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Background: COGNITION (Comprehensive assessment of clinical features, genomics and further molecular markers to
identify patients with early breast cancer for enrolment on marker driven trials) is a diagnostic registry trial that
employs genomic and transcriptomic profiling to identify biomarkers in patients with early breast cancer with a high
risk for relapse after standard neoadjuvant chemotherapy (NACT) to guide genomics-driven targeted post-neoadjuvant
therapy.
Patients and methods: At National Center for Tumor Diseases Heidelberg patients were biopsied before starting NACT,
and for patients with residual tumors after NACT additional biopsy material was collected. Whole-genome/exome and
transcriptome sequencing were applied on tumor and corresponding blood samples.
Results: In the pilot phase 255 patients were enrolled, among which 213 were assessable: thereof 48.8% were identified
to be at a high risk for relapse following NACT; 86.4% of 81 patients discussed in the molecular tumor board were eligible
for a targeted therapy within the interventional multiarm phase II trial COGNITION-GUIDE (Genomics-guided targeted
post neoadjuvant therapy in patients with early breast cancer) starting enrolment in Q4/2022. An in-depth
longitudinal analysis at baseline and in residual tumor tissue of 16 patients revealed some cases with clonal evolution
but largely stable genetic alterations, suggesting restricted selective pressure of broad-acting cytotoxic neoadjuvant
chemotherapies.
Conclusions: While most precision oncology initiatives focus on metastatic disease, the presented concept offers the
opportunity to empower novel therapy options for patients with high-risk early breast cancer in the post-
neoadjuvant setting within a biomarker-driven trial and provides the basis to test the value of precision oncology in
a curative setting with the overarching goal to increase cure rates.
Keywords: early breast cancer, prospective precision oncology trial, curative precision oncology, molecularly targeted
therapy, tumor evolution
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INTRODUCTION

Breast cancer (BC) is the most common cancer in women,
with 2.3 million newly diagnosed cases worldwide per year.1

Despite significantly higher cure rates due to improved
earlier diagnosis and interdisciplinary standard-of-care (SoC)
treatment, BC remains the leading cause of tumor-related
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deaths in women worldwide, with reports estimating
685 000 deaths annually. SoC of high-risk early BC includes
cytotoxic chemotherapy, which is preferentially adminis-
tered as a preoperative neoadjuvant chemotherapy
(NACT).2 Given the close correlation between residual
cancer burden after NACT and outcome, NACT outperforms
adjuvant therapy regimens due to the prospect for early
in vivo efficacy assessment of the administered therapy. This
strategy facilitates the identification of high-risk patients at
the timepoint of surgery, who have a poor prognosis,
allowing to dynamically adapt and escalate therapeutic in-
terventions before overt metastatic disease develops.3-5

Two standard classifiers are routinely used to identify
patients with high-risk eBC after NACT: In triple-negative BC
(TNBC) and human epidermal growth factor receptor 2
(HER2)-positive BC, nonpathological complete response
(non-pCR) after NACT is associated with a high risk of
relapse. In hormone receptor (HR)-positive, HER2-negative
BC the more complex CPS-EG score (CS: pretreatment
clinical stage; PS: post-treatment pathologic stage; E: pre-
treatment estrogen receptor status; G: pretreatment grade)
is used to identify high-risk patients in the clinical routine.4,6

While a large proportion of patients present with a
pathological complete response (pCR) following NACT,
depending on the subtype in w40%-80% of patients highly
chemotherapy-resistant residual tumors remain (non-pCR),7

which is presumably indicative of the overall distant tumor
load giving rise to metastasis. Accordingly, a large propor-
tion (30%-50%) of non-pCR patients relapse within the first
5 years.4 Consequently, the major advantage of NACT re-
sides in its prognostic power to adapt therapy algorithms
after surgery to lower this substantial risk of relapse by the
administration of a further line of post-neoadjuvant therapy
(PNACT). This concept has been corroborated in largely
molecular unstratified cohorts: in patients with HER2-
negative BC and a high risk of recurrence, additional post-
neoadjuvant treatment with capecitabine improved overall
survival within the CREATEX trial.8 By contrast, in KATHER-
INE improved invasive disease-free survival was shown for
molecularly identified HER2-positive BC after a switch to
PNACT with trastuzumab emtansine (T-DM1).9 Within the
OlympiA trial, PNACT with olaparib also improved overall
survival in high-risk patients with HER2-negative BC and
molecularly identified pathogenic or likely pathogenic
BRCA1/2 germline mutations.10 These data provide evi-
dence for the concept that addition of PNACT in a risk-
adapted manner can increase outcome in early BC. In this
regard, the use of patient-individual molecular tumor pro-
files to personalize post-neoadjuvant therapies holds the
promise to further improve cure rates.

