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OUTLINE

ü Drug development and clinical research in oncology

ü Traditional chemotherapy versus targeted cancer therapies

ü Trial designs for testing efficacy of molecular profiling-
assigned targeted agents

ü US Precision Medicine Initiative

ü The “omics” world 
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Figure 11: Registered Pipeline Compounds end of year 201160 

3.3.2  An appropriate intellectual property system 
is the cornerstone of medicines innovation

The intellectual property (IP) system is a key enabling factor 
of pharmaceutical innovation, as it provides the necessary 
incentives to research and development focussed on addressing 
global health needs and improving health outcomes. The IP 
system and, especially, patent protection are intended to allow 
innovators to recoup their investment and earn a fair return for 
a limited and legally defined period of time.

Overall, the development of new medicines have covered 
a range of different therapies and contributed greatly to 
improved health outcomes across the world. A comprehensive 
review of the industry’s R&D pipelines clearly shows that the 
industry is already aligning its efforts to address the areas of 
greatest unmet need today and in the future. Of more than 
16000 compounds currently in development, over 80 per 
cent are focussed on degenerative diseases, cancer, and other 
non-communicable diseases – particularly, those therapeutic 
areas where patient pathways lack effective pharmacological 
solutions.
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NUMBER OF REGISTERED STUDIES OVER TIME 
AND SIGNIFICANT EVENTS (as of October 30, 2015)

ICMJE: Interna'onal Commi.ee of Medical Journal Editors required trial registra'on as a condi'on of publica'on (September 2005)

FDAAA: Expanded registra'on requirements of FDAAA began and were implemented on ClinicalTrials.gov (December 2007) 



CURRENT ON-GOING TRIALS IN ONCOLOGY
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SALES FORECAST BY THERAPEUTIC AREAS

Oncology
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Top�10�Therapy�Areas�in�2020,�Market�Share�&�Sales�Growth
Source:�EvaluatePharma®�(1�JUN�2014)

Key�growth drivers:
Nivolumab (BMY),�Xtandi�(Astellas),�Kadcyla�(Roche),�
Perjeta�(Roche),�MKͲ3475�(MRK),�RG7446�(Roche)
Key�patent�expiries:
Gleevec�(NVS)�in�2015,�Rituxan�(Roche)�2015+,�
Herceptin�(Roche)�2014+

Sales�lost�from�Angiotensin II�
segment:
Diovan�(NVS):�$2.6bn
Benicar�(Daiichi�Sankyo):�$2.0bn
Micardis�(Boehringer):�$1.2bn
Exforge�(NVS):�$1.0bn

Worldwide Prescription Drug  
& OTC Sales by Therapy Area in 2020
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Oncology the largest and fastest growing segment

(YDOXDWH3KDUPD��¿QGV�WKDW�RQFRORJ\�ZLOO�UHPDLQ�WKH�ODUJHVW�VHJPHQW�LQ������ZLWK�IRUHFDVWV�VKRZLQJ�DQ�DQQXDO�JURZWK�RI�������DQG�RYHU�
$153bn sales in 2020. Growth from in-line products, and potential new entrants, is forecast to more than compensate for a number of major 
patent expiries over the period. Factor Xa inhibitors, Eliquis and Xarelto, are expected to drive a 10.4% annual growth in the anti-coagulant 
segment and collectively account for almost $9bn of new sales in 2020. Patent expiries on key products continue to erode sales from anti-
hyperlipidaemics, with this segment falling seven places over the period to 2020.

Worldwide Prescription Drug & OTC Sales by EvaluatePharma® Therapy Area (2013 & 2020): Top 15 Categories & Total Market

Source: EvaluatePharma® (1 JUN 2014)
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SALES FORECAST BY PHARMACEUTICAL COMPANIES
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Oncology the largest and fastest growing segment

(YDOXDWH3KDUPD��¿QGV�WKDW�RQFRORJ\�ZLOO�UHPDLQ�WKH�ODUJHVW�VHJPHQW�LQ������ZLWK�IRUHFDVWV�VKRZLQJ�DQ�DQQXDO�JURZWK�RI�������DQG�RYHU�
$153bn sales in 2020. Growth from in-line products, and potential new entrants, is forecast to more than compensate for a number of major 
patent expiries over the period. Factor Xa inhibitors, Eliquis and Xarelto, are expected to drive a 10.4% annual growth in the anti-coagulant 
segment and collectively account for almost $9bn of new sales in 2020. Patent expiries on key products continue to erode sales from anti-
hyperlipidaemics, with this segment falling seven places over the period to 2020.

Worldwide Prescription Drug & OTC Sales by EvaluatePharma® Therapy Area (2013 & 2020): Top 15 Categories & Total Market

Source: EvaluatePharma® (1 JUN 2014)

Therapy Area 2013 2013 Chg. (+/-) Chg. (+/-)

WW Sales ($bn) WW Market RankCAGR

2020 2020% Growth

Oncology Market to 2020

Top 10 Companies & Total Worldwide Oncology Sales 2013-20

CAGR Rank Chg. 

Rank Company 2013 2020 2013-20 2013 2020 2013-20

1 Roche 25,026 34,144 +5% 34.3% 22.3% -

2 Bristol-Myers Squibb 3,279 11,197 +19% 4.5% 7.3% +3

3 Celgene 6,336 10,405 +7% 8.7% 6.8% -

4 Novartis 7,871 8,517 +1% 10.8% 5.6% -2

5 Pfizer 2,947 8,075 +15% 4.0% 5.3% +2

6 Johnson & Johnson 3,705 6,184 +8% 5.1% 4.0% -2

7 Astellas Pharma 757 5,584 +33% 1.0% 3.6% +9

8 AstraZeneca 3,193 5,242 +7% 4.4% 3.4% -2

9 Eli Lilly 2,875 4,813 +8% 3.9% 3.1% -1

10 Merck & Co 752 4,238 +28% 1.0% 2.8% +7

Top 10 56,741 98,401 +8% 77.9% 64.2%

Other 16,123 54,980 +19% 22.1% 35.8%

Total Industry 72,864 153,381 +11% 100.0% 100.0%

Source: EvaluatePharma® (1 JUN 2014)

Top 5 Oncology Products Worldwide in 2020

CAGR Current
Rank Product Generic Name Company Pharma Class 2013 2020 2013-20 2013 2020 Status

1 Avastin bevacizumab Roche Anti-VEGF MAb 6,751 6,613 -0% 9.3% 4.3% Marketed

2 Nivolumab nivolumab
Bristol-Myers 
Squibb + Ono

Anti-programmed 
death-1 MAb

0 6,361 n/m 0.0% 4.1% R&D

3 Revlimid lenalidomide Celgene Immunomodulator 4,280 6,253 +6% 5.9% 4.1% Marketed

4 Rituxan rituximab Roche Anti-CD20 MAb 7,503 5,627 -4% 10.3% 3.7% Marketed

5 Xtandi enzalutamide Astellas Pharma
Androgen receptor 
antagonist

545 5,353 +39% 0.7% 3.5% Marketed

WW Sales ($m)

WW Sales ($m)

WW Market Share

WW Market Share

Roche expected to dominate oncology market 
EvaluatePharma® finds that Roche continued to be the largest player in the oncology market in 2013 with $25.0bn of sales, accounting for over a 
third of the entire market. This is expected to continue through 2020 with a 5% year-on-year growth between 2013 and 2020. Although Roche's 
market share is forecast to fall by 12 percentage points, by 2020, to 22.3%, total sales are still expected to be over $34bn.  A key growth driver is 
an exciting new class of cancer products targeting the programmed death-1 (PD-1) pathway with a collective value of $14bn in 2020. Overall, the 
entire oncology market is expected to expand by an average 11% per year between 2013 and 2020 and will account for $153.4bn of global 
pharmaceutical sales. 

Note: Oncology includes: Alkaloids, Alkylating agents, Anti-metabolites, Anti-neoplastic MAbs, Cancer vaccines, Cytotoxic antibiotics, Hormone therapies, 
Platinum compounds and other anti-cancer.  Excludes anti-emetics and anti-anaemics used in chemotherapy-induced anaemia. Also excludes: Interferons, 
Immunostimulants & Immunosuppressants. 
Note: Novartis revenues in 2020 do not include potential revenue from GSK's oncology portfolio, deal due to close H1 2015. 

Note: Bubble = WW Sales in 2020�

Roche 
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Roche expected to dominate oncology market
(YDOXDWH3KDUPD��¿QGV�WKDW�5RFKH�FRQWLQXHG�WR�EH�WKH�ODUJHVW�SOD\HU�LQ�WKH�RQFRORJ\�PDUNHW�LQ������ZLWK������EQ�RI�VDOHV��DFFRXQWLQJ�IRU�
over a third of the entire market. This is expected to continue through 2020 with a 5% year-on-year growth between 2013 and 2020. Although 
Roche’s market share is forecast to fall by 12 percentage points, by 2020, to 22.3%, total sales are still expected to be over $34bn.  A key 
growth driver is an exciting new class of cancer products targeting the programmed death-1 (PD-1) pathway with a collective value of $14bn 
in 2020. Overall, the entire oncology market is expected to expand by an average 11% per year between 2013 and 2020 and will account for 
$153.4bn of global pharmaceutical sales.
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Key�growth drivers:
Nivolumab (BMY),�Xtandi�(Astellas),�Kadcyla�(Roche),�
Perjeta�(Roche),�MKͲ3475�(MRK),�RG7446�(Roche)
Key�patent�expiries:
Gleevec�(NVS)�in�2015,�Rituxan�(Roche)�2015+,�
Herceptin�(Roche)�2014+

Sales�lost�from�Angiotensin II�
segment:
Diovan�(NVS):�$2.6bn
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Micardis�(Boehringer):�$1.2bn
Exforge�(NVS):�$1.0bn
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Oncology the largest and fastest growing segment

(YDOXDWH3KDUPD��¿QGV�WKDW�RQFRORJ\�ZLOO�UHPDLQ�WKH�ODUJHVW�VHJPHQW�LQ������ZLWK�IRUHFDVWV�VKRZLQJ�DQ�DQQXDO�JURZWK�RI�������DQG�RYHU�
$153bn sales in 2020. Growth from in-line products, and potential new entrants, is forecast to more than compensate for a number of major 
patent expiries over the period. Factor Xa inhibitors, Eliquis and Xarelto, are expected to drive a 10.4% annual growth in the anti-coagulant 
segment and collectively account for almost $9bn of new sales in 2020. Patent expiries on key products continue to erode sales from anti-
hyperlipidaemics, with this segment falling seven places over the period to 2020.

Worldwide Prescription Drug & OTC Sales by EvaluatePharma® Therapy Area (2013 & 2020): Top 15 Categories & Total Market

Source: EvaluatePharma® (1 JUN 2014)
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TRADITIONAL CHEMOTHERAPY 
AND TARGETED CANCER THERAPIES

INTACT 1 - Chemotherapy: gemcitabine + cispla:n

INTACT 2 – Chemotherapy: paclitaxel + carbopla:n

ment on these existing treatments for advanced NSCLC is
needed, requiring the development of new agents with a dif-
ferent mechanism of action and an improved safety profile
compared with chemotherapy.

The orally active epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitor gefitinib (Iressa, ZD1839;
AstraZeneca, Wilmington, DE) blocks signal transduction
pathways implicated in the proliferation and survival of
cancer cells [4]. Four phase I studies have shown that
gefitinib is generally well tolerated, with evidence of antitu-
mor activity in a range of tumors including NSCLC [5-8].
Observations and pharmacokinetic data from these trials
identified two doses for further study: gefitinib 250 mg/d is
higher than the lowest dose at which clinical response was
seen, and 500 mg/d is the highest dose level to be tolerated
long-term by most patients. Two large phase II gefitinib
monotherapy studies (Iressa Dose Evaluation in Advanced
Lung Cancer [IDEAL] 1 and 2) in patients with pretreated
advanced NSCLC further confirmed that this agent was
generally well tolerated and produced durable, clinically
significant antitumor activity (response rates for gefitinib
250 mg/d were 18.4% and 11.8% for IDEAL 1 and 2, respec-
tively), with improvement in disease-related symptoms ob-
served in approximately 40% of symptomatic patients
[9-11]. These response rates for patients receiving second-
line and higher therapy were encouraging, particularly
when considered in the context of the retrospective analysis
by Massarelli et al [12], in which the response rate declined
with each line of therapy (second line, 16.3%; third line,
2.3%). The most frequent drug-related adverse events ob-
served in these two trials were skin rash and diarrhea, which
were generally mild (grade 1 and 2). The results of random-
ized studies are awaited.

There is a strong rationale for combining gefitinib with
standard chemotherapy agents. In preclinical studies, ge-
fitinib enhanced the efficacy of cytotoxic agents against a
range of human tumor xenografts, including lung cancer,

regardless of EGFR expression [13,14]. A small phase I
study of 24 patients with chemotherapy-naı̈ve, advanced
NSCLC showed that gefitinib in combination with paclitaxel
and carboplatin was well tolerated, with no clinically signifi-
cant pharmacokinetic drug-drug interactions [15]. Together,
these preclinical data, data from gefitinib single-agent trials,
and the favorable tolerability data from the phase I trial of this
combination supported phase III investigation.

The Iressa NSCLC Trial Assessing Combination Treat-
ment (INTACT) 2 was a randomized, placebo-controlled
trial of paclitaxel and carboplatin with or without gefitinib
in chemotherapy-naive patients with advanced NSCLC.
This global multicenter study was conducted mainly (80%)
in the United States; INTACT 1, a parallel global trial that
evaluated the combination of gefitinib with gemcitabine
and cisplatin, was conducted mainly in Europe. The results
of INTACT 1 are reported elsewhere [16]. The primary
objective of INTACT 2 was to determine overall survival,
and the secondary end point was time to progression. Ad-
ditional end points included objective response rate, dis-
ease-related symptom and quality-of-life outcomes, and
adverse-event profiling.

PATIENTS AND METHODS

Eligibility Criteria
Patients were assessed by physical examination and history to

ensure that eligibility criteria were met. Entry criteria included
histologically confirmed NSCLC (cytologic specimens obtained
by brushing, washing, or needle aspiration of a defined lesion were
acceptable), unresectable stage III or IV disease, no prior chemo-
therapy, age ! 18 years, and performance status 0 to 2. Exclusion
criteria included the presence of mixed NSCLC or small-cell lung
cancer, brain metastases that were newly diagnosed or had not
been treated with surgery or radiation, previously treated CNS
metastases or spinal-cord compression in the absence of clinically
stable disease, less than 2 weeks since radiotherapy, unresolved
toxicity from prior radiotherapy or incomplete healing from

Fig 1. INTACT 2 trial schema. AUC,
area under concentration-time curve.

Herbst et al

786 JOURNAL OF CLINICAL ONCOLOGY

147.162.110.100
Information downloaded from jco.ascopubs.org and provided by at UNIV STUDI PADOVA on October 24, 2015 from

Copyright © 2004 American Society of Clinical Oncology. All rights reserved.

GEFITINIB
the first selective inhibitor of epidermal 
growth factor receptor's (EGFR) tyrosine 
kinase domain.

Giaccone G et al. J Clin Oncol. 2004;22:777-84.
Herbst RS et al. J Clin Oncol. 2004;22:785-94.



TRADITIONAL CHEMOTHERAPY 
AND TARGETED CANCER THERAPIES

The Phase III Trials INTACT 1 and INTACT 2

Giaccone G et al. J Clin Oncol. 2004;22:777-84.

between treatments for any subgroups of patients [20].
Objective tumor response rates were 50.3% and 51.2% for
the 500 mg/d and 250 mg/d gefitinib groups, respectively,
and 47.2% in the placebo group (P ! not significant). Very
few complete responses were seen (Table 2).

Duration of Therapy, Dose Intensity, and
Dose Adherence

The dose-intensity of both gemcitabine and cisplatin
was similar in all three treatment groups (Table 3), demon-
strating that chemotherapy dose intensity was not compro-
mised by the addition of gefitinib. There was a high overall
adherence to gefitinib; however, most gefitinib dose inter-
ruptions and reductions were seen in the gefitinib 500 mg/d
arm (the number was similar in the gefitinib 250 mg/d and
placebo arms) [Table 3]. Patients receiving gefitinib 250
mg/d or placebo had a longer therapy duration than those
receiving gefitinib 500 mg/d.

Safety and Tolerability
Most adverse events occurred during the combination

phase of the trial and many were consistent with the known

toxicities of the chemotherapy agents. Overall, the safety
data from the monotherapy period of the trial support the
gefitinib safety profile previously established in phase I and
II trials. The most commonly occurring adverse events were
gastrointestinal, skin-related, or hematologic in nature. Sta-
tistical analysis of prespecified adverse events during the
chemotherapy phase revealed no difference between treat-
ment arms except for diarrhea and skin events (diarrhea
P " .0001 for 500 mg/d v 250 mg/d or placebo; P ! .0924 for
250 mg/d v placebo; defined skin events P " .0001 for all
comparisons [no adjustments were made to the P values to
take account of the multiple comparisons]), which are known
to be associated with gefitinib treatment. A clear dose-response
relationship was observed for these events. Interstitial lung
disease (ILD)–type events were experienced by three, one, and
three patients in the gefitinib 500 mg/d, gefitinib 250 mg/d,
and placebo arms, respectively, giving an overall incidence of
less than 1%. The incidence of ILD-type events and other
respiratory events that were possibly indicative of ILD is sum-
marized in Table 4. No difference in reports of symptoms
possibly related to, or indicative of, ILD (eg, dyspnea, increased
cough, pneumonia) was seen between the groups.

The most frequently occurring adverse events consid-
ered by the investigators to be related to gefitinib/placebo
treatment were rash, diarrhea, and acne, which were gener-
ally mild (grade 1 or 2; Table 5). No significant additive
toxicity was evident in this placebo-controlled setting.
Deaths and withdrawals owing to gefitinib/placebo-related
toxicity were low and balanced between the three treatment
arms. The proportion of patients withdrawn from treatment
because of adverse events of any cause was higher (23.0%) for
patients in the 500 mg/d group, compared with 14.5% and
11.3% for 250 mg/d and placebo groups, respectively. The
types of events leading to withdrawal were similar across the
three groups: diarrhea, nausea, vomiting, and acne-like rash.

DISCUSSION

In this study, gefitinib showed no survival benefit over
placebo when combined with gemcitabine and cisplatin in a
large population of chemotherapy-naive patients with ad-
vanced NSCLC. Furthermore, gefitinib did not improve

Fig 2. Kaplan-Meier estimates of overall survival in each treatment group.
(global ordered log-rank P ! .4560).

Fig 3. Kaplan-Meier estimates of time to progression in each treatment
group. (global ordered log-rank P ! .7633).

Table 2. Objective Tumor Responses in Each Treatment Group
(population assessable for tumor response)

Objective Tumor Response (%)

Gefitinib
500 mg/d
(n ! 330)

Gefitinib
250 mg/d
(n ! 336)

Placebo
(n ! 324)

Complete response 2.1 3.3 0.9
Partial response 48.2 47.9 46.3
Response rate (complete plus

partial response)
50.3 51.2 47.2

Gefitinib Plus Gemcitabine/Cisplatin in NSCLC

www.jco.org 781

147.162.110.100
Information downloaded from jco.ascopubs.org and provided by at UNIV STUDI PADOVA on October 24, 2015 from

Copyright © 2004 American Society of Clinical Oncology. All rights reserved.

protocol writing, this hazard ratio equates to an increase in median
survival of 2.3 months for both gefitinib arms. The final analysis of
overall survival was planned to include 750 events. Based on the
study design assumptions, 1,029 patients were required.

At the final analysis, an adaptive survival analysis procedure
was used that tested either for a positive or negative gefitinib
dose-response relationship, based on prospective criteria applied
to the observed data. A survival trend test (global ordered log-rank
[GOLrank] test), in which the hypothesis was no effect versus the
specific ordering of placebo, gefitinib 250 mg/d, and gefitinib 500
mg/d, was used for a positive dose-response, whereas pairwise
log-rank tests would be used for a mixed dose-response [19]. To
preserve an overall two-sided 5% significance level, and to account
for the use of a survival trend test at the second interim analysis,
simulations with the adaptive procedure were used to calculate
a nominal significance level of 4.4% for the final analysis.
According to prospective criteria for the adaptive procedure,
the final analysis used a survival trend test to compare survival
between the treatment arms.

A posthoc multivariate analysis with eight prespecified prog-
nostic factors at trial entry (disease stage III v IV; performance
status 0 or 1 v 2; weight loss in prior 6 months ! 5% v ! 5%; sex;
histology; presence or absence of metastases to bone, liver, or
brain) was performed to assess which variables were predictive of
improved survival.

In a posthoc subgroup analysis, stratification and prognostic
factors (disease stage III v IV; performance status 0 or 1 v 2; weight
loss in prior 6 months ! 5% v ! 5%; presence or absence of
metastases to bone, liver, or brain) and subgroups of sex, time on
chemotherapy, and histology were analyzed in a univariate model.
An unadjusted Cox proportional hazard test was applied to the
overall survival data for each subgroup to estimate the hazard ratio
and 95% CI for the treatment comparisons of gefitinib 250 or 500
mg/d versus placebo.

Assessments
Overall survival and time to progression were assessed from

the date of randomization to the date of death (any cause) and the
date of objective disease progression (death was considered a
progression event in patients who died before disease progres-
sion), respectively. Patients without documented death or objec-
tive progression at the time of the final analysis were censored at
the date last known to be alive or their last objective tumor assess-
ment, respectively.

Tumor response was evaluated according to Response Eval-
uation Criteria In Solid Tumors, the revised version of the Inter-
national Union Against Cancer/WHO criteria [20].

During the trial, and for 30 days after the last dose of gefitinib
or placebo, patients were monitored for adverse events, graded
according to the National Cancer Institute Common Toxicity
Criteria (CTC) version 2.0. Hematology and biochemistry assess-
ments were performed ! 7 days before the date of randomization
and at each clinic visit. Analysis of other end points, such as
symptom improvement rate, quality of life, and correlation of
EGFR with survival, is ongoing and will be reported separately.

RESULTS

Patients
In total, 1,037 patients were recruited between May

2000 and April 2001, approximately 80% of whom were in

the United States. The baseline characteristics of the pa-
tients were similar in each of the three treatment groups
(Table 1). Most patients (approximately 80%) had meta-
static stage IV disease, and more than 50% of patients in
each group had adenocarcinoma. Approximately 20% of
patients in each of the treatment groups are confirmed to
have continued receiving chemotherapy after withdrawal
from the study.

Efficacy
At each interim analysis, the Independent Data Moni-

toring Committee made recommendations to continue the
trial. A total of 725 events (246, 232, and 247 events for
gefitinib 500 mg/d, gefitinib 250 mg/d, and placebo, respec-
tively) were observed for survival and 637 events (178, 215,
and 244 events, respectively) for time to progression, with a
minimum follow-up of 12 months for survival and 6
months for all other end points.

At the final analysis, neither dose of gefitinib improved
overall survival when added to paclitaxel and carboplatin
compared with paclitaxel and carboplatin plus placebo
(GOLrank P " .6385). Median survival was 8.7, 9.8, and 9.9
months in the gefitinib 500 mg/d, gefitinib 250 mg/d, and
placebo arms, respectively (Fig 2A). The 1-year survival

Fig 2. Kaplan-Meier estimates of (A) overall survival and (B) time to
progression. GOLrank, global ordered log-rank test.
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TRADITIONAL CHEMOTHERAPY 
AND TARGETED CANCER THERAPIES

between treatments for any subgroups of patients [20].
Objective tumor response rates were 50.3% and 51.2% for
the 500 mg/d and 250 mg/d gefitinib groups, respectively,
and 47.2% in the placebo group (P ! not significant). Very
few complete responses were seen (Table 2).

Duration of Therapy, Dose Intensity, and
Dose Adherence

The dose-intensity of both gemcitabine and cisplatin
was similar in all three treatment groups (Table 3), demon-
strating that chemotherapy dose intensity was not compro-
mised by the addition of gefitinib. There was a high overall
adherence to gefitinib; however, most gefitinib dose inter-
ruptions and reductions were seen in the gefitinib 500 mg/d
arm (the number was similar in the gefitinib 250 mg/d and
placebo arms) [Table 3]. Patients receiving gefitinib 250
mg/d or placebo had a longer therapy duration than those
receiving gefitinib 500 mg/d.

