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Simple Summary: The molecular characterization of tumor tissues has become essential to classify
tumors, assess prognoses and optimize treatment. However, there is still no consensus about the use
of molecular diagnostics broadly across tumor types due to costs and limited evidence for the actual
benefit of tumor-agnostic precision oncology. At our institution, we implemented three complemen-
tary NGS assays that are compatible with benchtop sequencing instruments as a diagnostic tool for
identifying therapeutic targets and developing tailored treatment recommendations in a Molecular
Tumor Board. Specifically, we used a 67-gene panel for the detection of short-sequence variants
and copy-number alterations, a 53- or 137-gene panel for the detection of fusion transcripts and
ultra-low-coverage whole-genome sequencing for detection of additional copy-number alterations
outside the panel’s target regions. The Molecular Tumor Board was able to suggest personalized
treatments to 75% of the patients, indicating that a combination of focused genetic diagnostics is
highly informative for routine cancer care.

Abstract: Background: Increasing knowledge of cancer biology and an expanding spectrum of molec-
ularly targeted therapies provide the basis for precision oncology. Despite extensive gene diagnostics,
previous reports indicate that less than 10% of patients benefit from this concept. Methods: We
retrospectively analyzed all patients referred to our center’s Molecular Tumor Board (MTB) from
2018 to 2021. Molecular testing by next-generation sequencing (NGS) included a 67-gene panel for
the detection of short-sequence variants and copy-number alterations, a 53- or 137-gene fusion panel
and an ultra-low-coverage whole-genome sequencing for the detection of additional copy-number
alterations outside the panel’s target regions. Immunohistochemistry for microsatellite instability
and PD-L1 expression complemented NGS. Results: A total of 109 patients were referred to the
MTB. In all, 78 patients received therapeutic proposals (70 based on NGS) and 33 were treated
accordingly. Evaluable patients treated with MTB-recommended therapy (n = 30) had significantly
longer progression-free survival than patients treated with other therapies (n = 17) (4.3 vs. 1.9 months,
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p = 0.0094). Seven patients treated with off-label regimens experienced major clinical benefits. Con-
clusion: The combined focused sequencing assays detected targetable alterations in the majority of
patients. Patient benefits appeared to lie in the same range as with large-scale sequencing approaches.

Keywords: molecular tumor board; next-generation sequencing; precision oncology; solid tumors;
gene panels; ultra-low-coverage whole-genome sequencing

1. Introduction

Precision oncology has the aim to use knowledge of tumor-specific molecular fea-
tures to guide treatment decisions and improve patients’ outcomes [1]. Fundamental
insights into cancer biology and the genetic basis of cancer; advances in molecular analy-
sis techniques—most importantly, next-generation sequencing (NGS) technologies, and
the availability of new molecularly targeted therapies (MTTs) have dramatically changed
diagnostic and clinical approaches to malignant diseases. For example, gene-expression
profiling platforms enable risk stratification and guide adjuvant treatment in luminal breast
cancer [2,3] or allow to predict prognosis in diffuse-large B-cell lymphoma (DLBCL) [4].
Molecular characterization is also key to direct therapy in breast and colorectal cancer
(CRC), for which anti-ERBB2 and anti-EGFR agents, respectively, represent the backbone of
therapeutic regimens in certain subtypes defined by distinct genetic features such as ERBB2
amplification or the absence of a KRAS mutation [5,6]. Moreover, oncogene addictive alter-
ations involving, for example, ALK, EGFR, BRAF and ABL1 genes in non-small cell lung
cancer (NSCLC), melanoma and Chronic Myeloid Leukemia (CML) represent indications
for MTTs instead of chemotherapy-based regimens as first-line treatment, thus enabling
significantly prolonged survival, as well as long-lasting disease control, even in metastatic
patients with tumors harboring these alterations [7–11]. Importantly, MTTs are generally
well tolerated and have favorable safety profiles [12].

Even though the superiority of MTTs over conventional therapies is well documented
within most approved indications, the concept of tissue-agnostic precision oncology and its
utility across tumor types remains to be fully elucidated [13,14]. In particular, even with
extensive NGS covering > 200 genes or the complete exome, less than 10% of patients expe-
rienced some kind of clinical benefit with MTTs according to recent reports [13,15–21]. The
limited efficacy of precision oncology [22,23] is obviously contradictory to the expenditures
for broad molecular profiling, as reported prices for NGS diagnostics range from EUR 500
to more than EUR 20,000 depending on the panel used [24–27]. Additionally, the exami-
nation, evaluation and interpretation of genomic data require expertise and a consistent
interdisciplinary effort from bioinformaticians, molecular biologists and physicians and
need to be performed in a timely manner in a clinical setting [28].