Precision oncology trials offer treatment options by
application of drugs targeting molecular alterations detec-
ted in tumor cells via genomic and/or transcriptomic
profiling approaches. For example, the precision oncology
trial CATCH (Comprehensive assessment of clinical features
and biomarker to identify patients with advanced or met-
astatic breast cancer for marker driven trials in humans) for
patients with advanced/metastatic BC revealed a clinical
2 https://doi.org/10.1016/j.esmoop.2022.100637
benefit for about one-third of treated patients.11 So far,
however, this approach has been mainly confined to the
palliative setting. Recently, application of molecular
profiling is being introduced in neoadjuvant regimens to
search for improved biomarkers predicting pCR or high risk
(reviewed in12), with the prospect to apply and validate
targeted molecular therapies also within post-neoadjuvant
settings.13,14

Here we describe the results of the pilot phase of
COGNITION (Comprehensive assessment of clinical features,
genomics and further molecular markers to identify patients
with early breast cancer for enrolment on marker driven
trials) as a monocenter experience to implement genomics-
guided targeted PNACT in early high-risk BC and report in-
depth clonal evolution patterns in longitudinal analysis of
the genomes of 16 paired pre- and post-NACT tumor tissue.
The pattern of identified targets in this cohort has triggered
the design of the interventional multiarm phase II trial
COGNITION-GUIDE (Genomics-guided targeted post neo-
adjuvant therapy in patients with early breast cancer), with
each biomarker-driven arm testing a single targeted drug,
which will start recruitment in Q4 2022.
MATERIAL AND METHODS

Patients and biomaterial

Patients with histologically confirmed early BC and indica-
tion for NACT irrespective of molecular subtype were
screened for eligibility and consented upon presentation at
the Division of Gynecologic Oncology at the National Center
for Tumor Diseases (NCT) Heidelberg. Written informed
consent was retrieved according to the study approval
protocol by the local IRB of Heidelberg University (S-790/
2018). To retrieve suitable material(s) for molecular
profiling, snap-frozen tumor samples were collected by
standard bioptic procedures (14G diameter) at baseline (T1
timepoint: treatment-naïve pre-neoadjuvant) and after
standard NACT in case of residual bulk tumors; T2 time-
point). Clinical remission status at timepoint T2 was
assessed after NACT via ultrasound and/or breast magnetic
resonance imaging. The high-risk state was assessed ac-
cording to pathological state and CPS-EG score as outlined
in the Supplementary Information S1, available at https://
doi.org/10.1016/j.esmoop.2022.100637. If fresh tumor tis-
sue with sufficient tumor cell content was not available at
timepoint T2 from high-risk patients, formalin-fixed,
paraffin-embedded (FFPE) material from the tumor spec-
imen resected at surgery was used. Blood control samples
taken at timepoint 1 were used to account for germline
alterations. Pseudonymization was conducted according to
standard in-house procedures.
DNA and RNA analysis

Following histological evaluation (cut-off tumor cell content
�20%), isolation of DNA and RNA from tumor samples and
preparation of the respective libraries for sequencing ana-
lyses were carried out (see Supplementary Information S1,
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available at https://doi.org/10.1016/j.esmoop.2022.
100637). Sequencing data were processed and analyzed
using in-house computational pipelines as previously
described11,15,16 and outlined in the Supplementary
Information S1, available at https://doi.org/10.1016/j.
esmoop.2022.100637.
Predictive biomarkers and intervention arm allocation

The relationship between alterations identified by
sequencing and specific targeted substances was established
using molecular evidence levels of clinical actionability as
defined in the classification scheme used in the end-to-end
workflows of the molecular tumor boards of the NCT Hei-
delberg.17,18 For this purpose, the three main BC subtypes
(HR-positive/HER2-negative, HER2-positive, and TNBC) were
considered as different entities. Given the curative intent,
only stringent molecular evidence levels based on prospec-
tive, meta-analysis, or retrospective cohorts irrespective of
histology were considered sufficiently strong to qualify bio-
markers as predictive for a particular intervention (see
Supplementary Table S1, available at https://doi.org/10.
1016/j.esmoop.2022.100637). Individual case reports and
Assessable patients
83.5% (213/255)

Enrollment
n = 255

Low-risk patients
51.2% (109/213)

High-
48.8

High-

77.9

Timepoint Enrollment

Lateral entrants
19.7% (42/213)

Baseline (prior NACT)
80.3% (171/213)

Reco
86.

