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Abstract

Recent rapid biotechnological breakthroughs have led to the identification of complex and unique molecular fea-
tures that drive malignancies. Precision medicine has exploited next-generation sequencing and matched targeted
therapy/immunotherapy deployment to successfully transform the outlook for several fatal cancers. Tumor and liquid
biopsy genomic profiling and transcriptomic, immunomic, and proteomic interrogation can now all be leveraged to
optimize therapy. Multiple new trial designs, including basket and umbrella trials, master platform trials, and N-of-1
patient-centric studies, are beginning to supplant standard phase |, Il, and lll protocols, allowing for accelerated drug
evaluation and approval and molecular-based individualized treatment. Furthermore, real-world data, as well as
exploitation of digital apps and structured observational registries, and the utilization of machine learning and/or
artificial intelligence, may further accelerate knowledge acquisition. Overall, clinical trials have evolved, shifting from
tumor type-centered to gene-directed and histology-agnostic trials, with innovative adaptive designs and personal-
ized combination treatment strategies tailored to individual biomarker profiles. Some, but not all, novel trials now
demonstrate that matched therapy correlates with superior outcomes compared to non-matched therapy across
tumor types and in specific cancers. To further improve the precision medicine paradigm, the strategy of matching
drugs to patients based on molecular features should be implemented earlier in the disease course, and cancers
should have comprehensive multi-omic (genomics, transcriptomics, proteomics, immunomic) tumor profiling. To
overcome cancer complexity, moving from drug-centric to patient-centric individualized combination therapy is criti-
cal. This review focuses on the design, advantages, limitations, and challenges of a spectrum of clinical trial designs in

the era of precision oncology.
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Background

Traditionally, patients suffering from cancer are treated
on the basis of their tumor site of origin and histological
subtype. However, rapid advances in molecular technol-
ogy have yielded clinical-grade tests, unimaginable just a
few years ago, that can interrogate each tumor’s omic and
immune profile and identify its unique alterations. This
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information can then be used to provide personalized
treatment to patients.

Traditional oncology practice relies on average-popu-
lation-benefit decisions, often derived from randomized
clinical trials of unselected patients, which have been the
cornerstone of drug approvals for decades [1, 2]. Custom-
arily, therapy decisions were based on the tumor organ of
origin, and this paradigm still often applies. In contrast,
precision/personalized oncology depends on data from
trials selecting patients on the basis of their genomic/
biologic/immune markers. Therefore, some clinical stud-
ies are now based on mutation status (e.g., whether the
tumor has an NTRK fusion or high tumor mutational
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burden [TMB]) rather than site of origin [3]. Relying on
genomics has yielded several tumor-agnostic approvals of
agents with remarkable efficacy [3-6].

Both tissue-of-origin studies and tumor-agnostic/
genomic-based studies are drug-centered, meaning that
the trial offers the same drug(s) to each patient and the
patient must fit the trial. Patients are chosen for the trial
based on their commonalities, that is, whether they have
the same tissue-of-origin diagnosis or, more recently,
whether they have the same genomic alteration regard-
less of tissue of origin. However, as omic technology has
improved and become more widely used, a challenging
reality has been demonstrated—individual tumors, espe-
cially when metastatic, are complex and differ from each
other [7, 8]. Due to this significant tumor heterogeneity,
optimal therapy requires customization to the individual.
Therefore, next-generation trials need to be patient-cen-
tered (i.e., therapeutic agents matched to patients based
on their tumor biomarkers) rather than drug-centered
(i.e., patients matched to specific clinical trials). Tra-
ditional randomized, drug-centered clinical trials are
important because they attenuate the influence of con-
founders; however, they are also cumbersome, are costly,
and require large numbers of patients to demonstrate
clinical benefit [9]. Newer biomarker-based clinical tri-
als have been associated with improved rates of response,
progression-free survival (PFS), and overall survival (OS)
compared to clinical trials that did not use a biomarker to
select patients [10-12].

Patient-centered trials evaluate the robustness of the
strategies for allocating N-of-one personalized therapies,
rather than evaluating the therapies themselves, since the
treatments may differ from patient to patient [13-15].
In addition to novel patient-centered N-of-one trials,
advanced computing capabilities, almost inconceivable a
few years ago, are yielding altogether new ways to assess
drug efficacy. Two such advances are the use of real-
world data, which has yielded, in part or in whole, at least
two Food and Drug Administration (FDA) cancer drug
approvals [16, 17], and the use of registries that collect,
store, and analyze large volumes of structured patient
data [18, 19]. These registries may enable the evalua-
tion of diverse variables efficiently and at a lower cost.
Computer applications also can now record outcomes
originating directly from patients, including symptoms,
treatment toxicities, and quality-of-life measurements.
These data are being digitally collected via automated
telephone systems, downloadable applications, or web-
based platforms. The massive amount of clinical, molecu-
lar, and outcome data often produced in innovative trials
requires complex analyses. Artificial intelligence (AI)
and machine-learning algorithms are implemented to
overcome complexity issues. Al and machine-learning
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technology can be exploited to capture multi-dimen-
sional data sets, to extract information from various data-
bases, and to analyze and generate statistically valid drug
sensitivity prediction models at all stages of drug devel-
opment [20]. Implementation of Al and machine-learn-
ing algorithms can yield a better understanding of the
drug mechanism of action and optimize targeted therapy
selection, patient enrollment, and stratification (i.e., to
identify the right drug for the right patient), thus improv-
ing clinical success rates [21-23].

In this review, we describe the design, advantages,
limitations, and challenges of clinical trials in precision
oncology. We provide examples and results of clinical
trials with genomically selected treatments that aim to
improve outcomes compared to trials without biomarker-
selected treatment. Next-generation clinical trials with
superior designs continue to evaluate biomarker-selected
targeted treatments as monotherapy and in combination
with other agents in selected patients. We also delineate
the emerging roles of real-world data, digital applica-
tions, structured observational registries, and machine
learning and Al in precision medicine. These innovative
mechanisms of data collection provide a rich source of
clinical, molecular, and outcome data, enabling the asso-
ciation of individual patient and tumor characteristics
with clinical benefit from selected treatments.

Traditional clinical trial design

Traditional phase I cancer clinical trials evaluate the
safety and activity of investigational drugs in a relatively
small number of patients. Phase II studies examine effi-
cacy (without randomization) and toxicity. Phase III
randomized, controlled trials compare the outcome of
investigational versus standard therapy. Phase IV trials,
also known as post-marketing surveillance trials, assess
the safety and efficacy of drugs after regulatory approval.
The progress of an investigational drug from phase I to
phase III clinical trials is associated with exceedingly
high costs, ranging from millions to billions of dollars
[24]. Still, the timeframe from starting a phase I trial
to receiving FDA marketing approval has decreased in
recent years. In 2016, it was reported that this period was
approximately 12 years [25], but based on recent FDA
approvals, it can be as short as 5 years [25-27]. Further-
more, while drugs have traditionally been approved by
the FDA after phase III randomized, controlled trials, in
recent years, the FDA has approved drugs earlier, includ-
ing after only phase I trials in cases where biomarker
selection enabled remarkable response rates.

The success rate of randomized clinical oncology trials
is ~38% [28, 29]. The gold standard trial for approval is
the blinded, randomized study because it minimizes bias.
However, randomized trials have their own limitations.
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For instance, the comparator arm in randomized trials is
often suboptimal, at times being comprised of a margin-
ally effective available treatment. As an example, PD-1/
PD-L1 inhibitors showed significant clinical benefit in
patients with non-small cell lung cancer (NSCLC), but in
several trials this was because they were evaluated com-
pared to placebo [30-32]. Additionally, trials assessing
promising agents as second-line treatment for patients
with advanced NSCLC have used chemotherapy agents
with modest clinical benefit, including docetaxel, in the
comparator arm (NCT04427072) [33, 34]. Lastly, due to
the large variability in patients’ baseline characteristics,
comorbidities, and unique tumor molecular profiles and
microenvironments, even carefully planned trials are not
able to account for all the differences between the rand-
omized arms, resulting in imbalances that may influence
outcomes [35]. Therefore, innovative trial designs have
been adopted in drug development. These trials address
many of the issues above and may be more efficient, but
they are not free of shortcomings.

