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Purpose: The aim of this study was to describe pharmacogenomics-
based inclusion criteria (enrichment) and the main characteristics of
clinical trials involving oncology-targeted therapies.

Methods: Clinical trials of oncology-targeted therapies approved
after 2005 with pharmacogenomic testing required or recommended
in their label were retrieved from a mapping of the ClinicalTrials.gov
database.

Results: We examined information for 12 drugs and 858 trials.
Overall, 434 trials (51%) were enriched on the biomarker first men-
tioned in the label and 145 (17%) were enriched on another bio-
marker, whereas 270 trials (31%) included all patients. The median
proportion of trials corresponding to both the drug’s indication and
drug’s target was 35%. Of the 361 trials that tested drugs in another

INTRODUCTION
In recent years oncology care has been completely transformed
by the development and growth of molecular targeted thera-
pies," which has led to the concept of precision (or personal-
ized or genomic) oncology.>* A landmark example is imatinib,
which has revolutionized the treatment of chronic myeloid
leukemia. Other examples are vemurafenib for melanoma,
trastuzumab and ado-trastuzumab for breast cancer, and crizo-
tinib for lung cancer. These drugs need a pharmacogenomic
biomarker to guide treatment decision making* because the
indications for these drugs are based on biomarkers (e.g., unre-
sectable or metastatic melanoma with BRAF V600E mutation
for vemurafenib). However, some targeted therapies, such as
bevacizumab, do not require a biomarker assessment before
prescription. This does not mean that no pharmacogenomic
biomarker actually exists, but rather that none has yet been vali-
dated or even found. Furthermore, some drugs, such as evero-
limus, may have one biomarker-based indication (advanced
hormone receptor-positive, HER-2negative breast cancer)
and another non-biomarker-based indication (advanced
renal cell carcinoma). Currently, the labels of 140 US Food
and Drug Administration (FDA)-approved drugs mention a

disease than the first one in the label, 219 (61%) were without enrich-
ment and 87 (24%) were actually enriched but on another biomarker
than the first one in the label.

Conclusion: Several drugs have been tested in trials enriched on
many different biomarkers. Nonetheless, most targeted therapies
have been developed only using biomarker-positive patients; there-
fore, exclusion of biomarker-negative patients from treatment relies
on only preclinical data and on biological understanding of the dis-
ease and target.
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pharmacogenomic biomarker, one-third of which are indicated
in oncology.®

A drug that has been tested only in a biomarker-positive sub-
population would have an implicit requirement for genetic test-
ing,>* and one may consider that a high-quality trial with only
biomarker-positive patients (i.e., an enriched trial) corresponds
with an acceptable level of evidence for targeted therapies.”*
Nonetheless, if no clinical data are available for biomarker-neg-
ative patients, the use of a biomarker to restrict treatment to a
subgroup of patients may not be relevant, as noted by several
regulatory agencies.*>' It may seem natural and logical to study
a targeted drug only in patients with tumors harboring this tar-
get; the hallmark trial design for targeted therapy is thereby
an enriched design. This design increases the study power
and therefore reduces the sample size and time to detect an
effect,’>'? but it does not provide information about the drug’s
efficacy in biomarker-negative patients. Actually, considering
the treatment effect to be null in biomarker-negative patients
a priori means withdrawing treatment for some patients based
on only preclinical data and the biological understanding of the
drug’s mechanism of action and its target. Therefore, if the bio-
marker is not a perfect predictor of response (because of the
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test’s intrinsic qualities or because the treatment is also effective
in some true-negative patients), one may deny patients a treat-
ment they would have otherwise benefited from.**!

We have several examples of this risk of denying treatment to
some potential patients. For example, some patients with HER-
2negative tumors have benefited from trastuzumab." Indeed,
16 of 22 HER-2-negative patients with an HER-2 extracellular
domain level >15ng/mL showed a clinical benefit, which led
to the concept of “hidden” HER-2-positive breast cancer.'®
Furthermore, contrary to expectations, the level of HER-2 did
not predict clinical response and showed a U-shaped relation-
ship, which suggested that trastuzumab could be effective in
HER-2-negative tumors.”” Another example is cetuximab, the
anti-epidermal growth factor receptor (EGFR) drug, originally
studied only in patients with EGFR-expressing tumors until
it was found to be beneficial for some patients with EGFR
negative tumors as well.'®*® Later, retrospective analyses of
randomized clinical trial data revealed that only patients with
RAS wild-type tumors benefited from the treatment.*?' The
anti-EGFR therapies cetuximab and panitumumab are now
restricted to patients with RAS wild-type tumors.