Safety and Tolerability
Most adverse events occurred during the combination

phase of the trial and many were consistent with the known

toxicities of the chemotherapy agents. Overall, the safety
data from the monotherapy period of the trial support the
gefitinib safety profile previously established in phase I and
II trials. The most commonly occurring adverse events were
gastrointestinal, skin-related, or hematologic in nature. Sta-
tistical analysis of prespecified adverse events during the
chemotherapy phase revealed no difference between treat-
ment arms except for diarrhea and skin events (diarrhea
P " .0001 for 500 mg/d v 250 mg/d or placebo; P ! .0924 for
250 mg/d v placebo; defined skin events P " .0001 for all
comparisons [no adjustments were made to the P values to
take account of the multiple comparisons]), which are known
to be associated with gefitinib treatment. A clear dose-response
relationship was observed for these events. Interstitial lung
disease (ILD)–type events were experienced by three, one, and
three patients in the gefitinib 500 mg/d, gefitinib 250 mg/d,
and placebo arms, respectively, giving an overall incidence of
less than 1%. The incidence of ILD-type events and other
respiratory events that were possibly indicative of ILD is sum-
marized in Table 4. No difference in reports of symptoms
possibly related to, or indicative of, ILD (eg, dyspnea, increased
cough, pneumonia) was seen between the groups.

The most frequently occurring adverse events consid-
ered by the investigators to be related to gefitinib/placebo
treatment were rash, diarrhea, and acne, which were gener-
ally mild (grade 1 or 2; Table 5). No significant additive
toxicity was evident in this placebo-controlled setting.
Deaths and withdrawals owing to gefitinib/placebo-related
toxicity were low and balanced between the three treatment
arms. The proportion of patients withdrawn from treatment
because of adverse events of any cause was higher (23.0%) for
patients in the 500 mg/d group, compared with 14.5% and
11.3% for 250 mg/d and placebo groups, respectively. The
types of events leading to withdrawal were similar across the
three groups: diarrhea, nausea, vomiting, and acne-like rash.

DISCUSSION

In this study, gefitinib showed no survival benefit over
placebo when combined with gemcitabine and cisplatin in a
large population of chemotherapy-naive patients with ad-
vanced NSCLC. Furthermore, gefitinib did not improve

Fig 2. Kaplan-Meier estimates of overall survival in each treatment group.
(global ordered log-rank P ! .4560).

Fig 3. Kaplan-Meier estimates of time to progression in each treatment
group. (global ordered log-rank P ! .7633).

Table 2. Objective Tumor Responses in Each Treatment Group
(population assessable for tumor response)

Objective Tumor Response (%)

Gefitinib
500 mg/d
(n ! 330)

Gefitinib
250 mg/d
(n ! 336)

Placebo
(n ! 324)

Complete response 2.1 3.3 0.9
Partial response 48.2 47.9 46.3
Response rate (complete plus

partial response)
50.3 51.2 47.2
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protocol writing, this hazard ratio equates to an increase in median
survival of 2.3 months for both gefitinib arms. The final analysis of
overall survival was planned to include 750 events. Based on the
study design assumptions, 1,029 patients were required.

At the final analysis, an adaptive survival analysis procedure
was used that tested either for a positive or negative gefitinib
dose-response relationship, based on prospective criteria applied
to the observed data. A survival trend test (global ordered log-rank
[GOLrank] test), in which the hypothesis was no effect versus the
specific ordering of placebo, gefitinib 250 mg/d, and gefitinib 500
mg/d, was used for a positive dose-response, whereas pairwise
log-rank tests would be used for a mixed dose-response [19]. To
preserve an overall two-sided 5% significance level, and to account
for the use of a survival trend test at the second interim analysis,
simulations with the adaptive procedure were used to calculate
a nominal significance level of 4.4% for the final analysis.
According to prospective criteria for the adaptive procedure,
the final analysis used a survival trend test to compare survival
between the treatment arms.

A posthoc multivariate analysis with eight prespecified prog-
nostic factors at trial entry (disease stage III v IV; performance
status 0 or 1 v 2; weight loss in prior 6 months ! 5% v ! 5%; sex;
histology; presence or absence of metastases to bone, liver, or
brain) was performed to assess which variables were predictive of
improved survival.

In a posthoc subgroup analysis, stratification and prognostic
factors (disease stage III v IV; performance status 0 or 1 v 2; weight
loss in prior 6 months ! 5% v ! 5%; presence or absence of
metastases to bone, liver, or brain) and subgroups of sex, time on
chemotherapy, and histology were analyzed in a univariate model.
An unadjusted Cox proportional hazard test was applied to the
overall survival data for each subgroup to estimate the hazard ratio
and 95% CI for the treatment comparisons of gefitinib 250 or 500
mg/d versus placebo.

Assessments
Overall survival and time to progression were assessed from

the date of randomization to the date of death (any cause) and the
date of objective disease progression (death was considered a
progression event in patients who died before disease progres-
sion), respectively. Patients without documented death or objec-
tive progression at the time of the final analysis were censored at
the date last known to be alive or their last objective tumor assess-
ment, respectively.

Tumor response was evaluated according to Response Eval-
uation Criteria In Solid Tumors, the revised version of the Inter-
national Union Against Cancer/WHO criteria [20].

During the trial, and for 30 days after the last dose of gefitinib
or placebo, patients were monitored for adverse events, graded
according to the National Cancer Institute Common Toxicity
Criteria (CTC) version 2.0. Hematology and biochemistry assess-
ments were performed ! 7 days before the date of randomization
and at each clinic visit. Analysis of other end points, such as
symptom improvement rate, quality of life, and correlation of
EGFR with survival, is ongoing and will be reported separately.

RESULTS

Patients
In total, 1,037 patients were recruited between May

2000 and April 2001, approximately 80% of whom were in

the United States. The baseline characteristics of the pa-
tients were similar in each of the three treatment groups
(Table 1). Most patients (approximately 80%) had meta-
static stage IV disease, and more than 50% of patients in
each group had adenocarcinoma. Approximately 20% of
patients in each of the treatment groups are confirmed to
have continued receiving chemotherapy after withdrawal
from the study.

Efficacy
At each interim analysis, the Independent Data Moni-

toring Committee made recommendations to continue the
trial. A total of 725 events (246, 232, and 247 events for
gefitinib 500 mg/d, gefitinib 250 mg/d, and placebo, respec-
tively) were observed for survival and 637 events (178, 215,
and 244 events, respectively) for time to progression, with a
minimum follow-up of 12 months for survival and 6
months for all other end points.

At the final analysis, neither dose of gefitinib improved
overall survival when added to paclitaxel and carboplatin
compared with paclitaxel and carboplatin plus placebo
(GOLrank P " .6385). Median survival was 8.7, 9.8, and 9.9
months in the gefitinib 500 mg/d, gefitinib 250 mg/d, and
placebo arms, respectively (Fig 2A). The 1-year survival

Fig 2. Kaplan-Meier estimates of (A) overall survival and (B) time to
progression. GOLrank, global ordered log-rank test.
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In 2004 the SUCCESS RATE for ONCO DRUGS from 
FIRST-IN-MAN to REGISTRATION was 5%...

P E R S P E C T I V E S

around the world.”; Pfizer’s India Homepage
states that “approximately 1 out of every 15
drug candidates entering development com-
pletes phase III evaluation and obtains
approval, ” both suggesting that their rate of
attrition might be 93–96%. These five factors
therefore provide compelling evidence that the
rate of attrition could be significantly reduced
and that drug development per se does not
have this current high attrition rate as an
inherent constraint. Indeed, it points to the
idea that a systematic evaluation of the sci-
ence, strategy and processes currently used
in drug development merit rigorous evalua-
tion, critical appraisal and modification to
fulfil the onerous business case demanded
by our patients, shareholders, consumers
and governments worldwide.

How can attrition be reduced?
Several companies in the industry are now
beginning to take on this problem and are
starting to make progress. Below we propose
some approaches that are likely to be valuable,
but this is clearly not an exhaustive list. It is
important that the mindset of reducing attri-
tion in development should be in place from
the earliest stages of discovery.

For instance, building the need to get
very strong evidence for proof of mecha-
nism into the discovery paradigm is crucial,

to therapeutic areas  in which animal models
of efficacy are notoriously unpredictive6, such
as CNS and oncology, both of which have
relatively higher failure rates in Phase II and III
trials. In the case of oncology, small Phase II
trials looking at tumour regression in small
cohorts of patients with different tumour
types does not always translate to outcomes
subsequently obtained in larger Phase III
trials. Nevertheless, in general, failures due to
lack of efficacy and safety demonstrate the
need for the development of more predictive
animal models where possible and, more
importantly, the need to develop experimen-
tal medicine paradigms that are more pre-
dictive of outcomes and to carry out such
proof-of-concept clinical trials much earlier
in development.

Can success be increased?
Several strong strands of evidence indicate
that it is possible. First is the fact that different
therapeutic areas have different rates of success
and this implies that if we understood the
inherent factors that make one area successful
as compared with another, we could then
attack such factors.

Second is the finding that biologicals have
a higher rate of success from first-in-man to
launch — approximately 24%7. It is true that
most biologicals have been generated in the
areas of immunology and cancer, but the aver-
age rate of these two therapeutic areas should
even out to ~11% (16% for arthritis and pain
and 5% for cancer, based on the data in TABLE 1,
which averages to ~11% if the two were in
equal parts).

Third, licensing-in compounds has a con-
sistently higher probability of success in most
studies, at approximately 24%7. This is the case
even if the compounds are categorized by
the stage that the licensing-out company has
categorized them. This phenomenon cannot,
therefore, be attributed purely to the fact that
the licensing-in companies gather more data
or because they usually put the compound at
an earlier stage in the pipeline.

Fourth, companies with R&D budgets of
less than US $400 million also have higher
success rates of approximately 18%7. This
could partly be explained by the possibility
that these smaller companies might be more
inclined to work on me-too drugs (which
should have a higher rate of success), and that
their portfolios could be more skewed towards
one therapeutic area or another with a greater
probability of success. However, if one con-
siders that many of the biotech companies fall
into these categories, that many biotech com-
panies are working in high-attrition-rate
therapeutic areas such as cancer, and that

many of these companies are indeed working
on innovative mechanisms of action, then
clearly this cannot be the whole explanation.
The rate of attrition of compounds with
novel mechanisms of action is higher than
that of those with previously precedented
mechanisms of action (a precedented mecha-
nism of action is defined as one hitting a thera-
peutic target that a drug in the market place
hits, or which has shown proof of concept in
late clinical trials).

Last, even comparable large companies
with extensive portfolios that would average
out the differences in success between differ-
ent therapeutic areas, and therefore portfolio
success, have different probabilities of success.
For instance, data from the 2002 Certified
Medical Representatives Institute survey shows
that the success rate that Merck enjoyed from
first human dose to market was approximately
twofold greater than the aggregate of the six
companies in the same cohort with R&D
budgets of >US $2 billion per annum8. On the
other hand, in a briefing to analysts on 17 June
2003 Pfizer’s current President of Research
and Development, John La Mattina, was
quoted as saying “Right now, only one in 25
early candidates survives to become a pre-
scribed medicine. We think we can improve
those odds to one in ten and greatly enhance
our ability to bring new medicines to patients
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Figure 2 | Success rate by phase of
development and by therapeutic area.
a | Data are shown as percent success or percent
attrition (second X axes) of compounds entering
that particular phase of development by certain
therapeutic areas and by the total aggregate for
that particular phase of development. The data
clearly show that different therapeutic areas have
greatly different success or attrition rates, and
that significant attrition occurs late in the pipeline.
b | Shows the percentage rate of success of
compounds entering first in man that progress to
subsequent development phase. App, approval;
Reg, registration.
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59%. Approximately 62% of all compounds
that enter Phase II trials undergo attrition,
and again the highest rate of attrition at this
phase is in the oncology field: more than 70%
of oncology compounds fail in this phase. It is
therefore crucial that the industry develop
and embrace paradigms (such as obtaining
proof of concept in man early in develop-
ment) and methodologies to identify risk
preclinically, and to couple this with experi-
mental medicine procedures to interrogate
such risks in man.

Underlying causes of attrition
An examination of the root causes of why
compounds undergo attrition in the clinic is
very instructive and helps in the identification
of strategies and tactics to reduce these rates
and thereby improve the efficiency of drug
development. The data in FIG. 3 show the rea-
son why compounds undergo attrition and
how this has changed over time. In 1991,
adverse pharmacokinetic and bioavailability
results were the most significant cause of
attrition, and accounted for ~40% of all attri-
tion. By 2000, these factors had dramatically
reduced as a cause of attrition in drug develop-
ment, and contributed less than 10%. These
data provide further compelling evidence that
the industry can identify and remedy the
causes of attrition. It might also, however, be
that the solving of this problem has signifi-
cantly shifted the temporal attrition profiles to
later stages, because pharmacokinetic/bioavail-
ability failures would have occurred in Phase I
mainly and this might now result in com-
pounds progressing to Phases II and III and
failing there for other reasons.

The major causes of attrition in the clinic
in 2000 were lack of efficacy (accounting for
approximately 30% of failures) and safety
(toxicology and clinical safety accounting for a
further approximately 30%). The lack of effi-
cacy might be contributing more significantly

FIGURE 2 illustrates the top 10 drug companies’
success and failure rates from 1991 to 2000
across different therapeutic areas.

The failure rate of compounds even at the
registration stage is 23%; that is, roughly one
in four compounds fail after all the trials and
the documentation for submission have been
completed, thereby incurring the full dis-
covery and development costs and the oppor-
tunity costs, which, on average, could be as
much as 12 years 10 months (the average time
taken for the development of all the drugs
that gained approval in 2002)5. In some thera-
peutic areas, such as woman’s health, the failure
rate is as high as 42%, and in oncology it is as
high as 30%. Even the rate of failures in
Phase III trials — by which stage significant
amounts of the costs of discovering and
developing a drug would have been incurred
— is far too high: approximately 45% of all
compounds that enter this phase of full devel-
opment undergo attrition and in some thera-
peutic areas, such as oncology, it is as high as

the success rates vary considerably between the
different therapeutic areas: cardiovascular, for
instance, have a ~20% rate of success, whereas
oncology and central nervous system (CNS)
disorders have ~5% and ~8% success, respec-
tively. Any R&D portfolio, therefore, would
need to aggregate the percent success based on
the weight of the various therapeutic areas to
calculate how many first-in-man studies are
needed to approximate the requisite business
case for growth.

The high rate of attrition in drug develop-
ment and the need for efficiency, both in
terms of real and opportunity costs, becomes
even more compelling when one considers
where most of the attrition occurs in the
pipeline. In 2001, the costs of discovering and
developing a drug were of the order of US
$804 million4; current estimates are closer to
about US $900 million; considerably more of
these costs are incurred later in the pipeline,
and the vast majority of attrition occurs in
full clinical development (Phases IIb and III).
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Table 1 | NCEs required to achieve specific real growth targets as a function of 2002 revenues*

2002 sales‡ Anticipated sales Annual real Sales gap for Estimated number Year 2012 required
from current growth target new products of NCEs required to fill NCE output
products in 2012 to fill in 2012 gap (over ten years)

$45 billion $30 billion 5% $43.5 billion 75–90 9.5–11

$30 billion $20 billion 5% $29 billion 50–60 6.5–7.5

$20 billion $13.3 billion 5% $19.3 billion 33–40 4.3–5

$15 billion $10 billion 8% $22 billion 40–45 5.5–6.0

6% $17 billion 30–35 4.0–4.5

5% $14.5 billion 25–30 3.25–3.75

4% $12 billion 20–25 2.5–3.0

$10 billion $6.67 billion 5% $ 9.67 billion 16.5–20 2.15–2.25
*Adapted from REF. 3. ‡All figures in US $. NCE, New Chemical Entity.
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approximately 9%. Similarly, in 2003 large
pharma stock prices were among the worst
performing sector on the New York Stock
Exchange (NYSE), with an average apprecia-
tion of 0.3%, compared with the general
S&P500 market appreciation of 26%. At
present the average price to earnings (P/E)
ratio of large pharma stocks is trading at a
discount to the entire market. By contrast,
this sector has historically traded at a pre-
mium to the rest of the market, mainly
because of pipeline valuations.

Depressing approval rates
In 2002, the US FDA approvals of NCEs were
lower than at any other time in the past
decade, and a total of just 17 NCEs were
approved; the situation improved marginally
in 2003 to 21 approvals. Even if biologics and
NCEs are considered together, the number of
FDA approvals were at their lowest since
1994. The situation is even bleaker when the
number of innovative NCEs approved by
regulatory authorities are factored into this
performance. Prous Science1 reported that
in the eleven-year period 1990–2000 inclusive,
the year with the lowest number of NCEs
approved with a novel mechanism of action
was 2000. These data are further substantiated
by the number of FDA priority reviews of
NCEs (an indirect measure of innovativeness
or addressing true unmet medical need), in
which 2002 and 2003 showed lower numbers
of such reviews than any two-year rolling
period in the preceding ten years2.

This lower rate of success in the past few
years could be accounted for, in part at least,

by a number of explanations: the industry is
currently attacking diseases of great com-
plexity; the entry bar for new drugs is higher
because they are often competing with
enhanced standard of care; and/or the regu-
latory authorities are more demanding.
Whatever the case, these features define the
new playing field on which the industry has
to compete to produce NCEs that are required
to achieve necessary growth; an examination
of the factors that impact R&D success is
therefore crucial in terms of devising a
strategy that can build a pipeline needed to
sustain the business case for large pharma.

Defining the business case
A recent survey by Accenture3 defined the
business case for large pharmaceutical com-
panies in terms of NCEs required to remain a
growth company on the basis of their current
revenues and their desired percentage growth
(TABLE 1). On the basis of this calculation,
Pfizer, with pharmaceutical revenues in 2003
of approximately US $45 billion, will need to
generate approximately nine high-quality
NCEs per annum. GlaxoSmithKline, with
revenues in excess of £18 billion (~ US$ 32
billion), will need to generate about six high-
quality NCEs per annum, and Merck, with
US $22.5 billion in revenues, will need
approximately 4.5 NCEs. The next tier (in
terms of revenues) would need to deliver
between three and four NCEs per annum and
even the smaller companies in the top ten
would need to deliver approximately two
NCEs per annum.

Rates of attrition
FIGURE 1 analyses success rates from first-in-
man to registration during a ten-year period
(1991–2000) for ten big pharma companies in
the United States and Europe. The data
indicate that the average success rate for all
therapeutic areas is approximately 11%; or,
put another way, in aggregate only one in nine
compounds makes it through development
and gets approved by the European and/or the
US regulatory authorities. More interestingly,

The pharmaceutical industry faces
considerable challenges, both politically
and fiscally. Politically, governments around
the world are trying to contain costs and,
as health care budgets constitute a very
significant part of governmental spending,
these costs are the subject of intense
scrutiny. In the United States, drug costs
are also the subject of intense political
discourse. This article deals with the fiscal
pressures that face the industry from the
perspective of R&D. What impinges on
productivity? How can we improve current
reduced R&D productivity?

The average life expectancy of humans has
gone up from about 45 years of age at the start
of the twentieth century to about 77 a century
later. This is a consequence of a number of
factors, including increased medical know-
ledge, better technologies and surgical tech-
niques, better health care, better public health
and the discovery of drugs such as aspirins,
antibiotics, the statins, and numerous other
such innovative and crucial medicines from
the pharmaceutical industry. However, the
current challenges facing the pharmaceutical
industry are unprecedented in its history.
Perhaps most foremost among these are the
industry’s lower revenue growth, poor stock
performance, the lowest number of new
chemical entities (NCE) approvals and the
poor late-stage R&D pipelines prevalent
throughout the industry.

In 2002, overall top-line revenue growth
in the pharmaceutical industry was just 
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approximately 9%. Similarly, in 2003 large
pharma stock prices were among the worst
performing sector on the New York Stock
Exchange (NYSE), with an average apprecia-
tion of 0.3%, compared with the general
S&P500 market appreciation of 26%. At
present the average price to earnings (P/E)
ratio of large pharma stocks is trading at a
discount to the entire market. By contrast,
this sector has historically traded at a pre-
mium to the rest of the market, mainly
because of pipeline valuations.

Depressing approval rates
In 2002, the US FDA approvals of NCEs were
lower than at any other time in the past
decade, and a total of just 17 NCEs were
approved; the situation improved marginally
in 2003 to 21 approvals. Even if biologics and
NCEs are considered together, the number of
FDA approvals were at their lowest since
1994. The situation is even bleaker when the
number of innovative NCEs approved by
regulatory authorities are factored into this
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the year with the lowest number of NCEs
approved with a novel mechanism of action
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by the number of FDA priority reviews of
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or addressing true unmet medical need), in
which 2002 and 2003 showed lower numbers
of such reviews than any two-year rolling
period in the preceding ten years2.

This lower rate of success in the past few
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by a number of explanations: the industry is
currently attacking diseases of great com-
plexity; the entry bar for new drugs is higher
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enhanced standard of care; and/or the regu-
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between three and four NCEs per annum and
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would need to deliver approximately two
NCEs per annum.
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man to registration during a ten-year period
(1991–2000) for ten big pharma companies in
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indicate that the average success rate for all
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put another way, in aggregate only one in nine
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and gets approved by the European and/or the
US regulatory authorities. More interestingly,
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productivity? How can we improve current
reduced R&D productivity?
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later. This is a consequence of a number of
factors, including increased medical know-
ledge, better technologies and surgical tech-
niques, better health care, better public health
and the discovery of drugs such as aspirins,
antibiotics, the statins, and numerous other
such innovative and crucial medicines from
the pharmaceutical industry. However, the
current challenges facing the pharmaceutical
industry are unprecedented in its history.
Perhaps most foremost among these are the
industry’s lower revenue growth, poor stock
performance, the lowest number of new
chemical entities (NCE) approvals and the
poor late-stage R&D pipelines prevalent
throughout the industry.

In 2002, overall top-line revenue growth
in the pharmaceutical industry was just 
8% and improved only slightly in 2003 to
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Why does targeted therapy not cure all tumors?



The somatic activating mutations in the EGFR kinase domain 
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background

 

Most patients with non–small-cell lung cancer have no response to the tyrosine kinase
inhibitor gefitinib, which targets the epidermal growth factor receptor (EGFR). How-
ever, about 10 percent of patients have a rapid and often dramatic clinical response. The
molecular mechanisms underlying sensitivity to gefitinib are unknown.

 

methods

 

We searched for mutations in the

 

 EGFR

 

 gene in primary tumors from patients with non–
small-cell lung cancer who had a response to gefitinib, those who did not have a re-
sponse, and those who had not been exposed to gefitinib. The functional consequenc-
es of identified mutations were evaluated after the mutant proteins were expressed in
cultured cells.

 

results

 

Somatic mutations were identified in the tyrosine kinase domain of the 

 

EGFR

 

 gene in
eight of nine patients with gefitinib-responsive lung cancer, as compared with none of
the seven patients with no response (P<0.001). Mutations were either small, in-frame
deletions or amino acid substitutions clustered around the ATP-binding pocket of the
tyrosine kinase domain. Similar mutations were detected in tumors from 2 of 25 pa-
tients with primary non–small-cell lung cancer who had not been exposed to gefitinib
(8 percent). All mutations were heterozygous, and identical mutations were observed
in multiple patients, suggesting an additive specific gain of function. In vitro, EGFR mu-
tants demonstrated enhanced tyrosine kinase activity in response to epidermal growth
factor and increased sensitivity to inhibition by gefitinib.

 

conclusions

 

A subgroup of patients with non–small-cell lung cancer have specific mutations in the

 

EGFR

 

 gene, which correlate with clinical responsiveness to the tyrosine kinase inhibitor
gefitinib. These mutations lead to increased growth factor signaling and confer suscep-
tibility to the inhibitor. Screening for such mutations in lung cancers may identify pa-
tients who will have a response to gefitinib.
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of these criteria, the response was assessed by two
physicians. 

Table 1 shows the clinical characteristics of nine
patients for whom tumor specimens obtained at
the time of diagnosis were available. Tissue was not
available from the other patients with a response
to gefitinib, most commonly because diagnostic
specimens were limited to needle aspirates. As a
group, the nine patients derived a substantial ben-
efit from gefitinib therapy. The median duration
of survival from the start of drug treatment exceeded
18 months, and the median duration of therapy
was greater than 16 months. Consistent with previ-
ous reports, we found that most patients with a re-
sponse to gefitinib were women, had never smoked,
and had bronchoalveolar tumors.

 

11,12

 

 Patient 6 was
representative of the cohort. This patient, a 32-year-
old man with no history of smoking, presented with
multiple brain lesions and bronchoalveolar carci-
noma in the right lung. He was treated with whole-
brain radiotherapy, followed by a series of chemo-
therapy regimens (carboplatin and gemcitabine,
docetaxel, and vinorelbine) to which his tumor
did not respond. With a declining functional sta-
tus and progressive lung-tumor burden, he start-
ed therapy with 250 mg of gefitinib per day. His
dyspnea promptly improved, and computed tomog-

raphy of the lung six weeks after the initiation of
treatment revealed a dramatic improvement (Fig. 1).