Figure 1. Cohort characteristics. Flow diagram displaying the number of patients
enrolled before start of neoadjuvant chemotherapy (NACT; baseline patients), but al
after NACT based on the pathological evaluation was assessed in a standard-of-car
genome or whole-exome as well as transcriptome sequencing) was carried out and
prioritize molecular-guided therapies. A total of 213 assessable patients were distribu
HRþHER2þ, 19 HER2þHRe, and 80 TNBC cases.
HER2, human epidermal growth factor receptor 2; HR, hormone receptor; TNBC, tri
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preclinical or biological data for an association between a
biomarker and treatment were not considered as a suffi-
ciently strong rationale for an intervention in this patient
population treated with a curative intent. Additional pre-
dictive factors were also considered, such as the most recent
immune histology of the sequenced sample [i.e. immuno-
histochemistry (IHC)-based HR, HER2, PD-L1, and TROP2
status], as well as whole-genome sequencing (WGS)- or
whole-exome sequencing (WES)-derived tumor mutational
burden defined as the number of somatic single-nucleotide
variants (SNVs) per megabase of the human genome or
targeted genome region in case of WES.

RESULTS

Cohort characteristics

In the pilot phase (April 2019 to September 2020), 255 pa-
tients were enrolled (average age 52 years; Figure 1). A total
of 42 patients were excluded from the initial analysis due to
various reasons such as progress and/or local relapse under
NACT, revealing 213 assessable patients. Of these, six pa-
tients had BC on both sides and seven patients had two
different tumors with distinct molecular subtypes on one
Screening failures
4.3% (11/255)

risk patients
% (104/213)

risk patients
in MTB
% (81/104)

Progress under NACT
0.4% (1/255)

Other
7.8% (20/255)

Patients excluded
16.5% (42/255)

Patients with local relapse
3.9% (10/255)

Low Tumor Content (<20%)
20.2% (21/104)

Technical Issues
1.9% (2/104)

Patients excluded
22.1% (23/104)

mmendation
4% (70/81)

enrolled, assessable, and excluded from analysis. Patients were conventionally
so after the start of the course of NACT (lateral entrants). Risk status for relapse
e post-operative tumor board. In high-risk patients molecular profiling (whole-
patients were presented in an interdisciplinary molecular tumor board (MTB) to
ted among immunohistochemistry-based subtypes as follows: 75 HRþHER2e, 39

ple-negative breast cancer.
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side. Consequently, 226 lesions were detected in 213
assessable patients.

Evaluation of standard pathological IHC-based parameters
[estrogen receptor (ER), progesterone receptor (PR), HER2, Ki-
67, Grade (G)] revealed that the majority of the 226 evaluable
lesions of baseline pre-NACT tumors had a luminal subtype
[55.31%, luminal-HRþ/HER2e or luminal-HER2þlike (HRþ/
HER2þ); classification outlined in Supplementary Information
S1, available at https://doi.org/10.1016/j.esmoop.2022.
100637], followed by TNBC (35.40%, HRe/HER2e) and
HER2-positive subtype (8.85%, HReHER2þ). Further, one
ductal carcinoma in situ, which according to clinical convention
cannot be classified according the common subtype scheme,
was included because the patient had a further prognostically
leading tumor (0.44% Supplementary Table S2, available at
https://doi.org/10.1016/j.esmoop.2022.100637). Based on
the assessment of the overall risk status, 104 patients
possessed a high risk.

The ER, PR, and HER2 IHC-based expression dynamics
between pre- and post-NACT were assessed in 108 available
paired lesions, where it was possible to retrieve both a bi-
opsy from the baseline and the residual bulk tumor
following NACT (Figure 2A). A subtype switch was seen in
17.59% (19/108) of the lesions (Supplementary Table S3,
available at https://doi.org/10.1016/j.esmoop.2022.
100637). This was predominantly attributed to a switch
from luminal-B-like (HRþ/HER2e/high proliferation) to
luminal-A-like (HRþ/HER2e/low proliferation) in 22.2% (24/
108) of the lesions, which was associated with a substantial
decrease in the average Ki-67 expression (% positive cells)
from 42.0% before NACT to 14.6% after NACT in this
subcohort.

