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Abstract

Introduction—MetMAb (OA-5D5) is a one-armed monoclonal antibody developed to bind to
and inhibit c-MET receptor tyrosine kinase. Though early in clinical testing, this agent holds great
promise in diseases thought to be driven by c-MET activation, as evidenced by the phase Il results
in non-small cell lung cancer, (NSCLC) where a benefit in overall survival was observed in
patients with MET diagnostic positive disease. Thus far, both alone and in combination with other
targeted agents, this drug has been well tolerated and no new significant safety signals have been
identified.

Areas covered—The review summarizes the structure and function of the c-MET receptor and
its ligand HGF, provides an overview of select targeted monotherapies developed to interfere in
the MET-HGF signaling pathway, discusses pre-clinical and clinical data surrounding MetMADb,
and concludes with an expert opinion regarding this novel agent.

Expert opinion—MetMAD has been well tolerated and based on phase 11 data testing it, in
combination with erlotinib in advanced NSCLC, may have a role in improving survival in patients
with disease driven by c-MET activation. However, phase Il validation is underway and the
results of these studies will help elucidate which patients will benefit most from this novel agent.
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1. Introduction

With an understanding of the human genome and the technology to efficiently characterize
genetic profiles of individual tumors, clinicians are now poised to match cancer therapy to
the unique characteristics of malignant tumors [1]. The promise of molecular-targeted
therapy is that dysregulated proteins are preferentially impacted, resulting in an improved
therapeutic index over standard chemotherapy [2]. By identifying the patients that will
benefit most from targeted therapies, personalized therapy is anticipated to improve
treatment efficacy and reduce cost.

Though there are a number of challenges facing an individualized approach, successes such
as matching treatment to the presence of the HER2 receptor in breast cancer [3] or BCR-
ABL gene fusion in chronic myelogenous leukemia, have generated interest in identifying
such a target in lung cancer. Despite advances in therapy, the 5-year overall survival for lung
cancer still remains approximately 15% [4]. Major discoveries, such as EFGR receptor
inhibition in EGFR mutant lung cancer, and the recent emergence of ALK inhibition in ALK
translocation, are still limited in their impact, given that these two aberrations account for
less than 20% of NSCLC. Several receptor tyrosine kinases have also been implicated in
non-small cell lung cancer (NSCLC), and investigations into inhibiting one such receptor
tyrosine kinase, c-MET, may be promising [5].

2. c-MET Receptor Tyrosine Kinase

Met was first identified as an activated oncogene, following the treatment of a human
osteogenic sarcoma cell line with the carcinogen N-methyl-N’'-nitro-N-nitrosoguanidine [6].
This resulted in a translocation placing a promoter region locus (TPR) on chromosome 1
adjacent to Met located on chromosome 7. The resultant TPR-MET fusion protein
demonstrated constitutively activated MET TK activity [7]. Subsequent research has shown
constitutive activation of c-MET to be implicated in a number of human cancers [For
reviews see 7, 8]. In addition, c-MET can be activated following binding to its ligand,
hepatic growth factor (HGF).

2.1 Structure of c-MET and HGF

c-MET is the prototypic member of a structurally unique subfamily of RTK [9]. The human
Met gene is located on chromosome 7 band 7g21-g31 and spans 120kb. The M, 170,000
precursor to c-MET is cleaved into a M, 50,000 extracellular o chain and a M, 140,000
membrane-spanning  chain [10] which are linked by disulfide bonds. The extracellular
portion of the B chain of c-MET contains a semaphorin (Sema) domain, a 500 amino acid
cysteine-rich sequence near the N-terminus [7, 11]. In addition, it contains a PSI domain (in
plexins, semaphorins, and integrins) and four IPT repeats (in immunoglobulins, plexins, and
transcription factors). c-MET also contains a transmembrane (TM) domain, a
juxtamembrane (JM) domain, a tyrosine kinase (TK) domain, and a carboxy-terminal tail
region [11] (Figure 1).

