
An increasing number of safe and effective 
novel cancer therapies target specific sig-
nalling and subcellular machinery; thus, 
the pressure to match these therapies to 
individual patients is growing. Most cur-
rent efforts to match patients to therapies 
depend on molecular, often genomic, 
technologies, based on the idea that can-
cers are just like rare genetic disorders, 
despite the presence of widespread epi-
genetic changes, lineage-specific drivers 
and non-oncogene-driven vulnerabilities 
(BOX 1). Remarkable advances in next-
generation sequencing (NGS) technology 
have enabled cancer biologists to identify 
tens of thousands of mutations in patient 
tumours1,2, which has revolutionized our 
understanding of the origins of cancer. 
Now that thousands of cancer genomes 
have been sequenced, we are reaching the 
‘long tail’ of mutations that occur in only a 
minor subset of patient tumours1, suggest-
ing that the majority of ‘low-hanging-fruit’ 
driver mutations that affect populations 

of cancer patients large enough to justify 
drug discovery efforts have probably been 
discovered. Even considering the known 
frequently mutated genes, clinical results 
of therapeutic matching have yet to repli-
cate the >90% response rate and long-term 
control achieved with imatinib in patients 
with chronic-phase BCR–ABL-mutated 
chronic myeloid leukaemia (CML)3,4 
that launched the genomic cancer era. 
Furthermore, only a small fraction (<10%) 
of patients have clinically validated and US 
Food and Drug Administration (FDA)-
approved therapies matched to mutations5. 
We expect that over time some of these 
newly discovered mutations will be func-
tionally annotated and provide biomarker 
strategies to guide therapy. Nevertheless, 
we have little understanding of the func-
tional consequences of the thousands 
of mutations in tumours, leaving most 
patients in need of new, complementary 
strategies to match their tumours to 
appropriate therapies.

Although the rare genetic disease para-
digm provides an appealing narrative to 
apply to cancer owing to successes in other 
disease areas6, cancer and immunological 
diseases categorically differ from rare dis-
eases in that these are microevolutionary 
processes driven by replication. The deploy-
ment of one microevolutionary system 
(the immune system) against another (the 
tumour) is probably why immuno-oncology 
approaches sometimes yield durable, long-
term remissions in a minority of patients7,8. 
However, genomic and most traditional 
pathological techniques are descriptive and 
static — they represent the sum of the his-
tory of the tumour’s development as deter-
mined from dead cancer cells. Thus, despite 
the predictive power of NGS in certain 
subsets of patients, we argue that additional 
diagnostic approaches will be necessary to 
complement NGS and thus guide therapy 
choice in a greater proportion of patients.

One attractive approach that is dynamic 
and that evaluates the current vulner-
abilities of the tumour cells to interven-
tion is functional testing. Here, we widen 
the definition of ‘functional’ screening to 
include any test that monitors live tumour 
states and is used to guide patient therapy, 
such as measuring tumour cell death from 
biopsies after ex vivo drug exposure. This 
type of testing is routinely used in the infec-
tious disease setting as ‘precision medicine’ 
to select antibiotics tailored to a patient’s 
infection9. In cancer, however, although 
these assays have been used in research 
for more than half a century, their wide-
spread adoption has been challenged by 
the lack of adequate proof of clinical utility. 
Although there are several explanations 
for the failure of older assay technologies, 
the idea of ex vivo screening of patient 
samples remains compelling to oncologists 
and patients alike10, but is fundamentally 
untested. We describe recent technologi-
cal advances in specific areas of functional 
testing, including tumour manipulation 
and culture, and assays for measuring 
antitumour drug responses. These ‘next-
generation’ functional tests (FIG. 1) warrant 
further preclinical and clinical testing to 
provide predictive, actionable information 
for oncologists.
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Abstract | Precision medicine is about matching the right drugs to the right 
patients. Although this approach is technology agnostic, in cancer there is a 
tendency to make precision medicine synonymous with genomics. However, 
genome-based cancer therapeutic matching is limited by incomplete biological 
understanding of the relationship between phenotype and cancer genotype. This 
limitation can be addressed by functional testing of live patient tumour cells 
exposed to potential therapies. Recently, several ‘next-generation’ functional 
diagnostic technologies have been reported, including novel methods for tumour 
manipulation, molecularly precise assays of tumour responses and device-based 
in situ approaches; these address the limitations of the older generation of 
chemosensitivity tests. The promise of these new technologies suggests a future 
diagnostic strategy that integrates functional testing with next-generation 
sequencing and immunoprofiling to precisely match combination therapies to 
individual cancer patients.
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First-generation functional diagnostics
To properly predict the behaviour of a 
complex system such as cancer, one needs 
both the initial conditions (genes, tran-
scripts, proteins, metabolites and so on) and 
all of the interactions of the components 
of that system (for example, gene–RNA, 
RNA–protein and protein–protein inter-
actions) in all cellular states11,12. However, 
baseline genomic information provides only 
the initial conditions of a diverse cancer 
ecosystem — an ‘archaeological’ explora-
tion of all the insults to the genome of that 
cell over the decades of cancer develop-
ment (BOX 1). Although progress is being 
made on understanding the interactions 
between components of the cancer cell — 
for example, protein–protein interactions13 
and transcriptional profiles in response to 

perturbation14 — we still have only rudi-
mentary knowledge of this system to be able 
to predict novel outcomes. Perturbations of 
a complex system, however, yield far more 
information about the organization and 
behaviour of such networks, thus arguing 
for the use of functional testing. Newer 
efforts to obtain genomic information 
before and after drug treatment by using 
repeat biopsies or by monitoring changes in 
circulating tumour DNA15–17 have yielded 
insight into the mechanisms of resistance 
to therapies, but do not necessarily lead to 
a direct, actionable result for the individual 
patient. For example, identification of a new 
hotspot mutation in a target after targeted 
therapy may still require years of drug dis-
covery to develop a new therapy against that 
mutated target. By contrast, direct live-cell 

perturbation can directly reveal whether 
the given sample is sensitive to agents 
that could be immediately administered 
clinically.