Overall, a complete loss/gain of either ER PR or HER2 was
detected in 17.59% (19/108) of the lesions.
Risk status and post-neoadjuvant standard-of-care therapy

From the 213 assessable patients, 171 were enrolled before
the start of NACT (baseline patients) and 42 during NACT
(lateral entrants). As there were no differences observed
between baseline patients and lateral entrants with respect
to the distribution of clinical complete response (cCR), pCR,
and high-risk status (Figure 2B, Supplementary Tables S4
and S5, available at https://doi.org/10.1016/j.esmoop.
2022.100637), both groups were pooled for further anal-
ysis. To identity high-risk patients, who require PNACT
following surgery, pathological response was determined by
pathological assessment of all tissue specimens resected at
surgery.

The imaging-based cCR rate prior to surgery was 36.62%
(78/213) and residual tumor was still evident in 62.91%
(non-cCR, 134/213; Supplementary Table S4A, available at
https://doi.org/10.1016/j.esmoop.2022.100637). Patholog-
ical evaluation after surgery revealed a pCR rate of 40.85%
(87/213), whereas 59.15% (126/213) of patients showed
non-pCR (Supplementary Table S4B, available at https://doi.
org/10.1016/j.esmoop.2022.100637). The proportion of tu-
mors, which had a discordance between cCR and pCR
4 https://doi.org/10.1016/j.esmoop.2022.100637
status, was 28.17% (60/213, 12.21% cCR/non-pCR; 15.96%
non-cCR/pCR; Supplementary Table S4C, available at
https://doi.org/10.1016/j.esmoop.2022.100637). Following
surgery according to risk classification using the pCR status
and CPS-EG score, respectively, 104/213 (48.83%) patients
were classified as having a high risk. Interestingly a higher
fraction of patients with HRþHER2þ (8/18, 44.44%) and
TNBC (35/80, 43.75%) than patients with HRþHER2e tumor
(16/74, 21.62%) showed an imaging-based cCR (see
Figure 2B, Supplementary Table S5, available at https://doi.
org/10.1016/j.esmoop.2022.100637).

In addition to endocrine therapy in case of HR-positive
disease, 88 out of the 104 high-risk patients received
either capecitabine 57.69% (60/104), trastuzumab emtan-
sine (T-DM1) 22.12% (23/104), trastuzumab/pertuzumab
2.88% (3/104), or trastuzumab/pertuzumab combined with
capecitabine 1.92% (2/104) as post-neoadjuvant standard
treatment. About 7.69% (8/104) of high-risk patients
received no additional post-neoadjuvant systemic therapy
due to poor tolerance of NACT or comorbidities; for 7.69%
(8/104) of the patients further details were not available
(Figure 2B).

Tissue sampling for molecular profiling

For 78.87% (168/213) of patients a tissue biopsy was taken
prior to NACT at baseline (T1). Of these, 91.67% (154/168)
had sufficient tumor cell content for subsequent WGS. The
predominant site of the biopsy was the breast (165 breast, 3
lymph node biopsies). In case patients displayed a poor cCR
in the preoperative imaging procedure following NACT
(41.31%, 88/213), further fresh-frozen tissue was retrieved
(T2), as these lesions presumably display an outgrowth of
cancer cells and the respective molecular landscape driving
NACT resistance. The predominant T2 biopsy site was again
breast (82 breast, 6 lymph node biopsies).

One hundred four patients were classified as having high
risk based on the pCR state and the CPS-EG score and from
60 patients post-NACT fresh-frozen biopsies were available.
To avoid overtreatment in low-risk patients, administration
of an additional molecular-guided PNACT is directed spe-
cifically toward high-risk patients only. As chemotherapy
alters the tissue architecture, only in a subset of these high-
risk patients (32/104, 30.77%) was the tumor cell content of
the T2 biopsy sufficient for WGS. In the remaining high-risk
patients (72/104, 69.23%), we used FFPE tissue from sur-
gery specimen for WES, of which 51 had sufficient material
for sequence analysis.

