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SUMMARY

The primary objective of the prospective, randomized, multicenter, phase 3 biomarkerMicroarray Analysis
in breast cancer to TaylorAdjuvantDrugsOrRegimens trial (MATADOR: ISRCTN61893718) is togenerate a
gene expression profile that can predict benefit fromeither docetaxel, doxorubicin, and cyclophosphamide
(TAC) or dose-dense scheduled doxorubicin and cyclophosphamide (ddAC). Patients with a pT1-3, pN0-3
tumor were randomized 1:1 between ddAC and TAC. The primary endpoint was a gene profile-treatment
interaction for recurrence-free survival (RFS). We observed 117 RFS events in 664 patients with a median
follow-up of 7 years. Hallmark gene set analyses showed significant association between enrichment in im-
mune-related gene expression and favorable outcome after TAC in hormone receptor-negative, human
epidermal growth factor receptor 2 (HER2)-negative breast cancer (BC) (triple-negative breast cancer
[TNBC]). We validated this association in TNBC patients treated with TAC on H&E slides; stromal tumor-
infiltrating lymphocytes (sTILs) R20% was associated with longer RFS (hazard ratio 0.18, p = 0.01), while
in patients treated with ddAC no difference in RFS was seen (hazard ratio 0.92, p = 0.86, pinteraction = 0.02).

INTRODUCTION

For patients with early-stage breast cancer, both the addition of taxanes and dose-dense scheduling of adjuvant chemotherapy reduced the risk

of early breast cancer relapse and death.1,2 The eight-year survival improves from 83.3% to 86.5%with the addition of taxanes to a (neo)adjuvant
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anthracycline-based chemotherapy. Current state-of-the-art medicine is mainly based on results obtained from randomized-controlled trials in

all comers, and predictive biomarkers are generally not the primary objective. Therefore, we can only determine the best treatment for thewhole

group of breast cancer patients, while it remains unclear whether subgroups of patients exist that would benefit more from the experimental or

control treatment in the setting of a randomized clinical trial. In order to discover a biomarker, we hypothesize that the following clinical trial may

have a higher likelihood to yield a clinically useful test: (1) randomize patients between two regimens that havebeen found tobeequally effective

based on meta-analysis,3 (2) a prespecified plan of in-depth characterization of the tumor of each patient enrolled, and (3) in a prespecified

training sample, use this information to determine whether subgroups exist that would benefit significantly more from one particular adjuvant

chemotherapy regimen and validate findings in a test set within the same trial. Several gene expression profiles that might predict sensitivity to

chemotherapy have been identified.4–9 However, early investigations were based on single-arm studies resulting in a profile predictive of

response to that particular treatment, without information on what the benefit to an alternative regimen could be. Such studies produce

gene expression profiles that can have both prognostic as well as predictive value. More recent studies were well designed but did not yield

definitive results.9,10 A neo-adjuvant design accelerates assessment of a biomarker/treatment interaction by using pathological complete remis-

sion (pCR) as a surrogate endpoint, especially in an adaptive clinical trial design like the I-SPY (Investigation of Serial studies to Predict Your

Therapeutic Response with Imaging andMolecular AnaLysis) studies.11 The disadvantage of pCR as endpoint, however, is that it cannot reliably

be used to read out improvements in long-term recurrence-free survival when comparing novel treatments to the standard of care.12

In the randomized phase 3MATADOR study we tested, as primary objective, the hypothesis that a gene expression profile can be defined

that predicts advantage for either docetaxel, doxorubicin, and cyclophosphamide (TAC) or dose-dense scheduled doxorubicin and cyclo-

phosphamide (ddAC) in early-stage breast cancer. Such a profile enables us to predict which of the treatment regimens, which are equally

effective in the whole study population,13 will most benefit subgroups of patients. To our knowledge, this is the first trial with a primary objec-

tive testingwhether a gene expression profile can be generated that estimates the recurrence-free survival (RFS) benefit of one chemotherapy

regimen over another regimen in subgroups of patients, while both regimens are considered equally effective in the whole patient group.
RESULTS

Between August 2004 and November 2012, 664 patients were enrolled (Figure S1). Sixty-five patients had a clinically low risk of recurrence

according to Adjuvant!Online14 andwould not receive adjuvant chemotherapy according to current guidelines. Since for these patients there

is no need to develop a predictive test, these patients were excluded from the analyses. Furthermore, patients were excluded because of not

being treated according to protocol (n = 18), ineligibility to be included in the study (n = 3), or no follow-up data (n = 1); more details are

reported by Van Rossum.13 For the analysis of the primary objective, 81 samples failed the RNA quality control and are left out (Mendeley

bioinformatics file section 1.5).15 In the whole cohort, we observed 117 RFS events with a median follow-up of 7 years (Table S1). Treatment

groups were not significantly different regarding clinicopathologic characteristics (shown before).13
No predictive biomarker with gene expression profile using single genes

