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Introduction

The c-Met proto-oncogene is a multifunctional receptor tyrosine 
kinase that is stimulated by its high-affinity ligand hepatocyte 
growth factor (HGF). Both c-Met and HGF are expressed in a 
wide variety of tissues; however, the c-Met receptor is predomi-
nantly expressed in tissues of epithelial origin while HGF expres-
sion is normally confined to tissues of mesenchymal origin.1,2 
Binding of HGF to c-Met activates multiple downstream signal-
ing pathways resulting in cell proliferation, motility, migration, 
angiogenesis, morphogenic differentiation and cell survival dur-
ing normal development and tissue repair.3-6

c-Met mediated signaling is strictly regulated during normal 
mammalian development and tissue homeostasis. Dysregulation 
of c-Met function, through mutational activation or amplifica-
tion and overexpression, has been observed in many types of can-
cer and is thought to contribute to tumor growth and metastasis 
by affecting mitogenesis, invasion, and angiogenesis.3,6-8 In fact, 
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a correlation has been observed between overexpression of c-Met 
or HGF and elevated levels of circulating HGF and tumor stage 
or poor patient prognosis.3,6,9,10

Numerous pre-clinical studies suggest that c-Met is an attrac-
tive target for cancer drug discovery because blocking c-Met 
activation and inhibiting c-Met activity have been shown to 
circumvent tumor growth and metastasis.11-14 Several different 
agents are being evaluated in cancer patients to assess the effects 
of c-Met/HGF signaling modulation, such as a human monoclo-
nal antibody (mAb) that selectively binds and neutralizes HGF, 
antibodies targeting c-Met, including a single-armed humanized 
monovalent anti-c-Met antibody, and c-Met selective and multi-
targeted small-molecule tyrosine kinase inhibitors.6,15-24

We describe here the isolation of four lead mAbs that bind the 
extracellular domain of the c-Met receptor and antagonize HGF 
binding, thereby preventing receptor activation and inducing 
receptor downregulation. These effects result in neutralization of 
c-Met function in cellular phenotypic assays. Further, we describe 
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Biacore to assess the number of epitope classes represented 
among all the isolated antibodies. In these experiments, a satu-
rating concentration of antibody was allowed to bind to c-Met 
ECD-Fc coupled to the chip and increasing concentrations of a 
second antibody were added. Competition is seen when no addi-
tional binding is observed upon presentation of the second anti-
body. Most antibodies fell into a single class (class 1), whereas 
CE-310083 was the sole antibody to define a second epitope class. 
In all, four epitope classes were identified from among the entire 
set of c-Met antibodies isolated and characterized.

The binding affinity of each of the leads for native c-Met 
expressed on A549 cells was estimated using flow cytometry. 
Antibody binding reached equilibrium within 6–8 h at RT, 
as determined with trace amounts of biotinylated antibody. 
Antibodies were incubated for 6 h at RT to allow equilibrium 
to be reached, and half maximal binding (EC

50
) was determined 

(Table 1). The binding affinities of the three leads from epitope 
class 1 were below 100 pM, ranging between 26 and 41 pM, 
whereas the affinity of CE-310083 was slightly lower (169 pM). 
The binding affinity of antibodies from epitope class 1 to native 
c-Met appeared to be somewhat higher (~5–15 fold) than those 
observed for binding to recombinant c-Met ECD protein used in 
the ECD binding ELISA and in SPR assays (Table 1), suggesting 
presentation of this binding epitope on native c-Met expressed on 
the cell surface and recombinant c-Met ECD protein may differ 
slightly.

Antibodies targeting c-Met block HGF binding and prevent 
ligand-dependent receptor activation. We focused on charac-
terizing the neutralizing activity of lead antibodies on molecu-
lar events involved in c-Met activation, i.e., ligand binding and 
receptor autophosphorylation. First, lead antibodies were evalu-
ated in a ligand binding assay in which the binding of recom-
binant HGF to immobilized c-Met ECD-Fc was inhibited by 
the addition of purified antibodies. Each of the leads was able 

the in vitro and in vivo pharmacological attributes of lead can-
didate antibody CE-355621, which was previously reported to 
inhibit 18F-FDG accumulation in U87MG human glioblastoma 
mouse xenografts.25 CE-355621 dramatically inhibited c-Met 
activity in vivo, corresponding to tumor growth inhibition of 
S114, U87MG, and GTL-16 tumor xenografts. These findings, 
along with other reports in the literature, suggest that targeting 
c-Met with human monoclonal antibody therapy is a promising 
therapeutic approach for the treatment of c-Met driven cancers.

Results

Binding properties of lead anti-c-Met antibodies. Antibodies 
specific for c-Met were generated by immunizing XenoMouse™26 
transgenic mice with a recombinant fusion protein encoding the 
extracellular domain of human c-Met linked to the Fc domain 
of human IgG1 (Met ECD-Fc) or with NIH3T3 cells overex-
pressing human c-Met protein. Hybridomas were generated from 
immunized mice and screened for production of c-Met-specific 
antibodies in an ELISA that measured binding of antibody to 
immobilized Met ECD-Fc and in an FMAT assay that assessed 
binding of antibody to c-Met expressed on the surface of A549 
cells.27 Positive hybridomas expressing human IgG2 antibody 
were identified and subcloned. Small-scale antibody purification 
was conducted and the binding of numerous lead antibodies to 
human c-Met ECD-Fc in vitro was assessed. Saturable bind-
ing and similar EC

50
 values for each of the four top leads were 

observed (Fig. S1; Table 1).
We then characterized the binding of the lead antibodies to 

the target in greater detail. The kinetics of binding to recom-
binant Met ECD-Fc was determined using surface plasmon 
resonance (Biacore). The subnanomolar affinities for each anti-
body agreed well with the EC

50
 values seen in the ECD ELISA  

(Table 1). Cross competition experiments were performed using 

Table 1. Binding properties and neutralizing activity of human c-Met antibodies

Assay CE-310393 CE-310397 CE-310400 CE-310083

ECD binding EC50* 185 ± 12 pM10 377 ± 25 pM6 347 ± 89 pM6 281 ± 28 pM4

Epitope class ** (Biacore) 1 1 1 2

Biacore** KD 220 pM 530 pM 330 pM 820 pM

Biacore** koff (1/s) 1.5 × 10-4 1.5 × 10-4 6.1 × 10-5 6.8 × 10-5

flow cytometry EC50
# 39 ± 7 pM4 26 ± 4 pM3 41 pM1 169 ± 46 pM3

Ligand Binding IC50 (pM)## 279 ± 21 pM10 652 ± 67 pM7 582 ± 113 pM6 304 ± 48 pM4

Cell pMet IC50 (pM)^ 150 ± 13 pM10 336 ± 61 pM7 666 ± 183 pM6 155 ± 39 pM4

Soft Agar Growth IC50 (nM)^^ 57 nM1 68 ± 2 nM2 167 nM1 47 ± 12 nM3

*Binding of lead antibodies to recombinant human c-Met ECD-Fc protein was evaluated by ELISA. **The binding kinetics of the four lead antibodies 
were determined using surface plasmon resonance (Biacore), and epitope class was determined in cross competition studies using Biacore. #The bind-
ing affinity (EC50) to native c-Met expressed on A549 cells was estimated using flow cytometry. ##Antibodies were assessed for their ability to inhibit 
binding of recombinant HGF to immobilized human c-Met ECD-Fc by ELISA. Antibodies were preincubated for 4 h followed by addition of HGF  
(100 ng/ml) for 15 min. HGF binding was detected with biotinylated anti-HGF antibodies and streptavidin-HRP. ^Antibodies inhibit HGF-dependent 
activation of c-Met in A549 cells. A549 cells were preincubated with varying concentrations of c-Met antibodies for 4 h then stimulated with 200 ng/ml 
HGF for 15 min. The level of c-Met autophosphorylation was measured by capture ELISA using PY20-HRP for detection. ^^Soft agar growth of S114 cells, 
which are NIH-3T3 cells engineered to overexpress human HGF and human c-Met, was evaluated 7–10 d after plating cells with varying concentrations 
of c-Met antibodies. Colony number and size of p-iodonitrotetrazolium violet stained colonies were determined. Values for the ECD binding, flow 
cytometry, ligand binding, cellular pMet, and soft agar growth assays represent means ± SEM of multiple dose titration experiments. IC50 values were 
calculated using GraphPad Prism software. The number of experimental replicates is noted in superscript.
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number of S114 colonies in soft agar in a dose-dependent manner 
(Fig. 2B). The IC

