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BACKGROUND: Recently, molecular tumour boards (MTBs) have been integrated into the clinical routine. Since their benefit
remains debated, we assessed MTB outcomes in the Comprehensive Cancer Center Ostbayern (CCCO) from 2019 to 2021.
METHODS AND RESULTS: In total, 251 patients were included. Targeted sequencing was performed with PCR MSI-evaluation and
immunohistochemistry for PD-L1, Her2, and mismatch repair enzymes. 125 treatment recommendations were given (49.8%). High-
recommendation rates were achieved for intrahepatic cholangiocarcinoma (20/30, 66.7%) and gastric adenocarcinoma (10/16,
62.5%) as opposed to colorectal cancer (9/36, 25.0%) and pancreatic cancer (3/18, 16.7%). MTB therapies were administered in 47
(18.7%) patients, while 53 (21.1%) received alternative treatment regimens. Thus 37.6% of recommended MTB therapies were
implemented (47/125 recommendations). The clinical benefit rate (complete+ partial+mixed response+ stable disease) was
50.0% for MTB and 63.8% for alternative treatments. PFS2/1 ratios were 34.6% and 16.1%, respectively. Significantly improved PFS
could be achieved for m1A-tier-evidence-based MTB therapies (median 6.30 months) compared to alternative treatments (median
2.83 months; P= 0.0278).
CONCLUSION: The CCCO MTB yielded a considerable recommendation rate, particularly in cholangiocarcinoma patients. The
discrepancy between the low-recommendation rates in colorectal and pancreatic cancer suggests the necessity of a weighted
prioritisation of entities. High-tier recommendations should be implemented predominantly.

British Journal of Cancer; https://doi.org/10.1038/s41416-022-02120-x

BACKGROUND
In 2022, a total of 116 biomarker-dependent oncological
therapeutic agents were listed by the Food and Drug Adminis-
tration (FDA) [1], a result of remarkably dynamic development in
recent years [2]. In parallel, next-generation sequencing techni-
ques have entered the clinic, necessitating the implementation of

multidisciplinary molecular tumour boards (MTB) to keep pace
with these novel requirements.
While a few biomarkers have achieved tissue-agnostic approval

by the FDA, such as tumour mutational burden (TMB) predictive
for pembrolizumab [3] and neurotrophic tropomyosin-receptor
kinase (NTRK) gene-fusions for entrectinib [4] and larotrectinib [5],
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most biomarker-drug combinations are tissue specific. Exempla-
rily, histologic context specificity has been demonstrated for
alpelisib in phosphatidylinositol-4,5-biphosphate 3-kinase catalytic
subunit alpha (PIK3CA)-mutated solid tumours [6], neratinib in
HER2 and HER3 mutated [7], and vemurafenib in BRAFV600
altered cancers [8]. Furthermore, one should bear in mind that
tissue-agnostic approvals remain controversial. Indeed, the
seminal KEYNOTE-158 study, on which the FDA approved
pembrolizumab in TMB-high tumours, excluded the common
entity of colorectal cancer (CRC) by study design and did not
recruit a single TMB-high cholangiocarcinoma [3]. Moreover,
recent literature casts considerable doubt on the suitability of
TMB as a predictive marker in CRC [9, 10].
These controversies exemplify the need for multidisciplinary

case discussions in MTBs. Given that CRC is a frequent entity, this
specific question has the potential to be addressed by future
multicentric clinical trials. However, considering that a substantial
proportion of cancers are rare cancers harbouring even more
sporadic molecular alterations [11], structured evidence is hard to
obtain. Therefore, new adaptive study designs [12] or multi-
institutional collaborations through large consortia, such as the
German DKTK MASTER programme [13], are mandatory. The latter
programme impressed with the inclusion of 1310 patients, with
75.5% rare cancers, of whom 362 received molecularly informed
therapies resulting in improved progression-free survival (PFS)
compared to previous treatments (PFS2/PFS1 ratio >1.3 in 35.7%
of evaluable patients) [13]. Similar clinical benefit in approximately
one-third of patients has also been reported in a few additional
larger-scale genomic medicine studies [12, 14]. At the same time,
the objective response rates are generally low (11% in the
MOSCATO-01 trial [14] and 0.9% in the ProfiLER trial [15]). Thus,
despite a growing body of evidence, MTBs are often neither
anchored in clinical routine (except for large cancer centres) nor
represented in clinical guidelines. Major obstacles to generating
more evidence include the following: late consideration of
molecularly targeted therapies only at an advanced stage of
disease, which can lead to non-implementation due to the
patient’s death or deterioration of the general condition, and the
difficulty in accessing recommended therapeutics [16]. In addition,
health insurance companies play a critical role since they are
responsible for the reimbursement of molecular diagnostics and
the cost coverage of recommended off-label therapies.
Given the novelty of MTBs and the controversy surrounding

their benefit in patients’ care, we established a longitudinal
observational study at the Comprehensive Cancer Center Ost-
bayern (CCCO) with a large catchment area including rural
regions. We present results from 2 years of expertise after MTB
implementation to optimise the procedural, inclusion and out-
come parameters.

