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Editorial on the Research Topic

Novel immune markers and predictive models for immunotherapy and
prognosis in breast and gynecological cancers

In the evolving field of oncology, precision medicine is reshaping treatment paradigms
for breast and gynecological cancers by leveraging individual patient profiles (1-3).
Utilizing advanced high-throughput sequencing technologies, researchers are identifying
predictive biomarkers that improve the selection and efficacy of immunotherapies (4, 5).
Despite significant advancements, clinical integration of these markers remains a challenge,
underscoring the need for robust predictive models that combine multiple biomarkers to
improve treatment precision and patient outcomes (6).

For this special Research Topic, we have gathered a collection of 15 research studies that
focus on the discovery and use of new immune markers and predictive models in breast and
gynecological cancers. The studies conducted by Ma et al. unveiled potential links between
alterations in mitochondrial DNA methylation and the proliferative capacity of breast cancer
cells. Their work in developing a prognostic model based on these mitochondrial DNA
methylation dynamics offers valuable insights for predicting response to immunotherapy,
assessing patient prognosis, and identifying new therapeutic targets. The meta-analysis by
Wang et al. examined the prognostic implications of various PD-L1 expression patterns and
the presence of tumor-infiltrating lymphocytes in high-grade serous ovarian cancer. Zhao
et al. utilized both single-cell and bulk RNA sequencing to develop a predictive model based
on B-cell marker genes for patients with triple-negative breast cancer. Yang et al. reviewed the
multiple roles of liquid biopsy in the context of breast cancer immunotherapy, highlighting its

5 frontiersin.org
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utility in predicting and monitoring treatment outcomes, and
identifying resistance mechanisms. The work by Zhang et al.
highlighted the downregulation of CYR61 in estrogen receptor-
positive breast cancer and associated it with a poor prognosis.
CYR6I’s relationship with tumor suppressor pathways and its
potential role in modulating the tumor immune microenvironment
suggest its utility as a prognostic marker and therapeutic target. Zhou
et al. identified reduced expression of MSHG6 as a marker potentially
indicative of a favorable prognosis, and active immune landscape, and
a better response to immune checkpoint inhibitors in endometrial
cancer. Chen et al. proposed a prognostic model based on the
expression of four genes (RAD51AP1, HELLS, PLSCR4, and POLQ)
that could independently predict outcome and treatment response in
breast cancer patients. Garcia-Torralba et al. suggest that a
combination of immune biomarkers, genomic markers of
proliferation (AURKA and MYBL2), and clinicopathological
features can improve prognostic models for patients undergoing
neoadjuvant therapy for breast cancer, potentially improving the
management and stratification of early-stage disease. Yang et al.
reported a case involving the use of an immunotherapy-based
combination regimen to treat a patient with metastatic primary
uterine sarcoma. Despite disease progression following multiple
prior treatments, the patient experienced disease stabilization and
partial remission after three rounds of combined immunotherapy,
targeted therapy, and chemotherapy. The patient maintained a good
quality of life, with prospects for long-term survival. Lv et al. found
that serum levels of BTNL8 may serve as a valuable prognostic tool
for assessing outcomes in patients with high-risk human
papillomavirus infection undergoing photodynamic therapy. This
finding supports in the early screening and monitoring of disease
progression in patients infected with high-risk human
papillomavirus. Xiong et al. developed a prognostic model based on
genes associated with programmed cell death. This model
demonstrates excellent diagnostic performance and can predict
clinical outcomes and levels of immune infiltration in high-risk
endometrial cancer patients. Notably, LRPPRC is associated with
poor prognosis, shows strong correlations with proliferative genes
and several programmed cell death-related genes, and is highly
expressed in patients with advanced clinical stages. Sammons et al.
found that mutations in B2M and amplifications in CD274 may help
predict the therapeutic efficacy of immune checkpoint inhibitors in
breast cancers with a high tumor mutational burden. This finding has
implications for the targeted use of immune checkpoint inhibitors in
the treatment of this subgroup of metastatic breast cancer patients.
Zhao et al. demonstrated that detecting circulating tumor cells in
breast cancer diagnosis is characterized by a sensitivity of 74% and a
specificity of 98%. Furthermore, the presence of circulating tumor cell
positivity is associated with worse overall survival and progression-
free survival/disease-free survival in Asian populations. Zhang et al.
provided a detailed review of the immunosuppressive tumor
microenvironment in various molecular subtypes of endometrial
cancer. They discussed the relationship between immune
phenotypes and new immunotherapy strategies for advanced or
recurrent EC, highlighting the potential for targeted therapeutic
interventions based on molecular and immune classifications.
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Finally, Liu et al. developed and validated a nomogram that
integrates ultrasonographic radiomic features, clinicopathological
features, and ultrasound features. This model effectively predicts
the likelihood of achieving a pathologic complete response in breast
cancer patients undergoing neoadjuvant chemotherapy.

Through the papers included in this special Research Topic, we
explore the importance and application of novel immune markers
and predictive models in breast and gynecological cancers. These
studies not only provide a deep understanding of the diversity of
tumor immunology but also, through advanced sequencing
technologies, reveal biomarkers for specific cancer subtypes and
treatment responses, opening up new possibilities for personalized
cancer treatment. While these studies highlight promising avenues,
challenges remain. There is a need for larger and more diverse
patient cohorts to validate the findings and improve the
generalizability of the predictive models. Additionally, future
research should focus on integrating multi-omics data with
clinical information to develop robust and comprehensive
predictive models. The integration of novel technologies, such as
single-cell multi-omics, is likely to play a pivotal role in advancing
our understanding of tumor biology and treatment response (7).
We look forward to future research that will continue to make
breakthroughs in this field and provide patients with more precise
and effective treatment options.
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Background: Up to 30% of breast cancer (BC) patients treated with neoadjuvant
chemotherapy (NCT) will relapse. Our objective was to analyze the predictive
capacity of several markers associated with immune response and cell
proliferation combined with clinical parameters.

Methods: This was a single-center, retrospective cohort study of BC patients
treated with NCT (2001-2010), in whom pretreatment biomarkers were
analyzed: neutrophil-to-lymphocyte ratio (NLR) in peripheral blood, CD3+
tumor-infiltrating lymphocytes (TILs), and gene expression of AURKA, MYBL2
and MKI67 using gRT-PCR.