To date, NTRK fusions, tumor mutational burden (TMB) and microsatellite instabil-
ity (MSI-high) are the only recognized tumor-agnostic biomarkers for which drugs are
approved by the European Medicines Agency (EMA) and/or the US Food and Drug Ad-
ministration irrespective of histology [29–33]. Therefore, the use of other biomarkers in
an agnostic fashion for therapeutic purposes can be pursued only in clinical trials or as
personalized off-label treatment.

We initiated a precision oncology program in 2018 at our institution. To provide a
comprehensive clinically relevant genomic portrait of patients’ tumors, we used three
complementary NGS assays. Specifically, we applied two commercially available pan-
els, one to detect short-sequence variants (SSVs) (single nucleotide variants (SNVs) and
insertion-deletions (INDELs)) and copy-number alterations (CNAs) (VariantPlex®, VP)
and one to identify fusion transcripts (FT) (FusionPlex®, FP). Additionally, we adapted
an ultra-low-coverage whole-genome sequencing (ulcWGS, <0.5× coverage) method de-
veloped in our laboratory as a module for the genetic characterization of Acute Myeloid
Leukemia [34] to estimate numerical karyotypes and detect potentially actionable CNAs
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in regions not targeted by the VP panel. NGS was supplemented by immunohistochem-
istry (IHC) staining for programmed death-ligand 1 (PD-L1) and mismatch repair defi-
ciency (MMRD)/microsatellite instability (MSI). Thus, our diagnostic core package fo-
cused on well-characterized and actionable molecular alterations, mostly targetable with
drugs approved by EMA, while previously published precision oncology programs es-
tablished diagnostic workflows based on larger gene panels, including up to 1700 genes
or whole-exome sequencing (WES) [16,17,19,35–37]. The results and potential therapeutic
options were discussed in the Molecular Tumor Board (MTB) by a panel of experts, in-
cluding medical oncologists, pathologists, molecular biologists and other physicians from
various specialties.

In this retrospective analysis, we examined how and to what extent a limited gene-
sequencing approach that does not exploit the full capacities of currently available se-
quencing technologies provides clinically relevant information to guide individualized
treatments in cancer patients.

2. Materials and Methods
2.1. Patients

A total of 109 patients with advanced-stage malignancies who had relapsed after
initial remission, had progressed under standard of care (SoC) regimens or had rare disease
entities without well-defined effective standard treatments were referred to our MTB
between August 2018 and December 2021 by recommendation of the interdisciplinary or an
organ-specific tumor board. There were no exclusion criteria based on patient age, tumor
entity, known gene alterations (e.g., KRAS mutations) or patient performance status at the
time of referral.

2.2. Tissue Samples and DNA Extraction

Tumor cells were enriched from formalin-fixed paraffin-embedded (FFPE) tissue slides
from biopsy or surgical specimens by microdissection. For the VP and ulcWGS assays, DNA
was extracted with the Maxwell RSC 48 (Promega, Walldorf, Germany), using the Maxwell
RSC FFPE Plus DNA Kit or the blackPREP FFPE DNA Kit (Analytik Jena, Jena, Germany),
respectively. RNA for the FP assay was isolated by applying the innuPREP FFPE total
RNA Kit (Analytik Jena). Nucleic acids were quantified by using a Quantus Fluorometer
with the QuantiFluor ONE dsDNA System (Promega) or a Qubit device (Thermo Fisher
Scientific, Waltham, MA, USA) with dsDNA HS or RNA HS assays, as appropriate.

2.3. Library Preparation and Next Generation Sequencing

Libraries for targeted SSV and CNA detection were prepared from DNA, using the
VariantPlex® Solid Tumor panel (67 genes, Supplementary Table S1) (ArcherDX/Invitae,
Boulder, CO, USA) according to the manufacturer’s instructions. For FT detection, se-
quencing libraries were constructed from RNA with the FusionPlex® Solid Tumor panel
(53 genes, Supplementary Table S2) and later (since October 2021) the FusionPlex® Pan
Solid Tumor panel (137 genes, Supplementary Table S3) (ArcherDX/Invitae), as outlined in
the manufacturer’s protocol. Whole-genome libraries for genome-wide CNA analysis and
numerical karyotype estimation were generated also from DNA, using the NEBNext Ultra
II Kit (New England Biolabs, Ipswich, MA, USA), as described previously [34]. Sequencing
was performed on Illumina MiSeq and MiniSeq Instruments (Illumina, San Diego, CA,
USA), with read lengths of 2 × 150 bp.

