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Profiling of circulating tumor DNA and 
tumor tissue for treatment selection in 
patients with advanced and refractory 
carcinoma: a prospective, two-stage phase II 
Individualized Cancer Treatment trial
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Florian Posch, Karin Groller, Karl Kashofer, Stephan W. Jahn, Thomas Bauernhofer,  
Martin Pichler, Herbert Stöger, Andrea Berghold, Gerald Hoefler, Michael R. Speicher, 
Ellen Heitzer* and Armin Gerger*

Abstract
Background: Molecular profiling (MP) represents an opportunity to match patients to a 
targeted therapy and when tumor tissue is unavailable, circulating tumor deoxyribonucleic 
acid (ctDNA) can be harnessed as a non-invasive analyte for this purpose. We evaluated 
the success of a targeted therapy selected by profiling of ctDNA and tissue in patients with 
advanced and refractory carcinoma.
Patients and methods: A blood draw as well as an optional tissue biopsy were obtained for 
MP. Whole-genome sequencing and a cancer hotspot panel were performed, and publicly 
available databases were used to match the molecular profile to targeted treatments. The 
primary endpoint was the progression-free survival (PFS) ratio (PFS on MP-guided therapy/
PFS on the last evidence-based therapy), whereas the success of the targeted therapy was 
defined as a PFS ratio ⩾1.2. To test the impact of molecular profile-treatment matching 
strategies, we retrospectively analyzed selected cases via the CureMatch PreciGENE™ 
decision support algorithm.
Results: Interim analysis of 24 patients yielded informative results from 20 patients (83%). A 
potential tumor-specific drug could be matched in 11 patients (46%) and eight (33%) received a 
matched treatment. Median PFS in the matched treatment group was 61.5 days [interquartile 
range (IQR) 49.8–71.0] compared with 81.5 days (IQR 68.5–117.8) for the last evidence-
based treatment, resulting in a median PFS ratio of 0.7 (IQR 0.6–0.9). Hence, as no patient 
experienced a PFS ratio ⩾1.2, the study was terminated. Except for one case, the CureMatch 
analysis identified either a two-drug or three-drug combination option.
Conclusions: Our study employed a histotype–agnostic approach to harness molecular 
profiling data from both ctDNA and metastatic tumor tissue. The outcome results indicate 
that more innovative approaches to study design and matching algorithms are necessary to 
achieve improved patient outcomes.
EU Clinical Trials Registry (https://www.clinicaltrialsregister.eu): EudraCT: 2014-005341-44
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Introduction
The development of next-generation molecular 
profiling (MP) methods has enhanced our ability 
to interrogate multiple cancer-associated genomic 
changes within an individual patient’s tumor. As 
a result of such advancements, an increasing 
number of molecular aberrations have now been 
rendered actionable targets. Cancer therapy, 
comprised previously by an arsenal of cytotoxic 
agents, is now being transformed by genome- 
targeted drugs, which has led to improved outcomes 
for several malignancies.1 As of date, the US Food 
and Drug Administration (FDA) has approved over 
80 targeted agents for solid and hematologic malig-
nancies (https://www.mycancergenome.org/content/
page/overview-of-targeted-therapies-for-cancer/), 
driving the possibility of individualized cancer treat-
ment, that is, precision oncology.

Precision oncology clinical trials have typically 
been based on MP of tissue biopsy-derived deox-
yribonucleic acid (DNA). In a pioneering pilot 
study investigating the efficacy of MP-based 
treatment in a cohort of refractory metastatic can-
cer patients, Von Hoff et  al. reported a clinical 
progression-free survival (PFS) benefit in 27% of 
the patients.2 These promising findings have 
encouraged the enrollment of patients onto trials 
matching cancer treatment to genetic profiles 
obtained from biopsy material. To date, however, 
results have been mostly disappointing, with 
overall response rates hardly exceeding 10%, thus 
leading some to question the promise of precision 
oncology approaches for improving patient bene-
fit.3,4 Tumor tissue genotyping alone may not be 
sufficient enough to capture the complexity and 
heterogeneity of tumors,5–7 and recently, circulat-
ing cell-free DNA (cfDNA), which contains cir-
culating-tumor DNA (ctDNA) in patients with 
cancer, has been shown to provide the most accu-
rate snapshot of a patient’s tumor, enabling the 
detection of tumor subclones from metastatic 
lesions.8–12 Although studies have begun to pro-
spectively use ctDNA to funnel patients into 
phase I clinical trials,13 such trials have only 
recently been initiated and only preliminary out-
comes have been reported so far.

We hypothesized that MP of ctDNA in plasma or 
metastasis biopsy could enable the matching of the 
most current driver alterations to targeted therapies 
and improve outcomes in patients with advanced 
and refractory cancer. Furthermore, this approach 
reflects a true clinical scenario in which both plasma 
and/or tissue analytes inform treatment decisions. 

As an initial test of this concept, we implemented 
the Individualized Cancer Treatment (ICT) trial, a 
single-center prospective interventional study, to 
investigate the efficacy of molecularly targeted can-
cer treatment based on the results of genomic pro-
filing of plasma DNA and/or metastatic tissue. To 
the best of our knowledge, this is the first interven-
tional study reporting survival outcomes from 
ctDNA-guided treatment.

Methods

Study design
The ICT trial, a prospective non-randomized 
open-label, clinical phase II study, was conducted 
at the Medical University of Graz. The primary 
endpoint of this trial was the PFS ratio (PFS on 
targeted therapy / PFS on the last evidence-based 
therapy), regardless of whether the treatment 
decision was based on ctDNA or tumor tissue 
results. We defined the success of the targeted 
therapy by a PFS ratio ⩾1.2. Secondary outcome 
measures were as follows: the number of patients 
for whom an anti-tumor drug could be defined 
based on the molecular profile; the overall sur-
vival (OS) measured from the date of enrollment 
to the date of death or censored at the date of last 
follow up; the objective radiographic response 
rate (ORR) and treatment safety.

This protocol was approved by the Ethics 
Committee of the Medical University of Graz 
(approval number 27-169 ex 14/15) and written 
informed consent was obtained from all patients. 
The study was performed in accordance with 
the Declaration of Helsinki and is registered 
with the EU Clinical Trials Register [EudraCT: 
2014-005341-44].

Patient eligibility
Eligible patients were between the ages of 18 and 
85 years and had unresectable locally advanced 
and/or metastasized carcinoma who had exhausted 
all standard evidence-based therapies. Patients 
were required to have measurable disease by 
RECIST version 1.1 and an Eastern Cooperative 
Oncology Group (ECOG) performance status 
between 0 and 2, with a life expectancy of at least 
12 weeks. Key exclusion criteria included patients 
with severe comorbidities, pregnant or breast-
feeding patients, as well as patients with untreated 
central nervous system metastases or a history of 
previously diagnosed malignancies, except for 
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adequately treated non-melanoma skin cancer, 
in situ cancer, or other cancer from which the sub-
ject had been disease free for at least 5 years.