The emergence of targeted therapies has also transformed
drug development.'*?** The ideal goal in personalized medi-
cine is the co-development of the drug and the biomarker (i.e.,
the biomarker is found in the early stages of drug development,
and both the drug and the biomarker test are developed con-
currently). Nonetheless, for some drugs, the biomarker could
have been discovered after the drug was approved, and for other
drugs, supplemental biomarkers could have been discovered
after the discovery of the first one; hence, a targeted drug could
have several pharmacogenomic biomarkers. Both drug-target
development and characteristics of clinical trials evaluating
targeted therapies—especially pharmacogenomic biomarkers
used as inclusion criteria—are of crucial importance to under-
standing how those drugs are studied.

We aimed to map the clinical trial development for oncology-
targeted therapies in order to assess the main characteristics of
clinical trials involving oncology-targeted therapies and their
evolution after first FDA approval. We analyzed (i) the charac-
teristics of oncology-targeted therapies with pharmacogenomic
testing required or recommended on their label; (ii) the char-
acteristics of corresponding registered clinical trials, especially
the use of an enrichment design; and (iii) the evolution of these
characteristics over the drug development period.

MATERIALS AND METHODS

List of drugs

On 10 November 2014, we extracted the list of oncology-tar-
geted therapies from the US National Cancer Institute website.*
We then selected from the FDA Table of Pharmacogenomic
Biomarkers in Drug Labeling” drugs for which the label
required or recommended genetic testing, based on a previous
work.® We excluded drugs approved before 2005 because the
International Committee of Medical Journal Editors required
prospective registration of clinical trials as a precondition for
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publication in September 2004 (ref. 28). For each included
drug, we searched ClinicalTrials.gov on 10 November 2014
using the name of the drug as a keyword, and we extracted all
retrieved studies without any additional limits.

Eligibility of clinical trials

Clinical trials were included if they were interventional clinical
trials evaluating one included targeted drug as an experimental
treatment (alone or combined with another drug). Two authors
(A.V. and J.L.) independently assessed eligibility; any disagree-
ments were resolved by consensus.

Data extraction

Two authors (A.V. and J.L.) independently extracted data on
biomarker-based criteria for including patients in clinical tri-
als (i.e., enrichment) and, when appropriate, the names of the
biomarkers. They compared all the extracted data, and any
disagreements were resolved by consensus. We considered
studies of chronic myelogenous leukemia, a disease associated
with Philadelphia chromosome, as being implicitly enriched
on this biomarker because Philadelphia chromosome is part
of this disease’s definition.” Other trial characteristics were
extracted from ClinicalTrials.gov. The primary outcome was
coded as overall survival or event-free survival (progression-
free, disease-free, or any event-free survival as defined in
the trial registration), or time to progression, following this
hierarchical and exclusive classification. To classify the dis-
eases studied in each trial, we mapped the Medical Subject
Heading terms from ClinicalTrials.gov records to the list of
diseases from the global burden of disease 2013 study.* From
the Drugs@FDA database we extracted the date of the drug’s
approval, the date of the first label containing pharmacoge-
nomic information, the first indication for the drug and, if
different, the first indication for the drug with pharmacoge-
nomic labeling, and the date the drug’s sponsor submitted the
application to the regulation agency, as previously described.®
From the European Medicines Agency (EMA) website we
obtained the date of marketing authorization valid through-
out the European Union and the date of submission of the
application to the agency. We considered the first submission
of an application to the FDA or EMA as a proxy for the end of
drug development, and the first approval of the drug by one
agency as the start of drug marketing. Trials with a start date
before the first submission of an application were classified
as “before submission,” trials with a start date after the drug’s
approval by the FDA or EMA as “after approval,” and trials in
between as “between submission and approval”

