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Abstract

One of the key objectives of oncology first-in-human trials
has often been to establish the maximum tolerated dose
(MTD). However, targeted therapies might not exhibit dose-
limiting toxicities (DLT) at doses significantly higher than
sufficiently active doses, and there is frequently a limited ability
to objectively quantify adverse events. Thus, while MTD-based
determination of recommended phase II dose may have yielded
appropriate dosing for some cytotoxics, targeted therapeutics
(including monoclonal antibodies and/or immunotherapies)
sometimes need alternative or complementary strategies to
help identify dose ranges for a randomized dose-ranging study.
One complementary strategy is to define a biologically effica-
cious dose (BED) using an "effect marker." An effect marker
could be a target engagement, pharmacodynamic, or disease
progression marker (change in tumor size for solid tumors or

bone marrow blast count for some hematologic tumors).
Although the concept of BED has been discussed extensively,
we review specific examples in which the approach influenced
oncology clinical development. Data extracted from the liter-
ature and the examples support improving dose selection
strategies to benefit patients, providers, and the biopharma-
ceutical industry. Although the examples illustrate key contri-
butions of effect markers in dose selection, no one-size-fits-all
approach to dosing can be justified. Higher-than-optimal dos-
ing can increase toxicity in later trials (and in clinical use),
which can have a negative impact on efficacy (via lower adher-
ence or direct sequelae of toxicities). Proper dose selection in
oncology should follow a multifactorial decision process lead-
ing to a randomized, dose-ranging study instead of a single
phase II dose. Clin Cancer Res; 22(6); 1318–24. �2015 AACR.

Introduction
One of the key objectives of oncology first-in-human phase

I trials has often been to establish maximum tolerated dose
(MTD). While MTD-based determination of the recom-
mended phase II dose (RP2D) may have yielded appropriate
dosing for some cytotoxics, targeted therapeutics need alter-
native or complimentary strategies to help identify dose
ranges to take forward in a randomized, dose-ranging study
(1–4). This is evident considering that nine oncology drug
applications have faced dose optimization as postmarketing
requirements or commitments from the FDA (5). A recent
example suggesting potential issues with the MTD-based

development paradigm is cabozantinib, a multiple tyrosine
kinase inhibitor, which was approved at a dose of 140 mg
every day, slightly lower than the MTD (175 mg every day)
identified in phase I (6). Although lower exposure did not
reduce progression-free survival (PFS), higher exposure was
associated with earlier dose reduction; at the 140-mg dose
69% of patients had dose holds and 79% of subjects reduced
their doses (7, 8). The FDA required a trial comparing the safety
and activity of cabozantinib at the approved dose to those at a
lower, biologically active dose (9).

The alternative development strategies are also needed because,
for many targeted therapies, including monoclonal antibodies
(mAb) and/or immunotherapies, dose-limiting toxicities (DLT)
maynot be seen even at doses significantly higher than sufficiently
active doses. In such cases, decision criteria for stopping the
escalation can be unclear. A related property of targeted thera-
peutics is (frequently) a limited ability to objectively determine
the occurrence of dose-limiting adverse events (AE). A recent
review (10) using data from 201 phase I trials reported that only
about 30% of trials with non-cytotoxics reported objectively
quantifiable or clinically gradable AEs (objectively quantifiable
biologic anomalies include renal function, liver function, hema-
tologic function, level of serum creatine phosphokinase, meta-
bolic parameters, or ventricular dysfunction; clinically gradable
AEs are gradable by the physician with some difficulty, such as
skin reactions, mucositis, and diarrhea). The result of more
subjective AEs (i.e., AEs that could not be objectively measured
by the physician, such as pain, fatigue, and multiple combined
side effects) is the additional ambiguity in DLT determination in
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early-stage clinical trials resulting also in ambiguity in MTD. This
ambiguity can have significant impact on efficacy, as it has
resulted in the use of less tolerable doses over longer duration
when lower doses would suffice, thus causing poorer adherence
and concomitant lower efficacy. A meta-analysis of 24 phase I
trials of targeted agents at The University of Texas MD Anderson
Cancer Center (Houston, TX) found that higher doses led to
substantially higher numbers of dropouts due to toxicity with
no concomitant improvement in clinical response (complete
response, partial response, or stable disease) over doses that were
roughly half of the MTD (11).

Because of these challenges and the changing regulatory land-
scape, a complementary strategy being used with increasing
frequency is the identification of a biologically effective dose
(BED) in phase I. The concept of BED has been discussed in
oncology (12, 13), but its identification has been a challenge in
practice due to narrow focus on pharmacodynamic markers. A
broader set of "effect markers" can be used to guide identification
of BED. An effect marker could be a pharmacodynamic, target
engagement, or disease progressionmarker (e.g., change in tumor
size for solid tumors or bone marrow blast count for some
hematologic tumors). Related dose-finding strategies have also
been considered previously (for example, see refs. 14–16).

