
Summary. Objectives. Patients with HER2-positive 
invasive breast cancer that is node-positive and/or larger 
than 3 cm are generally treated with neoadjuvant 
chemotherapy (NAC). We aimed to identify predictive 
markers for pathological complete response (pCR) after 
NAC in HER2-positive breast carcinoma. 
      Methods. Hematoxylin/eosin-stained slides of 43 
HER2-positive breast carcinoma biopsies were 
histopathologically reviewed. Immunohistochemistry 
(IHC) was performed on pre-NAC biopsies, comprising 
HER2, estrogen receptor (ER), progesterone receptor 
(PR), Ki-67, epidermal growth factor receptor (EGFR), 
mucin-4 (MUC4), p53 and p63. Dual-probe HER2 in 
situ hybridization (ISH) was performed to study the 
mean HER2 and CEP17 copy numbers. ISH and IHC 
data were retrospectively collected for a validation 
cohort, comprising 33 patients. 
      Results. Younger age at diagnosis, 3+ HER2 IHC 
scores, high mean HER2 copy numbers and high mean 
HER2/CEP17 ratios were significantly associated with 
an increased chance of achieving a pCR, and the latter 
two associations were confirmed in the validation 
cohort. No other immunohistochemical or histopatho-
logical markers were associated with pCR. 
      Conclusions. This retrospective study of two 
community-based NAC-treated HER2-positive breast 

cancer patient cohorts identified high mean HER2 copy 
numbers as a strong predictor for pCR. Further studies 
on larger cohorts are required to determine a precise cut-
point for this predictive marker. 
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Introduction 
 
      HER2-positive breast cancer patients with clinically 
node-positive disease and/or tumors larger than 3 cm are 
generally treated with neoadjuvant chemotherapy (NAC) 
in combination with anti-HER2 targeted therapy (Korde 
et al., 2021). This treatment comprises either an 
anthracycline-based chemotherapy or non-anthracycline 
chemotherapy regimen, in combination with trastuzu-
mab, with or without pertuzumab (Korde et al., 2021). 
NAC allows for an evaluation of the therapeutic 
response of the tumor, which is an important prognostic 
marker. For instance, an axillary pCR in HER2-positive 
breast cancer patients with cytologically proven axillary 
lymph node metastases is associated with excellent 10-
year overall survival (Mougalian et al., 2016). 
Additionally, NAC can enable more conservative 
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surgery by reduction of the tumor size (Derouane et al., 
2022) although breast-conserving surgery after NAC is 
associated with a higher local recurrence risk (Asselain 
et al., 2018). The lack of therapeutic response to 
neoadjuvant systemic therapy is a strong predictor of 
poor breast cancer-specific survival, regardless of the 
molecular subtype, and therefore guides the subsequent 
adjuvant therapy (von Minckwitz et al., 2019; Korde et 
al., 2021; Yau et al., 2022). 
      De-escalation of subsequent adjuvant chemotherapy 
is currently being explored for HER2-positive breast 
cancer patients who achieved a pCR after decreased 
neoadjuvant treatment (Debien et al., 2022; Waks et al., 
2022), as the risk of short- and long-term toxicity is one 
of the major disadvantages of both NAC and adjuvant 
chemotherapy (Derouane et al., 2022). Nevertheless, 
there is a lack of reliable markers to predict which breast 
cancer patients are most likely to achieve a pCR after 
standard-of-care NAC. Those patients may participate in 
ongoing and future clinical trials exploring the 
possibility of de-escalation of NAC regimens. Several 
potentially predictive markers for post-NAC pCR in 
HER2-positive breast cancer have been studied, 
especially in randomized clinical trial settings (Derouane 
et al., 2022). These predictive markers included both 
morphological features, such as tumor-infiltrating 
lymphocytes (TILs), and immunohistochemical markers, 
such as p53 protein expression, often with contradictory 
results. For instance, TILs were reported to be 
significantly associated with pCR in HER2-positive 
breast cancer patients (Denkert et al. 2018), but this was 
not observed in the NeoSphere and GeparSepto trials 
(Bianchini et al., 2015; Loibl et al., 2017). According to 
the Expert Panel of the American Society of Clinical 
Oncologists (ASCO), there is insufficient evidence at 
present to justify the routine use of potentially predictive 
markers to guide NAC regimens, regardless of the breast 
cancer molecular subtype (Korde et al., 2021).  
      We therefore aimed to retrospectively explore the 
potential predictive value of a series of histopathological 
and immunohistochemical markers for pCR in a 
consecutive, community-based HER2-positive breast 
cancer cohort, outside the clinical trial setting. We 
performed an in-depth histopathological review of pre-
NAC biopsies, as well as dual-probe ISH analysis to 
study the mean HER2 and CEP17 copy numbers. The 
expression of estrogen receptor (ER), progesterone 
receptor (PR), Ki-67, and HER2 is routinely evaluated as 
it determines the surrogate molecular subtype, and these 
archived slides were reviewed. Additionally, we selected 
epidermal growth factor receptor (EGFR), mucin-4 
(MUC4), p53 and p63 as immunohistochemical markers. 
EGFR was chosen because its overexpression in HER2-
positive breast carcinomas is associated with poor 
disease-free survival and poor response to treatment with 
trastuzumab (Lee et al., 2015). MUC4 was selected 
because in vitro experiments showed that TNFα-induced 
MUC4 overexpression is a cause of trastuzumab 
resistance, and MUC4 overexpression was associated 
with poor disease-free survival in one retrospectively 

studied patient cohort (Mercogliano et al., 2017). 
Mutations in the TP53 gene, encoding for the p53 
protein, are frequently observed in triple-negative and 
HER2-positive breast carcinomas (Darb-Esfahani et al., 
2016). TP53 mutations were associated with pCR in a 
Chinese HER2-positive breast cancer cohort (Li et al., 
2020), but this was not confirmed in the phase 2 
GeparSixto trial (Darb-Esfahani et al., 2016). The 
myoepithelial marker p63 was chosen because its 
expression in HER2-positive breast cancer seems to be 
associated with abnormal p53 expression patterns, 
younger patient age and high histological grade (Guo et 
al., 2021). All morphological and immunohistochemical 
features were correlated with the subsequent therapeutic 
response in univariable and multivariable analyses, and 
the subsequent statistically significant associations were 
assessed in a second, independent HER2-positive breast 
cancer patient cohort. 
  