Intuitively, functional testing is expo-
sure of a patient’s tumour biopsy to drugs. 
Tumour responses, often measured by cell 
death, are then used to help to direct therapy 
choices. ‘First-generation’ versions of these 
tests, which have been developed and inten-
sively studied over the past 30–40 years, can 
be divided into a number of categories; a 
comprehensive review of these older tests is 
beyond the scope of this article and is well 
summarized in recent commentaries18–20. 
The earliest of these include the human 
tumour clonogenic assay (HTCA)21, differ-
ential staining cytotoxicity (DiSC) assay22, 
extreme drug resistance assay (EDRA)23, 
ChemoFx assay (Helomics, Pittsburgh, 
Pennsylvania, USA)24 and subrenal capsule 
assay (SRCA)25. Several of these protocols, 
such as HTCA and ChemoFx, grow the 
patient’s tumour cells until homogeneous 
tumour colonies or lines are generated; the 
viability of these cells is then tested after 
exposure to chemotherapeutic agents using 
assays such as cell counting, metabolic 
tetrazolium dye (MTT) or whole-cell ATP-
content-based readouts of cell numbers. 
Other protocols directly test the effects of 
chemotherapeutic agents on heterogeneous 
mixtures of tumour cells and stromal cells in 
patient biopsies after 3–7 days of drug expo-
sure. Most studies have been restricted to 
traditional cytotoxic chemotherapy agents, 
and very few of these older tests have been 
assessed in prospective, controlled, rand-
omized trials that are adequately powered to 
address the central question of whether the 
assays improve patient outcomes. One such 
trial in ovarian cancer used an ATP-based 
assay after 6 days of tissue drug exposure 
to guide patients to a range of cytotoxic 
chemotherapies and showed no statistically 
significant improvement in progression-free 
survival26. Not surprisingly, the most recent 
comprehensive reviews of the clinical data 
supporting these chemotherapy sensitiv-
ity and response assays determined that 
there were no studies sufficiently conclusive 
to recommend the routine use of these 
assays18–20. However, despite the heterogene-
ity of assays, drugs and study designs, it is 
notable that most of these studies, over several 
decades, show a trend towards prediction of 
resistance to chemotherapies. Nevertheless, 
none of these tests has become standard of 
care, as the field has shifted its attention to 
the genetic causes of tumorigenesis as a path 
towards therapeutic selection.

Box 1 | Promise and limitations of genetic markers for patient stratification

The common goal of cancer researchers and clinicians is to better match patients with therapies. 
Next-generation sequencing (NGS)-based matching has been the most advanced technology 
applied to this problem up to now. Cancers accumulate genetic alterations, but we may be 
approaching an asymptotic limit with regard to uncovering these driver oncogenes1. Even the best 
successes demonstrate that identifying well-characterized mutations in an individual patient may 
yield transient, if any, benefit from matched single-agent targeted therapy88. Although the 
dramatic effects of imatinib in chronic myeloid leukaemia (CML) established the modern cancer 
genomics paradigm, it is remarkable and unfortunate that thus far no other targeted therapy has 
produced this type of sustained response and survival benefit in populations of cancer patients. 
More recent examples of successful targeted therapies, such as vemurafenib in BRAFV600E-mutant 
melanoma89,90, gefitinib in epidermal growth factor receptor (EGFR)-mutant non-small-cell lung 
cancer (NSCLC)91 and crizotinib in anaplastic lymphoma kinase (ALK)-mutant NSCLC92, have yet to 
replicate the impressive and durable effects of imatinib in CML, and give often short-lived and 
partial responses93. Only about half of leukaemia patients with Fms-like tyrosine kinase 3 (FLT3) 
mutations respond, transiently, to potent and specific FLT3 inhibitors94. In other cases, the response 
to a driver oncogene seems to be lineage and context specific, such as the lack of strong  
responses to BRAF inhibitors in BRAFV600E-mutant colorectal cancers95.

On the basis of tumour genomic profiling, these clinically validated mutations are present in 
<10% of patients, even if >80% of patient tumours contain mutations that suggest novel clinical 
hypotheses5,96. Most such hypotheses are untested in the clinic or untestable without years of 
additional drug discovery. Such cross-indication hypotheses are the basis of ‘basket’ or ‘umbrella’ 
trials such as SIGNATURE, MATCH and Lung-MAP97, but similar trials have faced the challenges of 
recruitment of patients to arms with rare mutations and have rarely yielded knowledge beyond the 
well-known responses to inhibition of, for example, EGFR, ALK and BRAF98. Given the measureable 
but brief responses to single-agent therapy, it is expected that the field will move to combinations 
of targeted therapies. However, combinations present the even greater, nonlinear challenge of 
matching to genetic features alone; indeed, in multiplexed gene panels, <5% of patients had two 
bona fide actionable co‑occurring mutations in NSCLC99.

