
 Table 1. Challenges and Approaches for  
Realizing Precision Medicine in Oncology—2016

Challenge

Cancer Biology: 
—  Tumor Heterogeneity, Clonal 

Evolution and Selection—
Resistance Develops to Initially 
Effective Targeted Therapy

—  Normal Genetic Variation, 
Understanding Precancer and 
Early Disease

—  Role of Tumor Microenvironment, 
Particularly Immune Status

Requirement for Further Standards 
Development to Keep Apace of 
Rapidly Advancing Technologies; 
FDA Clearance versus CLIA –
Facilitated Access, Insurance 
Coverage Policy

Integrating Molecular and Target-
Organ Based Disease Strategies

Managing and Analyzing High 
Volume Data, Matching Outcomes 
to Phenotypic and Genotypic Data, 
Access to Complete Datasets with 
Outcomes

Precompetitive and Intellectual 
Property Issues

Research Approach

•  High Content Screening Assays, Single-Cell Analysis, 
Next Generation DNA and RNA Sequencing (NGS), 
Proteomics, Epigenetics, Cytogenetics, Molecular 
Imaging, Multispectral IHC [Better Understanding of 
Cancer Progression, Characterization at Diagnosis]

•  Analysis of Both Cancer and Stromal Cells, Particularly 
Immune System Components

•  Analytical and Clinical Validation of Assays for 
Evaluating Cancer Progression/Response to Therapy

•  Development of Reference Materials
•  Promote Coverage with Evidence Development, 

Increasing Interest and Clarity in Clinical Utility

•  Increased Efficiency and Sophistication of Clinical 
Trial Designs: Expansion Cohorts, Standard Protocols 
Across Collaborative Networks, Drug Combinations 
(e.g., Multiple Molecularly Targeted Drugs, Targeted 
Drug with Immunomodulator) 

•  Co-Development of Diagnostics and Therapeutics: 
Complementary and Companion Diagnostics; Use of 
Diagnostics for Immune System Status

•  Improved Measurements of Response for Non-
Cytotoxic Drugs

•  Clarification of Regulatory Pathways (Fast Track, 
Priority Review, Breakthrough Therapies, Accelerated 
Approval)

•  Establish Data Collection Parameters from Clinical 
Studies and High Content Screening Assays Including 
NGS and Proteomics

•  Developing Comprehensive and Collaborative 
Resources for Collection of High Content Data

•  Developing Systems for Analyzing Electronic Health 
Records and Cancer Registries

•  Promote Multi-Sector Cooperation (e.g., Public-Private 
Partnerships)
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Last year’s Global Forum 
special section on Precision 
Medicine in Oncology 
considered the rapid 
advances in science and 
technology that are leading 
to deeper understanding of 
the molecular basis of disease 
and, early this year, to Vice-
President Biden’s Moonshot 
on Cancer. This update 
provides a progress report 
that highlights a few of the 
tremendous opportunities 
in precision medicine that 
are being and likely will be 
launched in the Moonshot 
[Table 1]. 

UNDERSTANDING 
TUMOR HETEROGENEITY, 
CLONAL EVOLUTION 
AND SELECTION, 
RESISTANCE—ROLE OF 
THE IMMUNE SYSTEM. 
Successful precision medicine 
depends on the ability to 
adequately characterize the 

cancer being treated. Cellular 
and tissue heterogeneity of 
tumors and their continual 
evolution during treatment 
complicate this analysis, 
and because of evolution, 
initial effective treatments 
are usually transient and are 
followed by resistance to 
the therapy. In this context, 
an optimal scenario for 
effective precision medicine 
is continual evaluation of 
changes in the tumor and 
adjustment of therapy 
accordingly. 

Molecular Analysis. One 
approach uses advanced 
technology, high-content 
assays, many having 
capability for single cell 
analysis and therefore 
providing a comprehensive 
look at cancer tumor 
heterogeneity. These assays 
may be applied to tumors at 
diagnosis, and may also be 

used to measure response 
during and after treatment. 
Examples are next-generation 
sequencing (NGS) for DNA 
(genome analysis) and RNA 
(transcriptome analysis). 
Non-invasive liquid biopsies 
involving morphological and 
molecular characterization 
of circulating tumor cells 
(CTCs) using advanced 
sequencing and imaging 
technologies, and molecular 
characterization of circulating 
tumor DNA (ctDNA) and 
exosomal RNA and DNA, 
also continue to have high 
potential both for providing 
diagnostic information and 
measuring response to 
therapy. 

