andD). T cells isolated from three
different human donors showed a very similar dose–response re-
lationship. A control BiTE antibody binding to an irrelevant an-
tigen but sharing the anti–CD3-binding arm with C- and P-BiTE
antibodies did not trigger T cell activation (Fig. 1 C and D).
During the 15-h incubation period, the majority of T cells (65–
80%) became newly activated by C- and P-BiTE antibodies,

which is consistent with their polyclonal activation. Half-maxi-
mal activation of T cells by C-BiTE was seen at approximately 1
ng/mL, and for P-BiTE at 0.1 ng/mL.

Potent Redirected Lysis of KRAS- and BRAF-Mutated Cancer Cells by
Cetuximab- and Panitumumab-Based BiTE Antibodies. A CHO cell
line stably expressing human EGFR was used in a FACS-based
assay to determine the cytotoxic activity of C- and P-BiTE anti-
bodies against EGFR-expressing cells with a presumed non-
mutated background. The principle of the FACS-based assay is
shown in Fig. S1. C- and P-BiTE antibodies both mediated a ro-
bust redirected lysis by human T cells of the hamster cell line
expressing the human EGFR target antigen (Fig. 2A). The mean
concentrations for half-maximal lysis by three different donor
T cells were 55 ± 8 pg/mL for C-BiTE and 8.5 ± 3.2 pg/mL for
P-BiTE (Table 1). These values were lower than EC50 values for
T cell activation determined in the same assay (Fig. 1 C and D),
indicating that only a fraction of T cells needed to be activated for
potent redirected lysis. The potency difference between C- and
P-BiTE antibodies in terms of both T cell activation and cytotoxic
activity may be a result of recognition of different epitopes on
EGFR, as has been observed for other BiTE antibodies (18).
The cytotoxic activity of C- and P-BiTE antibodies against mu-

tated human CRC cells was assessed by using SW480, HCT116,
and HT-29 lines, which harbor mutations in KRAS or BRAF on-
cogenes and showed resistance against growth inhibition by cetux-
imab (19). Mutations were confirmed for the HT-29 and HCT116
cell lines used (Fig. S2). C- and P-BiTE antibodies mediated
redirected lysis of all threeCRC lines with similar potency (Fig. 2B).
The six EC50 values for redirected lysis were in a narrow range
between 3.8 and 27 pg/mL, corresponding to 0.07 and 0.48 pM of
BiTE antibodies (Table 1). C- and P-BiTE antibodies were more
active against the mutated cancer cell lines than against the EGFR-
transfected CHO cell line, indicating that KRAS or BRAF muta-
tions of CRC lines did not negatively impact the sensitivity of CRC
cells for lysis by redirected T cells. During the 18-h incubation, the
highest degree of lysis was reached with SW480 cells (Fig. 2B).
Assay results obtained with or without base line correction for
spontaneously lysed target cells are shown in Fig. S3.

Efficacy of a Cetuximab-Based BiTE Antibody in KRAS- and BRAF-
Mutated Xenograft Models. The KRAS-mutated CRC line HCT116
and BRAF-mutated line HT-29 was used to establish xenograft
tumor models in immunodeficient NOD/SCID mice. Human T
cells were supplied to mice in the form of nonstimulated PBMCs
mixed with the respective tumor cells at a ratio of 2:1 before in-
oculation. As shown in Fig. 3 A and B, human PBMCs did not
significantly interfere with the outgrowth of HCT116 and HT-29
tumors in the absence of BiTE antibodies. Likewise, the vehicle
alone, a control BiTE antibody binding to an irrelevant hapten
antigen given at 5 mg/kg for 8 d (HT-29) or 10 d (HCT116), or an
isotype IgG1 control antibody given twice weekly at 50 mg/kg for
4 (HT-29) or 5 wk (HCT116), did not significantly alter tumor
outgrowth in either mouse xenograft model. Only C-BiTE and
cetuximab were compared in animals because the human IgG1
antibody cetuximab can engage Fcγ receptor–bearing effector cells
against EGFR-positive target cells, whereas the human IgG2
panitumumab cannot. Only cetuximab therefore allowed for a di-
rect comparison of antibody-dependent cellular cytotoxicity to
T cell engagement by the C-BiTE.
In both xenograft models, C-BiTE showed a highly potent