50
 values for each of the top four leads ranged 

from 47–167 nM (Table 1). The higher concentrations of anti-
body required to inhibit colony formation of S114 cells compared 
with the potency for the antibody in the A549 autophosphoryla-
tion assay is likely due to the difficulty for antibodies to diffuse 
and engage the target in soft agar and to the high level of c-Met 
receptor expression on the S114 cells.

HepG2 cells are hepatocellular tumor cells that express 
c-Met32 and respond to exogenous HGF by exhibiting elevated 
cell motility and matrigel invasion,33,34 which coincides with 
suppression of cell proliferation33 and formation of tubular 

to completely block ligand binding and showed subnanomolar 
potencies (Fig. 1A; Table 1) that correlated well with the binding 
activity observed in the ECD binding ELISA and affinity mea-
surements using Biacore (Table 1). The correspondence of the 
binding measurements with the potency in the ligand binding 
assay is likely related to the use of recombinant c-Met ECD as the 
binding target in each of these assays.

Subsequently, neutralizing activity was demonstrated in a 
more native cellular setting using A549 cells. Normally, the basal 
level of c-Met kinase activity in A549 cells is low. Recombinant 
HGF is able to bind and activate c-Met on the surface of A549 
cells,27 resulting in receptor autophosphorylation on tyrosine, 
which can be measured in a sandwich ELISA. Each lead anti-
body effectively inhibited c-Met activation in this cellular assay 
(Fig. 1B), with CE-310393 and CE-310083 exhibiting the best 
potencies in the range of 150 pM (Table 1). The control antibody 
directed against KLH had no significant effect on ligand-depen-
dent c-Met activation. Maximal inhibition of receptor activation 
varied among the leads between 60 and 80%. Incomplete inhi-
bition may be the result of receptor-ligand internalization into 
endosomes and sequestration from antibody,28 thereby prevent-
ing quantitative receptor blockade.

To better understand the mechanisms by which the c-Met 
antibodies inhibit receptor activation, we investigated the effect 
of antibody treatment on the steady-state levels of total c-Met 
protein. The stability of total c-Met protein following treatment 
with the lead antibodies was evaluated in both western blot and 
capture ELISA formats. Only minor loss (~25%) of total c-Met 
protein was seen following incubation of A549 cells with each of 
the leads from epitope class 1 (Fig. 1C); however, CE-310083, 
which falls into epitope class 2, induced 40–50% loss of c-Met 
protein at concentrations as low as 667 pM (Fig. 1C). The posi-
tive control polyclonal antibody AF276 decreased total c-Met 
protein levels approximately 70% at the highest antibody con-
centrations used (20 nM). Each mAb had a more dramatic effect 
on phospho-Met levels than total c-Met levels following stimula-
tion of A549 cells with HGF (compare Fig. 1B and C). The data 
led us to conclude that the primary mechanism of inhibition of 
c-Met activation in cells is through blockade of ligand binding 
and that the effect of the antibody on total c-Met was only a 
minor contributor to the antibodies’ overall activity.

Phenotypic effects of c-Met antibodies. Autocrine signaling 
between HGF and c-Met can induce cellular transformation3,29 
and promote tumor formation, malignant growth and dissemina-
tion of metastases.3 Overexpression of human HGF and human 
c-Met in NIH3T3 cells induced cellular transformation yield-
ing cells capable of forming colonies in soft agar and growing as 
aggressive xenograft tumors in athymic mice.30,31 Serial passage of 
the xenograft tumors in vivo resulted in a model, S114, that over-
expressed human HGF and human Met.30,31 We used S114 cells 
in a soft agar colony formation assay to evaluate the functional 
activity of our four lead antibodies. Antibodies from epitope 
classes 1 and 2, CE-310393 and CE-310083, respectively, inhib-
ited c-Met activity, seen as decreased levels of pY1234/1235-Met, 
in cultured S114 cells (Fig. 2A), suggesting they would interfere 
with colony formation and growth. The antibodies decreased the 

Figure 1. In vitro neutralizing activity of lead c-Met antibodies.  
(A) c-Met antibodies inhibit binding of HGF to c-Met ECD-Fc in vitro. 
Lead c-Met antibodies or anti-KLH antibodies were serially diluted 
and preincubated for 4 h with Met ECD-Fc (500 ng) immobilized in 
microtiter plates. Recombinant HGF was incubated for 15 min and its 
binding was determined. (B) c-Met antibodies inhibit HGF-dependent 
receptor activation in A549 cells. A549 cells were preincubated for 4 h 
with serially diluted antibodies then challenged with HGF (40 ng/well) 
for 15 min. Levels of pY-Met were determined in a capture ELISA using 
PY20 as the detection antibody. (C) Induction of c-Met degradation by 
c-Met antibodies. A549 cells were treated with varying concentrations 
of each lead antibody or anti-KLH for 4 h and the level of total c-Met 
was determined by ELISA.
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dimerization.35-38 The lead antibodies 
were evaluated for the ability to acti-
vate c-Met in A549 cells. HGF induced 
maximal stimulation of c-Met activity 
in A549 cells within 15 min (data not 
shown). Cells were treated with various 
concentrations of each antibody for 15 
min and c-Met activation was measured 
in the phosphoMet ELISA. Each of the 
epitope class 1 antibodies showed mini-
mal stimulation of c-Met activity (Fig. 
4A). Interestingly, CE-310083 from epi-
tope class 2 behaved as a partial agonist, 
demonstrating ~50% of the maximal 
activity of HGF, similar to AF276. Both 
CE-310083 and AF276 were less potent 
than HGF, requiring higher concentra-
tions to achieve their maximal effect. 
Maximal c-Met stimulation induced 
by CE-310083 and AF276 was reached 
within 15 min followed by decay of 
phosphoMet levels to basal levels within 
1 h of treatment (data not shown).

We evaluated whether the par-
tial agonist activity of CE-310083 
and AF276 translates to a functional 
response in an assay sensitive to stimu-
lation with HGF, the HepG2 tubular 
morphogenesis assay. HGF efficiently 
promoted tubule formation, exhibited 

by ~17 fold increase in tubule number and ~50 fold increase in 
tubule length (Fig. 4B and C). The biochemical activity dem-
onstrated by AF276 in A549 cells translated to partial agonism 
in HepG2 tubulogenesis. However, CE-310083 only weakly 
induced tubule formation, even though it showed similar activity 
to AF276 in the c-Met activation assay in A549 cells (Fig. 4A). 
Thus, even though CE-310083 stimulated c-Met activity, it did 
not translate to a robust functional response. Nonetheless, the 
lead c-Met antibodies, including CE-310083, effectively inhib-
ited HGF-dependent tubulogenesis (Fig. 3), indicating the lead 
c-Met antibodies act as antagonists in the presence of HGF.