METHODS
Study design and patient population
The prospective observational study of the MTB of the CCCO was
conducted following the Declaration of Helsinki and approved by the
Ethics Committee of the University of Regensburg (protocol code 20-1682-
101). This prospective registry study has been continuously recruiting since
the end of 2019. All patients discussed in the MTB from 2019 to 2021 with
available written consent were included in the current evaluation. For
patient recruitment, the following clinical inclusion criteria have been
defined: advanced disease, guidelines or standard therapy exhausted
(patients should ideally just have begun the last-line therapy), sufficient life
expectancy (6 months estimate), suitable tissue available, and open-
mindedness to experimental treatments. In addition, rare oncological
diseases lacking standard therapies were also accepted for MTB evaluation.
Additional procedural inclusion criteria for patient allocation to the MTB

were: availability of the patient’s written consent; organ-specific tumour
board decision stating the exhaustion of established therapeutic standards
and recommending an MTB discussion; letter of referral and provision of

comprehensive medical documentation (a most recent oncological
record).
We held the MTB discussion weekly. Representatives from the affiliated

departments and clinics were designated and actively involved in the case
annotation and discussion based on a rotational schedule. The attendance
of one trained specialist in oncology, one specialist in pathology, one
molecular biologist with expertise in bioinformatics, and one rotational
representative of the affiliated clinics and departments was the minimal
requirement for the MTB meeting. In detail, the affiliated departments
comprised the Department of Internal Medicine III (Hematology and
Oncology), the Department of Surgery, the Department of Internal
Medicine I (Gastroenterology), the Department of Neurology, the Depart-
ment of Neurosurgery, the Department of Dermatology, the Department of
Radiotherapy, the Department of Pediatric Hematology, Oncology and
Stem Cell Transplantation, the Department of Urology, the Department of
Gynecology, and the Department of Pneumology. The Institute of Human
Genetics partly received selected case documents (with potential germline
implications) before the discussions for additional screening without
actively participating. Genetic counselling was suggested based on their
assessment in addition to the criteria proposed by Mandelker et al. [17] for
somatic sequencing and the input of two oncologists who had obtained a
special qualification in genetic counselling. The stated aim of the MTB was
to offer additional information to the treating physician to allow for
genomically informed decisions. Thus, molecular and immunohistochem-
ical analyses of the tumour were performed. The DKTK/NCT Master
evidence grading was employed to stratify MTB recommendations
(Supplementary Table S1) in conjunction with clinical parameters. An
exception to the outlined workflow was the entity of lung cancer. Here, the
thoracic cancers tumour board already discusses a broad array of
molecular alterations as part of the clinical routine. Therefore, patients
were referred to the MTB only in case of the detection of rare alterations
without evidence-based therapeutic approaches. Molecular analysis was
performed on the most relevant tissue reflecting the current state of
disease progression (e.g., latest relapse or metastases). Exceptions to the
defined inclusion criteria were occasionally made so that, in several cases,
MTB diagnostics and discussion were conducted before the commence-
ment of the last therapy line according to the guidelines. A decision from
an organ-specific tumour board was necessary for this deviation from the
protocol. Reasons for early inclusion were sparsity of tissue obtained from
a biopsy (to avoid repeated cutting of the sample), an oncological
assessment of a limited remaining life span, and an expected little benefit
of the current or last-line therapy.

Choice of analysis methods
The employed analysis methods comprised panel-based next-generation
sequencing (NGS) for DNA and RNA, polymerase chain reaction (PCR)-
based fragment-sizing for microsatellite instability (MSI), immunohisto-
chemistry (IHC) for PD-L1, Her2, and mismatch repair (MMR) proteins
MLH1, MSH2, MSH6 and PMS2. In addition, in the case of the detection of
copy number variations, MET or HER2 fluorescence in situ hybridisation
(FISH) was performed as a confirmatory method. For most included
patients, all methods mentioned above were used. The absolute numbers
of employed methods are detailed in 'Results'.