inhibition of tumor outgrowth. In the HCT116 model, all four
i.v.-administered BiTE doses—0.005, 0.05, 0.5, or 5 mg/kg, given
daily for the first 10 d after tumor cell inoculation—completely
inhibited tumor growth in all 32 mice for the entire observation
period of 50 d. In two mice from the 0.005 mg/kg–treated group,
small nodules were measured during the in-life phase, but no
tumor cells were found within nodules at necropsy. In the HT-29
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Fig. 1. Characterization of cetuximab- and panitumumab-based BiTE anti-
bodies. Cross-reactivity of C- and P-BiTE antibodies between CHO cells
transfected with human (A) and macaque antigen (B) was assessed by FACS
analysis. Each panel shows FACS histograms analyzing binding of a control
antibody with irrelevant specificity and respective BiTE antibodies at 5 μg/mL
The x axis shows the mean fluorescence intensity. T cell activation in re-
sponse to C-BiTE (C) or P-BiTE (D) was investigated by surface expression of
immediate/early T cell activation surface marker CD69 on CD3+ cells using
FACS analysis. A BiTE dose–response analysis testing three human T cell
donors with C- or P-BiTE, or a control BiTE antibody to CD3 and to an ir-
relevant hapten antigen, was performed. Mean values and SDs of triplicate
determinations are shown.
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model, C-BiTE showed a dose-dependent prevention of tumor
growth in six of eight, three of eight, and zero of eight mice at 5,
0.5, or 0.05 mg/kg/d, respectively. At the 0.05-mg/kg dose, tumor
growth was still significantly delayed in all mice, whereas the 0.005-
mg/kg/d dose was as ineffective as the control BiTE antibody.
In both xenograft models, the parental monoclonal antibody

cetuximab was administered i.p. at 50 mg/kg twice weekly for 4
(HT-29) or 5 wk (HCT116). The monoclonal antibody signifi-
cantly delayed tumor growth by approximately 1 wk in the HCT116
model (Fig. 3A), whereas it was ineffective in the HT-29 model
(Fig. 3B). Hence, a T cell-engaging BiTE format could restore
antitumor activity of cetuximab against KRAS- or BRAF-mutated
CRC xenografts despite loss of bivalent target binding and absence
of an Fcγ portion.

Tolerability of Cetuximab- and Panitumumab-Based BiTE Antibodies
in Nonhuman Primates. To further qualify the cynomolgus monkey
as a relevant species for toxicology testing, PBMC from nine

cynomolgus monkeys were compared with PBMC from three
human donors for potency of redirected lysis of EGFR-expressing
human carcinoma line KATO III by the C-BiTE antibody.
PBMCs were prestimulated with anti-CD3/anti-CD28 antibodies
and IL-2 to maximize cytotoxic T cell activity and to reduce donor
variation resulting from differences in the immune status of
individuals. As shown in Fig. 4A andB, EC50 values for cancer cell
lysis by nine monkey PBMC preparations ranged from 0.001 to
0.123 ng/mL (mean, 0.043 ± 0.045 ng/mL), whereas it ranged
from 0.013 to 0.093 ng/mL for the three human donor PBMCs
(mean, 0.041 ± 0.045 ng/mL). This difference was insignificant,
indicating that stimulated human and macaque PBMCs were of
comparable activity against the same target cell line, and that
C-BiTE–mediated redirected lysis by human and monkey T cells
may have the same potential for inducing side effects.
A study was performed in cynomolgus monkeys to explore

whether concentrations required for maximal redirected lysis of
EGFR-expressing target cells can be safely reached in vivo, and
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Fig. 2. Redirected lysis of human EGFR-expressing CHO cells
and three human CRC cell lines by BiTE antibodies based on
cetuximab and panitumumab. Dose-dependent redirected ly-
sis of CHO cells transfected with human EGFR (A) or of the
three human CRC cells lines SW480, HCT116, and HT29 (B) by
C-BiTE (Left) and P-BiTE (Right) was assessed by an FACS-based
cytotoxicity assay (A) or a chromium release assay (B). A con-
trol BiTE antibody binding to CD3 and an irrelevant hapten
antigen was used in A and the left panel of B using HCT116
cells. For A, the three T cell donors were identical, whereas
different T cell donors were used in B for C- and P-BiTE. The E:
T ratio in all experiments was 10:1. Mean values and SDs of
triplicate determinations are shown.