Results: A total of 121 patients were included. Median followup was 12 years. In a
univariate analysis, NLR, TILs, AURKA, and MYBL2 showed prognostic value for
overall survival. In multivariate analyses, including hormone receptor, HER2
status, and response to NCT, NLR (HR 1.23, 95% CI 1.01-1.75), TILs (HR 0.84,
95% CI 0.73-0.93), AURKA (HR 1.05, 95% CI 1.00-1.11) and MYBL2 (HR 1.19, 95%
Cl 1.05-1.35) remained as independent predictor variables.
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Conclusion: Consecutive addition of these biomarkers to a regression model
progressively increased its discriminatory capacity for survival. Should
independent cohort studies validate these findings, management of early BC
patients may well be changed.

KEYWORDS

Breast cancer, neoadjuvant chemotherapy, neutrophil-to-lymphocyte ratio, tumor-
infiltrating lymphocytes, proliferation markers

1 Introduction

Neoadjuvant chemotherapy (NCT) is the first treatment option
for locally advanced and inflammatory breast cancer (BC). It is also
a standard treatment in HER2-positive (HER2+) and triple-
negative (TNBC) early BC (1). NCT increases the rate of
conservative surgery, enables treatment response monitoring and
the selection of adjuvant treatment according to risk, and provides
unique opportunities for developing novel and individualized
therapeutic strategies (1, 2).

Risk stratification is critical in BC patients receiving NCT, as
residual pathological disease can affect postoperative decision-
making (3). Pathological complete response (pCR) has been
classically considered a robust predictor of recurrence, disease-
free survival (DFS), and overall survival (OS), especially in the
context of the most aggressive subtypes, i. e., HER2+BC and TNBC
(2, 4, 5). Despite curative intent, up to 30%-40% of these cases,
including some who achieved pCR, will relapse in the first 5 years of
follow-up (6). It is crucial that we identify other prognostic factors
that can help distinguish individuals who will relapse despite having
achieved pCR after NCT.

The adaptive and the innate immune response play a pivotal role
in tumor immunosurveillance and can limit tumor development and
growth, and determine response to new therapeutic approaches, such
as immunotherapy. The role of the immune response in BC has not
been fully elucidated. Nevertheless, there is growing evidence that the
tumor immune microenvironment plays a key role in the response to
different cancer treatments and in prognosis (7).

Several immunological parameters are being investigated or
developed as intermediate biomarkers of cancer regression,
progression, or recurrence. The most extensively studied marker to
date is probably tumor lymphocytic infiltration (8). Tumor-infiltrating
lymphocytes (TILs) have been proposed as a predictor of response and
prognosis in HER2+ BC and TNBC subtypes, but their involvement in
luminal BC is less clear (7). The characterization of the immune cell
population in BC and its activation status is mandatory to improve
prognosis and to predict treatment response (9).

The chronic inflammatory response is also closely linked to the
development and prognosis of certain cancers (10). There is
mounting evidence that the total leukocyte count and, most
notably, the neutrophil-to-lymphocyte ratio (NLR) prior to
embarking on anticancer treatment predict an adverse clinical

outcome in several solid tumor (11, 12). This marker is
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particularly interesting since it integrates the subject’s immune
response capacity with their inflammatory status, which tends to
correlate with tumor progression and poor prognosis (13). In BC
patients, an elevated NLR has been implicated in decreased survival,
above all in localized stages (14-16).

The expression of proliferation-related genes in BC is linked to
more aggressive subtypes (luminal B and non-luminal subtypes)
and forms the foundation for the recent inclusion of
clinical KI67 determinations as a predictive and prognostic
immunohistochemical (IHC) marker (17). Furthermore,
proliferation gene expression is key to understanding biological
diversity in luminal BC (18). In fact, gene testing to determine the
risk of recurrence includes this information (18-20).

The aurora A kinase (AURKA) gene codifies a serine/threonine
kinase with a key role in mitosis regulation that works as an
oncogene promoting tumorigenesis (21, 22). Several signaling
pathways have been related with AURKA, including PI3K-Akt,
Wnt, Hippo, p53 and FOXO (21). Additionally, AURKA is a
proliferation marker and its overexpression has also been linked
to unfavorable prognosis in BC (23, 24). AURKA has been proposed
as a possible biomarker and therapeutic target in chemotherapy and
hormonotherapy resistance (25-31).

MYBL2 overexpression has been described as a robust marker
of replicative instability (RIN) that can occur in multiple tumor and
is a driver in progressive disease and treatment resistance (32). In
BC patients, a high MYBL2 proto-oncogene level may also be a
biomarker of adverse prognosis (33, 34) and could promote tumor
invasion by the induction of epithelial-mesenchymal transition
(EMT) and modulation of immune microenvironment (35, 36).
In vitro studies have demonstrated its role in tamoxifen resistance
(37). Interestingly, Guarneri et al. in the ShortHER phase III trial
found that HER2-enriched BC tumor with mutated PIK3CA had an
upregulated expression of MKI67, MYBL2, ESR1, PDCDI and other
genes, but only MYBL2 and PDCDI were related with a better
DFS (38).

A single perfect biomarker is unlikely to exist. Recent
publications suggest that combined biomarker determination can
potentially yield more complete and relevant information (39).
Importantly, the predictive value of proliferative signatures and
immune signatures are apparently independent, at least in TNBC
(40). Combining two proliferation markers such as AURKA and
MYBL2, with different biological meaning and with diverse impact
on therapeutic resistance, might also improve prognostic
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stratification. Hence, given the need to enhance currently available
prognostic systems and to optimize therapeutic strategies, we have
analyzed the prognostic contribution of several immune response-
related markers, both in the tumor microenvironment and
systemically, in combination with tumor proliferation and
clinical-pathological features, in BC patients treated with NCT.

2 Materials and methods
2.1 Study cohort and clinical management

A series of patients consecutively diagnosed with stage II or III
BC who received NCT in the Hematology and Medical Oncology
Department of a single tertiary hospital (University Hospital
Morales Meseguer, Murcia, Spain) between July 2001 and
October 2010 was retrospectively analyzed. Clinical evaluation at
diagnosis was conducted as per clinical practice criteria, including
breast MRI and axillary ultrasound in all cases. Pre-NCT lymph
node status was determined by ultrasound-guided fine needle
aspiration or sentinel node biopsy. Treatment followed local
protocols, in accordance with international recommendations
applicable at the time of diagnosis (41). NCT included taxanes
and anthracyclines, as well as trastuzumab in patients with HER2+
tumor. After surgery, hormone therapy was prescribed to all
patients with hormone receptor (HR)-positive tumor and
adjuvant trastuzumab in HER2+ tumor. Adjuvant radiotherapy
was administered to all patients treated with conservative surgery,
and to patients undergoing mastectomy with a high risk of relapse.

