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Abstract

Next‐generation sequencing has revealed the disruptive reality that advanced/

metastatic cancers have complex and individually distinct genomic landscapes,

necessitating a rethinking of treatment strategies and clinical trial designs. Indeed,

the molecular reclassification of cancer suggests that it is the molecular un-

derpinnings of the disease, rather than the tissue of origin, that mostly drives

outcomes. Consequently, oncology clinical trials have evolved from standard phase

1, 2, and 3 tissue‐specific studies; to tissue‐specific, biomarker‐driven trials; to

tissue‐agnostic trials untethered from histology (all drug‐centered designs); and, ul-

timately, to patient‐centered, N‐of‐1 precision medicine studies in which each patient

receives a personalized, biomarker‐matched therapy/combination of drugs. Inno-

vative technologies beyond genomics, including those that address transcriptomics,

immunomics, proteomics, functional impact, epigenetic changes, and metabolomics,

are enabling further refinement and customization of therapy. Decentralized studies

have the potential to improve access to trials and precision medicine approaches for

underserved minorities. Evaluation of real‐world data, assessment of patient‐
reported outcomes, use of registry protocols, interrogation of exceptional re-

sponders, and exploitation of synthetic arms have all contributed to personalized

therapeutic approaches. With greater than 1 � 1012 potential patterns of genomic

alterations and greater than 4.5 million possible three‐drug combinations, the

deployment of artificial intelligence/machine learning may be necessary for the

optimization of individual therapy and, in the near future, also may permit the

discovery of new treatments in real time.
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INTRODUCTION

There is a rapidly growing body of knowledge in cancer genomics and

a more recent explosion of multiomic and functional technologies

(Figure 1) that have revealed a complicated and heterogeneous mo-

lecular landscape in advanced and metastatic cancers.1 Biologic het-

erogeneity exists between histologies, within the same diagnostic

group, and even within individual patients.2–6 Indeed, most advanced

malignancies have a complex portfolio of molecular alterations.3

Immune‐targeted and gene‐targeted therapies based on molecular

biomarkers are emerging as critical modalities for treating cancer,

although a strategy using monotherapy that addresses a single mu-

tation is not likely curative for people with metastatic disease.

Therefore, personalized combination therapies are needed to more

effectively treat advanced and metastatic cancers. Moreover, moving

biomarker‐driven therapy to the earliest stages of cancer treatment,

when the disease is less complex at the molecular level, needs to be

more widely explored.

Traditional clinical trials in the oncology drug‐development

process evaluated promising therapeutics in sequential phase 1, 2,

and 3 clinical studies. However, this canonical trial sequence can take

years to complete and may not be best suited to the molecular era,

given the potential for very high response rates with remarkable

durability using molecularly based therapies. Indeed, innovative

clinical trials designs as well as novel end points are needed to

facilitate the rapid development of novel therapies. Determining the

genomic landscape of cancer tissue, as well as blood circulating tumor

DNA/cell‐free DNA, and circulating tumor cells, has provided the

initial basis for personalized medicine approaches, but novel tech-

nologies are being explored to further refine therapeutic choices and

better understand mechanisms of resistance.

Clinical trials have undergone considerable evolution in recent

years, from traditional drug‐centered, tissue‐specific trials; to tissue‐
specific, genomically driven trials; to tumor‐agnostic, biomarker‐
based trials; and, most recently, to patient‐centered, N‐of‐1 combi-

nation therapy trials, in which each patient receives a unique therapy

based on their tumor landscape. In the latter types of trials, the

robustness of the algorithm defining the match between tumors and

drugs and its impact on outcome are evaluated, rather than the impact

of any one drug or combination of drugs on a specific cancer type

defined by its organ of origin (or, more recently, by its underlying

genomic aberration).7–11 Determining safe, personalized doses is also

critical in the era of individualized, novel combination therapy.12

In the current review, we explore clinical trial designs and

technologies that are enabling the development of molecularly tar-

geted therapies and the advancement in precision medicine, patient‐

F I GUR E 1 New era of multiomics. Genomics is the tip of the iceberg. The transcriptome, proteomics, functional impact, epigenetic

changes, metabolomics, immunomics, and the microbiome are all tools that will be integrated into future precision medicine therapeutic
approaches. Artificial intelligence can help guide interpretation and integration of multi‐omics data to optimize therapy. Created with
biorender.com.
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centered approaches (Table 1).6,9–11,13–49 We also delve into crucial

issues, such as addressing disparities and underserved populations,

and we provide a patient's unique and moving perspective on novel

precision medicine clinical trial approaches.

MOLECULAR TECHNOLOGY FOR PRECISION
CANCER MEDICINE

Genomics has been the key to precision medicine studies. The

sequencing of the human genome, its dramatic drop in cost, and the

availability of clinical‐grade next‐generation sequencing (NGS) have

transformed oncology. Although genomics is a cornerstone for pre-

cision oncology, it is only the tip of the iceberg (Figure 1). Additional

methodologies are available and may provide further refinement of

precision medicine approaches. Transcriptomic, proteomic, functional

impact, epigenomic, metabolomic, immunomic, and microbiome

technologies are already exploitable or under development with a

goal of providing a full multiomic approach to precision medicine

therapies and clinical trials (Table 2). Molecular testing can be done

on tumor tissue or on liquid (usually blood‐based) biopsies or from

other body fluids as well. Artificial intelligence (AI) and machine

learning can help integrate the large amount of data generated by

these technologies to optimize therapy for precision medicine

approaches.

Genomics

Genomics has been foundational for precision cancer medicine. NGS

is available from many Clinical Laboratory Improvement

Amendments‐certified laboratories in the United States. It has

allowed for accurate, reproducible, and standardized methods, which

provide information critical to determine which patients will benefit

the most from experimental and approved molecularly targeted

therapies. Most NGS panels probe for several hundred genes

commonly seen in advanced and metastatic cancer and are used on

tumor tissue samples. Whole‐genome sequencing is becoming more

available. Although most genomic sequencing involves tissue,

important information to guide precision medicine therapies can be

obtained from blood‐derived circulating tumor DNA, cell‐free DNA,

and circulating tumor cells.50

Transcriptomics

Transcriptomics relates to measuring RNA transcripts and under-

standing their function. Genomic alterations may reflect unique

changes in gene expression, and this technology can provide key in-

formation on gene expression patterns. The transcriptome may also

be critical to accurately identifying gene fusions, which are critical

cancer drivers. Microarrays and RNA sequencing are generally used

to quantify RNA transcription; however, degradation and

fragmentation of RNA in stored tissue, along with the complexity of

the analysis, must be taken into account for this technology to be

reliable.51–53

Proteomics

Proteomics involves immunohistochemistry (IHC) and other protein

assessment technologies to quantify protein‐level expression from

tumors. Emerging technologies include high‐throughput proteomics

approaches, such as mass spectrometry, protein pathway arrays,

next‐generation tissue microarrays, single‐cell proteomics, single‐
molecule proteomics, and others.54 There is a weaker correlation

between first‐generation proteomic markers (mostly IHC) versus

genomic markers with regard to responses or resistance to therapy,

perhaps because of tissue heterogeneity at the protein level.51,55,56

Functional impact

In vitro systems have the potential to predict cancer therapeutic

effectiveness. Traditional two‐dimensional cell cultures often were

limited by the genetic changes that occur with long‐term culture.

Organoids are multicellular clusters that can proliferate and self‐
renew while maintaining physiologic structure, mutation patterns,

and function of the tissue from which they were derived.57,58 They

have been developed for multiple cancer types and can be used to

screen large numbers of cancer therapeutics to determine optimal

therapy for an individual patient. The challenges to the imple-

mentation of functional assays remain assay success rates, turn-

around times, the need for standardized conditions, and the

definition of in vitro responders.59

Epigenomics

Epigenomics is the study of modification to the DNA or histones

without altering the DNA sequence itself. Modifications such as DNA

methylation and histone modification can alter gene expression.60

Modulating the epigenome has long been considered a potential

opportunity for therapeutic intervention in numerous disease areas

with several approved therapies marketed, primarily for cancer.

Despite the overall promise of early approaches for drugging the

epigenome, studies of these drugs have been plagued by poor

pharmacokinetic and safety/tolerability profiles in large part because

of off‐target effects and a lack of specificity.61

Metabolomics

Metabolomics is the study of metabolic products of the human body.

