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Abstract An important mode of action shared by
human IgG1 antibody therapies is antibody-dependent
cellular cytotoxicity (ADCC). ADCC relies on the
interaction of the antibody’s Fc portion with Fc-gama
receptors (Fc�R) on immune eVector cells. The anti-
tumor activity of human IgG1 antibodies is frequently
assessed in mouse models. Binding of human IgG1 to
murine Fc�Rs is however of reduced aYnity. We here
show that ADCC of adecatumumab (MT201), a fully
human IgG1 antibody speciWc for epithelial cell adhe-
sion molecule (EpCAM/CD326), is drastically lower
if human peripheral blood mononuclear cells are
replaced by murine splenocytes as eVector cells. When
the variable domains of adecatumumab were geneti-
cally fused to a murine IgG2a backbone (yielding mu-
adecatumumab), ADCC with murine eVector cells was
much improved, but at the same time signiWcantly
reduced with human eVector cells. The serum half-lives
of adecatumumab and mu-adecatumumab were deter-
mined in mice and dosing schedules established that
gave similar serum trough levels during a 4-week
antibody treatment. The anti-tumor activities of
adecatumumab and mu-adecatumumab were then
compared side-by-side in a lung metastasis mouse
model established with a syngeneic B16 melanoma line
expressing human EpCAM at physiologically relevant
levels. Treatment of mice with mu-adecatumumab led
to an almost complete prevention of lung metastases,

while the human version of the antibody was much less
active. This shows that adecatumumab has high anti-
tumor activity when tested in a form that is better com-
patible with the species’ immune system. Moreover,
our data suggest to routinely compare in mouse models
human IgG1 and murine IgG2a versions of antibodies
to properly assess the contribution of ADCC to overall
anti-tumor activity.
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Introduction

During the past decade, chimeric, humanized and
human monoclonal antibodies of the IgG1 isotype
have been successfully added to the arsenal of anti-can-
cer therapies. There are currently four registered IgG1
therapies that recognize surface targets on tumor cells
and may share antibody-dependent cellular cytotoxic-
ity (ADCC) as a common mode of action. These
are anti-CD20 rituximab (Rituxan®/MabThera®) for
treatment of non-Hodgkin lymphoma, anti-HER-2
trastuzumab (Herceptin®) for treatment of metastatic
breast cancer, anti-EGFR cetuximab (Erbitux®) for
treatment of metastatic colorectal cancer, and anti-
CD52 alemtuzumab (Campath®) for treatment of
refractory chronic lymphatic leukemia. Other regis-
tered antibodies in cancer therapy work by diVerent
mechanisms, e.g., neutralization of pro-angiogenic
VEGF (Avastin®), delivery of toxin (Mylotarg®) or of
radioisotopes (Bexxar®, Zevalin®). While ADCC was
demonstrated for trastuzumab [16, 13], rituximab [9]
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and alemtuzumab [6] and is there considered to be a
prime mode of action [10], very little is known about
ADCC by cetuximab. Several other IgG1 antibodies,
which have been shown to predominantly work by
ADCC, are in diVerent stages of clinical development.
Examples are the anti-CEA IgG1 labetuzumab [1],
anti-carboanhydrase IX IgG1 Rencarex® [17] and anti-
EpCAM IgG1 adecatumumab [11, 13].

Antibody-dependent cellular cytotoxicity is medi-
ated by a bifunctional binding activity of IgG1. Via its
Fc domain, the antibody transiently tethers Fc-gamma
receptor (Fc�R)-positive cytotoxic immune cells to
antibody-decorated tumor cells. This leads to (i) for-
mation of a cytolytic synapse between cells, (ii) a tar-
geted delivery of cytotoxic proteins, such as perforin
and granzymes, by the immune cell and (iii) ultimately
induction of apoptosis in tumor cells. Important
immune cells participating in ADCC are natural killer
(NK) cells bearing the low-aYnity Fc� receptor Fc�RI-
IIa (CD16) in humans, and its corresponding receptor
Fc�RIII in the mouse. The aYnities of these receptors
are < 1 £ 107/M for murine Fc�RIII to mouse IgG2a
and about 2 £ 107/M for human Fc�RIIIA to human
IgG1 [18]. The importance of NK cells for ADCC is
genetically supported by a correlation of reduced
eYcacy of rituximab with a polymorphism in CD16
that reduces the receptor’s aYnity for antibody ligand
[2, 4]. A similar correlation was identiWed for a poly-
morphism of CD32 [19], suggesting that CD32-positive
immune cells also contribute to ADCC although NK
cells are major contributors to ADCC when blood cell
subpopulations are analyzed [14]. The observation that
all IgG1 therapies require high serum trough levels for
several months to achieve anti-tumor responses sup-
ports that a sustained activation of immune cells is
required involving a low-aYnity recognition element.
In vivo, recruitment of CD16-positive cells by anti-
body-coated tumor cells is further impeded by high
serum concentrations of other IgG1 antibodies that
compete for binding [11, 14].