Molecular profiling of plasma DNA and tumor 
tissue through whole-genome and targeted 
sequencing
Our approach represents a histotype–agnostic 
workflow [Figure 1(a) and (b)]. A mandatory blood 
draw for ctDNA analysis and collection of a buccal 
swab for the detection of germline DNA variants 
were performed prior to treatment start. An addi-
tional tissue biopsy or resection of a metastasis for 
molecular tumor profiling was optional, depending 
on the patient’s consent. If a tissue biopsy had been 
performed in routine clinical practice within 
3 months prior to study entry, this tissue was con-
sidered suitable for MP. DNA isolated from tissue 
biopsies of metastatic lesions was subjected to 
library preparation using the Ion AmpliSeq Cancer 
Hotspot Panel v2 (Thermo Fisher Scientific, 
Vienna, Austria) and libraries were sequenced on 
the Ion Torrent platform. Plasma DNA was iso-
lated using the QIAamp Circulating Nucleic Acid 
Kit (Qiagen, Hilden, Germany) and shallow whole-
genome sequencing (sWGS) libraries were pre-
pared and sequenced using the plasma-Seq method 
described previously.14 Somatic copy number alter-
ation (SCNA) data analysis and identification of 
significant tumor-specific focal events was per-
formed as described previously.15,16 Estimation of 
tumor fraction (TF) from sWGS data was per-
formed using the ichorCNA algorithm, a probabil-
istic Hidden Markov Model (HMM) model for the 
estimation of tumor fraction, roughly equivalent to 
tumor purity from bulk tumor analyses.17 As calling 
absolute copy number (ABCN) depends on TF 
estimation from cfDNA, we employed a previously 
published approach18 to determine ABCNs using 
log2 ratios from sWGS data and TF estimated by 
ichorCNA. For mutation analysis, library prepara-
tion was performed with plasma DNA in duplicates 
using either the TruSeq Cancer Amplicon Panel 
(Illumina) or the NEBnext Direct Cancer Hotspot 
Panel (New England Biolabs). In addition, genomic 
DNA isolated from a buccal swab was analyzed  
to specifically call for somatic mutations. 
Bioinformatics analyses were performed using 
open-source software. Briefly, FASTQ  files were 
preprocessed to remove adapters and filtered for 
quality and were aligned with Burrows–Wheeler 
Aligner (BWA).19 Unique molecular identifier 
(UMI) sequences were added to the resulting 
binary alignment map (BAM) files with the 

AnnotateBamWithUmis function from the fgbio 
package (https://fulcrumgenomics.github.io/fgbio/). 
Duplicate reads were marked with the Mark-
Duplicates function from Picard (GATK) and vari-
ant calling was performed using the MuTect2 
(GATK) program in tumor-only mode and variant 
call format (VCF) files were annotated with 
ANNOVAR.20 Resulting VCFs were filtered to 
only keep variants present in both duplicates but 
absent in genomic DNA with variant allele fre-
quencies (VAF) ⩾5%. Molecular profiles including 
single nucleotide variants (SNVs), indels, and 
SCNAs were subsequently summarized in a patient 
report. Publicly available genomic databases (My 
Cancer Genome, DGidb, Mining the Druggable 
Genome, ClViC) were mined, and a comprehen-
sive literature search was performed in order to 
identify targeted treatments associated with the 
genomic alterations detected in the tumor genome.

Study treatment administration
Molecular tumor board (MTB) assessment was 
based on MP results from plasma DNA, and, if 
available, from tumor tissue. With this strategy, 
we ensured that patients could still potentially 
qualify for targeted treatment in the case that our 
plasma DNA analyses were uninformative. 
Additional predictive biomarkers consisted of 
previously established parameters already in rou-
tine clinical use, such as hormone receptor sta-
tus, human epidermal growth-factor-receptor 2 
(HER-2)/neu-status, RAS mutation status, epi-
dermal growth-factor receptor (EGFR) mutation 
status, ALK rearrangement and programmed 
cell-death 1 (PD-1) expression. The MTB was 
attended by a medical oncologist, a pathologist, 
and a clinical geneticist. Results were evaluated 
with respect to the previously performed tumor 
treatment, the comorbidities of the patient and 
the availability of suitable drugs. All potentially 
applicable tumor-specific drugs were prespeci-
fied and are listed in Supplemental Table S1. 
The drug with the strongest evidence for a gene 
target indication was selected for further therapy. 
If two or more promising biomarkers were identi-
fied which allowed for a promising combination 
treatment, then we preferred to administer a 
combination therapy over a single agent. 
According to the study protocol, treatment start 
was scheduled within 28 days after the first study 
visit. If a treatment was started after this 28-day 
time frame, a note to file was generated. All 
patients who received treatment with a matched 
molecular-targeted agent had biweekly treatment 
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visits according to a prespecified follow-up plan 
from the start of treatment until disease progres-
sion or death.

Study assessments
Radiological imaging, including CT scans of the 
chest, abdomen, and pelvis, optional magnetic 

Figure 1. Study workflow.
(a) From each patient in this pan-cancer cohort, a mandatory buccal swab for the analysis of genomic DNA and blood draw 
for analysis of plasma DNA were collected. A re-biopsy of a metastatic lesion was optional and DNA from tissue was isolated 
and sequenced with a cancer hotspot panel. Plasma DNA was subjected to both targeted sequencing alongside germline 
DNA via a separate mutation hotspot panel and whole-genome sequencing via plasma-Seq for the detection of somatic copy 
number alterations (SCNAs). (b) After quality filtering of raw sequencing data, variant calling was performed with an open-
source algorithm (MuTect2, GATK) and all novel variants not detected in germline DNA were annotated for clinical significance 
(ANNOVAR). For whole-genome sequencing data, copy number calling was performed to identify somatic focal events, that is, 
amplifications or deletions. These findings were summarized in a patient-specific report and further annotated with potential 
treatment options using publicly available databases. Results were discussed at an MTB and if a suitable targeted treatment 
could be aligned to the patient, the treatment was administered. (c) Flowchart of the study cohort.
CRC, colorectal cancer; CUP, cancer of unknown primary; DNA, deoxyribonucleic acid; cfDNA, circulating cell-free DNA; 
ctDNA, circulating tumor DNA; EFGR, epidermal growth-factor receptor; FASTQ, ; HER-2, human epidermal growth-
factor-receptor 2; MTB, molecular tumor board; SCNA, somatic copy number alteration; sWGS, shallow whole-genome 
sequencing; UV, variant of uncertain significance.

https://journals.sagepub.com/home/tam
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resonance imaging scans of the abdomen, as well 
as bone scans, were performed every 8 weeks and 
were assessed according to revised RECIST crite-
ria version 1.1 or immune-related Response 
Criteria (irRC). Adverse effects were graded 
according to the National Cancer Institute 
Common Terminology Criteria of Adverse Events 
(version 3.0). PFS was measured from the date of 
enrollment to the date of documented disease pro-
gression (per revised RECIST criteria V1.1 or 
immune-related response criteria) or death. 
Alternatively, PFS was censored at the last radio-
logic imaging assessment date on which the patient 
was reported alive without progression. ORR was 
determined based on RECIST criteria 1.1 or irRC.