Written informed consent was obtained from all patients
included in the study. The study was approved by the Clinical
Research and Trials Committee of the University Hospital Morales
Meseguer (Internal code: EST07/15) and was conducted in
accordance with the ethical principles of the Declaration of Helsinki.

2.2 Clinical and laboratory variables and
neutrophil-to-lymphocyte ratio estimation

Demographic and clinical-pathological variables and treatment
and response data were obtained from participants’ clinical records.
Primary outcome variables included DFS, measured from the date
of diagnosis to last follow-up or disease relapse, and OS, quantified
as the date of diagnosis to the date of last follow-up or demise.

Routine laboratory parameters were collected from laboratory
databases, using the closest blood count prior to the date NCT was
initiated (maximum time: four weeks). Pretreatment NLR was
calculated by dividing the absolute neutrophil count by the
absolute lymphocyte count.

2.3 Histopathological evaluation
of the tumor

Estrogen receptor (ER) and progesterone receptor (PR) status
were assessed by THC. Cases were considered negative when the
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percentage of immunoreactive tumor cells was <1%; the remaining
cases (1% of stained tumor cells) were classified as positive. A
validated THC method (Herceptest, Dako North America, CA,
USA) or fluorescent in situ hybridization (FISH) was used to
determine HER2 status. Cases were positive if the Herceptest
result was 3+ and/or FISH exhibited a HER2/CEP17 ratio > 2; all
others were coded as negative. pCR was defined as the absence of
invasive carcinoma in the breast and axilla, regardless of the
presence of carcinoma in situ (ypT0/Tis ypNO).

2.4 Tumor-infiltrating lymphocyte counts

CD3-positive TILs (TIL-CD3+) were quantified using IHC, as
previously reported (9). In brief, after a pathologist (ACB) had
selected tumor-predominant areas, a tissue microarray was
constructed from 2 mm biopsies prior to initiating NCT
treatment. Appropriate controls were included in each array.
Sections measuring 4 um were cut from the tissue microarray,
deparaffinized, rehydrated, and processed by standard methods
using an automated stainer (Autostainer Link 48, Dako, CA,
USA). Secondary antibodies and visualization were performed
using standard Dako Envision systems. All slides were
simultaneously stained to avoid intersection variability. Positivity
for human CD3 was tested using the polyclonal antibody IS503
(Dako, CA, USA).

After two independent observers had verified that staining was
correct, each slide was scanned and digitized using an automated
scanning system (Leica SCN400F). Digital images of pre-NCT
samples were obtained for each tissue core and, after area
quantification, adjusted morphometric analysis of the tumor area
was performed with Image] software (National Institutes of Health,
NIH, USA), including both stromal and intratumoral CD3+ cells.
The results are expressed as TIL count/mm?>.

2.5 RNA purification and tumor gene
expression assay

Total RNA from formalin-fixed paraffin-embedded (FFPE)
biopsies was extracted using a RNeasy FFPE kit (QIAGEN, MD,
USA) following the supplier’s instructions. Total RNA from cells
was extracted using RNAzol reagent (MRC Inc, OH, USA) and a
Direct-zol RNA MiniPrep kit (ZYMO Research, CA, USA).

mRNA (with preamplification) was retrotranscribed and
amplified using TaqMan® Gene Expression Assays (Applied
Biosystems, CA, USA) on a LightCycler® 480 real-time PCR
(qQRT-PCR) system (Roche Diagnostics, Switzerland). Relative
expression levels of each gene were calculated and quantified by
2-AACt using ACTB as the endogenous control.

2.6 Statistical analysis

Descriptive analyses of qualitative variables included
proportions. Shapiro-Wilk tests were used to test continuous
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variables for normality. Continuous variables with normal
distribution were presented as means + standard deviations (SD),
whereas non-normally distributed variables were reported as
median and interquartile ranges (IQR). Pearson’s 32 test was
used to compare proportions or ordinal variables. Differences in
means were studied with the Student’s t-test (parametric) or the
Mann-Whitney U test (non-parametric).

Survival analyses of DFS and OS outcome variables were
calculated using the Kaplan-Meier method and log-rank tests.
The predictive impact of the different clinical, biological, and
genomic variables on the outcome variables was ascertained by
uni- and multivariate Cox proportional hazards regression analyses.
To overcome the possibility of collinearity, variables with strong (|r|
> 0.5) or significant (p < 0.05) correlations were excluded. The
predictive capacity of the regression models was appraised using the
Akaike Information Criterion (AIC) index and Likelihood Ratio
Test (LLRT). Biological and genomic variables were analyzed as
continuous quantitative variables, although logarithmic or square

TABLE 1 Patients’ baseline characteristics.

10.3389/fonc.2023.1182725

root transformations of the TILs, AURKA, MYBL2, and MKI67
variables were performed so that the data would comply more
closely with the assumptions of the statistical procedures to be
applied or to enhance interpretability. Assessment of mean
calibration at 10 years was calculated for each model as observed/
expected (O/E) survival ratio.

Statistical analyses were performed with STATA v.16
(StataCorp LLC, TX, USA); R version 4.2.3 and RStudio (version
2023.03.0) was also used for model assessment.

3 Results
3.1 Patients
A total of 121 NCT-treated BC patients were analyzed. Patients’

baseline characteristics are shown in Table 1. Median age was 56
years and most tumors were diagnosed at stage IIB or IITA-C.

