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Background: Growing evidence supports the modulatory role of human gut microbiome
on neoadjuvant chemotherapy (NAC) efficacy. However, the relationships among the gut
microbiome, tumor-infiltrating lymphocytes (TILs), and NAC response for breast cancer
(BC) patients remain unclear. We thus proposed this preliminary study to investigate the
relationship between gut microbiome and BC patients’ responses to NAC treatment as
well as underlying mechanisms.

Methods: Prior to receiving NAC, the fecal metagenome collected from 23 patients with
invasive BC was analyzed. Patients were subsequently assigned to the NAC non-effectual
group and the NAC effectual group based on their response to NAC. The peripheral T
lymphocyte subset counts were examined by flow cytometry methods. CellMinor analysis
was employed to explore the relationship between CD4 mRNA expression and the
reaction of tumor cells to NAC drugs.

Results: The gut microbiomes of the NAC non-effectual group showed characteristics of
low diversity with low abundances, distinct metagenomic composition with decreased
butyrate-producing and indolepropionic acid-producing bacteria, and increased potential
pathobionts compared with the NAC effectual group. The combination of Coprococcus,
Dorea, and uncultured Ruminococcus sp. serves as signature bacteria for distinguishing
NAC non-effectual group patients from the NAC effectual group. The absolute numbers of
CD4" and CD8" TIL infiltration in tumors in the NAC non-effectual group were significantly
lower than those in the effectual group. Similar findings were reported for the CD4" T
lymphocytes in the peripheral blood (p’s < 0.05). NAC effectual-related signature bacteria
were proportional to these patients’ CD4™ T lymphocyte counts in peripheral blood and
tumors (p’s < 0.05). CellMinor analysis showed that the CD4 mRNA expression level
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dramatically climbed with increased sensitivity of tumor cells to NAC drugs such as
cyclophosphamide, cisplatin, and carboplatin (p’s < 0.05).

Conclusions: The composition of the gut microbial community differs between BC
patients for whom NAC is effective to those that are treatment resistant. The modulation of
the gut microbiota on host CD4* T lymphocytes may be one critical mechanism underlying
chemosensitivity and NAC pathologic response. Taken together, gut microbiota may
serve as a potential biomarker for NAC response, which sheds light on novel intervention
targets in the treatment of NAC non-effectual BC patients.

Keywords: gut microbiota, breast cancer, neoadjuvant chemotherapy, pathologic response, CD4+ T lymphocytes

INTRODUCTION

Breast cancer (BC) has the highest incidence rate among all
malignant tumors and is ranked the second cause of mortality in
women (1). Patients with locally advanced breast cancer were
often treated with neoadjuvant chemotherapy (NAC) (2), which
is evident to reduce the primary tumor size in the breast prior to
surgery to allow for breast conservation, thereby limiting the
metastatic axillary lymph node, and increasing the surgical
resection rate. However, some patients with breast cancer
respond poorly to chemotherapy, the adoption of which not
only pose little benefits but also can lead to potential
chemotherapy toxicity, side effects, and disease progression in
such population. Therefore, explorations in the influencing
factors on the efficacy of NAC in such patients, in order to
propose a predictive model for the patients’ responses to NAC,
will be practically beneficial for planning better differential
treatments for breast cancer.

Recent findings revealed that BC is related to microbial
dysbiosis in both the gut microenvironment and breast tissue
(3, 4). Multiple previous studies also reported that gut microbial
composition modulates the chemotherapy efficacy and toxicity
through key mechanisms including regulation of the
translocation, steroid-hormone metabolism, and immune
response to NAC drugs (5-8). More recently, it was reported
that NAC could modulate the microbiome in the breast tumor
tissue, as well as specific microbes, which are associated with
tumor relapses through breast cancer signaling (9). Evidence
from these human, animal, and in vitro studies together
suggested that gut microbiota can be a promising biomarker
for predicting the therapeutic outcome such as NAC efficacy in
BC. Therefore, the multidimensional role of gut microbiota on
cancer and treatment progress implies that gut microbiota can be
a target for the development of personalized cancer therapeutics.

Much evidence has highlighted the prognostic value of
tumor immune landscape and its role as therapeutic targets.
The differential tumor immune landscape may contribute
to the variations in clinical outcomes (10). Tumor infiltrating
lymphocytes (TILs), commonly recognized as an immunological
parameter and a morphological manifestation of anticancer
immune response, represent a major infiltrating immune cell
subpopulation, which consist of CD3*, CD4", and CD8" TILs.
Much research has shown that TILs, which are known for their

antitumor activities, also play a key role in modulating
responses to NAC, with significant predictive values for the
prognosis across breast cancer subtypes (11). For example, one
study that assessed 3,771 BC patients reported that triple
negative breast cancers (TNBCs), as well as HER2-positive
(HER2") breast cancer, were found with a significant increase
in disease-free survival when TIL concentrations showed 10%
escalation (12). However, the exact mechanism through which
TILs regulate the responses to NAC in BC patients is still
not clear.

Specific TILs are involved in the regulation of the microbiota,
including CD3", CD4", and CD8" TILs (13). Their functions
range from providing help for regulation of intestinal barrier
function, immunity, and metabolism to avoiding systemic and
chronic inflammation, which have been proposed to underlie the
impact of gut microbiota on carcinogenesis (14). For example,
Lactobacillus acidophilus was reported to be able to modulate the
immune response against breast cancer in murine models (15).
Bifidobacteria also modify the induction of tumor—specific T cell
and promote the entrances of circulating T cells into the tumor
microenvironment in patients who received immunomodulator
treatment (16). It is evidenced that lymphocytes-associated
immune responses may affect tumorigenesis in breast tissue
(17). At the same time, lymphocytes are regulated by microbes
(18). For example, Sphingomonas was reported to engage in the
effector maturation of CD8+ T cells, which are the most
important immune cells that inhibit the growth of breast
tumor cells (19). Altogether, it is reasonable to hypothesize
that microbiomes may modulate the BC patients’ response to
NAC by regulating their TIL induction.

Although logically reasonable, the impact of microbiome
composition on BC patients’ responses to NAC and the role of
TILs during this progress have remained unstudied. In addition, most
previous studies focused on sequencing 16S rRNA or investigating
biochemical interactions, which fail to comprehensively examine the
entire taxonomies of the microbiota in BC. We thus conducted
metagenomic analysis to explore the composition of gut microbiota
and T lymphocyte subsets between NAC effectual patients and NAC
non-effectual patients to fill such gaps. As in the literature, microbiota
modulates the host response to chemotherapies, and immunity is
implicated in the impact of microbiota on the development and
progression of BC. By utilizing the machine-learning approach, this
study also proposes a microbial signature for predicting the efficacy of
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NAC for BC and untangling the association between microbial
signature, T lymphocyte subsets, as well as patients’ responses
to NAC.

MATERIALS AND METHODS

Patients

A total of 26 patients newly diagnosed with BC were recruited from
the Sun Yat-Sen Memorial Hospital during half a year. Two of these
26 patients were excluded because they had used antibiotics,
probiotics, prebiotics, or symbiotic drugs during NAC, and one
was excluded because of a personal history of ulcerative colitis. All
patients were female and between 18 and 70 years. Their clinical
demographics (age, gender, BMI, menopause) and the
histopathology of tumor (size, histologic grade, lymph node

metastasis, the status of estrogen (ER), progesterone (PR), and
human epidermal growth factor (HER2) receptors) were recorded
along with the primary treatments they received (e.g., previous
surgery, radiotherapy, or chemotherapy) (Table 1), since these
indicators will have impacts on their responsiveness to NAC
based on previous studies (20). The processes of participant
recruitment and sample collection are depicted in Figure 1. To
ensure the homogeneity of the patients in the different groups,
detailed exclusion criteria included the following: (1) patients have
received any chemotherapy, radiotherapy, endocrine therapy, or
surgery prior to fecal sample collection; (2) patients who have used
antibiotics, probiotics, prebiotics, or symbiotic drugs within 3
months prior to recruitment; (3) patients with concurrent
malignant tumors; (4) patients with distant metastasis at initial
presentation; (5) patients with comorbidities including severe heart,
lung, liver, or kidney diseases; and (6) patients who were pregnant
or lactating. Signed informed consents were obtained from all

TABLE 1 | Comparison of clinical indices and pathological data between NAC non-effectual group and NAC effectual group.

Characteristics NAC non-effectual groupn=5 NAC effectual group n =18 p-value

Age (years, mean + SD) 5280+ 7.16 50.50 + 10.41 0.58

BMI (kg/m?, mean + SD) 21.99 + 3.10 22.74 + 3.20 0.65

Menopausal status Premenopausal 2 10 0.64
Postmenopausal 3 8

Pathological Type (tumor size) IDC 5 17 1.00
LDC 0 1

T stage T1-T2 3 13 0.62
T3-T4 2 5

N stage NO-N1 4 16 0.54
N2-N3 1 2

Histologic grade Period Il A-ll B 3 11 1.00
Period IIl A-lll C 2 7

ER expression Positive 4 12 1.00
Negative 1 6

PR expression Positive 3 6 0.34
Negative 2 12

HER2 expression 0-2+ 5 10 0.12
3+ 0 8

Ki-67 expression >20% 3 13 0.62
<20% 2 5

Blood TILs ratio (%, mean + SD)

CD3*TILs 69.34 + 9.25 73.78 + 8.63 0.23

CD4TILs 36.12 + 3.95 41.39 + 6.94 0.04

CD8'TILs 23.92 + 3.39 24.60 + 6.37 1.00

CD4*/CD8*TILs 1.54 +0.35 1.77 £ 0.42 0.22

Therapy

Cyclophosphamide-containing chemotherapy regimen  Yes 5 18 /
No 0 0

Anthracycline-containing chemotherapy Yes 3 12 1.000
No 2 6

Taxol-containing chemotherapy Yes 4 14 1.000
No 1 4

Herceptin targeted therapy Yes 5 10 0.12
No 0 8

Chemotherapy cycle <6 cycles 4 14 1.000
>6 cycles 1 4

Chemotherapy interval Intensive chemotherapy 1 3 1.000
Conventional chemotherapy 4 15

IDC, invasive ductal carcinoma; LDC, invasive lobular carcinoma; TILs, tumor infiltrating lymphocytes.
Tumors were categorized as ER, PR, HER2, and Ki-67 based on immunohistochemical testing results. If HER2 immunohistochemical testing result is 2+, two-probe method FISH is required.

Bolded values indicate the significant results.
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Inclusion

Source Population (N = 26)
Women with invasive breast
cancer before they received
neoadjuvant chemotherapy

Exclusion N =3

* Newly diagnosed with BC .
+ Female
+ 18-70 years

Have used antibiotic, probiotics

NAC treatment: 2

Patients assessed for eligibility
Collect blood, fresh fecal, and
pathological tissue samples
previous to the first neoadjuvant
chemotherapy

i
i
i
i
prebiotics, or symbiotic drugs during '
i
Personal history of ulcerative colitis: 1 |

i

|

Patients who achieved

Underwent 6-8 neoadjuvant
chemotherapy cycles

Patients with stable

pathologic
response or partial
response after NAC

disease and progressive
disease after NAC

NAC effectual
group (N =18)

NAC non-effectual
group (N =5)

FIGURE 1 | The recruitment of participants and the process of sample collection.

participants before sample collection. Ethic approval has been
granted by the Ethics Committee of Sun Yat-Sen Memorial
Hospital of Sun Yat-Sen University.

Blood and fresh fecal samples were collected from the patients
the day before the first neoadjuvant chemotherapy. Reserved on
ice, they were guaranteed to be transported within 2 h and
immediately stored at —80°C until usage.

Metagenomic DNA Sequencing

and Annotation

Bacteria was investigated in 200 mg feces (7), and bacterial DNA was
extracted with the stool sample DNA extraction kit (Guangzhou meiji
biotechnology co., Ltd, China) following the manufacturer’s
directions. We used the PE150 assay to sequence all the samples on
the Illumina Hiseq 3000 platform. After removing contaminant
distractions and the readings from human DNA (based on
alignment with the SOAPdenovo aligner) in the raw data, clean
reads for subsequent analysis were obtained. The qualified reads from
each sample were aligned using SPAdes-v3.10.1 to satisfy the
taxonomic assignments. By comparing the DIAMOND gene set
with the NR database, we aligned our data to the NR database and
completed the profile of taxonomic relative abundance. The
estimation of its abundance was performed via evaluating the
accumulation of all relative genes belonging to this feature.

Blood Sample Analysis

Blood was collected from the patients prior to treatment for BC.
Flow cytometry was used to determine T lymphocyte subset
ratios in peripheral blood (21). For the detection of peripheral
blood T lymphocyte subsets, the following antibodies were used:
CD3-FITC/CD8-PE/CD4-APC (all from Becton-Dickinson).
Cytofluorimetric analysis was performed with CytomicsTM
FC500 (Beckman Coulter). CXP Cytometer and FlowJo
Software (Tree Star Inc.) were used to analyze flow cytometry
data. T lymphocyte subsets were identified as follows: CD3" T
cells, CD4" T cells, and CD8" T cells.

Tissue Samples and TIL Scoring

All tissue samples were obtained from participants using core
needle biopsies before the start of their NAC treatment. At the
end of the clinical trial, TIL analysis was done by retrospectively
reviewing the medical records. Clinicopathologic information
was obtained using hematoxylin and eosin (H&E) stained slides
and immunohistochemical slides for the standard biomarkers.
Primary antibodies (Cell Signaling Technology, USA) specific for
CD4 (1:400) and CD8 (1:400) were utilized for slide incubation
overnight at 4°C. The secondary antibody (Cell Signaling
Technology, USA) was incubated for 30 min at 37°C the
following day, and the immunodetection was performed using
a DAB kit (Beijing ComWin Biotech, China) following the
manufacturer’s instructions. Absolute numbers of CD4", CD8"
T cells, and their ratios were calculated in both intratumoral and
stromal areas under 400x magnification using 3DHISTECH’s
SlideViewer version 2.5 (3DHISTECH Ltd. Budapest, Hungary).
A pathologist blinded to the purpose of our study independently
examined and scored all the slides.

Neoadjuvant Chemotherapy for Breast
Cancer and Surgical Treatment

We employed the anthracycline-based regimen to all patients
undergoing NAC. A total of 10 patients received the TEC
regimens (Taxol 75 mg/m”+ Epirubicin 75 mg/m® +
Cyclophosphamide 500 mg/m?); 8 patients received the TC
regimens (e.g., Cyclophosphamide 500 mg/m? + Taxol 75 mg/
m?); 3 patients received the EC regimens (e.g., Epirubicin 90 mg/
m® + Cyclophosphamide 600 mg/m?); 2 patients received the
CEF regimens (e.g. Cyclophosphamide 500 mg/m*+ Epirubicin
75 mg/m*+ 5-Fluorouracil 500 mg/m?). The HER2" BC patients
received trastuzumab (Herceptin) triweekly for 12 months.
Breast ultrasonography and breast MRI were used to assess the
patients’ response to NAC treatment every 2 chemotherapy
cycles. If tumor remission was detected, the NAC treatment
would continue, and the patients would undergo breast surgery
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after 6-8 chemotherapy cycles. Meanwhile, under circumstances
in which exacerbation or stable severity of disease was found, an
alternative treatment plan with the chemotherapy regimen or
performing breast surgery would be adopted. According to the
Response Evaluation Criteria in Solid Tumors (RECIST 1.1), we
categorized the subjects into two groups based on the treatment
responses for tumor: the patients who achieved pathologic
complete response (pCR) or partial response (PR) after NAC
were assigned into the NAC effectual group, while those with
stable disease (SD) and progressive disease (PD) were assigned
into the NAC non-effectual group.

Using CellMiner for System Analysis of the
Relationship Between CD4 mRNA, CD8
mRNA Expression, and Reaction of Tumor
Cells to NAC Drugs

CellMiner Cross-Database (CellMinerCDB, http://discover.nci.
nih.gov/cellminer/) is a web-based application that provides both
molecular and pharmacological data, and the tools to analyze
these data within and across cancer cell line datasets from the
National Cancer Institute (NCI), Broad Institute, Sanger/MGH,
and MD Anderson Cancer Center (MDACC), which also allows
systems pharmacology analysis of the largest publicly available
database of anticancer drug activity (22). To understand the role
of tumor immune landscape in the chemosensitivity and
pathologic responses to NAC from BC patients, CellMinor
(version 2.6) was used to analyze the relationship between the
CD4 mRNA and CD8mRNA expression level and NAC drugs
across cancer cell lines. The NAC drugs included in this analysis
were anthracyclines (Doxorubicin, Epirubicin), cyclophosphamide,
taxol derivative (Taxol, Docetaxel), platinum (Cisplatin,
Carboplatin), Fluorouracil, alpha Methotrexate, Gemcitabine,
Vinorelbine, Eribulin, and Ixabepilone.

Statistical Analysis and Bioinformatics

Between-group comparison of clinical indices and pathological
data was conducted with Student’s t-test, the chi-square test, and
Mann-Whitney test using the SPSS 24.0 software (IBM, Inc.,
Chicago, IL). R software 3.6.1 was used to perform other
analyses. Significant differences in alpha diversity based on the
Chao estimate, Shannon, and Simpson index were measured
using Wilcoxon rank-sum test by utilizing the “picante” package
in R. Beta diversity was estimated by principal coordinate
analysis (PCoA) of unweighted UniFrac analysis. Significant
differences in abundance of genera between two groups were
identified by linear discriminant analysis effect size (LEfSe)
analysis. For LEfSe, the nonparametric factorial Kruskal-Wallis
sum-rank test was employed to identify features with significant
differential abundance, the effect size of which was calculated by
subsequent linear discriminant analysis (LDA) (23). To detect
the key signature microbiota at genus and species levels, we
trained and run a random forest model (v.4.6-14 package in R
3.6.1) together with the 5-fold cross-validation to detect
importance scores (mean decrease accuracy, MDA) and to
examine the biomarkers’ importance rank ordering. The case
probability was calculated using this set of species and a receiver

operating characteristic (ROC) curve within the pROC package
in R. Correlation analysis between T lymphocyte subsets and the
signature microbiota was conducted using Spearman’s rank-
based correlation. Statistical significance was set at p<0.05.

RESULTS

Clinicopathological Characteristics in BC
Patients From NAC Non-Effectual Group
and NAC Effectual Group

Data from a total of 23 patients with invasive breast cancer were
included in the study. According to RECIST 1.1, 18 cases were
assigned into the NAC effectual group (the chemotherapy
efficacy rate was 78.3%), and 5 cases were in the NAC non-
effectual group. The two groups were comparable in terms of age,
BMI, menopausal status, pathological type, clinical staging, ER
expression, PR expression, HER2 expression, and Ki-67
expression (p > 0.05). Detailed patient clinical pathology data
and clinical information are shown in Table 1.

Taxonomic Characterization of Gut
Microbiota in BC Patients From NAC Non-
Effectual Group and NAC Effectual Group

Considering that treatment factors may bias the predictive
effect of the microbiota, we then used baseline specimens to
explore the potential roles of discriminatory bacterial taxa as
biomarkers. Based on the species profile, various alpha-diversity
indexes (i.e., Chaol, Shannon, and Simpson index) were used to
estimate gut microbiota richness and evenness in the sample.
Compared with the NAC non-effectual group, the NAC effectual
group exhibited highly diversified intra-individual characters, as
indicated by the Chao 1 (p = 0.012), Shannon (p = 0.002), and
Simpson (p = 0.005) index (Wilcoxon rank-sum test,
Figures 2A-C).

Results of principal coordinate analysis based on unweighted
UniFrac distance demonstrated significant differences in
between-sample variability (beta-diversity) of the overall
microbial composition between the NAC non-effectual group
and the NAC effectual group (p = 0.046) (Figure 2D).

To further identify microbial signatures, defined by groups of
bacterial taxa that were able to distinguish the NAC non-effectual
group from the NAC effectual group patients, we performed
LEfSe analysis on the fecal microbiota composition between the
two groups. The entire abundance of genes determined the
relative enrichments of gut microbiota. At the genus level,
enriched levels of Bacteroides were found in the NAC non-
effectual group patients, while 15 genera were found enriched in
the NAC effectual group patients (LDA score >2.2, p < 0.05), 11
of which belonged to the phylum Firmicutes (Clostridium,
Faecalibacterium, Roseburia, Eubacterium, Ruminococcus,
Ruminiclostridium, Butyrivibrio, Fusicatenibacter, Lactobacillus,
Coprococcus, and Dorea genera), followed by Bacteroidetes
bacterial taxa (Odoribacter), and Fusobacter (Fusobacterium
genus), Proteobacteria (Bilophila genus), and Mycoplasma
genera. From the view of species, 25 microbes showed
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enrichments in the NAC effectual group, while the abundance of
10 species belonging to the Bacteroides genus was increased in
the NAC non-effectual group (Figure 3). Hence, our analysis
revealed that there are significant intergroup differences between
NAC non-effectual patients and the NAC effectual group in their
gut microbial composition.

Gut Microbiome-Based Signature
Discriminated the Therapeutic Response
to NAC in BC Patients

To identify signature bacteria that could predict the BC patients’
response to NAC, a random forest model with 5-fold cross-
validation was performed to build a classification model with a
training set consisting of 5 NAC non-effectual group patients and 18
NAC effectual group patients based on the above-mentioned 56
genera. Based on the mean decrease accuracy (Figure 4B), which
depicts the ranked importance of signature microbial in differences
between the NAC non-effectual group from the NAC effectual
group patients, 9 optimal species markers were selected, including
Bacteroides, Coprococcus, Dorea, Fusicatenibacter, Ruminococcus,
Butyrivibrio sp. CAG 318, Lactobacillus salivarius, Bacteroides
xylanisolvens, and uncultured Ruminococcus sp. We found that
the combination of 3 signature bacteria (Coprococcus, Dorea, and
uncultured Ruminococcus sp.) worked best to distinguish the NAC
non-effectual group from the NAC effectual group patients with an
AUC = 0.833 (95% CI: 0.678-0.989). However, employing all the 9
genera (AUC: 0.604, 95% CI: 0.499-0.71) did not significantly
improve the predictive performance (Figure 4A).
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FIGURE 2 | Comparisons of alpha-diversity and beta-diversity between the NAC effectual group (n = 5) and the NAC non-effectual group (n = 18). (A-C) Alpha-
diversity of the two groups at the species level, measured in terms of the Shannon (A), Simpson (B), and Chao1 index (C). (D) PCoA of unweighted UniFrac analysis
showed that the overall fecal microbiota composition was different between the NAC non-effectual group and the NAC effectual group. NAC, neoadjuvant
chemotherapy; PCoA, principal coordinate analysis. Superscript symbols indicate statistically significant differences between the two groups: *p < 0.05, **p < 0.01.

Analysis of Tumor-Infiltrating

Lymphocytes in Peripheral Blood

and Tumor Tissue of BC Patients

Treated by NAC

As shown in Table 1, after controlling for age, BMI, and
menopausal status, results of the Mann-Whitney test showed
that, although the NAC effectual group had increased levels of
the peripheral blood T lymphocyte subset ratio than the NAC
non-effectual group, the difference was only significant in CD4"T
lymphocyte between the two groups (p < 0.05).

As shown in Figure 5, infiltration of CD4" and CD8"TILs was
found in the intratumoral and stromal areas; infiltration of CD4"*
and CD8" TILs was significantly higher in the tumors of the
NAC effectual group. After controlling for age, BMI, and
menopausal status, results of the Mann-Whitney test showed
that in the NAC effectual group, the absolute numbers of CD4"
and CD8" TIL infiltration were significantly higher than those in
the NAC non-effectual group (p < 0.001, p < 0.01, respectively).

Signature Bacteria Associated With T
Lymphocyte Cell Subsets in BC

Patients Treated by NAC

We used partial Spearman’s rank-based correlation tests
(controlling for age, BMI, and menopausal status) to uncover the
associations between blood and tumor-infiltrating T lymphocytes
and NAC effectual-related signature bacteria in BC patients treated
by NAC. Two signature bacteria Coprococcus and uncultured
Ruminococcus sp. were found to be significantly overrepresented
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FIGURE 3 | Relative abundance of 75 species differing significantly between the NAC non-effectual group and the NAC effectual group (LDA effect size analysis).

in patients with advanced blood CD4" TIL counts compared to  significantly and positively correlated with CD4" T lymphocyte in
those with lower blood CD4" TIL counts (r = 0.44 and 0.44, tumor (r = 0.49, 0.44, and 0.51, respectively, all p’s<0.05). However,
respectively, all p’s<0.05). All the three signature bacteria  no significant correlation between CD3" and CD8" T lymphocyte
Coprococcus, Dorea, and uncultured Ruminococcus sp. were  and signature bacteria was found (Figure 6).
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FIGURE 4 | Disease classification based on gut microbiome signature. (A) Classification performance of the random forest model using the relative abundance of
NAC- efficacy associated genera was assessed by the area under the ROC in BC patients. The combination of 3 signature bacteria: Coprococcus, Dorea, and
uncultured Ruminococcus sp. The combination of 9 optimal species markers: Bacteroides, Coprococcus, Dorea, Fusicatenibacter, Ruminococcus, Butyrivibrio sp.
CAG 318, Lactobacillus salivarius, Bacteroides xylanisolvens, and uncultured Ruminococcus sp. (B) Identification of the signature gut microbiota associated with
NAC- efficacy by random forest. Fivefold cross-validation together with random forest was performed to determine the signature biomarkers. Detailed signature
biomarkers’ random seed from the random forest is presented between the NAC non-effectual group and the NAC effectual group.
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means + s.d. ** denotes p < 0.01 by Student’s t-test. *** denotes p < 0.001 by Student’s t test.

Correlations Between CD4, CD8 mRNA
Expression Level, and the Sensitivity of
Tumor Cells to NAC Drugs

As shown in Figure 7, the result of CellMiner Cross-Database
analysis showed that a higher level of CD4 mRNA expression
was significantly associated with higher sensitivity of cancer cell
lines to cyclophosphamide (r = 0.81, p< 0.001, Figure 7A),
cisplatin (r = 0.30, p< 0.05, Figure 7B), and carboplatin (r =
0.47, p< 0.001, Figure 7C). As for CD8 mRNA expression, it was
only found significantly and positively correlated with
cyclophosphamide (r = 0.41, p< 0.01, Figure 7D) but not with
cisplatin (r = 0.18, p = 0.18, Figure 7E) or carboplatin (r = 0.18,
p =0.17, Figure 7F).
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FIGURE 6 | Correlation between relative abundance of signature gut microbiota and T lymphocyte cell subsets in breast cancer patients treated by NAC. Partial
Spearman’s rank correlation coefficient is indicated using a color gradient: red indicates positive correlation; blue, negative correlation. TIL, tumor infiltrating

DISCUSSION

NAC has been routinely prescribed for patients with locally
advanced breast cancer, which can relieve local tumor burden
and create favorable conditions for surgery. However, not all
breast cancer patients can benefit significantly from NAC.
Therefore, it is of great clinical significance to identify effective
predictive markers for BC patients’ responses to NAC treatment.
There is growing evidence that altered gut microbiome correlates
with the development of multiple tumor types and modulates the
host response to chemotherapeutic drugs. In this study, we
performed a comprehensive metagenomic comparison of gut
microbiota in highly homogenous breast cancer patients treated
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by NAC. We also investigated the association between gut
microbiome and BC patients’ responses to NAC treatment, as
well as the related mechanism. The results highlighted the
characteristics of the NAC effectual group defined as abundant
bacterial diversity and variation in microbial community. Given
the necessity of predicting BC patients’ responses to NAC
treatment, a model with discriminatory diagnostic power was
exploratorily trained. The most notable finding was that 3
signature bacteria were associated with TIL concentrations and
NAC response in BC patients.

The fecal microbiome in patients in the NAC non-effectual
group showed decreased species richness and distinct within-
sample diversity compared with patients in the NAC effectual
group. Researchers had reached consensus that low bacterial
diversity, as one of the major types of gut dysbiosis, was involved
in a variety of diseases (4). The Goedert team published a series
of case-control studies on the relationship between gut
microbiota and breast cancer, which indicated that BC patients
had decreased o and B diversity of gut microbiota compared to
healthy controls, and they also had gut microbiome dysbiosis
that was characterized by an increase in the abundance of
Clostridium (24-26). Moreover, highly diverse fecal microbiome
endorsed significantly longer progression-free survival in contrast
to low or moderate diversities of microbiota (4). These studies,
together with the current findings, imply that lowered bacterial
diversity may increase the possibility of resistance to NAC
treatment and a lowered NAC efficacy, which can thus be an
important predictive index.

Regarding relative abundances in microbiota composition,
the NAC non-effectual group and the NAC effectual group
showed differences in the abundance of 56 bacteria species.
The levels of the major component of the adult fecal
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FIGURE 7 | CD4 mRNA and CD8 mRNA expression level is related to the sensitivity of tumor cells to NAC drugs. (A-C) CD4 mRNA expression level is significantly and
positively correlated with the sensitivity of tumor cells to (A) cyclophosphamide (- = 0.81, p < 0.0001), (B) cisplatin (- = 0.30, p < 0.05), and (C) carboplatin (- = 0.47, p <
0.001). (D) CD8 mRNA expression level is significantly and positively correlated with the sensitivity of tumor cells to cyclophosphamide (- = 0.41, p < 0.01). (E, F) CD8
mRNA expression level is not significantly correlated with the sensitivity of tumor cells to (E) cisplatin (- = 0.18, p = 0.18) and (F) carboplatin (-= 0.18, p = 0.17).

microbiota, phylum Firmicutes (including Clostridium,
Faecalibacterium, Roseburia, Eubacterium, Ruminococcus,
Ruminiclostridium, Butyrivibrio, Fusicatenibacter, Lactobacillus,
Coprococcus, and Dorea genera), were decreased while
Bacteroides, that of the core genus of the phylum Bacteroidetes,
were increased in the NAC non-effectual group relative to the
NAC effectual group. The pro-inflammatory bacteria Bacteroides
showed the most effective association with the NAC non-
effectual group patients, which is in line with the previous
findings that Bacteroides were positively associated with breast
tumors and the severity of cancer (8, 27). In addition, a
significant decrease in the Firmicutes phylum and an increase
in the Bacteroidetes phylum were reported to be indicative
of poorer cancer outcomes. Interestingly, an increased
relative abundance of Bacteroides was also reported, which
might cause increased intestinal barrier permeability and
inflammation in women diagnosed with invasive breast
cancer, which might influence their fear for cancer recurrence
(28). Further study compared the differences in gut microbiota
between before and after chemotherapy and found that
chemotherapy induced gastrointestinal mucositis and
gastrointestinal reaction, which was associated with severe gut
microbiome dysbiosis such as a decrease in Firmicutes (29).
Remarkably, in the NAC non-effectual group, we also identified a
decrease in antioxidant indolepropionic acid producers (e.g.,
Clostridium, Fusobacterium, Fusicatenibacter), which could
maintain or promote intestinal permeability and systemic
immunity (30). While no study, to date, has documented the
impact of microbiota populations on the NAC response in breast
cancer, our results, as well as the aforementioned findings,
indicate that BC patients’ microbial signatures such as a
decreased ratio of Firmicutes/Bacteroidetes may influence their
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therapeutic outcome. In addition, the microbial community in
the NAC non-effectual group patients may shift toward the
depletion of butyrate-producing and indolepropionic acid-
producing bacteria, which may modulate the activity and
efficacy of NAC treatment for them.

Our results from the random forest model found that three
bacteria, Coprococcus, Dorea, and uncultured Ruminococcus sp.,
were most useful for distinguishing the NAC non-effectual
group patients from the NAC effectual group patients. The
accumulation of numerous metabolites from human gut
microbiota rendered systemic influences on the host. An increase
in butyrate-producing bacteria (e.g., Coprococcus and uncultured
Ruminococcus sp.) was observed in the NAC effectual group
patients. In addition, Dorea, which was found to be an acetate
and lactate producer, and may serve as a substrate for butyrate
production, was also overrepresented in NAC responders. Besides
its anti-inflammatory roles, butyrate also works to immune cells via
specific G-protein-coupled receptors expressed on the surface (31).
In addition, the heightened levels of these butyrate-producing
bacteria promote the production of short-chain fatty acids
(SCFAs) and contribute to a more favoring microbial profile (31).
Increased production of SCFA by microbiota was suggested to pose
health benefits through anti-inflammatory effects (23) and to play
an important role in protecting the intestinal barrier function and
ameliorating mucosal inflammation (28, 32). Interestingly,
higher abundance of butyrate-producing bacteria was also
significantly associated with a better response to immunotherapy
(33-35). However, consistent with some of the findings from
immunotherapy and chemotherapy research, no direct association
between enrichment of the butyrate-producing microbes in
responders and treatment responses was found in our study.
Fortunately, published experimental studies have provided some
mechanistic insights into this issue.

CD4" and CD8" T cells as immunological parameters were well
known to assist the activation of the antigen-presenting cells via
cytokine secretion, which favored the prognosis of breast cancer (10,
36). Within the result of the CellMiner Cross-Database for system
analysis of the relationship between NAC drugs and CD4 mRNA
expression across cancer cell lines, we found that the CD4 mRNA
expression level was significantly associated with the sensitivity of
tumor cells to NAC drugs such as cyclophosphamide, cisplatin, and
carboplatin. Moreover, the CD8 mRNA expression level was also
significantly and positively correlated with the sensitivity of tumor
cells to cyclophosphamide. This is in line with past studies (36) and
also correlated evidence that CD4+ and CD8+ TILs may serve as
biomarkers for the clinical outcome of NAC in BC patients.

Substantial data supported that the regulations of the immune
system by composed gut microbiota could lead to huge impacts
to the efficacy and toxicity of antitumor therapy (37, 38).
Nevertheless, the underlying physiological mechanisms in the
antitumor-related immune response remained unclear. Research
suggested that gut microbiota may participate in the plasticity of
CD4+ T cells in the tumor microenvironment and cause
antitumor or tumor-promoting immune responses, thereby
exerting anticancer or tumor-promoting effects (39), but the
specific signature bacteria that related to the immune function in

the breast cancer patients are rarely reported. In this study, we
found that the NAC effectual group showed a higher level of
peripheral blood CD4"T cells and higher absolute numbers of
CD4" and CD8" TIL infiltration in tumor tissues than the NAC
non-effectual group, which suggest that the NAC effectual group
patients may have better immune functions compared with the
NAC non-effectual group. Likewise, we also found that a higher
abundance of Coprococcus, Dorea, and uncultured Ruminococcus
sp. may contribute to the higher levels of peripheral blood and
tumor-infiltrating CD4"TILs in BC patients. These findings
suggest that enhanced antigen presentation or CD4™T cell
recruitment in the local tumor environment by microbiota
holds their momentousness in the NAC treatment responders.
This is consistent with the previous studies (40, 41) and in
support of our research hypothesis that gut microbiota may
regulate the efficacy of the NAC via its interactions with
immune cells.

Many studies have documented the beneficial role of
Coprococcus in promoting healthy immune function, and
decreased Coprococcus representation has been linked with several
diseases including lung cancer (42), psoriatic arthritis (43), and
immune-mediated inflammatory disease (44). As for uncultured
Ruminococcus sp., it was found to have an anti-inflammatory effect
(45) and was involved in immunomodulatory and promoting
glucose homeostasis (46). Previous studies have also reported that
the genus Dorea is positively correlated with the response to NAC in
rectal cancer patients (47). However, there is no previous research
that has examined the relationship between CD4" T cells and gut
microbiota in BC patients. Our findings echoed with one existing
study conducted in patients with metastatic melanoma, where
before receiving anti-PD-1 immunotherapy, patients who later
responded to immunotherapy were found with more abundant
baseline Bifidobacterium and Enterococcus in their gut microbiota
(48). Taken together, these results provide suggestive evidence that
Coprococcus, Dorea, and uncultured Ruminococcus sp. may be
closely linked to TILs such as CD4" T cells; therefore, modulating
these three bacteria may further affect NAC treatment outcomes in
BC patients by regulating their immune function. Coprococcus,
Dorea, and uncultured Ruminococcus sp. may serve as novel
bacterial biomarkers in predicting the activity and efficacy of
NAC treatment in BC patients. This implication is worthy of
further verification in a larger sample. In the future, developing a
novel therapeutic approach using bacteriophages to target the
specific signature bacteria identified to be related to NAC efficacy
in this study, which will precisely edit the intestinal microbiota,
should be a promising intervention strategy to alter the intestinal
microbiomes of and improve the therapeutic effect in breast
cancer patients.

The advantages of the current study mainly lie in the
following areas: i) methodology, such as a collection of highly
homogeneous samples prior to NAC treatment; ii) utilization of
the metagenomic analyses; and iii) the adoption of database
analysis such as CellMiner Cross-Database analysis. Yet, there
are still limitations that need to be addressed. First, this study is
preliminary. The sample size is small and therefore the findings
should be considered with caution, and repetition of bacteria
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FIGURE 8 | An overview of the microbiota—T lymphocyte (TILs) interactions that modulate neoadjuvant chemotherapy (NAC) efficacy. NAC treatment induces
changes in the gut microbiota diversity, causing inflammation and damage to the mucosal barrier of cancer patients, permitting pathogenic bacteria to cross the
intestinal barrier and enter lymphoid organs. Then the intestinal microbiota may mediate the induction of TILs such as CD3", CD4*, and CD8" cells in patients
undergoing NAC. When the tight junctions between epithelial cells are broken and the intestinal permeability reduces, pathogenic bacteria interact with immune cells,
regulating the response rate of the NAC treatment.
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of signature bacteria on NAC response. Second, despite strict ~ response based on the relative abundance of gut microbiota. The
criteria applied to the inclusion/exclusion of participants, they  bacteria signature related to the response rate to NAC and cancer
were recruited from the same region (i.e., similar dietary habits ~ outcome also links to TIL levels, especially CD4" T cells (as
existed among the subjects), and patients’ dietary habits and ~ Figure 8 proposes). The findings raise the possibility of using
lifestyles were not controlled, which might induce confounding ~ novel microbiota biomarkers in the evaluation of the
bias to our results. Third, this study was not able to indicate the ~ responsiveness to NAC treatment for BC patients and put
possible functional relevance of these microbes in the patients. ~ forward new strategies for regulating gut microbiota as
The possible mechanisms such as immunoregulation, which may ~ potential therapeutic targets. Future understanding about the
elucidate the relationships between signature bacteria, TILs, and ~ possible role of microbiota, especially Coprococcus, Dorea, and
NAC efficacy, were not examined in this study without  uncultured Ruminococcus sp., and their interaction with TILs in
measuring the serum inflammatory biomarkers and related ~ improving breast cancer outcome is warranted.

microbial metabolomics, such as interleukin-6, interleukin-1

receptor antagonist, tumor necrosis factor-o, and the

tryptophan’s metabolites (49). Future studies should adopt DATA AVAILABILITY STATEMENT

these inflammatory biomarkers as well as the microbial

metabolite to examine these mechanisms. Fourth, this research ~ The datasets presented in this study can be found in online
is a cross-sectional study, which cannot provide the dynamics  repositories. The names of the repository/repositories and
between gut microbiota and NAC efficacy. A prospective cohort ~ accession number(s) can be found below: Zenodo under
trial to show the longitudinal changes in the NAC efficacy-  accession number 10.5281/zenodo.5939855 (https://zenodo.org/
associated microbiota is needed in the future. record/5939855#.YfkzK5pBxPY).
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Background: Active breast cancer-associated fibroblasts (CAFs) play a leading role in
breast carcinogenesis through promoting angiogenesis and resistance to therapy.
Consequently, these active stromal cells have significant influence on patient
outcome. Therefore, we explored here the role of the DNA methyltransferase 1
(DNMTH1) protein in CAF-dependent promotion of angiogenesis as well as the
prognostic power of DNMT1 level in both cancer cells and their adjacent CAFs in
locally advanced breast cancer patients.

Methods: We applied immunohistochemistry to evaluate the level of DNMT1 in breast
cancer tissues and their adjacent normal counterparts. Quantitative RT-PCR and
immunoblotting were performed to investigate the role of DNMT1 in regulating the
expression of pro-angiogenic genes in active CAFs and also their response to the
DNMT1 inhibitors decitabine (DAC) as well as eugenol.

Results: We have shown that DNMT1 controls the pro-angiogenic potential of CAFs both
in vitro and in vivo through positive regulation of the expression/secretion of 2 important
pro-angiogenic factors VEGF-A and IL-8 as well as their upstream effectors mTOR and
HIF-10.. To confirm this, we have shown that these DNMT1-related pro-angiogenic effects
were suppressed by 2 DNMT1 inhibitors decitabine and eugenol. Interestingly, in a cohort
of 100 tumors from locally advanced breast cancer patients (LABC), we have shown that
high expression of DNMT1 in tumor cells and their adjacent stromal fibroblasts is
correlated with poor survival of these patients.

Conclusion: DNMT1 upregulation in breast stromal fibroblasts promotes angiogenesis
via IL-8/VEGF-A upregulation, and correlates well with poor survival of LABC patients.

Keywords: DNMT-1, breast cancer, cancer-associated fibroblasts, VEGF-A, prognosis
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INTRODUCTION

Breast cancer (BC) is a high-burden malignancy and a serious
threat for women’s health world-wide (1). Despite important
advances in BC biology and therapeutic approaches, locally
advanced breast cancer (LABC) remains a major clinical issue
with unfavorable prognosis and increased risk of locoregional
recurrence as well as distant metastasis (2). Unfortunately, the
use of neoadjuvant chemotherapy, the standard management
therapy for LABC, allows disappearance of the tumor
(pathological complete response: PCR) in only 20-30% of cases
(3, 4). Therefore, efforts have been made to identify molecular
biomarkers and therapeutic targets to predict and improve the
response to the various neoadjuvant therapeutic protocols.

Tumor cells reside in a highly complex and heterogeneous
tumor microenvironment (TME), which contains several types
of cells with various functions and tumorigenic capacities.
Among the components of the TME, cancer-associated
fibroblasts (CAFs) play important roles in tumor onset and
spread. Most of these cells are highly active with strong
capacity to enhance breast carcinogenesis through promoting
cancer cells stemness and angiogenesis (5, 6). This CAF-related
promotion of neo-vascularization is mediated through secretion
of various pro-angiogenic factors such as SDF-1, VEGF-A and
IL-8 (7-10). Neovascularization allows tumor growth and
facilitates the dissemination of tumor cells, which are escorted
and supported by CAFs all over the metastatic process from the
primary site to the metastatic site (5, 9, 11, 12). Additionally,
recent findings have highlighted the important role of CAFs in
modulating the response to various types of therapies, and also
their valuable role as prognostic tool (13-15). The prognostic
function of CAFs depends on the variation in the expression of
many important cancer-related genes. We have recently shown
that the DNA methyl-transferase gene (DNMT1) is highly
expressed in CAF cells as compared to their adjacent
counterpart cells, and that DNMT1 upregulation activates
breast stromal fibroblasts (16).

Furthermore, several studies have shown that the expression
of DNMT1 is higher in various types of breast cancers compared
with paired normal breast tissues, and that DNMT1 upregulation
is associated with higher grades of the disease and poor survival
(17-22). Therefore, it has become clear that CAF-related
biomarkers have powerful prognostic value and can also guide
the next-generation therapeutic approaches.

In the present report we have shown that DNMT1 controls
the pro-angiogenic role of active breast stromal fibroblasts (BSFs)
through positive regulation of two key angiogenic factors VEGF-
A and IL-8. In addition, we provide clear information on the
prognostic value of CAF-DNMT1 for LABC patients.

MATERIALS AND METHODS

Cells and Cell Culture
Breast fibroblast cells (CAF-64 and TCF-64) were obtained and
used as previously described (23). HUVEC cells were purchased

from ATCC. Cells were regularly screened for mycoplasma
contamination using MycoAlert Mycoplasma Detection Kits
(Lonza). All supplements were obtained from Sigma (Saint
Louis, MO, USA) except for antibiotic and antimycotic
solutions, which were obtained from Gibco (Grand Island, NY,
USA). Cells were maintained at 37°C in humidified incubator
with 5% CO..

Cellular Lysate Preparation

and Immunoblotting

This has been performed as previously described (24).
Antibodies directed against DNMT1 (ab19905), IL-8 (ab52612)
and VEGF-A (ab46154) were purchased from Abcam
(Cambridge, MA), mTOR (7C10)/p.mTOR (Ser2448, D9C2),
HIF-1a and Glyceraldehydes-3-phosphate dehydrogenase
(GAPDH, FL-335) from Cell Signaling (Danvers, MA). The
immunoblotting experiments were repeated at least 2 times.

RNA Purification and qRT-PCR
Total RNA was purified using the miRNeasy mini kit (Qiagen,

UK) according to the manufacturer’s instructions and was
treated with RNase-free DNase. One (1) ug RNA was used to
synthesize ¢cDNA utilizing Advantage RT-PCR kit (Clontech
Laboratories, Mountain View, CA, US). Quantitative RT-PCR
was performed in triplicate using 4 pl cDNA mixed with 2x
FastStart Essential DNA Green qPCR mastermix (Roche, New
York, NY, US) and 0.3 uM forward and reverse primers.
Amplifications were performed utilizing the LightCycler 96
Real-time PCR detection system (Roche) using the following
cycle conditions: 95°C for 10 min (1 cycle); 95°C for 10 sec, 59°C
for 20 sec, 72°C for 30 sec (45 cycles). GAPDH expression levels
were used for normalization, and gene expression differences
were calculated using the threshold cycle (Ct). Three
independent experiments were performed for each reaction,
and the obtained values were plotted as mean + SD. The
respective primers are:

GAPDH: 5-GAGTCCACTGGCGTCTTC-3" and 5-GGGG
TGCTAAGCAGTTGGT-3

VEGF-A:5- CCCACTGAGGAG TCCAACAT -3’ and 5-
TGGATGGTGGTACAGTCAGAG C -3

IL-8: 5’- GAT CCACAAGTCCTTGTTCCA -3’ and 5- GCT
TCCACATGTCCTCACAA -3

SiRNA Transfection

The transfections using DNMT1-siRNA (Origene, SR301244A)
and control-siRNA were carried out using the RNAi Fect reagent
(Qiagen) as recommended by the manufacturer.

Viral Infection

Lentivirus-based vector bearing DNMTI-ORF as well as its
corresponding control (GeneCopoeia) were used to prepare the
lentiviral supernatant from 293FT cells. Lentiviral supernatants
were collected 48 h post-transfection, filtered and used for
infection. 48 h later, media were replaced with complete media
and cells were grown for 3 days.
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DNMT1-ORF Transfection

Lentivirus-based vectors bearing DNMTI-ORF, and the
corresponding control were used to carry out transfection of
BSF cells using human dermal fibroblast nucleofector 2000
transfection kit (Invitrogen) following the manufacturer’s
recommendations. After 2 weeks, transfected cells were
selected by puromycin (1pug/mL).

ELISA Assays

Supernatants from 24 h fibroblast cell cultures were harvested,
and ELISA was performed according to the manufacturer’s
instructions (R&D Systems). The OD was used at 450-nm on a
standard ELISA plate-reader. These experiments were performed
in triplicates, and were repeated three times.

Conditioned Media

Log phase cells (80% confluent) were cultured in medium
without serum for 24 h, and then media were collected, briefly
centrifuged and filtered, and then cells were counted. The
resulting supernatants were used either immediately (taking
into account the number of cells) or were frozen at -80 °C
until needed.

HUVEC Endothelial Tube Formation Assay

The formation of capillary-like structures was assessed in a 96-
well plate coated with ice-cold growth factor-reduced Matrigel
(in vitro angiogenesis assay, Millipore). After solidification of the
matrix at 37°C, 1x104 HUVEC cells were seeded onto the
polymerized matrix in the presence of 200 pl of conditioned
medium. Formation of capillary-like structure was photographed
after 5 h of incubation and their number was counted. The total
tube area was obtained from five random microscopic fields and
expressed as a mean of three different experiments.

Patients and Archived Clinical Materials
Formalin-fixed paraffin-embedded tissues were obtained from
the Pathology Department at KFSH&RC with institutional
review board approval (RAC#2160005). The study cohort
consisted of 100 locally advanced breast cancer patients who
were diagnosed between 2006 and 2013, with a median fellow up
time of 52. 6 months. Written informed consent was not required
and a waiver was granted since samples were anonymized to the
research team.

Immunohistochemistry Staining on

FFPE Tissues

Immunohistochemistry for DNMT1 done on formalin-fixed,
paraffin-embedded tissue using anti-DNMT1 antibody from
Abcam (Cambridge, MA) overnight at a dilution of 1:500 and
were stained using automated staining platform (Ventana).
Envision + polymer (ready to use; Dako) was used as a
secondary antibody. Color was developed with 3,3'-
diaminobenzidine (DAB) and instant hematoxylin (Shandon)
was used for counterstaining. The DNMT]1 level was evaluated
and verified by two qualified pathologists, who scored both the

proportion of positive cells as well as the intensity of DNMT1
expression in both cancer cells and their stromal fibroblasts.

For CD31, the number of CD31-positive vessels was counted
in five different highest fields of microvessel density (40x
objective lens and 10x ocular lens). CD31[P2B1] (ab24590)
was purchased from Abcam.

Quantification of Protein Expression Level
The protein signal intensity of each band was determined using
ImageQuant TL software (GE Healthcare). Next, dividing the
obtained value of each band by the value of the corresponding
internal control allowed a correction of the loading differences.
The fold change in the protein levels was determined by dividing
the corrected values by that of the control.

Statistical Analysis

Statistical analysis was performed by the software package SAS
version 9.4 (SAS Institute Inc., Cary, NC, USA). Continuous
variables were compared by Student’s t-test and P values of 0.05
and less were considered as statistically significant. Kaplan-
Meyer method was used in survival tables and curves, and the
different subgroups were compared by the log-rank test.

RESULTS

DNMT1 Positively Regulates VEGF-A and
IL-8 in Breast Stromal Fibroblasts

We have recently shown that DNMT1 plays important role in
the activation of breast stromal fibroblasts, which are known to
promote angiogenesis in a paracrine manner (7, 16). Therefore,
we sought to investigate the role of this methylation promoting
gene in enhancing the pro-angiogenic effect of active fibroblasts.
To this end, we have first investigated the implication of DNMT1
in regulating the expression of the pro-angiogenic factors VEGF-
A and IL-8 within breast stromal fibroblasts (BSFs). To achieve
this, DNMT1 was first ectopically expressed using a vector
bearing DNMT1-ORF into TCF-64 cells (tumor counterpart
fibroblasts present in a histologically normal part of the
breast), while an empty vector was used as a control (TCF64-
ORF and TCF64-c, respectively). Figures 1A, B show that
DNMT1 upregulation increased the level of the VEGF-A and
IL-8 proteins in TCF64-ORF cells compared to their
corresponding control TCF64-c cells. This result was
confirmed at the mRNA level for both genes (Figure 1C).
Likewise, the secreted level of VEGF-A and IL-8 were also
increased upon ectopic expression of DNMT1 in TCF-64 cells
(Figure 1D). This indicates that DNMT1 positively controls the
expression of both VEGF-A and IL-8. To confirm this, we
decided to test the effect of DNMT1 down-regulation on the
expression of both genes. Therefore, CAF-64 cells (cancer-
associated fibroblasts present in the tumor) were transfected
with either DNMT1 siRNA or a scrambled sequence that was
used as a control, and then the levels of the VEGF-A and IL-8
proteins were assessed. Figures 1A, B show DNMT1 down-
regulation accompanied by clear decrease in the protein level of
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FIGURE 1 | DNMTI controls the expression of VEGF-A and IL-8 in breast stromal fibroblasts and promotes their pro-angiogenic effects in vitro. CAF-64 cells were
transfected with DNMT1-siRNA (CAF64-si) or with a plasmid bearing the DNMT1 ORF (TCF64-orf). A scrambled sequence (CAF64-c) and an empty vector (TCF64-
c) were used as controls, respectively. Whole-cell lysates were prepared, and then were used for immunoblotting analysis using specific antibodies against the
indicated proteins. (A) Immunoblotting analysis (B) The histograms show the averaged protein level fold changes relative to the respective controls after normalization
against the internal control GAPDH, while the level of the phospho-protein was further normalized to the level of the total protein. Error bars represent mean + S.D
(n=3). *P<0.05, **P<0.01 and *P<0.0001. (C) Total RNA was extracted from the indicated cells and the mRNA levels of the indicated genes were assessed using
qRT-PCR. Error bars represent mean + S.D (n=3). *P<0.05 and **P<0.01. (D) SFCM from the indicated cells were collected after 24 h and the levels of the indicated
proteins were determined by ELISA. Error bars indicate mean + S.D (n=3). “P<0.05 and **P<0.01. (E) SFCM from the indicated cells were collected and used to
treat HUVEC cells previously plated on matrigel (96-well plate), then incubated at 37°C for 8 hr. (F) Histograms show the average number of formed cavities. Error
bars represent means + S.D (n=3). *p<0.05.

VEGEF-A and IL-8 in DNMT1-deficient cells compared to ~ DNMT1 down-regulation decreased the level of HIF-la in
control cells. Similarly, the mRNA levels of both genes were = CAF-64 cells, compared to the respective control cells. This
significantly reduced in DNMT-1 deficient cells compared to  suggests that DNMT1 positively regulates the expression of
controls (Figure 1C). Furthermore, the secreted levels of VEGF- ~ VEGF-A and IL-8 through positive regulation of their major
A and IL-8 were also significantly reduced upon DNMT1  transactivator gene HIF-lco. Since this gene is an important
knockdown (Figure 1D). These results confirm the role of  target of mTOR, we also checked the effect of DNMT1 on the
DNMT1 in the positive regulation of VEGF-A and IL-8, most ~ expression of this protein kinase. Interestingly, DNMT1

likely at the mRNA level. upregulation in TCF-64 cells increased the level of the basal as

well as the phosphorylated form of mTOR relative to control
DNMT1 Activates mTOR and cells (Figures 1A, B). However, DNMT1 down-regulation
Up-Regulates HIF-1a in Breast reduced only the active form of the protein (P-mTOR) with
Stromal Fibroblasts only slight effect on the basal level of the protein (Figures 1A, B).

Next, we sought to delineate the molecular mechanism  This indicates that DNMT1 can activate mTOR and its
responsible for DNMT1-dependent regulation of VEGF-A and ~ downstream proangiogenic effector HIF-1ot in breast fibroblasts.
IL-8, which are both transcriptionally regulated by HIF-10, a

transcription factor at the heart of the angiogenic response (25, DNMT1 Promotes the Paracrine Pro-

26). Therefore, we checked the role of DNMT1 in controlling the ~ Angiogenic Effect of Active CAFs In Vitro
expression of this transcription factor in breast stromal  The fact that DNMT1 enhances the expression and the secretion
fibroblasts. Figure 1A shows that while the DNMT1 ectopic  of 2 major angiogenesis factors, prompted us to investigate the
expression increased the level of HIF-1o in TCF-64 cells,  possible involvement of DNMT1 in promoting the paracrine
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pro-angiogenic effect of active breast fibroblasts. To this end,
serum-free conditioned media (SFCM) collected from TCF64-
ORF/TCF64-c and CAF64-si/CAF64-c cells were added
separately to 96-well plates seeded with 2x 10* human
umbilical vein endothelial cells (HUVECs) in matrigel and
used for in vitro angiogenic assay, serum-free medium (SEM)
was also added as negative control. After 5 h of incubation, the
number of closed cavity constructions was significantly lower in
the presence of SFCM from CAF64-si cells compared to SFCM
from CAF64-c cells (Figure 1E). However, SFCM from TCF64-
OREF significantly increased the number of meshs compared to
SECM from TCF64-c or SFM (Figures 1E, F). These results
demonstrate the role of the stromal fibroblast DNMT1 protein in
stimulating endothelial cell differentiation into capillary-like
structures through a paracrine effect.

Ectopic Expression of DNMT1 Enhances
the Paracrine Pro-Angiogenic Effects of
Breast Stromal Fibroblasts In Vivo

To study the paracrine effect of DNMT1-expressing BSFs on
vascular formation in vivo, we made use of previously created
orthotopic BC xenografts by co-injecting MDA-MB-231 cells
with TCF64-ORF (TCTorf) or TCF64-c (TCTC) cells in nude
mice (16). Tumors were excised and a significant difference in
tumor size and microvascular density were observed between
tumors bearing TCF64-ORF and their controls (Figure 2A). To

further confirm this, the level of CD31, an endothelial cell
marker, was assessed in the orthotopic tumor xenografts by
immunohistochemistry using anti-CD31 antibody. Figure 2B
shows a higher density of CD31" cells in tumors containing
TCF64-OREF cells compared to tumors mixed with TCF64-c cells.
To explore the molecular mechanism(s) that underlies the
proangiogenic effect of TCF64-ORF cells, we assessed the level
of the proangiogenic proteins in the two tumors by
immunoblotting. Figures 2C, D show that the levels of VEGEF-
A, IL-8 as well as their upstream regulators mTOR and HIF-1a,
were increased in TCTorf compared to TCTC tumors. These
results show the role of DNMT1 in promoting the paracrine
proangiogenic effect of breast stromal fibroblasts in vivo.

Eugenol and Decitabine Suppress

the Proangiogenic Effects of Breast
Myofibroblasts by Inhibiting

DNMT1 Expression

We have recently shown that the DNMT inhibitor decitabine (5-
Aza-2’-deoxycytidine, DAC) and eugenol suppress the pro-
carcinogenic effects of active fibroblasts through targeting
DNMT1 (27). Therefore, we decided to investigate the role of
these two DNMT1 inhibitors on the proangiogenic process of
active fibroblasts. To this end, CAF-64 cells were treated for 24 h
with eugenol (1uM) or DAC (5uM), while DMSO was utilized as
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FIGURE 2 | Ectopic expression of DNMT1 enhances the paracrine pro-angiogenic effects of breast stromal fibroblasts in vivo. Orthotopic BC xenografts were
created by co-injecting MDA-MB-231 cells with TCF64-orf or TCF64-c cells under the nipple of nude mice as previously described (16). (A) Picture of excised
tumors (B) Immunohistochemical staining was carried out on FFPE sections using an anti-CD-31 antibody. Scale bars represent 200 uM. (C) Whole-cell lysates
were prepared from the excised tumors, and then were used for immunoblotting analysis using specific antibodies against the indicated proteins. (D) The histograms
show the averaged protein level fold changes relative to the control (TCTC) after normalization against the internal control GAPDH, while the level of the phospho-
protein was further normalized to the level of the total protein. Error bars represent mean + S.D (n=3). “P<0.05 and **P<0.01.
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a negative control, and then whole cell lysates were prepared. The
immunoblotting analysis showed that DNMT1 protein level
declined along with reduction in the protein level of VEGF-A
and IL-8 in cells treated with DAC or eugenol as compared to
controls (Figures 3A, B). Similarly, DAC and eugenol
significantly reduced the mRNA levels of both VEGF-A and
IL-8 (Figure 3C). Since DNMT1 controls the expression of HIF-
loe and mTOR, we decided to check the effect of DNMT1
inhibition on such angiogenesis regulatory factors. Indeed,
eugenol and DAC strongly inhibited the expression of both
mTOR/P-mTOR and HIFla (Figures 3A, B). This indicates
that eugenol and DAC are strong suppressors of the major
angiogenesis effectors and regulators, probably through
controlling DNMTI.

To confirm this, we have shown that eugenol and DAC
significantly reduced more than 5 fold the levels of secreted
VEGF-A and IL-8 from CAF cells as compared to control cells
(Figure 3D). This shows that eugenol and DAC could suppress
the paracrine proangiogenic effect of CAF cells through DNMT1
inhibition. To verify this, we investigated the effect of eugenol-
and DAC -treated CAF cells on the differentiation of endothelial
cells in vitro. Therefore, CAF-64 cells were either DMSO-treated
or challenged with either eugenol (1uM) or DAC (5uM) in SEM

for 24 h to generate SFCM that have been used to treat HUVEC
cells (0.5x10°) on matrigel pre-coated 96-well plate for 16 h at
37°C. Figures 3E, F show that while HUVEC cells were
differentiated into mech structures in the presence of DMSO-
SECM, only marginal differentiation occurred in the presence of
eugenol- and DAC-SFCM. Together, these results indicate that
eugenol and decitabine suppress the paracrine pro-angiogenic
effect of CAF cells through inhibiting DNMT1 and its
downstream angiogenic effectors VEGF-A and IL-8.

Correlation of DNMT1 Expression in
Cancer and Stromal Fibroblasts With
Clinicopathological Parameters

Next, we sought to investigate the predictive value of DNMT1
expression levels in cancer cells as well as their stromal
fibroblasts as a candidate biomarker for clinical outcome of
patients with LABC. Remarkably, 69% of the patients were less
than 50 years old and 60% of patients had tumor sizes more than
5 cm (Table 1). Thirty-three (33) patients developed recurrence
and 13 died (Table 1). Furthermore, 70% of the patients had high
tumor stage, while 48% of the tumors were of grade 3 (Table 1).
Estrogen receptor positive (ER+)/Her2+ patients represented

represent means + S.D (n=3). **P < 0.01.
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FIGURE 3 | Eugenol and DAC suppress the proangiogenic effects of breast myofibroblasts by inhibiting DNMT1 expression. (A) CAF-64 cells were treated with
the indicated concentrations of DAC and eugenol while DMSO was used as control, and then whole-cell lysates were prepared and utilized for immunoblotting
analysis using specific antibodies against the indicated proteins. The numbers under the bands represent fold changes relative to the control (DMSO) after
normalization against the internal control GAPDH. (B) The histograms show the averaged protein level fold changes relative to the control after normalization
against the internal control GAPDH. Error bars represent mean + S.D (n=3). ** P<0.01 and $P<0.001. (C) Total RNA was extracted from CAF-64 cells treated as
shown, and the mRNA levels of the indicated genes were assessed using gRT-PCR. Error bars represent mean+ S.D (n=3).*P < 0.05, **P < 0.01 (D) CAF-64
cells were treated as indicated in SFM for 24 h, and then SFCM were collected, and the levels of the indicated proteins were determined by ELISA. Error bars
indicate mean + S.D (n=3). **P < 0.01. (E) HUVEC cells previously plated on matrigel (96-well plate) were treated with SFCM collected as described in (D), while
SFM was used as negative control, and then cells were incubated at 37°C for 8 hr. (F) Histogram shows the average number of formed cavities. Error bars
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TABLE 1 | Correlations between DNMT1 expression and clinicopathological features in breast cancer patients.