Although the concept of BED has been reviewed (12), this is
possibly the first discussion focusing on specific examples that
demonstrate the clinical impact of effect markers. To motivate
consideration of such examples, we first compiled a list of all
approved oncolyticmonotherapies and compared their approved
dose(s) to MTD. Although the MTD- and effect marker–based
strategies are complementary and can be used to determine
appropriate and approvable dosing, neither strategy can ensure
an optimal dose.

Data and specific examples below support improving dose
selection strategies to benefit patients, providers, and the bio-
pharmaceutical industry.

Review of MTD versus Approved Dose
The preliminary list of oncolytics for Fig. 1 was obtained from

the NCI Dictionary of Cancer Terms (http://www.cancer.gov/
publications/dictionaries/cancer-terms). A table of the key attri-
butes of each oncolytic was constructed. (Supplementary Data
S1). These attributes were MTD, maximum approved dose, min-
imum approved dose, and their respective sources. "Maximum"
and "minimum" here refer to all indications for a given mono-
therapy. From the start of the search, combination therapies were
excluded due to lack of adequate data. Data on compounds were
obtained by manually searching Pharmapendium (17), an
indexed, searchable database of regulatory preclinical, clinical,
postrelease safety, and label data for approved compounds,
Integrity (18), a database extracted from published literature and
other sources, including Google (19); a Web search engine,
Google Scholar (20); a specializedWeb search engine that indexes
scholarly literature; and RxList (21), an online medical resource
providing prescribing information for U.S. prescription medica-
tions. TheMTD-related contents were found by searching for each
therapeutic agent and a set of key words (in combination or
alone). Keywords included "MTD," "maximum," "maximal,"
"maximum tolerated dose," "tolerable," and "maximally tolerat-
ed dose." The MTD and highest administered dose values
were extracted from texts found within either the "Clinical

Pharmacology and Biopharmaceutics Review" or the "Medical/
Clinical Review" sections of the FDA Approval Package for each
therapeutic in Pharmapendium, or in primary literature found
through Integrity, Google, and Google Scholar. The correspond-
ing approved dose of each therapeutic was recorded from the
"Dosage and Administration" section by searching for the generic
name in RxList.com.

Of the 123 oncolytic monotherapies in the original list, 58 had
well-defined MTD (i.e., a single, well-defined dose regimen had
been identified as such in the literature). For an additional 19
compounds, no DLT was found at the maximum administered
dose, so MTD was assumed to be equal to that maximum
administered dose (a conservative estimate in terms of the
analysis below, as the MTD is by definition higher than this).
Therefore, MTD was available for 77 of the 123 oncolytic
monotherapies. For the other 46, which include 7 monoclonal
antibodies, the compounds (i) were developed without a
record of an established MTD (typical of cytotoxins such as
5-fluorouracil, cytarabine, and oxaliplatin); (ii) had MTD
found for one indication and approved dosing found only for
another (e.g., bexarotene, for which early trials to determine
MTD were run in patients with non-M3 acute myeloid leuke-
mia, but the drug was approved for T-cell lymphoma), or (iii)
had MTDs that were different for different indications [e.g.,
clofarabine, for which the MTD ranges from 2 mg/m2 for solid
tumors with a DLT of myelosuppression, to 40 mg/m2 for acute
leukemia with a DLT of hepatotoxicity (22)].

Figure 1 shows that roughly two-thirds of oncolytic mono-
therapies have approved doses less than MTD. These findings are
consistent with a previous review, which found that, for about
30%of compounds,MTD is notwithin 20%of the approved dose
(23). More details are available in Supplementary Data S2 and
Supplementary Fig. S1.

Examples of the Clinical Impact of Effect
Marker–Based Dosing Approaches

Figure 1 provides evidence that non-MTD development
strategies have been successfully implemented, including strat-
egies for a number of drugs with doses substantially less than
MTD. The use of these strategies can be motivated, for example,
by (i) the MTD being above a pragmatic dose for many new
targeted therapies or (ii) safety considerations. Examples of
how development can succeed without using MTD, such as
through modeling and simulation-based methods, illustrate
the impact of such strategies.

The nonexhaustive list of examples that follows includes both
mAbs and small-molecule drugs. Examples were selected (from
literature published between 2000 and 2013) by the degree of
impact, broad applicability of strategy for that impact, diversity of
methods and pipeline stages of impact, and ease of exposition.
The examples are summarized in Table 1 and described briefly
below.