2.4. Analysis of Genetic Variants

Raw reads from VP and FP assays were analyzed by using the Archer Analysis 6.1
and 6.2 pipeline (ArcherDX/Invitae) from a cloud-based client (Archer unlimited) or a
local server, using default settings. For variant calling, alterations reported by the software
were filtered for a coverage of over 100×, a variant allele frequency (VAF) of 5% and a
gnomAD [38] frequency below 5%. Karyotyping based on reads obtained from ulcWGS was
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performed by using a proprietary tool that involves a read-depth approach. In this study,
we applied a modified version of our original Python-based CAI[N] algorithm [34] that was
implemented in the R programming environment (CORIANDR, ChrOmosomal abeRration
Identifier AND Reporter in R). A Panel of Normals (PON) constructed from DNA isolated
from total leukocytes of 20 healthy donors (10 males and 10 females) was used as a reference
for karyotype calculations (more details about CORIANDR are given in Supplementary
Materials). Two researchers independently evaluated the initial CORIANDR outputs to
exclude potential artifacts and determine numerical karyotypes. Disagreements were
resolved by consensus after joint inspection and discussion of the results.

2.5. Variants Interpretation and Therapy Recommendations

All variants (SSVs, CNAs and FTs) that passed standard filters of the analysis tools
were reviewed for potential artifacts, and all non-artificial variants were assessed for clinical
relevance based on the current literature and publicly available databases (OncoKB [39],
CIViC [40], JAX CKB [41], ClinVar [42,43] and gnomAD [38]). The Variant Interpretation
for Cancer Consortium Standard Operating Procedure (VICC-SOP) [44] has been formally
applied for classifying pathogenicity since October 2021. Evidence supporting therapeutic
approaches was rated by using the European Society of Medical (ESMO) Scale for Clini-
cal Actionability of molecular Targets (ESCAT) [45] and the German Cancer Consortium
(DKTK) [46] scales. Study options were assessed by using the clinicaltrials.gov-database
(https://clinicaltrials.gov/ (accessed on 1 August 2022)), but due to the COVID-19 pan-
demic, the search was limited to studies recruiting in Germany since March 2020. Therapy
recommendations were prioritized according to the level of supporting evidence and as-
sumed feasibility of clinical implementation. Phase-I trials were generally not included in
MTB recommendations for patients requiring timely initiation of treatment.

2.6. Immunohistochemistry for PD-L1 and MMRD/MSI

PD-L1 immunohistochemistry on FFPE slices was performed by using anti-PD-L1
antibody clone E1L3N (1:1000, Cell Signaling, Frankfurt am Main, Germany) on the Bond-
Max™ staining device (Leica Biosystems GmbH, Wetzlar, Germany). Staining intensity
and distribution were evaluated on tumor cells (TPS-score), immune cells (IC-score) and as
a combined score (CPS-score) [47].

MMRD/MSI testing was performed by immunohistochemical staining for mismatch
repair proteins MLH1, PMS2, MSH2 and MSH6 (antibodies 1:50, Cell Marque/Sigma
Aldrich, Taufkirchen, Germany), with loss of nuclear staining for one or more proteins
indicating a mismatch repair deficiency of the tumor.

2.7. Outcome Assessment

Measures of the outcome included the progression-free survival (PFS), PFS ratio (PFSr)
(time to progression from matched or unmatched therapy initiation (PFS2) divided by
time to progression associated with the last prior systemic therapy (PFS1)) [48], objective
response rate (ORR) and patient reported outcomes (PROs) when available.

We considered a 3-month and a 6-month time to progression cutoff to define minor
benefit or major benefit, respectively, with matched treatment [17,48–50]. Minor benefit
was also recorded for patients with less than a 3-month follow-up after therapy initiation
who showed clinical response to treatment (e.g., improvement of symptoms and decrease
of tumor marker).

Patients who progressed or died while on treatment before the 3-month cutoff or
permanently stopped treatment due to toxicity or intolerability were considered progres-
sors/non responders.

2.8. Statistical Analyses

A comparison of PFS in patients treated with MTB-recommended therapies and non-
recommended therapies was performed by Kaplan–Meier analysis in GraphPad Prism

https://clinicaltrials.gov/
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software, version 8.1.2 (GraphPad Software Inc., San Diego, CA, USA). PFS ratios were
compared by using a Mann–Whitney test, using Jamovi Software, version 2.3.2 (The
jamovi project).