Parameter Total n=100 (%) DNMT1 in cancer cells P value
>10% <10%
Age
<50 69 (69.00) 35 (35.00) 34 (34.00) 0.6068
>50 31 (31.00) 14 (14.00) 17 (17.00)
Survival status
Alive 87 (87.00) 39 (39.00) 48 (48.00) 0.0014
Died 13 (13.00) 12 (12.00) 1(1.00)
HIS-Subtype
Invasive Ductal Ca 83 (83.00) 39 (39.00) 44 (44.00) 0.3712
1,4 3 (3.00) 1(1.00) 2 (2.00)
Invasive Ductal Ca with DCIS 11 (11.00 7 (7.00) 4 (4.00)
Infiltrating Lobular Ca 2 (2.00) 2 (2.00) 0 (0.00)
Other 1(1.00) 0 (0.00) 1(1.00)
Tumor stage
T2 29 (29.00) 14 (14.00) 15 (15.00) 0.8909
T3 31 (31.00) 14 (14.00) 17 (17.00)
T4 39 (39.00) 20 (20.00) 19 (19.00)
Tx 1(1.00) 1(1.00) 0 (0.00)
Grade
G1 2 (2.00) 2 (2.00) 0 (0.00) 0.0676
G2 48 (48.00) 26 (26.00) 22 (22.00)
G3 48 (48.00) 19 (19.00) 29 (29.00)
Gx 2 (2.00) 2 (2.00) 0 (0.00)
Recurrence
No 67 (67.00) 34 (34.00) 33 (33.00) 0.6187
Yes 33 (33.00) 15 (15.00) 18 (18.00)
Progression
No 17 (17.00) 9 (9.00) 8 (8.00) 0.7212
Yes 83 (83.00) 40 (40.00) 43 (43.00)
Tumor size 0.9108
<2cm 1(1.16) 0(0.00) 1(1.16)
2-5cm 33 (38.37) 17 (19.77) 16 (18.60)
> 5cm 52 (60.47) 27 (31.40) 25 (29.07)
Parameter Total n=100 DNMT1 in fibroblasts P value
(%) >10% <10%
Age
<50 69 (69.00) 44 (44.00) 25 (25.00) 0.1759
>50 31 (31.00) 24 (24.00) 7 (7.00)
Survival status
Alive 87 (87.00) 25 (25.00) 62(62.00) 0.01081
Died 13 (13.00) 10 (10.00) 3 (3.00)
HIS-Subtype
Invasive Ductal Ca 83 (83.00) 55 (55.00) 28 (28.00) 0.4853
1,4 3 (3.00) 1(1.00) 2 (2.00)
Invasive Ductal Ca with DCIS 11 (11.00) 2 (2.00) 1 (1.00) 9 (9.00) 2 (2.00)
Infiltrating Lobular Ca 2 (2.00) 0 (0.00)
Other 1(1.00) 0 (0.00)
Tumor stage
T2 29 (29.00) 22 (22.00) 7 (7.00) 0.8909
T3 31 (31.00) 21 (21.00) 10 (10.00) 19 (19.00)
T4 39 (39.00) 20 (20.00) 0 (0.00)
Tx 1(1.00) 1(1.00)
Grade
G1 2 (2.00) 2 (2.00) 0 (0.00) 0.0676
G2 48 (48.00) 26 (26.00) 22 (22.00)
G3 48 (48.00) 19 (19.00) 29 (29.00)
Gx 2 (2.00) 2 (2.00) 0 (0.00)
Recurrence
No 67 (67.00) 34 (34.00) 15 (15.00) 33 (33.00) 18 (18.00) 0.6187
Yes 33 (33.00)
(Continued)
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TABLE 1 | Continued

Parameter Total n=100 (%) DNMT1 in cancer cells P value
>10% <10%

Progression

No 17 (17.00) 9 (9.00) 8 (8.00) 0.7212

Yes 83 (83.00) 40 (40.00) 43 (43.00)

Tumor size

<2cm 1(1.16) 0 (0.00) 1(1.16) 0.9108

2-5cm 33 (38.37) 17 (19.77) 16 (18.60)

> 5cm 52 (60.47) 27 (31.40) 25 (29.07)

26%, ER+/Her2- represented 31%, ER-/Her2+ represented 25%,
while ER-/Her2- represented 18% (Table 1).

In order to study the role of DNMT1 in the prognosis of LABC
patients, a total of 100 breast pretreatment tumor tissues were
assessed for the expression of the DNMT1 protein in cancer cells
and their adjacent stromal fibroblasts. Figure 4A shows the
immunostaining of DNMT1 in both tumor as well as stromal
cells from breast cancer tissues. The level of DNMT1
immunostaining in both cancer and stromal cells was classified
into 2 subgroups: low (<10% DNMT1-positive cells) and high
(>10% DNMT 1-positive cells). DNMT'1 expression was low in 51%
epithelial and 32% fibroblast cells, while DNMT1 was highly
expressed in 49% epithelial and 68% fibroblast cells (Table 2).
The level of DNMT1 in fibroblasts in the different breast cancer
subtypes showed association with ER/Her2 status. Indeed,
significant correlation (P = 0.0121) was observed between low
DNMTT1 level in fibroblasts and lack of ER/PR (Table 2).
However, no correlation was observed between DNMT1 level in

cancer cells and ER/Her2 expression levels (Table 2). Interestingly,
the level of DNMT1 was highly correlated with patient survival in
both breast cancer cells (P=0.0014) and fibroblasts (P=0.01081)
(Table 2). Indeed, high DNMT1 expression levels were highly
correlated with poor patient survival (Table 2). However, no
significant correlation was observed between the level of DNMT1
in tumor or stromal cells and the other clinicopathological
parameters (Table 2).

DNMT1 Expression in Both Breast Cancer
Cells and Their Stromal Fibroblasts
Predicts Survival

Kaplan-Meier plots indicate significant association between
DNMT1 expression levels in cancer cells and their stromal
fibroblasts and patient’s overall survival (OS) (P = 0.0029 and P =
0.01091, respectively) (Figure 4B). Indeed, patients with tumors
expressing high level of DNMT1 in stromal fibroblasts or cancer
cells had significantly poorer OS rates (Figure 4B). In contrast, low
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FIGURE 4 | Loss of DNMT1 in stromal and tumoral cells is predictive of poor disease-free and overall survival. (A) Tissue sections cut from formalin-fixed paraffin
embedded breast tumors were immunostained with an anti-DNMT1 antibody. Red arrows indicate stromal fibroblasts, black arrows indicate cancer cells. (Envision
60x). (B) Kaplan-Meier analysis of overall survival (OS) and disease-free survival (DFS).
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TABLE 2 | Expression of DNMT1 in cancer cells and stromal fibroblasts by breast cancer ER/Her2 subtypes.

Cancer cells Total ER(+ve)/Her2(+ve) ER(+ve)/Her2(-ve) ER(-ve)/Her2(+ve) ER(-ve)/Her2(-ve) P value
n=100 (%)

DNMT1 >10% 49 (49.00) 12 (12.00) 20 (20.00) 9 (9.00) 8 (8.00) 0.1784
<10% 51 (51.00) 14 (14.00) 11 (11.00) 16 (16.00) 10(10.00)

Fibroblasts Total ER(+ve)/Her2(+ve) ER(+ve)/Her2(-ve) ER(-ve)/Her2(+ve) ER(-ve)/Her2(-ve) P value

n=100
(%)

DNMT1 >10% 68 (68.00) 16 (16.00) 28 (28.00) 13 (13.00) 11 (11.00) 0.0121

<10% 32 (32.00) 10 (10.00) 3 (3.00) 12 (12.00) 7 (7.00)

DNMT1 levels were significantly associated with better OS (Figure
4B). However, while high DNMT1 levels in fibroblasts correlated
significantly with poorer disease-free survival (DES) (P = 0.0295),
DNMT1 expression level in cancer cells did not significantly
correlate with patient DES (P = 0.4033) (Figure 4B).

The poor outcome of patients with high DNMT1 expression
in stromal fibroblasts (P = 0.01204) and cancer cells (P = 0.0187)
was confirmed by univariate Cox regression analysis (Table 3).
Furthermore, multivariate Cox regression analysis was
conducted to investigate the link between the prognostic power
of DNMT1 expression level and other well-known breast cancer
risk factors. Table 4 shows that the DNMT1 level in cancer cells
and their stromal fibroblasts is a strong independent predictor of
OS (P = 0.011) and (P = 0.0360), respectively. Furthermore,
DNMTT1 level in fibroblasts was also an independent prognostic
factor for DFS (P = 0.0492) (Table 4).

DISCUSSION

When active, CAFs boost breast carcinogenesis through
promoting several pro-carcinogenic processes such as
angiogenesis (5, 6). Our recent findings indicate that DNMT1

is highly expressed in CAFs and that when upregulated it enables
the activation of breast stromal fibroblasts (16). The present
findings indicate that DNMTI1 controls the paracrine pro-
angiogenic potential of BSFs through positive regulation of
both pro-angiogenic factors VEGF-A and IL-8. Indeed, while
DNMT1 knock-down reduced the expression level of both genes
and consequently the pro-angiogenic capacity of CAFs, ectopic
expression of DNMT1 up-regulated VEGF-A and IL-8 and
enhanced the pro-angiogenic ability of BSFs both in vitro and
in vivo. In a previous study, Achour et al., have shown that
DNMT1 forms a heterocomplex with ICBP90, which positively
controls the expression of VEGF (28). To elucidate the molecular
pathway underlying the DNMT1-dependent induction of the
VEGF-A and IL-8 genes, we have shown that DNMT1 is an
activator of HIF-1o. and mTOR two upstream activators of
VEGF-A (29). Since DNMT1 positively regulates the
expression of these genes, DNMT1 may not directly control
their expression through methylation, which is a gene repressor
process. In fact, approximately 30% of the upregulated genes in
DNMT1 knockout cells do not contain dense CpG islands (30),
confirming DNMT1-dependent gene expression regulation in a
methylation-independent manner. This suggests that DNMT1
may indirectly regulate these genes through controlling their

TABLE 3 | Univariate Cox proportional regression analysis on 5-year overall and disease-free survival of 100 LABC patients.

Disease-free survival

Parameter Overall survival

Hazard 95% Hazard Ratio Confidence
Ratio Limits

DNMT1 (Fibroblasts)

<10% 1 0.141-1.255

>10% 0.421

DNMT1 (Cancer

cells) 1 0.011-0.666

<10% 0.087

>10%

Clinical_Tumor_Stage

T2 1 0.834-1.762

T3, T4, Tx 1.212

Grade

G1, G2 1 0.577-1.771

G3, Gx 1.011

Tumor size

< 5cm 1 0.754-9.972

> 5cm 2.743

AGE

<50 1 0.952-1.058

>50 1.003

P value Hazard 95% Hazard Ratio Confidence P
Ratio Limits value

0.01204 1 0.353-0.955 0.0322
0.581

0.0187 1 0.635-0.997 0.4068
1.207

0.3139 1 0.635-0.997 0.0469
0.796

0.9686 1 0.817-1.155 0.7446
0.972

0.1255 1 0.615-1.559 0.9308
0.980

0.8979 1 0.980-1.025 0.8626
1.002
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TABLE 4 | Multivariate Cox Regression analysis on 5-year overall and disease-free survival.

Parameter 0s DFS
Hazard 95% Hazard Ratio Confidence P value Hazard 95% Hazard Ratio Confidence P value

Ratio Limits Ratio Limits
DNMT1 (Cancer 0.014 0.000-0.375 0.011 1.385 0.830-2.312 0.212
cells)
ER-PR-Status
ER(+ve)/PR(-ve) 2.559 0.277-23.675 0.4079 1.001 0.354-2.830 0.9982
ER(-ve)/PR(-ve) 0.935 0.109-8.054 0.9512 1.001 0.347-1.789 0.5694
Tumor-Stage

10.207 1.830-56.943 0.0081 0.953 0.626-1.450 0.8213
Grade

0.048 0.006-0.378 0.0040 1.048 0.764-1.437 0.7701
Tumor size

2.576 0.341-19.482 0.3594 0.893 0.464-1.717 0.7338
HIS-Subtype
ER(+ve)/Her2(-ve) 0.862 0.074-10. 045 0.905 0.535 0.254-1.129 0.1007
ER(-ve)/Her2(+ve) 7.318 0.716-74.791 0.093 1.328 0.362-2.031 0.7261
ER(-ve)/Her2(-ve) 52.729 2.055-1353.196 0.016 0.800 0.367-1.898 0.6657
AGE

0.871 0.764-0.993 0.0392 0.999 0.966-1.034 0.9507
DNMT1 (Fibroblasts) 0.661 0.119-3.673 0.0360 0.426 0.308-0.998 0.0492
ER-PR-Status
ER(+ve)/PR(-ve) 1.388 1.167-11.522 0.7612 0.852 0.291-2.497 0.7706
ER(-ve)/PR(-ve) 0.552 0.064-4.753 0.5886 0.9 0.385-2.104 0.8084
Tumor-Stage

7.898 1.606-38.836 0.0110 0.936 0.608-1.442 0.7642
Grade

0.163 0.018-1.461 0.1049 0.998 0.709-1.407 0.9929
Tumor size

1.598 0.242-10.555 0.6268 0.765 0.394-1.484 0.4276
HIS-Subtype
ER(+ve)/Her2(-ve) 0.563 0.045-7.012 0.6551 0.574 0.272-1.208 0.1436
ER(-ve)/Her2(+ve) 12.537 1.715-91.654 0.0127 0.711 0.293-1.724 0.4506
ER(-ve)/Her2(-ve) 34.608 2.105-569.059 0.0131 0.778 0.324-1.834 0.5557
AGE

0.886 0.789-0.995 0.0416 1.005 0.970-1.040 0.7893

upstream transactivators. Indeed, we have recently shown that
DNMT1 positively controls the expression of AUF1, which is
part of the IL-6/STAT3/NF-«B positive feedback loop in breast
fibroblasts (16, 31). This indicates that DNMT1 is involved in the
regulation of a plethora of genes involved in various
physiological processes including angiogenesis.

In recent years natural products showed promising ability to
repress the procarcinogenic effects of active CAFs through multiple
mechanisms. Thereby, agents that can normalize CAFs may
improve the efficiency of traditional tumor cell-directed therapy.
Consequently, we tested the effect of the nontoxic and
pharmacologically safe dietary compound eugenol, and we
compared its effects with the well-known DNMTs inhibitor
decitabine, on the expression of HIF-10/mTOR as well as VEGF-
A and IL-8 and the related pro-angiogenic effect of active BSFs. We
have shown that both eugenol and DAC repress VEGF-A and IL-8
expression and secretion as well as the expression and activation of
HIF-10/mTOR in CAFs, and consequently suppress their pro-
angiogenic paracrine effect in vivo and in vitro. Several studies reveal
the therapeutic potential of eugenol in cancer prevention and
treatment. Indeed, administration of eugenol inhibits
angiogenesis as evidenced by changes in the activities of VEGF-A

and VEGFRI in a rat model of gastric carcinogenesis (32).
Additionally, a recent study reported that eugenol promotes
cisplatin cytotoxicity against TNBC by inhibiting the NF-xB
signaling pathway (33). Notably, the present report shows that
eugenol possesses anti-angiogenic effect indirectly through
inhibition of the pro-angiogenic effect of CAFs. This suggests that
eugenol could be of great value for cancer prevention and/or
treatment by preventing the pro-vascularization potential of
active stromal myofibroblasts.

Additionally, these findings suggest that high levels of DNMT1
could be associated with poor patient survival. Thereby, we
investigated the link between the level of DNMTI in breast
cancer cells and their stromal fibroblasts with the survival of
patients with LABC treated with neoadjuvant chemotherapy +
Trastuzumab. We have found significant association between high
tumor expression of DNMT1 and shorter OS of LABC patients.
Similar association has been previously reported in breast cancer
(34), malignant lymphoma (35), renal cell carcinoma (36), bladder
cancer (37) and pancreatic cancer (38). Furthermore, we have
shown here that high level of DNMT1 in stromal fibroblasts is
also associated with significantly shorter OS and DFS of LABC
patients. This shows that the importance of DNMT1 as prognostic
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biomarker for LABC patients may not be restricted to malignant
cells but also their stromal adjacent fibroblasts. This suggests that
high DNMT1 level in breast malignant cells or their adjacent CAFs
can significantly predict high risk or recurrence. This points to
DNMT1 as promising therapeutic target in the neoadjuvant
treatment of LABC patients. In fact, this possibility has been
explored for several tumors (39-42).

CONCLUSIONS

The present findings show that DNMT1 positively controls two
major angiogenesis factors VEGF-A and IL-8 in breast stromal
fibroblasts, and consequently DNMT1 upregulation in these cells
promotes angiogenesis in a paracrine manner. Interestingly,
these DNMT1-related pro-angiogenic effects can be suppressed
by 2 DNMT1 inhibitors decitabine and eugenol. Furthermore,
we present clear indication that high levels of DNMT1 in tumor
cells as well as their adjacent stromal fibroblasts predict poor
survival post-neoadjuvant treatment of locally advanced breast
cancer patients. Thereby, DNMT]1 level in both cancer cells and
their adjacent stromal fibroblasts could constitute a powerful
prognostic biomarker for these high-risk patients who need
downstaging tumors to facilitate breast conservation therapy.
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Objective: To explore the value of a predictive model combining the multiparametric
magnetic resonance imaging (mpMRI) radiomics score (RAD-score), clinicopathologic
features, and morphologic features for the pathological complete response (pCR) to
neoadjuvant chemotherapy (NAC) in invasive breast carcinoma of no specific type (IBC-NST).

Methods: We enrolled, retrospectively and consecutively, 206 women with IBC-NST who
underwent surgery after NAC and obtained pathological results from August 2018 to
October 2021. Four RAD-scores were constructed for predicting the pCR based on fat-
suppression T2-weighted imaging (FS-T2WI), diffusion-weighted imaging (DWI), contrast-
enhanced T1-weighted imaging (T1WI+C) and their combination, which was called
mpMRI. The best RAD-score was combined with clinicopathologic and morphologic
features to establish a nomogram model through binary logistic regression. The predictive
performance of the nomogram was evaluated using the area under receiver operator
characteristic (ROC) curve (AUC) and calibration curve. The clinical net benefit of the
model was evaluated using decision curve analysis (DCA).

Results: The mpMRI RAD-score had the highest diagnostic performance, with AUC of
0.848 among the four RAD-scores. T stage, human epidermal growth factor receptor-2
(HER2) status, RAD-score, and roundness were independent factors for predicting the
PCR (P < 0.05 for all). The combined nomogram model based on these factors achieved
AUCs of 0.930 and 0.895 in the training cohort and validation cohort, respectively, higher
than other models (P < 0.05 for all). The calibration curve showed that the predicted
probabilities of the nomogram were in good agreement with the actual probabilities, and
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DCA indicated that it provided more net benefit than the treat-none or treat-all scheme by
decision curve analysis in both training and validation datasets.

Conclusion: The combined nomogram model based on the mpMRI RAD-score
combined with clinicopathologic and morphologic features may improve the predictive
performance for the pCR of NAC in patients with IBC-NST.

Keywords: multiparametric MRI, radiomics, neoadjuvant chemotherapy, invasive breast carcinoma of no specific
type, pathologic complete response

INTRODUCTION

For females, breast cancer (BC) is the leading cause of cancer in 157
countries and the leading cause of death in 119 countries (1).
Neoadjuvant chemotherapy (NAC) for BC is a systemic therapy
using a cytotoxic drug administered before definitive surgical
treatment (2). As a personalized precision treatment approach,
the purpose of NAC is to: (i) reduce tumor stage; (ii) treat
potential metastatic lesions in a timely manner; (iii) observe the
sensitivity of tumors to chemotherapy regimens to provide a basis
for the selection of subsequent treatment regimens (3, 4). However,
about 20% of BC patients are not sensitive to NAC, and a few even
experience disease progression during treatment (5). Meanwhile,
chemotherapeutic drugs can also lead to adverse effects (e.g., bone-
marrow suppression, liver and kidney impairment, heart failure) in
some patients (6, 7). Therefore, evaluating BC patients before
chemotherapy and predicting if they will benefit from NAC are
crucial. pCR is the most widely used surrogate endpoint for NAC
efficacy assessment, and patients achieving pCR may have higher
disease-free survival and overall survival (8). Hence, early prediction
of pCR may help to improve personalized treatment plans and even
avoid surgery in the future.

Conventional imaging medicine obtains the morphological
characteristics of tumor phenotypes through visual assessment by
radiologists, which can provide an overall image of the tumor
phenotype and its environment. These morphological features (e.g.,
shape, border, lobing) observed originally by the naked eye are
dichotomous variables based on two-dimensional (2D) sections.
Some scholars have suggested that they can be characterized by
quantitative data using mathematical formulae in which
“roundness” can indicate the shape of the lesion, “concavity”
reflects the irregularity of the lesion border, and “curvature”
describes the morphologic changes of breast-tumor lesions (9).
They are all based on quantitative measurements, so refining
dichotomous variables into digital variables would be
advantageous compared with using conventional morphologic
qualitative features assessed by the naked eye.

Dynamic contrast enhanced magnetic resonance imaging
(DCE-MRI) is one of the most sensitive methods for early
prediction of pCR, which can reflect changes in tissue
pathophysiology before morphological changes (10). In
addition, T2 weighted imaging (T2WI), diffusion weighted
imaging (DWI) and other sequences have also been used in
the prediction of NAC for BC (11, 12).

Multiparametric magnetic resonance imaging (mpMRI)
involves combined application of several MRI imaging

sequences. mpMRI can be employed to quantify the evolution
of cancer development at multiple levels and dimensions, and
provide specific quantitative information about tumor
characteristics. Compared with single-sequence MRI models,
mpMRI improves the diagnostic accuracy of BC and the
evaluation and prediction performance of NAC efficacy (13).

Radiomics uses automated algorithms to convert the image
data of the region of interest in medical images into high-
dimensional spatial data, and then extracts the key information
that really works from a large amount of information through a
variety of statistical analysis and data mining methods. Then, the
obtained information is applied to support systems for clinical
decision-making to aid disease characterization, tumor staging,
efficacy assessment, and prognosis prediction (14). Compared
with conventional imaging, radiomics fully reflects the most
essential characteristics of the underlying medical images. In
recent years, radiomics based on mpMRI has developed rapidly
and become a “hotspot” for basic research and clinical
applications, and has made great progress in BC and other
research fields (15-19).

Invasive breast carcinoma of no specific type (IBC-NST) is
the most common type of pathologic staging for BC. It accounts
for about 70-80% of cases, and is characterized by low
differentiation and a poor prognosis (20, 21). Few studies have
been conducted to predict the pathologic complete response
(pCR) of NAC based on mpMRI radiomics for people with
IBC-NST.

We aimed to establish and validate a nomogram model based
on mpMRI radiomics, clinicopathologic features, and
morphologic features for early prediction of pCR in IBC-NST.

MATERIALS AND METHODS
Ethical Approval of the Study Protocol

The protocol for this retrospective study was approved
(2018068) by the Ethics Committee of Zhongshan Hospital
Affiliated to Dalian University (Dalian, China). The
requirement for written informed consent from study
participants was waived.

Patients

The inclusion criteria were: (i) female BC patients over 18 years
old who came to our hospital for treatment; (ii) MRI was
performed and immunohistochemical results were obtained by
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ultrasound-guided needle biopsy before NAC; (iii) surgery was
performed after NAC, and pCR was confirmed by postoperative
pathologic examination. The exclusion criteria were: (i) a specific
type of invasive breast cancer; (ii) MRI findings were obtained >1
week before NAC; (iii) not receiving a standardized and
complete NAC regimen or other related treatment previously;
(iv) lesions were combined with other sites of primary cancer; (v)
lesions were combined with distant metastases; (vi) the quality of
the MR image was insufficient to obtain measurements; (vii) the
correlation between the tumor and assessment of the pathologic
response in MR images was uncertain; (viii) incomplete clinical
or pathologic data.

Patients suffering from BC who underwent NAC and a
surgical procedure at Zhongshan Hospital from August 2018
to October 2021 were included retrospectively and consecutively.
Patients were divided into a pCR group and non-pathologic
complete response (NpCR) group according to whether pCR was
achieved after NAC. Enrolled patients were assigned randomly to
a training cohort and a validation cohort at a ratio of 7:3. The
training cohort is used for model establishment, and the
validation cohort is used for model performance verification. A
flowchart showing the study population is presented as Figure 1.

Baseline clinical data were obtained from medical records. The
age, body mass index (BMI), menopause status, fibrinogen, T stage,
and N status of patients before NAC were collected. Treatment
regimens and treatment cycles followed the National Comprehensive
Cancer Network guideline (22). All BC patients completed >4 cycles
of NAC with: (i) paclitaxel-based chemotherapy (4.4%, 9/206); (ii)

anthracycline-based chemotherapy (21.8%, 45/206); (iii)
anthracycline-based chemotherapy combined with paclitaxel-based
chemotherapy (73.8%, 152/206). Human epidermal growth factor
receptor 2 (HER2)-positive patients also received trastuzumab or/
and pertuzumab (35.4%, 73/206). All patients underwent surgery at
our hospital within 2 weeks of completing a full cycle of NAC.
Analyses of pathologic histologic sections and diagnosis were
undertaken by two pathologists with 12 years and 10 years of
experience in the diagnosis of breast disease, respectively, who
were blinded to the study protocol. Pre-NAC status of the
estrogen receptor (ER), progesterone receptor (PR), HER2, and Ki-
67 expression were obtained from immunohistochemical analyses of
the puncture specimen (for assessment criteria see Supplemental
Data 1). pCR was confirmed by postoperative pathological
examination. The “pCR” was defined as an absence of residual
invasive carcinoma in the specimen (residual ductal carcinoma in
situ can be present), ipsilateral anterior sentinel lymph node or no
lymph node infiltration in lymph nodes removed during axillary
dissection (23).

MRI Protocol

All MR images were acquired on a 3.0-T Magnetom Verio
superconducting MRI scanner equipped with a 16-channel
breast-specific coil (Siemens, Hamburg, Germany) within one
week prior to NAC. Imaging sequences were fat-suppression T2-
weighted imaging (FS-T2WI), diffusion-weighted imaging
(DWI, contrast-enhanced T1-weighted imaging (T1WI+C).
Scan parameters are shown in Supplemental Data 2.

Patienst with invasive breast cancer who underwent
neoadjuvant chemotherapy and surgery in the Affiliated
Zhongshan Hospital of Dalian University from August

2018 to October 2021 (n=412)

(———>| chemotherapy (n=11)

l exclution:
: 1.Lack of MRI(n=44)
1 2.Not receiving completly standardized neoadjuvant

I 3.Special type invasive breast cancer(n=7)
I 4.Combined with other primary cancers(n=9)
IL 5.Distant metastasis(n=67)

Patients who were furth
(n=274)

[

er reviewed for eligibility

——): 2.Poor MR image quality (n=12)

! exclution:
1 1.Lack of clinical or pathological data (n=53)

| 3.The correlation between the lesion and the pathological
Lresponse assessment is uncertain (n=3)

[

research (n=206)

Patients who were finally enrolled in the retrospective

v
Training set (n=144)

FIGURE 1 | Flowchart revealing the study population based on exclusion criteria.
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Extraction and Selection of

Morphologic Features

MR images were evaluated independently by two radiologists, A
and B, with 11 years and 14 years of experience of diagnosing BC
using MRI, respectively. Measurements were made using a double-
blind method (neither radiologist was aware of clinicopathologic
findings or the other radiologist’s interpretation of images).
Morphologic features were measured using 3D Slicer (version
4.11, www.slicer.org/). The maximum cross-section of the T1WI
+C sequence was used for measurement, and the following values
measured under the “Markups” module: vertical diameter,
transverse diameter, perimeter, surface area, convex closure area,
curvature maximum, and curvature mean (Figure 2). Roundness
was calculated using the formula: 47 x surface area/perimeter”.
Concavity was calculated indirectly from the measured convex
closure area: (convex closure area — surface area)/convex closure
area (24). Thirty cases were randomly selected from the enrolled
population before assignment, and the repeatability of feature
extraction was assessed using intra-observer and inter-observer
intraclass correlation coefficients (ICCs). Each parameter was
measured twice, and the mean value calculated: this was used as
the final measurement. Multicollinearity was used to reduce

morphologic features, and parameters with a variance inflation
factor (VIF) <10 were selected for subsequent analyses.

Tumor Segmentation and Radiomics
Feature Extraction

The region of interest (ROI) was delineated manually via 3D
Slicer (version 4.11, www.slicer.org/) on each slice of the FS-
T2WI, DWI (b-value of 800s/mm?), and T1+C (second period
after contrast agent injection) image sets (DICOM format) of all
cases. On each slice of the images, necrotic, air, and calcified
regions were excluded.

Two radiologists (A and B) were responsible for the
evaluation of tumor segmentation. Inter- and intra-observer
reproducibility of radiomic feature extraction were initially
analyzed with the data of 30 randomly selected patients from
each sequence in a double-blinded fashion by these 2
radiologists. The ICCs were used to evaluate the agreement of
radiomics features.

Prior to feature extraction, all images were resampled to a
common voxel spacing of Imm x lmm x Imm by using the
Resize method, to resample the images into an isotropic dataset to
allow comparison between image data from different sequences.

A

FIGURE 2 | Measurement of morphologic parameters. (A) We measured the vertical diameter and transverse diameter at the largest cross-section. We drew along
the edge of the lesion, and obtained the perimeter, surface area, curvature mean, and curvature maximum. Roundness =4n x1.85/6.04° = 0.64 (B) We made a
small convex polygon along the line connecting the edge of the lesion to obtain the convex closure area. Concavity= (2.40-1.85)/2.40 = 0.23.
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The “Radiomics” module in the 3D Slicer (version 4.11, www.
slicer.org/) was used to extract 1223 radiomics features from each
sequence of FS-T2WI, DWI, and TIWI+C. One hundred and
seven radiomic features were extracted from the original images,
including 18 first-order features, 14 shape features, and 75
texture features derived from the gray level co-occurrence
matrix (GLCM, 24), gray level dependence matrix(GLDM, 14),
gray level run length matrix (GLRLM, 16), gray level size zone
matrix (GLSZM, 16) and neighbourhood gray-tone difference
matrix (NGTDM, 5). With a Laplacian of Gaussian filter, 372
features with four sigma levels (0.5, 1, 1.5, 2) were obtained. A
total of 744 features were obtained from 8 derived images by
wavelet transform.

Selection of Radiomics Features and
Construction of a “RAD-Score”

All extracted features were normalized by z-score in the training
cohort before selecting radiomic features. First, features with
ICC >0.75 within the training cohort were retained. Second, ¢-
tests or u-tests were carried out on the retained features, and we
targeted those with discriminatory ability (P < 0.05) for further
analyses. Third, we applied the least absolute shrinkage and
selection operator (LASSO) regression for selecting the key
radiomics features with nonzero coefficients, and a 10-fold
cross-validation with a maximum area under the receiver
operator characteristic (ROC) curve (AUC) criterion was
conducted to determine an optimal regulation weight
(lambada). After the steps stated above, the remaining features
were subjected to RAD-score construction. The above-
mentioned RAD-scores were constructed for FS-T2WI, DWI,
TIWI+C sequences and mpMRI, respectively. The sequence
with the best diagnostic efficacy RAD-score was selected for
entry into subsequent analyses. The RAD-score of each patient is
linear combinations of selected features weighted by their
coefficients, which are mathematically represented as follows:

n
RAD —score = >C; x X; + b
i=1
where b is the intercept, X; is the ith selected feature, and C; is the
coefficient of the ith selected feature. Feature selection and RAD-
score construction were performed using the “glmnet” package
of R software (version 4.1.4, www.r-project.org/).

Development of Prediction Models

Prediction models were developed using univariate and
multifactorial logistic regression based on clinicopathologic,
morphologic, and radiomics features. Clinicopathologic
features included age, menopausal status, fibrinogen level, BMI,
T stage, N stage, receptor status (ER, PR, HER2), and Ki-67
expression. Features with P < 0.05 after univariate analysis were
included in the multifactorial analysis. Next, we development 3
models based on features of different categories. Model A was
established based on clinicopathologic features. Model B was
established based on clinicopathologic and radiomics features.

Model C was established based on clinicopathologic, radiomics,
and morphologic features.

Comparison of the Performance of
Prediction Models

Accuracy, specificity, sensitivity, and the area under receiver
operator characteristic curve (AUC) were used to estimate the
predictive performance of the three models in the training cohort
and validation cohort. The model with the best performance was
presented as a nomogram. Then, a calibration curve was used to
evaluate the consistency between the estimated probability and
actual probability of the pCR. Decision curve analysis (DCA) was
used to assess the clinical usefulness by estimating the net benefit
within threshold probabilities. A flowchart of extraction of
radiomics features and model establishment is shown
as Figure 3.

Statistical Analyses

Differences between pCR and NpCR groups were analyzed using
the t-test, u-test, or chi-square test. Statistical analyses were
undertaken using R software (version 4.1.4, www.r-project.org/).
Within R software, the packages “performance” and “see” were
employed for multicollinearity analyses. “glmnet” were used for
feature selection and RAD-score construction, and “pROC”,
“rms”, “Hmisc” and “ggDCA” were employed for model
construction and performance evaluation. P < 0.05 was
considered significant.

RESULTS

Patient Characteristics

A total of 206 BC patients formed the study cohort. They had a
median age of 52 (range, 42-60) years. Among them, 57 (27.7%)
were in the pCR group and 149 (72.3%) were in the NpCR group.
There was no significant difference in age, menopausal status,
fibrinogen level, body mass index, or lymph-node metastasis
between pCR and NpCR groups (P > 0.05 for all). T stage, ER
status, PR status, HER2 status, and Ki-67 expression were
significantly different between the groups (P < 0.05 for
all) (Table 1).

All patients were divided randomly into a training cohort
(144) and a validation cohort (62) at a ratio of 7:3. In the
training cohort, 41 cases had a pCR and 103 had a NpCR. In the
validation cohort, 16 patients had a pCR and 46 had a NpCR.
There was no significant differences pCR ratio between the
training cohort and validation cohort (P > 0.05) (Table 1).

Morphologic Features

Table S1 shows that all eight morphologic variables have
ICCs >0.9 (i.e., showed good agreement). Multicollinearity
analysis (Figure S1) meant that the final remaining two
variables (roundness and concavity) entered the next step
of analysis.
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FIGURE 3 | Flowchart of extraction of radiomics features, model establishment and performance evaluation. ICC, intraclass correlation coefficient; LASSO, least

Selection of Radiomics Features and
Establishment of the RAD-Score
After screening, the mpMRI sequence has 12 remaining features,
including 1 shape feature, 2 original texture features, 5 Gaussian
filter transformation features and 4 wavelet features. Texture
features, Gaussian filter features and wavelet features are based
mainly on the GLCM, GLDM, NGTDM, and GLSZM.The
selection process operated by LASSO is represented in
Figure 4. Reduction of feature dimensionality and the display
of each sequence feature are shown in Figure S2 and Table S2,
respectively. The RAD-score was calculated as follows:
RAD-score= (T1WI+C/Log-sigma-0-5-mm-3D/ngtdm/
Strengthx0.12370077) -(T1WI+C/Original/shape/

Maximum2DDiameterSlicex0.17457776) -(T1WI+C/Log-sigma-1-
0mm-3D/glcm/Correlationx1.59333848) -(T1WI+C/Log-sigma-0-
5-mm-3D/glem/Idnx3.24587525) +(T1WI+C/Log-sigma-2-0-mm-
3D/glrlm/ShortRunLowGrayLevel Emphasisx0.94972916) -(T1WI
+C/Wavelet-LHL/gldm/DependenceVariancex0.479 87897)
-(T1WI+C/Wavelet-HLL/gldm/DependenceVariancex0.53138627)
-(DWI/Original/gldm/DependenceVariancex1.03259897) +(DWI/
Original/ngtdm/Contrastx0.35 02368) +(DWI/Wavelet-LHL/
glszm/LargeAreaLowGrayLevelEmphasisx0.1019391 2) +(FS-
T2W1I/Log-sigma-1-5-mm-3D/ngtdm/Strengthx0.04867799) +(FS-
T2WI/Wavelet-LHL/ngtdm/Coarsenessx0.05095310) +4.59154672

The features shown by mpMRI had the highest diagnostic
performance in the training cohort (AUC=0.848) and validation
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TABLE 1 | Demographic and clinical characteristics of the study cohort.

Variable All patients (n = 206)
Age, median 52 (42, 60)
Menopausal status, n (%)

Pre 103 (50.0)

Post 103 (50.0)
BMI, median 24.65 (22.28, 26.64)
FIB, median 2.69 (2.42, 3.07)
T Stage, n (%)

T1-2 114 (55.3)

T3-4 92 (44.7)
N Status, n (%)

Negative 33 (16.0)

Positive 173 (84.0)
ER Status, n (%)

Negative 79 (38.4)

Positive 127 (61.6)
PR Status, n (%)

Negative 95 (46.1)

Positive 111 (53.9)
HER2 Status, n (%)

Negative 133 (64.6)

Positive 73 (35.4)
Ki-67 Status, n (%)

Low expression 42 (20.4)

High expression 164 (79.6)
Cohort, n (%)

Training cohort 144 (69.9)

Validation cohort 62 (30.1)

NpCR group (n = 149) PCR group (n = 57) P-value

52 (42, 59) 51 (42, 61) 0.889
0.640

76 (51.0) 27 (47.4)

73 (49.0) 30 (52.6)
24.65 (22.6, 26.29) 24.58 (20.7, 26.81) 0.181
2.69 (2.46, 3.1) 2.65 (2.37, 3.02) 0.387
0.019

65 (49.2) 49 (66.2

67 (50.8) 25(33.8
0.631

25 (16.8) 8(14.0)

124 (83.2) 49 (86.0)
<0.001

39 (26.2) 40 (70.0)

110 (73.8) 17 (29.8
<0.001

52 (34.9) 43 (75.4)

97 (65.1) 14 (24.6)
<0.001

111 (74.5) 22 (38.6

38 (25.5) 35 (61.4)
0.010

37 (24.8) 5(8.8)

112 (75.2) 52 (91.2)
0.695

103 (69.1) 41 (71.9)

46 (30.9) 16 (28.1)

PCR, pathologic complete response; NpCR, non-pathologic complete response; BMI, body mass index; FIB, fibrinogen, ER, estrogen receptor; PR, progesterone receptor; HER2, human

epidermal growth factor receptor 2.

cohort (AUC =0.742), followed by TIWI+C sequence, with an
AUC of 0.799 in the training cohort and 0.741 in validation
cohort. For the FS-T2WTI sequence, the AUC of training cohort
was 0.737 and the AUC of validation cohort was 0.635, while
DWI sequence yielded an AUC of 0.750 in training cohort and
0.626 in validation cohort. (Figure S3).

Construction of Predictive Models

In the training cohort, univariate logistic regression analysis
showed that T stage, HER2 status, roundness, and RAD-score
were potential predictors (P < 0.05) which were associated with
PCR status. Then, the variables stated above were included in the
multivariate logistic regression analysis for the construction of
the 3 models: model A (T stage + HER2 status), model B (Model
A + RAD-score), and model C (Model B + roundness) (Table 2).
The AUC of model A in the training cohort was 0.612 (95% CI,
0.528-0.692) and in the validation cohort was 0.626 (95% CI,
0.493-0.760). Model B yielded an AUC of 0.869 (95% CI, 0.802-
0.919) and an AUC of 0.775 (95% CI, 0.642-0.907). Compared to
the other 2 models, model C exhibited the highest discrimination
performance in the training cohort (AUC, 0.930; 95% CI, 0.875-
0.966) and validation cohort (AUC, 0.895; 95% CI, 0.808-0.983)
(Figure 5). Accuracy, sensitivity, specificity, and AUC of each
model are shown in Table 3. Model C is shown in a
nomogram (Figure 6).

The calibration curve of the nomogram showed that the
predicted results were in good agreement with the actual
results (Figure 7). The result of the DCA indicated that the
prediction of pCR using model C could give more net benefit

than by treating none or all patients in both training and
validation datasets (Figure 8).

DISCUSSION

Using an IBC-NST population, we developed a nomogram
model based on the RAD-score of mpMRI combined with
clinicopathologic and morphologic features. This combined
model had high value for predicting the pCR prior to NAC.
The performance of this model was better than that of the clinical
model, or the model combining clinical features with
radiomics features.

We established RAD-score models for FS-T2WI, DWI, TIWI+C,
and mpMRI to predict the pCR before NAC, respectively. The
mpMRI RAD-score model had the highest diagnostic performance
in the training cohort (AUC=0.848) and validation cohort
(AUC =0.742). Among the other three single-sequence models, the
T1WI+C model performed the best with AUCs of 0.799 and 0.741 in
the training and validation cohorts, respectively. This indicates that
T1WI+C is one of the most sensitive methods for predicting pCR in
the single MRI sequence, which is also consistent with many
previous studies (25, 26). Whereas in studies comparing mpMRI
with single sequence, Chen et al. (27) evaluated 91 patients and
found that in the pCR prediction models, the radiomics signature of
mpMRI exhibited higher predictive power (AUC = 0.848) compared
to DCE(AUC=0.750) and ADC(AUC=0.785). Bian et al. (28) also
found that the mpMRI model had the highest predictive power for
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TABLE 2 | Multivariate logistic analysis.

Variable Model A Model B Model C

OR (95%Cl) P-value OR (95%Cl) P-value OR (95%Cl) P-value
T stage 4.47 (2.33-9.59) 0.035 2.266 (1.132-5.397) 0.044 2.354 (1.023-5.236) 0.036
HER2 status 2.56 (1.83-7.89) 0.012 3.713 (1.677-8.291) 0.009 1.947 (1.320-4.321) 0.024
RAD-score 5.057 (2.031-11.851) 0.026 3.911 (1.591-9.642) 0.003
Roundness 7.554 (3.2151-7.664) <0.001

HER2, human epidermal growth factor receptor. RAD-score, radiomics score; OR, odds ratio; Cl, confidence interval.

the pCR in a study of 152 patients, with AUC of 0.91 and 0.93 in the
training and validation cohort. Using a larger cohort, we
demonstrated that combined application of different imaging
sequences was superior to that using a single sequence. Under a
logistic algorithm model, t-test, U-test, and LASSO regression were
employed to select the optimal number of features. Within the range
of standard deviation of the highest AUC value, 12 features were
selected for the mpMRI RAD-score (TIWI+C7, DWI 3, ES-T2WI
2). These features included one shape feature, four wavelet features,
and seven texture features. Among them, the only shape feature was
the maximum 2D diameter slice of the TIWI+C sequence, which
reflected the tumor diameter. The smaller the tumor, the easier the
PCR could be achieved.

Texture features, Gaussian filter features and wavelet features
are based mainly on the GLCM, GLDM, NGDTM, and GLSZM.
The GLCM provides comprehensive information about the

direction, adjacent interval, and variation range of the gray level
of the image. The GLCM is the basis for analyzing the local
patterns of the image and their arrangement rules, and is used to
describe the texture distribution and characteristics within the
tumor. The NGTDM describes the visual characteristics of texture
based on a voxel and its neighborhood. The GLSZM can aid
characterization of texture consistency, a periodic texture, or
speckle texture (29). These are high-order features and cannot
be identified by the naked eye. However, they can capture
information on the spatial heterogeneity of intratumoral cells
and tumor perfusion, thereby making them sensitive for
treatment evaluation (30). Therefore, the RAD-score could serve
as a non-invasive imaging marker for pCR prediction.

We found that the T stage and HER2 status, as clinicopathologic
features, were independent influencing factors of the pCR. The T
stage represents the diameter of tumor tissue and the extent of
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TABLE 3 | Performance of prediction models in the training cohort and validation cohort.

Model Cohort AUC (95%Cl) P* SE SP ACC
Model A Training cohort 0.612 (0.528-0.692) Ref 0.927 0.272 0.458
Validation cohort 0.626 (0.493-0.760) Ref 0.626 0.261 0.355
Model B Training cohort 0.869 (0.802-0.919) <0.001 0.854 0.699 0.743
Validation cohort 0.775 (0.642-0.907) 0.014 0.813 0.674 0.710
Model C Training cohort 0.930 (0.875-0.966) 0.035 0.854 0.874 0.868
Validation cohort 0.895 (0.808-0.983) 0.036 0.938 0.826 0.855

Model A, T stage + HER2; Model B, Model A + RAD-score; Model C, Model B + roundness,; AUC, the area under receiver operator characteristic curve; Cl, confidence interval; P*, Delong

test; SE, sensitivity; SP, specificity; ACC, accuracy.
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FIGURE 6 | A nomogram for the prediction of the pathological complete response of neoadjuvant chemotherapy in invasive breast carcinoma of no specific type.

tumor invasion. Briete et al. (31) postulated clinical tumor stage to
be the most important predictor of a pCR in BC patients after NAC.
We further confirmed that a lower T stage (T1-2 and T3-4) is an
important independent predictor of a higher prevalence of a pCR.

HER?2 is a prognostic indicator for monitoring of clinical
treatment and an important target for selection of tumor-
targeting drugs. Several studies (5, 32, 33) have suggested that

HER2-positivity can lead to a higher prevalence of the pCR: we
reached the same conclusion. Also, we found roundness to be an
independent predictor of the pCR after NAC. The roundness of a
tumor represents the shape of the lesion. The value of roundness
is between 0 and 1. The closer the value is to 1, the closer is the
shape to a circle (34). Based on the most intuitive impression by
radiologists, roundness quantifies shape features and is accepted
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readily by clinicians. Few studies have shown the relationship
between roundness and the pCR. However, Zhang et al. (35)
concluded, in a retrospective analysis of 120 BC patients, that the
roundness observed in triple-negative BC patients was higher
than that observed in non-triple-negative BC patients whereas, in
general, triple-negative BC responded better to NAC than other
molecular subtypes. Their data supported our findings indirectly.
In a multicenter study by Liu et al. (36), the radiomics signature
of mpMRI achieved an AUC of 0.79 (the highest of the four
radiomics signatures), whereas a prediction model combining
the RAD-score and clinicopathologic characteristics before NAC
had higher predictive value for the pCR (AUC = 0.86). A study
by Zhang et al. (37) obtained similar results (AUC = 0.84). On
the basis of the radiomics features of mpMRI combined with
clinicopathologic features, we also added roundness (a
quantitative morphologic feature) and narrowed the study
cohort to IBC-NST patients: the AUC of the combined
prediction model reached 0.930. The clinical value must be
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FIGURE 8 | Decision Curve analysis for three models in (A) training cohort and (B) validation cohort. The y-axis measures the net benefit. The pink line represents
model A, the orange line represents model B and the brown line represents model C. The green line represents the assumption that all patients gained substantial
benefit after NAC. The horizontal blue line represents the assumption that no patients gained substantial benefit after NAC.

validated further, but addition of quantitative morphologic
factors aids improvement of the predictive power of the model.

Our study had four main limitations. First, this was a
retrospective, single-center study, and a selection bias was
inevitable. Second, the heterogeneity of molecular subtypes
included in our study led to the use of different chemotherapy
regimens, this scenario is in accordance with clinical practice, but
may lead simultaneously to an imbalance in the pathologic response
of NAC. Third, we carried out comprehensive internal verification,
which demonstrated the reliability and repeatability of the
constructed model to a certain extent, and reduced the risk of a
confounding bias. However, the conclusions of our study are based
only on a particular population. Verification in multicenter studies
is needed to improve the universality of our model. Fourth, the
sequences used in the mpMRI radiomics were FS-T2WI, DWI, and
T1WI+C. Whether combination with other sequences or even other
imaging modalities (e.g., ultrasound, computed tomography,
positron emission tomography) can help improve the prediction
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performance must be explored further. Meanwhile, the comparison
of multiple classifiers and the application of deep learning will also
become our future research directions.

CONCLUSIONS

We developed a combined nomogram model based on mpMRI
radiomics, clinicopathologic features, and morphologic features for
early prediction of pCR to NAC in IBC-NST. Compared with
models based on clinicopathologic features alone or combining
clinicopathologic and radiomic features, this model has higher
predictive performance and is expected to provide more
references for making decisions on clinical treatment in the future.
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We developed a model for improving the prediction of survival outcome using postoperative
Ki-67 value in combination with residual cancer burden (RCB) in patients with breast cancer
(BC) who underwent neoadjuvant chemotherapy (NAC). We analyzed the data from BC
patients who underwent NAC between 2010 and 2019 at Samsung Medical Center and
developed our residual proliferative cancer burden (RPCB) model using semi-quantitative Ki-
67 value and RCB class. The Cox proportional hazard model was used to develop our RPCB
model according to disease free survival (DFS) and overall survival (OS). In total, 1,959 patients
were included in this analysis. Of 1,959 patients, 905 patients were excluded due to RCB
class 0, and 32 were due to a lack of Ki-67 data. Finally, an RPCB model was developed
using data from 1,022 patients. The RPCB score was calculated for DFS and OS outcomes,
respectively (RPCB-DFS and RPCB-OS). For further survival analysis, we divided the
population into 3 classes according to the RPCB score. In the prediction of DFS, C-indices
were 0.751 vs 0.670 and time-dependent areas under the receiver operating characteristic
curves (AUCs) at 3-year were 0.740 vs 0.669 for RPCB-DFS and RCB models, respectively.
In the prediction of OS, C-indices were 0.819 vs 0.720 and time-dependent AUCs at 3-year
were 0.875 vs 0.747 for RPCB-OS and RCB models, respectively. The RPCB model
developed using RCB class and semi-quantitative Ki-67 had superior predictive value for
DFS and OS compared with that of RCB class. This prediction model could provide the basis
to decide risk-stratified treatment plan for BC patients who had residual disease after NAC.

Keywords: neoadjuvant chemotherapy, Ki-67, residual cancer burden, prediction model, breast cancer, residual
proliferative cancer burden
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INTRODUCTION

Neoadjuvant chemotherapy (NAC) is a standard therapeutic
strategy for patients with locally advanced breast cancer (BC)
(1). NAC can reduce tumor burden and downsize tumor mass,
resulting in increasing the possibility of breast conservation and
avoiding axillary dissection and rendering inoperable tumors
operable ones (2-5). More importantly, NAC provides the
rationale for de-escalation of surgery in both the breast and
axilla and for risk-stratified treatment after curative surgery in
BC patients who undergo NAC (1, 6, 7).

A large number of studies have shown that patients who
achieve a pathological complete response (pCR) to NAC in both
primary breast tissue and ipsilateral axillary lymph nodes have
significantly longer overall survival (OS) and disease-free
survival (DFS) (8). Additionally, residual cancer burden (RCB)
was a significant long-term predictor of DFS and OS in all
subtypes of BC (9, 10). In the I-SPY 2 trial, it was suggested
that the RCB score could be used to assess the outcomes of novel
agents in combination with a standard NAC backbone (11, 12).

However, some patients who achieved pCR have undergone
BC recurrence, and the others with RCB III class have had long
DFS and OS.

Ki-67 is a nuclear protein expressed in the G1, S, and G2
phases of the cell cycle and not in the resting GO phase, and it is
one of the proliferation markers in many cancers (13). High
expression of Ki-67 in tumor cells is associated with tumor
growth, higher tumor grades, and poorer survival in breast
cancer. Since Ki-67 indicates tumor biology such as tumor
growth activity, assessment of Ki-67 can be used to estimate
the tumor response to therapies that specifically target dividing
cells, such as chemotherapy in particular (14).

Several studies have evaluated the prognostic and/or
predictive values of Ki-67. According to these previous studies,
a high pCR rate was associated with a high Ki-67 level with
statistical significance (15). Additionally, the post-
chemotherapeutic Ki-67 value was a strong predictor of
survival for BC patients not achieving a pCR (16).

We hypothesized the combination of the biological index of
Ki67 with the anatomic index of RCB would provide more
prognostic information than either alone. In this study, we
developed a prognostic model of BC treated with NAC using
an anatomic index of RCB in combination with a biological
index of Ki-67. We evaluated the prognostic values of the clinical
and pathological characteristics of BC at baseline and curative
surgery and made a prognostic model that cooperated with these
clinical factors.

METHODS

Patients

We retrospectively analyzed BC patients diagnosed with clinical
stages II to IIIC BC who underwent NAC followed by curative
surgery at the Samsung Medical Center between January 2010
and December 2019. Among these patients, patients who

received the second operation for ipsilateral or contralateral
BC due to local recurrence after initial curative surgery or
palliative operation with stage IV disease were excluded. We
also excluded patients who underwent surgery for bilateral BC.
This study was reviewed and approved by the Institutional
Review Board (IRB) of Samsung Medical Center, Seoul, Korea
(IRB No. 2019-04-021) with an informed consent waiver due to
the use of medical records with retrospective clinical data. This
study was conducted in accordance with the Declaration
of Helsinki.

Breast Cancer Pathology
All pathological specimens were reviewed by experienced
pathologists who determined primary tumor characteristics
based on biopsy specimens obtained for BC diagnosis.
Pathologists determined BC histology and receptor status
(estrogen receptor [ER], progesterone receptor [PgR], and
human epidermal growth factor receptor-2 [HER2]) according
to hematoxylin and eosin (H&E) and immunohistochemical
(IHC) staining (17). In terms of Ki-67, pathologists assessed it
by IHC on the Ventana Discovery autostainer using the antibody
MIB-1 as previously described (18). For semiquantitative
analysis, signals for Ki-67 were graded by two expert
pathologists as follows: 0-25%, 1+; more than 25-50%, 2+;
more than 50-75%, 3+; more than 75%, 4+. Histologic grade
and nuclear grade were also evaluated by Bloom-Ricardson
grading and the World Health Organization grading system (19).
Pathologists determined the pathological response to NAC
using surgical specimens. Pathologic complete response was
defined as no residual invasive tumor in both the primary
tumor bed and ipsilateral axillary lymph nodes (ypT0/Tis, NO)
(20). An RCB class was also calculated based on pathological
characteristics at surgery (9).

Statistical Analysis

Disease-free survival (DFS) was defined as the elapsed time from
the date of curative surgery to detect any recurrences, including
loco-regional and distant metastases. Overall survival (OS) was
defined as the duration between curative surgery and death. DFS
and OS were analyzed using the Kaplan-Meier method.
Differences among the groups with different characteristics were
estimated using the t-test in univariate analysis. In multivariate
analysis, Cox proportional-hazards regression was used to
estimate hazard ratios (HRs), concordance indexes (c-indexes),
and 95% confidence intervals (CIs). Statistical analyses were
executed with R version 4.0.1 (R Foundation for Statistical
Computing, Vienna, Austria; http://cran.r-project.org). Two-
tailed p-values of <0.05 were considered statistically significant
in all analyses.

Prediction Model Development

A prediction model for DFS and OS was developed on the basis
of semi-quantitative Ki-67 grade (range 1-4) and RCB class
(range 1-3). We developed RPCB, which was calculated as the
sum across all parameters of the Cox-coefficient for the particular
parameter, multiplied by the parameter value of the patient.
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bland b2 were coefficients from the Cox model of RCB class and
semi-quantitative Ki-67 grade.

RPCB = bI(RCB class) +b2(In[semi-quantitative Ki67 grade +
0.1]) (21)

Performance comparison of the RPCB score system, RCB
class, and Ki-67 grade was performed using Cox proportional-
hazards regression. The binary logistic regression method was
used for the 3-year survival prediction model development. We
calculated the area under the curve (AUC) of the receiver
operating characteristic (ROC) curve.

For data validation, we performed internal validation with
500 bootstrap resampling datasets (out of bag data used for
testing sets).

RESULTS

Clinical and Pathological Characteristics

In all, 2,851 patients with BC who received NAC at the Samsung
Medical Center from 2010 to 2019 were analyzed (Figure 1).
Among 2,851 patients, 73 with bilateral BC and 42 with no
pathologic information were excluded from further analysis. We
further excluded 777 patients because their RCB score could not
be calculated due to a lack of pathological information at the
operation. Therefore, 1,959 BC patients were included in our
analysis. We have described the pathological and clinical
characteristics of the patients in Supplementary Table 1.

Clinical Characteristics and

Survival Outcome

We performed multivariate analysis to evaluate the relationship
between clinical characteristics and survival outcome. We
observed 220 cases of distant recurrence of BC and 81 cases of
BC-related death. The median follow-up duration was 37
months (InterQuartile Range [IQR]: 18.9-48.3). Advanced
clinical stage (HR of stage IIIC vs. IIA: 3.053; p <0.001), high
expression of Ki-67 at curative surgery (HR of Ki-67 4+ vs. 1+:
4.080; p <0.001) and high score of the RCB class (HR of class III
vs. I: 2.749; p <0.001) were associated with poor DFS (Table 1).
In OS, high expression of Ki-67 at curative surgery (HR of Ki-67
4+ vs. 1+: 7.624, p = 0.015) and high score of RCB class (HR of
class IIT vs. I: 2.749, p <0.001) affected to a poor survival outcome
(Supplementary Table 2).

Survival Model According to Expression of
Postop. Ki-67 in RCB Class

We performed survival analysis according to Ki-67 grade in each
RCB class. In DFS, postop Ki-67 at curative surgery had a prognostic
value in RCB class I (p = 0.011), class II (p = 0.001), and class III (p
<0.001) (Supplementary Figures 1A-C). In OS, postop. Ki-67 did
not have prognostic value in RCB class I (p = 0.378) but did in class
II (p = 0.012) and class III (p <0.001) (Supplementary Figures 1D-—
F). These findings suggest the possibility that the addition of Ki-67 to
the RCB class might improve the accuracy of prediction for DFS and
OS in patients who are undergoing NAC with BC.

Neoadjuvant chemotherapy followed by curative surgery
Between 2010 and 2019 (N=2851)

* Bilateral breast cancer (n=73)
* Lack of Pathologic information

Subtype (n=13)
Ki-67 (n=29)

<4

Available information for NAC and curative surgery (N=2736)

* Cannot calculate RCB score (n=777) ‘

-

Final analysis set (N=1959)

<4

+ RCB O (N=905)
* No Ki-67 information at surgery
(N=32)

Prediction model development (N=1022)

FIGURE 1 | Consort diagram.
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TABLE 1 | Disease free survival prediction according to RCB class, Ki-67 and RPCB model.

Model 1 coef Se(coef) z Pr(>|z|) Type lll p-value Hazard ratio 95% CI' of HR? C-index 95% CI of C-index
RCB® 2vs1 0.715 0.291 2.456 0.014 <.001 2.045 1.155 3.619 0.670 0.632 0.708
3vs 1 1.818 0.291 6.253 <.001 6.161 3.485 10.894
Model 2 coef Se z Pr(>|z|) Type lll p-value Hazard ratio 95% CI of HR C-index 95% CI of C-index
(coef)
Ki-67 2vs 1 1.010 0.240 4.213 <.001 <.001 2.746 1.716 4.393 0.699 0.661 0.736
3vs1 1.024 0.225 4.545 <.001 2.785 1.790 4.330
4 vs 1 1.511 0.192 7.855 <.001 4.530 3.107 6.603
Model 3 coef Se z Pr(>|z|) Type lll p-value Hazard ratio 95% CI of HR C-index 95% CI of C-index
(coef)
RPCB*-DFS® 1.000 0.089 11.290 <.001 2.718 2.285 3.233 0.751 0.710 0.792
RCB 2vs 1 0.411 0.294 1.398 0.162 <.001 1.509 0.848 2.685
3vs1 1.602 0.292 5.485 <.001 4.964 2.800 8.800
Ki-67 2vs1 0.927 0.240 3.860 <.001 <.001 2.526 1.578 4.043
3vs 1 1.007 0.226 4.455 <.001 2.736 1.757 4.260
4 vs1 1.497 0.195 7.670 <.001 4.467 3.047 6.547

"Confidence interval; 2Hazard ratio; *Residual cancer burden; *Residual proliferative cancer burden; %Disease free survival.

Residual Proliferative Cancer Burden
Model for DFS and OS

For development of the RPCB model for DES and OS, we excluded
cases of RCB 0 and those of the absence of Ki-67 value at curative
surgery (Figure 1). In 1,022 cases, disease recurrence from BC was 170
(16.6%) and BCrelated death was 68 (6.7%) (Supplementary Table 3).

RPCB model had 2.718 in HR (95% of CI: 2.285, 3.233) and
0.751 in c-index (95% CI: 0.710, 0.792) (Table 1). In the RPCB
model, RCB class and Ki-67 maintained their predictive
capacities (HR of RCB class II vs. I: 1.509, IIT vs. I: 4.964,
p <0.001; HR of Ki-67 4+ vs. 1+: 4.467, 3+ vs. 1+: 2.736, 2+ vs.
1+: 2.526, p <0.001). Compared with the prediction model of the
RCB class and that of Ki-67, the RPCB model had superior
predictive capacity (c-index of RCB model: 0.670, 95% CI: 0.632,
0.708; c-index of Ki-67: 0.699, 95% CI: 0.661, 0.736).

RPCB model for OS had 2.718 in HR (95% of CI: 2.169, 3.407)
and 0.819 in c-index (95% CI: 0.755, 0.883) (Table 2). RPCB
model had more precisely predicted OS compared with the RCB
class and Ki-67 (c-index of the RCB model: 0.720, [95% of CI:
0.660, 0.779]; c-index of Ki-67: 0.750, [95% of CI: 0.695, 0.805]).

Three Year DFS Prediction According to
RPCB Model

We divided them into three classes of the RPCB model according
to their value. After making the RPCB class, we performed
survival analysis in terms of 3-year DFS. In the RPCB model,
there were 94.5% of 3-year DFS in RCB 0, 90.6% in RPCB class I,
77.3% in class II, and 38.9% in class III (p <0.001) (Figures 2A-
B). HR of RPCB class I was 1.75 (95% CI: 1.14, 2.68), 4.04 of
RPCB class II (95% CI: 2.78, 5.86), and 18.24 of RPCB class III
(95% CI: 12.48, 26.65) compared with RCB 0.

In the RCB class model, the 3-year DFS of RCB 0 was 94.5%,
93.4% in RCB class 1, 82.3% in class II, and 58.5% in class III
(p <0.001) (Supplementary Figure 2A). HR of RCB class I vs.
PCR was 1.41 (95% CI: 0.79, 2.52), 3.08 of RCB class II (95% CI:
2.14, 4.43), and 9.45 of RCB class II (95% CI: 6.58, 13.58).
Additionally, Ki-67 model had 88.6% of 3-year DFS in 1+, 71.2%
in 24, 72.7% in 3+, and 61.6% in 4+ (p <0.001) (Supplementary
Figure 2B). HR of 1.98 in the Ki-67 1+ group (95% CI: 1.33,
2.95), 5.43 of Ki-67 2+ (95% CI: 3.38, 9.71), 5.54 of Ki-67 3+
(3.55, 8.64), and 9.01 of Ki-67 4+ (95% CI: 6.15, 13.18).

TABLE 2 | Overall survival prediction according to RCB class, Ki-67 and RPCB model.