Monoclonal antibodies
Cetuximab (dose escalation stopped on the basis of target satura-
tion). Cetuximab (marketed as Erbitux by Lilly) is an EGFR
antagnonist mAb approved inmetastatic colorectal and head and
neck cancer. In a phase I trial (cetuximab as single agent or with
chemotherapeutics), patients received weekly doses escalating
from 5 to 400 mg/m2 i.v. (24). Cetuximab was well tolerated
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with only five episodes (out of 317 administrations) of grade 3/4
toxicity, whichwere not associatedwith dose levels.While such an
outcome is desirable inphase I, inability to identifyDLT in aMTD-
based dose escalation strategy poses a challenge not only for
selecting the phase II dose but also for deciding when to discon-
tinue dose escalation.

Target engagement, instead of MTD, was used to support dose
selection. In the absence of direct measurement of target engage-
ment, clearance of cetuximabwas used to infer target engagement.
Pharmacokinetic data showed that the clearance of cetuximab
decreased with increasing dose approaching a plateau at around
200mg/m2. This saturation is likely to occur when target receptor
is maximally bound, implying maximal target engagement in
circulation and tissues with drug accessibility. When cetuximab
binds to EGFR, it gets eliminated by degradation mediated via
EGFR internalization. This EGFR-mediated clearance is an exam-
ple of target-mediated drug disposition (TMDD). The effect of
TMDD on pharmacokinetics is typically observed at lower doses,
as in this case. TMDD saturation (at higher doses) is a useful
indirect measure of target engagement that only requires phar-
macokinetic data. If signaling through EGFR enables tumor
growth,maximal blocking of EGFR by an antagonist should result
inmaximal therapeutic effect. On the basis of TMDD saturation, a
dose of 200 mg/m2 weekly was recommended for phase II. Cetux-
imabwas approvedwith amaintenance dose of 250mg/m2weekly
(with initial dose of 400 mg/m2).

Pembrolizumab (phase II dose selected using pharmacodynamics and
tumor size marker). Pembrolizumab (marketed as Keytruda by
Merck) was the first mAb approved in the United States targeting
PDCD1 (PD-1) receptor. The dosing strategy for this novel
immuno-onocology compound was driven by understanding of
BED. First, an optimally designed, 13-patient, within-subject dose
escalation study focused on elucidating the pharmacokinetic–
pharmacodynamic relationship by measuring IL2 response
over a 2,000-fold dose range of 0.005 to 10 mg/kg (25). The
BED was estimated to be 2 mg/kg because IL2 stimulation
approached saturation at exposures consistent with this dose.
The BED of 2 mg/kg and maximum administered dose of 10 mg/
kg were explored in later clinical studies. Early clinical response
measured by change in tumor size from baseline was used to
perform exposure–response analysis demonstrating similar anti-
tumor response over the dose range from 2 to 10 mg/kg (26).
In 2014, pembrolizumabwas approved at a dose of 2mg/kg every
3 weeks for treatment of patients with unresectable or metastatic
melanoma and disease progression following ipilimumab and, if
BRAF V600 mutation positive, a BRAF inhibitor.

Small molecules
Idelalisib (phase II dose selected using pharmacodynamics and tumor
size marker). Idelalisib (marketed as Zydelig by Gilead), a
selective inhibitor of PI3Kd, was approved by FDA for three
types of blood cancers in 2014: non–Hodgkin lymphoma

Table 1. MTD, effect marker–based dose, and clinical dose of selected drugs for which clinical development programs used effect markers

Compound MTD Effect marker–based dose Clinical dose

Cetuximab Not reached 200 mg/m2 q1w 250 mg/m2 q1w as maintenance dose (initial
dose ¼ 400 mg/m2)

Pembrolizumab Not reached up to 10 mg/kg q2w 2 mg/kg q3w 2 mg/kg q3w
Idelalisib Not reached up to 350 mg twice a day 150 mg twice a day 150 mg twice a day
Decitabine 1,500–2,000/mg/m2 over 1–3 days 15–20 mg/m2/d over 10 days 20 mg/m2/d over 5 days
Vismodegib Not reached up to 540 mg/d 150 mg/d 150 mg/d
Crizotinib 250 mg twice a day 250 mg twice a day; pharmacodynamic

marker helped in target population selection
250 mg twice a day (Alk-positive patients)

Galunisertib Not able to determine MTD due to
potential cardiovascular DLT

160–360 mg/d with intermittent dosing
(2 weeks on and 2 weeks off)

Not approved yet; pharmacokinetic–
pharmacodynamic model–based intermittent
dosing enabled clinical development

Abbreviations: q1w, every week; q2w, every 2 weeks; q3w, every 3 weeks.