3. Results
3.1. Clinical Implementation of Precision Oncology—Outline

From August 2018 to December 2021, 109 patients were referred to our MTB for molec-
ular testing and evaluation of molecular-stratified therapies. Three patients were excluded
from our analyses because of insufficient tissue samples to carry out the diagnostics. Two
patients with hematologic malignancies were also excluded from this analysis, as the preci-
sion oncology approach was requested preferentially for patients with solid tumors, so that
we decided to focus our retrospective analysis on these entities. Additionally, four patients
died before the molecular diagnostics was concluded. Finally, 100 patients were discussed
in the MTB, with 78 obtaining a therapeutic suggestion, while the remaining 22 had no
actionable target. Thirty-three patients received molecularly matched treatment. A total of
16 of the 45 patients not receiving molecularly matched therapy (approximately 36%) did
not receive any further treatment because of death or clinical deterioration. The remaining
patients did not receive molecularly matched therapy because of physician’s preference
for other regimens (10/45), rejection of reimbursement applications by health insurance
companies (4/45) or other reasons (8/45). In all, 7/45 patients with an MTB-therapeutic
suggestion were lost to follow-up (Figure 1).
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Figure 1. CONSORT diagram—outline of the implementation of precision oncology in clinical
practice. Initially, 109 patients were referred for molecular testing, aiming at individual targeted
therapies. Thirty-three patients (30%) received matched therapies.

3.2. Patients Characteristics

Our retrospective analysis included 104 patients with solid malignancies who were
referred to our MTB for molecular testing to identify matched targeted treatment, which
was performed successfully. In all, 50% of the patients were females. The median age
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at the time of referral was 57.5 years. Most patients (100; 96.1%) had metastatic disease;
however, 41 patients had been previously treated with a curative intent and had only
subsequently relapsed or progressed to metastatic stage. The most common tumors were
lower gastrointestinal (GI) tract tumors (18/104; 17.3%), followed by neuroendocrine
neoplasms (13/104; 12.5%) and sarcomas (12/104; 11.5%). Over 50% of patients had
received three or more lines of treatment (prior to MTB or to initiation of molecularly
matched therapy; Table 1).

Table 1. Patient characteristics of 104 patients whose tumors were subjected to molecular testing for
precision oncology.

N Percentage (%) or Range

Total 104

Sex

Female 52 (50)
Male 52 (50)

Age 57.5 (median) 22–77 (range)

Stage at presentation

Metastatic disease 100 (96.1)
Localized 3 (2.9)

Locally advanced 1 (1.0)

Initial therapeutic intent

Primary metastatic, palliative
intent 63 (60.6)

Initially curative intent 41 (39.4)

Tumor type

Lower GI tract 18 (17.3)
Neuroendocrine neoplasms 13 (12.5)

Sarcoma 12 (11.5)
Head and neck 11 (10.6)
Hepatobiliary 10 (9.6)

CUP 8 (7.7)
Pancreatobiliary 7 (6.7)

Breast 6 (5.8)
Ovary 6 (5.8)

Thoracic malignancies 5 (4.8)
Upper GI tract 3 (2.9)

Gynecologic (non-ovarian) 2 (1.9)
Germ cell tumor 2 (1.9)

Embryonal (Neuroblastoma) 1 (1.0)

Previous lines of treatment

0 1 (1.0)
1 13 (12.5)
2 33 (31.7)
3 25 (24.0)

>3 32 (30.8)
3 (median) 0–14 (range)

Lower-GI tract includes CRC, anal carcinoma and appendiceal carcinoma; neuroendocrine neoplasms includes
neuroendocrine tumors and carcinomas; hepatobiliary includes hepatocellular carcinoma and cholangiocarcinoma
and gallbladder carcinoma; pancreatobiliary includes pancreatic carcinoma and ampullary carcinoma; thoracic
malignancies include NSCLC, small-cell lung cancer, thymic carcinoma and thymoma; germ cell tumors include
yolk-sac tumor and testicular tumor; upper-GI tract includes duodenal carcinoma and adenocarcinoma of the
gastroesophageal junction.