The extracellular domain serves as a high-affinity receptor for HGF, which is produced by
stromal and mesenchymal cells. Binding of HGF induces autophosphorylation of tyrosine
residues within the activating loop of the TK domain (Y1230/Y1234/Y1235). In turn,
phosphorylation of Y1349 and Y1356, near the COOH terminus results in c-MET
dimerization and the formation of a multifunctional docking site for adapter proteins such as
Grb2, Gabl, PI3K, phospholipase C-y, Shc, Src, Shp2, Shipl [12, 13] thereby activating the
intrinsic kinase activity of c-MET.
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HGF is secreted as an inactive monomer of 82kD, and is cleaved by urokinase type
plasminogen activator (uPA) into a heterodimer of two disulfide-linked chains of 69 and 34
kD each [14]. The NH,-terminal fragment of HGF comprises the a-chain and contains the
high-affinity c-MET receptor binding domain [Burgess]. High affinity binding has been
shown to occur at IPT3 and IPT4 [15]. The COOH-terminal -chain of HGF has a low-
affinity binding domain which links to the Sema-domain of c-MET [16]. The HGF
heterodimer has a high affinity for c-MET and is to date, the only identified ligand.

of HGF-MET

The receptor-ligand pair is involved in a wide variety of cellular signaling pathways and
biological responses. The dyad promotes migration, cell growth, differentiation,
angiogenesis, and survival — properties that are essential during normal processes such as
morphogenesis and wound healing. c-MET plays a vital role in early development and Met
knock-out in mice is embryonically lethal [17]. Furthermore, c-MET is upregulated after
tissue injury to the kidney, liver, and heart, suggesting an important role in repair and
regeneration [18].

These same functions play an essential role in malignancy [19]. c-MET activating mutations
have been implicated in a number of solid tumors including papillary renal cell, ovarian,
gastric, breast, hepatocellular, and head and neck squamous cell cancers [20]. High levels of
c-MET expression have also been identified in both non-small cell lung cancer and small
cell lung cancer [5,10]. One previous study showed that 67% of lung adenocarcinomas, 57%
of large cell carcinomas, 57% of squamous cell carcinomas, and 25% of small cell lung
cancers strongly expressed c-MET [5]. Missense mutations in the JM domain, such as
R988C and T1010I, were identified in small cell lung cancer cell lines and these were
associated with growth factor independence, increased cell motility, and enhanced
tumorigenicity [10]. Specifically in the case of lung cancer, overexpression of c-MET may
confer a poorer clinical prognosis and decreased overall survival [21].

Co-expression of c-MET and HGF in the same cell leads to activation of the autocrine loop
and this has been found to be tumorigenic [19, 22]. Autocrine signaling is believed to
generate deregulated cell growth and in turn, tumor formation [19]. Furthermore, HGF-MET
signaling may induce uPA, leading to the production of more HGF and further stimulation
of the pathway [19].

In addition to tumorigenesis, HGF-MET also has a role in invasion and metastasis. HGF was
discovered as a stimulator of cell scattering by inducing the dissociation and mutual
repulsion of epithelial cells [23]. Using in the NIH 3T3 cell line, HGF-MET signaling was
found to result in more frequent lung metastasis than control cell lines using in vivo
experimentation (19).

Furthermore, by acting directly on vascular endothelial cells, HGF-Met stimulation led to
their proliferation and organization into capillary-like tubules, thereby inducing the
angiogenesis necessary for tumorigenesis and metastasis [24]. In addition, HGF has been
shown to promote the expression of angiogenic cytokines, IL-8 and VEGF, in head and neck
cell lines [25].

3. Monoclonal antibody driven therapies

It is anticipated that interfering in the HGF-Met signaling pathway will impact the growth
and spread of human cancers in which this pathway is influential. Targeted biological
agents, specifically monoclonal antibodies (mAb), directed towards HGF-MET are being

Expert Opin Biol Ther. Author manuscript; available in PMC 2012 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Surati et al.

Page 4

developed. These mAb have been developed in two varieties, anti-HGF and anti-MET.
Select examples highlighting these two strategies will briefly be presented below.

