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Abstract: Background: Recently, the classification of HER2 status evolves from binary to ternary, and
HER2-low expression may exhibit prognostic significance. We aimed to investigate whether HER2-
low tumor is distinct from HER2-zero or HER2-positive tumors, and then to develop a modified
staging system (mNeo-Bioscore) that incorporates HER2-low status into Neo-Bioscore. Patients and
Methods: This cohort study was conducted using data from the prospective database on breast cancer
patients between January 2014 and February 2019. Results: Among 259 patients enrolled in the study,
the HER2-low tumor exhibited significantly lower histological grade, pathological staging and Ki-67
level than the other two groups. HER2-low patients and HER2-positive patients receiving concurrent
HER2-directed therapy may have similar LRFS (p = 0.531) and OS (p = 0.853), while HER2-zero peers
may have significantly worse LRFS (p = 0.006) and OS (p = 0.017). In particular, a similar trend was
also found in the patients without pathological complete response after surgery. Incorporation of
HER2-low status made improvement in fit: 5-year OS rate estimates ranged from 33.33% to 100%
for mNeo-Bioscore vs 61.36% to 100% for Neo-Bioscore. Conclusions: This study demonstrated that
HER2-low tumor may exhibit prognostic significance. The innovative mNeo-Bioscore, based on a
new classification of HER2 status, may serve as a prognostic staging system superior to Neo-Bioscore.

Keywords: HER2-low breast cancer; prognosis; Neo-Bioscore; HER2-zero; HER2-positive

1. Introduction

Human epidermal growth factor receptor 2 (HER2) status is routinely assessed using
immunohistochemistry (IHC) and/or in situ hybridization (ISH). Lately, cases with HER2
IHC 1+ or 2+ and negative ISH are classified as HER2-low breast cancer. HER2-low
tumor accounts for approximately 45–55% of all breast cancers [1]. Considerable attempts
have been made to investigate the prognostic value of HER2-low status. Several studies
revealed a better [2–10] or worse [11,12] prognosis for patients with HER2-low tumor when
compared to those with HER2-zero (defined as IHC 0) tumor in various settings, while
others hardly found any difference between HER2-low and HER2-zero tumors [13–20].
The biological behavior of a HER2-low tumor is yet to be elucidated, especially in those
administered neoadjuvant chemotherapy. Therefore, it hints at a demand to understand the
distinction among HER2-zero, HER2-low and HER2-positive tumors in clinicopathological
characteristics, pathological complete response (pCR) and long-term survival outcomes for
locally advanced breast cancer receiving neoadjuvant chemotherapy.

Routine administration of anti-HER2 therapy such as trastuzumab has significantly
altered the natural history of HER2-positive tumor, which has been incorporated in the
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current American Joint Committee on Cancer staging system [21]. However, few studies
reported diversities between HER2-positive tumor treated with HER2-directed therapy
and HER2-low or HER2-zero counterparts, especially in patients undergoing neoadjuvant
chemotherapy.

Neo-Bioscore, a newly scoring system that adds HER2 status into the previously
developed CPS + EG staging system [22], can better predict long-term survival outcome
in patients receiving neoadjuvant chemotherapy [23]. As the classification of HER2 sta-
tus evolves from binary (negative and positive) to ternary (zero, low and positive) and
HER2-low expression may serve as a unique prognosticator, whether it is appropriate to
accordingly update the Neo-Bioscore scoring system or not awaits further research.

On these premises, we aimed to conduct a retrospective study based on our prospec-
tively maintained neoadjuvant cohort to analyze the clinical significance of HER2-low status
as well as to further clarify the disparities among HER2-zero, HER2-low, and HER2-positive
breast cancers in patients undergoing neoadjuvant chemotherapy. We also innovatively
optimized the Neo-Bioscore system according to the new classification of HER2 status
(HER2-zero, HER2-low and HER2-positive), which might offer implications for subsequent
clinical practice.