Model 1 coef  Se(coef) z Pr(>[z)  Type llip-value  Hazard ratio 95% CI' of HR? C-index 95% CI of C-index
RCB® 2vs 1 1.783 0.743 2.401 0.016 <.001 5.949 1.388 25.501 0.720 0.660 0.779
3vs1  3.070 0.741 4.142 <.001 21.534 5.039 92.035
Model 2 coef Se z Pr(>z]) Type lll Hazard ratio 95% Cl of HR C-index 95% CI of C-index
(coef) p-value
Ki-67 2vs 1 1.848 0.484 3.818 <.001 <.001 6.345 2.458 16.382 0.750 0.695 0.805
3vs1 2297 0.442 5.194 <.001 9.949 4.181 23.675
4vs1 2663 0.419 6.359 <.001 14.344 6.312 32.598
Model 3 coef Se z Pr(>|z]) Type Il Hazard ratio 95% CI of HR C-index 95% CI of C-index
(coef) p-value
RPCB*-08° 1.000 0.115 8.677 <.001 2.718 2.169 3.407 0.819 0.755 0.883
RCB 2vs 1 1.185 0.739 1.604 0.109 <.001 3.272 0.769 13.919
3vs1 2575 0.733 3.511 <.001 13.133 3.119 55.300
Ki-67 2vs 1 1.606 0.485 3.308 0.001 <.001 4.983 1.924 12.904
3vs1 2166 0.443 4.888 <.001 8.719 3.659 20.777
4vs 1 2.579 0.422 6.115 <.001 13.184 5.768 30.135

"Confidence interval; ?Hazard ratio; °Residual cancer burden; *Residual proliferative cancer burden; *Overall survival.
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FIGURE 2 | (A) Disease Free Survival (DFS) according to Residual Proliferative Cancer Burden (RPCB) class after neoadjuvant chemotherapy (NAC), (B) Hazard ratio
(HR) according to RPCB score for DFS, (C) Overall Survival (OS) according to RPCB after NAC, (D) HR according to RPCB score for OS.

In the 3-year DFS prediction model, the AUC of the RPCB
model was 0.740 (95% CI: 0.691, 0.789) compared with 0.669 of
the RCB model (95% CI: 0.621, 0.716), and 0.673 of Ki-67 (95%
CL: 0.621, 0.726) (Supplementary Figures 3A-C).

We performed internal validation with 500 bootstrap
resampling datasets. In DFS, the c-index of internal validation
of the RPCB model was 0.751 (95% CI: 0.710, 0.792) and the
AUC of the 3-year DFS model was 0.741 (95% CI: 0.692,
0.789) (Table 3).

Three Year OS Prediction According to
RPCB Model
In terms of 3-year OS, RCB 0 was 99.3%, 98.6% in RPCB class I,
94.6% in class II, and 63.3% in class III (p <0.001) (Figures 2C, D).
In OS, the HR of RPCB class I was 2.57 (95% CI: 1.14, 5.83), 7.41 of
RPCB dlass II (95% CI: 3.49, 15.74), and 43.89 of RPCB class III
(95% CI: 21.88, 88.02) compared with RCB 0.

The RCB class model had 99.4% of 3-year OS in RCB class I,
95.8% in class II, and 79.5% in class III (Supplementary Figure 2C).

TABLE 3 | Internal validation of RPCB_OS and RPCB_DFS model.

HR' 95% CI? of HR C-index
RPCB®_0Ss°
Original 2.718 2.169 3.407 0.819
Validation 2.822 1.884 3.761 0.818
RPCB_DFS’
Original 2.718 2.285 3.233 0.751
Validation 2.764 2.092 3.437 0.751

95% CI of C-index AUC? at 3Y* 95% CI of AUC
0.755 0.883 0.875 0.822 0.928
0.752 0.884 0.873 0.819 0.928
0.710 0.792 0.740 0.691 0.789
0.710 0.792 0.741 0.692 0.789

"Hazard ratio; “Confidence interval: ®Area under curve; *Year; °Residual proliferative cancer burden; ®Overall survival; 7: Disease free survival.
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The HR of RCB I was 1.36 (95% CI: 0.38, 4.81), 6.17 of RCB II (95%
CI: 3.03, 12.53), and 22.83 of RCB III (95% CI: 11.39, 45.76).
According to Ki-67 grade, 98.6% in 1+, 93.9% in 2+, 86.3% in 3+,
and 77.6% in 4+ (p<0.001) for 3-year OS, and we observed 1.49 of
Ki-67 1+ in HR (95% CI: 0.58, 3.84), 9.42 of Ki-67 2+ (95% CI: 4.11,
21.58), 14.88 of Ki-67 3+ (95% CI: 7.11, 31.12), and 21.52 of Ki-67 4+
(95% CI: 10.85, 42.72) (Supplementary Figure 2D). In the 3-year
OS of the RPCB model, 0.875 in AUC was observed (95% CI: 0.822,
0.928) compared with 0.747 in RCB class (95% CI: 0.684, 0.810) and
0.811 in Ki-67 grade (95% CI: 0.758, 0.862) (Supplementary
Figures 3D-F).

Internal validation for OS presented that the c-index of
internal validation was 0.818 (95% CI: 0.752, 0.884) and the
AUC of the 3-year OS model was 0.873 (95% CI: 0.819,
0.928) (Table 3).

RPCB Prediction Model According

to BC Subtypes

The prediction value of the RPCB prediction model according to
BC subtypes was analyzed. In DFS, RPCB class I in hormone
receptor+HER2— BC had an HR of 6.38 (95% CI: 1.14, 28.91),

13.71 in class IT (95% CI: 3.06, 61.42), and 36.75 in class IIT (95%
CI: 7.91, 170.67) compared with RCB 0 (p <0.001) (Figure 3A).
In TNBC, RPCB class I had an HR of 1.72 (95% CI: 0.90, 4.12),
4.51 in class IT (95% CI: 2.49, 8.18), and 19.90 in class III (95% CI:
11.10, 35.67) compared with pCR (p <0.001) (Figure 3B). In
HER2+ BC, HR of 2.17 in RPCB class I (95% CI: 1.14, 5.83), 7.41
of class IT (95% CI: 3.49, 15.74), and 43.89 of class III (95% CI:
21.88, 88.02) (p <0.001) (Figure 3C).

In OS, the pCR group in hormone receptor +HER2—- BC did
not experience any death events, and therefore we calculated HR
compared with RPCB class I. In hormone receptor+HER2— BC,
the HR of RPCB class IT was 1.81 (95% CI: 0.16, 20.04) and 43.89
of RPCB class III (95% CI: 4.69, 242.42) (p <0.001) (Figure 4A).
The RPCB model also well predicted OS in TNBC as well as
HER2+ BC. RPCB class I had HR of 3.74 (95% CI: 1.24, 11.33),
7.31 of class II (95% CI: 2.68, 19.94), and 37.31 of class III (95%
CIL: 14.49, 96.11) compared with pCR group (p <0.001)
(Figure 4B). Additionally, HR was 1.19 of class I (95% CI:
0.24, 5.97), 2.26 of class IT (95% CI: 0.27, 18.86), and 27.30 of
class III (95% CI: 6.36, 117.27) compared with pCR group in
HER2+ BC (p <0.001) (Figure 4C).
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FIGURE 3 | Residual Proliferative Cancer Burden prediction model according to BC subtypes in DFS (A) HR+HER2- subtype (B) TNBC subtype (C) HER2+ subtype.
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FIGURE 4 | Residual Proliferative Cancer Burden prediction model according to BC subtypes in OS. (A) HR+HER2- subtype. (B) TNBC subtype. (C) HER2+ subtype.
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Disease Free Survival and Overall Survival
According to RCB Class and Post-Op Ki-67
We also evaluated DFS and OS according to RCB class and post-
op Ki-67, respectively. The RCB class well predicted DFS in all
BC subtypes with statistical significance (ps <0.001)
(Supplementary Figure 4). However, we did not find the DFS
difference between RCB class 0 and I in all BC subtypes. The
OS predictive value of the RCB class decreased in hormone
receptor+HER2— BC (p = 0.580) (Supplementary Figure 5). In
HER+ BC, only RCB class III predicted different OS and RCB
class relatively well predicted OS in TNBC (p <0.001), but RCB
class I did not predict different OS compared with RCB class 0.

Post-op Ki-67 predicted DFS and OS according to BC
subtypes (Supplementary Figure 5). Post-op Ki-67 well
predicted DFS in hormone receptor +HER2— and TNBC
subtypes, whereas DFS of HER2+ BC did not correlate with
post-op Ki-67. OS in hormone receptor +HER2— BC and TNBC
were well predicted by post-op Ki-67 (p = 0.001 and p <0.001),
but only RCB class III had a different OS compared with RCB 0
in HER2+ BC.

DISCUSSION

We evaluated the role of Ki-67 as a prognostic value in
combination with RCB class, which is the strongest prognostic
factor of BC specific survival in patients who received NAC
followed by curative surgery. For predicting both DFS and OS,
residual proliferative cancer burden (RPCB) consisting of grade
of post-op Ki-67 expression and score of RCB class had superior
prognostic value compared with that of RCB class. Moreover,
like the RCB class, our model of the RPCB class had a predictive
value regardless of BC subtypes. Therefore, the RPCB class was
easy to use and precisely predicted BC prognosis.

Ki-67 has been considered the prognostic marker and
predictive marker for response to NAC (22-24). BC with high
Ki-67 had a higher pCR rate but shorter survival compared with
that with low Ki-67 in case of TNBC (24-26). Additionally, Ki-67
change during NAC was associated with NAC response and
prognosis (24). We analyzed the prognostic value of Ki-67
expression at BC diagnosis and curative surgery after NAC and
the change of Ki-67 expression during NAC in our NAC cohort.
In multivariate analysis, Ki-67 at BC diagnosis did not impact on
DFS and OS. Change of Ki-67 during NAC and postoperative Ki-
67 at curative surgery impacted BC survival (data not shown).

During the last decade, treatment strategies for BC have been
greatly updated. However, neoadjuvant chemotherapeutic
regimens have not been changed greatly, except for HER2
targeting agents. In a neoadjuvant setting, doxorubicin plus
cyclophosphamide followed by taxane has been the standard
chemotherapeutic regimen for HER2— BC subtypes (2). In
HER2+ BC, adding pertuzumab to trastuzumab has become a
new standard since 2016 (2). A previous study for NAC suggested
that the NAC regimen affected RCB and/or the pathologic

complete response rate in BC (27, 28). But RCB was the
independent prognostic factor for survival outcome regardless of
the NAC regimen (29). Besides, the NAC regimen did not impact
on the long-term survival outcome. Therefore, we suggested that
the NAC regimen would not be associated with our RPCB
prediction model.

A previous report investigating the role of Ki-67 as a
prognostic factor suggested that adding Ki-67 to the RCB class
improved their predictive value (21). Moreover, they
incorporated other values, including ER expression and
histological grade, to improve the prediction of long-term
outcome. However, the benefits of adding ER expression and
histological grade were not clear in terms of predicting DFS and/
or OS. In our study, histological grade and BC subtype were not
associated with DFS and OS, and we excluded these two factors.

In contrast to a previous study, we used semi-quantitative Ki-
67 as a categorical variable, not a continuous variable. We could
create our prediction model with two categorical variables; three
classes of RCB and four grades of Ki-67; and an RPCB class was
created based on the combination of these two categorical
variables. In total, 12 scores from two categorical variables
were used in our analysis, and we converted 12 scores into 3
categories of the RPCB class (Supplementary Table 4). This
meant our RPCB prediction model would be replicable and easily
adapted in a real clinic compared with a previous model (21).

Moreover, we would like to develop a prediction model that
can be operated regardless of BC subtype, such as the RCB class.
Each RCB class and the value of Ki-67 at curative surgery also
had their own predictive values for BC prognosis in DFS and OS.
However, they did not precisely predict BC prognosis in either
BC subtypes or all categories. However, all categories of our
model work very well in all BC subtypes of both DFS and OS.

Our model had a superior outcome in predicting OS than
DES. This trend was also observed in other prediction models,
the RCB and Ki-67 models. Furthermore, the RCB class and Ki-
67 models had similar predictive power in DFS, whereas the Ki-
67 model had a higher value of AUC compared with the RCB
model in predicting OS. This result would suggest that post-Ki-
67 was more associated with DFS than OS, even though both
DFS and OS were related to Ki-67. Therefore, the prediction
ability of our model increased more in OS than in DFS.

In conclusion, our RPCB model, in cooperation with the
anatomical RCB class and biological post-op Ki-67, more
precisely predicts BC prognosis compared with the RCB class.
Both DFS and OS were well estimated by our model regardless of
BC subtypes. This information is helpful for decision-making
regarding BC patients who had residual disease after NAC
followed by curative surgery.
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Purpose: This research investigated the predictive role of metabolic syndrome (MetS) in
breast cancer neoadjuvant chemotherapy (BCNACT) response.

Methods: One hundred fifty primary breast cancer (BC) patients who underwent
neoadjuvant chemotherapy (NACT) were included retrospectively. MetS, MetS
components [waist circumference (WC), fasting blood glucose (FBG), blood pressure,
triglycerides (TG), and high-density lipoprotein cholesterol (HDL-C)], serum lipid, and other
MetS-related laboratory indicators within two weeks before BCNACT were evaluated.
Univariate, multivariate, and subgroup analyses were performed to determine the
predictors of BCNACT pathologic complete response (pCR), clinical response, and
pathologic response. The effectiveness of the model was evaluated via receiver
operating characteristic curve (ROC) and calibration curve. External validation was
performed through 135 patients.

Results: Univariate analysis revealed that MetS before BCNACT predicted poor BCNACT
response (pCR, P = 0.003; clinical response, P = 0.033; pathologic response, P < 0.001).
Multivariate analysis confirmed that MetS before BCNACT predicted lower pCR rate (P =
0.041). Subgroup analysis showed that this relationship was significant in estrogen
receptor (ER) (-) (RR = 0.266; 95% Cl, 0.074-0.954), human epidermal growth factor 2
(HER2) (-) (RR = 0.833; 95% Cl, 0.740-0.939) and TNBC (RR = 0.833; 95% Cl, 0.636-
0.995). Multivariate analysis of external validation confirmed that pretreatment MetS
was associated with a lower pCR rate (P = 0.003), and subgroup analysis also
confirmed that this relationship had significant statistical differences in ER (=), HER2 (-),
and TNBC subgroups.

Conclusions: MetS before BCNACT predicted a lower pCR rate. Intervention on MetS
status, especially in ER (=), HER2 (=), and TNBC subgroups, is expected to improve the
response rate of BCNACT further.

Keywords: breast cancer, metabolic syndrome, neoadjuvant chemotherapy, efficacy prediction, MP grading,
RECIST criteria
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INTRODUCTION

Breast cancer (BC) is the most common type of female
malignant tumor. Despite the overall incidence of cancer
decreasing every year, the incidence of BC continues to
increase, and rise in obesity is one of the key factors (1).
Neoadjuvant chemotherapy (NACT) is known to shrinkage
even eliminate tiny lesions, reduce the chances of distant
metastasis, and improve clinical and pathologic response
rates. NACT is also an excellent model for evaluating efficacy
and looking for potential clinical or biological factors associated
with efficacy. With the widespread implementation of breast
cancer neoadjuvant chemotherapy (BCNACT), NACT is
considered as the standard treatment for locally advanced BC,
which has improved the overall survival rate of BC (2). Hence,
predicting the response of NACT is helpful to evaluate the
prognosis of patients. Moreover, some patients still could not
benefit from NACT, subject to the risk of adverse reactions and
death risk from chemotherapy, and even show cancer
progression while undergoing NACT. Therefore, it is needed
to determine predictive indicators which could prejudge
whether a BC patient will benefit from NACT (3). These
indicators help to achieve individualized treatment, avoid
unnecessary chemotherapy-related side effects and death,
and indirectly promote the development of new drugs.
Furthermore, accurate intervention on predictors could
further improve chemotherapy efficiency and survival time (4).

Metabolic syndrome (MetS) is a set of complex metabolic
disorder syndromes, which describes a pathologic state in
protein, fat, carbohydrate, and other metabolic components.
The main causes of MetS are obesity (especially centripetal
obesity) and insulin resistance. With an increase in the number
of obese patients worldwide, the MetS population has also raised
(5). Multiple studies have indicated that MetS and related
indicators such as obesity, hyperinsulinemia, insulin resistance,
inflammation, and adipocytokine secretion disorders are
associated with the occurrence, recurrence, and all-cause
mortality of BC (6-8). Stebbing et al. confirmed that MetS
before adjuvant chemotherapy (ACT) can predict poor clinical
response of BC patients with metastasis (P = 0.030) (9).
Moreover, studies found that insulin was relevant to the
efficiency of BCNACT (10, 11). However, obesity (12, 13),
diabetes, high fasting blood glucose (FBG) (14, 15), and blood
lipid (16, 17) were not consistent in predicting the efficiency of
BCNACT. Furthermore, the research on the relationship
between MetS and the efficiency of BCNACT is still very
limited. To this end, we evaluated the potential contribution of
MetS and relevant indicators in predicting the response of
BCNACT. The correlation between the two and the predict
ability can be determined by the traditional statistical and
machine learning (logistic regression) approaches. In addition,
studies have found that, in the estrogen receptor (ER) (+)
subgroup, blood glucose (18) and lipid (17) are related to the
efficacy of BC chemotherapy; therefore, we also investigated this
relationship under different ER states.

MetS was observed to have hyperuricemia and vascular
endothelial dysfunction, and vascular endothelial dysfunction

could lead to microalbuminuria and mild renal injury (19).
Furthermore, oxidative stress was considered as a pathogenesis
mechanism of MetS. Lactate dehydrogenase (LDH) was observed
to induce conditions of oxidative stress (20). Oxidative stress
could disrupt the secretion of adipocytokines (adipose-derived
hormones) including adiponectin, plasminogen activator
inhibitor 1, interleukin-6, and monocyte chemoattractant
protein 1 (21). These adipocytokines mediated the
development of MetS by participating in the regulation of
insulin sensitivity and glucose metabolism (22); thus, MetS
might be accompanied by low-grade inflammatory reaction.
Therefore, apart from MetS and its components, uric acid
(UA), creatinine (Cr), LDH, neutrophil-lymphocyte ratio
(NLR), lymphocyte-monocyte ratio (LMR), and platelet-
lymphocyte ratio (PLR) were also considered as potential
predictors of BCNACT. In addition, studies have found that,
in the postmenopausal subgroup, MetS is related to stage and
lymph node metastasis of BC patients, so we also studied the
relationship between MetS and clinical characteristics of BC
under different menstrual states (23).

PATIENTS AND METHODS

Population Study

In this study, patients diagnosed with BC in The First Hospital of
Lanzhou University between 1 July, 2018 and 31 July, 2021 were
retrieved through the electronic medical record system (n
2,152) and the pathologic registration system (n = 2,361). A total
of 1,246 patients were retained after duplicates were removed,
and 348 of them underwent NACT. Patients who not yet
received surgery (n = 31) did not receive whole course NACT
in The First Hospital of Lanzhou University (n = 4), had no
biochemical experiment (n = 2), lost to follow up and unable to
obtain waist circumference (WC) (n = 5), participated in clinical
trials (NACT regimen: albumin paclitaxel + perlotinib maleate)
(n = 6), and underwent neoadjuvant endocrine therapy (n = 2).
Patients with bilateral BC (n = 3) or whose chemotherapy
cycle <3 (n = 10) were excluded. Finally, a total of 285 primary
BC patients were evaluated. Study model was built with 150
patients (1 July, 2020 to 31 July, 2021), and 135 patients (1 July,
2018 to 30 June, 2020) were used for external validation
(Figure 1). Patients included in this study did not receive any
antitumor treatment before diagnosis and underwent surgery
after four to eight cycles of standard NACT. They had no
infectious diseases, hematological diseases, or severe liver or
kidney dysfunction and did not take glucocorticoids and other
drugs that might affect laboratory indicators within 3 months
before diagnosis. The study was approved by the ethics
committee of The First Hospital of Lanzhou University (No.
LDYYLL2021-265). Written informed consent has been remitted
in this study.

Medical Record Collection
Clinical data were obtained through the electronic medical
record system of The First Hospital of Lanzhou University and
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Electronic medical record system in The First Hospital
of Lanzhou University 2018/07/01-2021/07/31,
Patients with Primary BC diagnosis, n=2152

Pathology registration system in The First Hospital
of Lanzhou University 2018/07/01-2021/07/31,
Patients with Primary BC diagnosis, n=2361

Y

Patients after duplicates removed, n=1246

Excluded, n=898

Y

Did not recieve NACT

Patients screened, n=348

Excluded, n=63

1. Not yet receive surgical treament, n=31

2. Did not receive whole course NACT in The First
Hospital of Lanzhou University, n=4

3. Incomplete medical records, n=7 (No biochemical
examination before NACT, n=2; Lost to follow up

Y

Y

and unable to obtain WC, n=5)

4. Participated in clinical trials (NACT regimen:
Paclitaxel-albumin + Pyrotinib Maleate), n=6

5. Underwent Neoadjuvant endocrine therapy, n=2
6. Bilateral BC, n=3

7. Chemotherapy cycle <3, n=10

Patients included in the cohort study, n=285

Modeling: 2020/07/01-2021/07/31, n=150

External verification: 2018/07/01-2020/06/30, n=135

FIGURE 1 | Selection of patients for present study. BC, breast cancer; NACT, neoadjuvant chemotherapy; WC, waist circumference.

via telephone follow up. WC was measured at the navel level
(24). The weight and height were measured using a digital scale
while patients were not wearing heavy clothes and shoes. Body
mass index (BMI) was calculated according to the standard
formula of weight (kg)/height (m?). Blood pressure was
measured using the same electronic sphygmomanometer.
Blood and biochemical indicators were tested through blood
samples from patients within 2 weeks before NACT. All patients
underwent clinical staging through breast ultrasound, computed
tomography (CT) scans or magnetic resonance imaging (MRI)
before NACT. Ultrasound-guided breast puncture (lymph node
puncture if necessary) was also performed in patients to clarify

the pathology type and molecular classification of BC.
Pathological data were independently evaluated by two
experienced pathologists from The First Hospital of Lanzhou
University. If the results of the two pathologists were
inconsistent, a second evaluation was conducted until reaching
a consensus.

MetS Definition

The, 2006 criteria of IDF (International Diabetes Federation)
were adopted to diagnose MetS (5, 25). For a person to be defined
as having MetS, they must have WC >80 cm, with the presence of
two or more of the following conditions: 1. FBG > 5.6 mmol/L
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(100 mg/dl) or diagnosed with diabetes; 2. high-density
lipoprotein cholesterol (HDL-C) <1.3 mmol/L (50 mg/dl) or
drug therapy for low HDL-C; 3. blood triglycerides (TG) >1.7
mmol/L (150 mg/dl) or undergoing medical treatment for
elevated TG; 4. blood pressure >130/85 mmHg or drug
treatment for hypertension.

Treatment

Patients with human epidermal growth factor 2 (HER2) (-)
received AC-T, AC, or TAC regimens. Most of patients with
HER2 (+) received TCbHP, THP, AC-TH, TCbH, AC-THP, or
TH regimens (T: taxane, including docetaxel, albumin paclitaxel
or paclitaxel; A: anthracycline, C: cyclophosphamide; including
epirubicin, pyridoxorubicin or doxorubicin; Cb: carboplatin; H:
trastuzumab; P: pertuzumab). The NACT protocol used for the
patients is shown in Supplementary Tables 1, 2. It was reported
that taxanes can improve the response of BCNACT (26), so the
chemotherapy regimens were grouped into categories that either
included or excluded taxanes (12). The chemotherapy dose was
provided according to the body surface area, and an
individualized treatment plan was formulated according to the
Chinese Society of Clinical Oncology guidelines and
patient’s conditions.

NACT Response Evaluation

Pathologic complete response (pCR) was defined as no residual
cancer lesions in any excised breast tissue or lymph nodes.
Clinical response was evaluated according to the response
evaluation criteria in solid tumors criteria (RECIST) version
1.1 (27). Partial response (PR) and complete response (CR) were
defined as a good clinical response; progressive disease (PD) and
stable lesions (SD) were defined as a poor clinical response.
Pathologic response was assessed according to the Miller and
Payne grading (MP grading) (28, 29). G1-G3 were defined as
poor pathologic response and G4-G5 were defined as good
pathologic response (30).

Statistical Analysis

The SPSS 26.0 software was utilized to conduct statistical
analysis, and the GraphPad Prism 9 and R 4.1.2 software were
used to draw pictures. Dichotomous variables were defined
by the optimal cutoff value of the receiver operating
characteristic curve (ROC). Measurement data were
analyzed by t-test and counting data were analyzed by Chi-
square ()2) test, Fisher’s exact test, or non-parametric test.
Univariate, multivariate logistics regression and subgroup
(log-linear regression) analyses were made to assess possible
predictors on pCR, clinical, and pathologic response.
Predictors related to MetS [age at initiation of treatment,
BMI, menstrual status, WC, FBG, systolic blood pressure
(SBP), diastolic blood pressure (DBP), TG, HDL-C, and
UA] and predictors with P < 0.05 on univariate analysis
were included in multivariate analysis. The confidence
interval (CI) of the risk ratio (RR) is 95% and p-value < 0.05
is considered statistically significant.

RESULTS

Patient Characteristics

This study included 104 non-MetS (69.30%) and 46 MetS
patients (30.70%). The average age was 49.43 + 10.314 years
old (26-76 years old). The average chemotherapy cycle was
6.69 + 1.589. BCNACT scheme was shown in Supplementary
Table 1. The age, BMI, WC, FBG, SBP, DBP, TG, and UA levels
of MetS patients were significantly higher than those without
MetS, and the HDL-C level was significantly lower than those
without MetS. Postmenopausal patients were more prone to have
MetS. These two groups were comparable in tumor size, lymph
node status, stage, histological type, NACT regimen, molecular
subtype, ER, progesterone receptor (PR), HER2, and Ki-67
expression levels (Table 1). In addition, regardless of
menstrual status, the status of MetS was not related to clinical
characteristics (Supplementary Table 3).

Relationship Between MetS and

BCNACT Response

The overall pCR rate of BCNACT was 31.33%, of which the pCR
rate of HER2 (+) patients was 55.88% and that of HER2 (-)
patients was 10.98%. Compared with non-MetS patients, MetS
patients had lower pCR rate (P = 0.003), poorer clinical response
(P = 0.033), and poorer pathological response (P < 0.001)
(Figure 2A). Mass shrinkage (RECIST criteria 1.1) was more
obvious (P = 0.004) (Figure 2B), and the pathological grade was
lower (P < 0.001) (Figure 2C) in non-MetS patients.

When taking pCR as the outcome, multivariate analysis found
that non-MetS patients had a higher probability of pCR (P =
0.003) (Table 2). According to ROC curve, the C index of this
model was 0.895 (95% CI, 0.841-0.948; P < 0.001), and the
sensitivity and specificity were 0.957 and 0.728 respectively
(Figure 3A). The calibration curve shows that the predicted
probability of the model is in good agreement with ideal
probability (Figure 3B).

When taking clinical remission as the outcome, multivariate
analysis found that, compared with patients with BMI >25
and <30 kg/m’, patients with BMI <25 kg/m” were less likely
to have good clinical response (P = 0.006). Compared with
patients with TG <1.3, patients with TG >1.3 were less likely
to obtain good clinical response (P = 0.036) (Supplementary
Table 4). When pathological remission was used as the outcome,
multivariate analysis found that patients with TG >0.865 were
less likely to obtain clinical remission than patients with
TG <0.865 (P = 0.007) (Supplementary Table 5). MetS was
not found to be associated with clinical and pathological
response of BCNACT. Analysis according to ER status found
that the relationship between fast blood glucose, serum lipid, and
BCNACT response was not affected by ER expression status
(Supplementary Table 6).

Subgroup Analysis of MetS and

BCNACT pCR

Interaction analysis showed that MetS had no interaction with
ER, PR, HER?2, triple negative BC (TNBC), molecular subtype,
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TABLE 1 | Population and clinicopathologic characteristics.

Characteristics Non-MetS (%/ + SD) MetS (%/ + SD) Total p-value
104(69.30%) 46(30.70%) 150
Mean age, year
<50 52 13 65 0.010
>50 52 33 85
BMI, kg/m?
<25 78 16 94 <0.001
25<T < 30 25 24 49
T>30 1 6 7
Menopausal status
Premenopausal 59 17 76 0.020
Postmenopausal 45 29 74
WC, cm
<80 65 0 65 <0.001
>80 39 46 85
FBG, mmol/L
<5.6 91 23 114 <0.001
>5.6 13 23 36
Blood pressure
SBP, mmHg
<130 65 19 84 0.013
>13 39 27 66
DBP, mmHg
<85 78 26 104 0.020
>85 26 20 46
Lipid profile
TG, mmol/L
<17 89 22 111 <0.001
>1.7 15 24 39
HDL-C, mmol/L
<1.3 60 8 68 <0.001
>13 44 38 82
TC, mmol/L 4.46 + 0.93 4.60 £ 1.07 0.436
LDL-C, mmol/L 292 +0.74 3.07 +£0.82 0.268
UA, umol/L 261.02 + 60.56 287.48 + 79.62 0.027
Cr, umol/L 57.88 + 8.04 57.70 + 8.86 0.905
LDH, UL 179.66 + 38.74 186.20 + 43.53 0.361
Inflammation
NLR 3.07 = 2.11 3.183 + 2.86 0.900
LMR 7.89 £ 14.99 6.30 £ 2.92 0.476
PLR 168.02 + 86.31 145.00 + 62.23 0.105
Tumor size 0.070
T<2cm 19 5 24
2cm<T <5cm 78 35 113
T>5cm 7 6 13
Lymph node 0.271
Negative 34 12 46
Positive 70 34 104
Clinical stage 0.065
| 4 0 4
A 44 16 60
1B 49 25 74
Il 7 5 12
Pathogenic type 0.338
Invasive carcinoma 71 31 102
Invasive carcinoma with ductal carcinoma 28 10 38
Others 5 5 10
Molecular subtype 0.383
HER2+/HR+ 19 10 29
HER2+/HR- 31 8 39
Luminal 43 24 67
TNBC ih 4 15
ER 0.461
Negative 41 17 58
(Continued)
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TABLE 1 | Continued

Characteristics Non-MetS (%/ + SD) MetS (%/ + SD) Total p-value
Positive 63 29 92

PR 0.462
Negative 59 25 84
Positive 45 21 66

HER2 0.202
Negative 54 28 82
Positive 50 18 68

Ki-67 0.072
Negative 2 4 6
Positive 102 42 144

TNBC 0.489
Yes 11 4 15
No 93 42 135

NACT regimen 0.281
Non-taxane based 5 4 9
Taxane based 99 42 141

MetS, metabolic syndrome; SD, standard deviation; BMI, body mass index; WC, waist circumference; FBG, fasting blood glucose; SBP, systolic blood pressure; DBP,
diastolic blood pressure; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; LDL-C; low-density lipoprotein cholesterol; UA, uric acid;
Cr, creatinine; LDH, lactate dehydrogenase; NLR, neutrophil-lymphocyte ratio; LMR, lymphocyte-monocyte ratio; PLR, platelet-lymphocyte ratio; HER2, human
epidermal growth factor 2; HR, hormone receptor; TNBC, triple negative breast cancer; ER, estrogen receptor; PR, progesterone receptor; NACT, neoadjuvant
chemotherapy. Bold means p-value < 0.05.
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FIGURE 2 | Univariate analysis of relationship between MetS and NACT response. (A) pCR, P = 0.003; clinical responses, P = 0.033; pathologic responses, P
<0.001. (B) RECIST1.1 criteria P = 0.004. (C) MP grading P < 0.001. MetS, metabolic syndrome; pCR, pathologic complete response; PD, progressive disease; SD,
stable lesions; PR, partial response; CR, complete response; MP, Miller-Payne; RECIST, response evaluation criteria in solid tumors.
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TABLE 2 | Univariate and multivariate analysis of laboratory and clinical indicators with BCNACT pathologic complete response.

Indicators Total Univariate analysis Multivariate analysis (Hosmer-Lemeshow test, P = 0.250)
No Yes p-value RR (95% CI) p-value
150 103 47
Age, year 0.018 0.064
<50 65 51 14 1 (reference)
>50 85 52 33 0.278 (0.072-1.076)
BMI, kg/m? 0.420 0.357
<25 94 66 28 1 (reference)
25 <BMI <30 49 30 19 4.189*10° (0.000—~) 0.999
>30 7 7 0 1.010*10° (0.000-~) 0.999
Menopausal status 0.122 0.541
Premenopausal 76 56 20 1 (reference)
Postmenopausal 74 47 27 1.511 (0.403-5.672)
WG, cm 0.204 0.539
<93.665 131 92 39 1 (reference)
>93.665 19 ihl 8 0.596 (0.115-3.102)
FBG, mmol/L 0.097 0.059
<5.415 102 74 28 1 (reference)
>5.415 48 29 19 0.312 (0.103-1.046)
Blood pressure
SBP, mmHg 0.060 0.470
<137.5 95 70 25 1 (reference)
>137.5 55 33 22 0.617 (0.166-2.289)
DBP, mmHg 0.233 0.897
<83.5 91 65 26 1 (reference)
>83.5 59 38 21 1.087 (0.304-3.887)
Lipid profile
TG, mmol/L 0.242 0.868
<1.525 97 69 28 1 (reference)
>1.525 53 34 19 1.107 (0.332-3.687)
HDL-C, mmol/L 0.027 0.980
<1.465 121 88 33 1 (reference)
>1.465 29 15 14 0.984 (0.296-3.274)
TC, mmol/L 0.021 0.786
<4.720 90 68 22 1 (reference)
>4.720 60 35 25 0.665 (0.035-12.761)
LDL-C, mmol/L 0.047 0.822
<3.225 93 69 24 1 (reference)
>3.225 57 34 23 1.419 (0.067-29.963)
UA, umol/L 0.234 0.442
<2215 36 27 9 1 (reference)
>221.5 114 76 38 1.613 (0.477-5.451)
Cr, umol/L 0.169
<53.9 48 36 12
>53.9 102 67 35
LDH, U/L 0.151
<162 52 39 13
>162 98 64 34
Inflammation
NLR 0.142
<1.925 49 37 12
>1.925 101 66 35
LMR 0.320
<6.585 95 67 28
>6.585 55 36 19
PLR 0.065
<114.085 39 31 8
>114.085 111 72 39
Tumor size 0.327
T<2cm 24 16 8
2cm<T <5cm 113 77 36
T>5cm 13 10 3
Lymph node 0.336
(Continued)
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TABLE 2 | Continued

Indicators Total pCR Univariate analysis Multivariate analysis (Hosmer-Lemeshow test, P = 0.250)
No Yes p-value RR (95% CI) p-value
Negative 46 30 16
Positive 104 73 31
Clinical stage 0.252
| 4 1 3
A 60 42 18
1B 74 51 23
1l 12 9 3
Pathogenic type 0.014 0.941
Invasive carcinoma 102 172 30 1 (reference)
Invasive carcinoma with ductal 38 21 17 8.763*10° (0.000—~) 0.999
carcinoma
Others 10 10 0 1.061*10° (0.000-—~) 0.999
Molecular subtype <0.001
HER2+/HR+ 29 15 14
HER2+/HR- 39 16 23
Luminal 67 61 6
TNBC 15 11 4
ER 0.004 0.610
Negative 58 32 26 1 (reference)
Positive 92 71 21 0.716 (0.198-2.584)
PR 0.002 0.096
Negative 84 49 35 1 (reference)
Positive 66 54 12 3.177 (0.814-12.398)
HER2 <0.001 <0.001
Negative 82 73 9 1 (reference)
Positive 68 30 38 0.123 (0.038-0.396)
Ki-67 0.278
Negative 6 3 3
Positive 144 100 44
TNBC 0.465
Yes 15 ih 4
No 135 92 43
NACT regimen 0.165
Non-taxane based 9 8 1
Taxane based 141 95 46
MetS 0.003 0.003
No 104 64 40 1 (reference)
Yes 46 39 7 10.765 (2.256-51.361)

PCR, pathologic complete response; RR, risk ratio; Cl, confidence interval; BMI, body mass index; WC, waist circumference; FBG, fasting blood glucose; SBP, systolic blood pressure;
DBP, diastolic blood pressure; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; LDL-C; low-density lipoprotein cholesterol; UA, uric acid; Cr, creatinine;
LDH, lactate dehydrogenase; NLR, neutrophil-lymphocyte ratio; LMR, lymphocyte-monocyte ratio; PLR, platelet-lymphocyte ratio; HER2, human epidermal growth factor 2; HR, hormone
receptor; TNBC, triple negative breast cancer; ER, estrogen receptor; PR, progesterone receptor; NACT, neoadjuvant chemotherapy. Bold means p-value < 0.05. * means multiplication.

and NACT regimen. Subgroup analysis showed that the
relationship between MetS and BCNACT pCR was more
significant in ER (-), PR (-), HER2 (=), TNBC (-), TNBC,
luminal subgroup, and NACT regimen based on
taxane (Figure 4).

External Validation of Relationship
Between MetS and BCNACT Response
Patient characteristics of external validation group were showed
in Supplementary Table 7. There was no relationship between
MetS and clinical characteristics of BC patients regardless of
menstrual status (Supplementary Table 8). BCNACT scheme
was shown in Supplementary Table 2. Univariate analysis
confirmed that MetS was associated with BCNACT response
(pCR, P = 0.011; clinical response, P = 0.004; pathological

response; P = 0.014; RECIST criteria 1.1, P < 0.001; MP grade,
P = 0.048) (Figure 5).

Multivariate analysis confirmed that MetS was associated with
BCNACT pCR (P = 0.046). Multivariate analysis also found that
patients with FBG <5.415 were more likely to get obtain pCR than
patients with FBG >5.415 (P = 0.023) (Table 3). The C index of the
model was 0.917 (95% CI, 0.862-0.973; P < 0.001), and the sensitivity
and specificity were 0.983 and 0.714, respectively (Supplementary
Figure 1). Multivariate analysis did not find indicators related to
clinical and pathological response (Supplementary Tables 9, 10).
Subgroup analysis confirmed that the relationship between MetS and
BCNACT pCR was more significant in ER (=), HER2 (=), and
TNBC subgroups (Figure 6). It was not found that the relationship
between blood lipid, blood glucose, and response was affected by ER
expression status (Supplementary Table 11).
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FIGURE 3 | ROC curve and calibration curve of BCNACT pCR prediction model:

DISCUSSION

NACT is an indispensable treatment for locally advanced BC,
which can shrink the tumor volume, increase the opportunity of
operation and breast preservation, lessen the surgical trauma,
eliminate the minor subclinical cancer focus, reduce the activity
of tumor cells, so as to decrease the risk of distant metastasis, and
provide the basis of drug sensitivity for preoperative ACT.
Furthermore, predicting the response of BCNACT is helpful to
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(A) ROC curve. (B) calibration curve.

evaluate the prognosis of patients, promote individualized
treatment, and further improve the BCNACT response rate.
To the best of our knowledge, this study is the first research,
which specifically explores the relationship between the response
of BCNACT and MetS. Previously, only the relationship between
MetS components and BCNACT response was studied. MetS can
be diagnosed merely through routine examination, without the
need for new technology or equipment. Thus, it has the
advantages of low cost, high efficiency, and ease to generalize

Mets pCR (Mets vs. non-Mets) RR P Value for
n/N /N % (95% CI) Interaction
Overall 46/150 7/46 vs. 40/104  15.20% vs. 38.50%  He— 0.287 (0.117-0.704)
ER
Neg.a.tive 17/58  4/17 vs. 22/41 23.50% vs. 53.70% ¢ 0.266 (0.074-0.954) 0.696
Positive 29/92  3/29vs. 18/63 10.30% vs. 28.60% H— 0.288 (0.078-1.074)
PR
Negative 25/84  6/25vs.29/59 24.00% vs. 49.20%  H— 0.327 (0.114-0.934) 0.645
Positive 21/66 1/21 vs. 11/45 4.80% vs. 24.40% F— 0.155 (0.019-1.288)
HER2
Negative 28/82  0/28 vs. 9/54 0.00% vs. 16.70% 1 0.833 (0.740-0.939) 0.687
Positive 18/68  7/18 vs. 31/50 38.90% vs. 62.00% —o—H 0.390 (0.129-1.179)
TNBC
No 42/135  7/42vs. 36/93 16.70% vs. 38.70%  e—j 0.317 (0.127-0.789) 0.644
Yes 4/15 0/4 vs. 4/11 0.00% vs. 36.40% o 0.833 (0.636-0.995)
Molecular subtype
HER2+/HR+ 10/29  3/10vs. 11/19 30.00% vs. 57.90% Ho——F— 0.312 (0.061-1.592) 0.698
HER2+/HR- 8/39 4/8 vs. 19/31 50.00% vs. 61.30% —e | 0.632 (0.132-3.015)
Luminal 24/67  0/24 vs. 6/43 0.00% vs. 14.00% H 0.860 (0.763-0.971)
TNBC 4/15 0/4 vs. 4/11 0.00% vs. 36.40% o 0.833 (0.636-0.995)
NAC regimen
Nontaxane based 4/9 0/4 vs. 1/5 0.00% vs. 20.00% o1 0.800 (0.516-1.240) 0.552
Taxane based 42/141 7/42 vs. 39/99 16.70% vs. 39.40% Ho— 0.308 (0.124-0.761)
1 1 1 1
0 1 2 3 4
FIGURE 4 | Subgroup analysis of MetS and BCNACT pCR. MetS, metabolic syndrome; pCR, pathologic complete response; RR, risk ratio; Cl, confidence interval; ER,
estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor 2; TNBC, triple negative breast cancer; NACT, neoadjuvant chemotherapy.
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FIGURE 5 | External validation of univariate analysis on relationship between MetS and NACT response. (A) pCR, P = 0.011; clinical responses, P = 0.004; pathologic
responses, P = 0.014. (B) RECIST1.1 criteria P < 0.001. (C) MP grading P = 0.048. MetS, metabolic syndrome; pCR, pathologic complete response; PD, progressive
disease; SD, stable lesions; PR, partial response; CR, complete response; MP, Miller-Payne; RECIST, response evaluation criteria in solid tumors.

in predicting the efficiency of BCNACT. Studies have shown that
MetS is associated with later staging (P = 0.022) and lymph node
metastasis (P = 0.028) in postmenopausal BC (23). Our study did
not find this link (Supplementary Tables 3, 8), which may be
due to the different clinical characteristics of the population
participating in BCNACT from the whole BC population with
postmenopausal. MetS patients are also accompanied by
hyperuricemia, persistent low-grade inflammatory reaction,
oxidative stress, and mild renal injury. Our study found that
MetS patients had higher UA levels (Table 1), which was
consistent with other study (31). In addition, external
validation found higher LDH levels in MetS patients
(Supplementary Table 7), suggesting that MetS patients were
easily predisposed to oxidative stress than non-MetS patients.
This research has not yet found a direct link between MetS and
mild renal injury (Cr) or persistent low inflammatory reaction
(NLR, LMR, and PLR) (Table 1 and Supplementary Table 7),
perhaps MetS did not participate in the pathogenesis of BC
through these mechanisms.

In our study, univariate analysis found that patients with
MetS before chemotherapy were more difficult to achieve pCR,
clinical, and pathological response than non-MetS (Figures 2, 5).
Multivariate analysis found that MetS was associated with

BCNACT pCR (Tables 2, 3). A study demonstrated that,
among BC patients with metastasis, non-MetS patients before
ACT were easier to achieve clinical response than MetS patients
(9); this study is a good complement in predicting the response of
BC chemotherapy via MetS. Alan et al. did not find the
relationship between MetS and BCNACT pCR in the study of
55 patients (33% vs. 23%, P = 0.200) (11), but the sample size of
this study is small and the diagnostic criteria of MetS are different
from this study (32).

Regarding the relationship between obesity and BCNACT
response, studies have discovered that obese patients have a
lower pCR rate (OR = 0.59; 95% CI, 0.37-0.95) (12), and similar
studies have confirmed it. Maybe insufficient dose of obese
patients led to poor response (33). However, a meta-analysis
concluded that BMI is not associated with BCNACT response
(34). Our study found that overweight patients were more likely
to achieve clinical response than patients with normal weight
(Supplementary Table 4). This conclusion is contrary to
previous studies, and the external validation group did not find
this association.

As for the relationship between serum lipids and BCNACT
response, Hilvo et al. found that lower-level TG suggests
BCNACT pCR (16). Our study found that low-level TG was
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TABLE 3 | Univariate and multivariate analyses of laboratory and clinical indicators with BCNACT pathologic complete response on external validation patients.

Indicators Total Univariate analysis Multivariate analysis (Hosmer-Lemeshow test, P = 0.853)
No Yes p-value RR (95% CI) p-value
135 119 16
Age, year 0.517 0.226
<50 64 56 8 1 (reference)
>50 71 63 8 0.277 (0.035-2.207)
BMI, kg/m? 0.435 0.259
<25 83 73 10 1 (reference)
25 < BMI <30 44 38 6 3.388+*10° (0.000—~) 0.999
>30 8 8 0 1.615*10” (0.000-~) 0.999
Menopausal status 0.450 0.092
Premenopausal 78 68 10 1 (reference)
Postmenopausal 57 51 6 6.419 (0.737-55.916)
WG, cm 0.048 0.998
<93.665 113 97 16 1 (reference)
>93.665 22 22 0 3.883*10° (0.000-~)
FBG, mmol/L 0.012 0.023
<5.415 91 76 15 1 (reference)
>5.415 44 43 1 79.074 (1.809-3456.590)
Blood pressure
SBP, mmHg 0.430 0.060
<137.5(%7%) 99 88 1 1 (reference)
>137.5 36 31 5 0.038 (0.002-1.093)
DBP, mmHg 0.262 0.603
<83.5 96 83 13 1 (reference)
>83.5 39 36 3 1.788(0.200-15.958)
Lipid profile
TG, mmol/L 0.240 0.666
<1.525 95 82 13 1 (reference)
>1.625 40 37 3 1.5628 (0.223-10.452)
HDL-C, mmol/L 0.337 0.997
<1.465 27 25 2 1 (reference)
>1.465 108 94 14 0.996 (0.111-8.955)
TC, mmol/L 0.195
<4.720 75 64 11
>4.720 60 55 5
LDL-C, mmol/L 0.467
<3.225 87 76 1
>3.225 48 43 5
UA, umol/L 0.295 0.081
<221.5 39 33 6 1 (reference)
>221.5 96 86 10 4.788 (0.827-27.734)
Cr, umol/L 0.567
<53.9 28 25 3
>53.9 107 94 13
LDH, UL 0.142
<162 36 34 2
>162 99 85 14
Inflammation
NLR 0.240
<1.925 40 37 3
>1.925 95 82 13
LMR 0.309
<6.585 98 85 13
>6.585 37 34 3
PLR 0.415
<114.085 33 30 3
>114.085 102 89 13
Tumor size 0.346
T<2cm 25 22 3
2cm<T<5cm 100 87 13
T>5cm 10 10 0
Lymph node 0.102
(Continued)
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TABLE 3 | Continued

Indicators Total pCR Univariate analysis Multivariate analysis (Hosmer-Lemeshow test, P = 0.853)
No Yes p-value RR (95% CI) p-value
Negative 52 43 9
Positive 83 76 7
Clinical stage 0.076
| 10 8 2
A 57 49 8
1B 55 49 6
1l 13 13 0
Pathogenic type 1.000
Invasive carcinoma 125 109 16
Invasive carcinoma with ductal 6 6 0
carcinoma
Others 0 8 8
Molecular subtype <0.001
HER2+/HR+ 27 23 4
HER2+/HR- 14 9 5
Luminal 73 71 2
TNBC 21 16 5
ER 0.003 0.552
Negative 39 29 10 1 (reference)
Positive 96 90 6 1.764 (0.272-11.413)
PR 0.002 0.093
Negative 53 41 12 1 (reference)
Positive 82 78 4 7.208 (0.719-72.297)
HER2 0.020 0.023
Negative 94 87 7 1 (reference)
Positive 41 32 9 0.157 (0.063-0.519)
Ki-67 0.219
Negative 14 11 3
Positive 121 108 13
TNBC 0.077
Yes 21 16 5
No 114 103 11
NACT regimen 0.176
Non-taxane based 34 32 2
Taxane based 101 87 14
MetS 0.011 0.046
No 80 66 14 1 (reference)
Yes 55 53 2 9.416 (1.038-85.443)

PCR, pathologic complete response; RR, risk ratio; Cl, confidence interval; BMI, body mass index; WC, waist circumference; FBG, fasting blood glucose; SBP, systolic blood pressure;
DBP, diastolic blood pressure; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; TC, total cholesterol; LDL-C; low-density lipoprotein cholesterol; UA, uric acid; Cr, creatinine;
LDH, lactate dehydrogenase; NLR, neutrophil-lymphocyte ratio; LMR, lymphocyte-monocyte ratio; PLR, platelet-lymphocyte ratio; HER2, human epidermal growth factor 2; HR, hormone
receptor; TNBC, triple negative breast cancer; ER, estrogen receptor; PR, progesterone receptor; NACT, neoadjuvant chemotherapy. Bold means p-value < 0.05. * means multiplication.

easy to obtain better clinical and pathological response
(Supplementary Tables 4, 5), but the external validation group
did not confirm this relationship (Supplementary Tables 9, 10).
A study has found that the lower HDL-C in the ER (+) subgroup
suggests better clinical response (17), which may be due to, in
different ER subgroups, the activation of different signal
pathways during chemotherapy or tumor heterogeneity was
different. However, our research did not discover an
association between HDL-C and BCNACT response in ER (+)
subgroup (Supplementary Tables 6, 11). In general, blood lipids
can indicate the efficacy of BCNACT, but it is still necessary to
use unified standards to further evaluate its predictive value in a
larger scale.

With regard to the relationship between blood glucose and
BCNACT response, Arici et al. suggested that diabetes and high
FBG levels predicted poor pathological response (14). Alan et al.

found that insulin resistance had an adverse relationship on
BCNACT pCR (11). Our study did not find this relationship
(Table 2), although external validation found higher FBG
indicated lower PCR rate (Table 3). The study of Cao et al.
also showed that FBG could not predict clinical response of
BCNACT (15). Additionally, studies have found that
hyperglycemia participated in ER (+) chemotherapy resistance.
When hyperglycemia occurs, insulin-like growth factor 1 (IGF-
1) concentration increases. IGF-1 can specifically induce FASN
(fatty acid synthase) to activate the mitogen-activated protein
kinase pathway of BC and increase ERal phosphorylation levels,
which up-regulated nuclear localization of ERo. Nuclear ERa.
could raise the expression of CCND1 (cell cycle-related protein),
which will weaken the inhibition of anticancer drugs on the
proliferation of tumor cells (18, 35). However, our study did not
consider that the relationship between blood glucose and
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Mets pCR (Mets vs. non-Mets) RR P Value for
/N /N % (95% CI) Interaction
Overall 55/135  2/55 vs. 14/85 3.60% vs. 17.5% HI 0.178 (0.039-0.818)
ER
Negative 17/39  1/17 vs. 9/22 5.90% vs. 40.90% #— 0.090 (0.010-0.808) 0.241
Positive 38/96  1/38 vs. 5/58 2.60% vs. 8.60% l—— 0.286 (0.032-2.554)
PR
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FIGURE 6 | External validation of subgroup analysis on the relationship between MetS and BCNACT pCR. MetS, metabolic syndrome; pCR, pathologic complete
response; RR, risk ratio; Cl, confidence interval; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor 2; TNBC, triple negative

breast cancer; NACT, neoadjuvant chemotherapy.

BCNACT response related to ER status (Supplementary
Tables 6, 11). In conclusion, we believe that this link between
FBG and BCNACT response still needs to be verified in more
rigorous research.

The relationship between MetS-related indicators UA, LDH,
Cr, and BCNACT response was analyzed, but there is no
predictor on response. Dennison et al. found that high LDH-B
can predict BCNACT pCR on hormone receptor (HR) (+)/HER2
(=) (OR = 4.1, P < 0.001) and TNBC (OR = 3.0, P = 0.003)
subtype (36). Therefore, it is necessary to further study the
relationship among LDH subunits in various molecular
subtypes and BCNACT response. In addition, studies have
shown that NLR, LMR, and PLR predicted BCNACT response
(37). However, our multivariate analysis did not confirm this
conclusion, and the research conclusions of Alan et al. and Sahin
et al. were consistent with ours (11, 38). In summary, we
speculated that, as a comprehensive indicator, MetS could be a
more precise indicator in predicting BCNACT response than
MetS components. Multicenter studies are required to confirm
the predictive role of blood lipids, blood glucose, and
inflammatory parameters in BCNACT response.

In order to guide clinical practice better and verify the
reliability of the conclusion, we conducted subgroup analysis
on MetS and BCNACT pCR (Figures 4, 6). The study of Tong
et al. found that MetS was not indictor for BCNACT pCR in
HER2 (+) (17.24% vs. 82.76%, P = 0.106) (39), which is
consistent with our conclusion. However, we found significant

differences in ER (-), HER2 (-), and TNBC subgroups. It is
suggested that the intervention of MetS status in the above
subgroups can improve BCNACT pCR rate more effectively.
This study has some limitations: 1. As a single-center study,
only Chinese patients were included, the incidence of MetS varied
greatly between China and other countries (40). Due to the small
sample size and excessive fitting, reliable conclusions cannot be
obtained via machine learning. The universality of conclusions
from this study still needs to be verified in a larger population. 2. As
a retrospective study, recall bias of patient data may exist. The diet
and exercise status of patients before diagnosis had not been
evaluated, which may be confounding factors (41). 3. This study
did not rule out the interference of chemotherapy dose in the
assessment of BCNACT response. During the NACT process,
physicians appropriately adjusted the dose according to the
degree of the patient’s tolerance or adverse reaction, and the
dosages of some patients have also changed accordingly with the
weight fluctuation. 4. In terms of protocol and dose, the guidelines
referenced by external validation patients are not as good as those
in modeling patients, which resulted in worse response than
modeling group and cause inconsistencies on several secondary
conclusions between modeling and external validation group.
Finally, our study suggests that it is necessary to conduct an
in-depth study to find out the mechanism of BCNACT resistance
in MetS patients, especially in ER (=), HER2 (-), and TNBC
subgroups. Furthermore, a variety of methods to improve the
metabolism of cancer patients can ameliorate the prognosis to a
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greater extent. For example, appropriate nutritional intervention
and psychological support were observed to significantly prolong
the survival rate for cancer patients (4). Heys et al. considered
that supplementing L-arginine to BC patients could improve the
NACT response (42). Adams et al. confirmed that resistance
exercise training improved the life quality of BCNACT (43).

CONCLUSION

MetS before NACT predicted BCNACT pCR, especially in ER
(=), HER2 (-), and TNBC subgroups. Developing appropriate
intervention strategies to rectify MetS status was speculated to
improve the BCNACT response further.
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Breast Surgery, Xingtai People’s Hospital, Xingtai, China, # Pathology Department, Fourth Hospital of Hebei Medical
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Background: Combined neoadjuvant chemotherapy with trastuzumab and pertuzumab
is the standard regimen for human epidermal growth receptor 2 (HER2)-positive breast
cancer (BC). However, pertuzumab is not available because it is not on the market or
covered by medicare in some regions or poor economy. Anthracyclines and taxanes are
cornerstones in BC chemotherapy, and their combination contributes to satisfactory
efficiency in neoadjuvant settings. Nonetheless, concomitant administration of
trastuzumab and an anthracycline is generally avoided clinically due to cardiotoxicity.
Pegylated liposomal doxorubicin (PLD) is less cardiotoxic compared with traditional
anthracyclines. Here, we conducted this prospective study to evaluate the efficacy,
safety, and potential biomarkers for PLD plus trastuzumab and docetaxel as
neoadjuvant treatment in HER2-positive BC.

Patients and Methods: Patients with stage Il or Il HER2-positive BC were recruited in
this multicenter, open-label, single-arm, phase Il study. Eligible patients were given 6
cycles of PLD plus docetaxel and trastuzumab. Primary endpoint was total pathological
complete response (tpCR, ypT0/is ypNO). Secondary endpoints were breast pathological
complete response (bpCR, ypTO0/is), objective response rate (ORR), operation rate,
breast-conserving surgery rate, and safety. Metadherin (MTDH), glutaminyl-peptide
cyclotransferase (QPCT), topoisomerase Il alpha (TOP2A), programmed death ligand 1
(PD-L1), and tumor-infiltrating lymphocytes (TILs) were evaluated in BC tissues pre-
neoadjuvant for potential biomarkers.

Results: Between March 2019 and February 2021, 54 patients were enrolled, 50 were
included in the analysis, and 35 (70.0%) completed 6 cycles of neoadjuvant treatment.
Forty-nine (98.0%) patients underwent surgery with a breast-conserving rate of 44.0%.
The tpCR rate, bpCR rate, and ORR were 48.0% (95% Cl, 33.7%—-62.6%), 60.0% (95%
Cl, 45.2%-73.6%), and 84.0% (95% CI, 70.9%-92.8%), respectively. tpCR was
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associated with MTDH (p = 0.002) and QPCT (p = 0.036) expression but not with TOP2A
(o =0.75), PD-L1 (p = 0.155), or TILs (p = 0.76). Patients with HR-negative status were
more likely to achieve bpCR compared with those with HR-positive status (76.2% vs.
48.3%, p = 0.047). Grade >3 adverse events occurred in 38.0% of patients. Left
ventricular ejection fraction decline by >10% was reported in 18.0% of patients, and no
patient experienced congestive heart failure.

Conclusions: PLD plus docetaxel and trastuzumab might be a potential neoadjuvant
regimen for HER2-positive BC with a high tpCR rate and manageable tolerability. MTDH
and QPCT are potential predictive markers for tpCR.

Keywords: HER2-positive breast cancer, neoadjuvant treatment, pegylated liposomal doxorubicin, trastuzumab,

efficacy, safety, biomarker

INTRODUCTION

Breast cancer (BC) has been the most common malignancy for
women worldwide in terms of both morbidity and mortality (1).
As a kind of systemic treatment before surgery, neoadjuvant
chemotherapy (NAC) has become the preferred treatment for
patients with locally advanced BC (2). Human epidermal growth
receptor 2 (HER2) is positive in about 20%-25% of breast tumors
(3). Although HER2-positive breast tumors are associated with
aggressive phenotypes and poor prognosis, they are highly
sensitive to some chemotherapeutic agents such as
anthracyclines or taxanes (4-6). Previous studies have
displayed a high pathological complete response (pCR) rate in
neoadjuvant treatment with combined application of
anthracyclines and taxane (7). Therefore, anthracycline and
taxane-based combination chemotherapy is currently
considered to be the standard neoadjuvant regimen for HER2-
positive BC (8). However, long-term follow-up data showed that
around 15%-24% of patients with BC will still experience disease
recurrence—even death (9). In this regard, exploring optimal
regimens is crucial for patients with BC to obtain longer survival.

Trastuzumab, the first anti-HER2 monoclonal antibody, was
approved by the Food and Drug Administration for HER2-
positive BC in 1998 (10). Since the advent of trastuzumab, the
outcomes of patients with HER2-positive BC have been greatly
improved (11-13). Trastuzumab combined with pertuzumab is
the preferred treatment in the HER2-positive neoadjuvant
setting. However, pertuzumab is not available because it is not
on the market or covered by Medicare in some regions or poor
economy. A preclinical study has shown that there are additive
interactions between trastuzumab and doxorubicin and
synergistic interaction between trastuzumab and docetaxel
(14). However, the concurrent use of trastuzumab and an
anthracycline is clinically avoided on account of synergetic
cardiotoxicity (15).

To overcome the cardiotoxicity and improve the penetration
of doxorubicin, liposomal doxorubicin (LD) has been
developed (16). Compared with conventional doxorubicin, LD
offers a significant reduction in cardiotoxicity while preserving
its antitumor efficacy for metastatic BC (17, 18). Therefore, LD
can serve as an alternative for traditional anthracyclines in the

neoadjuvant setting for HER2-positive BC. Several phase II
clinical trials have confirmed that LD plus docetaxel and
trastuzumab as neoadjuvant treatment is active in HER2-
positive BC and entails a favorable cardiotoxicity profile (19,
20). Pegylated liposomal doxorubicin (PLD) is a formulation of
doxorubicin encapsulated in about 100-nm vesicles with a
lipophilic surface that is coated with hydrophilic polyethylene
glycol (21). Although both LD and PLD show a preferential
uptake in tumor tissue, mononuclear phagocytic system uptake
is avoided by PLD, resulting in increased circulation time
(22, 23). Thus far, no studies have assessed the combination of
PLD plus trastuzumab and docetaxel as neoadjuvant treatment
for patients with HER2-positive BC. For this purpose, a
multicenter, open-label, single-arm, phase II study was
designed to assess the efficacy and safety of PLD plus
trastuzumab and docetaxel for the neoadjuvant treatment of
patients with stage II or III HER2-positive BC for the first time.

METHODS
Study Design

This study was a multicenter, open-label, single-arm, phase II
study conducted in 3 hospitals in China. Patients with stage II or
III HER2-positive BC were recruited between March 2019 and
February 2021. This trial was registered in the Chinese Clinical
Trial Registry (number ChiCTR1900021473) and was done in
conformance with Good Clinical Practice guidelines and the
Declaration of Helsinki. The implementation and modification
of the protocol were approved by the ethics committee of the
Fourth Hospital of Hebei Medical University. All patients
provided written informed consents.

Patient Eligibility

Treatment-naive cases aged 18-70 years with histologically
verified invasive HER2-positive BC staging II-III were eligible.
Patients were required to have a Karnofsky performance status
(KPS) score of 80-100, at least one assessable target lesion based
on Response Evaluation Criteria in Solid Tumours (RECIST) 1.1,
and left ventricular ejection fraction (LVEF) >55%. Patients with
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adequate organ function according to local laboratory
examination were also included. Patients who had a history of
other malignancies within 5 years (other than cured cervix
carcinoma in situ or basal cell carcinoma of the skin), with
involved supraclavicular or internal mammary lymph nodes, or
other conditions that researchers considered inappropriate for
participation were ineligible for this study. Pregnant or lactating
women were also excluded.

Procedures

Eligible patients were scheduled for six cycles (every 3 weeks per
cycle) of PLD (40 mg/m?* CSPC Ouyi Pharmaceutical Co., Ltd.,
Shijiazhuang, China) plus docetaxel (75 mg/m®) and
trastuzumab (loading dose 8 mg/kg, maintenance dose 6 mg/
kg) intravenously for neoadjuvant treatment. Dose adjustment of
PLD from 40 to 35 mg/m* would be performed once grade >3
adverse events (AEs) occurred. In addition, discontinuation and
suspension of neoadjuvant treatment were allowed when patients
experienced disease progression or unacceptable toxicity. Breast-
conserving operation or modified radical mastectomy was
scheduled within 3-4 weeks after the final dose of
chemotherapy based on the condition of patients and their
own choice. The decision of postoperative therapy was based
on physician preference.

Based on RECIST 1.1, tumor response was assessed by the
investigator using magnetic resonance imaging (MRI) every two
NAC cycles. Toxicity was assessed by laboratory tests,
electrocardiogram (ECG) examination, and intracoronary
Doppler ultrasound every one chemotherapy cycle. All eligible
patients were followed up until the withdrawal of consent
or death.