In total, in 77.88% (81/104) of the high-risk patients
sequencing analysis was successfully conducted by either
WGS using fresh tumor tissue from T2 biopsy (32/104,
30.77%) or WES using FFPE material from surgery (49/104,
47.12%, high-risk patients).

Molecular profiles

To retrieve an in-depth molecular picture of the evolu-
tionary differences driven by NACT administration, we
analyzed mutation spectra in 16 patients at baseline and
Volume 7 - Issue 6 - 2022
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A

B

Figure 2. Pre- and postdynamics of subtype and prognostic risk status. (A) Sankey plot showing the distribution of paired subtypes before and after neoadjuvant
chemotherapy (NACT; n ¼ 108) determined by immunohistochemistry (IHC) for estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2). One patient displayed a ductal carcinoma in situ, which is conventionally not classified according to the standard IHC-based subtyping. Based on the
assessment of the overall risk status, 104 patients possessed a high risk, yet 108 patients were eligible for the IHC-based paired subtyping. (B) Analysis of image-based
(ultrasound, mammography, and/or magnetic resonance imaging) clinical response, classified as complete clinical response (cCR) or noncomplete clinical response (non-
cCR), and its relation to the immunohistochemistry (IHC)-based subtyping, the pathology-based pathological response, classified as complete pathological response (pCR)
or non-pCR, and the respective prognostic risk status. In one patient clinical response was not evaluable. Post-neoadjuvant treatment recommendations in the standard of
care (SoC) include capecitabine, T-DM1, trastuzumab/pertuzumab (Tras/Per), and trastuzumab/pertuzumab/capecitabine. For 7.7% of the patients, the therapy protocol
was unknown and 7.7% of the patients did not receive any post-neoadjuvant therapy (PNACT) because of intolerability of NACT and comorbidities.
DCIS, ductal carcinoma in situ; HR, hormone receptor; NA, missing data; TNBC, triple-negative breast cancer.
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after NACT (12 samples with WGS and 4 samples with WES
from 15 patients with baseline and residual tumor tissues
and 1 patient with material from contralateral sides before
and after NACT).

One patient initially presented with a bilateral BC and the
baseline tumor was sampled from the right side while the
tumor biopsy after NACT was from the left side. The total
number of variants [SNVs and short insertionsedeletions
Volume 7 - Issue 6 - 2022
(InDels)] was on average 10 487 (median 7964.5) in WGS
(range 2177-47 727) and 477 (median 499.5) in WES (range
219-689). Across all patients each tumor harbored a median
of 5 mutations in putative BC-driver genes (average 6.0),
most frequently TP53 (56%), PIK3CA (19%), RB1 (19%), NF1
(19%), and ATR (19%; Figure 3). The majority (mean 86.4%,
standard deviation 16.2%) of the driver mutations in a pa-
tient with unilateral disease (n ¼ 15) were detected in both
https://doi.org/10.1016/j.esmoop.2022.100637 5
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samples, suggesting that they were early events (trunk
associated in the evolutionary tree) and hence not nega-
tively selected by treatment. In particular, this was always
the case for mutations in the five most frequently mutated
genes, namely, TP53, PIK3CA, RB1, NF1, and ATR.
Conversely, 13.6% of putative drivers were lost or gained
upon treatment in patients with unilateral disease, possibly
reflecting ongoing clonal evolution. Interestingly, the one
patient with tumor samples from both sides of the breast
showed the lowest fraction of overlapping variants between
genes [overall, 689 distinct mutations; overlap before NACT
57.5% (396/689), after NACT 61.2% (422/689) versus 86.7%
overlap in patients 1-15] and no overlapping driver muta-
tions, indicating an at least partly independent tumor
evolution.

We then asked whether NACT alters the mutational
processes active in BC by analyzing mutational signatures
(Cosmic version 219) in the 12 cases, for which longitudinal
WGS data with high tumor content were available. The
predominant SNV-derived mutation signatures were AC1,
associated with spontaneous deamination of 5-
methylcytosine and aging; AC2 and AC13, both attributed
to APOBEC enzyme activity, which in physiological situations
may protect cells from viral infections; AC3, associated with
defective DNA double-strand break repair; and AC5, for
which etiology is unknown (Figure 4). Most signatures
remained stable after NACT. However, in one case signature
AC13 arose after NACT, while AC2 was lost. Although both
are explained by related mechanisms by virtue of APOBEC
activity, this may either indicate a possibility of differential
clonal development under NACT or may be due to algo-
rithmic limitations, as these two signatures are rather
similar. Taken together, the mutational profiles and signa-
tures remained largely stable during NACT in this subcohort,
suggesting limited selective pressure on the genomes, albeit
clonal evolution was observed in individual cases.
Potential options of individualized post-neoadjuvant
systemic treatment