Unsupervised hierarchical clustering grouped patients showed a correlation between PredictionAnalysis ofMicroarray 50 (PAM50) and immu-

nohistochemistry (IHC) subtypes (Figure S2, Mendeley bioinformatics file section 1.7).15,16 The association between the PAM50 classification

and RFS is shown in Figure S3. As expected, in the first years after diagnosis, the RFS events occurred mostly in the basal-like breast cancers

and the human epidermal growth factor receptor 2 (HER2)-enriched subgroups, while the events in the luminal A and the luminal B subgroup

weremore or less constant over time (Figure S3). We found that expression levels of individual genes displayed interaction with treatment in a

way that seems distinct from mere noise for triple-negative breast cancer TNBC (Mendeley bioinformatics file section 2.3).15 However,

because of multiple testing we cannot conclude that the results are statistically significant.

We therefore decided to fit a Least Absolute Shrinkage and Selection Operator (LASSO) regression model using all genes to generate a

profile index score (Mendeley bioinformatics file section 3).15 Besides the gene expression, the model was fitted using the treatment effect

and the interactions of each gene’s expression and treatment as explanatory variables. Each patient was classified below or above themedian

profile index score. This binary profile index score had a significant association with grade, subtype (Table 1), and RFS (adjusted hazard ratio

5.64, 95% confidence interval [CI] 3.22–9.86,p< 0.001), with a significantly longer RFS for patients with a low-profile index score comparedwith

those with a high-profile index score (Figure 1A). When considering the low- and high-profile index score groups per treatment arm, no sig-

nificant association with RFS was observed, indicating that the profile index score had no predictive value for outcome after ddAC or TAC

(Figures 1B and 1C). The genes that were included in this profile are listed in Table S2.
Hallmark gene sets appear predictive in taxane-treated subgroup

Next, we tested the associations between well-described biological processes represented in Hallmark gene sets18 and RFS (Figure 2 and

Mendeley bioinformatics file section 4).15,19 Whereas none of the gene sets had a significant association with RFS in the ddAC-treated pa-

tients, 13 gene sets were significantly associated with RFS in the TAC-treated subgroup (Mendeley bioinformatics file section 4.1).15 In the

subgroup of TNBC, we observed a more profound difference in the associations with RFS between the treatment arms. Whereas no gene

sets were significantly associated with RFS in the ddAC-treated TNBC, 16 gene sets had a significant association with RFS in the TAC-treated

subgroup (Mendeley bioinformatics file section 4.3).15 Interestingly, high expression of immune-related gene sets was associated with favor-

able outcome in the TAC-treated subgroup, while this was not observed in ddAC-treated patients (Figure 2B).
2 iScience 27, 110425, August 16, 2024



Table 1. Characteristics of patients for stratified profile index score

Variable Profile index score Low n = 248 High n = 248 p valuea

Treatment ddAC 116 (47%) 136 (55%) 0.09

TAC 132 (53%) 112 (45%)

Age groups <50 years 119 (48%) 105 (42%) 0.24

R50 years 129 (52%) 143 (58%)

Surgery breast 128 (52%) 135 (54%) 0.59

mastectomy 120 (48%) 113 (46%)

T stage T1 114 (46%) 103 (42%) 0.25

T2 124 (50%) 124 (50%)

T3 9 (4%) 19 (8%)

T4 1 (0.4%) 1 (0.4%)

N stage N0 37 (15%) 42 (17%) 0.33

N1 165 (67%) 154 (62%)

N2 38 (15%) 36 (15%)

N3 8 (3%) 16 (6%)

Grade good 19 (8%) 4 (2%) <0.001

intermediate 135 (57%) 88 (37%)

poor 82 (35%) 145 (61%)

Histology ductal 196 (80%) 208 (85%) 0.31

lobular 41 (17%) 31 (13%)

other 9 (4%) 6 (2%)

Subtype HR-positive HER2-negative 231 (93%) 171 (69%) <0.001

HER2-positive 1 (0.4%) 14 (6%)

Triple negative 16 (6%) 63 (25%)

A, doxorubicin; C, cyclophosphamide; T, docetaxel; dd, dose-dense.
aPearson chi-squared test, missing values excluded; subtypes were defined as (1) hormone receptor (HR)-positive, human epidermal growth factor receptor 2