Precision medicine trials—first generation

Master protocols

Master protocols include multiple substudies that simul-
taneously evaluate more than one investigational treat-
ment in patients with cancer and/or a selected treatment
in patients with more than one tumor type. Examples
include basket, umbrella, and platform trials. Recent
data show that the number of master protocols is rapidly
increasing [36]. The FDA released a draft guidance for
industry with recommendations for conducting master
protocol research [37]. Precision oncology trial designs
and representative trials are listed in Table 1.

Tumor-agnostic/gene-specific basket trials

Basket trials are tissue-agnostic trials assessing drugs
that target a common pan-cancer gene defect (Additional
file 1). More than 30 agents are being evaluated in basket
trials [40, 87-89]. Successful examples of gene-directed,
histology-agnostic agents include pembrolizumab in mis-
match repair deficiency/microsatellite instability-high
(AMMR/MSI-H) tumors [4], larotrectinib [5] and entrec-
tinib [6] in tumors harboring NTRK fusions, and pem-
brolizumab for tumor mutational burden-high (TMB-H)
tumors [4].

Pembrolizumab was the first agent to receive tumor-
agnostic FDA approval, which was based on the results
of five single-arm trials (KEYNOTE-016, n=58 [90];
KEYNOTE-164, n=61 [39]; KEYNOTE-012, n=6 [91];
KEYNOTE-028, n=5 [92]; and KEYNOTE-158, n=19 [4,
93, 94]. Patients with 15 different MSI-H/dMMR tumor
types were treated with pembrolizumab. The objective
response rate (ORR) was 39.6%, and response duration
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of >6 months was reported in 78% of responders; ORRs
were similar between patients with colorectal cancer and
other tumor types. FDA approval of the NTRK inhibi-
tor larotrectinib was based on data from three single-
arm clinical trials (LOXO-TRK-14001, SCOUT, and
NAVIGATE), which enrolled pretreated patients with
advanced solid tumors harboring an NTRK gene fusion
[95]. Among 55 patients (17 tumor types) in the three
trials, the ORR was 75% (95% CI 61-85%) [5]. Another
NTRK inhibitor, entrectinib, was evaluated in 54 patients
(10 tumor types) harboring NTRK fusions; the ORR was
57% and the median response duration was 10.4 months
[6]. More recently, the FDA granted accelerated approval
to pembrolizumab for the treatment of adult and pedi-
atric patients with advanced TMB-H (>10 mutations/
megabase) solid tumors that had progressed on prior
treatment [96]. In KEYNOTE-158, a non-randomized,
open-label trial, 102 patients with TMB>10 mutations/
megabase, pretreated, diverse tumor types received pem-
brolizumab; ORR was 29%, with 50% of those patients
maintaining response >24 months [3].

These trials recruited heavily pretreated patients with
diverse tumor types, or patients for whom standard treat-
ments had been exhausted. In addition, selected patients
who participated in those trials had aggressive cancers,
for which treatment options were limited [97-99]. In
such patients, later lines of anticancer treatment are
expected to yield low response rates [100, 101], but tar-
geted treatments evaluated in the aforementioned trials
have been associated with significantly higher response
rates than expected from standard treatment.

The significance of genomic biomarkers across tumor
types lies in their implementation for selection of an
active immunotherapy or gene-directed therapy for many
patients whose tumor type would not be individually
studied.

An emerging question is whether or not all driver alter-
ations can be successfully targeted across histologies.
Co-existing molecular alterations, alternative pathway
upregulation, secondary resistance mutations in the orig-
inal gene, and complex mechanisms of network interac-
tions may lead to intrinsic resistance. For instance, while
BRAF V600 mutations are targetable by BRAF inhibitors
in multiple hematologic and solid cancers, ORRs are low
in colorectal cancer [102]. It is well established that this
limited activity of BRAF inhibitor monotherapy in BRAEF-
mutant colorectal cancer is associated with activation
of epidermal growth factor receptor (EGFR)-mediated
signaling [103]. To bypass this resistance mechanism,
encorafenib, a potent BRAF inhibitor, was combined
with cetuximab, an EGFR antibody, in patients with
BRAF V600E-mutated advanced colorectal cancer. The
use of encorafenib and cetuximab was associated with
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longer OS (9.3 vs. 5.9 months, hazard ratio (HR)=0.61
[95% confidence interval (CI), 0.48 to 0.77]) and a higher
ORR (19.5% vs 1.8%, p<0.001) compared to standard
chemotherapy [104]. In April 2020, the FDA approved
encorafenib in combination with cetuximab for patients
with pretreated advanced colorectal cancer harboring a
BRAF V600E mutation [104, 105]. The improved efficacy
of combination therapies may be the result of overcom-
ing tumor resistance when multiple alterations are tar-
geted, including those that evolve as escape mechanisms.

Limitations of tumor-agnostic/gene-specific basket tri-
als include the molecular complexity of defining tumor
driver alterations and their interactions that result in
resistance to targeted therapies, the lack of a compara-
tor, and the difficulty of accrual across multiple tumors.
A particular challenge is the rarity of certain molecular
alterations in diverse tumor types.

Umbrella trials

Umbrella trials evaluate multiple treatments in different
genomic/biomarker subsets for a single histology (Addi-
tional file 1). A significant advantage of this design is
the concurrent evaluation of the efficacy of multiple dis-
tinct treatment regimens in a specific tumor type, thus
addressing inter-patient heterogeneity. The umbrella
design requires the accurate selection of driver altera-
tions and appropriately matched therapeutic agents that
effectively target the alterations. Therefore, the develop-
ment of multiplex assays with high analytical validity and
sensitivity is critical to accurately identify patients for
each treatment arm. The selection of treatments matched
to each biomarker should be based on robust preclinical
data. Umbrella trials can include single or randomized
arms. Randomization allows for distinction between the
prognostic (reflects outcome of the underlying disease)
and predictive (reflects therapy impact on outcome) role
of the biomarker used in that treatment arm.

Sometimes, umbrella trials are limited by suboptimal
matching of mutations to targeted therapies and the
weak effect of selected targeted agents on driver muta-
tions. For instance, in the National Lung Matrix Trial,
one of the largest umbrella trials in NSCLC, 2007 of
5467 screened patients were molecularly eligible for the
study; 302 patients received genotype-matched therapy
[106], but only a few treatment matches provided clini-
cally relevant benefits. For instance, the ORR in patients
with MET exon 14 skipping mutation treated with crizo-
tinib was 65% (8 of 12 patients). In subgroups of patients
with ROS1 fusions treated with crizotinib, and in those
with EGFR T790M mutations treated with osimertinib,
the ORRs were 68% and 76%, respectively. Finally, the
combination of docetaxel and selumetinib had promising
preliminary results in patients with lung adenocarcinoma
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with NF1 loss; the ORR was 28.6% and the disease con-
trol rate was 50% [106]. Importantly, advanced tumors
often harbor several molecular alterations and rapidly
evolving subclones that limit response to monotherapy.
However, for selected targeted therapies that have been
successfully matched to actionable molecular alterations,
a significant proportion of patients demonstrate at least
some regression, and disease control can last for 2-3
years or more in some cases [5, 6, 79, 80], underlying the
importance of robust predictive biomarkers.