3.1 Rilotumumab

3.2L2G7

3.3 DN30

3.4 MetMADb

Rilotumumab (AMG 102) is a fully human MAb (1gG2) developed by Amgen which
specifically targets HGF. It binds to amino acid residues at the NH»-terminus of the B-chain
of human HGF, with a preference for the mature, heterodimeric form [26]. Such binding led
to the complete inhibition of c-MET autophosphorylation in vitro using human and monkey
HGF [26]. Furthermore, cellular migration was inhibited with AMGZ102 in monkey HGF
stimulated cells. Rilotumumab has been assessed in phase | and 1l studies, both as
monotherapy and in combination. In a phase | study of patients with advanced solid tumors,
there was evidence of good tolerability and a favorable pharmacokinetic profile, with a
promising proportion of patients achieving stable disease in the setting of combination
therapy [27]. However, in phase |1 testing in patients with recurrent glioblastoma, there was
no significant OS or PFS benefit found with Rilotumumab monotherapy [28].

Another anti-HGF mAb (1gG»,), L2G7, was developed by Galaxy Biotech. In in vitro
studies, L2G7 was able to nearly completely inhibit and/or regress growth in U87 and U118
gliomas, cells which express both MET and secrete HGF. The same effect was not
documented in U251 gliomas which do not secrete HGF [29]. Though predominantly
studied in the context of brain cancers, studies have also been done to evaluate the effect of
L2G7 in lung cancer. In HGF transgenic mice treated with tobacco carcinogen to induce
lung cancer, mice treated with L2G7 developed statistically significant fewer lung tumors
than control mice [30]. As there is compelling pre-clinical data for this agent, a phase 1
clinical trial is currently underway using the humanized form of L2G7 called TAK 701
(NCT00831896).

Conversely, research has also focused on developing mAb to target the c-MET receptor
directly. DN30, developed by Metheresis, is a mAD targeting the extracellular domain of c-
MET at a site distinct from the binding site of its HGF ligand [31]. Such binding leads to the
proteolytic cleavage of the extracellular domain of the c-MET receptor, through a process
known as shedding [32]. Subsequently, the intracellular domain is rapidly degraded by the
proteosome. Treatment with DN30 led to significant c-MET down regulation, reduced signal
transduction, decreased cell invasion, angiogenesis, and metastatic spread [32]. However,
work with DN30 has been complicated by its bivalent structure, which results in partial
agonism [31]. Additional efforts to isolate a monovalent form of DN30 to solely achieve
receptor shedding have been successful. Treatment with a DN30-Fab fragment resulted in
the reduction of MET phosphorylation and inhibition of tumor growth, suggesting that
monovalency should be the focus of anti-MET therapy [33].

In contrast to the bivalent DN30, a one armed antibody (OA-5D5) was developed by
Genentech, thereby preventing HGF-mediated activation of c-MET, and resulting in
suppressed growth in multiple cancer models.

4. MetMAb Chemistry

MetMAb (PRO143966, OA-5D5) is a humanized, monovalent anti-c-MET antibody derived
from the agonistic monoclonal antibody 5D5 [34]. 5D5 attaches to the c-MET receptor and
thus, inhibits HGF ligand binding. However, attachment of bivalent 5D5 to the c-MET
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receptor induces receptor phosphorylation and downstream signaling. MetMAD is produced
as a recombinant protein in E.coli and is engineered with monovalent Fab fragments with
murine variable domains for the heavy and light chains fused with human IgG1 constant
domains [20]. In this manner, the Fab fragments bind to c-MET, but do not agonize the
receptor and instead function as antagonists.

5. MetMAb Pharmacokinetics

6. Efficacy

MetMAD has undergone both preclinical and clinical studies evaluating the
pharmacokinetics of the drug. In order to gain entry into the clinic, preclinical dose efficacy
studies were performed in KP4 xenograft models at a dose range of 0.825-120mg/kg. Single
dose pharmacokinetic studies were performed in mice, rats, and cynomolgus monkeys at a
dose range of 0.5-30mg/kg [35].

These efficacy studies demonstrated that the area under the serum-concentration-time curve
(AUC) was the pharmacokinetic driver of efficacy in the KP4 xenograft model. Clearance in
the mice, rats, and monkeys was 21, 19, and 13 mL/day/kg, respectively. Estimates of the
kinetics of OA-5D5 in humans were made based on allometric and species-invariant time
transformations of cynomolgus monkey data. These calculations yielded an estimate of
human clearance of 5.5-10 ml/day/kg. In addition, a starting dose for humans was
established at 1mg/kg with dosing indicated every 1-3 weeks [35]. Using the predictor of
progression free response (<20% increase in pancreatic tumor mass), a dosing regimen of
12.5mg/kg weekly and 20mg/kg every three weeks increased the likelihood of treatment
success in these preclinical models [36].