Samples size calculation and statistical 
analyses
Sample size was calculated based on the optimal 
two-stage design of Chen and Ng.21 Assuming a 
success (PFS of the targeted therapy ⩾1.2 × PFS 
of the last evidence-based drug therapy) rate of 
p1 = 0.25 and p0 = 0.1 at a significance level of 
α = 5% and a power of 1–β = 90%, 2421–28 patients 
should be included in the first stage of the trial. If 
the number of successes were >2 with 21–24 or 
>3 with 25–28 patients, then a total of 57–64 
patients would have to be included in the study. 
Data were descriptively summarized using mean 
and standard deviation, median and interquartile 
range (IQR; first and third quartile) or range 
(minimum and maximum), or absolute and rela-
tive frequencies. Survival outcomes were pre-
sented with the Kaplan–Meier curve. R version 
3.6.1. was used for all analyses.

Results

Patients
An interim analysis was performed after the 
recruitment of 24 patients and the study was ter-
minated prematurely due to slow patient accrual 
and lack of treatment response [Figure 1(b)]. 
Median age of the study population was 59.5 years 
(IQR 53.8–67.0) and 11 patients were female 
(46%). All patients had an ECOG performance 
status of 0 or 1 and were heavily pretreated with a 
median number of 2.0 (IQR 2.0–3.2) previous 
palliative treatment lines. Additional baseline 
characteristics of the screening and treatment 
population are summarized in Table 1 and 
Supplemental Table S2. As outlined in the 

following, the study was terminated and no fur-
ther patients were recruited.

Informative molecular profiles and concordance 
of variants from tumor tissue and plasma
Plasma DNA was obtained from all patients for 
MP. Eleven patients (46%) also consented to a tis-
sue biopsy. In one case, the biopsy did not yield 
malignant tissue (ICT11) and in another patient, 
no mutation could be identified (ICT20), thus 
achieving informative results from 9 (38%) 
 biopsies. We did not detect ctDNA from plasma in 
7 patients (29%) but were able to obtain informa-
tive results in the remaining 17 patients [71%; 
Figure 1(c)]. In the 17 cases in whom we were able 
to detect either at least 1 somatic mutation, focal 
SCNA or both, the median TF calculated from 
sWGS with ichorCNA in plasma was 22.7% (IQR 
5.2–40.3) and was highest in colon cancer patients 
[Figure 2(b)]. Overall, a molecular profile obtained 
from plasma, tumor tissue or a combination of 
both could be obtained from 20/24 patients (83%). 
Median time from blood collection and tissue 
biopsy to report generation was 12 days (IQR 
9–14) and 24 days (IQR 18.5–29.0), respectively.

For evaluating concordance of molecular profiles 
from tumor and plasma, we only considered muta-
tions which were covered by both panels used for 
tissue and plasma analysis (Supplemental Table 
S3). Of the nine patients with informative molecu-
lar profiles from the tumor tissue, ctDNA with TF 
>5% could be detected in six (67%) of the respec-
tive plasma samples, whereas in the other three 
patients (ICT08, ICT13, and ICT15), no tumor-
specific mutation could be identified in plasma due 
to a low TF. In two other patients (ICT09 and 
ICT13), the same mutations detected in tissue 
were only observed in one duplicate and therefore 
not called by our algorithm. Instead, in one of these 
patients (ICT09), an NRAS mutation was identi-
fied in plasma, which was not found in the corre-
sponding tissue. Likewise, in patient ICT19, a 
CDKN2A mutation was identified in plasma in 
addition to a TP53 and a PIK3CA mutation known 
from the biopsy. In patients ICT18 and ICT16, the 
same TP53 and SMAD4 mutations were identified 
in plasma and metastatic tissue, respectively. 
However, in patient ICT18, plasma DNA analysis 
revealed a KRAS mutation that was originally iden-
tified in the primary tumor but missed in the meta-
static biopsy. Vice versa, in patient ICT05, three 
out of four mutations identified in the biopsy (APC, 
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Table 1. Baseline characteristics of the study cohort.

Variables Overall cohort (n = 24) Treatment cohort (n = 8)*

Female sex 11 (46%) 5 (62.5%)

Age at baseline, years (IQR) 59.5 (53.8–67.0) 56.0 (51.5–63.5)

ECOG performance score at baseline

0 11 (46%) 2 (25%)

1 13 (54%) 6 (75%)

Tumor location / /

Colon cancer 5 (25%) 4 (50%)

Pancreatic cancer 4 (16.7%) 2 (25%)

Gastric cancer 3 (12.5%) 0 (0%)

Biliary tract cancer 3 (12.5%) 1 (12.5%)

Rectal cancer 2 (8.4%) 0 (0%)

CUP 2 (8.4%) 0 (0%)

Esophageal cancer 1 (4.2%) 0 (0%)

Breast cancer 1 (4.2%) 0 (0%)

Bladder cancer 1 (4.2%) 0 (0%)

Kidney cancer 1 (4.2%) 1 (12.5%)

Laryngeal cancer 1 (4.2%) 0 (0%)

Previous lines of palliative chemotherapy 2.0 (2.0–3.2) 2.5 (2.0–5.0)

Metastasis present 24 (100%) 8 (100%)

Number of metastatic organs

1 5 (20.8%) 1 (12.5%)

2 11 (45.8%) 5 (62.5%)

3 8 (33.3%) 2 (25%)

Liver metastasis present 13 (54.2%) 5 (62.5%)

Lung metastasis present 13 (54.2%) 4 (50%)

Time from date of tumor diagnosis to study 
enrollment (days)

674 (499, 1253) 715 (655, 1019)

Time from progression under last palliative 
chemotherapy until study enrollment (days)

10.0 (5.5, 19.5) 16.0 (7.8, 20.2)

Data represent medians (first–third quartile) for continuous data and absolute frequencies (%) for categorical data.* One 
patient was incorrectly treated with a molecular-targeted agent, as a tissue biopsy prior to 3 months of the treatment start 
was used for molecular profiling. This patient was consequently excluded from the treatment cohort.
CUP, Cancer of unknown primary; ECOG, Eastern Cooperation Oncology Group performance status; IQR, interquartile 
range.

https://journals.sagepub.com/home/tam
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KRAS, and TP53) were also detected in plasma, 
but the SMAD4 mutation could not be detected. A 
particularly interesting case was ICT06, in which 
the TP53 mutation detected in the biopsy material 
could not be identified in plasma, but five com-
pletely different mutations were called (APC, KDR, 
PTEN, RET, SMO). Overall, the concordance 
between mutations from tissue detected in plasma 
and from plasma detected in tissue was rather low 
at 77% and 53%, respectively.