Umbrella trials are particularly difficult in rare diseases,
because molecular subsets might be extremely small and
patient recruitment is therefore limited; hence, these tri-
als may take a long time to complete. Moreover, patients
with multiple molecular alterations may be eligible for
treatment on numerous arms. Finally, the development
and validation of a multiplex biomarker assay is more
complex than that of a single biomarker.

Successfully conducted umbrella trials include the
Lung Cancer Master Protocol (Lung-MAP) [41] and
Adjuvant Lung Cancer Enrichment Marker Identification
and Sequencing Trial (ALCHEMIST) [46] in patients
with lung cancer and I-SPY-2 [107] and plasmaMATCH
[47, 108] in patients with breast cancer. Specifically,
the Lung-MAP trial aimed to improve enrollment effi-
ciency by using a 200-gene molecular profiling assay to
match patients to multiple trial substudies; the protocol
was amended to add or remove drugs, depending on
drug performance [41]. The trial comprises a screening
phase, in which pretreated patients with NSCLC undergo
molecular profiling, and multiple biomarker-driven
substudies that are conducted and analyzed indepen-
dently. The Lung-MAP study also included cohorts with
non-matched treatments. Results of selected cohorts of
patients have been published. The addition of ipilimumab
to nivolumab was not associated with improved PES or
OS in patients with advanced NSCLC, not previously
treated with immunotherapy [109]. The combination
of durvalumab and tremelimumab had minimal activity
(ORR, 7%) in patients with advanced NSCLC that had
previously progressed on immunotherapy [110]. The use
of the poly (ADP-ribose) polymerase (PARP) inhibitor
talazoparib in patients with squamous lung cancer with
homologous recombination repair deficiency was associ-
ated with an ORR of 4% [45]. The Lung-MAP trial exem-
plifies the performance of large-scale platform studies,
based on genomically driven treatments.

Results of I-SPY-2 led to accelerated drug development
with seamless transition from phase 1 to phase 3 stud-
ies [107]. Additionally, the PlasmaMATCH study dem-
onstrated that blood-derived circulating tumor DNA
(ctDNA) analysis can efficiently select patients with
advanced breast cancer for mutation-directed therapy.
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PlasmaMATCH is important because ctDNA analysis
offers a non-invasive, cost-effective alternative to tumor
biopsy [47, 108] for identifying tumor genomic altera-
tions prior to clinical trial enrollment [111, 112].

Platform trials

Master protocols are considered platform trials when
they allow the evaluation of multiple hypotheses in a
single protocol, yielding faster results at a lower cost.
The design of platform trials can be highly variable. For
example, certain trials incorporate Bayesian algorithms
that permit adaptative decisions, such as expanding or
deleting study arms while the trial is running [71]. The
Bayesian algorithms, in effect, randomize patients to
different arms and select the “best-performing” arm for
further follow-up after a handful of patients have been
treated. Assessment of the endpoint is continuous, and
data are re-analyzed with the addition of each patient.
Therefore, as defined by the study design, the efficacy of
an interventional agent is determined via interim analy-
ses. Other platform designs simply permit multiple dif-
ferent arms and a variety of biomarkers in a single trial
with the objective of separately assessing the efficacy of
each intervention.

The disadvantages of platform trials include the diffi-
culty of implementing complicated designs with admin-
istrative and logistical complexity. In selected trials that
test multiple hypotheses in large numbers of patients,
study completion might require long-term follow-up
assessments, sometimes increasing the cost of the stud-
ies, though these studies still often allow efficient drug
development. The complexity of statistical analysis
has been a significant challenge, especially in cases of
extremely heterogeneous patient groups.

Below, we describe selected innovative platform trials
with unique designs. These precision oncology trials have
provided promising results by incorporating biomarker-
based treatment selection.

MD Anderson IMPACT1 and 2 'The Initiative for
Molecular Profiling in Advanced Cancer Therapy 1
(IMPACT1) trial, started in 2007, was the first genomi-
cally driven platform trial in precision oncology across
tumor types [50-52, 113]. IMPACT1 demonstrated that
patients with refractory cancer could be successfully nav-
igated to matched targeted therapy in clinical trials, with
improved outcomes compared with patients enrolled
in the same trials without matching [50]. Patients with
pretreated advanced cancers who received treatment
matched to actionable tumor genomic alterations, com-
pared with patients treated with non-matched therapy,
had higher ORR (matched 16.4% vs unmatched 5.4%,
p < .0001), longer PFS (4.0 vs 2.8 months, p < .0001)
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[47, 108-110], and a higher 10-year OS rate (6% vs. 1%,
p<0.0001) [113]. Following the encouraging results of
the MD Anderson IMPACT1 study, the IMPACT?2 trial
was initiated in 2014 [114]. IMPACT?2 is a randomized
clinical trial evaluating the use of tumor molecular pro-
filing to select targeted therapy in pretreated patients
with advanced cancer (NCT02152254). The endpoint
of the study is to determine whether patients treated
with a matched targeted therapy selected on the basis of
genomic alteration analysis of the tumor have longer PFS
than those whose treatment is not selected on the basis
of alteration analysis. A multidisciplinary tumor board
recommends potential treatments [62]. In the IMPACT?2
trial, in contrast to IMPACT1 and other precision oncol-
ogy platform trials, patients are randomly assigned
to receive treatment selected on the basis of genomic
alteration analysis of the tumor versus treatment that
is not selected on the basis of alteration analysis. Such
a design presents various challenges. In order to over-
come barriers due to randomization, the study protocol
was amended to include a “patient-preference” cohort for
each treatment arm for patients who decline randomi-
zation. Importantly, the trial’s adaptive design enables
patient recruitment despite evolving tumor biomarkers
and the plethora of investigational drugs throughout the
years.

TAPUR The Targeted Agent and Profiling Utilization
Registry (TAPUR) study, started in 2016, was the first
precision medicine clinical trial conducted by the Ameri-
can Society of Clinical Oncology (ASCO). This is a non-
randomized, multi-basket clinical trial performed across
multiple institutions, which evaluates the efficacy and
toxicity of FDA-approved targeted treatments, outside
their indications, in pretreated patients with advanced
cancer (NCT02693535) [115]. Additionally, real-world
data on prescribing practices and on the predictive value
of these agents are collected. Thirteen targeted treat-
ments, provided by nine pharmaceutical companies at
no cost to patients and selected on the basis of Clinical
Laboratory Improvement Amendments (CLIA)-certified
tumor molecular profiling data, are being examined. The
primary study endpoint of this ongoing trial is ORR or
stable disease (SD) > 16 weeks, and the secondary end-
point is survival [116]. Depending on the ORR/SD rate
in each treatment arm in the first trial stage, either more
patients are enrolled in that treatment arm or the cohort
is permanently closed. Results of selected TAPUR arms
for specific tumor types have been published [117, 118].
TAPUR enables rapid generation of clinical data on the
efficacy and toxicity of diverse treatment agents for spe-
cific cohorts based on molecular profiling that may be
used to trigger larger studies. TAPUR offers access to
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targeted therapies currently approved for other indica-
tions, and tests hypotheses regarding PFS impact after
administration of specific molecularly matched therapy
in a variety of tumor types. One major difference between
this and other similar trials is that TAPUR allows the use
of a variety of CLIA-certified laboratories and sequenc-
ing platforms for molecular profiling. This flexibility sig-
nificantly decreases time to enrollment, which is essen-
tial for patients with advanced disease. Finally, one of
the important aims of the study is to educate physicians
about precision oncology and the value of molecular pro-
filing in selecting matched targeted therapy.