Baseline characteristics N =121 (%)* N = 47 (%)° p*
Age (median, range) ‘ 56 (21-79) years 57 (21-73) years 0.711
Hormonal status
Premenopausal 60 (49.6%) 21 (44.7%) 0.32
Postmenopausal 61 (50.4%) 26 (55.3%)
Clinical stage
IIA 19 (15.7%) 10 (21.3%) 0.11
1IB 34 (28.1%) 14 (29.8%)
IITA 40 (33.1%) 10 (21.3%)
111B 8 (6.6%) 2 (4.3%)
IIc 20 (16.5%) 11 (24.3%)
Pathological subtype
Invasive ductal carcinoma 113 (93.4%) 44 (93.6%) 0.98
Invasive lobular carcinoma 5 (4.1%) 2 (4.3%)
Other 3 (2.5%) 1(2.1%)
Histological grade
Grade I 7 (5.8%) 3 (6.5%) 0.66
Grade II 39 (32.2%) 19 (41.3%)
Grade III 61 (50.4%) 22 (47.8%)
Not reported 14 (11.5%) 2 (4.3%)
IHC subtype
HR+/HER2- 61 (50.4%) 24 (51.1%) 0.09
HR+/HER2+ 16 (13.2%) 7 (14.9%)
HR-/HER2+ 13 (10.7%) 9 (19.1%)
TNBC 26 (21.5%) 7 (14.9%)
N/A 5 (4.1%) 0 (0%)
Clinical response
CR/PR 102 (84.3%) 43 (91.5%) 0.16
SD/PD 14 (11.6%) 3 (6.4%)
N/A 5 (4.1%) 1(2.1%)
Breast surgery
(Continued)
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TABLE 1 Continued

Baseline characteristics N =121 (%)* N = 47 (%)° p*
Mastectomy 67 (55.3%) 22 (46.8%) 0.37
Conservative surgery 53 (43.8%) 25 (53.2%)

Nodal surgery

SLN biopsy 17 (14.0%) 10 (21.3%) 0.06
ALND 104 (86.0%) 37 (78.7%)

Radiotherapy

Pre-NCT 0 (0%) 0 (0%) 0.44
Post-NCT 106 (87.6%) 41(87.2%)

Follow-up (median, range) 12.3 years (11.82-12.79) 11.6 years (11.30-11.93) 0.66
10-year DFS (95% CI) 73.3% (64.49-80.99) 78.73% (64.34-89.30) 0.59
10-year OS (95% CI) 75.83% (67.17-83.18) 80.9% (66.74-90.85) 0.64

“Total number of patients included, N = 121.

"Nested cohort for the multivariate analysis, N = 47.

ALND, axillary lymph node dissection; CR, complete response; DFS, disease-free survival; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; IHC, immunohistochemical;
N/A, not available; NCT, neoadjuvant chemotherapy; OS, overall survival; PD, progression disease; PR, partial response; SD, stable disease; SLN, sentinel lymph node; TNBC, triple-negative
breast cancer.

*The p value refers to the result of the comparison between proportions or means of both groups.

Infiltrating ductal carcinoma was the most common histological  statistically significant differences were found, this subgroup was
type and more than half of the tumors were poorly differentiated.  representative of the total sample (Table 1).
ICH subtype distribution revealed 63.6% HR+ (13.2% HER2+),
10.7% HER2+/HR- tumors, and 21.5% TNBC.
Neoadjuvant treatment consisted primarily of sequential 3.2 Prognostic significance of clinical,
Adriamycin-cyclophosphamide for four cycles, followed by biological, and genomic factors
docetaxel for four cycles (NSABP-B27 scheme, 80.2%). The pCR
rate was 17% (primary tumor pCR: 20.7%; axillary pCR: 36.4%). We evaluated the prognostic significance of the clinical factors
Median follow-up was 12.3 years, the 10-year DFS rate was 73.33%,  and the various biomarkers selected by Cox regression. NLR, TILs,
and 10-year OS was 75.83%. and genomic markers were analyzed as continuous quantitative
Of the total 121 participants, the full analysis of clinical  variables. Correlation analysis demonstrated association between
variables (HR/HER2 status, response to NCT), immunological ~ genomic markers MKI67, and MYBL2 (Supplementary Table 1).
variables (NLR, TILs), and genomic markers (AURKA, MYBL2,  Notably, there was no correlation between pretreatment NLR and
and MKI67) were available for multivariate analysis in 47 patients ~ TILs in the pretreatment biopsy (|r|= 0.087, p = 0.503).
(Supplementary Figure 1). Since the clinical and pathological In a univariate analysis (Figure 1), pCR (N = 119) was a
characteristics of both groups were comparable and no  protective factor for DFS (HR 0.13, 95% CI 0.02-0.94) and OS

HR 95%Cl P
NLR 1.17 1.05-1.29 0.003 — ——
TIL 0.93 0.86-1.00 0.050 — —0—
AURKA 1.03 1.01-1.04 0.000 — o
DFS$ MYBL2 1.10 1.02-1.19 0.017 — —0—
MKI67 1.06 0.99-1.13 0.112 — H—0—
NLR 1.23 1.11-1.36 0.000 — —_—
TIL 0.89 0.81-0.98 0019 — | —mo—
os AURKA 1.02 1.01-1.04 0.001 — L
MYBL2 1.10 1.03-1.18 0.007 — —0—
MKI67 1.07 1.00-1.14 0.050 — —o—

T
1 1.5 2
Hazard ratio (HR)

FIGURE 1
Univariate associations between immune response-related and proliferation markers and disease-free survival and overall survival.
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(HR 0.30, 95% CI 0.07-1.27), albeit falling short of statistical
significance. Results were similar for patients with HR+ and
HER2+, in terms of DFS (HR 0.91, 95% CI 0.46-1.78 and HR
1.15,95% CI 0.56-2.38, respectively) and OS (HR 0.97, 95% CI 0.46-
2.06 and HR 0.76, 95% CI 0.31-1.85, respectively).

The NLR biomarker in peripheral blood (N = 101) was found to
have prognostic implications. Increased NLR was associated with
lower DFS (HR 1.17, 95% CI 1.05-1.29) and OS (HR 1.23, 95% CI
1.11-1.36). At the tumor level, the immunological marker TIL (N =
71) exhibited a statistically significant association in the opposite
direction from NLR. Patients with higher tumor lymphocytic
infiltration had a better prognosis in terms of DFS (HR 0.93, 95%
CI 0.86-1.00) and OS (HR 0.89, 95% CI 0.81-0.98).

Genomic markers for tumor proliferation assessed were AURKA,
MYBL2, and MKI67. AURKA (N = 79) demonstrated a significant
prognostic impact on DFS (HR 1.03, 95% CI 1.01-1.04) and OS (HR
1.02, 95% CI 1.01-1.04). MYBL2 expression (N = 79) also correlated
with lower DFS (HR 1.10, 95% CI 1.02-1.19) and OS (HR 1.10, 95%
CI 1.03-1.18). The proliferation marker MKI67 (N = 79) only
exhibited prognostic significance for OS (HR 1.07, 95% CI 1.00-1.14).