Documentation, follow-up and clinical reassessment
All MTB decisions were documented, including the most relevant literature
citations on which the recommendations were primarily based. Structured
follow-up data were collected from the attending physicians at
prespecified time points 1, 3, 6, 12, 18 and 24 months after the MTB.
The data collection period started on December 1, 2019 and was cut off on
April 30, 2022. Structured follow-up comprised the following items: survival
status, type of MTB-recommended therapy and timepoint of initiation, on/
off-label therapy, reasons for non-implementation, other oncological
therapies since the MTB discussion, response to MTB or alternative therapy
and adverse effects. Clinical data were pseudonymized and documented
primarily in Excel® version 16.0 (Microsoft Corporation, Redmond, WA,
USA). For the final data assessment, clinical data were visualised in
conjunction with genomic data (see below) in a local instance of cBioportal
[18–21] provided by the MIRACUM consortium (https://github.com/
buschlab/MIRACUM-cbioportal; last accessed August 4, 2022).
Responses were assigned to the categories progressive disease (PD),

stable disease (SD), partial response (PR), mixed response (MR), and
complete response (CR) based on radiological reports and clinical
documentation for both MTB-recommended therapies and alternatively
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administered therapies (i.e., non-genomically informed therapies after an
MTB discussion). MR was defined as a disease stabilisation or size reduction
of a tumour lesion with concomitant progression at another location. This
response class was included as it might indicate biological drug efficacy.
Note that RECIST criteria were not employed for the retrospective
evaluation of radiological responses. We determined the progression-free
survival for the preceding therapeutic therapy line and the MTB-
recommended or alternative therapies (time from MTB to progression or
death). The PFS2/1-value indicates the ratio of the PFS of MTB or
alternative treatment (PFS2) over the PFS of the preceding therapy (PFS1).
PFS2/1 > 1.3 has been defined by previous precision oncology clinical trials
to indicate intra-patient benefit and hence was adopted in the present
study [13, 14]. In addition to the clinical follow-up, the patients’ overall
survival (OS) relative to the date of the MTB was obtained from the cancer
registry of the Regensburg Tumour Centre. Here clinical reports, death
certificates issued by the local public health departments, and the
registration offices of the respective residential districts are collected.
Patients with no information on survival, patients lost to follow-up, or alive
at the last medical visit were censored at the latest record date.

Genomic, FISH, MSI, immunohistochemical and statistical
analyses
The exact procedure is described in the Supplementary Methods section.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

RESULTS
Performed molecular analyses and patient population
This prospective registry study includes a total of 251 patients
managed by the MTB of the CCCO over the indicated 2-year
period.
For 262 case discussions of 251 patients, 147 biopsies (56.1%),

92 primary resection specimens (35.1%), 9 cytologies (3.4%), 6
pooled samples (2.3%) were analysed. In eight cases (3.1%), a
denotation as either biopsy or resection is not applicable. In total,
149 analyses were performed on metastatic tumour samples
(56.6%), 96 on primary tumour tissue (36.6%), 5 on pooled
metastatic and primary tumour tissue (1.9%), and for 12 cases a
distinction was not possible (4.6%, e.g., carcinoma of unknown
primary [CUP]). The median age of analysed tumour specimens
respective to the time of enrolment was 89 days (minimum age
0 days, maximum age 2931 days).
Overall, 237 out of 257 cases (92.2%) were evaluable for DNA

and RNA alterations. Initially, in 22 cases, panel sequencing had
failed and not reached sufficient coverage for analysis, 13 of which
had been repeated, resulting in 2 additional evaluable cases.
In absolute numbers, the TSO500® panel was used in 214

(81.7%), the QIAseq Tumour Mutational Burden Panel® in 17
(6.5%), the Human Actionable Solid Tumour Panel Kit® in 12
(4.6%), a combination of the latter two panels in 3 (1.2%), the
nNGMv2 custom panel in 5 (1.9%) and other DNA panels in 4
(1.5%) out of a total of 262 case discussions, while DNA panel
sequencing was unavailable in 7 cases (2.7%).
For RNA panel sequencing, the TSO500® panel was used in 213

(81.3%), the FusionPlexLung-panel® in 37 (14.1%), a combination
of the latter two panels in 1 (0.4%), and other RNA panels in 3
(1.2%) out of 262 case discussions.
Her2 IHC was available in 171 (65.5%) and confirmatory FISH

analyses in 24 (9.2%) case discussions. MMR enzymes were
assessed 173 times (66.0%) and MSI by PCR-based fragment-sizing
143 times (54.6%). PD-L1 scores (TPS, ICS and CPS) were
determined in 197 cases (75.2%).
Across the entire cohort, 125 patients (49.8%) received

treatment recommendations categorised into tiers according to
the evidence of the given medication/ genetic alteration. Across
all tiers, a total of 219 recommendations were given. 62 patients