Molecular profiling confirms genomic diversity 
between patients
From both plasma and tissue analyses, missense 
mutations comprised the majority of somatic 
mutations in the cohort, affecting most commonly 
TP53, KRAS, PIK3CA and APC [Figure 2(c)]. In 
plasma, higher average VAFs generally correlated 
with the presence of higher overall tumor frac-
tions established with ichorCNA, although there 
were several outliers, indicating a difference in 

Figure 2. Study cohort overview, molecular profiling and actionability summary.
(a) Cohort composition by primary tumor entity (n = 24); (b) bar plot representing total percent tumor content in plasma 
estimated from ichorCNA (right y axis) as well as the number (left y axis) of alterations detected combined from plasma and 
tissue, SCNAs detected in plasma and mutations per patient detected combined from plasma and tissue results; (c) oncoplot 
of most frequently detected mutations across the entire cohort from plasma DNA analyses (left) and from tissue DNA 
analyses (right); (d) overall percent actionability calculated for the 20 informative cases per profile combined from plasma 
and tissue results.
CUP, cancer of unknown primary; DNA, deoxyribonucleic acid; ICT, Individualized Cancer Treatment; SCNA, somatic copy 
number alteration.

https://journals.sagepub.com/home/tam
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mutation-derived versus SCNA-derived VAFs 
(Supplemental Figure S1; Lin’s concordance cor-
relation coefficient = 0.6). Of the total number of 
alterations detected in plasma DNA, the majority 
were composed of either SCNAs or mutations, 
varying from patient to patient [Figure 2(b)]. For 
example, in 10 patients, mutations comprised 
⩾80% of the alterations detected, whereas in 7 
cases, SCNAs were more frequently detected 
than mutations [Figure 2(b)]. Notably, no two 
patient profiles were identical (Supplemental 
Table S3), demonstrating the concept of ‘molec-
ular snowflakes’ when profiling tumors from indi-
vidual patients.22

Actionability of detected targets
Of the 20 informative patient profiles, 17 derived 
from plasma and 3 from tissue biopsies. Druggable 
alterations could be identified in 11 patients (55% 
of the patients with informative results, 46% of 
entire recruited cohort; Table 2). The majority 
were detected from plasma, as at least 1 actionable 
target could be identified in 10 patients (91%) 
according to analysis of plasma DNA and in only 1 
patient according to tissue biopsy [Figure 1(c), 
Table 2]. The majority of druggable alterations 
were focal SCNAs and, in two cases, mutations in 
PIK3CA or PTEN were considered to be an action-
able target (Table 2). We calculated the percent 
overall actionability from the MP results by divid-
ing the number of actionable alterations by the 
total number of detected alterations and observed 
an overall percent actionability of 14.6% across the 
cohort [Figure 2(d), Supplemental Table S4].

Treatment matching
Our treatment matching algorithm (ICT algo-
rithm) involved the further interpretation and dis-
cussion of the annotated MP results at an MTB 
consisting of oncologists, a pathologist, and a 
geneticist.

Results from plasma DNA analyses and tissue 
DNA analyses were combined prior to discussion. 
Based on the annotated sequencing results, a 
potential tumor-specific drug could be matched in 
11 (46%) patients. In two colorectal cancer 
(CRC) cases (ICT01 and ICT05), a focal amplifi-
cation of chromosome 13q12 harboring the FLT3 
gene was detected for which the targeted drug 
sorafenib was matched. Other matching examples 
include mammalian target of rapamycin inhibitors 
for PTEN and PIK3CA alterations (ICT04, 

ICT07, and ICT19), the combination of trastu-
zumab and lapatinib for ERBB2 amplifications 
(ICT13, ICT14), and nintedanib for receptor 
tyrosine kinase (RTK) targets such as PDGFR 
and FGFR (ICT22, ICT24). In one patient, a 
RET amplification was targeted with sunitinib 
(ICT15) and another patient had a targetable 
MYC amplification, but the patient died prior to 
the MTB. Together with two other patients who 
were not eligible for treatment due to withdrawal 
of consent (ICT14) or inadequate liver function 
(ICT22), this results in 27% of patients with targ-
etable alterations who subsequently did not receive 
a therapy [Figure 1(c), Table 2]. Thus, eight 
patients (33% of total cohort) were treated with a 
matched drug in accordance with the MP results, 
of which only one received treatment within the 
predefined period of 28 days after study enroll-
ment (Table 2).

Median time from study enrollment and written 
informed consent until initiation of treatment was 
34 days (IQR 28.5–37.3).

Survival outcomes
Two patients (ICT07 and ICT15) reached a 
longer PFS with the MP-based treatment com-
pared with the last evidence-based treatment 
[Figure 3(a)]. However, regarding the primary 
endpoint analysis, none of the eight treated 
patients experienced a PFS ratio ⩾1.2 for the 
MP-guided therapy compared with the last evi-
dence-based treatment line [Figure 3(a)]. Median 
PFS with the MP-based treatment was 61.5 days 
(IQR 49.8–71.0) compared with 81.5 days (IQR 
68.5–117.8) with the last evidence-based treat-
ment line, resulting in a median PFS ratio of 0.7 
[IQR 0.6–0.9; Figure 3(b)].