Clinically relevant variables and biomarkers that had previously
exhibited prognostic significance were included to generate
multivariate Cox models. MKI67, that showed significant
correlation with MYBL2, was excluded to prevent collinearity
(Supplementary Table 1). Thus, together with HR/HER2 status
and response to NCT, the NLR, TILs, and AURKA and MYBL2
expression remained as independent prognostic variables for both
DEFS and OS (Table 2).

3.3 Analysis of the prognostic capacity of
the different models

We assessed the predictive performance of the biomarkers
included in the multivariate Cox proportional hazards models
using AIC and LLRT. We consecutively added the immune
response biomarkers, NLR and TILs (model 2), and genomic
markers, AURKA and MYBL2 (model 3), to HR/HER2 status and
NCT response (model 1). For both DFS and OS, we established that

10.3389/fonc.2023.1182725

the consecutive addition of biomarkers generated a progressive
increase in the models’ predictive capacity (Table 3). This was
reflected in a gradual decrease in AIC for both DFS (AIC model 3:
64 vs AIC model 1: 79) and OS (AIC model 3: 58 vs AIC model 1:
70), in addition to differences in LLRT for the different models that
were statistically significant compared to the isolated clinical
parameter (DFS: p < 0.001; OS: p = 0.005). A side-by-side
comparison between this combinatorial model versus prediction
using individual markers, is provided as Supplementary Table 2.
Additionally, the 10 years mean calibration of the OS model also
improved with the addition of proliferation and immune markers,
while it remained virtually unchanged for the DFS models (Figure 2
and Supplementary Table 3).

The predictive value added by the biomarkers was also gauged by
plotting cohort survival as a function of the predictions obtained with
each model. Figure 3 depicts the Kaplan-Meier curves for DFS and
OS obtained with the predictions of pCR and model 3 (pCR, HR and
HER2 status, NLR, TILs, AURKA, and MYBL2), the latter divided
into tertiles. This exploratory analysis showed that the incorporation
of the immunological and proliferation parameters with the clinical
variable (pCR) in model 3 allowed a better stratification of the risk of
events in the cohort analyzed than model 1. In fact, while the log-rank
test indicated no statistically significant differences for model 1, such
differences were statistically significant for model 3, both for DFS (p =
0.0014) and OS (p = 0.0054).

4 Discussion

The expanding body of knowledge of the immune response to
BC and the differences between the systemic and microenvironment
response provides opportunities for identifying predictive and
prognostic biomarkers (10, 42). In the challenging context of
neoadjuvant BC treatment, it is likely that several biomarkers will
need to be combined to improve prognostic stratification (39, 43).
Although pCR has been considered a surrogate marker of survival
in early BC patients treated with NCT, in the luminal subtype we
should probably consider additional markers to achieve better
survival prediction. Moreover, the selection of patients who may

TABLE 2 Multivariate analysis of immune response-related and proliferation markers for disease- free survival and overall survival.

Variables DFS 0S
95% ClI 95% Cl

pCR 0.01 0.01-0.78 0.042 0.04 0.01 - 1.61 0.090
HR+ 023 0.04 - 1.16 0.075 0.14 0.03 - 0.81 0.027
HER2+ 0.15 0.14 - 1.74 0.131 025 0.03 - 2.10 0.204
NLR 1.80 112 - 2.88 0.014 137 1.03 - 1.83 0.033
TILs* 0.93 0.83 - 1.05 0.259 0.86 0.75 - 0.98 0.026
AURKA* 1.04 1.00 - 1.08 0.069 1.04 1.00 - 1.09 0.090
MYBL2* 113 1.01 - 1.27 0.037 1.19 1.05 - 1.35 0.007

AURKA, Aurora kinase A; DFS, disease-free survival; HER2+, human epidermal growth factor receptor 2 positive; HR, hazard ratio; HR+, hormone receptors positive; MYBL2, MYB Proto-
Oncogene Like 2; NLR, neutrophil-to-lymphocyte ratio; OS, overall survival; pCR, pathological complete response; TILs, tumor-infiltrating lymphocytes; 95% CI, 95% confidence interval.

*Square root transformation of these variables was performed.
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TABLE 3 Predictive capacity following the consecutive addition of biomarkers to clinical variables.

Models DFS
Pt
Model 1
DCR + HRVHER? satus 79 2250 <0.001 15.46
Model 2
N ;LeR L 68 7.04 0.030 ref
Model 3
+AURKA + MYBL2 64 ref n/a n/a

<0.001 70 20.69 <0.001 10.71 0.005
n/a 64 9.98 0.007 ref n/a
n/a 58 ref n/a n/a n/a

fLikelihood ratio test (LLRT) and p value for comparison of model 3 (reference category) and models 1 and 2 (nested models).

# Likelihood ratio test (LLRT) and p value for comparison of model 2 (reference category) and model 1 (nested model).

AIC, Akaike Information Criterion; AURKA, Aurora kinase A; DFS, disease-free survival; HER2, human epidermal growth factor receptor 2; HR, hormone receptor; NLR, neutrophil-to-
lymphocyte ratio; MYBL2, MYB Proto-Oncogene Like 2; OS, overall survival; pCR, pathological complete response; TILs, tumor-infiltrating lymphocytes; Ref, reference; N/a, not applicable.

gain real benefit from chemotherapy and those who may not is a
pressing issue in the investigation of new therapeutic strategies and
the avoidance of unnecessary chemotherapy side effects.

To explore new combination prognostic biomarkers, we
conducted this study in a cohort of NCT-treated BC patients and
investigated the prognostic implications for both DFS and OS of
immune biomarkers in peripheral blood, such as NLR, and at the
tumor level (TILs), together with genomic proliferation markers
(AURKA, MYBL2, and MKI67) and conventional parameters, and
response to NCT. Integrating all of these factors in a prognostic
model consisting of NLR, TIL, AURKA and MYBL2, as a
complement to HR/HER2 status and response to NCT, displayed
a remarkable capacity to predict relapse and death.