obtained more than one treatment recommendation (mean 1.74;
maximum 4). Among all 251 patients, 47 (18.7%) received a
genomically justifiable therapy. In contrast, 53 patients (21.1%)
received alternative treatments, which comprised any systemic
therapy administered without considering MTB recommendations
(including in-label and off-label treatments) (Table 1). The
remaining patients did not receive additional anticancer therapy.
The alternative treatment cohort was a reference cohort to
compare the patients receiving an MTB-recommended therapy.
Gender and mean age of the patients and ECOG performance
status at the MTB time revealed no differences between the two
groups. The frequency of MTB recommendations was 35.9% for
patients receiving alternative therapies. In the whole cohort, the
highest evidence level of m1A was most frequent (24.8%),
followed by m1C, (18.2%), m1B (16.5%), m2A (14.9%), and m2C
(10.7%). m3 (5.8%), m2B (5.0%) and m4 (4.1%) were comparatively
rare. In the subcohort analysis, m1A-evidence recommendations
were more abundant in the MTB therapy cohort than in the
alternative therapy cohort (36.2% versus 5.3%; P= 0.0133). Thus,
recommendations with this high evidence level are implemented
comparatively more often. In contrast, no significant difference
could be demonstrated for recommendation levels below m1A.
The median line of preceding therapies was identical between

groups (n= 2).
The overall distribution of cancer types was similar between the

MTB and alternative therapy group, without significant differences
among entities. However, on descriptive evaluation, CRC, pan-
creatic ductal adenocarcinoma, and breast cancer appeared more
frequently in the alternative therapy group.

Qualitative and quantitative analysis of MTB
recommendations
We assessed the frequency of a given biomarker that had been
used for molecular evidence-level- assigned treatment recom-
mendations (Fig. 1). The highest percentage of tier 1 recommen-
dations was based on PD-L1 immunohistochemistry (12.8% of
patients with tier 1/2.4% lower tier recommendation), i.e.,
immune-oncological therapies with PD-L1/PD-1 inhibitors. This
was followed by recommendations based on the biomarkers
PIK3CA (8.8% of patients with tier 1/4% lower tier recommenda-
tions), molecularly confirmed ERBB2 alterations (8.8%/0%), and
FGFR2 (7.2%/0%). Note that one patient with a novel FGFR2-
NDC80 fusion, who received a therapy recommendation for FGFR
inhibitors, has been described previously as a case study [22]. MSI
(also comprising two patients with only dMMR, in whom MSI PCR
could not be conducted due to the unavailability of normal
control tissue) was the next most frequently underlying biomarker
for treatment recommendations (6.4%/0%). MET (4.8%/1.6%), EGFR
(4.8%/0%), BRAF (4.8%/0%), KRAS (4%/0%), IDH1 (3.2%/0.8%), and
KIT (3.2%/0%) were used for recommendations in ≥4 patients
each. Importantly, also Her2 IHC was relevant for recommenda-
tions (without confirmed concomitant molecular alterations) (4%/
1.6%), and a high TMB (defined as >10 mutations/MB) was
occasionally used as a basis for MTB recommendations (4%/0.8%).
Finally, many more recommendations in individual patients were
based on biomarkers that occurred with low frequency (Supple-
mentary Fig. S1). A detailed list of individual recommendations (in
the order of patients in Fig. 1) can be found in Supplementary
Table S3. The complete information on clinically reported under-
lying mutations is depicted in Supplementary Table S4, on
reported CNVs in Supplementary Table S5, and on detected
genetic rearrangements in Supplementary Table S6.
Corresponding to these biomarkers, the most commonly

recommended drug classes were: immune checkpoint inhibitors
(38/219 [17.4%]), HER2 inhibitors (31/219 [14.2%]), combination
therapies (21/219 [9.6%]), PARP inhibitors (20/219 [9.1%]), FGFR
inhibitors (17/219 [7.8%]), PI3K inhibitors (13/219 [5.9%]), multi
tyrosine kinase inhibitors (13/219 [5.9%]), MEK inhibitors (8/219
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[3.7%]), MET inhibitors (8/219 [3.7%]), ALK inhibitors (6/219 [2.7%]),
EGFR inhibitors (6/219 [2.7%]), IDH1 inhibitors (5/219 [2.3%]),
mTOR inhibitors (5/219 [2.3%]), CDK4/6 inhibitors (4/219 [1.8%]),
androgen blockade (3/219 [1.4%]) and others (21/219 [9.6%]).
We compared the recommendation rates between entities to

address whether certain cancer types benefit more from MTB

discussions (Fig. 2a). Focusing on the ten most abundant entities
in our cohort, we can demonstrate that colorectal cancer (CRC)
and pancreatic ductal adenocarcinoma (PDAC) yielded only low-
recommendation rates of 25% and 16%, respectively.
Intermediate-recommendation frequencies were observed for
sarcoma (50%), carcinoma of unknown primary (CUP) (46%),

Table 1. Patient characteristics.