(HER2)-negative; (2) HER2-positive, regardless of ER or PR status; (3) triple (ER, PR, HER2) negative.
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The associations between the individual genes of the top 3 immune gene sets (allograft rejection, interferon gamma response,

and interleukin-6 (IL-6) JAK STAT3 signaling) and RFS split by treatment subgroup are given in Table S3 and Mendeley bioinformatics file

section 5.15

Tumor-infiltrating lymphocytes as validation

A standardized scoring method for stromal tumor-infiltrating lymphocytes (sTILs) based on H&E slides has been developed that is close to

clinical application in TNBC, making it an ideal candidate biomarker to assess endogenous immune responses in breast cancer.20 We used

standardized sTILs scoring to assess whether we could validate the association between immune-related gene sets and RFS in relation to

chemotherapeutic regimen received in 455 patients with hormone receptor(HR)-positive human epidermal growth factor receptor 2

(HER2)-negative and 99 patients with TNBC (Figure S1). When considering the sTILs percentage as continuous variable in all clinical high-

risk patients, a significant interaction between sTILs and treatment is observed (Table S4). When the TNBCs are analyzed separately, this re-

sulted in amedian sTILs score of 20% (interquartile range [IQR] 10–50) (Table 2). Patients were divided in two groups according to themedian:

low sTILs (<20%) and high sTILs (R20%). Abundance of sTILs was significantly associated with RFS in TNBC patients treated with TAC (hazard

ratio 0.18, 95% CI 0.05–0.64, p = 0.01), but not in patients treated with ddAC (hazard ratio 0.92, 95% CI 0.34–2.46, p = 0.86; Figures S4A and

S4B), with significant interaction between sTILs and treatment (adjusted pinteraction = 0.02; Table 3; Figures 3A and 3B). For the HR-positive

HER2-negative subgroup, the median sTILs was 10% (IQR 5–15; Table 2). In this subgroup sTILs were correlated with improved RFS in the

ddAC-treated patients (hazard ratio 0.34, 95% CI 0.20–0.77, p < 0.01), but not in the TAC-treated patients (hazard ratio 0.77, 95% CI 0.39–

1.56 p = 0.46; Figures S4C and S4D) and there was no significant interaction between sTILs and treatment (Figures 3C and 3D; Table 4).

DISCUSSION

The primary objective of the randomized, phase 3 MATADOR study was to identify a gene expression profile that can predict RFS benefit for

one of the treatments based on the hypothesis that, while on average RFS is similar after ddAC or TAC, some patients derive more benefit
iScience 27, 110425, August 16, 2024 3



Figure 1. Association between validation profile index score and recurrence-free survival

(A–C) Profile obtained using amodel with LASSOpenalty17 on 496 patients with high quality of RNA reads (A). Low-profiled index score stratified for treatment (B).

High-profile index score stratified for treatment (C). p value of the log rank test is shown.
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from ddAC and others from TAC. The primary endpoint was not met, since the objective was to define a gene expression profile using single

genes. Interestingly, when using well-defined gene sets, we were able to reveal an enrichment in immune-related processes that predicted

differential benefit from TAC versus ddAC, which was restricted to the TNBC subtype. Hence, co-development of a biomarker during a ran-

domized clinical trial using tumor RNA sequencing (RNA-seq) data in combination with a gene sets-centered bioinformatics approach seems

possible. Such an approachmay be considered in future registration studies to help restrict the indication to a subset of patients that derives

substantial benefit from the novel agent. In addition, it might even ‘‘rescue’’ randomized clinical trials that turn out negative for the primary

objective of superiority.

Here, our findings suggest that TNBC tumorswith a stronger endogenous immune response aremore susceptible to the addition of a taxane.

This finding is supported by data from a mouse model for TNBC where docetaxel was able to deplete myeloid-derived immune-suppressive
4 iScience 27, 110425, August 16, 2024



Figure 2. Strength of associations of Hallmark gene sets with recurrence-free survival

(A and B) Shown for all patients and split by treatment arm (A), and in triple-negative breast cancer only (B). The gene sets are ordered according to Goeman’s

globaltest statistic,19 and p values are represented by the size of the black dot. Immune-related processes are depicted by a red dot. A, doxorubicin; C,

cyclophosphamide; T, docetaxel; dd, dose-dense.
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cells, a subset of sTILs, in a specific manner.21 Also, high expression of immune-related genes has been linked to high likelihood of achieving a

pCR in womenwith TNBC treated with taxane-containing regimens.22,23 In addition, an 8-gene tumor-infiltrating lymphocyte signature has been

described that suggested a similar relationship for anthracycline-based schedules,24 although the authors wrote that they could not exclude a

role for other aspects of themiscellaneous regimens studied (i.e., other agents like taxanes and timingof administration).Many preclinical studies

have addressed the interaction of chemotherapeutics with the immune system (reviewed in Galluzzi, Cancer Cell 2015; Coffelt, Trends Immunol