Differential anti-tumor activity of c-Met antibodies against 
S114 tumor xenografts. The four lead antibodies were tested 
for the ability to inhibit growth of xenograft tumors grown sub-
cutaneously in athymic mice. Initially, we used the S114 tumor 
model because of its dependence on autocrine HGF/c-Met sig-
naling for tumor growth. Tumor-bearing mice received a single 
i.p. bolus 200 μg dose (~10 mg/kg) on day 5 after implantation. 
Remarkably, there were clear differences in the growth delay 
caused by each antibody. Each antibody effectively inhibited 
tumor growth over the first 5 d of treatment (d5–10), at which 
point some of the tumors began to increase in size (Fig. 5). 
CE-310393 displayed the most robust anti-tumor activity, caus-
ing a growth delay of approximately 10 d. Based on the relative in 
vitro and in vivo activity of CE-310393, it underwent sequence 

extensions in matrigel. We developed an assay measuring HGF-
induced tubule formation in matrigel and employed this assay 
to assess the effects of our antibodies in this functional set-
ting. The extent of tubule formation was quantified after stain-
ing with p-iodonitrotetrazolium violet using the ArrayScan 
system (Cellomics) and ImagePro software. In the analysis, 
the number and length of newly formed tubules were quanti-
fied with respect to colony size. Four days of treatment with  
50 ng/ml HGF in matrigel stimulated significant tubule formation  
(Fig. 3A), whereas none of the lead antibodies alone showed sig-
nificant tubulogenesis activity (Fig. 3A, CE-310083). However, 
coadministration of 50 ng/ml HGF with 1–50 μg/ml of anti- 
c-Met antibodies was able to inhibit tubulogenesis of HepG2 
cells by 56–98% (Fig. 3A and B). We concluded from these 
functional studies that lead antibodies from both epitope classes 
were able to effectively inhibit multiple functions of c-Met that 
promote malignant tumor growth.

c-Met antibodies exhibit variable degrees of agonism 
depending on epitope class. One of the concerns with develop-
ing therapeutic antagonist antibodies to receptor tyrosine kinases 
in general, and to c-Met in particular, is that the antibodies may 
possess agonist activity that counteracts the desired neutralizing 
activity of the therapeutic agent or induces ectopic pathway acti-
vation that could lead to side effects. Bivalent antibodies to recep-
tor tyrosine kinases often mimic the mechanism of activation 
employed by natural ligands, such as HGF, by inducing receptor 

Figure 2. Epitope class 1 and 2 antibodies inhibit c-Met activity in S114 cells and colony formation 
in soft agar. (A) S114 cells were treated with 10 μg/ml of CE-310393 (class 1), CE-310083 (class 2), or 
AF276 (R&D Systems) for between 15 min and 24 h. Cells were lysed and western blots were  
performed using an antibody to pY1234/1235 in the kinase domain to measure pY-Met levels and  
sc-10 to assess total Met protein. (B) Inhibition of S114 growth in soft agar. S114 cells were plated in 
soft agar with varying concentrations of CE-310393, CE-310083 or 10 μg/ml control anti-KLH anti-
bodies and grown for 10 d before colony number was determined. Values represent means ± SEM. 
Results of Student’s t-test are indicated: *p < 0.05, **p < 0.01, ***p < 0.001.
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xenograft tumors. Mice were dosed with 100 μg CE-355621 and 
followed over a 9 d period. Maximal inhibition of pMet levels 
(~80% inhibition) was reached at 24 h post dosing (Fig. 6C), 
consistent with the results from the dose titration experiment 
done at 24 h (Fig. 6B). This level of inhibition was maintained 
between 24 and 96 h. Decreases in total c-Met protein levels 
were also observed, but, as seen in the dose titration experiment 
done at 24 h (Fig. 6A; Fig. S4), the magnitude of the effect on 
total Met was smaller than the effect on pMet (Fig. 6C). The 
PD effects of CE-355621 diminished as antibody levels decayed, 
and the effect on pMet levels was lost as antibody levels dropped 
below ~5 μg/ml by day 9, corroborating the results from the 
dose titration experiment (Fig. 6A and B), where the PD effect 
of CE-355621 was lost at plasma levels less than ~5 μg/ml. The 

optimization and its derivative CE-355621 was advanced to 
more detailed profiling in vivo.

Generation of CE-355621. One of the challenges associ-
ated with protein therapeutics such as antibodies is the devel-
opment of an immune response against the therapeutic agent. 
Immunologic responses in the patient can result in the pro-
duction of anti-drug antibodies that limit the effectiveness 
of the therapeutic antibodies by neutralizing antibody func-
tion, accelerating antibody clearance, and inducing toxic side 
effects.39,40 The emergence of fully human antibodies has lim-
ited the risk of immunogenicity seen with mouse, chimeric, 
and humanized therapeutic antibodies. Yet potential sources of 
immunogenicity in human antibodies remain, including devia-
tions in amino acid sequences from germline. Sequence anal-
ysis of CE-310393 indicated there were two differences from 
germline in framework regions of VH chain gene 1–18/DP-14 
(E42 and S97) and one difference in framework region 3 of Vκ 
gene L5/DPK5 (A91). The divergent sequences were restored 
to germline by site-directed mutagenesis, yielding CE-355621 
(VH: E42K, S97T; Vκ:A91T). None of the differences 
from germline sequence found in CDRs of CE-310393 were 
altered in CE-355621. Sequence alignment of CE-310393 and 
CE-355621 with germline is shown in Figure S2A. The activity 
of CE-355621 was virtually identical to that of CE-310393 in 
terms of binding affinity, activity in the in vitro ligand bind-
ing and ligand-dependent c-Met activation assays, and in an 
in vivo efficacy study with the U87MG model (Fig S2B–D;  
Table S1), which was used previously to demonstrate the anti-
tumor activity of CE-355621.25

Pharmacodynamic effects of CE-355621. We focused 
on characterizing the pharmacodynamic (PD) effects of 
CE-355621 directly on c-Met activity and protein levels in 
vivo in the U87MG glioblastoma model reported to express 
HGF and c-Met and to be sensitive to c-Met inhibitors in vivo, 
including CE-355621.17,21,25,41 CE-355621 effectively inhibited 
c-Met activation by exogenous HGF in U87MG cells (Fig. S3), 
but, in contrast to Martens et al.’s21 report that U87MG cells 
were sensitive to treatment with the single-arm c-Met antibody 
OA-5D5, CE-355621 had no effect on U87MG cell prolifera-
tion in culture in the presence or absence of exogenous HGF 
(data not shown). Treatment of athymic mice bearing U87MG 
tumors with increasing concentrations of CE-355621 resulted 
in significant inhibition of Met activity as measured by phospho-
Met (pMet) in tumors extracted 24 h after dosing (Fig. 6A). Less 
dramatic effects on total Met protein levels were observed (Fig. 
6A; Fig. S4), consistent with the modest effects on total Met pro-
tein levels seen with CE-310393 in cultured A549 cells (Fig. 1C) 
and CE-355621 in U87MG cells in culture (Fig. S5). Plasma was 
also collected from sacrificed animals and the levels of CE-355621 
were determined. The pharmacokinetic (PK)/PD analysis  
indicated maximal inhibition at 24 h was ~75–90% at doses 
of 50 μg and above, which corresponded to plasma levels of 
CE-355621 of ≥ 10 μg/ml, and half maximal inhibition was seen 
at ~5 μg/ml (Fig. 6B).