Statistical analysis

We used only descriptive statistics. Continuous variables
are presented as median and interquartile range because
most variables are not normally distributed; qualitative vari-
ables are presented as frequencies (percentages). Analyses
were performed with R version 3.1.0 (R Core Team, Vienna,
Austria).
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RESULTS

Included drugs and clinical trials

The National Cancer Institute listed 69 oncology-tar-
geted therapies; 22 also were included in the FDA Table of
Pharmacogenomic Biomarkers in Drug Labeling and have a
label requiring or recommending genetic testing. Nine drugs
were approved before 2005 and were excluded. Everolimus was
also excluded because it represented more than half of trials,
and the majority corresponded to a new noncancer indication
(prevention of organ rejection). Thus, this single drug may need
a separate evaluation. We included 12 drugs (detailed charac-
teristics are displayed in Supplementary Table S1 online).
Overall, 935 studies corresponded to these drugs and were reg-
istered in ClinicalTrials.gov; we excluded 77 studies that did not
tulfill inclusion criteria and therefore included 858 clinical tri-
als (Supplementary Figure S1 online).

Clinical study characteristics

Characteristics of the 858 included studies are in Table 1.
Half of the studies (n = 434, 51%) were enriched on the
first biomarker mentioned in the drug label and 145 (17%)
on another biomarker; 270 (31%) included patients without
restriction for a pharmacogenomic biomarker. Industry was
the lead sponsor for 334 studies (39%). The median sample
size was 65 patients (interquartile range (Q1-Q3) = 35-154).
The most frequent primary outcomes were response rate
(37%), event-free survival (19%), and toxicity/dose find-
ing (15%). Most studies (72%) started after the first FDA
approval, and only 4% ended before approval. Overall, 497
studies (58%) assessed drug effects for the same disease as
the first approval. More than half of the studies (60%) were
single-group studies. For all drugs, the first biomarker was
present at approval and corresponded to the drug’s target.
Figure 1 displays the number of trials and patients enrolled
in enriched trials and in single-arm trials, by phase. Enriched
trials as well as single-arm trials represented a large propor-
tion of trials and of patients, especially phase III trials, which
typically enrolled many patients.

Mapping of clinical trials before and after FDA approval

Figure 2 displays, for each drug, the number of trials by year
and two characteristics of the trials: (i) the use of a biomarker to
restrict inclusion in the trial (treat all patients, use of the same
biomarker as the first one mentioned in the drug label, or use of
another biomarker) and (ii) random assignment of treatment.
Dates of first submission and first approval by the FDA or EMA
(whichever came first) are shown by red and black vertical
arrows, respectively. All drugs were tested in randomized tri-
als that were restricted to the biomarker mentioned in the label
(red areas). These trials could correspond to trials supporting
drug approval and pharmacogenomic labeling. However, some
drugs, such as afatinib, also were tested in nonenriched trials
(green areas) and trials enriched on another biomarker (blue
areas), whereas some drugs (e.g., dabrafenib) were tested almost
exclusively in trials restricted to the biomarker mentioned in the
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label.?! Of note, the first trials of afatinib and pertuzumab were
not enriched on any biomarker. Vemurafenib was the only drug
tested in biomarker-negative patients before FDA approval
After FDA approval, some drugs (e.g., vemurafenib, ado-trastu-
zumab) were tested in only one disease, with trials enriched on
the targeted biomarker. The most recent drugs (e.g., bosutinib,
crizotinib) were obviously associated with a small number of
trials after FDA approval. Dasatinib and nilotinib were asso-
ciated with more trials of other diseases than approval indica-
tion. Crizotinib was tested in biomarker-negative patients after
FDA approval, after a postmarketing commitment by the FDA
in its medical review.*! Overall, among 237 trials started before
FDA approval, 128 (54%) were enriched on the biomarker first
mentioned in the label and 27 (11%) were enriched on another
one, whereas among 614 trials started after FDA approval, 305
(50%) were enriched on the first biomarker and 117 (19%) on
another biomarker.