Before neoadjuvant treatment, ultrasound-guided needle
biopsy of the primary tumor in both breast and abnormal
lymph nodes was performed for histological diagnosis,
including an evaluation of hormone receptors (HRs), HER2,
Ki-67, metadherin (MTDH), glutaminyl-peptide cyclotransferase
(QPCT), topoisomerase II alpha (TOP2A), and programmed
death ligand 1 (PD-L1). Tumors with estrogen receptor
(ER) or progesterone receptor (PR) expression 21% were
considered as HR-positive. HER2 positivity was defined as
immunohistochemistry (IHC) 3+ or 2+ with fluorescence in
situ hybridization (FISH) positivity. HR, HER2, and Ki-67 status
were confirmed at the local pathology department in each
research center. The expression of MTDH was assessed based
on the staining intensity (0, negative; 1, weak; 2, moderate; 3,
strong) and percentage of positively stained tumor cells (0,
none; 1, 1%-20%; 2, 21%-50%; 3, 51%-70%; 4, >70%). The
immunoreactive score (IRS) was calculated by multiplying the
percentage of positively stained tumor cells and staining intensity
score. IRS exhibiting <4 was regarded as low expression and >4
as high expression. The evaluation criteria for QPCT expression
were in accordance with MTDH, except for IRS <3 representing
low expression. TOP2A expression 210% was defined as
TOP2A-positive. PD-L1 expression (22C3 antibody) was
assessed as the combined positive score (CPS), which was
defined as the number of PD-L1-positive cells (tumor cells,

lymphocytes, and macrophages) of any type divided by the
total number of tumor cells (24). CPS >1 was defined as PD-
L1-positive. Infiltration status of tumor-infiltrating lymphocytes
(TILs) was analyzed by hematoxylin—eosin (HE) staining and
was scored as low (0%-10%), moderate (11%-59%), and high
(>60%) (25).

Endpoints

The primary endpoint was total pathological complete response
(tpCR), which was defined as the absence of invasive lesions in
the breast and axillary lymph nodes (ypT0/is ypNO). Pathological
response status was assessed according to Miller-Payne (MP)
grading system. The secondary endpoints were breast
pathological complete response (bpCR; ypT0/is, defined as no
invasive carcinoma in the breast), objective response rate [ORR;
calculated as the proportion of patients achieving a complete
response (CR) and a partial response (PR) after the last
neoadjuvant treatment], operation rate, breast-conserving
surgery rate, and safety. Safety was assessed using the
Common Terminology Criteria for Adverse Events (CTCAE)
version 5.0. Cardiotoxicity was defined as a resting LVEF less
than 50%, LVEF that decreased by >10% from baseline, or
occurrence of congestive heart failure (CHF). Exploratory
endpoint was the tpCR according to MTDH, QPCT, TOP2A,
and PD-L1 expressions, as well as infiltration status of TILs.

Statistical Analysis

Sample size of this study was not statistically calculated but was
expected to provide sufficient data to support the research
purposes. All statistical analyses were performed using IBM
SPSS 25.0 (IBM Corp., Armonk, NY, USA). Efficacy analysis
was carried out according to full analysis set (FAS), which was
defined as all participants who received at least one cycle of
neoadjuvant treatment and without serious violation of the
eligibility criteria. Safety was evaluated based on safety analysis
set (SAS), which was defined as all participants who received at
least one cycle of neoadjuvant treatment and at least one
assessment of safety data. Categorical variables were presented
as percentages and numbers. The proportion of patients with
tpCR, bpCR, and ORR was tested and recorded with 95%
confidence interval (CI) obtained by the Clopper—Pearson
method. Differences between the groups were estimated using
chi-square test. A p < 0.05 was considered to be
statistically significant.

RESULTS

Patient Characteristics

Between March 2019 and February 2021, 54 patients from 3 centers
in China were assessed for eligibility, and 53 were eligible for this
trial (one did not meet inclusion criteria). Of the 53 eligible patients,
51 received neoadjuvant treatment (two withdrew consent before
treatment), and 50 were finally included in the FAS and SAS
(Figure 1). The reason for not being included in the FAS and
SAS was protocol violation (n = 1).
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Baseline characteristics of the 50 patients are listed in Table 1.
The median age of the 50 patients was 50.5 years (range, 44.0-
56.0 years). The majority of patients were premenopausal (27/50,
54.0%), older than 50 years of age (26/50, 52.0%), had T2 tumors
(34/50, 68.0%), and had axillary lymph node involvement (48/50,
96.0%). HR was positive in 58.0% (29/50) of patients, and Ki-67
was >30% in 66.0% (33/50) of patients.

Clinical Activity

In total, 35 patients (70.0%) completed 6 cycles of neoadjuvant
treatment, and 41 patients (82.0%) completed 4-6 cycles of
neoadjuvant treatment. Reasons for 15 cases that did not
complete 6 cycles of neoadjuvant treatment included
intolerable AEs (n = 13), death due to interstitial pneumonia
without standardized treatment for the AE (n = 1), and patient
withdrawal because of allergy to granulocyte colony-stimulating
factor (n = 1). Of these, the AEs that led to incompletion of the

full course regimen were grade 2-4 hand-foot syndrome (HFS)
(6 cases, 12%), grade 3 interstitial pneumonia (4 cases, 8%), grade
2 stomatitis (2 cases, 4%), and intolerable grade 2 malaise (2
cases, 4%).

Forty-nine (98.0%) of 50 patients received surgery after
neoadjuvant treatment finally, of which 22 (44.0%) underwent
breast-conserving surgery and 27 (54.0%) underwent modified
radical mastectomy. The reason for one surgery cancelation was
death due to interstitial pneumonia without standardized
treatment. The median interval from the completion of
neoadjuvant therapy to surgery was 3.1 weeks (interquartile
range, 2.9-4.9 weeks).

Twenty-four (48.0%; 95% CI, 33.7%-62.6%) of 50 patients
achieved a tpCR, and 30 (60.0%; 95% CI, 45.2%-73.6%) had a
bpCR. The univariate analyses revealed that age, menopausal
state, tumor size stage, axillary lymph node involvement, clinical
stage, or Ki-67 level was not associated with tpCR (all p > 0.05;
Table 2) or bpCR (all p > 0.05). HR status was associated with

54 patients assessed for eligibility

—>

1 did not meet inclusion criteria

\ 4

53 patients enrolled

2 withdrew consent before treatment

\

51 received neoadjuvant treatment

1 violated the protocol

50 included in full analysis set
and safety analysis set

15 discontinued neoadjuvant treatment
13 due to adverse events
1 died due to interstitial pneumonia
without standardized treatment
1 due to patient withdrawal

\ 4

35 completed 6 cycles neoadjuvant treatment

FIGURE 1 | Trial profile.
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TABLE 1 | Baseline characteristics of patients.

Age (years), median (range)
Age (years; n, %)
<50
>50
Axillary lymph nodes involvement (n, %)
Positive
Negative
Menopausal state (n, %)
Postmenopausal
Premenopausal
Clinical stage (n, %)
1
1l
Ki-67 (n, %)
<80%
>30%
Hormone receptor status (n, %)
Positive
Negative
Karnofsky performance status (n, %)
100
90
80
Tumor size stage (n, %)
T
T2
T3
T4
Surgery (n, %)
Modified radical mastectomy
Breast-conserving surgery
Surgery not performed

bpCR (HR-negative vs. HR-positive: 76.2% vs. 48.3%, p = 0.047)
but not tpCR (p > 0.05).

Of the 50 patients, 19 (38.0%) achieved a CR, 23 (46.0%)
achieved a PR, and 6 (12.0%) had stable disease (SD) as their best
response, for an ORR of 84.0% (95% CI, 70.9%-92.8%). No
patient experienced disease progression.

Exploratory Endpoint

The IHC results of MTDH, QPCT, and TOP2A were available in
37 cases. High expression of MTDH and QPCT was detected in
28 (75.7%) and 26 (70.3%) patients, respectively. The incidence
of negative and positive expression for TOP2A was exhibited
similarly (48.6% vs. 51.4%). Both MTDH and QPCT were highly
expressed in 59.5% (22/37) of 37 cases. Patients who carried a
high level of MTDH (60.7%, p = 0.002; Figures 2A, D) or QPCT
(57.7%, p = 0.036; Figures 2A, E) or both (MTDHygp,QPCTigh,
68.2%; p = 0.002) were inclined to achieve a tpCR. There was no
significant difference in tpCR between patients with TOP2A
negativity and TOP2A positivity (p = 0.75; Figures 2B, F).

The PD-LI expression was assessed in 41 cases. Although
patients with PD-L1 positivity (12/21, 57.1%) tended to show a
higher tpCR proportion compared to those with PD-L1
negativity (7/20, 35.0%), there was no significant difference
(p = 0.155; Figures 2B, G).

Due to the limited amount of puncture tissue, 44 cases had
available TIL results. Among them, 26 (59.1%) exhibited low

Patients (n = 50)

50.5 (44.0-56.0)

infiltration, 17 (38.6%) displayed moderate infiltration, and 1
(2.3%) showed high infiltration. The tpCR of patients with low
infiltration status of TILs (46.2%) was lower than those with
moderate and high infiltration status (55.6%), although without
statistical significance (p = 0.76; Figures 2C, H).

Safety
Treatment-related AEs (Table 3) of any grade occurred in 88.0%
(44/50) of all patients, and most AEs were grades 1-2. In this
study, 38.0% (19/50) of cases experienced grade >3 AEs. The
most common AEs were oral mucositis (68.0%), followed by HFS
(56.0%) and watery eyes (40.0%). Nineteen patients (38.0%)
experienced dose reduction of PLD due to grade 3 AEs
including oral mucositis and HFS. One patient died of
neoadjuvant treatment-related interstitial pneumonia without
standardized treatment for the AE.

From baseline to surgery, LVEF decline by >10% was noted in
9 patients (18%), but none of them was <50%. The changes of
LVEF in all assessable patients are displayed in Figure 3. LVEF
decline was observed initially after 1 cycle of NAC in one case,
while most of the LVEF reduction events occurred after 3 cycles
of chemotherapy. Six of the 9 decreased LVEF were recoverable,
and 2 of them ultimately recovered to baseline level after a full
course of neoadjuvant therapy. CHF was not noted in this study.
Apart from LVEF reduction, palpitation (grade 1 or 2) was
observed in 10.0% (5/50) of patients. Grade 1 ventricular

Frontiers in Oncology | www.frontiersin.org

70

July 2022 | Volume 12 | Article 909426


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Wang et al.

PLD + Trastuzumab for BC

TABLE 2 | The effect of clinical characteristic variables on the tpCR.

Yes (n = 24)

Age

<50 13 (54.2

>50 11 (42.3)
Menopausal state

Postmenopausal 11 (47.8)

Premenopausal 3 (48.1)
Axillary lymph nodes involvement

Positive 24 (50.0)

Negative 0(0.0)
Clinical stage

Il 11 (44.0)

Il 13 (62.0)
Ki-67

<30% 7 (41.2)

>30% 17 (61.5)
Hormone receptor status

Positive 12 (41.4)

Negative 12 (67.1)
Tumor size stage

T 2 (40.0)

T2 17 (50.0)

T3 1(20.0)

T4 4 (66.7)

tpCR (n = 50) p value
No (n = 26)

0.402

1(45.8)

15 (57.7)
0.982

12 (52.2)

14 (51.9)
0.506

24 (50.0)

2 (100.0)
0.571

14 (56.0)

12 (48.0)
0.402

10 (58.8)

16 (48.5)
0.271

17 (58.6)

9 (42.9)
0.459

3 (60.0)

17 (50.0)

4(80.0)

2 (33.3)

toCR, total pathological complete response.

premature contraction was reported in only 1 case before the
second cycle of neoadjuvant treatment.

DISCUSSION

To the best of our knowledge, this multicenter, open-label,
single-arm, phase II study provided the first analysis of the
combination of PLD, trastuzumab, and docetaxel for the
neoadjuvant treatment of patients with HER2-positive BC. In
general, most of the patients (70.0%) completed the full course (6
cycles) of NAC, and relatively high tpCR (48%) and bpCR (60%)
were attained in the present study, which demonstrated that PLD
plus docetaxel and trastuzumab might be a potential neoadjuvant
regimen for HER2-positive BC.

The achievement of pCR after neoadjuvant treatment has
been confirmed to be associated with better long-term outcomes
in terms of progression-free survival and overall survival
(26-28). Accordingly, tpCR and bpCR were defined as efficacy
endpoints in our study. PLD plus docetaxel and trastuzumab in
the neoadjuvant setting for stage II or III HER2-positive BC
showed good antitumor activity, with a tpCR rate of 48.0% and a
bpCR rate of 60.0%. The tpCR obtained in our study was higher
than that observed in other studies (6, 19, 20). Uriarte-Pinto et al.
(6) demonstrated that the tpCR rate of patients with HER2-
positive BC managed with LD plus trastuzumab and paclitaxel
was 40%. Besides, two phase II clinical trials evaluated the
efficacy of LD in combination with trastuzumab and docetaxel
as neoadjuvant treatment for patients with HER2-positive BC
and reported tpCR rates of 27% (19) and 38.3% (20). The patient
characteristics including clinical stage, Ki-67 level, and HR

status, as well as different chemotherapeutic regimens, might
contribute to this discrepancy in pCR. It was worth noting that
the pCR observed in our study was even comparable to double
anti-HER2 therapy (29). The Opti-HER HEART trial
documented a tpCR rate of 56.6% following neoadjuvant LD,
paclitaxel, trastuzumab, and pertuzumab in HER2-positive BC
(29). In addition, patients with early-stage HER2-positive BCin a
real-world study presented a tpCR rate of 54% after neoadjuvant
pertuzumab and trastuzumab with chemotherapy (30). However,
pertuzumab is not available in some regions for a variety of
reasons; thus, single trastuzumab plus chemotherapy remains to
be the preferred regimen. In addition, the ORR and breast-
conserving surgery rates observed in our study were 84.0% and
44.0%, respectively. Taken together, the neoadjuvant regimen
containing PLD plus docetaxel and trastuzumab was active for
patients with HER2-positive BC. However, further follow-up
should be conducted to verify whether the high pCR rate could
contribute to the survival benefit.

Accumulating evidence had illustrated that HR-negative cases
had the advantage of achieving pCR (31, 32). Our data did not
observe the variance between HR-positive and HR-negative
subsets as for tpCR. However, patients who had HR-negative
status were more likely to achieve bpCR compared with those
who had HR-positive status (76.2% vs. 48.3%, p = 0.047). Prior
findings discovered that patients with high Ki-67 level, small
tumor size, or low clinical stage have better access to get pCR
(33-35). Due to the limited sample size, this study failed to
confirm the correlation between tpCR and other
clinicopathological indicators. Thus, studies with large sample
sizes are necessary to further investigate predictions of pCR
and prognosis.
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FIGURE 2 | The representative images and effect of MTDH, QPCT, TOP2A, and PD-L1 expressions, as well as infiltration status of TILs on tpCR. (A) Representative IHC
images of MTDH and QPCT (low and high expressions). (B) Representative IHC images of TOP2A and PD-L1 (positive and negative). (C) Representative HE staining
images of TILs. (D) The tpCR according to MTDH expressions. (E) The tpCR according to QPCT expressions. (F) The tpCR according to TOP2A expressions. (G) The
tpCR according to PD-L1 expressions. (H) The tpCR according to infiltration status of TILs. toCR, total pathological complete response; MTDH, metadherin; QPCT,
glutaminyl-peptide cyclotransferase; TOP2A, topoisomerase Il alpha; PD-L1, programmed death ligand 1; TILs, tumor-infiltrating lymphocytes; IHC,
immunohistochemistry; HE, hematoxylin—eosin. * p < 0.05; ** p < 0.01.; ns, no significance.

MTDH acting as an oncogene can promote tumor cell
proliferation and inhibit apoptosis (36). Overexpression of
MTDH is noted in aggressive BC subsets, such as triple-
negative BC and HER2-overexpressed tumors (37). QPCT, a
secreted protein implicated in the biosynthesis of pyroglutamyl
peptides, is found to contribute to angiogenesis (38). Our
preceding experiment suggested that MTDH and QPCT were
intensively expressed in local advanced breast tumors and
positively correlated with poor disease-free survival. The
current study showed that patients who carried a high level of
MTDH, QPCT, or both were more liable to attain tpCR.
Interestingly, published studies demonstrated that a high
expression of MTDH was associated with drug resistance (39),
but our cases with a high expression of MTDH showed a
sensitive response to neoadjuvant treatment. Of note, we only
examined the MTDH level at baseline, not after neoadjuvant
therapy, which may be not enough to explain the relationship
between MTDH and drug resistance. The changes of MTDH
after neoadjuvant treatment should be probably taken into
consideration to evaluate its correlation with chemoresistance.
Although pCR after preoperative therapy is considered to be a
powerful surrogate of survival, in view of the influence of MTDH
on chemoresistance and trastuzumab resistance, follow-up

should be continued to further assess the influence of MTDH
on long-term efficiency.

TOP2A is a proliferation marker associated with Ki-67 index
and tumor grade (40). Considering that tumors with TOP2A
positivity were more sensitive to anthracyclines (41), the
expression TOP2A was tested in our study. However, there
was no trend to obtain pCR in cases with TOP2A positivity,
which might be attributed to the limited sample size and different
interpretation criteria for TOP2A. Evidence has shown that PD-
L1 positivity is correlated with a high proportion of pCR rate in
patients with HER2-positive BC (42). In our study, patients with
PD-L1 positivity tended to show a higher tpCR proportion
compared to those with PD-L1 negativity, but statistical
significance was not reached in tpCR due to the small sample
size. It is documented that the high infiltration status of TILs
before neoadjuvant treatment can significantly predict a high
PCR rate of HER2-positive BC (25). Nevertheless, only 1 (2.3%)
case exhibited high infiltration of TILs in our study due to the
small sample size. Thus, we failed to observe a significant trend to
achieve pCR in patients with a high infiltration status of TILs.

Although our studied treatment attained excellent efficiency,
the safety issues related to treatment deserve attention. First
of all, some patients did not complete the full course
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TABLE 3 | Treatment-related adverse events in all patients (n = 50).

Adverse events (n, %) Grade 1-2

Hematological toxicity
Leukopenia 7 (14.0)
Neutrocytopenia 1(2.0

Non-hematological toxicity
Oral mucositis 30 (60.0)
Hand-foot syndrome 22 (44.0)
Watery eyes 20 (40.0)
Diarrhea 16 (32.0)
Alopecia 18 (36.0)
Nausea 17 (34.0)
Vomiting 13 (26.0)
Anorexia 12 (24.0)
Fever 11(22.0)
Malaise 11 (22.0)
LVEF reduction 9(18.0)
Bloating 9(18.0)
Insomnia 6 (12.0)
Headache 8 (16.0)
Cough 6 (12.0)
Dysphagia 5 (10.0)
Alanine aminotransferase elevation 6 (12.0)
Interstitial pneumonia 0 (0)
Constipation 5 (10.0)
Palpitations 5 (10.0)

Oropharyngeal pain

Aspartate aminotransferase elevation
Cutaneous pigmentation

Sore throat

Ventricular premature contraction

Grade 3-4 Any grade
6 (12.0) 13 (26.0)
3(6.0) 4(8.0)
4 (8.0) 34 (68.0)
6 (12.0) 28 (56.0)
0(0.0) 20 (40.0)
3(6.0) 19 (38.0)
0(0) 18 (36.0)
0(0) 17 (34.0)
0(0) 13 (26.0)
0(0) 12 (24.0)
0(0) 11 (22.0)
0(0) 11 (22.0)
0(0.0) 9 (18.0)
00 9(18.0)
2 (4.0) 8 (16.0)
0(0) 8 (16.0)
1(2.0) 7 (14.0)
1(2.0) 6 (12.0)
00 6 (12.0)
5(10.0) 5(10.0)
00 5(10.0)
00 5(10.0)
0(0) 3(6.0)
0(0) 4 (8.0)
0(0) 3 (6.0)
00 3(6.0)
0(0) 1(2.0

LVEF, left ventricular ejection fraction.

of chemotherapy due to poor tolerance. The completion rate of
NAC in terms of concomitant use of anthracyclines, taxanes, and
trastuzumab in published clinical trials differs. In the GEICAM
2003-03 study (43), only 4 patients (6%) did not finish the full
course of NAC schedule containing liposome-encapsulated
doxorubicin (50 mg/m?) and docetaxel (60 mg/m®) on day 1
every 3 weeks combined with trastuzumab (4 mg/kg loading dose
on day 1, followed by 2 mg/kg weekly). Gavila et al. (44) reported
that 72.6% of the NAC settings completed a full course of study
treatment with six cycles of non-pegylated liposome-
encapsulated doxorubicin (50 mg/m* every 3 weeks), paclitaxel
(80 mg/m> weekly), and trastuzumab (loading dose 4 mg/kg,
maintenance dose 2 mg/kg weekly). In another observational
study (6), 66.7% of the studied patients finished six cycles of the
combination of non-pegylated liposome-encapsulated
doxorubicin (50 mg/m* on day 1 every 3 weeks), paclitaxel (80
mg/m” on days 1, 7, and 14), and trastuzumab (loading dose 8
mg/kg, maintenance dose 6 mg/kg every 3 weeks). Accordingly,
considering the variation in drug type and initial drug dosage,
our therapeutic regimen has been relatively well tolerated.
Secondly, consistent with previous reports (45, 46), the most
frequent PLD-related AEs of any grade in our study were oral
mucositis (68.0%) and HES (56.0%), and most AEs were grades
1-2. These AEs were the main cause for the incompleted full
course of chemotherapy, which may result from the high dosage
of PLD (40 mg/m°-35 mg/m?) relative to that of other studies
(35 mg/m2—30 mg/mz). In one of our published studies (47), four

cycles of PLD (40 mg/m?) plus cyclophosphamide (600 mg/m?)
on day 1 of a 21-day schedule, followed by four cycles of
docetaxel (85 mg/m®) on day 1 of a 21-day schedule, were
tested in NAC populations whatever the molecular typing.
Although 86.6% of all cohorts completed the full course of
chemo, the pCR was lower than that of the current data. Even
if the incidence of HFS (45.53%) and oral mucositis (39.28%) was
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FIGURE 3 | Boxplots of LVEF from baseline to surgery in the assessable
population. LVEF, left ventricular ejection fraction.
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relatively low, nausea/vomiting (81.25%) and fatigue (74.11%)
were the most common events. The mechanism underlying skin
and mucous injury induced by PLD was not fully elucidated, but
it might be related to increased vascular permeability caused by
PLD (48). Our team is dedicating to explore potential approaches
to cope with HFS caused by PLD, and we have reported that
calcium dobesilate (CaD) could alleviate HFS in the Sprague-
Dawley rat model treated by PLD (49). The clinical trial on the
prevention of HES by CaD conducted in PLD-treated BC settings
is undergoing, and the result will be published in the future. In
the present study, only one case died of interstitial pneumonia
after 3 cycles of neoadjuvant treatment, which mainly resulted
from the lack of standardized treatment for the AE.

It has been reported that traditional anthracyclines
(doxorubicin and epirubicin) combined with trastuzumab
might cause cardiotoxicity (11). To avoid potential heart
problems, PLD was used as a substitute for traditional
anthracycline. In a series of studies assessing concurrent use of
trastuzumab and PLD for metastatic HER2-positive BC, around
4.5%-23% of LVEF decline was noted (50-52). The diversity may
be on account of different therapeutic regimens and
characteristics of patients. In the present study, PLD in
combination with trastuzumab showed good cardiac safety,
with 9 (18.0%) cases that experienced LVEF decline by >10%,
2 of which recovered to baseline before surgery. No case of CHF
was observed, and no death from cardiotoxicity occurred in our
study. Follow-up will be carried out to monitor long-term effects
of PLD plus trastuzumab on cardiac function. To sum up, PLD in
combination with docetaxel and trastuzumab was generally well
tolerated for HER2-positive BC in the neoadjuvant setting.

In consideration of the overlap in cardiotoxicity of
anthracyclines and trastuzumab, clinical trials have attempted
therapeutic protocols in the absence of anthracyclines. However,
there is no unified conclusion until now. In terms of efficacy, the
PH-FECH (paclitaxel 80 mg/m2 weekly for 12 weeks or
paclitaxel 225 mg/m2 every 3 weeks, followed by 4 cycles of
FEC (fluorouracil 500 mg/m2, epirubicin 75 mg/m2, and
cyclophosphamide 500 mg/m2 ) on day 1, and trastuzumab
loading dose 8 mg/kg, maintenance dose 6 mg/ kg, every 3 weeks
regimen showed a higher pCR rate (60.6% vs. 43.3%) and
relapse-free survival (RFS) advantage (93% vs. 71%) compared
with TCH (docetaxel 75 mg/m2 IV on day 1, carboplatin at an
area under the concentration curve (AUC) of 6 IV on dayl, and
trastuzumab loading dose 8 mg/kg, maintenance dose 6 mg/ kg,
administered at 3-week intervals for 6 cycles in a retrospective
study (53). Even when the dual HER2 blockade was applied, the
pCR did not differ significantly [TRYPHAENA (54):
anthracycline group vs. non-anthracycline: 61.6% vs. 66.2%,
TRAIN-2 (55): anthracycline group vs. non-anthracycline: 67%
vs. 68%]. As for the safety, the combination of trastuzumab and
anthracycline did not result in significant difference in
cardiotoxicity (53-55). However, grade 3 or worse febrile
neutropenia was the most common AE in anthracycline-
included regimens (53-55). Consequently, we selected PLD in
our study to alleviate the cardiotoxicity and hematologic toxicity.

Although in the era of optimized HER2-directed therapies
trastuzumab concurrent with anthracycline and taxanes
(ATH) is not the preferred strategy in the guidelines, ATH
might be an alternative option in HER2-positive NAC setting
if dual blockade with pertuzumab and trastuzumab is
not available.

There were some limitations in the study. Firstly, this trial was
limited by the small sample size of patients who were only
recruited from 3 hospitals in China. The results might not be
generalized to BC cases from other geographic regions or other
racial or ethnic backgrounds. Secondly, due to the combination
of PLD plus trastuzumab and docetaxel, it was impossible to
ascertain the respective contribution of each drug to the overall
therapeutic effect. Nonetheless, our results showed that this drug
combination appeared to be active for patients with HER2-
positive BC with acceptable safety. Thirdly, the open-label,
single-arm study design precluded the comparison of clinical
benefits with traditional anthracyclines. Finally, due to the
relatively short follow-up period, the long-term efficacy as
progression-free survival and overall survival was not mature.
Thus, randomized controlled trials with larger sample sizes and
longer follow-up time are necessary in the future to continue to
validate the efficacy and safety of PLD plus docetaxel and
trastuzumab for the neoadjuvant treatment of patients with
HER2-positive BC.

CONCLUSIONS

In conclusion, the first published phase II study demonstrated
that the neoadjuvant regimen containing PLD plus docetaxel and
trastuzumab showed good antitumor activity for patients with
stage IT or ITII HER2-positive BC, with a relatively high tpCR and
bpCR rate. The majority of AEs related to this regimen were mild
and controllable, with an acceptable cardiotoxicity profile. These
findings suggest that this neoadjuvant regimen might offer a
potential therapeutic option for HER2-positive BC. Further
follow-up is still needed to confirm the long-term benefit of
the neoadjuvant regimen for this population. MTDH and QPCT
in BC tissues pre-neoadjuvant are potential predictive markers
for tpCR.
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Background: Sarcopenia is receiving attention in oncology as a predictor of
increased chemotherapy toxicities. Research into body composition change
during neoadjuvant chemotherapy for breast cancer is both urgently needed and
generally lacking. This study assessed sarcopenia prevalence before and after
neoadjuvant chemotherapy using CT imaging, evaluated body composition
changes during neoadjuvant chemotherapy, and determined predictors of
sarcopenia status after neoadjuvant chemotherapy for breast cancer.

Materials and Methods: In this retrospective, descriptive study, we used data
collected from 2017 to 2020 to measure body composition parameters on
cross-sectional CT slices for 317 Korean women with breast cancer patients
before and at completion of neoadjuvant chemotherapy. Changes in skeletal
muscle index, visceral fat index, subcutaneous fat index, and sarcopenia were
assessed and correlated, and multivariate logistic regression was conducted to
identify predictive factors associated with sarcopenia status at completion of
neoadjuvant chemotherapy.

Results: Of the 80 breast cancer patients (25.2%) who had sarcopenia before
beginning neoadjuvant chemotherapy, 64 (80.0%) retained their sarcopenia
status after chemotherapy. Weight, body mass index, body surface area, and
visceral fat index showed significant increases after neoadjuvant
chemotherapy; notably, only skeletal muscle index significantly decreased,
showing a reduction of 0.44 cm?/m? (t (316) = 2.15, p <.5). Lower skeletal
muscle index at baseline was associated with greater loss of muscle mass
during neoadjuvant chemotherapy (r = —.24, p <.001). Multivariate logistic
regression showed that baseline sarcopenia status was the only significant
predictor of sarcopenia status after neoadjuvant chemotherapy (p <.001).
Specifically, the log odds of sarcopenia after neoadjuvant chemotherapy
were 3.357 higher in the baseline sarcopenia group than in the group
without baseline sarcopenia (B = 3.357, p <.001).

Conclusion: Sarcopenia during neoadjuvant chemotherapy can be obscured
by an increasing proportion of fat in body composition if clinical assessment
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focuses on only body mass index or body surface area rather than muscle mass.
For breast cancer patients who have sarcopenia when they begin neoadjuvant
chemotherapy, the risk of muscle mass loss during treatment is alarmingly high.
To reduce masking of muscle mass loss during treatment, comprehensive
evaluation of body composition, beyond body surface area assessment, is

body composition, breast neoplasm, muscle/skeletal, neoadjuvant chemotherapy,

Jang et al.
clearly needed.
KEYWORDS
sarcopenia
Introduction

Breast cancer, with an estimated 2.1 million cases diagnosed
globally in 2018 (1), is one of the most prevalent cancers in
women. A recent trend analysis showed an increasing trend in
breast cancer incidence rates, especially among younger women,
but a downward trend in mortality rates (2). With increasing
survival rates, the disease burden of breast cancer survivors is also
increasing worldwide. In the search for effective strategies to
improve long-term management of physical and psychological
consequences of cancer and its treatment in this population,
previous studies have emphasized the need to improve body
composition. For example, one study showed that wearable
technology to improve body composition (3) produced a
significant reduction in body fat, weight, and BMI. Furthermore,
a previous study that applied a 4-week rehabilitation protocol for
breast cancer survivors showed significant reduction of fatigue and
improvement of muscle mass and function (4). In addition, a
previous systematic review that focused on cancer treatment-
induced bone loss in patients with early breast cancer identified
medicinal treatments that improved bone mass density but also
called for further bone health management (5). These studies
indicate that better treatment outcomes are achievable for breast
cancer survivors, but to accomplish this, assessments of risk
factors for poor clinical outcomes arising during cancer
treatment are important.

Sarcopenia, or decreased muscle mass, has been receiving
attention in oncology as a predictor of increased
chemotherapy toxicities and as a sensitive early marker of
treatment effectiveness (6-9). The prevalence of sarcopenia
among breast cancer patients has been variously reported as
45.0% and as ranging from 15.9% to 66.9% (10). In addition,
sarcopenia has been related to a significantly higher risk of
mortality. In a study of 1,460 breast cancer patients in the

Abbreviations: BMI, body mass index; BSA, body surface area; L3, third
lumbar spine vertebra; SFI, subcutaneous fat index; SMI, skeletal muscle

index; VFI, visceral fat index.
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Republic of Korea (11), half were found to have sarcopenia, a
somewhat higher prevalence than has been observed in the
United States and France (10). Separately, a sarcopenia
prevalence of 20.2% in Korean women 50 years and older in
the general population was reported by a Korean National
Health and Nutrition Examination Survey (12). This suggests
that breast cancer patients may be more vulnerable to
sarcopenia, and that the epidemiological status of
sarcopenia and its prevalence in breast cancer patients
require examination.

Determination of sarcopenia status involves assessment of
alterations in body composition. Changes in body composition
have been reported to occur in breast cancer patients during
chemotherapy and endocrine therapy (9). In addition, obesity is
known to be an accelerator of breast cancer, and the interaction
between obesity and sarcopenia accelerates tumor recurrence
(9). However, both clinical practice and oncology research
assessments tend to focus on body mass index (BMI) or body
surface area (BSA) rather than muscle mass change during
treatment. Traditionally, BSA has been used to calculate
chemotherapy doses, while BMI, a related measure that also
incorporates weight and height, has often been employed in
oncology research. In the last decade, the importance of
identifying specific body composition changes during
chemotherapy has emerged as an issue of interest (13-16). A
2018 study involving 119 breast cancer patients found
sarcopenia status to be an independent prognostic factor for
disease-free survival, while BMI was not significantly related to
disease-free survival (17). The 2016 study of 1,460 Korean breast
cancer patients showed that muscle volume was a significant
prognostic factor for overall survival regardless of BMI, whereas
fat volume and BMI were not significantly related to survival
(11). Previous studies (11, 17) also have indicated that, unlike
BMI, muscle mass appears to be a sensitive marker of overall
survival. These studies show the importance of investigating
body composition change during chemotherapy.

Although urgently needed, research in the area of body
composition change during neoadjuvant chemotherapy for
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breast cancer is generally lacking. Descriptive analyses of body
composition during other forms of cancer treatment (such as
surgery, radiotherapy, or adjuvant chemotherapy) have been
performed, for various cancer types (18-20), but few studies
have examined changes in muscle mass during neoadjuvant
chemotherapy among patients with breast cancer. This study
was conducted to improve understanding of the current status of
sarcopenia in breast cancer patients. Specifically, we evaluated
body composition changes during neoadjuvant chemotherapy
using CT imaging, assessed sarcopenia prevalence before
and after neoadjuvant chemotherapy, and determined
predictors of sarcopenia status in breast cancer patients after
neoadjuvant chemotherapy.

Materials and methods
Study design and setting

We used a retrospective, descriptive, observational study
design to determine body composition change and sarcopenia
prevalence among breast cancer patients who had visited the
breast cancer clinic at Severance Hospital in Seoul, Korea, from
January 2017 to November 2020. Eligible participants were
Korean women 20 years or older who had received a diagnosis
of breast cancer at the hospital, completed neoadjuvant
chemotherapy, and received at least two abdominal CT scans,
before and after neoadjuvant chemotherapy, that provided
images of the third lumbar spine vertebra (L3). We excluded
patients with stage IV breast cancer and patients with CT images
that were insufficient or inappropriate for analysis of body
composition. Our sample size of 317 cases was sufficient to
meet the study objectives. Initially, the target sample size was
determined using G*Power 3.1 software. To accommodate
regression analysis and pseudo R2 (0.39), a required sample
size of 265 was calculated based on an odds ratio of 1.3. a power
of 0.8.

Approval for this study was obtained from the Severance
Hospital Institutional Review Board (#4-2021-0452) at Yonsei
University Health Systems, Seoul, Korea. The Severance
Hospital Data Review Board also approved the study data set
with respect to protection of patients’ data and assessment of
data-protection risks and tools.

Data collection

The Big Data Team in the Yonsei University Health System
provided comprehensive information from the selected
sample’ medical records, including sociodemographic data
and clinical data such as cancer- and treatment-related
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information. We used this information to assess age, clinical
stage, TN stage, Ki-67, breast cancer subtype, chemotherapy
regimen, duration of neoadjuvant chemotherapy, and BMI and
BSA (both of which are calculated from weight and height). For
Ki-67, we used a cutoff value based on the expressed cell ratio
(<14% and >14%). For breast cancer subtype, we evaluated
both hormone receptor and human epidermal growth factor
receptor 2 (HER2); to explore HER2 gene amplification, we
also assessed silver stain hybridization in situ findings.

We measured body composition by analyzing CT images
taken before and after chemotherapy. The Yonsei University
Convergence Medical Technology Center performed the body
composition analysis using Aquarius iNtuition viewer version
4.413.P6 (TeraRecon, Durham, North Carolina). Using the
analysis program provided in the software, we analyzed the CT
slices at L3 as a standardized landmark. We calculated the total
cross-sectional areas of skeletal muscle, subcutaneous fat, and
visceral fat (in cm?). The Hounsfield unit values used for
measurement ranged from —29 to 150 for muscle, =190 to
—30 for subcutaneous fat, and —150 to —50 for visceral fat.
Figure 1 presents a single axial CT slice at the L3 level and
shows the areas of skeletal muscle, subcutaneous fat, and
visceral fat for two study participants; this figure illustrates
differences in body composition between two participants with
the same BML. The skeletal muscle index (SMI, in cm?/m?) was
calculated as skeletal muscle area (in cm?®) divided by height
squared (in m?); both subcutaneous fat area and visceral fat
area were also divided by height squared to determine the
associated indexes. With respect to the sarcopenia cutoff value,
we applied the value introduced by Prado et al. (SMI <38.5
cm?/m?) as an SMI cutoff for women (21).

Our investigative focus was on secondary sarcopenia,
which involves loss of muscle mass—but not necessarily
muscle function—accompanying cancer and other diseases
(22). A variety of sarcopenia definitions and body composition
evaluation techniques have been employed to assess
sarcopenia across the international research. Investigation of
primary sarcopenia, which is associated with aging, typically
involves measurement of a combination of muscle mass,
muscle strength, and physical performance. However, given
that only muscle mass data were available for our retrospective
study, we elected to concentrate our efforts on secondary
sarcopenia, which can be evaluated through measurement of

muscle mass alone.

Statistical analysis

Data analysis was performed using Stata/IC 16 statistical
software (College Station, Texas). We conducted descriptive
analyses to characterize the study sample and to assess their
body composition before (at baseline) and at completion of
neoadjuvant chemotherapy. In addition, we used a paired ¢-test
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FIGURE 1

Body composition evaluation CT images for two breast cancer patients with the same BMI (23.37 kg/m?) and weight (54.7 kg). These axial CT
images of the third lumbar vertebral region show that two study participants with the same BMI can have different body compositions. Panel (A)
is a CT image for a 69-year-old female, and panel (B) is a CT image for a 48-year-old female. The images illustrate the different proportions of
skeletal muscle mass (green), subcutaneous fat area (yellow), and visceral fat area (purple)

to compare sarcopenia prevalence and body composition change
(i.e, changes in muscle mass and fat mass) before and after
neoadjuvant chemotherapy. We calculated Pearson correlation
coefficients to evaluate associations among body composition
parameters. Finally, we applied multivariate logistic regression to
determine predictors of sarcopenia at completion of neoadjuvant
chemotherapy. All p values were two-tailed, and p values <.05
were considered significant.

Results
Demographic and clinical characteristics

Table 1 presents descriptive data for the 317 women with
breast cancer patients at baseline—before neoadjuvant
chemotherapy. The mean age was 53 years, with ages ranging
from 26 to 82 years. According to the BMI for Asia classification
(23, 24), the most common weight category in the sample was
normal (BMI of 18.5-22.9; n = 132, 41.6%), followed by obese
(n =94, 29.7%) and overweight (n = 82, 25.9%).

Among the combinations of chemotherapy drugs used, the
combination of anthracyclines and taxanes was the most
214, 67.5%), followed by the docetaxel,
carboplatin, trastuzumab, and pertuzumab regimen (n = 84,

common (n =
26.5%). The mean duration of chemotherapy was 142 days, with

durations ranging from 49 to 196 days. Stage IT cancer was the
most common in the sample (n = 224, 73.2%).
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Body composition changes during
neoadjuvant chemotherapy

Table 2 and Figure 2 show body composition change during
neoadjuvant chemotherapy. Weight significantly increased (by
an average of 0.67 kg) during neoadjuvant chemotherapy (from
59.33 to 60.00 kg, t (316) = —3.84, p = .001). Similarly, BMI and
BSA (both based on weight in relation to their height) showed
significant increases after neoadjuvant chemotherapy, by an
average of 0.24 kg/m* for BMI and 0.01 m” for BSA.

Among the body composition changes during neoadjuvant
chemotherapy, visceral fat index (VFI) significantly increased by
1.31 cm?*/m? (from 29.97 to 31.28 cm?/m?). There was no
significant difference in subcutaneous fat index (SFI) before
and after chemotherapy. SMI showed the only significantly
decrease during neoadjuvant chemotherapy, by 0.44 cm*/m*
(from 42.37 to 41.93 cm®/m?).

Sarcopenia prevalence during
neoadjuvant chemotherapy

Table 3 shows the sarcopenia prevalence before (at baseline)
and at completion of neoadjuvant chemotherapy. According to
Prado’s sarcopenia criteria (21), at baseline, 80 patients (25.24%)
had sarcopenia and 237 patients (74.76%) did not. After
neoadjuvant chemotherapy, the number of patients with
sarcopenia increased (n = 93, 29.34%). Of the 80 patients who
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TABLE 1 Demographics and clinical characteristics of the sample
(N = 317).

Characteristic Category Mean + SD (range) or
n (%)
Age (years) 52.78 + 10.41 (26-82)
20-29 3(0.95)
30-39 31 (9.78)
40-49 93 (29.34)
50-59 107 (33.75)
>60 83 (26.18)
Stage of tumor 1 6 (1.96)
1I 224 (73.20)
1 76 (24.84)
Initial clinical T stage 1 30 (9.86)
2 212 (69.74)
3 32 (10.53)
4 29 (9.54)
Initial clinical N stage 0 114 (37.50)
1 148 (48.68)
2 19 (6.25)
3 23 (7.57)
Ki-67 Low (<14%) 34 (11.26)
High (=14%) 268 (88.75)
Tumor subtype HR+/HER2- 108 (34.07)
HR+/HER2+ 49 (15.46)
HR-/HER2+ 58 (18.30)
TNBC 102 (32.18)
Chemotherapy regimen AC-T regimen 214 (67.51)
TCHP regimen 84 (26.50)
Other 19 (5.99)
Duration of neoadjuvant (days) 142 + 30.86 (49-196)
chemotherapy
BMI at baseline <18.5 9 (2.84)
(underweight)
18.5-22.9 132 (41.64)
(normal)
23-24.9 82 (25.87)
(overweight)
>25 (obese) 94 (29.65)

AC-T regimen, combination of an anthracycline and cyclophosphamide, followed by a
taxane; BMI, body mass index; HER2—, human epidermal growth factor receptor 2-
negative; HER2+, human epidermal growth factor receptor 2-positive; HR—, hormone
receptor-negative; HR+, hormone receptor-positive; TCHP regimen, docetaxel,
carboplatin, trastuzumab, and pertuzumab; TNBC, triple negative breast cancer.

had sarcopenia before their chemotherapy, 64 (80%) retained
their sarcopenia status after chemotherapy.

Associations between body composition
changes

Table 4 presents the statistically significant correlations
between body composition parameters at baseline and the
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TABLE 2 Body composition changes during neoadjuvant chemotherapy.

Parameter Mean = SD Mean = SD t p value
before NAC after NAC
BMI 23.61 + 3.17 23.85 + 321 -3315 0.001
Weight 59.33 + 8.11 60.00 + 8.53 -3.843 0.0001
BSA 1.61 +0.12 1.62 +0.13 -3.811 0.0002
SFI (cm?/m?) 66.58 + 26.23 66.44 + 26.57 0.190 0.849
VEFI (cm?/m?) 29.97 + 20.20 31.28 +19.15 —2.547 0.0114
SMI (cm*/m?) 42.37 + 541 4193 +5.76 2.153 0.0321

BMI, body mass index; BSA, body surface area; NAC, neoadjuvant chemotherapy; SFI,
subcutaneous fat index; SMI, skeletal muscle mass index; VFI, visceral fat index.

mean differences in these parameters after neoadjuvant
chemotherapy. A lower SMI at baseline was associated with
a greater loss of muscle mass during neoadjuvant
—-.24, p <.001). Baseline SFI and VFI
showed a similar direction of association with the mean

chemotherapy (r =

differences in body composition parameters; lower VFI at
baseline was associated with a greater loss of subcutaneous fat
and visceral fat mass during neoadjuvant chemotherapy
(r = =22, p <001 and r = —-.34, p <.001, respectively). All
mean differences in body composition parameters—including
muscle, subcutaneous fat, and visceral fat mass—after
neoadjuvant chemotherapy were positively related to one
another. All significant relationships between body
composition parameters were observed both at baseline and
at completion of neoadjuvant chemotherapy.

Multivariate logistic regression analyses
to predict sarcopenia after neoadjuvant
chemotherapy

As shown in Table 5, we fit a multivariate logistic regression
model to predict sarcopenia status after neoadjuvant
chemotherapy. The regression included patient age, tumor
subtype, chemotherapy duration, chemotherapy regimen,
baseline SFI and VFI, and baseline sarcopenic status as
independent predictors (x*[9] = 140.67, p = .0000, pseudo
R? =
significant predictor of sarcopenia status after neoadjuvant

0.3908). Baseline sarcopenia status was the only

chemotherapy. Specifically, the sarcopenia after neoadjuvant
chemotherapy increased for the group with baseline
sarcopenia, with 3.357 times increasing log odds (B = 3.357,
p <.001). Other variables showed no significant association with
sarcopenia risk after neoadjuvant chemotherapy. Finally,
no interactions of baseline sarcopenia status with other
variables were observed to predict sarcopenia status after
neoadjuvant chemotherapy.
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Body composition changes during neoadjuvant chemotherapy.BMI, body mass index; SFI, subcutaneous fat index; SMI, skeletal muscle mass

index; VFI, visceral fat index. *p <.05, **p <.01.

TABLE 3 Sarcopenia prevalence during neoadjuvant chemotherapy.

Group After chemotherapy
No Sarcopenia  Total
sarcopenia
Before No 208 (92.86%) 29 (31.18%) 237 (74.76%)
chemotherapy sarcopenia
Sarcopenia 16 (7.14%) 64 (68.62%) 80 (25.24%)
Total 224 (100%) 93 (100%) 317 (100%)

Pearson (1) = 132.48, p = 0.000.

TABLE 4 Associations between body composition changes.

Variables Mean differences
SMI SFI VFI
Baseline SMI —2381** -.1048 —.1244*
SFI -.0363 —.2283%* —.0809
VFI —.0948 —2202** —.3387%+

SFI, subcutaneous fat index; SMI, skeletal muscle mass index; VFI, visceral fat index.
*p <.05, *p <.001.

Discussion

We conducted this study to improve understanding of the
current status of sarcopenia in breast cancer patients by
evaluating body composition changes during neoadjuvant
chemotherapy, using CT imaging to assess sarcopenia
prevalence before and after neoadjuvant chemotherapy, and
determining predictors of sarcopenia status after neoadjuvant
chemotherapy in this population. To our knowledge, this is the
first study to use CT imaging to comprehensively quantify body
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TABLE 5 Multivariate logistic regression analyses to predict
sarcopenia after neoadjuvant chemotherapy.

Variable Value Coef. 95% CI  p-value
Baseline sarcopenia Yes 3.357  2.565 4.149 .000
No 1.000
Baseline subcutaneous fat -007  -.027 .013 485
Baseline visceral fat -027  -.056 .001 .058
Age at diagnosis 008  -.030 .046 675
Chemotherapy regimen  AC-T regimen  1.000
TCHP regimen  2.089  -237 4.415 .078
Tumor subtype HR+/HER2- 1.000
HR+/HER2+ -204  -1.847 1.439 .808
HR-/HER2+ -494  -2.171 1.183 564
TNBC .091 -781  .963 .838
Chemotherapy duration 014  -017 .045 .368

AC-T regimen, combination of an anthracycline and cyclophosphamide, followed by a
taxane; CI, confidence interval; HER2—, human epidermal growth factor receptor 2-
negative; HER2+, human epidermal growth factor receptor 2-positive; HR—, hormone
receptor-negative; HR+, hormone receptor-positive; TCHP regimen, docetaxel,
carboplatin, trastuzumab, and pertuzumab; TNBC, triple negative breast cancer. LR %>
(9) = 140.67, p <.000, pseudo R? = 0.3908.

composition changes during neoadjuvant chemotherapy in
Korean breast cancer patients. Determination of sarcopenia
status is often complicated or obscured by obesity; sarcopenia
is difficult to recognize visually without medical imaging.
Therefore, this study used abdominal CT scans, which are
routinely performed during treatment and are among the most
accurate measures of body composition parameters, to
accurately quantify body composition changes.

Our study generated meaningful findings regarding
sarcopenia status and body composition changes among
patients with breast cancer undergoing neoadjuvant
chemotherapy. Notably, BMI and BSA increased significantly
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during neoadjuvant chemotherapy. This finding is clinically
significant because BSA is typically used in clinical oncology
settings to calculate chemotherapy doses. Additionally, an
unchanged BSA during chemotherapy can mask more specific
changes to body composition, such as alterations in the
proportions of fat and muscle. For example, the detailed body
composition results in our study showed that although visceral
fat mass significantly increased during neoadjuvant
chemotherapy, SMI significantly decreased. While the
observed weight gain indicates that most body composition—
related variables increased or were maintained, that gain can also
mask significant decreases in the actual amount of skeletal
muscle mass. These findings suggest that weight maintenance
and muscle mass maintenance during chemotherapy are not
proportional, and thus that muscle mass loss could be easily
overlooked in clinical settings.

Among the important findings of this study, 80% of the
patients who had sarcopenia before neoadjuvant chemotherapy
(n = 64) maintained their sarcopenia status after completing
chemotherapy. Additionally, 12.2% of those who did not have
sarcopenia at baseline (n = 29) were newly diagnosed with the
condition after neoadjuvant chemotherapy. A similar result was
reported by a systematic review and meta-analysis involving 11
studies of patients receiving neoadjuvant therapy for esophageal
cancer, which found that 15.4% of participants showed new
incidence of sarcopenia after neoadjuvant chemotherapy (25).
Another multi-institutional analysis, involving patients with
gastric cancer, showed that 14% had newly developed
sarcopenia during neoadjuvant chemotherapy (26). In
comparison, a previous systematic review and meta-analysis in
a general population found that 10% of women aged 60 years or
older had sarcopenia and that non-Asian women had a higher
prevalence of sarcopenia than Asian women (20% versus 11%),
as measured by bioelectric impedance analysis (27).

Considering that the overall sarcopenia prevalence in
Korean women 50 years and older has been reported as about
20% (12), it is noteworthy that even before surgery, almost 30%
of the breast cancer patients in our study (mean age = 53 years)
were diagnosed with sarcopenia. Our findings, combined with
those of previous studies, show that the prevalence of newly
diagnosed sarcopenia in breast cancer patients after neoadjuvant
chemotherapy is similar to that in patients with other types of
cancer. However, the overall prevalence of sarcopenia in breast
cancer patients is higher than that in the healthy population.
Therefore, careful assessment of breast cancer patients for
sarcopenia—with consideration of cancer type, cultural
background, age, and treatment- and cancer-related factors—
is necessary.

Among our findings, baseline sarcopenia status was the only
significant predictor of sarcopenia after neoadjuvant
chemotherapy. The dramatic rise in the risk of sarcopenia
after neoadjuvant chemotherapy in the baseline sarcopenia
group— with 3.357 times increasing log odds —is a
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remarkable finding that has important implications for
assessment of muscle mass during treatment. Many studies
have shown that preoperative sarcopenia is a risk factor for
postoperative complications, severe complications, decreased
overall survival, and decreased disease-free survival in patients
with various cancer types (28-33). Given that preoperative
sarcopenia status appears to be a significant prognostic factor
for poor treatment outcomes and reduced survival, our findings
indicate that ongoing assessment of sarcopenia as well as overall
body composition from the beginning of cancer treatment could
enhance long-term therapeutic effectiveness for breast
cancer patients.

Several recent studies on sarcopenia, or muscle mass loss,
have drawn the attention of the scientific community because
they identified muscle mass loss as a key factor in chemotherapy
toxicity and hospitalization as well as mortality for various
cancer types (34-38). Previous studies have reported that BMI
is not related to breast cancer progression but that muscle
volume is a significant factor influencing severe laboratory
adverse events (8) and overall survival (11). In clinical settings,
therefore, combined assessments of sarcopenia and body
composition change would be beneficial for predicting
patients’ chemotherapy toxicities and mortality. Such
assessments would also support early intervention to prevent
or reduce muscle mass loss. Thus, to fully understand breast
cancer patients’ condition in the oncology setting, combined
interpretations of various body composition changes are called
for; such interpretations can reveal patients’ sarcopenia status,
provide direction for personalized chemotherapy, and help to
prevent chemotherapy toxicity.

Study limitations

This retrospective study had limitations that should be
acknowledged. First, we focused on changes in body
composition during neoadjuvant chemotherapy, which
prevented us from examining the trajectory of sarcopenia
during subsequent surgery and radiotherapy. Future studies
should apply a repeated measures design throughout the entire
process of active cancer treatment to obtain a better
understanding of patients’ sarcopenia status and trajectory.
Second, because the data available to us were limited by our
retrospective design, we could not examine potential mediators
for sarcopenia (such as nutrition and exercise) during
neoadjuvant chemotherapy. Furthermore, the retrospective
data available to us were limited to muscle mass
measurements, as muscle strength and physical performance
data had not been collected. Consequently, we focused our
evaluation on secondary sarcopenia, for which muscle mass
data would suffice. Based on the available evidence on various
factors related to sarcopenia, future studies should
comprehensively investigate potential mediators, their
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associations with sarcopenia, and their underlying mechanisms,
with the goal of minimizing muscle mass loss during cancer
treatment. Finally, as sarcopenia is more prevalent in the general
population of Korea than is the case in the United States and
Europe, our study sample may have been subject to
selection bias.

Conclusion

Comprehensive body composition analysis can improve our
understanding of subtle yet meaningful changes in muscle and fat
mass among breast cancer patients undergoing neoadjuvant
chemotherapy. To reduce masking of muscle mass loss during
cancer treatment in clinical settings, active interpretation of body
composition beyond BSA and BMI assessment is clearly needed.
This is particularly true for patients who have sarcopenia when
they begin neoadjuvant chemotherapy, as their risk of muscle
mass loss during treatment is alarmingly high. Assessment of body
composition and sarcopenia status beginning at breast cancer
diagnosis and extending throughout the neoadjuvant
chemotherapy period should become a cornerstone for
successful completion of planned cancer treatment.
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Objective: Although dual anti-HER2 therapy, namely, pertuzumab plus
trastuzumab, has shown promising results in patients with HER2-positive
breast cancer (BC), it is still unclear whether dual therapy will increase
adverse effects (AEs) while ensuring the efficacy compared with trastuzumab
monotherapy. We conducted a systematic review and meta-analysis to
compare the efficacy and safety of combined therapy with monotherapy.

Methods: A systematic search was performed to identify eligible randomized
controlled trials (RCTs) that evaluated the administration of dual anti-HER2
therapy [pertuzumab plus trastuzumab or trastuzumab emtansine (T-DM1)]
versus monotherapy (trastuzumab or T-DM1). The primary endpoints were
overall survival (OS) and progression-free survival (PFS).

Results: Fourteen RCTs (8,378 patients) were identified. Compared to
monotherapy, dual therapy significantly improved the OS (HR = 0.77, 95% Cl:
0.59-0.99) and PFS (HR = 0.74, 95% CI: 0.63-0.86) in advanced BC. In
neoadjuvant therapy, dual blockade has a higher ORR rate than
monotherapy. Grade 3 or higher febrile neutropenia, diarrhea, and anemia as
well as heart failure were more frequently reported in dual therapy compared
to monotherapy. No significant difference in serious AEs was observed
between the two groups. In the subgroup analysis, compared to single-
target therapy, dual-target therapy has higher OS and PFS rates in Asian
patients with advanced therapy; however, total grade >3 AEs and serious AEs
were significantly higher in the dual group in Asian patients.
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Conclusions: Our study confirms that the combination of pertuzumab and
trastuzumab therapy could substantially improve the outcome of patients with
HER2-positive breast cancer and was well tolerated compared to trastuzumab

monotherapy.
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Introduction

In 2020, breast cancer was the fourth leading cause of
cancer-related deaths among women in China and ranked first
in the incidence of female cancer (1). Approximately 20% of
breast cancers strongly overexpressed human epidermal growth
factor receptor 2 (HER2), which has historically been associated
with a poor prognosis, an aggressive phenotype, and a shorter
overall survival (OS) (2). Trastuzumab, a recombinant
humanized monoclonal antibody targeting HER2, combined
with chemotherapy increased response rates and time to
progression. However, the majority of cancers that initially
respond to trastuzumab begin to progress again within 1 year
(3). Moreover, the cardiotoxicity rate in the trastuzumab arm
(4.0%) was higher than in the non-trastuzumab arm (1.3%) (4).

Pertuzumab, another monoclonal HER2 antibody, binds to a
different region of trastuzumab and blocks the dimerization of
HER2 with other HER family members such as HER3. Previous
studies proved that the combination of trastuzumab and
pertuzumab demonstrated a strongly enhanced antitumor
effect combined as compared with either agent alone in
preclinical studies (5). Pertuzumab was approved by the FDA
for use in combination with trastuzumab and chemotherapy for
the advanced, neoadjuvant, and adjuvant treatment of patients
with HER2-positive breast cancer (6, 7). Although they generally
are well tolerated, HER2-targeted therapies are associated with
cardiotoxicity such as an asymptomatic decrease in the left
ventricular ejection fraction (LVEF) (8).

Therefore, it is still unclear whether the combination of
pertuzumab and trastuzumab does not increase the incidence of
adverse effects (AEs) while enhancing the antitumor effect,
compared with trastuzumab single-agent therapy. We conducted
an up-to-date systematic review and meta-analysis of randomized
controlled trials (RCTs) on pertuzumab plus trastuzumab (or ado-
trastuzumab emtansine, T-DM1) dual anti-HER2 therapy
compared with trastuzumab or T-DM1 monotherapy in patients
with HER2-positive breast cancer. Due to the effect of conjugated
trastuzumab, i.e., T-DM1, which is expected to be greater than the
original trastuzumab, we divided pertuzumab plus trastuzumab or
T-DMI1 into two groups.
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Material and methods

Study design, patients, comparison,
and outcome

We quantitatively summarized data on the efficacy and
safety of pertuzumab from RCTs. Patients were diagnosed
with HER2-positive breast cancer. The primary endpoints
were progression-free survival (PFS) and OS. The secondary
endpoints included pathologic complete response (pCR), partial
response (PR), complete response (CR), and objective response
rate (ORR). The safety endpoints were adverse events (AEs)
including cardiotoxicities, serious AEs, any-grade AEs, and so
on. The risk estimates were pooled by comparing the
pertuzumab plus trastuzumab (or pertuzumab plus T-DM1)
group with or without chemotherapy versus the trastuzumab (or
T-DM1) monotherapy group with or without chemotherapy.

Search strategy and selection criteria

This systematic review adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement (9). Relevant articles were identified by searching
PubMed, Medline, Embase, Cochrane Library, Web of
Science, ClinicalTrials.gov, CNKI, and Wanfang (the last
two were Chinese literature databases) without year and
language restrictions, by using the following keywords:
pertuzumab or Perjeta or Rhumba 2C4; breast or
mammary; randomized or randomised or randomly. The
last search was updated on 17 February 2022. To identify
additional articles, the reference lists of identified studies and
relevant reviews were reviewed. When more than one
publication was identified from the same clinical trial, we
used the most recent or complete report of that trial.

We used the following selection criteria: 1) original
articles reporting RCTs; 2) patients that had HER2-positive
breast cancer; 3) studies that had at least two groups included:
a dual anti-HER2 therapy group which is pertuzumab plus
trastuzumab or T-DM1 with or without chemotherapy and a
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monotherapy group which is trastuzumab or T-DM1 with or
without chemotherapy; 4) studies that reported at least one of
the above efficacy or safety indicators; and 5) studies
published in English. Studies not matching the selection
criteria were excluded. Other exclusion criteria included the
following: 1) repeated publications or incomplete data,
2) conference abstracts and unpublished results, and 3)
phase I clinical trials.

Data extraction and quality assessment

The following information was extracted from each
included study: the first author’s name, publication year,
trial names, country of origin, study design, demographics
of participants, diagnosis and grading of diseases, number of
patients in each group, interventions (including type, dose,
and duration of anti-HER2 therapy; type of chemotherapy),
follow-up time, outcomes, and other important
characteristics of the study population. Data extraction was
conducted independently by two investigators, and any
disagreement was resolved by consensus. Risk of bias
assessment was carried out using the Cochrane risk of bias
tool (10). Risk of bias was rated as high/low/unclear. The
quality assessment was measured using RevMan Version 5.4
(The Cochrane Collaboration, the UK).

PubMed (@=219)
MEDLINE (n=172)
EMBASE (u=975)
Cochrane Library (1=463)
Web of Science(1=468)
ClinicalTrials.gov (1=32)

CNKI* (n=816)

WANFANG* (n=20)

Potential reports
(n=3.165)

10.3389/fonc.2022.894861

Statistical analysis

The pooled hazard ratio (HR) and 95% confidence
interval (CI) on primary endpoints (PFS and OS) were used
as the effect size of survival data. The pooled relative risk ratio
(RR) and 95% CI were used to calculate the effect size of
dichotomous data. Statistical heterogeneity was assessed
using the I” and Q-statistic. In cases of no heterogeneity
between results (I2 <50%; p > 0.1), a fixed-effect model based
on Mantel-Haenszel was used; otherwise, the random-effect
model was used to estimate 7 using DerSimonian and Laird
(11, 12). A sensitivity analysis was used to assess the influence
of each study on the overall results by omitting one study at a
time. Potential publication bias was assessed by Begg’s test
and Egger’s test. A two-sided p-value <0.05 was considered
statistically significant. All statistical analyses were performed
with Stata 12.0 (StataCorp, America).

Results
Search results and trial characteristics
The study selection process is summarized in Figure 1. A

total of 3,165 potentially relevant records were retrieved.
After removing 608 duplicates, 2,557 remained for

(1=2.557)

[ Screened based on titles and abstracts ]

Duplicates (1=608)

Full-text articles assessed for
eligibility (n=632)

Not-relevant* (n=117)
Conference abstract (n=423)

Finally included
(1=22)

FIGURE 1

Report the same study (n=20)

The trial is not over yet (1=50)

Animals (n=25)
Books (n1=4)

Case report (n=6)
Guidelines (a1=58)
Mechanisms (n=110)
Meta (n=129)

Not RCT (u=54)
Not-relevent (1=817)
Review (n=722)

Flowchart diagram of the study selection. *CNKI and Wanfang were two Chinese literature databases. *Not-relevant, including non-breast
cancer (n = 6); both the trial group and the control group used pertuzumab (n = 106); the control group did not use trastuzumab (n = 2); phase

| clinical trial (n = 2) and without efficacy or safety indicators (n = 1).
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evaluation. After screening titles and abstracts, 1,925 records
were excluded, including non-original research, non-relevant
studies, and so on. After screening the full text, 610 records
were further excluded due to the following reasons: the
patients included had no breast cancer, both experimental
and control groups used pertuzumab, the control group did
not use trastuzumab, the studies were conference abstracts,
the studies did not complete or provide results, and studies
reported the same study. Thus, a total of 22 records (13-33)
reporting 15 RCTs were included.

In terms of efficacy, six, one, and eight RCTs were
included in the neoadjuvant, adjuvant, and advanced breast

TABLE 1 Characteristics of the included studies.

10.3389/fonc.2022.894861

cancer therapies. One trial (28) has compared the fixed-dose
combination of pertuzumab and trastuzumab for
subcutaneous (SC) administration with pertuzumab IV and
trastuzumab IV formulations and, thus, was excluded from
the meta-analysis. The characteristics of each trial are
presented in Table 1. Finally, 14 RCTs (8,378 patients) were
included for the meta-analysis, with 4,241 patients in the
dual-targeted therapy group and 4,137 in the monotherapy
group. Two trials had more than three arms, but we only
extracted the data related to our purpose, that is, the
comparison between pertuzumab plus trastuzumab and
trastuzumab alone (14, 20).