All patients MTB therapy Alternative therapy P value

Population (n, %) 251 (100.00) 47 (18.73) 53 (21.12)

Mean age, standard deviation (years) 59 ± 12.00 56.19 ± 14.04 55.87 ± 11.69 0.7608a

Sex 0.6854b

Male (n, %) 144 (57.37) 29 (61.7) 30 (56.7)

Female (n, %) 107 (42.63) 18 (38.30) 23 (43.40)

ECOG PS at MTB

0 62 14 15 >0.9999b

1 55 13 13 >0.9999b

2 4 0 1 >0.9999b

5 8 0 0

Recommendations (n, %) 125 (49.80) 47 (100.00) 19 (35.85)

Evidence-level primary recommendation (n, %)

m1A 30 (24.79) 17 (36.17) 1 (5.26) 0.0133b

m1B 20 (16.53) 8 (17.39) 4 (21.05) 0.735b

m1C 22 (18.18) 7 (15.22) 3 (15.79) >0.9999b

m2A 18 (14.88) 6 (12.77) 5 (26.32) 0.2753b

m2B 6 (4.96) 1 (2.17) 1 (5.26) 0.5024b

m2C 13 (10.74) 3 (6.38) 2 (10.53) 0.6208b

m3 7 (5.79) 2 (4.35) 3 (15.79) 0.1444b

m4 5 (4.13) 3 (6.52) 0 (0.00) 0.5498b

Previous lines (median, range) 2, 0–10 2, 0–6 2, 1–9 0.9166a

Entity (n, %)

CRC 36 (14.40) 1 (2.13) 6 (11.11) 0.1182b

iCCA 33 (13.20) 7 (14.89) 5 (9.26) 0.5395b

PDAC 18 (7.20) 0 (0.00) 3 (5.56) 0.2461b

Gastric Ca 16 (6.40) 5 (10.64) 3 (5.56) 0.4671b

Sarcoma 14 (5.60) 6 (12.77) 5 (9.26) 0.7507b

CUP 13 (5.20) 3 (6.38) 4 (7.41) >0.9999b

pCCA 10 (4.00) 3 (6.38) 0 (0.00) 0.0973b

Breast Ca 10 (4.00) 0 (0.00) 3 (5.56) 0.2461b

eCCA 9 (3.60) 2 (4.26) 3 (5.56) >0.9999b

Gallbladder Ca 8 (3.20) 2 (4.26) 0 (0.00) 0.2141b

NSCLC 8 (3.20) 2 (4.26) 1 (1.85) 0.5964b

Salivary gland Ca 8 (3.20) 3 (6.38) 2 (3.70) 0.6615b

Urothelial Ca 7 (2.80) 1 (2.13) 4 (7.41) 0.3685b

HNSCC 6 (2.40) 0 (0.00) 3 (5.56) 0.2461b

HGSC 5 (2.00) 0 (0.00) 2 (3.70) 0.4974b

Prostatic Ca 5 (2.00) 0 (0.00) 2 (3.70) 0.4974b

Lymphoma 4 (1.60) 2 (4.26) 1 (1.85) 0.5964b

Melanoma 4 (1.60) 1 (2.13) 0 (0.00) 0.4653b

HCC 4 (1.60) 0 (0.00) 1 (1.85) >0.9999b

NEC 4 (1.60) 1 (2.13) 0 (0.00) 0.4653b

Oesophageal Ca 4 (1.60) 0 (0.00) 2 (3.70) 0.4974b

Others (n ≤ 3 in all patients) 24 (9.60) 8 (17.02) 4 (7.41) 0.2169b

The P values were calculated as follows (comparison MTB and Alternative therapy columns): aMann–Whitney U, bFisher’s exact test.
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breast cancer (40%), and gallbladder carcinoma (37%). In contrast,
comparatively high-recommendation rates were achieved for
intrahepatic cholangiocarcinoma (iCCA; [60%]), perihilar cholan-
giocarcinoma (pCCA, [70%]), extrahepatic cholangiocarcinoma
(eCCA; [55%]), and gastric cancer (62%). Concerning the less
frequently included entities, the high-recommendation frequency
for NSCLC should be interpreted cautiously, since only selected
cases were discussed in our MTB. It is noteworthy that a high
frequency of therapy recommendations (62%) was yielded for
rarely included entities summarised as “others” with n ≤ 3.
Concordantly, the entities with higher recommendations frequen-
cies were also more likely to obtain multiple recommendations
per case discussion (Fig. 2b), and the distribution of evidence
levels (Fig. 2c) favoured higher evidence levels in the entities with
high- and intermediate-recommendation frequencies (except for
CUP, where m1 evidence is not possible per definition).