In non-clinical development, the eYcacy of novel
human IgG1 therapies is frequently assessed in xeno-
transplant models employing immunodeWcient nude
mice. Due to the absence of T cells in these mice, many
human tumor cell lines are accepted and grow out into
measurable tumors. Because nude mice still have NK
cells, they are considered to also mediate ADCC by
human antibodies. Immunocompetent mouse models
employ syngeneic tumor cell lines transfected with the
human target antigen. In these models, tumor cells are
intravenously injected, get then trapped in lung capil-
laries and subsequently grow to macroscopically visible
lung tumor colonies. A drawback of conventional

mouse models could be that the Fc�1 domain of human
IgG1 antibodies binds with much reduced aYnity to
mouse Fc�Rs than, for instance, its murine equivalent
Fc�2a. In this case, which requires further analysis,
ADCC reactions of human antibodies with murine
immune cells are expected to be suboptimal.

Adecatumumab is a fully human IgG1 antibody
against EpCAM, which has been shown to act by
ADCC and CDC [11]. If the eYcacy of a human IgG1
antibody solely relies on ADCC, its anti-tumor activity
would be underestimated in conventional mouse mod-
els. To test this hypothesis we generated a murine ver-
sion of adecatumumab by grafting the variable heavy
(vH) domain of adecatumumab on a mouse IgG2a
domain and fusing the variable light (vL) domain with
a mouse c� region. Both antibodies were compared
side-by-side with respect to ADCC using human and
mouse eVector cells. Further, we explored the anti-
tumor activity of both antibodies in a lung metastasis
model using immunocompetent C57BL/6 mice.

Materials and methods

Cell lines

Chinese hamster ovary (CHO) dhfr negative cells
were obtained from the German Collection of Micro-
organisms and Cell Cultures (DSMZ, Braunschweig,
Germany) and the KATO III human gastric carcinoma
cell line from the European Collection of Cell Cultures
(ECACC, Salisbury, UK). CHO dhfr negative cells
were grown at 37°C in roller bottles with HyClone
culture media (HyClone, Logan, UT, USA) for 7 days
before harvest. KATO III cells were cultured in RPMI
1640 media (Invitrogen, Karlsruhe, Germany), supple-
mented with 10% fetal bovine serum (Invitrogen,
Karlsruhe, Germany), at 37°C, in a 5% CO2 incubator.

The cell line B16F10/EpCAM (clone 3E3), which is
stably expressing human EpCAM, was generated at
Micromet AG, Munich, Germany. In brief, the paren-
tal cell line B16F10 was transfected with the expression
vector pEF-ADA-EpCAM and selected with increas-
ing amounts of adenosine/alanosine/uridine and desox-
icoformycine. A highly EpCAM-positive clone (3E3)
was picked by limiting dilution analysis.

Construction of mu-adecatumumab

Generation and production of human adecatumumab
has been described elsewhere [15]. For the generation
of the murine version of adecatumumab, the constant
regions were cloned by reverse transcription-PCR
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from RNA isolated from OKT3 hybridoma cells
expressing a mouse IgG2a antibody directed against
human CD3�. For the ampliWcation of the cH1–cH3
domains a primer (S IgG2aCH1 + HD69 OH) hybrid-
izing to the 5� end of mouse IgG2a was designed. This
primer harbored a stretch of 20 nucleotides comple-
mentary to the 3� end of the HD69 vH. The second
primer (AS IgG2a XbaI) bound to the 3� end of mouse
IgG2a sequence including a stop codon and a XbaI
restriction endonuclease (RE) site. For the ampliWca-
tion of the mouse c� sequence a primer (S IgG� +
HD69v�) was used, which bound to the 5� end of the
mouse c� sequence and harbored a 20-nucleotide over-
hang hybridizing to the adecatumumab vL 3� region.
The anti-sense primer (AS mIgG c� XhoI) hybridized
to the 3� end of mouse c� encoding a stop codon and a
XhoI RE site. The vH of adecatumumab was ampliWed
from the expression vector pEF-DHFR HC HD69
using the primer S IgG leader hybridizing to the 5� IgG
signal peptide and harboring an EcoRI RE site and the
primer AS HD69vH + IgG2aOH binding to the 3� end
of vH HD69 and a having a 20-nucleotide sequence
overhang complementary to the 5� mouse IgG2a cH1
sequence. The adecatumumab vL was accordingly
ampliWed with the primers S IgG leader and AS HD69
vL + c� hybridizing to the 3� end of HD69 vL and
containing on overhang binding to the 5� end of mouse
c�. Finally, heavy and light chain sequences were gen-
erated by assembling the corresponding PCR frag-
ments by means of overlapping PCR. For the heavy
and light chain, the primer combinations S IgG leader/
AS IgG2a XbaI and S IgG leader/AS IgG c� XhoI
were used, respectively. The complete sequence of the
mu-adecatumumab HC was then subcloned into the
vector pPCR-Script-Cam, the mu-adecatumumab LC
sequence was subcloned into pPCR-Script-Amp. The
correct sequence was veriWed by automated DNA
sequencing. Finally, the HD69 chimeric heavy chain
was cloned into the expression vector pEF-DHFR,
which was digested with EcoRI and XbaI. The
light chain digested with EcoRI and XhoI was
inserted into pEF-ADA, which was cut with EcoRI/
SalI. Mu-adecatumumab was produced in CHO dhfr-
cells transfected with the expression vectors pEF-
DHFR-HD69 HC and pEF-ADA-HD69 LC and
mu-adecatumumab puriWed from cell culture superna-
tants in a one step process using a Protein G column
and Äkta FPLC System (Amersham Biosciences,
Little Chalfont, UK).