 

egfr

 

 mutations in patients with a response 
to gefitinib

 

We hypothesized that patients with non–small-cell
lung cancer who had striking responses to gefi-
tinib had somatic mutations in the 

 

EGFR

 

 gene that
would indicate the essential role of the EGFR sig-
naling pathway in the tumor. To search for such mu-
tations, we first looked for rearrangements within
the extracellular domain of EGFR that are charac-
teristic of gliomas

 

15

 

; none were detected. We there-
fore sequenced the entire coding region of the gene
using PCR amplification of individual exons. 

Heterozygous mutations were observed in eight
of nine patients, all of which were clustered within
the tyrosine kinase domain of EGFR (Table 2 and
Fig. 2). Four tumors had in-frame deletions, remov-
ing amino acids 746 through 750 (delE746–A750)
in Patient 1, 747 through 751 (delL747–T751insS) in
Patient 2, and 747 through 753 (delL747–P753insS)
in Patients 3 and 4. The second and third deletions
were associated with the insertion of a serine resi-
due, resulting from the generation of a novel codon
at the deletion breakpoint. Remarkably, all these de-
letions overlapped, sharing the deletion of four ami-

 

Figure 1. Example of the Response to Gefitinib in a Patient with Refractory Non–Small-Cell Lung Cancer.

 

A computed tomographic scan of the chest in Patient 6 shows a large mass in the right lung before treatment with gefi-
tinib was begun (Panel A) and marked improvement six weeks after gefitinib was initiated (Panel B).

A B
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provide important insight into the mechanisms that
regulate the activation of EGFR and the design of
more potent inhibitors targeting the mutant re-
ceptors.

Our observations have implications for the iden-
tification of molecular targets for cancer therapy
using small-molecule kinase inhibitors. The effec-
tiveness of imatinib in CML is based on its ability to
target the ABL tyrosine kinase, which is activated
by the 

 

BCR-ABL

 

 translocation (i.e., the Philadelphia
chromosome) in all patients with this disease and
can transform hematopoietic cells.

 

2,23

 

 Similar evi-
dence designating a protein as an optimal thera-

peutic target is not available for most epithelial
cancers. Our data suggest that EGFR tyrosine kinase
mutations can be used to identify the subgroup of
patients with non–small-cell lung cancer in whom
this growth factor receptor may be essential to tu-
mor growth, whereas the overexpression of EGFR
in the absence of mutations may reflect the less
critical role played by this factor in the majority of
cases. This emphasis on genetic alterations is con-
sistent with the observation that the  amplification
of the 

 

HER2/neu 

 

gene is a more reliable predictor
than protein overexpression of the responsiveness
of breast cancer to the targeting antibody trastu-

 

Figure 3. Enhanced EGF–Dependent Activation of Mutant EGFR and Increased Sensitivity of Mutant EGFR to Gefitinib.

 

Panel A shows the time course of ligand-induced activation of the delL747–P753insS and L858R EGFR mutants, as com-
pared with wild-type EGFR, after the addition of EGF to serum-starved cells. The autophosphorylation of EGFR is used as 
a marker of receptor activation, with the use of Western blotting with an antibody that specifically recognizes the phos-
phorylated tyrosine

 

1068

 

 (Y1068) residue of EGFR (left side), and compared with the total concentrations of EGFR ex-
pressed in Cos-7 cells as control (right side). Autophosphorylation of EGFR is measured at intervals after the addition of 
EGF (10 ng per milliliter). Panel B also shows the EGF-induced phosphorylation of wild-type and mutant EGFR. Autora-
diographs from three independent experiments were quantified with the use of National Institutes of Health image soft-
ware; the intensity of EGFR phosphorylation has been adjusted for the total protein expression and is shown as the mean 
(±SD) percent activation of the receptor.  Panel C shows the dose-dependent inhibition of the activation of EGFR by ge-
fitinib. Autophosphorylation of EGFR tyrosine

 

1068

 

 is demonstrated by Western blot analysis of Cos-7 cells expressing 
wild-type or mutant receptors and stimulated with 100 ng of EGF per milliliter for 30 minutes. Cells were untreated (U) 
or pretreated for three hours with increasing concentrations of gefitinib (left side). Total amounts of EGFR expressed are 
shown on the right side (control).  Panel D also shows the mean (±SD) inhibition of EGFR by gefitinib. Concentrations 
of phosphorylated EGFR were adjusted for total protein expression.
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co’s minimal essential medium without fetal-calf
serum. After 16 hours of serum starvation, cells
were stimulated with 10 ng of EGF per milliliter (Sig-
ma). To determine whether the mutant receptors
were inhibited by gefitinib, the drug was added to
the culture medium three hours before the addition
of 100 ng of EGF per milliliter. Cells were exposed
to EGF for 30 minutes. Cell lysates were prepared
in 100 µl of Laemmli lysis buffer, followed by the
resolution of proteins on 10 percent sodium do-
decyl sulfate–polyacrylamide-gel electrophoresis,
transfer to membranes, and Western blot analysis
with the use of an enhanced chemiluminescence re-
agent (Amersham). Autophosphorylation of EGFR
was measured with antibody against phosphoty-
rosine at position 1068, and standardized to total
protein expression, shown with the use of antibody
against EGFR (working concentration, 1:1000; Cell
Signaling Technology).

 

clinical characteristics of patients 
with a response to gefitinib

 

Patients with advanced, chemotherapy-refractory
non–small-cell lung cancer have been treated with
gefitinib as a single agent since 2000 at Massachu-
setts General Hospital. A total of 275 patients were
treated, both before its approval on May 2003 by the
Food and Drug Administration (FDA), as part of a
compassionate-use expanded-access program, and
subsequently, with the use of a commercial supply.
During this period, 25 patients were identified by
physicians as having clinically significant respons-
es to the drug. A clinically significant response was
defined as a partial response according to the re-
sponse evaluation criteria in solid tumors

 

18

 

 for pa-
tients with measurable disease; for patients whose
tumor burden could not be quantified with the use

results

 

* Adenocarcinoma (Adeno) with any element of bronchoalveolar carcinoma (BAC) is listed as BAC.
† Smoking status was defined as former if the patient had not smoked any cigarettes within 12 months before entry and 

never if the patient had smoked less than 100 cigarettes in his or her lifetime.
‡ Overall survival was measured from the beginning of gefitinib treatment to death.
§

 

EGFR

 

 denotes the epidermal growth factor receptor gene.
¶A partial response was evaluated with the use of response evaluation criteria in solid tumors; major and minor responses 

 

were evaluated  by two physicians in patients in whom the response could not be measured with the use of these criteria.

 

Table 1. Characteristics of Nine Patients with Non–Small-Cell Lung Cancer and a Response to Gefitinib.

Patient 
No. Sex

Age at
Beginning
of Gefitinib 

Therapy
Pathological 

Type*

No. of 
Prior 

Regimens
Smoking-
Status

 

†

 

Duration 
of

Therapy 
Overall 

Survival‡

 

EGFR 

 

Mutation§  Response¶

 

yr mo

 

1 F 70 BAC 3 Never 15.6 18.8 Yes Major; improved lung 
lesions

2 M 66 BAC 0 Never >14.0 >14.0 Yes Major; improved bilater-
al lung lesions

3 M 64 Adeno 2 Never 9.6 12.9 Yes Partial; improved lung 
lesions and soft-
tissue mass

4 F 81 Adeno 1 Former >13.3 >21.4 Yes Minor; improved pleural 
disease

5 F 45 Adeno 2 Never >14.7 >14.7 Yes Partial; improved liver 
lesions

6 M 32 BAC 3 Never >7.8 >7.8 Yes Major; improved lung 
lesions

7 F 62 Adeno 1 Former >4.3 >4.3 Yes Partial; improved liver 
and lung lesions

8 F 58 Adeno 1 Former 11.7 17.9 Yes Partial; improved liver 
lesions

9 F 42 BAC 2 Never >33.5 >33.5 No Partial; improved lung 
nodules
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Standard chemotherapy: 
CARBOPLATIN + PACLITAXEL

Maemondo M et al. N Engl J Med 2010;362:2380 -8.

Gefitinib or Chemother apy for Non–Small-Cell Lung Cancer

n engl j med 362;25 nejm.org june 24, 2010 2385

as that obtained with the use of carboplatin–pacli-
taxel in patients with mutated-EGFR non–small-
cell lung cancer, with a tolerable toxicity profile, 
including less hematologic toxicity and neurotox-
icity than is seen with chemotherapy.

The IPASS, which was conducted in Asia, com-
pared gefitinib with carboplatin–paclitaxel as the 
first-line treatment for advanced non–small-cell 
lung cancer in patients selected on the basis of 
clinical characteristics that included a history of 
no smoking or light smoking as well as histologic 
evidence of adenocarcinoma.7 Although IPASS 
showed the overall superiority of gefitinib (rate of 
1-year progression-free survival, 24.9%, vs. 6.7% 
with chemotherapy; hazard ratio for death or dis-
ease progression, 0.74; P<0.001), the most impres-
sive result emerged from subgroup analysis: as 
compared with chemotherapy, gefitinib was effec-
tive in patients with mutant EGFR (hazard ratio 
for death or disease progression, 0.48) but was 
ineffective in those with wild-type EGFR (haz-
ard ratio, 2.85). This finding suggested that the 
presence of EGFR mutations is the best criterion 
for selection of patients who benefit from gefi-
tinib, an idea that is validated by the present 
study.20 Recently, another Japanese phase 3 study 
(WJTOG3405; University Hospital Medical In-
formation Network Clinical Trials Registry 
[UMIN-CTR] number, UMIN000000539) com-
pared gefitinib to cisplatin–docetaxel as the first-
line treatment for advanced non–small-cell lung 
cancer with EGFR mutations.21 Although this 
study also showed the superiority of gefitinib over 
standard chemotherapy with respect to progres-
sion-free survival, the magnitude of the benefit 
was somewhat smaller than in our study, possibly 
because of differences in the characteristics of the 
patients (since 41% of patients in WJTOG3405 
had had surgery, vs. only 9% in our study) and 
the duration of follow-up (median, 81 days in 
WJTOG3405 vs. 527 days in our study).

The standard end point of phase 3 trials of 
treatments for advanced non–small-cell lung can-
cer has been overall survival. However, when our 
trial was begun in 2006, we had data only on 

Figure 2. Progression-free Survival and Overall Survival 
among the Study Patients.

Kaplan–Meier curves for progression-free survival are 
shown for the progression-free–survival population 
(Panel A) and for the 107 patients in the gefitinib 
group with either of the two most common types of 
epidermal growth factor receptor (EGFR) mutation 
(Panel B). Kaplan–Meier curves for overall survival in 
the intention-to-treat population are shown in Panel C. 
In Panels B and C, tick marks indicate patients for 
whom data were censored at the data cutoff point  
(early December 2009).
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therapy and more than 1 month for oral tegafur plus 
uracil therapy. Patients were not eligible if they had 
received previous drug therapy that had targeted EGFR, 
had a history of interstitial lung disease, severe drug 
allergy, active infection or other serious disease condition, 
symptomatic brain metastases, poorly controlled pleural 
eff usion, pericardial eff usion or ascites necessitating 
drainage, active double cancer, or severe hypersensitivity 
to drugs containing polysolvate 80. Patients in pregnancy 
or lactation, or whose participation in the trial was judged 
to be inappropriate by the attending doctor, were not 
eligible. All patients provided written informed consent. 
Study approval was obtained from independent ethics 
committees at every institution. The study was undertaken 
in accordance with the Declaration of Helsinki.

Procedures
Patients were randomly assigned in a 1:1 ratio to receive 
gefi tinib (250 mg/day, administered orally), or docetaxel 
(60 mg/m², administered intravenously over a 1 h period) 
followed by cisplatin (80 mg/m², administered 
intravenously over a 90-min period), with adequate 
hydration, in cycles of once every 21 days for three to 
six cycles.Treatment continued until progression of the 
disease, development of unacceptable toxic eff ects, a 
request by the patient to discontinue treatment, serious 
non-compliance with the protocol, or completion of three 
to six chemotherapy cycles. Further therapy after 
progression of the disease was at the physician’s 
discretion. The primary endpoint was progression-free 
survival. Secondary endpoints included overall survival 
and response rate. Tertiary endpoints were disease 
control rate, safety, and mutation-type-specifi c survival. 

Initially, patients were screened for EGFR mutation in a 
central laboratory at the Department of Molecular 
Diagnostics, Aichi Cancer Centre Hospital, Nagoya, Japan. 
The exon 19 deletion mutation was screened by fragment 
analysis and the L858R point mutation was screened by 
the Cycleave method, as described previously,19 followed by 
confi rmation by direct sequencing. On Feb 16, 2008, the 
protocol was amended to allow outsourcing of EGFR 
genetic testing from each institution to commercial clinical 
laboratories, either at SRL in Tokyo (direct sequencing), 
Mitsubishi Chemical Medience in Tokyo (peptide nucleic 
acid-locked nucleic acid PCR clamp20), or BML in Tokyo 
(PCR invader21), as this amendment would further facilitate 
patient accrual. The sensitivity of direct sequencing was 
anticipated to be less than that of other methods; however, 
false negativity was not a problem in this trial, since 
patients judged to lack EGFR mutations were not randomly 
allocated to a treatment. 

Progression-free survival was assessed from the date of 
randomisation to the earliest sign of disease progression 
as determined by CT or MRI imaging using RECIST 
criteria, or death from any cause. Overall survival was 
assessed from the date of randomisation until death from 
any cause. Tumour response was assessed every 2 months 
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Figure 2: Progression-free survival in the overall population (A), in patients with postoperative recurrence 
(B), and in patients with stage IIIB/IV disease (C)

Mitsudomi T et al. Lancet Oncology 2010;11:121-128.
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Improving Clinical Trial Efficiency: Thinking outside the Box
Sumithra J. Mandrekar, PhD, Suzanne E. Dahlberg, PhD, and Richard Simon, DSc

OVERVIEW

Clinical trial design strategies have evolved over the past few years as a means to accelerate the drug development process so that
the right therapies can be delivered to the right patients. Basket, umbrella, and adaptive enrichment strategies represent a class of
novel designs for testing targeted therapeutics in oncology. Umbrella trials include a central infrastructure for screening and
identification of patients, and focus on a single tumor type or histology with multiple subtrials, each testing a targeted therapy within
a molecularly defined subset. Basket trial designs offer the possibility to include multiple molecularly defined subpopulations, often
across histology or tumor types, but included in one cohesive design to evaluate the targeted therapy in question. Adaptive enrichment
designs offer the potential to enrich for patients with a particular molecular feature that is predictive of benefit for the test treatment
based on accumulating evidence from the trial. This review will aim to discuss the fundamentals of these design strategies, the
underlying statistical framework, the logistical barriers of implementation, and, ultimately, the interpretation of the trial results. New
statistical approaches, extensive multidisciplinary collaboration, and state of the art data capture technologies are needed to
implement these strategies in practice. Logistical challenges to implementation arising from centralized assay testing, requirement of
multiple specimens, multidisciplinary collaboration, and infrastructure requirements will also be discussed. This review will present
these concepts in the context of the National Cancer Institute’s precision medicine initiative trials: MATCH, ALCHEMIST, Lung MAP, as
well as other trials such as FOCUS4.

The traditional drug development paradigm of phase I for
establishing the safety profıle, followed by phase II for

effıcacy signal, followed by phase III for establishing defıni-
tive clinical benefıt is challenged by the use of targeted ther-
apeutics and incorporation of biomarker assessment for
medical treatment.1 Biomarkers are a critical component of
targeted therapies as they can be used to identify patients who
are more likely to benefıt from a particular treatment. In this
context of personalized medicine, a phase I study tests the
methods of assessment of marker alteration in normal and
tumor tissue samples and guides in the determination of cut
points, and preliminary assessment of effıcacy within molec-
ularly defıned subsets, a phase II study includes careful ret-
rospective assessment of the marker to establish clinical
value, and phase III trials are confırmatory in nature that val-
idate the marker (and companion diagnostic) through large
prospective, randomized, controlled trials (RCT) in a multi-
center setting.2 The fundamental challenge for development
of new cancer therapeutics is therefore to be able to identify
and assess activity in molecularly defıned patient subsets
starting from early phase trials to predict which patients will
respond to a new agent/regimen.

Design strategies have evolved in the past few years as a means
to accelerate this new drug development process so that the right
therapies can be delivered to the right patients. Basket, umbrella,

and adaptive enrichment strategies represent a class of novel de-
signs for testing targeted therapeutics in oncology.3 This review
will aim to address the following, using examples of ongoing or
completed trials to present the concepts: (1) when it is appropri-
ate to use enrichment or targeted trial design strategies, (2) use
of umbrella trials in improving clinical trial effıciency to assess
the effect of different drugs on different mutations (molecular
subtypes) within a single tumor type, and (3) the role of basket
trials in screening agents effıciently to identify the “exceptional”
responders, such as the effect of a single drug across multiple
tumor types and/or histologic subtypes harboring the same mu-
tation (molecular profıle).

These design strategies challenge the historic paradigm of
drug development. New statistical approaches, extensive multi-
disciplinary collaboration, and state of the art data capture tech-
nologies are needed to implement these strategies in practice.
Logistical challenges to implementation arising from central-
ized assay testing, requirement of multiple specimens, multidis-
ciplinary collaboration, and infrastructure requirements will
also be discussed using illustrative examples where appropriate.

ENRICHMENT TRIAL DESIGNS
The enrichment design, also called targeted design, has be-
come the most commonly used phase III design for codevel-
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Drug Development in Oncology: 
PRECISION MEDICINE

Each patient’s cancer is driven by a unique 
combination of DNA changes, collectively 
termed its tumor “profile.”

The goal of precision cancer medicine is to 
individualize treatments by tailoring them 
to the genetic characteristics of the 
patient’s cancer – for example, selecting 
drugs matched to the tumor profile.



Opportunities and Challenges of 
Biomarker-Driven Targeted Therapies

Nature Reviews | Drug Discovery
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Pharmacogenomic: what dose?
Drug metabolism 

cover more of the genome. Pre-NGS panels 
include Oncomap (33 genes) and SNAPshot 
(13 genes)6,7 assays, and focus on selected 
oncogenes with known hotspots6,7. These 
assays are well suited for detecting a limited 
number of mutations in oncogenes, and  
the hotspots investigated are usually well 
annotated with regard to functional  
relevance. However, this approach does not 
comprehensively identify the large number  
of different mutations that can often be found 
in tumour suppressor genes, or mutation 
classes such as copy number alterations or 
rearrangements.

By contrast, NGS provides an unbiased 
testing strategy that does not solely focus on 
hotspots but also identifies variants whose 
functional status is not documented in as 
much detail. For example, hybridization-
based capture is a technological innovation 
that focuses on NGS of a targeted list of genes 
or exons through the enrichment of DNA 
regions via complementary oligonucleotide 
baits. Targeted capture of exons for panels of 
100–200 genes identifies relevant hotspots 
but can also enable the determination of  
copy number alterations such as deletions 
and amplifications8–10. Rearrangements  
or gene fusions involving kinases are also 
crucial. Known rearrangements can be 
detected through exon capture supplemented 
with the capture of introns involved in 
breakpoints9,10.

TABLE 2 illustrates the potential advantages 
and disadvantages of the various NGS-based 
molecular diagnostic approaches. The main 
practical considerations include the number 
of genes sequenced, the turnaround time, 
ease of scalability, ensuring analytical validity, 
potential for research discoveries and the cost 

of testing per patient. A multiplier based on 
the number of genes tested and the amount 
or depth of sequencing (depth of coverage)
affects the cost per patient. 

Generally, sequencing is conducted  
with a planned average depth of coverage. 
The actual coverage depends, however,  
on the local genome structure. For example, 
the coverage often decreases in the region of 
repetitive sequences. Furthermore, the cost 
is affected by the complexity of larger num-
bers of genes and the amount of sequencing 
performed. For example, sequencing whole 
exomes, whole genomes and transcriptomes 
involves additional sample preparation,  
reagents and analysis; also, it may not be 
practical for a laboratory that is not sup-
ported by an existing sequencing and  
bioinformatics infrastructure. 

The challenge of establishing the analytical  
validity of thousands of genes, each with 
numerous potential variants, is daunting. 
However, as there is a limited fraction of 
genes and mutations that can be actionable 
as biomarkers for clinical trials, analytical 
validation should focus on a selected set of 
genes and mutations, as determined by an 
institution’s complement of clinical trials.  
The number of variants for a particular 
tumour suppressor may be numerous, 
whereas clinical actionability would be 
restricted to those mutations for which there 
is evidence of relevance from the literature, 
those resulting in a stop codon or a frame 
shift or other types of mutations that are 
specifically defined as one of the eligibility 
criteria of a particular clinical trial.

An alternative approach for establishing 
analytical validity would be to perform NGS 
on a platform that is validated for selected 

variants and to validate other variants found 
by NGS using an orthogonal platform such as 
Sanger sequencing11. Any additional NGS 
data produced could be considered explora-
tory or correlative research and may not 
be used prospectively for clinical decision-
making, but instead used retrospectively for 
hypothesis-generating research. Thus, with 
regard to the range of assay designs avail-
able, the prospective clinical mission may be 
accomplished through the targeted sequenc-
ing of 100–500 genes, whereas a retrospec-
tive biomarker discovery mission could 
benefit from a broader scope of sequencing, 
including exome, transcriptome and whole-
genome sequencing.

Tissue quality and tumour content. The 
quality of molecular tumour assessment is 
limited by several factors, including the tissue 
quality, the tumour content within a sample, 
the depth of sequencing and the effectiveness 
of the computational pipeline. Tissue quality 
relates to the age of the tissue, fixation time 
and the size of the specimen. Fresh frozen 
tissues have several important advantages 
over formalin-fixed paraffin-embedded 
(FFPE) diagnostic specimens for prospective 
clinical trials. This is because fresh frozen 
tissue is more likely to accurately reflect the 
current stage of the disease, particularly if 
there have been numerous prior cytotoxic 
therapies that have imparted selective pres-
sure for the development of resistance. The 
DNA and RNA quality of fresh frozen tissue 
is generally also better than of FFPE material. 
Moreover, the examination of fresh frozen 
tissue ensures comparable tissue quality 
with post-progression samples. However, 
several groups have developed protocols to 
work effectively with FFPE material, thereby 
enabling important retrospective biomarker 
discovery and research.

The tumour content is a reflection  
of the underlying admixture of tumour  
cells, adjacent normal tissue and other stro-
mal components, and thereby affects the 
sensitivity for detecting tumour variants.  
For example, for a tumour sample with  
50% tumour content, the sensitivity of 
detecting heterozygous alterations is limited 
to 25% of the sequencing bandwidth applied 
to that sample. Laser capture microdissec-
tion of tissues to separate tumour tissue 
from adjacent normal tissue has the poten-
tial to overcome the challenges posed by low 
tumour content, but this technique is time-
intensive, may lead to additional nucleic 
acid degradation during handling and 
yields only limited amounts of DNA. Such 
small quantities of tissue or nucleic acid can 

Figure 1 | Development and application of biomarkers for oncology. Genomic sequencing and 
other omics-based strategies have the potential to identify candidate biomarkers in clinical oncol-
ogy. Clinical trial design is dictated by the type of biomarker being testing or developed. Predictive 
biomarkers inform the investigator of a potential clinical response to a given therapy. Prognostic 
biomarkers provide information on the risk of disease progression or relapse. Pharmacogenomic 
biomarkers relay data on how a patient may respond to a drug with respect to toxicity or efficacy.
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New technology for next-generation  
sequencing1,2 (NGS) has enabled a systematic 
cataloguing of cancer genomes through 
national and international genomics pro-
jects. For example, the Cancer Genome Atlas 
and the International Cancer Genomics 
Consortium have identified recurrent point 
mutations, translocations and potentially 
new therapeutic targets in more than 20 and 
50 cancer subtypes, respectively3,4. These 
projects leverage new technologies and make 
these data available to the wider cancer 
research community. Meanwhile, academic 
cancer centres and companies are seeking to 
translate this immense data set and technol-
ogy for clinical applications. Fortunately, 
emerging technologies such as desktop 
sequencers and targeted gene capture have 
made these efforts both feasible and afford-
able for clinical cancer research. However, 
utilizing sequencing technology prospec-
tively for the treatment of patients involves 
important new challenges. In this article,  
we discuss the challenges of implementing 
cancer sequencing in clinical oncology.

Molecular taxonomy for cancer medicine
In late 2011, the National Research Council 
(NRC) of the US National Academy of 
Sciences released a publication supporting 
the need to build and utilize a “new taxon-
omy of human disease” to facilitate precision 
medicine5. Potential applications for putative 
cancer biomarkers include predictive,  
prognostic and pharmacogenomic biomark-
ers (FIG. 1) that provide decision-making  
support for answering questions about  
which therapy to choose, who should be 
given treatment and what dose of drug to use.  

However, and in contrast to the extensive 
number of hits one finds for the terms 
“cancer” and “biomarker” in a search on 
the PubMed database, the true number of 
clinically applied predictive biomarkers is 
staggeringly small.

