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Abstract

The development of molecularly targeted agents has benefited from use of pharmacodynamic (PD)
markers to identify “biologically effective doses” (BEDs) below maximum tolerable doses, yet this
knowledge remains underutilized in selecting dosage regimens and in comparing the effectiveness
of targeted agents within a class. We sought to establish preclinical proof-of-concept for such PD-
based BED regimens and effectiveness comparisons using MET kinase small molecule inhibitors.
Utilizing PD biomarker measurements of MET signaling (tumor pY1234/1235MET/total MET ratio)
in a Phase 0-like preclinical setting, we developed optimal dosage regimens for several MET
kinase inhibitors and compared their antitumor efficacy in a MET-amplified gastric cancer
xenograft model (SNU-5). Reductions in tumor pY1234/1235MET/total MET of 95-99% were
achievable with tolerable doses of EMD1214063/MSC2156119]J (tepotinib), XL184
(cabozantinib), and XL880/GSK1363089 (foretinib), but not ARQ197 (tivantinib), which did not
alter the PD biomarker. Duration of kinase suppression and rate of kinase recovery were specific to
each agent, emphasizing the importance of developing customized dosage regimens to achieve
continuous suppression of the PD biomarker at the required level (here, = 90% MET kinase
suppression). The customized dosage regimen of each inhibitor yielded substantial and sustained
tumor regression; the equivalent effectiveness of customized dosage regimens that achieve the
same level of continuous molecular target control represents preclinical proof-of-concept and
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illustrates the importance of proper scheduling of targeted agent BEDs. PD-guided Biologically
Effective Dosage Regimens (PD-BEDRS) potentially offer a superior alternative to
pharmacokinetic guidance (e.g., drug concentrations in surrogate tissues) for developing and
making head-to-head comparisons of targeted agents.

Keywords

MET immunoassay; pharmacodynamics; MET kinase inhibitor; proof of concept; comparative
pharmacology

INTRODUCTION

Maximum tolerable dose (MTD)-based anticancer regimens, originally developed for
radiation and cytotoxic chemotherapy, are inappropriate for many modern, targeted
oncology therapies. MTD-based regimens can result in toxicity-related issues, including trial
discontinuations, low patient adherence, and enhanced toxicities in combination therapies
(1,2), as well as unnecessary drug costs, given that increased drug concentrations do not
always increase tumor exposure or response (2—4). Biologically effective dose (BED)-based
cancer therapy can address these issues through administration of the lowest dose required to
achieve adequate suppression of the molecular driver of tumor growth. Critical to
establishing BED-based regimens is selecting a dosing schedule sufficient to sustain target
inhibition between doses, thereby maximizing effectiveness by eliminating intervals of target
function recovery (3). This is analogous to the microbiology concept of the minimum
inhibitory concentration (MIC) of beta-lactams required to suppress microbial growth (5).
Defining such biologically effective dosage regimens (BEDR) for multiple agents that target
the same molecule or pathway but differ structurally and/or pharmacologically will facilitate
head-to-head comparison—as single agents or in combination with additional drugs—in
preclinical models or patients; different targeted agents may yield equivalent efficacy when
they achieve equivalent control of the molecular target(s) that drive a specific malignancy.

BEDR determination may begin in preclinical studies but is readily translatable to a clinical
setting. Defining a BEDR requires a mechanism of action related to preclinical and/or
clinical efficacy as well as pharmacodynamic (PD) biomarkers for measuring that
mechanism of action to examine the extent and duration of target response. Preclinical PD
biomarker studies enable delineation of the degree of target inhibition associated with
antitumor efficacy. Subsequently, a clinical Phase O trial, which has no therapeutic intent but
instead aims to obtain pharmacologic data from a limited number of patients (6), may be
used to investigate the dose and schedule that maintain this desired level of target inhibition
in patients. For example, using a validated PD assay for PAR (poly[ADP-ribose]), the
enzymatic product of PARP 1/2 (poly[ADP-ribose] polymerase 1/2) catalytic activity and a
biomarker of PARP inhibitor action, a Phase 0 trial of veliparib established a twice-daily
(BID) dosage regimen that prevented full recovery of PAR between doses (7), and this
regimen has been used subsequently for clinical development of combination therapies (3,8—
10). A Phase 0 setting may also be used to make head-to-head comparisons amongst two or
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more agents targeting the same pathway or molecule, thereby enabling selection of a single
agent for Phase | testing.

Eighteen small-molecule targeted inhibitors of the receptor tyrosine kinase MET (hepatocyte
growth factor receptor) have been tested in the clinic, and MET signaling is integral to
progression, metastasis, and therapeutic resistance in several types of cancer (11). Several
MET signaling inhibitors are FDA-approved cancer therapies or are in late-stage
development, and the majority of these suppress phosphorylation of specific tyrosine
residues, notably pY1234 pY1235 py1349 and pY13%6, that are critical for kinase activity and
signal transduction (12-15). Although there are no generally accepted criteria to empirically
link suppression of phosphorylated MET (pMET) to antitumor efficacy, a decrease in the
proportion of MET phosphorylated at pY1234/1235 re|ative to total full-length MET (the
pY1Z34/1235\MET to total MET ratio, herein referred to as “pY12341235MET/MET”) has been
validated as a PD biomarker of MET kinase inhibition, following our recent development of
immunoassays for both the total full-length and dually pY1234/1235_phosphorylated MET
species (16).