Cancers 2022, 14, 4430 7 of 17

3.3. Molecular Testing and Therapeutic Suggestions

Complete NGS diagnostic (FP + ulcWGS + VP) testing was performed in 91 patients.
Due to insufficient tissue samples, one panel or a composite of two panels was performed
in the remaining 13 patients: VP and FP were performed in six patients, ulcWGS and VP
in five and only VP in two patients. SSVs were detected in 69 patients, whereas CNAs
were detected in 64 patients. A total of 95 CNAs were found through VP, 55 of which
(58%) were confirmed via ulcWGS. We also detected 76 additional CNAs via ulcWGS,
38/76 (50%) in regions not targeted by the VP panel (Figure 2). The most commonly
altered genes were TP53, CDKN2A, KRAS, ERBB2, MYC and APC (Figure 3A). The levels of
evidence for therapeutic actionability of the identified alterations were mainly Tier III or m2,
respectively, according to the ESCAT and DKTK scales [45,46] (Figure 3B,C). Six patients
had FTs (Table 2).
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Figure 2. CNAs detected via ulcWGS. Chromosome (Chr.) plots generated by CORIANDR for
Chrs. 1 and 4 of a patient with sarcoma. Amplifications of KDR, KIT and PDGFRA were confirmed
by ulcWGS on chromosome 4 (add(q)12), as reported by VP analyses. Additionally, the ulcWGS
detected a heterozygous deletion of chromosome 1p (including the region of the ARID1A gene,
not target by VP, and NRAS gene, heterozygous deletion also detected by VP) and a partial loss
of Chr. 4q (a partial loss of FBXW7 gene with Copy Number (CN) of 0.62 was also reported by
VP assay). Other low-level CN gains and losses detected via VP and ulcWGS are displayed in
Supplementary Materials Figure S1.
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Figure 3. SSVs and CNAs in n = 104 tumors identified by combined focused sequencing assays.
(A) List of altered genes divided by histology and according to incidence in our cohort. Only alter-
ations observed in at least two samples are depicted. (B,C) Most common actionable gene alterations
classified according to ESCAT (B) and DKTK (C) scales of actionability of genetic alterations based on
supporting evidence. Genes reported in panels B and C provided a therapeutic rationale in at least
two cases. Cf. also Figure S2 and Table S5 in the supplementary materials.
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Table 2. Fusion transcripts and respective clinical relevance identified in our MTB cohort.

Diagnosis Fusion Clinical Relevance

CUP TMPRSS2-ERG Changed diagnosis from CUP to prostate carcinoma

CUP SEC31A-ALK Changed diagnosis from CUP to ALK-positive DLBCL

CUP CLDN18-ARHGAP26 Changed diagnosis from CUP to gastric carcinoma

Pancreatic carcinoma EML4-ALK (previously not characterized
transcript—E2;A18) * Molecular rationale for ALK-inhibitor (Alectinib)

Cholangiocarcinoma FGFR2-ARHGAP24 Molecular rationale for FGFR-inhibitor (Pemigatinib)

Adenoid cystic Carcinoma MYB-NFIB Characteristic of adenoid cystic carcinoma, no evidence
for direct actionability

* Additional information in Supplementary Figure S3.

A total of 108 therapeutic suggestions were made for 78 patients. Particularly,
50 patients received one therapeutic suggestion, and 28 received two or more. Moreover,
70 patients received suggestions based on NGS results. For two patients with actionable
alterations (FBXW7 deletion and pathogenic IDH1 mutation), the MTB prioritized other
treatment options because of the availability of a tumor-entity-specific clinical trial and
low VAF, respectively. Furthermore, NGS enabled the diagnosis of primary tumor entity in
three patients who had been initially diagnosed with cancer of unknown primary (CUP)
(Table 2). For two of these three patients (prostate carcinoma and ALK-fusion-positive
DLBCL), the MTB suggested SoC treatment. In the prostate cancer case, the decision was
made due to the lack of actionable alterations. In the ALK-fusion-positive DLBCL case, SoC
therapy was suggested because the patient had not received a systemic therapy appropriate
for the disease entity yet (Table 3). For the third patient (gastric cancer), the board suggested
a combination of an immune checkpoint inhibitor with a multi-tyrosine-kinase inhibitor
(off-label) because of hematologic toxicities from prior chemotherapy and the impossibil-
ity to include the patient in a clinical trial with a targeted agent for CLDN18.2 (Table 2).
Three patients received an off-label therapy suggestion based on data other than NGS
results (PD-L1 positivity in IHC, MSI-high and data from a clinical trial in the same tumor
entity, respectively).

Table 3. Patients with major clinical benefit following MTB recommended therapy.