Clinical outcome of MTB-guided versus alternative therapies
In total, 47 patients (18.73%) received therapies recommended by
the MTB, while 53 (21.12%) received alternative treatments
following the MTB discussion. An assessment by a board-
certified oncologist demonstrated that MTB-guided treatments
were off-label in 96.6%. (according to the European Medicines
Agency [EMA] approval status) at the time of the MTB decision. In
contrast, only 39.6% of the alternatively administered therapies
were off-label at the latter timepoint (see Table 2 for details on
MTB therapies and Supplementary Table S7 for alternative
therapies). The analysis of drug classes yields the following
distribution for MTB-based treatments: immune checkpoint
inhibitors were predominantly employed (14/47 [29.8%]), followed

by combination therapies (6/47 [12.8%]), Her2 inhibitors (4/47
[8.5%]), FGFR inhibitors and inhibitors of multiple tyrosine kinases
(3/47 [6.4%] each), ALK inhibitors, androgen blockade, CDK4/6
inhibitors, EGFR inhibitors and IDH1 inhibitors (2/47 [4.3%] each)
as well as a single case of administration of cytostatic
chemotherapy, a JAK inhibitor, a MEK inhibitor, a nucleoside
analogue, a PARP inhibitor, a PI3K and a RET inhibitor (1/47 [2.1%]
each). Alternatively, administered therapies were very hetero-
genous, including immune checkpoint inhibitors and classical
chemotherapy (see Supplementary Table S7 for details).
A total of 38 MTB-based treatments and 47 alternative therapies

were clinically evaluated for response (Fig. 3a). The clinical benefit
rate (defined here as complete response [CR]+ partial response
[PR]+mixed response [MR]+ stable disease [SD]) was 50.0% for
MTB and 63.8% for alternative treatments. In detail, 7 PR (29.8%), 1
MR (2.6%), 11 SD (29.0%), and 19 PD (50.0%) were observed for
MTB-based therapies, while 1 CR (2.1%), 14 PR (29.8%), 3 MR
(6.4%), 12 SD (25.5%) and 17 PD (36.2%) were described for
alternative therapies. Next, the distribution of responses concern-
ing the biomarkers underlying the recommendations was
analysed (Fig. 3b). PR were obtained for treatments based on
BRAF, EGFR, Her2, JAK2, ALK and MSI. The MR was established on
an activating KIT mutation, and SD were yielded by therapies
founded on Her2, MSI, KIT, AR, IDH1, BRCA2, PD-L1 and POLE.
Treatments established on CDK4, PIK3CA, POLD1, and RET
alterations led to PD. Interestingly, among the patients experien-
cing clinical benefit from MTB therapies, 63.2% had evidence
levels of m1A (12/19), 15.8% had m1C evidence (3/19), and 5.3%
had m1B, m2A, m2C and m3 evidence (1/19 each). Altogether,
84.2% of patients (16/19) had m1 evidence from the same entity.
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Fig. 1 Alterations as a foundation for MTB recommendations. Oncoprint representation of alterations bearing relevance for MTB
recommendations in ≥3.2% of patients (see Supplementary Fig. S1 for all alterations). Blue frames highlight individual alterations on which
MTB recommendations were based for first-priority recommendations and orange frames for lower-priority recommendations. The
percentage of first- and lower-priority recommendations is given on the right. The order of patients can be translated to PatID using
Supplementary Table S3. The row “others” subsumes individual cases with BCL2 loss by IHC, androgen receptor expression, and FGF CNV. MSI
microsatellite stability status, TMB tumour mutational burden in mutations per megabase, CUP carcinoma of unknown primary, Ca cancer,
CCA cholangiocarcinoma, GIST gastrointestinal stromal tumour, HCC hepatocellular carcinoma, HNSCC head and neck squamous cell cancer,
CRC colorectal cancer, NEC neuroendocrine carcinoma, RCC renal cell cancer.
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This distribution differs among patients who did not experience
clinical benefit from MTB-recommended therapies, where only
52.6% of patients (10/19) had m1 evidence, while 47.4% (9/19)
had evidence level of m2 or below (Fig. 3b).
To further analyse the efficacy of MTB-recommended therapies,

we looked at treatment durations (Fig. 4a). In total, 11 patients
received MTB-recommended treatments for more than 200 days.
Among these, 10 had documented responses (3 PR and 6 SD),
indicating that a certain proportion of MTB patients can benefit
significantly from the recommended therapies. The recommenda-
tions for these patients were based on MSI and FGFR2-fusions (two
cases each), IDH1, POLE, ERBB2, BRAF mutations, and PD-L1
expression. Also, ten treatments were still ongoing at the data cut-off.
Due to the heterogeneity of the cohort, PFS2/1 ratios were

studied for intra-patient comparisons. 26 patients were evaluable
for PFS2/1 in the MTB cohort and 31 in the alternative treatment
cohort. PFS2/1 ratios over 1.3 were 34.6% and 16.1%, respectively
(Fig. 4b; Supplementary Tables S8 and S9 for details).
Altogether, a median PFS of 4.20 months was obtained for MTB