Metabolites of therapeutics may also have salutary or toxic effects.

Cancer cells may have altered metabolism and produce products that
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can aid in growth or alter therapeutic efficacy. Metabolomic tech-

nology can be used to identify treatment options or predict response

to oncology therapies.62

Immunomics

Immunomics aims to understand the host–tumor interaction and to

profile the tumor immune microenvironment. Novel bioinformatic

tools have been used in conjunction with genomics and transcriptomic

data to evaluate such immune entities as neoantigens and T‐cell and

B‐cell clonotype expansion. This information can help establish bio-

markers for immune checkpoint efficacy (e.g., tumor mutational

burden) and may help develop novel immune‐mediated therapies as

well as match patients with the best type of immune modulators for

their malignancy using a precision immunotherapy paradigm.63

Microbiome

The microbiome consists of diverse microorganism communities in

the human body. It includes viruses, bacteria, fungi, and eukaryotes

that colonize human body surfaces.64 It can play a role in carcino-

genesis, activating aberrant signaling pathways, and eliciting immu-

nosuppressive effects. Gut microorganisms can affect anticancer

treatment efficacy for both chemotherapy and immunotherapy.65

Modulation of the microbiome may improve immunotherapy effi-

cacy.66,67 Thus an understanding of each individual microbiome can

help with further personalization of therapy.

Artificial intelligence

With the vast amount of data generated by multiomic approaches, it

can be difficult to integrate all of the information to optimize

anticancer therapy for each individual. AI and machine learning can

be exploited to analyze multimodal‐omics data and optimize clinical

integration.68–70

Therefore, although our understanding of cancer remains

incomplete, additional technologies beyond genomics may provide

further insight into cancer biology. A better understanding of the

drivers of tumor growth and which molecular alterations should be

prioritized as therapeutic targets may be revealed by such method-

ologies as transcriptomics, proteomics, functional impact, epi-

genomics, metabolomics, immunomics, and the microbiome. Future

precision medicine oncology clinical trials and studies should combine

these methodologies with genomic testing to better evaluate their

role in optimizing cancer therapy.

DRUG‐CENTERED TRIALS

Until the recent advent of N‐of‐1 patient‐centered trials in oncology,

all trials were drug centered, meaning that the trial was centered on

the drugs, and patients were found to fit the drugs. These trials include

traditional phase 1, 2, and 3 trials and trials that are for specific tissue

types of cancers (e.g., lung or breast or colon cancer, etc.) or genomic

subsets of those cancers (e.g., lung cancers with ALK fusions) and the

most recent basket tumor‐agnostic trials based on a genomic alter-

ation (e.g., an NTRK fusion basket trial).7,8 More recently, patient

centered/N‐of‐1 oncology clinical trials have been conducted.9–11

These trials place the patient at the center, and drugs are found for

patients rather than patients found for drugs (Figure 2).

Traditional drug‐centered clinical trial design

Traditional oncology clinical trials evaluate the safety, efficacy, and

benefit of novel therapeutics in three phases—phase 1, 2, and 3,

respectively (Table 3).

TAB L E 2 Technologies enabling precision medicine approaches.

Technology Description

Genomics DNA of tumor obtained by next‐generation sequencing of tumor or liquid biopsy

(circulating tumor DNA), cell‐free DNA, circulating tumor cells

Transcriptomics RNA transcripts (obtained from RNA sequencing of tumor tissue)

Proteomics Protein expression in tumors (obtained by immunohistochemistry)

Function impact Studying therapeutic effects on organoids (multicellular clusters of tumor cells)

Epigenomics Modification of DNA or histones without alterations in DNA

Metabolomics Metabolic products of human body

Immunomics Host–tumor interaction and immune microenvironment

Microbiome Diverse microorganism communities with the human body and on body surfaces

Artificial intelligence Computerized artificial intelligence and machine learning approaches
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F I GUR E 2 Transition from drug‐centered therapeutic strategies (the drugs are the center of the universe, and patients are found to fit the
drugs based on their diagnostic category; hence, all patients within a diagnostic category receive the same drugs, and the efficacy of the drug
regimen in that subgroup of patients is evaluated) to a patient‐centered (N‐of‐1) focus (patients are the center of the universe, and drugs are
found to fit the patient's tumor's unique portfolio of molecular aberrations; hence, every patient receives a personalized set of drugs) for

precision medicine trials. In the patient‐centered (N‐of‐1) trials, the efficacy of the algorithm that matches patients to drugs, rather than the
efficacy of individual drug regimens, is evaluated. Created in biorender.com.

Phase 1 trials

Phase 1 trials provide first‐in‐human assessments of a therapy. These

trials are designed to evaluate safety and side effects along with early

activity signals. The trial may investigate experimental drugs after

animal studies are complete or may be the first trial to combine

approved drugs. These trials determine the maximum tolerable dose

(MTD) and recommended phase 2 dose (RP2D). A traditional 3 þ 3

study design enrolls three patients in a given dose cohort to assess

dose‐limiting toxicity, generally defined as a grade ≥3, clinically

relevant toxicity in the first cycle of therapy. In an expanded cohort

of six patients, the MTD is achieved at the highest dose level, in

which one or fewer patients experience dose‐limiting toxitiess.71 If

there are low‐grade toxicities that are tolerable over the usual 4‐
week MTD evaluation period but are intolerable over a longer

time, an RP2D lower than the MTD may be reported from the trial.

New approaches for phase 1 trials use accelerated designs, but these

designs have sometimes proved disadvantageous because, with

fewer patients enrolled, there is less experience with the spectrum of

drug activity and toxicity. In general, phase 1 studies enroll a small

number of participants and recruit patients with advanced cancers.

However, expansions of phase 1 studies to larger cohorts have now

become common and US Food and Drug Administration (FDA) ap-

provals have occurred after phase 1 studies.72

Phase 2 trials

Phase 2 trials take the MTD and/or the RP2D from the phase 1 study

to evaluate efficacy in a larger cohort of patients generally with a

specific tumor type, although, more recently, this may be a biomarker‐
selected subgroup of a specific tumor type or even a tumor‐agnostic

group of patients with a common biomarker. Phase 2 studies often

provide evidence that an efficacy signal exists and warrants evalua-

tion in a larger phase 3 study.

Phase 3 trials (randomized)

Phase 3 randomized controlled trials are the gold standard for eval-

uating the efficacy of a therapy and obtaining regulatory approvals for

novel therapies.73 In general, these studies compare novel therapies

versus standard of care to confirm efficacy, safety, and advantages

over existing therapies in a specific tumor type. Double‐blinded ran-

domized controlled studies blind both the patient and the investigator

to the therapy and minimize confounding factors. The studies can be

designed either as superiority trials (i.e., novel therapy is better than

the standard of care) or noninferiority trials (i.e., novel therapy is no

worse than the standard of care). All parameters in the trial are

locked down at their inception. Randomized controlled trials are by

far the best way to eliminate confounders. However, the downsides of

these trials include the difficulty in accruing rare or ultrarare cancers;

their expense and long timeline, during which new discoveries may be

made but cannot be incorporated; and the problem that, if the

treatment arm is particularly active beyond a certain threshold, the

control arm may be undesirable or even unethical.

Innovative, drug‐centered trial designs beyond
traditional phase 1, 2, and 3

Innovative, drug‐centered trial designs include broad phase 2,

Bayesian adaptive, umbrella, octopus, platform, and telescope trials,

along with master protocols (Table 3).

Broad phase 2 studies

During the 1970s and 1980s, when a novel compound emerged from

animal and phase 1 studies, it was quite common to initiate a broad

phase 2 trial of that agent. In broad phase 2 studies, patients with a

wide variety of both solid tumor and hematologic malignancies were
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treated.74 One notable example of such a study was a trial of the

anthracycline doxorubicin conducted by the Southwest Oncology

Group.75 A single trial of 472 patients defined the encouraging ac-

tivity of doxorubicin for patients with advanced breast, prostate,

bladder, and uterine cancers, non‐Hodgkin lymphoma, soft tissue

sarcoma, and small cell lung cancer; established the standard inter-

mittent dosing schedule for the drug; and characterized the major

toxicities of the agent (on the heart, mucosa, and bone marrow). The

study was submitted for publication within 24 months of trial initi-

ation. Despite the efficiency of the broad phase 2 trials, the cancer

clinical trials field shifted in the early 1980s. It became standard

dogma that the biologic activity of cancer therapeutics was sub-

stantively controlled by histologic context; therefore, investigators

concluded that phase 2 trials should be conducted in a tumor‐specific

manner. The demise of the broad phase 2 trial led to a growth in-

dustry of single‐drug/single‐disease trials. Phase 2 trials conformed

to specific two‐stage designs. Looking back, these tumor‐specific

phase 2 trials have proved far less efficient than the broad phase 2

trials.