Materials and methods 
 
Patients and tissue samples in the study cohort 
 
      Tissue samples included in this study were core 
biopsies from a consecutive series of patients who were 
diagnosed with HER2-positive breast cancer between 1 
January 2015 and 1 March 2020, and who were treated 
with NAC. The standard NAC regimen for HER2-
positive breast cancer included either anthracycline/ 
taxane or docetaxel/carboplatin in combination with 
trastuzumab, with or without pertuzumab (Korde et al., 
2021). The subsequent surgery comprised breast-
conserving surgery or mastectomy, either with sentinel 
lymph node procedure or axillary lymph node dissection 
depending on the initial clinical staging. Only those 
patients whose biopsy and resection specimen were both 
present in the archives of the Department of Pathology 
of the Cliniques universitaires Saint-Luc (Brussels, 
Belgium) were included in this study. Some patients 
received chemotherapy in outpatient clinics and surgery 
was performed in two different hospitals: therefore, data 
on chemotherapy regimen deviations and initial staging 
were not collected. Information on patient age at 
diagnosis, type of surgery, interval between the biopsy 
and the surgery, macroscopic tumor bed size, post-NAC 
TNM stage, and mean HER2 and CEP17 copy numbers 
was retrieved from electronic histopathological reports. 
This retrospective study was approved by the 
institutional ethics committee (file name: RETRO-
HER2-15) and was performed in accordance with the 
World Medical Association’s Declaration of Helsinki. 
 
Tissue handling procedures and histopathological review 
 
      Breast biopsy cores were instantly fixed in 10% 
neutral-buffered formalin for 6-72h. All surgical 
specimens were received freshly, cut at 5 mm intervals, 
and fixed in 10% neutral-buffered formalin for 6-72h, 
following the ASCO/CAP guidelines (Hammond et al., 
2010). The resection specimens were macroscopically 
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examined and extensively sampled according to the MD 
Anderson residual cancer burden (RCB) protocol 
(Symmans et al., 2007).  
      Archived hematoxylin and eosin (HE) stained slides 
of the pre-NAC core biopsies were retrieved and 
reviewed by one pathologist (MRVB). Tumors were 
graded and each component of the Nottingham grade 
was noted separately (Elston and Ellis, 1991). Mitoses 
were counted in ten high-power fields (HPF; i.e. at 400x 
magnification) using a light microscope with a field 
diameter of 0.55mm, corresponding to the following cut-
points: low (≤8 mitoses), moderate (9-17 mitoses), and 
high (≥18 mitoses). The presence or absence of the 
following histopathological characteristics was 
dichotomously evaluated, regardless of its extent: any in 
situ component, morphological clear cell changes (i.e. 
tumor cells with clear cytoplasm), myxoid peritumor 
stroma (i.e. myxoid stromal changes), tumor necrosis, 
and unequivocal lympho-vascular invasion (Van 
Bockstal et al., 2020). Stromal tumor-infiltrating 
lymphocytes (TILs) were evaluated as percentages by 
three independent observers (MRVB, HD, CG), 
according to the International TILs Working Group 2014 
methods (Salgado et al., 2015). Since TILs evaluation is 
prone to inter-observer variability (O’Loughlin et al., 
2018; Kilmartin et al., 2021; Van Bockstal et al., 2021), 
the arithmetic mean of the three TILs scores was 
determined and used in subsequent statistical analyses. 
TILs were also dichotomized as low (≤40%) versus high 
(>40%), as previously described (Van Bockstal et al., 
2021).  
      One pathologist (MRVB) reviewed the HE stained 
slides of all post-NAC resection specimens and 
determined the RCB score and RCB class of therapeutic 
response by using an online calculator (http://www3. 
mdanderson.org/app/medcalc/index.cfm?pagename=jsco
nvert3) (Symmans et al., 2007). An RCB score equaling 
zero (class RCB-0) was regarded as a pCR (Symmans et 
al., 2007). 
 