The human IgG1 kappa control antibody (I-5154)
was obtained from Sigma-Aldrich (Taufkirchen,
Germany) and served as isotype control for ade-
catumumab. The murine IgG2a antibody Orthoclone

OKT3 (Janssen-Cilag, Neuss, Germany) served as an
isotype control for mu-adecatumumab.

Binding comparison of adecatumumab
and mu-adecatumumab

Kinetic binding experiments with adecatumumab and
mu-adecatumumab were performed using surface plas-
mon resonance on the BIAcore™ 2000 (BIAcore AB,
Uppsala, Sweden) with a Xow rate of 5 �l/min and
HBS-EP (0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM
EDTA, 0.005% surfactant P20) as running buVer, at
25°C. The extracellular domain of the EpCAM antigen
(residues 17–265) was immobilized on a CM5 sensor
chip with diVerent densities for each Xow cell.

Binding kinetics of the antibodies were measured by
injecting 10 �l of protein solution at concentrations
ranging from 2 to 0.07 �M and monitoring the dissocia-
tion for 100 s. The data were Wtted using BIAevalua-
tion™ software determining the rate constant for
dissociation and association kinetics. From the rate
constants the equilibrium binding constant KD was cal-
culated.

For the competition binding experiments, the bind-
ing of a single concentration of one antibody (ligand)
was measured in the presence of various concentra-
tions of the competitor antibody. In order to reach
equilibrium binding, B16/EpCAM 3E3 cells (100,000/
well) were incubated for 18 h at room temperature in
150 �l of FACS buVer (PBS, 1% FCS, 0.05% NaN3)
containing the respective ligand and competitor anti-
body. For detection of the binding of the ligand anti-
body, a FITC-labeled detection antibody speciWc for
human or mouse antibodies was used (anti-human
IgG-FITC, ICN 67217; anti-mouse IgG-FITC, Sigma F-
6257). Assay data were analyzed with Prism software
(GraphPad Software Inc., San Diego, CA, USA).
After non-linear regression of the competitive binding
curves the Ki value for the competitor could be calcu-
lated knowing the KD value from a parallel saturation
binding experiment.

Bioactivity comparison of adecatumumab 
and mu-adecatumumab

For ADCC assays, murine NK cells were prepared by
negative selection of C57BL/6 splenocytes using the
murine NK cell isolation kit from BD Biosciences (San
Jose, CA, USA) as described by the manufacturer. Iso-
lated NK cells were cultured for 7–14 days in RPMI
1640/10% FCS supplemented with 1,700 U/ml Proleu-
kin (Chiron GmbH, Munich, Germany) at a density of
about 1 £ 106 cells/ml. Every 2–3 days, cells were
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counted and fresh medium added. After 7–14 days in
culture, NK cell purity was between 90 and 100%.
Stimulated murine NK cells were re-suspended in
RPMI 1640/10% FCS at a concentration of
1.6 £ 107 cells/ml and used as eVector cells in ADCC
assays. For the preparation of human eVector cells,
peripheral blood mononuclear cells (PBMC) were
enriched by Ficoll-Hypaque gradient centrifugation
[11], washed and re-suspended at 1.2 £ 107 cells/ml.