Bayesian adaptive trials

The greatest advantage of phase 3 randomized controlled trials is

their extreme rigor, but a side effect of this advantage is inflexibility.

Adaptive trial designs allow for modification of the trial after interim

data analysis. The continuous learning that is possible in this

approach (termed Bayesian) enables investigators to stop the trial

early, assign patients to therapies that are performing better, and add

or drop therapy arms. Adaptive trials also provide randomization as

an option, if indicated by preliminary analysis, and decisions on effi-

cacy requiring a very small number of patients. This is also known as

Bayesian randomization.76,77 The disadvantage of this strategy is that

tolerability and drug toxicities may not be fully explored. Also, given

TAB L E 3 Clinical trial designs.

Trial Description

Drug‐centric trials (Patients are given the same set of drugs per the trial)

Traditional trial designs

Phase 1 First in human to determine the maximum tolerable dose or the recommended phase 2

dose; evaluates safety, pharmacokinetics, and early activity

Phase 2 Larger study (often 25–40 patients) to establish efficacy signal

Phase 3 Randomized controlled study to evaluate efficacy of a therapy compared with standard of

care

Innovative trial designs

Broad phase 2 Evaluate efficacy in a wide variety of solid tumors and/or hematologic malignancies within

a single trial

Bayesian adaptive trial Adaptive trial design that can be modified after interim analysis including in small numbers

of patients

Umbrella trial Enrolls patients with a common tumor type, tests multiple molecular markers, and then

assigns patients to an arm of the study based on the molecular markers

Octopus trial Multiple arms that test different drugs or drug combinations in a single trial

Platform trial Includes multiple histologies and genomic or other biomarkers and is based on a single

technological platform

Master protocol Overarching protocol designed to answer multiple questions; can include one or more

interventions in multiple diseases or a single disease, with multiple interventions; may

include umbrella, basket, and/or platform trials

Telescope trial (seamless) Combine all three phases of trials (phase 1, 2, and 3) into one sequential trial

Basket trial Evaluate groups of patients who are pooled based on biomarker characteristics rather than

tumor of origin

Patient‐centric trials (different drugs are chosen for each patient)

N‐of‐1 trial Provides a unique therapy to each patient based on the molecular, immune, and other

biologic characteristics of their tumor; treatment regimen is specific to each patient’s

tumor landscape
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the small number of patients enrolled, patients with less common

biomarkers may not be included in the trial.

Umbrella trial

Umbrella trials enroll patients with a common tumor type, test

multiple molecular markers, and then assign patients to an arm of the

study based on the molecular markers. Each arm represents a

potentially effective treatment for the molecular marker. This design

can allow for modification over time as new targets and therapies are

discovered. Certain arms can be opened or closed rapidly, depending

on the success of the target and therapeutic.76,78

An example of an umbrella trial is Lung‐MAP (ClinicalTrials.gov

identifier NCT02154490).79 The Lung Master Protocol (Lung‐MAP;

S1400) is a clinical trial that was designed to advance the efficient

development of targeted therapies for squamous cell cancer of the

lung. The Cancer Genome Atlas project and similar studies had dis-

cerned a significant number of somatic gene abnormalities in this

type of lung cancer, some of which are potentially druggable by

investigational agents. However, the frequency of these aberrations

is low (5%–20%), making recruitment and study conduct challenging

in the conventional clinical trial setting. Hence, Lung‐MAP was born

as a clinical trial umbrella strategy; Lung‐MAP uses a biomarker‐
driven, phase 2/3, multi‐substudy master protocol and a common

NGS platform to identify actionable molecular abnormalities, fol-

lowed by randomization to the relevant targeted therapy versus

standard of care.

Octopus trial

The octopus study design denotes multiple arms that test different

drugs or drug combinations in a single trial. When performed in the

phase 1 setting, these studies were considered complete phase 1 trials

(a terminology coined by Dan Von Hoff).76,78,80

Platform trial

A traditional platform trial includes multiple histologies and genomic

or other biomarkers and is based on a single technological platform

(i.e., NGS) to interrogate the tumor. There can be a fixed number of

patients in each arm. All treatments are compared with the same

control. Interim monitoring for success and futility at equally spaced

intervals has been added to some platform designs; and, if a treat-

ment is dropped because of futility, the accrual on the remaining

active arms is greater.

An open platform uses an adaptive design in which treatments

can be dropped or added during the course of the trial. New treat-

ments can be added to replace ineffective treatments during the trial.

These trials can find effective treatments more efficiently and with

fewer resources than investigating one treatment per trial.76,78

Master protocol

A master protocol is an overarching protocol designed to answer

multiple questions. Master protocols can include one or more in-

terventions in multiple diseases or a single disease, with multiple

interventions. Master protocols may include umbrella, basket, and/or

platform trials.76,78 A master protocol uses either a single, multiplex

diagnostic assay to assign individuals to different candidate drugs or

arms of the trial within the same trial or network of trials; or it may

use multiple, discrete biomarker assays alone or in combination.

Master protocols offer more options for patients and can also make

screening and recruitment more efficient.

One example of a master protocol is the DART study (Dual Anti–

CTLA‐4 and Anti–PD‐1 blockade in Rare Tumors) sponsored by the

National Cancer Institute (NCI)/Southwest Oncology Group

(SWOG1609; ClinicalTrials.gov identifier NCT02834013). This trial

included 53 cohorts: 52 of these cohorts reflected phase 2 studies for

different rare or ultrarare tumor types in which each patient received

nivolumab and ipilimumab; one cohort was for programed death

ligand‐1 (PD‐L1)–amplified tumors (hence based on a molecular

biomarker), and patients were treated with nivolumab monotherapy.

Multiple cohorts have had positive read outs, with National

Comprehensive Cancer Network guidelines modified based on two

cohorts (angiosarcoma and high‐grade neuroendocrine) to date.81,82

Data are analyzed for each individual cohort. In addition, data also are

pooled across cohorts for analyses of overall outcomes as well as for

extensive molecular correlates.83 In many ways, the DART master

protocol is similar to the broad phase 2 studies described above and was

routinely used in drug development during the 1970s and 1980s.74

Telescope (seamless design)

Telescoped clinical trials combine all three phases of trials—phase 1,

2, and 3—and thereby seamlessly move from preliminary to confir-

matory data in one trial. The participants enrolled in the learning and

confirmatory stages are all included in the final analysis but can also

be analyzed separately. This design can reduce costs and shorten the

drug‐development timeline. Promising agents are moved through the

study, whereas agents that fail early are dropped. These studies are

complex to design because the later phases are designed before

phase 1 and 2 portions have occurred. During the time it takes to

complete the study, changes in practice may occur because of ap-

provals of other drugs, which can make the interpretation of results

difficult.76 Conversely, avoiding the long activation timelines for

separate phase 1, 2, and 3 trials by incorporating all phases into a

single trial is an important advantage.
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Innovative trial designs facilitating precision medicine
biomarker‐based approaches

Molecularly targeted therapies and precision medicine approaches

require moving beyond standard phase 1, 2, and 3 trial designs. For

instance, traditional phase 2 and 3 oncology clinical trials establish a

particular therapeutic for a specific tumor type, whereas newer trial

designs may base eligibility on biomarkers and may offer a treatment

for a single gene alteration or a complex portfolio of alterations

across multiple cancer types.