The PK/PD relationship over time was determined in subse-
quent experiments performed in athymic mice bearing U87MG 

Figure 3. c-Met antibodies inhibit HGF-dependent tubulogenesis in 
HepG2 cells. (A) HGF induces tubulogenesis of HepG2 cells that is inhib-
ited by c-Met antibodies. HepG2 cells grown in matrigel for 4 d form colo-
nies lacking tubular extensions (top left panel). Plating cells with 50 ng/ml 
HGF induces tubulogenesis (top right panel), and plating cells with 50 ng/
ml HGF and 1 μg/ml CE-310083 dramatically inhibited tubule formation 
(bottom right panel). Treatment of cells with antibody alone (50 μg/ml 
CE-3100833, bottom left panel) did not induce tubule formation. (B) c-Met 
antibodies antagonize tubule formation in a dose-dependent manner. 
Various concentrations of c-Met or KLH antibodies were plated with HGF 
(50 ng/ml) and after 4 d tubulogenesis of HepG2 cells was quantitated 
by image analysis of tubule length normalized to colony size (dLength/
cArea).
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tumors excised from both vehicle and antibody-treated groups, 
and scores (0–3+) are presented in Table S2.

Anti-tumor efficacy. The significant PD effects of CE-355621 
on phosphoMet levels and tumor cell proliferation and apopto-
sis in U87MG xenografts suggested growth of this tumor model 
would be sensitive to treatment with the antibody. Indeed, 
CE-355621 did demonstrate dose-dependent efficacy against 
U87MG tumors following a single dose (Fig. 7A). In addition, 
increasing doses of antibody significantly extended the time for 
tumors in each treatment group to reach 1000 mm3 in size fol-
lowing a single bolus dose (Table 2). The results of these in vivo 
studies revealed the PK/PD/efficacy relationship for CE-355621 
when treating U87MG tumors (Fig. 7B). As long as plasma lev-
els of antibody remained above ~5 μg/ml, c-Met activity (pMet 
levels) was inhibited by ≥ 50% (percent inhibition of phospho-
Met in excised tumor samples is noted in parentheses above the 
corresponding plotted value for CE-355621 plasma concentra-
tion in Fig. 7B) and tumor stasis was observed. When circulat-
ing levels of CE-355621 decayed significantly below the 5 μg/
ml threshold, c-Met activity returned to pretreatment levels and 
tumor growth resumed. We concluded from this analysis that 
circulating levels of CE-355621 would need to be maintained at 
or above the 5 μg/ml threshold in patients to provide sufficient 
coverage for clinical efficacy.

The MET locus is amplified ~10 fold in GTL-16 gastric 
tumor cells,42 and even though they lack expression of HGF42 
(Hillerman and Michaud, unpublished observations), the c-Met 
pathway is constitutively activated in these cells. We evaluated 
whether CE-355621 could impact c-Met activity in GTL-16 
cells in vivo and inhibit xenograft tumor growth. Surprisingly, 
the antibody exhibited robust activity against GTL-16 tumors, 
inhibiting growth by 85% following two 400 μg doses given on 
days 7 and 14 (Fig. 8A). Further, evaluation of the pharmacody-
namics of CE-355621 in this model indicated it decreased phos-
phoMet levels by 48% at 24 h and 50% at 48 h after a single 400 
μg dose and decreased total c-Met levels by 32 and 38%, respec-
tively (Fig. 8B). Since pathway activation in GTL-16 cells occurs 
in a ligand-independent manner, the effects of c-Met antibodies 
appear to be mediated in part by inducing receptor turnover, as 
shown with CE-355621, though additional mechanisms may be 
involved. This may explain why more frequent administration of 
higher doses was required to detect pharmacodynamic and anti-
tumor effects in GTL-16 tumors.

Discussion

Dysregulation of HGF/c-Met signaling has been described in 
numerous human tumors, and the involvement of HGF/c-Met 
function in tumor angiogenesis suggests targeting this signaling 
axis is an attractive therapeutic strategy. We describe here the 
isolation and characterization of several high affinity antibodies 
that specifically target c-Met and neutralize its function in vitro 
and in vivo. Each lead antibody described interfered with HGF 
binding and induced receptor downregulation, thereby prevent-
ing receptor activation. These effects translated to inhibition of 
c-Met function in soft agar growth and tubular morphogenesis 

dose titration experiment and the PK/PD time course experiment 
corresponded well with each other, indicating that a single dose 
of CE-355621 at or above 50 μg results in sufficient levels of 
circulating antibody (> 5 μg/ml) to effectively modulate c-Met 
activity. Finally, inhibition of phosphoMet in U87MG tumors 
by CE-355621 was corroborated by immunohistochemical stain-
ing of tumor sections (Fig. 6D). Antibody treatment also inhib-
ited tumor cell proliferation and induced apoptosis, as evaluated 
by Ki67 and cleaved caspase 3 staining, respectively (Fig. 6D). 
Staining signal intensities were quantified by a pathologist who 
performed microscopic examination of sections from multiple 

Figure 4. Evaluating agonist activity of c-Met antibodies. (A) Epitope 
class 2 but not epitope class 1 antibodies display partial agonist activity 
in the cellular c-Met activation assay. Various concentrations of HGF, 
c-Met antibodies (including those from epitope classes 1 and 2 and 
AF276) or KLH antibodies were added to A549 cells for 15 min and in-
duction of phosphoMet was determined by capture ELISA with PY20 as 
the detection antibody. Each group represents triplicate samples, and 
values are means ± SD (B and C) CE-310083 does not promote c-Met-
dependent tubular morphogenesis of HepG2 cells. HepG2 cells were 
treated with HGF, epitope class 2 antibody CE-310083, AF276 or KLH 
antibodies for 4 d and tubule length (B, dLength/cArea) and number 
(C, dCount/cArea) were determined. Values are means ± SD of 5 sample 
groups per treatment condition.
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and degradation, providing a potential mechanistic explanation 
for the loss of total c-Met protein induced by antibody treatment.

Analysis of the effect of CE-355621 on total Met protein lev-
els in xenografted U87MG tumors suggests the antibody had 
a slightly greater effect on Met protein levels in vivo compared 
with cultured cells. For example, CE-355621 induced a maximal 
decrease in c-Met protein levels of 60–75% in vivo (Figs. 6A and 
C; Fig. S4), whereas the maximal effects in cultured cells were 
25–40% (Figs. 1C; Figs. S5–7). Nonetheless, the magnitude of 
the effect of the antibodies on phospho-Met levels was consis-
tently greater than the effects on total c-Met in vitro, as seen 
when comparing Figure 1B and C, and in vivo, as seen when 
comparing effects on phospho- and total Met in Figure S4 and 
Figure 6C. In sum, these data support the conclusion that the 
primary mechanism by which CE-355621 neutralizes c-Met acti-
vation is by blocking ligand binding and that its effect on Met 
protein levels is secondary.