Furthermore, only a small proportion of the thousands of mutations identified from 
whole-genome sequencing have functional data suggesting that they should be targeted with 
drugs. Even synonymous mutations can have effects on cellular fitness100. The scale of fitness 
effects is not known; indeed, it is possible that it is the accumulation of a large number of 
relatively minor fitness effects that lead to cancer, and targeting any one, or ten, directly, may 
yield little in terms of cellular effects. Many targeted drugs are successful even though they are 
matched not to somatic genotype or driver mutation, but rather to lineage: for example, 
antibodies against CD20, inhibitors of Bruton’s tyrosine kinase (BTK)101 and inhibitors of PI3Kδ in 
chronic lymphocytic leukaemia (CLL)102. These so-called non-oncogene vulnerabilities103, in 
addition to widespread epigenetic alterations, exist widely but would not be revealed by genome 
sequencing. The overwhelming complexity of the cancer genome and epigenome suggests that 
we are in the earliest phases of interpreting such results and translating that data into knowledge 
that is useful to clinicians. Thus, new, orthogonal technologies are needed together with NGS to 
hasten the era of precision medicine in cancer.
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New methods for tumour manipulation
Perturbation of patient samples requires 
patient-derived live tumour cells, but ex vivo 
cultivation and manipulation of solid 
tumours can be challenging. The genera-
tion of stable cell lines for functional testing 
from individual patients using traditional 2D 
cultivation on cell culture dishes in typical 
media is laborious and generally unsuccess-
ful. Such homogeneous cell lines typically 
have properties that are distinct from the 
parental tumour, at both the genotypic level 
(for example, mutations and expression 
profiles)27,28 and phenotypic level (much 
more rapid growth and increased sensitiv-
ity to chemotherapies); in particular, these 
lines have lost the functional and genotypic 
heterogeneity of patient tumours as well as 
the tumour–stroma interactions that support 
tumour growth. These effects are further 
complicated by the small quantity of live 
tissue obtained from patients owing to, for 
example, small core biopsies. Therefore, 
obtaining sufficient cell numbers for func-
tional testing has been a major roadblock in 
previous approaches.

Conditional reprogramming to produce 
patient-derived tumour material. One 
method recently described for rapidly 
growing larger quantities of patient tissue 
is conditional reprogramming (CR). This 
process uses an irradiated fibroblast feeder 
layer, growth-factor-enriched media and 
a RHO-associated protein kinase (ROCK) 
inhibitor to rapidly expand patient tissues, 
both benign and malignant29. CR seems 
to induce a rapid and reversible epigenetic 
state similar to that seen in adult stem cells, 
characterized by increased levels of telomer-
ase reverse transcriptase (TERT), integrins, 
p63 isoforms, CD44 and nuclear β-catenin, 
and decreased Notch signalling, but without 
inducing features of induced pluripotent 
stem cells30. Furthermore, recent data sug-
gest that CR retains intratumour genetic 
heterogeneity and can expand multiple 
clones from the original biopsy15. In one case 
report, a patient with human papillomavirus 
(HPV)-induced respiratory papillomatosis 
was given vorinostat based on the ex vivo 
response of their CR-derived tumour sample 
to this drug, and the patient showed a  
durable response to treatment31.

More recently, Crystal et al.32 described 
the use of CR technology to develop a large 
number of ex vivo-derived models of tumours 
from patients with non-small-cell lung cancer 
(NSCLC) who showed clinical resistance to 
targeted therapies. Rather than relying on 
resistance observed or induced in existing 

cell lines, the method allowed the generation 
of lines reflecting the ‘real-world’ resistance 
arising in patients. Importantly, the authors 
observed the continued presence of the origi-
nal driver mutation in these ex vivo-derived 
models and the maintenance of resistance 
to the single agent for which resistance was 
originally shown15. These lines were used 
to identify a novel combination of targeted 
therapies against MEK and anaplastic lym-
phoma kinase (ALK) to combat resistance to 
single-agent ALK inhibition in ALK-mutant 
NSCLC. Remarkably, sequencing of the 

patient’s tumour revealed multiple potentially 
‘actionable’ mutations; although a MEK muta-
tion was identified that might explain sen-
sitivity to MEK inhibition, other mutations 
such as a Janus kinase (JAK) mutation were 
also observed without a corresponding com-
binatorial effect from a JAK inhibitor. Thus, 
the authors proposed that drug screening 
could be used to triage potential vulnerabili-
ties suggested by genetics. Several improve-
ments in CR technology would be necessary 
before it could be used for routine chemosen-
sitivity testing. Because this method rapidly 

Figure 1 | Next-generation approaches for cancer precision medicine. As discussed in the text, a 
wide range of new technologies have been developed for the ex vivo determination of live tumour cell 
responses to drug therapies. These include (arranged from top to bottom of figure) target- and path-
way-based methods, direct cytotoxicity (reduction in tumour cell numbers) and in vivo models. All 
methods end in a recommendation for (or against) a specific therapy for a patient with advanced 
cancer on an individualized basis. For small tumour samples and depending on the method, some 
ex vivo expansion may be necessary before a functional measurement can be made. Combinations of 
these functional approaches may also be needed. Combined with gene sequencing and immuno-
profiling, functional diagnostic methods are part of a comprehensive approach to precise matching 
of novel therapies to patients. CR, conditional reprogramming; CTCs, circulating tumour cells; FACS, 
fluorescence-activated cell sorting; MTT, metabolic tetrazolium dye; PDX, patient-derived xenograft. 
The dynamic BCL-2 homology domain 3 (BH3) profiling (DBP) graph is adapted with permission from 
REF. 81, Elsevier.
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expands all epithelial components present in 
the tissues, separation of tumour tissue from 
non-tumour tissue requires additional steps 
such as differential trypsinization29, extensive 
subculturing or single-cell cloning. In addi-
tion, extensive growth in 2D monolayers 
may be required to produce large numbers 
of homogeneous cells for testing; during this 
growth period, the cells may drift from their 
original phenotype, and the delays incurred 
by using this method may limit the clinical 
utility of subsequent findings.