EpCAM-positive Kato III cells were used as target
cells and labeled with the Xuorescent membrane dye
PKH-26 (Sigma, Taufkirchen, Germany) according to
the manufacturer’s protocol in order to distinguish tar-
get from eVector cells in subsequent FACS analysis.
PKH-26 labeled target cells were adjusted to a density
of 4 £ 105 and 6 £ 105 cells/ml for assays with murine
and human eVector cells, respectively. Equal volumes
of target and eVector cell suspensions were mixed
resulting in an eVector-to-target (E:T) ratio of approxi-
mately 50:1 and 20:1 for murine and human eVector
cells, respectively, and 50 �l added/well of a 96-well U-
bottom microtiter plate (Greiner, Solingen, Germany).
Fourfold serial dilutions of adecatumumab and tenfold
serial dilutions of mu-adecatumumab were prepared
and 50 �l added/well resulting in a concentration range
of 50,000–0.05 ng/ml for adecatumumab and 50,000–
0.2 ng/ml for mu-adecatumumab. ADCC reactions
were incubated for 10 and 4 h at 37°C for assays with
murine and human eVector cells, respectively. Propi-
dium iodide (PI) was added to a Wnal concentration of
1 �g/ml and 5 £ 104 cells analyzed by Xow cytometry
using a FACSCalibur instrument (Becton Dickinson,
Heidelberg, Germany). Dose–response curves were
computed by non-linear regression analysis using a
four-parameter Wt model provided with the GraphPad
Prism software (GraphPad Software). All experiments
were performed in triplicates.

QuantiWcation of cytotoxicity was based on the num-
ber of dead target cells in relation to the total number
of target cells in each test sample. The speciWc cytotox-
icity was calculated by the formula: (dead target cells
(sample)/total target cells (sample)) £ 100.

Animal studies

In vivo experiments were performed in female 6–
10 week old immunocompetent C57BL/6 mice bred at
the Institute of Immunology (Munich University, Ger-
many). The mice were maintained under sterile and
standardized environmental conditions (20 § 1°C room
temperature, 50 § 10% relative humidity, and 12-h
light/dark rhythm) and received autoclaved food and
bedding (ssniV, Soest, Germany) as well as drinking

water ad libitum. All experiments were performed
according to the German Animal Protection Law with
permission from the responsible local authorities.

Statistical analysis of the mean number of lung
tumor colonies of the corresponding treatment groups
versus the vehicle control group was performed using
the Student’s t-test.

Pharmacokinetic analysis

To generate a pharmacokinetic proWle of ade-
catumumab and mu-adecatumumab, 20 female C57BL/6
mice were intravenously injected with 300 �g of the
respective antibody and animals allocated to four
diVerent groups of 5 mice each. DiVerent groups were
alternatingly bled at diVerent time points after injec-
tion (pre-dose, 0.5, 1, 2, 4 and 10 h, 1, 2, 4, 7, 9, 11, 14,
17, 21, 24 and 28 days) and serum concentrations quan-
tiWed by speciWc ELISAs.

ELISA plates (NUNC, Wiesbaden, Germany) were
coated with 100 �l (5 �g/ml) of rat anti-adecatumumab
antibody (Micromet AG, Munich, Germany). Plates
were incubated overnight at 4°C and blocked with PBS/
1% bovine serum albumin for 60 min at 25°C. Test sam-
ples were diluted in PBS/10% mouse plasma pool,
100 �l added/well and incubated for 60 min at 25°C. For
adecatumumab quantiWcation, plates were incubated
with 100 �l (0.15 �g/ml) of chicken anti-adecatumumab
antibody conjugated with biotin (Micromet AG) at a
Wnal concentration of 2 �g/ml for 60 min at 25°C fol-
lowed by incubation for 60 min at 25°C with 100 �l
streptavidin conjugated with alkaline phosphatase
(Dako, Hamburg, Germany) at a Wnal concentration of
0.5 �g/ml. For mu-adecatumumab quantiWcation, plates
were incubated with 100 �l of goat anti-mouse antibody
conjugated with alkaline phosphatase (Sigma, Taufkir-
chen, Germany) for 60 min at 25°C. Finally, plates were
incubated with 100 �l of substrate (1 mg/ml of p-NPP
dissolved in 0.2 M TRIS buVer; Sigma, Taufkirchen,
Germany) for 20 min at 25°C and the absorbance
(405 nm) read on Power WaveX select (Bio-Tek instru-
ments, Bad Friedrichshall, Germany). Twofold serial
dilutions of each test sample were analyzed in dupli-
cates and OD values that were within the linear range
of the standard curve were used to calculate the concen-
tration of adecatumumab and mu-adecatumumab.

Pharmacokinetic calculations of adecatumumab and
mu-adecatumumab were performed by the pharmaco-
kinetic software package WinNonlin Professional 4.1
(Pharsight Corporation, Mountain View, CA, USA;
2003). Parameters were determined by non-compart-
mental analysis (NCA). The NCA was based on model
201 (intravenous bolus injection).
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Tumor model

B16/EpCAM cells (1 £ 105) were intravenously injected
into C57BL/6 mice and animals treated three times a
week with the indicated dose levels of adecatumumab,
mu-adecatumumab or human IgG1 control antibody
starting 1 h after B16/EpCAM inoculation. Mice were
sacriWced and dissected on day 26 after B16/EpCAM
cell injection. Lungs were Wlled with tissue teck (Vogel
GmbH, Giessen, Germany) and analyzed macroscopi-
cally for the number of tumor colonies. To monitor
exposure to the respective antibodies three animals per
group were alternatingly bleed before and 30 min after
the 3rd, 6th, 9th, 11th infusion as well as at the end of the
study.