Furthermore, radiologic response assessment 
according to RECIST criteria was performed in 
six of eight patients. The overall response rate was 
0%, with five patients experiencing primary dis-
ease progression and with one patient achieving 
stable disease. In two patients, radiologic imaging 
was not performed due to prior clinical progres-
sion. The median OS from date of study enroll-
ment up to date of death or censoring was 207 days 
(IQR 126–292) and 112 days (IQR 60–164) in 
patients who did and did not receive genome-
guided treatment, respectively (Supplemental 
Figure S2). No treatment-related deaths or treat-
ment-related serious adverse events were observed. 
(Supplemental Table S2).
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Retrospective analysis using CureMatch clinical 
decision support yields alternative combination 
therapy recommendations
The matching of molecular targets to the most 
suitable treatments is at present not standardized. 
Notably, our ICT algorithm, which consisted of 
mining annotation for SNVs, indels and SCNAs 
from publicly available genomic databases (My 
Cancer Genome, DGidb, Mining the Druggable 
Genome, ClViC) alongside comprehensive litera-
ture searches and discussions at the MTB, 
resulted in treatment matches which were based 
on actionable SCNAs in nine patients, while only 
two treatment decisions were based on muta-
tions. Therefore, we sought to identify potential 
alternative treatment options and, to this end, we 
retrospectively analyzed seven patient profiles 
with the CureMatch decision support algorithm, 
a platform which assesses the entire molecular 
profile for matching combination therapies rather 
than evaluating individual targets for their action-
ability.23 The results of these analyses were out-
side of the scope of the treatment algorithm in 
this study and were only evaluated as 

retrospective information. Only the results from 
plasma DNA analyses were considered. The 
CureMatch algorithm detected 10 additional 
actionable mutations and 6 additional actionable 
focal SCNAs in comparison with our manual 
ICT matching algorithm [Figure 4(a)]. In all the 
retrospectively analyzed cases, with the exception 
of ICT13, the CureMatch platform yielded a 
higher overall percent actionability compared 
with our matching workflow [Figure 4(b), 
Supplemental Table S5]. We were unable to 
match a treatment to patient ICT18, whereas 
CureMatch analysis matched several three-drug 
and two-drug combinations to the molecular pro-
file (Supplemental Table S6). Interestingly, for 
patient ICT13, our ICT algorithm matched the 
combination of trastuzumab and lapatinib to the 
presence of a focal ERBB2 amplification, a result 
which aligned completely with CureMatch analy-
sis and had a matching score of 98% [Figure 4(c), 
Supplemental Tables S6–7]. This was the highest 
obtained matching score compared with the 
remaining distribution of scores obtained for the 
other patient profiles [Figure 4(c)]. Four patients 

Table 2. Patients successfully matched to treatment based on molecular target identified via molecular profiling.

Patient ID Druggable target(s) 
identified

Absolute copy 
number

Profiling source 
(i.e. plasma or 
tissue) used to 
make decision

Matched treatment Best treatment 
response

ICT01 FLT1, FLT3 
amplification

FLT1: 17.25 
FLT3: 17.25

Plasma Sorafenib PD

ICT04 PTEN mutation, 
PIK3CA mutation

NA Plasma Everolimus SD

ICT05 FLT3 amplification FLT3: 7.94 Plasma Sorafenib PD

ICT07 PTEN deletion PTEN: −1.87 Plasma Temsirolimus PD

ICT13 ERBB2 amplification ERBB2: 3.79 Plasma Trastuzumab + lapatinib PD

ICT14 ERBB2 amplification ERBB2: 4.41 Plasma Trastuzumab + lapatinib Not given (withdrew 
consent)

ICT15 RET amplification RET: NA Tissue Sunitinib PD

ICT16 MYC amplification MYC: 8.23 Plasma Death prior to MTB Not given (death)

ICT19 PIK3CA mutation NA Plasma Everolimus PD

ICT22 FGFR4 and CDK6 
amplification

FGFR4: 7.89 
CDK6: 5.85

Plasma Nintedanib or palbociclib Not given (elevated 
liver transaminases)

ICT24 KDR, KIT, PDGFRA 
amplification

PDGFRA: 3.09 Plasma Nintedanib (in combination 
with nab-paclitaxel)

PD

ICT, Individualized Cancer Treatment; MTB, molecular tumor board; NA, not available; PD, progressive disease; SD, stable disease.
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had at least one treatment regimen corresponding 
to a matching score  >50% [Figure 4(c)].

Discussion
The ICT trial represents the first prospective 
study reporting outcome results on the efficacy of 
ctDNA and metastatic tissue DNA profiling-
based treatment in heavily pretreated metastatic 
cancer patients. Overall, a conclusive molecular 
profile could be achieved in 20/24 (83%) of 
patients screened and in almost 50% (11/24 
patients), a potentially actionable molecular alter-
ation could be identified. Eight patients (33%) 

were treated with a molecularly-targeted agent, 
but based on our predefined criterium of a PFS 
ratio ⩾1.2, none of these derived a clinical benefit 
therefrom. As patient accrual was slower than 
expected and no clinical benefit could be demon-
strated in the patients treated according to their 
molecular profile, the study was terminated after 
an interim analysis was performed.

Precision oncology hypothesizes that anticancer 
therapy should be matched to each patient in 
accordance with the molecular profile of the tumor. 
In contrast to MP of primary tumors, ctDNA rep-
resents an innovative and non-invasive option for 

Figure 3. Progression-free survival of patients receiving MP-based treatment.
(a) Swimmer’s plot of the overall screening cohort presenting individual PFS data of MP-based treatment and the last 
evidence-based treatment line for each patient; (b) Kaplan–Meier curve comparing PFS from the MP-based treatment with 
the last evidence-based treatment line.
MP, molecular profiling; PFS, progression-free survival.
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assessing the current status of the molecular land-
scape of tumor genomes from patients with meta-
static cancer.24–28 Only 11 patients volunteered for 
a re-biopsy of metastatic lesions, whereas all 
patients were willing to donate blood samples. This 
reflects a typical clinical setting in which tissue is 
not always available to inform treatment decisions. 
Therefore, the majority of treatment decisions 
described here were based on ctDNA profiling 
results. The negative ctDNA results in seven 
patients can be attributed to the limit of detection 
of plasma-Seq, which requires a minimum of 5% 
tumor-derived DNA fragments to yield informative 
copy number results. Furthermore, in order to 
avoid false positives, which could result in the over-
treatment of patients with an already poor perfor-
mance status, we applied very stringent filter criteria 
for the detection of ctDNA using the hotspot pan-
els (limit of detection 5%).