A direct comparison of the efficacies of MET tyrosine kinase inhibitors (TKIs) from
different chemical families and with distinct kinase inhibition profiles could inform selection
of optimal treatment—dose, schedule, and drug—for patients with MET-driven cancers. A
pharmacodynamically-guided approach to assess antitumor efficacy at a specific degree of
target inhibition is clinically relevant because it reflects the mechanism of target-driven
activity in tumor tissue. For example, preclinical studies of the dual MET/ALK inhibitor
crizotinib (17,18) identified levels of pMET and pALK suppression (and corresponding
plasma drug concentrations) associated with tumor growth inhibition in xenograft models,
and the resulting PK-PD model was used to retrospectively determine that the recommended
Phase Il dose, which produced clinical responses in ALK-positive NSCLC patients, likely
yields pMET and pALK suppression levels similar to those required for antitumor activity in
their preclinical studies (19). However, despite these results highlighting the promise of a
PD-guided approach, dosage regimens for small molecule MET TKIs, as for most targeted
agents, have been established using MTDs (11,20-23).

Here, we evaluate the pharmacodynamic effects of the ATP-competitive MET TKIs XL880
(20,24), XL184 (25,26), and EMD1214063 (27) and the putative allosteric MET inhibitor
ARQ197 (21) (Supplementary Fig. S1). We then applied these relationships to compare
antitumor efficacies of these inhibitors when administered on customized dosing schedules
predicted to continuously suppress pY1234/1235\MET/MET by 90%—a level that was
selected based on a study of PF02341066 (crizotinib) that equated > 90% transient pMET
suppression with tumor growth inhibition, but not regression, in a MET-amplified preclinical
model (17). Furthermore, by examining pharmacodynamic measurements from a small
number of clinically feasible time points, we have modeled how this PD biomarker endpoint
could be used as a primary endpoint of a clinical Phase 0 trial comparing depth and duration
of the molecular response to safe single doses of several agents, with patient cohorts
representing different time points after drug administration. Our results demonstrate the
effectiveness of pharmacodynamically-guided, biologically effective dosage regimens in
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achieving sustained molecular target control and, thereby, antitumor efficacy, supporting
proof-of-concept evaluation of this approach in the clinic.

MATERIALS AND METHODS

Therapeutic

agents

MET TKIs EMD1214063 (NSC 758244, tepotinib), ARQ197 (NSC 758242, tivantinib),
XL184 (NSC 761068, cabozantinib), and XL880 (NSC 755775, GSK1363089, active
ingredient in foretinib) were obtained from the Developmental Therapeutics Program,
National Cancer Institute (NCI). Chemical structures are shown in Supplementary Fig. S1.
Agent purity was confirmed by proton-carbon NMR, HPLC, and mass spectrometry.

Animal models and drug administration

Single-dose

The Frederick National Laboratory for Cancer Research (FNLCR) is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care International and
follows the Public Health Service Policy for the Care and Use of Laboratory Animals. All
studies were conducted according to an approved animal care and use committee protocol in
accordance with procedures outlined in the “Guide for Care and Use of Laboratory Animals
8t Edition” (National Research Council; 2011; The National Academies Press; Washington,
D.C.).

Female athymic nu/nu (NCr) mice (NCI Animal Production Program, Frederick, MD) were
implanted subcutaneously with SNU-5 or GTL-16 human gastric tumor cells (16). Mice
were housed in sterile, filter-capped, polycarbonate cages (Allentown Caging, Allentown,
NJ) maintained in a barrier facility on a 12-hour light/dark cycle and were provided
sterilized food and water ad libitum. Mice were randomized into groups before initiation of
treatment using a commercial software program (Study Director, Studylog Systems, Inc.,
South San Francisco, CA).

PK/PD study

After tumors reached 200 mm?3, mice were orally administered with MET inhibitor at doses
equivalent to the human MTDs, as known at the time of study design (20,28,29), and 1/3,
1/6, and 1/10 MTD; as the MTD was unknown for EMD1214063 at the time of this study,
we used doses that were shown in the literature to be active (27,30). Doses were:
EMD1214063 at 1, 3, 10, and 30 mg/kg; ARQ197 at 6, 24, 80, and 240 mg/kg; XL184 at
3.3,5.5,11, and 33 mg/kg; and XL880 at 8.3, 14, 28, and 83 mg/kg. Agents were prepared
as follows: XL880, 0.75% hydroxypropy! methylcellulose (HPMC)/0.15% sodium lauryl
sulfate (SLS) in distilled water; EMD1214063, 10% dimethyl sulfoxide (DMSO) in saline;
XL184, distilled water; ARQ197, polyethylene glycol 400: 20% vitamin E-d-a. tocopheryl
polyethylene glycol 1000 succinate (TPGS) solution (60:40). Plasma and tumor samples (77
= 3/time point) collected 0.5, 1, 2, 4, 6, 12, and 24 hours after drug administration were flash
frozen for pharmacokinetic and pharmacodynamic analyses.
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Multiple-dose PD-BEDR efficacy assessment

Mice were given oral doses of XL880 (17 mg/kg once daily), XL184 (44 mg/kg twice
daily), or EMD1214063 (12.5 mg/kg twice daily) for 21 days once tumors reached 150
mm?3. These dosage regimens were selected based on PD data from the single-dose study;
we used clinically relevant dose increment ratios of 1.33 or 1.2 to escalate from the dose
level that had yielded slightly less than adequate pY1234/1235\MET/MET suppression in the
single-dose study. Tumor volumes were recorded daily up to study day 62, and tumor growth
inhibition was determined by percent treatment/control (%T/C) (31).