2. Patients and Methods
2.1. Study Design and Participants

Patients were enrolled retrospectively from the prospective database on breast cancer
patients of Renji Hospital, School of Medicine, Shanghai Jiao Tong University if they
were treatment-naïve females aged 18 to 70 years with histologically confirmed invasive
breast cancer (T1 N1-3 or T2-4 N0-3, M0) and available HER2 status from January 2014 to
February 2019. We excluded patients if they were in pregnancy or lactation, had metastatic
or bilateral breast cancer, had a history of malignancy other than breast cancer, or HER2-
positive patients without application of anti-HER2 targeted therapy. All patients received
weekly paclitaxel-based chemotherapy in the neoadjuvant setting and underwent surgery
as planned after neoadjuvant treatment. For HER2-positive patients, trastuzumab was
recommended concurrently at a loading dose of 4 mg/kg followed by a maintenance dose
of 2 mg/kg weekly thereafter. Adjuvant treatment was tailored after surgery according to
the guidelines at that time or at the discretion of physicians.

The protocol was approved by the Independent Ethics Committee of Renji Hospital
(Approval number: LY2022-028-B, date: 28 October 2022). This study was registered with
ClinicalTrials.gov (NCT05621564).

2.2. Clinicopathological Parameters

The baseline clinicopathological parameters were prospectively collected, including
age, menopausal status, clinical stage, as well as estrogen receptor (ER), progesterone
receptor (PR), HER2 status, Ki-67 levels, and histological grade before neoadjuvant treat-
ment. The initial evaluation comprised a complete medical history, physical examination,
electrocardiogram, chest computed tomography scan, ultrasound of breast/regional lymph
nodes/abdomen, bilateral mammography, breast magnetic resonance imaging and positron
emission tomography if necessary. During neoadjuvant therapy, breast ultrasound and
magnetic resonance imaging were examined every two cycles for the assessment of lesion
changes according to the Response Evaluation Criteria in Solid Tumors (RECIST) version
1.1. The pathological information and follow-up data were also recorded prospectively.
Outpatient visits or telephone interviews occurred every 3 months in the first 2 years after
surgery. Thereafter, follow-up was advised every 6 months until the fifth year and then
annually until death or any relapse.

All the biopsy tissues were confirmed as invasive breast cancer at the Department
of Pathology, Renji Hospital. Tumors were considered hormone receptor-positive if at
least 1% of invasive tumor cells exhibited immunostaining for ER or PR according to the
American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP)
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guideline recommendations for ER and PR testing [24]. HER2 positivity was defined as
IHC 3+ or IHC 2+ with amplification confirmed by fluorescent in situ hybridization (FISH)
based on the ASCO/CAP 2018 guideline [25]. As per the most recent consensus [1,26],
HER2-negative tumors were divided into two groups: HER2-zero for tumors scored IHC 0
and HER2-low for tumors scored IHC 1+ or 2+ with a nonamplified FISH assay.

2.3. Neo-Bioscore and mNeo-Bioscore Staging Systems

Neo-Bioscore is a staging system using clinical stage, response to therapy, and biolog-
ical subtype, proposed recently to determine the outcome of patients with breast cancer
receiving neoadjuvant treatment. It is determined according to the previously published
scoring principle [23] (Table 1). In brief, scoring points are assigned by presenting the
clinical stage, final pathological stage, and the biomarkers, including ER (1% as the cut-
off for ER positivity), grade, and HER2 status. The modified staging system, entitled
mNeo-Bioscore, was put forward based on our data, in which HER2 status was assigned
1 point for HER2-zero patients, and 0 points for both HER2-low tumor and HER2-positive
counterparts treated with anti-HER2 agents; the rest of the assignment principles remained
unchanged. The points were added up to determine a Neo-Bioscore or mNeo-Bioscore
score.

Table 1. Point Assignments for the Neo-Bioscore and mNeo-Bioscore Staging Systems.

Cancer Stage Neo-Bioscore Points mNeo-Bioscore Points

Clinical stage
I-IIA 0 0
IIB-IIIA 1 1
IIIB-IIIC 2 2

Pathological stage
0-I 0 0
IIA-IIIB 1 1
IIIC 2 2

Tumor marker
ER-negative 1 1
Grade 3 1 1
HER2 status

HER2-zero 1 1
HER2-low 1 0
HER2-positive 0 0

Abbreviations: ER—estrogen receptor; HER2—human epidermal growth factor receptor 2.

2.4. Statistical Analyses

Correlations between HER2 status and clinicopathological parameters were evaluated
using Fisher’s exact or χ2 test for categorical variables. The continuous variables were
analyzed using Wilcoxon or Kruskal–Wallis tests where appropriate.