Table 1. Potency of redirected lysis by cetuximab- and panitumumab-based BiTE antibodies

Effector cells Target cells

Potency of redirected
lysis EC50, pg/mL

Experiment no. C-BiTE P-BiTE

1 Unstimulated CD3-selected human
T cells (n = 3 donors)

Human EGFR expressing CHO cells 55 ± 8 8.5 ± 3.2

2 Unstimulated human CD3-selected T cells SW480 human CRC cell line (KRAS-mutated) 3.8 12
3 Unstimulated human CD3-selected T cells HCT116 Human CRC cell line (KRAS-mutated) 14 17
4 Unstimulated human CD3-selected T cells HT29 Human CRC cell line (BRAF-mutated) 27 23
5 Stimulated Cynomolgus PBMC

(n = 9 donors)
KATO III human gastric carcinoma cell line 39 ± 44 ND

6 Stimulated human PBMC (n = 3 Donors) KATO III human gastric carcinoma cell line 41 ± 45 ND
7 Rhesus T cell line 4119 LnPx Cynomolgus EGFR-expressing CHO cells 20 ND
8 Unstimulated Cynomolgus PBMC Cynomolgus EGFR-expressing CHO cells 570/134 ND

Results from various cytotoxicity assays are shown. Potency of redirected lysis is given as EC50 values for cell lysis in pg/mL Various effector and target cell
combinations were tested to compare the cytotoxic potential of the C- and P- BiTE antibodies. The 51-chromium release assay (2–4) used an E:T ratio of 10:1
and an assay duration of 18 h, the FACS-based cytotoxicity assay (1, 5–8) an E:T ratio of 10:1 and an assay period of 24 h. Experiments 2, 3 and 4 used T cells
from the same human PBMC donors. ND, not determined.
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to identify potential target organ toxicity of EGFR-specific BiTE
antibodies. As performed in clinical trials with CD19- and EpCAM-
specific BiTE antibodies, C-BiTE antibody was administered to
cynomolgus monkeys by continuous i.v. infusion. A 3-wk treat-
ment was performed because this period was required for deve-
lopment of skin toxicity in cynomolgus monkeys treated with

cetuximab. Groups of two monkeys received none (vehicle con-
trol) or 6.2, 12.4, 31, or 154 μg/kg/d of C-BiTE, or 0.8 μg/kg/d of
P-BiTE as outlined in Table 2. Initial dosing of C-BiTE was based
on pharmacokinetic and efficacy data obtained with the similarly
potent CD19/CD3–bispecific BiTE antibody blinatumomab in
patients with lymphoma or leukemia, as well as on the potency of
redirected lysis seen in in vitro assays in stimulated monkey
PBMCs (Fig. 4 A and B and Table 1).
Serum levels of C-BiTE increased in a dose-linear fashion,

suggesting that the antibody was not significantly sequestered by
EGFR expressed on normal monkey tissues (Fig. 4C). Assay
qualification data are shown in Fig. S4. Maximum serum con-
centrations reached were 3.25 ±0.45 ng/mL at 6.2 μg/kg/d, 10.44 ±
4 ng/mL at 12.4 μg/kg/d, 16.5 ± 4 ng/mL at 31 μg/kg/d, and 142.4 ±
19 ng/mL at 154 μg/kg/d. Dose linearity of maximum serum con-
centration values can be assumed with a regression coefficient of
0.99. Serum steady-state levels remained fairly constant for the
respective infusion periods of as long as 3 wk (Fig. 4C). As ex-
pected, serum concentrations of P-BiTE after administration of
0.8 μg/kg/d remained lower than the lower limit of quantification
of the assay of 0.5 ng/mL.
C-BiTE doses of 6.2 or 12.4 μg/kg/d were well tolerated for the

entire 3-wk infusion period, suggesting that serum levels as re-
quired for complete lysis of cancer cells in vitro can be safely
reached in macaque monkeys. Adverse events were mild and
transient and, unlike with cetuximab, no skin toxicity was observed
after 3 wk of infusion. Clinical findings during treatment with C-
BiTE at 6.2 or 12.4 μg/kg/d were minimal and consisted of a slight
and transient increase in body temperature within 24 h after the
start of infusion in three of four animals. Laboratory findings were
leukopenia after 1 wk in both animals at 12.4 μg/kg/d, a slight and
transient increase in hepatobiliary parameters (bilirubin, alkaline
phosphatase, alanine aminotransferase) in both animals at 12.4 μg/
kg/d, and effects on the liver enzyme alanine aminotransferase in
one animal dosed at 6.2 μg/kg/d.
At the higher doses of 31 and 154 μg/kg/d, severe signs of