Immunohistochemistry 
 
      Archived slides stained for ER, PR, HER2 and Ki-

67 were reviewed by one pathologist (MRVB). Details 
on the antibodies and staining protocols are shown in 
Table 1. ER and PR expression were quantified by 
applying the Allred score (Harvey et al., 1999). A 
proportion score of <1% was regarded as negative, a 
proportion score of 1-10% was considered as weakly 
positive and a proportion score of >10% was designated 
as positive, in line with the ASCO/CAP guidelines for 
hormone receptor testing (Allison et al., 2020). The 2018 
ASCO/CAP guidelines were used for assessment of 
HER2 protein expression as 0/negative, 1+/negative, 
2+/equivocal, or 3+/positive (Wolff et al., 2018b). Ki-67 
immunoreactivity was evaluated as the percentage of 
tumor nuclei showing positive staining, regardless of the 
intensity, in accordance with the recommendations of the 
International Ki67 in Breast Cancer Working Group 
(Nielsen et al., 2021).  
      Immunohistochemistry for EGFR, p53 and p63 was 
performed on the biopsy specimens, using an automated 
slide stainer (Benchmark XT, Ventana Medical Systems) 
according to the manufacturer’s instructions (Table 1). 
Stained slides were evaluated jointly by two observers 
using a multi-head light microscope (MRVB, CG). 
Immunoreactivity in the entire biopsy was evaluated, 
regardless of the amount of tumor present. EGFR 
membrane staining was assessed according to the criteria 
for HER2 staining, and noted as 0/negative, 1+/negative, 
2+/equivocal, or 3+/positive. In further statistical 
analyses, EGFR immunoreactivity was dichotomized as 
negative (score 0) versus any staining (scores 1+/2+/3+).  
      Membrane and cytoplasmic immunoreactivity for 
MUC4 was noted as a percentage of positive tumor cells. 
Tumors with ≥5% positive cells were regarded as 
MUC4-positive. P53 expression was evaluated as wild-
type or mutation-type staining: the latter included total 
absence of immunoreactivity, overexpression (defined as 
intense nuclear staining in ≥70% of the neoplastic cells), 
or cytoplasmic staining, in line with the immuno-
reactivity patterns for high-grade serous tubo-ovarian 
carcinomas and endometrial carcinomas (Köbel et al., 
2018). Nuclear p63 expression was evaluated as the 
percentage of positive tumor cells. Tumors with ≥5% 
positive cells were regarded as p63-positive. The 
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Table 1. Materials used for the immunohistochemical stainsa.  
 
Protein                Clone                        Firm                         Species                      Dilution                       HIER                                      Visualisation 
 
EGFR                  31G7                Merck Millipore                  Mouse                        1/100                    Protease K                       UltraView DAB Detectionb 
ER                        SP1                        Roche                         Rabbit                         RTU                          CC1                            UltraView DAB Detectionb 
HER2                    4B5                        Roche                         Rabbit                         RTU                          CC1                            UltraView DAB Detectionb 
Ki67                     MIB-1                        Dako                         Mouse                         1/90                          CC1                            UltraView DAB Detectionb 
MUC4                   8G7                 Merck Millipore                  Mouse                         1/60                          CC2                            UltraView DAB Detectionb 
p53                      DO-7                Biocare Medical                 Mouse                        1/200                         CC1                            UltraView DAB Detectionb 
p63                       4A4                        Bio SB                        Mouse                         1/50                          CC1                            UltraView DAB Detectionb 
PR                        1E2                        Roche                         Rabbit                         RTU                          CC1                            UltraView DAB Detectionb 
 
CC1, Cell Conditioning 1 Tris-based bufferb; CC2, Cell conditioning 2 bufferb; EGFR, epidermal growth factor receptor; ER, estrogen receptor; HIER: 
heat-induced epitope retrieval; IHC, immunohistochemistry; PR, progesterone receptor; RTU, ready-to-use. a: Performed on 4-μm-thick sections 
mounted on Superfrost plus slides (Menzel-Gläser, Braunschweig, Germany). b: Ventana Medical Systems, Tucson, Arizona (USA).



presence of an in situ component was confirmed by the 
identification of p63-positive myoepithelial cells.  
  
Dual-probe HER2 in situ hybridization (ISH) 
 
      The amplification status of all tumors was 
investigated by ISH using the INFORM HER2 Dual ISH 
Cocktail probe on an automated slide stainer, according 
to the manufacturer’s instructions (Benchmark XT, 
Ventana Medical Systems, Arizona, USA). Both the 
mean HER2 and mean CEP17 copy numbers were 
noted, and the HER2/CEP17 ratio was calculated. Prior 
to 1 November 2018, the amplification status was 
assessed following the 2013 ASCO/CAP guidelines, and 
patients were treated accordingly (Wolff et al., 2013). 
Core biopsies obtained after 1 November 2018 were 
assessed according to the 2018 ASCO/CAP guidelines 
(Wolff et al., 2018a), and patients were treated 
accordingly. This change in the ASCO/CAP guidelines 
only influenced the eligibility of patients for neoadjuvant 
anti-HER2 targeted treatment at the time of their 
diagnosis. The changed guidelines did not modify the 
way the ISH technique was performed, and therefore, the 
determination of the mean HER2 and CEP17 copy 
numbers and the HER2/CEP17 ratio were not 
influenced. 
 
Patients in the validation cohort 
 
      The validation cohort comprised NAC-treated 
HER2-positive breast cancer patients who underwent 
surgery between 20 December 2020 and 30 September 
2022. Surgery included breast-conserving surgery or 
mastectomy, either with sentinel lymph node procedure 
or axillary lymph node dissection depending on the 
initial clinical staging. Information on patient age at 
diagnosis, interval between the biopsy and the surgery, 
post-NAC TNM stage, histological subtype, RCB class, 
RCB score, Nottingham grade, ER and PR status, Ki-67 
expression, HER2 IHC and mean HER2 and CEP17 
copy numbers was retrieved from electronic 
histopathological reports at the Cliniques universitaires 
Saint-Luc (Brussels, Belgium). This retrospective study 
was approved by the institutional ethics committee (file 
name: RETRO-ER-PR-RATES) and was performed in 
accordance with the World Medical Association’s 
Declaration of Helsinki. 
 