Diagnosis Therapeutic
Rationale

MTB Recom-
mendation

EL γ

ESCAT
EL γ

DKTK Label PFS2 PFS1 PFSr Outcome

CUP
TMPRSS2-ERG fusion

(changed diagnosis from
CUP to prostate cancer)

Docetaxel +
ADT n/a n/a On 6 3.5 1.7 SD for

6 months

Acinic cell
carcinoma ATM del Niraparib +

Carboplatin III-B m4 Off 12 n/a n/a SD for
12 months

CUP

SEC31A-ALK fusion
(changed diagnosis from
CUP to CD20-negative

ALK + DLBCL)

Chemotherapy
(CHOEP) n/a n/a On 23.5 10.5 2.2

CR, ongoing
at

almost-2-year
follow-up

CRC BRAF V600E
Encorafenib +
Binimetinib +

Cetuximab
I-A m1a Off 7.5 3 2.5 SD for

7.5 months
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Table 3. Cont.

Diagnosis Therapeutic
Rationale

MTB Recom-
mendation

EL γ

ESCAT
EL γ

DKTK Label PFS2 PFS1 PFSr Outcome

Sinonasal ade-
nocarcinoma ARID1A deletion Pembrolizumab III-A m2b Off 12 n/a n/a SD for

12 months

Steroid cell
tumor RET Y791F Cabozantinib IV-A m3 Off 9.5 1 9.5

Decrease of
Tumor

marker and
SD for

9.5 months

CUP BRAF V600E Encorafenib +
Binimetinib III-A m2a Off 18.5 3 6.2 PR and SD

for 18 months

TNBC EGFR amplification Cetuximab +
Capecitabine IV-A m1c Off 9.25 2 4.6 SD for

9.25 months

Sarcoma KDR, KIT, PDGFRA
Amplification Pazopanib IV-A m3 On 6.25 14 0.4 SD for

6.25 months

Pancreatic
cancer EML4-ALK Fusion Alectinib

monotherapy III-B m4 Off 7.7 1 7.7 PR and SD for
7.7 months

ADT, androgen-deprivation therapy; CHOEP, Cyclophosphamide, Doxorubicin, Vincristine, Etoposide and
Prednisone; CR, complete remission; EL, evidence level; n/a, not applicable; PR, partial remission; SD, stable
disease; TNBC, triple-negative breast cancer. γ Supplementary Table S4.

3.4. Outcomes with MTB-Recommended Therapy

Of 100 patients discussed at the MTB, 33 received molecularly matched therapy. At
the time this manuscript was written, 2/33 were not evaluable due to short follow-up, and
1/33 was lost to follow-up. Of the remaining 67 patients who did not receive molecularly
matched therapy, 14/67 did not receive any further systemic treatment, 14/67 were lost
to follow-up, 11/67 died shortly after or before MTB, 8/67 were still on previous line
treatment and 3/67 were not evaluable due to short follow-up. Ultimately, 47/100 patients
received systemic therapy and were evaluable for outcome. We compared the PFS of
patients receiving MTB-recommended therapy to patients who were treated with other
systemic therapies according to physician’s choice by Kaplan–Meier analysis. The PFS in
patients treated with matched therapy (recommended by the MTB) (n = 30) was prolonged
significantly according to the log-rank test (4.3 vs. 1.9 months, p = 0.0094, Figure 4A).
The PFS in the subgroup of patients treated according to MTB suggestion with off-label
regimens (n = 26) was 3.5 months, which was also significantly longer than in those treated
with other therapies (n = 17) (Figure 4B).

The PFSr was evaluable in 38 patients receiving systemic treatment after the MTB.
The median PFSr in the subgroup receiving therapy suggested by the MTB was 1.71
in the all-patients group (n = 23) and 1.33 in the subgroup receiving off-label therapies
(n = 19). The PFSr in patients receiving other therapies (n = 15) was 0.61. Despite the
numerical difference, this did not reach statistical significance (Mann–Whitney U test,
p = 0.052 and p = 0.083, respectively, for the all-patients population and for patients receiving
off-label treatments).

According to our initially established parameters, of 30 evaluable patients receiving
MTB recommended treatment, 9 (30%) achieved no benefit, 11 (36.7%) achieved a minor
benefit and 10 (33.3%) achieved a major benefit (Table 3). Thus, of the 104 patients who
underwent molecular profiling of their tumor, 9.6% experienced a highly relevant clinical
improvement (major clinical benefit) through precision oncology.



Cancers 2022, 14, 4430 11 of 17Cancers 2022, 14, 4430  12  of  18 
 

 

 

Figure 4. Outcome of patients after molecular profiling and discussion of cases by the MTB. (A) PFS 

of patients treated according to MTB recommendation (all patients, n = 30) compared to patients 

receiving other systemic treatment (n = 17). (B) PFS of patients treated by off‐label regimens accord‐

ing  to MTB recommendation  (n = 26) vs. patients receiving other systemic  treatment  (n = 17). p‐

values were calculated with a log‐rank test. 

