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A B S T R A C T   

Background: Neoadjuvant chemotherapy (NACT) is widely used in the treatment of triple-negative and HER2- 
positive breast cancer (BC), but its use in estrogen receptor (ER) and/or progesterone receptor (PR) positive/ 
HER2-negative BC is questioned because of the low pathologic complete response (pCR) rates. This retrospec
tive study assessed the mRNA-based MammaTyper® assay’s capability of predicting pCR with NACT, and ER, PR, 
Ki67, and HER2 status at immunohistochemical (IHC) through transcriptomics. 
Methods: Diagnostic biopsies from 76 BC patients treated at the Cremona Hospital between 2012-2018 were 
analyzed. Relative mRNA expression levels of ERBB2, ESR1, PGR, and MKI67 were measured using the Mam
maTyper® kit and integrated into a pCR score. Predicting capability of pCR and standard IHC biomarkers could 
be assessed with ROC curves in 75 and 76 patients, respectively. 
Results: Overall, 68.0% patients obtained a MammaTyper® high-score and 32.0% a MammaTyper® low-score. 
Among high-score patients, 62.7% achieved pCR, compared to 16.7% in the low-score group (p = 0.0003). 
The binary MammaTyper® score showed good prediction of pCR in the overall cohort (area under curve [AUC] 
= 0.756) and in HR+/HER2-negative cases (AUC = 0.774). In cases with residual disease, the continuous 
MammaTyper® score correlated moderately with residual tumor size and decrease in tumor size. MammaTyper® 
showed substantial agreement with IHC for ESR1/ER and ERBB2/HER2, and moderate agreement for PGR/PR 
and MKI67/Ki67. 
Conclusion: Overall, MammaTyper® pCR score may serve as a standardized tool for predicting NACT response in 
HR+/HER2-negative BC, potentially guiding treatment strategies. Additionally, it could provide a more stan
dardized and reproducible assessment of ER, PR, HER2, and Ki67 status.   
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1. Introduction 

Neoadjuvant chemotherapy (NACT) is an increasingly common 
therapeutic approach for localized breast cancer (BC), especially in 
HER2-positive(+) and triple negative (TN) disease, since the achieve
ment of pathological complete response (pCR) is strongly associated 
with improved long-term outcomes [1,2], and the presence of residual 
disease (RD) allows for further adjuvant treatments [3–5]. Moreover, 
NACT can facilitate breast conservation by tumor downstaging and 
convert initially inoperable breast tumors to operable [6]. In hormone 
receptor-positive (HR+)/HER2-negative BC, pCR rates are usually lower 
than TN and HER2+ and no post-neoadjuvant post-surgical therapeutic 
strategies have been implemented so far [1,2]. Thus, effective predictors 
of pCR are required to correctly identify patients that might benefit most 
from a neoadjuvant approach [6,7]. 

At present, menopausal status, primary tumor dimension (T), axil
lary nodal status (N), estrogen receptor (ER), progesterone receptor 
(PR), Ki67 and HER2 at diagnosis are the parameters that broadly guide 
therapeutic choices in early BC [8]. The latest four biomarkers are 
usually detected at the protein level with immunohistochemistry (IHC), 
but their reproducibility is suboptimal [9]. In this perspective, Mam
maTyper® is a CE marked in-vitro diagnostic device (IVD) which detects 
the levels of mRNA transcripts of the genes ERBB2, ESR1, PGR, and 
MKI67 (i.e. HER2, ER, PR and Ki67 genes, respectively) on the basis of 
reverse transcription-quantitative real-time polymerase chain reaction 
(RT-qPCR) in a quick, standardized and observer-independent fashion 
[10]. The test is used for molecular subtyping of BC tissue into Luminal 
A-like, Luminal B-like/HER2-negative, Luminal B-like/HER2+, HER2+
(non-luminal) and TN tumors, as defined according to the St. Gallen 
2013 Consensus [11]. The MammaTyper® assay can be used to predict 
the probability of pCR after NACT by integrating the assessment of 
ERBB2, ESR1, PGR and MKI67 mRNA into a standardized prediction 
model, i.e. the MammaTyper® pCR score, which was initially validated 
in a prospectively planned analysis using archived samples from two 
clinical trials (TECHNO & PREPARE) [12]. 

In this retrospective study, we tested the MammaTyper® score as a 
predictor of pCR and MammaTyper® genomic biomarkers’ concordance 
with standard IHC parameters for BC subtyping in a real-world cohort 
from a single center Institution. Additionally, Jaruss JS et al. showed 
that a combination of pretreatment clinical stage (CS), baseline estrogen 
receptor (ER) status, tumor grade (G), and post-treatment pathologic 
stage (PS) into a score called CPS + EG, allowed for better determination 
of BC–specific survival than CS or PS alone in the neoadjuvant scenario 
[13]. Hence, we hereby explored the potential association of the Mam
maTyper® pCR score with CPS + EG. 

2. Materials and methods 

2.1. Patients and variables 

We retrospectively identified archived formalin-fixed paraffin- 
embedded (FFPE) diagnostic biopsies from patients with unifocal early- 
stage BC treated with NACT at the Cremona Hospital between 2012 and 
2018. Tumor cell content of ≥20 % was required for inclusion and 
confirmed on a hematoxylin & eosin (H&E) stained slide. Clinicopath
ological data were retrieved from patients’ charts (list in Supplementary 
materials). The achievement of a pCR was assessed locally by dedicated 
breast pathologists for clinical practice purposes. A pCR was obtained 
when a residual tumor was classified as ypT0/Tis and ypN0 (absence of 
invasive cancer in breast and axilla) according to the AJCC’s TNM 
staging system [14]. 