Basket trials

Basket trials address various cancers based on genomic characteris-

tics (e.g., NTRK fusions) rather than the tumor of origin. Patients are

pooled independent of cancer type. These trials assume that response

to targeted therapy can be evaluated independently from cancer type;

therefore, these studies evaluate multiple cancer types within the

same study. Basket studies can have multiple arms that can open and

close quickly, depending on success of the therapy, and simultaneously

can test many potentially active therapies.7,8,31,76,78 Examples of

multiarm basket studies include the MyPathway study (ClinicalTrials.

gov identifier NCT02091141), NCI‐Molecular Analysis for Therapy

Choice (NCI‐MATCH; ClinicalTrials.gov identifier NCT02465060) and

the Targeted Agent and Profiling Utilization Registry (TAPUR) study

(ClinicalTrials.gov identifier NCT02693535).31,84,85 Basket trials have

now led to multiple tissue‐agnostic FDA approvals (Table 4)86–88 and

are the basis for the initial reclassification of cancer, in which tumors

are classified based on a specific molecular alteration (e.g., NTRK fu-

sions or BRAF mutations) rather than a specific cancer type (e.g.,

colorectal or lung cancer). Because many driver alterations occur in

only a small subset of patients, finding the group of patients with the

biomarker requires screening large numbers of patients. For instance,

NTRK fusions occur in only about one in 300 solid tumors.89 Even so,

because molecular alterations drive cancer development, these types

of trials often show high response rates, with long duration of

response. Therefore, FDA tissue‐agnostic approvals are often based

on small numbers of highly selected patients (approximately 30–100

patients; Table 4).

Patient‐centered trials (N‐of‐1)

The molecular reclassification of cancer has led to several trans-

formative observations. Most importantly, it appears that tumors

have multiple molecular alterations that differ from patient to patient

both between and within histologies.90 Therefore, the classic drug‐
centered, one‐size‐fits‐all clinical trials are a mismatch for the re-

ality that molecular testing has revealed. That reality suggests that

personalized patient‐centered, biomarker‐based approaches to man-

agement are necessary (Figure 2).

N‐of‐1 clinical trial design

The N‐of‐1, patient‐centered trial design attempts to provide a

unique therapy to each patient based on the molecular, immune, and

other biologic characteristics of their tumor. Genomic and immune

information is obtained before the start of therapy and is used to

select a treatment regimen specific to each patient's inimitable tumor

landscape. Each patient on the trial may be on a unique therapy or

combination of drugs. The drugs given may be on‐label or off‐label

approved drugs, or the patient may be navigated to a secondary

clinical trial with an experimental drug/drugs. Patients with identical

cancer types may have dramatically different therapies selected

because the molecular alterations in their tumors vary. Indeed, most

tumors have multiple genomic alterations that differ from patient to

patient—akin to malignant snowflakes.1 Determining efficacy re-

quires assessing the strategy of/algorithm for matching patients to

therapeutics rather than the efficacy of an individual treatment for a

specific cancer.51 Several N‐of‐1 trials have been performed,

including Investigation of Profile‐Related Evidence Determining

Individualized Cancer Therapy (I‐PREDICT; ClinicalTrials.gov identi-

fier NCT02534675) and WINTHER (ClinicalTrials.gov identifier

NCT01856296). These trials demonstrate that higher degrees of

matching of drugs with each patient's tumors is correlated with

higher response rates and longer progression‐free survival (PFS) and

overall survival (OS).9–11,91 Such trials require excellent decision

support, such as that provided by molecular tumor boards, and access

to a variety of drugs, which may be aided by medication‐acquisition

specialists, as well as access to clinical trials, which requires work-

ing closely with a clinical trial coordinator/navigator.92

The N‐of‐1 trials described above should be differentiated from

N‐of‐1 crossover trials, which are multiple crossover trials done over

time within a single person; these trials can also be performed within

a series of individuals and are frequently randomized and can be

masked; in these trials, the same patient receives different therapies

at different times.93 Despite the similarity in name, N‐of‐1 crossover

trials are completely distinct from N‐of‐1 precision cancer medicine

trials; moreover, the former are not well suited to oncology because

the patient's tumor may progress quickly during periods with the less

active drug.

The (r)evolution of precision cancer medicine trials

There have been many advances in the design of clinical trials for

molecularly targeted therapies and precision medicine. Table 1 pro-

vides examples of precision medicine clinical trials with results.

Before the molecular era, clinical trials after phase 1 had almost

universally been tissue‐specific and genomically agnostic; a single

cancer type was evaluated regardless of patient‐to‐patient variation

in genomic milieu. These traditional trials assessed a treatment

regimen in, for instance, patients afflicted with lung cancer or breast

cancer or sarcoma. More recently, tissue‐specific, genomically driven
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trials have explored a single biomarker subset of one cancer type,

e.g., patients with EGFR‐mutant lung cancer who received EGFR in-

hibitors. Biomarker‐based, tissue‐agnostic trials and approvals are

newer and increasingly are being deployed, with the goal of obtaining

regulatory approval of a drug for all patients whose tumors harbor a

specific biomarker if the trial is successful (Table 4).86–88

Today, with the increasing use of NGS, there is a realization that

the same molecular alterations can drive tumor growth for multiple

tumor types.94–96 The first example of a tissue‐agnostic FDA

approval was for the anti–programmed death 1 (anti–PD‐1) immu-

notherapy pembrolizumab for solid tumors with high microsatellite

instability (MSI‐H).97 There are now rapidly increasing numbers of

tissue‐agnostic FDA approvals (Table 4). Tumor‐agnostic solid tumor

approvals include: pembrolizumab (MSI‐H or MSI‐deficient mismatch

repair as well as tumor mutational burden [≥10 mutations per

megabase), larotrectinib (NTRK fusion), entrectinib (NTRK fusion),

dostarlimab (deficient mismatch repair), dabrafenib/trametinib

(BRAF V600E mutation), selpercatinib (RET fusion), trastuzumab

deruxtecan‐nxki (HER2‐positive; HER2 with an IHC status of 3þ),

and repotrectinib (NTRK fusion). Pemigatinib is the only hematologic

tissue‐agnostic approval and is approved for FGFR1‐rearranged

myeloid/lymphoid neoplasms. A partial tissue‐agnostic approval is for

belzutifan (VHL germline mutation in renal cell cancer, central ner-

vous system hemangioblastoma, and pancreatic neuroendocrine tu-

mors). As the focus of oncology trials and therapies shifts to treating

based on molecular profile, drug discovery and approvals will likely

shift increasingly to biomarker‐based development. An attractive, but

as yet scantily explored, concept is to place chemical design and

production under AI/digital control.

Another evolution in cancer clinical trials came on the heels of

the realization that advanced cancers are complex, and targeting a

single alteration leads to only limited responses; therefore, the

exploration of novel combinations is important. Traditionally, such

combinations were explored one by one. More recently, they may be

explored in a platform study, such as ComboMATCH (Combination

Therapy Platform Trial with Molecular Analysis for Therapy Choice;

ClinicalTrials.gov identifier NCT05564377), which is a combination

precision medicine clinical trial conducted by the NCI. The basic

raison d'etre for ComboMATCH is that most NCI‐MATCH arms did

not meet their clinical end points. This observation has reinforced the

concept that suppression of the product of a single driver gene alone

is not an adequate approach for advanced malignancies, presumably

because cancers often recruit parallel or compensatory pathways to

overcome the inhibition of a single node. ComboMATCH has been

designed to test specific molecularly targeted combinations aimed at

overcoming primary and adaptive resistance pathways. Designing a

precision medicine trial using drug combinations rather than single

agents presents numerous complexities. In NCI‐MATCH, the evi-

dence threshold for testing a single drug against a single target was

relatively straightforward; in ComboMATCH, the number of

TAB L E 4 US Food and Drug Administration tissue‐agnostic approvals.