PD-based dosage regimen optimization for EMD1214063

For single-dose PD biomarker assessments, mice bearing GTL-16 or SNU-5 tumors were
given a single dose of EMD1214063 (3.125, 12.5, 50, or 100 mg/kg) after tumors reached
150 mms3. Tumor samples (7= 6/time point) were collected 4, 12, and 24 hours after drug
administration and flash frozen for pharmacodynamic analyses. For the corresponding
antitumor efficacy study in the SNU-5 model, oral doses of EMD1214063 (3.125, 12.5, or
50 mg/kg twice daily or 100 mg/kg once daily) were administered for 21 days once tumors
reached 150 mm3, and tumor volumes and animal body weights were recorded every 3-4
days up to study day 48.

Xenograft sample collection

Mice were anesthetized by isoflurane gas inhalation before tumor resection. Xenograft
tumors were collected by standard dissection methods, cut into four equal pieces with fine-
point scissors, and placed into screw-capped 1.5 mL Sarstedt cryovials (Numbrecht,
Germany) that were pre-cooled in liquid nitrogen. All samples were frozen within one
minute of excision and stored at —80°C until use. Specimen collection and handling
conditions reflect those used at the NIH Clinical Center (Bethesda, MD) for patient samples
(32,33).

Multiple-dose PD study

Mice with SNU-5 tumors were treated with oral doses of XL880 (17 mg/kg once daily),
XL184 (44 mg/kg twice daily), or EMD1214063 (12.5 mg/kg twice daily) each day for 8
days after tumors reached 150 mms3. To profile the reversibility of MET kinase inhibition
over 24 hours following the first and last doses, tumor samples were collected as described
at 4, 12, and 24 h after administration of the morning doses on treatment Day 1 and Day 8
(the scheduled afternoon doses of the EM1214063 and XL184 BID regimens were
withheld).

PD biomarker Assessment of MET Kinase Activity

Sandwich immunoassays for total and phosphorylated (pY1234/1235) total full-length MET in
total tumor cell lysates were developed and validated as described (16). These assay values
were then used to calculate the PD biomarker of drug action, pY1234/1235\MET/MET. This
ratio is a robust PD biomarker in preclinical models; importantly, it is not confounded by
mouse cell infiltration into the SNU-5 human tumor xenografts (16). Samples were assayed
in duplicate.
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Analysis of Plasma & Tumor Pharmacokinetics

Analytes were separated by reverse-phase HPLC and quantified by multiple-reaction
monitoring using a triple-quadrupole mass spectrometer operating in the electrospray
ionization, positive-ion mode. Standard criteria for acceptable accuracy and reproducibility
were applied. Limits of quantitation ranged from 10 to 100 ng/mL.

Pharmacokinetic parameters were estimated from plasma or tumor concentration vs. time
data for each inhibitor using WinNonlin (Pharsight Corp., Mountain View, CA), Version 4.1
(ARQ197 and EMD-1214063) or Version 5.2 (XL184 and XL880), using non-
compartmental models.

Statistical Analysis

All descriptive statistics (including mean, SD, and CV), Student’s unpaired ¢test (2-tailed),
and Fisher’s exact test were conducted using Microsoft Excel and GraphPad Prism software
(v3.04, La Jolla, CA). All tests were two-tailed with the statistical significance level (a) set
to P=0.05 (95% confidence level).

RESULTS
Changes in pY1234/1235\ET/MET after Single-Dose Administration

We titrated each of the 4 MET inhibitors to determine the minimal single dose and time
required to inhibit MET phosphorylation by 90% (using the ratio of pY1234/1235\ET to total
full-length MET as the PD biomarker) as well as the time course of pY1234/1235MET/MET
recovery following a single dose. Time course and duration of pY1234/1235MET/MET
suppression varied considerably among the inhibitors: ARQ197 failed to reduce
pY1Z34/1235MET (Fig. 1A) at any time point after drug administration, consistent with its
recently demonstrated lack of MET TKI activity (16,34,35). EMD1214063 administered at
the two highest doses (Fig. 1B) caused the most rapid 90% reduction in

pY 12341235\ ET/MET (within 1 h), with 90% suppression sustained through 12 h. X184
also caused a rapid pY1234/1235MET reduction at the highest dose, but this targeted
pharmacodynamic response was not appreciably sustained past the 6-h collection point (Fig.
1C). XL880 required 2 h to achieve a 90% reduction in pY 12341235\ ET/MET and showed
the longest duration of molecular target suppression: out to 48 h with the highest dose (Fig.
1D).

Preclinical Modeling of a Phase 0 Study to Develop Customized, PD-based Dosage
Regimens

To model the use of the pY 12341235\ ET/MET pharmacodynamic biomarker in selecting the
dose and schedule of MET inhibitors in a clinical setting, we examined levels of this PD
biomarker at different doses and at different clinically relevant time points, each of which
would represent different patient cohorts in a Phase 0 clinical study of pharmacodynamic
responses to a single dose of each agent (Figure 2). Examination of pY1234/1235MET/MET
at the 12 and 24 h time points was critical for determining whether a daily or twice-daily
(BID) schedule was required for sufficient duration of the > 90% PD biomarker suppression;
in the case of EMD1214063 and XL184 (Fig. 2A and B), the pY1234/1235MET/MET
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recovery between 12 and 24 h at even the highest doses tested necessitated BID scheduling
for these two agents. In contrast, the sustained > 90% pY 12341235\ ET/MET suppression
conferred by XL880 (Fig. 2C), which persisted even at 24 h post-dose, rendered a daily
dosing schedule sufficient for achieving continual biomarker suppression with this agent.