© 2015 American Association for Cancer Research

Dose ≤ ½ MTD

25 (32%)

Dose slightly
below MTD

23 (30%)

29 (38%)

Dose ≥ MTD

Figure 1.
Summary of results from the review of MTDs and approved doses. Roughly
two thirds (48/77) of the compounds have approved doses less than MTD,
with roughly one third of them being dosed at less than one half of MTD.
Compounds are often approved for multiple indications, sometimes with
different dosing for different indications. "Dose" here refers to the minimum
approveddose (across indications). "Dose slightly belowMTD" is for the cases
in which the dose is greater than half MTD but still less than MTD: This is not
always distinguishable from the other two cases because MTD is often
only established to within a factor of two. Using the maximum approved
dose (maximum across indications) gives similar results (available in
Supplementary Fig. S1). Where MTD and approved doses have different
schedules, average dose amount per week was used for the ratio (details
available in Supplementary spreadsheet). Combination regimens (and
compounds only approved as part of combinations) were excluded from all
analyses. Also, four compoundswith a dose greater than publishedMTD have
been listed in Supplementary Data S2 along with potential explanations for
how this situation could arise.

Sachs et al.
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(NHL), chronic lymphocytic leukemia (CLL), and follicular
lymphoma. The phase I study explored a dose range of 50 to
350 mg along with twice-a-day and every-day schedules (27).
No DLT was observed and hence no MTD was established in
phase I. Instead of selecting the maximum administered dose as
RP2D, two effect markers were used to inform RP2D, phospho-
AKT(T308) inhibition (a pharmacodynamic marker) and
tumor size change from baseline (28). Hyperactivation of the
PI3K pathway in CLL cells, as indicated by elevated levels of
phospho-AKT(T308), was present at baseline in the patients in
the CLL cohort in the phase I study. After idelalisib treatment,
Akt activation was reduced to levels similar to those in normal B
cells at doses �100 mg twice a day. Considering interindividual
variability in Ctrough, modeling and simulation were used to
choose the dose of 150 mg twice a day so that Ctrough >EC90

(measured for phospho-AKT(T308) inhibition) would be
achieved for most CLL and NHL patients (5). Furthermore,
tumor response, assessed by changes in tumor size, approached
plateau in CLL and NHL patients at exposures obtained with a
dose of 150mg twice a day (5, 27, 28), adding strong evidence to
justify dose selection. The BED of 150 mg twice daily, estimated
using effect markers, is the approved dose of idelalisib.

Decitabine (approved dose is only 1% of MTD). Clinical trials of
decitabine (marketed as Dacogen by Osuka), a DNA methyl-
transferase inhibitor, were initiated about 30 years ago (29). The
phase I study focused on identifying MTD, which was deter-
mined to be 1,500 to 2,000 mg/m2/course. Phase II studies used
high doses over 1 to 3 days, assuming higher doses would be
more efficacious, and showed disappointing efficacy. About a
decade ago, the drug was resurrected based on a better under-
standing of the mechanism of action. This time, the focus of
clinical trials for acute myelogenous leukemia (AML) was on
identifying a dose based on pharmacodynamics rather than an
MTD (29). Gene expression–based pharmacodynamic markers
of estrogen receptor (ESR1) and cyclin-dependent kinase inhib-
itor 2B (CDKN2B), genes frequently methylated in AML, were
used in setting the dose (30). In these trials, 15 to 20 mg/m2/d
for 10 days was associated with pharmacodynamic changes, a
dose much smaller than MTD. The drug was approved by the
European Medicines Agency (EMA) at a dose of 20 mg/m2/d
(infused over 1 hour) for 5 days for AML in older adults, and
by FDA for myelodysplasia at the same dose. While decitabine
was rejected for geriatric AML by FDA, pharmacodynamic-
based dosing enabled rational evaluation of the efficacy of
decitabine in AML.

Vismodegib (phase II dose determined using pharmacodynamic
marker in skin and pharmacokinetics). Vismodegib (marketed as
Erivedge byGenentech), a sonic hedgehog pathway inhibitor, was
approved by FDA for basal cell carcinoma in 2012. In phase I,
three dose levelswere administered (31): 150, 270, and540mg/d.
NoDLTwas observed andhencenoMTDwas established inphase
I. Unexpectedly, similar exposure was observed over 150 to 540
mg/d. Suppression of GLl1 expression in skin punch biopsies at
all the doses helped to confirm that the drug caused pathway
suppression even at the lowest dose tested. Although a full dose–
response (phamacokinetic–pharmacodynamic) relationship was
not established, flat dose-response (over 150 to 540 mg/d) and
evidence of pathway suppression in the clinic guided dose selec-
tion in the face of saturable pharmacokinetics (32). Finally,

150 mg/d was the recommended phase II dose and became the
approved dose.