Authors, year Trial Region Phase Experimental group Control group Duration®
name
Treatment Sample Age” Treatment Sample Age®
size size
Neoadjuvant setting
Gianni, L., et al., 2012 NeoSphere International 2 T+P+D 107 - T+D 107 50 (32-74) 12w
(14, 18)
Buxton, M., et al., 2016  I-SPY 2 International 3 T+P+D-AC 150 - T+D-AC 150 - 12w
(33) TRIAL
Patel, T. A, et al,, 2019  TEAL International 2 T+P 16 57 (40-75) T-DMI1+L 14 53 (28-70) 18w
(24) +/-nab-Pac
Shao, Z., et al., 2020 PEONY International 3 T+P+D 219 49 (24-72) T+Placebo+D 110 49 (27-70) 12w
(26)
Tan, A. R, et al,, 2021 FeDeriCa International 3 T+P, IV 252 49 (42-58) T+P, fdc sc 248 52 (44-59) 12w
(28)
Zhang, Q., et al,, 2021 NA China NA T+P+Pac 20 453 + 1.3 T+Pac 20 453 +1.3 NA
(29)
Adjuvant setting
Minckwitz, G., et al., APHINITY International 3 T+P+FEC-D/Pac 2,400 51.7 + 10.9 T+Placebo 2404 51.4 +10.7 52w
2017 (22) +FEC-D/Pac
Metastatic setting (first line)
Baselga, J., et al, 2012 CLEOPATRA International 3 T+P+D 402 54.0 (27— T+Placebo+D 406 54.0 (22— Until®
(13, 15-17, 32) 89) $2)
Krop, I. E,, et al,, 2016 - USA 2 T-DM1+P+Pac 22 54 (43-72) T-DMIl1+Pac 22 50 (35-81) Until®
(19)
Urruticoechea, A., et al, PHEREXA International 3 T+P+Cap 228 54 T+Cap 224 55 Until®
2017 (21)
Perez, E. A, et al, 2017 MARIANNE International 3 T-DM1+P 363 52 (27-86) T-DM1 367 52 (27-82) Until®
(20, 25) +Placebo
Rimawi, M., et al., 2018 PERTAIN International 2 T+P+AI 129 59 (35-87) T+AI 129 61 (31-89) 18-24w
(23)
Xu, B, et al., 2020 (27) PUFFIN China 3 T+P+D 122 51 (26-74) T+Placebo+D 121 53 (25-71) Until®
Jiang, Y., et al,, 2021 NA China NA T+P+D 40 56.4 +2.4 T+D 40 56.6 £ 2.5 18w
(31)
Ma, S. Y., et al., 2021 NA China NA T+P+Pac+CBP 23 439 +21.8 T+Pac+CBP 23 458 +20.9 12w
(30)

T, trastuzumab; D, docetaxel; P, pertuzumab; T-DM1, trastuzumab emtansine; Pac, paclitaxel; Cap, capecitabine; A, doxorubicin; C, cyclophosphamide; FEC, fluorouracil+epirubicin
+cyclophosphamide; Al, anastrozole or letrozole; L, lapatinib; nab-pac, nab-paclitaxel; CBP, carboplatin.

*Age was expressed as median (IQR) or mean + SD.
"Duration of anti-HER?2 therapy.
“Anti-HER2 therapy was given until disease progression or unacceptable toxicity.
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Primary endpoints

In the treatment of advanced breast cancer, two RCTs (13,
21, 32) reported OS, including 630 patients in the pertuzumab
plus trastuzumab group and 630 in the trastuzumab group. The
pooled results showed that dual anti-HER2 therapy significantly
prolonged OS compared with monotherapy (HR = 0.67, 95% CI:
0.57-0.79; Figure 2), with no evidence of publication bias (Begg’s
test, p = 1.000). We noted no evidence of heterogeneity across
the included studies (I = 0%, p =0.933).

In advanced therapy, five RCTs (13, 21, 23, 27), including
881 patients of pertuzumab plus trastuzumab and 880 of
trastuzumab, reported PFS data. The pooled PFS demonstrated
a statistically significant improvement for patients in the dual
therapy group compared to the monotherapy group (HR = 0.69,
95% CI: 0.61-0.78; Figure 2), with no heterogeneity across
studies (I = 16.2%, p = 0.310) and no publication bias
(Egger’s test, p = 0.904; Begg’s test, p = 0.734).

Secondary endpoints

In neoadjuvant therapy, the pCR and ORR data were
reported in four (14, 26, 29, 33) and two RCTs (14, 26),
respectively (Supplementary Figure 2). The pooled pCR and
ORR had a significant absolute improvement (RR = 1.61, 95%
CL: 1.30-2.01; RR = 1.11, 95% CI: 1.02-1.21) in the dual
blockade group (pertuzumab plus trastuzumab) compared to
the monotherapy group. In advanced therapy of pertuzumab
plus trastuzumab versus trastuzumab, in evaluating the CR, PR,
and ORR rates, four (13, 27, 30, 31), four (13, 27, 30, 31), and five
(13,21, 27,30, 31) RCTs were included, respectively. The pooled
PR and ORR showed a substantial benefit in the dual HER2
blocking group compared to the monotherapy group (RR = 1.23,
95% CI: 1.11-1.36; RR = 1.21, 95% CI: 1.11-1.31, respectively)
with no heterogeneity among studies. There was no statistical

os

Stugy %

HR(@5%C)  Weight

Baselga, J.(2015) —_— 067(055,082) 6691

Unnutioect hea, A, 2017)

068(051,090) 3309

Overall (-squared = 0.0%, p = 0.933) 067(057,079) 100,00

FIGURE 2

10.3389/fonc.2022.894861

significance in the pooled CR (RR = 1.24, 95% CI: 0.76-2.03)
(Supplementary Figure 3). However, in advanced therapy
of pertuzumab plus T-DMI1 versus T-DMI, there was no
statistical significance in the pooled CR, PR, and ORR
(Supplementary Figure 4).

Safety endpoints

Eight RCTs (13, 18, 20-22, 26, 27, 29) reported
cardiotoxicities, including LVEF decline, asymptomatic left
ventricular systolic dysfunction (LVSD), and heart failure
(HF). The pooled HF was statistically significant in the dual
HER2 blocking group compared with monotherapy (RR = 4.18,
95% CI: 1.07-16.30), whereas LVEF decline and asymptomatic
LVSD did not show significant difference (Supplementary
Table 1). We conducted an analysis of grade >3 AEs reported
in the trials: neutropenia (eight trials), diarrhea (eight trials),
febrile neutropenia (five trials), leukopenia (five trials), anemia
(five trials), asthenia (four trials), fatigue (four trials), and so on
(Supplementary Table 2). Patients receiving dual blockade of
pertuzumab plus trastuzumab had a significant increase in the
incidence of febrile neutropenia (RR = 1.17, 95% CI: 1.01-1.34),
diarrhea (RR = 2.26, 95% CI: 1.87-2.74), and anemia (RR = 1.39,
95% CI: 1.11-1.73), whereas only diarrhea was significant in
patients with pertuzumab plus T-DM1 dual therapy compared
to T-DM1 monotherapy. There were no statistical differences in
total grade >3 AEs and the other grade >3 AEs between the dual
therapy group and the monotherapy group (Figure 4). The
pooled analysis showed no substantial increase in the
incidence of total serious AEs (RR = 1.12, 95% CI: 0.90-1.38)
and death (RR = 0.83, 95% CI: 0.68-1.00) (Figure 4 and
Supplementary Table 3). More than half of the trials reported
all-grade AEs such as diarrhea (13 trials), nausea (11 trials), rash
(9 trials), neutropenia (8 trials), and alopecia (7 trials).
Compared with the monotherapy group, the incidence rates of

Study PFS %

HR (95% CI)  Weight
Baselga, J. (2012) 062 (0.51,0.75)41.26

Urnuticoechea, A. (2017)

0.82(0.65, 1.03)30.23

M. (2018) e 065 (0.48, 0.89)16.10

Xu, B. (2020)

069 (0.49, 0.98)12.41

Overall (i-squared = 16.2%, p = 0. 3( 069 (061, 0.78)100.00

a7 1

Meta-analysis of primary endpoints [overall (OS) and progression-free survival (PFS)] between the dual anti-HER2 therapy group
(pertuzumabplus trastuzumab) and the monotherapy group in advanced breast cancer. The size of the squares indicates the weight of the study.
Error barsrepresent 95% confidence intervals (Cls). The diamond indicates the summary odds ratio.
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diarrhea (RR = 1.48, 95% CI: 1.30-1.69), rash (RR = 1.54, 95%
CI: 1.29-1.83), and mucosal inflammation (RR = 1.45, 95% CI:
1.17-1.78) were significantly higher in the dual therapy
(pertuzumab plus trastuzumab) group; however, only the
incidence of rash (RR = 1.42, 95% CI: 1.07-1.87) was
significant in the dual therapy of pertuzumab plus T-DM1. No
other differences were observed in the other all-grade AEs
(Supplementary Table 4).

Subgroup analysis

To explore the effect of pertuzumab in Asian patients, we
conducted a subgroup analysis and extracted data from nine
publications on the treatment of advanced breast cancer (17, 20,
21, 26, 27, 29-31, 34). The pooled analysis found that the dual
treatment of pertuzumab and trastuzumab resulted in an
improvement in both OS and PFS compared with trastuzumab
alone (HR = 0.63, 95% CI: 0.42-0.94; HR = 0.65, 95% CI: 0.52-
0.82) (Figure 3). The incidence rates of total grade >3 AEs
(HR = 1.11, 95% CI: 1.03-1.21) and SAEs (HR = 1.39, 95% CL:
1.07-1.82) were statistically significant in the pertuzumab plus
trastuzumab group compared with the monotherapy group
(Figure 4 and Supplementary Tables 5, 6). For all-grade AEs,
the incidence rates of diarrhea, mucosal inflammation,
and infusion-related reactions were significantly higher
in Asian patients treated with dual anti-HER2 therapy
(Supplementary Table 7).

Quality assessment and publication bias

The risk of bias for the included trials is shown in Figure 5
(and Supplementary Figure 1). Overall, the quality of the studies
was satisfactory. Six trials (14, 19, 21, 23, 24, 33) were open label,
that is, no blinding of the study participants and personnel. One

0s

Study %

D HR(@5%CI)  Weight

Baselga, J. (2014) 064(041,100) 8285

1715

(2017) 0.56(021, 1.49)

Overall (I-squared = 0.0%, p = 0.808) 063(042,094) 100,00

FIGURE 3

Baselga, J. (2014)
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trial (31) used a list of random numbers, which could possibly
foresee assignments and, thus, introduce selection bias. One trial
(24) was closed early due to superiority, with 14 patients not
completing the experimental group. No evidence of significant
publication bias was detected for any of the measured outcomes
by Egger’s test and Begg’s test.

Discussion

As we know, this is the first meta-analysis of RCTs
focusing on the combination of pertuzumab and
trastuzumab/T-DM1 therapy versus trastuzumab/T-DM1
single-agent therapy in patients with HER2-positive breast
cancer. Most other studies discussed different combination
regimens of dual anti-HER2 therapy (35, 36). This meta-
analysis of RCTs observed the efficacy of pertuzumab plus
trastuzumab with or without chemotherapy that was superior
to trastuzumab monotherapy with or without chemotherapy
in the treatment of advanced breast cancer, with a significant
improvement in OS, PFS, PR, and ORR. In neoadjuvant
therapy, the dual blockade of pertuzumab and trastuzumab
has higher pCR and ORR rates than monotherapy
(trastuzumab). Moreover, the total incidence of grade >3
AEs and SAEs did not increase in patients with dual
therapy (pertuzumab plus trastuzumab) compared to
monotherapy (trastuzumab). However, compared with
trastuzumab, pertuzumab plus trastuzumab therapy has a
higher incidence of heart failure and grade >3 febrile
neutropenia, diarrhea, and anemia. Furthermore, in Asian
patients in advanced therapy, compared to single-
target therapy (trastuzumab), the double-target therapy
(pertuzumab plus trastuzumab) also has a higher OS rate
and PFS rate, which was consistent with the efficacy in global
patients. However, the incidence of total grade >3 AEs and
SAEs was increased significantly in Asian patients.

PFS

Study %

HR (95%CI)  Weight

0.68 (0.48, 0.96) 44.88

Xu, B. (2020)

Overall (l-squared = 0.0%, p = 0.521)

A (2017 0.46 (0.24,0.87) 12.84

0,69 (0.49, 0.98) 42.28

0.65 (0.52, 0.82) 100.00

243 1

Subgroup analysis of OS and PFS between the dual anti-HER2 therapy group (pertuzumab plus trastuzumab) and the monotherapy group in
advanced breast cancer in Asian patients. The size of the squares indicates the weight of the study. Error bars represent 95% confidence
intervals (Cls). The diamond indicates the summary odds ratio. No evidence of publication bias was detected for OS (Begg's test: p = 1.000) and

PFS (Egger's test: p = 0.752, Begg's test: p = 1.000).
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L] RR(95%Cl)  Weight D RR(95% Cl)  Weight
L
von Minckwitz, G, (2017) - 1.12(1.07,1.17) 33.85 p— —
Urruticoechea, A. (2017) — 0.87(0.73,1.02) 20.60
d Urruticoechea, A. (2017) 1.03(0.74, 1.43) 40.71
Rimawi, M. (2018) {——— 1.30 (098, 1.72) 1154
H Rimawi, M. (2018) 1.71(1.10,2.64) 18.60
Xu, B. (2020) || 1.02(0.86,1.20) 2066
H Xu, B. (2020) 1.03(061,1.72) 17.76
Shao, Z. (2020) - 1.16 (0.90, 1.51) 12.82
Shao, Z. (2020) 1.23(0.59,259) 9.16
Ma SY (2021) — 050 (0.10,2.47) 052
Overall (I-squared = 42.1%, p = 0.141) 1.12(0.90, 1.38) 100.00
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The incidence of total grade _3 AEs and SAEs between the dual anti-HER2 therapy group (pertuzumab plus trastuzumab) and the

monotherapygroup in global and Asian patients.

The HER family plays an important role in cell survival and
proliferation and is implicated in oncogenesis. Overexpression
of HER2 is associated with aggressive disease and poor
prognosis. Both pertuzumab and trastuzumab are humanized
monoclonal antibodies targeting HER2 and have proven to offer
survival benefit for women with HER2-positive breast cancer.
Several mechanisms have been proposed to explain the
synergism of pertuzumab and trastuzumab in treating HER2-
positive breast cancer, the favored theory of which was the
different functions of the two antibodies (5, 37-39).
Trastuzumab and T-DMI bind to domain IV of HER2 and
inhibit the homodimerization of HER2 and the downstream
signaling pathways activated by the HER2 homodimer.
However, pertuzumab binds HER2 in domain II, a different
domain than trastuzumab, and preferentially blocks the
heterodimerization of HER2 with EGFR, HER3, and HER4,
and the downstream signaling pathways activated by HER2
heterodimers, which activates several intracellular signaling
cascades, including cell proliferation and survival (38, 39).
Therefore, the combination of the two antibodies could
synergistically enhance the blocking effect of the downstream
signaling, resulting in greater antitumor activity than either
agent alone in preclinical studies (5). However, the German
Federal Joint Committee (G-BA) and the Institute for Quality
and Efficiency in Health Care (IQWiG) did not conclude that
there is any additional benefit of adding pertuzumab to the
neoadjuvant combination treatment of chemotherapy and
trastuzumab based on the prognostic benefit, which was at
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that time unconfirmed (40). The combination of pertuzumab
with trastuzumab and chemotherapy has been approved both by
the FDA and the European Medicines Agency in the metastatic,
neoadjuvant, and adjuvant settings (6, 7). Therefore, we
extracted and summarized RCT studies to explore the efficacy
and safety of dual blockade compared with monotherapy.

In pivotal studies of breast cancer, PFS was widely used as a
primary endpoint although the choice of PFS or OS remained
the subject of debate. In the CLEOPATRA trial, PFS was
significantly improved with pertuzumab plus trastuzumab plus
docetaxel, which was first approved in June 2012 by the FDA for
the first-line treatment of HER2-positive MBC (13). After one
additional year of follow-up, the OS analysis also demonstrated
statistically significant and clinically meaningful survival benefit
with this combination compared with trastuzumab plus
docetaxel (16), which was maintained after a median follow-
up of more than 8 years (41). However, the PHEREXA study did
not show this consistency between PFS and OS in advanced
breast cancer. It was found that adding pertuzumab to
trastuzumab and capecitabine modestly increased PFS, but
there was no statistical significance. Although the median OS
was increased by using two anti-HER2 regimens, the statistical
significance of OS cannot be claimed as a result of the
hierarchical testing of OS after the primary PFS endpoint (21).
In this study, after the pooling analysis, we demonstrated that
dual blocking therapy could significantly prolong OS and PFS in
advanced and neoadjuvant therapy in patients with HER2-
positive breast cancer compared with trastuzumab single-agent
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therapy with or without chemotherapy. Furthermore, a
subgroup analysis of the CLEOPATRA trial showed that
patients experienced PFS benefit with treatment in the
pertuzumab plus trastuzumab arm compared with the placebo
plus trastuzumab arm in both the <65-year (HR = 0.65; 95% CIL:
0.53-0.80) and >65-year groups (HR = 0.52; 95% CI: 0.31-0.86)
(42). They suggested that the combined use of pertuzumab and
trastuzumab should not be limited by age, though proactive
management of toxicities and regular cardiac monitoring should
clearly be undertaken.

pCR is an established predictor of the prognosis, and
improvements in pCR appear to be associated with
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improvements in the prognosis to some extent (40).
Combining trastuzumab and pertuzumab in neoadjuvant
therapy in the NeoSphere trial resulted in a pCR rate of 45.8%
and was significantly superior to neoadjuvant chemotherapy
plus trastuzumab alone (29%; p = 0.014) (14). However, a 5-year
survival analysis of this trial did not show any significant
differences between the two groups (HR = 0.69; 95% CI: 0.34-
1.40) (18). Two further neoadjuvant treatment trials reported
that the pCR rate in patients treated with dual blockade was
approximately twice as high as that in patients with trastuzumab
single-agent therapy (26, 29). In our study, however, the pooled
pCR was significantly increased in the dual blockade group
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compared to the monotherapy group in neoadjuvant therapy. A
meta-analysis by Chen et al. confirmed that trastuzumab plus
pertuzumab significantly improved the pCR compared to
trastuzumab in neoadjuvant settings (OR = 1.33; 95% CI:
1.08-1.63; p = 0.006) (43). However, this study included non-
RCTs, such as single-arm studies and retrospective studies,
which might generate biases.

Although dual anti-HER2 therapies were associated with an
efficacy benefit in HER2-positive breast cancer, they could
increase the risk of cardiac toxicity in previous trials. The FDA
recommendations for pertuzumab, trastuzumab, and T-DM1I
limit their use to patients whose LVEF prior to treatment
exceeds 50% or 55%, and the agency advises dose delay or
discontinuation in the setting of LVEF decline during treatment
(44). Our study showed that the combined anti-HER2 therapy
increases the incidence of heart failure compared with single-
agent therapy, which was not consistent with the findings from
the meta-analysis, concluding that doubling up on anti-HER2
drugs did not increase cardiac toxicity compared with the use of
anti-HER2 drugs individually (45). However, this study did not
specify the administration of pertuzumab plus trastuzumab
versus trastuzumab. Our results should be considered valid
because of the included patients with an adequate cardiac
function prior to therapy.

Furthermore, adverse events (any grade) such as diarrhea,
rash, and mucosal inflammation which were mostly grade 1 or 2
were reported more frequently in the pertuzumab plus
trastuzumab group than in the trastuzumab monotherapy
group. Furthermore, a higher incidence of grade 3 or higher
febrile neutropenia, diarrhea, and anemia was reported in the
dual therapy group, which was consistent with the reports of the
meta-analysis published by Chen et al. (43). The meta-analyses
of Yu et al. (36) and Zhang et al. (46) only confirmed that dual
therapy increased the incidence of grade 3-4 diarrhea because
they did not collect the data of other AEs. Although our study
demonstrated that dual HER2 blocking does not significantly
increase the risk of total grade =3 AEs and total serious AEs,
strict patients’ selection criteria should be adopted in future
trials, and patients receiving dual regimens should be closely
monitored in clinical practice. However, in the subgroup
analysis of Asian patients, we found that the incidence of total
grade >3 AEs and serious AEs was significantly higher in the
dual therapy group, suggesting that clinical monitoring should
be given more to Asian patients with dual-targeted therapy.

In 2002, trastuzumab (Herceptin) was initially granted
regular approval by the NMPA of China, and its safety and
efficacy in Chinese patients have been fully verified. In December
2018, pertuzumab was initially approved by the NMPA, and on 1
January 2020, it was included in the Chinese national
reimbursement drug list (NRDL) to reduce the burden of
disease. However, the data of the application of pertuzumab in
Chinese patients mostly came from a subgroup analysis of
international trials or bridging studies. Due to the lack of
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RCTs in Chinese patients, we observed the use of the
combination of pertuzumab and trastuzumab therapy in global
studies. This meta-analysis provides the basis for clinical practice
supporting the use of the combined therapy in China. However,
this meta-analysis has several limitations. First, the number of
studies included was relatively small. There are some ongoing
trials investigating the dual anti-HER2 therapy compared to
monotherapy, and the results are yet to be released. Moreover,
some studies outlined in the included studies are still in progress,
and follow-up results will be used in the future analysis. Second,
clinical heterogeneity does exist among trials in terms of
treatment setting. Third, the calculations were based on
published positive study results, and many negative results
may not be published, which might generate biases.

In summary, our findings provide robust information that
the combination of pertuzumab and trastuzumab with or
without chemotherapy in breast cancer is warranted. The
combined therapy could substantially improve the outcome of
patients with HER2-positive breast cancer in both advanced and
neoadjuvant therapies and was well tolerated, with no increase in
total grade =3 AEs and serious adverse events, compared with
trastuzumab monotherapy. However, in Asian patients, the
incidence of total grade >3 AEs and SAEs was more frequent
in the dual therapy group, which needs to be more closely
monitored in clinical practice. Additional large-scale
randomized controlled trials should be designed to further
confirm the efficacy and safety of dual blocking therapy in
Chinese patients with HER2-positive breast cancer.
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Clinical N3 is an independent
risk factor of recurrence

for breast cancer patients
achieving pathological complete
response and near-pathological
complete response after
neoadjuvant chemotherapy

Xiaoyan Qian*?, Meng Xiu', Qing Li*, Jiayu Wang?, Ying Fan?,
Yang Luo?, Ruigang Cai*, Qiao Li‘, Shanshan Chen’,
Peng Yuan?, Fei Ma*', Binghe Xu® and Pin Zhang™

‘Department of Medical Oncology, National Cancer Center/National Clinical Research Center for
Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College,
Beijing, China, ?Department of Oncology, Henan Provincial People’s Hospital, People’s Hospital of
Zhengzhou University, Zhengzhou, China, *Department of VIP Medical Services, National Cancer
Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China

Background: Although achieving pathological complete response (pCR) and
near-pathological complete response (near-pCR) after neoadjuvant
chemotherapy (NAC) in breast cancer predicts a better outcome, some
patients still experience recurrence. The aim of our study was to investigate
the predictive factors of recurrence in the pCR and near-pCR population.

Methods: We reviewed 1,209 breast cancer patients treated with NAC between
January 2010 and April 2021 in the Cancer Hospital, Chinese Academy of
Medical Sciences (CHCAMS). A total of 292 patients achieving pCR and near-
pCR were included in our analysis. pCR was defined as ypTONO/ypTisNO. Near-
pCR was defined as ypT1imi/la/IbNO or ypTO/isN1mi. Clinical features and
follow-up information were collected. Survival and predictive factors of
recurrence were analyzed.

Results: Of the 292 patients, 173 were pCR and 119 were near-pCR. The
median age was 46 years (range, 23-75 years). The predominant tumor
subtypes were human epidermal growth factor receptor type 2 (HER2)-
positive breast cancer (49.0%) and triple-negative breast cancer (TNBC)
(30.8%). The median duration of follow-up was 53 months (range, 9-138
months). A total of 25 (8.6%) patients developed recurrence, with 9 (5.2%) in
the pCR group and 16 (13.4%) in the near-pCR group. The vast majority of
recurrence occurred within 36 months from onset of NAC. The 5-year
recurrence-free survival (RFS) rate of patients achieving pCR was significantly
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higher than that of patients achieving near-pCR (94.6% vs. 85.6%, p = 0.008).
However, the 5-year overall survival (OS) rate between the two cohorts had no
statistical difference (94.3% vs. 89.6%, p = 0.304). Clinical N3 (cN3) before NAC
was an independent risk factor of recurrence in patients who achieved pCR (p =
0.003) and near-pCR (p = 0.036). Tumor size before NAC, subtypes of breast
cancer, and chemotherapy regimens showed no significant association with
RFS both for patients who achieved pCR and for those who achieved near-pCR
(o > 0.05).

Conclusions: cN3 before NAC was an independent risk factor of recurrence in
patients who achieved pCR and near-pCR. It is worthwhile to closely monitor
patients with cN3, especially in the first 3 years.

KEYWORDS

breast cancer, pathological complete response, near-pathological complete
response, survival, predictive factors

Introduction

Neoadjuvant chemotherapy (NAC) was widely used in patients
with human epidermal growth receptor 2 (HER2)-positive breast
cancer and triple-negative breast cancer (TNBC) (1-3). HER2-
positive breast cancer and TNBC are relatively sensitive to NAC,
and pathological reaction to NAC can provide prognostic
information and guide the selection of postoperative treatment
(4-9). Due to the rapid development of antineoplastic drugs in
recent decades, the rate of pathological complete response (pCR)
after NAC has significantly increased (10). Studies have
demonstrated that patients achieving pCR had significantly better
disease-free survival (DFS) and overall survival (OS) than patients
with residual disease (11, 12). The assessment of obtaining a real
pCR is of great importance and has been gradually standardized
nowadays. The generally accepted definition of pCR is that there is
no residual invasive carcinoma in the breast and in all sampled
lymph nodes (ypT0/isNO) (13-15). More recently, the concept of
near-pCR was gradually being proposed and has attracted more
and more attention. Substantial research elucidated that patients
who achieved near-pCR also had outstanding DFS and OS (13, 14).
A variety of definitions of near-pCR have been used in neoadjuvant
clinical trials in breast cancer. The most common consensus was
that the residual disease <1 cm (9, 16).

In spite of the outstanding outcomes of patients achieving
pCR and near-pCR, some of them may still experience
recurrence. In order to identify clinical and pathological
predictive factors of cancer recurrence, we performed this
retrospective analysis among breast cancer patients who
achieved pCR and near-pCR in the Cancer Hospital, Chinese
Academy of Medical Sciences (CHCAMS). In this study, we
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aimed to explore the predictive factors associated with
recurrence for the patients achieving pCR and near-pCR, and
investigate whether the risk for recurrence and death of patients
achieving near-pCR was comparable with those achieving pCR.

Methods
Study population

Wereviewed 1,209 breast cancer patients that were treated with
NAC between January 2010 and April 2021 in CHCAMS. The
inclusion criteria in this study were as follows: (1) patients who were
pathologically diagnosed with invasive breast cancer based on
WHO criteria; (2) patients who have early-stage or locally
advanced breast cancer (4, 13); (3) patients receiving surgery after
NAG; (4) patients with complete clinical information; and (5)
patients with follow-up data. Exclusion criteria were as follows:
(1) patients with distant metastasis before or during NAC; (2)
patients without detailed pathology after surgery; and (3) patients
who withdraw active follow-up data. A final cohort of 292 patients
who achieved pCR and near-pCR was incorporated in this study.
Clinical and pathological data of these patients were collected: age,
menstruation, tumor size, regional lymph node, estrogen receptor
(ER), progesterone receptor (PR), HER2, Ki67 index,
chemotherapy, radiation, endocrine, and surgery regimens.

Pathological assessment

PCR was defined as no residual invasive carcinoma in the
breast and negative axillary lymph nodes, including ypTONO and
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ypTisNO (13-15). Near-pCR was defined as the residual tumor size
<1 cm in the breast and negative axillary lymph nodes, or no residual
invasive carcinoma in the breast yet existing micrometastasis in
lymph node, including ypT1mi/a/bNO and ypT0/isNImi (9, 16).
Pathologically, T and N were defined according to the AJCC Staging
System of Breast Cancer, 8th edition (17).

The Miller-Payne grade system was used to evaluate breast
cancer pathological responses to NAC (18). Grade 1: no significant
reduction in tumor cells; Grade 2: a minor reduction in tumor cells
(£30%); Grade 3: reduction in tumor cells between 30% and 90%;
Grade 4: disappearance of tumor cells > 90%; Grade 5: no invasive
tumor cells identifiable, and DCIS may be present.

ER and PR status was assessed by immunohistochemistry
(IHC) and categorized as positive when more than 1% of cancer
cells were stained (19). HER2 positive was defined as 3+ by IHC
or positive by fluorescence in situ hybridization (FISH) (20).
Ki67 index was defined as the mean tumor cells with marker
expression by THC: low (<20%), intermediate (20%-49%), and
high (250%) (21-23).

The molecular subtype classification was on the basis of ITHC
of ER, PR, HER2, and Ki67 (24). Luminal A: ER and PR positive
(PR =20%), HER2 negative, and Ki67 low expression; Luminal B
HER2-negative: ER and/or PR positive, HER2 negative; Luminal
B HER2-positive: ER and/or PR positive, HER2 positive; HER2-
positive (non-luminal): ER and PR negative, HER2 positive;
Triple-negative: ER and PR negative, HER2 negative.

Recurrence-free survival (RFS) was calculated as the time
from the onset of NAC to local or distant recurrence, or death
due to any cause, whichever came first. OS was calculated as the
time from the onset of NAC to death due to any cause.

Statistical analysis

All statistical analyses were conducted using SPSS 25.0 and R
(version 3.5.1). The Kaplan-Meier method with the log-rank test
was used for recurrence and survival analysis. The factors
significant at the 20% level in the univariate analysis were
considered for inclusion in the multivariate model. The Cox
proportional hazards regression model was used to assess the
association of clinical and pathological predictive factors with
RFS. C-statistics was conducted to evaluate the predictive value of
the factors. All tests were two tailed and a p-value less than 0.05 was
considered to indicate a statistically significant difference.

Results
Patient characteristics
A total 0f 292 patients with pCR and near-pCR were included in

this study. Their clinical and pathological characteristics are
described in Table 1. The median age of patients was 46 years
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(range, 23-75 years); 62.3% were premenopausal. The median
duration of follow-up for these patients was 53 months (range, 9-
138 months). There were 173 patients achieving pCR and 119
achieving near-pCR. The predominant tumor subtypes were HER2
positive (49.0%) (including luminal B HER2+ and non-luminal
HER2+) and TNBC (30.8%). Among the patients with HER2
positive, 63.6% received trastuzumab, while 24.4% received
trastuzumab and pertuzumab. The majority of the tumors were
T2+ (91.4%) and N+ (76.0%). Overall, 77.0% of the patients
underwent mastectomy and 83.2% of the patients had axillary
lymph node dissection.

Disease recurrence

As shown in Table 2, a total of 25 (8.6%) patients developed
recurrence. Twenty-one (84.0%) recurrences occurred within 36
months. Among patients achieving pCR, 9 (5.2%) patients
developed cancer recurrence, with 2 patients presenting with
both local recurrence and distant metastasis, while 7 patients
presented with distant metastasis. The median time to recurrence
was 14 months (range, 8-62 months) from the onset of NAC. Four
(44.4%) patients presented liver metastasis and 2 (22.2%) patients
presented brain metastasis as the first event.

With regard to patients achieving near-pCR, 16 (13.4%) patients
developed cancer recurrence, with 4 patients presenting with local
recurrence only, 4 patients with both local recurrence and distant
metastasis, while 8 patients presenting with distant metastasis only.
The median time to recurrence was 18 months (range, 4-69 months).
Three (18.8%) patients experienced lung metastasis and 6 (37.5%)
patients presented bone metastasis as the first event.

RFS and OS

The 3-year RFS rates of patients achieving pCR and near-
PCR were 95.6% and 85.6%, respectively. The 5-year RFS rates of
patients achieving pCR and near-pCR were 94.6% and 85.6%,
respectively. The risk of cancer recurrence was significantly
higher in patients achieving near-pCR than that in patients
achieving pCR (HR = 3.01, 95% CI: 1.34-7.01, p = 0.008,
Figure 1A). A total of 15 (5.1%) patients died. The 3-year OS
rates of the pCR group and the near-pCR group were 96.6% and
96.3%, respectively. The 5-year OS rates of the pCR and near-
PCR groups were 94.3% and 89.6%, respectively. There was no
statistical difference in OS between the two cohorts (HR = 1.69,
95% CI: 0.61-4.67, p = 0.304, Figure 1B).

Predictive factors of RFS in patients
achieving pCR

Table 3 shows the results of the analyses for factors associated
with RES of patients achieving pCR. Clinical lymph node status

frontiersin.org


https://doi.org/10.3389/fonc.2022.1019925
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Qian et al.

TABLE 1 Patient characteristics.

Characteristics

Median age (range)
Age
<40
40-59
=260
Menopausal status
Premenopausal
Postmenopausal
T
T1
T2
T3
T4
cN
NO
N1
N2
N3
cTNM
I
IIA
1IB
IIIA
1I1B
IC
ER status
Negative
Positive
PR status
Negative
Positive
HER?2 status
Negative
Positive
Ki67
<20

Unknown

Breast cancer subtype
Luminal A
Luminal B HER2—
Luminal B HER2+

Non-luminal HER2+

Triple negative

Chemotherapy regimens of NAC

Anthracycline and taxane

Frontiers in Oncology

Total (n = 292)

No.

46 (23-75)

94
168
30

182
110

25
168
69
30

70
69
98
55

49
51
108
25
55

203
89

174
118

149
143

117
142

58
77
66
90

86

%

322
57.5
10.3

62.3
37.7

8.6
57.5
23.6
10.3

24.0
23.6
33.6
18.8

1.4
16.8
17.5
37.0
8.6
18.8

69.5
30.5

59.6
40.4

51.0
49.0

5.5
40.1
48.6

5.8

0.3
19.9
26.4
22.6
30.8

29.5

101

pPCR (n = 173)

No.

48 (23-73)

43
110
20

101
72

108
35

33
35
68
37

23
29
70

37

128
45

115
58

86
87

65
92

30
41
45
57

40

%

249
63.6
11.6

58.4
41.6

8.7
62.4
20.2

8.7

19.1
20.2
39.3
21.4

0.6
13.3
16.8
40.5

7.5
21.4

74.0
26.0

66.5
335

49.7
50.3

4.0
37.6
53.2

5.2

0.0
17.3
23.7
26.0
329

23.1

10.3389/fonc.2022.1019925

Near-pCR (n = 119)

No.

42 (24-75)

51
58

81
38

60
34

37
34
30

75
44

59
60

63
56

52
50

29
35
21
33

46

%

42.9
48.7
8.4

68.1
31.9

8.4
50.4
28.6
12.6

31.1
28.6
25.2
15.1

2.5
21.8
18.5
31.9
10.1
15.1

63.0
37.0

49.6
50.4

52.9
471

7.6
43.7
42.0

6.7

0.8
24.4
29.4
17.6
27.7

38.7

(Continued)
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TABLE 1 Continued

10.3389/fonc.2022.1019925

Characteristics Total (n = 292) pPCR (n = 173) Near-pCR (n = 119)
No. % No. % No. %
Taxane and platinum 175 59.9 117 67.6 58 48.7
Anthracycline and taxane and platinum 15 5.1 10 5.8 5 4.2
Anthracycline or taxane 13 4.5 6 3.5 7 5.9
Endocrine 3 1.0 0 0.0 3 2.5
Cycle number of NAC
<4 10 3.4 2 12 8 6.7
4-6 248 84.9 153 88.4 95 79.8
>6 31 10.6 18 10.4 13 10.9
Other (Endocrine Therapy) 3 1.0 0 0.0 3 2.5
Surgery of breast cancer
Breast-conserving surgery 67 23.0 41 23.7 26 21.8
Mastectomy 225 77.0 132 76.3 93 78.2
Surgery of lymph nodes
Sentinel lymph node biopsies 49 16.8 28 16.2 21 17.6
Axillary lymph node dissection 243 832 145 83.8 98 82.4
Adjuvant radiation
Yes 211 72.3 125 72.3 86 72.3
No 81 27.7 48 27.7 33 27.7
Adjuvant endocrine
Yes 128 43.8 67 38.7 61 51.3
No 164 56.2 106 61.3 58 48.7
HER2 positive
With trastuzumab 91 63.6 59 67.8 32 57.1
With trastuzumab and pertuzumab 35 244 23 26.4 12 214
With trastuzumab and TKI 1 0.7 0 0 1 1.8
Without HER2 targeted therapy 16 11.1 5 5.7 11 19.6

pCR, pathological complete response; Near-pCR, near-pathological complete response; cT, clinical tumor size; cN, clinical lymph node status; ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor type 2; Ki67, Ki67 index; NAC, neoadjuvant chemotherapy; TKI, tyrosine kinase inhibitor.

(cN) before NAC was a significant covariate in the univariate
analysis for RFS in patients achieving pCR (p < 0.001). The 5-year
REFS rates for ctNO-2 and cN3 patients who achieved pCR were
98.0% and 82.7%, respectively. cN3 was an independent factor of
higher risk for recurrence on the multivariate analysis (Figure 2,
HR = 9.8, 95% CI: 2.1-44.5, p = 0.003). The C-statistics was 0.77
(95% CI: 0.63-0.91) of cN3 for RFS prediction. Age at diagnosis,
tumor size at diagnosis, subtypes of breast cancer, and other
factors showed no significant association with RFS of patients who
achieved pCR (p > 0.05).

Predictive factors of RFS in patients
achieving near-pCR

Table 4 shows the results of the analyses for the factors

associated with RFS of patients achieving near-pCR. c¢N before
NAC was a significant covariate in the univariate analysis for

Frontiers in Oncology

RFS in patients achieving near-pCR (Figure 3, p = 0.036). The 5-
year RES rates for cN0-2 and cN3 patients who achieved near-
PCR were 88.5% and 71.1%, respectively. The C-statistics was
0.63 (95% CI: 0.52-0.74) of cN3 for RFS prediction. There was
no difference between ypT1miNO, ypT1aNO, and ypT1bNO for
RFS (p = 0.942). The Miller-Payne grade after NAC also showed
no significant association with the RFS of patients who achieved
near-pCR (p > 0.05). There were no other factors significant at
the 20% level in the univariate analyses of RFS for patients
achieving near-pCR; thus, we did not conduct multivariate
analyses further.

Discussion

In this retrospective study of 292 patients achieving pCR and
near-pCR after NAC, the recurrence pattern of patients was
described, and the vast majority of recurrence occurred within
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TABLE 2 Time and site of recurrence.

pCR
N
9
Median (range), months 14 (8-62)
<12 months 3
12-36 months 4
>36 months 2
Site of disease recurrence
Local recurrence 2
Breast or chest wall 1
Regional lymph nodes 1
Distant metastasis 9
Liver 4
Lung 1
Brain 2
Bone 0
Other sites 2

pCR, pathological complete response; Near-pCR, near-pathological complete response.

36 months from onset of NAC. This study found that the risk for
recurrence of patients achieving near-pCR after NAC was higher
than those achieving pCR. Moreover, cN3 before NAC was
identified as a robust predictive factor of RFS for patients
achieving pCR and near-pCR.

The 5-year RES rate of pCR was 94.6% in our study, which was
consistent with previous studies (25-27). The sub-study of EORTC
10994/BIG 1-00 phase III trial including 283 patients found that

10.3389/fonc.2022.1019925

Near-pCR
% N %
16
18 (4-69)

333 5 313
444 9 56.3
222 2 125
222 8 50.0
111 3 18.8
111 5 313
100 12 75.0
444 1 6.3
111 3 18.8
222 2 12,5

0 6 37.5
222 2 12,5

clinical tumor size was the only predictor for distant recurrence-free
interval (DRFI) after pCR (27). In the research from the Anderson
group, the authors identified that clinical stage IIIB-C and
inflammatory breast cancer, premenopausal status, and resection
offewer than 10 lymph nodes were associated with an increased risk
of developing distant metastasis for patients achieving pCR (28).
Since cN contributes to the clinical stage, our study was partly
consistent with the Anderson research. The predictive value of cN3
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FIGURE 1

B
101 =g
08 3
: 1 :
g 06 3 ! 3year OS rate (95 % Cl)
2 ; | pOR:96.6% (93.7%-99.6%)
E 0.4 4 pCR § E near-pCR: 96.3% (92.8%-99.9%)
0 =+ near-pCR i 5yearOSrate (95 % C)
02 ~ i ! pCR:94.3% (90.2%-98.6%)
HR=1.60061:4.7) | © near-pCR: 89.6% (32.6%-97.2%)
00 Log-rank P=0.304 : :
0 12 24 36 48 60 72 84 96 108 120 132 144
Time(months)
Number at risk
pCR{ 173 164 140 113 80 61 40 24 15 10 3 2 0
near-pCR{ 119 113 93 79 58 35 28 21 15 12 4 2 0
0 12 24 36 48 60 72 84 96 108 120 132 144
Time(months)

(A) Kaplan—Meier curve showing recurrence-free survival (RFS) according to the status after neoadjuvant chemotherapy (NAC): pathological
complete response (pCR) vs. near-pathological complete response (near-pCR). (B) Kaplan—Meier curve showing overall survival (OS) according
to the status after neoadjuvant chemotherapy (NAC): pathological complete response (pCR) vs. near-pathological complete response

(near-pCR).
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TABLE 3 Analysis of predictive factors for RFS in patients who achieved pCR.

Total
Age
<40
=240
Menopausal status
Premenopausal
Postmenopausal
T
T1-2
T3-4
cN
NO-2
N3
ER status
Negative
Positive
PR status
Negative
Positive
HER?2 status
Negative
Positive
Ki67
<50
=50
unknown
Breast cancer subtype
Luminal*
HER2 positive*™*
Triple negative
Chemotherapy regimens of NAC
Anthracycline and taxane
Taxane and platinum
Others
Cycle number of NAC
<4
4-6
>6
Surgery of breast cancer
Breast-conserving surgery
Mastectomy
Surgery of lymph nodes
Sentinel lymph node biopsies
Axillary lymph node dissection
Adjuvant radiation
Yes
No

Univariate analysis

10.3389/fonc.2022.1019925

Multivariate analysis

N Events 5-year RFS rate (%) (95% CI) P-value HR (95% CI) P-value C-statistics (95% CI)

173

44
129

101
72

123
50

136
37

128
45

115
58

86
87

72
92

29
87
57

40
117
16

153

18

41
132

28
145

125
48

92.0 (83.7-100)
95.5 (88.2-99.1)

95.8 (91.9-99.9)
93.3 (87.0-100)

96.3 (92.8-99.9)
91.1 (83.0-100)

98.0 (95.1-100)
82.7 (70.9-96.3)

96.2 (92.5-100)
89.7 (80.5-99.9)

96.6 (92.8-100)
90.7 (83.2-98.8)

95.0 (90.3-99.9)
94.2 (88.6-100)

93.0 (86.5-100)
95.5 (91.2-99.9)

92.1 (82.3-100)
94.2 (88.6-100)
96.4 (91.6-100)

87.4 (77.7-98.4)
98.2 (95.9-100)
85.7 (63.3-100)

94.0 (90.0-98.2)

94.5 (87.4-100)
94.8 (90.7-99.0)

100
93.8 (89.6-98.1)

94.2 (89.8-98.9)
95.5 (89.5-100)

0.416
0.919
0.730
0.000
Reference
9.8 (2.1-44.5) 0.003 0.77 (0.63-0.91)
0.154
Reference
0.9 (0.2-4.2) 0.939
0.151
Reference
2.2 (0.5-9.1) 0.296
0.737
0.623
0.750
0.063
Reference
0.3 (0.1-1.4) 0.116
2.1 (0.2-22.7) 0.534
0.591
0.359
0.873
0.695

Frontiers in Oncology

104

(Continued)

frontiersin.org


https://doi.org/10.3389/fonc.2022.1019925
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Qian et al. 10.3389/fonc.2022.1019925

TABLE 3 Continued
Univariate analysis Multivariate analysis

N Events 5-year RFS rate (%) (95% CI) P-value HR (95% CI) P-value C-statistics (95% CI)

Adjuvant endocrine 0.234
Yes 67 5 91.5 (84.6-99.0)
No 106 4 96.5 (92.5-100)

RFS, recurrence-free survival; pCR, pathological complete response; cT, clinical tumor size; cN, clinical lymph node status; ER, estrogen receptor; PR, progesterone receptor; HER2, human
epidermal growth factor receptor type 2; Ki67, Ki67 index; NAC, neoadjuvant chemotherapy.

*Luminal included luminal A and luminal B HER2-.

**HER?2 positive included luminal B HER2+ and non-luminal HER2+.

The bold value means having statistical difference.

was also confirmed by C-statistics (0.77, 95% CI: 0.63-0.91) and tumor size < 1 cm was excluded in KATHERINE, a clinical trial

Cox proportional hazards regression (cN3 vs. cN0-2, HR = 9.8, focused on intensive postoperative treatment (9). However, Lee and
95% CI: 2.1-44.5, p = 0.003). Asaoka and colleagues’ research also colleagues defined near-pCR as tumor size < 0.5 cm (32). In our
found that lymph node metastasis before NAC was the only study, near-pCR was defined as the residual tumor size <1 cm in the
predictor of cancer recurrence on multivariate analyses for breast (ypT1mi/1a/1bNO0), or no residual invasive carcinoma in the
patients achieving pCR (29). breast yet existing micrometastasis in lymph node (ypT0/isN1mi).

The 5-year RFS rate of near-pCR was 85.6%, which was 9% To our best knowledge, this study is the first one to report the
lower than that of patients achieving pCR, but the OS of the two potential predictive factors of RFS for patients achieving near-pCR.
cohorts had no significant difference. The Spring et al. meta-analysis We found that ¢cN3 was an independent factor of higher risk for
(30), which included 27,895 patients from 52 publications, showed recurrence in the near-pCR subgroup, which was consistent with
that patients with residual disease after NAC had a 5-year DFS rate of the pCR subgroup. The 5-year RFS rates for ¢tNO-2 and cN3
67%, which was much lower compared with the near-pCR patients who achieved near-pCR were 88.5% and 71.1%,
population (85.6%) in our study. This illustrated the fact that it respectively (p = 0.036). According to AJCC 8th edition staging
was necessary to distinguish the near-pCR population from the system of breast cancer, cN3 is defined as metastasis to ipsilateral
residual disease. There has been controversy regarding the definition infraclavicular/supraclavicular lymph node(s), or metastasis to
of near-pCR in the past few years (31). In Cheng’s study, near-pCR ipsilateral internal mammary lymph node(s) and axillary lymph
was defined as residual tumor volume <1 cm® (16). While residual node(s). There is controversy regarding the treatment of the local

2 ;
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@ :
D56 :
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!8 : 5 year RFS rate (95 % Cl)
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FIGURE 2
Kaplan—Meier curve showing recurrence-free survival (RFS) of patients achieving pathological complete response (pCR) according to clinical
lymph node status (cN).
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TABLE 4 Analyses of predictive factors for RFS in patients who achieved near-pCR.

Univariate analyses

N Events 5-year RFS rate (%) (95% CI) P-value C-statistics (95% CI)
Total 119 17
Age 0.251
<40 51 9 81.5 (70.6-94.1)
>40 68 8 88.5 (80.8-97.0)
Menopausal status 0.467
Premenopausal 81 13 84.7 (76.7-93.5)
Postmenopausal 38 4 87.6 (76.7-100)
T 0.506
T1-2 70 12 83.6 (74.6-93.6)
T3-4 49 5 88.5 (79.4-98.6)
cN 0.036 0.63 (0.52-0.74)
NO-2 101 12 88.5 (82.0-95.5)
N3 18 5 71.1 (52.6-96.1)
ER status 0.720
Negative 75 10 86.5 (78.6-95.2)
Positive 44 7 83.8 (72.7-96.7)
PR status 0.411
Negative 59 10 83.4 (74.1-94.0)
Positive 60 7 87.2 (78.2-97.4)
HER?2 status 0.300
Negative 56 6 90.8 (82.5-99.9)
Positive 63 11 80.9 (71.3-91.8)
Ki67 0.740
<50 61 10 83.1 (73.5-93.9)
>50 50 6 85.9 (76.0-97.2)
Unknown 8 1 —
Breast cancer subtype 0.583
Luminal* 30 5 80.3 (66.2-97.5)
HER2 positive*™* 56 6 90.8 (82.5-99.9)
Triple negative 33 6 81.4 (68.9-96.0)
Treatment of NAC 0.476
Anthracycline and taxane 46 5 90.5 (82.0-99.8)
Taxane and platinum 58 10 83.0 (73.4-93.9)
Others 15 2 77.1 (53.5-100)
Cycle number of NAC 0.944
<4 8 1 75.0 (42.6-100)
4-6 95 14 86.0 (79.0-93.8)
>6 13 2 81.5 (61.1-100)
Surgery of breast cancer 0.610
Breast-conserving surgery 26 3 87.8 (75.8-100)
Mastectomy 93 14 84.6 (76.8-93.1)
Surgery of lymph nodes 0.432
Sentinel lymph node biopsies 21 4 76.3 (58.0-100)
Axillary lymph node dissection 98 13 87.3 (80.5-94.7)
ypTNM after NAC 0.942
ypTImiNOMO 5 1 80.0 (51.6-100)
ypT1aNOMO 73 11 86.1 (78.0-95.0)
(Continued)
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TABLE 4 Continued

10.3389/fonc.2022.1019925

Univariate analyses

N Events 5-year RFS rate (%) (95% CI) P-value C-statistics (95% CI)

ypT1bNOMO 39 5 85.0 (73.5-98.2)
ypTONTmiMO 2 0 —

Miller-Payne grade 0.334
1-3 42 4 89.2 (79.8-99.8)
4-5" 77 13 83.8 (75.5-93.1)

Adjuvant radiation 0.545
Yes 86 12 86.1 (78.7-94.1)
No 33 5 83.8 (70.4-99.8)

Adjuvant endocrine 0.925
Yes 61 9 84.1 (74.5-95.9)
No 58 8 86.9 (78.2-96.5)

RES, recurrence-free survival; near-pCR, near-pathological complete response; cT, clinical tumor size; cN, clinical lymph node status; ER, estrogen receptor; PR, progesterone receptor;
HER2, human epidermal growth factor receptor type 2; Ki67, Ki67 index; NAC, neoadjuvant chemotherapy.

*Luminal included luminal A and luminal B HER2-.

**HER2 positive included luminal B HER2+ and non-luminal HER2+.
“Two patients with Miller-Payne grade 5 were ypTON1miMOo.

The bold value means having statistical difference.

supraclavicular and internal mammary lymph node(s). It is difficult
to remove the supraclavicular lymph node(s) and internal
mammary lymph node(s) during the surgery. Radiation therapy
is usually applied to deal with the supraclavicular and internal
mammary lymph node(s) involvement. However, it is difficult to
evaluate whether the status of no evidence of disease (NED) is
reached. Inrecent years, growing interest was focused on post-NAC
treatment, and some trials noted that reinforcing the adjuvant
treatment could improve prognosis for patients with residual

disease. In the subset of CREATE-X, TNBC patients with residual
invasive disease who received capecitabine had a 5-year DFS rate of
69.8%, 13.7% higher than the control group (HR = 0.58, 95% CI:
0.39-0.87) (8). In the KATHERINE clinical trial, the invasive DFS
at 3 years of HER2-positive breast cancer patients with residual
invasive disease who received T-DM1 was 88.3%, higher than
patients receiving trastuzumab (HR = 0.5, p < 0.001) (9).
However, numerous post-NAC clinical trials incorporated
patients with a residual disease of at least 1.0 cm or node positive
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FIGURE 3

Kaplan—Meier curve showing recurrence-free survival (RFS) of patients achieving near-pCR according to clinical lymph node status (cN).
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disease, excluding patients who achieved near-pCR. Our study
showed that patients with near-pCR still had a certain risk of
recurrence. Adjuvant therapy to minimize the risk of recurrence for
patients with near-pCR is needed to be illuminated in further
prospective research.

Our study also has several limitations. First, it was a
retrospective study; therefore, selection bias was inevitable.
Second, because the number of death events was small, we did
not conduct analysis on the predictive factors of OS in patients
achieving pCR and near-pCR.

Conclusions

Patients achieving pCR had excellent outcomes. The recurrence
risk of patients achieving near-pCR after NAC was higher than that of
patients achieving pCR. The vast majority of recurrence occurred
within 3 years from onset of NAC. Patients with cN3 before NAChad
a higher risk of developing local and distant metastasis, even
achieving pCR or near-pCR after NAC. It is worthwhile to closely
monitor patients with cN3, especially in the first 3 years.
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Serum exosomal microRNAs (miRNAs) are potential biomarkers for tumor
diagnosis. Clinically, reverse transcription-quantitative polymerase chain
reaction (RT—gqPCR) can be used to determine the expression of exosomal
miRNAs in the serum of breast cancer patients. The prerequisites for obtaining
meaningful serum exosomal miRNA data of breast cancer patients include a
suitable extraction method for exosomes and RT—gPCR data standardized by
internal reference genes. However, the appropriate methods for the extraction
of exosomes and the applicability of reference genes for analyzing exosomal
miRNAs in breast cancer patients remain to be studied. This study compared
the effects of three exosome extraction methods as well as the expression of
exosomal miRNA in different initial serum amounts and at different serum states
to identify the selection of the best method for serum exosome extraction. Five
candidate reference genes including miR-16, miR-484, miR-1228, miR-191 and
miR-423 for standardizing serum exosomal miRNAs were screened using five
algorithms and were used for the quantification of serum exosomal miR-940.
Significant downregulation of serum exosomal miR-940 expression in breast
cancer was detected using miR-191 and miR-1228, whereas no significant
down or up regulation was observed with miR-484, miR-423 and miR-16.
Previous studies have shown that the expression level of miR-940
is downregulated in breast cancer tissues. The absolute quantitative
results showed that miR-940 was significantly downregulated in breast
cancer serum exosomes, which was consistent with the results from the
analysis using miR-191 or miR-1228 as reference genes. Therefore, miR-191
and miR-1228 could serve as reference genes for the relative quantification
of serum exosomal miRNAs. This finding indicated the importance of
rigorously evaluating the stability of reference genes and standardization for
serum exosomal miRNA expression. Moreover, the level of serum exosomal
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miR-940 in breast cancer could reflect the presence of lymph node metastasis
and the status of HER2/neu, which indicates its potential as a biomarker for
breast cancer metastasis. In summary, an optimized protocol for the
detection of serum exosomal miR-940 as a breast cancer marker was
preliminarily established.

KEYWORDS

exosomes, reference genes, miR-940, RT-qPCR, breast cancer

Introduction

MicroRNAs (miRNAs) are short noncoding RNA molecules
that can participate in the regulation of posttranscriptional gene
expression (1). Such regulation is essential for embryonic
development, tumor initiation, immune modulation, and other
biological processes. Exosomes are 40-100-nm disc-shaped
vesicles. Various types of cells can release exosomes under
normal and pathological conditions (2). Exosomes are
involved in cell-cell communication and are released from
donor cells into the microenvironment to affect target cells.
This biological process exerts important biological functions (1).
To date, exosomes have been found in various body fluids, such
as human blood, urine, tears, breast milk, and semen (3).

An et al. verified that exosomes contain many proteins,
cytokines, DNA, mRNAs, miRNAs, IncRNAs, and other
nutritional elements (4). A previous study showed that exosomal
miRNAs play an important role in communication between breast
cancer cells (4, 5). A cohort study compared the serum levels of
exosomal miRNAs between healthy women and breast cancer
patients with different molecular subtypes and found that
exosomal miRNAs can be regarded as blood-specific biomarkers
for more aggressive tumors, such as triple-negative and hormone
receptor-negative breast cancer (6). Another study noted that
exosomes are potential biomarkers for ovarian cancer and breast
cancer (7). Zhou et al. proved that the content level of miRNAs is
significantly altered in serum exosomes from breast cancer patients,
which indicates that exosomal miRNAs can be used as biomarkers
for the identification of breast cancer (8). Additionally, Rodriguez
et al. proved that the expression of exosomal miRNAs found at high
levels in serum can be used as a biomarker of breast cancer (9).

Several different histological subtypes of breast cancer have
been identified, and each subtype has different levels of
invasiveness, clinical presentations, treatment programs, and
prognoses (10). The diagnosis of breast cancer must be made
as soon as possible such that treatment can be started in time.
The difference in the expression level of exosomal miRNAs
between healthy people and breast cancer patients can be used as
a biomarker for the prediction of breast cancer.

Frontiers in Oncology

111

Accurately measuring the level of miRNA in exosomes is the
first step for its detection as a biomarker (11). RT-qPCR is a
precise method for detecting and quantifying circulating
miRNAs. To ensure that the measurements are comparable
across different samples, the same volume of each body fluid is
needed for RNA extraction. Despite using the same initial
biofluid volume for each sample, the total RNA levels will not
be consistent between samples due to different upstream
procedures for RT-qPCR, such as sample preparation,
exosome isolation, and miRNA extraction. Hemolysis may
occur in clinically collected blood samples, and the effect on
exosomal RNA is unknown (12). Therefore, standardized
sample collection must be performed to address these
problems. Notably, stable internal reference genes are essential
for qPCR standardization and accurate miRNA quantification.
Differences in expression results may not be caused by the
disease itself but may instead be caused by differences in the
processes used for sample acquisition, sample preservation, RNA
extraction, and target gene quantification (13).

Therefore, appropriate methods for exosome extraction and
optimal reference genes with stable expression must be
determined to accurately normalize the quantitative data of
exosomal miRNA (14). To date, in the RT-qPCR analysis of
breast cancer exosomal miRNA, a consensus has not been
reached regarding appropriate exosome extraction methods
and appropriate internal reference genes.

MicroRNA-940 (miR-940) is a recently identified miRNA
family member that is abnormally expressed in cardiovascular
and neoplastic diseases. This miRNA has different expression
levels in different diseases; in gastric cancer, the expression level
of miR-940 is increased, whereas in cardiovascular disease, the
expression level of miR-940 is decreased (15-17), which
indicates its important regulatory role. Previous studies found
that triple-negative breast cancer tissues express lower levels of
miR-940 compared with normal tissues and that proliferation
and migration in triple-negative breast cancer are affected by
miR-940 (18). However, the clinicopathological relationship
between serum exosomal miR-940 and breast cancer patients

is unclear.
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To select a suitable methods for serum exosome extraction
that can be used in clinical practice, we extracted exosomes from
the same sample using three extraction methods, analyzed the
expression differences of serum exosomal miRNAs among
different methods, analyzed the effect of differences in the
initial serum volume on the RT-qPCR results, and finally
analyzed the changes in hemolytic blood sample exosomal
miRNAs in blood samples and normal blood samples.

Based on previous studies, various candidate reference genes
were used to normalize the expression levels of exosomal
miRNAs in breast cancer patients and healthy controls to
screen the reference genes. A total of 5 candidate internal
reference genes were selected based on previous reports of
their suitability for RT-qPCR analyses of cancer using tissues
or serum. Two of these genes were previously described as
reference genes for exosome miRNA analysis: miR-16 and
miR-484 (6). The remaining genes, miR-1228, miR-191, and
miR-423, were obtained from other studies (19, 20). Five genes
were initially screened as internal reference genes of serum
exosomal miRNA, and the expression levels of the five
candidate genes were then detected. The expression stability of
these five genes was evaluated to determine suitable reference
genes. The screened internal reference genes were used to
evaluate the expression level of miR-940 and verified that the
results of the screened internal reference genes were stable
and reproducible.

Moreover, the applicable clinical exosomes extraction
method identified from our comparison of breast cancer
serum and normal serum was used to explore the differential
expression of exosomal miR-940 using the selected stable
reference genes. The serum exosomal miR-940 copy number
and clinical data for breast cancer patients were analyzed by
absolute quantification, and the results confirmed that serum
exosomal miR-940 could serve as a metastatic marker for
breast cancer.

This study provided the first identification of suitable
reference genes for the clinical study of serum exosomal
miRNA expression in breast cancer while screening
pretreatment methods suitable for the clinical extraction of
serum exosomes; moreover, this study demonstrated that
serum exosomal miR-940 could serve as a potential metastatic
marker for breast cancer.

Materials and methods
Patient and control sample collection

This study was approved by the Ethics Committee of the
Chonggqing University Cancer Hospital. Blood samples were
donated by the Chongqing University Cancer Hospital. The
blood sample set was composed of 118 breast cancer patients
and 40 healthy controls. The all blood samples collected from
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patients were collected before treatment (including
radiotherapy, chemotherapy, and surgery). The blood samples
from patients without any treatment were drawn on an empty
stomach, whereas those from healthy controls were also drawn
early in the morning. A total of 5 mL of whole blood was drawn
from each donor. Peripheral blood was collected into a tube
containing heparin sodium and centrifuged at 3000xg for
10 min. The upper part of the serum was collected into a
brand new centrifuge tube and centrifuged at 12000xg for
10 min to remove a cellular component. All centrifugation
operations were performed at 4 °C. The separated serum was
stored at -80 °C. To standardize the treatment of different serum
samples, exosomal RNA was extracted from 1000 pL of serum,
and the samples were preliminarily standardized according to a
uniform volume. We randomly selected 59 of them to verify the
stability of the candidate genes. The remaining 59 cases were
used to investigated the relationship between serum exosomal
miR-940 expression level and patient physiological indicators, so
we looked up the clinicopathological reports of these patients.
The clinicopathological were provided by the Department of
Pathology and specific clinical data were presented in Schedules
1 and 2 (Supplementary Table 1, Supplementary Table 2).

Serum exosome isolation

Exosomes were extracted by ultracentrifugation, membrane
affinity, and precipitation. Equal portions of the collected serum
were removed from the -80 °C refrigerator, thawed on ice, and
centrifuged at 12000xg and 4 °C for 10 min, and 1 mL of serum
was then collected. Ultracentrifugation was performed using a
10-mL sample consisting of 1 mL of serum sample and 9 mL of
PBS, and the sample was centrifuged by ultracentrifuge (Optima
L-100XP, Beckman, USA) at 4°C and 100000xg for 70 min. The
supernatant was carefully removed from the ultracentrifugation
tube, and the remaining 2 mL of liquid containing exosomes was
mixed with 8 mL of PBS. The supernatant was centrifuged again
at 100000xg and 4°C for 70 min. Exosomes were resuspended in
200 uL of PBS and stored at -80 °C. Precipitation was performed
with ExoQuick exosome precipitation solution (SBIS, System
Biosciences, USA). The reagents were added to 1 mL of serum,
and the mixture was shaken thoroughly. The flocculent
precipitate appeared and was allowed to rest overnight at 4°C.
The supernatant was then centrifuged at 12000xg for 10 min,
and the precipitate contained exosomes. The exosomes were
resuspended in 200 UL of PBS and stored in a -80°C refrigerator.
The membrane affinity method was performed by collecting
exosomes using an exoEasy Maxi Kit (QTAGEN GmbH, Hilden,
Germany). Briefly, buffer XBP and serum were mixed in equal
volumes, 2 mL of the mixture of each sample was then added to
the exoEasy spin column and centrifuged at 4200xg for 1 min,
and the waste after centrifugation was discarded. Ten milliliters
of buffer XWP was added to the spin column and centrifuged at
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5000xg for 5 min to remove the buffer XWP. Next, 200 puL of
Buffer XE was added to the spin column and incubated for
1 min. The XE buffer was collected after centrifugation at 5000xg
for 5 min. Exosomes were resuspended in XE buffer and stored
at -80 °C.