Three crucial steps for developing a clini-
cal biomarker involve establishing its analyti-
cal validity, clinical validity and clinical utility 
for a well-defined indication, and this has 
only been performed for a small number of 
biomarkers in oncology. Analytical validation 
means establishing that the test measures 
what it claims to measure, and does so accu-
rately with adequate sensitivity and specific-
ity. Analytical validity refers not just to the 
hardware platform used for sequencing but 
to the entire process of sequencing a sample, 
including sample preparation, performing 
the sequencing assay and the computational 
pipeline for assembling the sequence read-
outs and calling variants. The clinical validity 
of a predictive biomarker establishes that the 
biomarker correlates with a specific clinical 
response. Clinical utility means that measur-
ing the biomarker and using it for decision-
making is beneficial to patients relative to the 
standard of care. The end point for establish-
ing clinical utility is generally survival or 
progression-free survival, whereas the end 
point used for establishing clinical validity is 
often tumour or clinical response. Analytical 
validation typically does not require samples 
from patients enrolled in clinical trials, but 
establishing clinical validation and clini-
cal utility requires that patients are studied 
in clinical trials in which the relationships 
among the biomarker, treatment and out-
come are determined.

Thus, NGS can be utilized to identify 
known genomic targets that have evidence 
of ‘driver status’ and indicate sensitivity to 
targeted therapies, as established in preclini-
cal models or clinical studies. Driver mutations 
confer a growth advantage on cancer cells 
and are positively selected at some point in 
the development of that cancer. In TABLE 1, 
we highlight genomic aberrations, including  
point mutations, amplifications and 
rearrange ments, that represent putative tar-
gets for novel molecularly targeted therapies. 
Clinical trials need to test the clinical validity 
and utility of each of these putative predictive 
genomic biomarkers to match patients with 
targeted therapies. A major challenge of such 
trials is that most putative genomic aberra-
tions occur across a range of cancer subtypes, 
yet they typically only have a low frequency 
within a disease group defined by a specific 
tissue of origin. Clinical investigators will be 
tasked with accruing patients with a broad 
range of diseases, including rare cancers,  
into their trials according to a molecular  
classification strategy. This will require a cost-
effective approach to screen or test patients 
using molecular diagnostics for predictive 
biomarkers. The challenges for the implemen-
tation of personalized cancer genomics  
in clinical trials are summarized in BOX 1.

Molecular diagnostics
To implement molecular diagnostics for 
clinical trials, several important points need 
to be considered. These include assay design, 
costs, tissue samples, analytical test validity,  
clinical laboratory implementation, the 
availability of results and data analysis.

Assay design. Current tumour sequencing 
strategies (FIG. 2) enable the evaluation of 
several genes simultaneously, and range from 
sequencing panels focused on ten genes to 
whole-genome sequencing. Establishing the 
analytical validity of a sequencing diagnostic, 
however, is considerably more difficult for 
whole-exome or whole-genome approaches, 
in which the average depth of coverage is 
much lower than for targeted gene sequenc-
ing of a defined panel of genes. The estab-
lishment and maintenance of the analytical 
validity of a diagnostic test requires substan-
tial effort. In a clinical laboratory, this entails 
initial and periodic testing on reference 
standards to demonstrate the reproducibility 
of the assay.

Although some platforms utilize mass 
spectrometry-based assays, most clinical 
cancer sequencing efforts are converting to 
NGS-based approaches, given the decreasing 
costs and the potential for expansion to  

I N N OVAT I O N

Implementing personalized cancer 
genomics in clinical trials
Richard Simon and Sameek Roychowdhury

Abstract | The recent surge in high-throughput sequencing of cancer genomes has 
supported an expanding molecular classification of cancer. These studies have 
identified putative predictive biomarkers signifying aberrant oncogene pathway 
activation and may provide a rationale for matching patients with molecularly 
targeted therapies in clinical trials. Here, we discuss some of the challenges of 
adapting these data for rare cancers or molecular subsets of certain cancers, which 
will require aligning the availability of investigational agents, rapid turnaround of 
clinical grade sequencing, molecular eligibility and reconsidering clinical trial 
design and end points.
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A prognostic biomarker provides information about the 
patients overall cancer outcome, regardless of therapy, whilst 
a predictive biomarker gives information about the effect of a 
therapeutic intervention. A predictive biomarker can be a 
target for therapy



Opportunities and Challenges of 
Biomarker-Driven Targeted Therapies

Insights into the molecular pathology of disease are creating 
opportunities for the development of therapies with durable clini-
cal benefit while challenging the existing model of therapeutic 

development and clinical care1–3. Large international consortia — 
such as the International Cancer Genome Consortium4,5 — are map-
ping the genomes of thousands of cancers to identify opportunities 
for prevention, early detection and treatment6. Although genomics 
is leading the way, high-throughput proteomics and metabolomics 
are following closely behind7. Such methodological advances have 
ushered in a new era of therapeutics that target specific molecular 
processes. Although there have been some dramatic successes8–17, 
the overall strategy remains in its infancy18. The central premise of 
precision medicine is that matching a drug and its mechanism of 
action using a marker to select patients — a process often referred 
to as matching the right drug to the right patient — can offer greater 
potential for durable clinical benefits.

Initially, these targeted therapeutic agents followed the same clini-
cal development pathway as cytotoxic chemotherapy, that is, based on 
tumour location and histopathology, driven by the notion that molecu-
lar aberrations were tumour specific. Efforts to advance this approach 
stalled because of the lack of efficacy data in patients with different 
cancer types that shared a molecular aberration, coupled with early 
observations that the functional importance of some aberrations var-
ied between tumour types. However, the emergence of programmes 
that identified molecular targets and matched treatments to molecu-
lar subtypes — or segments — led to several reports19,20,21 that directly 
linked this approach to improvements in clinical outcome, irrespective 
of the organ in which the tumour originated. Although many were based 
on retrospective analyses of tumour samples, and not all reports were 
equally convincing22, the utility of broad molecular profiling to guide 
patients towards specific targeted therapies was established. Research-
ers moved quickly to implement this new paradigm. To meet emerging 
requirements, and enticed by the promise of clinical benefit, clinicians 
recognized that the established pathways of therapeutic development 
would need to change, However, the practical implications of imple-
menting these changes in the clinic were unclear.

The drivers of precision medicine have been established and dis-
cussed elsewhere18,23,24. However, fresh challenges for therapeutic 

development are many and substantial. Fundamentally, a candidate 
treatment requires a strong platform of evidence to support its clini-
cal testing and must be coupled with robust methods to identify 
appropriate patients (using molecular assays25). Our appreciation 
of the molecular diversity of cancer and the ever-increasing num-
ber of molecular subtypes creates considerable complexity for the 
development of targeted drugs. When tested in trials of unselected 
participants, most targeted therapies reveal efficacy only if both the 
incidence of a responsive subpopulation and the effect size within the 
group is sufficiently high. Increasing the size of clinical trials to over-
come this lack of enrichment yields minimal overall benefits at a cost 
that makes them unattractive and unaffordable to the community. 
Designing trials that feasibly evaluate both patient selection and drug 
efficacy is crucial, and it is essential to define the correct metrics to 
assess efficacy, particularly when the study needs to be small.

Principles and evolution of clinical trials
Clinical trials are most useful when they assess a potential therapeutic 
effect that is about the same size or slightly smaller than the effect of 
the natural variation that exists between individuals. When the vari-
ation between individuals enrolled in a trial influences a treatment 
only randomly, it can be ignored in a biological sense and controlled 
by replication. These dual strategies for controlling for variation 
embody the empirical and theoretical aspects of trials. For much 
of the history of clinical trials, the treatments under investigation 
were assumed to apply to anyone with the relevant clinically defined 
condition. Essentially, our understanding of biology suggested that 
treatments worked through common mechanisms that were set apart 
from random variation. This assumption was substantially correct 
for approaches such as cytotoxic chemotherapy that target generic 
disease mechanisms, and it enabled considerable progress to be made 
in treating cancer. Towards the end of the twentieth century, con-
cerns arose regarding the potential inhomogeneity of therapeutic 
effects because of socio-political characteristics such as race or sex. 
Many clinical trials were designed and analysed to examine such 
differences. Although motivated by politics and social justice rather 
than scientific fact, only minimal changes were actually made to the 
design of such trials — which was probably appropriate given the 
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An enhanced understanding of the molecular pathology of disease gained from genomic studies is facilitating the devel-
opment of treatments that target discrete molecular subclasses of tumours. Considerable associated challenges include 
how to advance and implement targeted drug-development strategies. Precision medicine centres on delivering the 
most appropriate therapy to a patient on the basis of clinical and molecular features of their disease. The development of 
therapeutic agents that target molecular mechanisms is driving innovation in clinical-trial strategies. Although progress 
has been made, modifications to existing core paradigms in oncology drug development will be required to realize fully 
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ü Our appreciation of the molecular diversity of cancer and the ever-increasing 
number of molecular subtypes creates considerable complexity for the 
development of targeted drugs. 

ü When tested in trials of unselected participants, most targeted therapies 
reveal efficacy only if both the incidence of a responsive subpopulation and 
the effect size within the group is sufficiently high. 

ü Increasing the size of clinical trials to overcome this lack of enrichment yields 
minimal overall benefits at a cost that makes them unattractive and 
unaffordable to the community. Designing trials that feasibly evaluate both 
patient selection and drug efficacy is crucial, and it is essential to define the 
correct metrics to assess efficacy, particularly when the study needs to be 
small.
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transfected with classical EGFR mutants or EGFR-
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Figure 2 Major differences between NSCLC cells expressing wild-type and mutant EGFR. Wild-type EGFR (right) is activated by
ligands like EGF (green) through homodimerization and subsequent autophosphorylation of tyrosines (blue). Activation of mutant
EGFR (left) may occur in the absence of ligand but can be further augmented. EGF-induced activation of signaling cascades (e.g.
PI3K/Akt, STAT, MAPK) depends on cellular context and is enhanced with mutant EGFR. Although sensitivity to TKIs (yellow) is
context-dependent in wild-type background, cells expressing mutant EGFR are sensitized. Whereas ubiquitin-mediated (Ubi; orange)
degradation of wild-type EGFR is ligand-induced, mutant EGFR displays constitutively elevated ubiquitinylation and its maturation
critically depends on Hsp90 (red cross).
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The hallmarks of cancer comprise six biological capabilities acquired during themultistep develop-
ment of human tumors. The hallmarks constitute an organizing principle for rationalizing the
complexities of neoplastic disease. They include sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angiogenesis, and acti-
vating invasion andmetastasis. Underlying these hallmarks are genome instability, which generates
the genetic diversity that expedites their acquisition, and inflammation, which fosters multiple hall-
mark functions. Conceptual progress in the last decade has added two emerging hallmarks of
potential generality to this list—reprogramming of energy metabolism and evading immune
destruction. In addition to cancer cells, tumors exhibit another dimension of complexity: they
contain a repertoire of recruited, ostensibly normal cells that contribute to the acquisition of hall-
mark traits by creating the ‘‘tumor microenvironment.’’ Recognition of the widespread applicability
of these concepts will increasingly affect the development of new means to treat human cancer.

INTRODUCTION

We have proposed that six hallmarks of cancer together consti-
tute an organizing principle that provides a logical framework for
understanding the remarkable diversity of neoplastic diseases
(Hanahan and Weinberg, 2000). Implicit in our discussion was
the notion that as normal cells evolve progressively to
a neoplastic state, they acquire a succession of these hallmark
capabilities, and that the multistep process of human tumor
pathogenesis could be rationalized by the need of incipient
cancer cells to acquire the traits that enable them to become
tumorigenic and ultimately malignant.

We noted as an ancillary proposition that tumors aremore than
insular masses of proliferating cancer cells. Instead, they are
complex tissues composed of multiple distinct cell types that
participate in heterotypic interactions with one another. We de-
picted the recruited normal cells, which form tumor-associated
stroma, as active participants in tumorigenesis rather than
passive bystanders; as such, these stromal cells contribute to
the development and expression of certain hallmark capabilities.
During the ensuing decade this notion has been solidified and
extended, revealing that the biology of tumors can no longer
be understood simply by enumerating the traits of the cancer
cells but instead must encompass the contributions of the
‘‘tumor microenvironment’’ to tumorigenesis.

In the course of remarkable progress in cancer research
subsequent to this publication, new observations have served
both to clarify and to modify the original formulation of the hall-
mark capabilities. In addition, yet other observations have raised
questions and highlighted mechanistic concepts that were not
integral to our original elaboration of the hallmark traits. Moti-

vated by these developments, we now revisit the original hall-
marks, consider new ones that might be included in this roster,
and expand upon the functional roles and contributions made
by recruited stromal cells to tumor biology.

HALLMARK CAPABILITIES—CONCEPTUAL PROGRESS

The six hallmarks of cancer—distinctive and complementary
capabilities that enable tumor growth and metastatic dissemina-
tion—continue to provide a solid foundation for understanding
the biology of cancer (Figure 1; see the Supplemental Informa-
tion for downloadable versions of the figures for presentations).
In the first section of this Review, we summarize the essence
of each hallmark as described in the original presentation in
2000, followed by selected illustrations (demarcated by sub-
headings in italics) of the conceptual progress made over the
past decade in understanding their mechanistic underpinnings.
In subsequent sections we address new developments that
broaden the scope of the conceptualization, describing in turn
two enabling characteristics crucial to the acquisition of the six
hallmark capabilities, two new emerging hallmark capabilities,
the constitution and signaling interactions of the tumor microen-
vironment crucial to cancer phenotypes, and we finally discuss
the new frontier of therapeutic application of these concepts.

Sustaining Proliferative Signaling
Arguably the most fundamental trait of cancer cells involves their
ability to sustain chronic proliferation. Normal tissues carefully
control the production and release of growth-promoting signals
that instruct entry into and progression through the cell growth-
and-division cycle, thereby ensuring a homeostasis of cell
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Table 1 | Genomic alterations as putative predictive biomarkers for cancer therapy

Genes Pathways Aberration type Disease examples Putative or proven drugs

PIK3CA51,52, PIK3R1 (REF. 53),  
PIK3R2, AKT1, AKT2 and AKT3 
(REFS 54,55)

Phosphoinositide 
3-kinase (PI3K)

Mutation or 
amplification

Breast, colorectal and 
endometrial cancer

r�PI3K inhibitors
r�AKT inhibitors 

PTEN56 PI3K Deletion Numerous cancers r�PI3K inhibitors

MTOR57, TSC158 and TSC2 
(REF. 59)

mTOR Mutation Tuberous sclerosis and 
Bladder cancer

r�mTOR inhibitors

RAS family (HRAS, NRAS, KRAS), 
BRAF60 and MEK1

RAS–MEK Mutation, 
rearrangement or 
amplification

Numerous cancers, including 
melanoma and prostate cancer

r�RAF inhibitors
r�MEK inhibitors
r�PI3K inhibitors

Fibroblast growth factor 
receptor 1 (FGFR1), FGFR2, 
FGFR3, FGFR4 (REF. 36)

FGFR Mutation, amplification 
or rearrangement

Myeloma, sarcoma and 
bladder, breast, ovarian, lung, 
endometrial and myeloid cancers

r�FGFR inhibitors
r�FGFR antibodies

Epidermal growth factor 
receptor (EGFR)

EGFR Mutation, deletion or 
amplification

Lung and gastrointestinal 
cancer

r�EGFR inhibitors
r�EGFR antibodies

ERBB2 (REF. 61) ERBB2 Amplification or 
mutation

Breast, bladder, gastric and lung 
cancer

r�ERBB2 inhibitors
r�ERBB2 antibodies

SMO62,63 and PTCH1 (REF. 64) Hedgehog Mutation Basal cell carcinoma r�Hedgehog inhibitor

MET65 MET Amplification or 
mutation

Bladder, gastric and renal 
cancer

r�MET inhibitors
r�MET antibodies

JAK1, JAK2, JAK3 (REF. 66), STAT1, 
STAT3

JAK–STAT Mutation or 
rearrangement

Leukaemia and lymphoma r�JAK–STAT inhibitors
r�STAT decoys

Discoidin domain-containing 
receptor 2 (DDR2)

RTK Mutation Lung cancer r�Some tyrosine kinase 
inhibitors

Erythropoietin receptor (EPOR) JAK–STAT Rearrangement Leukaemia r�JAK–STAT inhibitors

Interleukin-7 receptor (IL7R) JAK–STAT Mutation Leukaemia r�JAK–STAT inhibitors

Cyclin-dependent kinases 
(CDKs;67 CDK4, CDK6, CDK8), 
CDKN2A and cyclin D1 (CCND1)

CDK Amplification, 
mutation, deletion or 
rearrangement

Sarcoma, colorectal cancer, 
melanoma and lymphoma

r�CDK inhibitors

ABL1 ABL Rearrangement Leukaemia r�ABL inhibitors

Retinoic acid receptor-α (RARA) RARα Rearrangement Leukaemia r�All-trans retinoic acid

Aurora kinase A (AURKA)68 Aurora kinases Amplification Prostate cancer and breast 
cancer

r�Aurora kinase inhibitors

Androgen receptor (AR)69 Androgen Mutation, amplification 
or splice variant

Prostate cancer r�Androgen synthesis inhibitors
r�Androgen receptor inhibitors

FLT370 FLT3 Mutation or deletion Leukaemia r�FLT3 inhibitors

MET MET–HGF Mutation or 
amplification

Lung cancer and gastric cancer r�MET inhibitors

Myeloproliferative leukaemia 
(MPL)

THPO, JAK–STAT Mutation Myeloproliferative neoplasms r�JAK–STAT inhibitors

MDM2 (REF. 71) MDM2 Amplification Sarcoma and adrenal carcinoma r�MDM2 antagonist

KIT72 KIT Mutation GIST, mastocytosis, leukaemia r�KIT inhibitors

PDGFRA and PDGFRB PDGFR Deletion, 
rearrangement or 
amplification

Haematological cancer, GIST, 
sarcoma and brain cancer

r�PDGFR inhibitors

Anaplastic lymphoma kinase 
(ALK)9,37,73,74

ALK Rearrangement or 
mutation

Lung cancer and neuroblastoma r�ALK inhibitors

RET RET Rearrangement or 
mutation

Lung cancer and thyroid cancer r�RET inhibitors

ROS1 (REF. 75) ROS1 Rearrangement Lung cancer and 
cholangiocarcinoma

r�ROS1 inhibitors

NOTCH1 and NOTCH2 Notch Rearrangement or 
mutation

Leukaemia and breast cancer r�Notch signalling pathway 
inhibitors

CDKN2A, cyclin-dependent kinase inhibitor 2A; ERBB2, also known as HER2; GIST, gastrointestinal stromal tumour; FLT3, FMS-like tyrosine kinase 3; HGF, 
hepatocyte growth factor; JAK, Janus kinase; MEK, MAPK/ERK (mitogen-activated protein kinase/extracellular signal-regulated kinase) kinase; mTOR, mammalian 
target of rapamycin; PDGFR, platelet-derived growth factor receptor; PIK3R1, PI3K regulatory subunit 1; PIK3CA, PI3K catalytic subunit-α; PTCH1, Patched 1;  
PTEN, phosphatase and tensin homolog; RTK, receptor tyrosine kinase; SMO, Smoothened; STAT, signal transducer and activator of transcription;  
THPO, thrombopoietin; TSC1, tuberous sclerosis 1 protein.
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Trial designs for testing efficacy of 
molecular profiling-assigned targeted agents

a. Biomarker discovery in 
trials addressing a 
therapeutic question but 
no info on the marker 
status.

b. A non-targeted 
biomarker study 
designed and powered 
to address the biomarker 
hypothesis 

c. Biomarker-targeted 
randomized controlled 
trial (RCT) in which the 
selection marker guides 
patient allocation.

d. RCT that compares 
biomarker-directed 
therapy with 
conventional therapy, 

R = randomization
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A B S T R A C T

The incorporation of molecular profiling into routine clinical practice has already been adopted in
some tumor types, such as human epidermal growth factor receptor 2 (HER2) testing in breast
cancer and KRAS genotyping in colorectal cancer, providing a guide to treatment selection that is
not afforded by histopathologic diagnosis alone. It is inevitable that over time, with rapid advances
in scientific knowledge, bioinformatics, and technology to identify oncogenic drivers, molecular
profiling will complement histopathologic data to influence management decisions. Emerging
technologies such as multiplexed somatic mutation genotyping and massive parallel genomic
sequencing have become increasingly feasible at point-of-care locations to classify cancers into
molecular subsets. Because these molecular subsets may differ substantially between each other
in terms of sensitivity or resistance to systemic agents, there is consensus that clinical trials
should be more stratified for or be performed only in such molecularly defined subsets. This
approach, however, poses challenges for clinical trial designs because smaller numbers of patients
would be eligible for such trials, while the number of novel anticancer drugs warranting further
clinical exploration is rapidly increasing. This article provides an overview of the emerging
methodologic challenges in the cancer genome era and offers some potential solutions for
transforming clinical trial designs so they can identify new active anticancer regimens in
molecularly defined subgroups as efficiently as possible.

J Clin Oncol 31:1834-1841. © 2013 by American Society of Clinical Oncology

INTRODUCTION

The introduction of molecular techniques such as
next-generation sequencing has revealed that most
histopathologically defined solid tumor types are
actually highly heterogeneous and consist of
numerous small molecular subsets. The clinical
relevance of categorizing tumors into small mo-
lecular subsets becomes particularly important
when it has an impact on treatment decision mak-
ing. Some tumor subentities are driven by molec-
ular aberrations that can be inhibited by specific
agents, thereby leading to overt antitumor activ-
ity. Whereas such therapeutic success was until
recently limited to some tumor types, including
soft tissue sarcomas (imatinib in advanced gastroin-
testinal stromal tumors [GISTs]) and breast cancer
(hormone-based therapies for estrogen receptor–
expressing tumors and trastuzumab-based thera-
pies for HER2-neu–expressing tumors), it is now
swiftly expanding to others. Only a few years ago, all
patients with advanced non–small-cell lung cancer
(NSCLC) were treated similarly. Currently, specific
treatments are available for diverse NSCLC subsets,
such as erlotinib or gefitinib for tumors with a mu-
tated epidermal growth factor receptor (EGFR)

gene, crizotinib for tumors bearing an echinoderm
microtubule–associated protein-like-4 anaplastic
lymphoma kinase (EML4-ALK) translocation, and
pemetrexed-containing chemotherapy for tumors
with nonsquamous histology.1 This phenomenon of
agents being active only in tumor subsets harboring
specific predictive characteristics has been observed
in multiple malignancies and has led to the ap-
proval of several compounds in specific tumor
subsets (Table 1).

In the years to come, we will increasingly be
able to identify patient populations likely to benefit
from specific treatments. These groups will be iden-
tified not only by single mutations or factors, as is
mostly the case now, but also through profiles of
multiple genetic aberrations, given the advances in
molecular techniques and bioinformatics. To avoid
overtreatment and to save valuable resources, clini-
cal trials on novel drug regimens should use enrich-
ment strategies and be conducted in patients with
tumors bearing a specific molecular profile that is
likely to be associated with a favorable outcome.
With the exception of a few rare tumor types, this
will generally concern only a subset of patients
within a certain histopathologically defined tumor
type. If a drug is investigated in an unselected
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population, for example, in one histopathologically defined tumor
type irrespective of any predictive profiles, many more patients have to
be included in a clinical trial to demonstrate its antitumor effect.
To illustrate, trastuzumab is only active against HER2-expressing
breast cancer. In patients with HER2-positive advanced breast
cancer, the combination of trastuzumab with chemotherapy im-
proved time-to-progression over chemotherapy alone with a haz-
ard ratio of 0.51 (95% CI, 0.41 to 0.63).2 This study was done in a
total of 469 patients with HER2-overexpressing disease, which
comprises approximately 15% to 20% of all breast cancers. If this
study had been performed in a population that was not selected for
HER2 overexpression, and if we assume that trastuzumab has no
effect in patients whose tumors do not overexpress HER2, the
effect in the targeted population would have been diluted, and an
average hazard ratio close to 0.90 (as opposed to 0.51) would result
for the primary outcome. To power such a trial at 90% would
require at least 2,500 patients for a small effect. In other words, in a
situation in which HER2 expression and HER2 amplification were
not known as predictive markers for trastuzumab, the drug would
have been likely to fail in an unselected population.