Circulating tumour cells. Methods of 
isolation and downstream manipulation 
of circulating tumour cells (CTCs) from 
the blood of patients with cancer have 
dramatically improved over the past few 
years. Previous methods required immedi-
ate transplantation of CTCs into animals 
for propagation33,34 or had low success 
rates35. Recently, CTCs have been isolated 
from patients with breast cancer using an 
improved CTC microfluidic chip that was 
shown to enrich tumour cells for further 
manipulation36. Specific culture condi-
tions were discovered that support growth 
of these isolated cells; interestingly, CTC 
growth in culture was only successful when 
the cells were grown as a suspension, not as 
adherent cultures, which is consistent with 
their circulating phenotype. In addition to 
making broader and deeper sequencing of 
CTCs possible through increased tumour 
material, the long-term stable cultures 
were used for screening studies. These 
drug screens showed that the CTC-derived 
cells retained functional responses to 
chemotherapies consistent with the patient’s 
clinical response and suggested novel drug 
combinations. Given the ease of isolation 
of CTCs from a simple blood draw, they 
represent a compelling source of patient 
tumour cells for eventual downstream test-
ing. Potentially, such screening could even 
be conducted ‘online’ in the CTC micro-
fluidic chambers in suspension (rather than 
in traditional screening plates), as has been 
demonstrated using an optically labelled 
drug library37; scaling these novel devices, 
and automating their use to perform routine 
testing of patient cells by exposure to drugs, 
requires additional research. As with other 
CTC methods, however, months of growth 
are required from the typically <100 cells 
isolated from patients (although sometimes 
no cells can be isolated) to obtain enough 
cells for routine testing, during which time 
the primary tumour populations may no 
longer be represented by the expanded CTC 
population.

Patient-derived organoids. Another 
source of expanded tumour material is 
patient-derived organoids38. Organoids 
are developed by explanting dissociated 
patient-derived cells into a semi-solid 
extracellular matrix and expanding these 
cells in growth-factor-enriched medium39,40. 
Organoids have the distinct advantage of 
growing in three dimensions, and they often 
recreate the endogenous architecture of the 
tissue from which they were derived, theo-
retically recap itulating the in vivo tumour 
environment more closely than 2D cultures 
on plastic. Recently, organoids have been 
developed from patients with pancreatic41, 
prostate42 and colon40 cancer. Organoids 
maintained the same driver mutations that 
were identified in the primary tumour41. As 
with CR cultures, organoids often contain 
normal epithelial cells and can require weeks 
to generate sufficient cells for drug test-
ing, and their establishment success rates 
can be specific to tissue of origin. Further 
advancements and clinical validation are 
needed before they can be used for routine 
testing, but early results are promising: sev-
eral organoids from patients with colorectal 
cancer were recently generated prospectively, 
together with paired normal samples43. The 
tumour samples displayed heterogeneous 
morphologies and proliferation rates but 
retained most of the known cancer-causing 
mutations, despite half of the samples 
showing clonal selection during organoid 
derivation from the original biopsy. Several 
of these organoids were then subjected to a 
screen of cancer-relevant drugs, revealing 
patient-specific vulnerabilities. Although 
some of the drug sensitivity profiles could be 
correlated with patient-specific mutations, 
several drug response differences did not 
seem to be linked to genotype, emphasizing 
the importance of functional information in 
suggesting patient therapies.

Organotypic cultures. One major limitation 
of methods such as those described above, 
which may produce homogeneous cells from 
patient tumours, is that they fail to maintain 
the 3D environment of the native tumour 
or to preserve the heterogeneity of the 
original tumour admixed with stromal cells. 
Intrapatient tumour cell heterogeneity may 
be a prognostic and predictive feature that 
is important to preserve as a biomarker44, 
and the tumour cell environment can dra-
matically influence therapeutic responses45. 
To address these issues, investigators have 
developed artificial organotypic cultures 
with multiple patient-derived cell types that 
maintain gene expression patterns more 

similar to those of tumours than to those of 
2D cultures46; such cultures using cell lines 
have been shown to be predictive of in vivo 
results47. In other studies, live thin slices of 
the original patient solid tumour maintained 
in commercial culture plate inserts have 
been treated with drugs; under these condi-
tions, the tumour cells showed appropri-
ate on-pathway responses to inhibitors48. 
Alternatively, others have used tumour 
fragments in larger clusters as ‘micro-
spheroids’, rather than single-cell suspen-
sions, for viability testing after exposure to  
chemotherapeutic agents49.

Recently, investigators have improved on 
previous organotypic approaches48 to more 
rigorously recreate the endogenous tumour 
microenvironment during ex vivo exposure 
to drugs50. The authors incubated thin slices 
of patient tumours with combinations of 
extracellular proteins that they had previ-
ously identified as being present in patient 
tumours and patient-derived (autologous) 
serum to recreate the heterogeneous tumour 
environment ex vivo in microtitre plates50. 
Using this method, they demonstrated more 
faithful preservation of tumour architecture, 
proliferation, ATP utilization and signalling 
pathway activation with the patient-derived 
environment than with standard, defined 
reagents. Finally, by interrogating multiple 
tumour responses (for example, viability, 
proliferation and apoptosis) and deriving an 
algorithm combining these readouts, clinical 
outcomes were correlated with the ex vivo 
responses of head and neck squamous cell 
carcinoma and colorectal cancer samples to 
standard chemotherapy cocktails. Overall, 
they found 87% accuracy for their ex vivo-
response-derived algorithm in predicting 
patient responses, which provides com-
pelling evidence that such a method may 
help to direct therapy choice prospectively. 
Inclusion of immune cells in these 3D cul-
tures may provide more accurate modelling 
of tumour–immune system interactions51, as 
newer immunomodulatory agents are devel-
oped and predictive markers of response 
are sought.

In situ functional diagnostics
As no ex vivo approach can exactly match 
the human tumour context, an alternative 
approach is to directly test drug effects with 
micro-dosing in solid tumours within the 
patient using novel devices. Two reports 
have recently been published that describe 
distinct technologies for micro-dosing52,53. 
In one study, xenograft tumours were 
removed from animals for histochemical 
analysis, including measurement of toxicity 
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and signalling pathway activity, 24–72 hours 
after injection using a microneedle injector 
device (CIVO; Presage Biosciences, Seattle, 
Washington, USA) that delivers small drug 
doses directly into the tumour. Cytotoxicity 
responses in the injected tumours mirrored 
those from systemic drug delivery. The 
device was further used in studies in both 
humans and dogs with accessible lympho-
mas, in which the procedure was well toler-
ated52. In the second study, a small device 
containing slow-releasing reservoirs of up to 
16 different drugs53 was implanted using a 
biopsy needle, and the device was left in situ 
in tumours for 24 hours, after which the 
tumour was retrieved and drug responses 
were measured. Using mouse xenografts, 
the authors observed a strong correla-
tion between the apoptotic index of cells 
surrounding each reservoir and systemic 
tumour responses to a range of cytotoxic 
chemotherapies.