Crizotinib (pharmacodynamic marker–enabled identification of
target population). Crizotinib (marketed as Xalkori by Pfizer), a
dual c-Met (MET) and Alk tyrosine kinase (ALK) inhibitor, is a
drug for which understanding the mechanism of action enabled
patient selection. In an early phase I trial of patients with solid
tumors refractory to standard-of-care treatment, two ALK-positive
non–small cell lung cancer (NSCLC) patients showed response
(33). Two patients would normally be too few to draw conclu-
sions in the absence of other evidence. Data frommurine models
showed that inhibition of ALK (as a pharmacodynamic marker)
correlated with tumor growth inhibition (TGI) while c-Met inhi-
bition did not (34). On the basis of clinical tumor response and
preclinical ALK inhibition data, a decision was made to run a
phase I trial on ALK-positive NSCLC patients. Eighty-two patients
were selected after ALK screening of 1,500 NSCLC patients. An
overall response rate of 57% and an estimated probability of 6-
month PFS of 72% were reported (33). These response rates
would clearly have been much lower if measured across all
1,500 patients. While the chosen dose of 250 mg twice a day
was also MTD, a mathematical model based on the preclinical
data was used to support the hypothesis of sufficient ALK inhi-
bition at that dose (35). Crizotinib received accelerated approval
by FDA in 2011 at a dose of 250 mg twice a day.

Galunisertib (pharmacokinetic-pharmacodynamic model–enabled
dosing despite cardiovascular safety signals in preclinical species).
The TGFb receptor 1 kinase (TGFBR2) inhibitor galunisertib
showed cardiovascular safety signals in preclinical species, an
observation that can be expected for this mechanism. Preclinical
observations of cardiovascular AEs indicated potential for cardio-
vascular-related DLT, meaning that MTD-based phase I was not a
viable development path for this compound. A pharmacodynam-
ic marker–based approach enabled continuation of the program
without running an MTD-finding study. A preclinical pharmaco-
kinetic–pharmacodynamic model predicted the therapeutic win-
dow (36). The model represented quantitative relationships
among pharmacokinetics, phospho-SMAD2/3 inhibition (phar-
macodynamics), and TGI. In preclinical data, an average of 30%
pSmad inhibition over a 24-hour period achieved sufficient TGI
(37). After updating the preclinical pharmacokinetic–pharmaco-
dynamic model with human pharmacokinetic data, the desired
phospho-SMAD2/3 inhibition was predicted to be achieved at
doses of 80 to 150 mg twice a day. Furthermore, simulations of
several dosing regimens showed that intermittent dosing was
likely to be safe and efficacious. Galunisertib is being tested in
a phase II/III clinical trial for myelodysplastic syndromes at 150
mg twice daily (trial registration ID: NCT02008318) and in a
phase II clinical trial for hepatocellular carcinoma at 160-
and 300-mg total daily doses administered intermittently with
2 weeks on followed by 2 weeks off (trial registration ID:
NCT01246986).

Discussion
Dose selection is one of the most critical (as well as difficult)

strategic decisions in clinical development, and no one-size-fits-
all approach to dosing can be justified in the development of
anticancer drugs. Both MTD- and effect marker–based dosing
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have their roles. Historically,muchmore attention has been given
to develop clinical study designs to identify MTD, as is evident
from the variety ofMTD-findingmethods (3þ3, CRM, TITE-CRM,
accelerated titration, etc.). Strategies are needed now to guide
optimal dose selection. A rational alternative to MTD-focused
clinical study design may be to use effect marker data from pre-
phase I and phase I/II to select (at least two) doses for a random-
ized, dose-ranging phase IB/II study (Fig. 2). Effect marker–based
strategies provide a reasonable way to use all available data
(includingMTDormaximumadministered dose) to inform those
doses. These strategies have also been used successfully in concert
with pharmacogenomics studies to support patient stratification
(38). Phase II trials then evaluate efficacy and safety and find a
dose with acceptable benefit/risk characteristics, starting not only
withMTD, butwith at least twodoses guided by both the BEDand
the MTD. Clinical development of pembrolizumab is a clear
example to exhibit such a dosing strategy in practice (with dose
range of over 5-fold). It also shows that the proposed dosing
strategy could be implemented even in a fast-moving program
with approximately 3.5 years from first-in-human trial to
approval.

Dose selection challenges such as nonquantifiable and/or
unachievable MTD are increasingly common in oncology clinical
trials. In some cases of targeted therapeutics, in particular mAbs,
phase I trials may not even establish DLT, especially in short-
duration early trials. For example, a high proportion ofmAbs lack
MTD (Supplementary Data S1). Selection of a higher dose
increases the chances of toxicity in later, longer-duration duration
trials. The resulting lower tolerability can even have a negative
impact on efficacy due to toxicity-driven early discontinuation of

dosing (or reduced dose/frequency; ref. 11). For mAbs, higher
doses increase the cost of goods, potentially increasing the pricing
and competition challenges in themarket, aswell as increasing the
risk that future studies will show lower doses to be equally
efficacious, and potentially putting patient access at risk. The
utility of effect markers can also go beyond dose selection to
patient selection (e.g., crizotinib) and, possibly, combination
therapies (39). A suboptimal decision on dosing in early trials
canprove to be a costly decision later andhas evendelayed patient
access to effective drugs (29). Improving dose selection will
benefit the patient, provider, and biopharmaceutical industry by
improving health care and its economics.