Approval
year Therapeutic Mechanism Indication Approval Comment/references

2017 Pembrolizumab PD‐1 inhibitor MSI‐H or dMMR All solid tumors Fountzilas 202486

2018 Larotrectinib NTRK inhibitor NTRK fusion All solid tumors Fountzilas 202486

2019 Entrectinib NTRK inhibitor NTRK fusion All solid tumors Fountzilas 202486

2020 Pembrolizumab PD‐1 inhibitor TMB‐H (≥10

muts/Mb)

All solid tumors Fountzilas 202486

2020 Pemigatinib FGFR inhibitor FGFR1‐rearranged

MLNs

Hematologic approval

for MLN

Hematologic approval only;

Fountzilas 202486

2021 Belzutifana HIF inhibitor VHL germline

mutations

RCC, hemangioblastoma,

PNET

Partial tissue‐agnostic approval;

Fountzilas 202486

2021 Dostarlimab PD‐1 inhibitor dMMR All solid tumors Fountzilas 202486

2022 Dabrafenib/

trametinib

BRAF/MEK inhibition BRAF V600E
mutation

All solid tumors (except

colorectal)

Fountzilas 202486

2022 Selpercatinib RET inhibitor RET fusion All solid tumors Fountzilas 202486

2024 Trastuzumab

deruxtecan‐nxki

HER2‐antibody–drug

conjugate

HER2‐positive (IHC

HER2 3þ)

All solid tumors FDA 202487

2024 Repotrectinib ROS‐1, TRKA, TRKB,

TRKC inhibitor

NTRK fusion All solid tumors FDA 202488

Abbreviations: CNS, central nervous system; dMMR, mismatch‐repair deficiency; FDA, US Food and Drug Administration; HIF, hypoxia‐inducible factor;

IHC, immunohistochemistry; MLN, myeloid/lymphoid neoplasm, MSI‐H, microsatellite instability‐high; muts/Mb, mutations per megabase; PD‐1,

programmed death 1; PNET, pancreatic neuroendocrine tumor; RCC, renal cell carcinoma; TMB‐H, tumor mutational burden ≥10 mutations per

megabase.
aBelzutifan is not generally considered a tissue‐agnostic approval, but we included it here because the approval is biomarker‐based and was for four

different types of cancers at the same time.

256 - PRECISION MEDICINE TRIALS



potential drug combinations is exponentially greater. In Combo-

MATCH, at least one biomarker will be matched to at least one drug,

but each drug in the combination will not necessarily be matched to

tumor molecular alterations. Subtrials of ComboMATCH will use

drug combinations with known phase 2 dosing or will have run‐in
phase 1 safety testing followed by phase 2 evaluation of the com-

bination. Outcomes between combination therapy and single‐agent

therapy may be compared in the trial in a randomized fashion. The

combinations will either be two targeted drugs or a targeted drug

plus a cytotoxic chemotherapy agent or, potentially, other combina-

tions. Some trials will be tissue‐agnostic, whereas others will enroll

for specific cancer types.98

Importantly, if each cancer is distinct and molecularly complex,

as has been demonstrated by multiple investigations, and the average

advanced tumor has five molecular alterations (with approximately

700 cancer‐causing genes), there are greater than 1 � 1012 (more

than 1 trillion) patterns. Moreover, layered on top of the genomic

complexity, is the finding that, if there are approximately 300 cancer

drugs, there are approximately 45,000 two‐drug combinations and

approximately 4.5 million three‐drug combinations. Performing in-

dividual phase 1 and 2 trials for customized combinations of agents is

not feasible. Therefore, the I‐PREDICT and WINTHER trials took a

different tack, allowing individualized combinations of drugs matched

to each patient in an N‐of‐1, tailored approach, all within one trial,

with intrapatient dose modifications for safety and tolerance (thus

incorporating not only personalized drugs but also personalized

dosing, including combinations of drugs not previously tested in the

phase 1 setting).9–11 Thus N‐of‐1 trials provide each patient with a

unique combination of therapies based on their molecular profiles. A

scoring system is used for each patient to calculate how well the

patient was matched to combination therapy. Higher matching scores

were associated with significantly improved disease control (included

partial and complete remission as well as stable disease for at least 6

months), PFS, and OS for both treatment‐refractory and treatment‐
naive patients.9,10 The I‐PREDICT N‐of‐1 trial is a rather striking

departure from classic cancer clinical trials. It transforms oncology

clinical trials and therapies from a drug‐centric approach to a patient‐
centric approach (Figure 2). Importantly, dosing of novel combination

therapies is critical to providing safe and effective N‐of‐1 treatments

without prior phase 1 studies. This can be accomplished by lowering

the dose initially and modifying the dose by intrapatient dose esca-

lation; thus not only are the drugs individualized to the patient, but so

is the dosing.12

SPECIAL ISSUES FOR PRECISION MEDICINE
CLINICAL TRIALS

Precision immunotherapy

Immune checkpoint inhibition has enabled dramatic improvement in

outcomes in many solid tumors. Determining biomarkers that will

best predict the subset of patients who will benefit from

immunotherapy is important for a precision medicine approach,

especially for tumor types that are considered immunologically cold.

A subset of tumors that are immunologically active also will not

respond, and a better understanding of primary and secondary

resistance pathways or lack of immunologically active disease is

required for to improve therapy selection. Precision genomics has

provided the critical lesson—mostly still not applied to the immuno-

therapy field—that each cancer has a distinct molecular landscape;

and, if biomarkers are not sought and unselected patients are

treated, the chance of success for targeted therapies is low.99 As an

example, ALK fusions are present in only approximately 5% of non-

small cell lung cancers; thus, if ALK inhibitors had been tested in

unselected patients with lung cancer, the response rates would have

been negligible.100 Biomarkers such as PD‐L1 expression, microsat-

ellite status, and tumor mutational burden have been used to predict

which individuals have a greater probability of responding to PD‐1/

PD‐L1 immune checkpoint inhibition.101–104

Although traditional immune checkpoint inhibitor–based thera-

pies have been directed at the PD‐1/PD‐L1 axis, there are several

other immune checkpoints as well as an enormous array of other

immunomodulatory mediators that may contribute to resistance to

these therapies. Determining expression patterns of other immune

checkpoints may provide benefit in predicting primary or later

resistance after an initial response.105,106 Taken together, the effi-

cacy of immune checkpoint inhibitors may be influenced by multiple

factors, including, but not limited to: the number of mutanome‐
derived neoantigens, probably roughly reflected by high tumor

mutational burden and MSI‐H; immunogenicity of the neoantigens;

ability of the patient's major histocompatibility complex to present

those neoantigens; ability of the patient's T‐cell receptor repertoire

to recognize those neoantigens; and which checkpoint the tumor is

using to evade the immune system.107–109 Even so, studies of

immunotherapy are mostly devoid of interrogation of any of the

above factors; this needs to change.

Precision dosing

A precision medicine personalized approach necessitates novel

dosing strategies given the large number of potential therapeutic

combinations. With a goal of each patient receiving a personalized,

novel combination therapy, the majority of combination regimens will

not have clinical trials data to guide safe and tolerable starting doses.

Evidence for combination therapy dosing from approximately

100,000 patients has been reported in several large analyses of

phase 1–3 clinical trials of two or more drugs for immunotherapy,

molecularly targeted therapy, and chemotherapy.110–114 These

studies from the literature suggested that antibodies were better

tolerated than small molecular inhibitors or cytotoxic chemotherapy

in combination therapy. The literature and our experience suggest

that a starting dose approximately 50% of the single‐agent FDA‐
approved dose should be considered for most previously unstudied

combination therapies. Combinations that include antibodies can be
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started at higher doses, whereas certain therapeutics (e.g., mTOR

inhibitors, poly[adenosine diphosphate ribose]polymerase inhibitors,

histone deacetylase inhibitors, cytotoxic drugs, and ipilimumab) have

increased toxicity, requiring more significant dose reductions and

increased monitoring. These observations provided a general guide-

line for starting doses of novel combination therapy and were used in

the I‐PREDICT clinical trial to determine starting doses of thera-

pies.9,10 Frequent (at least weekly) laboratory evaluations of liver,

kidney, and hematologic function as well as physician visits were

obtained for all individuals on the study. Intrapatient dose escalation

or reduction was used to titrate therapies to efficacious and tolerable

doses. Additional considerations for precision dosing include patient

frailty, comorbidities, organ compromise, co‐administered drugs,

gender, age, race, and pharmacologic metabolism, which may require

additional dose reductions.12 Importantly, this strategy—starting

with lowered doses and intrapatient dose modification, as used in

the I‐PREDICT trial—proved safe and effective.9

The FDA has now initiated Project Optimus as an initiative to

reform the dose‐optimization and dose‐selection model in oncology

drug development. Too often, according to the FDA, the current

paradigm for dose selection—based on cytotoxic chemotherapeutics

in which more drug has always been assumed to be better—leads to

doses and schedules of targeted therapies that are inadequately

characterized before initiating registration trials.115 This is not sur-

prising because dose selection after phase 1 can be in as few as six

patients and determined based on the first cycle (usually about 4

weeks) of therapy. Yet patients may be on targeted drugs for long

periods of time. Still, the basic difference between Project Optimus

and the I‐PREDICT methodology is that Project Optimus aims to find

a more refined dose to apply to all patients, and I‐PREDICT looked

for the best‐tolerated dose for each patient and used intrapatient,

rather than interpatient, dose modification.9,12 Taken together, the

precision paradigm for dosing may require recognition that one size

does not fit all and that more is not always better.116

Timing of precision medicine approaches

Many precision medicine trials have been used in later lines of

therapy for solid malignancies. Yet the greatest advances have

occurred when precision therapies are applied at diagnosis. Tyrosine

kinase BCR‐ABL inhibitors in chronic myelogenous leukemia are

extremely effective in the chronic phase of the disease but are

ineffective in late‐stage blast crisis. In fact, chronic myelogenous

leukemia has been transformed from a uniformly lethal disease to

one with a near‐normal life expectancy by applying drugs targeted

against the aberrant BCR‐ABL kinase enzyme that drives the disease.