therapies as opposed to 2.83 months for alternative treatments,
which did not reach statistical significance (95% CI of ratio 0.8762 to
2.508; P= 0.1509; Fig. 4c). An encouraging difference in OS for the
MTB therapy (median 11.90 months) compared to no treatment
(median 6.90 months; 95% CI of ratio 1.1114 to 2.671; P= 0.0368;
Fig. 4d) was detectable. A significant difference could be observed in
the OS of alternative therapy (median 13.07 months) versus no
treatment (median 6.90 months; 95% CI of ratio 11.200 to 2.987;
P= 0.0020; Fig. 4d), while MTB therapy and alternative therapy were
not significantly different in terms of OS (P= .4219; Fig. 4d). Given
that clinical benefit was rather achieved in the case of higher
evidence levels, we also compared m1A-based MTB therapies to
alternative therapies. For this selected group, PFS was significantly
longer for m1A-MTB therapies (median 6.30 months) than alternative
therapies (median 2.83 months; 95% CI of ratio 1.027 to 4.814;
P= 0.0278; Fig. 4e). Despite the difference in PFS, OS was not
different between these two groups (Fig. 4f).
OS and PFS were also compared in the CCA cohort, since a

comparatively high number of MTB therapies had been adminis-
tered in this entity, and a particular emphasis was placed on CCA
by the ESMO guideline NGS recommendation [23] (Supplementary
Fig. S2). While these comparisons were not statistically significant
(median OS MTBCCA 12.57 months; median OS alternativeCCA
11.33 months, median OS no therapyCCA 8.43 months), a trend was

detected for PFS in favour of the MTB therapy in CCA (median PFS
MTBCCA 9.90 months, median PFS alternativeCCA 2.70 months; 95%
CI of ratio 1.06 to 12.67; P= 0.1170). In this analysis, a CCA
harbouring an IDH1 mutation with long-term survival of
>22 months is particularly interesting (PatID 26). However, due
to the low sample size and the heterogeneity of cohorts,
propensity score matching between cohorts was not possible
for all survival analyses. Thus, the results should be interpreted
cautiously, since confounders cannot be controlled.

DISCUSSION
In the presented MTB observational study, 49.8% of the 251
included patients received treatment recommendations based on
IHC and NGS results. This number per se indicates that the methods
employed are sufficient to detect relevant alterations for the
intention of off-label treatment in a cohort of patients with
advanced cancers. In 18.7% of patients, the treatment recommen-
dation was implemented. Different factors influence this figure: due
to the observational cut-off, several patients remained under last-
line therapy and did not yet continue with the MTB-recommended
therapy, treating physicians opted against the treatment adminis-
tration, health insurers denied therapy cost coverage, or the
patients deceased soon after the MTB. When comparing treatment
recommendation and implementation frequencies with other
genomically informed trials, similar results were obtained: the
MTB in Baltimore reached 24% and 16% [24], in Vienna 54% and
23% [25], in Cleveland 49% and 11% [26], and 54% and 28% in
Freiburg [16]. Of note, the DKTK/MASTER trial yielded much higher
recommendation rates of 88%, while the implementation frequency
was 31.8% [13]. A lower threshold could partly explain these high-
recommendation rates. In the latter study, 45.3% of recommenda-
tions were based only on preclinical data (m3) and theoretical
reasoning (m4), contrasting to 9.9% in our study. Moreover, in the
DKTK/MASTER trial, more complex diagnostic methods were
employed, such as whole genome/ exome and RNA sequencing,
which could account for a higher detection rate of alterations.
Nonetheless, the authors purport that our study’s targeted DNA and
RNA sequencing methods were well suited to uncover off-label
treatment options for about half of the recruited patients while
being comparatively affordable methods. Of note, the addition of
IHC for Her2, MMR proteins and PD-L1 accounted for 17.60% of
primary recommendations, and we thus consider them an integral
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part of our MTB diagnostics. Moreover, MSI PCR yielded another
4.8% of primary recommendations, and in conjunction with MMR
proteins, MSI was detected in 6.4% of patients. The authors advise
against relying exclusively on panel-based MSI analysis. Not only did
the NGS-based MSI analysis commonly fail (unevaluable in 78 out of
214 TSO panels [36.5%]), but also two cases of panel MSI were false
negative, and one was false positive compared to PCR MSI. Beyond
MSI/MMR, the addition of PD-L1 remains disputable. While 12.8% of
primary recommendations were based on PD-L1 scoring (TPS, ICS
and CPS), only one of five patients (PatID 40; a thymoma with a CPS
of 91) reached SD on single agent immune checkpoint blockade,
while the other four were progressive. While in some centres, PD-L1,
MMR proteins, and Her2 immunohistochemistry are considered
routine diagnostic, the authors believe these analyses an essential
part of MTBs given the dynamic development of clinical studies and
the fact that the resulting therapies are often off-label and should
therefore be closely monitored in a study setting.
In addition to these insights on the chosen methods, we also