Approaches based only on pharmacodynamics can be limit-
ing as they require sufficient biologic understanding and evi-
dence. Peripheral markers with such properties are not always
available, nor are tumor biopsies for biochemical analysis.
Therefore, we propose using a broader set of effect markers.
For many mAbs, target engagement has been an important dose-
driving marker. The use of tumor size can be an important effect
marker for making decisions early in development, especially
(and with more statistical power) when continuous tumor size
reduction is used directly without discretization into the RECIST
categories (40, 41). Sometimes toxicity, such as neutropenia,
can also be a useful effect marker. For some targeted agents,
mechanism-based AEs, such as skin rash can also be used (24).

Neither the MTD-based strategies nor the effect marker–based
strategies are able to ensure an optimal dose. With the effect
marker–based approaches, it is always possible that a lower dose
(between approved dose and lower administered dose) is just as
effective and safer, or that a higher dose would not have a higher

© 2015 American Association for Cancer Research

•   Characterize dose-/exposure-response relationships from preclinical data
•   Leverage clinical data from similar/competitor compounds, if available

Pre-phase I: identification of effect marker(s)

•   Assess safety and tolerability
•   Build understanding of effect marker(s) by performing exposure-response analysis
•   Establish MTD or maximum administered dose (MAD)

Phase IA: dose escalation

•   Establish dose-/exposure-response relationship across a 5- to 10-fold dose range
•   Determine if there is a dose lower than MTD/MAD that is likely to have similar
     efficacy (leveraging both clinical response and effect markers)

Phase IB/II: dose finding using BED and MTD

Figure 2.
Integrated early development
strategy for oncolytics leveraging
BED and MTD, thus making use of
both preclinical and clinical data.
Further dose confirmation will be
required in phase II/III, typically with a
standard-of-care arm.
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response rate with only marginally more risk. Similarly, the MTD
approach could yield dosing with more risk than necessary and
even compromise efficacy through lower tolerability, decreasing
the ability to maintain recommended schedules (or adherence).

Proper dose selection inoncology should followamultifactorial
decision process leading to a randomized, dose-ranging study. At a
recent FDA-AACR conference in 2015 (42), key opinion leaders
from industry and FDA argued for increased quantitative analyses
as critical components of development decision making. When
they can be applied, model-based strategies allow decisions based
on quantitative estimates of both benefit and risk. These strategies
also allow industry to provide the necessary resources for research,
and, typically, to more rapidly bringmedicines to those who need
them, thus motivating an increase in use of these development
strategies. Such strategies would also reduce the risk of dosing
optimization as a postmarketing requirement/commitment, and

as a result benefit all the stakeholders of pharmaceutical discovery
and development.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Acknowledgments
The authors thank Patrick Chun and Eric Rubin (from Merck & Co., Inc.

Clinical Oncology) for useful comments, Anson Abraham (Merck & Co., Inc.
Department of Pharmacokinetics, Pharmacodynamics, andDrugMetabolism –

Quantitative Pharmacology andPharmacometrics, "PPDM-QP2") for helpwith
the Integrity searches, and Sandy Allerheiligen and theMerck &Co., Inc. PPDM-
QP2Department for supporting this work. The authors also thank Yogesh Patel
(PPDM-QP2) who provided valuable help assembling the bibliography.

Received June2, 2015; revised September 11, 2015; acceptedOctober 5, 2015;
published OnlineFirst November 23, 2015.

References
1. Fox E, Curt GA, Balis FM. Clinical trial design for target-based therapy.

Oncologist 2002;7:401–9.
2. Gutierrez ME, Kummar S, Giaccone G. Next generation oncology drug

development: opportunities and challenges. Nat Rev Clin Oncol 2009;6:
259–65.

3. Postel-Vinay S, Arkenau HT, Olmos D, Ang J, Barriuso J, Ashley S, et al.
Clinical benefit in phase-I trials of novel molecularly targeted agents: does
dose matter? Br J Cancer 2009;100:1373–8.

4. Goulart BH, Clark JW, Pien HH, Roberts TG, Finkelstein SN, Chabner BA.
Trends in the use and role of biomarkers in phase I oncology trials. Clin
Cancer Res 2007;13:6719–26.

5. Mehrotra N. Dose selection for small molecule oncology drugs: present
state and future considerations [abstract]. In: Proceedings of the FDA-AACR
Meeting (Dose-finding of small molecule oncology drugs); 2015 May 18–
19; Washington, DC. Philadelphia (PA): AACR; 2015. Available from:
https://youtu.be/XqLYFrFLtdE.

6. Kurzrock R, Sherman S, Ball D, Forastiere A, Cohen RB, Mehra R, et al.
Activity of XL184 (Cabozantinib), an oral tyrosine kinase inhibitor, in
patients with medullary thyroid cancer. J Clin Oncol 2011;29:2660–6.