There are several potential challenges 
associated with the development of such 
devices for clinical care. Notably, their use 
is restricted to accessible solid tumours of 
a certain size and requires an additional, 
potentially hazardous, procedure to retrieve 
the tumour from patients following drug 
exposure. Furthermore, controlling, stand-
ardizing and analysing drug diffusion from 
the device and correlating the absolute and 
relative responses with the pharmacokinetics 
of known drugs may be challenging, par-
ticularly given the interpatient heterogeneity 
in intratumour hydrodynamic pressure and 
tumour–stroma admixture. Nevertheless, 
both devices show the value of drug sus-
ceptibility testing in predicting responses 
to systemic therapy. Even before clinical 
validation of their diagnostic power, their 
most immediate use could be in preclinical 
drug discovery studies to validate multiple 
novel therapies in vivo simultaneously, fol-
lowed by early clinical pharmacodynamic 
proof-of-concept studies of experimental 
therapeutics.

Mouse models for functional testing
Another technology that may more accu-
rately mimic the endogenous tumour 
environment is patient-derived xenograft 
(PDX) mouse models as ‘avatars’ for drug 
testing of patient tumours. PDX models, in 
which patient biopsy material is implanted 
subcutaneously or orthotopically and 
expanded in vivo, have the theoretical 
advantage of retaining some of the histology, 
gene expression and somatic genetics of the 
patient tumour54. Although PDX models are 
becoming standard in the drug discovery 

pharmacology toolbox for testing efficacy, 
they have also been suggested as avenues for 
selecting patient therapies55. In these PDX 
approaches, actionable therapeutics are 
tested in mice with in vivo-expanded patient 
tumours. Drugs causing tumour regression 
or decreased growth are then recommended 
as therapies for the patients. Although data 
so far have been limited to anecdotal case 
studies or small nonrandomized trials, initial 
data from some PDX platforms are promis-
ing, with response rates of 81–88% after 
PDX-directed therapies56,57.

Several practical challenges are asso-
ciated with xenograft mouse models of 
patient tumours. The first challenge is 
the time required to generate sufficient 
tumour material in enough mice to test 
one or more regimens; this can often 
take as long as 6–8 months or more56–58. 
Second, animal colonies bearing an indi-
vidual patient’s tumour are practically 
limited to testing a few agents. Third, the 
additional time required to generate a suf-
ficient number of cells to test regimens 
in groups of mice has clear consequences 
for the representation of various tumour 
clones in the patient model. For example, 
in one large study of breast cancer PDX 
mouse models, all models showed selec-
tion during tumour growth, from moder-
ate drifts to dramatic clonal selection, even 
within the first mouse passage59. Another 
more limited study similarly showed a 
large number of differences between muta-
tions found from whole-exome sequenc-
ing in patient tumours and those from 
matched second-passage PDX models50. 
Finally, PDX models are established in 
immunodeficient mice, reducing the simi-
larity of the model to the original tumour 
environment, which includes human 
stromal components and immune cell 
interaction. Although data on such PDX 
models are promising, larger, prospective 
randomized trials will be needed to obtain 
more robust evidence for PDX models as a 
therapeutic selection strategy for patients 
more broadly.

Functional assays for leukaemia
Most of the novel methods described above 
attempt to address particularly vexing chal-
lenges of the survival, growth and measure-
ment of solid tumours. Leukaemias and 
other haematological malignancies, con-
versely, represent the ‘lowest hanging fruit’ 
for clinical translation of functional screen-
ing, given the ease of obtaining large quanti-
ties of viable malignant cells in single-cell 
suspension from simple blood draws or bone 
marrow biopsies. Over the past few years, 
several groups have begun testing advanced 
high-throughput approaches for the meas-
urement of such leukaemic responses ex vivo 
and the correlation of these responses with 
patient outcomes.

For example, Tyner et al.60 have developed 
a high-throughput screening approach for 
patient samples. Originally designed for RNA 
interference-based target identification in 
primary tumour samples, the investigators 
adapted this system to screen a large panel 
of therapies, including clinically relevant 
targeted therapies, against more than 150 
primary patient-derived leukaemia samples61. 
The clinical validity of the inhibitor activities 
identified by this high-throughput technique 
in patient samples was confirmed by overlay-
ing the inhibitor target profiles to triangulate 
on common targets for samples in which 
multiple drugs led to increased cell killing. 
Thus, cells from patients with mutant Fms-
like tyrosine kinase 3 internal tandem dupli-
cation (FLT3-ITD)-positive acute myeloid 
leukaemia (AML) were killed by drugs that 
are all known to target FLT3, and cells from 
patients with BCR–ABL-positive CML were 
killed by drugs that had overlapping targeting 
of ABL. In one case study, a patient received 
the kinase inhibitor sorafenib based on the 
ex vivo response profile. Strikingly, the ex vivo 
response of the patient’s follow-up samples 
to sorafenib mirrored the initial sensitivity 
and then resistance to sorafenib seen in the 
clinic, whereas the ex vivo response to another 
kinase inhibitor, sunitinib, was unchanged, 
reflecting a sorafenib-specific resistance 
effect. Of note, the most specific and potent 
drug varied for each patient, and in many 
cases a novel off-label indication of an 
FDA-approved therapy was identified. This 
platform has been further validated in case 
studies of paediatric leukaemia62, and in solid 
tumours for which sufficient cells were avail-
able from larger biopsies, including case stud-
ies in renal cell carcinoma63 and in a canine 
osteosarcoma64. The clinical utility of this sys-
tem is currently being tested in a prospective 
clinical trial in relapsed AML (ClinicalTrials.
gov identifier: NCT01620216).

