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Abstract

Background: The benefit of precision medicine based on relatively limited gene sets and often-archived samples
remains unproven. PERMED-01 (NCT02342158) was a prospective monocentric clinical trial assessing, in adults with
advanced solid cancer, the feasibility and impact of extensive molecular profiling applied to newly biopsied tumor
sample and based on targeted NGS (t-NGS) of the largest gene panel to date and whole-genome array-
comparative genomic hybridization (aCGH) with assessment of single-gene alterations and clinically relevant
genomic scores.

Methods: Eligible patients with refractory cancer had one tumor lesion accessible to biopsy. Extracted tumor DNA
was profiled by t-NGS and aCGH. We assessed alterations of 802 “candidate cancer” genes and global genomic
scores, such as homologous recombination deficiency (HRD) score and tumor mutational burden. The primary
endpoint was the number of patients with actionable genetic alterations (AGAs). Secondary endpoints herein
reported included a description of patients with AGA who received a “matched therapy” and their clinical outcome,
and a comparison of AGA identification with t-NGS and aCGH versus whole-exome sequencing (WES).
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Results: Between November 2014 and September 2019, we enrolled 550 patients heavily pretreated. An exploitable
complete molecular profile was obtained in 441/550 patients (80%). At least one AGA, defined in real time by our
molecular tumor board, was found in 393/550 patients (71%, two-sided 90%C| 68-75%). Only 94/550 patients (17%,
959%Cl 14-21) received an "AGA-matched therapy” on progression. The most frequent AGAs leading to “matched
therapy” included PIK3CA mutations, KRAS mutations/amplifications, PTEN deletions/mutations, ERBB2 amplifications/
mutations, and BRCA1/2 mutations. Such “matched therapy” improved by at least 1.3-fold the progression-free
survival on matched therapy (PFS2) compared to PFS on prior therapy (PFST) in 36% of cases, representing 6% of
the enrolled patients. Within patients with AGA treated on progression, the use of “matched therapy” was the sole
variable associated with an improved PFS2/PFST ratio. Objective responses were observed in 19% of patients
treated with “matched therapy,” and 6-month overall survival (OS) was 62% (95%Cl 52-73). In a subset of 112
metastatic breast cancers, WES did not provide benefit in term of AGA identification when compared with t-NGS/

aCGH.

Conclusions: Extensive molecular profiling of a newly biopsied tumor sample identified AGA in most of cases,
leading to delivery of a “matched therapy” in 17% of screened patients, of which 36% derived clinical benefit. WES

did not seem to improve these results.

Trial registration: ID-RCB identifier: 2014-A00966-41; ClinicalTrials.gov identifier: NCT02342158.
Keywords: aCGH, Advanced cancers, Mutation, PERMED-01 trial, Precision medicine, Sequencing, t-NGS, WES

Background

During the last decades, the development of molecularly
targeted therapies (MTT) directed against oncogenic
drivers led to major progresses in the treatment of ad-
vanced cancers. Examples include inhibitors of EGFR and
ALK in lung cancer, or ERBB2 and PIK3CA in breast can-
cer. In most of FDA-approved MTTs, which are used in
clinical routine for solid cancers and target ~ 50 oncogenic
drivers, the alteration of the target protein is diagnosed at
the DNA level (amplification, mutation, translocation,...)
and represents a relatively frequent event for the corre-
sponding cancer. High-throughput molecular profiling,
notably next-generation sequencing (NGS), improved our
knowledge of oncogenesis and revealed the complexity of
the genomic landscape of primary tumors. Today, more
than 400 oncogenic drivers exist across cancers [1], but
only a small fraction of them are targeted by the currently
approved therapies; major research efforts are ongoing to
develop MTT directed against the yet untargeted drivers.
Most cancer types, including the most frequent, display a
few drivers with relatively high frequency, but also many
drivers with very rare occurrence and shared with other
cancer types. These potentially actionable very rare alter-
ations provide opportunities for therapeutic targeting
across different cancer types. Even if the functional value
of an alteration depends on the cancer type [2], impressive
tumor responses to therapies directed against a rare alter-
ation have been reported in nearly all cancers [2-5].

Such observations were the basis for the development
of precision medicine in oncology, in which the therapy
is delivered according to the molecular alteration identi-
fied in the patient’s tumor [6]. Since one decade, the de-
velopment of MTT and the molecular segmentation of

cancers coincided with technological advances in high-
throughput molecular profiling that became consistent
with real-time clinical use, further boosting the concept
of precision medicine [7]. The first prospective trials de-
signed to assess the value of molecular profiling for tai-
loring therapy in a pathology-independent way showed
its feasibility in patients with advanced cancer [8-13].
They used conventional molecular techniques and/or
limited gene sets and/or archival samples. Because of the
logistics complexity, only some expert centers have set
up NGS-based screening trials [14—23]. Today, the clin-
ical benefit of precision medicine remains unproven
[24]. Among the many evoked arguments [25], is the fact
that cancer cells in metastases often develop new mo-
lecular alterations under the selective pressure of treat-
ment, immune system, or unfavorable environment [26,
27], suggesting that real-time profiling of the metastasis
might be preferable to that of archived tumor. Another
argument is the relatively small number of genes tested,
with a median number of 209 (range 8—426) in the pub-
lished studies [6]. Increasing this number might improve
the results.

Here, we report the results of the prospective PERM
ED-01 clinical trial (NCT02342158) that enrolled 550
patients with advanced solid cancers. The main objective
was to evaluate the feasibility and clinical impact of a
real-time extensive molecular profiling of newly biopsied
metastatic sample by using targeted NGS (t-NGS) of the
largest gene panel to date and whole-genome array-
comparative genomic hybridization (aCGH). We
assessed single-gene alterations but also global genomic
scores, such as homologous recombination score (HRD)
and tumor mutational burden (TMB), and compared the
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results with those obtained using whole-exome sequen-
cing (WES) in a subset of breast cancer samples.

Methods

Study objectives and design

PERMED-01 was a prospective unicentric clinical trial
sponsored by and conducted at the Paoli-Calmettes In-
stitute (Marseille, France) (Additional file 1). Detailed in-
formation is available in Supplementary Methods
(Additional file 2). Its primary objective was to evaluate
the number of patients with advanced cancer for whom
identification of actionable genetic alterations (AGAs) in
tumor samples using t-NGS and aCGH could lead to the
delivery of a “matched therapy.” Secondary objectives
herein reported included a description of patients with
AGA who received a “matched therapy” and their clin-
ical outcome and comparison of AGA identification with
t-NGS and aCGH versus whole-exome sequencing
(WES). Additional secondary objectives that have been
or will be reported elsewhere included the description of
molecular alterations of advanced solid cancers and their
relationship with the clinicopathological characteristics,
including progression-free survival and overall survival,
their comparison with molecular alterations of the
paired primary tumor if available, pan-genomic molecu-
lar analysis of metastatic samples with WES [27] and
transcriptome analysis, analysis of circulating tumor
DNA, analysis of circulating tumor cells (for breast and
digestive cancers), and development of preclinical
models for prediction/analysis of tumor response/resist-
ance (xenografts, short-term culture, and organoids for
breast cancer). Inclusion criteria were age > 18 vyears,
pathological diagnosis of solid cancer, locally advanced
or metastatic stage progressive during at least one line of
prior therapy and with an accessible lesion for biopsy,
Eastern Cooperative Oncology Group (ECOG) Perform-
ance Status < 2, affiliation to Social Insurance, and
signed informed patient’s consent for participation. Ex-
clusion criteria were symptomatic or progressive lepto-
meningeal or brain metastases, bone or brain metastasis
as sole metastatic site, pregnancy or breastfeeding, and
person in an emergency situation or subject to a meas-
ure of legal protection or unable to express consent. All
patients gave their informed consent for inclusion. Once
the patient had been enrolled in the trial, a tumor biopsy
or resection was planned. The study was reported ac-
cording to the CONSORT checklist.