Individually, NLR and TILs reflect systemic and local immune
status, respectively. Specifically, for NLR, the results we obtained in
our cohort were consistent with most of the literature reported to
date. Zhoe et al. confirmed in a recent meta-analysis with 5504 BC
patients treated with NCT that an NLR < 2.3 was predictive of pCR
independently of tumor stage or grade and KI67 expression level
(44). They also identified NLR as a prognostic biomarker, with
patients with higher NLR levels having worse DFS (44). A previous
meta-analysis of 8563 patients reached similar conclusions, with a
large NLR cut-off range (1.9 - 5) and a median of 3 (14). In our

O/E ratio (mean calibration at 10 years)

0.99
0.98
0.97
0.96
0.95
0.94

0.93

Model 1 Model 2

0s

Model 3
W DFS

FIGURE 2
Mean calibration at 10 years. O/E (observed/expected) ratios for
each model are shown, both for OS and DFS.
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study, we evaluated NLR as a continuous quantitative variable, thus
avoiding the selection of an arbitrary or data-driven cut-off point.
To better understand the significance of the NLR, we should
probably investigate the dynamic change of NLR associated with
chemotherapy. It has been reported that a lower NLR after
chemotherapy predicts better pCR (45), while another study
demonstrated that this change could be a predictor of pCR
beyond the third NCT cycle (46). This is consistent with previous
data generated by our group, that evaluated the prognostic value of
peripheral blood lymphocytes and changes associated with NCT in
BC patients (47).

The prognostic implications of TILs were also in line with
earlier works (7, 48). The 12-year follow-up of our series of BC
patients who received NCT is one of the longest published. It is
relevant that in this 12-year study, TILs predict the same good
prognosis as we reported in our 5-year study (9). One strength of
this analysis is that, since there is no valid cut-off point and the
evidence available is extremely heterogeneous, we have evaluated
TILs as a continuous quantitative variable, which is the
recommended approach in these cases (49). The positive response
and outcome of women with greater lymphocyte infiltration could
be, at least in part, due to the activation of the antitumor immune
response during NCT, induced after DNA damage and cell death
(50). A meta-analysis of 18170 BC patients confirmed high TILs as a
predictive and prognostic biomarker in HER2+ and TNBC. In
luminal subtypes, high TILs were correlated with poor prognosis
(51). Unfortunately, our series is small for BC subtype analyses.
Luminal BC is characterized by low TIL infiltration with low HLA
expression, so other immune cells such as tumor associated
macrophages (TAM) could be more relevant than T cells (52) or
even NK cells whose role has not yet been studied in depth in BC. In
this line, it is essential to determine the infiltrating lymphocyte
subtypes in BC (9, 53). The significance of defining the immune-
infiltrating cell type has been studied by an immune risk score
analyses using TGCA and other database genes. A low prognostic
immune risk score with five cell subtypes (B cells, endothelial cells,
macrophages, NK cells, other cells) has been correlated with better
survival in BC (54).

The correlation between NLR and TILs and their combined
predictive capacity for adverse events has yet to be fully elucidated.
Our study confirms the lack of correlation between both variables,
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suggesting that systemic and local immunities respond to different
regulatory mechanisms (55); therefore, combined predictive models
can offer a more comprehensive vision (39).This lack of correlation
is consistent with previously published findings in TNBC and
luminal BC (55-58). In our cohort, not only did both remain as
independent prognostic variables in the multivariate analysis, but
the combination of NLR and TILs improved the prognostic
accuracy over pCR to NCT alone.

Genomics has improved our understanding of BC biology and
revealed four intrinsic molecular subtypes with significant
immunological differences, as previously mentioned (43).
Immune-activated gene subsets, higher expression of proimmune
factors and/or TILs have been associated with chemosensitivity, but
also proliferation has been identified as a key factor in BC (59).
Particularly, in the context of BC patients treated with NCT,
proliferation markers correlate with oncologic progression and
prognosis for the different IHC subtypes (60, 61). Therefore, the
information they provide might complement what we learn from
immunological biomarkers (61, 62). The choice of the optimal
combination of proliferation markers was a difficult decision to
make. Wirapati et al. published a meta-analysis of gene expression
profiles with three gene modules (proliferation, ER signaling and
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ERBB2 amplification) in 2833 breast tumor to better understand
cancer subtyping and prognosis signatures (63). AURKA was
chosen as a proliferation gene based on this study and others
already discussed in the introduction (23, 24, 64). As we
mentioned previously, MYBL2 is one of the proliferation genes
included in Oncotype, PAM50 and MammaPrint tests (19). Finally,
MKI67 was chosen since Ki67 is used in the clinical setting to
identify luminal B cases and the correlation between Ki67 and
MKI67 has been previously established (65). One interesting finding
is the statistically significant association observed between genomic
markers MKI67 and MYBL2. Previous reports have shown that the
expression of MKI67 can be regulated by MYBL2, and this
regulation is not specific to BC (66, 67). In our cohort, we did not
observe a significant correlation between the proliferation markers
AURKA and MYBL2, although previous work have noted a shared
transcription between them (68).

Our study has demonstrated the independent prognostic value
of the combination of systemic and microenvironmental immune
biomarkers (NLR and TILs) with genomic proliferation markers
(AURKA and MYBL2) and classical clinical factors (HR/HER
status, pCR). Compellingly, the addition of proliferation
biomarkers markedly increased the discriminatory capacity of the
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model. The model combining all variables (HR/HER status, pCR,
NLR, TILs, AURKA, and MYBL?2) exhibited the greatest predictive
ability for DFS and OS, both in terms of AIC and statistically
significance (LLRT). To date, the factors associated with response to
NCT have been obtained from clinical, pathological and molecular
analyses. However, the majority of these studies include a limited
sample size, combine data from patients with different therapeutic
strategies and use profiles with isolated variables that fail to capture
the complexity of the tumor ecosystem. As a result, empirical
clinical risk stratification continues to be used for selecting
patients who are candidates for neoadjuvant treatment (69).

Several studies have explored the combination of local immune
biomarkers associated with classical clinical factors such as response to
neoadjuvant treatment (39). In particular, TILs, PD-L1 and genomic
signatures and their combinations have been extensively studied (39,
69). Prat et al. compared the three-gene model (SCMGENE) with
ESRI, ERBB2 and AURKA with that of the PAMS50 test. They
concluded that while both models were able to anticipate patient
outcomes, PAMS50 was the superior model and the only one with
predictive value. This was because PAMS50 reveals biological diversity
better than the three-gene model (70). Interestingly, our results are
consistent with the results obtained using the three-gene model.