Immunohistochemical (IHC) tumor subtypes were classified ac
cording to the following cut-offs: ER/PR <1 %/≥1 %, Ki67 < 20 %/≥20 
%, HER2+ if 3+ or 2+ and in-situ hybridization (ISH) positive. The CPS 
+ EG score was calculated according to the methodology reported by 
Mittendorf EA et al. [15]. 

2.2. Study objectives: primary objective 

To validate in a clinical practice cohort the MammaTyper® pCR 
score for prediction of response to NACT using the predefined cut-off 
(<42/≥42) to separate tumors with a low response rate from tumors 
with a high response rate, based on the initial core-needle biopsy taken 
prior to neoadjuvant treatment. 

2.3. Study objectives: secondary objectives  

• To assess the pCR predicting capability of the MammaTyper® score 
in the following subgroups: cT1-2 tumors, ESR1- or PGR-positive/ 
ERRB2-negative, ESR1- or PGR-positive/ERBB2-positive, ESR1- and 
PGR-negative/ERBB2-negative, ESR1- and PGR-negative/ERBB2- 
positive, ESR1- or PGR-positive irrespective of ERBB2, ERBB2-posi
tive irrespective of ESR1 and PGR, as defined by MammaTyper® and, 
in case of discrepancy, as defined locally by IHC/ISH, as well.  

• To assess pCR rates according to the MammaTyper® score class in 
the following subgroups: IHC-defined HR+/HER2-negative, HR+/ 
HER2+, HR-negative/HER2+ and TN breast tumors, as well as in 
molecularly ESR1 and/or PGR+/ERRB2-negative, ESR1 and/or 
PGR+/ERBB2+, ESR1 and PGR-negative/ERBB2-negative, ESR1 and 
PGR-negative/ERBB2+ and compare potential differences between 
the respective IHC and molecularly-defined subgroups.  

• To assess the agreement between RT-qPCR-based and IHC/ISH-based 
determination of the markers ERBB2/HER2, ESR1/ER, PGR/PR and 
MKI67/Ki67 using the standard MammaTyper® cut-offs. 

• To assess the association with and prediction of pCR of the contin
uous ERRB2 mRNA levels in ESR1 or PGR positive cases and ESR1 or 
PGR negative cases from patients treated with anti-HER2 therapy. 

• To assess the association with and prediction of pCR of the contin
uous MKI67 mRNA levels in molecularly-defined TN cases.  

• To assess the correlation of continuous MammaTyper® score values 
with tumor size in patients not achieving pCR.  

• To assess the correlation and association of the MammaTyper® 
score, as continuous and dichotomic variable, with the CPS + EG 
prognostic score. 

2.4. Laboratory methods 

ER, PR, HER2 and Ki67 were assessed locally according to the 
respective ASCO/CAP guidelines [16–18]. Pre-treatment tumor samples 
were analyzed with MammaTyper® at BioNTech Diagnostics (Mainz, 
Germany), as elsewhere described [19]. The dedicated personnel at 
BioNTech Diagnostics was blinded to diagnostic IHC and clinical out
comes until the final analysis was finished. RNA extraction and Mam
maTyper® technical details are described in Supplementary materials. 
The MammaTyper® pCR score, as assessed by a proprietary algorithm 
and expressed by a number between 1 and 100 (Supplementary mate
rials), was established on and has been applied to archived diagnostic 
biopsies from of all BC subtypes. In the MammaTyper TECH
NO/PREPARE neoadjuvant trial, the MammaTyper® score stratified 
patients according to their response into two response zones: 
low-response (zone 1) and high-response (zone 2); these zones were 
divided by a single cut-off (<42/≥42) [12]. 

2.5. Statistical analysis 

The prediction capability of the binary MammaTyper® pCR score 
was analyzed with regard to analytical accuracy (sensitivity, specificity, 
positive predictive value [PPV], negative predictive value [NPV], 
receiver operator characteristic [ROC] analysis). Association of the 
continuous MammaTyper® score with measures of partial response was 
analyzed in incomplete-responders by Spearman correlation. Agreement 
of IHC/ISH and mRNA-based single marker assessments was charac
terized using the measures positive percent agreement (PPA), negative 
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percent agreement (NPA), overall percent agreement (OPA) and Kappa 
statistic. For the mRNA measurements predefined cut-offs (RU = 0) for 
positivity were used. Differences between groups of interest were 
assessed with χ2 test and Mann-Whitney U test, where appropriate. As
sociation of ERBB2 and MKI67 levels with pCR were assessed with lo
gistic regression. Linear and logistic regression were used to explore the 
association between the MammaTyper® pCR score and CPS + EG score 
as continuous or dichotomic (0–2 vs. 3–6) variable, respectively. Sta
tistical significance was set at p ≤ 0.05. All analyses were conducted 
with R vers. 3.6.1 [20] for MacOSX and SAS/STAT® software vers. 9.4 
(SAS Institute Inc., Cary, NC, USA) for Microsoft® Windows®. 

3. Results 

3.1. Population characteristics and MammaTyper® pCR score according 
to pathologic response 

A total of 76 patients with available FFPE tumor sample from pre- 
therapeutic biopsies obtained between 2012 and 2018 and treated 
with standard NACT, with or without anti-HER2 agents, at the Cremona 
Hospital were retrospectively included in this study (Fig. 1). 