However, these drugs must be applied at diagnosis. Waiting until

end‐stage disease results in almost negligible impact.117,118

A similar approach—moving these therapies earlier—may lead to

better outcomes in solid tumors. Advanced and metastatic cancers

tend to acquire more heterogeneity and molecular alterations as

disease progresses and as a result of prior lines of therapy; thus it

would likely be beneficial to move precision medicine approaches to

earlier or even frontline therapy to provide the best chance of suc-

cess. This is especially true for many rare or extremely aggressive

tumors in which the standard‐of‐care options yield limited responses

and short OS or tumors in which the standard of care requires

mutilating surgery or other therapies with debilitating side effects. A

prime example of this strategy was reported in a study published by

Cercek and colleagues, in which 12 patients with MSI‐H rectal cancer

received the anti–PD‐1 agent dostarlimab at diagnosis, and all 12 had

prolonged complete remissions, obviating the need for surgery, ra-

diation, or chemotherapy.119

Discovery in real time

With continued technological advancements, one could envision a

future of personalized drug discovery and development in real time.

Bioinformatics can be used to determine an optimal therapeutic

match for each patient, and a new drug could be developed in real

time specific for a patient's tumor and mutational drivers. The ther-

apy could be designed using AI and machine learning and manufac-

tured using three‐dimensional drug printing.120,121 Rather than

seeking a regulatory approval for a specific indication, the technology

and algorithm for producing an individualized a therapy would be

reviewed.

Novel data‐collection methods

New data‐collection methodologies are being explored. Real‐world

data can provide a more accurate picture of how a typical patient

outside a highly structured, canonical clinical trial with multiple in-

clusion and exclusion criteria will fare on therapy. Patient‐reported

outcomes (PROMs) provide additional perspective on adverse

events. Exploring exceptional responders and registry‐based pro-

tocols can deliver a deeper understanding of therapeutic benefit.

Synthetic arms use data outside of a trial as a comparator arm and

thus can offer additional control data.

Real‐world data

The amount of data available today through electronic health and

other records is on a scale almost unimaginable a few decades ago.

Hence, real‐world data have been explored to determine the efficacy

and toxicity of oncology treatments.122 Clinical trial participants

often do not represent the standard oncology patient because trials

attempt to cherry pick the ideal oncology patient through the use of

numerous selection criteria. These requirements aim to provide

optimal patient safety and provide the highest probability of

obtaining a response to therapy. A real‐world patient with cancer
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may have worse performance status, impaired organ dysfunction,

major comorbidities, and be receiving potentially interacting thera-

pies. These patients tend to be older and frailer than the clinical trial

population. Thus information on the success of approved therapies in

the community is critical to determining whether therapies are

beneficial and safe.

Real‐world data can be collected from electronic health records,

disease registries, medical claims, billing data, and patient‐based

applications. Because data collection is much less controlled than a

clinical trial, there is a risk of inaccurate reporting and discrepancies

in the data. These data have been used to support the approval of

new indications, new patient populations, and dose modifications.

The FDA supports a Real‐World Evidence Program under the Cures

Act to evaluate drug efficacy, support the approval of new in-

dications, and assess the need for dose modification.123 Real‐world

data can also be used as a comparator arm for studies without a

control to assess for preliminary efficacy signals, especially in early

phase studies.

Registry protocols

Registry protocols provide a rich source of structured data on

cancer incidence, demographics, outcomes, treatment, and molecular

profiling data. The Master Registry of Oncology Outcomes Associ-

ated with Testing and Treatment (ROOT) study (ClinicalTrials.gov

identifier NCT04028479), for instance, is collecting comprehensive

molecular profile, treatment, outcome, and clinical information on

diverse tumor types.124,125 This study is a national master observa-

tional trial and aims to assemble real‐world data on innovative

treatments and biomarkers using machine learning and AI tools. The

difference between real‐world data collection from health records

versus registry protocols is that, in registry protocols, although the

data are real‐world, the protocol collects the data in a structured

manner.

Exceptional responders

Randomized clinical trials data provide a summary of clinical out-

comes to determine whether a therapy is safe and effective. If any

patients have exceptional responses, this information may not be

reported or evaluated in detail.76,126 Additional evaluation and mo-

lecular profiling may provide a mechanism for determining the drug

benefit and help select the patient population that would derive the

most benefit. In the case of a therapeutic that was not believed to be

effective in the original population tested, benefit may be identified in

a subpopulation. Trials to interrogate exceptional responders may

identify novel biomarkers of response and can provide novel insight

into the underlying mechanisms of targeted therapies.127 Given the

rarity of exceptional responders, it may be difficult to determine the

etiology of the benefit.

Patient‐reported outcomes

PROMs include symptoms, toxicity, and quality of life, which origi-

nate directly from the patient.128 They can be collected from web‐
based platforms, phone calls, and downloaded applications. Ques-

tionnaires increasingly are being used to detect and monitor symp-

toms and adverse events. PROMs can improve clinical outcomes and

decrease hospitalizations; however, despite recommendations by the

FDA to implement them in clinical trials, they rarely contribute to

drug approval.76

Synthetic arms

Synthetic arms use data from outside of the clinical trial to create a

comparator arm to compare with the experimental arm of the study.

In particular, synthetic control methods represent statistical meth-

odology, which can evaluate the effectiveness of a novel therapy

using external control data.129 These arms can be beneficial for rare

tumor studies in which it is hard to accrue patients to both an

experimental arm and a control arm.130 Synthetic control arms are

also beneficial for very aggressive tumors in which the standard of

care is minimally effective. Given the rapid advancement in oncology

therapies and the long duration of trials, the standard of care may

also be updated during a trial, which can make it difficult to assess

the benefit of the new therapy.

The FDA has recognized the importance of synthetic control

arms and has several initiatives to allow for the use of external

control data. It is critical to evaluate how closely the experimental

group matches the synthetic arm with regard to disease and other

patient characteristics to have an accurate assessment of the benefit

of the novel therapy.

CHALLENGES IN IMPLEMENTING PRECISION
MEDICINE APPROACHES

There are several challenges involved in implementing precision

medicine approaches and clinical trials. Perhaps the greatest chal-

lenge lies in the molecular reclassification of cancer. Clinical trials

and practice as well as training and departments in academia are

built around disease‐specific expertise. However, it is becoming

increasingly apparent that cancer is driven by its molecular

alterations.

There are also practical issues that challenge precision medicine

trials and practice. Although the turnaround in NGS for tissue and

liquid biopsies has improved, finding and releasing tissue from pa-

thology to be sent to the laboratory that conducts the testing can

lead to delays. Some of these challenges can be overcome by insti-

tuting reflex and universal genomic testing.131,132

Because tumors tend to acquire new alterations over time, tissue

from several years prior may not provide an accurate picture of the
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current molecular landscape of the tumor, and obtaining a new bi-

opsy may delay treatment. Liquid biopsies (derived from a simple

blood test), however, can provide current NGS data.

Another challenge is medication acquisition. In platform preci-

sion medicine trials, patients may be navigated to secondary clinical

trials with investigational agents based on their biomarkers. How-

ever, the numerous inclusion and exclusion criteria often make pa-

tients ineligible. Drugs can also be used off label. For instance, in the I‐
PREDICT trial,9,10,91 off‐label, targeted therapies were obtained

through patient‐assistance programs. Despite an experienced team

of medication‐acquisition specialists, medication acquisition often

took several weeks because of delays from insurance and patient‐
assistance program reviews. Not all patients were eligible for

patient‐assistance programs, especially those with higher incomes.