Characteristic analysis of exosomes

The extracted exosomes were characterized using different
methods. The characteristics of the exosomes were determined
by transmission electron microscopy (TEM) (Tecnai G2 F30S-
TWIN, FEI, USA). The exosomal particle size was measured
using a nanoparticle tracking analysis (NTA) instrument
(ZetaView, Particle Metrix, Meerbusch, Germany) according
to the experimental requirements. The characteristic proteins
of exosomes, such as CD9, CD63, and TSG101, were analyzed by
Western blotting.

Monoclonal anti-CD63 (#98327) antibodies, anti-CD9
(#52090) antibodies, and anti-TSG101 antibodies (#72312)
were obtained from Cell Signaling Technology (Denver,
MA, USA).

Reference genes and primer design

The sequence of the target gene was obtained from the NCBI
and miRBase databases, and the primers were designed
according to the requirements of the SYBR Green method for
RT-qPCR and were synthesized by Biotechnology
(Biotechnology, Shanghai, China). The primer information of
each gene designed is shown in Table 1.

RNA extraction and RT-qPCR

The exosomes extracted from each sample were lysed with 1
mL of QIAzol® (Qiagen GmbH, Hilden, Germany). The quality
of the RNA was assessed by measuring the A260/A280 value of
the extracted RNA using a NanoDropTM One/OneC (Thermo
Scientific, China). These cDNAs were obtained by reverse
transcription of 1 ng of the extracted exosomal RNA using a

TABLE 1 Primer information of each gene.

Accession number Gene
MIMAT0004983 hsa-miR-940
MIMAT0000069 hsa-miR-16-5p
MIMAT0002174 hsa-miR-484
MIMATO0001340 hsa-miR-423-3p
MIMAT0000440 hsa-miR-191-5p
MIMATO0005583 hsa-miR-1228-3p
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miRcute Plus miRNA first-strand cDNA kit (TianGen, Beijing,
China). The thermal cycling parameters for reverse transcription
were 60 min at 42 °C and 3 min at 95°C. The cDNA samples
were diluted 10-fold in nuclease-free water and stored at —20 °C.

The expression levels of candidate internal reference genes in
the serum exosomes were analyzed by RT-qPCR, which was
performed with 384-well reaction plates using a LightCycler 480
IT (Roche, Germany). The qPCR conditions are shown in
Table 2. The data were analyzed using the software provided
for the fluorescence quantitative PCR system. When the Ct value
is greater than 35, the data have no meaning and are regarded as
unexpressed, and this type of data is removed. Moreover, the
arithmetic average of the Ct values of the three wells was used as
the final Ct value of the miRNA PCR amplification.

Determination of the miR-940 copy
number

The method used for copy number determination was
described in the literature (21). Briefly, standard curves for
miR-940 expression in serum exosomes were constructed by a
serial dilution series of standard miR-940 ranging from 100 to
10° copies/uL. The plasmid copy number was calculated using
the following equation:

6.02 x 10%(copy/mol) x DNA amount(g)
DNA length(bp) x 660(g/mol/bp)

The corresponding logarithm template copy number was
then plotted against the Ct values obtained by real-time qPCR.
Statistical analyses were performed using Student’s t test (two-
tailed) to analyze the differences between groups. All values are
expressed as the means + S.EMs. A value of P< 0.05 was
regarded as statistically significant.

Statistical analysis

First, the standard deviation (SD) and coefficient of variation
(CoV) of each sample were calculated. In addition, four
commonly used methods were applied to more
comprehensively assess the stability of the candidate genes:

Primer

5-ATAAGGCAGGGCCCCCGCT-3’
5-TAGCAGCACGTAAATATTGGCG-3
5-TCAGGCTCAGTCCCCTCCCGAT-3’
5-AGCTCGGTCTGAGGCCCCTCAGT-3
5-CAACGGAATCCCAAAAGCAGCTG-3
5-TCACACCTGCCTCGCCCCCC-3
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TABLE 2 RT-qPCR procedure.
Cycle Temperature Time
1X 95°C 15 min
5X 94°C 20 sec
63~65°C 30 sec
72°C 34 sec
1X 94°C 20 sec
60°C 34 sec

geNorm (22), NormFinder (23), BestKeeper (24), and the
comparative ACt method (25). These four methods use online
tools to evaluate reference gene expression (26). Moreover,
statistical analyses were performed with the paired t test using
SPSS Statistics 21 software, and a P value less than 0.05 indicated
significant differences.

Results
Characterization of serum exosomes

The first step in the evaluation of exosomal miRNAs
is the successful isolation of exosomes from serum.
Ultracentrifugation, membrane affinity, and precipitation were
used to isolate exosomes from serum, and a physical
examination by transmission electron microscopy (TEM)
showed a spherical structure of 30~150 nm and a typical
doughnut-like shape (Figure 1A). The characteristics of the
exosomes were consistent with those previously reported (27).
Nanoparticle tracking assessment (NTA) analysis showed that
the average particle size of exosomes ranged from 110 nm to 140
nm (Figure 1B). A Western blot analysis of the characteristic
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proteins of serum exosomes (3), i.e., CD63, CD9, and TSG101,
was performed (Figure 1C).

The selection of the best method for
serum exosome extraction

Twenty serum samples were randomly selected from our
collected serum samples and divided into two groups to screen
the best method for the clinical serum exosome extraction. We
analyzed the effects of various exosome extraction methods and
the starting amount of serum samples on the expression levels of
three serum exosomal miRNAs, analyzed the expression levels of
three serum exosomal miRNAs under hemolytic conditions, and
established a pretreatment method suitable for the clinical
detection of serum exosomal miRNAs.

The results from the literature and our experiments
confirmed that all three extraction methods could extract
exosomes. Therefore, through the detection of miRNA
expression levels in exosomes using three different extraction
methods, the influence of different extraction methods on the
serum exosomal miRNA levels was analyzed. miR-16, miR-1228
and miR-940 were selected: the first two represent internal
reference genes, and the last one represents the target gene of
this study.

Among the three extraction methods, the exosomes
extracted by ultrasonication had the lowest content of the
three miRNAs tested. No significant differences in the contents
of the three miRNAs were identified between exosomes
extracted using the membrane affinity method and exosomes
obtained using the precipitation method (Figure 2A). However,
the coefficient of variation (CoV) of miRNA expression in
exosomes extracted using precipitation was higher than the
coefficient of variation (CoV) obtained for exosomes extracted

precipitation

% saw

£ 20
£ 20

1100

FIGURE 1

Characterization of exosomes extracted using three exosome extraction methods. (A) Physical examination of the isolated exosomes. (B) NTA of
the isolated exosomes. (C) Western blot results of the isolated exosomes.
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Expression levels of exosomal miR-940, miR-1228 and miR-16 under various conditions. (A) The three types of miRNAs were found at the
lowest levels in the exosomes isolated by ultracentrifugation. (B) Three miRNAs were expressed in serum exosomes obtained with initial serum
levels of 250, 500 and 1000 L. (C) Expression of three exosome miRNAs in hemolysis and normal blood samples. (*p<0.05, **p<0.01,

***p<0.001, no significance, ns p>0.05).

using membrane affinity (Table 3). Therefore, membrane
affinity was selected for exosome extraction in all
subsequent experiments.

RT-qPCR was used to detect the expression levels of miR-
16, miR-1228 and miR-940 in the exosomes extracted from the
different initial volumes of serum from breast cancer patients.
The initial serum levels were 250, 500 and 1000 uL. When the
serum volume of breast cancer patients doubled, the Ct values of
all miRNAs decreased over three cycles (Figure 2B). Therefore,
for small blood samples, a serum volume lower than that detailed
in the instructions could also be used for exosome extraction.

In the process of preserving samples, hemolysis occurred in
10 samples, and we subsequently collected normal blood
samples from these patients. Therefore, we studied the
influence of hemolysis on the content of miRNA in the
exosomes of the samples. Exosomal RNA was extracted from
both hemolytic and normal blood samples, and the same method
was used for the extraction of exosomal miRNA from hemolysis
samples. The levels of miR-16, miR-1228 and miR-940 were
detected. The RT-qPCR results showed that in hemolyzed
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blood, the expression levels of miR-16, miR-940 and miR-1228
in the extracted exosomes were significantly higher than those in
serum exosomes without hemolysis (Figure 2C). This finding is
likely because blood cells release exosomes during blood storage,
which alters the amount of exosomes that will be collected
through plasma/serum. In plasma or serum samples, the
quantification of exosomal miRNAs may be impaired due to
contamination with erythrocyte-derived miRNA caused by
hemolysis. Therefore, in clinical serum exosome experiments,

hemolysis may increase the expression level of target genes.

Screening of candidate reference genes
and analysis of their applicability

Because the primary requirement of internal reference genes
is to present similar expression levels under diseased and healthy
conditions, we compared the expression of candidate internal
reference genes in serum exosomes under breast cancer and
healthy conditions. We read out the Ct values of different
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TABLE 3 Coefficient of variation (CoV) of miRNA expression in exosomes extracted using different methods.

Ultracentrifugation
miR-16 0.031891952
miR-1228 0.04270173
miR-940 0.048764364

candidate genes in each serum sample (Figure 3A). Among
them, the serial numbers 1-20 correspond to samples from the
controls, whereas the numbers 21-79 correspond to samples
from breast cancer patients. The picture shows the Ct value of
different candidate genes obtained for each serum sample. The
Ct values ranged from 12.01 (miR-16) to 24.78 (miR-432).

Subsequently, the expression levels of miR-16, miR-1228,
miR-484, miR-191, and miR-423 in the serum exosomes of
breast cancer patients and normal human serum exosomes were
compared (Figure 3B). The results showed that the Ct value of
each candidate gene was not significantly different between the
serum exosomes from the breast cancer patients and those from
the controls. We also showed the dispersion of the Ct
values (Table 4).

The stability of the five candidate internal genes was
analyzed and sorted using four algorithms, namely,
BestKeeper, NormFinder, GeNorm, and ACT; however, the
four methods used to analyze the stability of the internal genes
were not the same (Figure 3C).

BestKeeper compared the correlation coefficient (r),
standard deviation (SD), and coefficient of variation (CV)
generated by the pairing of each gene and ultimately
determined a relatively stable internal reference gene. The
principle was that a more stable internal reference gene would
have a smaller standard deviation and coefficient of variation
and a larger correlation coefficient. Gene stability was also
judged according to the SD value. At SD>1, the expression of
the internal reference gene was unstable. The results obtained
with BestKeeper are shown in Figure 3C, which indicates high
SD variation among miR-1228, miR-16, and miR-484. In this
study, miR-423 was the most stable gene (std dev=1.012),
followed by miR-16 (std dev=1.275).

NormFinder software was designed by Claus et al. to screen
out internal reference genes suitable for RT-qPCR. A linear scale
was used for quantification of the raw data, analyze the stability
of candidate genes and provide the stability value of each gene: a
higher stability value indicates lower stability of the gene as an
internal control and thus indicates that the gene is not suitable as
an internal control in this experiment. Among the five candidate
genes tested in this study, the results obtained using NormFinder
showed that miR-1228 has the lowest stability value of 0.778,
which indicates that this gene was the most stable internal
reference gene in this experiment, followed by miR-423
(1.056) and miR-191 (1.139), and the least stable gene was
miR-484.
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Affinity membrane method Precipitation
0.079909031 0091907362
0.054146769 0083191199
0.073463689 0.081203994

The standard for using GeNorm to evaluate the stability of
the internal reference genes was to calculate the average
coefticient of variation M value of the logarithmic conversion
value of the ratio of the first gene to the remaining genes. The M
value must be less than 1.5, and a smaller M value corresponds to
greater stability of the gene as an internal reference. The final
result obtained by calculation was two or more candidate
combinations. The results obtained using GeNorm showed
that the M values of miR-484, miR-423 and miR-16 in the
sample were higher than 1.5, indicating that these candidate
genes are unreliable and cannot be used as internal reference
genes for the standardization of breast cancer serum exosomal
RNA. The most stable gene combination was the combination of
miR-1228 and miR-191, which had an expression stability M
value of 1.391.

The comparative ACt method was used to analyze the
stability of the internal reference gene, and the result was a
combination of two genes. The ACT method could eliminate the
influence of coordinated regulation and evaluate the reference
genes from various aspects. The results obtained using the ACt
method indicated that miR-1228 and miR-423 constituted the
most stable group.

Because the four analysis methods use different algorithms,
the results obtained were also different; thus, normalization and
integration of the data were performed when necessary.
RefFinder is a web tool that can synthesize the results from
the four software programs to generate the final overall ranking
of reference genes. According to the output, the most stable
reference gene was miR-1228, and the lowest and most unstable
reference gene was miR-484 (Figure 3D). These results indicated
that miR-1228 may be used as the most stable reference gene in
breast cancer research.

Impact of reference genes on the
expression levels of target genes

RT-qPCR analysis was applied to further evaluate the
stability of each candidate reference gene in the sample. miR-
940 exhibits low expression levels in the serum of breast cancer
patients (28, 29).

The expression level data of miR-940 were normalized
(Figure 4) using the RefFinder program recommended for
miR-1228, miR-191, and miR-423 and the geNorm program
recommended for miR-484. Although miR-16 was not
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FIGURE 3

Screening of candidate reference genes and analysis of their applicability. (A) Expression of candidate internal reference genes in serum
exosomes under breast cancer and healthy conditions. (B) The expression levels of miR-16, miR-1228, miR-484, miR-191, and miR-423 in the
serum exosomes of breast cancer patients and normal human serum exosomes were compared. (C) The stability of the five candidate internal
genes was analyzed and sorted using four algorithms, namely, GeNorm, NormFinder, BestKeeper, and ACT. (D) The stability of the five candidate
internal genes was analyzed and sorted using RefFinder
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TABLE 4 Dispersion of the Ct values.

Gene miR-16 miR-1228 miR-484 miR-191 miR-423
STDEV 1.511947796 1.632827144 2035326422 2035326422 1.275306533
recommended as a suitable reference gene by BestKeeper and similar to the results from the relative quantification of miR-
geNorm, we used miR-16 to normalize the content of miR-940 940 using miR-191 and miR-1228 (Figure 5B), and this finding
because this gene has often been used for expression studies (30, demonstrated that miR-191 and miR-1228 were appropriate
31). When using different internal reference genes, the fold reference genes. However, miR-16, miR-484 and miR-423 could
change in serum exosomal miR-940 in each group was not be used as reference genes for breast cancer exosomal
calculated (Figure 4). The results from the normalization of miRNAs. These results indicated that the expression level of
miR-940 were used. miR-191 and miR-1228 showed that the miR-940 in the serum exosomes of breast cancer patients was
serum exosomal miR-940 levels in breast cancer patients were significantly downregulated.

significantly downregulated, whereas the results obtained by To investigate the potential physiological significance of
normalization using other candidate genes did not show the circulatory exosomal miR-940, the correlation of the levels of
same result. This analysis showed that different normalization exosomal miR-940 with a spectrum of pathophysiological
schemes may affect the quantitative expression of data. However, parameters in cancer patients was tested (Figure 5C). The
miR-940 should be assessed in a large sample study to confirm patients were grouped according to various pathological
the reliability of the reference gene. indicators, and the grouping results are shown in Table 5.

Among the 59 samples, we found that one of the breast cancer
patients was male and the youngest, but we did not find any

Standard qua ntification of exosomal special pathological information, so we analyzed it in the same
miR-940 way. The patients were divided into two groups according to
different parameters, and the corresponding miR-940 copy

For the quantification of miR-940, a standard linear numbers were averaged within groups and compared with
regression curve of the Ct values against the copy numbers each other using a t test. The correlations between exosomal
was derived from serially diluted known amounts of miR-940 miR-940 and pathophysiological parameters in breast cancer
cDNA (Figure 5A). Based on the curve, the copy number of patients are shown in Figure 5C, which showed that exosomal
miR-940 transcripts per nanogram of exosomal RNA isolated miR-940 levels were significantly lower in HER2/neu-positive
from each cancer patient was determined. The copy number of patients than in HER2/neu-negative patients (median copy
miR-940 in serum exosomes of breast cancer patients was number: 9.43x10'' vs. 1.46x10'2, P=0.017). The serum
significantly lower than that of normal controls, which is exosomal miR-940 levels were significantly higher in breast

miR-191 miR-16 miR-423
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FIGURE 4
Results from normalization using the candidate internal reference miR-940. (*p<0.05, **p<0.01, ***p<0.001, no significance, ns p>0.05).
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The correlations of the levels of exosomal miR-940 with a spectrum of pathophysiological parameters in cancer patients were tested. (A) Standard
linear regression curve of miR-940. (B) The copy number of miR-940 transcripts per nanogram of exosomal RNA in each column sample, and the copy
number of miR-940 in serum exosomes of breast cancer patients was significantly lower than that of normal controls. (C) Correlations of the levels of
exosomal miR-940 with a spectrum of pathophysiological parameters in cancer patients. (*p<0.05, **p<0.01, ***p<0.001, no significance, ns p>0.05).
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TABLE 5 Pathological grouping of blood samples.

Variable Number
age

<55 28
>55 31
Lymph node metastasis

Negative 38
Positive 21
TNM stage

0/1 24
I/1I/1IV 35
HER2

(+) 33
-) 26

cancer patients without lymph node metastasis than in those
with lymph node metastasis (median copy number: 8.7x10"" vs.
1.59x10'2, le.llO’“). However, the level of serum exosomal
miR-940 was not related to the age, degree of differentiation, ER/
PR status, Ki67 or TNM stage of the breast cancer patients
(P>0.05). These results showed that the content of miR-940 in
the serum exosomes of breast cancer patients was related to
lymph node metastasis and HER2/neu expression status.

Discussion

With the development of precise tumor therapy and the
continuous improvement of liquid biopsy technology,
extracellular vesicles that can be secreted by various cells,
such as exosomes, have attracted increasing attention.
Exosomal miRNAs are not as degraded as free miRNAs in
human fluids, and this type of RNA may be more suitable for
the detection of tumor markers (32). Breast cancer is the
leading cause of cancer death among women. Differences in
the expression levels of circulating exosomal miRNAs between
healthy people and breast cancer patients could identify
molecular markers for the diagnosis and prediction of breast
cancer (33). However, the detection methods of serum
exosomal miRNAs in breast cancer patients have not been
unified in clinical practice. Based on previous experiments, we
first analyzed the effects of various exosome extraction
methods and the starting amount of serum sample on miR-
940, miR-16, miR-16 and miR-1228, analyzed the expression
levels of three serum exosome miRNAs under hemolysis, and
established a preprocessing method suitable for the clinical
detection of serum exosomal miRNAs. To clinically detect the
expression level of exosomal miRNA in breast cancer, an
appropriate volume of insoluble blood samples should be
used for serum exosomal RNA extraction using the
membrane affinity method. We then demonstrated that miR-
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Variable Number
ER
(+) 27
) 32
PR
(+) 30
) 29
Ki67
>15 32
<15 27
Ki67
<30 37
>30 22

1228 and miR-191 could be used as reference genes for breast
cancer serum exosomal miRNA, whereas miR-16, miR-484 and
miR-423 were not suitable as reference genes. We also found
that the expression level of serum exosomal miR-940 could
reflect the presence of lymph node metastasis in breast cancer
patients and the expression level of serum exosomal HER2/neu
in breast cancer patients, indicating its potential as a
metastasis marker.

As a novel diagnostic marker, exosomes have many
advantages, such as their rapid, efficient and economic
isolation and their important potential application value in
clinical diagnosis and treatment (34). However, due to the
complex formation environment and small diameter of
exosomes, an ideal separation technology is key to limiting the
research and application of exosomes. Among these, the
preservation and pretreatment of samples is crucial.
Ultracentrifugation was the first technique used for exosome
isolation and remains the most common technique in articles
(35). However, this method is time-consuming and complicated
and requires a high amount of serum. Although precipitation
can yield exosomes (36), the separated exosomes have very low
purity because almost all soluble granules can settle, which is not
conducive to downstream analysis. This study was used to
extract exosomes using the membrane affinity column method
with high efficiency and low loss obtained outside secreted RNA,
which is suitable for clinical laboratory work and advantageous
for downstream analysis (37). In addition, the storage state of
serum samples is also very important in clinical testing, and
hemolysis may occur. Studies have shown that the levels of
various proteins, RNAs and DNAs in whole blood are greatly
changed after hemolysis, whereas previous studies have shown
that exosomal miRNAs are not as degraded as free miRNAs in
body fluids. This study experimentally verified that hemolytic
samples also have a great impact on the extraction of serum
exosomal miRNA, which fills the gap in this aspect. Moreover,
due to limited clinical serum resources, our study conducted a
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preliminary exploration of whether a sample size lower than that
recommended by the protocol could achieve the same
experimental effect.

Among the many techniques for the analysis of miRNA
transcription levels, RT-qPCR is considered the most accurate
technique due to its high sensitivity and easy reproducibility (38).
Although relative quantification is a common method, it needs a
reference gene for the normalization of different samples to ensure
high sensitivity because the expression differences in the data
results may not be due to the disease itself but rather to differences
in the processes used for sample collection, stabilization, RNA
extraction and target quantification. Therefore, identification of
the best reference genes suitable for study is necessary for the
accurate standardization of exosomal miRNA data. However,
suitable reference genes for serum exosomal miRNAs in clinical
breast cancer patients have not been reported to date. Based on
previous reports, five candidate internal reference genes were
selected for RT-qPCR studies of breast cancer using tissue,
serum or plasma. Among them, miR-484, miR-423 and miR-
1228 were used in the study of serum miRNA, and miR-16 and
miR-191 were used in the study of breast tissue. Due to differences
in the environment of exosomes, tissues and body fluids, the effect
of these genes in standardizing breast cancer serum exosomes has
been questioned. Therefore, we selected five genes as candidate
genes to study their applicability as internal references for serum
exosomal miRNAs in breast cancer patients. The results
demonstrate that both miR-1228 and miR-191 could be used as
reference genes for breast cancer serum exosomal miRNA.
Although the results from the software analysis showed that
miR-191 was not suitable as a reference gene for breast cancer
serum exosomes, the relative quantification of the target genes
using miR-191 also yielded the same results as those obtained with
miR-1228. Similarly, high differences were observed when
different miRNAs were used under the differentiation conditions
described by Roulex-Bonin and Coste, which suggested that miR-
191-5p was the most stable reference gene (39). Therefore, we
believe that miR-191 could also serve as a suitable reference gene.

Previous studies have confirmed that the expression level of
miR-940 in breast cancer tissues was significantly lower than
that in adjacent tissues. Further studies found that miR-940
could inhibit the proliferation, invasion and migration of breast
cancer cells by targeting and regulating CXC chemokine 2
(CXCR2) or ZNF24 (18, 40). Zhang et al. indicated that miR-
940 induces malignant progression of breast cancer by regulating
FOXO3 (41). In addition, the serum miR-940 levels in breast
cancer patients predicted the efficacy of trastuzumab in patients
with HER2-positive metastatic breast cancer (29). The
downregulation of miR-940 levels in breast cancer tissues also
led to the low content of free miR-940 in patient serum, and the
stability of free miR-940 in serum was susceptible to
environmental influences, which limited the ability of free
miR-940 as a prognostic marker.
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To verify whether breast cancer serum exosomal miR-940
has potential as a tumor marker of breast cancer, the copy
number of miR-940 in the serum exosomes of each patient was
calculated by an absolute quantitative method, and the results
demonstrated that the content of miR-940 in the serum
exosomes of breast cancer patients was significantly lower than
that in normal human serum exosomes. The relationship
between the copy number of serum exosomal miR-940 and
the clinical data of breast cancer patients was analyzed.

The results showed that the expression level of miR-940 in
the serum exosomes of breast cancer patients with lymph node
metastasis was significantly downregulated. Therefore, the
expression level of miR-940 in serum exosomes of patients can
be used to judge whether a patient has lymph node metastasis.
Similarly, we found that the expression level of miR-940 in the
serum exosomes of HER2/neu-positive patients was significantly
lower than that in those of HER2/neu-negative patients.
However, as shown in Figure 5C, the differences were not as
distinct due to the high dispersion of data points in both groups.
Exosomal miR-940 alone may not be sufficiently accurate to
judge the HER2/neu status of patients. We also demonstrated
that serum exosomal miR-940 is a potential metastatic marker
for breast cancer patients.

Li et al. found that exosomal miR-940 was mainly secreted
by tumor cells in vivo through an analysis of exosomes and
exosome-free supernatant from primary breast cancer cells and
peripheral immune cells and revealed that miR-940 expression is
increased in trastuzumab-sensitive HER2-positive metastatic
breast cancer patients and further increased in trastuzumab-
resistant patients (29). Therefore, they speculated that serum
exosomal miR-940 has the potential to be used as an indicator of
trastuzumab sensitivity in HER2/neu-positive metastatic breast
cancer. Wang et al. found that the expression level of exosomal
IncRNA-HOTAIR is able to reflect the HER2/neu status (21).
Therefore, we hypothesized that the expression levels of
exosomal miR-940 and IncRNA-HOTAIR may be used to
judge the HER2/neu status of breast cancer patients. Of
course, further experiments are needed to verify our
hypothesis. In conclusion, serum exosomal miR-940 can be
used as a minimally invasive liquid biopsy for monitoring
disease progression.

In this study, we only selected some of the most frequently
used reference genes in the literature and screened out the most
stable reference genes. We did not sequence the RNA in the
serum exosomes of breast cancer patients and normal people,
and thus, more accurate reference genes may be obtained. When
comparing clinical exosome extraction methods, the number of
samples is small. If the sample size can be increased, the results
may be more convincing. In addition, this paper describes one
gene selected for miR-940, which shows that it can be used as a
metastasis marker of breast cancer. We should test multiple
miRNAs to increase its efficacy as a biomarker. Only one gene
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was selected. If multiple miRNAs are selected for combined
detection with existing tumor markers, the reliability will
be higher.
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The aim of this study was to investigate the diagnostic value of
hsa_circ_0058514 in plasma extracellular vesicles (EVs) in BC patients and its
predictive value for neoadjuvant chemotherapy. The expression of
hsa_circ_0058514 in a large sample of BC plasma and healthy subjects’
plasma was detected by gqPCR, and the ROC curve was drawn to verify its
diagnostic value as a plasma tumor marker. Furthermore, the association
between the expression of hsa_circ_0058514 and clinicopathological
characteristics before and after treatment was detected in the plasma of 40
pairs of BC patients undergoing neoadjuvant therapy. The expression level of
hsa_circ_0058514 in the plasma of BC patients was significantly higher than
that of healthy subjects. The ROC curve showed that plasma
hsa_circ_0058514 ROC in differentiating non-metastatic BC and healthy
people had better diagnostic efficiency than conventional tumor markers
CA153, CA125, and CEA. In patients with neoadjuvant therapy, the decrease
in plasma hsa_circ_0058514 value before and after treatment correlated with
pathological MP grade (r = 0.444, p = 0.004) and imaging tumor regression
value (r = 0.43, p = 0.005) positive correlation. The detection of
hsa_circ_0058514 in both extracellular vesicles of BC cell culture medium
and human plasma was demonstrated. Hsa_circ_0058514 is detected in the
plasma from BC cells secreted in the form of vesicles. Hsa_circ_0058514 can
be used as an early plasma biological indicator for the diagnosis of BC in clinical
applications, with a higher risk of recurrence and metastasis, and as a predictor
of the effect of neoadjuvant therapy to guide the clinical use of
neoadjuvant therapy.
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Introduction

According to the reported Global Cancer Statistics 2020
(GLOBOCAN) estimates of incidence and mortality worldwide
by the International Agency for Research on Cancer, female BC
has surpassed lung cancer as the most common cancer, and the
estimated data of the morbidity and mortality showed that there
were 2.3 million new cases annually, accounting for 11.7% of all
new cancers (1). About 70%-80% of patients with early-stage
non-metastatic BC are curable, but advanced BC with distant
organ metastasis is considered to be incurable by current
treatments, due to the poor prognosis, with a 26% 5-year
survival rate (2). Based on the presence or absence of
progesterone receptors, estrogen receptors, and human
epidermal growth factor receptor-2 (HER-2), BC can be
roughly divided into three different subtypes, namely,
intraluminal (luminal A/B) type (positive hormone receptor),
HER-2 type (overexpression of HER-2), and triple-negative BC
(TNBC) (the loss of all three receptors) (3). Compared with
luminal and HER2 subtypes, TNBC manifests more aggression,
with a poorer prognosis and higher metastatic potential (3).

Because of the improvement in people’s health awareness and
the advancement of diagnosis level, more and more BCs can be
detected and treated early, but due to the systemic and complex
nature of cancer, there are still many challenges in diagnosis.
Traditional cancer detection methods, such as tissue biopsy, are
not comprehensive enough to capture the entire genomic
landscape of breast tumors. However, with the introduction of
new technologies, the use of liquid biopsy has been more popular,
resulting from the improvements in all aspects of BC
management, including early screening and diagnosis, prognosis
prediction, early detection of recurrence, and assessment of
disease progression and response to treatment by continuous
sampling and effective longitudinal monitoring (4). Compared
with tissue biopsy, blood biopsy sampling as a liquid biopsy has
the following advantages: low trauma, repeatability, easy
operation, and dynamic monitoring during treatment (5). Via
liquid biopsy sampling, various components of tumor cells
released into the blood circulation can be analyzed, including
circulating tumor cells (CTCs), circulating tumor DNA (ctDNA),
cell-free RNA, tumor-induced platelets, and outer vesicles (5).
However, nonspecific tumor markers can be used to achieve early
diagnosis, treatment, and monitoring of treatment effects for
improving the disease-free survival outcome of patients.

Circular RNA (circRNA) is a kind of non-coding RNA
(ncRNA) that has been recently rediscovered. Different from
linear RNA with a 5 cap and a 3’ tail, circRNA is a single-
stranded covalently closed circular transcript, only a few of
which have been discovered in different organisms in the past
30 years (6). At present, many circRNAs are also found in
human body fluids, such as plasma, urine, and saliva (6).
Therefore, circRNAs have attracted interest as potential novel
diagnostic and prognostic biomarkers for BC. At present, serum
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biomarkers used in the diagnosis and monitoring of BC include
CEA, CAIl53, and CA125, which have low sensitivity and
specificity for the diagnosis of intermediate and early BC
without recurrence and metastasis (7). There are no current
data available that recommend the use of CA153, CEA, and
CA125 to monitor treatment effectiveness.

Previous literature showed that circAGFG1, one of the
circRNAs, is highly expressed in TNBC and associated with
the poor prognosis outcome of TNBC, with a circBase ID of
hsa_circ_0058514, located in chr2: 228356262-228389631 (8).
This gene is highly expressed in cancer tissues and is a cancer-
promoting gene (8). This study was the first to verify the
expression of hsa_cir ¢_0058514 in BC plasma and to verify its
clinical value and secretion mechanism as a tumor marker.

Materials and methods

The enrollment of subjects and the
collection of plasma and tissue samples

Fasting venous blood was collected from BC patients admitted
to the Fourth Hospital of Hebei Medical University from
September 2019 to November 2020. Those who had received
chemotherapy, radiotherapy, or targeted or interventional therapy
in the past, and those with hypertension, diabetes, coronary heart
disease, and other cancer histories were excluded. A total of 135
cases were excluded from our study. Intraoperative tumors and
adjacent tumor tissues were collected from 38 cases without
preoperative adjuvant therapy. Preoperative fasting venous
blood were collected from 40 patients had after neoadjuvant
treatment. Fasting venous blood was collected from healthy
people who underwent a physical examination at the Fourth
Hospital of Hebei Medical University from September 2020 to
November 2020, and 95 cases were matched according to age.
This study was approved by the Medical Ethics Committee of the
Fourth Hospital of Hebei Medical University, and all subjects
signed the informed consent.

Miller Payne pathology evaluation system
after neoadjuvant BC

Evaluation of residual invasive tumor cell abundance in
primary breast foci after neoadjuvant therapy was performed by
comparing hollow needle aspiration specimens with surgical
specimens after treatment. MP grade 1: no change in invasive
cancer cells or only individual cancer cells changed, and the overall
number of cancer cells did not decrease. MP grade 2: invasive
cancer cells were slightly reduced, but the total number was still
high, and the reduction of cancer cells did not exceed 30%. MP
grade 3: 30%-90% reduction in invasive cancer cells; MP grade 4:
invasive cancer cells are significantly reduced by more than 90%,
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with only scattered small clusters of cancer cells or single cancer
cells remaining. MP grade 5: the original tumor bed has not been
infiltrated with cancer cells; there may be ductal carcinoma in situ.

Quantitative real-time polymerase
chain reaction

Plasma samples were isolated from 4 ml of peripheral blood
using BD Vacutainer tubes (EDTA-K2 acted as anticoagulation)
(BD, New Jersey, USA), and 4 ml of fasting venous blood was
collected from healthy subjects and BC patients. Samples were
centrifuged within 1 h (centrifugation condition: 4°C, 1,500 rpm for
10 min), and plasma was sucked with a 1-ml de-enzyme pipette tip,
transported to the laboratory on ice, and centrifuged in low-
temperature high-speed centrifuge within 6 h (centrifugation
condition: 4°C, 15,000 rpm for 10 min). The supernatant was
carefully aspirated with a de-enzyme pipette tip, aliquoted into 1.5-
ml de-enzymatic EP tubes (AXYGEN, JIANGSU, China), 300 ul
per tube, and stored in a —80°C refrigerator for later use.
Postoperative plasma samples were collected about 2 weeks after
curative resection for breast cancer. Plasma was collected
preoperatively after neoadjuvant chemotherapy.

Total RNA in the plasma of BC patients and healthy
volunteers was extracted by the TIANamp Virus RNA Kit
(TIANGEN, Beijing) according to the instructions of the
manufacturer. The purity and concentration of total RNA
samples were detected by a NanoDrop 1000 instrument
spectrophotometer (Thermo Scientific, Waltham, MA, USA).
The average concentration of plasma-extracted RNA was 130-
150 ng/ul; A260/280 was nearly 2.0. Total RNAs were reversely
transcribed into cDNA using First-Strand ¢cDNA Synthesis
Super Mix (Beijing Quanshijin Biotechnology Co., Ltd.), and
qRT-PCR was carried out using Top Green qPCR Super Mix
(Beijing Quanshijin Biotechnology Co., Ltd.) and the Applied
Biosystems Real-Time PCR System. The expression level of
hsa_circ_0058514 in the plasma was determined by qRT-PCR
assay using the sequences of the primers as listed in Table SI.
Thermal cycling conditions were as follows: an initial 5-min step
at 95°C followed by 45 cycles of 10 s denaturing at 95°C, 35 s
annealing at 55°C, and 15 s extension at 95°C. The final step was
conducted at 55°C for 1 min. Each sample was tested in triplicate
for the last calculation and run with a non-template control
(NTC) composed of sterile water instead of cDNA. The results of
~AACT hethod, and
the relative expression level of hsa_circ_0058514 was normalized
to the GAPDH expression. To verify the qRT-PCR products of
the plasma circRNAs, 5 ul of the product mixture was subjected

qRT-PCR analysis were presented using the 2

to 2% agarose gel electrophoresis. The QRT-PCR product of each
circRNA was sent for DNA sequencing at Sangon Biotech Co,
Ltd. (Sangon, Shanghai, China).
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Enzyme-linked immunosorbent assay

The concentrations of serum tumor biomarkers (including
CEA, CA125, and CA153) in BC patients and healthy controls
were measured by the Cobas e602 system with the Elecsys CEA
Assay kit (Roche Diagnostics, Basel, Switzerland) according to the
manufacturer’s instructions. The cutoff values of CEA, CA153,
and CA125 were 5 ng/ml, 37 U/ml, and 24 U/ml, respectively.

Cell culture and exosome extraction

All the BC cells were obtained from the National Biomedical
Laboratory Cell Resource Bank. MCF-10a cells were donated by the
Department of Pharmacology, China Medical University. Before
extracting exosomes from the cell culture medium, the medium was
changed to a serum-free medium and cultured for 24 h, following
the instructions of the TransExo Cell Media Exosome Kit
(Transgen, Beijing). Human plasma exosome extraction followed
the instructions of the Plasma Exosome Total RNA Extraction Kit
(Transgen, Beijing). The exosome downstream isolated from 1 ml
of cell supernatant was used for transmission electron microscopy
and that from 6 ml of cell supernatant was used for Western blot
and qPCR experiments. The extracted RNA was stored at —80°C for
later use.

Identification of extracellular
vesicles of BC cells by transmission
electron microscopy

The extracted EVs were resuspended in 30 pl of phosphate-
buffered saline (PBS) and stored at 4°C. Excess liquid was
removed from the edges of the beads with filter paper and
stained with 1% uranyl acetate dye solution for 1 min. After
drying at room temperature, EVs were observed with a
transmission electron microscope (Hitachi ht7800).

Western blotting

Protein was prepared with SDS-PAGE loading buffer.
Equal amounts (30 pl) of protein samples were separated by
a 12% gel using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). Monoclonal
rabbit anti-CD9 (ET1601-9, Huaan Bio) and monoclonal
rabbit anti-CD81 (ET1611-87, Huaan Bio) were incubated
overnight at 4°C with the membranes. Immune complexes
were detected by enhanced chemiluminescence (Cell
Signaling Technology).
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Statistical analysis

Receiver operating characteristic (ROC) curves and the area
under the ROC curve (AUC) were used to assess the diagnostic
performance of hsa_circ_0058514. Differences in the values for
plasma hsa_circ_0058514 between groups were determined by
using the #-test and analysis of variance (ANOVA). Wilcoxon rank
sum test and Pearson correlation analysis were used to determine
correlations between expression levels of plasma hsa_circ_0058514
and clinical indexes. Statistical analysis was performed with SPSS
(Version 22.0, IBM, USA) and presented graphically in GraphPad
Prism 8.0. A p-value of 0.05 was statistically significant.

Results

Expression of plasma hsa_circ_0058514
in BC patients

Hsa_circ_0058514 molecules showed an upregulated
molecule in various cancer tissues, including triple-negative BC
tissues. In the present study, in order to verify the expression of
hsa_circ_0058514 in plasma samples of BC patients, a reverse
primer spanning the circRNA cleavage point was used to amplify
circRNA by qRT-PCR. The results of agarose gel electrophoresis
showed that the fragment size of hsa_circ_0058514 was 166 kb
(Figure 1A). The amplified product was sequenced, and it was
further found that the hsa_circ_0058514 sequence had a reverse
splicing structure, consistent with the structure in the circRNA
database Circbase (Figure 1B). The specific detection of qRT-PCR
indicated that the expression of hsa_circ_0058514 was in the
peripheral blood of BC patients.

Ladder
100

166kb

FIGURE 1
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The expression level of plasma
hsa_circ_0058514 in BC patients
and the association with
clinicopathological features

To further determine the expression level of hsa_circ_0058514,
the comparison between plasma samples from 135 non-metastatic
BC patients and 95 age- and sex-matched healthy volunteers
showed a higher expression in patients, which was three times
that of the control group (p < 0.001) (Figure 2A). On this basis, we
analyzed the correlation between the expression of plasma
hsa_circ_0058514 and the clinicopathological characteristics of
BC patients. Results indicated that the higher expression was
associated with lymph node metastasis (p < 0.001), high tumor
stage (p < 0.05), high risk of BC recurrence after surgery (p < 0.001),
and non-luminal molecular type (p < 0.05), but was not associated
with age, tumor diameter, and high expression of Ki-67 correlation
(Table 1). Meanwhile, we also detected the expression level of
hsa_circ_0058514 in 38 pairs of BC samples and adjacent tissues.
The expression level of hsa_circ_0058514 in BC tissues was
consistent with the expression level in plasma. The expression
level of normal breast tissue was four times that of normal breast
tissue, and the difference was statistically significant (p < 0.001)
(Figure 2B). The stability experiment of hsa_circ_0058514 showed
that the fresh plasma of the same patient was placed at room
temperature for 24 h to extract RNA, and the expression of
hsa_circ_0058514 was not significantly different (p = 0.771),
compared with 0 h directly (Figure 2C). At the optimal cutoff
value of 0.509 with the value of sensitivity and specificity considered
to be maximal for hsa_circ_0058514, the sensitivity and specificity
were 84.70% and 66.70%, and the AUC value was 0.828 with a 95%
CI of 0.776-0.880 (Figure 2D).
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The identification and detection of hsa_circ_0058514 in BC patients’ plasma. (A) PCR product of hsa_circ_0058514 in agarose gel
electrophoresis. (B) The structure of hsa_circ_0058514 searched in Circbase
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level of hsa_circ_0058514 detected in plasma and cancer tissues. (B) The stability experiment of hsa_circ_0058514 in plasma. (C) The stability
experiment of hsa_circ_0058514. (D) The ROC curve of hsa_circ_0058514. *P < 0.05; ns, nonsignificant.

The superior diagnostic value of plasma
hsa_circ_0058514 in BC patients without
distant metastasis and early BC patients
(stage 0 and stage 1)

In order to clarify the value of hsa_circ_0058514 expression
in the diagnosis of BC patients without metastasis, we performed

ROC curve analysis for its plasma expression level, and the
results showed that hsa_circ_0058514 expression had better
sensitivity (66.7%) and specificity (84.2%), and AUC was 0.828
with a 95% CI of 0.776-0.898. The sensitivity and specificity of
CA153 were 21.5% and 92.6%, respectively, and AUC was 0.512
with a 95% CI of 0.437-0.586. CA125 was demonstrated with
42.2% sensitivity and 70.5% specificity, and AUC was 0.527 with

TABLE 1 The difference in hsa_circ_0058514 expression level associated with the clinical characteristics of BC patients.

N (%) ANACM (IQR) ay P
Age (years)
<50 75 (55.6) 2.902 (3.414) ~1.275 0.202
250 60 (44.4) 2.358 (3.217)
Tumor size (cm)
<2 69 (51.1) 2.154 (2.981) -1.919 0.055
>2 66 (48.9) 3.111 (4.039)
Lymphatic metastasis
With 68 (50.4) 1.915 (1.943) —4.791 <0.001
Without 67 (49.6) 3.777 (2.378)
Stage
0-1 51 (37.8) 1.969 (1.921) —3.443 <0.05
2-4 84 (62.2) 3.452 (3.628)
Ki-67 expression
Lower 59 (43.7) 2.671 (3.185) -1.251 0.211
Higher 76 (56.3) 2.843 (3.735)
Risk of BC recurrence after surgery
Low 23 (17.0) 1.786 (2.124)* 37.017 <0.001
Medium 72 (53.3) 2.052 (2.795)*
High 40 (29.7) 4.590 (2.075)
Subtype
Luminal type 79 (58.5) 2.066 (2.934)* 13.426 <0.05
HER-2 positive 37 (27.4) 2.765 (2.660)
Triple negative 19 (14.1) 4.949 (1.726)

* P <0.05.
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a 95% CI of 0.453-0.602. CEA had 26.7% sensitivity and 89.5%
specificity, and AUC was 0.573 with a 95% CI of 0.499-0.647
(Figure 3A). In early-stage (stage 0 and 1) BC patients,
hsa_circ_0058514 showed a higher sensitivity than CA153,
CA125, and CEA, which was 64.7% wvs. 13.7%, 43.1%, and
51.0%. The specificity was also not much lower, 80.0% vs.
92.6%, 69.5%, and 55.8%. A higher AUC was also shown in
hsa_circ_0058514, which was 0.776 vs. 0.463, 0.532, and 0.522;
95% CI was 0.700-0.852, 0.362-0.564, 0.431-0.634, and 0.424-
0.621, respectively (Figure 3B), which suggested that plasma
hsa_circ_0058514 might be used as a good biomarker for the
diagnosis of BC.

10.3389/fonc.2022.995196

Plasma hsa_circ_0058514 can
dynamically monitor the effect of
neoadjuvant therapy for BC

Among 40 pairs of BC plasma samples collected before and
after neoadjuvant therapy, the expression of hsa_circ_0058514 in
plasma significantly decreased (p < 0.001) (Figure 4). According to
the pathological MP grading of neoadjuvant chemotherapy, RESIST
grading of imaging target lesions before and after treatment, and
histological grading, molecular type, age, tumor stage before
treatment, and Ki-67 expression levels were stratified, and the
association between the changes of these clinical indicators and

A
ROC Curve
10 ¥
Source of the
Curve
CA-153
08| ——CA-125
CEA
AACt
Reference Line
g, 06! 5 "’, +~
£ T
B o f
7] 1y
2 &
Ty rd/
02
i
[
00
00 02 04 06 08 10
1 - Specificity
Diagonal segments are produced by ties.
B
ROC Curve
10 I
| Source of the
e Curve
7 CA153
08 [Tu ——CA125
I CEA
j" ANCH
f Reference Line
06 W
z
=
3
c
3
« 04
02
00
00 02 04 06 08 10
1 - Specificity

Diagonal segments are produced by ties.

FIGURE 3

Diagnostic value of hsa_circ_0058514 for BC was evaluated by ROC curve. (A) In BC patients without metastasis. (B) In early BC patients (stages 0 and 1).
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hsa_circ_0058514

Expression level of plasma

FIGURE 4

The dynamic monitoring effect of hsa_circ_0058514. The
expression level of hsa_circ_0058514 plasma detected in samples of
40 pairs of BC patients before and after neoadjuvant therapy.

the difference of hsa_circ_0058514 before and after treatment was
analyzed. The results showed that the decreased expression level of
hsa_circ_0058514 was associated with a higher pathological MP
grade (p = 0.004) and a greater degree of regression of the imaging
target lesions (p = 0.005), but was not significantly correlated with
histological grade, molecular type, age, tumor stage before
treatment, and Ki-67 expression (Table 2). It is suggested that
plasma hsa_circ_0058514 can be used as a predictor of the efficacy
of BC treatment.

TABLE 2 The correlation analysis between expression level of
hsa_circ_0058514 and clinicopathological features.

Clinicopathological features r value p-value
Subtypes 0.168 0.299
MP grade 0.444 0.004*
RESIST 0.433 0.005*
Histological grade -0.002 0.993
Age 0.010 0.952
Stage 0.284 0.075
Ki-67 expression level 0.195 0.227

*P < 0.05.
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BC intracellular and EVs encapsulate
hsa_circ_0058514 and the detection
in plasma

Via transmission electron microscopy, we observed ectosomes
in the serum-free culture medium of BC cells, which were disc-like
vesicle-like structures with a diameter of 100-500 nm (Figure 5A).
The vesicle membrane marker proteins CD9 and CD81 were also
proved by Western blotting (Figure 5B). The expression of
hsa_circ_0058514 from extracellular vesicles was also detected
in EVs extracted from the serum-free culture medium of normal
breast ductal epithelial MCEF-10a cells, and three different BC cell
lines including hormone receptor-positive MCF-7 cells, SK-BR-3
cells with Her-2 overexpression, and triple-negative BT-549 cells
(Figure 5C). Moreover, the expression level of normal mammary
duct epithelial cells was significantly lower than that of various BC
cells, and the difference was statistically significant (p < 0.001)
(Figure 5D). We further examined the correlation between plasma
and plasma extracellular vesicle expression levels in 16 patients
with BC, and the qPCR results showed no significant difference
between the two groups (Figure 5E).

Discussion

In the present study, it was demonstrated that hsa_circ_0058514
exists in BC patients’ plasma and tumor tissue, and the expression level
was associated with lymphatic metastasis, higher tumor stages,
recurrence, and non-luminal subtypes. The diagnostic value of plasma
hsa_circ_0058514 in early BC patients without distant metastasis was
better than CA125, CEA, and CA153, which can also be used to
dynamically monitor the effect of neoadjuvant therapy for BC. We
also found hsa_circ_0058514 enriched in EVs of plasma and BC tissue.

With the development and widespread application of high-
throughput RNA sequencing technology, more evidence
suggests that circRNAs might play an important role in the
pathogenesis of a variety of diseases, especially the occurrence,
development, invasion, metastasis, and drug resistance of cancer
(9). Through circRNA chip analysis, it was demonstrated that
there were 41 circRNAs with more than two times expression in
the plasma of BC patients, of which 19 were upregulated and 22
were downregulated (10). Researchers developed a circular RNA
high-throughput workflow to identify unique circular RNAs in
breast tumor samples and classify them according to the three
BC subtypes (11). An increasing amount of evidence suggests
that circRNAs participate in carcinogenesis and the progression
of TNBC, which, in turn, can be used as a potential diagnostic
and prognostic biomarkers or therapeutic targets for TNBC (12).
For example, several upregulated circRNAs like SEPTY,
circGNBI, circPGAP3, and hsa_circ_0058514 promote tumor
cell proliferation both in vitro and in vivo, and are associated
with larger tumor sizes and shorter survival times for TNBC
patients (12, 13). It was also demonstrated that they also
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The detection of EVs in BC patients. (A) EVs with a diameter of 100-500 nm observed by transmission electron microscopy. (B). Membrane marker
proteins CD9 and CD81 detected by Western blotting. (C) The detection and (D) the quantitative results of hsa_circ_0058514 in EVs of four BC cell
lines; the size was 166 bp. (E) The expression level of hsa_circ_0058514 in plasma and plasma extracellular vesicle of 16 BC patients. ***P < 0.001; ns,

nonsignificant.

contributed to the invasion and metastasis of TNBC cells both in
vitro and in vivo, which might be correlated with advanced TNM
stage and poor prognosis of TNBC patients, like circSEPT9,
circGNB1, and hsa_circ_0058514 (12, 13). Hsa_circ_0005320
and hsa_circ_0058514 were also associated with decreased cell
apoptosis rates of TNBC cells (12, 13). Meanwhile, it was proved
that hsa_circ_0058514 significantly promoted tumor
angiogenesis via CCNEI, associated with positive lymph node
metastasis (13). The above-mentioned studies reported the roles
of hsa_circ_0058514 in BC, and our study also demonstrated a
higher level of expression of hsa_circ_0058514 in BC patients
than in healthy subjects.

Notably, hsa_circ_0058514 was detected not only in TNBC,
but also in two other subtypes of BC, Her-2 positive and luminal,
which revealed its profound clinical application for BC
diagnosis. We also compare its diagnostic effect and power
with other identified biomarkers, CA153, CA125, and CEA. In
addition, we also demonstrate its dynamic monitoring effect for
early BC without metastasis. A previous study put forward
overexpressed linc-ROR, which might be used as a potential
biomarker for BC diagnosis and dynamic monitoring (14).
However, this non-coding RNA was also identified in multiple
types of cancers, including pancreatic cancer, hepatocellular
cancer, bladder cancer, and nasopharyngeal carcinoma (14).
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Distinct from the above cancer types, hsa_circ_0058514 can be
detected in cervical cancer (15), lung cancer (16), colorectal
cancer (17), and esophageal cancer (18). Upregulated
hsa_circ_0058514 is expressed in cervical cancer tissues and
promotes RAF1 expression through the activation of miR-370-
3p, which further regulates ovarian cancer progression via the
RAF/MEK/ERK pathway (15). The hsa_circ_0058514 sponge
miR-203 promotes EMT and metastasis of non-small cell lung
cancer by upregulating the expression of ZNF28 (16).
Hsa_circ_0058514 acts as a sponge of miR-4306 to stimulate
the progression of esophageal cancer by regulating the
expression of MAPRE2 (18). Hence, the combination of the
two biomarkers can be useful for the differential diagnosis of
various possible cancers from BC.

In recent years, EVs have received extensive attention as a
novel structure vital for intercellular communication mechanism
(19). Especially in the field of cancer, there is increasing evidence
that EVs play an important role in tumor metastasis and
dissemination, for example, the establishment of pre-
metastatic niche, angiogenesis, and the formation of cancer-
associated fibroblast heterogeneity (20). According to the size
and origin of EVs, they can be roughly classified as follows:
exosomes (50-200 nm), microvesicles (100-1,000 nm),
apoptotic bodies (50-4,000 nm), and prostatic corpuscles (40—
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500 nm) (19). Furthermore, EVs have been reported to carry a
variety of molecules, such as nucleic acids, that reflect the
phenotype of their parental cells (19, 21). Since EVs circulate
stably in almost all body fluids, they also have great potential as
tumor biomarkers (20, 22), even as drug delivery administration
systems transferring miRNAs or therapeutic agents to target
cells (21). A total of 439 circRNAs detected in plasma EVs with
significantly different levels between BC patients and healthy
subjects indicated the potential clinical application (23).
Moreover, the circRNAs showed temporospatial characteristics
that were exhibited in a patient-specific and stage-specific
manner, which also implied the relatively more prominent
advantage of its specificity (23). It was demonstrated in our
preliminary results that hsa_circ_0058514 was encapsulated in
EVs, which provided us with a potential mechanism that needs
to be investigated as an alternative treatment for BC.

Although this study is limited by its small sample size, our results
suggest that upregulation of hsa_circ_0058514 plays an important
role in breast cancer development and progression. Large-scale
prospective studies should be carried out in the future to verify the
accuracy and validity of hsa_circ_0058514 as a representative
biomarker for BC. We will further follow up on the prognosis of
BC patients to observe the prognostic value of hsa_circ_0058514. In
addition, we hope to carry out further animal experiments to further
elucidate the secretion mode of exovesicle hsa_circ 0058514 in vivo.
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The modified shrinkage
classification modes could help
to guide breast conserving
surgery after neoadjuvant
therapy in breast cancer

Zhao Bi ®', Peng-Fei Qiu’, Tao Yang? Peng Chen’,
Xian-Rang Song?', Tong Zhao®, Zhao-Peng Zhang™
and Yong-Sheng Wang @*

tShandong Cancer Hospital and Institute, Shandong First Medical University and Shandong
Academy of Medical Sciences, Jinan, Shandong, People's Republic of China, 2The First People's
Hospital of Lian Yun Gang, Radiotherapy Department, Xuzhou, Jiangsu, China

Purpose: The traditional shrinkage classification modes might not suitable for
guiding breast conserving surgery (BCS) after neoadjuvant therapy (NAT). Aim was
to explore the modified shrinkage classification modes to guide BCS after NAT.

Methods: From April 2010 to 2018, 104 patients were included. All patients
underwent MRI examinations before and after NAT. Residual tumors were
removed and divided into more than 30 tissue blocks at 5-mm intervals. After
performing routine procedures for paraffin-embedded histology, we made
semiserial sections (6-um thick). The MRI and pathology 3D models were
reconstructed with 3D-DOCTOR software. Combined with traditional
shrinkage modes and efficacy of NAT, we derived modified shrinkage
classification modes which oriented by BCS purpose: modified concentric
shrinkage modes (MCSM) and modified non concentric shrinkage modes
(MNCSM). The MCSM means the longest diameter of residual tumor was less
than 50% and <2cm in comparison with the primary tumor before NAT. Other
shrinkage modes were classified as MNCSM.

Results: According to traditional shrinkage modes, 50 (48.1%) cases were
suitable for BCS;while 70 (67.3%) cases were suitable for BCS according to
the modified shrinkage modes (p=0.007). The consistency of MRI 3D
reconstruction in assessing modified shrinkage classification modes was
93.2%, while it was 61.5% when assessing traditional shrinkage modes.
Multivariate analysis showed that primary tumor stage, mammographic
malignant calcification, molecular subtypes and nodal down-staging after
NAT were independent predictors of modified shrinkage modes (all p<0.05).
A nomogram was created based on these four predictors. With a median
follow-up time of 77 months, the recurrence/metastasis rate in the MCSM and
MNCSM group was 7.1% and 29.4%, respectively.
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Conclusion: Modified shrinkage classification modes could help to guide the
individualized selection of BCS candidates and scope of resection after NAT.
MRI 3D reconstruction after NAT could accurately predict modified shrinkage
modes and extent of residual tumor.

KEYWORDS

breast cancer, neoadjuvant therapy, shrinkage, breast conserving surgery, prognosis

Introduction

Neoadjuvant therapy (NAT) is currently administered to
patients with locally advanced breast cancers, to breast cancer of
poor prognosis (triple-negative and HER2-positive tumors, or
with nodal involvement and/or high proliferation rates), or to
early-stage breast cancer having an indication of systemic therapy
(1-4). A major clinical benefit of NAT is downstaging of the
tumor. As a result, inoperable tumors may become operable and
patients with large tumors could receive breast conserving surgery
(BCS) to facilitate better cosmetic outcomes (2, 5, 6).

For patients who plan to receive BCS after NAT, the 5-year
local-regional reference (LRR) rate was 2~7% in patients with
tumor-free margins, but the risk increased to as high as 22% if
the margin was positive (7, 8). Three strategies to mitigate the
increased LRR after BCS in tumors downsized by NAT should be
considered: careful tumor localization (including place marker
clip, tumor range, and shrinkage modes), detailed pathological
assessment, and appropriate radiotherapy (8). After NAT, tumor
extent assessment can be difficult and shrinkage modes can be
heterogeneous, making surgery technically more difficult than
without NAT. So, for patients who plan to receive BCS after
NAT, it is important to accurately assess residual tumor extent
and shrinkage modes after NAT to ensure negative margins and
reduce LRR as well as resection rate (9). The traditional view
believed that patients with multinodular lesions, solitary lesion
with adjacent spotty lesions and diffuse lesions were not suitable
for BCS. In cases of multifocal residual tumor and/or cases of
“scattered” residual tumor, the 2017 St. Gallen consensus
conference expressed an opinion to favor more “generous”
margins (10). However, the 2019 St. Gallen consensus
conference recommended that the optimal resection remains
removal of all known residual as opposed to original tumor
lesions with a margin goal of “no ink on tumor” regardless of the
presence of unifocal or multi-focal disease (11). That is to say,
the traditional shrinkage classification modes would not
sufficient as an indication for BCS.

Therefore, the aim of the present study is to explore and
definite the modified shrinkage classification modes which
oriented by BCS purpose after NAT.

Frontiers in Oncology

135

Patients and methods
Patients

Between April 2010 to 2018, patients who treated at
Shandong Cancer Hospital Breast Cancer Center were enrolled
in this study. The study was approved by the Shandong Cancer
Hospital Ethics Committee (No. SDTHEC20110324). Written
informed consent was obtained from all patients before
participation in the study, and all procedures were in
accordance with the ethical standards of the responsible
institutional committee on human experimentation and with
the Helsinki Declaration. Adult women were included in this
study if they 1) had histologically confirmed invasive breast
carcinoma; 2) were clinical staging T; 4Ny 3Mg; 3) agreed to
undergone NAT for the primary breast cancer. Patients were
excluded according to the pre-established exclusion criteria if
they had undergone therapy prior to NAT, concurrent cancer,
bilateral breast cancer, or distant metastases.

In this study, we constructed the MRI and pathology three-
dimensional (3D) reconstruction model of residual tumor. All
patients underwent MRI examinations before and after NAT.
The MRI and pathology 3D models of residual tumors were
reconstructed with 3D-DOCTOR software. Then we explored
and definite the modified shrinkage classification modes which
oriented by BCS purpose after NAT, and assessed the advantage
of modified shrinkage classification modes in guiding BCS after
NAT. In addition, we assessed the accuracy of MRI 3D
reconstruction in predicting the extent of residual tumor and
modified shrinkage classification modes. Next, we analyzed the
predictors of modified shrinkage classification modes, and
generated a nomogram in predicting the modified shrinkage
classification modes after NAT. The consort diagram of the
study was illustrated in Figure 1.

Treatment

Each patient underwent MRI examination twice, that is,
before core biopsy and within 3 weeks after the last cycle of
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Assessed for eligibility between April 2010 to 2018

Excluded
@ undergone therapy prior to NAT
® concurrent cancer
@ bilateral breast cancer, distant metastases

[ Patients received full course of NAT regimens followed by surgery (n=104) |

Patients underwent MRI examinations before Entire parts of residual tumors were removed
and after NAT and made semiserial sections at 5 mm intervals
[ The MRI and pathology 3D models were reconstructed with 3D-DOCTOR software ‘
[ Explore and definite the modified shrinkage classification modes which oriented by BCS purpose after NAT ‘
FIGURE 1

The consort diagram of the study.

NAT. The mean interval time between the preoperative MRI
examination and final surgery was 3 days (range 1~5 days).

Before NAT, all patients received core biopsy of the breast
tumor and fine-needle aspiration of the clinical/image positive/
suspicious axillary nodes guided by ultrasound. Hormone
receptor (HR) was defined as positive with more than one
percent expression rate. HER-2 receptor was considered as
positive with immune-histochemical staining of 3+, or
fluorescence in situ hybridization that was amplified (12).
After these evaluations, molecular subtypes could be classified
into Luminal A subtype, Luminal B HER2 negative (Luminal B
HER2-) subtype, HER-2 positive (HER2+) and Tripe negative
(TN) subtypes to precisely evaluate the biomarker effect.

All patients received standard dose four cycles of anthracycline
and cyclophosphamide followed by four cycles of paclitaxel before
surgery. HER2+ patients received anti-HER-2 targeted therapy.

MRI acquisition and MRI
3D reconstruction

MRI was performed using 3.0T scanners (Philips Medical
Systems, Best, The Netherlands) with a dedicated 7 elements
sense breast coil. Patients underwent imaging in the prone
position with breast immobilized. Our imaging protocol
included a localizing sequence followed by unilateral fast spin-
echo T2-weighted imaging. The breast MRI imaging of all
patients were independently assessed by one radiologist with
15 years of experience in reading breast MRI. He was unaware of
the pathological outcomes and used the same measurement
standard to measure the tumor size. In cases of rim
enhancement, the necrotic core was included in measurement
of the largest diameter. In cases of multifocal or diffuse tumor
growth, the complete enhancing area, including intermediate
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(non-enhancing) tissue around the tumor, was measured on
maximum intensity projection images. After scanning of the
whole breast, bidimensional MRI images were transferred to 3D-
DOCTOR software workstation to create and analysis 3D image
of the breast (Figure 2A).

After delineating the extent of residual tumors in each MRI
image, we chosen the command “3D Rendering/Surface
Rendering/Simple surface”, then the MRI 3D model could be
reconstructed (Figure 2B) (13). The shape and location of
tumors in the breast and their relation to the adjacent tissues
were examined. Using 3D images of MRI reconstruction model,
the extent of each tumor was assessed by its largest diameter in
three reformatted planes (sagittal, axial, and coronal) at initial
and late enhancements. When there was no discernible contrast
enhancement or a faint enhancement equal to the background
normal tissue in previous tumor bed, this case was determined as
radio complete response on MRI (14).

Sub-serial sections of breast specimens
and pathology 3D reconstruction

After mastectomy, according to the blue dye labeled extent
of tumors before surgery, the tumor specimens were excised with
a distance of 3.0 cm from the tumor boundary. After BCS, entire
excised specimens were prepared for sub-serial sections.