Thirty-nine patients (52.0 %) showed RD in the surgical sample after 
NACT and surgery, as compared to 36 (48.0 %) that achieved a pCR. One 
patient achieved a radiologic complete response at PET/TAC but refused 
to undergo breast surgery, hence was excluded from pCR analysis. 
Clinicopathologic features at diagnosis of the entire population are re
ported in Table 1. The extension of the residual tumors according to 
TNM are reported in Supplementary Table S1. When separating patients 
in a cohort achieving pCR and a cohort with RD, no differences at 
baseline were observed in terms of age (p = 0.4503), menopausal status 
(p = 0.4435), G (p = 0.3350), N (p = 0.2497), HER2 status by IHC (p =
0.0894), ERBB2 status by MammaTyper® (p = 0.1371), Ki67 status by 

IHC (p = 0.3440) and MKI67 status by MammaTyper® (p = 0.9186). 
Conversely, when comparing patients with RD to patients with pCR, a 
higher prevalence of ER-positive (+) (84.6 % vs. 38.9 %, p < 0.0001) 
and PR+ (71.8 % vs. 33.3 %, p = 0.0004) tumors as detected via IHC, as 
well as ESR1+ (84.6 % vs. 33.3 %, p < 0.0001) and PGR+ (56.4 % vs. 
33.3 %, p = 0.0449) tumors as detected via RT-qPCR, was observed. 
Patients in the pCR cohort had more frequently a T1-2 tumor at diag
nosis (88.9 % vs. 51.3 %) than patients in the RD cohort (p = 0.0004), 
where tumors were more frequently T3-4 (25.3 % vs. 5.3 %). 

Almost all patients received a NACT based on anthracyclines and 
taxanes and the proportion of patients receiving also anti-HER2 agents 
did not differ between patients achieving pCR or with RD (p = 0.0528), 
consistently with the absence of a significantly different distribution of 
HER2+ cases. However, more patients in the RD cohort did not receive 
carboplatin (p = 0.0055), due to an imbalance in TN cases between the 2 
cohorts, since 11/16 TN tumors achieved pCR. Finally, tumors in the 
pCR cohort had higher median MammaTyper® continuous score (67 vs. 
41, p = 0.0001), which translated in a higher proportion of tumors 
falling in the MammaTyper® high-score group (88.9 % vs. 48.7 %, p =
0.0002). 

3.2. MammaTyper® pCR score and prediction of pCR 

MammaTyper® continuous pCR score was significantly associated to 
the achievement of pCR (OR: 1.05, 95%CI: 1.02–1.08, p = 0.0004) after 
neoadjuvant treatment. Similarly, a high MammaTyper® score class was 
significantly associated to pCR, when compared to low MammaTyper® 
score class (OR: 8.42, 95%CI: 2.50–28.36, p = 0.0006). In fact, within 
the 51 high-score cases, 62.7 % achieved pCR after NACT, while in the 
low-score cases, only 16.7 % did (p = 0.0003). When we assessed the 
prediction capability of this score, we observed an AUC of 0.76 (95%CI: 
0.64–0.87), with a sensitivity of 88.9 %, a specificity of 51.3 %, a PPV of 

Fig. 1. REMARK flow-chart. IHC: immunohistochemistry; pCR: pathologic complete response; RT-qPCR: real-time quantitative polymerase chain reaction.  
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62.8 % and a NPV of 83.3 % (Fig. 2). 
A similar predictive capability was observed when restricting the 

population to cT1-2/cN0-2 tumors (i.e. 20 HR+/HER2-negative, 12 
HR+/HER2+, 7 HR-negative/HER2+ and 13 TN at IHC), or when only 

considering HR+/HER2-negative disease as per conventional IHC 
detection or according to MammaTyper® classification (Fig. 2). 

However, the score lost significance in a multivariate model ac
counting for T, HER2, HR, both when considered as continuous (p =

Table 1 
Characteristics of the population included in the primary analysis at the time of diagnosis.  

Clinicopathological characteristics including pre-therapeutic biopsies Overall pCR non-pCR P 

N % N % N % 

75 100.0 36 48.0 39 52.0 

Age 
<50 yr 30 40.0 16 44.4 14 35.9 0.4503 
≥50 yr 45 60.0 20 55.6 25 64.1 

Menopausal status 
Premenopausal 32 42.7 17 47.2 15 38.5 0.4435 
Postmenopausal 43 57.3 19 52.8 24 61.5 

Tumor grade 
1 0 0.0 0 0.0 0 0.0 0.3350 
2 1 1.3 0 0.0 1 2.6 
3 74 98.7 36 48.0 38 50.7 

Tumor size (cT) 
cT1 16 21.3 12 33.3 4 10.3 0.0004 
cT2 36 48.0 20 55.6 16 41.0 
cT3 9 12.0 4 5.3 5 6.7 
cT4 14 18.7 0 0.0 14 18.7 

Axillary nodal status (cN) 
cN0 24 32.9 14 38.9 10 25.6 0.2497 
cN1 27 37.0 10 27.8 17 43.6 
cN2 8 11.0 3 4.1 5 6.8 
cN3 14 19.2 9 12.3 5 6.8 
Missing 2 2.7 0 0.0 2 2.7 

ER (IHC) 
Negative (<1 %) 28 37.3 22 61.1 6 15.4 <0.0001 
Positive (≥1 %) 47 62.7 14 38.9 33 84.6 

PR (IHC) 
Negative (<1 %) 35 46.7 24 66.7 11 28.2 0.0009 
Positive (≥1 %) 40 53.3 12 33.3 28 71.8 