For combination therapy trials, coordination with multiple pharma-

ceutical companies can also present a challenge during study start‐
up. Moreover, methodologies using medication‐acquisition special-

ists for clinical trials are not scalable. Eventually, algorithms gov-

erning which combinations of drugs are best for each patient should

be approvable based on the robustness of the outcome seen in

clinical trials, and that would or should make the suggested medi-

cations covered by payors.

Precision medicine trials often assume that response to a tar-

geted therapy can be evaluated independent from the tissue of origin

and independent of other molecular aberrations in a tumor. As an

example, whereas dabrafenib/trametinib has a tissue‐agnostic

approval for solid tumors with BRAF V600E alterations, this ex-

cludes colorectal cancers, which have very poor response rates.

Conversely, BRAF inhibition in BRAF V600E colorectal cancer was

greatly improved with the addition of cetuximab.133 The combination

of the BRAF inhibitor vemurafenib and the EGFR antibody cetuximab

is now FDA‐approved for this indication.

Many currently enrolling precision medicine trials have a limited

number of therapies and targetable alterations assessed, which can

lead to a low rate of matching patients to therapies. Trials assessing a

single, rare alteration will need to screen a large number of patients

to a find match. A prior review noted that the majority of studies

matched about 15%–20% of patients to drugs.51 The I‐PREDICT

study9,10 administered matched therapy at a rate of close to 50%

by using a broad NGS panel and all available FDA‐approved therapies

to match the alterations.

Appropriate outcome measures should be considered for preci-

sion medicine trials. Rate and duration of response are often used but

may not be adequate surrogates for survival. The ratio of PFS with

the targeted therapy compared with PFS after previous lines of

therapy (PFS2/PFS1) within the same individual has been used in

some studies to assess the benefit of the matched therapy. However,

this parameter has proven problematic because the PFS on the prior

therapy, often given in the community, may be determined based on

imaging every 3 months, whereas protocols mandate imaging every

2 months; this difference can attenuate the ability to find

improvements.

ADDRESSING DISPARITIES AND UNDERSERVED
POPULATIONS IN CLINICAL TRIALS

Although precision medicine trials and approaches offer great

promise to improve outcomes and revolutionize oncology therapy,

providing broad access to all patients remains challenging. Patients

who do not live close to large academic medical centers, especially

those in rural communities or underserved minorities, may have

difficulty enrolling on trials given the frequent visits required along

with the time and cost of travel. Trials that are open in large numbers

of sites or have remote enrollment can help bridge this gap.

Home run trials

Patients with advanced and metastatic cancer face challenges in

navigating the clinical trials process. Most trials are only open in

limited locations; thus patients may have to travel long distances or

even move to a new location for a period of time to have the option

of participating in a trial to receive novel therapies. Travel is

expensive and can be challenging for patients who have symptoms

from disease or therapy. The concept of a home run trial, in which a

patient can receive therapy from home, can occur either by opening

the study at a large number of sites or making the study fully

remote.134

The DART study was designed as an immunotherapy platform for

rare cancers. It included 53 cohorts of rare cancers with a primary

end point of RECIST (Response Evaluation Criteria in Solid Tumors)

response and included a not otherwise categorized tumor cohort. The

study aimed to allow patients with rare tumors access to immuno-

therapy through clinical trials. A single site activation was equivalent

to opening 53 trials in one protocol; and, at the peak of the study, it

was open at more than 1000 sites across the NCI SWOG National

Cooperative Trials Network, allowing access to patients across the

United States. Multiple cohorts have been published in peer‐
reviewed literature81,82,135,136 or presented at national meetings.134

The NCI‐MATCH trial was a national platform trial for genomi-

cally matched tumor groups. It had centralized diagnostic testing with

multiple treatment options in parallel. NCI‐MATCH enrolled a total

of 1201 patients in 38 cohorts at 1117 sites between 2017 and 2022.

It demonstrated the feasibility of nationwide accrual of patients on a

platform with multiple, rare, genomic basket subgroups across

numerous tumor types.40 Several matched therapies met the study

response end points and included PIK3CA with copanlisib137 and

AKT1 E17K targeting with capivasertib.138

The TAPUR study is being conducted by the American Society of

Clinical Oncology. It is a nonrandomized study that provides FDA‐
approved, targeted oncology therapeutics for potentially actionable

genomic alterations to identify potential signals of drug activity.

TAPUR can rapidly generate clinical efficacy and safety data on

diverse treatment agents for specific cohorts based on molecular

profiling, which may enable opening larger studies. It also allows for
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various Clinical Laboratory Improvement Amendments‐certified

laboratories and molecular profiling platforms. The study is open

and enrolling at 267 sites across the United States.139 Results have

been published from several cohorts,45–47 and the study is still

ongoing.

The TRACK (Target Rare Cancer Knowledge) study (Clin-

icalTrials.gov identifier NCT04504604) is a national precision medi-

cine (N‐of‐1), decentralized study for rare tumors run by the

TargetCancer Foundation. The study is fully remote and aims to

establish whether patients with rare tumors will benefit from indi-

vidually matched molecular therapies. The trial staff obtain remote

consent, arrange for mobile phlebotomy, obtain medical records, and

contact both the patient and the physician. NGS testing from liquid

and tissue biopsy are used by a virtual molecular tumor board (MTB)

to provide matched therapy recommendations of FDA‐approved

therapies or recommendations for clinical trials. The MTB includes

expert oncologists, pathologists, molecular genomics specialists, a

pharmacist, a genetic counselor, and a medication‐acquisition

specialist. The MTB provides written recommendations to the

home oncologist who selects and delivers the therapy. The study

opened October 2020 and the goal accrual is 400 patients.134,140

Community networks

Large community networks can offer care, including clinical trials, to

patients in local communities. For instance, the US Oncology

Network has offered >2000 cancer clinical trials to their patients,

enrolled >88,000 patients in oncology clinical trials in communities

across the country, and contributed to approximately 100 FDA‐
approved cancer therapies. At any one time, >500 oncology clinical

trials are in progress in the network. Finally, more than 2500 phy-

sicians at over 600 treatment locations across the country participate

in this network.

Equity/diversity/inclusion in precision medicine trials

Strategies that research teams can adopt to improve diversity, equity,

and inclusion (DEI) need to span the totality of the research path,

from the initial design to the shepherding of clinical data through a

potential regulatory process. These strategies include, but are not

limited to: (1) more intentionality and DEI‐based goal‐setting, (2)

more diverse research and leadership teams, (3) better community

engagement to set study goals and approaches, (4) tailored outreach

interventions, (5) decentralization of study procedures and incorpo-

ration of innovative technology for more flexible data collection, (6)

self‐surveillance to identify and prevent biases as well as focus on

eligibility, (7) participant/patient engagement, (8) feedback through

patient advocacy organizations and community interactions, (9)

supporting efforts to recruit diverse and underrepresented trial

populations, and (10) establishing relationships and demographic

target‐goal tracking, which should be maintained throughout trial

management.141,142 All these are implementable tools that can make

study participation more palatable to diverse communities and ulti-

mately generate evidence that is more generalizable and a conduit

for better outcomes.

As oncology trials and treatments shift toward molecularly based

approaches, we anticipate that molecular testing will become stan-

dard of care for patients with cancer; and a defined methodology for

matching therapies to molecular alterations, including which thera-

peutic targets to prioritize, will be included in cancer treatment

guidelines. The methodology for matching therapies to molecular

alterations should be taught as part of oncology training and

continuing medical education, which will allow access to expertise in

these approaches, including in community and rural practices.

Moreover, high‐standard diagnostic NGS technologies, including

those that are FDA approved and hence covered by payors, are

already available from several vendors, easing access and potentially

democratizing their uptake.

PATIENT PERSPECTIVE

The patient perspective regarding precision oncology medicine and

its impact is critical to understand. Starting in 2015, a precision

medicine protocol called I‐PREDICT was performed as a master

study that permitted any patient with cancer and the need for a

clinical trial to enroll at the University of California San Diego (UCSD)

Moores Cancer Center.9,10 The objective was to provide advanced

NGS to all patients as well as the deliberations of an expert molecular

tumor board and hence offer advanced, personalized therapy, with

each patient matched to the molecular abnormalities in their tumors.