Table 2 illustrates the impact that the prevalence of a particular
predictive marker or profile has on the number of patients that must
be accrued into clinical studies to reveal a certain effect size on out-
come from a particular treatment. The table describes a treatment that
is highly effective with a true hazard ratio of 0.4, or a slightly less
effective true hazard ratio of 0.6, versus control treatment for a time-
to-event end point such as progression-free survival or overall sur-
vival. For the purpose of the table, this effect is entirely limited to
patients who are marker positive. In those who are marker nega-
tive, the hazard ratio is 1 (same efficacy as the control treatment).
The marker has no prognostic value when the control treatment is
given. In the selected population, a trial with 90% power at a
two-sided 5% ! would require 52 events if the true hazard ratio is
0.4, or 164 events if the true hazard ratio is 0.6. Assuming a median
time to event for control treatment of 6 months, approximately 70
marker-positive patients would be required to enroll onto the trial
if the true hazard ratio is 0.4, or 220 marker-positive patients if the
true hazard ratio is 0.6.

We suggest viewing these numbers from a perspective in which
an unknown but highly predictive marker is at work. It is important to

Table 1. Approved Oncology Drugs With Antitumor Activity in Specific Molecular Subsets

Target
Type of Molecular

Aberration Cancer Type Example of Drugs

BCR-ABL Translocation CML and ALL Imatinib, dasatinib, nilotinib
BRAF V600E Mutation Melanoma Vemurafenib
C-KIT Mutation GIST Imatinib, sunitinib
EGFR Mutation NSCLC Erlotinib, gefitinib
EML4-ALK Translocation NSCLC Crizotinib
Hedgehog pathway (PTCH, SMO) Mutation Basal cell cancer Vismodegib
HER2 Gene amplification Breast cancer, gastric cancer Trastuzumab, lapatinib
JAK Mutation Myelofibrosis Ruxolitinib
KRAS Mutation Colorectal cancer Cetuximab, pantitumab
PML-RAR! Translocation Acute promyelocytic leukemia All-trans-retinoic acid, arsenic trioxide
RET Mutation Medullary thyroid cancer Vandetanib, cabozantinib

Abbreviations: ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia; GIST, GI stromal tumor; NSCLC, non–small-cell lung cancer.

Table 2. Unselected Trial Designs Required for a Well-Powered Trial When a Very Strong Treatment Effect Is Restricted to Those Who Express
the Unknown Marker

Prevalence of
Marker

Trial Targeting a True Hazard Ratio of 0.4 in the Selected
Population

Trial Targeting a True Hazard Ratio of 0.6 in the Selected
Population

Unselected
Hazard Ratio!

No. Events
Needed

No. Patients
Needed

Unselected
Hazard Ratio!

No. Events
Needed

No. Patients
Needed

0.05 0.957 22,000 29,620 0.975 65,000 87,200
0.1 0.916 5,600 7,540 0.95 16,200 21,750
0.2 0.838 1,300 1,750 0.902 4,100 5,500
0.3 0.769 622 840 0.86 1,850 2,480
0.4 0.701 353 475 0.819 1,050 1,410
0.5 0.64 221 280 0.777 660 885
0.6 0.587 153 206 0.736 450 605
0.7 0.533 110 148 0.7 330 445
0.8 0.486 84 114 0.666 255 342
1† 0.4 52 70 0.6 164 220

!The assumptions used lead to mixtures of exponential distributions, with an overall nonproportional hazards behavior. The tabulated ratios are averages depending
on the settings of the trial. In the table, these are trials in which approximately 75% of patients are required to have an event before analysis.

†This row represents the ideal situation where all patients belong in the sensitive class.
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A B S T R A C T

The incorporation of molecular profiling into routine clinical practice has already been adopted in
some tumor types, such as human epidermal growth factor receptor 2 (HER2) testing in breast
cancer and KRAS genotyping in colorectal cancer, providing a guide to treatment selection that is
not afforded by histopathologic diagnosis alone. It is inevitable that over time, with rapid advances
in scientific knowledge, bioinformatics, and technology to identify oncogenic drivers, molecular
profiling will complement histopathologic data to influence management decisions. Emerging
technologies such as multiplexed somatic mutation genotyping and massive parallel genomic
sequencing have become increasingly feasible at point-of-care locations to classify cancers into
molecular subsets. Because these molecular subsets may differ substantially between each other
in terms of sensitivity or resistance to systemic agents, there is consensus that clinical trials
should be more stratified for or be performed only in such molecularly defined subsets. This
approach, however, poses challenges for clinical trial designs because smaller numbers of patients
would be eligible for such trials, while the number of novel anticancer drugs warranting further
clinical exploration is rapidly increasing. This article provides an overview of the emerging
methodologic challenges in the cancer genome era and offers some potential solutions for
transforming clinical trial designs so they can identify new active anticancer regimens in
molecularly defined subgroups as efficiently as possible.
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not reflect the current state of biomarkers after treatment 
with chemotherapy.

In the novel phase II Biomarker-integrated Approaches of 
Targeted Therapy for Lung Cancer Elimination (BATTLE) 
program of personalized medicine (ClinicalTrials.gov 
numbers: NCT00409968, NCT00411671, NCT00411632, 
NCT00410059, and NCT00410189) reported in this article, 
we prospectively biopsied tumors and, based on tumor mark-
ers, used adaptive randomization to assign NSCLC patients 
to the treatment with greatest potential benefit based on cu-
mulative data (Fig. 1). The signaling pathways and targeted 

The Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer 
Elimination (BATTLE) trial represents the first completed prospective, biopsy-

mandated, biomarker-based, adaptively randomized study in 255 pretreated lung cancer patients. 
Following an initial equal randomization period, chemorefractory non–small cell lung cancer (NSCLC) pa-
tients were adaptively randomized to erlotinib, vandetanib, erlotinib plus bexarotene, or sorafenib, based 
on relevant molecular biomarkers analyzed in fresh core needle biopsy specimens. Overall results include 
a 46% 8-week disease control rate (primary end point), confirm prespecified hypotheses, and show an 
impressive benefit from sorafenib among mutant-KRAS patients. BATTLE establishes the feasibility of a 
new paradigm for a personalized approach to lung cancer clinical trials. (ClinicalTrials.gov numbers: 
NCT00409968, NCT00411671, NCT00411632, NCT00410059, and NCT00410189.)

SIGNIFICANCE: The BATTLE study is the first completed prospective, adaptively randomized study in heavily 
pretreated NSCLC patients that mandated tumor profiling with “real-time” biopsies, taking a substantial step 
toward realizing personalized lung cancer therapy by integrating real-time molecular laboratory findings in 
delineating specific patient populations for individualized treatment. Cancer Discovery; 1(1); 44–53. ©2011 AACR.

ABSTRACT

INTRODUCTION
The leading cause of cancer-related mortality, lung cancer 

accounts for more U.S. deaths each year than do breast, colon, 
prostate, liver, and kidney cancers and melanoma combined 

(1). Systemic chemotherapy is the mainstay for metastatic 
lung cancer. Although approved therapies in this setting in-
clude a few biologic agents, subjective physician preference 
based on clinical characteristics such as age, gender, or per-
formance status largely drives treatment decisions (2–4).

Tumor biomarker evaluations have recently emerged as 
an important factor in planning treatment for non–small 
cell lung cancer (NSCLC) after improved outcomes with 
the epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitors (TKI) erlotinib and gefitinib in patients with 
NSCLC harboring EGFR mutations (5–8). Notwithstanding 
this success, biologic agents have not been effective in many 
randomized trials in NSCLC. There is a paucity of effective 
predictive markers of drug sensitivity or resistance, due in 
large part to difficulties in prospectively obtaining baseline 
tumor tissue in patients with metastatic NSCLC. In patients 
with pretreated NSCLC, tumor biomarker evaluation is fre-
quently based on the tissue obtained at diagnosis and may 
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Figure 1. Schema for BATTLE study.
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Figure 3. Major efficacy results of BATTLE study. A, landmark 
analysis of overall survival for patients with or without 8-week 
disease control. The landmark time point is set at 8 weeks; i.e., 
time 0 is at 8 weeks after randomization. B, 8-week disease 
control rates (in %) by treatment in patients with tumors  
harboring wild-type or mutated EGFR (left) and KRAS 
(right) genes.

A

B

9 partial responses in these heavily pretreated patients. In an 
8-week landmark analysis, the median survival of patients 
with 8-week disease control (DC) was 9.6 months (95% CI, 
7.4–12.5), compared with 7.5 months (95% CI, 4.2–9.2) for 
patients without 8-week DC (Fig. 3A; P = 0.018). The over-
all 8-week DCRs were 34% (erlotinib), 33% (vandetanib), 50% 
(erlotinib plus bexarotene), and 58% (sorafenib). Effective 
treatment–marker-group pairings, defined as having a 0.8 
posterior probability of exceeding a DCR of 30%, were as 
follows: erlotinib in the VEGF/VEGF receptor 2 (VEGFR-2) 
group; vandetanib in the EGFR group; erlotinib plus bex-
arotene in the EGFR, retinoid X receptor (RXR)/Cyclin D1, 
and no-marker groups; and sorafenib in the KRAS/BRAF, 
VEGF/VEGFR-2, and no-marker groups (Table 2). 

In addition to analysis of prespecified marker groups, we 
also studied effects of individual markers on treatment ef-
ficacy. In confirmation of our prespecified scientific hypoth-
eses, individual markers that predicted a better 8-week DC 
of treatment [versus the marker’s opposite status (absence 
or presence)] were EGFR mutations for erlotinib (P = 0.04), 
high VEGFR-2 expression for vandetanib (P = 0.05), and 
high Cyclin D1 expression for erlotinib plus bexarotene 
(P = 0.01). Exploratory predictive marker analysis results 
were as follows: a better 8-week DC with EGFR amplification 
for erlotinib plus bexarotene (P = 0.006); a worse 8-week 
DC with EGFR mutation (P = 0.01) or high EGFR polysomy 
(P = 0.05) for sorafenib; and, compared with the combined 

other treatments, sorafenib had a higher DCR (64% versus 
33%) in EGFR–wild-type patients (P < 0.001) and a non-
statistically significant trend toward better DCR (61% versus 
32%) in mutant-KRAS patients (P = 0.11; Fig. 3B). In addi-
tion, in the KRAS/BRAF marker group, sorafenib had a 79% 
DCR compared to a 14% DCR with erlotinib (P = 0.016). 

Toxicity
All 4 treatments were well tolerated, each having toxicity 

consistent with prior reports. Treatment-related grade 3–4 
toxicity was 6.5% (Supplementary Table S2). Average compli-
ance in each arm was >95%. Sorafenib produced the most 
toxicity, which caused discontinuation of treatment in 19% 
and dose reductions in 21% of sorafenib-treated patients 
(Supplementary Table S3). Lung biopsy was well tolerated by 
the 139 patients who underwent the procedure, with pneu-
mothorax in 11.5%, and only 1 grade 3 event, which required 
overnight hospitalization.

DISCUSSION
The phase II randomized BATTLE trial made impor-

tant clinical discoveries and demonstrated the feasibility 
of its novel design for advancing personalized treatment of 
NSCLC. BATTLE is the first completed prospective, biopsy-
mandated, biomarker-based, adaptively randomized clini-
cal study in patients with pretreated, advanced lung cancer. 
The trial data validated prespecified scientific hypotheses 
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prostate, liver, and kidney cancers and melanoma combined 

(1). Systemic chemotherapy is the mainstay for metastatic 
lung cancer. Although approved therapies in this setting in-
clude a few biologic agents, subjective physician preference 
based on clinical characteristics such as age, gender, or per-
formance status largely drives treatment decisions (2–4).

Tumor biomarker evaluations have recently emerged as 
an important factor in planning treatment for non–small 
cell lung cancer (NSCLC) after improved outcomes with 
the epidermal growth factor receptor (EGFR) tyrosine ki-
nase inhibitors (TKI) erlotinib and gefitinib in patients with 
NSCLC harboring EGFR mutations (5–8). Notwithstanding 
this success, biologic agents have not been effective in many 
randomized trials in NSCLC. There is a paucity of effective 
predictive markers of drug sensitivity or resistance, due in 
large part to difficulties in prospectively obtaining baseline 
tumor tissue in patients with metastatic NSCLC. In patients 
with pretreated NSCLC, tumor biomarker evaluation is fre-
quently based on the tissue obtained at diagnosis and may 
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Figure 1. Schema for BATTLE study.
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The NCI MPACT trial

Molecular Profiling-based Assignment 
of Cancer Therapy (MPACT)

is a smaller, provocative trial designed 
to address whether targeting an 

oncogenic “driver” would be more 
efficacious than one not
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NCI MATCH has opened in August 2015.

MPACT trial

MPACT was designed to address the question of whether 

targeting an oncogenic driver would be more efficacious 

than not targeting the mutation. This pilot trial aims to 

establish whether advanced cancer patients who have 

exhausted all standard treatment options with proven 

CFOFòU�BOE�IBWF�tumor harboring mutations in one of three 

main genetic pathways (DNA repair, PI3K, or RAS/RAF/

MEK) are more likely to derive clinical benefit if treated 

with agents targeting that pathway than if treated with 

agents targeting one of the PUIFS�QBUIXBZT�OPU�JEFOUJòFE�UP�
be dysregulated within the tumor. The agents administered 

in this trial are at recommended phase 2 dosing schedules. 

Currently the trial involves three pathways and four 

treatment arms (Figure 2): (I) veliparib (PARP inhibitor) 

with temozolomide for defects in the DNA repair pathway; 

(II) AZD-1775 (Wee1 inhibitor) plus carboplatin for 

defects in DNA repair pathway; (III) everolimus (mTOR 

inhibitor) for mutations in the PI3K pathway; or (IV) 

trametinib DMSO (MEK inhibitor) for mutations in the 

RAS/RAF/MEK pathway. Because of known benefits of 

BRAF inhibitor in melanoma and PARP inhibitors in BRCA 

ovarian cancer patients, these selected exclusions were 

built into the trial. The patients may remain eligible to be 

screened but will only be eligible to receive any of the study 

treatments if they have other actionable mutations. 

Similar to NCI MATCH, patients undergo tumor 

biopsies at the time of enrollment with the tumor sequenced 

in a CLIA-certified lab for actionable mutations. Distinct 

from NCI MATCH, patients for whom an actionable 

mutation is detected undergo a 2:1 randomization to one 

of UXP�BSNT�CBTFE�PO�SFTVMUT�PG�NPMFDVMBS�QSPòMJOH�BOBMZTJT�
(Figure 3) where the investigator and patients are blinded to 

the molecular target. Patients randomized to the treatment 

arm would receive drug or drug combinations designed to 

UBSHFU�UIF�JEFOUJòFE�HFOFUJD�mutation. Patients randomized 

to Arm B would receive drug or drug combinations not 

prospectively identified to target the identified mutation. 

Patients in whom no actionable mutations are identified 

in one of the three pathways (DNA repair, PI3K, or 

RAS/RAF/MEK) would be deemed ineligible for further 

treatment. Patients who have been treated and subsequently 

progress on their respective treatment arm will have their 
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Mutations in Cancer.

aMOI = actionable mutation of interest
COSMIC = Catalogue of Somatic Mutations in Cancer 
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Background

The concept of oncogene addiction was first proposed 

by Weinstein (1), and has led to a whole new approach 

to cancer treatment. The discovery of imatinib, the Bcr-

Abl tyrosine kinase inhibitor, in the treatment of chronic 

myelogenous leukemia, revolutionized treatment paradigms 

with regard to targeted therapies, as this was the first 

targeted agent to illustrate the concept that treating the 

principal driving oncogene can have a powerful impact 

on response (2). More recent efforts to catalog driver 
mutations across the entire cancer population have led 
to the development of a plethora of targeted agents. 
Subsequent generations of molecularly targeted agents have 
effectively subcategorized tumors into smaller molecular 
subsets, such as EGFR and ALK inhibitors in non-small cell 
lung cancer and BRAF inhibitors in melanoma, in an effort 
to duplicate this success. As a further example, trastuzumab 
has received approval for gastro-esophageal and gastric 
cancers in addition to HER2 overexpressing breast cancers 
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tumors rely on a single dominant mutation, the oncogenic “driver”, for growth and survival. We have since 

come to realize that the genomic landscape of tumors is heterogeneous and more complex than previously 

thought. Advances in biotechnology and bioinformatics over the past decade have shifted treatment 

paradigms with regard to the development of molecular targeted therapeutics to identify and target the 

presumptive dominant lesion. As such, the decision of choosing targeted treatment strategies has become 

increasingly more reliant on the reporting of genomic screens of patients’ tumor tissue. Whether this 
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the United States National Cancer Institute (NCI) has launched precision-based medicine trials to address 

this question. NCI Molecular Analysis for Therapy Choice (MATCH), a genomic pre-screening study, 
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targeting an oncogenic “driver” would be more efficacious than one not. The Exceptional Responders’ 

JOJUJBUJWF�GVSUIFS�BJNT�UP�FWBMVBUF�QBUJFOUT�XIP�IBWF�EFSJWFE�BO�VOFYQFDUFE�EVSBCMF�CFOFòU�UP�UIFTF�UIFSBQJFT
�
with retrospective analysis of their tumors to delineate potential predictive biomarkers which could predict 
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care.
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(3,4). These efforts have led to the realization that the 
targeting of these mutations has the potential to transcend 
tumor histologies, effectively categorizing tumors based on 
the molecular signature. 

Recent advances in biotechnology and bioinformatics 
over the past decade have led to a greater appreciation for 
the heterogeneity of tumors and the complex signaling 
pathways involved in the resistance to treatment. This 
complexity requires a network-based streamlined approach 
to the interpretation of data generated from a profile of 
the tumor. The current challenge of clinical trial design is 
GPDVTFE�VQPO�UIF�JEFOUJòDBUJPO�PG�NPMFDVMBS�BMUFSBUJPOT�JO�
tumors and the selection for those patients who would be 
most likely to benefit from a particular targeted therapy. 
The Division of Cancer Diagnosis and Treatment of the 
United States National Cancer Institute (NCI) has accepted 
this challenge and is presently engaged in several trials 
dedicated to precision-based medicine (http://dctd.cancer.
gov/MajorInitiatives/NCI-sponsored_trials_in_precision_
medicine.htm). The NCI Molecular Analysis for Therapy 
$IPJDF�	."5$)

�.PMFDVMBS�1SPòMJOH�CBTFE�"TTJHONFOU�
of Cancer Therapy (MPACT), and Exceptional Responders 
study are among these trials. 

NCI MATCH trial

The NCI MATCH trial was initiated as a broad-based 
genomic pre-screening study to assign patients whose 
tumors harbor specific molecular aberrations to relevant 
targeted treatments, without regards to tumor histology 
type. This trial aims to establish whether patients with 
UVNPS�NVUBUJPOT
�BNQMJòDBUJPOT�PS�USBOTMPDBUJPOT�PG�JOUFSFTU 
are likely to derive clinical benefit if treated with agents 
targeting that specific molecular change in a one stage 
single-arm design. To provide the greatest opportunity to 
patients, this trial will cover a large range of mutations with 
matching options. In order to design such a complex trial, 
a panel of experts in developmental therapeutics, clinical 
trial design, genetic sequencing, molecular oncology, 
informatics, and statistics were consulted to develop an 
BMHPSJUIN�UIBU�XPVME�EFòOF�DMJOJDBM�BDUJPO�CBTFE�PO�HFOFUJD 
variants reported in the genes of interest. The structure of 
the study involves a master protocol to ensure the common 
elements of the subprotocols remain consistent across the 
arms. This�TUVEZ�JT�BEEJUJPOBMMZ�EFTJHOFE�XJUI�UIF�óFYJCJMJUZ�
to open and close arms under the umbrella of the master 
protocol, with each arm treated as a separate phase 2 trial. 

To ensure for adequate patient enrollment, the trial 

will be run through the NCI National Clinical Trials 
Network (NCTN) and NCI Community Oncology 
Research Program (NCORP). NCORP will help bring 
this nationwide study to patients treated in the community 
setting and increase accessibility to patients. The ECOG-
ACRIN group will coordinate the trial for the NCTN, 
with broad representation through having separate 
principal investigators for each of the sub-protocols, each 
representing the different groups within the NCTN. The 
large portfolio of agents needed for the success of this trial 
required the participation of a multitude of pharmaceutical 
partners. The Cancer Therapy Evaluation Program (CTEP) 
of the NCI assisted in the coordination and contracting 
of these agents.  The NCI Center for Biomedical 
Informatics and Information Technology (CBIIT) along 
with members of the NCI MATCH team generated the 
informatics structure for this trial. Multiple committees, 
including Agents and Genes Working Groups, Sample 
and Sequencing Network Working Group, and Protocol 
Logistics Working Group, among others, were established 
to concurrently develop the multitude of components for 
this massive endeavor. 

NCI MATCH will accrue patients with solid tumors, 
with disease that has progressed following at least one 
line of standard systemic therapy, or for whom no 
standard therapy exists. As this is an exploratory trial, 
histologies for which there is already an FDA approved 
indication with that agent, or that have been shown to 
not respond to a particular agent, will accordingly be 
excluded from the corresponding agent. The study is 
designed to assign targeted treatment based on a biopsy 
obtained after enrollment. Molecular changes will be 
the selection criterion for entry to a particular arm. The 
study drugs included in this trial include single agents 
and combinations that have either received FDA approval 
or are investigational agents that have achieved at least a 
recommended phase 2 dose. 

The NCI MATCH trial will collect somatic (tumor) 
genomic data from all patients enrolled through a screening 
biopsy. As tumors sometimes accumulate additional 
mutations after various treatments or with continued 
growth and metastasis, a biopsy closest to the time of 
initiating treatment will be pursued in order to obtain 
the most reflective state of the tumor. A biopsy after 
progression will also be pursued, with special interest 
in those patients who initially responded to treatment, 
to assist in understanding the mechanism of resistance. 
The Molecular Characterization (MoCha) Laboratory of 
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(3,4). These efforts have led to the realization that the 
targeting of these mutations has the potential to transcend 
tumor histologies, effectively categorizing tumors based on 
the molecular signature. 

Recent advances in biotechnology and bioinformatics 
over the past decade have led to a greater appreciation for 
the heterogeneity of tumors and the complex signaling 
pathways involved in the resistance to treatment. This 
complexity requires a network-based streamlined approach 
to the interpretation of data generated from a profile of 
the tumor. The current challenge of clinical trial design is 
GPDVTFE�VQPO�UIF�JEFOUJòDBUJPO�PG�NPMFDVMBS�BMUFSBUJPOT�JO�
tumors and the selection for those patients who would be 
most likely to benefit from a particular targeted therapy. 
The Division of Cancer Diagnosis and Treatment of the 
United States National Cancer Institute (NCI) has accepted 
this challenge and is presently engaged in several trials 
dedicated to precision-based medicine (http://dctd.cancer.
gov/MajorInitiatives/NCI-sponsored_trials_in_precision_
medicine.htm). The NCI Molecular Analysis for Therapy 
$IPJDF�	."5$)

�.PMFDVMBS�1SPòMJOH�CBTFE�"TTJHONFOU�
of Cancer Therapy (MPACT), and Exceptional Responders 
study are among these trials. 

NCI MATCH trial

The NCI MATCH trial was initiated as a broad-based 
genomic pre-screening study to assign patients whose 
tumors harbor specific molecular aberrations to relevant 
targeted treatments, without regards to tumor histology 
type. This trial aims to establish whether patients with 
UVNPS�NVUBUJPOT
�BNQMJòDBUJPOT�PS�USBOTMPDBUJPOT�PG�JOUFSFTU 
are likely to derive clinical benefit if treated with agents 
targeting that specific molecular change in a one stage 
single-arm design. To provide the greatest opportunity to 
patients, this trial will cover a large range of mutations with 
matching options. In order to design such a complex trial, 
a panel of experts in developmental therapeutics, clinical 
trial design, genetic sequencing, molecular oncology, 
informatics, and statistics were consulted to develop an 
BMHPSJUIN�UIBU�XPVME�EFòOF�DMJOJDBM�BDUJPO�CBTFE�PO�HFOFUJD 
variants reported in the genes of interest. The structure of 
the study involves a master protocol to ensure the common 
elements of the subprotocols remain consistent across the 
arms. This�TUVEZ�JT�BEEJUJPOBMMZ�EFTJHOFE�XJUI�UIF�óFYJCJMJUZ�
to open and close arms under the umbrella of the master 
protocol, with each arm treated as a separate phase 2 trial. 

To ensure for adequate patient enrollment, the trial 

will be run through the NCI National Clinical Trials 
Network (NCTN) and NCI Community Oncology 
Research Program (NCORP). NCORP will help bring 
this nationwide study to patients treated in the community 
setting and increase accessibility to patients. The ECOG-
ACRIN group will coordinate the trial for the NCTN, 
with broad representation through having separate 
principal investigators for each of the sub-protocols, each 
representing the different groups within the NCTN. The 
large portfolio of agents needed for the success of this trial 
required the participation of a multitude of pharmaceutical 
partners. The Cancer Therapy Evaluation Program (CTEP) 
of the NCI assisted in the coordination and contracting 
of these agents.  The NCI Center for Biomedical 
Informatics and Information Technology (CBIIT) along 
with members of the NCI MATCH team generated the 
informatics structure for this trial. Multiple committees, 
including Agents and Genes Working Groups, Sample 
and Sequencing Network Working Group, and Protocol 
Logistics Working Group, among others, were established 
to concurrently develop the multitude of components for 
this massive endeavor. 