4. Discussion 

Recommending a therapy in advanced‐stage cancer patients can be extremely chal‐

lenging, especially when SoC treatments are no longer a viable option. Despite the use of 

a focused approach to gene diagnostics that did not require high‐throughput sequencing 

equipment, our MTB was able to suggest further rational treatments in about 75% of pa‐

tients. The rates of implementation of the suggested therapies (approximately 32%) and 

patient benefits (approximately 10%) lay within the same ranges of previously published 

reports of other precision‐oncology programs [13,17–21]. 

Although patients were preferentially referred to our multidisciplinary MTB to iden‐

tify potentially actionable alterations, NGS uncovered the specific tumor entity in three 

out of eight patients with CUP. This enabled clinicians to choose an appropriate treatment 

regardless of additional alterations. One patient achieved a complete remission with SoC 

chemotherapy matched to the tumor type, which was still ongoing at the time this manu‐

script was written. Thus, in line with other reports [17,51], our experience confirms that 

gene sequencing can guide treatment and therefore improve prognosis in patients with 

CUP. Interestingly, in all three cases, histologic classification was possible based on the 

detection of characteristic FTs through FP analysis. This supports the importance of car‐

rying out both DNA and RNA sequencing if no system‐wide approach is used. Indeed, 

while DNA assays are fundamental for SSV detection, fusions are more effectively char‐

acterized by RNA‐based assays [52,53]. Furthermore,  the addition of ulcWGS and  IHC 

staining for MMRD/MSI and PD‐L1 to the two commercially available panels allowed us 

to investigate the presence of further potentially targetable CNAs, as well as therapeutic 

rationales for the use of immune checkpoint inhibitors. Moreover, ulcWGS can, in princi‐

ple, add valuable information not only to small, targeted panels, as used here, but also to 

Figure 4. Outcome of patients after molecular profiling and discussion of cases by the MTB. (A) PFS
of patients treated according to MTB recommendation (all patients, n = 30) compared to patients
receiving other systemic treatment (n = 17). (B) PFS of patients treated by off-label regimens according
to MTB recommendation (n = 26) vs. patients receiving other systemic treatment (n = 17). p-values
were calculated with a log-rank test.

4. Discussion

Recommending a therapy in advanced-stage cancer patients can be extremely chal-
lenging, especially when SoC treatments are no longer a viable option. Despite the use of
a focused approach to gene diagnostics that did not require high-throughput sequencing
equipment, our MTB was able to suggest further rational treatments in about 75% of pa-
tients. The rates of implementation of the suggested therapies (approximately 32%) and
patient benefits (approximately 10%) lay within the same ranges of previously published
reports of other precision-oncology programs [13,17–21].

Although patients were preferentially referred to our multidisciplinary MTB to identify
potentially actionable alterations, NGS uncovered the specific tumor entity in three out
of eight patients with CUP. This enabled clinicians to choose an appropriate treatment
regardless of additional alterations. One patient achieved a complete remission with
SoC chemotherapy matched to the tumor type, which was still ongoing at the time this
manuscript was written. Thus, in line with other reports [17,51], our experience confirms
that gene sequencing can guide treatment and therefore improve prognosis in patients
with CUP. Interestingly, in all three cases, histologic classification was possible based on
the detection of characteristic FTs through FP analysis. This supports the importance
of carrying out both DNA and RNA sequencing if no system-wide approach is used.
Indeed, while DNA assays are fundamental for SSV detection, fusions are more effectively
characterized by RNA-based assays [52,53]. Furthermore, the addition of ulcWGS and IHC
staining for MMRD/MSI and PD-L1 to the two commercially available panels allowed us
to investigate the presence of further potentially targetable CNAs, as well as therapeutic
rationales for the use of immune checkpoint inhibitors. Moreover, ulcWGS can, in principle,
add valuable information not only to small, targeted panels, as used here, but also to larger
ones, as the assay represents the only unbiased component of our sequencing strategy



Cancers 2022, 14, 4430 12 of 17

and requires only minimal sequencing resources. On the other hand, calculated numerical
karyotyping opens up the perspective to include “cytogenetic” information in the molecular
characterization of solid tumors [54] on a routine basis, which might be used to develop
genetic-risk stratification systems analogous to hematologic malignancies such as acute
myeloid leukemia [55,56].