Statistical analysis 
 
      Statistical analyses were conducted using IBM SPSS 
statistics 27.0 software (Chicage, IL, USA). pCR (i.e. 
class RCB-0) was the outcome variable. Continuous 
variables were tested for normal distribution using the 
Shapiro-Wilk test. Normally-distributed data were tested 
with the Levene’s test for equality of variances. 
Normally-distributed data with equal variances in the 
study cohort comprised patient age at diagnosis (in 
years) and the interval between the biopsy diagnosis and 

surgery (in months). Normally-distributed data with 
equal variances in the validation cohort comprised Ki-67 
expression, mean HER2 copy numbers, mean HER2/ 
CEP17 ratios and patient age at diagnosis (in years). 
These variables were analyzed with the Student t-test 
and reported as mean ± standard deviation (SD). All 
other continuous variables in the study cohort and the 
validation cohort were not normally-distributed and were 
analyzed with the Mann-Whitney U test.  
      Categorical data were analyzed with the Chi-Square 
test or Fisher’s Exact test when appropriate, and were 
reported as absolute number with relative percentage. 
Multivariable logistic regression analysis with backward 
selection was conducted in the study cohort to determine 
which features were independently associated with pCR, 
while taking into account related variables because of 
multicollinearity. All tests were two-sided, with the 
statistical significance level set at p=0.05. 
 
Results 
 
Clinicopathological features and pCR in the study cohort 
 
      Table 2 provides an overview of the patient 
characteristics in the study cohort. The average patient 
age at diagnosis was 57 (range 31.5-80.2 years). The 
average time between the biopsy diagnosis and 
subsequent post-NAC surgery was 6.2 months (range 
4.0-7.8 months). All patients were diagnosed with a 
HER2-positive tumor, confirmed by dual-probe ISH. 
Each tumor included in the study cohort qualified as a 
‘group 1’ HER2-positive carcinoma (i.e. HER2/CEP17 
ratio ≥2.0 and mean HER2 copy number ≥4.0) according 
to the ASCO/CAP guidelines (Wolff et al., 2018b). Six 
patients had a special type invasive carcinoma, 
comprising one metaplastic (squamous) carcinoma, one 
mucinous carcinoma, two carcinomas of no special type 
(NST) admixed with micropapillary carcinoma, and two 
pleomorphic lobular carcinomas. Seventeen patients 
(40%) achieved a pCR.  
      None of the clinical and histopathological 
characteristics was associated with pCR, except for age 
at diagnosis (Tables 3, 4): patients who achieved a pCR 
were significantly younger (p=0.033). 
 
Immunohistochemistry and pCR in the study cohort 
 
      Immunohistochemistry for p63 was available for 41 
out of 43 cases (95%), and immunohistochemistry for 
EGFR, p53 and MUC4 was available for 40 out of 43 
cases (93%). Missing data were due to tissue block 
exhaustion. No immunohistochemical characteristics 
were significantly associated with pCR, neither as 
continuous (Table 3) nor as categorical variable (Table 
5), with the exception of HER2 immunohistochemistry 
(Fig. 1). All but one patient with a pCR (94%) had a 
tumor with a 3+ HER2 IHC score, whereas only 12 out 
of 26 patients without pCR (46%) had a 3+ score 
(p=0.005). When PR expression was dichotomized as 
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negative (<1%) versus weakly positive or positive 
(≥1%), a slightly higher proportion of pCR was observed 
among the PR-negative tumors but this was not 
statistically significant (p=0.053). EGFR expression, p53 
mutation-type staining and p63-positivity in HER2-
positive breast carcinomas were not associated with an 
increased chance of achieving a pCR (p>0.05).  
 

ISH and pCR in the study cohort 
 
      Both the mean HER2 copy number and the 
HER2/CEP17 ratio were significantly associated with 
pCR (Table 3, Fig. 2), which is in line with the 
significant association between HER2 IHC and pCR. 
Tumors with a post-NAC pCR showed substantially 
higher mean HER2 copy numbers and higher mean 
HER2/CEP17 ratios (p=0.005 and p=0.001, respec-
tively). The mean CEP17 copy number was not 
significantly associated with pCR (p=0.080), although 
there was a subtle tendency towards higher CEP17 copy 
numbers in tumors without pCR. 
      Multivariable logistic regression analysis with 
backward selection was conducted to determine which 
features were independently associated with pCR. Mean 
HER2 copy number, mean HER2/CEP17 ratio and 
HER2 IHC were introduced separately in these models, 
as these variables are highly related. None of the other 
clinical, histopathological or immunohistochemical 
markers was significantly associated with pCR in the 
various multivariable models. After correction for age at 
diagnosis, both mean HER2 copy number and mean 
HER2/CEP17 ratio remained significantly associated 
with pCR (p=0.023 and p=0.011, respectively).  
 
Predictive factors for pCR in the validation cohort 
 
      We aimed to validate our observations regarding the 
predictive value of patient age, HER2 immuno-
histochemistry, mean HER2 copy number and mean 
HER2/CEP17 ratio in an independent patient cohort, 
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Table 2. Patient characteristics and biopsy-based histopathological 
features of the study cohort containing 43 HER2-positive carcinoma 
patients, and in the validation cohort containing 33 HER2-positive 
carcinoma patients. 
 