The upper margins of specimens were marked with black
ink, double-needle dyeing method to mark anchor points. Then
the specimens were stored in a -20°C refrigerator. Then the
specimen was cut into several blocks at 5-mm intervals based on
the markers (Figure 2C). The tissue blocks were marked with
continuous numbers and were immersed in 10% formalin
solution for 48h. After performing routine procedures for
dehydration and paraffin-embedded histology, we made one
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FIGURE 2

The MRI and pathology 3D reconstruction. (A): The MRI imaging of residual tumor after NAT; (B): The MRI 3D reconstruction model of residual
tumor after NAT; (C): The specimen was cut into several blocks at 5-mm intervals based on the markers; (D): The extent of residual tumors was
delineated under microscope; (E): The pathology 3D reconstruction model of residual tumor after NAT.

section of 4~6-um thick in each block. The sections were cut
using a Leica RM2010 slicer (Leica Biosystems, Nussloch,
Germany) and stained with hematoxylin and eosin (13, 14).

Invasive tumors, calcification and ductal carcinoma in situ
(DCIS) were delineated and recorded under microscope
respectively (Figure 2D). The sections’ images were collected
with the Epson V600 scanner (resolution 360 bpi) and stored as
JPG format. The JPG data were integrated and calibrated based
on anchor points using Photoshop software, then the sections’
images were imported into the 3D-DOCTOR software. With the
“3D Rendering/Surface Rendering/Simple surface” command,
the pathology 3D reconstruction model of residual tumor after
NAT was presented (Figure 2E). The residual invasive tumor
and calcification were marked with different colors in the
pathology 3D reconstruction.

The measurement of residual tumor

The longest diameter, maximum cross-sectional area and
volume of residual tumors were measured according to the MRI
and pathology 3D reconstruction models. The longest diameter
refers to the longest distance in the 3D planes of residual tumors.
Using the 3D-DOCTOR software, we select the “Boundaries in
All Planes” command to project all the outlined tumor
boundaries into the same plane. Then we measure the longest
diameter and the longest vertical diameter of each plane. The
maximum cross-sectional area would be calculated (the longest
diameter x the longest vertical diameter). The volume could be
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automatically calculated by selecting the “Tools/Calculate
Volumes” command from the 3D-DOCTOR software.

After surgery, the histopathological diagnosis of residual
tumors was interpreted by two experienced pathologists. The
tumor was evaluated using the Miller-Payne grading system.
Surgical pCR was defined as no residual invasive tumor or DCIS
within all slices (15).

Shrinkage classification modes after NAT

The traditional shrinkage classification modes of residual
tumors after NAT were divided into five categories: surgical
PCR, solitary lesion without surrounding lesions, multinodular
lesions, solitary lesion with adjacent spotty lesions and diffuse
lesions (Figure 3A) (16-19).

The BCS indications after NAT of MD Anderson Cancer
Center (MDACC) include: ypT<2 c¢m, no vascular lymphatic
invasion, single-focal lesions, and negative margins (20).
Combined with the BCS indications of MDACC and traditional
shrinkage classification modes, we derived and definite the modified
shrinkage classification modes which oriented by BCS purpose:
modified concentric shrinkage modes (MCSM) and modified non
concentric shrinkage modes (MNCSM) (9). As the BCS indications
after NAT of MDACC include diameter of residual tumor <2 cm,
so we chose 2 cm as tumor size cutoffs. The MCSM means the
longest diameter of residual tumor was less than 50% and <2cm in
comparison with the primary tumor before NAT, including surgical
pCR, solitary lesion without surrounding lesions, multinodular
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MNCSM
]

The longest diameter of residual tumor was
more than 50% and (or) >2cm in comparison
with the primary tumor before NAT

The shrinkage modes of residual tumors after NAT. (A): The traditional shrinkage classification modes, including surgical pCR, solitary lesion
without surrounding lesions, multinodular lesions, solitary lesion with adjacent spotty lesions and diffuse lesions. (B): The modified shrinkage

classification modes, including MCSM and MNCSM

lesions and solitary lesion with adjacent spotty lesions. The longest
diameter of residual tumor was more than 50% and (or) >2cm in
comparison with the primary tumor before NAT were classified as
MNCSM, including solitary lesion without surrounding lesions,
multinodular lesions, solitary lesion with adjacent spotty lesions and
diffuse lesions (Figure 3B). The modified shrinkage classification
modes dismissed the shape, and focuses on efficacy and tumor
extent, and our purpose was to guide BCS according to efficacy and
tumor extent.

Statistical analysis

For diagnostic accuracy based on the measurement of residual
tumor size, the gold standard was defined as the pathology 3D
reconstruction model-measured tumor size. Spearman rank
correlation test and Bland-Altman method were used to evaluate
the correlation and consistency between MRI and pathology 3D
reconstruction measurement of residual tumor.

The association of different clinicopathological variables with
modified shrinkage classification modes was analyzed. Pearson chi-
square test or Fisher exact test was used to perform univariate
analysis on categorical variables. Multivariable logistic regression
analysis was conducted to identify the independent predictive
factors of MCSM by using backward stepwise analysis.

A nomogram was developed based on variables in the final
model with p<0.05 using “rms” package for R. Calibration of the
nomogram was carried out by internal validation using the
bootstrap resampling approach and was displayed using a
calibration curve. The discrimination of the model was evaluated
using the area under the curve (AUC) value of the ROC curve.
Statistical analyses were performed using SPSS Statistics 22.0
software (IBM Corporation, Armonk, NY, USA) and R version
3.3.3 software (The R Foundation for Statistical Computing,
Austria, Vienna). A p<0.05 was considered statistically significant.
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Results
Patients’ characteristics

Between April 2010 to 2018, 104 patients received full course
of NAT regimens followed by surgery in Breast Cancer Center.
The median age of patients was 49 years old (rang 25 to 70
years). The clinical characteristics of the patients are
summarized in Table 1.

The different shrinkage classification
modes after NAT

The traditional shrinkage classification modes presented by
pathology 3D reconstruction were 34, 16, 19, 25, 10 cases among
surgical pCR, solitary lesion without surrounding lesions,
multinodular lesions, solitary lesion with adjacent spotty
lesions and diffuse lesions, respectively (Table 2; Figure 3A).
The modified shrinkage classification modes presented by
pathology 3D reconstruction were 70 and 34 cases among
MCSM and MNCSM, respectively.

The modified shrinkage classification
modes were more suitable for
guiding BCS

According to the traditional shrinkage classification modes,
50 (48.1%) cases in this study were suitable for BCS;while 70
(67.3%) cases were suitable for BCS according to the modified
shrinkage classification modes (p=0.007, Table 3). According to
the traditional shrinkage classification modes, patients with
multinodular lesions and solitary lesions with adjacent spotty
lesions were not suitable for BCS; while there were 52.3% (23/44)
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TABLE 1 The clinical characteristics of 104 patients.

Characteristic No. %

Molecular subtypes

Luminal A subtype 23 221
Luminal B HER-2 negative 21 20.2
HER-2 positive 33 31.7
Tripe negative 27 26.0
Clinical nodal stage
cNp 18 17.3
cN; 41 394
cN, 32 30.8
cN; 13 12,5
Clinical tumor stage
cTy 11 10.6
T, 68 65.4
T 13 125
cTy 12 115
Breast surgery
Mastectomy 78 78.8
BCS 22 21.2

of them present with MCSM, they were still suitable for BCS.
Among patients with solitary lesions without surrounding
lesions, there were 18.8% (3/16) of patients present with
MNCSM, they were still not suitable for BCS (Table 2).

MRI 3D reconstruction could accurately
assess modified shrinkage
classification modes

The accuracy, sensitivity, specificity, positive predictive value
and negative predictive value of MRI 3D reconstruction in
assessing traditional shrinkage modes were 84.6%, 61.9%,
90.4%, 61.9% and 90.4%, respectively (the consistency rate was
61.5%) (Table 4).

The MRI and pathology 3D reconstruction had a high
consistency in assessing modified shrinkage classification
modes (the consistency rate was 93.2%). The accuracy,
sensitivity, specificity, positive predictive value and negative
predictive value of MRI 3D reconstruction in assessing the
modified shrinkage classification modes were 93.3%, 97.0%,
86.5%, 92.9% and 94.1%, respectively (Table 5).

MRI 3D reconstruction could accurately
assess residual tumor extent

For diagnostic accuracy based on the measurement of residual

tumor size, the gold standard was defined as the pathology 3D
reconstruction model-measured tumor size. The correlation
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TABLE 2 Patients according to the different shrinkage classification
modes.

Shrinkage modes MCSM  MNCSM  Total
(%) (%) (%)
Surgical pCR 34 (48.6%) 0(0) 34 (32.7%)

Solitary lesion without surrounding 13 (18.6%) 3 (8.9%) 16 (15.4%)
lesions
Multinodular lesions 12 (17.1%) 7 (20.6%) 19 (18.3%)

Solitary lesion with adjacent spotty 11 (15.7%) 14 (41.1%) 25 (24.0%)

lesions

Diffuse lesions 0 (0) 10 (29.4%) 10 (9.6%)

Total 70 (100%) 34 (100%) 104
(100%)

MCSM, modified concentric shrinkage modes; MNCSM, modified non concentric
shrinkage modes

TABLE 3 Candidates of BCS according to the different shrinkage
classification modes.

Different Suitable for Not suitable for Total
shrinkage BCS (%) BCS (%)

modes

Traditional shrinkage 50 (48.1%) 54 (51.9%) 104
modes

Modified shrinkage 70 (67.3%) 34 (32.7%) 104
modes

TABLE 4 The traditional shrinkage modes after NAT between MRI
and pathology 3D reconstruction.
MRI 3D

Traditional shrinkage Pathology 3D

modes reconstruction reconstruction
+ -

Surgical pCR + 26 7 (6.7%)
- (25.0%) 63

8 (7.7%)  (60.6%)
Solitary lesion without surrounding + 8 (7.7%) 19

lesions - 8 (7.7%)  (18.3%)
69

(66.3%)

Multinodular lesions + 7 (6.7%) 6 (5.8%)
- 12 79

(11.5%) (76.0%)

Solitary lesion with adjacent spotty + 18 8 (7.7%)
lesions - (17.3%) 71

7 (6.7%)  (68.3%)

Diffuse lesions + 5 (4.8%) 0 (0)

- 5 (4.8%) 94

(90.4%)
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TABLE 5 The modified shrinkage classification modes after NAT
between MRI and pathology 3D reconstruction.

MRI 3D
reconstruction

Pathology 3D reconstruction Total

MCSM MNCSM

MCSM 65 (62.5%) 5 (4.8%) 70 (67.3%)
MNCSM 2 (1.9%) 32 (30.8%) 34 (32.7%)
Total 67 (64.4%) 37 (35.6%) 104 (100%)

among the longest diameter, maximum cross-sectional area and
volume of residual tumors after NAT measured by MRI and
pathology 3D reconstruction has statistically significance,
respectively. And the r value was 0.942, 0.941 and 0.903,
respectively (all p<0.001). In terms of the largest diameter and
largest cross-sectional area of the residual tumor, the correlation
between 3D pathology and 3D MRI was better than two-
dimensional MRI measurement (Table 6).

Compared with pathology 3D reconstruction, MRI 3D
reconstruction slightly underestimated the maximum diameter
and maximum cross-sectional area of residual tumors, with a
median disparity (MD) of -0.074cm (95% CI: -0.313~0.165cm)
and -1.148cm” (95% CI: -2.146~ -0.148 cm?). And it
overestimated the volume of residual tumors compared with
pathology 3D reconstruction, with MD of 0.433 cm® (95%CT: -
9.55~12.34 cm®).

The nomogram of modified shrinkage
classification modes after NAT

The authors generated a unique, random number using a
computer for each patient included. And authors sorted patients
according to their random numbers. Finally, 71 patients with
smaller numbers were assigned to the training set, and the other
33 patients were assigned to the validation set.

In the training set, although there was no important
difference in year and menopausal status among the modified
shrinkage classification modes after NAT, significant difference
between modified shrinkage classification modes and primary

TABLE 6 Different examination methods to measure the largest diameter
and cross-sectional area of residual tumor after NAT [M (95%CI)].

Methods Largest Largest cross-sectional
diameter (cm) area (cm?)
2D MRI 1.25 (0.785-1.955) 1.107 (0.655-1.817)

MRI 3D reconstruction 1.40 (0.810-2.010)

1.45 (0.812-2.050)

1.250 (0.750-1.850)

Pathology 3D 1.312 (0.801-1.930)

reconstruction
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tumor stage before NAT (p=0.009), clinical nodal stage after
NAT (p=0.013), lymph nodes downstaging after NAT (p<0.001),
mammographic malignant calcification (p=0.002) and
molecular subtypes (p<0.001) were observed in univariate
analysis. Variables with p-value<0.05 in the univariate analysis
were assessed for multivariate analysis. The independent
predictors of modified shrinkage classification modes were
comprised of primary tumor stage (OR=2.059, 95%CI: 1.187-
3.574, p=0.001), mammographic malignant calcification
(OR=3.424, 95%CI: 1.437-8.161, p=0.005), molecular subtypes
(OR=0.530, 95%CI: 0.364-0.772, p=0.001) and nodal down
staging after NAT (OR=0.183, 95%CI: 0.067-0.497,
p=0.010) (Table 7).

Based on the aforementioned multivariate analysis results,
the authors built the nomogram to predict patients with
MNCSM (Figure 4). To calculate the probability of MNCSM,
the scores for the four factors were summed up. And the total
scores and bottom risk scale were referenced (Figure 4A). The
overall performance and discriminative performance of the
model were assessed by the calibration curve and ROC curve
analysis, respectively. The nomogram was internally validated
using the bootstrap method. The nomogram had an AUC of
0.801 (95% CI: 0.781-0.822) in the training set, indicating that
the multivariate logistic regression model had potentially
promising predictive power (Figure 4B).

The external validation set of 33 patients also showed good
discriminatory ability, with an AUC of 0.791 (95% CI: 0.765-
0.818), indicating that use of a multivariate logistic regression
model in an individual set had potentially promising predictive
power (Figure 4C). The difference between the two AUCs was
not statistically significant (p=0.778). The calibration curve
showed a satisfactory fit between the actual and predicted
probability of achieving MNCSM in the training (Figure 4D)
and validation (Figure 4E) sets, indicating that the nomogram
was well calibrated.

Patients with MNCSM had higher
recurrence/metastasis

The median follow-up was 77 months (40-134 months), with
the last follow-up in May 2022. Twelve cases were lost to follow-
up, and the effective follow-up rate was 88.5% (92/104). We
observed 5 cases of recurrences/metastasis (7.1%) in the MCSM
group and 10 cases (29.4%) in the MNCSM group (p=0.002). In
MCSM group, one patient had chest wall recurrence and 4
patients had distant metastases. While in MNCSM group, 2
patients had chest wall recurrence, and 8 patients had distant
metastasis. At the same time, the multivariate analysis also showed
that modified shrinkage modes were the independent predictors
of recurrence/metastasis.
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TABLE 7 The predictive factors for modified shrinkage classification
modes after NAT in the training cohorts.

Factors MCSM MNCSM Univariable Multivariable
analysis analysis
p value p value

Clinical tumor 0.009 0.001

stage

cT1 7 1

cT2 33 14

cT3 4 4

T4 3 5

Clinical nodal 0.659

stage

cNO 8 4

cN1 17 11

cN2 16 6

cN3 7 2

Nodal stage 0.013

after NAT

ycNO 27 7

ycN1 12 5

ycN2 5 5

YcN3 5 5

Molecular 0.001 0.001

subtypes

Luminal A 5 10

Luminal B 9 5

HER2-

HER2+ 18 5

TN 16 3

Lymph nodes 0.001 0.010

downstaging

Yes 43 14

No 6 8

Malignant 0.002 0.005

calcification

Yes 20 16

No 29 6

Patients with MCSM had better survival
benefit

Previous studies had confirmed that pCR after NAT was
associated with survival benefits. So, we want to exclude the
effect of pCR on the survival benefit of MCSM group. We
performed a subgroup analysis to assess survival benefit of
patients who did not achieve pCR. The median overall survival
(OS) in MCSM and MNCSM group was 108.5 months and 89.0
months, respectively (Figure 5A). The median disease-free
survival (DFS) was 101.5 months and 60.5 months,
respectively (Figure 5B) in patients with MCSM and
MNCSM. Even patients with MCSM did not achieve pCR,
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they also had a better survival benefit compared to patients
with MNCSM.

Discussion

The continuous optimization of local-regional control under
the guidance of molecular subtype allows clinicians to make
reasonable adjustments based on the efficacy of NAT to achieve
the maximum treatment benefits. In this study, we constructed
the MRI and pathology 3D reconstruction model of residual
tumor after NAT. Then we explored and definite the modified
shrinkage classification modes which oriented by BCS purpose
after NAT, we found that modified shrinkage classification
modes were more suitable for guiding BCS after NAT. At the
same time, based on the gold standard of 3D pathology
reconstruction model-measured tumor size, we also found that
MRI 3D reconstruction after NAT could accurately predict the
modified shrinkage classification modes and extent of residual
tumor. In addition, a nomogram was developed based on the
predictors of modified shrinkage classification modes that might
aid clinicians in surgical decisions. The nomogram indicated
that patients with large primary tumor, mammographic
malignant calcification, Luminal A/Luminal B HER2- subtype,
and high nodal burden after NAT were more likely to present
with MNCSM. With an AUC of 0.801 and internal validation
using the bootstrap resampling method, the model exhibited
sufficient ability to predict modified shrinkage modes after NAT.
Patients with MCSM had better survival benefit.

The main strength of the study was that we constructed the
BCS-oriented modified shrinkage classification modes which
combined traditional shrinkage modes with residual tumor
extent. Compared with traditional shrinkage modes, modified
shrinkage classification modes were more suitable to guide the
individualized selection of BCS candidates and scope of
resection. This mode could help to decrease the negative
margins distance and simultaneously maintain the natural
breast shape to facilitate better cosmetic outcomes. And it
represents a transformation of treatment concept, which from
maximum and tolerable treatment to the minimum and effective
treatment (11).

The single-focal lesion was one of the BCS indications after
NAT of MDACC (20). The traditional view believed that
multinodular lesions and solitary lesion with adjacent spotty
lesions were not suitable for BCS. However, in our study, for
patients with a high probability of MCSM after NAT, even if
they had multinodular lesion or solitary lesion with adjacent
spotty lesion, BCS would also be safe if they had a negative
margin. So, our study might partly expand the indications of
BCS after NAT: patients might also accept BCS safely even if
they had multi-focal disease after NAT. And for these patients,
there would be no increase in LRR if they received BCS
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successfully. For patients with a high probability of MNCSM, the
basic goal of NAT (tumor downstage) had not been achieved. If
satellite lesions were missed during surgery, LRR would increase
due to “false negative margins”. So, these patients need to be
cautious when choosing BCS, at the same time, they also need a
more “generous” resection extent. The 2019 St. Gallen consensus
conference also recommended that patients with multi-focal
disease could also accept BCS after NAT, but the scope of
residual tumors need to be more accurately assessed.

The MRI 3D reconstruction model provides an intuitive
image of tumor extent in the breast and is helpful for surgeons to
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-~ MNCSM

Overall Survival %9
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FIGURE 5

Disease-free Survival (%)

plan surgery. Furthermore, it can display more precise
information than routine bidimensional images, because 3D
tumor images can be observed from various directions by
rotation (20-24). Taking advantage of these characteristics,
MRI 3D reconstruction has a high degree of accuracy in
assessing the residual tumor extent after NAT. Several reports
have demonstrated that MRI 3D reconstruction significantly and
strongly correlated with pathology examination (25, 26). Chae
YL et al. (25) evaluated the accuracy of 3D measurement by
computer-aided program of breast MRI for the assessment of
residual tumor extent. The result showed that there was no

1 MCSM
_ MNCSM

125
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The survival analysis of modified shrinkage classification modes. (A): The overall survival of MCSM and MNCSM among patients without pCR. (B):
The disease-free survival of MCSM and MNCSM among patients without pCR.

Frontiers in Oncology

142

frontiersin.org


https://doi.org/10.3389/fonc.2022.982011
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Bi et al.

significant difference between the 3D measurement and
histological diameter. Kenji et al. (26) also found that the
tumor size determined by 3D MRI showed a strong
correlation with that determined by pathologic examination
(r=0.896). However, most of them compared the tumor extent
which was assessed by its largest diameter at MRI 3D
reconstruction model with the pathology examination of
routine sliced images. The pathology 3D reconstruction has
also been previously used in researches, and it could also
provide more precise information about tumor extent than
routine sliced images (13, 14, 27, 28). However, as far as we
know, few studies compared the association and correlation
between MRI 3D reconstruction and pathology 3D
reconstruction in evaluation of residual tumor extent. In this
study, taking pathology 3D reconstruction-measured tumor size
as the gold standard, we further confirmed the accuracy of MRI
3D reconstruction in assessing residual tumor extent after NAT.
At the same time, the MRI images were easy to obtain, and the
3D reconstruction technology was relatively mature. So, we
recommend applying MRI 3D reconstruction techniques to
evaluate residual tumor extent after NAT in clinical practice.

Our results also showed that molecular subtype was an
independent predictor of the modified shrinkage classification
modes. Patients with Luminal A and Luminal B HER2- subtypes
had more chance to achieve MCSM. The correlation between
molecular subtype and modified shrinkage modes might reflect
tumor biologic characteristics. One possible reason might be the
growth characteristic of Luminal A and Luminal B HER2-
subtypes, tumor cells tend to grow slowly with low apoptosis
rate and genetic instability (17). Simultaneously, tumor cells in
these subtypes may be more resistant to preoperative therapy.
However, tumor cells in TN and HER2+ subtypes had poor
differentiation and strong proliferation ability, the aggressive
tumor cells were more sensitive to therapy (29). After NAT, the
tumor boundary of patients with MCSM was easy to judge, and
the margins of these tumors were often negative after finishing
tumor resection. But the tumor boundary of patients with
MNCSM is difficult to determine accurately. For those
patients, LRR might be increased due to “false negative
margin” when performing BCS. Therefore, Luminal A and
Luminal B HER2- patients with large primary tumor and/or
high nodal burden after NAT should be cautious to receive BCS
after NAT, and the negative margin distance might also need to
be appropriately increased. Although some patients with TN and
HER2+ subtypes had the poor prognosis, patients with these
subtypes were more likely to present with MCSM after NAT,
suggesting that BCS after NAT was also feasible for TN and
HER2+ patients.

Shrinkage classification modes were reported to be
associated with prognosis. Ippei et al. (17) found patients
with concentric shrinkage pattern has an excellent DES
(p=0.007) and OS (p=0.037). Our study also found that the
modified shrinkage classification modes might be related to the
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prognosis. Patients with MNCSM might have a worse
prognosis. The reasons might be that the predictors
associated with MNCSM indicated high tumor burden, and
these predictors were associated with poor prognosis. Another
reason might be that molecular subtype was associated with
DFS and OS after NAT. The result of Orsaria et al. (30) showed
that patients with pCR after NAT had better DFS, particularly
for HER2+ and TN subtypes. Zarotti et al. (31) also found that
clinicopathological factors and distinct therapy regiments
especially in HER2+ and TN subtypes had prognostic impact
on pCR, OS and DFS after NAT. In our study, patients with
HER2+ and TN subtypes had more chance to achieve MCSM,
these patients also had a better DFS and OS after NAT.

This study has certain limitations, and the most important of
which is the small sample size. Additionally, lacking multi-center
external data to verify the accuracy of the nomogram is another
limitation in our study. Therefore, further prospective multi-
center studies are required to confirm and assess the results of
modified shrinkage classification modes.

Conclusion

The modified shrinkage classification modes could help to
guide the individualized selection of BCS candidates and scope
of resection after NAT. MRI 3D reconstruction after NAT could
accurately predict the modified shrinkage classification modes
and extent of residual tumor. The nomogram combined clinical
factors, imaging, molecular subtypes and NAT efficacy showed
sufficient predicting accuracy in predicting modified shrinkage
classification modes. Patients with MNCSM after NAT might
have a worse prognosis.
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Neoadjuvant chemotherapy (NAC) is widely accepted as a primary treatment
for inoperable or locally advanced breast cancer before definitive surgery.
However, not all advanced breast cancers are sensitive to NAC. Contrast-
enhanced ultrasonography (CEUS) has been considered to assess tumor
response to NAC as it can effectively reflect the condition of blood perfusion
and lesion size. Therefore, this study aimed to evaluate the diagnostic
performance of CEUS to predict early response in different regions of
interest in breast tumors under NAC treatment. This prospective study
included 82 patients with advanced breast cancer. Parameters of TIC (time-
intensive curve) between baseline and after the first cycle of NAC were
calculated for the rate of relative change (A), including Apeak, ATTP (time to
peak), ARBV (regional blood volume), ARBF (regional blood flow) and AMTT
(mean transit time). The responders and non-responders were distinguished by
the Miller-Payne Grading (MPG) system and parameters from different regions
of tumors were compared in these two groups. For ROI 1(the greatest
enhancement area in the central region of the tumor), there were significant
differences in Apeakl, ARBV1 and ARBF1 between responders and non-
responders. For ROl 2 (the greatest enhancement area on edge of the
tumor), there were significant differences in Apeak2 and ARBF2 between
the groups. The Apeakl and ARBF2 showed good prediction (AUC 0.798-
0.820, p < 0.02) after the first cycle of NAC. When the cut-off value was 0.115,
the ARBF2 had the highest diagnostic accuracy and the maximum NPV.
Quantitative TIC parameters could be effectively used to evaluate early
response to NAC in advanced breast cancer.

KEYWORDS

ultrasonography, neoadjuvant chemotherapy, breast cancer, response, vascular
heterogeneity
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Introduction

Neoadjuvant chemotherapy (NAC) is widely accepted as the
primary treatment for inoperable or locally advanced breast
cancer before definitive surgery. The benefits of NAC in terms of
overall survival and improvement in quality of life have been
verified in many clinical trials and studies and have been able
seen turning inoperable tumors into operable tumors and
providing the option of breast-conserving surgery instead of
mastectomy (1). However, not all locally advanced breast
cancers are sensitive to NAC. Studies have indicated that
almost 10-35% of patients were insensitive to chemotherapy
drugs, meaning that these patients experienced disease
progression during the period of NAC (2-4). Therefore, the
ability to predict early response to initial cycles and replace drugs
with alternative agents in non-responders would be of
considerable clinical significance (5).

Magnetic resonance imaging (MRI) is the best method for
assessing the tumor response to NAC, for its performance was
generally superior to that of mammography, ultrasonography
(US), and clinical examination in a meta-analysis with 300
patients (6). Nevertheless, some studies suggest that MRI
gadolinium-based contrast agents diffuse from the blood
vessels into adjacent interstitial tissues, overestimating the
extent of the residual tumor (7-10).

Changes in blood vessels in breast lesions are known to
occur before morphological changes (11), and contrast-
enhanced ultrasonography (CEUS) can effectively reflect the
condition of blood perfusion and lesion size due to its ability
to obtain macrovascular and microvascular information about
the lesions (12, 13). CEUS is a quantitative kinetic imaging
modality that offers the time-intensity curve (TIC) before and
after NAC treatment to aid our understanding of the complexity
of angiogenesis in breast tumors (14, 15).

Previous studies on breast cancer have explored changes in
tumor size, that usually occur after the second cycle of NAC, so
earlier predictors reflecting angiogenesis and metabolic activity
may change before tumor shrinkage (16, 17). The viability of
CEUS to predict tumor response after completing the first cycle
of NAC is unknown (11). Several studies have suggested that
CEUS could predict early response to NAC (18-22). However,
the heterogeneity of tumor vessels has been ignored and the
different regions of interest inside the tumor need to be
discussed. The difference between the CEUS features of the
marginal zone and central region in breast cancer deserves
attention. Therefore, it was crucial to highlight the
characteristics of CEUS in the marginal zone and central
region of breast cancer in this study.
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In this study, we performed a comparative analysis of the
relative variation ratio of quantitative TIC parameters from
different regions of tumors between responders and non-
responders to investigate the potential role of CEUS in
evaluating the early response to NAC in breast cancer patients.

Material and methods
Clinical materials

This prospective study was approved by the ethics committee
of the First Affiliated Hospital of Zhejiang University (Hangzhou,
China). All patients provided written informed consent. A total of
82 female patients diagnosed with stage II or III unilateral breast
cancer and scheduled to receive NAC were recruited for this study
at the First Affiliated Hospital of Zhejiang University (Hangzhou,
China) between May 2019 and May 2022.

Chemotherapy regimen

Prior to surgery, there were two main NAC regimens for all
patients in this study: (1) anthracycline-based regimens and (2)
taxane regimens. Then the duration of NAC was mainly 6 or 8
cycles. In addition, HER2-positive patients were treated with
trastuzumab. The treatment protocol and timeline followed the
guidelines provided by NCCN and China Anti-Cancer
Association (CACA). Drug treatment for 21 days was
considered 1 cycle and an interval of 20 days occurred
following before the initiation of the next round of
chemotherapy. Image examinations were performed before the
second NAC cycle. Surgical excision was performed within 20
days after 6 or 8 cycles of drug treatment.

CEUS examination

All patients underwent the CEUS before NAC, after the first
cycle of NAC. An ESAOTE MyLab ClassC ultrasound diagnostic
instrument (Esaote SpA, Genoa, Italy) was performed for CEUS.
The ultrasound contrast agent SonoVue (59 ug; Bracco SpA,
Milan, Italy) was added to 5 ml saline, and a milky microbubble
suspension was generated by vigorous agitation. The breast was
first scanned with B-mode and CDFI to identify the tumor
location and detect its vascularity. Choosing the largest section
of the tumor, a real-time contrast-enhanced US imaging using a
low mechanical index ranging between 0.06 and 0.08 was
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performed. A total of 4.8 ml SonoVue suspension was rapidly
injected through an anterior elbow vein and then 5 ml of saline
was injected to flush the tube. When the transducer was
stabilized with minimal pressure, images were recorded with a
clip function for 120 secs. Contrast observation continued until
the lesion-enhanced image disappeared.

Image review and data analysis

The postprocessing analysis of the data was performed
quantitatively by two senior physicians, with more than 5
years and 10 years of experience in breast imaging. The gold
standard-postoperative pathological diagnosis was assessed by
the Miller-Payne Grading (MPG) system (described in further
detail below). TIC was generated from the region of interest
(ROI), in which quantitative blood perfusion parameters,
including peak percent (peak), time to peak (TTP), regional
blood volume (RBV), regional blood flow (RBF) and mean
transit time (MTT) were compared in responders and non-
responders. The detailed explanations of above TIC parameters
were described in Figure 1. The different regions of breast cancer
are defined as follows: central region: the region with a diameter
of 0.5 cm in the center of the lesion. If the lesion is small, the
sampling frame can be appropriately reduced; marginal zone:
the boundary of the enhanced range of lesions was taken as the
external area. The relative variation ratio (A) in the parameters

Sl
(%)

G

10.3389/fonc.2022.1026647

after the first cycle of NAC vs. baseline were calculated as
follows: A= (parametery,.-parameter;y)/parameterp,.

Pathological evaluation

The pathology was assessed by the Miller-Payne Grading
(MPQG) system, which compares the cancer cellularity of the core
needle biopsy (before NAC) with the resected tumor (23-25). 1):
no reduction in overall cellularity, 2): a minor loss of tumor cells
(up to 30% loss), 3): 30-90% loss of malignant cells, 4): more
than 90% loss of malignant cells, and 5): no identifiable
malignant cells, although ductal carcinoma may be presented
in situ. 1)-3) were defined as “non-response”, while 4)-5) were
defined as “response”.

Statistical analysis

The data were analyzed by SPSS version 17.0 statistics
software (IBM Corp., Armonk, NY, USA). The measurement
data was checked by Student’s t-test, which was expressed as x+s.
The count data were evaluated by the Chi-square test. To
investigate inter-observer agreement and intra-observer
reliability, we evaluated both Pearson correlation coefficients
and Cronbach’s Alpha. Receiver operating characteristic (ROC)
curves and the area under the curve (AUC) were obtained to

recirculation

o

3‘35

MTT

FIGURE 1

»
time (S)

SI, signal intensity; TTP, time to peak; MTT, mean transit time; Peak, peak intensity (%); RBV, regional blood volume; RBF, regional blood flow (RBV/MTT).
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evaluate the performance of perfusion parameters to predict
early response after NAC. The range of 0.9-1.0 indicates an
excellent predictor; 0.8-0.9, a good predictor; 0.7-0.8, a general
predictor; and< 0.7, a poor predictor (25). The optimal threshold
(cut-off) was chosen according to the Youden index. A p
value<0.05 was considered to indicate a statistically
significant difference.

Results
Clinical characteristics of the patients

Eighty-two female patients with a mean age 47.5+10.8 (30
to78) years who received NAC and surgery were recruited for
this present study. The mean tumor diameter measured by
ultrasound was 2.78+1.42cm (1.03 cm to 5.63 cm). All
patients, including 45 cases (45 lesions) of infiltrating ductal
carcinoma, 28 cases (28 lesions) of infiltrating lobular carcinoma
and 9 case (9 lesion) of mucinous carcinoma were confirmed by
postoperative pathology. 54 of the 82 patients showed a response
(Miller-Payne score 4 or 5) and 28 showed non-response
(Miller-Payne score 1, 2, or 3) (Figures 2, 3). There were no
significant differences between the clinical characteristic
parameters of these two groups (Table 1).

Agreement and reliability of perfusion
parameters

The results were compared by independent analysis of two
senior physicians. All perfusion parameters had high inter-
observer and intra-observer repeatability (r>0.886, p<0.001,
Cronbach’s Alpha>0.936).

Comparison of the relative variation ratio
of quantitative TIC parameters

The data in Table 2 were obtained by analysis of ROI 1,
which represents the greatest enhancement area in the central
region of the tumor, and ROI 2, which indicates the greatest
enhancement area in the edge of the tumor. The data show us
that there were significant differences in Apeakl, ARBV1, and
ARBF1 after the first cycle of NAC between responders and non-
responders (p-values were 0.001, 0.012, and 0.002 respectively).
No statistically significant difference was found for ATTP 1 and
AMTT1 (p-values were 0.068, and 0.056 respectively). It was
observed that Apeak2 and ARBF2 after the first cycle of NAC in
responders were higher than those of non-responders (p-values
were 0.000 and 0.003 respectively). Other parameters, including
ATTP2, ARBV2, and AMTT2, had no significant difference
(Figures 4, 5).
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Early predictors of tumor NAC response

Table 3 present the diagnostic performance of each
statistically significant predictor for early response of NAC.
After the first cycle of NAC, Apeakl and ARBF2 showed good
prediction (AUC 0.806-0.820, p < 0.02). ARBF1, ARBV1 and
Apeak2 showed general prediction (AUC 0.725-0.798, p <
0.032). The sensitivity, specificity, PPV, NPV and accuracy of
the cut-off value of each statistically significant predictor for
early response of NAC were analyzed in Table 4. ARBF2 with a
cut-off value of 0.115 had the highest diagnostic accuracy and the
maximum NPV.

Discussion

Neoadjuvant chemotherapy has been recognized as a crucial
method to decrease tumor cells and significantly increase the
rate of breast-conserving and surgical resection (26). However,
not every patient who underwent the NAC gets treatment
benefits, because the effective rate of NAC ranges from 60-
90%. Hence, assessing early response to treatment is key to
ensure success in NAC.

A previous study revealed that there was an imbalance in the
spatial distribution of tumor blood vessels (27). The microvascular
density around the tumor was higher than that in the center, and
the necrotic and cystic area was lower than the central areas. This
is tumor vascular heterogeneity. CEUS features of breast cancer
have regional distribution differences, which are due to the
heterogeneity of the tumor. As the front of tumor invasion, the
marginal zone of breast cancer has special biological
characteristics and may be more sensitive to drugs than the
central region. In this study, the perfusion parameters of the
central region and the marginal zone were studied separately.

The multiple parameters, Apeakl, ARBV1, and ARBF1, after
the first cycle of NAC in ROI 1, were larger in responders than
non-responders (p<0.05). The peak was an enhancement
description index for blood perfusion assessment. That means
when the tumor has more macrovascular inside, more contrast
agents stay in the vessels, leading to a high peak value. Our study
proved that the value of Apeakl increased significantly after the
first cycle of NAC, especially in responders, which is consistent
with the results of Amioka et al. (18). RBV is a quantitative
parameter representing regional blood volume, which can reflect
the blood supply inside the lesion. Before NAC, the vascularity of
malignant lesions was rich, twisted, and easy to form arterio-
venous fistula, which would present a higher enhancement in
tumors. Effective NAC can shrink vessels providing nutrients to
the tumor and reduce the number of new blood vessels. That
might explain why ARBV1 increased significantly after the first
cycle of NAC in responders. RBF was an index indicating
regional blood flow, which was calculated by RBV/MTT,
closely related to the patency of blood flow inside the tumor.
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FIGURE 2

Images from a patient of non-response to NAC. (A) At baseline before NAC, the tumor size was measured by ultrasonography. (B) At baseline
before NAC, the tumor size was measured by contrast-enhanced ultrasound. The extent of tumor was significantly larger than that of
ultrasonography. (C) After the last cycle of NAC before surgery, the tumor size was measured by ultrasonography. (D) After the last cycle of NAC

before surgery, the tumor size was measured by contrast-enhanced ultrasound. Although the extent of tumor has shrunken, there still have
large number of contrast agents inside
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FIGURE 3

Images from a patient of response to NAC. (A) At baseline before NAC, the tumor size was measured by ultrasonography. (B) At baseline before
NAC, the tumor size was measured by contrast-enhanced ultrasound. The extent of tumor was significantly larger than that of ultrasonography
(C) After the last cycle of NAC before surgery, the tumor has disappeared fundamentally by ultrasonography. (D) After the last cycle of NAC

before surgery, there was not area of high enhancement fundamentally

Chemotherapy-induced changes such as necrosis, sclerosis, or
inflammation can obstruct contrast agents’ flow in the original
tumor site (28), which would lead to an increase in the
ARBF1 value.

Apeak2 and ARBF2, obtained from ROI 2 after the first cycle,
were significantly higher in responders than non-responders
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(p<0.05). Some studies (11, 12, 29) have explained that different
regions within the same malignant lesion can have different
characteristics because of tumor heterogeneity. We know that
large and rich nourishing vessels in the tumors provide
nutrients, whereas tumor angiogenesis as well as new tumor
tissue formation are often at the edge of the lesion to infiltrate
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TABLE 1 Clinicopathological features of the patients at baseline.

characteristic Response (54)
Age (years) 47.0+10.14
Tumor maximum diameter (cm) 3.15+1.21
histology

MC 7 (13.0%)
IDC 29 (53.7%)
ILC 18 (33.3%)

Tumor subtype

Luminal A 21 (30.6%)
Luminal B 17 (25%)
HER-2 positive 12 (38.9%)
TNBC 4 (5.6%)

10.3389/fonc.2022.1026647

Non-response (28) P-value
49.1+11.47 0.169
2.96+1.53 0.456

0.470
2 (7.1%)
16 (57.1%)
10 (35.7%)
0.205

11 (39.3%)
9 (32.1%)
5 (17.9%)
3 (10.7%)

MC, mucinous carcinoma; IDC, infiltrating ductal carcinoma; ILC, infiltrating lobular carcinoma; TNBC, triple negative breast carcinoma.

surrounding normal tissues. Unlike ROI 1, there are abundant
new expansive microvascular with wall thin, lack of muscular
layer, direction circuity, and formation of arteriovenous fistula in
ROI 2, which lead to high concentration contrast agents in
tumor vascular bed. With the marginal vein lymphatic tumor
emboli in formation, however, interstitial edema became more
serious, leading to slower perfusion of contrast agents relative to
the central region and resulting in turbulence in blood flow (30-
32). That might explain why ARBF2 increased after the first cycle
of NAC in responders. These parameters from different ROI
highlighted that the optimal ROI positioning would have
brought more accurate predictors. The microbubble agents in
the CEUS only stayed within blood vessels, and the new vessels
at the edge were richer than those in the center. The loss of
basement membrane resulted in increased vascular permeability,
and formed abundant anastomosis, which led to the contrast
agent turbulence in blood flow (30-32). Hence, ARBF2 was the
most accurate indicator.

TTP is the time from zero intensity to the peak, and MTT is
the mean transit time. Some researchers (20) observed longer

TTP in responders compared to non-responders after two cycles
of NAC. In our research, however, there was no significant
difference in TTP and MTT between responders and non-
responders. The reason may be that TTP and MTT will be
changed effectively until after two cycles of NAC.

To our knowledge, this is the first study to assess the value of
TIC at different ranges including the edge and central regions of the
lesion for early prediction of the efficiency of NAC in breast cancer
using CEUS. In this study, we observed some meaningful changes
after the first cycle of NAC. Apeakl and ARBF2 were potential
criteria to predict the early response of NAC on breast cancer. This
study could be of great clinical significance and further in-depth
research on different regions of lesions with TIC could help predict
the early response in breast cancer tumors under NAC.

Our study had several limitations. First, the study population
was too small. A large-scale study with a standardized method is
still needed. Second, the histopathology and tumor subtype of
these breast cancer recruited were heterogeneous. Third, even
though the TIC parameters calculated by contrast software had
excellent inter-observer and intra-observer repeatability and

TABLE 2 TIC parameters in ROI 1 and ROI 2 after 1st Cycle of NAC for Discrimination between Responders and Non-responders.

Response
n 54
ROI 1 Apeakl 0.1740.13
ATTP1 -0.40+0.67
ARBV1 0.3120.31
ARBF1 0.18+0.13
AMTT1 0.19+0.31
ROI 2 Apeak2 0.17+0.14
ATTP2 -0.26+0.53
ARBV2 0.100.52
ARBF2 0.16+0.18
AMTT2 0.01%0.51

Non-response P-value
28
0.0120.17 0.001
-0.01£0.52 0.068
-0.07+0.60 0.012
0.0320.14 0.002
0.100.50 0.056
-0.01£0.12 0.000
-0.05+0.45 0.218
-0.15£0.55 0.169
-0.02+0.13 0.003
-0.12+0.47 0.446

A, the relative variation ratio; ROI 1, the greatest enhancement area in central region of tumor; ROI 2, the greatest enhancement area in edge of tumor.
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FIGURE 4

Images from a patient of non-response to NAC. (A) At baseline before NAC, contrast-enhanced ultrasound imaging showed a time-intensity
curve generated according to regions of interest. The green line represents ROI 1 (the greatest enhancement area in central region of tumor),
the blue line represents ROI 2 (the greatest enhancement area in edge of tumor), the yellow line represents normal breast tissue. (B) After the
first cycle of NAC, neither ROI 1 nor ROI 2 declined significantly. (C) At baseline before NAC, the circle represents ROI 1, and the red area means
rich blood supply; the right image was gray-scale which correspond to the left one, and the yellow arrow referred to ROI 1. (D) After the first
cycle of NAC, the circle represents ROl 1, and the red area expanded, instead of shrunk; the right image was gray-scale which correspond to
the left one, and the yellow arrow referred to ROI 1
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FIGURE 5

Images from a patient of response to NAC. (A) At baseline before NAC, contrast-enhanced ultrasound imaging showed a time-intensity curve
generated according to regions of interest. The green line represents ROI 1(the greatest enhancement area in central region of tumor), the blue
line represents ROI 2(the greatest enhancement area in edge of tumor), the yellow line represents normal breast tissue. (B) After the first cycle
of NAC, both ROI 1 and ROI 2 declined significantly. (C) At baseline before NAC, the circle represents ROl 2, and the red area means rich blood
supply; the right image was gray-scale which correspond to the left one, and the yellow arrow referred to ROI 2. (D) After the first cycle of NAC,
the circle represents ROI 2, and the red area shrunk significantly; the right image was gray-scale which correspond to the left one, and the
yellow arrow referred to ROI 2.

TABLE 3 Diagnostic Performance of TIC parameters in ROl 1 and ROI 2 to Predict Response after 1st cycle of NAC.

variable Cut-off AUC SE 95%CI P-value
Apeakl >0.075 0.806 0.071 (0.668, 0.945) 0.020
ARBV1 >0.412 0.725 0.081 (0.567, 0.884) 0.020
ARBF1 >0.065 0.798 0.076 (0.649, 0.947) 0.002
Apeak2 >0.137 0.769 0.080 (0.612, 0.926) 0.005
ARBF2 >0.115 0.820 0.068 (0.687, 0.953) 0.001

Cut-off, the optimal threshold; AUC, area under ROC curve; SE, standard error; CI, confidence interval; ROC, receiver operating characteristic.
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TABLE 4 Comparison of sensitivity, specificity, accuracy, PPV and NPV (%) of cut-off value of parameters between ROI 1 and ROI 2.

Cut-off ROI'1
Apeak1>0.075 ARBV1>0.412

sensitivity 84.6% 61.5%

specificity 78.6% 92.9%

PPV 88% 94.1%

NPV 73.3% 56.5%

accuracy 82.5% 72.5%

ROI 2
ARBF1>0.065 Apeak2>0.137 ARBF2>0.115
69.2% 61.5% 88.5%
92.9% 100% 78.6%
94.7% 100% 88.5%
61.9% 58.3% 78.6%
77.5% 75% 85%

Cut-off, the optimal threshold; ROI 1, the greatest enhancement area in central region of tumor; ROI 2, the greatest enhancement area in edge of tumor.

reliability, the CEUS examination was performed only once
before NAC and after the first cycle of NAC for each patient.

In conclusion, quantitative TIC parameters can be effectively
used to evaluate early response to NAC in advanced
breast cancer.
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University, Chongging, China

Background: To characterize the clinicopathological features and evaluate the
neoadjuvant chemotherapy (NACT) efficacy of patients with human epidermal
growth factor receptor 2 (HER2)-low breast cancer.

Methods: A total of 905 breast cancer patients who received 4 cycles of thrice-
weekly standard NACT in the First Affiliated Hospital of Chongqing Medical
University were retrospectively enrolled, including 685 cases with HER2-low
expression and 220 cases with HER2-negative expression. Clinicopathological
features were compared between patients with HER2-negative and HER2-low
expression. Univariate and multivariate logistic regression analyses were used
to find the independent factors of achieving a pathological complete response
(pCR) after NACT.

Results: There were significant differences in stage_N (P = 0.014), histological
grade (P = 0.001), estrogen receptor (ER) status (P < 0.001), progesterone
receptor (PgR) status (P < 0.001), NACT regimens (P = 0.032) and NACT
efficacy (P = 0.037) between patients with HER2-negative and HER2-low
expression breast cancer. In subgroup analysis, histological grade (P = 0.032),
ER (P = 0.002), Ki-67 (P < 0.001) and HER2 status (P = 0.025) were independent
predictors of achieving a pCR in ER-positive breast cancer. And the nomogram
for pCR in ER-positive breast cancer showed great discriminatory ability with an
AUC of 0.795. The calibration curve also showed that the predictive ability of the
nomogram was a good fit to actual observations. Then, in the analysis of ER-
negative breast cancer, only stage_N (P = 0.001) and Ki-67 (P = 0.018) were
independent influencing factors of achieving a pCR in ER-negative breast cancer.
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Conclusion: HER2-low breast cancer was a different disease from HER2-
negative breast cancer in clinicopathological features. Moreover, the NACT
efficacy of HER2-low breast cancer patients was poorer.

KEYWORDS

HER2-low, neoadjuvant chemotherapy, pathologic complete response, nomogram,

targeted therapy

Introduction

Breast cancer is recognized as a highly heterogeneous
disease, which was distinguished distinct pathological
subtypes through the expression of hormone receptors (HR)
and human epidermal growth factor receptor 2 (HER2)
(1). HER2-enriched breast cancer has been reported to be
associated with aggressive clinical features and a poor
prognosis, nevertheless, due to the development of anti-
HER2 agents the outcomes of HER2-enriched breast cancer
patients were significantly improved (2-5). But the remaining
85% of breast cancers patients with HER2-low expression
(immunohistochemistry (IHC) 1+ or IHC 2+, fluorescence in
situ hybridization (FISH) non-amplified) or HER2-negative
expression (IHC 0) failed to derive no benefit from the
currently available anti-HER?2 treatments (6, 7).

Neoadjuvant chemotherapy (NACT), which is utilized
before surgery, is mainly used for the management of patients
with locally advanced breast cancer. By killing active cancer cells,
NACT can effectively reduce the clinical stage of breast cancer,
making inoperable breast cancer operable breast cancer or
increasing the chances of breast conservation (8). Meanwhile,
many studies have demonstrated that patients who achieve a
pathological complete response (pCR) after NACT seem to
have improved long-term outcomes (9, 10). However,
chemoresistance has always been a clinical problem in the
treatment of breast cancer. Some studies have shown that high
HER2 expression indicated high viability, proliferation and
invasive ability in tumor cells, in addition, increased drug
resistance mediated by HER2 expression was an important
factor for the tumor malignancy and poor patient prognosis
(11). In HER2-positive breast cancer, HER2/HER3 can up-
regulate survivin via the PI3K/Akt pathway and confer
paclitaxel resistance to tumor cells (12-14). Moreover, it has
been reported that HER2 can activate calmodulin dependent
protein kinases and Raf/MEK/ERK signaling pathway in gastric
cancer cells and induce drug resistance (15). Recently, a phase II
study about a novel antibody-drug-conjugate (ADC) in HR-
positive, HER2-low expression advanced breast cancer patients
reported promising preliminary results in terms of clinical
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activity and safety (16). Besides, trastuzumab deruxtecan also
showed the therapeutic potential for HER2-low expression
breast cancer patients (17).

With the development of this novel therapeutic strategy, HER2-
low expression breast cancer may be recognized as a distinct clinical
entity. This study compared the clinicopathological characteristics
of patients with HER2-low or HER2-negative expression and
established a nomogram based on the influential factors of
NACT for predicting the probability of achieving pCR. Such a
model would be useful in evaluating sensitivity to chemotherapy,
which can provide a reference for the use of novel anti-HER2 agents
in neoadjuvant therapy.

Methods
Population

The database was reviewed to identify all patients diagnosed
from the First Affiliated Hospital of Chongqing Medical
University between 1 January 2012 and 31 December 2019. We
used the following inclusion criteria: (I) female; (II) performed
neoadjuvant chemotherapy; (III) invasive ductal breast cancer;
and (IV) no anti-tumor treatment before NACT. The exclusion
criteria were as follows: (I) inflammatory breast cancer; (II) HER2-
enrich breast cancer (IHC 3+ or IHC 2+ with FISH amplified);
(III) other primary tumors; (IV) bilateral breast cancer; and (V)
incomplete data. A total of 905 eligible patients were ultimately
included in this study. The database of patients diagnosed between
1 January 2020 and 31 June 2021 was collected according to the
same standard, which would be used as the validation group of the
nomogram (Figure 1).

All histological specimens were paraffin-embedded and
evaluated by two skilled pathologists. This study was approved by
the Ethics Committee of the First Affiliated Hospital of Chongqing
Medical University (No. 2020-202). This article does not refer to the
privacy of patients, so informed consent was exempted. All data
were fully anonymized before we accessed them. The authors were
not provided with information that could identify individual
participants during or after data collection.
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1587 breast cancer patients received
NACT from 2012-2019

Excluded (n= 682):
inflammatory breast cancer
HER2-positive

bilateral breast cancer
incomplete data

Baseline analysis in patients with
different HER2 statuses

The independent factors of achieving
a pCR were found by univariate and
multivariate analysis

Breast cancer patients
< received NACT from
January 2020 to June 2021

Established the nomogram for
achieving a pCR after NACT

FIGURE 1

Study flowchart. Flow-chart shows the process of including
patients in the study. NACT, neoadjuvant chemotherapy;
pCR, pathologic complete response.

Clinicopathologic analysis

Data on the medical history, concurrent diseases, age,
menopausal status, histological grade, tumor size, lymph node
(LN) status, HR status, Ki-67 index, and NACT regimens were
estimated before NACT. Clinical assessments of the breast, including
preoperative LN status, tumor size depended on MRI or breast
ultrasonography. RECIST criteria were used for the clinical response
evaluation (18). The estrogen receptor (ER), progesterone receptor
(PgR) and Ki-67 status were evaluated by IHC of the pretreatment
core biopsy specimens. The HER2-negative group consisted of the
breast cancer patients with a completely negative HER2 staining
(IHC score of 0) and the HER2-low group consisted of the breast
cancer patients with low level of HER2 expression (IHC scores of 1+
and 2+ with FISH non-amplified). Cancers with 1-100% of cells
positive for ER/PgR expression were considered ER-positive/PgR-
positive. The Ki-67 index was defined as the percentage of the total
number of tumor cells (at least 1000) with nuclear staining over 10
high powered fields (x 40).
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Treatment

The criteria for receiving neoadjuvant chemotherapy were
as follows: patients the local stage of the disease was relatively
late, such as patients with axillary lymph node metastasis or
large mass or invasion of skin and chest wall, as well as patients
who had a strong desire to do breast conserving surgery but
did not meet the indication of breast conserving surgery
when diagnosed.

NACT was given according to the local protocol and
national guidelines. The treatments were predominantly
anthracycline and taxane. The TEC (docetaxel 75 mg/m?,
epirubicin 75 mg/m?, and cyclophosphamide 500 mg/m?) or
EC (epirubicin 75 mg/m? and cyclophosphamide 500 mg/m?)
NACT regimens were administered every 3 weeks. After
diagnosis, all patients started the first cycle of NACT in a week
and received four cycles of NACT regimens we evaluated the
clinical response.

Objective

For all patients enrolled, mastectomy or breast conserving
surgery (NACT for breast conservation) plus axillary
lymphadenectomy was the basic surgical treatment after 4-
cycle NACT. Two pathologists blindly and independently
diagnosed all resected breast and lymph node specimens.
Then, pCR was defined as no residual invasive cancer in the
breast or evidence of disease in the axillary lymph nodes
(ypTOypNO) after NACT. In this study, we took pCR as our
observation objective.

Statistical methods

Statistical analysis was performed by R software (Version
4.2.0) and SPSS (Version 25.0). Categorical variables were
compared using the chi-squared test or Fisher’s exact test. Then,
univariate and multivariate logistic regression analyses were used
to screen out the independent predictors. To quantify the
discrimination performance of the nomogram, Harrell's C-index
was measured. The intolerant abilities of the model were assessed
by measuring the area under the receiver operating characteristic
(ROC) curve. Calibration curves were plotted to assess the
calibration of the nomogram (19). In this case, the calibration is
the agreement between the frequencies of the observed outcomes
and the probabilities predicted by the model. P < 0.05 was defined
as statistically significance.
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Results

Baseline patient characteristics based on
HER2 status

A total of 905 patients with HER2-low expression or HER2-
negative breast cancer who received NACT were identified (mean age
49.2 £ 9.5 years (range 20-75 years)) and 119 patients (13.1%) who
achieved pCR after NACT. In addition, 685 (75.7%) cases with
HER2-low expression and 220 (24.3%) HER2-negative cases. We
compared the clinicopathological characteristics and NACT efficacy
of patients with different HER2 status (HER2-low group vs. HER2-
negative group), and the results are displayed in Table 1. There were
significant differences in stage_N (P = 0.014), histological grade (P =
0.001), ER status (P < 0.001), PgR status (P < 0.001), NACT regimens
(P = 0.032) and NACT efficacy (P = 0.037) between patients with
HER2-negative and HER2-low breast cancer. The patients with
HER2-low breast cancer had a lower percentage of pCR compared
to those with HER2-negative tumors.

Analysis in different breast
cancer subtypes

The results of chi-squared test found that HER2 status was
significantly associated with ER status. The distribution of different
HER?2 status in ER-positive patients and ER-negative patients was
shown in Figure 2. Therefore, we analyzed the relationship between
clinicopathological features and HER2 status in different breast
cancer subtypes. In ER-positive breast cancer, there were significant
differences in NACT efficacy (P = 0.014) and stage N (P = 0.003)
were significantly among HER2-low and HER2-negative breast
cancers. The patients with HER2-low breast cancer had a lower
percentage of pCR. Nevertheless, in ER-negative breast cancer only
stage. N (P = 0.01) are related to HER2 status (Table 2). A
significant association was observed between HER2 status and the
probability to achieve a pCR. Of note, HER2-low breast cancer was
associated with the low rate of pCR, especially in ER-positive
patients, as shown in Figure 3. Here we found that there may
exist some relevance between HER2 and HR, so subsequent analysis
was performed in ER-positive patients and ER-negative
patients respectively.

Univariate and multivariate
analysis on the factors of
achieving a pCR after NACT

Based on univariate analysis, there were significant
differences in stage N (P = 0.029), histological grade
(P = 0.003), ER (P < 0.001), PgR (P = 0.047), Ki-67 (P <
0.001) and HER2 status (P = 0.015) for achieving a pCR in
patients with ER-positive breast cancer. Then, we included the

Frontiers in Oncology

160

10.3389/fonc.2022.999716

factors (P< 0.05) in the multivariate analysis. We found that
histological grade (P = 0.032), ER (P = 0.002), Ki-67 (P < 0.001)
and HER2 status (P = 0.025) were independent predictors of
achieving a pCR in ER-positive breast cancer (Table 3).

Next, through the same analysis strategies, we found that stage N
(P =0.001) and Ki-67 (P = 0.018) were independent predictors of
achieving a pCR in ER-negative breast cancer (Table 4).

Establish and validate the nomogram
for NACT efficacy in ER-positive
breast cancer

Through the univariate and multivariate logistic regression
analysis, we established a nomogram to predict the probability of
achieving a pCR after NACT in ER-positive breast cancer. The
factors in the model included histological grade, ER expression,
Ki-67 index and HER?2 status (Figure 4).

According to this model, the ROC curve was drawn
(Figure 5A), and the area under the curve (AUC) was 0.795
(95% CI: 0.735-0.855). The C-index of the prediction models
was 0.787, which demonstrates good discriminative ability. The
calibration plot revealed good agreement between the
predictions and actual observations (Figure 5C).

Then, we took the data of patients diagnosed between 1
January 2020 and 31 June 2021 as external validation. There
were no significant differences in age, menopausal status,
stage_T, stage_N, histological grade, PgR status, HER2 status,
Ki-67 index, NACT regimens and NACT efficacy between the
derivation and validation groups (Table 5). Similarly, we
established another nomogram through univariate and
multivariate logistic regression analysis (Supplement Figure 1),
these two models have good consistency. The ROC curve (AUC
0.802 (95% CI 0.785-0.819)) and calibration plot of validation
group also indicated a good prediction ability(Figures 5B, D).

In summary, these results showed that this nomogram has
good efficacy in predicting the probability of achieving a pCR in
ER-positive breast cancer.

Discussion

HER2 is a prototype oncogene and its amplification
represents a poor breast cancer subtype (17). Therapeutic
interventions are focused on a small group of tumors that
show an amplification of the HER2 gene with subsequent
overexpression of the HER2 protein. High HER2 expression
not only promotes the occurrence and development of tumors,
but also is related to chemotherapy resistance (11). However, at
present, in clinical the treatment strategy of patients with HER2-
low breast cancer is the same as that of patients with HER2-
negative breast cancer. In the present study, we retrospectively
analyzed the clinicopathological features of patients with HER2-
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TABLE 1 Baseline clinicopathological characteristics of breast cancer patients with different HER2 status.

Characteristic Total (n= 905) HER2-low (n= 685) HER2-negative (n= 220) P value®

Age (years) 0.105
<45 496(54.8%) 365(53.2%) 131(59.5%)
=45 409(45.2%) 320(46.7%) 89(40.5%)

Menopausal status 0.385
Premenopausal 315(34.8%) 233(34.0%) 82(37.3%)
Perimenopausal 353(39.0%) 265(38.7%) 88(40.0%)
Postmenopausal 237(26.2%) 187(27.3%) 50(22.7%)

Stage_T 0.386
Tl 88(9.7%) 71(10.4%) 17(7.7%)
T2 653(72.2%) 487(71.1%) 166(75.5%)
T3/T4 164(18.1%) 127(18.5%) 37(16.8%)

Stage_ N 0.014
cNO 324(35.8%) 234(34.1%) 90(40.9%)
cN1 451(49.8%) 360(52.6%) 91(41.4%)
cN2/cN3 130(14.4%) 91(13.3%) 39(17.7%)

Histological grade 0.001
/11 532(58.8%) 424(61.9%) 108(49.1%)
111 373(41.2%) 261(38.1%) 112(50.9%)

ER status < 0.001
Negative 280(30.9%) 176(25.7%) 104(47.3%)
Positive 625(69.1%) 509(74.3%) 116(52.7%)

PgR status < 0.001
Negative 395(43.6%) 270(39.4%) 125(56.8%)
Positive 510(56.4%) 415(60.6%) 95(43.2%)

Ki-67(%) 0.071
<20 421(46.5%) 332(48.5%) 89(40.5%)
(20, 50] 323(35.7%) 240(35.0%) 83(37.7%)
>50 161(17.8%) 113(16.5%) 48(21.8%)

NACT regimens 0.032
TEC 808(89.3%) 603(88.0%) 205(93.2%)
EC-T 97(10.7%) 82(12.0%) 15(6.8%)

NACT efficacy 0.037
pCR 119(13.1%) 81(11.8%) 38(17.3%)
Non-pCR 786(86.9%) 604(88.2%) 182(82.7%)

pCR, pathologic complete response; ER, estrogen receptor; PgR, progesterone receptor; HER2, human epidermal growth factor receptor2; NACT, neoadjuvant chemotherapy.
P values were determined by chi-square tests. Bold values indicate statistical significance (P < 0.05).
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FIGURE 2
The compositions of different HER2 status by ER status.

TABLE 2 Patient characteristics by HER2 status in different breast cancer subtypes.

ER-positive ER-negative
Characteristic HER2-low HER2-negative HER2-low HER2-negative
(n = 509) (n=116) (n=176) (n = 104)
Age (years) 0.139 0.379
<45 273(53.6%) 71(61.2%) 92(52.3%) 60(57.7%)
=45 236(46.4%) 45(38.8%) 84(47.7%) 44(42.3%)
Menopausal status 0.518 0.738
Premenopausal 171(33.6%) 45(38.8%) 62(35.2%) 37(35.6%)
Perimenopausal 195(38.3%) 43(37.1%) 70(39.8%) 45(43.3%)
Postmenopausal 143(28.1%) 28(24.1%) 44(25.0%) 22(21.2%)
T stage 0.195 0.927
T1 58(11.4%) 8(6.9%) 13(7.4%) 9(8.7%)
T2 359(70.5%) 91(78.4%) 128(72.7%) 75(72.1%)
T3/T4 92(18.1%) 17(14.7%) 35(19.9%) 20(19.2%)
N stage 0.042 0.010
cNoO 142(27.9%) 45(38.8%) 91(51.7%) 39(37.5%)
cN1 294(57.8%) 53(45.7%) 67(38.1%) 42(40.4%)
cN2/cN3 73(14.3%) 18(15.5%) 18(10.2%) 23(22.1%)
Histological grade 0.260 0.227
/11 348(68.4%) 73(62.9%) 72(40.9%) 35(33.7%)
111 161(31.6%) 43(37.1%) 104(59.1%) 69(66.3%)
ER status 0.832
(0, 10] 36(7.1%) 9(7.8%)
(10, 40] 48(9.4%) 14(12.1%)
(Continued)
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TABLE 2 Continued

ER-positive
Sl HER2-low HER2-negative
(n =509) (n=116)

(40, 70] 145(28.5%) 31(26.7%)

>70 280(55.0%) 62(53.4%)
PgR status

Negative 103(20.0%) 27(23.3%)

(0, 10] 75(14.7%) 16(13.8%)

(10, 50] 98(19.3%) 22(19.0%)

>50 233(45.8%) 51(44.0%)
Ki-67(%)

<20 273(53.6%) 67(57.8%)

(20, 50] 176(34.6%) 36(31.0%)

>50 60(11.8%) 13(11.2%)

NACT regimens

TEC 452(88.8%) 109(94.0%)

EC-T 57(11.2%) 7(6.0%)
NACT efficacy

pCR 38(7.5%) 17(14.7%)

Non-pCR 471(92.5%) 99(85.3%)

Bold values indicate statistical significance (P < 0.05).

negative or HER2-low breast cancer and explored the
influencing factors of achieving a pCR after NACT.