The major objective of COGNITION is to characterize the
residual tumor of high-risk patients to tailor post-
neoadjuvant treatment according to genomic alterations
detected in NACT-resistant cell clones to reduce the sub-
stantial risk of a relapse. Given the curative treatment
intent, administration of off-label therapies is not feasible,
and so the patients will be assigned to one of the treatment
arms in a newly designed phase II treatment trial (COGNI-
TION-GUIDE; NCT05332561). Within this study, patients
who are still at high risk for relapse following NACT and
surgery will subsequent to post-neoadjuvant SoC treatment
being offered a personalized therapy. According to the tu-
mors biomarker profile they will be assigned to one of the
six treatment arms (atezolizumab, inavolisib, ipatasertib,
olaparib, sacituzumab govitecan, trastuzumab/pertuzumab)
(Figure 5A, Supplementary Figure S1, available at https://
doi.org/10.1016/j.esmoop.2022.100637, Supplementary
Table S1, available at https://doi.org/10.1016/j.esmoop.
Volume 7 - Issue 6 - 2022
2022.100637). For the successfully sequenced patients
(n ¼ 81) an interdisciplinary molecular tumor board at NCT
Heidelberg prioritized one to three treatment options. At
least one therapy was recommended in 86.42% (70/81) of
all high-risk patients with successfully conducted
sequencing analysis, a second recommendation in 48.15%
(39/81), and a third recommendation in 8.64% (7/81;
Figure 5B).

Beyond identification of somatic actionable alterations,
broad genomic profiling possesses the advantage to un-
cover precious information on germline alterations.
Genomic profiling of 81 high-risk patients unraveled (likely)
pathogenic cancer-relevant germline variants in 17.28%
(14/81) of the patients (in 8/14 a variant in BRCA1 or
BRCA2, 3/14 in the FANC gene family, 2/14 in CHEK2, and 1/
14 in ATM); 50% (7/14) of the patients with a pathogenic or
likely pathogenic variant had a novel indication for genetic
counseling based on the broad genomic profiling approach,
either because the patients did not meet the family criteria
for genetic counseling (n ¼ 5) or the variant was not
detected during genetic counseling before (n ¼ 2).
DISCUSSION

This is the first report of the feasibility of comprehensive
molecular profiling and its clinical applicability within the
molecular precision registry trial COGNITION for patients
with early BC with NACT indication. We carried out WGS/
WES and RNA sequencing to identify molecular targets for
individualized post-neoadjuvant treatment of patients who
are still at high risk for relapse following SoC NACT and
surgery. Thus COGNITON is one of the first precision
oncology trials addressing potentially curative situations,
intended to reduce the risk of relapse and to increase cure
rates.

Of the first 213 assessable patients enrolled in this pro-
gram, 40.85% presented with pCR defined as ypT0/Tis ypN0.
This rate is in line with previously described reports (18%-
40%3,7) and steadily increasing pCR rates due to better
patient selection, improved treatment regimens, and sup-
portive measures. On the post-operative tumor board
48.83% of patients were identified as having a high risk for
relapse according to non-pCR status (patients with TNBC or
HER2-positive BC) and non-pCR plus high CPS-EG score
(patients with HR-positive, HER2-negative tumors), respec-
tively. To obtain fresh tumor tissue resistant to NACT, pa-
tients with clinically residual tumor were biopsied before
surgery. The overall low rate of post-NACT biopsies with a
tumor content sufficient for WGS (30.8%) has to be
attributed to the effects of the NACT on the tissue
composition. Considering pre-NACT samples 91.7%
possessed a tumor content sufficient for WGS.

In line with published results, clinical and pathological
response were discordant in 28.2% of patients.20,21 Thus, in
high-risk patients without sufficient fresh tumor tissue
biopsied before surgery, we used FFPE material from sur-
gical specimens for WES. In summary, in 77.9% of high-risk
https://doi.org/10.1016/j.esmoop.2022.100637 7
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patients sequencing analysis could be successfully carried
out by either WGS (n ¼ 32) or WES (n ¼ 49).