Biopsy and genome analysis

All genomic analyses were done on de novo tumor biop-
sies or resections, and not archival samples. Only frozen
samples with at least 30% of tumor cells were retained
for analysis. Tumor DNA and germline DNA (when
available) were extracted and the genomic profiles were
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established by using aCGH and t-NGS as described [28].
Detailed information is available in Supplementary
Methods (Additional file 2). Briefly, aCGH was done
onto high-resolution 4 x 180 K CGH microarrays (Sure-
Print G3 Human CGH Microarray Kit, Agilent Tech-
nologies, Massy, France). All probes were mapped
according to the hgl9/NCBI human genome mapping
database. Analysis was limited to the 802 genes present
in at least of one NGS panel. The gene copy number
was categorized into amplification (Log,ratio > 1) or de-
letion (Logyratio < — 1). For each tumor, a HRD score
(HRD,cgy score), based on losses of heterozygosity
(LOH), was calculated from all tested aCGH genes [29]:
a score > 10 was considered as HRD-high.

Regarding t-NGS, four chronologically extended
home-made panels of genes selected for their involve-
ment in cancers were used (Additional file 3: Table S1)
covering 395, 494, 560, and 795 genes respectively, and
including from 49 to 67 cancer predisposition genes ana-
lyzed by the BROCA Cancer Risk panel (https://
testguide.labmed.uw.edu/public/view/BROCA). Tumor
samples and matched normal samples (available for 315
patients) were sequenced at respective median depths of
732x and 387x. Sequence data were aligned to the hu-
man genome (UCSC hgl9) and alignment processed as
described [30]. The tumor mutational burden (TMB)
and MSI-H status were defined in the 295 tumors with a
matched normal sample sequenced. The threshold for
TMB-high was 10 mutations/Mb [31]. Microsatellite in-
stability detection was done using the software MSIsen-
sor [32] that computes a “MSI score” and a 10% cut-off
to detect MSI-H tumors.

WES data were available for 112 pairs of metastatic
breast cancer and matched-germline DNA previously
profiled using Illumina® technology [27, 33], allowing
the comparison of AGAs, HRD score, and TMB. The
HRD score was measured from WES data (HRDygg) as
described [34], by compiling the three independent mea-
sures of genomic instability: number of LOH, number of
telomeric-allelic imbalances (TAI), and number of large-
scale state transitions (LST), scored from FACETS re-
sults. The score was the sum of TAI, LST, and LOH
scores. The profile was considered as HRD-high when
the HRDygs score was > 42 [35]. Regarding the TMB,
the comparison was done using both continuous and
binary values.

Molecular precision oncology report and molecular tumor
board

Two molecular genomists reviewed all molecular alter-
ations identified and generated a molecular report,
which was discussed during our weekly institutional mo-
lecular tumor board (MTB) to recommend and prioritize
possible matched therapy. The actionability of an
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alteration was defined by our MTB experts in real time
as the existence of a drug targeting the altered protein,
either directly or indirectly by impacting the activated
pathway. Besides the type of alterations retained accord-
ing to the type of genes (oncogenes and tumor suppres-
sor genes: see the Supplementary Methods: Additional
file 2), the biomarker/treatment association was esti-
mated by using OncoKB [36] (by considering all evi-
dence levels, from 1 to 4) and/or clinical or preclinical
data from the literature (suggesting a link with response
or resistance) and/or the existence of a clinical trial re-
quiring the alteration for enrollment. AGAs were repre-
sented by single-gene alterations, high HRD or TMB, or
MSI-H. The recommended therapy was defined as
“matched” when its prescription was based upon an
AGA identified thanks to the PERMED-01 extensive
molecular screening. Otherwise, it was defined as “non-
matched therapy.” Of note, this definition was independ-
ent from EMA approval at the time of treatment initi-
ation. Treatment assignment was at the discretion of
physician and patient. The patients initiating a systemic
treatment, “non-matched” or “matched” according to the
MTB proposal, were monitored for tumor response.
When possible cancer susceptibility was identified, the
result was explained to the patient during an oncoge-
netics consultation.

Statistical analysis

Detailed information is available in Supplementary
Methods (Additional file 2). In order to have a sufficient
number of patients with different cancers and with an
identifiable AGA, we wanted to evaluate 300 patients en-
rolled over 3 years. Previous studies [12, 13] had re-
ported a 35% technical failure rate. Thus, we planned to
include 460 patients that were enrolled on November
2017. In order to increase certain subpopulations sample
sizes, the protocol was amended and a total of 550 pa-
tients were enrolled on September 2019. Baseline patient
and disease characteristics were summarized using de-
scriptive analysis by using counts and frequencies for
categorical variables and medians (ranges) for continu-
ous variables. The primary endpoint was the number of
patients with AGAs prospectively identified in real time
in tumor samples. A retrospective post hoc analysis of
this endpoint was added using a more stringent AGA
definition based on the last OncoKB version (v2.10).
Secondary endpoints herein reported included a descrip-
tion of clinicopathological characteristics of patients with
AGA who received a “matched therapy” versus “non-
matched therapy,” including their clinical outcome, and
a comparison of AGA identification with t-NGS and
aCGH versus WES. The main efficacy endpoint was the
PFS2/PES1 ratio, defined as the ratio of progression-free
survival (PFS2) on treatment given after molecular
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testing (therapy 2) to the PFS on the immediate previous
treatment (PFS1, therapy 1) [8]. A ratio > 1.3 is consid-
ered as a non-ambiguous sign of activity for the new
treatment, relative to previously received treatments [8].
A post hoc univariate analysis (Fisher’s exact test)
searched for clinical parameters associated with ratio >
1.3 among the patients with AGA and treated with
“matched therapy” or “non-matched therapy:” three vari-
ables were included as continuous variables (patients’
age, number of metastatic sites, and number of previous
lines of chemotherapy), whereas other variables were in-
cluded as categorical variables. Such univariate analysis
and the comparison of efficacy endpoints between the
“matched therapy” and “non-matched therapy” groups
was also done using regression analyses (glm and Cox
proportional hazards models) with adjustment upon the
cancer type (breast cancer versus non-breast cancer) and
EDR correction. According to the French law, this inter-
ventional research protocol also planned to collect the
serious adverse events related to the biological sampling
procedures.