HER2 (IHC/ISH) 
Negative (0, 1+, 2+/ISH-neg.) 45 60.0 18 50.0 27 69.2 0.0894 
Positive (3+, 2+/ISH-pos.) 30 40.0 18 50.0 12 30.8 

Ki67 (IHC) 
Low (<20 %) 4 5.3 1 2.8 3 7.7 0.3440 
High (≥20 %) 71 94.7 35 97.2 36 92.3 

ESR1 (mRNA) 
Negative 30 40.0 24 66.7 6 15.4 <0.0001 
Positive 45 60.0 12 33.3 33 84.6 

PGR (mRNA) 
Negative 41 54.7 24 66.7 17 43.6 0.0449 
Positive 34 45.3 12 33.3 22 56.4 

ERBB2 (mRNA) 
Negative 44 58.7 17 47.2 27 69.2 0.1371 
Positive 27 36.0 17 47.2 10 25.6 
Equivocal 4 5.3 2 5.6 2 5.1 

MKI67 (mRNA) 
Low 6 8.0 3 8.3 3 7.7 0.9186 
High 69 92.0 33 91.7 36 92.3 

Systemic treatment 
Anthracycline + taxane-based 70 93.3 33 91.7 37 94.9 0.5783 
Taxane-based 5 6.7 3 8.3 2 5.1 
With anti-HER2 33 44.0 20 55.6 13 33.3 0.0528 
Without anti-HER2 42 56.0 16 44.4 26 66.7 
With carboplatin 15 20.0 12 33.3 3 7.7 0.0055 
Without carboplatin 60 80.0 24 66.7 36 92.3 

Surgical treatment 
Quadrantectomy + SLNB±ALND 28 37.3 15 41.7 13 33.3 0.4560 
Mastectomy + SLNB±ALND 47 62.7 21 58.3 26 66.7 

MammaTyper® pCR score* continuous 
Median 54.5 – 67 – 41 – 0.0001 
Min - max 11–100 – 20–90 – 11–100 – 

MammaTyper® pCR score* class 
Low 24 32.0 4 11.1 20 51.3 0.0002 
High 51 68.0 32 88.9 19 48.7 

CR: complete response; RD: residual disease; IHC: immunohistochemistry; ISH: in situ hybridization; pos.: positive; neg.: negative; min: minimum; max: maximum; 
pCR: pathologic complete response; SLNB: sentinel lymph-node biopsy; ALND: axillary lymph-node dissection; c: clinical staging at baseline. *MammaTyper® pCR 
score, as calculated in diagnostic biopsies. 
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Fig. 2. MammaTyper® pCR score prediction capability in the overall cohort and subgroups of interest. pCR: pathologic complete response; HR+: hormone receptor- 
positive; HER2-: HER2-negative; PPV: predictive positive value; NPV: negative positive value; AUC: area under curve; CI: confidence interval; IHC: immunohisto
chemistry; MT: MammaTyper®. *: 33 in principle, of which 2 excluded for ERBB2 equivocal at MT and 1 excluded for not undergoing surgery; #: 29 in principle, of 
which 1 excluded for not undergoing surgery. 
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0.204) or categorical (p = 0.096). Therefore, we evaluated its associa
tion to pCR in HR+ tumors, in HR-negative/HER2+ and TN separately. 
In HR+ tumors the MammaTyper® pCR score was significantly associ
ated to pCR, both as continuous variable (OR: 1.04, 95%CI: 1.00–1.09, p 
= 0.0360) or class (OR: 4.23, 95%CI: 1.11–16.17, p = 0.0350). The score 
was associated with independence to HER2 status (positive vs. negative) 
and T (T2-3 vs. T1) when considered as continuous variable (adjusted 
OR: 1.05, 95%CI: 1.00–1.09, p = 0.0469), although the significance was 
lost when categorizing patients according to the predefined cut-off of 42 
(p = 0.1195). Within HR-negative/HER2+ disease, the MammaTyper® 
pCR score was not associated to pCR (p = 0.2991) but all patients had 
been classified as MammaTyper® score high. Similarly, in the TN 
cohort, MammaTyper® pCR continuous score was not associated to pCR 
(p = 0.9254), but all cases had been classified as MammaTyper® score 
high. 

Finally, within the RD cohort, we observed a significantly moderate 
indirect correlation between the MammaTyper® continuous score and 
the dimension in mm of residual tumor (Spearman’s rho: -0.48, p =
0.0021), as well as a direct weak correlation with the decrease in tumor 
size (Spearman’s rho: 0.39, p = 0.0147), meaning the higher the score, 
the higher the tumor reduction and the lower the residual tumor 
dimension (Fig. 3). 

3.3. pCR rates according MammaTyper® pCR score class and breast 
cancer subtype 

When comparing pCR rates depending on MammaTyper® score class 
and BC subtype, we observed that cases classified as MammaTyper® 
score high had a significantly higher pCR rate than those classified as 
MammaTyper® score low only within the HR+/HER2-negative subtype, 
both when the subtype was defined according to standard IHC (pCR rate 
of 50.0 % vs. 5.6 %, respectively, p = 0.0060) or MammaTyper® (pCR 
rate of 38.5 % vs. 5.9 %, respectively, p = 0.0271). In the case of HR+/ 
HER2+ disease, similar when not identical pCR rates were observed 
between the MammaTyper® score high and low cohorts, both with IHC- 
based and mRNA-based subtype classification. Furthermore, as previ
ously mentioned, within HR-negative/HER2+ and TN cases, tumors 
were only classified as MammaTyper® score high. When we compared 
the pCR rates within the same MammaTyper® score class between each 
IHC-detected subtype and the respective molecularly-defined subtype, 
no significant difference was observed (Fig. 4). 