toxicity were observed within 56 h after the start of infusion,
leading to termination of animals for welfare reasons. Histo-
pathological analysis of the animals receiving C-BiTE at 31 or
154 μg/kg/d showed signs of liver and kidney toxicity, which may
be a result of redirected lysis of cells expressing low levels of
EGFR in these organs. Additionally, animals in both high-dose
groups showed increased levels of inflammatory cytokines in
serum (i.e., TNF-α, IFN-γ, IL-6, IL-5, and IL-2), as presumably
released by T cells encountering EGFR-positive cells (Fig. S5).
Histopathological changes including lymphocyte infiltration and
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Fig. 3. Antitumor activity of C-BiTE antibody and parental cetuximab in two
human CRC xenograft mouse models Tumor cell doses were determined
upfront, allowing a rapid and reproducible outgrowth of tumors from
HCT116 (A) or HT29 human CRC cell lines (B) in NOD/SCID mice. HT-29 (2× 106

cells per inoculum) or human colon carcinoma cell line HCT116 (5× 106 per
inoculum) were injected s.c. together with PBMCs from healthy human
donors at an E:T cell ratio of 1:2 in the right dorsal flank of female NOD/SCID
mice (n = 8 per group). As indicated, four different control conditions were
tested for their influence on tumor outgrowth: vehicle in the absence, and
vehicle, isotype IgG1, and a control BiTE antibody binding to CD3 and an
irrelevant hapten antigen in the presence of human PBMCs. Cetuximab was
intraperitoneally administered twice a week starting on d 1 at 50 mg/kg for
4 (HT29) or 5 wk (HCT116), whereas C-BiTE was daily administered by i.v.
bolus starting on d 1 only for the first 8 d (HT29) or 10 d (HCT116). Tumor
growth was determined by external caliper measurements, and tumor vol-
umes were calculated using a standard hemiellipsoid formula (Eq. 2). Values
represent mean tumor size (in cm3) ± SEM (n = 8 per group). Growth re-
tardation by cetuximab in (A) was statistically significant for all time points
labeled by an asterisk (P < 0.05). For HCT116 xenografts, all BiTE responses
were highly significant, and at all four doses tested, all eight mice did not
develop tumors. For HT29, all but the lowest dose of 0.005 mg/kg resulted in
a statistically significant inhibition of tumor growth (Student t test).

Table 2. Determination of dose levels for treatment of Cynomolgus monkeys with cetuximab- and
panitumumab-based BiTE antibodies

Dose group Treatment
Multiples of human

therapeutic MT103 dose

Human equivalent
dose

Cynomolgus equivalent
dose, μg/kg /dμg/patient μg/kg

1 Vehicle Control 0 0 0 0
2 Cetuximab BiTE 1× 120 2 6.2
3 Cetuximab BiTE 2× 240 4 12.4
5 Cetuximab BiTE 5× 600 10 31
4 Cetuximab BiTE 25× 3,000 50 154
6 Panitumumab BiTE 3× 375 6.25 0.8

The test doses for C-BiTE in monkeys were based on those of the similarly potent CD19/CD3-bispecific antibody blinatumomab
(MT103) showing clinical activity in lymphoma patients (10). With blinatumomab, a total dose of 30 μg per patient showed first
responses, and 120 μg per patient (i.e., 2 μg/kg/d) partial and complete tumor regression in >90% of patients. Allometric correction
of 2 μg/kg/d translates into a dose of 6.2 μg/kg/d for Cynomolgus monkeys as a starting dose. A lower dose was selected for
panitumumab-based BiTE antibody because the molecule consistently showed a higher activity than C-BiTE in assays when T cells
from the same donor were used as effector cells (Table 1).
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cell death were noted in all tissues known to express EGFR, i.e.,
salivary glands, liver, stomach, small intestine, colon, rectum,
kidneys, adrenal glands, ureter, urinary bladder, prostate, and
epididymides. Increased lymphocyte infiltration into EGFR-
positive tissues was also observed at the well tolerated dose levels
of 6.2 or 12.4 μg/kg/d, but could not be quantified because of
technical reasons.
Twomonkeyswere treatedwith P-BiTE for 3wk at a dose level of

0.8 μg/kg/d. The P-BiTE dose was eightfold lower than that the
lowest C-BiTE dose to take the higher potency of P-BiTE into ac-
count, which was seen in the in vitro cytotoxicity assay (Table 1).
Treatment with the P-BiTE was well tolerated, with no side effects
revealed except for some infiltration of inflammatory cells in EGFR-
positive organs.