Results

Generation of mu-adecatumumab

The murine IgG2a version of adecatumumab (mu-ade-
catumumab) was generated by combining the vL and
vH regions of adecatumumab (formerly HD69) [15]
with the mouse constant c� light and constant cH1–cH3
heavy region sequences, respectively. The mouse con-
stant domains were ampliWed from mRNA isolated
from the human CD3�-speciWc hybridoma OKT3. By
this means, mu-adecatumumab retained the variable
regions of adecatumumab required for human EpCAM
binding and acquired the Fc portion of murine IgG2a.
Expression vectors encoding heavy and light chains of
mu-adecatumumab were stably transfected into CHO
dhfr negative cells and secreted mu-adecatumumab was
puriWed from cell culture supernatants by Protein G
aYnity chromatography. SDS/PAGE and Western
blot analysis indicated a purity > 95% for mu-ade-
catumumab. The concentration of the antibody in CHO
cell culture supernatant was approximately 11 mg/l.

Adecatumumab and mu-adecatumumab show 
comparable EpCAM binding aYnity and speciWcity

Plasmon resonance spectroscopy and binding competi-
tion analysis demonstrated that mu-adecatumumab
retained binding aYnity and speciWcity comparable
to that of the parental human IgG1 antibody ade-
catumumab. Binding curves to recombinant EpCAM
coated on BIACore sensor chips were recorded at
four concentrations of adecatumumab and mu-ade-
catumumab in Wve independent experiments. The equi-
librium dissociation constant (KD) for EpCAM binding
was determined with 66.6 § 33.6 and 90.9 § 36.4 nM

for adecatumumab and mu-adecatumumab, respec-
tively. DiVerences in KD values were not statistically
diVerent indicating that aYnity for EpCAM was
retained in mu-adecatumumab. To determine whether
mu-adecatumumab had retained the epitope speciWcity
of adecatumumab, EpCAM-expressing B16/EpCAM
3E3 murine melanoma cells were incubated with a
non-saturating concentration of mu-adecatumumab
(4 �g/ml). In competition binding analyses, increasing
concentrations of adecatumumab or a human IgG1 iso-
type control antibody were tested for displacement of
the bound antibody. As determined by Xow cytometry,
adecatumumab eVectively competed with mu-ade-
catumumab for binding to B16/EpCAM 3E3 cells
while the isotype control antibody had no eVect
(Fig. 1).

Adecatumumab and mu-adecatumumab show strong 
species-speciWc diVerences in ADCC

We studied the cytotoxic potency of adecatumumab
and mu-adecatumumab in ADCC assays using human
and murine eVector cells. The human gastric carcinoma
cell line KATO III with approximately 1.3 £ 106

EpCAM binding sites per cell was employed as target.
Adecatumumab showed a much higher ADCC activity
than mu-adecatumumab when unstimulated human
PBMC were used as eVector cells (Fig. 2a). Half-maxi-
mal lysis (EC50) was seen at a concentration of
169.6 ng/ml for adecatumumab versus 2,110 ng/ml for
mu-adecatumumab, resulting in a 12.4-fold potency
diVerence. None of the antibodies exerted ADCC

Fig. 1 Competition by adecatumumab of mu-adecatumumab
binding to B16/EpCAM 3E3 cells. B16/EpCAM 3E3 murine
melanoma cells were incubated with 4 �g/ml of mu-adecatumumab
followed by binding competition with increasing concentrations of
either human adecatumumab (dark square) or human IgG1 isotype
control antibody (open square). Mu-adecatumumab bound to B16/
EpCAM 3E3 cells was determined by Xow cytometry using a Xuor-
escently labeled anti-mouse IgG antibody, and data analyzed with
Prism software (GraphPad Software Inc.)
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activity when tested in assays with unstimulated mouse
splenocytes or NK cells isolated thereof (data not
shown), which is consistent with published work [12].
However, when NK cells pre-stimulated with IL-2
were used at an E:T ratio of 50:1, adecatumumab
showed a dose-dependent ADCC activity. Mu-ade-
catumumab was found to be more eYcacious with
murine NK cells than adecatumumab (Fig. 2b). The
murine version of adecatumumab induced half-maximal
target cell lysis at a concentration of 38.1 ng/ml
and human adecatumumab at 1,664 ng/ml, resulting in
43.7-fold higher potency for mu-adecatumumab with

murine cells. Human IgG1 and murine IgG2a isotype
control antibodies did not elicit speciWc ADCC activity
under either experimental condition underscoring tar-
get speciWcity of the antibodies.