2015; Fridman, Nat Rev Clin Oncol. 2017).25–27 Recently, preclinical data have revealed a novel T lymphocyte-mediated, T cell receptor-indepen-

dent mode of action of taxanes important for cancer cell killing.28 Further functional studies in model systems are needed to dissect the differ-

ential effects of chemotherapy combinations, also addressing timing of administration, on various components of the immune system. Breast

cancer subtype should also be considered in these experiments.26,29 Wimmer et al. nicely show that the combination of epirubicin and
iScience 27, 110425, August 16, 2024 5



Table 2. Characteristics of clinical high-risk patients for whom stromal tumor-infiltrating lymphocytes (sTILs) score was available, shown for patients

with triple-negative breast cancer and with hormone receptor (HR)-positive human epidermal growth factor receptor 2 (HER2)-negative, stratified in

low and high sTILs score

Variable TNBC n = 99 HR-positive HER2-negative n = 455

sTILs median [Q1–Q3] 20 [10–50] 10 [5–15]

sTILs sTILs

<20% R 20% <10% R 10%

Treatment ddAC 21 (50%) 29 (51%) 110 (50%) 112 (50%)

TAC 21 (50%) 28 (49%) 108 (50%) 110 (50%)

Age groups <50 years 24 (57%) 27 (47%) 83 (53%) 108 (49%)

R50 years 18 (43%) 30 (53%) 135 (47%) 114 (51%)

Surgery breast-conserving surgery 18 (43%) 38 (67%) 116 (46%) 110 (50%)

mastectomy 24 (57%) 19 (33%) 102 (54%) 112 (50%)

T stage T1 17 (40%) 24 (42%) 94 (43%) 95 (43%)

T2-4 25 (60%) 33 (58%) 123 (57%) 127 (57%)

N stage N0 11 (26%) 18 (32%) 29 (13%) 27 (12%)

N+ 31 (74%) 39 (68%) 189 (87%) 195 (88%)

Grade good 0 (0%) 1 (2%) 16 (8%) 10 (5%)

intermediate 3 (7%) 4 (7%) 125 (62%) 112 (53%)

poor 37 (93%) 52 (91%) 62 (31%) 90 (43%)

Histology ductal 38 (95%) 50 (91%) 168 (77%) 172 (78%)

lobular 1 (2%) 0 (0%) 42 (19%) 41 (19%)

other 1 (2%) 5 (9%) 7 (3%) 7 (3%)

Cutoff defined at the median of each subtype. A, doxorubicin; C, cyclophosphamide; T, docetaxel; dd, dose-dense.

ll
OPEN ACCESS

iScience
Article
cyclophosphamide reduces the number of circulating B and T cells, while no effect on immune cells is seen after docetaxel treatment in a se-

lection of patients of the ABCSG-34 trial. This reduction in circulating B and T cells aligns with our results that the putative favorable prognostic

effect of high sTILs in TNBC is negated by 6 cycles of ddAC.30

Importantly, a simple H&E-based score of the immune infiltrate confirmed the signal from gene expression data. In patients with TNBC,

high abundance of sTILs favored TAC over ddAC, while better outcome after ddAC was observed in the low sTILs group, with a significant

interaction between abundance of sTILs and treatment. These results are in line with previous reports on sTILs, overexpression of immune-

response genes and pCR after taxane-containing chemotherapy,31–33 and a recent report on the predictive value of high tumor expression of

immune-related genes and improved disease-free and overall survival after dose-dense, taxane-based chemotherapy when compared to

standard chemotherapy without taxanes.34 Remarkably, Yam et al. found the same Hallmark immune-associated pathways that were associ-

ated with higher T cell activity resulting in a high chance of achieving a pCR on AC-taxane-based chemotherapy (allograft rejection, interferon

gamma, and interferon alpha).35 However, in two other studies no significant interaction was observed between sTILs and adjuvant anthracy-

cline-based or anthracycline/docetaxel-containing chemotherapy for (invasive) disease-free survival in estrogen receptor (ER)-negative,

HER2-negative breast cancer patients.36,37 Thismay be explained by a substantial difference in chemotherapy schedules including cumulative

doses of anthracyclines and docetaxel administered. Taking together all the evidence, low sTILs deserves further study as a relatively cheap

and simple biomarker to select especially TNBC patients who can forego a taxane and receive ddAC only, thereby reducing the risk of pe-

ripheral neuropathy, neutropenia, muscle and joint pain, mucositis, and rash.38 On the other hand, these data raise the question whether

TNBC patients selected on the basis of high sTILs, eventually complemented by T cell-to-macrophage ratio and tumor cell-T lymphocyte dis-

tance,35 could forego doxorubicin/epirubicin and only receive a taxane, eventually combined with cyclophosphamide or carboplatin.39 This

hypothesis requires further studies.