Discussion
The present study shows that conversion of EGFR-specific
monoclonal antibodies cetuximab and panitumumab into T cell–
engaging BiTE antibodies is technically feasible and that the
BiTE technology can overcome resistance of KRAS- and BRAF-
mutated CRC lines to the therapeutically used parental antibodies.
The simplest explanation for the latter is that T cell–engaging BiTE
antibodies do not rely on inhibition of EGFR signaling but use the
receptor tyrosine kinase as mere surface anchor for attachment of
cytotoxicT cells. This function ofBiTEantibodies is not expected to
be affected by mutations of downstream components of the EGFR
pathway that obviate the cancer cell’s dependence on the EGFR
surface receptor for delivery of growth-promoting signaling. The
high potency of EGFR-specific BiTE antibodies suggests that
monovalent binding of BiTE antibodies at very low concentrations
doesnot cause substantial down-modulation of theEGFRreceptor.
Receptor-independent signaling bymutatedKRAS,BRAF, or PI3-
kinase, or from lossofPTEN,mayobviate theneedof cancer cells to
express high levels of EGFR. However, no reduction in EGFR
expression levels was observed when multiple WT and mutated

CRC lines were compared (19). We therefore expect that BiTE
antibodies are active against a wide range of CRC cells with diverse
mutations in the EGFR pathway.
EGFR is widely expressed on normal tissues (20) in which the

receptor is expected to be accessible to its ligands and to anti-
bodies alike. These two features may be responsible for adverse
events observed with cetuximab and panitumumab in patients
and nonhuman primates (21). For instance, dose-related skin
lesions were observed with cetuximab in all treated cynomolgus
monkeys down to the human equivalent dose, which were oc-
casionally accompanied by other epithelial toxicities such as
conjunctivitis, reddened and swollen eyes, and signs of intestinal
disturbance. In a pivotal toxicology study with cetuximab (22),
half the monkeys in the high-dose group died as a result of the
treatment, which caused lesions of the skin, tongue, nasal cavity,
and esophagus. The pathology of skin lesions was interpreted as
cetuximab-induced maturation defects of the epidermis. Notably,
the EGFR-specific BiTE antibody based on cetuximab did not
induce any skin lesions during a 3-wk treatment, a time period
sufficient for development of skin toxicities in cetuximab-treated
monkeys. Although the 3-wk exposure may have been still too
short for the development of skin lesions with C-BiTE treatment,
it seems more likely that skin reactions are caused by receptor
blockade at saturating doses of cetuximab, which cannot be ac-
complished by the well tolerated dose levels of the BiTE antibody.
C-BiTE at doses of 6.2 and 12.4 μg/kg/d was well tolerated by

monkeys. These two dose levels were equivalent to, or even
higher than, those of the anti-CD19 BiTE antibody blinatumo-
mab, which led to a high rate of partial and complete tumor
responses in patients with lymphoma (10) and led to molecular
remissions in B-ALL patients.† In in vitro assays, blinatumomab
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Fig. 4. Validation of cynomolgus mon-
key as relevant animal models to assess
the tolerability of C- and P-BiTE. PBMCs
were prepared from nine cynomolgus
monkey and three human donors and
T cells therein tested for redirected ly-
sis of EGFR-expressing human gastric
carcinoma cell line KATO III in a FACS-
based cytotoxicity assay at an E:T ratio
of 10:1 and incubation period of 24 h.
(A) Dose–response analysis was used to
obtain EC50 values for comparing the
efficacy of individual donor T cells. Be-
cause of limited blood supply from
monkeys, PBMCs were cultured and T
cells therein expanded by anti-CD3/
anti-CD28/IL-2 treatment for 3 d to
obtain sufficient effector T cells for
dose–response analyses. A control BiTE
antibody binding to human and Cyn-
omolgus CD3 and to an irrelevant
hapten antigen was tested in the right
panel. (B) EC50 values determined in
cytotoxicity assays for monkey and hu-
man T cells and mean values. (C) Serum
concentrations of C-BiTE dose levels
during continuous i.v. infusion up to
the maximum infusion period of 3 wk.
The lower limit of quantification was
0.5 ng/mL Animal test numbers and
dose levels are shown in the insert.
Sera from animals that did not receive
the C-BiTE did not give a signal in the
C-BiTE ELISA.