Functional screening 
will become part of an 
emerging comprehensive 
diagnostic approach that 
includes traditional pathology 
techniques together with 
genetic sequencing. 
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Using a similar screening assay, 
Wennerberg and colleagues65 have devel-
oped a high-throughput ex vivo assay to 
test targeted therapies, both singly and in 
combination, in patient biopsies. For one 
cohort, after obtaining 28 samples of bone 
marrow biopsies from patients with AML, 
the authors developed a drug sensitivity 
and resistance testing (DSRT) platform that 
examined the effects of multiple doses of 
187 drugs on viability in patient cells after 
72 hours of exposure65. To specifically score 
drug responses, an algorithm (drug sen-
sitivity scoring (DSS)) was developed that 
integrates the difference in dose–response 
profiles between the individual patient and 
a collection of control samples66. Notably, 
the study identified multiple drugs that 
are not approved for use in AML but that 
were effective in killing patient AML cells. 
Although the samples could be grouped 
by hierarchical clustering into major sus-
ceptibility groups, the most effective drug 
varied from patient to patient, emphasizing 
the need to personalize drug selection. The 
drug responses could also be correlated 
with known mutation groups, such as the 
sensitivity of FLT3-mutant AMLs to FLT3 
inhibitors, validating the finding that ex vivo 
responses match known tumour biology. 
Most recently, this approach was used to 
identify a novel off-target effect of the vas-
cular endothelial growth factor receptor 
(VEGFR) inhibitor axitinib: specifically, 
it inhibited the T315I gatekeeper mutant 
BCR–ABL in patient samples, and the study 
found a patient response to this off-label 
application of the drug67.

One challenge when working with 
samples of haematological malignancies, 
particularly AML, is the fragility of the 
blast population, in that ex vivo manipula-
tion can rapidly cause cell death indepen-
dently of drug effects. Furthermore, many 
patients, particularly those who have had 
repeated cytotoxic therapies, may have 
hypocellular bone marrow, which limits 
the number of cells available for testing. 
Conditions for survival and pre-testing 
expansion of AML cells have recently been 
identified and developed to explore the 
effects of low-dose decitabine on primary 
AML cells68. Similar to CR of solid tumours, 
these techniques take advantage of a feeder 
layer and growth-factor-enriched medium 
to provide suitable conditions for short-term 
expansion.

Although ex vivo testing of patient 
samples has now become routine in inves-
tigations of basic biological mechanisms 
in haematological malignancies and in 

drug discovery (for example, recently, in 30 
patients with chronic lymphocytic leukae-
mia (CLL), for whom the combination of 
carfilzomib and ibrutinib was discovered to 
be effective69), its diagnostic potential has 
yet to be fully realized. These recent studies 
demonstrate that such direct patient test-
ing might lead to patient benefit without 
knowledge of the underlying biology or 
mutations, which complements clinical sce-
narios in which treatments have been found 
to yield benefit when matched to specific 
mutations.

New assays of ex vivo tumour responses
All functional assays eventually must end 
with some method to detect drug effects. 
Most of the above studies use measurement 
of a cellular end point, either automated 
or manual, such as intracellular ATP con-
centration, cell counting or specific cell 
markers of proliferation or apoptosis. These 
end points are compelling, as they test the 
ultimate goal of ex vivo chemo sensitivity 
assays: measurement of cell killing that 
might be translated into treatment of 
patients. However, most of the measure-
ment techniques require incubation of the 
tumour samples with drugs for days to 
observe such phenotypic effects, during 
which time the tumour cells are in the cell 
culture environment, which has altered 
stromal and multidimensional interactions, 
oxygen tension, temperature, metabolites 
and other parameters. Recently, several 
alternative assays have been described that 
measure more specific molecular events 
ex vivo.

Measuring target engagement. Meas ure ment 
of target engagement by targeted agents 
can be correlated with patient response in 
molecularly defined subpopulations. Thus, 
investigators have developed techniques 
to measure target engagement using live 
patient cells or lysates from live cells; this 
enables prediction of patient responses 
rather than carrying out static measure-
ment of pathway engagement after drugs 
have been given. These assays have the 
advantage of using well-defined molecular 
reagents and often can be quite rapid. For 
example, it is well known that patients with 
BRAF-mutant melanoma have increased 
MAPK activation and that pathway modu-
lation by mutant-specific or pan-BRAF or 
MEK inhibitors correlates with response to 
therapy. One technology uses kinase sub-
strate peptide microarrays over which the 
lysed sample from the patient is dispensed, 
followed by detection of phosphorylation of 

the substrate70. Using tissue samples from 
patients with melanoma, baseline kinase 
activities, as measured by substrate phos-
phorylation, were indistinguishable between 
major genotypes of melanoma (namely, 
genotypes with mutations in BRAF, NRAS, 
cyclin-dependent kinase inhibitor 2A 
(CDKN2A) or TP53); only during ex vivo 
exposure of the lysate to the BRAF inhibitor 
vemurafenib were kinase profiles distin-
guishable between these genotypes, pointing 
to the importance of functional data in the 
classification of patients71. Although such 
a test can thus be used to determine the 
response to a specific agent, this assay could 
also be used to recommend novel therapies 
among a panel of potential targeted thera-
pies by identifying targets with high activity 
in patient samples. A different technique 
that used an ex vivo platform to measure 
phosphorylated (activated) ERK responses 
of live melanoma samples to BRAF inhibi-
tors identified and predicted a patient with a 
BRAF mutation who showed no response to 
a BRAF inhibitor72.