In the HR-positive HER2-negative breast cancer subgroup, the median sTILs abundance was lower than that in the TNBC subgroup, which

is in accordance with the current literature.40 Interestingly, higher sTILs (R10%) in HR-positive HER2-negative breast cancer patients were

associated with an improved outcome. This signal was more pronounced in patients treated with ddAC than in patients treated with TAC.

The test for interaction however was not significant. It should be noted that, in the MATADOR study analysis plan, only clinically high-risk

HR-positive HER2-negative breast cancer patients are considered. This patient selection might drive the finding here that sTILs R10%

have a better RFS compared to patients with sTILs<10%.40,41

To identify a predictive gene expression profile by utilizing the expression levels of thousands of single genes in a dataset with 117 events

results in statistically high penalties precluding success. Although previous groups could define a putative predictive profile,4–9 reports on the
6 iScience 27, 110425, August 16, 2024



Table 3. Multivariate Cox regression model of the association between stromal tumor-infiltrating lymphocytes (sTILs) in an interaction with treatment

and recurrence-free survival (RFS) in clinically high-risk triple-negative patients

Variable n adjusted hazard ratio 95% CI p value

Treatment ddAC 49 reference

TAC 48 0.77 0.36–1.64 0.49

Age <50 years 49 reference

R50 years 48 1.07 0.50–2.30 0.85

T stage T1 39 reference

T2-4 58 1.29 0.60–2.77 0.51

N stage N0 28 reference

N+ 69 14.16 1.91–105.0 0.009

Histologic grade good/intermediate 8 reference

poor 89 1.78 0.41–7.66 0.44

Type of surgery breast-conserving surgery 56 reference

mastectomy 41 0.87 0.41–1.87 0.72

sTILs <20% 40 reference

R20% 57 0.46 0.21–0.98 0.04

sTILs * treatment 0.14 0.03–0.74 0.02

Test for interaction between sTILs and treatment is shown in the last row. A, doxorubicin; C, cyclophosphamide; T, docetaxel; dd, dose-dense; sTILs, stromal

tumor-infiltrating lymphocytes; CI, confidence interval.
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validation of these classifications are lacking, indicating the difficulty of generating a robust predictive gene expression-based classification

using single genes. A biological explanation for the lack of success is the presence of a variety of resistance mechanisms in the tumors

analyzed in these studies.42 If a resistance mechanism is not shared by a large fraction of the tumors, finding a predictive gene expression

profile will be complicated. Also, the heterogeneity of the subclones within a tumor might influence the process.43

Strengths of our phase 3 study include the randomized setup, with finding a predictive gene expression profile as the primary objective,

choosing between two regimens that are equally effective for all patients. An additional strength is that we could recapitulate the regimen-

specific transcriptomic chemo-immune interactions on the morphological level (sTILs).
Limitations of the study

Although in line with the high-risk patients of the Microarray In Node-negative and 1 to 3 positive lymph node Disease may Avoid Chemo-

Therapy (MINDACT) study,14 the survival of our patients was better than anticipated at the start of the trial, which compromised power due

to a lower number of events. In addition, when this trial was started in 2004, both treatments arms were deemed suitable for all included

patients. Nowadays both treatment regimens have largely been replaced by newer schedules. During the trial it became clear that HER2-

positive patients required anti-HER2 directed therapy as an add-on and should not have been part of the study population. During follow-

up, MINDACT taught that clinically low-risk patients are overtreated with chemotherapy and hence should not have been part of the study

population.14 Nowadays, we know that HR-positiveHER2-negative and TNBC are biologically different subtypes and should be studied

separately. These factors partially explain why finding a gene expression profile predictive for differential outcome after ddAC or TAC

of certain patients within the total study population was not successful. By stratifying for subtype, we try to overcome part of this limitation.