In the paragraphs below, a patient shares her story of being treated

for advanced/metastatic, stage IV breast cancer with an immune‐
targeted therapy. She is an example of the potential for prolonged

responsiveness possible for patients with a therapy well matched to

their biomarker.

Patient narrative

The year 2016 promised to be a year of milestones and celebrations.

Our two daughters were looking forward to graduating from college,

and our son was completing his first year of college. However, on

Good Friday of that year, a routine oncology appointment 12 years

after my original breast cancer diagnosis and definitive therapy was

anything but routine.

I had no idea that the trajectory of my life was about to change in

such a dramatic way. At my appointment, I learned that my CA 27‐29

(cancer antigen 27‐29 tumor marker) was highly elevated. There was

little doubt I had metastatic breast cancer. In 2003, I had been

diagnosed with stage IIIC lobular breast cancer. The doxorubicin,

cyclophosphamide, and docetaxel, with added capecitabine and

gemcitabine followed by radiation and 12 years of exemestane, were

no longer able to hold this monster back.
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Returning home from that appointment, my husband and I and

our three children shared long embraces and many tears. I recall a bit

later in the evening, just scanning the internet for information on

anyone who was diagnosed with stage IV cancer and still alive for

longer than the median survival rate of 3 years. My call into the dark,

vast space of the internet seemed to go unanswered.

The months that followed were filled with ineffective therapies.

Tumor markers (CA 27‐29) for my stage IV, now triple‐negative,

pleomorphic, lobular breast cancer soared to over 1300 units/mL. By

the end of 2016, I began to feel certain that this was likely my last full

year of life. I was heartsick that as I stood on the edge of so many

beautiful life events, I probably wouldn't see any of them come to

pass. One of the ways I tried to wrap up the details of my life was to

write farewell journals to each of my three children and my husband.

I also shared end‐of‐life wishes with my family, spent a great deal of

time in prayer, and surrendered myself to God.

The symptoms of a small bowel obstruction due to metastatic

disease, which began in June of 2016, reached a crisis point 5 months

later. I found it impossible to eat or drink because the cancer had so

aggressively obstructed my intestines. My oncologist referred me to

a surgeon at the University of California San Diego for surgery. In

reflection, this turn of events seemed to be the hand of God in the

glove of circumstances. Following surgery, I asked my surgeon if

there were any clinical trials he might recommend for me. It was then

that I learned about UCSD's I‐PREDICT clinical trial.9,10 When I

gained access to this trial, I weighed about 96 pounds. Unless

something big happened, it was clear to me that my next stop was

hospice care.

For about a month before being referred to the surgical

department at UCSD, I had been navigating through clinical trial

options. It felt like I was entering a high‐stakes chess match.

Choosing one clinical trial could well disqualify me from participating

in a host of other clinical trials. Making the wrong move might cost

me my life.

When I began to learn about the I‐PREDICT clinical trial,9,10 I

was impressed by how different it was from all the other clinical trials

I had reviewed. There was no risk I would receive a placebo. The

therapy would be custom fit to the unique properties of my cancer's

genomic profiling. If my cancer failed to respond to the first choice of

therapy, we could move directly on to the next one. It was as if I were

the only patient in the clinical trial and it was designed to produce the

best possible outcome for me! For the first time since my diagnosis

with metastatic disease, I had hope.

I provided informed consent for the I‐PREDICT clinical trial.

Genomic testing (NGS, Foundation Medicine: https://www.founda-

tionmedicine.com) in 2017 as part of the study revealed that I had a

very high tumor mutational burden of 76 mutations per megabase,

suggesting I might respond to immunotherapy. Immunotherapy was

not standard of care for breast cancer and was not approved for high

tumor mutational burden until 3 years later (2020); hence the

importance and potential of clinical trials. Just 7 days before I was

scheduled to receive my first infusion, the hospital contacted me to

let me know that my insurance company had denied authorization for

my treatment. This was heartbreaking news. Little did I know, there

was a flurry of activity going on behind the scenes, and, within the

span of 1 week, I received access to immunotherapy (anti–PD‐1
checkpoint inhibitor) under a compassionate‐use program.

What happened next was beyond even my boldest prayers. After

just two infusions, my tumor markers dropped by 75%. After 8

weeks, my computed tomography scan suggested a complete

response to therapy. The last 7 cancer‐free years have permitted me

to experience life events I was certain I would never know. My love

for my husband and children was made more intense by the threat of

dying. Every unfolding of their lives brings indescribable joy.

Being diagnosed with cancer has taught me that life can be

painfully short, and I had better not waste a day. Receiving person-

alized medicine has taught me that stage IV cancer can be destroyed.

Things we think are impossible are not impossible. I am filled with a

growing hope that the mysteries of this disease are being illuminated.

Daily, I thank God for the dedication of ground‐breaking re-

searchers and scientists who push forward for the good of cancer

patients like me. I feel a debt to pay forward to those who are fighting

this disease. I often speak with patients who are battling cancer. I

encourage them to explore genomic testing. I know first‐hand that

the most expensive therapy is the one that's ineffective.

I feel incredibly blessed to be alive today. I often wake up long

before daylight with the same excitement and joy a child feels on

Christmas morning. Like the little child, I force myself to remain in

bed until the first light of day. Then I jump out of bed, confident that

this new day will overflow with gifts. And it does! I have the gift of

one more vibrant, health‐filled day with my husband, children, loved

ones, and friends.

CONCLUSIONS

Improving outcomes for advanced and metastatic cancers requires a

radical change in paradigm. Traditional clinical trial design evaluated

an oncology therapeutic in a single tumor type. With the advent of

NGS and a better understanding of cancer multiomics, the need for

molecularly targeted therapies has become apparent. Precision

oncology trial designs and therapeutic approvals initially evaluated

the impact of targeting a single molecular aberration in a specific

cancer type, but these are now shifting toward evaluating the impact

of targeting a single molecular alteration for multiple cancer types to

enable tissue‐agnostic molecular approvals. Novel trial designs,

including basket, umbrella, platform, master, and adaptive designs,

are important for molecularly targeted trials and approvals. Given

that advanced cancers are molecularly heterogenous and have

complex landscapes, combination therapy approaches are critical to

target multiple drivers of tumor growth simultaneously. The explo-

ration of novel therapeutic combinations and N‐of‐1 approaches

represents a transformation from drug‐centered trials to patient‐
centered trials. In classic drug‐centered approaches/trials, drugs are

the center of the universe, and patients are found to fit specific drug

regimens; in patient‐centered approaches/trials, patients are the
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center of the universe, and drugs are found to fit individual patients

(Figure 2). This transformation is essential to fully realize a precision/

personalized medicine strategy. Patient‐centered precision medicine

approaches/trials may also provide benefit in medical fields outside

of oncology because some nonmalignant conditions have molecular

alterations similar to those seen in oncology.143

Precision medicine is not just about precision drug choice. Pre-

cision dosing is also important. Individualized dosing of novel com-

binations allows for safe starting doses in patient‐centered N‐of‐1
trials; moreover, intrapatient dose modifications permit tailoring

doses to each patient.

Although exceptional responses have been seen in precision

oncology trials, and some of these trials show improved PFS and OS,

especially when tumor molecular alterations are better matched with

cognate therapies,9 long‐term durable remissions were uncommon.

Many precision medicine tactics have been used in later lines of

therapy; and moving the precision oncology strategy to early stage/

first‐line disease warrants exploration, with the ultimate example

being chronic myelogenous leukemia, in which BCR‐ABL–targeted

therapy given at diagnosis turned a uniformly fatal disease into one

with a near‐normal life expectancy. Whether or not these types of

results can be recapitulated in solid cancers is unclear but merits

prospective trials.

Importantly, studies that use large numbers of sites or are entirely

remote have the potential to improve access for patients, especially

underserved minorities or patients in rural areas, to biomarker‐driven

precision cancer medicine therapy trials. Novel technologies beyond

genomics are allowing for a multiomic approach to further personalize

treatment (Figure 1). Many novel drug classes are under development.

Moreover, as AI, machine learning, and three‐dimensional printing

technology improve, the discovery of novel, personalized therapies in

real time may be feasible in the not‐so‐distant future.
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