In addition to schedule determination, we used these dose-response curves to determine PD
biomarker-optimized doses for subsequent antitumor efficacy experiments. For each agent,
we selected the final, optimized dose using clinically relevant dose increment ratios of 1.33
or 1.2, corresponding to a modified Fibonacci sequence (36,37), to escalate from the dose
level that had yielded slightly less than adequate pY1234/1235MET/MET suppression. For
EMD1214063, 10 mg/kg BID yielded an average pY1234/1235MET/MET suppression level
slightly below the = 90% suppression threshold at the 12 h post-dose time point, while 30
mg/kg BID maintained substantial pY1234/1235MET/MET suppression (approximately 99%)
at this time point (Fig. 2A); we therefore applied a standard 1.33 dose escalation increment
to select for efficacy studies a dose of 12.5 mg/kg EMD1214063 BID. For XL880,

pY 12341235\ ET/MET hovered very close to the 90% suppression threshold at the germane
24 h post-dose time point for the 14 mg/kg dose but was suppressed well beyond this level
for the 28 mg/kg dose; thus, we used the smallest clinically meaningful dose escalation
increment (37), 1.2, to arrive at 17 mg/kg daily as the PD-optimized dosage regimen for
XL880. In the case of XL 184, the highest dose tested in our initial dose—PD response
analysis, 33 mg/kg BID, did not yield sufficient biomarker suppression at 12 h post-dose
(73% pY 12341235\ ET/MET suppression): we therefore used the standard 1.33 escalation
increment, selecting a dose of 44 mg/kg BID XL 184 for efficacy testing.

Pharmacokinetic measurements are inadequate for predicting class-wide PD biomarker
responses to MET TKils

In replicating the design of a Phase 0 study, we also analyzed tumor and plasma drug
concentrations at selected time points for the highest dose tested for each agent to examine
whether, as is often assumed in the clinic, these pharmacokinetic parameters serve as
adequate surrogates for PD biomarker response. While pY12341235MET/MET reduction was
directly related to tumor and plasma drug exposure for EMD1214063, XL184, and XL880
(Figure 2D-F), we found that the magnitudes of changes in these pharmacokinetic values
did not reflect the PD biomarker response in a predictable fashion across even this small
sample of MET TKIs (as might be expected based on the differing chemical structures of
these agents [Supplementary Fig. S1]). For all three of these inhibitors, tumor drug
concentrations exceeded micromolar levels and were higher than the corresponding plasma
concentrations (Fig. 2D-F, Supplementary Table S1). Furthermore, the time to maximum
concentration was short (0.5-1.0 h in plasma and 2—4 h in tumor), indicating that all three
agents were rapidly absorbed and distributed (Supplementary Table S2). In the case of
EMD1214063, plasma and tumor drug concentrations decreased by 94% and 68%,
respectively, between 4 and 12 hours post-dose, while pY1234/1235MET/MET decreased by
50% during this same time frame, indicating a lag between tumor penetration and PD
biomarker response (Fig. 2A and D). In contrast, plasma and tumor levels of XL184
decreased by only 26% and 43%, respectively, from 4 to 12 hours post-dose, while

pY 12341235V ET/MET increased by 5-fold during this time, suggesting rapid PD biomarker
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recovery for this agent even in the presence of substantial tumor drug concentrations (Fig.
2B and E). For XL880, pY 12341235\ ET/MET remained continually suppressed by over
98% at 4, 12, and 24 hours post-dose despite the 79% and 97% reductions in plasma and
tumor drug concentrations, respectively, from 4 to 24 hours, demonstrating a sustained PD
biomarker response despite appreciable drug clearance (Fig. 2C and F). These variations in
the relationships between PD biomarker response and both tumor and plasma drug
concentrations demonstrate that, when selecting the optimal targeted agents and
corresponding dosage regimens with which to treat patients, PD biomarker quantitation may
represent a more direct method compared to traditional pharmacokinetic measurements.

Of note, the failure of ARQ197 to elicit a PD biomarker response at all dose levels tested
(Fig. 1A and Supplementary Fig. S2A) occurred despite appreciable tumor drug
concentrations (Supplementary Fig. S2B), so this agent was not evaluated further. For
EMD1214063, XL184, and XL880, the PD biomarker-based dosage regimens described
above were then used for antitumor efficacy comparisons among these agents.

Tumor Regression Achieved with Customized, Multi-day Dosage Regimens

Regression of SNU-5 xenograft tumors was achieved with the three MET inhibitors
administered on a 21-day regimen (study days 18-38) using the customized doses and
schedules that were predicted to continuously suppress pY12341235MET/MET by 90% (Fig.
3). Robust tumor regression was apparent after only the fifth day of dosing for all 3 agents
(study day 22) and was maintained throughout the duration of the dosing period (study days
18-38) and out to approximately study day 50, demonstrating the durability of tumor
regression following treatment termination. Tumor weight was significantly different from
vehicle control at every time point through the end of the study on day 62 (P < 0.05).
Optimum %T/C values were 5 (day 46) for XL880, 0 (day 41) for XL184, and 6 (day 41) for
EMD1214063, i.e., at 8, 3, and 3 days, respectively, after the last dose of drug on day 38.
There were no significant differences in antitumor efficacy among the inhibitors. Body
weight did not differ significantly between drug- and vehicle-treated groups over the study
period and did not exceed 3% loss in any animal (Supplementary Fig. S3), indicating that
these PD-based dosage regimens produce sustained tumor regression at doses below those
associated with substantial toxicity.