†Topp M, et al., 14th Congress of the European Hematology Association, June 4–7, 2009,
Berlin, abstr 482.

Lutterbuese et al. PNAS | July 13, 2010 | vol. 107 | no. 28 | 12609

IM
M
U
N
O
LO

G
Y



and C-BiTE show similar EC50 values of redirected target cell
lysis. Moreover, the well tolerated serum concentrations of C-
BiTE between 1 and 10 ng/mL was at or exceeding concentra-
tions for more than 90% redirected lysis of EGFR-expressing
cancer cells in a 24-h assay by prestimulated cynomolgus effector
T cells. Taken together, these observations make it likely that
C-BiTE has a therapeutic window in patients with cancer, which
derives from a differential expression of the EGFR target on
cancerous versus normal tissues. A therapeutic window of this
nature must also be assumed for the clinically used antibodies
cetuximab and panitumumab.
At the toxic dose levels of C-BiTE of 31 and 154 μg/kg/d, we

observed adverse reactions as a result of cytokine release and to
damage of EGFR-expressing organs by redirected T cells. The
infiltration of inflammatory cells in EGFR-expressing tissues of
cynomolgus monkeys has been observed at all dose levels, and
may therefore not cause adverse events per se but rather reflect
an increased motility and extravasation of T cells. As for cetux-
imab, the toxicities seen with C-BiTE in cynomolgus monkeys
validate this primate species as being relevant for future non-
clinical safety and dose-finding studies. EGFR-specific BiTE
antibodies must be carefully escalated in patients to dose levels
that maximally affect EGFR-overexpressing cancer cells but
minimally impact normal epithelial cells expressing EGFR at
a lower level.
In summary, we show that (i) the EGFR receptor tyrosine ki-

nase is a suitable BiTE target, i.e., it can be used to effectively
engage T cells for redirected lysis of EGFR-expressing cancer
cells; (ii) BiTE antibodies can use EGFR as drug target even if
downstream mutations have destroyed its utility as drug target
for signal inhibitory monoclonal antibodies; (iii) cetuximab- and

panitumumab-based antibodies are among the most potent BiTE
antibodies ever studied in carcinoma cells, with EC50 values for
lysis in the subpicomolar range; and (iv) although the therapeutic
window for EGFR-specific BiTE antibodies in a nonhuman pri-
mate model appeared to be narrow and tolerable doses were as-
sociated with symptoms, the same is true for conventional EGFR
antibodies as are used in routine cancer therapy.

Materials and Methods
C- and P-BiTE antibodies were constructed by recombinant DNA technology
and produced in supernatants from stably transfected CHO cells. Cell culture-
based assays were used to determine T cell activation and redirected target
cell lysis by C- and P-BiTE antibodies. Either unstimulated or pre-stimulated
human T cells from healthy donors were used as effector cells. A variety of
EGFR-expressing cancer cells were used as target cells. Lysis was studied by
release of 51-chromium from pre-loaded target cells, and T cell activation by
fluorescence-activated cell sorting.

The anti-tumor activity of C-BiTE against subcutaneous xenografts with
human cancer cell lines was investigated in immunodeficient NOD/SCID mice.
Unstimulated human T cells were mixed with cancer cells prior to inoculation.
Tumor growth was determined by external caliper measurement.

The pharmacokinetic analysis of C- and P-BiTE in cynomolgus monkeys
used an electrochemiluminesence-based detection technology for de-
termining serum concentrations. The toxicology study in primates was con-
ducted in accordance with the guiding principles in the care and use of
animals (http://www.the-aps.org).

Further experimental details on construction, expression and purification
of C- and P-BiTE antibodies, their dose-response analysis for T cell activation
and redirected target cell lysis, and in-vivo efficacy analyses of C- and P-BiTE
antibodies in xenograft mouse models are given in SI Materials andMethods.
Likewise, details on how pharmacokinetic analyses in serum of cynomolgus
monkeys were performed and how the toxicology study in primates was
conducted are found in SI Materials and Methods.
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