NCI-MATCH The NCI-MATCH trial is a phase
II, non-randomized trial launched in 2015 by the US
National Cancer Institute (NCI) in collaboration with the
Eastern Cooperative Oncology Group—American College
of Radiology Imaging Network (ECOG-ACRIN) Cancer
Research Group (NCTO02465060). The NCI-MATCH
trial provides targeted agents at no cost to patients and is
performed across multiple institutions. It evaluates treat-
ments that target specific tumor molecular alterations in
patients with pretreated advanced malignancies, regard-
less of the primary tumor type [119]. After enrollment,
patient tissue samples are tested for molecular altera-
tions that can be targeted by available treatments. If >1
molecular alteration is identified, the patient is assigned
the treatment that is the most promising. An interim
analysis reported the safety of tumor biopsies, rate of
participant enrollment, and tumor profiling success rates
[120, 121]. Results from NCI-MATCH trial subprotocols
have also been reported [56-58, 122—124]. Trial enroll-
ment is dynamically expanding, with new arms opening
for accrual. NCI-MATCH and TAPUR are similar in that
they both match molecular abnormalities to targeted
therapies across a large national network, providing
drugs at no cost to patients. This promotes collaboration
between academic and community settings while demon-
strating the feasibility of large-scale sequencing practices.

STAMPEDE In 2005, the Systemic Therapy in Advanc-
ing or Metastatic Prostate Cancer: Evaluation of Drug
Efficacy (STAMPEDE) trial was initiated (NCT00268476)
[125]. It is a multi-arm, multi-stage, randomized trial
evaluating the benefit from the addition of innovative
treatments to androgen deprivation therapy in men with
advanced prostate cancer. Each treatment arm is com-
pared against the current standard-of-care treatment.
Based on interim analyses of failure-free survival, treat-
ment arms that are insufficiently active are dropped.
Since 2006, more than 10,000 patients have enrolled in
one of six available research arms [126]. The primary
endpoint of the study is the safety and efficacy of novel
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therapeutic strategies versus standard-of-care treatment
in men with high-risk, locally advanced or metastatic
prostate cancer [60, 61, 125]. STAMPEDE allowed for
the enrollment of thousands of patients in multiple arms
that were prospectively adopted or dropped depending
on efficacy. One of the major strengths of the trial is the
evaluation of widely used approved treatment agents.
While the trial enables the concurrent evaluation of mul-
tiple treatments, comparisons are made with the control
arm, not between innovative treatment agents. There-
fore, although selected treatments might be shown to be
superior to the control treatment, data on the superiority
of a treatment compared to other treatments will not be
available.

DART The DART (Dual Anti-CTLA-4 and Anti-PD-1
blockade in Rare Tumors) study (NCT02834013; spon-
sored by NCI and the SWOG cooperative group) focuses
on rare and ultra-rare tumors. The trial is evaluating com-
bination immunotherapy in rare cancers and includes
over 50 rare cancer histologic types and a molecular
arm accruing patients with PDL1 amplification, which is
believed to be a biomarker for immunotherapy response.
It has accrued almost 1000 patients and is open at almost
1000 sites across the USA. The DART trial provides the
opportunity to assess over 50 cohorts of rare and ultra-
rare cancers in a single trial and offers local clinical trial
access to patients with uncommon cancers and unmet
therapy needs.

Summary of platform trials Platform trials have
resulted in the treatment of patients with cancer with
genomically matched or immune-targeted agents across
tumor types (IMPACT1, IMPACT2, TAPUR, NCI-
MATCH, DART [for rare cancers]) or for prostate can-
cer (STAMPEDE). The efficacy of the precision medicine
approach was first demonstrated in IMPACT1. That trial
deployed tumor molecular profiling to match patients to
innovative treatments, when possible, and demonstrated
that patients who received matched treatments had
improved PFS, ORR, and OS compared to the patients
who did not [50-52, 113]. IMPACT?2, a prospective ran-
domized study, is ongoing [62]. The primary aim of the
study is to evaluate whether patients who receive targeted
therapies matched to molecular genomic alterations have
longer PES compared to those whose treatment is not
selected based on tumor profiling [62]. The endpoint
analysis will be completed at the end of the study.

Results of selected treatment arms of TAPUR [117, 118],
NCI-MATCH [56, 57], and STAMPEDE [60, 61, 125] tri-
als have been reported, while multiple treatment arms
are still under evaluation. The ultimate goal of these
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platform trials is the efficient evaluation of multiple treat-
ment arms in parallel as part of a single protocol, thus
lowering the costs and yielding efficacy and toxicity data
in a timely manner.

Specialized master studies

SHIVA SHIVA was the first randomized precision
oncology trial to assess the efficacy of molecularly tar-
geted treatments matched to tumor molecular alterations
vs. conventional therapy [64]. The primary endpoint of
the trial was PFS. There was no difference in PFS between
the two treatment arms (matched treatment, 2.3 months
vs 2.0 months in the control arm, HR=0.88, 95% CI 0.65—
1.19, p=0-41). However, the trial had several limitations
[64, 127]. For many matches, there was limited biologic
rationale. Selection of targeted treatments was subopti-
mal. Finally, treatment assignments were performed by
the treating physician in the control group, while they
followed predefined algorithms in the matched group.
The example of the SHIVA trial underscores the impor-
tance of accurate treatment “matching” based on robust
biological rationale. While the trial randomized patients
to either receive personalized treatment or not, approxi-
mately 80% of the patients were given single-agent hor-
monal therapy or PI3K inhibitors, limiting the interpre-
tation of the negative results [128]. The trial remains
important because it is the first randomized trial in preci-
sion oncology across tumor types.

NCI-MPACT In this study, tumor molecular profiling
was used to select treatment for patients with advanced
cancers who harbored alterations in one of four signal-
ing pathways [65]. Patients were randomized to receive
either a matched treatment (veliparib with temozolo-
mide - DNA repair pathway; adavosertib with carbopl-
atin - DNA repair pathway; everolimus - PI3K pathway;
or trametinib - RAS/RAF/MEK pathway) or one of the
aforementioned treatment regimens selected from the
ones not matched in that patient. The objective response
rate in the experimental arm was 2% (95% CI, 0 to 10.9%),
suggesting that the respective agents were not effective
matches. Regarding the NCI-MPACT trial, the nega-
tive results emphasize that predictive biomarkers need
to be accurately used to inform treatment selection and
patients should not be randomly assigned to treatments
that are known to be ineffective or associated with severe
toxicity. Additionally, development of more effective
agents is critical to improve clinical outcomes. This trial
also demonstrated a higher rate of patient withdrawals in
the control arm compared to the experimental arm (non-
targeted 22% vs. targeted 6%; p=.038), suggesting that
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randomization to non-targeted, ineffective treatments in
the era of precision medicine can be challenging.

Octopus trials

Octopus trials, also referred to as complete phase I/II
trials, evaluate combinations of multiple agents with a
backbone drug (Additional file 1). For instance, the study
of combination immunotherapies in patients who have
previously received treatment with immune checkpoint
inhibitors (QUILT-3.055) is a phase IIb, multicohort
study evaluating different combinations of N-803 (a lab-
made fusion protein that induces the proliferation and
activity of natural killer and cytotoxic T-cells) with PD-1/
PD-L1 immune checkpoint inhibitors (NCT03228667)
[129]. Treatment is administered to patients with
advanced cancer who have already been treated with
immunotherapeutic agents. The primary endpoint of the
study is ORR, while secondary endpoints include OS,
disease-specific survival, and response duration. Regard-
ing the OCTOPUS trial design, preliminary results of the
QUILT 3.055 study demonstrated that the IL15 recep-
tor agonist N-803 combined with various checkpoint
inhibitors had promising efficacy in patients with diverse
tumor types that had previously progressed on immuno-
therapy [70]. This study design enables the investigation
of various treatment arms simultaneously, thus possibly
identifying more than one effective drug combination.