In our cohort of 905 breast cancer patients undergoing
neoadjuvant chemotherapy, we found the intense association

* 1007 mmm  HER2-negative
Y m== HER2-low
Z 80+
=}
&
2
2 60 P=0.414
) P=0.037 P=0.014 —
S 40+ 1 |
g 20,20, 2H4%
on 0, 270
S 20 Ll 147%
S
&

0=

All ER-positive ER-negative

FIGURE 3

pCR rates according to HER2 status in different breast cancer
subtypes (P value obtained by y2 test).
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ER-negative

HER2-low
(n=176)

HER2-negative

(n = 104) P value

value

0.908

0715 0.072
57(32.4%) 21(20.2%)
62(35.2%) 47(45.2%)
57(32.4%) 36(34.6%)

0.098 0.102
151(85.5%) 96(92.3%)
25(14.2%) 8(7.7%)

0.014 0.414
43(24.4%) 21(20.2%)
133(75.6%) 83(79.8%)

between HER2-low expression and HR-positive status
(P < 0.001), and confirmed the possible role for ER in HER2-
low expression biology (20, 21). Consequently, we performed a
subgroup analysis of HER2 status in ER-positive and ER-
negative breast cancer. Compared with ER-positive, HER2-
negative breast cancer patients, a higher rate of axillary lymph
node metastasis was found in patients with ER-positive, HER2-
low breast cancer (P = 0.042). Analogous findings have been
reported by previous studies, which consistently with our study
have found a higher stage N and lower histological grade in
HER2-low breast cancer (22-24). In addition, it has also been
found that HER2 status was related to age and stage T in
previous studies. Therefore, HER2-low breast cancer is different
from HER2-negative breast cancer in clinicopathological
features and may be recognized as a distinct diseases.

In the last century, the expression of HER2 was observed to
confer resistance in breast cancer cells to several chemotherapy
agents (25, 26). In the previous understanding HER2-low breast
cancer was less malignant than HER2-positive breast cancer,
however, there was no strong evidence that low expression of
HER2 did not impact the process of tumorigenesis and drug
resistance. In our study, overall in neoadjuvant chemotherapy
for breast cancer patients, pCR rates were lower in HER2-low
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TABLE 3 Univariate and multivariate analysis of achieving a pCR in patients in ER-positive breast cancer.

Characteristics
Age, years (= 45 vs < 45)

Menopausal status

0.736 (0.417-1.300)

Premenopausal 1 (reference)

Perimenopausal 0.625 (0.331-1.181)

Postmenopausal 0.577 (0.281-1.184)
T stage

T1 1 (reference)

T2 2.333 (0.704-7.735)

T3/T4 1.441 (0.360-5.777)
N stage

cNO 1 (reference)

cN1 0.579 (0.326-1.030)

cN2/cN3 0.236 (0.069-0.803)

Histological grade (III vs I/IT)

2.322 (1.329-4.055)

ER status
(0, 10] 1 (reference)
(10, 40] 0.125 (0.033-0.472)
(40, 70] 0.229 (0.100-0.528)
>70 0.186 (0.086-0.400)
PgR status
Negative 1 (reference)
(0, 10] 0.269 (0.088-0.818)
(10, 50] 0.590 (0.268-1.297)
>50 0.466 (0.241-0.902)
Ki-67(%)
<20 1 (reference)
(20, 50] 3.255 (1.659-6.388)
>50 6.022 (2.760-13.138)

NACT regimens (EC-T vs TEC)

0.481 (0.146-1.588)

HER?2 status (HER2-low vs HER2-negative) 0.470 (0.255-0.866)

OR, odd ratio.
Bold values indicate statistical significance (P < 0.05).

Univariate analysis OR (95% Cl)

P value  Multivariate analysis OR (95% Cl) P value
0.291 -
0.207 -
0.229 -
0.029 0.109

1 (reference)
0.668 (0.357-1.252)
0.276 (0.076-1.000)

0.003 1.952 (1.061-3.590) 0.032
< 0.001 0.002
1 (reference)

0.096 (0.023-0.411)

0.208 (0.076-0.571)

0.201 (0.076-0.532)

0.047 0.302
1 (reference)

0.321 (0.096-1.071)

0.979 (0.393-2.440)

0.847 (0.370-1.937)
< 0.001 < 0.001
1 (reference)

2.687 (1.317-5.484)

6.402 (2.804-14.617)

0.230 -
0.015 0.460 (0.233-0.906) 0.025

breast cancer patients (11.8%) than in HER2-negative patients
(17.3%). Federica Miglietta et al. performed a retrospective study
of 488 cases and obtained a consistent result that a lower
proportion of pCR in HER2-low breast cancer patients
(21.4%) after NACT than HER2-negative ones (33.6%) (27).
Furthermore, another study including four prospective
neoadjuvant clinical trials have reported analogous findings
(pCR rates: 29.2% (HER2-low) vs 39.0% (HER2-negative)),
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which also showed that the proportion of pCR was
significantly lower in HER2-low tumors versus HER2-negative
tumors in the ER-positive subgroup (P = 0.024) but not in the
ER-negative subgroup (P = 0.21).

Recently, a phase II study about a novel ADC reported
promising preliminary results in HR-positive, HER2-low
expression advanced breast cancer patients (16). Besides,
trastuzumab-deruxtecan (T-Dxd) with a cleavable linkage to a
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TABLE 4 Univariate and multivariate analysis of achieving a pCR in patients in ER-negative breast cancer.

Characteristics
Age, years (= 45 vs < 45)
Menopausal status
Premenopausal
Perimenopausal
Postmenopausal
T stage
T1
T2
T3/T4
N stage
cNO
cN1
cN2/cN3
Histological grade (III vs I/II)
Ki-67(%)
<20
(20, 50]
>50
NACT regimens (EC-T vs TEC)

HER?2 status (HER2-low vs HER2-negative)

Univariate analysis OR (95% Cl)

1.152 (0.659-2.015)

1 (reference)
0.861 (0.463-1.604)

0.562 (0.256-1.234)

1 (reference)
0.871 (0.323-2.348)

0.454 (0.137-1.508)

1 (reference)
0.312 (0.162-0.600)
0.271 (0.100-0.740)

1.791 (0.974-3.291)

1 (reference)
3.047 (1.356-6.848)
2.667 (1.156-6.150)
1.091 (0.466-2.554)

1.278 (0.709-2.304)

Bold values indicate statistical significance (P < 0.05).

Points
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01

FIGURE 4

02 03 04 05 06 07

Nomogram for predicting pCR in ER—positive breast cancer
patients after NACT. A line is drawn straight up to the point axis
that corresponds with each patient variable to obtain the points.
The sum of these points is located on the total score points axis.
A line is drawn downwards to the risk axis to determine the

possibility of achieving a pCR.
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P value  Multivariate analysis OR (95% Cl) P value
0.619
0.353
0.261
< 0.001 0.001
1 (reference)
0.319 (0.164-0.622)
0.276 (0.099-0.765)

0.061 1.581 (0.834-2.996) 0.160
0.023 0.018
1 (reference)

2.733 (1.186-6.302)

2.554 (1.079-6.046)

0.840
0.415

potent topoisomerase I inhibitor payload and excellent membrane
permeability, which laid the foundation for the treatment of
HER2-low breast cancer (28). For instance, T-Dxd has achieved
an objective response rate (ORR) of 37% in advanced breast
cancer patients with low HER2 expression in preliminary trail
(17). Recently, some encouraging results have been reported from
the critical phase III trial DESTINY-Breast 04, which showed that
regardless of HR status PFS and OS were both improved in HER2-
low breast cancer patients treated with T-Dxd (29). Based on these
promising results, several additional trails were gradually
promoted. Interestingly, previous findings reported similar
prognosis between HER2-low and HER2-negative breast cancer,
so the drug used for the HER-low patients can better improve the
prognosis of most breast cancer patients in the future (21, 30).
In addition to HER?2 status, histological grade (P = 0.032),
Ki-67 (P < 0.001), and ER status (P = 0.002) were independent
predictors of achieving a pCR in ER-positive breast cancer via
univariate and multivariate analysis. Based on these factors we
developed an easy-to-use nomogram to predict the probability of
achieving a pCR after NACT in ER-positive breast cancer
patients. With this model we can rapidly predict the possibility
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Calibration plots and Receiver operating characteristic (ROC) curves of the model. (A) ROC curve of the derivation group with an AUC of 0.795
(95% CI 0.735-0.855). (B) ROC curve of the validation group with an AUC of 0.802 (95% CI 0.785-0.819). (C) Calibration plot of the derivation
group (The calibration plot depicts the calibration of the model in terms of the agreement between the predicted and the observed possibility of
achieving a pCR in ER-positive breast cancer). (D) Calibration plot of the validation group

of an ER-positive patient achieving a pCR after NACT. Then,
similar analysis performed in patients with ER-negative breast
cancer demonstrated that stage N (P = 0.001) and Ki-67
(P < 0.018) were independent factors of achieving a pCR. The
ER-negative breast cancer patient with earlier stage N and
higher Ki-67 index is more likely to achieving a pCR after
NACT. Herein, patients with HER2-low breast cancers
account for 75.7% of the total, thus, if the novel agents can be
used in neoadjuvant therapy in the future, the pCR rate and the
prognosis will be improved.

Our study has several limitations. Firstly, single institution and
retrospective nature may responsible for both selection and
information bias. Then, the lack of follow-up data has prevented
us from conducting a deeper analysis of survival and recurrence
rates in patients treated with neoadjuvant chemotherapy. However,
our study collected detailed preoperative clinicopathological data
and established a predictive model, which can better provide
reference for clinical practice.
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Conclusion

For a long time, HER2-negative breast cancer and HER2-low
breast cancer were recognized as the same biological subtype. Here,
our study provides new insight into the clinicopathological features
and NACT efficacy of HER2-low tumors. We evaluated some
important factors that affect chemotherapy efficacy in a large cohort
of patients undergoing neoadjuvant chemotherapy, with HER2 status
being an independent influencing factor of pCR. Whereas, HER2-
lowbreast cancer patients with alow probability of achievinga pCR
will be candidates for new ADC drugs in the future.
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TABLE 5 Difference between the derivation and validation data groups.

Characteristic Derlz/:t;ogzgoup Vah?:t':?g;ow P value
Age (years) 0.670
<45 344(55.0%) 95(56.9%)
> 45 281(45.0%) 72(43.1%)
Menopausal status 0.673
Premenopausal 216(34.6%) 61(36.5%)
Perimenopausal 238(38.1%) 66(39.5%)
Postmenopausal 171(27.4%) 40(24.0%)
Stage_T 0.408
Tl 66(10.6%) 12(7.2%)
T2 450(72.0%) 123(73.7%)
T3/T4 109(17.4%) 32(19.1%)
Stage_N 0.149
cNO 187(29.9%) 61(36.5%)
cN1 347(55.5%) 89(53.3%)
cN2/cN3 90(14.9%) 17(10.2%)
Histological grade 0.276
I 421(67.4%) 105(62.9%)
11 204(32.6%) 62(37.1%)
ER status 0.035
(0, 10] 45(7.2%) 15(9.0%)
(10, 40] 62(9.9%) 27(16.2%)
(40, 70] 176(28.2%) 52(31.1%)
>70 342(54.7%) 73(43.7%)
PgR status 0.251
Negative 130(20.8%) 35(21.0%)
(0, 10] 91(14.6%) 34(20.4%)
(10, 50] 120(19.2%) 33(19.8%)
>50 284(45.4%) 65(38.9%)
HER2 status 0.371
Negative 116(18.6%) 26(15.6%)
Low 509(81.4%) 141(84.4%)
Ki-67(%) 0.086
<20 340(54.4%) 88(52.7%)
(20, 50] 212(33.9%) 49(29.3%)
>50 73(11.7%) 30(18.0%)
NACT regimens 0.982
TEC 561(89.8%) 150(89.8%)
(Continued)
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TABLE 5 Continued

Characteristic BRUEHET SR

10.3389/fonc.2022.999716

Validation Group

(n = 625)
EC-T 64(10.2%)
NACT efficacy
pCR 55(8.8%)
Non-pCR 570(91.2%)

Bold values indicate statistical significance (P < 0.05).

(= 167) P value
17(10.2%)

0.141
21(12.6%)
146(87.4%)
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Introduction: The role of fluorodeoxyglucose (FDG) positron emission
tomography/computed tomography (PET/CT) in early breast cancer treated
with preoperative systemic therapy (PST) is not yet established in clinical
practice. PET parameters have aroused great interest in the recent years, as
non-invasive dynamic biological markers for predicting response to PST.

Methods: In this retrospective study, we included 141 patients with stage II-llI
breast cancer who underwent surgery after PST. Using ROC analysis, we set
optimal cutoff of FDG-PET/CT parameters predictive for pathological
complete response (pCR). We investigated the correlation between FDG-
PET/CT parameters and pCR, median disease-free survival (DFS), and median
overall survival (mOS).
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Results: At multivariable analysis, baseline SUVmax (high vs low: OR 9.00, ClI
1.85 - 61.9, p=0.012) and Delta SUVmax (high vs low: OR 9.64, Cl 1.84, 69.2,
p=0.012) were significantly associated with pCR rates. Interestingly, we found
that a combined analysis of the metabolic parameter Delta SUVmax with the
volume-based parameter Delta MTV, may help to identify patients with pCR,
especially in the subgroup of hormone receptor positive breast cancer. Delta
SUVmax was also an independent predictive marker for both mDFS (high vs
low: HR 0.17, 95%Cl 0.05-0.58, p=0.004) and mOS (high vs. low: HR 0.19, 95%
Cl1 0.04-0.95, p=0.029).

Discussion: Our results suggest that Delta SUVmax may predict survival of early

BC patients treated with PST.

KEYWORDS

early breast cancer, PET CT scan, SUV, preoperative chemotherapy, predictive factors

1 Introduction

Breast cancer (BC) is the most common malignancy in
women and represents a worldwide health problem. Therapy
of early-stage disease includes local treatment with surgery,
radiation therapy, or both, and systemic treatment with
chemotherapy, endocrine therapy, biologic therapy, or
combinations of the above. In general, chemotherapy regimens
based on anthracyclines and taxanes reduce cancer-related
mortality by about one-third in early-stage BC (1-3), by
controlling undiscovered distant metastases. Among patients
with HER2-positive early BC, the addition of anti-HER2 drugs
to standard chemotherapy further improve the outcomes (4, 5).

Although the timing of chemotherapy in early-stage BC has not
a demonstrated impact on survival (6-8), pre-operative systemic
therapy (PST), also named neoadjuvant chemotherapy, is indicated
in patients with locally advanced or inoperable breast cancer, desire
of breast-conserving surgery, and operable tumors associated with a
high likelihood of chemotherapy response, especially for tumors
>2 cm (3, 9). The use of PST offers the advantage of downstaging
the tumour and improving breast conservation rates, and provides
an in vivo treatment response evaluation. Particularly, a pathological
complete response (pCR) after PST is associated with favourable
survival outcomes (10), especially for triple-negative breast cancer
(TNBC) and with a lesser extent for HER2-positive BC. This does
not apply to hormone receptor (HR)-positive, HER2-negative
luminal subtypes, since pCR is rarely observed in these subtypes
and patients maintain a good long-term prognosis independently of
pCR (11). The administration of PST also represents an excellent
research platform to test dynamic biological markers, such as
metabolic parameters assessed through positron emission
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tomography (PET)/computed tomography (CT), or systemic
inflammatory markers.

The role of PET/CT as non-invasive indicator of response
has been recently established in early BC setting, since several
meta-analyses showed that change of tumoral maximum
standardized uptake value (Delta SUVmax) under therapy is
significantly correlated with treatment response (12-14), and
also with disease free-survival (DFS) and overall survival (OS)
(15). More recently, PET/CT has been also used to optimize
treatment in clinical trials, with the aim of discriminating good
from poor responders to PST (16, 17).

Beyond Delta-SUVmax, other studies have focused on
different metabolic parameters including tumor volume
(MTV) and total lesion glycolysis (TLG), that evaluate not
only metabolic activity but also the total tumor burden (18,
19). To date, however, the role of PET/CT for PST response
evaluation is not fully established in clinical practice and no
uptake cutoffs for pCR has been validated to classify the patients
into metabolic responders and non-metabolic responders.

The aim of our study was to assess the predictive role of
fluorodeoxyglucose (FDG) PET/CT indicators for pCR and
survival outcomes, focusing on both metabolic and volume-
based parameters.

2 Patients and methods

2.1 Patients

We included patients with histologically-proven, stage II-III
breast cancer who underwent surgery after PST between January
2011 and May 2019 and performed FDG-PET/CT scan before
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starting PST at IRCCS Ospedale Sacro Cuore Don Calabria
Institution. Last updated follow-up data was August 13th, 2021.
We excluded patients with <=6 months follow-up.
Clinicopathological characteristics, hematologic tests, nuclear
medicine data (before and after PST) and outcome information
were retrospectively collected and included into an anonymized
database. The study was conducted in accordance with the
Declaration of Helsinki and the International Conference on
Harmonization Guidelines on Good Clinical Practice.

2.2 Study design

We retrospectively reviewed medical records of consecutive
patients selected according to inclusion criteria. Data for this
retrospective analysis were extracted from several sources,
including Oncology Unit, Nuclear Medicine Unit and
Pathology Unit database.

Cancer staging was reported in accordance with the 8th
edition of the Union for International Cancer Control/American
Joint Committee on Cancer (UICC/AJCC) TNM staging system.

The molecular subtype was evaluated considering a value of
20% as ki67 cutoff for differentiating Luminal A (ki67<=20%)
and Luminal B HER2-negative (ki 67 >20%) BC.

The pCR was defined as the absence of invasive BC both in
the breast and in axillar lymph-nodes at surgical specimen.
Disease-free survival (DFS) is defined as the time from
histological diagnosis to local/distant recurrence of tumor
or death.

Overall survival (OS) was defined as time from diagnosis to
last follow-up or death from any cause. Cutoffs value for
metabolic parameters were calculated based on their ability to
discriminate between pathological complete response and
no response.

2.3 Nuclear medicine imaging analyses

All FDG-PET/CT scans were performed at the same
Institution. To quantify 18F-FDG uptake, the tumoral
standardized uptake values (SUVs) were measured.

We set the volume of interest (VOI) as the area in which
FDG accumulated in the breast. The maximum value of SUV in
the VOI was defined as the SUVmax, and the volume of voxels of
>=40% of the SUVmax in the VOI was defined as the MTV. The
average SUV value in the voxel that showed >= 40% was defined
as the SUVmean and TLG was defined as MTV x SUVmean.

2.4 Statistical analysis

Continuous variables were summarized using descriptive
statistics, including number of observations, mean, standard
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deviation, median, and interquartile range. Categorical values
were summarized using the number of observations and
percentages. Data distribution was first assessed, and non-
parametric tests applied accordingly afterwards. Statistical
comparisons were made using Kruskal Wallis for continuous
variables and Chi-Square test with simulated p-value for binary
variables. The Spearman correlation coefficient was used to
evaluate the linear correlation between two continuous variables.

The percentage changes (Delta%) of PET data and systemic
inflammatory biomarkers at baseline and after PST were
calculated as follows: percentage change (Delta%) = (delayed
parameter - baseline parameter)/baseline parameter x 100. The
optimal cutoff point for the PET parameters (SUVmax, MTV,
TLG, Delta SUVmax, Delta MTV, Delta TLG) was obtained
using the maximum sum of sensitivity and specificity (Youden’s
J statistic) considering pCR outcome as reference standard. PET

>

parameters were then dichotomized into “low” or “high” values
based on the aforementioned threshold. Demographic and
clinical characteristic along with PET parameters, were
analysed by univariable logistic regression models to explore
their association with the likelihood of reaching a pCR. Only
variables significantly associated (p-value < 0.2) to a pCR were
included in the full logistic regression model. Backward and
forward elimination based on AIC was used for final model
selection. The variable describing molecular subtypes was
excluded from the logistic regression model because no
pathological complete responses were observed in the luminal
A and lumimal B (HER2+) subgroups. Model-building strategies
included checking for convergence, correlation, and goodness-
of-fit test. The Kaplan Meier method and log-rank test were
performed to assess the difference in survival probabilities
between type of pathological response and other covariates of
interest. The multivariate Cox proportional hazards model was
used to estimate the hazard ratios and 95% CIs for OS and DFS
after checking for proportional hazard assumption.

All statistical tests were performed using two-sided 5%
significance levels and P <.05 was considered statistically
significant. Statistical analysis was performed using R statistical
software version 4.1.1 (R Core Team 2021).

3 Results

3.1 Characteristics of the whole
study population

The analysis included 141 patients with diagnosis of stage II-
III breast cancer who underwent surgery after PST. Detailed
demographics and clinical characteristics are reported in
Table 1. Median age at diagnosis was 48 years, with an
interquartile range (IQR) from 43 to 60 years. Prevalent
histology was invasive ductal carcinoma (89.4%) and most
cases were premenopausal (64.5%), cT2 (80.1%) and N1
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(61.0%) at the diagnosis. Only 2.1% of tumors had a low grade
(G1) and median Ki67 proliferation index was 30% (IQR 20-50)
at diagnosis. Patients with HER2-enriched molecular subtype
(i.e. HR-negative, HER2-positive) were 24.1%, Luminal B/
HER2-negative were 23.4%, Luminal B/HER2-positive and
triple-negative were 17.0% each, and Luminal A tumors were
16.3% of cases. One hundred and thirty-six patients (96.5%)
received an anthracycline-based chemotherapy, and 41.1%
received trastuzumab in combination with chemotherapy.
After PST, 93 patients (66.4%) underwent a conservative
surgical approach, while the remaining 47 (33.6%) were
treated by mastectomy.

Thirty-two patients (23.2%) obtained a pCR after PST. At
data cutoff, number of deaths from any cause were 23/141 and
median OS was 57.3 months (interquartile range 41.9-83.0) for
the whole population. Overall relapses were 39/141, of which 29
were distant and 10 were local, with a median DFS of 52 months
(IQR 36.8-77.9 months).

Luminal-A, Luminal-B HER2-negative, Luminal-B HER2-
positive, HER2 enriched and TNBC had a mDFS of 73.8 [48.0-
96.5], 41.2 [32.6-59.5], 58.9 [41.9-82.4], 52.5 [35.9-74.7] and 45.9
[34.3-73.1] months, respectively.

Luminal-A, Luminal-B HER2-negative, Luminal-B HER2-
positive, HER2 enriched and TNBC had a mOS of 81.4 [70.7-
96.6], 47.7 [34.9-66.5], 61.0 [42.7-85.7], 54.7 [45.6-77.7] and 54.9
[41.2-73.2] months, respectively.

Time to relapse distribution according to molecular subtype
showed a peak after primary resection between 36 and 47
months. Luminal A and HER2-positive patients experienced
later relapse as compared with the other molecular subtypes.
Bone (14.9%), liver (12.8%), extra-regional lymph nodes (7.4%),
and lung (6.4%) were the most common sites of relapse.

3.2 Relationships between
clinicopathological factors and pCR

Association between clinicopathological characteristics and
PCR are reported in Table 1. The descriptive analysis showed
that pCR rates were significantly associated with grading
(p<0.001) and molecular subtype (p<0.001). In particular,
none of the patients with Luminal A or Luminal B HER2-
negative did achieve a pCR. The pCR rate was higher in HER2-
enriched patients (53.1%), followed by Luminal B HER2-positive
(25%) and triple-negative (21.9%).

We explored the association between systemic inflammatory
indicators and pCR rate without discovering any relevant
associations (Supplementary Table 1). Even correlations
between inflammation biomarkers and metabolic parameters

did not show any significant association (data not shown).
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3.3 Relationships between metabolic
parameters and pCR

Of the baseline metabolic parameters, only tumoral
SUVmax as continuous variable showed a significant
association with pCR (p<0.001). The pCR was significantly
associated with higher Delta SUVmax, Delta MTV and Delta
TLG (p<0.001), suggesting a predictive role for changes of both
metabolic (SUV) and volume-based parameters (MTV and
TLG) after treatment as compared with baseline.

3.4 Determination of the optimal
metabolic parameters cutoff values
for pCR

The cutoft values of baseline metabolic parameters and their
reduction rate are shown in Table 2. We set the optimal cutoff
values of baseline metabolic parameters for SUVmax, MTV, and
TLG at 9.2, 1.5 and 16.9, respectively. For dynamic parameters
the optimal cutoffs of Delta SUVmax, MTV, and TLG were
-98.3%, -84.2%, and -94.4%, respectively.

3.5 Univariable and multivariable
analyses of pCR

Among clinicopathological characteristics, logistic
regression univariate model showed higher pCR rates for
grade 3 compared to grade 2 (p=0.002) (Supplementary
Table 2). Among metabolic parameters, baseline SUVmax
(high vs low) (p<0.001) and MTV (high vs low) (p=0.010),
Delta SUVmax (high vs low) (p<0.001), Delta TLG (high vs low)
(p<0.001) and Delta MTV (high vs low) (p<0.001) were
significantly associated to pCR. At multivariate analysis,
baseline grading (3 vs 2) (OR 17.2, CI 2.39 - 372, p=0.017),
baseline SUVmax (high vs low) (OR 9.00, CI 1.85 - 61.9,
p=0.012) and Delta SUVmax (high vs low) (OR 9.64, CI 1.84,
69.2, p=0.012) were significantly associated to pCR (Table 3).

3.6 Predictive role of combined Delta
SUVmax and Delta MTV for pCR

Three subgroups of patients were obtained by combining
dichotomized Delta SUVmax and Delta MTV, respectively:
“High-High”, “Low-Low” and “Low-High” subgroups. Very
few patients had high Delta SUVmax associated with low
Delta MTV.
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TABLE 1 Demographics and clinical characteristics of whole population related to pCR.

Pathological Response

Overall No response or partial Complete
(N=141) (N=106) (N=32)
Age 141 48 [43 - 60] 48 [42 - 60] 48 [43 - 60] P=0.742"
Post -menopausal 141 50 (35.5) 36 (34.0) 14 (43.8) P=0.400°
Clinical T stage (cT) 141 P=0.587°
TO 0 (0.0) 0 (0.0) 0 (0.0)
T1 8 (5.7) 6 (5.7) 2 (6.2)
T2 113 (80.1) 85 (80.2) 26 (81.2)
T3 14 (9.9) 9 (8.5) 4 (12.5)
T4 6 (4.3) 6 (5.7) 0 (0.0)
Clinical N stage (cN) 141 P=0.288°
NoO 34 (24.1) 26 (24.5) 8 (25.0)
N1 86 (61.0) 67 (63.2) 16 (50.0)
N2 17 (12.1) 11 (10.4) 6 (18.8)
N3 4(2.8) 2 (1.9) 2(6.2)
Stage 141 P=0.679°
24 29 (20.6) 22 (20.8) 7 (21.9)
2B 77 (54.6) 60 (56.6) 15 (46.9)
3A 13 (9.2) 8 (7.5) 5 (15.6)
3B 12 (8.5) 8 (7.5) 3(9.4)
3C 10 (7.1) 8 (7.5) 2 (6.2)
Baseline grading 140 P=0.003°
1 3(2.1) 3(2.8) 0 (0.0)
2 49 (34.8) 45 (42.5) 3(9.4)
3 88 (62.4) 57 (53.8) 29 (90.6)
Missing 1(0.7) 1(0.9) 0 (0.0)
Hystotipe 139 P=0.262°
Ductal 126 (89.4) 92 (86.8) 31 (96.9)
Lobular 9 (6.4) 9 (8.5) 0 (0.0)
Others 4(2.8) 3(2.8) 1(3.1)
Missing 2(14) 2 (1.9) 0 (0.0)
Molecular subtype 138 P<0.001°
LUM-A 23 (16.3) 23 (21.7) 0 (0.0)
LUM-B (HER2-) 33 (234) 31 (29.2) 0 (0.0)
LUM-B (HER2+) 24 (17.0) 16 (15.1) 8 (25.0)
HER2+ 34 (24.1) 16 (15.1) 17 (53.1)
TN 24 (17.0) 17 (16.0) 7 (21.9)
(Continued)
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TABLE 1 Continued
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Pathological Response

Overall No response or partial Complete
Missing 3(2.1) 3(2.8) 0 (0.0)
Baseline SUV ., 141 10.1 [5.9; 14.7] 8.8 [5.4; 12.8] 13.2 [9.9; 20.2] P=0.002"
Delta SUV ., % 138 -68.2 [-100.0; -30.4] -57.6 [-79.1; -22.9] -100.0 [-100.0; -100.0] P<0.001"
Baseline MTV 141 3.88 [2.13; 8.27] 412 [2.19; 8.57] 3.11 [1.64; 7.37] P=0.244"
Delta MTV % 139 -89 [-100; -45] -73 [-100; -36] -100 [-100; -100] P<0.001"
Baseline TLG 118 23.0 [11.6; 65.1] 26.8 [10.7; 61.4] 16.8 [11.6; 85.0] P=0.793"
Delta TLG % 115 -88.0 [-100.0; -68.9] -84.9 [-100.0; -56.6] -100.0 [-100.0; -98.1] P<0.001"

N is the number of non-missing value. Continuous variables are expressed as: median [Q1-Q3]. Categorical variables as n (%). "Wilcoxon-Mann-Whitney test. *Chi-square test.

Table 4 describes the relationship between combined Delta
SUVmax/Delta MTV and pCR, highlighting that a low Delta
SUVmax is related to a decreased pCR rate. Of interest, the
intermediate subgroup “Low-High” showed a higher pCR rate
compared to “Low-Low”.

3.7 Relationships between
clinicopathological factors, including
metabolic parameters, and survival

Kaplan-Meier curves for DFS and OS are shown in
Figures 1A, B, respectively. Kaplan-Meier curves for OS
according to molecular subtype are shown in Supplementary
Figures 1, 2. Detailed association between clinicopathological
characteristics and metabolic parameters and clinical outcomes
are reported in Figures 2-4 and Supplementary Tables 3, 4.

At multivariable analysis, clinical stage at diagnosis (IIT vs II:
HR 1.98, 95%CI 1.01 - 3.87, p=0.046) and Delta SUVmax (high
vs low: HR 0.17, 95%CI 0.05-0.58, p=0.004) were associated with
DEFS, whereas grading (Grade 3 vs 2: HR 2.81, 95%CI 1.06-8.07,
p=0.038), age (HR 1.04, 95%CI 1.00-1.08, p=0.27) and Delta
SUVmax (high vs. low: HR 0.19, 95%CI 0.04-0.95, p=0.029) to
OS (Tables 5, 6). This final selected model did not include pCR,

TABLE 2 Optimal Metabolic Parameters Cutoff Values for pCR.

Variable Cutoff  Sensibility(%) Specificity(%)
Baseline SUV . 9.2 81.2 53.8
Baseline MTV 1.5 25.0 92.5
Baseline TLG 16.9 52.0 60.0
Delta SUV ..« % -98.3 80.6 88.7
Delta MTV % -84.2 90.6 57.5
Delta TLG % -94.4 84.0 68.5
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since this variable was excluded through the stepwise
model selection.

4 Discussion

Preoperative systemic therapy (PST) in breast cancer (BC)
represents an intriguing research topic. Consistently with other
reports, in the present study we observed at univariable analyses
that pCR is significantly associated with DFS and OS among BC
patients treated with PST.

Many efforts are ongoing to improve PST in order to obtain
higher rates of pCR. Recent advances in PST include the use of
dual anti-HER2 blockade with trastuzumab plus pertuzumab
associated with chemotherapy in HER2-positive (Neosphere,
TRYPHAENA and PEONY trial) (20-22) and the addition of
platinum compounds in TNBC (23). The identification of
patients with pCR after PST also provides the opportunity
of tailoring postoperative treatments. At this regard, two
randomized trials have recently changed the clinical practice,
in TNBC (24) and in HER2-positive BC (25). Multiple trials are
exploring the use of immune-checkpoints inhibitors in TNBC
(A-brave, NCT02954874, KEYNOTE-522) and CDK4/6
inhibitors in hormone receptor-positive BC (Monarch-e). Poly
(ADP-ribose) polymerase (PARP) inhibitors have recently
emerged as a promising class of therapeutics in BC, and
several clinical studies in early stage are ongoing (26).

Although pCR has a relevant prognostic impact at individual
level, it seems to be not a surrogate endpoint for both DFS and
OS at trial level (27). In our study, in fact, pCR was excluded
from the final multivariable analysis during the stepwise
elimination process because its association with survival
outcomes was weak. Therefore, other predictive factors for
survival should be investigated in the setting of PST in early
BC (20-23).

In the last years, some retrospective studies have evaluated
the predictive role of metabolic parameters in BC (18, 19, 28). In
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TABLE 3 Multivariable logistic regression model for pCR.

Characteristic OR’ 95% CI’ p-value

Baseline grading

2 _ _
3 17.2 2.39,3.72 0.017

Baseline SUV ax

Low — _

High 9.00 1.85,61.9 0.012
Baseline MTV

Low — _

High 0.15 0.02, 1.31 0.087

Delta SUVayx

Low — —

High 9.64 1.84, 69.2 0.012
Delta TLG

Low — —

High 4.84 0.73, 33.9 0.10
No. Obs. 111

!OR, Odds Ratio, CI, Confidence Interval. Bold values indicate a p value of <.05.

the present study we focused on evaluation of the predictive role MTYV were both significantly associated with pCR at univariable
of PET/TC parameters as non-invasive dynamic biomarkers analysis, we further analyzed the role of a combination of these
after PST. Although baseline SUVmax, baseline MTV, Delta two metabolic parameters for predicting pCR. The combination
SUVmax, Delta TLG and Delta MTV were significantly of the two allows to assess metabolic and volume-based
associated to pCR at univariable analysis, only baseline parameters together. Interestingly, we observed higher pCR
SUVmax and Delta SUVmax maintained an independent role rate in the “low” Delta SUVmax/"high” Delta MTV subgroup
for predicting pCR at multivariable analysis. This observation is compared to “low” Delta SUVmax/”low” Delta MTV subgroup,
consistent with other published studies (12-14). suggesting that MTV together with SUVmax could be a useful

In our study, patients with “low” Delta SUVmax achieved dynamic biomarker for pCR in clinical practice, especially in
low pCR rates. Patients with “low” Delta SUVmax, however, heterogeneous breast cancer subtypes such as those HR-positive.
were a heterogeneous population in terms of molecular subtype, Recent reports described an interesting association between

mostly characterized by high HR expression, which is typically PET uptake and different biomarkers of inflammation (NLR,
associated with chemoresistance. Since Delta SUVmax and Delta PLR, SIRS) (29-32), noting that patients with high SUVmax and

TABLE 4 Association between combined Delta SUVmax and Delta MTV evaluation and baseline clinicopathological characteristics and pCR.

Delta SUV . x Delta MTV

High.High Low.High Low.Low Test Statistic
(N=36) (N=38) (N=63)
Patological response after PST 138 P<0.001°
No response or partial 11 (30.6) 34 (89.5) 60 (95.2)
Complete 25 (69.4) 3(7.9) 3(4.8)
Missing 0 (0.0) 1(2.6) 0 (0.0)
SChi-square test.
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Disease-free survival (A) and overall survival (B) according to Delta TLG.

low NLR (indicating a status of immune system activation) had
lower recurrent disease after surgery (30). In the present study,
however, we did not find any correlation between PET
parameters and systemic biomarkers of inflammation. An
explanation for these conflicting results among studies could
be that systemic inflammatory biomarkers could not reliably
mirror the inflammatory status of tumor microenvironment,
possibly related to metabolic parameters of the tumor detected
through the PET/CT.

Interestingly, we reported a significant association at
multivariable analysis between Delta SUVmax and survival
outcomes, both in terms of DFS and OS, and this is consistent

with the results of a meta-analysis that showed a significant
predictive value of Delta SUVmax for disease recurrence and
survival (12). Taken together, these data may support the
rationale for including PET/CT assessment before, interim and
after treatment in clinical trials on PST for early BC.

Our study has some limitations due to the retrospective
design, the small sample size, and the heterogeneity of the study
population in terms of molecular subtypes and treatment.
Considering the prognosis of early BC, an extended follow-up
period may provide additional information with the aim of
identify patients that may need additional tailored treatments.
Larger studies on single molecular subtypes may provide further

TABLE 5 Multivariable Cox proportional hazard model of the clinicopathological characteristics and metabolic parameters for DFS.

Characteristic HR’

Stage

95% ClI’ p-value

2A 2B

3A 3B 3C 1.98
Baseline grading

2 —

3 2.78

1.01, 3.87 0.046

1.30, 5.97 0.009

Baseline SUV .,

Low

High 0.57
Delta SUV .,
Low

High 0.17

0.29, 1.12 0.10

0.05, 0.58 0.004

No. Obs. 133

! HR, Hazard Ratio, CI, Confidence Interval. Bold values indicate a p value of <.05.
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TABLE 6 Multivariable Cox proportional hazard model of the clinicopathological characteristics and metabolic parameters for OS.

Characteristic HR’ 95% ClI’ p-value
Baseline grading

2 _ _

3 2.93 1.06, 8.07 0.038
Age 1.04 1.00, 1.08 0.027
Delta SUV ax

Low — _

High 0.19 0.04, 0.84 0.029
No. Obs. 132

! HR, Hazard Ratio, CI, Confidence Interval. Bold values indicate a p value of <.05.

information on the role of PET/CT among patients with early
BC receiving PST.

5 Conclusion

The present study suggested a role for PET/TC imaging as non-
invasive dynamic biomarker in early BC treated with PST.
Particularly, Delta SUVmax was significantly associated with
pCR, DFS and OS, and possibly deserve further investigation in
prospective neoadjuvant trials as potential surrogate endpoint
for survival.

Interestingly, this study is the first attempt to evaluate the
prognostic role of volume-based parameters in BC neoadjuvant
setting. Particularly, our results suggest that a combined
evaluation of Delta SUV and Delta MTV could help to refine
prognosis, especially among patients with HR-positive tumors.
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End-of-neoadjuvant treatment
circulating microRNAs and HER2-
positive breast cancer patient
prognosis: An exploratory analysis
from NeoALTTO
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Background: The absence of breast cancer cells in surgical specimens, ie.,
pathological complete response (pCR), is widely recognized as a favorable
prognostic factor after neoadjuvant therapy. In contrast, the presence of disease
at surgery characterizes a prognostically heterogeneous group of patients. Here,
we challenged circulating microRNAs (miRNAs) at the end of neoadjuvant therapy
as potential prognostic biomarkers in the NeoALTTO study.

Methods: Patients treated within the trastuzumab arm (i.e., pre-operative weekly
trastuzumab for 6 weeks followed by the addition of weekly paclitaxel for 12
weeks; post-operative FEC for 3 cycles followed by trastuzumab up to complete 1
year of treatment) were randomized into a training (n= 54) and testing (n= 72) set.
RT-PCR-based high-throughput miRNA profile was performed on plasma samples
collected at the end of neoadjuvant treatment of both sets. After normalization,
circulating miRNAs associated with event free survival (EFS) were identified by
univariate and multivariate Cox regression model.

Results: Starting from 23 circulating miRNAs associated with EFS in the training set,
we generated a 3-circulating miRNA prognostic signature consisting of miR-185-5p,
miR-146a-5p, miR-22-3p, which was confirmed in the testing set. The 3-circulating
miRNA signature showed a C-statistic of 0.62 (95% confidence interval [95%Cl]
0.53-0.71) in the entire study cohort. By resorting to a multivariate Cox regression
model we found a statistical significant interaction between the expression values of
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miR-194-5p and pCR status (p.interaction =0.005) with an estimate Hazard Ratio
(HR) of 1.83 (95%ClI 1.14- 2.95) in patients with pCR, and 0.87 (95%Cl 0.69-1.10) in
those without pCR. Notably, the model including this interaction along with the
abovementioned 3-circulating miRNA signature provided the highest discriminatory
capability with a C-statistic of 0.67 (95%CI| 0.58-0.76).

Conclusions: Circulating miRNAs are informative to identify patients with different
prognosis among those with heterogeneous response after trastuzumab-based
neoadjuvant treatment, and may be an exploitable tool to select candidates for

salvage adjuvant therapy.

KEYWORDS

circulating microRNA, HER2-positive breast cancer, prognosis, MiR-194-5p, neoadjuvant treatment

Introduction

Neoadjuvant therapy is progressively replacing adjuvant therapy
and is emerging as a new standard of care for early-stage HER2-
positive and triple negative breast cancer (1). Primarily used to
downstage locally advanced tumors (2), neoadjuvant therapy has
the potential to enable breast cancer operability as well as to increase
conservative surgery and to reduce the extent of axillary node
dissection (3). Furthermore, individual response to neoadjuvant
therapy provides prognostic information and assists treatment
decisions after surgery in patients with human epidermal growth
factor receptor 2 (HER2)-positive and triple-negative breast cancer.
Indeed, while patients with a pathological complete response (pCR),
defined by the absence of invasive tumor in excised breast tissue and
nodes, have a favorable prognosis, those with persistent disease within
the surgical specimens require adjuvant therapy escalation (4, 5).

The efficacy of additional treatments in HER2-positive breast
cancer patients not achieving a pCR after neoadjuvant therapy is
being investigated in several studies (6), and has been reported as
beneficial by the KATHERINE trial (7). Noteworthy, not all patients
with an incomplete tumor response to neoadjuvant therapy relapse -
two third of them are indeed disease-free at five years from surgery (8)
- while up to 20% of patients who achieve a pCR eventually recur (9).
This creates uncertainty, and calls into question the prognostic
relevance of pCR. However, a reliable tool to separate patients at
risk of relapse from those already cured after neoadjuvant therapy is
currently lacking, hindering appropriate selection of adjuvant therapy
escalation candidates. Primary tumor gene expression, proteomics
and mutational profiling represent promising biomarkers, but need
repeated tissue sampling and high-profile technology which limit
their use in daily practice (10, 11). A possible alternative is offered by
the development of a non-invasive procedure such as liquid biopsy. In
particular, circulating microRNAs (miRNAs) are promising
biomarkers due to their storage stability, easy handling, and
promising expression signatures associated with treatment response
(12). Baseline levels of circulating miRNA-21, -4734 and -150-5p (13,
14), or “on treatment” levels of circulating miRNA-140-5p (15) have
already been associated with treatment response to HER2-targeted
therapies. As it is common practice to offer post-operative treatment
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to non-responding patients, and pCR is not always reliable, we aimed
to challenge circulating miRNAs detected at the end of neoadjuvant
therapy as prognostic biomarkers. To this end, and given that most
patients with HER2-positive early-stage breast cancer, in the face of
different strategies to increase or decrease systemic therapy, continue
to receive only chemotherapy and trastuzumab, we decided to analyze
the association between pre-operative circulating miRNAs and event-
free survival (EFS) of patients treated in the NeoALTTO trial (16)
with trastuzumab-based therapy.

Materials and methods
Patients

This is an exploratory analysis of the multicenter phase III
NeoALTTO study (16), which randomized patients with HER2-
positive primary breast cancer >2 cm to lapatinib (n = 154),
trastuzumab (n= 149), or their combination (n= 152) for 6 weeks,
followed by paclitaxel for 12 weeks. Surgery was performed within
four weeks from the last paclitaxel dose. After surgery, patients
received fluorouracil, epirubicin, and cyclophosphamide for 3 cycles
and continued the same anti-HER2-targeted agent of the neoadjuvant
phase to complete 52 weeks of treatment. NeoALTTO primary
endpoint was pCR; secondary endpoints included EFS, defined as
the time from randomization to first event. As reported (15, 16), all
enrolled patients signed the main study consent form, which included
a non-specific clause for using blood samples collected at baseline,
during treatment, prior to surgery, and eventually at the time of
relapse for future research. The current analysis was approved (INT
186-13) by the Ethics Committee of Fondazione IRCCS Istituto
Nazionale dei Tumori, Milano.

Sample collection
Patients randomized to trastuzumab arm and with an available

plasma sample collected prior to surgery were considered suitable for
the purpose of this study, designed to address the prognostic value of
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end-of-neoadjuvant treatment circulating miRNAs. A training-testing
approach was used for model building and confirmation, respectively.

Circulating miRNA profiling data processing

Blood samples, collected in BDTM P-100 tubes (BD Bioscience),
were separated within 2 hours of collection into plasma aliquots by
centrifugation (2000-3000g for 15 minutes at room temperature) and
stored at —80°C until assayed at the central biobank of Vall d'Hebron
University Hospital (Barcelona, Spain). Plasma samples were shipped
to Fondazione IRCCS Istituto Nazionale dei Tumori for RNA isolation
as already reported (15). Briefly, reverse transcription and circulating
miRNA profile was performed using the miRCURY LNA"Universal
RT microRNA PCR system according to the Exiqon manufacturer’s
instructions. A total of 752 circulating miRNAs were profiled using
microRNA Ready-to-Use PCR, Human panel I+II in each sample. The
amplification curves were analyzed using the Roche LC software for
determination of quantification cycle (Cq) values. Consistently with our
previous report (15), we considered background filtered (BF) Cq data as
processed by Exiqon (i.e., for assays that do not yield any signal on the
negative control, the upper limit of detection was set to Cq = 37;
otherwise, it was set to 3 Cq lower than the Cq value of a negative
control, 17). The BF Cq values were then processed to calculate the
relative quantity (RQ) of each miRNA by using the comparative
threshold cycle method (18) following the formula 2724 (where
ACq=Cqmirna - CQreference): The CAreference Was computed according
to the overall mean approach (19).

Statistical analysis

In the training set the association between circulating miRNAs levels
(RQ considered on log2 scale) and event free survival (EFS) was assessed
by resorting to a univariate Cox regression model. Event-free survival
was defined as time from randomization to first event (i.e., events were
defined as breast cancer relapse after surgery, second primary
malignancy, death or failure to complete neoadjuvant therapy because
of disease progression) (8). The relationship between each miRNA and
clinical outcome was investigated by restricted cubic splines (20). In this
selection step, according to the number of event per variable (EPV) (21),
we considered as potentially relevant only those miRNAs detected in at
least 10 patients experiencing the event of interest and in at least 85% of
both training and testing sets (i.e. selected circulating miRNAs).
Statistical significant circulating miRNAs at univariate analysis were
included in multivariate Cox regression models following the all-subset
approach (22) using penalized maximum likelihood estimations
according to Firth method (23). For each model, the C-statistic (and
its 95% Confidence Interval [CI]) computed according to Uno et al. (24)
was used as pivotal measure for performance evaluation. Models with
a statistically significant performance (i.e., with the lower 95%CI of the
C-statistic >0.50) in the training set were then evaluated in the testing
set. Those retaining a statistically significant performance in the testing
set and including miRNAs with the same Hazard Ratio [HR] direction
in both training and testing set were defined as promising prognostic
signature(s). Noteworthy, models including miRNAs indicated in
literature as haemolysis related (i.e., miR-16, miR-92a, miR-451 and
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miR-486) (25) were excluded as well as those with redundant circulating
miRNAs according to the 95%CI of the Spearman correlation coefficient
(i.e. upper limit of the 95%CI > 0.80 in absolute value). The “best”
prognostic signature was eventually identified as that showing the
highest prognostic performance in both the training and testing sets
(Supplementary Figure S1). Next, by considering the whole study cohort
(ie., training and testing sets together), the prognostic performance of
the “best” prognostic signature was evaluated with respect to clinico-
pathological variables, i.e., estrogen receptor (ER) status (negative versus
[vs] positive), nodal status (=N1 vs NO), tumor size (>5cm vs <5cm), age
(=50 vs <50) and pCR (yes vs no). A 30-week landmark analysis was
performed when pCR was considered as a covariate. Finally, a Cox
regression model including each selected circulating miRNA the pCR
status (main effects) together with their first order interaction term was
implemented to highlight circulating miRNAs differently associated with
EFS depending on pCR status. All statistical analyses were carried out
with the SAS (version 9.4.; SAS Institute, Inc., Cary, NC) and R software
(version 3.6.0; R Foundation for Statistical Computing) by adopting a
significance alpha level of 5%. Prediction of target site of circulating
miRNA(s) of interest was performed using miRWalk 3.0 (26).
Functional enrichment of circulating miRNA targeted genes for Gene
Ontology (GO) biological process terms and KEGG pathways was
performed using the ClusterProfiler Bioconductor package, and a false
discovery rate (FDR)< 0.05.

Results
Patient and tumor characteristics

Out of 149 patients treated within the NeoALTTO trastuzumab arm,
126 (85%) had evaluable circulating miRNA profile at the time of surgery
(study cohort). The median age at breast cancer diagnosis was 48 years
(interquartile range, 43-57). Most of the patients had clinical T2 (64%)
and >N1 tumors (72%). Almost half (47%) had ER-positive tumors. pCR
was observed in 31% of cases; a total of 40 events were reported at a
median follow-up of 6.7 years (interquartile range, 6.1-6.9 years). Patients
of the study cohort were randomized in a training (n= 54) and testing set
(n= 72). No difference in clinico-pathological characteristics was
observed between training and testing sets (Table 1), which were
similar to the entire study cohort (Supplementary Table S1).

End-of-treatment circulating miRNA
signature associated with EFS

In the training set, 23 circulating miRNAs were significantly
associated with EFS by univariate analysis (Supplementary Table
S2). For all these circulating miRNAs, a linear relationship between
the EFS probability and their expression was found to be appropriate.
By combining these 23 miRNAs into multivariate models following
all-subset analysis approach (22), a total of 4 promising prognostic
signatures were identified (Table 2). Among these 4 signatures, the
model including miR-185-5p, miR-146a-5p, miR-22-3p, was selected
as the “best” one. By using the regression coefficient of this model
fitted on the whole study cohort, the 3-circulating miRNA signature
was generated as following: (-0.062*miR-185-5p expression) +
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TABLE 1 Clinico-pathological features of the training and testing sets.

Traning set Testing set
n= 54 n=72

% %
<50 years 28 52 39 54
=50 years 26 48 33 46
ER status
Negative 27 50 40 56
Positive 27 50 32 44

Nodal status

NO 15 28 20 28
>N1 39 72 52 72
Tumor size

<5 cm 35 65 46 64
>5 cm 19 35 26 36
pCR

No 37 69 50 69
Yes 17 31 22 31
#Event 17 31 23 32

ER, estrogen receptor; N, clinical nodal status at baseline; pCR, pathological Complete
Response; event (i.e. breast cancer relapse after surgery, second primary malignancy, patient
death or failure to complete neoadjuvant therapy because of disease progression).

(-0.274*miR-146a-5p expression)+(0.105*miR-22-3p expression).
Supplementary Figure 2 reports the EFS probability pattern of the
3-circulating miRNA signature.The results of multivariate Cox
regression model including these circulating miRNAs are reported
in Supplementary Table S3. Notably in the study cohort, the C-
statistic of the 3-circulating miRNA signature was 0.62 (95%CI 0.53-
0.71), against a C-statistic of 0.58 (95%CI 0.48-0.67) of the model
including ER expression, nodal status, tumor size, age and pCR.

Circulating miRNA signature and clinico-
pathological variables

Noteworthy, this 3-circulating miRNA signature was evenly

distributed among clinico-pathological variables (Figure 1).
Moreover, the 3-circulating miRNA signature retained its

TABLE 2 Prognostic performance of the promising models.

10.3389/fonc.2022.1028825

prognostic performance with respect to EFS even after adjusting for
each of the considered clinico-pathological variables (Supplementary
Table S4).

Prognostic value of circulating miRNAs by
pCR status

As pCR is a driver of EFS in the NeoALTTO and other
neoadjuvant studies, we next analyzed the prognostic value of
miRNA according to pCR status. For this purpose, the expression
levels of each of the 132 selected miRNAs detected in the study cohort
was evaluated thought a multivariate Cox regression model with pCR
status and the first-order interaction between miRNA and pCR. We
found circulating miR-194-5p with a statistically significant
interaction term at alpha level of 0.01 (p.interaction =0.005). The
HR estimate in patients with pCR was 1.83 (95%CI 1.14-2.95), and
0.87 (95%CI 0.69-1.10) in those without pCR. Figure 2 reports the
EFS probability plot for circulating miR-194-5p expression levels
(Log2 RQ) according to pCR status.

End-of-treatment microRNA added
prognostic value

For exploratory purposes, an analysis was performed by adding
the interaction terms together with the corresponding main effects
(circulating miR-194-5p and pCR) to the 3-circulating miRNA
signature. The highest prognostic performance in terms of C-
statistics was observed for the complete multivariate model (Table 3).

Discussion

Not all early-stage breast cancer patients with residual disease
after neoadjuvant therapy have a poor prognosis; on the other hand,
some patients achieving a pCR eventually relapse. Therefore,
biomarkers are needed to properly identify patients at risk who are
ideal candidates for additional post-surgical therapies. Using high-
throughput analysis of plasma samples collected within a prospective
randomized trial (16), we herein reported the first study investigating
circulating microRNAs extensively, and not according to a pre-
specified candidate panel, at the end of neoadjuvant therapy, and in
association with prognosis. Several key findings with biological
relevance and clinical potential were identified.

Promising models

Training set* Testing set*

C-statistic (95% Cl) C-statistic (95% Cl)

miR-185-5p, miR-146a-5p, miR-22-3p 0.705 (0.517; 0.894) 0.700 (0.519; 0.880)

miR-146a-5p, miR-15b-3p, miR-22-3p 0.688 (0.551; 0.825) 0.698 (0.534; 0.861)

miR-24-3p, miR-15b-3p, miR-22-3p 0.681 (0.541; 0.820) 0.697 (0.512; 0.882)

miR-185-5p, miR-23a-3p, miR-22-3p 0.683 (0.509; 0.857) 0.672 (0.520; 0.824)

*A penalized Cox regression model was implements according to the EPV in the training and testing set.
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FIGURE 1
Box Plot of the 3-circulating miRNA signature according to clinical variables in the whole study cohort. Distribution of the 3-circulating miRNA signature
expression levels according to pathological complete response (pCR), estrogen receptor (ER) status, primary tumor size, nodal status and age at
diagnosis. Each box indicates the 25" and 75™ percentiles. The horizontal lines inside the box indicate the median, and whiskers indicate the extreme
measured values; individual value of the signatures are represented by dots. p=p.value of the Wilcoxon test.

Firstly, we identified a circulating signature composed of miR-
185-5p, miR-146a-5p and miR-22-3p able to discriminate among
patients treated with trastuzumab-based therapy with different
prognosis. The functions of miRNAs composing our prognostic
signature have been associated with tumor-related processes
(proliferation, apoptosis, migration/invasion), and response to
treatment. Specifically, miR-185-5p seems to act as a tumor
suppressor in cancer progression and spreading, at least in central
nervous system (27), and gastrointestinal malignancies (28). The
precise effects and detailed mechanisms of miR-185-5p in breast
cancer are yet to be defined. However, a recently reported pre-clinical
study shows that over-expression of miR-185-5p is associated with
reduced chemosensitivity (29). Iorio et al. first reported that miR145-
5p acts as a tumor suppressor in a variety of tumors, including breast
cancer (30); subsequently, miR-145-5p was shown to modulate
immune response by targeting the 3’-untranslated region of Toll-

PCR Yes

EFS (probability)

Log,RQ (miR-194-5p)

FIGURE 2

Seven-year Event Free Survival (EFS) probability curves for circulating miR-194-5p values according to pathological complete response (pCR) status. The
curve depicts the predicted EFS probability of the circulating miR-194-5p expression levels considered on its continuous scale in patients (A) with pCR

and (B) without pCR
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like receptor 4 (31), and to increase epithelial-mesenchymal transition
through the control of N-cadherin, vimentin and E-cadherin protein
expression levels (32). Finally, miR-22 was found both as a tumor
suppressor and a promoter in previous studies (33, 34). However, its
serum expression levels have already been associated with poor
prognosis in breast cancer patients (35). Consistent with these
literature data, our analysis showed that both miR-185-5p and miR-
146a-5p have a protective prognostic effect, as opposed to miR-22.
Furthermore, an integrated analysis of miRNA target gene networks
drew much attention because there are many common signaling
pathways modulated by differentially expressed mRNAs and shared
through GO and KEGG analysis (Supplementary Figure S3).
Although circulating miRNAs are not necessarily expressed at the
tumor tissue level, it is worthy to note that among the enriched terms,
those related to growth factor signaling, metastatic spreading
processes and immune response were shared by all dysregulated

PCRNo

EFS (probability)

Log,RQ (miR-194-5p)
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TABLE 3 Prognostic performance of multivariate Cox regression models in the study cohort.

3-circulating miRNA signature + pCR (Yes vs No)*

miR-194-5p + pCR+ (miR-194-5p*pCR)*

3-circulating miRNA signature + pCR + miR-194-5p + (miR-194-5p*pCR)*

C-statistic 95% Cl
0.62 0.53 0.71
0.62 0.54 0.71
0.67 0.58 0.76

30-week landmark analysis was performed when pCR was considered in the multivariate Cox regression model; CI, confidence interval.

circulating miRNAs after trastuzumab treatment. These findings are
intriguing because development of predictors of recurrence after
neoadjuvant therapy is still in its infancy, and presently the only
established prognostic factors are stage and hormone receptor status
(36). An attempt has been made with TILs (37). However, TILs
assessment may be difficult after neoadjuvant therapy (38), so that
Asano et al. proposed to combine their evaluation with residual
cancer burden, which takes into account tumor dimension,
cellularity of tumor bed, and axillary nodal burden (39). In addition
TILs data in HER2-positive breast cancer are controversial (40), with
several studies suggesting that high TILs values in residual disease
after neoadjuvant therapy are associated with worse rather than
improved prognosis (reviewed in 37).

Secondly, the 3 circulating miRNA signature ensures a C-statistic
of 0.62 (0.53-0.7), instead of 0.58 (0.48-0.67) of the model including
clinico-pathological variables, age, stage, estrogen receptor status and
pCR. Thus, only three circulating markers assessed at a single time
point offer a similar if not superior discriminatory capability of
different variables assessed on patient, and primary tumor at
baseline or after treatment. Furthermore, the discriminatory
capability of the 3-circulating miRNA signature remained
significant when clinico-pathological variables were included in
multivariate analysis. All these findings support the development of
our 3 circulating miRNA signature as a parsimonious and
independent prognostic tool.

Thirdly, despite the favorable prognostic effect of invasive disease
eradication, a few of patients with pCR eventually relapse (9, 10).
Tumor recurrences are in the range of 10-15% at 5 years from surgery,
as reported in the large pooled analysis of German Breast Group
neoadjuvant studies on 2188 patients (41), and from a recent meta-
analysis on 5748 patients (42). These findings are counterintuitive
since complete eradication of cancer cells in breast and axilla has been
proposed as a maximum effect reflecting the eradication of
micrometastatic disease with no room for improvement. Yet, risk of
relapse in patients with pCR increases with advanced stage at initial
diagnosis, HER2-overexpression, younger age, and premenopausal
status. Besides, patients who obtain pCR with the addition of
trastuzumab have a better prognosis than patients who obtain pCR
with chemotherapy alone (43). Recently, accumulating data suggest
that patients who achieve pCR with HER2-dual blockade have a better
prognosis than those who achieve pCR with single anti-HER2 agent
(44). Although we cannot exclude that these results are due to the
imbalance in the size of the subgroups, with fewer patients in the
control arm achieving a pCR, these data challenge the idea that all
pathological responses born equal and reinforce that of pCR quality.
In this context, our data demonstrate for the first time that increased
levels of circulating -miR-194-5p are associated with dismal
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prognosis exclusively in patients achieving a pCR following
trastuzumab. miR-194-5p is a p53-responsive miRNA capable of
inducing cell cycle arrest and inhibiting cell proliferation,
migration, invasion and colony formation (45). These data are
inconsistent with our results. However, it has recently been
reported that the function miR-194 turns tumorigenic when
treatment-sensitive cells promote stem cell survival during the so
called “dying for surviving” phenomenon (46). Specifically, miR-194-
5p is contained in the exosomes of dying cells and is released to
residual ALDH- positive tumor-repopulating cells for their recovery.
This finding is consistent with the enrichment of cells with stemness
phenotype in occult metastatic lesion (47), and the overexpression of
stemness signatures in triple negative breast cancer primary tumor of
patients who eventually relapse regardless a pCR (10).

This study has some limitations. First, due to its retrospective
nature, biological data were available in most but not all patients
included in the NeoALTTO trastuzumab arm. Secondly, the analyzed
sample size and the number of breast cancer events prevented sub-
group analysis. Finally, the number of patients included in the
analysis limits the impact of our findings. Therefore, the results of
this study need a further confirmation in a much larger patient
population, and with an extended follow-up period. Lastly, the
prognostic value of TILs was not evaluated in this study. This
would be interesting to be assessed in future studies. In addition,
studied patients received additional adjuvant chemo-, + endocrine-
and trastuzumab-therapy and we are unaware of the impact of these
treatments on miRNAs and vice versa. In view of developing a
clinically usable assay, the identification of a limited number of
reference miRNAs as well as assay-oriented step(s) should be
considered, as described by Verderio et al. (22). As regards the
selection of reference miRNAs, they should be properly chosen to
resemble the overall mean (19), for example using the procedure we
developed (48). The definition of operative procedures for miRs
processing and detection as well as the evaluation of the assay
performance and robustness, together with the clinical
interpretability represent key aspects that should be opportunely
addreesd during the assay-oriented step(s).

In conclusion, we have identified a 3 circulating miRNA signature
able to differentiate among patients with distinct prognosis after
trastuzumab-based neoadjuvant therapy, and the unique
circulating-miR-194-5p associated with recurrence after pCR
attainment, which warrant further investigation in additional
studies. If confirmed, these miRNAs and their possible mechanisms
of action could aid the development of new post-neoadjuvant
strategies for high risk breast cancer patients. Furthermore, given
the absence of tumor tissue in patients attaining a pCR, our results
reinforce liquid biopsy as a promising tool to quantify and analyze
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residual breast cancer burden beyond pathological findings and to
predict tumor evolution for post-operative therapy personalization.
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