Results

Study flow and patients’ characteristics

The first patient was enrolled on November 2014. The
intermediate analysis after enrolment of the 100th pa-
tient showed an 18% technical failure rate, allowing to
continue the trial. Until September 2019, we enrolled
550 patients (Fig. 1). Their characteristics are summa-
rized in Table 1. A tumor biopsy was successful in 521
patients (95%). Reasons for failure (N = 29) included ab-
sence of accessible lesion, patient’s refusal, death, or
clinico-biological deterioration. The main sites of biopsy
were liver, lymph nodes, then lung. Seven out of 521 pa-
tients experienced grade > 2 adverse event within the
seven post-biopsy days: atrial fibrillation (grade 2; N = 1,
liver biopsy), pneumothorax (grade 3; N = 2, lung bi-
opsy), fever (grade 3; N = 2, lymph node and prostate bi-
opsies), ischemic stroke (grade 5; N = 1, patient who had
stopped anti-coagulant treatment 3 days before liver bi-
opsy), and acute decompensation of unknown meningeal
and brain metastases (grade 5; N = 1, lung biopsy).
Seven were classified as serious adverse events, requiring
hospitalization ~ or  prolongation  of  existing
hospitalization: five patients recovered after medical
treatment, but two died, including one considered as re-
lated to the procedure.

Somatic molecular alterations

An exploitable molecular profile (aCGH and t-NGS) was
obtained in 441 patients (80% out of 550). The reasons
for “molecular failure” (N = 80) included insufficient
quantity and/or quality of tumor material (N = 53), and
experimental failure (N = 27) (Fig. 1). The median time
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Patients enrolled
N=550 (100%)

Biopsy failure

N=29
No accessible lesion
»| Clinical deterioration

oN

Successful tumor biopsy
N=521 (95%)

Death before biopsy
Adverse event
Patient’s refusal
Missing

Z2ZZZZ22Z2
[T R T
A AN W=

Molecular analysis failure
> N=80

Exploitable molecular profile
N=441 (80%)

Insufficient tumor material N=53
Molecular analysis failure N=27

No actionable genetic
alteration

Actionable genetic alteration
N=393 (71%)

v N=48

No TRT2* received

TRT2* received
N=254 (46%)

N=139
Lost to follow-up N=47
No TRT2 N=92
> Pallative care N=40
Missing N=22
No progression TRT1  N=19
Death N=6
Other N=5

« Non-matched » TRT2*
N=160

« Matched » TRT2*
N=94 (17%)

Fig. 1 CONSORT diagram. *TRT2, systemic therapy delivered for disease progression after PERMED-01 enrolment

» No trial available N=60
TRT already received N=30
Missing N=31
Patient's/doctor's choice  N=21
Not enrollable N=18

from inclusion to discussion in MTB was 58 days (range,
1-645). The characteristics of patients with exploitable
profile (Table 1) were similar to those of the entire co-
hort. The five most frequent cancer types were breast (N
= 216), lung (N = 34), ovary (N = 30), prostate (N = 29),
and pancreas (N = 22) carcinomas (Additional file 4: Fig.
S1). The most frequent pathological type was carcinoma.
The advanced disease mainly corresponded to metastatic
disease (96%). The median number of different meta-
static sites was 2 (range, 0—7), and the median number
of prior chemotherapy lines for advanced disease was 3
(range, 1-12).

Among the 441 exploitable profiles [37, 38], 6336 som-
atic gene alterations were found (Additional file 4: Fig. S2
and Fig. S3), including 5056 mutations and 1280 copy
number alterations (CNAs: 678 deletions, 602 amplifica-
tions). The median number of alterations per patient was
12 (range, 0-108). The 10 most frequently altered genes
were TP53 (52%), PIK3CA (20%), NEB (16%), USH2A

(16%), KRAS (14%), CSMD3 (13%), LRP1B (13%), ESRI
(11%), DMD (11%), and ATM (10%). A high HRD,cGis
score was observed in 182 patients (Additional file 4: Fig.
S4a). Pancreas, ovary, colorectal, breast, and prostate car-
cinomas had the highest percentage of high score. A posi-
tive correlation existed between the HRD gy score and
the presence/absence of mono- and bi-allelic pathogenic
alterations of genes involved in homologous recombin-
ation, such as BRCA1/2 (p = 3.40E-10, Kruskal-Wallis test;
Additional file 4: Fig. S4b). High TMB was observed in 22
out of 293 informative patients (Additional file 4: Fig. S4c)
and was higher in lung cancer than in breast, ovary, pros-
tate, and pancreatic carcinomas (p = 2.15E-03, Kruskal-
Wallis test). Four out of 287 informative patients displayed
MSI-H status, including three with high TMB.

Actionable somatic molecular alterations
Through the 441 exploitable samples, 952 AGAs were
identified in real time by our MTB, and 393 patients
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Groups [11 [2] [3] (4] [5]
Characteristics Enrolled Exploitable With AGA With AGA and With AGA and p value®
molecular profile “matched therapy” “non-matched therapy”
N =550 (100%) N = 441 (80%) N =393 (71%) N =94 (17%) N = 160 (29%)
Age, years 147E-04
Median (range) 59 (20-84) 59 (20-84) 59 (21-83) 62 (26-83) 56 (22-81)
Sex 0.749
Male 135 (25%) 107 (24%) 92 (23%) 21 (22%) 32 (20%)
Female 415 (75%) 334 (76%) 301 (77%) 73 (78%) 128 (80%)
ECOG performance status 0.720
0 181 (39%) 148 (39%) 127 (37%) 31 (37%) 55 (42%)
1 235 (50%) 199 (52%) 179 (52%) 43 (51%) 60 (46%)
2 52 (11%) 37 (10%) 35 (10%) 10 (12%) 15 (12%)
Missing 82 57 52 10 30
Cancer type 4.74E-02
Breast 268 (49%) 216 (49%) 197 (50%) 42 (45%) 93 (58%)
Lung 43 (8%) 34 (8%) 29 (7%) 6 (6%) 12 (8%)
Prostate 39 (7%) 29 (7%) 25 (6%) 10 (11%) 4 (2%)
Ovary 33 (6%) 30 (7%) 23 (6%) 8 (9%) 10 (6%)
Pancreas 29 (5%) 22 (5%) 22 (6%) 5 (5%) 2 (1%)
Colorectal 22 (4%) 21 (5%) 19 (5%) 3 (3%) 10 (6%)
Sarcoma 18 (3%) 15 (3%) 13 (3%) 3 (3%) 4 (2%)
Endometrial 17 (3%) 13 (3%) 12 (3%) 5 (5%) 1 (1%)
Uterine cervix 14 (3%) 10 (2%) 10 (3%) 2 (2%) 4 (2%)
Liver-biliary tractus 13 (2%) 10 (2%) 10 (3%) 3 (3%) 5 (3%)
Bladder-ureter 12 2%) 10 (2%) 7 (2%) 2 (2%) 2 (1%)
Kidney 9 (2%) 6 (1%) 3 (1%) 0 (0%) 3 (2%)
CUP 7 (1%) 5 (1%) 5 (1%) 1(1%) 3 (2%)
Other 26 (5%) 20 (5%) 18 (5%) 4 (4%) 7 (4%)
Site of the biopsy 0.078
Liver 213 (41%) 188 (43%) 171 (44%) 34 (37%) 69 (43%)
Lymph node 86 (17%) 67 (16%) 57 (15%) 18 (19%) 22 (14%)
Lung 61 (13%) 50 (11%) 44 (11%) 9 (10%) 22 (14%)
Breast 25 (5%) 23 (5%) 19 (5%) 4 (4%) 6 (4%)
Peritoneum 23 (4%) 21 (5%) 18 (5%) 2 (2%) 10 (6%)
Skin 22 (4%) 19 (4%) 18 (5%) 3 (3%) 10 (6%)
Prostate 10 (2%) 6 (1%) 5 (1%) 3 (3%) 1 (1%)
Pancreas 6 (1%) 4 (1%) 4 (1%) 2 2%) 0 (0%)
Pleura 6 (1%) 3 (1%) 3 (1%) 0 (0%) 3 (2%)
Colorectal 2 (0%) 2 (0%) 2 (1%) 1 (1%) 1 (1%)
Other 60 (12%) 56 (13%) 50 (13%) 17 (18%) 16 (10%)
Missing 36 2 2 1 0
Pathological type 0.788
Carcinoma 522 (94%) 418 (95%) 374 (95%) 91 (97%) 151 (94%)
Sarcoma 18 (3%) 15 (3%) 13 (3%) 3 (3%) 4 (2%)
Germ cell tumor 3 (1%) 3 (1%) 2 (1%) 0 (0%) 2 (1%)
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Table 1 Patients’ characteristics at inclusion (Continued)