Study outcomes were pathologic complete response (pCR included pCRT0 and pCRT0/is)
and different survival outcomes. We defined pCRT0 and pCRT0/is as ypT0 ypN0 and ypT0/is
ypN0, respectively. The association between HER2 status and pCR was tested by logistic
regression models. Odds ratios (ORs) with 95% confidence intervals (CIs) were derived.
Locoregional relapse-free survival (LRFS) was estimated from surgery to the first occurrence
of locoregional relapse, or death, regardless of cause. Overall survival (OS) denoted the
time from surgery to death, irrespective of cause. Disease-free survival (DFS), relapse-free
survival (RFS), and distant relapse-free survival (DRFS) were also analyzed. Kaplan–Meier
curves and log-rank tests were used to compare results among groups. Multivariate Cox
proportional hazard models were fitted to examine the prognostic value by reporting
hazard ratios (HRs) with 95% CIs. All multivariate analyses included age, HER2 status,
hormone receptor status, Ki-67 index level, histological grade, clinical T stage, and clinical
N stage. Two extra covariates, pathological T stage and pathological N stage, were added
to models for survival outcomes.
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Fits of the Cox proportional hazard model for Neo-Bioscore and mNeo-Bioscore
systems were compared by the Akaike Information Criterion (AIC). The receiver operating
characteristic (ROC) curve, concordance index (C-index), and integrated discrimination
improvement (IDI) were employed to identify prediction accuracy. Decision curve analysis
(DCA) was utilized to evaluate clinical benefit of two scoring systems. Statistical tests
were by default two-sided with a significance level of 0.05. Bonferroni correction was
put to use for multiple testing. All statistical analyses were performed by RStudio v4.1.1
http://www.R-project.org (accessed on 4 December 2022).

3. Results
3.1. Patient Characteristics

Between January 2014 and February 2019, 280 patients with locally advanced inva-
sive breast cancer were screened and 259 eligible patients were enrolled in the analysis,
consisting of 155 HER2-negative (66 HER2-zero and 89 HER2-low) and 104 HER2-positive
patients (Supplementary Figure S1). The median follow-up time was 5.74 years.

HER2-low tumors occupied 34.4% of all the enrolled patients. Hormone receptor
positivity was numerically more common in HER2-low breast cancer than in the other two
groups (83.2% in HER2-low vs 72.7% in HER2-zero vs 77.9% in HER2-positive, p = 0.293;
Supplementary Figure S2). A significant difference among the three groups was detected
for Ki-67 index, with 66.3% exhibiting Ki-67 expression > 20% in HER2-low tumor, com-
pared with 80.3% in HER2-zero and 81.7% in HER2-positive tumors (p = 0.028; Table 2).
Besides, statistically significant differences were also observed in terms of histological
grade (p = 0.005; Table 2), pathological T stage (p = 0.005; Table 2), pathological N stage
(p < 0.001; Table 2), and pathological staging (p < 0.001; Table 2).

Table 2. Clinicopathological differences in patients with different HER2 status.

HER2-Zero
(n = 66)

HER2-Low
(n = 89)

HER2-Positive
(n = 104) p-Value

Age, years
median (IQR) 48 (41, 60) 52 (43, 59) 53 (46, 60) 0.180
>50 28 (42.4%) 47 (52.8%) 63 (60.6%)

0.069≤50 38 (57.6%) 42 (47.2%) 41 (39.4%)
Hormone receptor
status

Negative 18 (27.3%) 15 (16.9%) 23 (22.1%)
0.293Positive 48 (72.7%) 74 (83.1%) 81 (77.9%)

Ki-67 index
median (IQR) 50 (30, 70) 30 (20, 50) 40 (30, 60) 0.010
>20% 53 (80.3%) 59 (66.3%) 85 (81.7%)

0.028≤20% 13 (19.7%) 30 (33.7%) 19 (18.3%)
Histological grade

Grade II 30 (48.4%) 44 (51.8%) 31 (29.8%)
0.005Grade III 32 (51.6%) 41 (48.2%) 73 (70.2%)

NA a 4 4 0
Clinical T stage

cT1 0 (0%) 0 (0%) 2 (1.9%)

0.451
cT2 15 (22.7%) 17 (19.1%) 22 (21.1%)
cT3 36 (54.6%) 41 (46.1%) 45 (43.3%)
cT4 15 (22.7%) 31 (34.8%) 35 (33.7%)

Clinical N stage
cN0 9 (13.6%) 14 (15.7%) 13 (12.5%)

0.671
cN1 45 (68.2%) 62 (69.7%) 79 (76.0%)
cN2 2 (3.0%) 3 (3.4%) 5 (4.8%)
cN3 10 (15.2%) 10 (11.2%) 7 (6.7%)

http://www.R-project.org


J. Clin. Med. 2024, 13, 1850 5 of 13

Table 2. Cont.