Subsequently MetMAb was studied in a phase | dose-escalation study. In it, the human half-
life approximated 10 days with a clearance of 8mL/kg/day [37]. Based on preclinical
modeling and phase 1 clinical data, a recommended phase 11 dose (RP2D) of 15mg/kg IV
every three weeks was selected to maintain a minimum tumoristatic concentration of 15 ug/
mL in > 90% of patients.

6.1 Preclinical Data

Two major preclinical efficacy studies have been published thus far. The first was
performed in malignant glioblastoma cell lines. Glioblastoma is characterized by HGF and
c-MET overexpression, with higher expression correlated with greater tumor grade and
vascularity. U87 human glioblastoma cells (c-MET and SF/HGF positive) and G55 human
glioblastoma cells (c-MET positive and SF/HGF negative) were used to generate intracranial
orthotopic xenografts in nude mice [3].

In vitro, U87 cells treated with OA-5D5 demonstrated less phosphorylation of c-MET, less
cellular proliferation, a dose dependent decrease in cellular motility, and twice the rate of
cellular apoptosis [3]. In vivo, U87 mice treated with OA-5D5 demonstrated a tumor size
reduction of 98.7% when treatment was initiated one week after tumor engraftment. No
reduction was seen in U55 mice treated with OA-5D5, suggesting that the efficacy of
OA-5D5 was mediated by blocking HGF stimulation [3]. Furthermore, in the U87 group, it
was noted that treated cells demonstrated less proliferation, cellularity, and a lower vascular
density.

Based on the success of OA-5D5 with glioblastoma cells, treatment efficacy was
investigated in pancreatic cancer cells, a disease which also highly expresses HGF and c-
MET [38]. Two cell lines, BxPC-3 (c-MET+, HGF-) and KP4 (c-MET+, HGF+) were
evaluated in murine xenograft and orthotopic models. In the case of BxPC-3, mice were
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implanted with osmotic pumps to provide human HGF, as mouse HGF does not bind to the
c-MET receptor [39].

Administration of OA-5D5 in both xenograft models led to a reduction of cellular
proliferation, reduced c-MET and downstream target (Gab-1, Akt, ERK) phosphorylation,
and decreased tumor growth. A KP4 orthotopic model was also developed and drug
administration abolished tumor growth and led to a significant survival advantage [39].
Mechanisms supporting these promising findings included reduced KP4 cellular
proliferation and reduced c-MET phosphorylation [39].

6.2 Clinical Data

MetMAD has been studied in both Phase | and Phase Il studies in solid tumor malignancies.
The phase I study was an evaluation of the safety and efficacy of MetMADb in locally
advanced and metastatic solid tumor malignancies refractory to previous therapies. Data was
collected from patients presenting with a wide range of solid tumor malignancies, a majority
of whom having received at least three prior systemic therapies. The study used a 3+3 dose
escalation design testing 1, 4, 10, 20, and 30 mg/kg doses given on day 1 of three week
cycles in 21 patients; an additional 13 patients were enrolled in the recommended phase 2
dose cohort (15 mg/kg every three weeks). All doses were generally well-tolerated, and a
maximum tolerated dose was not reached. One patient with gastric cancer exhibited a
complete response; this patient had a tumor profile consistent with “autocrine” biology,
associated with high intra-tumoral c-MET and HGF by IHC, without evidence for Met
mutation/amplification [37].

In phase 11 clinical testing, erlotinib was tested with or without MetMADb as second or third
line treatment in patients with stage I11b and IV NSCLC (OAM4558g). The rationale for
combining a c-MET inhibitor with an EGFR inhibitor in refractory NSCLC comes, in part,
from studies which found c-MET amplification and over-expression in EGFR mutant cell
lines resistant to EGFR inhibition [40]. Furthermore, a study by Engelman et al. suggests
that targeted c-MET inhibition may restore EGFR inhibitor sensitivity [41].