Groups [11 [2] [3] (4] [5]

Characteristics Enrolled Exploitable With AGA With AGA and With AGA and p value®

molecular profile

N =550 (100%) N =441 (80%)

N =393 (71%)

“matched therapy”
N =94 (17%)

“non-matched therapy”
N =160 (29%)

Melanoma 3 (1%) 3 (1%) 3 (1%) 0 (0%) 2 (1%)
Other 4 (19%) 2 (0%) 1 (0%) 0 (0%) 1 (1%)
Extension stage 0.506
Metastatic 520 (96%) 422 (96%) 376 (96%) 88 (95%) 154 (97%)
Locally advanced 24 (4%) 17 (4%) 15 (4%) 5 (5%) 5 (3%)
Missing 6 2 2 1 1
Number of metastatic sites 0932
Median 2 2 2 2 2
Range 0to7 0Oto7 0to7 0to7 0Oto7
Number of previous lines of chemotherapy for advanced disease 0.075
Median 3 3 3 3 2
Range 1to 12 11012 1t012 1t0 12 11012
Missing 78 57 53 6 29

#Comparison between groups [4, 5]: Mann-Whitney test for continuous variables, Fisher's exact test for categorical variables

(71% (two-sided 90%CI 68-75) of 550 enrolled patients)
displayed at least one AGA. Their characteristics are
summarized in Table 1. The median number of AGAs
per patient was 2 (range, 0-8). AGAs included 744
single-gene alterations comprising 477 mutations and
267 CNAs and concerning 95 genes, and 208 global gen-
omic scores, mainly represented by high HRD (N = 182),
then high TMB (N = 22). Figure 2 shows the top 35
AGAS. High HRD was by far the most frequent (41% of
patients), followed by alterations of PIK3CA (20%),
KRAS (15%), CDKN2A (12%), PTEN (10%), ESR1 (9%),
RB1, ERBB2, and CCNDI (7%), and NFI (6%). High
TMB was observed in 5% of samples. Although frequent,
a high HRD score alone accounted for only 4% of pa-
tients: exclusion of this score let 67% of patients with at
least one AGA. Among the top 35 AGAS, there was an
overrepresentation of genes involved in the PIK3/AKT/
MTOR pathway, DNA repair, and cell cycle.

Patients treated with “matched therapy”
Within the 393 patients with AGA, 254 received a sys-
temic therapy for progression after inclusion, including
94 patients who received a “matched therapy” (Fig. 1).
These 94 patients represented 17% (95%CI 14-21) of
the 550 enrolled patients (Table 1 and Additional file 3:
Table S2). They had received a median of 3 (range, 1-
12) prior lines of chemotherapy for advanced disease.
The corresponding AGAs were identified using NGS (N
= 61), aCGH (N = 28), and both aCGH and NGS (N =
5), and concerned 28 genes and one genomic score. The
most frequent AGAs included PIK3CA mutations (N =
27), KRAS mutations/amplifications (N = 10), PTEN

deletions/mutations (N = 8), ERBB2 amplifications/mu-
tations (N = 6), BRCA2 mutations (N = 6), and high
HRD score (N = 5) (Fig. 3a). The “matched therapies”
are summarized in Table 2 and detailed in Table S2
(Additional file 3). The most frequent ones were PIK3/
AKT/MTOR inhibitors. Eighty-four patients were
treated with MTT (single-agent in 71, combination in
13), 10 were treated with platinum-based chemotherapy
(single-agent in 8, combination in 2), and one with PD1-
inhibitor (in combination with MTT). Seventy-eight per-
cent of patients were treated within phase I/1II trials.

The main reasons for giving “non-matched therapy”
after biopsy to the other 160 patients with an AGA were
as follows: no trial available, therapy already received
during the previous lines, and patients’ or physicians’
choice (Fig. 1). The remaining 139 patients with AGA
did not receive any therapy after the biopsy for the fol-
lowing reasons (Fig. 1): lost to follow-up (N = 47), and
no further therapy for different causes (N = 92), includ-
ing mainly palliative care or death.

Clinical efficacy of “matched therapy”

Among the 94 patients with “matched therapy” (Add-
itional file 3: Table S2), the median PFS2/PFS1 ratio was
0.91 (range, 0.0-14.9), and 32 out of 89 informative pa-
tients (36%, 95%CI 26—47) had a ratio > 1.3 (Table 3,
Fig. 4a). None of the tested parameters was significantly
associated with a ratio > 1.3 (Additional file 3: Table S3).
The PFS2/PFS1 ratio was associated with OS, with a
hazard ratio (HR) for death equal to 0.51 (95%CI, 0.30—
0.87) in case of ratio > versus < 1.3 (p = 1.31E-02, Wald
test). The median PFS2 was 2.9 months (95%CI 2.7-3.2)
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-1.1%

and the 6-month PFS2 was 28% (95%CI 20-39) (Fig. 4b).
The response rates (Table 2, Fig. 3b) were 2% for
complete responses (CR: olaparib for BRCA2 mutation
and high HRD score in prostate cancer, and capivasertib
for PIK3CA mutation in breast cancer), 17% for partial
responses (PR), 16% for stable disease (SD), and 65% for
progressive disease (PD). The objective response rate
was 19% (95%CI 12-29) and disease control (DC) rate
(CR + PR + SD) was 35% (95%CI 25-46). The 6-month
PFS2 was 79% (95%CI 66—95) in patients with DC versus
2% (95%CI 0-12) in patients without (p = 5.11E-15),

with a HR for PFS event equal to 8.6 (95%CI 4.8—15.2)
between the two groups. The median OS was 8.1 months
(95%CI 6.2-12.2) and the 6-month OS was 62% (95%CI
52-73).

We compared these endpoints to those of the 160 pa-
tients with AGA treated with “non-matched therapy.”
Clinical characteristics were similar between both
groups, except age (younger in the “non-matched ther-
apy” group, p = 1.47E-04) and cancer type (more breast
and colorectal cancers in the “non-matched therapy”
group and less prostate, pancreas, and endometrial
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Table 2 AGA-"matched therapies” delivered to the 94 patients, clinical outcome, and AGAs

Drugs ‘Tumor responses

Actionable genetic alterations.