Evolution of biomarker and disease studied for each drug
Table 1 also displays the main characteristics of clinical
trials across three periods of drug development: (i) before
the first submission to the FDA or EMA, (ii) after the
first submission and before first approval by the FDA or
EMA, and (iii) after approval. The share of industry-
sponsored trials dropped from 73% before submission to
28% after approval. The proportion of trials enriched on the
label biomarker and for the corresponding indication ranged
from 5% with panitumumab-treated EGFR-positive patients
to 88% with ado-trastuzumab-treated HER-2-positive
patients. This proportion was still high (sometimes higher)
after drug approval.

Figure 3 shows hive plots representing the mapping of the
number of clinical trials for drugs, biomarkers, and diseases.
Multiple-disease trials are represented once for each studied
disease, as are multiple-drug trials. Two patterns of drugs seem
to emerge: The first corresponds to drugs tested almost solely
in biomarker-positive patients and with the same disease first
described on the label (ado-trastuzumab, dabrafenib, vemu-
rafenib), and the second includes drugs tested in trials enriched
on other biomarkers, in treat-all trials, or in other diseases (all
other drugs). These patterns could be seen especially for recent
drugs (e.g., ado-trastuzumab versus crizotinib). Among the
first group, however, dabrafenib and vemurafenib were tested
with some other diseases, but the biomarkers used to restrict
trials were not expanded. In the second group, dasatinib, lapa-
tinib, and nilotinib seem to be associated with the most diseases
and biomarkers used in trials, resulting in very dense figures.
Afatinib and bosutinib were tested with many diseases but,
compared with the drugs in the second group, with a relatively
small number of biomarkers. Among the 361 trials testing a
drug for a disease different than the first indication, there was
no enrichment for 219 trials (61%); there was enrichment on
the biomarker described in the label for 48 trials (13%), enrich-
ment on a different biomarker for 87 trials (24%), and enrich-
ment on multiple biomarkers for 7 trials (2%).
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Table 1 Main characteristics of included studies, overall and stratified by phase of drug development

Phase I: before Phase II: between Phase llI: after
Overall submission submission and approval approval
Trials? 858 (100) 182(21.2) 55 (6.4) 614 (71.6)
Phase
I 116 (14) 15(8) 4(7) 97 (16)
Il 581 (68) 127 (70) 39(71) 409 (67)
1l 161(19) 40 (22) 12(22) 108 (18)
PGx used for enrichment
No PGx 270(31) 65 (36) 15(27) 185 (30)
Same as label PGx 434 (51) 93(51) 35 (64) 305 (50)
Other than label PGx 145 (17) 23(13) 4(7) 117 (19)
Multiple PGx 9(1) 1(1) 1(2) 7 (1)
Same disease as first on label 497 (58) 105 (58) 33 (60) 357 (58)
Proportion of trials enriched on the label PGx and in the indication, no./total® (%)
Ado-trastuzumab 22/25 (88) 9/10 (90) 2/4 (50) 11/11 (100)
Afatinib 13/59 (22) 6/39 (15) 2/9(22) 5/11 (45)
Bosutinib 5/11 (45) 3/9(33) 0/0 (0) 2/2 (100)
Crizotinib 9/20 (45) 3/5 (60) 0/0 (0) 6/15 (40)
Dabrafenib 27/34(79) 5/7 (71) 6/8 (75) 16/19 (84)
Dasatinib 48/147 (33) 11/12 (92) 1/3(33) 35/130(27)
Lapatinib 107/186 (58) 19/45 (42) 3/8 (38) 85/133 (64)
Nilotinib 60/95 (63) 4/5 (80) 4/5 (80) 52/85(61)
Panitumumab 7/134 (5) 6/14 (43) 1/5 (20) 0/112 (0)
Pertuzumab 35/55 (64) 12/23 (52) 2/3(67) 21727 (78)
Trametinib 21/50 (42) 4/11(36) 4/8 (50) 13/31(42)
Vemurafenib 32/42 (76) 2/2 (100) 1/2 (50) 29/38 (76)
Sample size, median (IQR) 65 (35-154) 110 (49-328) 71 (40-249) 60 (32-129)
Trial duration (years), median (IQR) 4.0(2.8-5.9) 4.4 (2.8-6.5) 3.8(2.7-4.8) 4.0(2.8-5.8)
Sponsor
Industry 334 (39) 133(73) 27 (49) 171(28)
National Institutes of Health 63(7) 18 (10) 2(4) 43(7)
Other 461 (54) 31(17) 26 (47) 400 (65)
Allocation
Missing 13(2) 7(4) 1(2) 3(0)
Nonrandomized 551 (64) 108 (59) 29(53) 410 (67)
Randomized 294 (34) 67 (37) 25 (45) 201(33)
Design
Controlled 334 (39) 79 (43) 30 (55) 223(36)
Single-arm 513 (60) 98 (54) 25 (45) 386 (63)
Missing 11 (1) 5(3) 0(0) 5(1)
Masking
Missing 12.(1) 4(2) 0(0) 7(1)
Double blind 48 (6) 15(8) 5(9) 28 (5)
Open label 796 (93) 162 (89) 50(91) 578 (94)
Single blind 2(0) 1(1) 0(0) 1(0)
Type of study
Efficacy 216 (25) 32(18) 10(18) 174 (28)
Pharmacology 10(1) 3(2) 3(6) 4(1)
Safety 34 (4) 3(2) 3(5) 27 (4)
Safety/efficacy 502 (59) 120 (66) 34 (62) 346 (56)
Missing 96 (11) 24(13) 5(9) 63(10)
Primary outcome
Event-free survival 162 (19) 40 (22) 10 (18) 111(18)
Other/unclassified 172 (20) 24(13) 14 (25) 130(21)
Overall survival 73(9) 14(8) 3(5) 56 (9)
Response rate 319(37) 84 (46) 19 (35) 215(35)
Time to progression 4(0) 1(1) 0(0) 3(0)
Toxicity/dose finding 128(15) 19(10) 9(16) 99 (16)