3.4. Association of the MammaTyper® pCR score with the CPS + EG 
score 

The distribution of CPS + EG scores in the overall population and 
according to pathologic status after surgery is reported in Supplemen
tary Table S2. At the univariate linear and logistic regression, the 
continuous and dichotomic (high vs. low) MammaTyper® pCR score 
was not significantly associated with CPS + EG. However, in the subset 
of HR+/HER2-negative disease, a significant inverse correlation be
tween CPS + EG score as continuous variable and the MammaTyper® 
continuous score (Pearson’s r: -0.469, p = 0.009; coeff. B: -0.029, 
adjusted R2: 0.18, p = 0.017) and dichotomic score (Pearson’s r: -0.373, 
p = 0.030; coeff. B: -0.869, adjusted R2: 0.10, p = 0.060) was observed, 
though only moderate. Similarly, the MammaTyper® continuous (OR: 
0.91, p = 0.035) and dichotomic score (OR: 0.09, p = 0.037) were 
significantly less associated to a CPS + EG of 3–6 than 0–2 (Supple
mentary results). 

3.5. ERBB2 and MKI67 levels’ associations with pCR in molecular 
subgroups and MammaTyper® prediction of molecular subtypes 

Within HER2+ tumors as per MammaTyper® classification, treated 
with anti-HER2 agents and NACT, we explored ERBB2 mRNA levels’ 
association with pCR. No significant association was observed in the 
overall cohort (p = 0.396), in HR+/HER2+ (p = 0.566) and HR-nega
tive/HER2+ (p = 0.488) disease, respectively. Thus, prediction capa
bility was not further explored. Similarly, for molecularly-defined TN 
tumors, MKI67 levels were not found to be associated to pCR (p =
0.348), hence prediction capability was not further explored. 

When we tested MammaTyper® capability of predicting ER, PR, 
Ki67 and HER2 status (positive and negative in all cases), we observed 
an almost perfect agreement for ESR1/ER (Kappa: 0.83, PPA: 91.7 %, 
NPA: 92.9 %, OPA 92.1 %) and ERBB2/HER2 (Kappa: 0.85, PPA: 89.3 %, 
NPA: 95.5 %, OPA 93.1 %). Regarding ERBB2, a total of 4 equivocal 
cases at MammaTyper® were excluded from the present analysis. A 
statistically significant moderate agreement was observed between 
PGR/PR (Kappa: 0.53) and MKI67/Ki67 (Kappa: 0.46) (Fig. 5). 

4. Discussion 

In this retrospective single-center study, we assessed for the first time 

Fig. 3. Correlation between MammaTyper® pCR score and residual tumor dimension/tumor size decrease in patients not achieving pCR. rs: Spearman’s rho; RD: 
residual disease; mm: millimeters. 
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in a clinical practice cohort the capability of the standardized Mam
maTyper® RT-qPCR assay to predict ER, PR, HER2 and Ki67 status, 
through the detection of their respective mRNA levels, and the associ
ation of the MammaTyper® pCR score with response to NACT. We 
observed that the assay may predict efficiently BC IHC surrogate sub
types. Additionally, MammaTyper® pCR score may serve as a stan
dardized tool to predict response to NACT based on a pre-treatment 
biopsy, especially in luminal-like disease. 

Nowadays, for HER2+ and TN breast tumors beyond 1.5–2 cm, a 
neoadjuvant approach is the therapeutic standard to grant patients ac
cess to additional adjuvant treatments if pCR is not achieved [8,21]. In 
this context, MammaTyper® was not able to add pCR prediction beyond 
standard HR and HER2 IHC status, since all cases were assigned to the 

MammaTyper® high-score group. To note, the HER2DX® genomic 
assay, integrating also T and N, already proved to efficiently predict 
pCR, prognosis and sensitivity to anti-HER2 agent-based regimens 
beyond classical IHC features [22,23]. In TN tumors, there is still no 
multiparametric test available, however tumor-infiltrating lymphocytes, 
from one side, or the integration of the immunologic IGG signature with 
T and N in a multiparametric prognostic score, might identify patients 
with a very good prognosis [24–26], who might be candidates for 
de-/escalated therapeutic approaches, either before surgery, or subse
quently, so to adapt post-surgical treatments not only on the presence of 
pCR/RD but also on additional features. Also in TN, among 907 
clinical-genomic biomarkers assessed in the CALGB40603 trial, several 
of them were associated with pCR, event-free survival or both [27]. 

Fig. 4. pCR rates according to MammaTyper® pCR score class and surrogate subtype classification. pCR: pathologic complete response; HR: hormone receptor; 
TNBC: triple negative breast cancer; +: positive; − : negative; IHC: immunohistochemical. In the IHC-based classification, in case of HER2 2+ IHC score, hybridization 
in situ technique was used to assess ERBB2 gene amplification status. Tumors with an ERBB2 equivocal result at MammaTyper® were excluded from the molecular 
classification; two cases pertained to the MammaTyper® low-score group and two pertained to the high-score group, resulting in a total number of 22 and 49 patients 
available for the analysis, respectively, instead of 24 and 51 by IHC. One patient was excluded from the pCR analysis for refusing surgery. This case pertained to the 
MammaTyper® pCR low-score cohort. Within the same MammaTyper® pCR score group, each IHC-based subtype was compared to the corresponding mRNA-based 
subtype to assess potential differences in the proportion of patients achieving or not a pCR. P values are referred to χ2 tests conducted between each subtype couple 
(IHC-based classification vs. mRNA-based classification by MammaTyper®) within the same MammaTyper® score class (high or low). 
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Given the previous, we believe there is little room for MammaTyper® in 
the context of HER2+ and TN early-stage disease for pCR prediction. 