Finally, bulk RNA derived from the tumor will only reflect the most prevalent tumor cell types. Further research will elucidate whether dis-

entangling the bulk signal into contributions of individual cellular components derived from single-cell RNA-seq can have predictive

value.44
Conclusion

Using whole-transcriptome RNA-seq data, we failed to meet the primary endpoint of our randomized biomarker study. However, analyses

using well-established gene sets revealed immune-related processes as important predictors of RFS after either ddAC or TAC, especially

in patients with TNBC. Furthermore, high abundance of sTILs appeared to be a significant predictor of RFS benefit from docetaxel-based

adjuvant chemotherapy in TNBC. If the taxane interaction with immune cells can be validated in an independent cohort, the abundance

of sTILs in the primary tumor may help us to further personalize adjuvant chemotherapy, especially in patients with TNBC. Notably, our pre-

specified analyses revealed a biomarker for which clinical implementation could be relatively easy (H&E slide), highlighting the value of the

concept of our biomarker trial that can serve as a template for future randomized clinical trials with biomarker co-development in the oncology

field and beyond.
iScience 27, 110425, August 16, 2024 7



Figure 3. Recurrence-free survival stratified by treatment, shown for patients with low and high number of stromal tumor-infiltrating lymphocytes

(sTILs)

(A–D) Kaplan-Meier curve for clinical high-risk patients. Triple-negative breast cancer and sTILs abundance labeled as low (<20%; A) and high (R20%; B). Test for

interaction (p 0.02) is calculated in Table 3. Patients with hormone receptor (HR)-positive human epidermal growth factor receptor 2 (HER2)-negative (HR+HER2�)

tumors, low sTILs <10%: C), and high sTILs (R10%; D). Test for interaction (p 0.16) is calculated in Table 4. Unadjusted cox proportional hazard ratio with a 95%

confidence interval (CI) and corresponding p value is shown. A, doxorubicin; C, cyclophosphamide; T, docetaxel; dd, dose-dense.
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Table 4. Multivariate Cox regression model of the association between stromal tumor-infiltrating lymphocytes (sTILs; cut-off at 10%) in an interaction

with treatment and recurrence-free survival (RFS) in clinically high-risk HR-positive HER2-negative patients

Variable n adjusted hazard ratio 95% CI p value

Treatment ddAC 216 reference

TAC 203 0.88 0.54–1.43 0.61

Age <50 years 179 reference

R50 years 240 1.11 0.67–1.84 0.68

T stage T1 182 reference

T2-4 237 2.13 1.24–3.66 0.006

N stage N0 52 reference

N+ 367 2.12 0.76–5.92 0.15

Histologic grade good/intermediate 266 reference

poor 153 1.70 1.04–2.79 0.03

Type of surgery breast-conserving surgery 216 reference

mastectomy 203 0.75 0.46–1.24 0.26

sTILs <10% 205 reference

R10% 214 0.47 0.28–0.78 0.003

sTILs * treatment 2.08 0.76–5.71 0.16

A, doxorubicin; C, cyclophosphamide; T, docetaxel; dd, dose-dense; sTILs, stromal tumor-infiltrating lymphocytes; CI, confidence interval.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ER (SP1) Roche/Ventana RRID:AB_2857956

PR (1E2) Roche/Ventana 5277990001

HER2 (4B5) Roche/Ventana Roche RRID:AB_2921204

HER2 DNA Probe Roche/Ventana 5273439001

Deposited data

Clinical data per patient Mendeley data Opdam et al.15

RNA-sequencing data Gene Expression Omnibus https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE167977

Software and algorithms

ALEA system FormsVision https://www.aleaclinical.eu/

R version 4.3.1 Comprehensive R Archive Network https://cran.r-project.org/bin/windows/base/old/

globaltest version 5.54.0 Goeman JJ https://www.bioconductor.org/packages/release/bioc/html/globaltest.html

edgeR 3.42.2 Robinson MD https://bioconductor.org/packages/release/bioc/html/edgeR.html

glmnet version 4.1-717 Friedman J https://cran.r-project.org/web/packages/glmnet/index.html

survminer version 0.4.945 Kassambara A https://www.rdocumentation.org/packages/survminer/versions/0.4.9
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sabine Linn

(s.linn@nki.nl).
Materials availability

This study did not generate new unique reagents.
Data and code availability

Anonymised patient data that support the finding of this study is shared in a Mendeley repository and RNA sequencing data on GEO

(GSE167977).15 In theMendeley bioinformatics file the code for the quality control steps and gene expression profiling is described in detail.15

Any additional information required to reanalyse the data reported in this work paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The MATADOR (Microarray Analysis in breast cancer to Tailor Adjuvant Drugs Or Regimens, ISRCTN61893718) study is an open-label, ran-

domized clinical trial. Six hundred sixty-four female patients (average age 51) with pT1-3, N0-3, M0 breast cancer were recruited onto the trial.