                                                                          Study cohort     Validation cohort 
                                                                  Mean ± SD        Mean ± SD 
 
Age at biopsy-based diagnosis (years)        57.2±13.0       51.5±12.8 
Interval between biopsy and surgery (months)    6.2±1.0           5.2±1.0 

                                                                         n (%)               n (%) 
Sex                                                                                              
    Male                                                             0 (0)                0 (0) 
    Female                                                       43 (100)          33 (100) 

Type of surgery                                                                            
    Lumpectomy                                               16 (37)            14 (42) 
    Quadrantectomy                                           3 (7)                5 (15) 
    Mastectomy                                                24 (56)            14 (42) 

Laterality                                                                                      
    Left breast                                                  20 (47)            15 (45) 
    Right breast                                                23 (53)            18 (55) 

Cancer type                                                                                 
    Invasive carcinoma of NST                        37 (86)            31 (94) 
    Special type invasive carcinoma                  6 (14)              2 (6) 

Nottingham grade                                                                        
    Grade 1                                                        0 (0)                0 (0) 
    Grade 2                                                      19 (44)            13 (39) 
    Grade 3                                                      24 (56)            20 (61) 

Lympho-vascular invasion                                                           
    Absent                                                        37 (86)            29 (88) 
    Present                                                         6 (14)              4 (12) 

Ductal carcinoma in situ component                                            
    Absent                                                        35 (81)            25 (76) 
    Present                                                         8 (19)              8 (24) 

RCB class                                                                                    
    Class RCB-0 (pCR)                                    17 (40)            21 (64) 
    Class RCB-I                                               10 (23)              4 (12) 
    Class RCB-II                                              11 (26)              7 (21) 
    Class RCB-III                                               5 (12)              1 (3) 

ER immunohistochemistry                                                           
    Negative (< 1%)                                         14 (33)            12 (36) 
    Weakly positive (1-10%)                              4 (9)                2 (6) 
    Positive (> 10%)                                         25 (58)            19 (58) 

PR immunohistochemistry                                                           
    Negative (< 1%)                                         20 (47)            19 (58) 
    Weakly positive (1-10%)                              6 (14)              2 (6) 
    Positive (> 10%)                                         17 (40)            12 (36) 

HER2 positivity status                                                                  
    1+ or 2+ with HER2 amplification               15 (35)              5 (15) 
    3+ with HER2 amplification                        28 (65)            28 (85) 
 
ER, estrogen receptor; NA, not assessed; NST, no special type; pCR, 
pathological complete response; PR, progesterone receptor; RCB, 
residual cancer burden; SD, standard deviation 

Table 3. Study cohort. Clinicopathological and immunohistochemical 
differences (continuous variables) between HER2-positive breast 
carcinomas with (n=17) and without (n=26) pathological complete 
response (pCR). 
 
                                                               pCR            No pCR       p-value 
                                                         Mean ± SD   Mean ± SD           
 
Age at diagnosis (years)                    51.0±11.6       59.8±13.1     0.033a* 
Interval biopsy/surgery (months)        6.22±0.87       6.20±1.10     0.957a 
Mitotic count                                          13±13             18±15        0.218b 
TILs (%) – observer A                           36±31             26±28        0.348b 
TILs (%) – observer B                           36±29             22±25        0.072b 
TILs (%) – observer C                           38±26             31±25        0.209b 
TILs (%) – mean score three observers    37±28             27±25        0.129b 
ER (%)                                                  38±39             55±40        0.244b 
PR (%)                                                  15±32             22±29        0.071b 
Ki-67 (%)                                               54±22             58±27        0.329b 
p63 (%)                                                   3±4                 6±15        0.816b 
Mean HER2 copy number               15.66±4.50     11.91±5.79     0.005b* 
Mean CEP17 copy number               1.95±0.34       2.29±0.63     0.080b 
Mean HER2/CEP17 ratio                  8.23±2.80       5.57±3.00     0.001b* 
 
CEP17, chromosome enumeration probe 17; ER, estrogen receptor; 
pCR, pathological complete response; PR, progesterone receptor; SD, 
standard deviation; TILs, tumor-infiltrating lymphocytes. a: Student t test 
for normally distributed data, with equal variances confirmed by 
Levene’s test. b: Mann-Whitney U-test for non-normally distributed data. 
*: Statistically significant result (α=0.05).



containing 33 patients with NAC-treated HER2-positve 
breast cancer. Table 2 shows the patient characteristics in 
the validation cohort. Two patients had a special type 
invasive carcinoma, comprising one invasive mucinous 
carcinoma and one mixed NST/invasive lobular 
carcinoma. All other patients had NST invasive breast 
cancer. The average age at diagnosis was 51.5 (range 31-
80 years). The average time between the biopsy 
diagnosis and subsequent post-NAC surgery was 5.2 
months (range 2-7 months). All but two tumors included 
in this validation cohort qualified as a ‘group 1’ HER2-
positive carcinoma (i.e. HER2/CEP17 ratio ≥2.0 and 

mean HER2 copy number ≥4.0) according to the 
ASCO/CAP guidelines (2018 guidelines). Two tumors 
qualified as a ‘group 3’ HER2-positive carcinoma (i.e. 
HER2/CEP17 ratio <2.0 and mean HER2 copy number 
≥6.0). ISH data were missing for 5 patients with a 3+ 
HER IHC score, who had had their biopsy elsewhere.  
      Both higher mean HER2 copy number and higher 
mean HER2/CEP17 ratio were significantly associated 
with a higher chance of achieving a pCR (p=0.015 and 
p=0.033, respectively; Table 6). Only five out of 33 
patients had a 2+ HER2 IHC score; two achieved a pCR 
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Fig. 1. Bar charts illustrating the relationship between pCR and ER 
expression (A), PR expression (B) and HER2 immunohistochemistry 
(C). 

Table 4. Study cohort. Clinicopathological differences (categorical 
variables) between HER2-positive breast carcinomas with (n=17) and 
without (n=26) pathological complete response (pCR). 
 