Tumor Pharmacodynamics of Customized, Multi-day Dosage Regimens

As predicted based on our Phase O-like preclinical data, the customized doses and schedules
that yielded tumor regression also maintained adequate pY1234/1235MET/MET suppression
throughout the entire duration of therapy. These regimens achieved average

pY 12341235\ ET/MET PD biomarker reductions of 92-99% at 4 hours after the first dose of
each inhibitor (P < 0.0001 vs. mean of vehicle controls), and, similarly, by 95-99% at 4
hours after the Day 8 dose (P < 0.0001 vs. mean of vehicle controls; Fig. 4). For XL880,
once-daily dosing achieved continuous suppression of pY12341235MET/MET by > 92% both
following single-dose treatment and throughout the eight-dose treatment, with biomarker
suppression persisting at least 24 hours after treatment ended (Fig. 4A). For both XL184 and
EMD1214063, the PD biomarker levels had returned to vehicle-control levels by 24 hours
after single-dose administration (Fig. 4B and C). However, in the XL.184 and EMD1214063
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multi-dose experiments (after withholding the Day 8 afternoon doses scheduled by the BID
regimens), we observed that pY12341235MET/MET remained suppressed by 88% and 95%,
respectively, at 12 hours (i.e., precisely when the next dose was scheduled) but not at 24
hours following the final dose. These findings demonstrate the reversibility of MET kinase
suppression as tumor drug levels fall, even after eight days of drug treatment, as well as the
key contribution of dose scheduling to continuous molecular target control.

Unexpectedly, both EMD1214063 and XL 880 reduced levels of total full-length MET in
addition to suppressing pY1234/1235MET in the single-dose time course studies; total full-
length MET levels were significantly reduced (P < 0.05) compared to the all-vehicle mean
from 4-24 h for the highest doses of EMD1214063 and from 24—48 h for the highest doses
of XL880 (Supplementary Fig. S4). Neither XL184 nor ARQ197 had a significant effect on
total full-length MET levels at any time point after single-dose administration of any dose
tested. In the multiple-dose studies using the PD-BEDRs, total full-length MET levels were
63-85% lower than vehicle controls (P< 0.001) in all day 8 samples for all three TKIs
(Supplementary Fig. S5). Declines in absolute MET levels would contribute to an increase in
the value of the pY12341235\MET/MET biomarker, so the extensive drug suppression of the
PD biomarker despite this backdrop of reduced MET levels indicates the effectiveness of the
MET TKIs.

Further characterization of the PD—antitumor efficacy relationship for EMD1214063

To more precisely define the range of pY1234/1235MET/MET levels associated with
antitumor response to EMD1214063, we examined the single-dose PD biomarker response
and corresponding multi-dose antitumor efficacy for doses above and below the PD-BEDR
of 12.5 mg/kg BID. To align our studies with the design of future clinical trials, we used
EMD1214063 dose levels representing two consecutive 100% dose escalation increments
(two trial cohorts) below and above the 12.5 mg/kg BID dose level: 3.125 and 50 mg/kg
BID, respectively. We also compared the 50 mg/kg BID regimen to the same dose
administered on a once-daily (QD) schedule: 100 mg/kg QD. As expected based on the data
shown in Figure 1B, the single dose of 3.125 mg/kg did not achieve = 90%

pY 123411235\ ET/MET suppression at any time point tested, instead yielding an average
pY1234/1235MET/MET suppression of only approximately 50% at the relevant 12 h time
point (Fig. 5A and Table 1); when administered on a BID schedule, the 3.125 mg/kg dose
level yielded an average response of tumor growth stasis/slight regression during the
treatment period, followed by regrowth after the cessation of drug administration (Fig. 5B)
—in contrast to the sustained tumor regression produced by our previously determined PD-
BEDR of 12.5 mg/kg BID, which yielded an average pY12341235MET/MET suppression of
~95% at 12 h (Fig. 5A and 5B and Table 1). The 50 mg/kg BID regimen resulted in = 99%
pY 12341235\ ET/MET suppression at 12 h and an average antitumor response of sustained
tumor regression that was not significantly different from that of the 12.5 mg/kg BID group,
confirming that doses exceeding the PD-BEDR do not provide additional gains in average
antitumor activity (Fig. 5A and 5B and Table 1). However, the 100 mg/kg QD regimen
likewise yielded = 99% pY1234/1235\ET/MET suppression at the relevant 24 h time point
and sustained tumor regression, indicating that a daily dosing schedule is also capable of
achieving a maximal antitumor response, albeit at an overall higher daily dose relative to the
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BID PD-BEDR. Importantly, the 100 mg/kg QD regimen, like all the other EMD1214063
regimens we tested, did not cause substantial reductions in body weight at any point during
the experiment (Fig. 5C). Therefore, both the 12.5 mg/kg BID and 100 mg/kg QD regimens
represent optimized PD-BEDRs for EMD1214063.

We also determined the antitumor responses of individual animals using clinical RECIST
(Response Evaluation Criteria in Solid Tumors) guidelines (38) to distinguish between
progressive disease (PD; tumor volume increase of = 20%), partial response (PR; tumor
volume decrease of = 30%), and stable disease (change in tumor volume between -30% and
+20%) in comparisons of tumor volumes on the day prior to administration of the first dose
(day 16) and the final experiment day (day 48). No animals in the 12.5 mg/kg BID, 50
mg/kg BID, or 100 mg/kg QD groups exhibited progressive disease, and no significant
differences in the proportion of animals exhibiting SD vs. PR were observed among these
groups (according to Fisher’s exact test; Table 1), confirming that dosage regimens
conferring sustained pY1234/1235MET/MET suppression greater than the ~95% achieved by
the previously defined PD-BEDR of 12.5 mg/kg BID do not yield significantly improved
antitumor responses. In contrast, the 3.125 mg/kg BID regimen, which produced

pY 12341235\ ET/MET suppression of approximately 50%, resulted in a significantly greater
proportion of animals exhibiting progressive disease vs. combined SD + PR (5 vs. 5 animals,
respectively) relative to the 12.5 mg/kg BID group (0 vs. 10 animals, respectively; 2= 0.03
according to Fisher’s exact test; Table 1).