noted different recommendation frequencies depending on the
cancer type. This finding could help develop a weighted prioritisa-
tion system based on the entity in the future to optimise precision
oncology workflows. This is highlighted by the relatively low-
recommendation frequencies for CRC, breast cancer and PDAC,
whose incidences are high. Other relatively frequent tumours like
biliary tract and gastric cancer have high-recommendation rates
and are thus more suited for comprehensive molecular analysis. Our
real-world data align with observations made in the DKTK cohort
[13] and MOSCATO-01 trial [14], emphasising the utility of
molecularly informed therapies in selected, mostly rare, tumour
entities. The 2020 ESMO guidelines also favour NGS in CCA, which is
clearly mirrored by our cohort, while the use for gastric cancer is
discouraged [23]. Regarding gastric cancer, our cohort yielded high-
priority target recommendations for targeted therapy, such as MSI,
Her2 expression, and PD-L1, while also uncovering rare but
promising alterations such as ROS1 fusion and MET-amplifications.
Although some of these alterations are already part of the standard
therapy for gastric cancer, we consider a holistic reassessment of
these parameters throughout the disease as reasonable and would
assign a high priority to this entity. NGS for CRC and PDAC should
only be implemented for research purposes according to the ESMO
guidelines [23], a conclusion supported by this study. Furthermore,
the ESMO guidelines recommend the routine use of NGS for lung
cancer, CUP and prostate cancer. Our cohort offers limited insight
into these entities due to low case numbers. However, we found it
fruitful to refer selected cases that showed non-standard genetic
aberrations from our thoracic tumour board to the MTB. The MTB
offers an additional discussion platform for potentially actionable
alterations in lung cancer patients and, due to its nature, can
dedicate more time to the individual patient. This allows for
comprehensive therapy recommendations such as concomitant
HER2/MET-amplifications as a potential primary resistance mechan-
ism and MET and BRAF fusions that cannot be as easily assessed in
the thoracic tumour board. In addition, our data show that
recommendations with high evidence levels were implemented
more often and had better chances of attaining clinical responses.
Thus, lower-priority evidence recommendations should be
regarded with caution, because success rates are low and often
clinically challenging to realise. Clinical benefit could more often be
obtained from high evidence levels in the same entity (m1) and not
from evidence derived from other entities or preclinical studies (m2
or below). On top of that, PFS was significantly longer for tier m1A-
based MTB therapies than for alternative non-MTB therapies.
Regarding outcome measures, our study reports a clinical benefit

rate (CBR; CR+ PR+MR+ SD) of 50.0% for MTB-recommended and
63.8% for alternatively administered treatments. In contrast, the
PFS2/1 ratios were 34.6% and 16.1% for MTB and alternative
treatments, thus favouring the MTB cohort. This discrepancy
between CBR and PFS ratios might partly be explained by the fact

that MTB-recommended therapies were off-label in 96.6%, while
alternative therapies were off-label only in 39.6%. This distribution
implies that in several cases, available in-label treatments were still
available, so the MTB was not always initiated after the last-line
treatment had begun. This contradicts the defined inclusion criteria
and reflects that strict criteria cannot always be sufficiently met in
clinical reality. Possible reasons include fast progression and
considerable processing times for molecular diagnostics from
enrolment until the MTB discussion (median 28 days).
The current observational study achieved an objective response

rate (ORR) of 2.8% over the entire cohort (7 PR among 251 patients
analysed) or 14.9% considering only those patients who were
administered an MTB therapy (7/47). Again, this figure could
potentially improve after a longer observation time since several
patients were not yet evaluable for response at the data cut-off.
While we acknowledge that an ORR of 14.9% is low, one should
consider that this has been achieved in a heavily pretreated
cohort. Moreover, disease control is sometimes just as beneficial
for these incurably ill patients. This assumption is highlighted by a
patient with CCA (PatID 26) who achieved SD under ivosidenib
therapy for 22 months.
In the meantime, EMA has approved several MTB-

recommended therapies in the respective genomic contexts, such
as pembrolizumab for microsatellite instable [27] or pemigatinib
for FGFR2 fusion-positive CCA [28]. With the benefit of hindsight,
this justifies several MTB recommendations. Moreover, these cases
clearly indicate that MTBs can facilitate allocating promising new
unapproved therapeutic options to patients.
In our study, we observed significantly improved OS for MTB

therapies compared to no treatment, which was also the case for
alternative therapies, while PFS slightly favoured MTB therapies.
We consider this additional encouraging evidence to use the MTB
as a valuable clinical instrument for treatment allocation beyond
the last-line therapy. At the same time, these results should be
interpreted with caution due to the heterogeneity of cohorts.
Finally, our study demonstrates the feasibility of establishing an
MTB with a diffuse rural catchment area [29], providing its benefits
also to spatially dispersed patients in Eastern Bavaria.
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