NCI MATCH will accrue patients with solid tumors, 
with disease that has progressed following at least one 
line of standard systemic therapy, or for whom no 
standard therapy exists. As this is an exploratory trial, 
histologies for which there is already an FDA approved 
indication with that agent, or that have been shown to 
not respond to a particular agent, will accordingly be 
excluded from the corresponding agent. The study is 
designed to assign targeted treatment based on a biopsy 
obtained after enrollment. Molecular changes will be 
the selection criterion for entry to a particular arm. The 
study drugs included in this trial include single agents 
and combinations that have either received FDA approval 
or are investigational agents that have achieved at least a 
recommended phase 2 dose. 

The NCI MATCH trial will collect somatic (tumor) 
genomic data from all patients enrolled through a screening 
biopsy. As tumors sometimes accumulate additional 
mutations after various treatments or with continued 
growth and metastasis, a biopsy closest to the time of 
initiating treatment will be pursued in order to obtain 
the most reflective state of the tumor. A biopsy after 
progression will also be pursued, with special interest 
in those patients who initially responded to treatment, 
to assist in understanding the mechanism of resistance. 
The Molecular Characterization (MoCha) Laboratory of 

Chinese Clinical Oncology, Vol 4, No 3 September 2015

© Chinese Clinical Oncology. All rights reserved. Chin Clin Oncol 2015;4(3):31www.thecco.net

Page 5 of 8

molecular profiling analysis unblinded and are permitted 
to crossover to the treatment arm if originally assigned 
to the control arm. Similar to NCI MATCH, emphasis is 
placed on repeat biopsy at time of progression to further 
understand the resistance mechanisms and whether 
exposure to targeted agents may have created a selection 
pressure for the acquisition of new lesions. Given the 
relative frequencies of mutations in the pathways of interest 
in this study, approximately 700 patients will be enrolled 
to acquire 180 evaluable patients with the initial four 
arms, assuming the population screened is similar between 
the treatment arm and the control arm. This trial is also 
designed to have flexibility with regard to the addition of 
new pathways/treatment arms. The endpoint of the study 
will compare the response rate [complete response (CR) +  
partial response (PR)] and/or 4-month progression-
free-survival of the treatment arm versus the control 
arm. MPACT is currently open in the Developmental 
Therapeutics Clinic, NCI but will be available at other sites 
through the NCI-sponsored Experimental Therapeutics 
Clinical Trials Network (ETCTN) in the near future. 

The backbone of both these precision-based medicine 
trials is heavily dependent upon having an accurate, reliable, 

BOE�SBQJE�NPMFDVMBS�BTTBZ�GPS�UIF�JEFOUJòDBUJPO�PG�BDUJPOBCMF�
mutations. For MPACT, genetic sequencing will be 
performed in the CLIA-certified MoCha at the Frederick 
National Laboratory for Cancer Research (FNLCR). The 
genetic variants to be assessed and treatment algorithms 
have been prospectively defined to allow for assignment 
of specific treatment arms on study. For MPACT,  
20 genes were selected for the initial analysis panel based 
on several criteria: (I) the biological pathway(s) affected by 
the targeted therapy were examined (pathways: RAS/RAF/
MEK signaling pathway, PI3K/AKT pathway and DNA 
repair pathways; (II) genes within these pathways were 
selected based on demonstrating a minimum frequency 
(5%) of somatic variants as listed in the Catalogue of 
Somatic Mutations in Cancer (COSMIC) database; (III) 
genes known to modulate the targets of the study drugs; 
(IV) a Molecular Tumor Board review of the preclinical and 
clinical literature for the selection. A variety of specimen 
and assay quality checks are built into the assay process. 

As the selection of treatment arm is rule-based, an 
informatics system, called GeneMed was designed to 
streamline the annotation of sequencing data, facilitate 
the review of variant mutations, and aid the identification 

Figure 3 .1"$5�TUVEZ�EFTJHO�	�
��.1"$5
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Trial designs for testing efficacy of 
molecular profiling-assigned targeted agents

UMBRELLA STUDIES

patients with the same type of cancer 
are screened for a series of 

hypothesized predictive biomarkers

Pros & Cons

ü Can be very efficient
ü If randomized definitive 

conclusion about drug efficacy 
in selected patients

ü Large amount of work 
ü Rules (of enrollment) has to be 

reviewed periodically by 
multidisciplinary team.



Trial designs for tesGng efficacy of 
molecular profiling-assigned targeted agents

BASKET STUDIES
recruit patients on the basis of their 

molecular characteristics irrespective 
of the organ in which their tumour 

originated

Many different type of tumours 
with a single biomarker = single drug
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Background

The concept of oncogene addiction was first proposed 

by Weinstein (1), and has led to a whole new approach 

to cancer treatment. The discovery of imatinib, the Bcr-

Abl tyrosine kinase inhibitor, in the treatment of chronic 

myelogenous leukemia, revolutionized treatment paradigms 

with regard to targeted therapies, as this was the first 

targeted agent to illustrate the concept that treating the 

principal driving oncogene can have a powerful impact 

on response (2). More recent efforts to catalog driver 
mutations across the entire cancer population have led 
to the development of a plethora of targeted agents. 
Subsequent generations of molecularly targeted agents have 
effectively subcategorized tumors into smaller molecular 
subsets, such as EGFR and ALK inhibitors in non-small cell 
lung cancer and BRAF inhibitors in melanoma, in an effort 
to duplicate this success. As a further example, trastuzumab 
has received approval for gastro-esophageal and gastric 
cancers in addition to HER2 overexpressing breast cancers 
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tumors rely on a single dominant mutation, the oncogenic “driver”, for growth and survival. We have since 

come to realize that the genomic landscape of tumors is heterogeneous and more complex than previously 

thought. Advances in biotechnology and bioinformatics over the past decade have shifted treatment 

paradigms with regard to the development of molecular targeted therapeutics to identify and target the 

presumptive dominant lesion. As such, the decision of choosing targeted treatment strategies has become 

increasingly more reliant on the reporting of genomic screens of patients’ tumor tissue. Whether this 
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the United States National Cancer Institute (NCI) has launched precision-based medicine trials to address 

this question. NCI Molecular Analysis for Therapy Choice (MATCH), a genomic pre-screening study, 
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based Assignment of Cancer Therapy (MPACT), is a smaller, provocative trial designed to address whether 

targeting an oncogenic “driver” would be more efficacious than one not. The Exceptional Responders’ 
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the NCI was charged with development of the assay to 
identify these actionable mutations. The patient’s tumor 
CJPQTZ�XJMM�CF�TDSFFOFE�GPS�QSF�EFòOFE�WBSJBUJPOT�JO genes 
within a NCI MATCH CLIA-certified laboratory. The 
molecular profiling assays will include large-scale parallel 
tumor sequencing (next generation sequencing) strategies, 
including a targeted Ampliseq panel as well as other 
molecular assays such as immunohistochemistry (IHC). The 
selection of treatment will be rule-based and will be applied 
by a rigorously validated informatics system to derive a 
tentative treatment assignment. If a patient is ineligible 
for the original assigned treatment arm because of a pre-
defined clinical ineligibility criterion, and patient’s tumor 
harbors additional abnormalities for which treatments are 
available on the study, the system algorithm will continue to 
provide assignments until all available options are exhausted 
(Figure 1). 

On this trial only malignant tissue will be screened. As 
TVDI
�EFòOJUJWF�BCOPSNBMJUJFT�JO�HFSNMJOF�UJTTVFT�	IFSJUBCMF�
diseases) cannot be identified with any certainty. Due 

to the concern that some of the genes tested may be of 
germline origin, a committee of multidisciplinary experts 
(genetics, oncology, bioethicists, patient advocates) was 
GPSNFE�UP�BEESFTT�UIJT�FUIJDBM�DPODFSO��$VSSFOUMZ
�òOEJOHT 
will be communicated to the treating clinician with the 
recommendation to consider germline testing if clinical 
and/or family history is consistent with the presence of 
such an inheritable germline mutation. In many cases the 
NFEJDBM�TJHOJòDBODF�PG�HFOFUJD�WBSJBOUT are unknown (6,7). 
8JUI�UIF�DIBOHJOH�òFME�PG�HFOPNJDT, a steering committee 
has been tasked with monitoring the changing landscape. 

This study affords a unique opportunity to collect 
informat ion  about  the  preva lence  of  mutat ions , 
translocations and amplifications in genes associated with 
cancer, and how these tumors respond to targeted therapy 
in the treatment-refractory tumor setting. DNA variants 
and changes in RNA expression from tumors collected 
at the point of progression on treatment is anticipated 
to illuminate resistance mechanisms that will inform 
subsequent studies and improve upon patient outcomes. 

Figure 1 NCI MATCH study design (5). MATCH, Molecular Analysis for Therapy Choice; NCI, National Cancer Institute; SD, stable 

disease; RECIST, Response Evaluation Criteria in Solid Tumors.

1CR, PR, SD, and PD as defined by RECIST
2Rebiopsy; if patient had CR or PR or SD for greater than 6 months or had 2 rounds of treatment 

after a biopsy on MATCH

Schema

Genetic 
sequencing

Actionable
mutation
detected

Check for additional 
actionable 
mutations2

Yes No

Study 
agent

Off
study

Continue on study 
agent  
until  

progression

Stable
disease,

complete or 
partial  

response  
(CR + PR)1

No additional
actionable

mutations, or 
withdraw consent

Progressive 
disease 
 (PD)1

PD Repeat 
biopsy and 
sequencing



The NCI MATCH trial

PROs & CONs

ü Address the problems of rare 
subtypes (molecularly defined) 
of more frequent tumours

ü Easy to implement in a early 
phase within a cooperative 
group

ü Genome centered: outcomes 
may depends on clinical 
particularities of tumours (HCC) 



Fifty years of cancer drug development:
which lesson?

ü The one-size-fits-all model is not effective 
with targeted therapy

ü Companion diagnostic/biomarker and drug 
co-development is needed

ü …just the very beginning of the tale



US Precision Medicine IniGaGve 

“I want the country that eliminated polio 
and mapped the human genome to lead a 
new era of medicine — one that delivers the 
right treatment at the right time. In some 
patients with cystic fibrosis, this approach 
has reversed a disease once thought 
unstoppable. Tonight, I'm launching a new 
Precision Medicine Initiative to bring us 
closer to curing diseases like cancer and 
diabetes — and to give all of us access to 
the personalized information we need to 
keep ourselves and our families healthier.”

President Barack Obama, State of the Union Address, 
January 20, 2015



Is tumor heterogeneity in cancer a problem?

original population [20]. Observation of single-cell dynamics with the
help of microfluidic devices has linked persistence with reduced
proliferation rates [21]. Thus, explanation of heterogeneity in both
growth rates and resistance to cytotoxic agents needs not to involve
stem cells.

The existence of similar heterogeneity has also been demonstrated
in mammalian cells. Normal and cancer cell lines display substantial
heterogeneity in timing of apoptotic response to TRAIL ligand. This
heterogeneity does not depend on genetic or epigenetic mechanisms
but is instead caused by apparently noise-driven differences in levels
of protein expression [22]. Plasticity of tumor cell phenotype is not
limited to apoptotic response. For example, genetically homogeneous
tumor cell lines display morphological heterogeneity, as mixtures of
immotile, rounded cells and motile, fibroblast-like ones can be found
both in vitro and in vivo. In this case, the phenotypic differences result
from different, mutually exclusive, and inter-convertible activation of
Rac and Rho GTPases [23].

Concepts of cancer stem cells and phenotypic plasticity need not to
be mutually exclusive. Even if the majority of tumor cells in some (or
many) cancers are incapable of sustained proliferation and, therefore,
can be described as non-stem cells, the stem cell compartment can
still be phenotypically diverse and plastic. The subjects of tumor stem
cells and stem cell plasticity constitute a focus of very intensive
research; therefore, it is likely that some of the current controversies
will be resolved relatively soon. Regardless of the outcome of the
cancer stem cell debate, it is likely that non-heritable mechanisms are
responsible for a large fraction of intra-tumor heterogeneity of cellular
phenotypes.

3. Heritable heterogeneity

3.1. Intra-tumor clonal diversity

Non-heritable mechanisms of cellular heterogeneity, however,
cannot be the only contributors to the diversity of tumor cell
phenotypes. Cancers are not static entities: they start from a
genetically normal cell and conclude with billions of malignant cells
that have accumulated large numbers of mutations in “driver” and
“passenger” genes [24].

For the sake of simplicity, tumor evolution is often depicted as a
clean succession of clonal expansion rounds, where every new round
is driven by the acquisition of an additional mutational event, which
leads to a selective sweep (Fig. 1A). This depiction aptly conveys the
sequence of the key mutations that drive tumor progression, as
viewed on the macroscopic scale from the endpoint of a malignant
tumor. However, this depiction is unlikely to reflect the dynamics of
tumor evolution at the more fine scale. The acquisition of mutations is
a stochastic process, and there is no choreographer to determine
which mutation should occur next so that the tumor can progress to
the next stage. Instead, randommutations are constantly produced as
a result of proliferation and increased genomic instability and then
“tested” by Darwinian selection. Only minority of random mutations
are selectively advantageous, while a large fraction of mutations will
be discarded by selection. Furthermore, many neutral or even mildly
disadvantageous mutations can be retained in the population or even
undergo some expansion due to genetic drift. Moreover, the long-
term evolutionary success of mutations providing a positive selective
advantage is not granted. Darwinian selection is context-specific and
oblivious to the future. As a consequence, some of the mutations that
are selectively advantageous at certain stages of tumor progression
and can trigger substantial clonal expansion may lead to evolutionary
dead ends and, therefore, may not be present in a fully malignant
tumor. The complexity of tumor evolution is further influenced by the
ongoing alterations of tumor microenvironment associated with
tumor progression [25], which are likely to alter the selective
pressures experienced by tumor cells. Therefore, at the microscopic

level, tumor evolution is likely to be non-linear, and substantial
genetic heterogeneity is expected in tumor cell populations (Fig. 1B).

It is useful to distinguish cellular genetic heterogeneity from clonal
genetic heterogeneity [26]. The former refers to genetic differences at
the level of single tumor cells, whereas the latter refers to genetic
differences that have been amplified by clonal expansion. Focusing on
clonal heterogeneity instead of cellular heterogeneity eliminates
some of the “noise” of tumor evolution, as many of the variants
detectable at the level of individual cells fail to clonally expand
because of their occurrence in a cell that has lost stem cell properties,
unfavorable effects on fitness, or simple stochastic reasons. However,
“clonal heterogeneity”will not necessarily be completely “noise-free,”
as clonal expansion does not necessarily prove the selective value of a
mutation.

It should also be noted that, from a perspective of selection
operating in the evolution of tumors, stable, heritable changes in gene
expression due to epigenetic alterations are indistinguishable from
similar changes caused by alterations in DNA sequences. Silencing of
gene expression by hypermethylation of promoter regions is
frequently observed in cancers [27]; therefore, heritable epigenetic
changes should be included in considerations of clonal heterogeneity.

The existence of clonal heterogeneity has been documented for a
variety of malignancies, including leukemias [28]; breast [11,29–34],
prostate [35–37], colon [38–40], brain [41,42], esophagus [26], head
and neck [43], bladder [44], and gynecological carcinomas [45];
liposarcoma [46]; and multiple myeloma [47]. Thus, the experimental
evidence for clonal heterogeneity is overwhelming. However, due to
multiple technical challenges, the available data are mostly fragmen-
tary and likely represent only the “tip of the iceberg,”with the extent of
clonal heterogeneity and the dependence of clonal heterogeneity on
tumor type, subtype, and disease stage remaining mostly unexplored.

Fig. 1. Schematic view of monoclonal and multiclonal models of tumor progression.
Increasing color intensity correlates with tumor progression, whereas different colors
reflect different clones. (A) Traditional, linear model of clonal succession, where
progressive mutations in oncogenes and tumor suppressor genes drive linear
succession of rounds of clonal expansion, manifested as tumor progression. (B)
Multi-clonal model of tumor progression: although all cells in tumors originate from a
single initiated cell, the evolution of the tumor is more “messy”, with genetically
divergent tumor clones co-existing within tumors for substantial periods of time. The
population sizes and characteristics of clones change as tumors evolve, with some clone
populations expanding in size and others remaining unchanged or becoming extinct. In
advanced stages of tumor evolution, tumors might become dominated by single clones.
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original population [20]. Observation of single-cell dynamics with the
help of microfluidic devices has linked persistence with reduced
proliferation rates [21]. Thus, explanation of heterogeneity in both
growth rates and resistance to cytotoxic agents needs not to involve
stem cells.

The existence of similar heterogeneity has also been demonstrated
in mammalian cells. Normal and cancer cell lines display substantial
heterogeneity in timing of apoptotic response to TRAIL ligand. This
heterogeneity does not depend on genetic or epigenetic mechanisms
but is instead caused by apparently noise-driven differences in levels
of protein expression [22]. Plasticity of tumor cell phenotype is not
limited to apoptotic response. For example, genetically homogeneous
tumor cell lines display morphological heterogeneity, as mixtures of
immotile, rounded cells and motile, fibroblast-like ones can be found
both in vitro and in vivo. In this case, the phenotypic differences result
from different, mutually exclusive, and inter-convertible activation of
Rac and Rho GTPases [23].

Concepts of cancer stem cells and phenotypic plasticity need not to
be mutually exclusive. Even if the majority of tumor cells in some (or
many) cancers are incapable of sustained proliferation and, therefore,
can be described as non-stem cells, the stem cell compartment can
still be phenotypically diverse and plastic. The subjects of tumor stem
cells and stem cell plasticity constitute a focus of very intensive
research; therefore, it is likely that some of the current controversies
will be resolved relatively soon. Regardless of the outcome of the
cancer stem cell debate, it is likely that non-heritable mechanisms are
responsible for a large fraction of intra-tumor heterogeneity of cellular
phenotypes.

3. Heritable heterogeneity

3.1. Intra-tumor clonal diversity

Non-heritable mechanisms of cellular heterogeneity, however,
cannot be the only contributors to the diversity of tumor cell
phenotypes. Cancers are not static entities: they start from a
genetically normal cell and conclude with billions of malignant cells
that have accumulated large numbers of mutations in “driver” and
“passenger” genes [24].

For the sake of simplicity, tumor evolution is often depicted as a
clean succession of clonal expansion rounds, where every new round
is driven by the acquisition of an additional mutational event, which
leads to a selective sweep (Fig. 1A). This depiction aptly conveys the
sequence of the key mutations that drive tumor progression, as
viewed on the macroscopic scale from the endpoint of a malignant
tumor. However, this depiction is unlikely to reflect the dynamics of
tumor evolution at the more fine scale. The acquisition of mutations is
a stochastic process, and there is no choreographer to determine
which mutation should occur next so that the tumor can progress to
the next stage. Instead, randommutations are constantly produced as
a result of proliferation and increased genomic instability and then
“tested” by Darwinian selection. Only minority of random mutations
are selectively advantageous, while a large fraction of mutations will
be discarded by selection. Furthermore, many neutral or even mildly
disadvantageous mutations can be retained in the population or even
undergo some expansion due to genetic drift. Moreover, the long-
term evolutionary success of mutations providing a positive selective
advantage is not granted. Darwinian selection is context-specific and
oblivious to the future. As a consequence, some of the mutations that
are selectively advantageous at certain stages of tumor progression
and can trigger substantial clonal expansion may lead to evolutionary
dead ends and, therefore, may not be present in a fully malignant
tumor. The complexity of tumor evolution is further influenced by the
ongoing alterations of tumor microenvironment associated with
tumor progression [25], which are likely to alter the selective
pressures experienced by tumor cells. Therefore, at the microscopic

level, tumor evolution is likely to be non-linear, and substantial
genetic heterogeneity is expected in tumor cell populations (Fig. 1B).

It is useful to distinguish cellular genetic heterogeneity from clonal
genetic heterogeneity [26]. The former refers to genetic differences at
the level of single tumor cells, whereas the latter refers to genetic
differences that have been amplified by clonal expansion. Focusing on
clonal heterogeneity instead of cellular heterogeneity eliminates
some of the “noise” of tumor evolution, as many of the variants
detectable at the level of individual cells fail to clonally expand
because of their occurrence in a cell that has lost stem cell properties,
unfavorable effects on fitness, or simple stochastic reasons. However,
“clonal heterogeneity”will not necessarily be completely “noise-free,”
as clonal expansion does not necessarily prove the selective value of a
mutation.

It should also be noted that, from a perspective of selection
operating in the evolution of tumors, stable, heritable changes in gene
expression due to epigenetic alterations are indistinguishable from
similar changes caused by alterations in DNA sequences. Silencing of
gene expression by hypermethylation of promoter regions is
frequently observed in cancers [27]; therefore, heritable epigenetic
changes should be included in considerations of clonal heterogeneity.

The existence of clonal heterogeneity has been documented for a
variety of malignancies, including leukemias [28]; breast [11,29–34],
prostate [35–37], colon [38–40], brain [41,42], esophagus [26], head
and neck [43], bladder [44], and gynecological carcinomas [45];
liposarcoma [46]; and multiple myeloma [47]. Thus, the experimental
evidence for clonal heterogeneity is overwhelming. However, due to
multiple technical challenges, the available data are mostly fragmen-
tary and likely represent only the “tip of the iceberg,”with the extent of
clonal heterogeneity and the dependence of clonal heterogeneity on
tumor type, subtype, and disease stage remaining mostly unexplored.

Fig. 1. Schematic view of monoclonal and multiclonal models of tumor progression.
Increasing color intensity correlates with tumor progression, whereas different colors
reflect different clones. (A) Traditional, linear model of clonal succession, where
progressive mutations in oncogenes and tumor suppressor genes drive linear
succession of rounds of clonal expansion, manifested as tumor progression. (B)
Multi-clonal model of tumor progression: although all cells in tumors originate from a
single initiated cell, the evolution of the tumor is more “messy”, with genetically
divergent tumor clones co-existing within tumors for substantial periods of time. The
population sizes and characteristics of clones change as tumors evolve, with some clone
populations expanding in size and others remaining unchanged or becoming extinct. In
advanced stages of tumor evolution, tumors might become dominated by single clones.
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detectable at the level of individual cells fail to clonally expand
because of their occurrence in a cell that has lost stem cell properties,
unfavorable effects on fitness, or simple stochastic reasons. However,
“clonal heterogeneity”will not necessarily be completely “noise-free,”
as clonal expansion does not necessarily prove the selective value of a
mutation.

It should also be noted that, from a perspective of selection
operating in the evolution of tumors, stable, heritable changes in gene
expression due to epigenetic alterations are indistinguishable from
similar changes caused by alterations in DNA sequences. Silencing of
gene expression by hypermethylation of promoter regions is
frequently observed in cancers [27]; therefore, heritable epigenetic
changes should be included in considerations of clonal heterogeneity.

The existence of clonal heterogeneity has been documented for a
variety of malignancies, including leukemias [28]; breast [11,29–34],
prostate [35–37], colon [38–40], brain [41,42], esophagus [26], head
and neck [43], bladder [44], and gynecological carcinomas [45];
liposarcoma [46]; and multiple myeloma [47]. Thus, the experimental
evidence for clonal heterogeneity is overwhelming. However, due to
multiple technical challenges, the available data are mostly fragmen-
tary and likely represent only the “tip of the iceberg,”with the extent of
clonal heterogeneity and the dependence of clonal heterogeneity on
tumor type, subtype, and disease stage remaining mostly unexplored.

Fig. 1. Schematic view of monoclonal and multiclonal models of tumor progression.
Increasing color intensity correlates with tumor progression, whereas different colors
reflect different clones. (A) Traditional, linear model of clonal succession, where
progressive mutations in oncogenes and tumor suppressor genes drive linear
succession of rounds of clonal expansion, manifested as tumor progression. (B)
Multi-clonal model of tumor progression: although all cells in tumors originate from a
single initiated cell, the evolution of the tumor is more “messy”, with genetically
divergent tumor clones co-existing within tumors for substantial periods of time. The
population sizes and characteristics of clones change as tumors evolve, with some clone
populations expanding in size and others remaining unchanged or becoming extinct. In
advanced stages of tumor evolution, tumors might become dominated by single clones.
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tumor progression [25], which are likely to alter the selective
pressures experienced by tumor cells. Therefore, at the microscopic
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differences that have been amplified by clonal expansion. Focusing on
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detectable at the level of individual cells fail to clonally expand
because of their occurrence in a cell that has lost stem cell properties,
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“clonal heterogeneity”will not necessarily be completely “noise-free,”
as clonal expansion does not necessarily prove the selective value of a
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It should also be noted that, from a perspective of selection
operating in the evolution of tumors, stable, heritable changes in gene
expression due to epigenetic alterations are indistinguishable from
similar changes caused by alterations in DNA sequences. Silencing of
gene expression by hypermethylation of promoter regions is
frequently observed in cancers [27]; therefore, heritable epigenetic
changes should be included in considerations of clonal heterogeneity.