PI3K-AKT-MTOR inhibitor (N=42)

MTOR inhibitor (everolimus: N=29; everolimus+exemestane: N=2)
PIK3CA inhibitor (alpelisib/fulvestrant: N=9)
AKT inhibitor (BAY-1125976, AZD-5363; N=2)

AKT1 Amplif/mutation - ARIDIA mutation - PIK3CA mutation -
PIK3R1 deletion/mutation - PTEN deletion - STK11 mutation -
75C2 mutation

Antiangiogenic multi-tyrosine kinase inhibitor (N=15)
Sorafenib (N=13)

Pazopanib (N=2)

'BRAF mutation - KRAS amplif/mutation - POGFRB mutation -
RAF1 mutation - KIT mutation -VEGFA amplif

Tyrosine kinase inhibitor (N=13)

ALK mutation - EGFR mutation/amplif - ERBB2 amplif/mutation -
FGFR3 mutation - MET mutation

HER2/ERBB inhibitor (trastuzumab: N=1; lapatinib: N=4; trastu.+apa.: N=1)
EGFR inhibitor (cetuximab, erlotinib, gefitinib; N=3)
ALK/MET inhibitor (crizotinib: N=3) I

FGFR inhibitor (BG-398; N=1) P S0 213 NA
PARP inhibitor (N=11) BAP1 mutationy/loss - BRCA1 mutation - BRCAZ mutation -
CDK12 mutation - HRD high - RADS18 deletion -

Olaparib (N=11) RADS1C mutation - RADS1D mutation/loss

Platinum-based chemotherapy (N=10)
BRCA mutation - BRCAZ mutation/deletion - HRD high -
Carbo/cispl. N=g)
arbo/cisplatinum (N=8) PALB2 mutation - RADS18 deletion

Carboplatin-gemcitabine (N=2)

NOTCH inhibitor (N=2)
NOTCHI mutation - NOTCH3 mutation

1Y-3039478 (N=2)

Other (N=1)
BRCAZ deletion
Olaparib-pembrolizumab (N=1)
s 1 s = 0

PD, progressive disease; SD, stable disease; PR, partial response; CR, complete response; NE, not assessable
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Table 3 Efficacy parameters in the two groups of patients with AGA treated with “matched therapy” versus “non-matched therapy”

Matched therapy Non-matched therapy p
N =94 N =160 values®
N % @ N %
PFS2/PFS1
Median (range) 091 (0-14.9) 0.67 (0-25.3)
N with ratio = 1.3 (95%Cl) 32 36% (26-47) 26 20% (14-29) 0.013
Missing 5 33
PFS2
Median, months (95%Cl) 29 (2.7-32) 28 (2.2-3.2)
Missing 1 25
6-month PFS2 (95%Cl) 28% (20-39) 16% (11-24) 0.099
Clinical response
Complete response 2 2% 2 1% 0.249
Partial response 15 17% 33 24%
Stable disease 14 16% 12 9%
Progressive disease (PD) 58 65% 93 66%
Disease control (DC) (95%Cl) 31 35% (25-46) 47 34% (26-42) 0.887
NA 5 20
PFS2 if DC
Median, months (95%Cl) 85 (6.9-19.8) 57 (54-723)
6-month PFS2 (95%Cl) 79% (66-95) 41% (29-58) 1.86E-03
Missing 0 3
PFs2 if PD
Median, months (95%Cl) 1.9 (1.6-2.8) 1.9 (1.6-2.1)
6-month PFS2 (95%Cl) 2% (0-12) 1% (0-8) 0.824
Missing 0 7
oS
Median, months (95%Cl) 8.1 (6.2-12.2) 89 (6.5-11.1)
6-month OS (95%Cl) 62% (52-73) 59% (51-68) 0.791
Missing 3 11

29 of informative cases; NA not assessable; PFisher's exact test for categorical variables, log-rank test for 6-month survivals

cancers, p = 4.74E-02) (Table 1). In the “non-matched
therapy” group, the median PFS2/PFS1 ratio (0.67;
range, 0—25.3) and the percentage of patients with ratio
> 1.3 (20% [95%CI 14-29]) were significantly inferior to
those observed in the “matched therapy” group (p =
1.30E-02, Fisher exact test; Table 3, Fig. 4a). The me-
dian PFS2 was 2.8 months (95%CI 2.2-3.2) and the 6-
month estimated PFS2 was 16% (95%CI 11-24)
(Fig. 4b), similar to the “matched therapy” group, as
was the DC rate (34% [95%CI 26-42], p = 0.887, Fisher
exact test). In patients with DC, the 41% (95%CI 29—
58) 6-month PFS2 was significantly inferior to that ob-
served in the “matched therapy” group (p = 1.86E-03,
log-rank test; Table 3), and the HR for PES event be-
tween “non-matched therapy” patients with versus

without DC (6.2 [95%CI 4.0-9.5]) tended to be inferior
to that observed in the “matched therapy” group. These
significant differences between the “matched therapy”
and “non-matched therapy” groups remained significant
in regression analyses after adjustment upon the cancer
type (breast cancer versus non-breast cancer) and after
FDR correction (Additional file 3: Table S4). The 6-
month OS did not differ from that of the “matched
therapy” group.

Finally, in a post hoc analysis, we searched for vari-
ables predictive for PFS2/PFS1 ratio > 1.3 in the pooled
population of patients with AGA treated with “matched
therapy” or “non-matched therapy” (Table 4). Only the
use of “matched therapy” was significantly associated
with an improved ratio (p = 1.30E-02, Fisher’s exact
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test). In regression analysis, “matched therapy” remained
significant after adjustment upon the cancer type with-
out and with FDR correction (p = 9.83E-03 and g =
8.85E-02, glm) (Additional file 3: Table S5).

AGA identification with WES versus t-NGS/aCGH

For 112 patients with breast cancer, we could compare
the results of AGA identification between WES and t-
NGS/aCGH. In 10 patients, no AGA was retained with
both approaches. Among the 102 remaining patients, t-
NGS/aCGH identified 284 AGAs, including 226 single-
gene alterations (137 mutations, 89 CNAs; 62 genes),
and 58 genomic scores (50 high HRD, 7 high TMB, 1
MSI-H), whereas WES identified 225 AGAs, including
186 single-gene alterations (121 mutations, 65 CNAs; 52

genes), and 39 genomic scores (35 high HRD, 4 high
TMB).

Within the 802 genes tested, 98% (183 out of 186) of
single-gene AGAs identified using WES were also found
using t-NGS/aCGH (Fig. 5a), including all CNAs and all
but three mutations (2 PTEN frameshift, 1 BRCA2
frameshift mutations). By contrast, 43 single-gene alter-
ations (24 CNAs, 19 mutations) identified using t-NGS/
aCGH were not identified using WES. The global con-
cordance was high (94%) with Kappa coefficient x equal
to 0.85. The McNemar y* test was significant (p = 8.91E
-09), meaning a significant effect of the sequencing type
on AGA detection, with higher sensitivity for t-NGS/
aCGH (98%) than WES (81%), and lesser specificity
(93% versus 99%).
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Characteristics PFS2/PFS1 p values®
N <1.3 (N=158) > 1.3 (N =58)
Age at inclusion, years
Median (range) 216 57 (30-83) 61 (22-79) 0426
Sex 0.583
Male 47 36 (23%) 11 (19%)
Female 169 122 (77%) 47 (81%)
ECOG performance status at inclusion 0.179
0 72 49 (36%) 23 (48%)
1 88 66 (49%) 22 (46%)
2 23 20 (15%) 3 (6%)
Missing 33
Cancer type 0.869
Breast m 80 (51%) 31 (53%)
Lung 16 12 (8%) 4 (7%)
Prostate 14 8 (5%) 6 (10%)
Ovary 16 10 (6%) 6 (10%)
Pancreas 4 3 (2%) 1 (2%)
Colorectal 11 10 (6%) 1 (2%)
Sarcoma 6 5 (3%) 1 (2%)
Endometrial 5 3 (2%) 2 (3%)
Uterine cervix 6 4 (3%) 2 3%)
Liver-biliary tractus 6 5 (3%) 1 (2%)
Bladder-ureter 4 4 (3%) 0 (0%)
Kidney 3 3 (2%) 0 (0%)
CUP 4 3 (2%) 1 (2%)
Other 10 8 (5%) 2 (3%)
Pathological type 1.000
Carcinoma 206 149 (94%) 57 (98%)
Sarcoma 6 5 (3%) 1 (2%)
Melanoma 2 2 (1%) 0 (0%)
Germinal tumor 2 2 (1%) 0 (0%)
Extension stage at inclusion 0450
Metastatic 205 149 (95%) 56 (98%)
Locally advanced 9 8 (5%) 1 (2%)
Missing 2
Number of metastatic sites
Median (range) 216 2 (0-6) 2 (0-7) 0.568
Number of previous lines of chemotherapy for advanced disease
Median (range) 185 3(1-12) 3(1-12) 0.671
Missing 31
Type of therapy 1.30E-02
Matched 89 57 (36%) 32 (55%)
Non-matched 127 101 (64%) 26 (45%)