HER2-Zero
(n = 66)

HER2-Low
(n = 89)

HER2-Positive
(n = 104) p-Value

Clinical staging
IIA 1 (1.5%) 1 (1.1%) 3 (2.9%)

0.552
IIB 18 (27.3%) 23 (25.9%) 29 (27.9%)
IIIA 25 (37.9%) 29 (32.6%) 33 (31.7%)
IIIB 12 (18.2%) 26 (29.2%) 32 (30.8%)
IIIC 10 (15.1%) 10 (11.2%) 7 (6.7%)

Pathological T stage
ypT0 24 (36.4%) 29 (32.6%) 63 (60.6%)

0.005
ypTis 1 (1.5%) 4 (4.5%) 3 (2.9%)
ypT1 31 (47.0%) 36 (40.5%) 27 (26.0%)
ypT2 9 (13.6%) 19 (21.3%) 9 (8.6%)
ypT3 1 (1.5%) 1 (1.1%) 2 (1.9%)

Pathological N stage
ypN0 33 (50.0%) 37 (41.6%) 78 (75.0%)

<0.001
ypN1 18 (27.3%) 27 (30.3%) 15 (14.4%)
ypN2 5 (7.6%) 13 (14.6%) 8 (7.7%)
ypN3 10 (15.1%) 12 (13.5%) 3 (2.9%)

Pathological staging
0 17 (25.8%) 20 (22.5%) 49 (47.1%)

<0.001

I A 12 (18.2%) 11 (12.3%) 26 (25.0%)
II A 19 (28.8%) 25 (28.1%) 15 (14.4%)
II B 2 (3.0%) 8 (9.0%) 3 (2.9%)
III A 6 (9.1%) 13 (14.6%) 8 (7.7%)
III C 10 (15.1%) 12 (13.5%) 3 (2.9%)

Abbreviations: HER2—human epidermal growth factor receptor 2; IQR—interquartile range; NA—not applicable.
a Histological grade could not be assessed in eight patients.

3.2. Association of HER2 Status with pCR

We compared the pCRT0 and pCRT0/is rate among HER2-zero, HER2-low and HER2-
positive tumors, respectively (Supplementary Figure S3). HER2-positive patients treated
with target therapy had significantly higher pCR rates compared with HER2-low (pCRT0,
OR, 3.619 [95% CI, 1.861–7.037]; p < 0.001) and HER2-zero counterparts (pCRT0, OR, 2.478
[95%CI, 1.252–4.907]; p = 0.009) respectively in the entire population (Supplementary
Figure S3A). A similar trend was also found in the hormone receptor-positive subgroup
(Supplementary Figure S3A). Likewise, the pCRT0/is rate showed the same pattern as
the pCRT0 rate (Supplementary Figure S3B). The multivariate logistic regression analysis
indicated that HER2 status (HER2-positive vs. HER2-low and HER2-positive vs HER2-
zero) was an independent predictor for pCR (pCRT0, HER2-positive vs HER2-low: OR,
4.263 [95%CI, 1.889–9.621], p < 0.001; HER2-positive vs. HER2-zero: OR, 3.195 [95%CI,
1.421–7.182], p = 0.005). However, no significant differences in the pCRT0 and pCRT0/is rates
were found between HER2-low and HER2-zero tumors in both univariate and multivariate
analyses.