Adaptive design-based studies

Adaptive design enables the dynamic development of
studies by dropping ineffective arms early and increasing
patient randomization to more effective treatments while
improving biomarker selection based on real-time clini-
cal outcomes. Consequently, these trials require fewer
participants and shorter follow-up time than traditional
randomized trials. The ability to add new arms while
eliminating underperforming arms is a significant advan-
tage. However, there are limitations associated with the
early elimination of treatment arms, including the lack of
convincing data on safety or other secondary outcomes.
Logistical complexity and the demand for timely, high-
quality, intense statistical monitoring are challenges often
encountered in adaptive trials. Finally, constant need to
adapt the design may render the interpretation of the
results difficult.

In recent years, adaptive design has been increasingly
employed in clinical trials. The Biomarker-Integrated
Approaches of Targeted Therapy for Lung Cancer Elimi-
nation (BATTLE) trial was a phase II trial where patients
with advanced NSCLC were assigned to treatment with
the greatest clinical benefit using adaptive randomization
based on prospectively assessed biomarkers [130, 131].
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This trial established the feasibility of biomarker analysis
for treatment selection and set the stage for BATTLE-2
(Biomarker-integrated targeted therapy study in previ-
ously treated patients with advanced non-small cell lung
cancer) [74]. In this randomized, phase II, open-label
study, patients with advanced NSCLC whose cancer had
progressed on prior platinum-based chemotherapy were
adaptively randomized to one of four arms (erlotinib,
erlotinib combined with an AKT inhibitor, MEK com-
bined with an AKT inhibitor, or sorafenib). The overall
clinical outcomes of BATTLE-2 were not encouraging;
however, the trial proved that adaptive randomization
based on molecular profiling is feasible.

Another example of an adaptive trial is the Investi-
gation of Serial Studies to Predict Your Therapeutic
Response with Imaging and Molecular Analysis 2 (I-SPY-
2) trial, a multicenter, phase II, randomized clinical trial
[71]. The trial includes multiple treatment arms that con-
currently evaluate the efficacy of standard neoadjuvant
chemotherapy in combination with innovative drugs
compared to standard treatment alone. Treatment arms
that were not found to be efficacious were dropped from
the study, while others that have shown clinical ben-
efit are moving forward. Moreover, new investigational
arms are being added as knowledge in the field evolves.
[-SPY-2 was one of the first trials to evaluate the addi-
tion of immunotherapy to neoadjuvant chemotherapy
in breast cancer. Pembrolizumab added to the treatment
of patients with triple-negative breast cancer resulted in
a 3-fold increase in pathologic complete response rates
(60% vs. 22%) compared to standard therapy alone [72].
This trial is particularly important because it brings novel
therapies to patients early in their disease course.

Telescope (seamless) design

Telescoped clinical trials seamlessly transition from
phase I to phase II and/or phase III clinical trials, thus
combining all phases, learning and confirmatory, into a
single trial (Additional file 1) [132]. Patients enrolled in
the learning and confirmatory stages are included in the
final analysis, but patients can also be analyzed separately.
This design can shorten the duration of a drug’s develop-
ment and significantly reduce administrative costs. Other
advantages of the seamless strategy include selecting only
promising agents to be used in the later trial stages, while
dropping the ones that fail early; evaluating combinations
with other treatment agents; and focusing on responding
subpopulations in the next trial stages [132].

In addition to the complex design, challenges are
faced when executing a trial with a seamless design. For
instance, during the prolonged period required to com-
plete the study, changes in practice may occur and exper-
imental drugs may gain regulatory approval, therefore
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making the interpretation of the results difficult. Impor-
tantly, taking into consideration data from phase I to
incorporate into phase II and then phase III, particularly
regarding response and toxicity, is challenging since the
trial is designed before phase I and II have occurred.

Glioblastoma Adaptive Global Innovative Learning
Environment (GBM AGILE) is a multi-arm, seamless,
phase II/III, platform trial [75]. This trial includes two
stages; the first stage is a Bayesian adaptively randomized
screening stage to identify effective therapies on the basis
of impact on OS compared with a common control. This
stage also assesses clinical indication and biomarker sta-
tus to identify the population in which the therapy shows
the most promise. Highly effective therapies transition
in a seamless manner in the identified population to a
second confirmatory stage. The second stage uses fixed
randomization to confirm the findings from the first
stage to support registration [75]. The significance of the
GBM AGILE trial lies in the identification of biomarkers
predictive of benefit from innovative agents used in this
difficult-to-treat patient population. Importantly, this
trial uses a seamless design in order to confirm the clini-
cal benefit of selected treatments in a timely manner and
provide patients with poor prognosis additional treat-
ment options. Results of the study are awaited.

In summary, telescoped/seamless design allows tran-
sition from phase I to phase II and/or phase III studies,
without the time needed for writing new protocols and
regulatory approval. This process leads to accelerated
drug development and early discontinuation of poorly
performing arms with inefficient drugs. The limitations
of this approach include the trial complexity.

Precision medicine trials—next generation

N-of-1 trials—the I-PREDICT and WINTHER trials

In the context of precision medicine, N-of-1 trials are
patient-centered trials that evaluate customized/indi-
vidualized treatment combinations [13, 15] (Additional
file 2). Outcomes are usually compared with historical or
real-world outcome data and/or the results of higher and
lower degrees of matching. When the degree of matching
is assessed, it is the algorithmic strategy used to match
patients to drugs that is evaluated, rather than the drug
regimens themselves, since the latter differ from patient
to patient. These types of trials are novel but becoming
critical because it is now recognized that patients with
metastatic cancer have complex molecular alterations
that differ from patient to patient, necessitating an indi-
vidualized drug regimen. N-of-1 trials in oncology are
distinct from those occasionally used in non-oncologic
conditions; the latter involve multiple crossovers that are
often randomized/blinded in individual patients.
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The addition of omic technologies, enabling the analy-
ses of genomic, transcriptomic, immunomic, proteomic,
and metabolomic data, to the oncologist’s armamen-
tarium has revealed several molecular alterations that
can be successfully targeted by innovative treatments
[15, 50-52]. At the same time, molecular diagnostics
have unveiled tumor heterogeneity and complexity, thus
underscoring the importance of targeting co-existing
tumor drivers and co-activated pathways conferring
resistance [133]. Therefore, treating patients whose can-
cers harbor distinct molecular portfolios based only on
single commonalities might be a suboptimal approach.
N-of-1 studies have focused on the optimization of treat-
ment selection by addressing molecularly complex and
heterogeneous cancers with personalized combinations.

The Investigation of Profile-Related Evidence Deter-
mining Individualized Cancer Therapy (I-PREDICT)
was the first prospective navigation trial that evaluated
personalized treatment with combination therapies in
patients with diverse refractory tumor types [13, 14, 134]
and more recently in therapy-naive patients with meta-
static lethal cancers [63]. A multidisciplinary molecular
tumor board suggested customized, multidrug combi-
nations to target aberrations identified in each patient’s
tumor by tumor genomic profiling, ctDNA analysis,
programmed death-ligand 1 (PD-L1) expression, hor-
monal status, and TMB and MSI status assessment. A
scoring system was used for each patient to calculate a
“matching score” (roughly the number of direct and indi-
rect matches for each patient divided by the number of
molecular alterations) [134]. A higher “matching score”
was associated with higher disease control, PFS, and OS
rates [13]. Ongoing N-of-1 trials are evaluating novel
combinations in patients with diverse tumor types [13,
14, 63, 76].

Of interest, the WINTHER trial, an international trial
conducted by the WIN consortium, was the first preci-
sion medicine study to navigate patients to personalized
therapy combinations based on either genomics (Arm A)
or transcriptomics (Arm B) [15]. The primary endpoint
was based on the Von Hoff model, which compares the
PES of individual patients on the trial (PFS2) with the
PES of the same patient on the treatment administered
prior to trial enrollment (PFS1) [135]. Higher vs. lower
degrees of matching, with either genomic or RNA-
based analysis, was associated with improved PES [15].
Although the trial did not meet the pre-specified primary
endpoint (Arm A: PFS2/PFS1 >1.5 in 50% of patients;
Arm B: PFS2/PFS1 >1.5 in 40% of patients), it did demon-
strate that genomic and transcriptomic profiling can be
used for treatment selection and that patients who were
well-matched versus poorly matched to therapy did sig-
nificantly better.