For the limited cases in which we had metastatic 
biopsy samples, we used the tissue results to 
assess the concordance between plasma DNA 
and tissue. The observed concordance of tissue-
derived variants detected in plasma was some-
what lower than rates described in other recent 
works,13,17,29,30 which may be attributed to the dif-
ferent panels and sequencing platforms which 
were used to analyze tissue and plasma31 and to 
the very stringent criteria for our hotspot panel 
analyses from ctDNA. The use of next- generation-
sequencing panels employing UMIs with a much 
broader gene coverage and well-established bio-
informatic workflows that have come to market 
since the completion of this study, now enable 
ctDNA detection down to 0.1% VAF and may 
lead to the detection of a higher number of 
(potentially actionable) genomic alterations in 
future studies, even at low VAFs.32

Figure 4. Comparison of actionability between ICT and CureMatch matching algorithms using plasma DNA 
analyses.
(a) Proportion of total alterations and actionable alterations detected according to the ICT algorithm (left) or according to 
the CureMatch algorithm (right); (b) comparison of overall percent actionability per patient determined by either the ICT 
algorithm (light blue) or CureMatch algorithm (dark blue); (c) distribution of matching scores across seven patient profiles 
analyzed retrospectively via CureMatch algorithm.
ICT, Individualized Cancer Treatment; SCNA, somatic copy number alteration.
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Although our study had to be terminated after the 
interim evaluation, this report provides important 
considerations for future study designs. First, the 
timing of MP-based treatment trials may be deci-
sive. As it is common for such studies, we selected 
patients with very advanced disease. However, 
advanced tumors are extensively heterogeneous 
both spatially across distinct regions and tempo-
rally in response to treatment. Furthermore, the 
general condition of patients with advanced can-
cer may have complicated treatment success, 
which was demonstrated by two patients in par-
ticular who were unable to receive the matched 
treatment as a result of clinical deterioration 
(ICT22) or death (ICT16). Thus, it can be 
hypothesized that personalized cancer treatment 
might be more effective in earlier treatment lines.

Second, as our primary endpoint, we assessed the 
PFS ratio using the patient as his or her own con-
trol. However, PFS in cancer patients generally 
becomes shorter with each subsequent line of 
therapy.2 While two patients achieved a longer 
PFS with the MP-based treatment than with the 
previous evidence-based treatment, overall, each 
of the eight patients treated according to their 
molecular profile failed to achieve a PFS ratio 
⩾1.2. This raises the possibility that meaningful 
PFS ratios as endpoints for such trials may have 
to be defined more precisely depending on the 
clinical status of the patients.

Third, due to a rapid tumor evolution, patients 
with advanced cancer may no longer be suitable 
for the selected treatment if the turn-around time 
from sampling to the treatment decision takes 
several weeks. Due to the limited clinical support 
for off-label use of targeted therapies, we faced 
reimbursement challenges and not all the matched 
targeted agents were immediately available. In 
fact, a median time frame from study enrollment 
until start of treatment was 34 days in our study, 
which was too long, considering the advanced 
disease stage of most of our patients.

Fourth, a major cause for treatment failure is 
founded in the complexity of cancer pathogenesis 
and its heterogeneity. For example, common 
driver alterations in one tumor type do not neces-
sarily drive the tumor progression in another 
entity, which is why the effectiveness of targeted 
therapies depends on the tumor type. A prime 
example is the effective inhibition of BRAF 
V600E in melanoma and non-small cell lung can-
cer, whereas BRAF inhibitors alone have limited 

activity in BRAF V600E-mutated CRC.33,34 This 
phenomenon was exemplified in the two CRC 
patients ICT01 and ICT05 harboring FLT3 
amplifications. FLT3 is a well-known driver gene 
in hematological malignancies that can be tar-
geted by the drug sorafenib.35 A case study of a 
patient with metastatic colon cancer who was 
found to have FLT3 amplification reported par-
tial response to sorafenib.36 Therefore, we catego-
rized this alteration as druggable and both patients 
received sorafenib. Based on our knowledge 
today, it was not surprising that we did not 
observe a response in these patients. We recently 
characterized this chromosome 13q12 amplifica-
tion to elucidate the candidate driver gene.16 We 
found that FLT3 does not demonstrate an onco-
genic role in CRC, but rather that an amplifica-
tion of POLR1D is potentially the driving event in 
these cases. This is just one example of the evolv-
ing understanding of genomic actionable targets 
achieved through the systematic sequencing of 
tumor genomes, and such novel findings most 
likely would have influenced the decision reached 
at the respective MTBs. Another example for the 
ever-growing knowledge base leading to the iden-
tification of more molecular targets and the sub-
sequent development of new targeted agents is 
patient ICT15, who presented with a RET ampli-
fication and was treated with the multi-kinase 
inhibitor sunitinib, since RET inhibitors were not 
yet available at the time the patient in question 
was treated.37

The final call as to which treatment should be 
administered remains challenging. To this end, a 
recent comparison of clinical decision support 
platforms conducted by our group revealed a sig-
nificant variation of treatment recommenda-
tions.38 To further explore this in a retrospective 
setting, we analyzed selected molecular profiles 
using the CureMatch PreciGENE treatment 
matching algorithm. The CureMatch approach 
represents a multi-pathway molecular analysis for 
the identification of personalized treatment 
options, which are ranked using a predictive 
‘matching score’ that reflects the degree to which 
therapies align to a patient’s molecular profile.23 
This retrospective analysis demonstrates the com-
plexity and diversity of existing matching algo-
rithms that would ultimately lead to variable 
MTB decisions and highlights a potential shift in 
the current clinical trial paradigm. Hence, admin-
istering customized multi-drug treatments may 
represent an effective alternative to the one- 
aberration-one-drug model.39
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Taken together, our results align well with previ-
ous studies reporting a low molecular screening 
efficiency, with only a small fraction of cancer 
patients profiting from molecular genomic profil-
ing. In 2018, still only 8% of all metastatic cancer 
patients were potential candidates for FDA-
approved molecular-targeted treatment and only 
5% were estimated to derive a clinical benefit 
therefrom.40 In studies evaluating the feasibility 
and efficacy of molecular-targeted treatment out-
side their clinical indication, treatment benefit 
rates were reported to be even lower.41 The 
SHIVA trial,42 which still remains the only con-
ducted randomized trial comparing the efficacy of 
targeted agents selected on the basis of tumor 
molecular profiling, did not meet its primary end-
point of improved PFS compared with treatment 
of the investigator’s choice. Rather unpromising 
results were further demonstrated from the 
ProfiLER trial, in which only 6% of patients in 
the large cohort (n = 2579) received a matched 
treatment according to their profiling results, with 
only 13% achieving partial response, that is, 0.9% 
of the total study population.43 These results are 
in line with previous studies such as the 
MOSCATO trial, which achieved an ORR of 2% 
in all patients screened.44 The preliminary results 
from the largescale trials MATCH and MPACT 
from the United States National Cancer Institute 
are along this line,45 and a number of reasons 
have been implicated for these rather disappoint-
ing experiences.41 Yet, preliminary results of the 
TARGET study, which used a ctDNA-guided 
therapy selection approach, achieved an ORR of 
36% in matched patients.13 Another similar large-
scale study employing ctDNA specifically geared 
towards matching advanced breast cancer patients 
to four predefined treatment cohorts was recently 
completed, demonstrating clinically relevant 
activity of targeted therapies against rare HER2 
and AKT1 mutations.46

In summary, despite the premature study termi-
nation and the small samples size, which led to 
risk of a potential underestimation of the treat-
ment effect, studies like ours are critical to 
advancing the implementation of precision medi-
cine and highlight the need to re-evaluate the cur-
rent clinical trial design and adopt other 
approaches to matching molecular alterations to 
targeted therapies.