3.3. Association of HER2 Status with Survival Outcomes

Kaplan–Meier curves showed that HER2-low breast cancers had significantly better
LRFS than HER2-zero tumors (Bonferroni corrected p = 0.006), but there was no statisti-
cally significant difference between the HER2-low and HER2-positive tumors (Bonferroni
corrected p = 0.531) or between the HER2-zero and HER2-positive tumors (Bonferroni
corrected p = 0.153; Figure 1A). Multivariate Cox regression analysis indicated supe-
rior LRFS for HER2-low patients compared with HER2-zero women (HR, 0.207 [95%CI,
0.070–0.610]; p = 0.004), and no statistically remarkable distinction between HER2-low and
HER2-positive tumors (HR, 0.385 [95%CI, 0.137–1.085]; p = 0.071). In the hormone receptor-
positive subgroup, HER2-low tumor had longer LRFS than HER2-zero tumor (univariate
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analysis, Bonferroni corrected p = 0.053, Supplementary Figure S4A; multivariate analysis,
p = 0.023).

Figure 1. Kaplan–Meier survival analysis by HER2 status for locoregional relapse-free survival (A)
and overall survival (B) in all the enrolled patients. Abbreviations: HER2—human epidermal growth
factor receptor 2; aP—p-value adjusted by Bonferroni correction in all the enrolled patients.

The OS was remarkably different among HER2-zero, HER2-low, and HER2-positive
patients (Figure 1B). Multivariate Cox regression analysis revealed that HER2-low tumor
was significantly related to longer OS outcomes compared with HER2-zero tumor (HR,
0.258 [95%CI, 0.087–0.765]; p = 0.015, Supplementary Figure S5), while there was no
significant difference between HER2-low and HER2-positive tumors (HR, 0.425 [95%CI,
0.146–1.230]; p = 0.115). Interestingly, HER2-zero breast cancers had worse OS outcomes
compared with HER2-positive peers in the hormone receptor-negative patients (univariate
analysis, Bonferroni corrected p = 0.080, Supplementary Figure S4B; multivariate analysis,
p < 0.001).

In contrast, no significant differences were seen in terms of DFS, RFS, and DRFS among
HER2-zero, HER2-low, and HER2-positive tumors for all the enrolled patients as well as
subgroups by hormone receptor status.

3.4. Effect of pCR Status on Survival Outcomes by HER2 Status

According to different combinations of postoperative pathological status (pCR/non-
pCR) and HER2 status, subgroups obviously differed in terms of various survival outcomes
(Figure 2). As for those with non-pCR, the HER2-low subgroup exhibited remarkably better
LRFS (Bonferroni corrected p = 0.005, Figure 2C) and OS (Bonferroni corrected p = 0.018,
Figure 2E) compared with HER2-zero patients. Multivariate Cox regression analysis in
the non-pCR patients revealed better LRFS (HR, 0.260 [95%CI, 0.087–0.779]; p = 0.016)
and OS (HR, 0.328 [95%CI, 0.109–0.990]; p = 0.048) for HER2-low patients compared with
HER2-zero women, while no remarkable distinction was observed between HER2-low
and HER2-positive tumors (LRFS, HR, 0.388 [95%CI, 0.135–1.112], p = 0.078; OS, HR, 0.419
[95%CI, 0.145–1.213], p = 0.109). When it came to the pCR counterparts, there was no
statistically significant difference among HER2-zero, HER2-low and HER2-positive tumors
in terms of OS and LRFS for either univariate or multivariate analysis.
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Figure 2. Kaplan–Meier survival analysis by HER2 status and postoperative pathological status for
disease-free survival (A), relapse-free survival (B), locoregional relapse-free survival (C), distant
relapse-free survival (D), and overall survival (E) in all the enrolled patients. Abbreviations: HER2—
human epidermal growth factor receptor 2; pCR—pathological complete response, defined as ypT0
ypN0; aP—p-value adjusted by Bonferroni correction in the non-pCR patients.