                                                 pCR n (%)       No pCR n (%)      p-valuea 
 
Type of surgery                                                                              0.759 
    Breast-conserving surgery       8 (47)               11 (42)                
    Mastectomy                              9 (53)               15 (58)                

Cancer type                                                                                   0.217 
    NST                                        16 (94)               21 (81)                
    Special type                              1 (6)                   5 (19)                

Nottingham grade                                                                          0.759 
    Grade 1                                    0 (0)                   0 (0)                  
    Grade 2                                    8 (47)               11 (42)                
    Grade 3                                    9 (53)               15 (58)                

Glandular differentiation                                                                0.342 
    >75%                                        0 (0)                   0 (0)                  
    ≤75% and ≥10%                       1 (6)                   4 (15)                
    <10%                                      16 (94)               22 (85)                

Nuclear atypia                                                                                0.532 
    Low                                           0 (0)                   0 (0)                  
    Moderate                                  1 (6)                   3 (13)                
    High                                        16 (94)               23 (87)                

Mitotic score                                                                                  0.251 
    Low                                           8 (47)                 6 (23)                
    Moderate                                  5 (29)               10 (38)                
    High                                          4 (24)               10 (38)                

Lympho-vascular invasion                                                             0.738 
    Absent                                    15 (88)               22 (85                 
    Present                                     2 (12)                 4 (15)                

DCIS                                                                                              0.141 
    Absent                                    12 (71)               23 (89)                
    Present                                     5 (29)                 3 (12)                

Tumor necrosis                                                                              0.181 
    Absent                                    12 (71)               13 (50)                
    Present                                     5 (29)               13 (50)                

Clear cell changes                                                                         0.084 
    Absent                                      9 (53)                 7 (27)                
    Present                                     8 (47)               19 (73)                

Myxoid stroma                                                                               0.480 
    Absent                                      6 (35)               12 (46)                
    Present                                   11 (65)               14 (54)                

TILs (dichotomous evaluation)                                                      0.383 
    0-40%                                     11 (65)               20 (77)                
    >40%                                        6 (35)                 6 (23)                
 
DCIS, ductal carcinoma in situ; NST, no special type; pCR, pathological 
complete response; TILs, tumor-infiltrating lymphocytes. a: Determined 
by Chi-Square test. 
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Fig. 2. Box-and-whisker plots illustrating the relationship between pCR and mean HER2 copy number (A), mean CEP17 copy number (B) and mean 
HER2/CEP17 ratio (C).

Table 5. Study cohort. Immunohistochemical differences (categorical 
variables) between HER2-positive breast carcinomas with (n=17) and 
without (n=26) pathological complete response (pCR). 
 
                                                   pCR n (%)    No pCR n (%)      p-valuea 
 
ER immunohistochemistry                                                               0.570 
    Negative (<1%)                           7 (41)               7 (27)                 
    Weakly positive (1-10%)             1 (6)                 3 (12)                 
    Positive (>10%)                           9 (53)             16 (62)                 

PR immunohistochemistry                                                               0.131 
    Negative (<1%)                         11 (55)               9 (35)                 
    Weakly positive (1-10%)             3 (18)               6 (23)                 
    Positive (>10%)                           3 (18)             11 (42)                 

HER2 immunohistochemistry                                                          0.005* 
    Score 0                                        0 (0)                 0 (0)                   
    Score 1+                                      0 (0)                 1 (4)                   
    Score 2+                                      1 (6)               13 (50)                 
    Score 3+                                    16 (94)             12 (46)                 

Ki-67 immunohistochemistry                                                           0.757 
    <20%                                           1 (6)                 1 (4)                   
    ≥20%                                         16 (94)             25 (96)                 

p53 immunohistochemistry                                                              0.505 
    Wild-type staining                      11 (69)             14 (58)                 
    Mutated-type staining                  5 (31)             10 (42)                 

EGFR immunohistochemistry                                                          0.107 
    Negative (score 0)                     13 (81)             13 (57)                 
    Any staining (score 1+/2+/3+)     3 (19)             10 (43)                 

MUC4 immunohistochemistry                                                         0.262 
    Negative (<5%)                         11 (73)             21 (88)                 
    Positive (≥5%)                             4 (27)               3 (13)                 

P63 immunohistochemistry                                                             0.872 
    Negative (<5%)                         13 (81)             19 (79)                 
    Positive (≥5%)                             3 (19)               5 (21)                 
 
EGFR, epidermal growth factor receptor; ER, estrogen receptor; pCR, 
pathological complete response; PR, progesterone receptor. a: 
Determined by Chi-Square test. *: Statistically significant result (α=0.05). 

Table 6. Validation cohort. Clinicopathological and immunohisto-
chemical differences (continuous and categorical variables) between 
HER2-positive breast carcinomas with (n=21) and without (n=12) 
pathological complete response (pCR). 
 
Continuous variables                pCR Mean±SD    No pCR Mean±SD   p-value 
     
Age at diagnosis (years)              48±10                 59±15             0.116a 
Interval biopsy/surgery (months)  5.38±0.62           4.70±1.34          0.307b 
ER (%)                                          36±44                 73±34             0.014b* 
PR (%)                                          27±40                 34±42             0.343b 
Ki-67 (%)                                      42±20                 36±18             0.190a 
Mean HER2 copy number      16.19±5.01         11.87±3.75          0.015a* 
Mean CEP17 copy number      2.48±0.64           2.68±0.67          0.324b 
Mean HER2/CEP17 ratio          6.71±2.18           4.79±2.18          0.033a* 
 
Categorical variables                 pCR n (%)       No pCR n (%)      p-value 
 
Cancer type                                                                                    0.125c 
    NST                                          21 (100)             10 (83)               
    Special type                               0 (0)                   2 (17)               

Nottingham grade                                                                          0.840c 
    Grade 1                                      0 (0)                   0 (0)                 
    Grade 2                                      8 (38)                 5 (42)               
    Grade 3                                    13 (62)                 7 (58)               