Acknowledgements
We thank all the patients who participated in the 
study.

Authors’ contributions
Conceptualization: AG, MRS, GH, HS; 
resources: JMR, GP, FP, MP; data analysis: JMR, 
SOH, EH, KK, SWJ; data interpretation: JMR, 
SOH, EH, AG, MRS, GH; writing (original draft 
preparation): JMR, SOH; writing (review and 
editing): JMR, SOH, EH, MRS, AG; visualiza-
tion: SOH; supervision: AG, EH, MRS, GH; 
project administration: KG; statistical analysis: 
AB; funding acquisition: MRS, EH, AG.

Conflict of interest statement
EH and MRS have an unrelated sponsored 
research agreement with Servier within 
CANCER-ID, a project funded by the Innovative 
Medicines Joint Undertaking (IMI JU), EH 
receives funding from Freenome, South San 
Francisco, CA, and PreAnalytiX, Hombrechtikon, 
Switzerland. EH received honoraria from Roche 
for advisory boards.

Funding
The authors disclosed receipt of the following 
financial support for the research, authorship, 
and/or publication of this article: this work was 
supported by CANCER-ID, a project funded 
by the Innovative Medicines Joint Undertaking 
(IMI JU; #115749-1), and by the Austrian 
Federal Ministry for Digital and Economic 
Affairs (Christian Doppler Research Fund for 
Liquid Biopsies for Early Detection of Cancer). 
Funding sources had no influence on the gath-
ering of data, interpretation of results or 
publication.

Ethics approval and consent to participate
This protocol was approved by the Ethics 
Committee of the Medical University of Graz 
(approval number 27-169 ex 14/15) and written 
informed consent was obtained from all patients. 
The study was performed in accordance with the 
Declaration of Helsinki and is registered with the 
EU Clinical Trials Register [EudraCT: 2014-
005341-44]. Trial registration: ISRCTN, 
ISRCTN12345678. Registered 28 September 
2014, http://www.isrctn.com/ISRCTN12345678.

Consent for publication
All authors have read and agreed to the published 
version of the manuscript.

ORCID iD
Samantha O. Hasenleithner  https://orcid.org/ 
0000-0002-9401-5224

https://journals.sagepub.com/home/tam
http://www.isrctn.com/ISRCTN12345678
https://orcid.org/0000-0002-9401-5224
https://orcid.org/0000-0002-9401-5224


Therapeutic Advances in Medical Oncology 13

14 journals.sagepub.com/home/tam

Availability of data and material
The datasets generated during and/or analyzed 
during the current study are not publicly available 
due for data protection reasons but are available 
from the corresponding author on reasonable 
request.

Supplemental material
Supplemental material for this article is available 
online.

References
 1. Kato S, Subbiah V and Kurzrock R. 

Counterpoint: successes in the pursuit of 
precision medicine: biomarkers take credit. J Natl 
Compr Canc Netw 2017; 15: 863–866.

 2. Von Hoff DD, Stephenson JJ Jr., Rosen P, et al. 
Pilot study using molecular profiling of patients' 
tumors to find potential targets and select 
treatments for their refractory cancers. J Clin 
Oncol 2010; 28: 4877–4883.

 3. Prasad V, Fojo T and Brada M. Precision 
oncology: origins, optimism, and potential. Lancet 
Oncol 2016; 17: e81–e86.

 4. Prasad V. Perspective: the precision-oncology 
illusion. Nature 2016; 537: S63.

 5. Reiter JG, Baretti M, Gerold JM, et al. An 
analysis of genetic heterogeneity in untreated 
cancers. Nat Rev Cancer 2019; 19: 639–650.

 6. Dagogo-Jack I and Shaw AT. Tumour 
heterogeneity and resistance to cancer therapies. 
Nat Rev Clin Oncol 2018; 15: 81–94.

 7. Ciriello G, Miller ML, Aksoy BA, et al. Emerging 
landscape of oncogenic signatures across human 
cancers. Nat Genet 2013; 45: 1127–1133.

 8. Heitzer E, Haque IS, Roberts CES, et al. Current 
and future perspectives of liquid biopsies in 
genomics-driven oncology. Nat Rev Genet 2019; 
20: 71–88.

 9. Siravegna G, Marsoni S, Siena S, et al. 
Integrating liquid biopsies into the management 
of cancer. Nat Rev Clin Oncol 2017; 14: 531–548.

 10. Wan JCM, Massie C, Garcia-Corbacho J, 
et al. Liquid biopsies come of age: towards 
implementation of circulating tumour DNA. Nat 
Rev Cancer 2017; 17: 223–238.

 11. Murtaza M, Dawson SJ, Pogrebniak K, et al. 
Multifocal clonal evolution characterized using 
circulating tumour DNA in a case of metastatic 
breast cancer. Nat Commun 2015; 6: 8760.

 12. Parikh AR, Leshchiner I, Elagina L, et al. 
Liquid versus tissue biopsy for detecting 
acquired resistance and tumor heterogeneity 
in gastrointestinal cancers. Nat Med 2019; 25: 
1415–1421.

 13. Rothwell DG, Ayub M, Cook N, et al. Utility 
of ctDNA to support patient selection for early 
phase clinical trials: the TARGET study. Nat 
Med 2019; 25: 738–743.

 14. Heitzer E, Ulz P, Belic J, et al. Tumor-associated 
copy number changes in the circulation of patients 
with prostate cancer identified through whole-
genome sequencing. Genome Med 2013; 5: 30.

 15. Ulz P, Thallinger GG, Auer M, et al. Inferring 
expressed genes by whole-genome sequencing of 
plasma DNA. Nat Genet 2016; 48: 1273–1278.

 16. Zhou Q, Perakis SO, Ulz P, et al. Cell-free DNA 
analysis reveals POLR1D-mediated resistance to 
bevacizumab in colorectal cancer. Genome Med 
2020; 12: 1–17.

 17. Adalsteinsson VA, Ha G, Freeman SS, et al. 
Scalable whole-exome sequencing of cell-free 
DNA reveals high concordance with metastatic 
tumors. Nat Commun 2017; 8: 1–13.