Pharmacokinetic properties of adecatumumab 
and mu-adecatumumab in mice

Single administration of 300 �g adecatumumab and
mu-adecatumumab resulted in maximum serum con-
centrations (Cmax) of 119.2 and 204 �g/ml, respectively,
30 min after i.v. bolus injection into C57BL/6 mice.
Serum concentrations of the antibodies were well
detectable until the end of the 28-day study period
(Fig. 3). Serum concentration versus time proWles for
both adecatumumab and mu-adecatumumab exhibited
a bi-exponential curve progression with an early distri-
bution phase between 0 and 10 h and a terminal elimi-
nation phase. Despite curve progression looking
similar for both antibodies, mu-adecatumumab doses
resulted in constantly higher serum concentration com-
pared to adecatumumab, which was also reXected by
higher exposure (AUClast) values of 519.8 days·�g/ml
for mu-adecatumumab versus 335.9 days·�g/ml for ade-
catumumab, respectively. The volume of distribution
(Vz) and the clearance (CL) were calculated with
5.28 ml and 0.56 ml/day for mu-adecatumumab, and
with 7.78 ml and 0.86 ml/day for adecatumumab. Both,
the volume of distribution and the clearance were
higher for adecatumumab compared to mu-ade-
catumumab. The elimination rate constants resulted in
similar distribution half-lives (T½-alpha) of 0.27 and
0.31 days and terminal elimination half-lives (T½-beta)

Fig. 2 ADCC of mu-adecatumumab and adecatumumab with
human and murine eVector cells. a Kato III cells and non-stimu-
lated human PBMC were co-incubated at a ratio of 1:20 in the
presence of indicated adecatumumab (Wlled squares) and mu-ade-
catumumab (Wlled triangles) concentrations. Human IgG1 (open
squares) and mouse IgG2a (open triangles) isotype control anti-
bodies served as negative controls. ADCC activity was measured
after 4 h. Target cell lysis was determined by PI uptake using Xow
cytometry. b Kato III cells and IL-2 pre-stimulated murine NK
cells were co-incubated at a ratio of 1:50 in the presence of indi-
cated adecatumumab (Wlled squares) and mu-adecatumumab
(Wlled triangles) concentrations. Human IgG1 (open squares) and
mouse IgG2a (open triangles) isotype control antibodies were
used as negative controls. ADCC activity was measured after
10 h. Error bars show standard deviations of triplicate wells
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Fig. 3 Pharmacokinetics of adecatumumab and mu-ade-
catumumab following i.v. bolus injection in C57BL/6 mice. Twen-
ty female C57BL/6 mice were intravenously injected with 300 �g
of adecatumumab or mu-adecatumumab and animals allocated to
four diVerent groups of Wve mice each. DiVerent groups were
alternatingly bled at diVerent time points after injection (pre-
dose, 0.5, 1, 2, 4 and 10 h, 1, 2, 4, 7, 9, 11, 14, 17, 21, 24 and 28 days)
and serum concentrations of the respective antibodies quantiWed
by speciWc ELISAs. Error bars show standard deviations from
Wve diVerent animals per group
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of 6.21 and 6.57 days for adecatumumab and mu-
adecatumumab, respectively.

Establishment of a syngeneic lung metastasis model 
in C57BL/6 mice

The in vivo eYcacy of adecatumumab and mu-ade-
catumumab was compared side-by-side in an immuno-
competent C57BL/6 mouse model. We established a
tumor model with B16 mouse melanoma cells in which,
following intravenous injection, tumor cell colonies are
formed in the lungs. In order to render B16F10 cells
amenable for immunotherapy with human EpCAM-
speciWc antibodies, cells were stably transfected with an
expression vector encoding human EpCAM. Subclone
B16/EpCAM 3E3 was selected and its EpCAM expres-
sion determined by saturation binding. Approximately
2.0 £ 106 EpCAM binding sites were measured, a num-
ber which is comparable to the 1.3 £ 106 EpCAM sites
expressed on KATO III human gastric carcinoma cells.
The high-level of EpCAM expression on B16/EpCAM
cell was found to be stable for at least 6 weeks in cell
culture even in the absence of selection pressure (data
not shown).

For establishment of the animal model, syngeneic
B16/EpCAM cells were intravenously injected at
diVerent numbers into C57BL/6 mice and the number
of tumor colonies in lung tissue counted at diVerent
time points after inoculation. Conditions under which
1 £ 105 injected B16/EpCAM cells resulted in an aver-
age of 80–100 tumor colonies between 21 and 28 days
after injection were chosen for the following eYcacy
studies.