Page 15 of 27

N-of-1 trials aim to optimize treatment selection,
including customized combinations, based on the indi-
vidual patient and tumor characteristics in order to
increase treatment efficacy. Limitations of this trial
design include lack of a comparator, heterogeneity of
treatments, and complexity of analysis to identify the
optimal treatment.

Home-based trials

In an effort to expand telemedicine technologies, an
innovative site-less clinical trial design has emerged
[136]. Home-based clinical trials are being conducted by
several companies in patients with cancer, among other
diseases [137]. These trials enable access to drugs for
patients who are unable to travel and participate in tradi-
tional site-based clinical trials. Additionally, home-based
trials facilitate patient recruitment, enable the inclusion
of more representative patient populations, and poten-
tially increase enrollment rates by engaging patients
to participate from the comfort of their own homes.
Patients are in the care of a wide network of investigators
and home-health nurses who ensure the well-being of the
patient using digital technologies, but also by examining
the patients at their home, instead of requiring them to
travel to the hospital. Disadvantages may include subop-
timal monitoring of adverse events and response to treat-
ment in a timely manner.

One of the first home-based oncology trials is evalu-
ating the efficacy and safety of alectinib in ultra-rare,
locally advanced or metastatic, ALK-positive solid
tumors (Alpha-T, NCT04644315) [138]. This is a phase
II, single-arm, tissue-agnostic trial design. Patient
recruitment is run by Science37 [139]. Investigators may
request access for individual patients through the study
platform. Patients must be willing to comply with study
procedures, which include home-based care and visits by
mobile nurses. The goal is to provide equitable access to
hard-to-reach patients and increase recruitment, while
minimizing infrastructure costs and the need for patients
to travel and leave their homes. No results have been
reported yet.

Home-based clinical trials should not be confused with
“just-in-time” trial activation, where a local investigator
can rapidly be approved for a study if they see a poten-
tially eligible patient. When trials investigate a specific
patient phenotype or tumor genotype, several months
may be required to recruit a patient. To overcome this
challenge, sites can be activated “just-in-time” to enroll
patients who have already been identified as eligible for
participation. In this case, the patient needs to be iden-
tified early in the treatment course, which is not always
feasible, while site activation processes may still need sig-
nificant time and resources to be completed, especially
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at academic centers where trial activation often takes a
few months. Therefore, while “just-in-time” trial activa-
tion may be a useful solution for patient recruitment
in cases of rare tumor/patient characteristics, it can-
not replace the benefits of home-based oncology trials,
wherein much of the recruitment and monitoring is done
remotely in order to treat the patient at home.

Novel mechanisms of data collection

Exceptional responders

In randomized trials, average clinical outcomes are
reported, and the anecdotal exceptional responses of
individual patients are often dismissed. The use of molec-
ular profiling might, however, reveal the mechanistic
rationale behind the clinical response in an individual
outlier with cancer. An important report on exceptional
responders included the case of a patient with metastatic
bladder cancer who achieved durable remission after
treatment with everolimus. Whole-genome sequencing
identified a loss-of-function mutation in TSCI (tuber-
ous sclerosis complex), known to regulate the mTOR
pathway [78]. Similarly, in a patient with metastatic
bladder cancer who participated in a phase I trial of
pazopanib and everolimus and had a durable complete
response to everolimus, tumor whole-genome sequenc-
ing revealed molecular alterations in the TSCI and NF2
(neurofibromatosis type 2) genes, which could be asso-
ciated with exceptional response to the mTOR inhibitor
[82]. Another study using whole-exome sequencing of
patients with hepatocellular carcinoma reported that the
SLC15A2 genomic variation was associated with excep-
tional response to an inhibitor of angiogenesis, sorafenib
[140]. Analysis of five patients with renal cancer who
responded to an mTOR inhibitor revealed alterations in
TSC1 and MTOR, possibly associated with exceptional
response [141]. Finally, one of the most important appli-
cations of exceptional responder interrogation led to the
discovery of EGFR mutations as predictive biomarkers
of clinical benefit from EGFR tyrosine kinase inhibitors
[79]. In particular, the EGFR inhibitor gefitinib, whose
FDA approval in unselected lung cancer patients was
rescinded because of lack of efficacy in post-marketing
studies, was re-approved once trials could be done with
EGFR mutation-based patient selection [135, 142]. The
observation of exceptional responders led to the discov-
ery of EGFR mutations as the basis of benefit from EGFR
tyrosine kinase inhibitors and the unexpected discovery
that ALK was a target for crizotinib [143-148].

Trials conducted to interrogate exceptional respond-
ers hold the promise of identifying powerful predictive
biomarkers of response. Importantly, the study of excep-
tional responses can also provide useful insight into the
underlying mechanisms of action of targeted therapies.
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Benefits of this approach include the evaluation of a
small number of patients per treatment, reduced costs,
and rapid time to results and implementation across
treatments and tumor types. The study of exceptional
responders is often limited by the lack of uniformity in
available biomarker data, the difficulty correlating patient
characteristics and clinical outcomes, and the rarity of
exceptional responders.

Registry protocols

Despite the critical information that is provided by ran-
domized and other prospective clinical trials, several
issues limit the generalizability of their results in the
real-world clinical setting. Randomized trials assess
treatment regimens in a highly controlled setting and
in selected patients, since participation is often limited
due to restrictive eligibility criteria. Additionally, treat-
ments/interventions are often evaluated in complex/
highly specialized academic/clinical trial environments,
thereby rendering results inapplicable to daily clinical
practice. Randomized trials often require large numbers
of patients, substantial resources, and considerable time
to be completed. Finally, these trials are often subject
to “outcome reporting bias” (selective reporting of out-
comes) [149]. On the other hand, actual real-world data
derived from medical or insurance records may be lim-
ited in accuracy by the records themselves. To overcome
these limitations, analysis of non-randomized observa-
tional data from structured cancer registries is now being
utilized [18, 19].

Cancer registry protocols represent a rich source of
structured data on cancer incidence, patient demograph-
ics, treatment patterns, molecular profiling, and clini-
cal outcomes (Additional file 2), [150, 151]. These data
enable the assessment of correlations between different
parameters. However, registry protocols require enter-
ing high-quality data on large numbers of patients accu-
rately and in a timely manner, which can be particularly
challenging.

Survival outcomes from cancer registry data analysis
may be discordant with those produced by randomized
clinical trials [152]. In a comparative effectiveness study,
data from 141 randomized clinical trials were compared
to data from patients recorded in the National Cancer
Database (cancer registry) matching the eligibility criteria
of the respective randomized clinical trials. Cox propor-
tional hazards regression models were used to calculate
OS. Concordant results between randomized and non-
randomized data were reported in 41% of univariable
analyses, 46% of multivariable analyses, and 45% of pro-
pensity score models. The discordant results suggest that
randomized trials with restrictive eligibility criteria and
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highly structured evaluations may not translate to equiv-
alent outcomes in real-world settings [152].

ROOT

The Master Registry of Oncology Outcomes Associated
with Testing and Treatment (ROOT) study is a prospec-
tive trial where comprehensive clinical, molecular, treat-
ment, and outcome data of patients with diverse tumor
types are collected and registered [18, 19]. The ROOT
trial is based on the design of a national Master Observa-
tional Trial (MOT) that aims to longitudinally assemble
structured real-world data on innovative treatments and
tumor biomarkers and use Al and machine learning tools
to assess possible associations with clinical outcomes
[18]. This national trial is just being started.