The existence of clonal heterogeneity has been documented for a
variety of malignancies, including leukemias [28]; breast [11,29–34],
prostate [35–37], colon [38–40], brain [41,42], esophagus [26], head
and neck [43], bladder [44], and gynecological carcinomas [45];
liposarcoma [46]; and multiple myeloma [47]. Thus, the experimental
evidence for clonal heterogeneity is overwhelming. However, due to
multiple technical challenges, the available data are mostly fragmen-
tary and likely represent only the “tip of the iceberg,”with the extent of
clonal heterogeneity and the dependence of clonal heterogeneity on
tumor type, subtype, and disease stage remaining mostly unexplored.
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Background
Intratumor heterogeneity may foster tumor evolution and adaptation and hinder 
personalized-medicine strategies that depend on results from single tumor-biopsy 
samples.

Methods
To examine intratumor heterogeneity, we performed exome sequencing, chromosome 
aberration analysis, and ploidy profiling on multiple spatially separated samples ob-
tained from primary renal carcinomas and associated metastatic sites. We character-
ized the consequences of intratumor heterogeneity using immunohistochemical analy-
sis, mutation functional analysis, and profiling of messenger RNA expression.

Results
Phylogenetic reconstruction revealed branched evolutionary tumor growth, with 63 to 
69% of all somatic mutations not detectable across every tumor region. Intratumor 
heterogeneity was observed for a mutation within an autoinhibitory domain of the 
mammalian target of rapamycin (mTOR) kinase, correlating with S6 and 4EBP 
phosphorylation in vivo and constitutive activation of mTOR kinase activity in vitro. 
Mutational intratumor heterogeneity was seen for multiple tumor-suppressor genes 
converging on loss of function; SETD2, PTEN, and KDM5C underwent multiple dis-
tinct and spatially separated inactivating mutations within a single tumor, suggesting 
convergent phenotypic evolution. Gene-expression signatures of good and poor prog-
nosis were detected in different regions of the same tumor. Allelic composition and 
ploidy profiling analysis revealed extensive intratumor heterogeneity, with 26 of 30 tu-
mor samples from four tumors harboring divergent allelic-imbalance profiles and with 
ploidy heterogeneity in two of four tumors.

Conclusions
Intratumor heterogeneity can lead to underestimation of the tumor genomics landscape 
portrayed from single tumor-biopsy samples and may present major challenges to 
personalized-medicine and biomarker development. Intratumor heterogeneity, asso-
ciated with heterogeneous protein function, may foster tumor adaptation and thera-
peutic failure through Darwinian selection. (Funded by the Medical Research Council 
and others.)
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tion through loss of SETD2 methyltransferase func-
tion driven by three distinct, regionally separated 
mutations on a background of ubiquitous loss of 
the other SETD2 allele on chromosome 3p.

Convergent evolution was observed for the 
X-chromosome–encoded histone H3K4 demeth-
ylase KDM5C, harboring disruptive mutations in 
R1 through R3, R5, and R8 through R9 (missense 

and frameshift deletion) and a splice-site mutation 
in the metastases (Fig. 2B and 2C).

mTOR Functional Intratumor Heterogeneity
The mammalian target of rapamycin (mTOR) ki-
nase carried a kinase-domain missense mutation 
(L2431P) in all primary tumor regions except R4. 
All tumor regions harboring mTOR (L2431P) had 
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tion through loss of SETD2 methyltransferase func-
tion driven by three distinct, regionally separated 
mutations on a background of ubiquitous loss of 
the other SETD2 allele on chromosome 3p.

Convergent evolution was observed for the 
X-chromosome–encoded histone H3K4 demeth-
ylase KDM5C, harboring disruptive mutations in 
R1 through R3, R5, and R8 through R9 (missense 

and frameshift deletion) and a splice-site mutation 
in the metastases (Fig. 2B and 2C).

mTOR Functional Intratumor Heterogeneity
The mammalian target of rapamycin (mTOR) ki-
nase carried a kinase-domain missense mutation 
(L2431P) in all primary tumor regions except R4. 
All tumor regions harboring mTOR (L2431P) had 
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tion through loss of SETD2 methyltransferase func-
tion driven by three distinct, regionally separated 
mutations on a background of ubiquitous loss of 
the other SETD2 allele on chromosome 3p.

Convergent evolution was observed for the 
X-chromosome–encoded histone H3K4 demeth-
ylase KDM5C, harboring disruptive mutations in 
R1 through R3, R5, and R8 through R9 (missense 

and frameshift deletion) and a splice-site mutation 
in the metastases (Fig. 2B and 2C).

mTOR Functional Intratumor Heterogeneity
The mammalian target of rapamycin (mTOR) ki-
nase carried a kinase-domain missense mutation 
(L2431P) in all primary tumor regions except R4. 
All tumor regions harboring mTOR (L2431P) had 
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Problems in developing geneGc-based therapies

ü Intratumor heterogeneity

ü Identify Driver versus Passenger mutations

ü Resistance development to a targeted agent

ü No info in the complete compendium of genetic alterations in 
cancer

ü Most recognized genetic abberrations have not led to a candidate 
drug

ü Essential is the identification of the core pathway rather than the 
single mutation

ü One drug is never enough

ü Need of strong and reliable preclinical infrastructures



Is tumor heterogeneity in cancer a problem?
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Genomic alterations and technologies for detection

technology widely accessible to many investigators. For example, in
2007, a personal genome sequenced by using the Sanger method cost
US$70 million36; by 2010, the cost for sequencing a genome by using
MPS had dropped to approximately US$50,000, and in 2013, genome

sequencing can be performed in a commercial or research setting for
under US$5,000 (Fig 2). Second, the development of MPS conferred
substantial increases in both the sensitivity (by sequencing to a high
redundancy) and the scalability of sequencing, thus allowing a deep

Molecular alterations in cancer

DNA

RNA

• Point mutations
  (substitutions/indels)

Tumor 
tissue

Existing technologies Emerging technologies

Capillary (Sanger) sequencing
Pyrosequencing
Genotyping
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SNP array
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• Rearrangements, fusion genes

• Pathogenic sequences

• Epigenetic modifications

• Altered transcript expression levels

• Altered allele-specific expression
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cm  2

Fig 1. Categories of genomic alterations
and technologies for detection. Many of the
hallmark alterations in cancer are currently
detected by using a multitude of existing
technologies, often in a serial fashion, each
using an appreciable amount of nucleic acid.
Newer sequencing-based methodologies are
capable of interrogating many types of cancer
alterations in one composite, sensitive test.
CGH, comparative genomic hybridization;
ChIP-Seq, chromatin immunoprecipitation fol-
lowed by massively parallel sequencing; FISH,
fluorescent in situ hybridization; IHC, immuno-
histochemistry; PCR, polymerase chain reac-
tion; RNA-Seq, RNA sequencing, also known
as transcriptome sequencing; SNP, single nu-
cleotide polymorphism; Targ-Seq, targeted se-
quencing; WES, whole-exome sequencing;
WGS, whole-genome sequencing.
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Fig 2. The decrease in cost of genome
sequencing facilitated by massively parallel
sequencing technologies. The cost of se-
quencing has decreased at a rate faster than
Moore’s law in the past 10 years. The data
from 2001 through 2007 represent the costs
of generating DNA sequences by using
Sanger-based chemistries and capillary-based
instruments (first-generation sequencing plat-
forms). Starting in 2008, the data represent
the costs of generating DNA sequences by
using second-generation sequencing technol-
ogies. The change in instruments represents
the rapid evolution of DNA sequencing tech-
nologies that has occurred in recent years.
Landmark events are also indicated on the
timeline. The release of various second- and
third-generation technologies is indicated in
blue boxes. IHGSC, International Human Ge-
nome Sequencing Consortium. Data adapted
from the National Human Genome Research
Institute Web site.35
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A B S T R A C T

Ongoing global genome characterization efforts are revolutionizing our knowledge of cancer
genomics and tumor biology. In parallel, information gleaned from these studies on driver cancer
gene alterations—mutations, copy number alterations, translocations, and/or chromosomal rear-
rangements—can be leveraged, in principle, to develop a cohesive framework for individualized
cancer treatment. These possibilities have been enabled, to a large degree, by revolutionary
advances in genomic technologies that facilitate systematic profiling for hallmark cancer genetic
alterations at increasingly fine resolutions. Ongoing innovations in existing genomics technologies,
as well as the many emerging technologies, will likely continue to advance translational cancer
genomics and precision cancer medicine.

J Clin Oncol 31:1815-1824. © 2013 by American Society of Clinical Oncology

CASE FOR TUMOR GENOMIC PROFILING

Progress in cancer genomics research over the past
few decades has reinforced the notion that cancer is
driven by various types of genomic alterations. Al-
though some cancers harbor frequently recurring
alterations in one or a small number of genes (95%
of chronic myelogenous leukemias harbor a recipro-
cal translocation between chromosomes 9 and 22
resulting in the BCR-ABL fusion gene1,2), other can-
cer types exhibit considerable heterogeneity in the
constellation of alterations that drive the malig-
nancy. Conversely, although many of these altera-
tions show tumor type specificity (eg, BRAF
mutations occur frequently in papillary thyroid car-
cinomas3 and cutaneous melanomas), they may also
occur at lower frequencies across many other cancer
types (eg, BRAF mutations are present in 2% to 20%
of non–small-cell lung cancers [NSCLCs],4 colorec-
tal adenocarcinomas,5 pediatric low-grade astrocy-
tomas,5 and multiple myelomas6). This “long tail” of
rare driver genetic events may pose particular tech-
nological and methodological demands in the mo-
lecular cancer diagnostics arena as more and more
genetic alterations become clinically actionable.

Many genomic alterations create a dysregu-
lated signaling cascade, and the derivative mutant
proteins (or proteins up- or downstream in the same
or related pathway) are thus potential (and some-
times potent) foci for targeted anticancer therapies.
There are several clinical success stories of rational
targeted therapies based on knowledge of the under-
lying genetics: activating mutations and small inser-

tions/deletions in the epidermal growth factor
receptor (EGFR) in NSCLC confer sensitivity to the
EGFR tyrosine kinase inhibitors erlotinib and
gefitinib,7-9 and BRAF mutations in melanoma
(specifically at the V600 locus) are targets for BRAF
inhibitors10; clinical trials have confirmed the utility
of targeted therapies in these instances.11,12 Infor-
mation on the mutational status of many known
cancer genes can thus be used to design rational
therapeutics for a given patient.13,14 Similarly, the
concept of synthetic lethality15— identifying and
targeting a secondary dependency of a cancer cell
when the primary target is inhibited, exemplified by
the sensitivity of BRCA1/2-deficient breast cancer
cells to poly(ADP-ribose) polymerase inhibition—
allows one to selectively target cancer-specific muta-
tions effectively.

It seems clear, therefore, that knowledge of a
spectrum of actionable genomic alterations within
an individual tumor—whether mutations, chromo-
somal rearrangements, copy number changes, or
epigenetic alterations—may ultimately facilitate in-
dividualized approaches for many patients with
cancer. However, systematic and comprehensive
profiling of cancers remains underdeveloped in
many patient-oriented research or clinical settings.
Disruptive advances in sequencing technologies
over the past several years have rapidly advanced
cancer research efforts and are poised to similarly
transform the translational oncology landscape. As
they accelerate toward the clinic, these technologies
may enable robust readouts of the genetic content of
a tumor, facilitate the deployment of clinical trials on
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transform the translational oncology landscape. As
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may enable robust readouts of the genetic content of
a tumor, facilitate the deployment of clinical trials on

JOURNAL OF CLINICAL ONCOLOGY R E V I E W A R T I C L E

VOLUME 31 ! NUMBER 15 ! MAY 20 2013

© 2013 by American Society of Clinical Oncology 1815



Cost of genome sequencing 

Community Page

Tracking Genomic Cancer Evolution for Precision
Medicine: The Lung TRACERx Study
Mariam Jamal-Hanjani1,2, Alan Hackshaw3, Yenting Ngai3, Jacqueline Shaw4, Caroline Dive5,

Sergio Quezada6, Gary Middleton7, Elza de Bruin1, John Le Quesne4, Seema Shafi1, Mary Falzon8,

Stuart Horswell9, Fiona Blackhall10, Iftekhar Khan3, Sam Janes11, Marianne Nicolson12,

David Lawrence13, Martin Forster2, Dean Fennell4,14, Siow-Ming Lee2, Jason Lester15, Keith Kerr16,

Salli Muller17, Natasha Iles3, Sean Smith3, Nirupa Murugaesu1,2, Richard Mitter9, Max Salm9,

Aengus Stuart9, Nik Matthews18, Haydn Adams19, Tanya Ahmad2, Richard Attanoos20,

Jonathan Bennett21, Nicolai Juul Birkbak22, Richard Booton23, Ged Brady24, Keith Buchan25,

Arrigo Capitano8, Mahendran Chetty26, Mark Cobbold27, Philip Crosbie28, Helen Davies29,

Alan Denison30, Madhav Djearman31, Jacki Goldman32, Tom Haswell33, Leena Joseph34,

Malgorzata Kornaszewska35, Matthew Krebs5, Gerald Langman36, Mairead MacKenzie33, Joy Millar26,

Bruno Morgan4, Babu Naidu37, Daisuke Nonaka38,34, Karl Peggs6, Catrin Pritchard39, Hardy Remmen25,

Andrew Rowan40, Rajesh Shah41, Elaine Smith42, Yvonne Summers38,43, Magali Taylor44,

Selvaraju Veeriah1, David Waller45, Ben Wilcox46, Maggie Wilcox33, Ian Woolhouse47,

Nicholas McGranahan40, Charles Swanton1,2,40*

1 Translational Cancer Therapeutics Laboratory, University College London Cancer Institute, London, United Kingdom, 2 Department of Medical Oncology, University

College London Hospitals, London, United Kingdom, 3 Cancer Research UK & UCL Cancer Trials Centre, London, United Kingdom, 4 Cancer Studies and Molecular

Medicine, University of Leicester, Leicester, United Kingdom, 5 Cancer Research UK Manchester Institute, Manchester, United Kingdom, 6 Immune Regulation and Tumour

Immunotherapy Laboratory, University College London Cancer Institute, London, United Kingdom, 7 Department of Medical Oncology, Birmingham Heartlands Hospital,

Birmingham, United Kingdom, 8 Department of Pathology, University College London Hospitals, London, United Kingdom, 9 Department of Bioinformatics and

BioStatistics, Cancer Research UK, London Research Institute, London, United Kingdom, 10 Institute of Cancer Studies, University of Manchester and The Christie Hospital,

Manchester, United Kingdom, 11 Department of Respiratory Medicine, University College London Hospitals, London, United Kingdom, 12 Department of Medical

Oncology, Aberdeen University Medical School & Aberdeen Royal Infirmary, Aberdeen, Scotland, United Kingdom, 13 Department of Cardiothoracic Surgery, Heart

Hospital, London, United Kingdom, 14 Department of Medical Oncology, University of Leicester & Leicester University Hospitals, Leicester, United Kingdom,

15 Department of Clinical Oncology, Velindre Hospital, Cardiff, Wales, United Kingdom, 16 Department of Pathology, Aberdeen University Medical School & Aberdeen

Royal Infirmary, Aberdeen, Scotland, United Kingdom, 17 Department of Pathology, University of Leicester & Leicester University Hospitals, Leicester, United Kingdom,

18 The Advanced Sequencing Facility, London Research Institute, London, United Kingdom, 19 Department of Radiology, University Hospital Llandough, Cardiff, Wales,

United Kingdom, 20 Department of Pathology, University Hospital Llandough, Cardiff, Wales, United Kingdom, 21 Department of Respiratory Medicine, University of

Leicester & Leicester University Hospitals, Leicester, United Kingdom, 22 Department of Systems Biology, Technical University of Denmark, Kongens Lyngby, Denmark,

23 Department of Respiratory Medicine, University Hospital of South Manchester, Manchester, United Kingdom, 24 Cancer Research UK Manchester Institute, Manchester,

United Kingdom, 25 Department of Cardiothoracic Surgery, Aberdeen University Medical School & Aberdeen Royal Infirmary, Aberdeen, United Kingdom, 26 Department

of Respiratory Medicine, Aberdeen University Medical School & Aberdeen Royal Infirmary, Aberdeen, United Kingdom, 27 Department of Clinical Immunology, University

of Birmingham, Birmingham, B15 2TT, 28 North West Lung Centre, University Hospital of South Manchester, Manchester, United Kingdom, 29 Department of Respiratory

Medicine, University Hospital Llandough, Cardiff, Wales, United Kingdom, 30 Aberdeen Biomedical Imaging Centre, University of Aberdeen, Aberdeen, United kingdom,

31 Department of Radiology, Birmingham Heartlands Hospital, Birmingham, United Kingdom, 32 Department of IT, London Research Institute, London, United Kingdom,

33 Independent Cancer Patient’s Voice, London, united Kingdom, 34 Department of Pathology, University Hospitals of South Manchester, Manchester, 35 Department of

Cardiothoracic Surgery, University Hospital Llandough, Cardiff, Wales, United Kingdom, 36 Department of Cellular Pathology, Birmingham Heartlands Hospital,

Birmingham, United Kingdom, 37 Department of Thoracic Surgery, Birmingham Heartlands Hospital, Birmingham, United Kingdom, 38 The Christie Hospital, Manchester,

United Kingdom, 39 Department of Biochemistry, University of Leicester, Leicester, United Kingdom, 40 Translational Cancer Therapeutics Laboratory, London Research

Institute, London, United Kingdom, 41 Department of Cardiothoracic Surgery, University Hospitals of South Manchester, Manchester, United Kingdom, 42 Department of

Radiology, University Hospitals of South Manchester, Manchester, United Kingdom, 43 Department of Medical Oncology, University Hospital of South Manchester,

Manchester, United Kingdom, 44 Department of Radiology, University College London Hospitals, London, United Kingdom, 45 Department of Cardiothoracic Surgery,

University of Leicester & Leicester University Hospitals, Leicester, United Kingdom, 46 School of Cancer Sciences, University of Birmingham, Birmingham, United Kingdom,

47 Department of Respiratory Medicine, Birmingham University Hospital, Birmingham, United Kingdom

PLOS Biology | www.plosbiology.org 1 July 2014 | Volume 12 | Issue 7 | e1001906

technology widely accessible to many investigators. For example, in
2007, a personal genome sequenced by using the Sanger method cost
US$70 million36; by 2010, the cost for sequencing a genome by using
MPS had dropped to approximately US$50,000, and in 2013, genome

sequencing can be performed in a commercial or research setting for
under US$5,000 (Fig 2). Second, the development of MPS conferred
substantial increases in both the sensitivity (by sequencing to a high
redundancy) and the scalability of sequencing, thus allowing a deep
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Fig 1. Categories of genomic alterations
and technologies for detection. Many of the
hallmark alterations in cancer are currently
detected by using a multitude of existing
technologies, often in a serial fashion, each
using an appreciable amount of nucleic acid.
Newer sequencing-based methodologies are
capable of interrogating many types of cancer
alterations in one composite, sensitive test.
CGH, comparative genomic hybridization;
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lowed by massively parallel sequencing; FISH,
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A B S T R A C T

Ongoing global genome characterization efforts are revolutionizing our knowledge of cancer
genomics and tumor biology. In parallel, information gleaned from these studies on driver cancer
gene alterations—mutations, copy number alterations, translocations, and/or chromosomal rear-
rangements—can be leveraged, in principle, to develop a cohesive framework for individualized
cancer treatment. These possibilities have been enabled, to a large degree, by revolutionary
advances in genomic technologies that facilitate systematic profiling for hallmark cancer genetic
alterations at increasingly fine resolutions. Ongoing innovations in existing genomics technologies,
as well as the many emerging technologies, will likely continue to advance translational cancer
genomics and precision cancer medicine.
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CASE FOR TUMOR GENOMIC PROFILING

Progress in cancer genomics research over the past
few decades has reinforced the notion that cancer is
driven by various types of genomic alterations. Al-
though some cancers harbor frequently recurring
alterations in one or a small number of genes (95%
of chronic myelogenous leukemias harbor a recipro-
cal translocation between chromosomes 9 and 22
resulting in the BCR-ABL fusion gene1,2), other can-
cer types exhibit considerable heterogeneity in the
constellation of alterations that drive the malig-
nancy. Conversely, although many of these altera-
tions show tumor type specificity (eg, BRAF
mutations occur frequently in papillary thyroid car-
cinomas3 and cutaneous melanomas), they may also
occur at lower frequencies across many other cancer
types (eg, BRAF mutations are present in 2% to 20%
of non–small-cell lung cancers [NSCLCs],4 colorec-
tal adenocarcinomas,5 pediatric low-grade astrocy-
tomas,5 and multiple myelomas6). This “long tail” of
rare driver genetic events may pose particular tech-
nological and methodological demands in the mo-
lecular cancer diagnostics arena as more and more
genetic alterations become clinically actionable.

Many genomic alterations create a dysregu-
lated signaling cascade, and the derivative mutant
proteins (or proteins up- or downstream in the same
or related pathway) are thus potential (and some-
times potent) foci for targeted anticancer therapies.
There are several clinical success stories of rational
targeted therapies based on knowledge of the under-
lying genetics: activating mutations and small inser-

tions/deletions in the epidermal growth factor
receptor (EGFR) in NSCLC confer sensitivity to the
EGFR tyrosine kinase inhibitors erlotinib and
gefitinib,7-9 and BRAF mutations in melanoma
(specifically at the V600 locus) are targets for BRAF
inhibitors10; clinical trials have confirmed the utility
of targeted therapies in these instances.11,12 Infor-
mation on the mutational status of many known
cancer genes can thus be used to design rational
therapeutics for a given patient.13,14 Similarly, the
concept of synthetic lethality15— identifying and
targeting a secondary dependency of a cancer cell
when the primary target is inhibited, exemplified by
the sensitivity of BRCA1/2-deficient breast cancer
cells to poly(ADP-ribose) polymerase inhibition—
allows one to selectively target cancer-specific muta-
tions effectively.

It seems clear, therefore, that knowledge of a
spectrum of actionable genomic alterations within
an individual tumor—whether mutations, chromo-
somal rearrangements, copy number changes, or
epigenetic alterations—may ultimately facilitate in-
dividualized approaches for many patients with
cancer. However, systematic and comprehensive
profiling of cancers remains underdeveloped in
many patient-oriented research or clinical settings.
Disruptive advances in sequencing technologies
over the past several years have rapidly advanced
cancer research efforts and are poised to similarly
transform the translational oncology landscape. As
they accelerate toward the clinic, these technologies
may enable robust readouts of the genetic content of
a tumor, facilitate the deployment of clinical trials on
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targeted therapies based on knowledge of the under-
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receptor (EGFR) in NSCLC confer sensitivity to the
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gefitinib,7-9 and BRAF mutations in melanoma
(specifically at the V600 locus) are targets for BRAF
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of targeted therapies in these instances.11,12 Infor-
mation on the mutational status of many known
cancer genes can thus be used to design rational
therapeutics for a given patient.13,14 Similarly, the
concept of synthetic lethality15— identifying and
targeting a secondary dependency of a cancer cell
when the primary target is inhibited, exemplified by
the sensitivity of BRCA1/2-deficient breast cancer
cells to poly(ADP-ribose) polymerase inhibition—
allows one to selectively target cancer-specific muta-
tions effectively.

It seems clear, therefore, that knowledge of a
spectrum of actionable genomic alterations within
an individual tumor—whether mutations, chromo-
somal rearrangements, copy number changes, or
epigenetic alterations—may ultimately facilitate in-
dividualized approaches for many patients with
cancer. However, systematic and comprehensive
profiling of cancers remains underdeveloped in
many patient-oriented research or clinical settings.
Disruptive advances in sequencing technologies
over the past several years have rapidly advanced
cancer research efforts and are poised to similarly
transform the translational oncology landscape. As
they accelerate toward the clinic, these technologies
may enable robust readouts of the genetic content of
a tumor, facilitate the deployment of clinical trials on
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Aligning incentives to fulfi l the promise of personalised 
medicine
Victor J Dzau, Geoff rey S Ginsburg, Karen Van Nuys, David Agus, Dana Goldman

Personalised medicine has generated global policy interest 
in the past few years. In 2012, the European Union 
established the European Alliance for Personalised 
Medicine with the aim to accelerate the development, 
delivery, and uptake of personalised health care, broadly 
defi ned. In the same year, the UK’s Medical Research 
Council and National Institute for Health Research 
funded the National Phenome Centre to deliver broad 
access to a world-class capability in metabolic pheno-
typing for biomarker discovery and validation, improved 
patient stratifi cation, and early identifi cation of drug 
effi  cacy and safety. In the USA, President Obama recently 
proposed to invest US$215 million in a Precision Medicine 
Initiative, with the goal to further research into patient 
genetics and customised treatments.