The molecular mechanism behind the efficacy exhibited by 
CE-355621 against GTL-16 tumors, however, is less clear. GTL-
16 cells do not express HGF; the constitutive activation of c-Met 
results from amplification and overexpression of c-Met itself, lead-
ing to receptor dimerization and autoactivation in the absence 
of ligand. CE-355621 decreased phosphoMet levels in GTL-16 
tumors by about 50% at 24–48 h following a 400 μg dose and 
receptor turnover diminished Met levels 32–38%, whereas doses 
of 50–200 μg inhibited c-Met activity by ~80% from 24–96 h 
in U87MG tumors. The absolute level of c-Met inhibition was 
lower in GTL-16 tumors than in U87MG tumors and higher 
doses were required to reach this level of inhibition, yet the degree 
of c-Met turnover was similar to what was observed in U87MG 
tumors. It appears that CE-355621 may affect the c-Met pathway 
by additional means. Alternative mechanisms to explain the sen-
sitivity of GTL-16 cells to CE-355621 could include cleavage of 
c-Met within the extracellular domain, as reported for antibody 
DN-30, resulting in a decrease in the level of c-Met on the cell 

assays. Furthermore, we determined the dose levels of CE-355621 
required to maintain plasma levels of antibody sufficient to inhibit 
c-Met in vivo and found at sufficient doses that CE-355621 
demonstrated antitumor activity against U87MG and GTL-16 
xenograft tumors. The antitumor activity of CE-355621 is not 
likely the result of antibody-mediated cell cytoxicity (ADCC) in 
nude mice, as the antibody’s isotype is human IgG2, which has 
low affinity for Fc receptors and significantly reduced ability to 
induce ADCC. The broad activity of CE-355621 suggests it rep-
resents a viable option for the treatment of cancer patients with 
tumors exhibiting elevated levels of c-Met protein and pathway 
activation.

One advantage of therapeutic antibodies is their selectivity, 
and CE-355621 is exquisitely selective for c-Met. Extremely high 
concentrations of CE-355621 (up to 6000 μg/ml) did not inhibit 
the activation of two highly related receptor tyrosine kinases, 
c-Ron and IGF-1R, when each was stimulated by the addition of 
exogenous ligands MSP and IGF-1, respectively (data not shown). 
CE-355621 also did not bind or neutralize the mouse ortholog of 
c-Met, which hampered assessment of anti-angiogenic or other 
host activity in the mouse. As a result, evaluation of the in vivo 
efficacy of the lead molecules required either the use of a model 
in which an autocrine HGF/c-Met signaling loop existed or a 
model in which c-Met overexpression resulted in ligand-inde-
pendent receptor autoactivation. Autocrine HGF/c-Met signal-
ing has been reported in U87MG glioblastoma tumors,17 and 
ligand-independent MET amplification in GTL-16 cells results 
in constitutive c-Met activity.42 CE-355621 effectively inhibited 
growth of both models in vivo, suggesting the antitumor efficacy 
of CE-355621 demonstrated in these studies is due to neutral-
izing c-Met activity in tumor cells and that the overall activity 
of CE-355621 assessed with xenograft models in athymic mice 
is likely underestimated because any contribution to antitumor 
activity from inhibiting angiogenesis is not captured.

The apparent molecular mechanism by which each of the 
antibodies characterized in this study, including CE-355621 in 
particular, inhibits c-Met function is primarily through blocking 
HGF binding. Each lead also caused a modest decrease in total 
c-Met levels in A549 cells (Fig. 1C), and CE-355621 had similar 
effects in U87MG cells (Fig. S5) and A549 cells (Fig. S6) grown 
in culture. To further ascertain the effect of CE-355621 on recep-
tor levels at the cell surface, a flow cytometry assay was configured 
to detect c-Met on the surface of A549 cells following antibody 
treatment. In this assay, the polyclonal c-Met antibody BAF358 
(R&D Systems) binds to c-Met and is not competed or displaced 
by CE-355621 or AF276. Following incubation of A549 cells 
with each lead antibody for various times up to 24 h, addition 
of sodium azide at 4°C or fixation with paraformaldehyde stabi-
lized c-Met protein in the plasma membrane (Fig. S7). Similar 
results were seen with both methods. Minimal loss of c-Met from 
the surface was seen at 1 h, and maximal decreases were reached 
within 8 h. Receptor levels at the membrane decreased approxi-
mately 30–40% with CE-355621 treatment, whereas the control 
polyclonal antibody to c-Met, AF276 (R&D Systems), induced 
nearly 70% mobilization of c-Met from the cell surface. These 
observations suggest CE-355621 induces receptor internalization 

Figure 5. Lead c-Met antibodies show differential antitumor activity 
against S114 tumors. S114 tumors were injected subcutaneously into 
athymic mice and after tumors were established for five days, each 
mouse received a single 200 μg bolus dose (~10 mg/kg) of a lead c-Met 
antibody (arrow). Caliper measurements were made every 2–3 d. Values 
are means ± SEM.
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the c-Met pathway is often genetically linked via amplification or 
mutation, rendering the tumors HGF-independent but addicted 
to Met function, potentially explaining the sensitivity of GTL-16 
tumors to CE-355621 treatment in vivo. Further investigation 
into the mechanism by which CE-355621 inhibits c-Met func-
tion in tumors cells such as GTL-16 cells where ligand-indepen-
dent pathway activation is genetically linked is warranted. Such 
tumors may represent an additional patient segment with the 
potential to respond to therapy with CE-355621.

It has been challenging historically to identify antibodies 
against c-Met that antagonize its function, as numerous bivalent 
c-Met antibodies have behaved as agonists presumably by induc-
ing receptor dimerization in a manner similar to HGF.16 In fact, 
onartuzumab (MetMab, Genentech/Roche) was engineered as a 
monovalent, single arm antibody to abrogate the agonist activity 
of the bivalent IgG parental antibody 5D5 that induced prolifera-
tive responses.20 We describe several lead c-Met antibodies that 
exhibit minimal agonist activity in a cellular assay of c-Met acti-
vation, with the exception of CE-310083, which acted as a partial 
agonist of c-Met (Fig. 4A). Yet, CE-310083 was unable to effec-
tively induce tubular morphogenesis in HepG2 cells (Fig. 4B and 
C). Further, none of the epitope class 1 antibodies stimulated 
HepG2 tubulogenesis. However, we cannot exclude the possi-
bility that the mAbs we describe here may display some degree 
of functional agonism in a biological setting that we have not 
evaluated as part of these studies. Nonetheless, multiple lines of 
evidence support the conclusion that the lead antibodies, includ-
ing CE-355621, act primarily as c-Met antagonists. None of the 
lead antibodies induce cellular responses that phenocopy HGF. 

surface and shedding of a fragment of the ECD,43 inhibition of 
receptor dimerization by antibody in the absence of ligand, or 
altering how accessory proteins, such as CD44v6 and α6β4 integ-
rin, modulate c-Met function.28 The observation that CE-355621 
decreased c-Met activity in GTL-16 cells and inhibited GTL-
16 tumor growth suggests that it may have antitumor activity 
against a broader range of tumors, including tumors in which 
c-Met activation is HGF-independent. Constitutive activation of 

Figure 6. Pharmacodynamic modulation of phosphoMet levels in U87 
xenograft tumors by CE-355621. (A) Groups of four athymic female mice 
bearing U87MG human glioblastoma xenografts were treated with vari-
ous amounts (12–200 μg) of CE-355621 as a single intraperitoneal bolus 
dose and tumors were excised 24 h later. Tumors were homogenized 
and phosphoMet and total c-Met protein levels were determined from 
pooled lysates via western blot analysis following immunoprecipita-
tion of c-Met protein. (B) Graphical representation of PD modulation 
of phosphoMet by CE-355621 quantitated from the western blot in 
(A) as a function of the plasma concentration of circulating functional 
CE-355621, which was determined using a capture ELISA specific for 
human IgG competent to bind immobilized c-Met ECD-Fc. PK values 
represent means ± SD (C) PK/PD relationship of CE-355621 in athymic 
mice bearing U87MG xenograft tumors. U87MG tumors were grown to 
a size of ~300 mm3 in size and treated with vehicle or CE-355621 (100 μg 
intraperitoneal, single dose). Tumors were excised at various times after 
dose administration. Tumors were homogenized and phosphoMet and 
total c-Met levels and plasma levels of CE-355621 were determined as 
in (B). (D) CE-355621 decreases phosphoMet staining intensity in tumor 
cells, inhibits tumor cell proliferation and induces apoptosis in U87MG 
xenograft tumors. Established U87MG tumors were treated with vehicle 
or a single i.p. 200 μg dose of CE-355621, excised 72 h later, formalin-
fixed then paraffin-embedded. Immunohistochemistry with a phospho-
Met antibody against pY1234/1235 was used to assess the effect of 
CE-355621 on c-Met phosphorylation status. Staining for Ki67 and 
cleaved caspase 3 was used to evaluate effects on tumor cell prolifera-
tion and induction of apoptosis, respectively. Effects of CE-355621 on 
each of these endpoints were assessed by microscopic examination by 
a pathologist. All the images were acquired at the same magnification 
with a 40× objective and the scale bar = 10 μm.
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threshold of 5 μg/ml required for efficacy in the U87MG xeno-
graft model and postulated to be needed for clinical activity.