Finally, to assess the potential impact of xenograft model heterogeneity on the
pharmacodynamic response to the EMD1214063 PD-BEDR, we measured the

pY 12341235\ ET/MET response to single-dose EMD1214063 in an additional MET-driven
model: the MET-amplified gastric carcinoma model GTL-16 (16). As in the SNU-5 model,
we found that the 12.5 mg/kg and 50 mg/kg doses both yielded pY12341235MET/MET
suppression values of = 90% at the relevant 12 h time point in the GTL-16 model, while the
3.125 mg/kg dose resulted in an average pY1234/1235MET/MET suppression of only 40% at
12 h (Fig. 5D). These results, along with those from previous studies of the pMET
suppression—efficacy relationship in the GTL-16 model (16,17), indicate that the

pY 12341235\ ET/MET—-derived PD-BEDR for EMD1214063 established in the SNU-5
model is likely also applicable to other MET-driven models.

DISCUSSION

Recognizing that clinical evaluation of molecularly targeted oncology agents at doses set by
the MTD is suboptimal (2,4,39-41), we evaluated a clinically feasible,
pharmacodynamically-guided approach to identify biologically effective dosing regimens
that would empirically link optimal target suppression with tumor regression in a relevant
preclinical model, using MET TKIs as a test case. There are limited data comparing
suppression of MET phosphorylation to antitumor efficacy; previous studies have found that
> 90% transient reduction in MET phosphorylation corresponded to tumor growth
inhibition, but not regression, in the MET-amplified GTL-16 and SNU-5 models (16,17).
One explanation for this treatment failure was target recovery during dosing intervals. We
determined the extent of MET kinase inhibition (decreased pY1234/1235MET/MET) during
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treatment of the MET-amplified SNU-5 gastric cancer xenograft model with ARQ197,
XL880, XL184, or EMD121406. The time course and magnitude of pY1234/1235MET/MET
reduction varied considerably among MET inhibitors, so we defined the BED for each by
identifying the minimal single dose required to achieve > 90% reduction in tumor

pY 12341235\ ET/MET—as well as the duration of that effect. Subsets of these data
(comprised of measurements collected at a limited number of clinically feasible time points)
were used to model a Phase 0 study and demonstrate the translational potential of the PD-
BEDR approach. Indeed, we used these “Phase 0-like” data to identify the dose and
schedule required to achieve sustained tumor pY 12341235\ ET/MET suppression and found
that all of these PD-optimized dosage regimens were equally effective in achieving tumor
regression in the SNU-5 xenograft model.

The PD-BEDRs we identified were well tolerated in terms of body weight loss,
demonstrating that adequate molecular target control is sufficient for tumor regression and
that this can be achieved at dose levels below those associated with toxicity. While mouse
MTDs for the agents examined here are unknown, the total daily dose of each agent
administered in the mouse PD-BEDR can be compared to both: 1) doses shown to be
tolerable in previous mouse xenograft efficacy experiments and 2) the mouse equivalent (42)
of the human MTD (Supplementary Fig. 6). Both comparisons have caveats, including the
lack of actual MTD determination in the former case and interspecies physiological and
biochemical differences in the latter. The total daily doses for XL880 and EMD1214063 PD-
BEDRs are substantially lower than those shown to be tolerable in previous mouse xenograft
efficacy studies (24,27) and less than or equal to the mouse equivalents of the human MTDs
for EMD1214063 and XL880, respectively (43,44). In contrast, the total daily dose for the
XL184 PD-BEDR is slightly greater than the highest dose shown to be tolerable in published
xenograft studies (26) and approximately twice the mouse equivalent of the human MTD
(22); thus, despite our data demonstrating no significant body weight loss from the XL184
PD-BEDR, rigorous toxicology analysis would be required to fully ensure tolerability of this
regimen.

Despite the multi-targeting nature of the MET TKIs examined here, our PD-BEDRs based
exclusively on MET kinase inhibition conferred tumor regression in the SNU-5 xenograft
model. SNU-5 gastric carcinoma cells are characterized by MET amplification, the absence
of MET mutations, and constitutive, ligand-independent MET phosphorylation; these cells
also undergo apoptosis upon MET signaling suppression (45). The similar dose-PD
response relationship for EMD1214063 in the SNU-5 and GTL-16 models indicates that the
pY 12341235\ ET/MET-based PD-BEDR we established for EMD1214063 in the SNU-5
model is likely also applicable to other MET-amplified, ligand-independent models.
Whether or not our results would apply in ligand-dependent models, particularly those for
which malignancy is driven by abnormalities in other kinase pathways, remains to be
established. Both types of models do rely (at least in part) on MET signaling to drive
proliferation, and MET inhibitors such as XL184 and EMD1214063 have exhibited
antitumor activity in ligand-dependent and/or non-MET-amplified xenograft models (26,27).
However, for multikinase MET inhibitors such as XL184 and XL880, it is likely that dosage
regimen optimization based exclusively on pY12341235MET/MET will yield tumor
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regression only in cases where the activity of MET (rather than other kinase inhibitor
targets) is the primary driver of malignancy.