In this context, it is important to remark the potential benefit of a
model that combines multiple biomarkers, in which all variable
contribute to provide comprehensive patient information. Such a
novel approach can provide an integrated immuno-genetic-
oncological biomarker for selecting the most accurate therapy
strategy. Furthermore, the available evidence suggest the potential
value of the systematic implementation of combined biomarkers to
improve patient selection and safety (39). To identify the most
appropriate combined model, it is necessary to start exploring some
of the most extensively studied biomarkers, as we have done in our
original research.

Our study has some limitations. First, the method used to quantify
TILs was based on IHC for CD3, which includes both stromal and
intra-tumor lymphocytic infiltration and differs from the currently
accepted method (49). However, our group has previously shown good
correlation for TILs measured by IHC for CD3 with HE-based
assessment of lymphocyte infiltration (9). Second, the use of genomic
markers of proliferation differs from the more recent routine use of
KI67 (71), although genomic signatures of proliferation are the
strongest factor for prognostic stratification in most predictive
genomic tests in early luminal BC (60, 72) and also comprise a key
prognostic marker in non-luminal subtypes (73, 74). Finally, this is a
small, single-center, retrospective cohort, in which it was not possible to
perform subgroup analyses according to tumor subtype with sufficient
statistical power to draw conclusions.

Nonetheless, our series does have a number of strengths that make
it compelling. Besides having one of the longest follow-up published in
literature, it is highly homogeneous with respect to clinical
management, including diagnosis, NCT, and response determination,
which are key to obtain and interpret data within the context of early
BC. NCT, surgery and radiation therapy were performed according to
usual clinical procedures and following current clinical practice
guidelines, which makes treatment bias unlikely for the final
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prognostic model. Furthermore, the inclusion in our model of
clinical classical factors, local immunological factors, such as TILs,
systemic immune status, such as NLR, and two of the most relevant
proliferation markers, is a novel approach in the study of breast cancer
prognosis. These results warrant prospective, multi-centre validation
studies with a larger sample size.

5 Conclusions

In conclusion, our study reveals that combining systemic
immune and proliferation biomarkers with clinical-pathological
markers improved the predictive capacity for DFS and OS
compared to treatment response alone in a cohort of BC patients
treated with NCT. The real benefit and clinical usefulness of these
biomarker-based models should be confirmed in broader series.
The validation of these findings in independent cohorts could
provide a new tool for improving prognostic stratification and
therapeutic management in these patients.
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Background: Alterations in Mitochondrial DNA methylation (MTDM) exist in
many tumors, but their role in breast cancer (BC) development remains unclear.

Methods: We analyzed BC patient data by combining scRNA-seq and bulk
sequencing. Weighted co-expression network analysis (WGCNA) of TCGA data
identified mitochondrial DNA methylation (MTDM)-associated genes in BC. COX
regression and LASSO regression were used to build prognostic models. The
biological function of MTDM was assessed using various methods, such as
signaling pathway enrichment analysis, copynumber karyotyping analysis, and
quantitative analysis of the cell proliferation rate. We also evaluated MTDM-
mediated alterations in the immune microenvironment using immune
microenvironment, microsatellite instability, mutation, unsupervised clustering,
malignant cell subtype differentiation, immune cell subtype differentiation, and
cell-communication signature analyses. Finally, we performed cellular
experiments to validate the role of the MTDM-associated prognostic gene
NCAPD3 in BC.

Results: In this study, MTDM-associated prognostic models divided BC patients
into high/low MTDM groups in TCGA/GEO datasets. The difference in survival
time between the two groups was statistically significant (P<0.001). We found
that high MTDM status was positively correlated with tumor cell proliferation. We
analyzed the immune microenvironment and found that low-MTDM group had
higher immune checkpoint gene expression/immune cell infiltration, which
could lead to potential benefits from immunotherapy. In contrast, the high
MTDM group had higher proliferation rates and levels of CD8+T cell
exhaustion, which may be related to the secretion of GDF15 by malignant
breast epithelial cells with a high MTDM status. Cellular experiments validated
the role of the MTDM-associated prognostic gene NCAPD3 (the gene most
positively correlated with epithelial malignant cell proliferation in the model) in
BC. Knockdown of NCAPD3 significantly reduced the activity and proliferation of
MDA-MB-231 and BCAP-37 cells, and significantly reduced their migration ability
of BCAP-37 cell line.
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Conclusion: This study presented a holistic evaluation of the multifaceted roles
of MTDM in BC. The analysis of MTDM levels not only enables the prediction of
response to immunotherapy but also serves as an accurate prognostic indicator
for patients with BC. These insightful discoveries provide novel perspectives on
tumor immunity and have the potentially to revolutionize the diagnosis and

treatment of BC.

KEYWORDS

breast cancer, mitochondrial DNA methylation (MTDM), NCAPD3, immunotherapy,

prognostic model

1 Introduction

Breast cancer (BC) is one of the most prevalent cancers that
threatening women’s lives and health. According to Global Cancer
Statistics 2020 (1), BC has surpassed lung cancer as the most
common type of tumors in women. According to statistical data,
nearly 2.3 million new BC cases were reported in 2020, accounting
for 11.7% of all cancer cases. Similarly, a study in 2022 showed that
the mortality rate of BC in China will also increase dramatically,
making it the most common cancer among Chinese women (2). BC
is further classified into luminal (estrogen receptor [ER] positive),
human epidermal growth factor receptor 2 (HER2) positive and
ER-negative, and basal subtypes (3), and targeted therapies based on
molecular typing have been applied clinically, changing the
previous “one-size-fits-all” treatment approach (4). Over the past
ten years, innovative healing methods, such as immunotherapy,
have progressed remarkably. By utilizing the patient’s immune
system to detect and regulate tumors, immune checkpoint
inhibitors (ICIs) such as PD-1, PD-L1, and CTLA-4 have
effectively enhanced the prognosis of different types of cancers
(5). However, recent clinical trials have shown that combined
therapies are often more effective than single immunotherapy for
BC (6), suggesting that more effective immunotherapy markers are
needed to enable BC patients to benefit from immunotherapy.
Currently, PDL1 may not be an ideal marker to identify patients
sensitive to immunotherapy, as PD-L1 expression is dynamic and
varies not only between individuals but also over time (7). Targeting
mitochondria is a new option for tumor immunotherapy. Recent
evidence suggests that using anti-cancer drugs to target the
mitochondrial pathway can greatly enhance the ability of cancer
cells to be recognized by immune cells, present tumor antigens, and
enhance the anti-tumor function of immune cells, leading to the
effective killing of cancer cells (8, 9). Thus, exploring the correlation
between various biological pathways within mitochondria and the
development of tumors, as well as the immune microenvironment,
would be worthwhile. This will provide valuable insight into the
mechanisms underlying tumorigenesis and facilitate the
development of more effective therapies.