#Mann-Whitney test for continuous variables, Fisher's exact test for categorical variables
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There was a strong correlation between t-NGS and
WES for TMB (Fig. 5b), as continuous value (R = 0.83; p
= 2.95E-30) and as binary value with strong concord-
ance (Kappa coefficient x = 0.71); the type of test did
not impact the TMB status (p = 0.248, McNemar x>
test). Similar observation was done for the HRD scores
defined by aCGH (LOH-based HRD,cgn) versus WES
(HRD+ygs) (Kappa coefficient k = 0.41; p = 0.723, McNe-
mar y” test; Fig. 5¢).

Finally, 95% of patients displayed at least one AGA
concordant with both approaches, including 16 out of
19 patients (84%) treated with matched therapy. Among
the three discordant treated patients who would have
not displayed AGA by WES analysis (EGFR amplifica-
tion, high HRD, PTEN deletion), two had benefited from
“matched therapy” (cetuximab and everolimus) with im-
proved PFS2/PFS1 ratio.

Germline molecular alterations

Germline DNA sequencing was available for 295 pa-
tients. Analysis was limited to the 63 cancer predispos-
ition genes of the BROCA Cancer Risk panel. We
identified 2006 germline variants (GVs), 42 of which
were pathogenic or likely pathogenic (PGVs) [39]. PGVs

were identified in 39 patients (13%, 95%CI 9.6—17.6) and
targeted 15 genes (Fig. 6, and Additional file 3: Table
S6). They corresponded to 15 nonsense mutations, 14
deleterious missense mutations, 9 frameshift mutations,
and 4 deleterious splice site mutations. The 15 genes
corresponded to either predisposition genes concordant
with the patient’s pathology (high-risk genes (e.g.
BRCA1, BRCA2, PALB2), or medium/low-risk genes
with no specific management recommendation in France
(ATM, CHEK2, RECQL)), or genes predisposing for
pathologies different from the patient’s pathology (inci-
dental discoveries: CDKN2A, FH, MITF, MUTYH) [37].
More than 85% of the PGVs were observed in genes re-
lated to DNA repair, of which the three most frequent
were BRCA2 (22%), MUTYH (19.5%), and BRCAI
(12.2%). Twelve out of 39 (31%) patients with PGV dis-
played a somatic alteration (loss, LOH) in the tumor
DNA.

The results were explained to the patient by an onco-
geneticist to offer adapted follow-up. Based on their per-
sonal and/or familial history (Additional file 3: Table
S6), 24 patients (7% of 295 tested patients; 62% of 39 pa-
tients with PGVs) had been referred to oncogenetics
consultation before inclusion in PERMED-01, leading to
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the prior identification of loss-of-function PGVs in
BRCA1 (N = 5) and BRCA2 (N = 9) in 14 patients. The
mutated genes identified in the ten other patients (ATM,
CDKN2A, CHEK2, FH, MUTYH, RADSID, and RECQL)
had not been previously analyzed due to the absence of
recommendation for sequencing at the time of oncoge-
netics consultation (RADS5ID) and/or for clinical man-
agement in breast and/or ovarian cancer predisposition
(other genes). An oncogenetics consultation was recom-
mended for 19 patients (first consultation in 10, and sec-
ond in 9) with PGVs after PERMED-01 sequencing (6%
of tested patients; 49% of patients with PGVs), including
11 after identification of incidental PGVs in genes with
clinical management recommendations in another path-
ology (8 monoallelic PGVs in MUTYH, 2 in PMS2, and
1 in FH) and 5 after identification of PGVs in genes re-
lated to the pathology (one patient with PGV in BRCAI,
PALB2, RAD51C, RAD51D, and TP53). Only five consul-
tations could be carried out (26.3%), because of the pa-
tient’s death in more than 50% of the cases.

Discussion

We prospectively enrolled 550 patients with advanced
solid cancers in PERMED-01: based on our AGA defin-
ition, 71% displayed at least one AGA in the newly biop-
sied tumor sample, and 17% received a “matched
therapy” on progression, which provided a PFS2/PFS1
ratio > 1.3 in 36% of cases, representing 6% of enrolled
patients. For comparison, 20% of patients with AGA and
“non-matched therapy” displayed a ratio > 1.3. Within
all patients with AGA treated on progression, the use of

“matched therapy” was the sole variable associated with
an improved ratio.

Comparatively to other precision medicine trials, we
included two design modifications susceptible to im-
prove the results. First, given the known evolution of
tumor genome with time, we used only new biopsies
done inside the trial, rather than archival samples. Eighty
percent of enrolled patients displayed an exploitable mo-
lecular profile within a median time of ~ 2 months after
enrolment, confirming the feasibility. Most of genomics
failures came from insufficient quantity and/or quality of
biopsied material. The safety of biopsy was reported.
Among the two deaths occurring within the post-biopsy
week, one was related to biopsy (ischemic stroke due to
erroneous handling of anti-coagulant drugs by the pa-
tient). Second, we increased the number of genes tested
and analyzed not only single-gene alterations, but also
clinically relevant genomic scores.