7. Elisei R, Schlumberger M, Muller SP, Schoffski P, Shah M, Bose MS, et al.
Cabozantinib in progressive medullary thyroid cancer. J Clin Oncol
2013;31:3639–46.

8. Sinha V. Model informed drug development: is there a need to repaint the
canvas? [abstract]. In: Proceedings of the 23rd Annual Meeting of the
Population Approach Group in Europe; 2014 Jun 10–13; Alicante, Spain.
Abstract nr C-12.

9. U.S. Food and Drug Administration. Approval letter (application number:
203756Orig1s000) [PDF on the internet].Silver Spring (MD): U.S. Food
andDrug Administration; 2012 [cited 2015 Sep 11].Available from: http://
www.accessdata.fda.gov/drugsatfda_docs/nda/2012/203756Orig1-
s000Approv.pdf.

10. Penel N, Adenis A, Clisant S, Bonneterre J. Nature and subjectivity of dose-
limiting toxicities in contemporary phase 1 trials: comparison of cytotoxic
versus non-cytotoxic drugs. Invest New Drugs 2011;29:1414–9.

11. Jain RK, Lee JJ, Hong D, Markman M, Gong J, Naing A, et al. Phase I
oncology studies: evidence that in the era of targeted therapies patients on
lower doses do not fare worse. Clin Cancer Res 2010;16:1289–97.

12. Toloi DDA, Jardim DLF, Hoff PMG, Riechelmann RSP. Phase I trials of
antitumour agents: fundamental concepts. eCancer 2015;9:1–10.

13. Tomaszewski JE, Doroshow JH. Preclinical development of molecularly
targeted agents in oncology. In:Kaufman HL, Wadler S, Antman K, editors.
Molecular targeting in oncology. Totowa, NJ: Humana Press; 2008.
p. 707–22.

14. Zohar S, Resche-Rigon MF, Chevret S. Using the continual reassessment
method to estimate the minimum effective dose in phase II dose-finding
studies: a case study. Clin Trials 2013;10:414–21.

15. Zang Y, Lee JJ, Yuan Y. Adaptive designs for identifying optimal biological
dose for molecularly targeted agents. Clin Trials 2014;11:319–27.

16. Le Tourneau C, Lee JJ, Siu LL. Dose escalation methods in phase I cancer
clinical trials. J Natl Cancer Inst 2009;101:708–20.

17. PharmaPendium [database on the internet]. Amsterdam (The Nether-
lands): Elsevier. c2015. Available from: http://www.pharmapendium.
com.

18. Thomson Reuters Integrity [database on the internet]. New York (NY):
Thomson Reuters. c2015. Available from: https://integrity.thomson-
pharma.com/integrity/xmlxsl.

19. Google [search engine on the Internet]. Mountain View (CA): Google..
Available from: https://www.google.com.

20. Google Scholar [search engine on the Internet]. Mountain View (CA):
Google. Available from: https://scholar.google.com/.

21. RxList.com [database on the Internet]. San Clemente (CA): RxList Inc.
c2015. Available from: http://www.rxlist.com/script/main/hp.asp.

22. KantarjianHM,Gandhi V, Kozuch P, Faderl S, Giles F, Cortes J, et al. Phase I
clinical and pharmacology study of clofarabine in patients with solid and
hematologic cancers. J Clin Oncol 2003;21:1167–73.

23. Jardim DL, Hess K, Lorusso P, Kurzrock R, Hong DS. Predictive value of
phase I trials for safety in later trials and final approved dose: analysis of 61
approved cancer drugs. Clin Cancer Res 2014;20:281–8.

24. Baselga J, Pfister D, Cooper MR, Cohen R, Burtness B, Bos M, et al. Phase I
studies of anti-epidermal growth factor receptor chimeric antibody
C225 alone and in combination with cisplatin. J Clin Oncol 2000;18:
904–14.

25. Patnaik A, Kang SP, RascoD, Papadopoulos KP, Elassaiss-Schaap J, Beeram
M, et al. Phase I study of pembrolizumab (MK-3475; anti-PD-1 mono-
clonal antibody) in patients with advanced solid tumors. Clin Cancer Res
2015;21:4286–93.

26. Joseph RW, Gandadhar TC, Puzanov I, Robert C, Hamid O, Dummer R,
et al. Model-based analysis of the relationship between pembrolizumab
(MK-3475) exposure and efficacy in patients with advanced or metastatic
melanoma. J Clin Oncol 33, 2015 (suppl; abstr 3068).

27. Brown JR, Byrd JC,Coutre SE, BensonDM, Flinn IW,Wagner-JohnstonND,
et al. Idelalisib, an inhibitor of phosphatidylinositol 3-kinase p110delta,
for relapsed/refractory chronic lymphocytic leukemia. Blood 2014;123:
3390–7.

28. Ramanathan S, Jin F, Sharma S, Kearney BP. Clinical pharmacokinetic
and pharmacodynamic profile of idelalisib. Clin Pharmacokinet 2015;
55:33–45.