A major limitation of registry studies is the complex-
ity of data analysis and the need to ensure the compre-
hensiveness of the structured data collected. Al and
machine-learning algorithms and innovative software
tools are required to mine and interpret registry data.

Real-world data

Real-world data have been increasingly used to assess the
efficacy and toxicity of treatment agents in patients with
cancer. These data are collected from electronic health
records, disease registries, patient-based apps, medi-
cal claims, and billing data. The analysis of real-world
data using advanced computer processing capabilities
provides real-world evidence (Additional file 2). Since
data on millions of patients are now captured electroni-
cally, there is the enticing possibility of applying AI and
machine learning to rapidly discover new therapies.

Real-world data are valuable for the assessment of drug
efficacy and safety in patient populations that are often
excluded from randomized clinical trials, such as patients
with poor performance status, older patients, patients
with serious comorbidities, or underserved populations
who may not be able to travel to an academic center for
a clinical trial. Therefore, real-world data often comple-
ment the knowledge from traditional clinical trials and
verify the generalizability of their results. This approach
allows for the collection of data in parallel, including can-
cer incidence, patient demographics, treatment patterns,
molecular profiles, and clinical outcomes, thus enabling
the evaluation of possible correlations. The disadvantages
of real-world data assessment include inaccurate report-
ing in medical records, data discrepancies, difficulty in
harmonizing medical records, and subjective assessment
of benefit from treatments.

The FDA has initiated the Real-World Evidence Pro-
gram under the Cures Act to evaluate drug effective-
ness, support approval of new indications, and support
post-approval study requirements, including dose
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modification, change in route of administration, or addi-
tion of a new patient population [153]. Clinical trials
often do not allow specific patient populations to partic-
ipate, thus limiting data on the use of treatment agents
in those populations. However, the respective treatment
agents are often administered to these populations in
daily clinical practice on the basis of clinical safety and
efficacy assumptions.

Real-world data surrounding off-label drug admin-
istration can be used for additional approval modifica-
tions. For instance, palbociclib was initially approved for
the treatment of women with advanced breast cancer, in
combination with an endocrine treatment, based on the
results of the PALOMA-2 and PALOMA-3 trials, which
did not include male patients [154, 155]. In 2019, the
FDA expanded the approved indications to include men
with advanced breast cancer. This decision was based
on real-world data on male patients with breast cancer
treated with palbociclib, extracted from electronic health
records, insurance claims, and the global safety data-
base, along with data from two phase I clinical trials of
palbociclib in men with solid tumors [17]. Another FDA
approval partially based on real-world data was the use of
pembrolizumab for MSI-H solid tumors [153].

In Europe, the European Medicines Agency and Euro-
pean Commission initiated the Adaptive Pathways pro-
gram to allow for real-world data to support regulatory
submissions for drug approval. If confirmed to accurately
reflect the anticipated results of clinical trials, real-world
data have the potential to dramatically accelerate drug
approval.

Patient-reported outcome measures

Patient-reported outcome measures (PROMs) are
reports originating directly from patients regarding their
symptoms, treatment toxicities, or health-related quality
of life (Additional file 2). These data are now being digi-
tally collected via automated telephone systems, down-
loadable applications, or web-based platforms. While
PROM questionnaires were originally developed for ran-
domized clinical trials, they are now being increasingly
used in clinical practice to detect and monitor patient
symptoms and drug adverse events. The use of PROMs in
patients with cancer has been correlated with improved
clinical outcomes, including symptom control [86, 156],
better quality of life [86, 157], decreased emergency
department visits/hospitalizations [158], and longer sur-
vival [158-161]. Additionally, these data can be used for
clinical outcome collection, regulatory decision-making,
or research purposes [162, 163]. Further, several cancer-
specific applications have been developed to monitor
patient symptoms and track PROMs [164—166]. In 2006,
the FDA issued a draft to guide the industry on how to
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use PROMs to support labeling claims. The final docu-
ment was released in 2009, comprising recommendations
on the implementation of PROMs in clinical trials [167].

Despite their value, PROMs are rarely helpful in
decision-making for drug approval [168]. Several bar-
riers impede their use in clinical practice, including the
increased cost of applications used for PROM collec-
tion and technical difficulties encountered by patients in
using the respective technology. Patients’ lack of medical
knowledge may negatively influence their interpretation
of clinical events, possibly leading to under-reporting and
underestimating symptom severity.

Challenges and considerations

Innovative trial designs, including trials evaluating high-
throughput profiling data and multiplexed omics, real-
world data collection from medical records and insurance
claims, and registry and platform trials, often yield mas-
sive amounts of complicated data. These so-called “big
data” are characterized by velocity, volume, value, variety,
and veracity (the “5 Vs”) and require Al and machine-
learning algorithms to manage complicated analysis
issues [169, 170]. Machine-learning tools are used to
increase analysis efficiency, populate data models, define
designated patient cohorts to be further explored, and
improve statistical analysis by identifying and eliminating
potential biases (Table 2). Key challenges and their solu-
tions are presented below.

Highly selected patients in clinical trials are not rep-
resentative of the ones encountered in routine clinical
practice. Electronic health records can address this chal-
lenge by integrating valuable data from diverse sources
and thus filling in the gaps. For instance, CancerLinQ,
a non-profit subsidiary of ASCO, collects and analyzes
data from multiple healthcare systems across the USA
[171]. It provides real-world data on patient populations
that are representative of those encountered in practice,
thus reflecting patient variability while enabling analysis
for scientific or other purposes [172-174]. Other com-
putational technologies have developed diagnostic and
therapeutic algorithms to analyze data from published
literature, physician clinical notes, and scientific guide-
lines, including guidelines from the National Compre-
hensive Cancer Network (NCCN) Clinical Practice in
Oncology. A characteristic example is IBM’s Watson for
Oncology, which combines these data with patient medi-
cal records to recommend personalized treatment plans
for individual patients [175, 176]. The accuracy of Wat-
son for Oncology and other systems for selecting treat-
ments has not yet been proven.

Completion of a clinical trial requires extensive time,
while it may lead to failure and show lack of benefit from
the treatment under investigation. Machine-learning
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and Al technology have the potential to accelerate the
process of drug development, reducing failure rates,
and increasing the accuracy of predictions [20, 177].
These approaches are being integrated into all stages of
drug discovery and decision-making in clinical trials. Al
technology can facilitate structure-based drug discov-
ery by predicting the 3D structure of the target protein
and drug—protein interactions [178] and may help iden-
tify resistance mechanisms. Applications include iden-
tification of prognostic biomarkers, target validation,
and analysis of digital pathology data [20]. Additionally,
machine learning has been included in several drug dis-
covery processes, such as molecular virtual screening and
modeling; quantitative structure-activity relationship;
toxicity prediction; drug synthesis, interaction, release
monitoring, or repositioning; identification of bioactiv-
ity, and pharmaceutical manufacturing [177]. Concerns
regarding decreased use of manpower to complete these
analyses, errors associated with Al learning algorithms,
and inefficient use of AI should be addressed before its
implementation in clinical practice. As for all trials,
important variables such as ethnic pharmacogenomic
differences, details of individual patient characteristics,
and lifestyle factors such as diet need to be taken into
consideration to optimize the accuracy of outcomes gen-
erated by Al technology and from real-world data. Fol-
lowing the application of Al in other domains, its use for
personalized medicine is expected to accelerate discov-
eries, while harmonization between discovery and clini-
cal implementation and regulatory approvals should be
implemented. Despite the clinical benefit often provided
by innovative treatments, a significant proportion of
patients will not respond or will eventually recur during
treatment. The identification of predictive biomarkers is
critical to accurately select patients who will respond to
specific therapeutic agents while sparing the rest from an
inefficacious treatment and unnecessary toxicity. Addi-
tionally, efforts need to focus on overcoming resistance
mechanisms, including administering treatment combi-
nations [179, 180] or novel agents targeting the molecular
alterations associated with resistance [181].