MammaTyper® successfully identified a group of patients more 
prone to achieve pCR within HR+/HER2-negative tumors. No differ
ential treatments are currently provided to patients with pCR or RD in 
this BC subset. Notably, although the neoadjuvant therapeutic approach 
has been demonstrated to be substantially equivalent to the adjuvant 
approach in terms of impact on long-term outcomes [28], several pa
tients feel uncomfortable at the time of delaying surgery when the tumor 
is operable and there are no specific surgical or post-surgical needs, with 
surgery acting as a relevant factor of distress and anxiety reduction [29, 
30]. However, the neoadjuvant approach, also for these patients, might 
be useful to predict treatments activity in vivo. Furthermore, it has been 
demonstrated that a significant reduction in tumor burden from diag
nosis to surgery after neoadjuvant therapy, is able to provide a signifi
cant prognostic information per se, beyond the mere achievement of 
pCR, as exemplified by calculating the residual cancer burden (RCB) 
score [1,2]. In this perspective, it is worth nothing that MammaTyper® 
score as continuous variable was significantly directly associated to a 
tumor reduction in mm and inversely associated to post-neoadjuvant 
primary tumor dimension in mm. Also notably, we observed that 
within HR+/HER2-negative disease, the MammaTyper score® was 
inversely, though only moderately, associated to the CPS + EG score, 
which is a powerful prognostic score, validated in HR+/HER2-negative 
disease undergoing NACT, and inversely associated to long-term out
comes [13,15,31]. Finally, the neoadjuvant approach is a perfect setting 
for drug and biomarker development and several trials are testing the 
feasibility of potentially valuable adjuvant treatments in a scenario 
where standard treatment can be still administered after surgery without 
impairing patients outcomes [6,32]. For all these considerations, we 
believe that MammaTyper® might play a role in selecting patients with 
HR+/HER2-negative BC at higher probability of obtaining a significant 
tumor shrinkage with a neoadjuvant approach, inside or outside of a 
clinical trial, given the positive prognostic implications. Furthermore, 
for patients with inoperable luminal tumors and low predicted proba
bility of pCR according to MammaTyper®, neoadjuvant endocrine 
therapy (NET), alone or combined with other agents like 
CDK4/6-inhibitors or alternative targeted agents, inside or outside of 
clinical trials, may represent an alternative strategy to pursue tumor 
downstaging. 

Importantly, some of the most important parameters that we use in 

our clinical practice for therapeutic decision-making worldwide, namely 
ER, PR, HER2 and Ki67, are subject to a certain degree of heterogeneity 
in their assessment. One first reason is methodological and based on the 
plurality of antibodies against ER and PR, or HER2, the concordance of 
which is far from being perfect [9]. Regarding HR+/HER2-negative 
disease, the capability of correctly identifying luminal-like tumors from 
TN is crucial, since up to a 13 % of HR + tumors are characterized by low 
levels of ER and PR (IHC below 10 %) [33,34]. These tumors are 
molecularly Basal-like in 48–62 % cases, and act like TN disease. 
However, a proportion of HR-low tumors is not Basal-like and behave 
like luminal disease [33–37]. Also, within luminal tumors a Luminal A 
and Luminal B subtypes exist, with different endocrine sensitiveness, 
proliferation activity and chemosensitivity [36,38]. At present, if mo
lecular intrinsic subtyping cannot be performed, the levels of Ki67 are 
used to discriminate between Luminal A-like and Luminal B-like disease, 
according to the St. Gallen Consensus criteria [11]. Unfortunately, Ki67 
precise assessment is challenging and there is significant 
inter-laboratory disagreement [39–42]. Many therapeutic decision are 
currently based on Ki67 detection, like whether to administer adjuvant 
CT if genomic tests are not available, or after standard or short-term NET 
[8,43,44], and whether to administer or not adjuvant abemaciclib or 
ribociclib in some stage II and III cases [45,46]. Finally, HER2 assess
ment by IHC is prone to a certain disagreement among different pa
thologists, especially with regard to the new HER2-low category [47, 
48]. In all of these cases of potential uncertainty, MammaTyper®, being 
a relatively cheap, standardized, reproducible and 
operator-independent assay [10,19], might help in assessing key pa
thology biomarkers to guide therapeutic choices, especially in contexts 
where BC expert pathologists are not available or when the access to 
genomic assays for prognostication and chemotherapy prescription are 
not feasible. Noteworthy, the test has the potential to be integrated into 
the local laboratory setup because it supports analysis on widely 
accessible qPCR platforms using total RNA extracted from clinical 
routine FFPE BC samples [10]. Nevertheless, it should be kept in mind 
that the latest guidelines on early stage breast cancer, including the ones 
from the American Society of Clinical Oncology (ASCO), European So
ciety for Medical Oncology (ESMO) and the German Gynecological 
Oncology Group (AGO) still endorse ER/PR/HER2/Ki67 assessment via 
IHC/ISH [16,49–51]. 