3.5. Establishment of mNeo-Bioscore System

We assigned scores to 251 patients based on Neo-Bioscore and mNeo-Bioscore systems,
respectively (Supplementary Table S2). The AIC value of mNeo-Bioscore was smaller
than Neo-Bioscore in predicting prognosis, indicating that mNeo-Bioscore model fitted
slightly better (Supplementary Table S3). ROC curves were compared separately, and
mNeo-Bioscore had a larger area under the curve than Neo-Bioscore in terms of various
survival outcomes (Supplementary Figure S6). Besides, C-index (Supplementary Table S4)
and IDI (Supplementary Table S5) were also estimated, indicating that mNeo-Bioscore
predicted prognosis with greater accuracy than Neo-Bioscore. Furthermore, DCA showed
that mNeo-Bioscore was clinically useful and had a better discriminative ability to recognize
patients at high risk than Neo-Bioscore (Supplementary Figure S7).
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We analyzed Kaplan–Meier curves with different scores according to Neo-Bioscore or
mNeo-Bioscore system, which showed that mNeo-Bioscore was more capable of stratifying
patients with respect to RFS (Figure 3A,B), LRFS (Figure 3C,D), DRFS (Figure 3E,F), and OS
(Figure 3G,H) than Neo-Bioscore system. We found significant improvement in fit: 5-year
OS rate estimates ranged from 33.33% to 100% for mNeo-Bioscore vs 61.36% to 100% for
Neo-Bioscore (Supplementary Table S6).

Figure 3. Kaplan–Meier survival analysis for relapse-free survival (A,B), locoregional relapse-free sur-
vival (C,D), distant relapse-free survival (E,F), and overall survival (G,H) by Neo-Bioscore (A,C,E,G)
and mNeo-Bioscore (B,D,F,H).

4. Discussion

Our study detected differences among HER2-zero, HER2-low and HER2-positive
tumors, focusing on patients who received neoadjuvant chemotherapy. It filled gaps in this
field and suggested that HER2-low tumor might be associated with favorable prognosis,
which was better than HER2-zero tumor and similar to HER2-positive tumor receiving
anti-HER2 target therapy. We also proposed mNeo-Bioscore, an optimized staging system
based on Neo-Bioscore, by altering the scoring points of HER2-low tumor, which allowed
for the precise prognosis stratification of patients with breast cancer after neoadjuvant
therapy.

Our data showed that HER2-low tumor accounted for approximately 57.42% of all
HER2-negative tumors. The histological grade, pathological T stage, pathological N stage,
and pathological staging were significantly distinct among HER2-zero, HER2-low and
HER2-positive tumors, indicating that clinicopathological characteristics may appear to
differ among these groups. Similar to previous studies [2,6], the Ki-67 level in HER2-low
tumor was significantly lower than that in HER2-zero or HER2-positive tumors (median
Ki67 index, 30% in HER2-low vs 50% in HER2-zero vs 40% in HER2-positive tumors,
p = 0.010), suggesting a slower proliferation rate of HER2-low breast cancer. These findings
imply that a HER2-low tumor may be less malignant than HER2-zero or HER2-positive
tumors.

Our study indicated that long-term survival was superior for HER2-low patients
treated with neoadjuvant chemotherapy to that for HER2-zero counterparts. A pooled anal-
ysis of four prospective neoadjuvant clinical trials [2] and another cohort study using data
from a prospectively maintained institutional database [14] described significantly longer
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DFS and OS for patients with HER2-low tumor than that for patients with HER2-zero tumor.
Additionally, Zhang et al. found a significantly lower proportion of relapsed/progressed
patients in the HER2-low subgroup than the HER2-zero subgroup across follow-up time
points [6]. All these findings indicated that women with a HER2-low tumor are expected to
have superior survival outcomes than those with a HER2-zero tumor, which was concor-
dant with our analysis.

Furthermore, our data showed significantly prolonged OS for HER2-low breast cancer
compared with HER2-zero counterparts, even when adjusted for hormone receptor status.
In line with our study, a large cohort study conducted by Peiffer et al. with a longer median
follow-up time of 54 months identified substantial improvement in OS favoring HER2-
low patients for stages II to IV triple-negative breast cancer and stages III to IV hormone
receptor-positive/HER2-negative disease when analyzed by hormone receptor status and
clinical stage [27]. Intriguingly, Tarantino and colleagues found no significant distinction
in prognosis between HER2-low and HER2-zero tumors when adjusting for confounders
including hormone receptor status [14]. However, the majority of patients included in
their study were early-stage breast cancer (stage I, 72%) and the median follow-up time of
10 months may seem insufficient for survival analysis, which was largely different from
those of the studies by Peiffer et al. and our group.