Protein expression and 
activation (proteomics) that 
show how signaling pathways 
work in tumors are very 
important, but have been 
difficult to measure in part 
because of the many possible 
protein-protein interactions 
carrying out the biology in 
each cancer. The National 
Cancer Institute (NCI)’s 
Clinical Proteomic Tumor 
Analysis Consortium (CPTAC) 
is making progress in this area 
through the development 
of reliable high content 
proteomics assays involving 
multiple reaction monitoring 
and in the correlation of 
genomic alterations and 
protein expression (results in 
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colon, ovary, and breast have 
been studied).

Genomic and proteomic 
alterations, metabolic status, 
stemness, and invasiveness 
are just examples of changes 
in cancer cells that should 
be followed, but we are now 
also finding that changes 
in immune cells and other 
components of the stromal 
environment of tumors 
strongly affect the status 
of cancers. Particularly, 
the recent success of 
immunotherapies — immune 
checkpoint inhibitors, 
chimeric antigen receptor 
T cells, tumor infiltrating 
lymphocytes, and molecularly 
targeted treatment vaccines 
— has drawn attention to the 
role that changes in the tumor 
immune environment might 
play in cancer treatment. 
One challenge is determining 
the reasons why only 
some patients respond to 
immunotherapies. A recent 
observation is that cancers 
bearing high numbers of 
mutations tend to respond 
well to immunotherapy, 
perhaps because the 
protein products of the 
mutated genes are antigenic. 
Data also show that both 
cytotoxic chemotherapy 
and molecularly targeted 
cancer drugs have effects 
on the immune environment 
that may contribute to 
efficacy or development 

of resistance to therapy, 
suggesting the potential for 
synergistic combinations 
of chemotherapy and/
or targeted agents with 
immunomodulators. 

Recent progress in 
technologies for single 
cell genomic analysis and 
computational analysis of 
the complex data arising 
from such analyses has 
provided capabilities for 
evaluating changes in both 
cancer cells and many non-
cancer cell types in tumors 
during treatment. Application 
of these technologies to 
understanding the influence 
of the immune environment 
in tumors is particularly 
promising and may capture 
the effects of treatment on 
the cellular environment, and 
then on clinical data to relate 
the cellular changes to clinical 
response.

We can envision a near future 
in which these, multi-spectral 
immunohistochemistry, and 
other tools will be routine 
components of clinical 
research, including early 
diagnosis, and of managing 
patient treatment.

CLINICAL TRIAL DESIGNS 
THAT BETTER MEASURE 
CLINICAL BENEFIT OF 
PRECISION MEDICINES. 
The ability to investigate 

effects of the tumor 
environment will also 
impact clinical trial designs 
for evaluating precision 
medicines. Last year, we 
described designs based 
on molecular targeting — 
either evaluating effects on 
multiple possible targets 
within a given cancer type 
(“umbrella” designs such as 
I-SPY 2 and Lung-MAP) or 
focusing on a single target 
in multiple cancer types 
(“basket” designs such as NCI 
MATCH and MPACT). What 
we now see, and can expect 
going forward, is that these 
trial designs are evolving to 
incorporate consideration of 
both direct effects of drugs 
on molecular targets and 
off-target effects on the 
tumor environment. These 
studies will include more 
combinations of molecularly 
targeted and immune system 
targeted agents, as well as 
studies of immune system 
targeted agents alone. Trials 
will look at biomarkers of 
immune modulation (e.g., 
PD-LI expression) to select 
patients for study or to 
stratify evaluation of results.

Defining endpoint 
measurements that predict 
clinical benefit for precision 
medicines also remains 
challenging. Particularly, 
research is still needed to 
define and validate early 
quantitative measurements 

of response that will provide 
appropriate evidence for 
changing or continuing 
therapy in the clinic and 
will lead to more efficient 
drug development — for 
example, measurements of 
minimal residual disease 
(MRD) in blood cancers. For 
clinical trials, a goal is to 
have quantitative measures 
that are more descriptive 
of a therapy’s activity; e.g., 
measurements of depth 
of response such as MRD 
and measurements of 
response duration. As noted, 
rapid onset of resistance 
remains a challenge, and 
so rational development of 
follow-on strategies using 
different targeted drugs 
or combination regimens 
to counter resistance and 
prolong efficacy are needed. 
The tools for molecular and 
histological analysis described 
above will be essential for 
meeting this requirement 
for effective application of 
precision medicine.