This study is not exempt from limitations, the more obvious relying 
in its retrospective nature; the low number of cases where the test could 

Fig. 5. Predicting capability of IHC biomarkers with transcriptomics. ER: estrogen receptor; PR: progesterone receptor; PPA: positive percent agreement; NPA: 
negative percent agreement; OPA: overall percent agreement; Kappa: Cohen’s Kappa; IHC: immunohistochemical; RT-qPCR: reverse transcriptase quantitative po
lymerase chain reaction; MT: MammaTyper®. 
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be applied, even more when subdividing the cohort in surrogate sub
types, also limited the possibility to efficiently test the associations of the 
MammaTyper® score with surgical outcomes, especially in the multi
variable models. However, results were coherent with its initial vali
dation study [12]. Moreover, it is the first time that MammaTyper® 
performance as predictor of pCR and predictor of ER, PR, HER2 and Ki67 
status was tested in a clinical practice scenario, since a previous vali
dation was conducted retrospectively in cohorts obtained from the phase 
II TECHNO and the phase III PREPARE clinical trials [12]. This assay 
might be useful to reduce the uncertainty in the identification of sur
rogate BC subtypes, especially when expert pathologists are not avail
able or when genomic testing for CT prescription are not affordable. 
Regarding MammaTyper® pCR predictor, while its clinical utility is 
questionable in HER2+ and TN disease, it might help identifying 
luminal-like tumors that might be candidate to de-/escalated thera
peutic strategies, either in the clinical practice or research scenario. 
Overall, MammaTyper® predicting capabilities should be ultimately 
tested in a wider cohort, with special focus on HR+/HER2-negative 
disease. 
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Uğur Şahin is CEO and Mark Laible is an employee of BioNTech SE. 
Ralph M Wirtz is an employee of STRATIFYER Molecular Pathology 
GmbH. 

The other authors have nothing to declare. 

Acknowledgement 

Dr. Francesco Schettini is supported by a Rio Hortega clinical sci
entist contract from the Instituto de Salud Carlos III (ISCIII). Opinions 
and hypotheses generated are solely of the article’s authors. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.breast.2024.103753. 

References 

[1] von Minckwitz G, Untch M, Blohmer J-U, Costa SD, Eidtmann H, Fasching PA, et al. 
Definition and impact of pathologic complete response on prognosis after 
neoadjuvant chemotherapy in various intrinsic breast cancer subtypes. J Clin Oncol 
2012;30:1796–804. https://doi.org/10.1200/JCO.2011.38.8595. 

[2] Yau C, Osdoit M, van der Noordaa M, Shad S, Wei J, de Croze D, et al. Residual 
cancer burden after neoadjuvant chemotherapy and long-term survival outcomes 
in breast cancer: a multicentre pooled analysis of 5161 patients. Lancet Oncol 
2022;23:149–60. https://doi.org/10.1016/S1470-2045(21)00589-1. 

[3] von Minckwitz G, Huang C-S, Mano MS, Loibl S, Mamounas EP, Untch M, et al. 
Trastuzumab Emtansine for residual invasive HER2-positive breast cancer. N Engl J 
Med 2019;380:617–28. https://doi.org/10.1056/NEJMoa1814017. 

[4] Masuda N, Lee S-J, Ohtani S, Im Y-H, Lee E-S, Yokota I, et al. Adjuvant 
Capecitabine for breast cancer after preoperative chemotherapy. N Engl J Med 
2017;376:2147–59. https://doi.org/10.1056/NEJMoa1612645. 

[5] Tutt ANJ, Garber JE, Kaufman B, Viale G, Fumagalli D, Rastogi P, et al. Adjuvant 
olaparib for patients with BRCA1- or BRCA2-mutated breast cancer. N Engl J Med 
2021. https://doi.org/10.1056/NEJMoa2105215. 

[6] Sirico M, Virga A, Conte B, Urbini M, Ulivi P, Gianni C, et al. Neoadjuvant 
endocrine therapy for luminal breast tumors: state of the art, challenges and future 
perspectives. Crit Rev Oncol Hematol 2023;181:103900. https://doi.org/10.1016/ 
j.critrevonc.2022.103900. 

[7] Schettini F, Brasó-Maristany F, Pascual T, Lorman-Carbó N, Nucera S, 
Bergamino M, et al. Gene expression before and after neoadjuvant chemotherapy 
or endocrine therapy and survival outcomes in hormone receptor-positive, HER2- 
negative breast cancer: the NEOENDO study. 2024. https://doi.org/10.21203/rs.3. 
rs-3937385/v1. 

[8] Burstein HJ, Curigliano G, Thürlimann B, Weber WP, Poortmans P, Regan MM, 
et al. Customizing local and systemic therapies for women with early breast cancer: 
the St. Gallen International Consensus Guidelines for treatment of early breast 
cancer 2021. Ann Oncol 2021;32:1216–35. https://doi.org/10.1016/j. 
annonc.2021.06.023. 

[9] Prat A, Ellis MJ, Perou CM. Practical implications of gene-expression-based assays 
for breast oncologists. Nat Rev Clin Oncol 2011;9:48–57. https://doi.org/10.1038/ 
nrclinonc.2011.178. 

[10] Varga Z, Lebeau A, Bu H, Hartmann A, Penault-Llorca F, Guerini-Rocco E, et al. An 
international reproducibility study validating quantitative determination of 
ERBB2, ESR1, PGR, and MKI67 mRNA in breast cancer using MammaTyper. Breast 
Cancer Res 2017;19:55. https://doi.org/10.1186/s13058-017-0848-z. 