29. Issa JP, Garcia-Manero G, Giles FJ, Mannari R, Thomas D, Faderl S, et al.
Phase 1 study of low-dose prolonged exposure schedules of the hypo-
methylating agent 5-aza-20-deoxycytidine (decitabine) in hematopoietic
malignancies. Blood 2004;103:1635–40.

30. Blum W, Klisovic RB, Hackanson B, Liu Z, Liu S, Devine H, et al. Phase I
study of decitabine alone or in combination with valproic acid in acute
myeloid leukemia. J Clin Oncol 2007;25:3884–91.

31. LoRusso PM, Rudin CM, Reddy JC, Tibes R,Weiss GJ, BoradMJ, et al. Phase
I trial of hedgehog pathway inhibitor vismodegib (GDC-0449) in patients

www.aacrjournals.org Clin Cancer Res; 22(6) March 15, 2016 1323

Optimal Dosing for Targeted Therapies in Oncology
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
l
i
n
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
/
6
/
1
3
1
8
/
2
0
3
5
5
8
1
/
1
3
1
8
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
5
 
J
u
n
e
 
2
0
2
6

Regeneron Ex. 2092 
Alvotech v. Regeneron 

PGR2025-00085 
Page 6 of 7



with refractory, locally advanced or metastatic solid tumors. Clin Cancer
Res 2011;17:2502–11.

32. Rudin CM. Vismodegib. Clin Cancer Res 2012;18:3218–22.
33. Kwak EL, Bang YJ, Camidge DR, Shaw AT, Solomon B, Maki RG, et al.

Anaplastic lymphoma kinase inhibition in non-small-cell lung cancer.
N Engl J Med 2010;363:1693–703.

34. Yamazaki S, Vicini P, Shen Z, Zou HY, Lee J, Li Q, et al. Pharmacokinetic/
pharmacodynamicmodeling of crizotinib for anaplastic lymphomakinase
inhibition and antitumor efficacy in human tumor xenograft mouse
models. J Pharmacol Exp Ther 2012;340:549–57.

35. Yamazaki S. Translational pharmacokinetic-pharmacodynamic modeling
from nonclinical to clinical development: a case study of anticancer drug,
crizotinib. AAPS J 2013;15:354–66.

36. Bueno L, de Alwis DP, Pitou C, Yingling J, Lahn M, Glatt S, et al. Semi-
mechanistic modelling of the tumour growth inhibitory effects of
LY2157299, a new type I receptor TGF-beta kinase antagonist, in mice.
Eur J Cancer 2008;44:142–50.

37. Gueorguieva I, Cleverly A, Stauber A, Pillay NS, Rodon J, Miles C, et al.
Defining a therapeutic window for the novel TGF-b inhibitor

LY2157299 based on a PK/PD model. Br J Clin Pharmacol 2014;77:
796–807.

38. Kang BP, Slosberg E, Snodgrass S, Lebedinsky C, Berry DA, Corless CL, et al.
The signature program: bringing the protocol to the patient. Clin Pharma-
col Ther 2015;98:124–6.

39. Vanneman M, Dranoff G. Combining immunotherapy and targeted ther-
apies in cancer treatment. Nat Rev Cancer 2012;12:237–51.

40. Bruno R, Mercier F, Claret L. Evaluation of tumor size response metrics to
predict survival in oncology clinical trials. Clin Pharmacol Ther 2014;95:
386–93.

41. Claret L,GuptaM,HanK, Joshi A, SarapaN,He J, et al. Evaluationof tumor-
size response metrics to predict overall survival in Western and Chinese
patients with first-line metastatic colorectal cancer. J Clin Oncol 2013;31:
2110–4.

42. American Association for Cancer Research. In: Proceedings of the FDA-
AACR Meeting (Dose-finding of small molecule oncology drugs); 2015
May 18–19; Washington, DC. Philadelphia (PA): AACR; 2015. Available
from: http://www.aacr.org/AdvocacyPolicy/GovernmentAffairs/Pages/dose-
finding-of-small-molecule-oncology-drugs.aspx#1-2.

Clin Cancer Res; 22(6) March 15, 2016 Clinical Cancer Research1324

Sachs et al.
D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
a
a
c
r
j
o
u
r
n
a
l
s
.
o
r
g
/
c
l
i
n
c
a
n
c
e
r
r
e
s
/
a
r
t
i
c
l
e
-
p
d
f
/
2
2
/
6
/
1
3
1
8
/
2
0
3
5
5
8
1
/
1
3
1
8
.
p
d
f
 
b
y
 
g
u
e
s
t
 
o
n
 
1
5
 
J
u
n
e
 
2
0
2
6

Regeneron Ex. 2092 
Alvotech v. Regeneron 

PGR2025-00085 
Page 7 of 7