Important considerations for rapid assessment of clinical 
activity in patient populations most likely to respond to an antag-
onist c-Met antibody include the development of patient stratifi-
cation and biomarker assays. We hypothesize that overexpression 
of c-Met coincident with pathway activation defines patients 
most likely to respond to CE-355621. Overexpression of c-Met 
has been reported in numerous tumor types, including gastric, 
non-small cell lung, breast, colon, prostate, pancreatic, ovarian, 
hepatocellular, and renal cell.16 Immunohistochemical assess-
ment of total Met in tumor micorarrays and has been reported,44 
and initial efforts to develop an immunohistochemical assay of 
phosphoMet in xenograft samples described here (Fig. 6D) sug-
gests it may be feasible to assess Met activation and PD effects of 

The antibodies were unable to induce mitogenesis of A549 or 
U87MG cells. Each of the lead antibodies potently neutralized 
HGF function in multiple settings, including receptor autophos-
phorylation in A549 and U87 cells, soft agar growth with S114 
cells, and tubulogenesis of HepG2 cells. Furthermore, the lead 
antibodies antagonized c-Met activity in xenograft tumor cells in 
a dose- and concentration-dependent manner resulting in tumor 
growth inhibition of multiple xenograft models. We, therefore, 
conclude that the lead c-Met antibodies possess the antagonist 
activity required of a therapeutic antibody.

c-Met is expressed on many cell types, including epithelial 
cells, in most tissues in the body, which could influence the clear-
ance, exposure and distribution of CE-355621. It was not pos-
sible to assess the contribution of target-mediated clearance to 
its PK in rodent species because CE-355621 lacks cross-reactivity 
with murine c-Met. CE-355621 binds human and cynomolgus 
c-Met with similar affinity (Table S1), as demonstrated with 
Biacore and flow cytometry, and it potently inhibited HGF-
mediated activation of c-Met in cynomolgus kidney cells (data 
not shown). The PK of CE-355621 was determined in cyno-
molgus primates following a bolus intravenous 5 mg/kg dose  
(Fig. S8). Beta phase clearance (12.96 ml/day/kg) resembled 
that of other human IgG2 mAbs, as did the half-life (5.9 d), sug-
gesting any target mediated clearance of CE-355621 that may 
have been apparent at lower doses was at or near saturation at the  
5 mg/kg dose. Simulations of the PK of CE-355621 in humans 
supported the feasibility of administering reasonable doses of the 
antibody and maintaining target coverage above the minimal 

Figure 7. Dose-dependent efficacy of CE-355621 against U87MG tumors reveals PK/PD/efficacy relationship. (A) CE-355621 inhibits the growth of 
U87MG xenograft tumors in a dose-dependent manner. U87MG cells were injected into athymic female mice, and mice bearing tumors of ~100 mm3 in 
size were randomized in four groups (6 animals/group). Mice were injected i.p. on day 6 with vehicle (circles) or 25 (squares), 100 (triangles) or 200 (dia-
monds) μg of CE-355621 and tumor growth was determined. Results are mean ± SEM plotted with day 0 corresponding to the day of dose administra-
tion. Results of Student’s t-test are indicated: *p < 0.05, **p < 0.01, ***p < 0.001. NB, The level of statistical significance for the 25 μg treatment on day 
8 is p < 0.001 because the error bars are too small to be visible. The visible error bars on day 8 correspond to the 100 μg sample (p < 0.05). (B) Linking 
PK/PD of CE-355621 to tumor growth inhibition in U87MG xenograft tumors. The growth of control (circles) or CE-355621-treated (100 μg, triangles) 
tumors is plotted (right axis, mm3). The plasma concentration of CE-355621 and the degree of pMet inhibition determined in the PK/PD experiment 
depicted in Figure 5C is overlaid in this plot [PK is on the left axis (μg/ml); PD is noted as % inhibition of pMet in parentheses above the corresponding 
PK symbol]. Dosing of the efficacy study began on day 7 after implantation (arrow head). Data from the PD analysis displayed in Figure 5C indicated 
that there was ~50% decrease in phosphoMet signal corresponding to day 14 in this graph, or 7 d after dosing began. On day 16, 9 d after the start of 
dosing, the level of CE-355621 had decayed to ~3 μg/ml and there was no longer any detectable inhibition of phosphoMet. Tumor regrowth in mice 
treated with CE-355621 was first apparent on day 17 when CE-355621 serum levels had dropped below the minimal threshold required to maintain 
c-Met inhibition.

Table 2. Dose-dependent tumor growth delay with U87 tumors treated 
with CE-355621

Sample Time to reach 1000 mm3 (days)

Vehicle 6.2 ± 0.2

25 μg CE-355621 9.9 ± 0.2***

100 μg CE-355621 16.1 ± 1.1***

200 μg CE-355621 22.3 ± 0.4***

***p < 0.001 (by Student’s t-test). Increasing doses of CE-355621 induce 
progressively longer tumor growth delay in U87MG tumors. The size 
of each tumor in Figure 7A was measured every 2–3 d and the time 
to reach 1000 mm3 (days) from the start of treatment was determined. 
Values are means ± SEM.
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assess the relative effectiveness of each antibody as a potential 
therapeutic agent in the various settings of dysregulated Met 
function.

Proof of concept clinical activity related to targeting c-Met 
with a neutralizing antibody has been recently demonstrated with 
the monovalent single arm antibody onartuzumab (Genentech/
Roche). Clinical benefit was demonstrated in NSCLC patients 
with tumors expressing elevated levels of Met protein (≥ 50% 
tumor cells having 2–3+ IHC staining) who were treated with 
onartuzumab and erlotinib, and a durable complete response was 
observed in a metastatic gastric cancer patient with high MET 
polysomy and Met protein expression detected by immunohis-
tochemistry who was treated with onartuzumab.52-55 CE-355621 
appears to exhibit superior binding and neutralizing activity for 
its target in biochemical assays compared with onartuzumab. 
The affinity of bivalent CE-355621 for native c-Met is ~56 pM 
and for recombinant c-Met ECD is ~200 pM; whereas, the affin-
ity of monovalent 5D5 (onartuzumab) for c-Met is ~4 nM.14,56 
Further, CE-355621 displayed almost 20-fold better potency 
than monovalent 5D5 in an HGF displacement assay (~280 pM 
for CE-355621 compared with ~5 nM for 5D5).56 The difference 
in binding activity is certainly related in part to the avidity of 
bivalent CE-355621 for its target, though the CE-355621 Fab 
retains significant potency of 740 pM in the HGF ligand dis-
placement assay (data not shown), which is only a 2.7-fold shift 
compared with bivalent CE-355621. The pharmacokinetics of 
onartuzumab and CE-355621 do not differ appreciably in non-
human primates, even though the isotypes of the antibodies dif-
fer. The clearance and half-life of 5 mg/kg CE-355621 (human 
IgG2) are 12.96 ml/day/kg and 5.9 d, respectively, and the clear-
ance and T

1/2
 for 3–30 mg/kg onartuzumab (humanized IgG1) 

are 13 ml/day/kg and 3–6 d.56,57 The high affinity and enhanced 
potency of CE-355621 along with comparable pharmacokinet-
ics to onartuzumab suggest CE-355621 could have considerable 
activity in the clinic.