An AGA was identified in 71% (two-sided 90%CI 68—
75%) of enrolled patients. Based on our literature review,
this percentage may appear higher than previous studies,
which reported a median of 42% (95%CI 40-63) [9, 10,
14-18, 40, 41]. With the 300-sample size initially
chosen, there was a power exceeding 95% to demon-
strate that this rate was superior to one of the highest
reported in the literature, e.g., 60%, if assuming a type I
error of 5%, expecting a 10% benefit, e.g., a desirable
AGA identification rate of 70%, and using an exact
right-sided binomial test. This test turned out to be
highly significant in our study (p < 0.001). However, we
acknowledge that every inter-study comparison is



Bertucci et al. Genome Medicine (2021) 13:87

difficult because of many divergences, including not only
different cancer types enrolled, different gene panels and
profiling techniques, but also different AGA definitions,
.... For example, the higher number of “candidate genes”
tested—> 494 in 94% of our exploitable profiles versus a
median of 209 genes (range, 8 to 426) in the published
studies [6]—might be an explanation for higher AGA
percentage, although this remains to be proven as dis-
cussed below. One major explanation likely lies on our
AGA definition, less stringent than those used through
literature. Our MTB experts had defined the “actionabil-
ity” in real time by using all OncoKB evidence levels
(from 1 to 4) and/or clinical/preclinical studies support-
ing a biomarker treatment association in terms of re-
sponse and/or resistance. Furthermore, we considered
not only the single-gene alterations, but also the gen-
omic scores (HRD-high, high TMB, and MSI-H status)
not included in the previous studies. This AGA defin-
ition is a critical issue of precision medicine that calls
for caution in inter-study comparison. Several definitions
are present through the literature explaining in part the
variable reported percentages of patients with AGA. Re-
cently, the ESMO Precision Medicine Working Group
recommended “that genomic reports include the ranking
of the genomic alterations either by ESCAT or OncoKB”
[42]. A retrospective post hoc analysis of our data using
a more stringent AGA definition based on the last
OncoKB version (v2.10) identified 53% of patients with
Level 1-4 AGAs and 38% with Levels 1-3. This percent-
age is close to the 42% median found in literature and
similar to the 37% reported in the large MSKCC study
that considered Levels 1-3 [41]. Thus, depending on the
definition, our percentage of patients with AGA de-
creased from 71 to 67% after exclusion of HRD scores,
to 53% by considering only OncoKB Levels 1-4 and 38%
for Levels 1-3. Thus, our AGA definition likely counts
for much of the high 71% percentage of patients we
found, making every inter-study comparison difficult.
However, an additional explanation for this percentage
may be the profiling of metastatic samples (versus pri-
mary tumors) and the prominence of breast cancers
(versus non-breast cancers), two factors reported as asso-
ciated with a higher number of molecular alterations
that correlated with a higher number of AGAs [21].

A high HRD score was observed in 41% of patients, a
level compatible with the rates observed in a series of
5203 solid primary cancers [34] (35% when applied to
the whole series, and 43% when applied to breast, lung,
ovary, prostate, and colorectal cancers, the five cancer
types prominent in our series; Additional file 3: Table
S7), and the known higher frequency of HRD in metas-
tases than in primary tumors [28, 43, 44]. Thus, one bias
in enrollment (prominence of certain cancer types) and
one selection criterion (metastatic samples) of our study
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might explain such enrichment for HRD-positive tu-
mors. High HRD score was associated with pathogenic
alterations of genes involved in homologous recombin-
ation, but no DNA alteration was found in several cases,
suggesting alternative mechanisms for HRD not detect-
able using sequencing alone and usefulness of HRD
score.

Despite this 71% rate, only 17% of enrolled patients
(23% of patients with AGAs) received a “matched ther-
apy” for disease progression, in agreement with the 8—
27% (median 15.5%) rates reported in other trials based
on aCGH and/or t-NGS [9, 10, 14-18, 21, 40, 45].
Ninety-five percent of AGAs leading to “matched ther-
apy” were single-gene alterations (65% were represented
by six genes: PIK3CA, KRAS, PTEN, ERBB2, and
BRCA1/2), whereas 5% were high HRD score. This rela-
tively low rate of patients treated with “matched therapy”
has several explanations more or less interrelated: diffi-
culty of drug access within and outside clinical trials,
end-stage patients not enrollable in clinical trials, and
lack of clinical evidence sufficiently convincing for the
physician. Nevertheless, the 160 patients with AGA who
received a “non-matched therapy” served as an interest-
ing control group, which could minimize any group
biases.

Today, the clinical benefit of “genomics-matched ther-
apy” remains not proven [6]. The first precision medi-
cine trial was reported in 2010 [8]. The expression of 61
target genes/proteins was measured in tumors from 86
patients with refractory metastatic cancer: 66 patients re-
ceived a matched therapy, of which 27% displayed a
PFS2/PFS1 ratio > 1.3. The subsequent retrospective or
prospective studies reported conflicting results [9, 10,
14-18, 21, 23, 40, 41, 44]. The only randomized study
published to date [45] failed to show improvement in
PFS between the precision medicine versus standard-of-
care arms. Several reasons were evoked including the
limited number and old-generation character of 11 avail-
able targeted therapies and the heavily pretreated nature
of patients. In contrast to this negative study, several
non-randomized studies suggested a benefit. Like these
latter studies, PERMED-01 was a non-randomized trial,
not designed to compare the clinical efficacy of
“matched therapy” versus that of “non-matched therapy”.
Thus, the results require cautious interpretation, but in-
teresting observations could be done.

A key finding was that 36% of patients who received a
“matched therapy” displayed better outcome than with
their previous therapy (PFS2/PFS1 ratio > 1.3), versus
20% of patients with AGA treated with “non-matched
therapy.” This percentage of patients treated with
“matched therapy” and displaying a ratio > 1.3 was 33%
in MOSCATO [15], and 28% in the Institut Bergonié’s
study [14]. These percentages in patients treated with
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“matched therapy” and “non-matched therapy” were 25%
and 26% respectively in EXOMA study [16], but 45.3%
and 19.3% in PREDICT ([21]. The identification of fac-
tors predictive for ratio = 1.3 might help identify the
candidates to “matched therapy.” In our series, and as
reported [15, 16], no tested variable, including the drug
class and the evidence level of AGA, was associated with
benefit, but the number of samples was small, and such
post hoc analysis should be considered only as hypoth-
esis generating. Although this ratio was associated with
OS, OS was not different between our two groups of pa-
tients with AGA. Higher response rates, PFS, and/or OS
in the “matched” versus “non-matched” groups have
been reported in non-randomized trials enrolling pa-
tients with multiple cancer types [9, 10, 18, 21, 23] or
with specific cancers such as pancreas [19, 46], lung [12,
47, 48], gastric [49] carcinomas, and in meta-analyses of
phase I-II trials [50, 51]. In our series, the rates of clin-
ical responses and DC in these patients with refractory
disease were interesting (19% and 35% in the “matched
therapy” group), but not different from those observed
in the “non-matched therapy” group. However, the dur-
ation of DC (SD + PR + CR) was longer in the “matched
therapy” group, confirming the IMPACT study [10, 18],
in which the difference in median PFS and OS between
responders and non-responders was more pronounced
in the “matched” group than the “non-matched” group.
Within all patients with AGA treated on progression,
the use of “matched therapy” was the sole variable asso-
ciated with an improved ratio. Interestingly, all these sig-
nificant efficacy differences in favor of the “matched
therapy” group persisted after adjustment upon the can-
cer type (breast cancer versus non-breast cancer) and
after FDR correction. Of course, only randomized trials,
such as ongoing SAFIR02 (NCT02117167) or IMPACT2
(NCT02152254), will be able to demonstrate the actual
benefit of precision medicine.