 18. Peng H, Lu L, Zhou Z, et al. CNV detection 
from circulating tumor DNA in late stage non-
small cell lung cancer patients. Genes (Basel) 
2019; 10: 926.

 19. Li H and Durbin R. Fast and accurate short read 
alignment with Burrows-Wheeler transform. 
Bioinformatics 2009; 25: 1754–1760.

 20. Wang K, Li M and Hakonarson H. ANNOVAR: 
functional annotation of genetic variants from 
high-throughput sequencing data. Nucleic Acids 
Res 2010; 38: e164.

 21. Chen TT and Ng TH. Optimal flexible designs 
in phase II clinical trials. Stat Med 1998; 17: 
2301–2312.

 22. Subbiah V and Kurzrock R. Challenging 
standard-of-care paradigms in the precision 
oncology era. Trends Cancer 2018; 4: 101–109.

 23. Boichard A, Richard SB and Kurzrock R. 
The crossroads of precision medicine and 
therapeutic decision-making: use of an analytical 
computational platform to predict response to 
cancer treatments. Cancers (Basel) 2020; 12:166.

 24. O’Hare T, Eide CA and Deininger MW. Bcr-Abl 
kinase domain mutations, drug resistance, and 
the road to a cure for chronic myeloid leukemia. 
Blood 2007; 110: 2242–2249.

 25. Engelman JA, Zejnullahu K, Mitsudomi T, et al. 
MET amplification leads to gefitinib resistance 

https://journals.sagepub.com/home/tam


JM Riedl, SO Hasenleithner et al.

journals.sagepub.com/home/tam 15

in lung cancer by activating ERBB3 signaling. 
Science 2007; 316: 1039–1043.

 26. Karapetis CS, Khambata-Ford S, Jonker DJ, 
et al. K-ras mutations and benefit from cetuximab 
in advanced colorectal cancer. N Engl J Med 
2008; 359: 1757–1765.

 27. Sharma SV, Lee DY, Li B, et al. A chromatin-
mediated reversible drug-tolerant state in cancer 
cell subpopulations. Cell 2010; 141: 69–80.

 28. Van Allen EM, Wagle N, Sucker A, et al. The 
genetic landscape of clinical resistance to RAF 
inhibition in metastatic melanoma. Cancer Discov 
2014; 4: 94–109.

 29. Odegaard JI, Vincent JJ, Mortimer S, et al. 
Validation of a plasma-based comprehensive 
cancer genotyping assay utilizing orthogonal 
tissue- and plasma-based methodologies. Clin 
Cancer Res 2018; 24: 3539–3549.

 30. Zill OA, Banks KC, Fairclough SR, et al. The 
landscape of actionable genomic alterations in 
cell-free circulating tumor DNA from 21,807 
advanced cancer patients. Clin Cancer Res 2018; 
24: 3528–3538.

 31. Stetson D, Ahmed A, Xu X, et al. Orthogonal 
comparison of four plasma NGS tests with tumor 
suggests technical factors are a major source of 
assay discordance. JCO Precis Oncol 2019; 14: 
1–9.

 32. Weber S, Spiegl B, Perakis SO, et al. Technical 
evaluation of commercial mutation analysis 
platforms and reference materials for liquid 
biopsy profiling. Cancers (Basel) 2020; 12: 1588.

 33. Prahallad A, Sun C, Huang S, et al. 
Unresponsiveness of colon cancer to 
BRAF(V600E) inhibition through feedback 
activation of EGFR. Nature 2012; 483: 100–103.

 34. Hyman DM, Diamond EL, Vibat CR, et al. 
Prospective blinded study of BRAFV600E 
mutation detection in cell-free DNA of patients 
with systemic histiocytic disorders. Cancer Discov 
2015; 5: 64–71.

 35. Zauli G, Voltan R, Tisato V, et al. State of the art 
of the therapeutic perspective of sorafenib against 
hematological malignancies. Curr Med Chem 
2012; 19: 4875–4884.

 36. Moreira RB, Peixoto RD and de Sousa Cruz 
MR. Clinical response to sorafenib in a patient 

with metastatic colorectal cancer and FLT3 
amplification. Case Rep Oncol 2015; 8: 83–87.

 37. Subbiah V and Roszik J. Towards precision 
oncology in RET-aberrant cancers. Cell Cycle 
2017; 16: 813–814.

 38. Perakis SO, Weber S, Zhou Q, et al. Comparison 
of three commercial decision support platforms 
for matching of next-generation sequencing 
results with therapies in patients with cancer. 
ESMO Open 2020; 5:e000872.

 39. Sicklick JK, Kato S, Okamura R, et al. Molecular 
profiling of cancer patients enables personalized 
combination therapy: the I-PREDICT study. Nat 
Med 2019; 25: 744–750.

 40. Marquart J, Chen EY and Prasad V. Estimation 
of the percentage of US patients with cancer who 
benefit from genome-driven oncology. JAMA 
Oncol 2018; 4: 1093–1098.

 41. Tannock IF and Hickman JA. Molecular 
screening to select therapy for advanced cancer? 
Ann Oncol 2019; 30: 661–663.

 42. Le Tourneau C, Delord JP, Goncalves A, et al. 
Molecularly targeted therapy based on tumour 
molecular profiling versus conventional therapy 
for advanced cancer (SHIVA): a multicentre, 
open-label, proof-of-concept, randomised, 
controlled phase 2 trial. Lancet Oncol 2015; 16: 
1324–1334.

 43. Tredan O, Wang Q, Pissaloux D, et al. Molecular 
screening program to select molecular-based 
recommended therapies for metastatic cancer 
patients: analysis from the ProfiLER trial. Ann 
Oncol 2019; 30: 757–765.

 44. Massard C, Michiels S, Ferte C, et al. High-
throughput genomics and clinical outcome in 
hard-to-treat advanced cancers: results of the 
MOSCATO 01 trial. Cancer Discov 2017; 7: 
586–595.

 45. Coyne GO, Takebe N and Chen AP. Defining 
precision: the precision medicine initiative trials 
NCI-MPACT and NCI-MATCH. Curr Probl 
Cancer 2017; 41: 182–193.

 46. Turner NC, Kingston B, Kilburn LS, 
et al. Circulating tumour DNA analysis to 
direct therapy in advanced breast cancer 
(plasmaMATCH): a multicentre, multicohort, 
phase 2a, platform trial. Lancet Oncol 2020; 21: 
1296–1308.

Visit SAGE journals online 
journals.sagepub.com/
home/tam

SAGE journals

https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam
https://journals.sagepub.com/home/tam