Over 120 patients were equally randomized to receive erlotinib (150mg PO daily) +
MetMAb (15mg/kg IV q 3 w) or erlotinib (150mg PO daily) + placebo (IV g3 w). Tissue
was used to determine MET expression status by IHC. “MET diagnostic positive” tumors
were those in which >50% of tumor cells stained with an intensity of 2 or 3on a
immunohistochemistry scale of 0-3. Approximately 50% of patients were categorized as
“MET diagnostic positive,” and initial results, reported at ESMO Congress in 2010 revealed
that patients with “MET diagnostic positive” tumors treated with MetMADb plus erlotinib had
a trend towards improved survival (HR=0.55, p=0.11), compared to those treated with
erlotinib plus placebo. The converse was observed in patients with “MET diagnostic
negative” tumors, i.e. worse overall survival was associated with MetMADb plus erlotinib
treatment compared to with erlotinib plus placebo (HR = 3.02, p=0.02). The same pattern
was also seen with progression free survival. In “MET diagnostic positive” patients, PFS
was improved in the MetMAb arm compared to placebo (median PFS 12.4 weeks vs. 6.4
weeks respectively, (HR 0.56, p=0.05) [42]. The overall safety profile of the combination
was very good; MetMADb did not exacerbate erlotinib related toxicity, and the most frequent
MetMAD related toxicity was peripheral edema, occurring in ~20% of all MetMAb-treated
patients.

7. Conclusions

c-MET receptor tyrosine kinase activation has been demonstrated in a number of
malignancies [5, 7, 8, 18, 21]. Targeting this receptor with the monoclonal antibody
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MetMAD is promising as it demonstrates good specificity for the c-MET receptor and is
generally well tolerated at indicated doses, both as a single agent and in combination with
other agents. The combination of MetMADb and erlotinib holds promise in NSCLC and
additional studies to determine whether MetMAD is beneficial with other agents in NSCLC,
or in other malignancies, is warranted.

8. Expert Opinion

MetMAD is a novel therapy which targets the tyrosine kinase receptor, c-MET. It was
developed as a one armed antibody, and through this innovation, it is able to selectively bind
to and inhibit the c-MET receptor, rather than agonize or partially antagonize the receptor as
observed with other bivalent antibodies. Early research has supported the belief that
MetMAD holds great promise in the treatment of malignancies, particularly among those
exhibiting c-MET activation.

The key to the success of MetMAD therapy will be to clearly identify patients exhibiting c-
MET activation and to target them with single agent or combination therapies. The current
trial data is promising and if the beneficial effects of MetMADb translate during larger trials,
clinical care strategies may be modified. One area where the use of MetMAb may be of
benefit is with non-small cell lung cancer. Though erlotinib therapy is already considered a
mainstay of treatment in advanced refractory non-small cell lung cancer, outcomes may be
improved with the addition of a c-MET inhibitor, in order to lessen the impact of EGFR
inhibitor resistance. If the phase 111 trial testing the combination of erlotinib with MetMADb is
positive and it is FDA approved, this targeted combination inhibitor therapy may be used
more broadly as second line therapy in NSCLC. This combination may improve outcomes
without resulting in greater morbidity.

The use of MetMADb is not limited to lung cancer. A phase Il investigation in the potential
use of MetMAWb in triple negative breast cancer in combination with paclitaxel and
bevacizumab is currently underway. Furthermore, MetMAb has the potential to be of benefit
in other solid tumor malignancies with high MET expression, such as pancreatic cancer and
glioblastoma multiforme. Large trials are helpful not only in identifying which patients
benefit the most, but also determining which patients experience additional harm from
MetMAD therapy. Though the agent has been well tolerated thus far, larger studies will
provide additional information on patient selection criteria.

It is anticipated by the authors that MetMAb will be accepted as part of the treatment of
malignancies demonstrating c-MET overexpression, as in lung and breast cancers. As c-
MET overexpression occurs in many other malignancies, it will be important to develop a
reliable biomarker assay that will quickly and accurately identify patients demonstrating
overexpression. It has already been demonstrated that “MET diagnostic negative” patients
may have poorer outcomes with MetMADb treatment. At this time it is unclear why these
patients did not benefit; therefore, it will be essential to correctly categorize patients by their
MET status. Further efforts should be used to validate IHC as a sufficient litmus test for
classifying patients. Other testing could include searching for Met gene amplification,
mutation, or MET phosphorylation status. By treating appropriate candidates, MetMAb has
the potential to improve progression free survival and possibly overall survival, in c-MET
active patients.
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