HER2 immunohistochemistry                                                         0.328c 
    Score 0                                       0 (0)                   0 (0)                 
    Score 1+                                    0 (0)                   0 (0)                 
    Score 2+                                    2 (10)                 3 (25)               
    Score 3+                                  19 (91)                 9 (75)               
 
CEP17, chromosome enumeration probe 17; ER, estrogen receptor; 
pCR, pathological complete response; PR, progesterone receptor; SD, 
standard deviation. a: Student t test for normally distributed data, with 
equal variances confirmed by Levene’s test. b: Mann-Whitney U-test for 
non-normally distributed data. c: Determined by Chi-Square test or 
Fisher’s Exact test, when appropriate. *: Statistically significant result 
(α=0.05). 



and three did not. We were therefore not able to confirm 
the strong association between HER2 IHC score and 
pCR in the validation cohort. Although the mean age 
was younger in the pCR group than in the ’no pCR’ 
group, this difference was not statistically significant. 
The pCR group of the validation cohort showed a 
substantially lower ER positivity rate than the ‘no pCR’ 
group (p=0.014). PR status, Ki-67 expression, mean 
CEP17 copy number, histological subtype and 
Nottingham grade were not associated with pCR in the 
validation cohort. 
 
Discussion 
 
      In this study, we demonstrated that high mean HER2 
copy numbers and high HER2/CEP17 ratios are 
associated with a substantially higher chance to achieve 
a pCR after NAC in HER2-positive breast cancers. Our 
observations corroborate the conclusions of previous 
reports on the HER2/CEP17 ratio as a predictor for pCR 
in HER2-positive breast cancer (Kogawa et al., 2016; 
Singer et al., 2017; Choi et al., 2020; Zhao et al., 2020; 
Antolín et al., 2021). However, three of these studies 
analyzed the HER2/CEP17 ratio as a categorical 
variable, with thresholds varying from >5 to ≥7 to 
distinguish low level from high level amplification 
(Kogawa et al., 2016; Singer et al., 2017; Antolín et al., 
2021). We preferred to study the HER2/CEP17 ratio as a 
continuous variable, in order not to lose any information 
due to dichotomization. At present, there is insufficient 
evidence to support a particular threshold. The higher 
the HER2/CEP17 ratio, the more likely a patient will 
achieve a pCR. Proposing a specific cut-off will first 
require a discussion on the number of false-positives 
(patients with a high HER2/CEP17 ratio but without 
pCR) and false-negatives (patients with a low 
HER2/CEP17 ratio but who do achieve a pCR) that 
oncologists find acceptable in routine practice. This is 
especially important if this molecular feature is to be 
used for selection of patients eligible for de-escalation of 
the current standard-of-care NAC regimens.  
      Similarly to the HER2/CEP17 ratio, high mean 
HER2 copy numbers are associated with a larger chance 
of achieving a pCR, which was also shown by Antolin et 
al. (2021) and Zhao et al. (2020). Of note, Zhao et al. 
grouped RCB-0 and RCB-1 patients together as 
responders (Zhao et al., 2020), but we preferred to 
distinguish patients with a pCR from patients without a 
pCR, analogous to most studies investigating predictors 
for pCR (Symmans et al., 2007). Antolin et al. proposed 
a cut-off of ≤10 versus >10 mean HER2 copies per 
nucleus to discern patients with low from high level 
amplification, which was associated with a 28% versus 
61% pCR rate, respectively (Antolín et al., 2021). We 
believe it is more prudent at present to mention the mean 
HER2 copy number as a continuous variable. The mean 
CEP17 copy number was not associated with pCR in our 
cohort, as previously reported by Katayama et al. 
(Katayama et al., 2022). 