Differences in the relationships between plasma and tumor drug concentrations and pMET
inhibition were observed among the MET TKIs, emphasizing the importance of directly
measuring MET kinase suppression rather than relying on plasma or tumor drug
concentrations to estimate PD biomarker response. For example, for EMD1214063 and
XL880, relatively stable tumor drug concentrations from 4-12 hours following single-dose
administration maintained and gradually increased MET kinase suppression (Fig. 2). In
contrast, relatively stable tumor concentrations of XL184 during the same time frame did not
prevent recovery of MET kinase activity. This unique pharmacokinetic-pharmacodynamic
relationship for XL184 could be explained by a steeper tumor concentration—-biomarker
response curve for XL184 compared to the other TKIs (perhaps due to XL 184 binding and
sequestration by other proteins within tumor tissue) or by compensatory mechanisms that
increase levels of another XL184-binding protein, thereby reducing the effective
concentration of free XL184. Alternatively, signaling crosstalk (46) could induce MET
phosphorylation through other pathways (47,48).

More generally, the uncoupling of target response and tumor and plasma drug concentrations
indicates that reliance on plasma concentrations of targeted agents as surrogates for
molecular target suppression in tumor could mislead dosage regimen determination. By
directly measuring molecular target activity, PD biomarkers could play a critical role in
optimizing dosage regimens for continuous molecular target control and antitumor efficacy
in diseases driven by that target. Use of PD data to complement, or even supplant,
traditional, PK-guided dosage regimen optimization addresses the insufficiency of drug
concentrations in surrogate tissues as accurate representations of target suppression levels in
tumor (3).

ARQ197 failed to reduce pY1234/1235\ET/MET at any dose or time point examined,
corroborating our previous findings (16). ARQ197 was originally reported as a highly
selective, non-ATP-competitive MET inhibitor (49), and Phase Il results indicate that benefit
from ARQ197 is limited to patients with high levels of total MET (50). However, recent /n
vitro studies have demonstrated that ARQ197-mediated cytotoxicity is independent of MET
inhibition (34,35) and may instead be due to effects on microtubule assembly (51,52). Our
studies provide the first /n vivo evidence supporting these reports that ARQ197 is nota MET
TKI.

Together with our previous analysis of the PD response of MET to targeted TKIs (16), our
current findings highlight a critical role for validated PD marker assays in dosage regimen
design: defining the range of between-dose biomarker recovery that does not compromise
molecular target control and efficacy. Our previous findings in GTL-16 and SNU-5
xenograft models revealed that limiting pY123*MET/MET recovery between doses to
approximately 50% of baseline levels was sufficient for tumor growth stasis but not
regression (16). Our current findings verify the lack of sustained tumor regression resulting
from ~50% pY1234/1235\MET/MET suppression and indicate that limiting

pY 12341235\ ET/MET recovery to < 10% (i.e., = 90% suppression) results in tumor
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regression in the SNU-5 model. We also further defined the window of biomarker
suppression associated with tumor regression, finding that pY12341235MET/MET
suppression beyond ~90% does not confer additional gains in antitumor efficacy. The
importance of limiting between-dose pMET recovery is corroborated by a previous study of
EMD1214063, which found that 3 mg/kg daily dosing yielded substantial pY1234/1235\MET
recovery within 24 h (as measured by Western blotting) in the Hs746 T MET-amplified
gastric carcinoma model and was associated with tumor growth stasis only, while 6-10
mg/kg daily dosing yielded sustained pY1234/1235\ET suppression past the 24 h time point
and produced tumor regression (27). The authors also showed that once-daily dosing (50
mg/kg per dose) of another investigational MET inhibitor, EMD1204831, yielded tumor
stasis in the EBC-1 MET-amplified non-small cell carcinoma model, while BID dosing (25
mg/kg per dose) of this agent (which was hypothesized to better maintain pY1234/1235\ET
suppression) yielded partial tumor regression. In the present study, we identified both once-
daily and twice-daily regimens of EMD1214063 (100 mg/kg QD and 12.5 mg/kg BID) that
yielded sustained = 90% pY 12341235\ ET/MET suppression and tumor regression in the
SNU-5 model, illustrating the importance of considering both dose and schedule in dosage
regimen optimization; this knowledge of both once- and twice-daily PD-BEDRSs may prove
particularly valuable when developing novel combination therapies.

These findings may be readily translated into establishing PD-BEDRSs in the clinic.
Estimating profiles of PD biomarker response recovery and associated tumor control in
preclinical models, as we have accomplished here for MET TKiIs, should help optimize
dosage regimens for other classes of targeted agents. Clinically, dosage regimens could be
optimized and evaluated in a Phase O trial, as we have modeled here in a preclinical setting
using our validated, clinically suitable (53) pMET assay. Results from a Phase O trial
comparing the PD biomarker responses to several agents would inform subsequent Phase 1/11
trials comparing safety and efficacy of the optimized, BED-based schedule for each drug.
Only inhibitors capable of reducing target activity levels to the predefined threshold in the
Phase 0 study would advance to Phase I/11 trials, either as single agents or in combination
therapies to address drug resistance issues.

Results of a recent XL 184 trial underscore the clinical significance of directly measuring
MET Kkinase suppression to reduce toxicities while maintaining or even improving the
efficacies of MET inhibitor therapeutic regimens. In this Phase 111 trial of XL184 in
metastatic medullary thyroid cancer, 79% of patients required dose reductions as a result of
adverse events following a 140 mg once-daily regimen (54). To address this issue, a dose-
comparison trial to assess the efficacy of a lower XL184 dose is currently underway
(clinicaltrials.gov identifier: NCT01896479). Application of the PD-BEDR approach in a
phase 0 trial of XL184 might have enabled determination of a dosage regimen that maintains
optimal MET kinase suppression while avoiding such tolerability issues.