CE-355621 in pre- and post-treatment tumor biopsies. In addi-
tion, preclinical evaluation of FDG-PET imaging as a means to 
assess effects of CE-355621 indicated the antibody dramatically 
reduced glucose uptake and utilization in U87MG tumors, coin-
cident with inhibition of tumor growth.25 FDG-PET represents 
an attractive approach to assess the clinical activity of CE-355621 
in cancer patients as a non-invasive biomarker to discern proof of 
mechanism.

In recent years, several neutralizing antibodies targeting c-Met 
have been described, including DN-30, onartuzumab (MetMab, 
5D5), 11E1, h224G11 and LMH 87.6,45-49 There is a broad spec-
trum of molecular mechanisms of action and biochemical activi-
ties represented by these antibodies, indicating neutralization of 
c-Met function can be accomplished by divergent mechanisms. 
Monovalent forms of 5D5 (MetMab, onartuzumab) and DN-30 
have been engineered to eliminate agonist activity associated 
with the bivalent forms of those antibodies;50,51 whereas, 11E1, 
h224G11, and LMH 87 are described as bivalent, non-agonistic, 
neutralizing antibodies.46-48 Onartuzumab interacts with the 
Sema domain of c-Met and directly antagonizes HGF binding, 
but it does not appear to induce c-Met turnover.20,50 Though both 
DN-30 and LMH 87 do not antagonize HGF binding, each 
neutralizes c-Met function by inducing loss of c-Met protein by 
potentially different means. DN-30 causes receptor cleavage and 
shedding into the extracellular environment,43,51 and LMH 87 
induces c-Met internalization.46 11E1 and h224G11 differ from 
the above antibodies in that they both antagonize HGF binding 
and induce receptor turnover.47,48 Epitope class 1 and 2 antibodies 
described here, including CE-355621, neutralize c-Met activity 
primarily through inhibiting ligand binding and secondarily by 
inducing loss of receptor from the cell surface and protein deg-
radation. Thus, the molecular and biochemical characteristics of 
CE-355621 and related antibodies appear to be most similar to 
those of 11E1 and h224G11. Nonetheless, head-to-head compari-
sons of these various antibodies would be required to accurately 

Figure 8. CE-355621 inhibits the growth of MET amplified, HGF-independent GTL-16 gastric cancer xenografts. (A) CE-355621 inhibits the growth of 
GTL-16 xenograft tumors. Tumor cells were injected subcutaneously and tumors were grown to about 100 mm3. 400 μg CE-355621 was administered 
i.p. on days 7 and 14 (arrow heads) into groups of 7 mice/group. Results are mean ± SEM *p < 0.001 (by Student’s t-test) (B) Pharmacodynamic effects 
of CE-355621 on c-Met in GTL-16 xenograft tumors. Mice bearing GTL-16 tumors were dosed i.p. with 400 μg CE-355621. Tumors were excised 24 or 
48 h later and lysates were prepared. The levels phosphoMet and total Met were determined by ELISA, using PY99 and sc-10 as detection reagents, 
respectively, and % inhibition relative to the untreated group was calculated. Values are the means ± SD from 4 animals per group.
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Binding of lead antibodies to native c-Met expressed on 
A549 cells. The binding affinity of purified antibodies for c-Met 
expressed on the surface of human A549 lung carcinoma cells 
was determined by flow cytometry. Cells were lifted with 0.25%  
trypsin-EDTA, washed and suspended in PBS, 0.025% sodium 
azide, and 2% heat inactivated serum. Equilibrium binding of 
sub-saturating concentrations of each antibody was achieved 
within 6–8 h at RT, and half-maximal binding (EC

50
) of each 

antibody was determined. Each antibody was incubated with 
detached cells for 6–8 h and binding was detected with bio-
tinylated anti-human IgG (Jackson Labs) and streptavidin 
R-phycoerythrin conjugate (Caltag).

Cellular c-Met phosphotyrosine and total c-Met assays. 
A549 cells were plated (1 × 105 cells/well) in DMEM, 10% FBS 
and incubated at 37°C. Anti-c-Met antibodies were diluted in 
DMEM, 10% FBS and typically incubated with cells for 4 h 
prior to stimulation with HGF (200 ng/ml) for 15 min at 37°C. 
Cells were disrupted in NP-40 lysis buffer (150 mM NaCl,  
20 mM TRIS-HCl pH 8.0, 1% NP-40, 10 mM EDTA, 10% 
glycerol, 1 mM Na

3
VO

4
, and Roche Complete protease inhibi-

tors). c-Met phosphotyrosine and protein levels were determined 
by ELISA or in some cases by western blot. For ELISAs, cell 
lysate was added to wells with 500 ng/well polyclonal c-Met cap-
ture antibody (Santa Cruz, sc-10) and incubated for 2 h at RT. 
c-Met phosphotyrosine levels were detected with PY20-HRP 
(Transduction Labs, P11625) and total c-Met was determined 
with c-Met ECD antibody UBI 05–237 antibody (clone DO24 
Upstate Biotechnology, 21601).

Soft agar growth and tubulogenesis assays. S114 tumor 
cells, NIH-3T3 cells engineered to express human HGF and 
human c-Met, were plated (5000 cells/well) in 0.35% soft agar 
in DMEM, 10% calf serum with or without anti-c-Met anti-
bodies and layered over 0.5% agar in growth medium. Colony 
number and size of p-iodonitrotetrazolium violet stained colo-
nies were determined 7–10 d later with ROBOT automation 
(Ludel Electronics, Ltd.) using ETC3000 software (Engineering 
Technology Center).

HepG2 cells (40,000 cells/plate) were plated in 35 mm dishes 
in OptiMEM, 10% heat inactivated FBS, 2 mM L-glutamine, 
and 1X penicillin/streptomycin over a layer of solidified matrigel. 
HGF (final concentration 50 ng/ml) or c-Met antibodies (final 
concentration of 1–10 μg/ml) were added, and cells were grown 
for 4 d at 37°C. Tubulogenesis was determined from images of 
p-iodonitrotetrazolium violet stained cells using the image anal-
ysis macro within Image Pro Plus v4.1 (Media Cybernetics).

Animals. Athymic female mice (CD-1 nu/nu, ~20 g) obtained 
from Charles River Laboratories were used for all of the in vivo 
studies. Mice were housed in specific pathogen-free conditions 
according to the guidelines of the Association for the Assessment 
and Accreditation of Laboratory Animal Care (Institute of 
Laboratory Animal Research, 1996) and all of the in vivo stud-
ies were performed under approved Pfizer Global Research and 
Development institutional experimental animal care and use 
protocols in accordance with Pfizer Institutional Animal Care 
and Use Committee (IACUC), State, and Federal guidelines for 
the humane treatment and care of laboratory animals. Animal 

In summary, we describe potent neutralizing c-Met anti-
bodies with functional activity in vitro and in vivo. Further,  
lead candidate CE-355621 demonstrated concentration- 
dependent PD effects and robust in vivo efficacy. Thus, 
CE-355621 represents an attractive candidate therapeutic anti-
body to treat cancer patients suffering from disease in which 
dysregulation of HGF/c-Met signaling drives tumor growth and 
progression.