Superior anti-tumor activity of mu-adecatumumab 
in immunocompetent mice

The single-dose pharmacokinetic proWles of ade-
catumumab and mu-adecatumumab were used for
modeling a dosing regimen that would result in serum
trough levels at or above 30 �g/ml. This concentration
corresponds to the targeted trough levels for ade-
catumumab in two ongoing clinical phase II studies.
Based on PK modeling, a loading dose of 600 �g/mouse
followed by maintenance doses of 250 �g/mouse three
times per week were selected for adecatumumab and
for the human IgG control antibody. For mu-ade-
catumumab, a loading dose of 300 �g/mouse and main-
tenance doses of 125 �g/mouse three times per week
were administered. Following intravenous inoculation
with 1 £ 105 B16/EpCAM, ten animals per group were
treated with the antibodies and serum levels of ade-
catumumab (Fig. 4a) and mu-adecatumumab (Fig. 4b)

determined after the 3rd, 6th, 9th and 11th administra-
tion. Adecatumumab injections resulted in mean peak
to trough plasma concentrations of 136–41 �g/ml,
which were close to the expected plasma concentra-
tions of 150–30 �g/ml during the course of the study.
Mean peak to trough concentration of mu-ade-
catumumab were determined with 172–82 �g/ml.
Although plasma concentrations of mu-adecatumumab
were somewhat higher than for adecatumumab, the
overall exposure with both antibodies was considered
to be in an eVective and comparable range.

Macroscopic inspection of mouse lungs showed that
both, the human and murine version of the anti-
EpCAM antibody, led to a strong reduction of tumor
growth compared to the isotype control (Fig. 5a, b).
While lungs from mice treated with mu-adecatumumab

Fig. 4 Adecatumumab and mu-adecatumumab peak to trough
levels following repetitive intravenous treatment of C57BL/6
mice. Ten C57BL/6 mice were intravenously injected with ade-
catumumab, mu-adecatumumab and human IgG isotype control
three times a week for four consecutive weeks. A single loading
dose of 600 �g/mouse followed by maintenance doses of 250 �g/
mouse were selected for adecatumumab and for the human IgG
control antibody. For mu-adecatumumab, a loading dose of
300 �g/mouse and maintenance doses of 125 �g/mouse were
administered. For monitoring peak (Wlled squares) and trough
plasma concentrations of adecatumumab and mu-adecatumumab
(open squares), three animals per group were alternatingly bleed
before and 30 min after the 3rd, 6th, 9th, 11th infusion as well as
at the end of the study. Antibody concentrations were deter-
mined by speciWc ELISAs

10

100

1000

5 10 15 20 25

5 10 15 20 25

Time [d]

P
la

sm
a 

C
o

n
c.

 [
µ

g
/m

l]

Peak level

Trough level

muMT201

10

100

1000

Time [d]

P
la

sm
a 

C
o

n
c.

 [
µ

g
/m

l] Peak level

Trough level

MT201
a

b

123



466 Cancer Immunol Immunother (2007) 56:459–468
had very few detectable tumors (Fig. 5a, bottom pan-
els), small tumors were still visible on lungs from mice
treated with human adecatumumab (Fig 5a, middle
panels). Although the size of tumor colonies in human
adecatumumab-treated mice was smaller than tumor
size in lungs of animals treated with the human isotype
control antibody (Fig. 5a), the number of colonies was
only slightly reduced after adecatumumab treatment
without reaching statistical signiWcance (Fig. 5b). In
contrast, treatment with mu-adecatumumab induced a
highly signiWcant reduction in the number of lung tumor
colonies by > 85% (P < 0.0001), and the few remaining
tumor colonies were of very small size (Fig. 5a, b).

Discussion

This study shows that the species origin of the Fc por-
tion of a monoclonal antibody can greatly inXuence

anti-tumor activity in a mouse model. The increased
anti-tumor activity of murine Fc�2a versus human Fc�1
in a fully immunocompetent mouse model appears to
be primarily based on enhanced ADCC. This is evident
from ADCC assays where the version of ade-
catumumab with a murine Fc�2a portion was much
more cytotoxic against cancer cells than the human
IgG1 version when murine eVector cells were used.
CDC is unlikely to signiWcantly contribute to the spe-
cies dependency of anti-tumor activity. Human ade-
catumumab and murine edrecolomab, two antibodies
binding with similar aYnity to human EpCAM,
showed identical CDC with human complement [11].
Moreover, knock-out of the common � signaling chain
of Fc�Rs did almost completely neutralize the anti-
tumor activities of trastuzumab and rituximab in a
mouse xenotransplant model, suggesting a small con-
tribution by the remaining CDC potential in the mouse
[3]. Lastly, CDC is known to be ineVective with tumor
cells overexpressing complement resistance factors
such as CD59 and CD55, which is frequently seen with
tumor cell lines [5, 8]. This is especially true, as B16
cells could not be killed by in vitro CDC assays (data
not shown).