Measuring pathway activation. Measure ment 
of multiple pathways simultaneously may 
enable better prediction than measure-
ment of a single pathway. Such profiling of 
signalling pathways in live patient samples 
has been performed broadly in leukae-
mias, in which cell populations are more 
homogeneous and accessible. Early stud-
ies using multiparameter fluorescence-
activated cell sorting (FACS) monitored 
multiple signalling pathways in samples 
from patients with AML after exposure to 
several signalling ligands and revealed dis-
tinct subpopulations within patient sam-
ples and heterogeneity among patients73. 
Expanding on this work, the same group 
monitored multiple pathways in the set-
ting of drug screening in leukaemia cell 
lines and primary mouse splenocytes74. 
Moving this platform into the clinical set-
ting, others were able to identify a pattern 
of pathway modulation by both cytokines 
and cytotoxic chemotherapies that cor-
related with complete responses in adult 
and paediatric patients with AML75,76, with 
high reproducibility (Pearson coefficient 
>0.8) and an area under the curve of the 
receiver operating characteristic (AUC of 
the ROC; a benchmark of the test’s false 
and true positive rate) of 0.66 to 0.7 (with 
a maximum value of 1.0), rising to as high 
as 0.88 in the intermediate-risk AML 
clinical category, for which new predic-
tive biomarkers are particularly helpful 
and needed.
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BH3 profiling. Most if not all targeted 
therapies seem to be effective through a 
final mitochondrial death pathway77. Using 
this common mechanism of action as a 
starting point, we have recently described 
a more rapid approach for detection of 
ex vivo drug responses within a few hours 
that may obviate the need for long-term 
ex vivo culture, which is a major stumbling 
block for first-generation chemosensitivity 
assays. Previously, we developed a system 
for measurement of the ‘death threshold’ 
of patient tumours ex vivo using a process 
called BCL-2 homology domain 3 (BH3) 
profiling78. By exposing permeabilized 
tumour cells to synthetic BH3 domain-
containing peptides and measuring mito-
chondrial permeability, we observed that 
the cells of some patients were much more 
likely to lose mitochondrial potential; 
these patients, who had multiple types of 
leukaemia and solid tumours, were more 
sensitive to cytotoxic chemotherapies79,80. 
We recently described an improvement on 
this ‘static BH3 profiling’ called ‘dynamic 
BH3 profiling’ (DBP)81: in DBP, patient 
cells are first exposed ex vivo to drugs for 
16–24 hours, after which BH3 profiling is 
performed (FIG. 2). Mitochondrial priming 
predicted the eventual drug responses using 
traditional end point assays of viability, 
which were carried out days later across a 
range of solid and haematological tumour 
cell lines, with an AUC of the ROC of 0.89. 
More importantly, however, DBP outcomes 
predict patient responses to drugs: the 
mitochondrial priming induced by imatinib 
in samples from patients with CML corre-
lated with the clinical response to imatinib, 
and patients with ovarian cancer whose 
samples showed increased mitochondrial 
priming in response to cisplatin demon-
strated significantly improved progression-
free survival. Interestingly, the results were 
consistent across a range of molecularly 
targeted signal transduction inhibitors 
and cytotoxic chemotherapies. Thus, DBP 
is probably applicable to most anticancer 
agents, whether conventional or targeted, 
that are currently used. The full range of 
drug categories that can be predicted by 
DBP remains to be fully explored in larger 
cohorts of patient samples, and the util-
ity of DBP in clinical decision making will 
require clinical testing.

These technologies are compelling in 
that they reduce the complex observations 
of live cells to well-defined and robust 
molecular interactions. Correlation with 
patient outcomes will be needed to confirm 
that these overactive targets and pathways 

in patient biopsies are real vulnerabilities or 
‘drivers’. Many other novel assays that pro-
vide functional readouts from live patient 
biopsies have been described in the past few 
years, including impedance spectroscopy 
to measure ex vivo responses of fragments 
of live melanoma tumour specimens to 
chemo therapy82, and metabolic outputs 
such as oxygen consumption83. Similarly to 
measurements of proliferation, viability and 
apoptosis, these assays will require rigorous 
evaluation of their relevance to prediction of 
patient outcomes and comparison between 
them to determine the advantages and dis-
advantages of each assay beyond technical 
differences in reagents, timing and analysis.

Functional assay clinical validation
Next-generation functional testing methods 
are intended to help to guide oncologists 

in their choice of the best treatment for 
their patients in practice and as a stratifica-
tion test in clinical trials of experimental 
therapeutics. Like all predictive biomarkers, 
including single-gene and multi-gene panels 
using NGS, such tests will require rigor-
ous evaluation of their analytical validity, 
clinical validity and clinical utility to dem-
onstrate their value to patients and to be 
adopted in the clinic84,85. These test param-
eters have been extensively considered for 
molecular technologies, but many of the 
same standards can be applied to next-
generation functional diagnostics, including 
rigorous quality control and quality assur-
ance measures, significant and meaningful 
correlation of test outcomes with clinical 
responses and, finally randomized, con-
trolled trials of clinical utility (BOX 2). Such 
standards will be crucial in bringing clarity 

Figure 2 | Dynamic BH3 profiling can predict patient responses to cancer therapies. Dynamic 
BCL-2 homology domain 3 (BH3) profiling is an example of a newer, more molecularly precise assay 
that can be used for ex vivo functional screening. Biopsy material from the patient is dispersed  
(for solid tumours) and briefly (for 16–24 hours) exposed to potential drug treatments. After incuba-
tion, cells are permeabilized and exposed to BH3-domain-containing peptides. Mitochondrial outer 
membrane permeabilization is measured, generating a kinetic trace of mitochondrial polarization 
(central graph). In this analysis, drug treatments that shift the apoptotic threshold generate a large 
increase in the difference between the kinetic trace area under the curve (AUC) for a negative 
control-treated sample and the drug-treated sample. This difference creates the ‘Δ% priming’ met-
ric of apoptotic threshold (lower left graph). By comparing this metric across control and drug-
treated samples, one can select drug treatments that preferentially lead to apoptotic priming  
(lower right graph). The dotted line represents the threshold of effectiveness. Adapted with permission 
from REF. 81, Elsevier.
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to the regulatory and reimbursement land-
scape for these functional assays, most of 
which are likely to be performed as a  
laboratory-developed test (LDT) in  
a centralized testing laboratory. In the 
United States, LDTs have been historically 
regulated by the Centers for Medicare & 
Medicaid Services (CMS) under the Clinical 
Laboratory Improvement Amendments 
(CLIA), as the FDA has exercised its 
enforcement discretion in not requiring for-
mal approval before clinical use. However, 
the agency has recently announced a 
suggested framework in which formal 
approval would be required for certain 
LDTs, particularly those classified as high 