There are reasons to be optimistic about these kinds of 
initiatives. The sequencing of the human genome and 
rapid advances in technology have catalysed the 
development of personalised medicine—so much so that 
reliable and aff ordable genetic analysis is well within 
reach of many patients and payers.1 Much of the research 
and development to date has focused on genetic mutations 
commonly found in cancer tumours or rare genetic 
diseases, and the development of targeted therapies. Most 
personalised therapies currently on the market are 
indicated for slowing tumour growth or orphan diseases. 
However, the promise has spawned a rapidly growing 
industry in which genetic markers of disease and 
treatment responses are searched on a larger scale.

The full promise of personalised and precision medicine 
(PPM)—as health-care innovations involving molecular 
diagnostics and pharmacogenomics are called—extends 
beyond targeting therapies for patients who are already ill. 
It also includes the ability to identify healthy individuals at 
elevated risk of disease, enabling preventive measures to 
be targeted towards those who could benefi t most. 
Although applications of PPM aimed at prevention have 
the potential to generate substantial value for society, the 
present reimbursement environ ment, characterised by 
near-term budget pressures on national health systems 
and private payers alike, discourages their development in 
favour of PPM treatments that might generate less value 
overall, but provide greater short-run returns.

On the other hand, the potential social benefi ts from 
prevention in the PPM context can be enormous. We used 
an existing health simulation model to consider the 
benefi ts (and costs) of PPM innovations to improve 
screening and risk-factor stratifi cation technologies that 
identify presymptomatic individuals at high risk of specifi c 
diseases. The model—The Health Econ omics Medical 
Innovation Simulation—was developed with funding from 

the Centers for Medicare and Medicaid Services, National 
Institutes of Health, and the MacArthur Foundation, and 
has been used to assess the long-term consequences 
of medical innovation in many settings, including 
cardiovascular disease, diabetes, cancer, and obesity.2

Our scenarios mirror the current research and develop-
ment pursuit of PPM technology to identify patients at 
highest risk of high prevalence disease. These patients are 
then given targeted prophylactic therapy to prevent or delay 
disease onset. The preventive therapy itself need not be 
innovative—eg, the multi centre Diabetes Prevention 
Program trial identifi ed patients at high risk of type 2 
diabetes (prediabetes), and showed that early intervention 
with existing therapies reduced risk of subsequent type 2 
diabetes.3 In our scenarios, the PPM innovation allows 
identifi cation of the subset of patients for whom inter-
vention is most valuable. So, for example, although diet and 
exercise interventions might lower the risk of heart disease 
among the population in general, adherence to such 
programmes is notoriously poor in the general population. 
However, aggressive preventive and inter ventional 
strategies targeted to patients whose genetic tests identify 
them as having extraordinary risks of developing cardio-
vascular disease have a much greater likelihood of success.

In our analysis, these preventive PPM interventions are 
assumed to permanently reduce the incidence of 
six diseases (cancer, diabetes, heart disease, hypertension, 
lung disease, and stroke) by some fi xed percentage 
starting in 2012. Interventions are assumed to have 
effi  cacy—and costs—similar to the Diabetes Prevention 
Program, meaning that they need to be sustained over a 
lifetime. Benefi ts are computed by looking at life 
expectancy and quality-adjusted life expectancy gains 
during the subsequent 50 years. Values are expressed in 
dollars using a very conservative $100 000 per quality-
adjusted life-year.

The fi gure summarises the value of health generated 
from 2012 to 2060 by PPM innovations that reduce 
incidence of six diseases in the US by 10% and 50%. 
Dependent on the disease, a PPM innovation that reduces 
incidence by as little as 10% generates anywhere from 
$33 to $114 billion in the form of longer, healthier lives 
enjoyed by the US population. A PPM innovation that 
reduces disease incidence by more generates com-
mensurately larger benefi ts, for example a 50% reduction 
in heart disease incidence would generate $607 billion in 
improved health over 50 years. Of the six diseases studied, 
PPM innovations aimed at reducing heart disease have 
the greatest eff ect on public health because heart disease 
is highly prevalent and has relatively large eff ect on life 
expectancy. Other diseases such as stroke or lung disease 
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Council and National Institute for Health Research 
funded the National Phenome Centre to deliver broad 
access to a world-class capability in metabolic pheno-
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rapid advances in technology have catalysed the 
development of personalised medicine—so much so that 
reliable and aff ordable genetic analysis is well within 
reach of many patients and payers.1 Much of the research 
and development to date has focused on genetic mutations 
commonly found in cancer tumours or rare genetic 
diseases, and the development of targeted therapies. Most 
personalised therapies currently on the market are 
indicated for slowing tumour growth or orphan diseases. 
However, the promise has spawned a rapidly growing 
industry in which genetic markers of disease and 
treatment responses are searched on a larger scale.

The full promise of personalised and precision medicine 
(PPM)—as health-care innovations involving molecular 
diagnostics and pharmacogenomics are called—extends 
beyond targeting therapies for patients who are already ill. 
It also includes the ability to identify healthy individuals at 
elevated risk of disease, enabling preventive measures to 
be targeted towards those who could benefi t most. 
Although applications of PPM aimed at prevention have 
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In our analysis, these preventive PPM interventions are 
assumed to permanently reduce the incidence of 
six diseases (cancer, diabetes, heart disease, hypertension, 
lung disease, and stroke) by some fi xed percentage 
starting in 2012. Interventions are assumed to have 
effi  cacy—and costs—similar to the Diabetes Prevention 
Program, meaning that they need to be sustained over a 
lifetime. Benefi ts are computed by looking at life 
expectancy and quality-adjusted life expectancy gains 
during the subsequent 50 years. Values are expressed in 
dollars using a very conservative $100 000 per quality-
adjusted life-year.

The fi gure summarises the value of health generated 
from 2012 to 2060 by PPM innovations that reduce 
incidence of six diseases in the US by 10% and 50%. 
Dependent on the disease, a PPM innovation that reduces 
incidence by as little as 10% generates anywhere from 
$33 to $114 billion in the form of longer, healthier lives 
enjoyed by the US population. A PPM innovation that 
reduces disease incidence by more generates com-
mensurately larger benefi ts, for example a 50% reduction 
in heart disease incidence would generate $607 billion in 
improved health over 50 years. Of the six diseases studied, 
PPM innovations aimed at reducing heart disease have 
the greatest eff ect on public health because heart disease 
is highly prevalent and has relatively large eff ect on life 
expectancy. Other diseases such as stroke or lung disease 
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are much less prevalent and off er smaller opportunities 
for creating value from incidence reduction.

Despite their potential for generating great social value, 
PPM innovations aimed at prevention have generally 
lagged behind those aimed at treating patients who 
already have disease.4 Outside the USA, severe health-
care budget pressures have led to coverage policies that 
favour tech nologies with short payback periods. In the 
USA, reimbursement for diagnostic tests is based on 
costs, rather than value. Unlike reimbursement for 
personalised cancer therapies, which is based in part on 
the demonstrated value of the drug in terms of increased 
survival, reimbursement for diagnostic tests is typically 
determined according to a clinical laboratory fee schedule 
that does not distinguish between traditional diagnostics 
such as basic metabolic panels and PPM diagnostics that 
might have similar production costs but very diff erent 
clinical value.4 As a result, companies contemplating 
development of PPM diagnostics to facilitate disease 
prevention have scarce incentives to do so; predictably, 
such diagnostics, despite their potential for generating 
substantial social value, have been slow to appear on 
the market.

The policy implications of these fi ndings are clear. 
First, the potential social benefi ts of preventive PPM 
innovations—and prevention more generally—can be 
quite large, but the incentives to develop them are weak. 
Although we do a good job reimbursing for therapeutics, 
we do a much worse job reimbursing for diagnostic tests. 
In particular, more consistent decision-making processes 
regarding coverage across payers, as well as reimburse-
ment based on a test’s value, rather than cost, could 
strengthen manufacturers’ incentives to bring preventive 
PPM diagnostic tests to market more quickly.

Second, although PPM holds much promise for reducing 
the total burden associated with some diseases, the 
scenarios investigated here demonstrate that diff erent 
types of PPM innovations might have very diff erent health 
benefi ts. For a health policy maker deciding how to invest 
fi nite resources across diff erent innovations and disease 
areas, these results might help to prioritise among diff erent 
options. The future health benefi t to reduction of disease 
incidence by even 10% can be important in areas such as 
diabetes and heart disease—with health gains among the 
US population worth $96 and $114 billion, respectively. By 
contrast, for a disease such as stroke, PPM would need to 
reduce incidence by a larger amount to generate similar 
health benefi ts. Thus, value is tied to prevalence.

Third, it is important to realise that risk stratifi cation is 
not enough. We need to have eff ective and sustainable 
interventions that can be implemented at reasonable cost, 
which might include diet and exercise. Otherwise, society 
is simply increasing the prevalence of disease at additional 
cost to the entire system.

Finally, we need to consider which conditions for which 
generous coverage of PPM would be optimum—from 
both society and payers’ perspectives. In the USA, private 

insurers’ incentives favour interventions with near-term 
benefi ts and short payback periods, since plan member 
turnover can be high, and the realised benefi ts would 
need to be returned in a few short years. But the real 
benefi ts of PPM innovations accrue over much longer 
horizons, as individuals live longer, healthier lives. 
Covering these interventions might not generate positive 
returns for private US payers, but could do so in single-
payer systems such as those in Europe. PPM innovations 
with the shortest payback periods might thus enter the 
marketplace fi rst, but they might not generate the largest 
social returns. Figuring out a model that might generate 
positive returns for private payers could benefi t everyone.
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Tumour microenvironment: 
Gut bacterial balance affects cancer treatment

The Intestinal Microbiota Modulates
the Anticancer Immune Effects of
Cyclophosphamide
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Cyclophosphamide is one of several clinically important cancer drugs whose therapeutic
efficacy is due in part to their ability to stimulate antitumor immune responses. Studying
mouse models, we demonstrate that cyclophosphamide alters the composition of microbiota
in the small intestine and induces the translocation of selected species of Gram-positive bacteria
into secondary lymphoid organs. There, these bacteria stimulate the generation of a specific
subset of “pathogenic” T helper 17 (pTH17) cells and memory TH1 immune responses.
Tumor-bearing mice that were germ-free or that had been treated with antibiotics to kill
Gram-positive bacteria showed a reduction in pTH17 responses, and their tumors were resistant
to cyclophosphamide. Adoptive transfer of pTH17 cells partially restored the antitumor
efficacy of cyclophosphamide. These results suggest that the gut microbiota help shape the
anticancer immune response.

It is well established that gut commensal
bacteria profoundly shape mammalian im-
munity (1). Intestinal dysbiosis, which con-

stitutes a disequilibrium in the bacterial ecosystem,
can lead to overrepresentation of some bacteria
able to promote colon carcinogenesis by favoring
chronic inflammation or local immunosuppres-
sion (2, 3). However, the effects of microbial
dysbiosis on nongastrointestinal cancers are un-
known. Anticancer chemotherapeutics often cause
mucositis (a debilitating mucosal barrier injury
associated with bacterial translocation) and neu-
tropenia, two complications that require treat-
ment with antibiotics, which in turn can result in
dysbiosis (4, 5). Some antineoplastic agents me-
diate part of their anticancer activity by stimulating
anticancer immune responses (6). Cyclophos-
phamide (CTX), a prominent alkylating anti-
cancer agent, induces immunogenic cancer cell
death (7, 8), subverts immunosuppressive T cells
(9), and promotes TH1 and TH17 cells controlling
cancer outgrowth (10). Here, we investigated the
impact of CTX on the small intestine microbiota
and its ensuing effects on the antitumor immune
response.

We characterized the inflammatory status of
the gut epithelial barrier 48 hours after therapy
with nonmyeloablative doses of CTX or the
anthracycline doxorubicin in naïve mice. Both
drugs caused shortening of small intestinal villi,
discontinuities of the epithelial barrier, interstitial
edema, and focal accumulation of mononuclear
cells in the lamina propria (LP) (Fig. 1, A and B).
After chemotherapy, the numbers of goblet cells
and Paneth cells were increased in villi (Fig. 1C)
and crypts (Fig. 1D), respectively. The antibac-

terial enzyme lysozyme (but not themicrobiocide
peptideRegIIIg)was up-regulated in the duodenum
of CTX-treated mice (Fig. 1E). Orally adminis-
tered fluorescein isothiocyanate (FITC)–dextran
became detectable in the blood (11) 18 hours
after CTX treatment, confirming an increase in
intestinal permeability (Fig. 1F). Disruption of the
intestinal barrier was accompanied by a signifi-
cant translocation of commensal bacteria in >50%
mice into mesenteric lymph nodes and spleens
that was readily detectable 48 hours after CTX
treatment, and less so after doxorubicin treatment
(Fig. 2A). Several Gram-positive bacterial species,
includingLactobacillus johnsonii (growing in >40%
cases), Lactobacillus murinus, and Enterococcus
hirae, could be cultured from these lymphoid
organs (Fig. 2B).

Next, we analyzed the overall composition
of the gut microbiota by high-throughput 454
pyrosequencing, followed by quantitative poly-
merase chain reaction (QPCR) targeting the do-
main bacteria and specific bacterial groups.
Although CTX failed to cause a major dysbiosis
at early time points (24 to 48 hours, fig. S1), CTX
significantly altered the microbial composition of
the small intestine (but not of the caecum) inmice
bearing subcutaneous cancers (namely, metasta-
sizing B16F10 melanomas and nonmetastasizing
MCA205 sarcomas) 1 week after its administra-
tion (Fig. 2C and fig. S2). Consistent with pre-
vious reports on fecal samples from patients (12),
CTX induced a reduction in bacterial species of
the Firmicutes phylum (fig. S2) distributed with-
in four genera and groups (Clostridium cluster
XIVa, Roseburia, unclassified Lachnospiraceae,
Coprococcus; table S1) in the mucosa of CTX-

treated animals. QPCR was applied to determine
the relative abundance (as compared to all bacte-
ria) of targeted groups of bacteria (Lactobacillus,
Enterococcus, cluster IVof the Clostridium leptum
group) in the small intestine mucosa from CTX-
versus vehicle-treated naïve and tumor-bearing
mice. In tumor bearers, the total bacterial load of
the small intestine at 7 days after CTX treatment,
as well as the bacterial counts of the Clostridium
leptum, was not affected (Fig. 2D). However, CTX
treatment led to a reduction in the abundance of
lactobacilli and enterococci (Fig. 2D). Together,
these data reveal the capacity of CTX to provoke
the selective translocation of distinct Gram-positive
bacterial species followed by notable changes in
the small intestinal microbiome.

Coinciding with dysbiosis 7 days after CTX
administration, the frequencies of CD103+CD11b+

dendritic cells (fig. S3A) and T cell receptor ab
(TCRab)+CD3+ T cells expressing the transcrip-
tion factor RORgt (fig. S3B) were significantly
decreased in the LP of the small intestine (but not
the colon), as revealed by flow cytometry of dis-
sociated tissues (fig. S3B) and in situ immuno-
fluorescence staining (fig. S3C). RORgt is required
for the generation of TH17 cells [which produce
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The Intestinal Microbiota Modulates
the Anticancer Immune Effects of
Cyclophosphamide
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Cyclophosphamide is one of several clinically important cancer drugs whose therapeutic
efficacy is due in part to their ability to stimulate antitumor immune responses. Studying
mouse models, we demonstrate that cyclophosphamide alters the composition of microbiota
in the small intestine and induces the translocation of selected species of Gram-positive bacteria
into secondary lymphoid organs. There, these bacteria stimulate the generation of a specific
subset of “pathogenic” T helper 17 (pTH17) cells and memory TH1 immune responses.
Tumor-bearing mice that were germ-free or that had been treated with antibiotics to kill
Gram-positive bacteria showed a reduction in pTH17 responses, and their tumors were resistant
to cyclophosphamide. Adoptive transfer of pTH17 cells partially restored the antitumor
efficacy of cyclophosphamide. These results suggest that the gut microbiota help shape the
anticancer immune response.

It is well established that gut commensal
bacteria profoundly shape mammalian im-
munity (1). Intestinal dysbiosis, which con-

stitutes a disequilibrium in the bacterial ecosystem,
can lead to overrepresentation of some bacteria
able to promote colon carcinogenesis by favoring
chronic inflammation or local immunosuppres-
sion (2, 3). However, the effects of microbial
dysbiosis on nongastrointestinal cancers are un-
known. Anticancer chemotherapeutics often cause
mucositis (a debilitating mucosal barrier injury
associated with bacterial translocation) and neu-
tropenia, two complications that require treat-
ment with antibiotics, which in turn can result in
dysbiosis (4, 5). Some antineoplastic agents me-
diate part of their anticancer activity by stimulating
anticancer immune responses (6). Cyclophos-
phamide (CTX), a prominent alkylating anti-
cancer agent, induces immunogenic cancer cell
death (7, 8), subverts immunosuppressive T cells
(9), and promotes TH1 and TH17 cells controlling
cancer outgrowth (10). Here, we investigated the
impact of CTX on the small intestine microbiota
and its ensuing effects on the antitumor immune
response.

We characterized the inflammatory status of
the gut epithelial barrier 48 hours after therapy
with nonmyeloablative doses of CTX or the
anthracycline doxorubicin in naïve mice. Both
drugs caused shortening of small intestinal villi,
discontinuities of the epithelial barrier, interstitial
edema, and focal accumulation of mononuclear
cells in the lamina propria (LP) (Fig. 1, A and B).
After chemotherapy, the numbers of goblet cells
and Paneth cells were increased in villi (Fig. 1C)
and crypts (Fig. 1D), respectively. The antibac-

terial enzyme lysozyme (but not themicrobiocide
peptideRegIIIg)was up-regulated in the duodenum
of CTX-treated mice (Fig. 1E). Orally adminis-
tered fluorescein isothiocyanate (FITC)–dextran
became detectable in the blood (11) 18 hours
after CTX treatment, confirming an increase in
intestinal permeability (Fig. 1F). Disruption of the
intestinal barrier was accompanied by a signifi-
cant translocation of commensal bacteria in >50%
mice into mesenteric lymph nodes and spleens
that was readily detectable 48 hours after CTX
treatment, and less so after doxorubicin treatment
(Fig. 2A). Several Gram-positive bacterial species,
includingLactobacillus johnsonii (growing in >40%
cases), Lactobacillus murinus, and Enterococcus
hirae, could be cultured from these lymphoid
organs (Fig. 2B).

Next, we analyzed the overall composition
of the gut microbiota by high-throughput 454
pyrosequencing, followed by quantitative poly-
merase chain reaction (QPCR) targeting the do-
main bacteria and specific bacterial groups.
Although CTX failed to cause a major dysbiosis
at early time points (24 to 48 hours, fig. S1), CTX
significantly altered the microbial composition of
the small intestine (but not of the caecum) inmice
bearing subcutaneous cancers (namely, metasta-
sizing B16F10 melanomas and nonmetastasizing
MCA205 sarcomas) 1 week after its administra-
tion (Fig. 2C and fig. S2). Consistent with pre-
vious reports on fecal samples from patients (12),
CTX induced a reduction in bacterial species of
the Firmicutes phylum (fig. S2) distributed with-
in four genera and groups (Clostridium cluster
XIVa, Roseburia, unclassified Lachnospiraceae,
Coprococcus; table S1) in the mucosa of CTX-

treated animals. QPCR was applied to determine
the relative abundance (as compared to all bacte-
ria) of targeted groups of bacteria (Lactobacillus,
Enterococcus, cluster IVof the Clostridium leptum
group) in the small intestine mucosa from CTX-
versus vehicle-treated naïve and tumor-bearing
mice. In tumor bearers, the total bacterial load of
the small intestine at 7 days after CTX treatment,
as well as the bacterial counts of the Clostridium
leptum, was not affected (Fig. 2D). However, CTX
treatment led to a reduction in the abundance of
lactobacilli and enterococci (Fig. 2D). Together,
these data reveal the capacity of CTX to provoke
the selective translocation of distinct Gram-positive
bacterial species followed by notable changes in
the small intestinal microbiome.

Coinciding with dysbiosis 7 days after CTX
administration, the frequencies of CD103+CD11b+

dendritic cells (fig. S3A) and T cell receptor ab
(TCRab)+CD3+ T cells expressing the transcrip-
tion factor RORgt (fig. S3B) were significantly
decreased in the LP of the small intestine (but not
the colon), as revealed by flow cytometry of dis-
sociated tissues (fig. S3B) and in situ immuno-
fluorescence staining (fig. S3C). RORgt is required
for the generation of TH17 cells [which produce
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The critical importance of the gut 
microbiome and its immunological and 
metabolic interactions with the host in 
health and disease is being increasingly 
recognized. Imbalances in the gut micro-
biota (a condition referred to as dysbio-
sis) has been associated with a growing 
list of chronic disorders,1 but whether 
the microbiota has a causative role in dis-
ease or whether dysbiosis is one of its by-
products remains an open conundrum. 
Transplantation experiments in which 
the gut microbiome of a diseased mouse is 
grafted into a germ-free healthy recipient 
have highlighted that several conditions 
(including obesity, metabolic syndrome, 
colitis) can be transferred by the micro-
biota.1 Some epidemiological studies sug-
gest a positive association between the use 
of antibiotics and the risk of developing 
breast cancer.2 In line with these findings, 
pioneering preclinical work demonstrated 
that a prolonged combination of metro-
nidazole and ciprofloxacin increases by 
3-fold the incidence of breast carcinomas 
in HER-2/neu transgenic mice.3 More 
importantly, the intestinal microbiota 
has been suggested to play a role in the 
development and severity of mucositis/
mucosal barrier injury as induced by many 

chemotherapeutic agents.4 These premises 
prompted us to probe the role of the gut 
microbiota in the immunogenicity of cell 
death during chemotherapy.

Cyclophosphamide is somehow a par-
adigmatic cytotoxic compound in that it 
can be used at metronomic doses to exert 
anti-angiogenic and immunostimulatory 
effects (for instance in combination with 
anticancer vaccines or adoptive T-cell 
transfer),5-7 or as a high-intensity regimen 
for tumor debulking and/or bone mar-
row ablation prior to stem cell transplan-
tation. At low doses, cyclophosphamide 
indeed induces robust TH1 and TH17 
immune responses in both tumor-bearing 
mice (treated with a single intraperito-
neal injection of 100 mg/kg cyclophos-
phamide) and cancer patients (receiving 
50 mg/day cyclophosphamide for 3 wk).8 
However, not all the cyclophosphamide-
induced T cells responses found in the 
circulation or in lymphoid organs tar-
get tumor-associated antigens (TAAs). 
Indeed, we have recently demonstrated 
that effector and memory T cells recog-
nizing distinct commensal bacteria are 
elicited in response to cyclophosphamide, 
a by-stander effect that de facto facilitates 
tumor rejection.9

We first analyzed how various antibi-
otic regimens could affect the antitumor 
efficacy of cyclophosphamide in spe-
cific pathogen-free (SPF) animals. Broad 
spectrum antibiotics such as vancomy-
cin (which kills Gram-positive bacteria) 
and colistin (which eliminates Gram-
negative bacteria) compromised to vari-
ous degrees the antineoplastic activity of 
cyclophosphamide in vivo. This finding 
was obtained in different murine strains 
(i.e., DBA/2 and C57BL/6 mice), with 
different tumor models, including trans-
plantable (i.e., P815 mastocytoma cells, 
MCA205 fibrosarcoma cells) as well as 
autochthonous (i.e., upon the expres-
sion of oncogenic KRas and Trp53 dele-
tion) systems, and across different animal 
facilities (i.e., at CGFL, Dijon; Gustave 
Roussy, Villejuif; Institut Pasteur, Paris; 
and Harvard Medical School, Boston). 
Moreover, when we compared the tumori-
cidal activity of cyclophosphamide in SPF 
vs. germ-free mice, we also concluded that 
microbiota plays a crucial role in this set-
ting. Corroborating these data, we also 
demonstrated that the ability of cyclophos-
phamide to polarize splenocytes toward a 
TH1 and TH17 program upon TCR stimu-
lation is blunted in antibiotic-treated and 
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Cyclophosphamide, one of the most efficient tumoricidal, antiangiogenic, and immunostimulatory drugs employed 
to date mediates part of its effects through intestinal bacteria, against which the host becomes immunized during treat-
ment. Our recent work suggests that anti-commensal effector pTH17 and memory TH1 CD4+ T-cell responses are indis-
pensable for optimal anticancer effects as mediated by cyclophosphamide.
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