[11] Goldhirsch A, Winer EP, Coates AS, Gelber RD, Piccart-Gebhart M, Thürlimann B, 
et al. Personalizing the treatment of women with early breast cancer: highlights of 
the St gallen international expert Consensus on the primary therapy of early breast 
cancer 2013. Ann Oncol 2013;24:2206–23. https://doi.org/10.1093/annonc/ 
mdt303. 

[12] Fasching PA, Laible M, Weber KE, Wirtz RM, Denkert C, Schlombs K, et al. 
Validation of the MammaTyper® pathological complete response (pCR)-score as a 
predictor for response after neoadjuvant chemotherapy (NACT) in patients with 
early breast cancer (BC). Ann Oncol 2018;29:viii53. https://doi.org/10.1093/ 
annonc/mdy269.166. 

[13] Jeruss JS, Mittendorf EA, Tucker SL, Gonzalez-Angulo AM, Buchholz TA, Sahin AA, 
et al. Combined use of clinical and pathologic staging variables to define outcomes 
for breast cancer patients treated with neoadjuvant therapy. J Clin Oncol 2008;26: 
246–52. https://doi.org/10.1200/JCO.2007.11.5352. 

F. Schettini et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.breast.2024.103753
https://doi.org/10.1016/j.breast.2024.103753
https://doi.org/10.1200/JCO.2011.38.8595
https://doi.org/10.1016/S1470-2045(21)00589-1
https://doi.org/10.1056/NEJMoa1814017
https://doi.org/10.1056/NEJMoa1612645
https://doi.org/10.1056/NEJMoa2105215
https://doi.org/10.1016/j.critrevonc.2022.103900
https://doi.org/10.1016/j.critrevonc.2022.103900
https://doi.org/10.21203/rs.3.rs-3937385/v1
https://doi.org/10.21203/rs.3.rs-3937385/v1
https://doi.org/10.1016/j.annonc.2021.06.023
https://doi.org/10.1016/j.annonc.2021.06.023
https://doi.org/10.1038/nrclinonc.2011.178
https://doi.org/10.1038/nrclinonc.2011.178
https://doi.org/10.1186/s13058-017-0848-z
https://doi.org/10.1093/annonc/mdt303
https://doi.org/10.1093/annonc/mdt303
https://doi.org/10.1093/annonc/mdy269.166
https://doi.org/10.1093/annonc/mdy269.166
https://doi.org/10.1200/JCO.2007.11.5352


The Breast 76 (2024) 103753

10

[14] Giuliano AE, Edge SB, Hortobagyi GN. Eighth edition of the AJCC cancer staging 
manual: breast cancer. Ann Surg Oncol 2018;25:1783–5. https://doi.org/10.1245/ 
s10434-018-6486-6. 

[15] Mittendorf EA, Jeruss JS, Tucker SL, Kolli A, Newman LA, Gonzalez-Angulo AM, 
et al. Validation of a novel staging system for disease-specific survival in patients 
with breast cancer treated with neoadjuvant chemotherapy. J Clin Oncol 2011;29: 
1956–62. https://doi.org/10.1200/JCO.2010.31.8469. 

[16] Allison KH, Hammond MEH, Dowsett M, McKernin SE, Carey LA, Fitzgibbons PL, 
et al. Estrogen and progesterone receptor testing in breast cancer: ASCO/CAP 
guideline update. J Clin Orthod 2020;38:1346–66. https://doi.org/10.1200/ 
JCO.19.02309. 

[17] Wolff AC, Hammond MEH, Hicks DG, Dowsett M, McShane LM, Allison KH, et al. 
Recommendations for human epidermal growth factor receptor 2 testing in breast 
cancer: American Society of Clinical Oncology/College of American Pathologists 
clinical practice guideline update. J Clin Oncol 2013;31:3997–4013. https://doi. 
org/10.1200/JCO.2013.50.9984. 

[18] Wolff AC, Hammond MEH, Allison KH, Harvey BE, Mangu PB, Bartlett JMS, et al. 
Human epidermal growth factor receptor 2 testing in breast cancer: American 
society of clinical oncology/college of American pathologists clinical practice 
guideline focused update. J Clin Oncol 2018;36:2105–22. https://doi.org/ 
10.1200/JCO.2018.77.8738. 

[19] Laible M, Schlombs K, Kaiser K, Veltrup E, Herlein S, Lakis S, et al. Technical 
validation of an RT-qPCR in vitro diagnostic test system for the determination of 
breast cancer molecular subtypes by quantification of ERBB2, ESR1, PGR and 
MKI67 mRNA levels from formalin-fixed paraffin-embedded breast tumor 
specimens. BMC Cancer 2016;16:398. https://doi.org/10.1186/s12885-016-2476- 
x. 

[20] R Core Team. R: a language and environment for statistical computing. 2017. 
[21] Cardoso F, Kyriakides S, Ohno S, Penault-Llorca F, Poortmans P, Rubio IT, et al. 

Early breast cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and 
follow-up. Ann Oncol 2019;30:1674. https://doi.org/10.1093/annonc/mdz189. 

[22] Prat A, Guarneri V, Paré L, Griguolo G, Pascual T, Dieci MV, et al. A multivariable 
prognostic score to guide systemic therapy in early-stage HER2-positive breast 
cancer: a retrospective study with an external evaluation. Lancet Oncol 2020;21: 
1455–64. https://doi.org/10.1016/S1470-2045(20)30450-2. 

[23] Prat A, Guarneri V, Pascual T, Brasó-Maristany F, Sanfeliu E, Paré L, et al. 
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