Our findings point to PD-guided scheduling of biologically effective doses as a key aspect of
targeted agent development. Customary pharmacodynamic studies typically include only a
single “snapshot” of target response to drug at a predetermined time point after drug
administration. Our work demonstrates the value of a more detailed characterization of the
dynamics of PD response to targeted agents and suggests that clinical PD studies may be
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missing critical drug development information if the protocol prescribes the same time point
for evaluation in all patients. The MET TKIs studied here represent different chemical
families (Supplementary Fig. S1) and display different kinase profiles (24,26,27), yet when
administered optimally in the SNU-5 model, none could be considered superior. Clinically,
this suggests that a compound will deserve “best-in-class” designation because it is practical
to administer its optimized PD-BEDR, and it is well-tolerated. The objective of our current
study was not to identify the best-in-class preclinical agent but to evaluate use of

pY 12341235\ ET/MET as a PD biomarker of MET inhibitor response and its value in
providing pharmacodynamic guidance to establish optimal dosage regimens for development
of MET inhibitors. We foresee the application of this approach to other therapeutic classes
of molecularly targeted agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time course of MET kinase PD biomarker response (pY12341235MET/MET reduction) to

single-dose [A] ARQ197, [B] EMD1214063, [C] XL184, and [D] XL880 at increasing dose
levels in the SNU-5 xenograft model. The x-axis indicates time after drug administration and
is split for resolution. The log-scale y-axis indicates the mean PD biomarker value in each
treated group relative to the all-vehicle mean (the 90% inhibition threshold is indicated by
the dotted line). Error bars represent SD (7= 3 animals per group).
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Figure2.

Preclinical modeling of a Phase 0 study indicates that MET kinase PD biomarker responses
at 12 and 24 hours post dose are critical for determining MET inhibitor dosage regimens.
[A-C] pY 12341235\ ET/MET PD biomarker data (from Figure 1) for the 4, 12, and 24 h
time points following administration of a single dose of [A] EMD1214063, [B] XL184, or
[C] XL880 (at the indicated dose levels) were selected to represent clinically feasible time
points for sampling in a Phase 0 study. The y~axis (log scale) indicates the PD biomarker
value in each treated animal relative to the all-vehicle mean; the 90% inhibition threshold is
indicated by the dotted line. [D—F] respective tumor and plasma pharmacokinetic data for
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these time points are shown for the highest doses of [D] EMD1214063, [E] XL184, and [F]

XL880. In [D], plasma EMD1214063 concentrations for all 3 samples at the 24 h time point
were below the lower limit of quantitation. For all panels, horizontal lines indicate the mean
and standard deviation for each group (/7= 3 mice per group).
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Figure 3.
PD biomarker—based dosage regimens for XL880 (17 mg/kg once daily), XL184 (44 mg/kg

twice daily), or EMD1214063 (12.5 mg/kg twice daily) yield equivalent tumor growth
inhibition in the SNU-5 xenograft model. Drug dosing persisted for 21 days (shaded area),
starting on study day 18 and continuing through day 38; mean tumor volumes were
calculated to day 62. Significant growth inhibition relative to vehicle was measured for all
three groups at all time points after day 18; tumor regression was observed from study day
22 through day 50, i.e., beginning on the fifth day of treatment with each PD-guided dosage
regimen. Error bars represent SD (/7= 5-16 animals per group).
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Figure 4.
PD biomarker—based dosage regimens for [A] XL880 (17 mg/kg once daily), [B] XL184 (44

mg/kg twice daily), and [C] EMD1214063 (12.5 mg/kg twice daily) maintain adequate

pY 123411235\ ET/MET suppression in the SNU-5 xenograft model. PD biomarker
(pY1234/1Z35\ET/MET) levels relative to all-vehicle means are shown (on a log scale for
clarity) at the indicated time points after dose 1 on treatment day 1 (grey) and either dose 8
for XL880 or dose 15 for XL184 and EMD1214063 on treatment day 8 (red). Note that the
second doses of the day scheduled by the BID regimens were withheld to characterize the
response and recovery of the PD biomarker. The y~axis indicates the value of the PD
biomarker, and the dotted line indicates the 90% PD biomarker suppression threshold.
Horizontal lines indicate the mean and SD for each group (/7= 16-18 for vehicle groups and
n=4-6 for all other groups).
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Figure5.
PD biomarker—based dosage regimen optimization defines pY1234/1235MET/MET levels

associated with transient or sustained EMD1214063-mediated tumor regression. [A and D]
Time course of pY1234/1235MET/MET biomarker response to single-dose EMD1214063 at
dose levels above and below the PD-BEDR dose (12.5 mg/kg) in the [A] SNU-5 and [D]
GTL-16 xenograft models. The x-axis indicates time after drug administration, and the log-
scale y~axis indicates the mean PD biomarker value in each group relative to the all-vehicle
mean (90% inhibition threshold is indicated by the dotted line). Error bars represent SD (=
6 animals per group). For samples in which the raw pY1234/1235\ET value was below the
lower limit of quantitation (LLQ) for the assay, the LLQ value of 0.0016 fmol
pY12341235\ET/pg total protein was used for calculating the mean biomarker response. [B]
Tumor growth in SNU-5 xenograft models treated with dosage regimens above and below
the PD-BEDR for EMD1214063 (12.5 mg/kg BID). Drug dosing with the indicated
regimens persisted for 21 days (shaded box), starting on study day 17 and continuing
through day 37; mean tumor volumes were calculated to day 48. Error bars represent SD (7
= 8-10 animals per group), and asterisks indicate time points at which the mean tumor
volume for the 3.125 mg/kg BID group was significantly greater than that for the 12.5 mg/kg
BID group (P < 0.05 according to a 2-tailed unpaired ztest). [C] EMD1214063 dosage
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regimens tested in [B] do not result in substantial animal body weight loss. Error bars
represent SD (7= 8-10 animals per group).
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