In mouse models, monotherapy with humanized
IgG1 antibodies rarely shows strong anti-tumor activ-
ity. While inhibition of tumor take or retardation of
tumor outgrowth can be achieved, regression of
established tumors is very diYcult to observe. Certain
monoclonal IgG1 antibodies are thought to have
additional anti-tumor activity through inhibition of
growth factor signaling or direct induction of apopto-
sis. Examples are anti-EGFR and anti-HER-2 anti-
bodies [7, 16]. If their ADCC activity is suboptimal in
mice due to a human Fc�1 domain, the overall cyto-
toxic activity of such antibodies may be underesti-
mated. At the same time, the contribution of signal
inhibition to overall anti-tumor activity will be over-
rated. This has to be considered when judging the
potential of a therapeutic antibody candidate. One
possibility to achieve more reliable information about
the eVector mechanisms and potency of therapeutic
antibody candidates would be to investigate analo-
gous murine versions in mouse models. An alterna-
tive approach could be the development and use of
genetic mouse models in which the genes encoding
murine Fc�Rs are replaced by the respective human
genes. Given there are three genes for Fc�Rs, genera-
tion of such knock-in/knock-out mice will be a major
endeavor. The use of functionally equivalent murine
Fc domains is much simpler and will moreover allow
the use of diVerent mouse strains and models. A yet
diVerent approach to assess contribution of immuno-

Fig. 5 The eVect of mu-adecatumumab and adecatumumab
on lung tumor colony formation in immunocompetent mice.
B16/EpCAM cells (1 £ 105) were intravenously injected into
C57BL/6 mice and animals treated three times a week with the
indicated doses of adecatumumab, mu-adecatumumab or human
IgG1 control antibody starting 1 h after intravenous B16/EpCAM
cell injection. Mice were sacriWced on day 26 after B16/EpCAM
cell injection. a Lungs were Wlled with tissue teck and digital
photographs taken. b The number of lung tumor colonies was
determined macroscopically. While symbols indicate the number
of lung colonies for one single mouse, the black bar indicates
means of each group. Asterisks indicate statistical diVerences
between treatment and isotype control group (**P · 0.01 as
determined with Student’s t-test)
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logical mechanisms to an antibody’s cytotoxic activity
is the use of F(ab)2 fragments. In theory, F(ab)2 frag-
ments, which still bind target in a bivalent fashion,
can inhibit tumor growth only by signaling eVects but
not through immunological eVector mechanisms all of
which are thought to reside in the Fc portion of the
antibody.

Adecatumumab was shown to lyse tumor cells via
ADCC and CDC, while no pro-apoptotic or anti-pro-
liferative signaling activity has yet been demonstrated
for this human antibody [11]. Adecatumumab was
shown to signiWcantly inhibit in nude mice for several
weeks outgrowth of tumors derived from the subcuta-
neously inoculated human colon cancer cell line HT-29
[11]. Because HT-29 cells can be lysed by ade-
catumumab via ADCC, but not via CDC, only the
former can account for anti-tumor activity in nude
mice. Here, we found that human adecatumumab did
not signiWcantly reduce the number of lung metastases
compared to an IgG1 isotype control in a syngeneic
mouse model using B16/EpCAM melanoma cells but
could substantially reduce the size of visible lung
metastases. This shows that human adecatumumab
clearly had anti-tumor activity in mice but was rather
retarding tumor growth than preventing tumor forma-
tion, analogous to results from the HT-29 subcutaneous
xenograft model [11]. In contrast, mu-adecatumumab
showed a very pronounced inhibition of lung metasta-
ses formation. We therefore postulate that the in vivo
anti-tumor activity of adecatumumab was thus far
greatly underestimated in nude mouse models. The
approach of exchanging human Fc�1 with murine Fc�2
taken here for adecatumumab should be applicable to
all other human IgG1 therapies. In the case of antibod-
ies with signaling activity, F(ab)2 fragments should be
tested in addition in mouse models.

How predictive is the eYcacy seen with a mouse
antibody in mice for an equivalent human antibody
in humans? Certainly, fast-growing tumors estab-
lished in mice from cell lines may only be distantly
related to the natural, more slowly growing tumors in
man, which display a higher degree of genetic hetero-
geneity of tumor cells, and may be diVerent with
respect to tissue morphology and stromal architec-
ture. While issues of tumor penetration may be com-
parable in mouse and man, it may be harder for an
antibody to control by ADCC a rapidly growing
tumor in mice than a slowly growing tumor in man.
Moreover, our present in vitro experiments indicate
that murine immune cells are much less eVective as
human immune cells in ADCC, as they required for
activity prolonged IL-2 stimulation, longer incubation
periods and higher E:T ratios.
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