REQUIREMENT FOR 
FURTHER STANDARDS 
DEVELOPMENT. 
As described above, 
many assays relevant to 
characterization of cancers 
are being developed based 
on complex methods such 
as those involving single 
cell analysis, NGS of DNA 
and RNA, advanced flow 

cytometry, quantitative 
imaging, and computational 
analysis. Tumor heterogeneity, 
biological variation, and the 
high volume of data captured 
mandate and complicate 
assay validation. Without 
rigorous validation, these 
assays may lack utility in 
clinical settings, but the 
long-term, expensive effort 
required for validation 
currently impedes their 
very desirable rapid uptake. 
Evaluating the comparability 
of the multitude of different 
assays measuring the 
same endpoint is a specific 
problem; a case in point 
is assays for evaluation 
of ctDNA) that are now 
commonly used as biomarkers 
in drug development and 
patient management.

More than 30 companies and 
laboratories have developed 
or are developing assays 
for ctDNA, but standards 
for clinical use are lacking. 
Particularly, standard 
protocols for acquiring and 
processing blood specimens, 
clinical validation, and 
reference/control materials 
for use in comparing the 
results are needed. FDA, 
the research community, 
and payers recognize that 
reference materials would 
be a practical way to begin 
addressing standardization. 
In fact, the National Institute 

of Standards and Technology 
(NIST) is already engaged in 
efforts to standardize DNA 
sequencing technologies with 
reference materials. Through 
the Genome in a Bottle 
Consortium, NIST is providing 
materials for assessing human 
genome variants as measured 
by sequencing technologies. 

MANAGEMENT AND 
ANALYSIS OF HIGH 
VOLUME “BIG” DATA. 
The large volume of data 
generated by high content 
assays (e.g., single-cell 
analysis, sequencing, imaging 
studies), the wealth of data 
from past clinical studies and 
research initiatives, the data 
that may be available from 
tumor and cancer patient 
registries, and electronic 
health records, are needed to 
develop precision medicine 
strategies, but the challenges 
in managing and analyzing 
these data are manifold. 
The challenges are well-
recognized and include 
developing mechanisms for 
sharing data across different 
systems, assuring validity 
of test data among multiple 
tests for the same target, 
accounting for missing 
data, de-identification of 
research data, obtaining 
consent for use of archived 
biospecimens, and providing 
sufficient computing capacity 
to manage and analyze 
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the huge volume of data, 
which is growing with ever 
increasing velocity. Over the 
past several years, a number 
of collaborations have been 
initiated to address these 
challenges.

Genomic data is a case 
in point. The amount of 
sequencing data will soon 
exceed all available resources 
and cannot be stored locally. 
There are more than 900,000 
sequences available; by 2018, 
the volume of these data 
will exceed two exabytes. 
Beginning this year, the 
NCI’s Cancer Genomic Data 
Commons (GDC) and Cancer 
Genomics Cloud Pilots are 
both examining new methods 
to facilitate sharing data and 
to develop tools for working 
with this large volume of data. 
GDC is part of NIH Big Data to 
Knowledge (BD2K) initiative 
and will be a single repository 
for all NCI cancer genome 
data. 

 
Other resources are being 
built to collect, curate, and 
share large volumes of 
data for clinical research 
and patient care (e.g., 
FDA INFORMED, ASCO 
CancerlinQ, and Veterans 
Administration MAVERIC). 

MULTI-SECTOR, 
MULTI-CENTER 
COLLABORATIONS 
ARE NEEDED TO MAKE 
PRECISION MEDICINE A 
STAR IN THE MOONSHOT. 
The number and scope of 
precision medicine directed 
collaborations that are 
now developing, often as 
public-private partnerships, 
is exciting. In addition to 
those associated with NCI, 
FDA, ASCO and Veterans 
Administration Big Data 
initiatives, there are numerous 
ongoing collaborations for 
building data resources, 
developing biomarker-based 

diagnostics, and for carrying 
out outcomes-based and 
other clinical research among 
NCI-based and international 
cancer centers (e.g., Memorial 
Sloan-Kettering Cancer 
Center, Dana Farber Cancer 
Institute, and others) in 
partnership with industry, 
professional societies, FDA, 
advocacy organizations, and 
philanthropic organizations. 
Prominent examples 
include AACR’s Project 
Genomics, Evidence, 
Neoplasia, Information 
Exchange (GENIE), 
the FNIH Biomarkers 
Consortium (http://www.
biomarkersconsortium.org), 
and the Oncology Research 
Information Exchange 
Network (ORIEN), currently 
a collaboration of 11 cancer 
centers. 

References available upon 
request. 
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