Materials and Methods

Ethics statement. All animal studies with mice and cynomolgus 
monkeys were conducted in accordance with animal care and use 
protocols according to the guidelines of the Association for the 
Assessment and Accreditation of Laboratory Animal Care and 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of Pfizer Global Research and Development. The pro-
gram of humane animal care and use at Pfizer Global Research 
and Development has been evaluated for its compliance with the 
US. Animal Welfare Act and The Guide for Care and Use of 
Laboratory Animals.58

Cell lines. A549 human lung carcinoma cells, HepG2 human 
hepatocellular carcinoma cells, U87MG human glioblastoma, 
and GTL-16 gastric cells were obtained from American Type 
Culture Collection and grown according to culture conditions 
provided by ATCC. S114 cells30,31 were provided by Dr. George 
Vande Woude, Center for Cancer and Cell Biology, Van Andel 
Institute, Grand Rapids, MI.

In vitro antibody binding and HGF binding assays. 
Microtiter plate wells were coated with 500 ng c-Met ECD-Fc 
(R&D Systems) in PBS overnight. Plates were blocked with 3% 
BSA in TBS-T for 60 min at RT. Hybridoma supernatants or 
purified antibodies diluted in DMEM, 10% FBS were incu-
bated for 4 h at room temperature, and antibody binding was 
detected with anti-human IgG2 antibodies (Zymed, 05-3500). 
The above assay was modified to evaluate inhibition of HGF 
binding to the c-Met ECD. Antibodies were pre-incubated for 
4 h in wells coated with c-Met ECD-Fc prior to addition of 
HGF in serum-free DMEM to a concentration of 100 ng/ml. 
HGF was incubated for 15 min at RT, and HGF binding was 
detected with a biotinylated polyclonal anti-HGF antibody and 
streptavidin-HRP.

Affinity determination with surface plasmon resonance. 
The binding affinity of purified antibodies was determined 
using surface plasmon resonance. c-Met ECD-Fc (~220 RU) was 
immobilized on a B1 chip (BIACORE™) by standard direct 
amine coupling procedures and antibody samples were injected 
in duplicate at 5 μl/min flow rate for 4 min. Dissociation was 
monitored for 2000 sec. The data were fit globally to a simple 1:1 
binding model using BIACORE™ Biavel software. In addition, 
to determine the k

off
 independent of any potential error in the 

active concentration or fitting model, the dissociation data were 
fit globally and independently from association data to a simple 
dissociation model. In all cases, this method was used to obtain 
k

off
, and it was found that they compared well to data obtained 

from global fit of association and dissociation data.
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by immersion in neutral buffered formalin. Tumor samples 
were processed to paraffin blocks following routine histology 
procedures and 5 μm sections cut for immunohistochemical 
procedures.

To expose antigenic sites, tissue sections were heated in Citra 
Antigen Retrieval pH 6 (Biogenex) using a steamer at 96°C for  
20 min. Immunostaining was performed by incubating tissues 
with Met pTyr 1234–1235 (Millipore) at a dilution of 1:500; 
Ki67 (clone MIB1, Dako) at a dilution of 1:100; or cleaved cas-
pase-3 (Cell Signaling) at a dilution of 1:100. Antibody binding 
sites for pMet Tyr 1234–1235 or cleaved caspase-3 were detected 
by incubating tissues with a biotinylated secondary goat anti-
rabbit antibody (Vector Laboratories) at a dilution of 1:150 fol-
lowed by incubation with Elite® ABC (Vector Laboratories), or 
for Ki67 by using the Dako ARK™ Kit (Dako). Dako Liquid 
DAB+ was used to visualize antibody staining, while Mayer’s 
hematoxylin was used as a counterstain.

In vivo efficacy of CE-355621. S114, U87MG human glioblas-
toma and GTL-16 human gastric cancer cells were maintained 
in DMEM, 10% heat inactivated FBS, 2 mM L-Glutamine, and  
10 units/ml penicillin, 10 μg/ml streptomycin at 37°C, 10% 
CO

2
. Tumors cells (1.0–5.0 × 106 cells) were inoculated subcuta-

neously in 0.2 ml Hank’s Buffered Saline Solution into athymic 
(nu/nu) mice. Once tumors had reached 100–200 mm3 in size, 
200 μl of antibody solution diluted with sterile PBS or vehicle 
alone was injected i.p. into each experimental animal subject, 
and tumor sizes were measured in the mice using calipers every 
2–3 d.
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handling was done in a laminar flow hood. Animals were pro-
vided pelleted food and water ad libitum and kept in a room con-
ditioned at 70–75°F with 50–60% relative humidity. Sentinel 
mice were monitored at regular intervals by serologic assays and 
were found free of murine pathogens (murine hepatitis virus, 
Sendai virus, pneumonia virus of mice, minute virus of mice, 
mouse poliovirus type 3 reovirus, Mycoplasma pulmonis, mouse 
parvovirus, epizootic diarrhea of infant mice, lymphocytic cho-
riomeningitis virus, mouse adenovirus, ectromelia, mouse pneu-
monitis, and polyomavirus). For all of the studies, mice were 
allowed to acclimate a minimum of 3 d after receipt of shipment 
and randomized before commencement of studies.

Pharmacokinetics and pharmacodynamic effects of c-Met 
antibodies. The effects of the anti-c-Met antibodies on the 
phosphorylation state and protein levels of c-Met in vivo were 
determined by western blot. U87MG human glioblastoma cells  
(5 × 106) were injected subcutaneously into athymic (nu/nu) 
mice. Mice harboring established tumors (~300 mm3) were 
treated via intraperitoneal (i.p.) injection of vehicle or c-Met 
antibodies. Tumors were excised and homogenized in NP-40 
lysis buffer and c-Met was immunoprecipitated with 25 μl of 
sc-10 agarose beads (Santa Cruz) for 2 h at 4°C. Phospho- and 
total c-Met levels were determined in western blots using PY100 
(Cell Signaling Technology) or sc-10-HRP (Invitrogen) anti-
bodies, respectively. Results were quantified by measuring che-
miluminescent ECL signals by LumiImager (Roche).

The level of circulating c-Met antibodies in athymic mice or 
cynomolgus monkeys was determined in plasma following intra-
peritoneal dosing of mice or intravenous (i.v.) dosing of nonhu-
man primates by ELISA. Microtiter plates (Costar) were coated 
with 300 ng human Met ECD-Fc (R&D Systems, 358-MT) in 
PBS and blocked with 0.5% BSA-TBST (Sigma, T9039). Plasma 
samples were diluted with PBS/1% Tween/10% BSA (PBSTB), 
added to 96-well microtiter plates for 3 h at room temperature 
(RT). After washing with TBS-T, anti-Human IgG2-HRP 
(Zymed, 05-3500, or Jackson ImmunoResearch, 709-035-098) 
diluted in PBST was incubated for 1 h at RT. Following incuba-
tion the plate was washed and TMB (KPL, 5076-18) was added 
and monitored for color development. A stop solution of 0.9 M 
H

2
SO

4
 was added and read at 450 nm using a Wallac microplate 

reader.
Sample and QC preparation was performed by sample dilu-

tion in PBSTB and adjustment to an appropriate standard con-
centration range (0.0003–1 μg/mL) by serial titration. QCs 
were made by spiking in known amounts of clone into naïve 
monkey or mouse serum. QCs were treated like samples and 
brought into appropriate dilution range. Naïve monkey serum 
was spiked into PBST at the highest monkey serum concentra-
tion (10%) as a negative control.

Immunohistochemistry on U87MG Xenografts. Tumors 
excised humanely from euthanized athymic mice were fixed 
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