The inclusion criteria were described in detail elsewhere.13,46
METHOD DETAILS

Study design

The MATADOR study is an open-label, randomised clinical trial conducted in 29 centres in the Netherlands. The study protocol and amend-

ments were approved by the ethical committee of theNetherlands Cancer Institute.15 At trial start, trastuzumabwas not part of standard adju-

vant treatment for patients with HER2-positive breast cancer yet. Therefore, these patients were initially enrolled in theMATADOR study.With

emerging evidence that trastuzumab, especially when given concurrently with chemotherapy, improved survival in HER2-positive breast can-

cer patients, these patients became ineligible to participate in the trial. The study was conducted in agreement with Good Clinical Practice

guidelines and with the Declaration of Helsinki. All patients providedwritten informed consent to participate in the trial and to use the tumour

tissue removed at surgery for translational research. The REMARK (Reporting Recommendations for Tumor Marker Prognostic Studies)

criteria were used to report this study.47
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Participants

Six hundred sixty-four female patients with pT1-3, N0-3, M0 breast cancer were recruited onto the trial (Figure S1). The inclusion criteria were

described in detail elsewhere and in the protocol.13,15,46 In short, all female breast cancer patients of at least 18 years old with good perfor-

mance status (WHO%1) and all ethnicity could participate in this study, but was not recorded. Based on the incidence of various ethnicities in

the Netherlands it can be assumed that most patients were of Dutch origin.48

Randomisation and masking

Patients were randomly assigned (1:1) by means of the automated ALEA system (FormsVision BV, Abcoude, the Netherlands). Patients were

stratified using Pocock’s minimization technique.49 Stratification factors included treatment centre, menopausal status (pre vs. post), type of

surgery (mastectomy vs. lumpectomy), hormone receptor status (ER and/or PR+ vs. both negative), HER2 receptor status, nodal status (pN0,

pN1(sn), pN1, pN2/3 (AJCC staging manual sixth edition 2002)), tumour size (pT1 vs. pT2 vs. pT3), and sequence of chemotherapy-radio-

therapy (chemotherapy followed by radiotherapy or vice versa). Randomisation was performed centrally at the Netherlands Cancer Institute.

Radiation therapy and endocrine therapy were given according to the contemporary Dutch guidelines.50

Procedures

Intravenous administration of 6 cycles of doxorubicin 60 mg/m2 and cyclophosphamide 600 mg/m2 every 2 weeks (ddAC) with 6 mg granu-

locyte-colony stimulating factor (pegfilgrastim) support OR intravenous docetaxel 75 mg/m2, doxorubicin 50 mg/m2 and cyclophosphamide

500 mg/m2 every 3 weeks (TAC) with 6 mg pegfilgrastim support.

Tumour histology and immunohistochemistry (IHC)

Histologic grade was assessed according to the modified Bloom-Richardson classification.51 Tumours were scored centrally for expression of

the oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) as previously described.46 ER

and PR were considered positive if 10% or mofre cells showed nucleic staining. HER2 score of 3+, or 2+ with confirmation by in situ hybrid-

ization (HER2 DNA probe), were classified as positive. IHC-based breast cancer subtypes were defined as 1. ER and/or PR-positive, HER2-

negative (HR-positive HER2-negative); 2. HER2-positive, regardless of ER and PR status (HER2-positive) or 3. ER, PR and HER2 nega-

tive (TNBC).

RNA isolation and sequencing

RNA was isolated from formalin-fixed, paraffin-embedded tissue with a tumour cell percentage of at least 40% using the AllPrep DNA/RNA

mini kit according to themanufacturer’s instructions (Qiagen, Hilden,Germany). Quantification andpurity weremeasured using theNanoDrop

2000 spectrophotometer (Thermofisher Scientific, Waltham, Massachusetts, USA) and the 2100 Bioanalyzer (Agilent Technologies, Santa

Clara, California, USA). cDNA libraries were constructed with the TruSeq RNA Access Library Prep Kit (Illumina, San Diego, California, USA)

and single-end sequenced using the HiSeq 2500 (Illumina). Reads were aligned to the reference genome (hg38) using TopHat.52 The number

of uniquely assigned reads per gene was calculated with HTSeq.53 Gene expression was quantified either as total reads with trimmed-mean of

median (TMM) normalizing factors, or as normalised counts per million, both computed using edgeR (Mendeley bioinformatics file).15,54