Data are no. (%) unless otherwise specified.
IQR, interquartile range; PGx, pharmacogenomic biomarker.
*Data for the start date of the trial were missing for seven studies.
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Figure 1 Number of trials (left) and of patients (right) enrolled in trials registered on ClinicalTrials.gov, by drug, 2005-2014. The top panel contrasts
enriched trials (light) versus nonenriched trials (dark). The bottom panel contrasts single-arm trials versus comparative trials.

DISCUSSION

This mapping of clinical trials of targeted drugs with biomarker
labeling shows a great diversity in the development of targeted
drugs. Indeed, some targeted therapies have been tested with
only one biomarker (which is the drug target) and in only one
disease, whereas others drugs have been tested with several
biomarkers (which are not the drug’s target) and in several dis-
eases. Another finding of this study is that, although the effi-
cacy of some drugs was studied both in biomarker-positive and
-negative patients, most trials were enriched single-arm trials,
and several drugs were developed with only biomarker-positive
patients included in trials. For those drugs, we therefore have
no formal clinical evidence for restricting treatment to bio-
marker-positive patients.

The rationale to test or not test a targeted therapy in patients
other than the ones who are positive for the target biomarker
(i.e., biomarker-negative patients or patients who are positive
for another biomarker) depends on the strength of preclini-
cal data and the rationale for drug targeting,'* the relevance
of which is not discussed here. However, this point deserves
careful consideration because of the risk of restricting drug
indications to the wrong subpopulation—as has initially
been the case for cetuximab and EGFR expression before the

800

predictive role of RAS mutations were shown; this needs to be
balanced against the ethical dilemma of exposing biomarker-
negative patients to a drug from which one thinks they will
not derive benefit, and strategic consideration of drug devel-
opment from the drug’s sponsor. Moreover, enrichment-only
drug development reduces the number of patients exposed to
the drug and therefore may also hinder the validity of drug
safety evaluation. However, compared with the number of
investigational drugs to be tested in clinical trials, in some
therapeutic areas only a few patients may be eligible; thus,
restricting trials to biomarker-positive patients could allow
for biomarker-negative patients to be included in another trial
that is more likely to be beneficial for them. Of note, at least
one health authority agency (the French Haute Autorité de
Santé) considered a drug to be targeted only with a high level
of evidence of qualitative treatment-marker interaction (i.e.,
the treatment is effective only in biomarker-positive patients)
and recommended a randomize-all design with randomiza-
tion stratified by biomarker results.’