In 20.29% (17/84) of patients with non-pCR there was a
switch in IHC-based subtype from before to after NACT.
Remarkably, this affected predominantly HR-driven tumors,
while the baseline TNBC (stable: 30/31) and HER2-positive
(stable: 3/3) ones appeared mostly stable. This phenome-
non is in concordance with subtype switches reported in
metastases.22,23

While COGNITION relies on molecular biomarkers that
are generally considered for precision oncology trials in BC,
recent findings concerning these markers are carefully
considered with respect to potential improvements in the
future, such as modification of diagnostic cut-off scores. In
this context, we refer to interesting current debates about
whether anti-trop2 agents are still active despite low TROP2
expression24 and whether a tumor mutation burden score
>10 might not be relevant for considering immunotherapy
in BC.25

Mutational profiles and signatures of 16 paired samples
taken before and after NACT revealed only occasional clonal
evolution but largely stable genomes in a subset of patients
selected based on maximum technical quality criteria to
carry out in-depth molecular analyses. This may be attrib-
uted to the rather little selective pressure on the genome
inferred by broad-acting cytotoxic chemotherapies in non-
responders and requires further elucidation if targeted
agents drive a different clonal pattern. However, we here
demonstrate that even in unilateral tumors, 13.6% of
mutated putative drivers were found lost or gained upon
treatment, possibly reflecting ongoing clonal evolution that
is not visible by bulk analysis or being undetected due to
variations in, for example, coverage and tumor cell content.
This finding is consistent with recent studies reporting
major differences after NACT in TNBC or neoadjuvant aro-
matase inhibitor therapy of HR-positive disease.14,26-28 To
elucidate the underlying processes and mechanisms, it will
be necessary to further decipher spatial and temporal
heterogeneity down to the resolution of single cells in
future studies.

The COGNITION framework and the results of the pilot
analyses provide the basis for the design of the interventional
phase II biomarker-guided multiarm umbrella trial
COGNITION-GUIDE (Figure 5). At present, existing precision
oncology trials predominantly address patients in a meta-
static incurable situation and implement therapy recom-
mendations in the context of biomarker-driven clinical trials
or by reimbursement in the off-label use.11,15,29 On the mo-
lecular level, this strategy displays the disadvantage of an
overall higher tumor burden and clonal complexity, and
Figure 4. Mutational signatures in paired biopsies. Top: Relative mutational signatu
into two fractions, depending on whether the mutations contributing to it were foun
between the contribution of the five most frequent signatures (AC1, AC2, AC3, AC5,
displays the change in relative frequency of all signatures, whereas the middle and lo
each case the type and timepoint of sequencing and the immunohistochemistry-ba
DSB, double-strand break; HER2, human epidermal growth factor receptor 2; HR
sequencing; WGS, whole-genome sequencing.
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hence less representative genomic profiles. Consequently,
moving broad genomic profiling to an earlier disease stage
with only minimal residual disease circumvents these limi-
tations and has a high potential to address critical clinical
targets at an early timepoint. Patients in the curative setting
are currently dependent on enrollment into biomarker-
driven studies to implement therapy recommendations, as
the current ethical and legal framework requires an incurable
disease for off-label use. In this context, COGNITION-GUIDE
provides a framework to grant drug access and to provide
robust efficacy data on the value of precision oncology in
early high-risk BC as patients will be stratified according to
biomarkers identified within COGNITION to one of the six
therapy arms encompassing atezolizumab, inavolisib, ipata-
sertib, olaparib, sacituzumab govitecan, and trastuzumab/
pertuzumab, respectively. This personalized targeted PNACT
will be administered in addition to SoC, including PNACTwith
capecitabine according to the CREATEX trial8 and T-DM1 ac-
cording to the KATHERINE trial.9 The biomarkers mandatory
for enrollment in the respective treatment armwere selected
based on their previously described predictive value and
classified according to Leichsenring et al.17 Indeed, 67.3%
patients still at high risk for relapse following SoC NACT could
be assigned to at least one of those treatment arms, high-
lighting the feasibility of the approach as a prerequisite to
expand the platform to further sites.

In summary, the workflow of COGNITION demonstrates
that WGS, WES, and transcriptome sequencing-based pre-
cision oncology are feasible for the clinical management of
patients with early BC and provides a strong basis for clin-
ical applications in interventional follow-up trials and
further clinical trial sites to ease access for larger patient
populations.
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