      Analogous to the ISH data, patients with a 3+ HER2 
IHC score in the initial study cohort were much more 
likely to achieve a pCR than patients with a 2+ HER2 
IHC score and HER2 gene amplification, which 
corroborates the findings of others (Krystel-Whittemore 
et al., 2019; Zhao et al., 2020; Katayama et al., 2021). 
However, HER2 immunohistochemistry seems 
somewhat less refined than the mean HER2 copy 
number to identify patients at high risk of being a non-
responder to NAC. In our study cohort, 46% of patients 
without pCR still showed a 3+ IHC score, and this 
number rose to 75% in the non pCR group of our 
validation cohort. The mean HER2 copy number seems 
more promising for identification of those patients who 
might be eligible for de-escalation regimens, although 
future studies should decide upon which threshold to use 
for this purpose.  
      But why is the mean HER2 copy number so 
predictive for response to NAC, and thus, for pCR? We 
speculate that there are two potential causes. Firstly, IHC 
evaluates protein expression. Variations in fixation 
methods, fixation time and their impact on the 
antigenicity of the protein may render IHC evaluation 
less consistent (Sauter et al., 2009). ISH is somewhat 
less prone to fixation-related artefacts and might be more 
robust. ISH data correlate better with responsiveness to 
anti-HER2 targeted therapies, and Sauter et al. therefore 
advocated ISH as the primary HER2 testing modality 
(Sauter et al., 2009). Secondly, breast tumors harboring 
high HER2 copy numbers might have more HER2 
protein, rendering them more dependent or ‘addicted’ to 
this oncogene, and thus more sensitive to anti-HER2 
targeted therapies. IHC might be insufficiently sensitive 
to distinguish breast tumors with large amounts of HER2 
protein (‘high expressors’) from those tumors with much 
larger amounts of HER2 protein (‘very high 
expressors’). The rationale for this explanation can be 
found in the ‘gene dosage effect’: in both amplified and 
non-amplified cancers, increased mean HER2 copy 
numbers are associated with higher IHC scores 
(Lambein et al., 2011). In other words: the more HER2 
copies, the more protein, the stronger the oncogene 
addiction and the more sensitive to NAC.  
      Overall, our study identified a limited number of 
promising predictive markers, which might be due to a 
lack of power, as the study cohort contained only 43 
patients. However, statistically significant associations in 
extensive cohorts do not automatically reflect 
biologically relevant relations, as even very discrete 
differences can result in a low p-value, and therefore, a 
statistically significant association, if the study cohort is 
sufficiently large (Lovell, 2013). A potent predictor of 
pCR does not require a large study cohort, which was 
previously illustrated by the strong predictive power of 
TILs for achieving a pCR in a cohort of 35 patients with 
triple-negative breast cancer (Van Bockstal et al., 2020). 
Likewise, we were able to validate the findings of others 
regarding the predictive value of HER2 ISH data for 
pCR in two independent, real-life patient cohorts outside 
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the clinical trial setting, containing only 43 and 33 
patients. This emphasizes the strong predictive power of 
both mean HER2 copy number and mean HER2/CEP17 
ratio.  
      Younger patient age was associated with pCR in the 
study cohort, which was likely due to chance, as we 
were not able to validate this in the validation cohort. 
Studies on larger cohorts did not observe a substantial 
relation between younger age and higher chance of 
achieving a pCR (Singer et al., 2017; Krystel-
Whittemore et al., 2019; Zhao et al., 2020; Katayama et 
al., 2021). We did not study other clinical parameters 
such as body mass index, nodal status or menopausal 
status, but others previously showed no association with 
pCR (Singer et al., 2017; Krystel-Whittemore et al., 
2019). 
      As for the other histopathological features studied 
here, we did not observe any significant association with 
pCR. Again, this might have been caused by a lack of 
power, but a really strong discriminator would likely 
have revealed itself in this exploratory analysis, as was 
shown for HER2 ISH data. We therefore deem it unlikely 
that histopathological features such as tumor grade or 
TILs are sufficiently robust for the identification of 
HER2-positive breast cancer patients with high 
likelihood of achieving a pCR, in contrast with triple-
negative breast cancer patients. High tumor grade was 
only shown to be predictive for pCR in two large cohorts 
of 500 and 531 patients (Krystel-Whittemore et al., 2019; 
Katayama et al., 2021). Although TILs were predictive 
for pCR in a small series of triple negative breast cancer 
patients, despite the presence of substantial inter-observer 
variability (Van Bockstal et al., 2021), we were not able 
to confirm their predictive power in our study cohort of 
HER2-positive breast cancer patients. This is supported 
by the presently available data from several clinical trials. 
Although two pooled analyses showed that high baseline 
TILs were predictive for pCR in HER2-positive breast 
cancer (Solinas et al., 2017; Denkert et al., 2018), a 
TRYPHAENA sub-study, the NeoSphere trial and the 
GeparSepto trial were not able to confirm these 
observations (Bianchini et al., 2015; Loibl et al., 2017; 
Ignatiadis et al., 2019). In this study, we did not assess 
pre-NAC tumor stage or nodal status, but three 
retrospective studies were not able to show a significant 
association with the chance of achieving a pCR in HER2-
positive breast cancer patients (Guiu et al., 2010; Singer 
et al., 2017; Krystel-Whittemore et al., 2019). 
      Regarding additional immunohistochemical markers 
to finetune the risk stratification of HER2-positive breast 
cancer patients receiving NAC, the evaluation of 
hormone receptor status seems most promising. 
Nevertheless, data on the predictive value of ER and PR 
are contradictory at present. In our own study cohort, we 
did not observe a relation between ER positivity and 
pCR, although there was a tendency towards slightly 
higher PR percentages in the non pCR group. However, 
in our validation cohort, we observed the opposite 
situation: there was no relation between PR expression 

and pCR, but ER expression levels were substantially 
lower in the pCR group than in the non pCR group. A 
similar relation between ER expression and pCR was 
observed by Katayama et al. in the ASCO/CAP ISH 
group 1 patients (Katayama et al., 2021). Krystel-
Whittemore et al. observed a significant relation between 
both ER and PR expression and pCR in univariable 
analyses, but only the association between PR 
expression and pCR was maintained in multivariable 
analysis (Krystel-Whittemore et al., 2019). Both groups 
investigated large (≥500) patient cohorts, suggesting that 
there might be only a subtle relationship between 
ER/PR-negativity and higher chance of achieving a pCR 
at the population level. Hormone receptor status seems 
therefore less likely to be applicable at the individual 
patient level, as there is a huge overlap in expression 
rates among the pCR and non pCR groups.  
      We explored the potentially predictive value of some 
less well-known immunohistochemical markers. 
Immunoreactivity for EGFR, MUC4, p53 and p63 is 
unlikely to yield any predictive information, as we did 
not observe any association with pCR. We observed a 
p53 mutation-type staining in 35% of tumors, which is a 
lower frequency than that observed in triple-negative 
breast cancers (Darb-Esfahani et al., 2016; Van Bockstal 
et al., 2020). 
      In conclusion, we identified high mean HER2 copy 
numbers and high mean HER2/CEP17 ratios as strong 
predictors for pCR. These ISH data seem very promising 
for application in daily routine practice, as we were able 
to validate their predictive value in a second cohort. 
Both mean HER2 copy number and mean HER2/CEP17 
ratio seem sufficiently robust for risk stratification at the 
individual patient level. Future studies should address 
whether these molecular features could be used to 
identify those patients who may be eligible for inclusion 
in NAC de-escalation trials. 
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