Nearly one-quarter (27%) of enriched trials used a bio-
marker other than the first one mentioned on the drug’s label.
For example, trametinib, a mitogen-activated protein kinase
(MEK) inhibitor, also has been studied in trials restricted to
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patients with KRAS mutations or HER-2 expression. Similarly,
afatinib has been studied in several trials of HER-2-positive
tumors, although its first biomarker is EGFR. However, EGFR
and HER-2 are both part of the ErbB family (ErbB-1 and ErbB-
2, respectively), and afatinib has an affinity for HER-2. There
are several reasons to test a drug with biomarker other than

GENETICS in MEDICINE | Volume 18 | Number 8 | August 2016

the first one. First, several postapproval studies have attempted
to discover response/resistance biomarkers, and some of these
are currently in the clinical validation phase. Second, some
included drugs are highly target-selective, such as dabrafenib
(which is a mutant BRAF V600-specific inhibitor), but other
drugs do have affinity for targets other than their initial ones.
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This could explain the choice of biomarkers in some of those
trials, such as crizotinib in ROS proto-oncogene 1, receptor
tyrosine kinase (ROS-1)-positive patients, dasatinib in platelet-
derived growth factor receptor—positive patients, or nilotinib in
v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homo-
log (KIT)-positive and platelet-derived growth factor receptor
B-positive patients.
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HER2+ / breast
23/26 (88%)

None —_
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() %%
Sy
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M Bosutinib
Ph+ / leukemia
5/18 (28%)
HER2 —

Ph +1
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Another likely explanation of the differences in development
schemes could be the differences between drugs developed to
target a specific mutation (dasatinib, nilotinib, afatinib, bosu-
tinib, crizotinib, dabrafenib, vemurafenib, and trametinib)
and drugs developed to target a molecular pathway (lapatinib,
panitumumab, pertuzumab, ado-trastuzumab). Development
may be more targeted for the former group than for the latter.
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: Hodgkin’s disease (Hodgkin)

: Kidney and other uriry organ cancers (Kidney)
: Leukemia (Leukemia)

: Liver cancer (Liver)
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: Trachea, bronchus, and lung cancers (Lung)
: Uterine cancer (Uterus)
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Figure 3 Graphical representation (hive plots) of the disease-biomarker network in trials registered on ClinicalTrials.gov. (a) Hive plots for
Ado-trastuzumab, Afatinib, Bosutinib, Crizotinib, Dabrafenib, and Dasatinib. (b) Hive plots for Lapatinib, Nilotinib, Panitumumab, Pertuzumab, Trametinib
and Vemurafenib. Each hive plot represents a targeted therapy; within each plot, each trial is represented by a link between the biomarker used to restrict
inclusion in the trial (vertical axis) and the disease studied (horizontal axis). The color of the link corresponds to the start year of the trial: green represents
trials from 2002; yellow, studies from 2008; and red, trials from 2014; intermediate dates are represented by gradients between colors. Trials with a treat-all
design are linked to the group “None” in the vertical axis. Multiple-disease trials are represented once for each studied disease, and multiple-drug trials are
represented once for each studied drug. Biomarker—indication pairs for which genetic testing is recommended or required are in bold and indicated below