Based on the current literature, only a small fraction of patients (<10% of sequenced
cases) achieve clinical benefits from precision oncology [13,17–21]. This small percentage
appears not to change meaningfully with different sequencing techniques or by expanding
the number of genes analyzed. Importantly, the PERMED-01 trial revealed that the use of
WES provided no more clinically relevant information than gene panels analyzing >300
to around 800 genes [36]. Additionally, a recent study demonstrated that, in NSCLC,
smaller panels are more sensitive than larger ones in detecting alterations in commonly
altered genes (e.g., EGFR and BRAF) and therefore represent a more useful tool at disease
diagnosis [57].

Our retrospective study confirmed that a small subgroup of highly pretreated advanced-
stage cancer patients can benefit from precision oncology. Most importantly, we could
identify this subgroup with smaller gene panels. This is remarkable because, while NGS
costs have dramatically decreased in recent years, especially in terms of prices of reagents
and personnel time directly involved into sequencing [24], expanding gene analyses to
bigger gene panels or even WES increases the time necessary for data analysis and in-
terpretation. First, larger outputs need more sophisticated bioinformatical processing to
exclude artifacts and benign variants. Second, data interpretation and classification of
detected variants can be very time-consuming, also due to the emergence of variants of
uncertain significance.

Although the diagnostic approach outlined here allowed us to identify actionable
alterations in the majority of patients, most alterations were targetable through drugs not
approved for patients’ specific disease; that is, access to treatment was only possible through
clinical trials, off-label therapies or compassionate use programs. However, although trial
options were evaluated for all patients prior to the MTB, early clinical studies were only
recommended in exceptional cases, as these options were regarded as being non-feasible
due to the limited availability of treatment slots. Moreover, due to travel restrictions
issued by many countries in 2019/2020 following the COVID-19 pandemic, the search for
clinical trials was generally limited to trials recruiting in Germany. The MTB therefore
preferentially recommended off-label therapies, for which reimbursement by the patients’
health insurance had to be formally requested. However, evidence underlying the MTB
recommendation was often not considered sufficient to grant coverage. These observations
highlight that the actual implementation of precision oncology was hampered more by
limited access to drugs, rather than by the lack of potential targets identified by our focused
molecular diagnostic workup. As underlined in a recent publication, an interdisciplinary
approach combining diagnostic and medical interventions in future precision oncology
programs might represent a possible solution to increase the rates of access to personalized
therapies [58].

Potential interpretation biases of this study arise from the lack of randomization,
its retrospective nature and the small patient population with a large heterogeneity in
terms of diagnoses and previous treatments. Moreover, while we observed a significant
prolongation of PFS in patients receiving molecularly matched therapy, 15% of patients not
receiving matched therapy were lost to follow-up, as they continued their treatment at a
different oncology clinic or practice, and their outcomes were therefore not evaluable.

Another relevant aspect to consider is the timing when to perform NGS in cancer
patients. Although the presence of tumor-agnostic markers (NTRK fusions, TMB and
MSI) provides the premise for the use of sequencing in all tumors [59], ESMO guidelines
recommend NGS just for patients with non-squamous NSCLC, ovarian carcinoma, prostate
carcinoma and cholangiocarcinoma, so that, other than in these indications, the use of NGS
should be considered on a case-by-case basis [60]. However, data from our analysis also
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highlight that about 20% of patients with a therapeutic suggestion from our MTB did not
receive any systemic treatment following the MTB because of death or poor performance
status not allowing further therapy. Additionally, in some cases, insurance companies
agreed to cover expenses for off-label treatment only conditionally after failure of several
lines of therapy, a situation in which patients are often unlikely to draw clinical benefit.
Our preliminary data therefore support the notion that NGS testing should be taken into
consideration rather early in the course of a disease in order to avoid the waiving of possible
matched therapies due to compromised patient performance status after several lines of
therapy [61].

5. Conclusions

Combined focused sequencing assays to identify SSVs, CNAs and FTs in the most
commonly altered and/or actionable genes in tumors, along with ulcWGS and IHC staining
for PD-L1 and MMRD/MSI, represent a powerful tool to explore additional treatment
options in cancer patients with otherwise limited or not well-defined further lines of therapy.
This approach provides a reasonable first step for precision oncology and a good alternative
to larger gene panels and WES, especially in centers where the implementation of these
technologies is not (yet) feasible in the clinical practice.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers14184430/s1. Tarawneh-et-al_Supplementary Materials.pdf.
References [62–79] are cited in the Supplementary Materials. Figure S1: Chromosome (Chr.) plots gen-
erated by CORIANDR for Chr. 3, 8, 11, 12 of a patient with sarcoma; Figure S2: Distribution of genetic
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