Few studies have been reported with regard to the differences between HER2-negative
and HER2-positive tumors treated with neoadjuvant chemotherapy plus trastuzumab.
The NOAH study [28] showed that neoadjuvant anti-HER2 targeted therapy resulted in
comparable prognoses between HER2-positive and HER2-negative tumors, but did not
distinguish HER2-low and HER2-zero subgroups. We first detected a significantly higher
pCR rate in HER2-positive patients treated with neoadjuvant chemotherapy combined
with trastuzumab than that in HER2-low patients receiving neoadjuvant chemotherapy.
Nevertheless, they had similar survival outcomes. On the other hand, the HER2-positive
tumors achieved significantly higher pCR rates than HER2-zero peers in the whole group,
and translated into OS benefit in the hormone receptor-negative subgroup. Notably, the
study by Zhang et al., which enrolled mostly early-stage breast cancers (72.3%) and even
a small portion of metastatic breast cancers (5.0%), revealed significantly longer DFS for
HER2-positive breast cancers treated with trastuzumab than that for HER2-zero breast
cancers [6], partially supporting our findings.

Sequential adjuvant treatment for patients with non-pCR after neoadjuvant therapy
is one of the hot and key clinical issues. Our data suggested that both pCR and HER2
status affected survival outcomes for breast cancer. Thereby, the delineation of HER2-
positive, HER2-low and HER2-zero tumors can contribute to the precise stratification and
personalized treatment of non-pCR patients. As we all know, based on current guidelines,
extended adjuvant chemotherapy or specific targeted therapy is recommended after surgery
for HER2-negative or HER2-positive patients without pCR. With the future application
of antibody-drug conjugates (ADCs) [29–31], such as trastuzumab deruxtecan, gradually
moving forward to (neo)adjuvant therapy (NCT04622319), it is worth further exploring
whether existing treatments for HER2-low/non-pCR patients can be replaced with such
ADCs, due to their similar survival to HER2-positive/non-pCR peers. On the other hand,
the escalation of currently recommended adjuvant treatment [32–34], might be even more
necessary for HER2-zero/non-pCR patients due to their worse prognosis compared with
HER2-low/non-pCR counterparts. Further trials are warranted to optimize the strategy of
HER2-low/non-pCR and HER2-zero/non-pCR tumors.

With the increasing use of neoadjuvant targeted therapy for HER2-positive tumor, the
prognostic value of CPS + EG staging system [22] was partly compromised due to favorable
response of HER2-positive tumor to trastuzumab combined with chemotherapy, leading
to the birth of the Neo-Bioscore that significantly improved the predictive performance
of 5-year disease-specific survival (DSS) compared to the CPS + EG staging system [23].
Additionally, further understanding of HER2 status may result in the inevitable evolution of
Neo-Bioscore. On the basis of our study, the prognosis for a HER2-low tumor is significantly
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better than that for a HER2-zero tumor and similar to that for HER2-positive patients
receiving targeted therapy, not only in the whole group (despite their relatively different
pCR rates) but also in the non-pCR subgroup. Therefore, it is a reasonable attempt to assign
a score of 0 to either the HER2-low tumor or the HER2-positive tumor treated with targeted
therapy, and 1 to HER2-zero breast cancers in the mNeo-Bioscore system. Moreover, a series
of multidimensional validations confirmed our idea that the mNeo-Bioscore may fit better,
and is capable of accurately predicting various survival outcomes in patients receiving
neoadjuvant treatment. The mNeo-Bioscore system better stratified patients in terms of
OS, with 5-year OS estimates ranging from 33.33% to 100%. In short, the mNeo-Bioscore
staging system merits further substantiation to lay the foundation for its extrapolation.

This study has some limitations. Firstly, although all data of the patients were col-
lected prospectively, it is a retrospective analysis. Secondly, the sample of patients is not
large enough. However, it is undeniable that the potential patterns discovered through
exploratory analysis may help guide subsequent prospective studies. Last but not least,
the median follow-up time of 5.74 years in our study may be insufficient. The long-term
survival significance among HER2-zero, HER2-low and HER2-positive tumors will be
further elucidated with a longer follow-up.

In conclusion, our study demonstrated that HER2-low breast cancers may exhibit
prognostic significance, providing heuristic insights into the current landscape of patients
receiving neoadjuvant treatment. The innovative mNeo-Bioscore, based on the new classifi-
cation of HER2 status, may serve as an optimized prognostic staging system superior to
Neo-Bioscore.
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