the drug name, along with the proportion of corresponding trials.
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However, dabrafenib and vemurafenib both displayed a targeted
development scheme (i.e., a small network), whereas trametinib
displayed a much less targeted development scheme (i.e., a wider
network), although these three drugs were developed to target
BRAF V600 mutations. Overall, the disease-biomarker pairs
were similar across drugs, so the disease-biomarker associa-
tion may be more specific than the drug-biomarker association.
Furthermore, several trials involved multiple biomarkers. These
trials could test multiple biomarkers in one disease or with one
drug, such as the AcSé (NCT02034981) or CREATE (Cross-
tumoral Phase 2 With Crizotinib, NCT01524926) trials, and are
called “basket” trials.”? By contrast, “umbrella” trials such as NCI-
MPACT?® or SHIVA* tested multiple biomarkers across a broad
range of tumor types.” In the open-label, controlled, phase II
SHIVA trial, patients with metastatic solid tumor refractory to
the standard of care and with a molecular alteration in phos-
phoinositide 3-kinase/AKT/mammalian target of rapamycin,
RAF/MEK, or hormone receptor pathways were randomized to
matched molecularly targeted agents in a histology-agnostic way
and the physician’s choice of treatment. There were no differences
in primary outcome (progression-free survival) between the two
groups: median progression-free survival was 2.3 months (95%
confidence interval: 1.7-3.8) in the experimental group versus
2.0 months (1.8-2.1) in the control group (hazard ratio 0.88; 95%
confidence interval: 0.65-1.19; P = 0.41).* These results suggest
that relying solely on biomarker (i.e., without histology) to pre-
dict efficacy may not yet be possible in oncology.

Our results are consistent with a previous study of general
oncology trials, finding that, compared with nononcology tri-
als, oncology trials were more often single-arm, open-label,
and nonrandomized,* a pattern we also found for trials of
targeted therapies. We did not specifically assess the charac-
teristics of pivotal trials in this study, but for the 55 oncology
novel therapeutic agents approved by the FDA between 2005
and 2012, only half of the pivotal trials were randomized, 27%
were double-blind, and only 16% had a clinical outcome as a
primary end point, reflecting a lower level of evidence of stud-
ies for FDA approval in oncology compared with nononcol-
ogy areas.” This finding could be explained in part by the high
frequency of orphan drugs in oncology and the lower level of
evidence for such drugs compared with nonorphan oncology
drugs.*® This relatively low level of evidence of trials could also
be explained by the high number of indications (either the first
or subsequent ones) approved under the accelerated approval
process; pivotal studies supporting accelerated approvals are
often early-phase, nonrandomized trials using surrogate end
points.**¥A study of pharmacogenomic information in drug
labels approved by the EMA found that two-thirds of pivotal
trials for drugs with a biomarker-based indication have been
conducted in only biomarker-positive patients,” a pattern we
also found in our study of all (not only pivotal) trials.

One strength of this study is the use of data from Clinical Trials.
gov. Because clinical trials take a long time to complete, stud-
ies registered in clinical trial registries can provide information
before they end, and therefore provide a preview of which studies
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are currently ongoing. However, the drawback is that there is no
access to the results of those trials. This study has several limita-
tions. We used only US data (labels from the FDA and trials regis-
tered at ClinicalTrials.gov) because we made the assumption that
a US-centric view represents biomarker usage in trials of targeted
therapies. Some trials may have been registered in registry other
than ClinicalTrials.gov, but this would concern only trials con-
ducted outside the United States; publication in ClinicalTrials.
gov is mandatory for trials with at least one center in the United
States. Some trials may have been conducted before trial regis-
tration was required; thus we excluded drugs approved before
2005. We analyzed data as provided by the trial’s sponsor, which
may suggest some errors in coding when the study was regis-
tered. Furthermore, we analyzed only targeted therapies with
biomarker-based indications because we were interested in how
targeted drugs that are restricted to biomarker-positive patients
have been developed and especially if the development was tar-
geted and how this might evolve after drug approval. Studying
the use of biomarkers in clinical trials of targeted therapies with-
out biomarker-based indication warrants further investigation.

Conclusion

Oncology-targeted therapies have undoubtedly set the stage for
precision medicine, but the drug-biomarker-disease network
is actually more complex than it would seem at first glance.
The rationale to test or not test a targeted therapy in patients
other than the ones who are positive for the target biomarker
(i.e., biomarker-negative patients or patients who are positive
for another biomarker) deserves careful consideration because
of the risk of over-restricting drug indications and of expos-
ing patients to a drug from which they are not likely to derive
benefit.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http:/Awww.nature.com/gim
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