risk86, a position affirmed by the American 
Association for Cancer Research85. Given 
that functional assays directly recommend 
treatment regimens for patients by design, 
it is likely that they will be regulated as such 
if the guidelines are adopted. Thus, well-
designed clinical trials will be required to 
demonstrate the clinical validity and utility 
of functional testing before it becomes  
available to the broader market.

Conclusions
Functional testing complements genetic 
sequencing by providing the response of 
patient cells without a priori knowledge  
of the mechanism of drug activity. Given the 

intuitive and compelling rationale for func-
tional testing in oncology, it is not surpris-
ing that there has been renewed interest in  
next-generation functional diagnostics 
in recent years. As with any new clinical 
biomarker, these assays will require clinical 
validation that such tests can provide last-
ing benefit to patients, leading to adoption 
in routine oncology care. We imagine that 
such trials over the next 3–5 years will ulti-
mately result in identification of the specific 
clinical scenarios in which next-generation 
functional testing can help to guide oncolo-
gists in choosing the right therapy for their 
patients. It follows that such tests can also 
prevent the unnecessary use of therapeutics 
to which patients may be resistant, reducing 
toxicities as well as costs.

Currently, molecular approaches such 
as NGS are being used based on the hope 
that somatic cancer mutations can sug-
gest therapies. We believe that for most 
cancer patients this information alone is 
ultimately limited. Functional screening 
will become part of an emerging compre-
hensive diagnostic approach that includes 
traditional pathology techniques together 
with genetic sequencing. Complementing 
these two approaches, investigating the 
phenotype and functional responses of 
patient tumour-infiltrating lymphocytes, 
as well as tumour antigen prediction 
and overall mutational load, will be used 
to help to make recommendations for 
immuno-oncology therapy choices87. In 
this paradigm, multiple diagnostic tech-
nologies will be used on a single patient 
biopsy before therapy to enable the best 
‘personalized’ choice from an armamentar-
ium of large numbers of single and combi-
nation drug regimens. Only through such 
a comprehensive picture will the emerging 
cohort of hundreds of targeted thera-
pies and immunotherapies be precisely 
matched to individual patients with cancer.
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Box 2 | Validating new diagnostic technologies for clinical cancer care

Analytical validation
Analytical validation is the documentation showing that a test measures what it is intended to 
measure with defined precision, accuracy, specificity and sensitivity84. Unlike next-generation 
sequencing (NGS), in which traditional sequencing methods can be used as a gold standard to 
benchmark newer methods to the objective presence or absence of a mutation, functional tests 
are often measured relative to internal controls of cellular activity without clear standards. 
Furthermore, attention has recently been drawn to noise in cell-screening assays, especially when 
correlated with genomic features104; such noise can be addressed through rigorous assay 
standardization105. A functional assay should demonstrate accurate and precise quantification of 
the phenotype it is purporting to measure by comparing it with an orthogonal, if lower-throughput 
method of the same cellular end point, and should have well-defined performance characteristics 
such as reproducibility, concordance and stability across a range of conditions and throughputs. 
Some analytical parameters of the work flow can be validated using standard cancer cell lines as 
supportive data.

Clinical validity
Clinical validity, or correlation of the biomarker with clinical response, can be obtained from 
retrospective studies of patient responses and assay results. For functional screening, such 
evaluations are more difficult to perform in retrospect because very few patient samples are 
routinely archived to preserve cell viability. However, given the wealth and strength of data linking 
a limited number of gene mutations to drug response, an intermediate surrogate of clinical validity 
for functional tests could be obtained from the correlation of ex vivo responses to such targeted 
therapies in samples with these mutations. More definitive clinical validity can be obtained from 
‘retrospective–prospective’ trials in which samples are collected and tested in parallel with clinical 
care, and the ex vivo test output is later compared with clinical outcome.

Clinical utility
Given the costs and risks of increasingly complicated clinical biomarkers, there is growing 
awareness of the need for clinical biomarkers to demonstrate evidence of clinical utility or 
improvement in patient outcomes. All diagnostic methods, whether genomic or functional, face 
the challenge of sampling error generated by intrapatient tumour heterogeneity as one cause of 
test variability, but only through rigorous clinical validity and utility testing will we understand 
whether this source of error precludes meaningful patient benefit from the tests. The gold 
standard for such evaluation is the prospective trial randomizing patients to assay-guided therapy 
versus an appropriately selected control group (for example, non-assay guided but identical drug 
menu or oncologist’s choice)106. However, given the size and cost required for such trials even for 
moderate expectations of clinical benefit, functional predictive tests could be examined in smaller, 
nonrandomized trials measuring overall response rates in advanced cancer populations for which 
the historical response rate to novel therapies is expected to be low84. Building this approach into 
clinical practice would facilitate effective triage of patients to standard-of-care therapy versus 
clinical trials that test novel combination strategies. Of course, for the vast majority of cancer 
patients for whom molecularly targeted therapies are not available, assay-guided therapy could be 
immediately evaluated in prospective trials that seek to show that durable responses can be 
reliably predicted. Just as NGS methods are being evaluated across tumour types or across multiple 
drugs in ‘basket’ and ‘umbrella’ type trials, so functional assays could be validated with panels of 
specific drugs for a specific tumour type (umbrella) or a single drug across multiple tumour types 
(basket), depending on assay flexibility107.
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