Outcomes

The primary objective was to identify a gene expression profile that can predict recurrence-free survival (RFS) benefit of either ddAC chemo-

therapy or a taxane-containing regimenbased on the hypothesis that, while on average RFS is similar after ddACor TAC, somepatients derive

more benefit from ddACwhile others from TAC. RFS is defined as the time from randomisation to locoregional recurrence, distant metastasis

or death by any cause, whichever occurred first. Secondprimary cancers and contra-lateral breast cancers will not be considered as events and

will not be censored.55 The clinical risk of recurrence was assessed using themodified Adjuvant!Online classification (based on ER and HER2-

status, grade, nodal-status and tumour size) in line with the classification used in theMINDACT trial.14 Patients with a clinically low risk of recur-

rence would not receive adjuvant chemotherapy nowadays according to current guidelines. For these patients, there is no clinical need for a

predictive test guiding the decision of which chemotherapy regimen will be most effective. Therefore, these patients were excluded from the

analysis of the primary objective, as defined in the statistical analysis plan.15 The secondary objective was to directly compare RFS, overall

survival and toxicity of the two treatment arms and has been reported by Van Rossum.13,46

Molecular subtypes

Patients were grouped in five molecular subtypes using the PAM50 gene expression-based classifier.16 Gene expression data was visualised

using unsupervised hierarchical clustering with subtypes, received treatment and RFS event as labels.

Gene expression single genes

The impact of expression levels of each individual gene, as well as of these gene expressions and their interaction with treatment, was studied

separately for patients with HR-positive HER2-negative disease and patients with TNBC. A profile index score was constructed as follows.
14 iScience 27, 110425, August 16, 2024
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Applying 10-fold cross-validation, 10 separate penalised-likelihood Cox proportional hazards regression models were fitted which included

treatment, the main effect of each gene and all pairwise treatment-gene interactions as variables for each patient. Note that the coefficient

corresponding to a gene’s main effect is equivalent to the log-hazard ratio for that gene. A LASSO penalty was used on the main effect of the

genes and the treatment-gene interaction effects. The scheme usedmeans that the model fit was optimised on 9/10 of the patients, and pro-

file scores were computed for the remaining (independent) patients. This was repeated until all patients were assigned a profile index score.

Patients were then split using their dichotomised profile scores: high-profile for patients with profile score above the median score, all others

in the low-profile group. RFS of these subgroups were compared using the log-rank test. Subsequently a multivariate Cox regression model

was used to compare the RFS of the subgroups, while correcting for the main effects of tumour size, lymph node status, histologic grade, age

and type of surgery. For the high- and low-profile score subgroups, the association between treatment and RFS was tested using the Kaplan-

Meier method and compared using the log-rank test.
Hallmark gene sets

Tests for association between well-defined biological processes (Hallmark gene sets: Broad Institute, Cambridge, MA, USA)18 and RFS were

performed using Goeman’s global test. Essentially, this test is for the association between the RFS and the expression profile of all genes in a

gene set at once, leading to a clear conclusion per gene set.We tested the association between theHallmark gene sets and RFS in all patients,

as well as within the TNBC and the HR-positive HER2-negative subgroups, according to chemotherapy regimen received. For each individual

gene set, test results were further decomposed for the genes involved, yielding a selection of themost important genes driving the test result

formed by those with a family-wise error-rate (FWER) corrected pvalue below 0.05 (Meinshausen method).56
Tumour-infiltrating lymphocytes

Stromal tumour-infiltrating lymphocytes (sTILs) were scored by HH (pathologist) for the patients with triple negative breast cancer (TNBC) and

by MO (supervised by HH). Scoring of sTILs was performed on digitalised hematoxylin and eosin-stained (H&E) whole slides according to

previously published recommendations57 with high inter-observer concordance in an online environment.58,59 The association between sTILs

and RFS was assessed using the Kaplan-Meier method and compared using the log-rank test. The interaction between sTILs and treatment

was tested in amultivariate Cox regressionmodel while correcting for themain effect of tumour size, lymph node status, histologic grade, age

and type of surgery. These analyses were performedwithin the patients with TNBC as well as in the HR-positive HER2-negative subgroupwith

the median sTILs per subgroup used as cut-off point.
QUANTIFICATION AND STATISTICAL ANALYSIS

A gain was defined as the improvement in RFS at 5 years with the treatment strategy using the profile, over the strategy in which all patients

would get the same treatment (either ddAC or TAC), assuming that both chemotherapy regimens would be equally effective for the whole

group. It was assumed that, if the profile were derived using data from 400 patients, the standard error (SE) of the estimate of the gain would

be less than 2.5%. The SE was calculated by propagation of error (delta-method). In this calculation, the variance resulting from the random-

ness of the treatment used as reference in the calculation of the gain, was considered negligible. The sample size of the study was set at 660 so

that 1/3 of the data could be used as a validation cohort, allowing for 10% early dropout. During the course of the study, it became clear that

the event rate was lower than expected. Therefore, an amendment was made to the protocol to use a cross-validation method instead of a

separation into a training and a validation cohort.
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