Until recently, the investigation of molecular biomark-
ers required evaluation of tumor tissue obtained through
a tissue biopsy, and in selected patients repeated biop-
sies would be required throughout the course of the dis-
ease to assess the evolution of tumor molecular profiling
and investigate the presence of actionable alterations.
However, a biopsy obtained from a specific lesion can-
not control for tumor heterogeneity, and in a significant
proportion of patients, repeated tumor tissue biopsies
involve risks and are rarely an option. Blood-derived
ctDNA analysis may overcome the challenges associ-
ated with tumor heterogeneity, disease evolution, and
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resistance to treatment [112], as it enables the acquisi-
tion of multiple samples longitudinally without the risks
associated with invasive tumor biopsies. Patients with
advanced, metastatic cancer (versus early-stage malig-
nancies) typically have a higher ctDNA level owing to
the higher total systemic tumor burden [182] and shed
DNA in the blood may reflect genomic alterations from
multiple metastatic sites, thus addressing tissue hetero-
geneity. These alterations may indicate tumor evolution,
tumor sensitivity, and/or resistance to targeted therapies.
Additionally, ctDNA analysis is associated with a shorter
turnaround time compared to tumor tissue molecu-
lar analysis. Timely ordering of ctDNA analysis when
response to ongoing therapy starts to diminish and at
the time of disease progression may attenuate treatment
selection delays [111]. However, its use is limited owing
to, at least partially, suboptimal assessment of molecu-
lar alterations in patients with low tumor volume and/
or tumors whose cellular DNA is not shed well into the
bloodstream.

The implementation of precision oncology trials
requires novel administrative needs, complicated designs
leading to logistic hurdles, limited access to clinical trial
centers, stringent trial exclusion criteria, sample size
issues in cases of rare alterations, and reproducibility
issues. Disparities in socioeconomic status also influence
cancer outcomes and are associated with worse survival
[183]. An investigation of clinical outcomes of 41,109
patients who participated in 55 trials demonstrated that
socioeconomic deprivation was associated with shorter
progression-free, overall, and cancer-specific survival
[183]. Next-generation precision oncology trial designs
offer several opportunities to overcome these challenges.
The application of home-based clinical trials may provide
access to innovative treatments for patients with lim-
ited ability, either physical or financial, to travel to spe-
cialized centers. Registry and real-world data trials can
collect data on patients with rare molecular alterations
or diseases to assess the efficacy, toxicity, and outcome
data of various treatments. Recently, ASCO and Friends
of Cancer Research published new recommendations to
broaden eligibility criteria in clinical trials to increase
access for more patients with cancer [184]. Analysis of
electronic health records data (CancerLinQ® Discovery
database) demonstrated that, by expanding common eli-
gibility criteria for patients with lung cancer, the number
of patients eligible to enroll in clinical trials increased
two-fold. These findings seem to be applicable across
tumor types [172].
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Conclusions and future perspectives

Patients should be considered for clinical trials when the
standard treatment is not efficacious any longer, or has
minimal impact on survival, or the patient experiences
significant toxicity. Remarkable advances in molecular
technology, almost unimaginable a few years ago, now
permit deep interrogation of tumor biology and customi-
zation of patient therapy, which has enabled a revolution
in clinical trial design

Multiple factors should be considered when designing
clinical trials in oncology to ensure more favorable out-
comes. First, complete molecular profiling is necessary
to understand the underlying cancer biology and should
include immune, DNA and RNA, proteomic, and/or
other biomarkers. Second, therapy should be matched
to the biology of the tumor, including combinations
of drugs to co-target the multiple drivers that are pre-
sent in most metastatic cancers. Third, innovative trial
design with seamless transition from phase I to phase
IIT trial can accelerate drug development and regula-
tory approval, while lessening administrative paperwork.
Fourth, innovative trial designs, including platform stud-
ies, umbrella and basket trials, and octopus and adaptive
trials, have the common goal of using novel methods and
master protocols to answer multiple questions in a single
trial and to offer clinical trial access to large numbers of
patients on a single trial. The precise type of study used
depends on the investigative goals (Additional files 1 and
2). For instance, basket studies are most suitable for eval-
uating a molecular marker in a tissue-agnostic cohort,
while umbrella studies generally concentrate on a single
type of cancer but examine multiple subgroups within
that histology. Octopus trials focus on examining mul-
tiple drug regimens, often in combination with a single
backbone drug.

The most recent innovation in trial design is N-of-1
cancer trials. These trials include multiple patients, but
each patient is treated in an individual (N-of-1) manner
based on a deep understanding of their tumor biology.
The strategy of drug assignment, rather than the drug
regimens themselves, is assessed. N-of-1 oncology trials
therefore differ fundamentally from other trial designs in
that they are patient-centered—the drugs are fitted to the
patient—rather than drug-centered—the patient is fitted
to the drug trial. (N-of-1 oncology trials are also funda-
mentally different from trials denoted as “N-of-1” in non-
oncology patients, despite the similar name, because the
non-oncologic trials involve multiple cross overs in the
same patient.)

Access to decentralized (home-based) trials is also
new and is an important trial design innovation wherein
patients can stay at home and participate in the trial
remotely. Such trials are likely to enhance patient
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well-being and also better replicate real-world condi-
tions. Finally, computerized records and capabilities have
paved the way for real-world data, as well as data derived
from digital applications or large national registries,
which, together with machine learning, may hasten the
discovery of new treatments and better approximate real-
world conditions. Importantly, in order to ensure accu-
racy, the source data for real-world data must be available
and auditable.

Overall, the new generation of precision medicine trial
designs yields a variety of response rates. The highest
response rates, reaching 75%, are for clinical trials target-
ing fusions such as NTRK using NTRK inhibitors in the
tumor-agnostic setting, hence reflecting the driver nature
of these fusions, and the fact that molecular alterations
can be important, at least in some cases, in a range of
cancers, independent of site of origin. N-of-1 trials also
yield response rates in the range of 45% in refractory can-
cers, albeit with high degrees of individualized matching
between drugs (often used in combinations) and targets
(Table 1); these trials highlight the need to address the
fact that metastatic cancers often have complex biologic
underpinnings and that each cancer may be unique.
Overall, the key biologic insights from these trials include
the following: cancer is a disease driven by genomic and
immune system alterations, and interrogating and then
targeting specifically these alterations, rather than simply
classifying cancers only by their site of origin, can pro-
duce impressive response rates and regulatory approvals.
Even so, many cancers are complex and targeting individ-
ual molecular alterations is often not sufficient to influ-
ence outcome; hence, combinations of matched therapy
in an N-of-1 paradigm are needed. Many challenges,
however, remain, including determining which molecu-
lar alterations are drivers versus passengers, and how to
reconcile the precision medicine patient-centered model
with the needs for regulatory authorization of new drugs,
that are part of a drug-centered paradigm of drug devel-
opment, as well as how to efficiently but accurately lever-
age multiple new types of trial design and the availability
of millions of datapoints in real-world data in a way that
is verifiable and moves the field forward in a rapid and
productive way for patients afflicted with cancer.
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phase I trial enables comprehensive evaluation of a specific drug in differ-
ent combination regimens. An octopus trial consists of multiple arms and
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Additional file 2. Selected next-generation precision medicine clinical
trial designs (see also Tables 1 and 2). An N-of-1 trial assesses different
drugs evaluated in the same patient. N-of-1 trials are patient centered and
every patient receives a different drug regimen. The strategy (algorithm) of
drug assignment, rather than the drugs themselves, is evaluated. Home-
based trials enable access to drugs for patients who are unable to travel
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