Our results suggest a few roads for improvement in
front of the hurdles encountered in precision medi-
cine [6]. One of the proposed solutions is to increase
the number of identified AGAs. In this context, our
comparison on 112 metastatic breast cancers suggests
that WES does not provide benefit when compared
with t-NGS/aCGH applied to a ~ 500-gene panel.
Lesser sensitivity in term of single-gene AGAs was
observed with WES, likely because of lower sequen-
cing depth, and 16% of patients effectively treated
with “matched therapy” would have not been treated
using WES data. Interestingly, we showed the type of
test (WES versus t-NGS/aCGH) did not impact the
TMB and HRD statutes, suggesting the reliability of
t-NGS/aCGH for assessing these relevant markers. To
our knowledge, such comparison on the same samples
has never been reported in the literature. Conversely,
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we retrospectively compared our results in term of
AGA identification and delivered “matched therapy”
with those we would have obtained using smaller
gene panels such as the two US FDA-authorized
panels: FoundationOne CDx (coding regions of 309
genes) and MSK-IMPACT (coding regions of 467
genes). Out of the 95 genes concerned by the AGAs
we identified, only 12 (13%) are not included in the
FoundationOne CDx panel and only 8 (8%) are not
included in the MSK-IMPACT panel. In both cases,
none of these genes had led to delivery of “matched
therapy” in our patients (Additional file 3: Table S8),
and the number of patients with AGAs identified with
these two commercial panels would have been 392
versus 393 with our panel. The HRD score cannot be
estimated using the two commercial gene panels, but
it was used to deliver “matched therapy” in only five
of our 94 treated patients and with clinical benefit in
one patient (disease stability and PFS2/PFS1 ratio =
1.91). Thus, our clinical results in the present series
would have been very similar using one of the two
smaller FDA-authorized panels. Further comparisons
are required in the future, integrating not only the
single-gene alterations, but also genomic scores such
as HRD, TMB, and MSI. This issue regarding the op-
timal gene panel size is being addressed prospectively
in randomized clinical trials, such as ProfiLER-02 that
compares a Foundation One Medicine panel (324
genes) and a limited CONTROL panel (87 genes)
(NCT03163732). The assessment of highly actionable
fusion genes should also be considered. That was not
possible with our gene panel. However, fusion genes
became more prominent in recent years in epithelial
cancers [52] and their potential in precision medicine
is well suggested by recent studies. For example, in
the MSK-IMPACT initiative [41], 35% of all gene fu-
sions (268 fusions) involved kinase genes and encom-
passed all or part of the kinase domain, and many
known recurrent fusions were found in previously un-
reported cancer types.

Other roads for improvement concern the relevance
of AGAs. Clearly, use of genomic scores such as the
frequent HRD status we report, and use of more so-
phisticated algorithms to better define the functional-
ity and relevance of alteration(s) are required but
deserve further ameliorations. Other suggested solu-
tions include the use of a matching score [40], com-
bination of t-NGS with RNA-seq [53], or timely
recommendations for individualized treatment with
combination therapies [54], notably in patients with
multiple AGAs. Of course, such improvements will
increase the confidence in precision medicine from
patients and physicians and will thus favor inclusion
in clinical trials. Other ways to improve the efficacy
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of precision medicine concern the patients and access
to drugs and clinical trials. In our study and other
published studies, most reasons for no further therapy
or no inclusion in clinical trials of patients with AGA
were related to patients’ deterioration. These studies
included end-staged metastatic patients previously
heavily pretreated—sometimes with targeted therapies
before inclusion, often showing non-inclusion criteria
for clinical trials, and displaying rapid disease progres-
sion sometimes non compatible with the median 2-
month time we observed for discussing the molecular
results. Such a relative long time is in agreement with
that reported in several French precision medicine
studies: 40days in MOSCATO [15], 60 in EXOMA
study [16], 63 in the Institut Bergonié’s study [14],
and 86 in ProfiLER [17]. Clearly, it remains a limita-
tion that requires improvements in the future. Fur-
thermore, inclusion of patients with various tumor
types and pathological types introduce an important
source of variability into the analysis that may bias
the results, notably because the predictive impact of a
molecular alteration depends on the cancer type. In
this context, the imbalance of our series regarding the
tumor types in favor of breast cancer might make our
results not as easily generalizable to all solid cancer
types. However, we observed similar efficacy results
when analysis was adjusted upon the cancer type
(breast cancer versus non-breast cancer type). Thus,
inclusion of patients earlier in the disease course
(lesser risk of clinical deterioration and less complex
genomic profile) and with unique cancer type is being
tested in trials such as SAFIR02-breast and SAFIR02-lung
(NCT02117167, NCT02299999) or MULTISARC
(NCT03784014). In parallel, improving the number of and
accessibility to clinical trials of matched therapies, alone
and in combination, with less restrictive patients’ eligibility
criteria [55] and wider selection of participating centers
will be crucial since it seems that the highest efficacy of
precision medicine is observed in patients treated in large
academic centers with broad phase I/II trials portfolio [9,
10, 15, 18, 21, 40].

Finally, we found that 13% of patients tested by germ-
line DNA sequencing displayed PGVs and that more
than 85% of concerned genes were involved in DNA re-
pair. This is in agreement with the 12.2% rate reported
in a series of 500 metastatic patients [20]. PGV identifi-
cation in PERMED-01 led to recommend an oncoge-
netics consultation for 19 patients, of which only five
could be carried out because of frequent patient’s death.
If this high rate of PGV identification should lead to sys-
tematic oncogenetics consultation and germline sequen-
cing in metastatic patients remains to be investigated.
However, such rate and the high frequency of altered
DNA repair genes suggest that germline sequencing
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should be associated with somatic sequencing in preci-
sion medicine trials for two reasons: therapeutic use of
PARP inhibitors or immune checkpoint inhibitors in the
cases of HRD or MSI respectively, and help for inter-
pretation of results.

Conclusions

Such extensive molecular screening trial based on a new
tumor biopsy was feasible and allowed identification of
AGA in 71% of heavily pretreated metastatic patients
and delivery of “matched therapy” on progression in
17%, which improved PFES in 36% of cases. Delivery of
“matched therapy” was the sole variable associated with
improved PFS2/PFS1 ratio in patients with AGA. We
also report for the first time that WES does not provide
benefit as compared to t-NGS/aCGH based on a large
list of candidate genes. The strengths of our study in-
clude prospective design, mandatory new biopsy for ana-
lyses, aCGH and NGS profiling using the largest gene
panel to date, inclusion of genomic scores as AGAs, and
first face-to-face AGA comparison of WES versus t-
NGS/aCGH data. Limitations include the following:
non-randomized nature, profiling of diverse tumor types,
imbalance regarding the tumor types in favor of breast
cancer, absence of tested bone lesions, median of three
prior lines of chemotherapy for advanced disease, testing
limited to t-NGS/aCGH, use of different gene panels
with time, no detection of fusion genes and other clinic-
ally relevant transcriptional alterations [56], use of a
relatively little stringent AGA definition, selection of
only one method for HRD scoring related to the use of
aCGH for profiling, profiling of new biopsied and frozen
samples that might limit the applicability of our results
to the routine hospital setting where mostly FFPE sam-
ples and usually archived samples are being used, choice
of therapy (matched versus non-matched) by the phys-
ician not locked down and preassigned, and matched
treatment in phase I studies with doses and schedules
imperfect by nature. Clearly, well-designed randomized
trials are required to demonstrate the clinical utility of
precision medicine: they should enroll patients earlier in
the metastatic disease course, use more reliable predict-
ive tools to match patients to the most promising ther-
apies, and offer simpler access to innovative MTT alone
and in combination. Evaluation of cost-effectiveness of
cancer precision medicine is also required, given the
strong deployment of human and financial resources.
Today, given the absence of demonstrated clinical bene-
fit and the limited number of both matched therapies
and validated gene targets, precision medicine based on
genome profiling cannot be used in routine practice and
should be reserved to prospective clinical trials not only
to show its clinical utility but also to feed both transla-
tional and fundamental research.
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