Mitochondria are essential organelles that control not only
cellular energy metabolism but also the main site of energy
metabolism; they are essential organelles for regulating reactions
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such as calcium homeostasis, apoptosis, and redox reactions, thus
maintaining the homeostasis of the internal environment and playing
a crucial role in cancer development. Mitochondrial DNA (mtDNA)
is a double-stranded loop, divided into heavy (H) and light (L)
strands, without histone involvement, and its circular DNA contains
three promoter regions, located in the D-loop, transcribed as multiple
cis-trans (10), which encode 13 oxidative phosphorylation
(OXPHOS) subunits of proteins, as well as two ribosomal RNA
genes and 22 tRNAs (11). These 13 proteins encoded by the
mitochondria are components of the electron transport chain and
are involved in regulating the oxidative respiratory chain and
maintaining its functional integrity; alterations in their expression
have been associated with cancer development (12-14). In addition,
mitochondria play a key role in immune system functioning by
regulating the development, activation, proliferation, differentiation,
and death of immune cells. For example, mitochondria control
immune cell differentiation by regulating metabolism and mtROS
production (15, 16).

Recently, mitochondrial epigenetics has gained much attention,
and the biological function of Mitochondrial DNA methylation
(MTDM) has gradually been explored. Altered levels of mtDNA
methylation and hydroxymethylation have been observed in various
diseases, including BC, cardiovascular disease, diabetes, and
neurodegenerative diseases (17). MTDM lacks CPG islands and
methylates non-CPG sites such as CPA, CPC, and CPT (18), which
may be associated with the development of various diseases. Initially,
the role of MTDM was controversial, but as research progressed, the
mitochondrial isoform of DNMTI1 (mtDNMT1) was identified in
mitochondria which is homologous to nuclear DNMT1I, confirming
that mtDNMT1 binds to the D-loop control region of mitochondria
and forms a 5-mC that regulates mitochondrial gene expression (19,
20). Subsequently, DNMT3A and DNMT3B were found to be
involved in MTDM (21, 22) which is associated with the active
methyl donor SAM. Therefore the expression or absence of
SLC25A26, the only channel for SAM entry into the mitochondria,
also controls the level of MTDM (23). Despite significant attention in
recent years, the precise role of MTDM in BC and its impact on the
immune microenvironment remain unclear. To address this
knowledge gap, our study employed both single-cell and bulk
sequencing to investigate the biological function of MTDM in BC,
as well as its potential as a prognostic indicator and
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immunotherapeutic marker. By shedding light on the implications of
MTDM, we hope to understand BC’s development and progression
better while offering new avenues for treatment and patient care.

2 Method

2.1 Transcriptome data download
and processing

TCGA data of the training cohort was downloaded by using the
“TCGAbiolinks” R package, with the TPM data type selected.
Considering that more than 99% of BC patients were female, 13
male patients were excluded to maintain data integrity, and survival
times ranged from 3 to 120 months for BC patients. Ultimately, 945
tumor samples were included in this study. The BC dataset GSE21653,
downloaded from the GEO database (24) was used as the validation
cohort. For subsequent analyses, all data were log2 transformed.

2.2 Single-cell sequencing data
download and processing

The single-cell BC dataset GSE195861 (25) was downloaded
from the GEO database, with samples of ductal carcinoma in situ
(DCIS) and Invasive Ductal Carcinoma (IDC). The Seurat package
was used for subsequent processing, and data quality control was
performed by selecting cells with ribosomal genes ranging from 0 to
50, with a total number of genes greater than 200, and genes
expressed in at least ten cells. The number of highly variable
genes was set to 3000, and samples with a cell count greater than
500 were selected after filtering. They were then corrected and
integrated by the IntegrateData function, followed by cells being
clustered by setting the “DIMS” parameter to 20, reducing the data
dimension using the UMAP method, and setting the resolution to
0.2 using the K-NearestNeighbor (KNN) method. Cell markers
were then downloaded for annotation using the CellMarker 2.0,
website (http://yikedaxue.slwshop.cn/), and each cell’s percentage of
MTDM genes was obtained by importing the MTDM-mediated
genes through the PercentFeatureSet function.

2.3 Acquisition of mitochondrial DNA
methylation -related genes

DNMTI1, DNMT3A, DNMT3B, SLC25A26, METTL4, NRFI,
PPARGCIA and PRKAAI were identified as MTDM-related genes
according to the literatures (20-23, 26, 27)

2.4 Weighted co-expression network
analysis and single sample gene set
enrichment analysis

Co-expression network of all genes in MTDM and BC samples
was constructed using the TCGA breast cancer patients’ data cohort
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and the “WGCNA” R package. Genes in the top 90% were selected by
variance screening and outlier sample filtering. The pickSoft Threshold
function was used to calculate the optimal threshold of 10 and to set
the minimum number of module genes to 80, which was then used to
construct the WGCNA network. The R package GSVA (28) obtained
scores associated with MTDM for each BC patient using the ssGSEA
analysis module. Finally, the correlation between the modules and the
MTDM scores in the WGCNA network was calculated.

2.5 Copynumber karyotyping analysis
within tumors and mitochondrial DNA
methylation differential biological
pathway analysis

Subclonal structure analysis was performed using the Copykat
package (29) to distinguish between normal and malignant cells,
and the irGSEA package was used to score the high and low MTDM
groups using AUCell, UCell, single-score, and ssGSEA enrichment
methods. A heat map of the differentially enriched pathways
between the two groups was generated.

2.6 Construction of mitochondrial DNA
methylation -related prognostic model and
external validation of the model

Univariate COX analysis was used to identify MTDM-related
genes with prognostic value, which were further screened using least
absolute shrinkage and selection operator (LASSO) regression to
construct prognostic models. This approach allowed the calculation
of MTDM scores for each BC sample by multiplying the coefficients
by the expression and accumulating the results. Patients in the TCGA
BC cohort were divided into high and low-risk groups based on the
median value. Subsequently, the prognostic differences between the
two groups were explored, and the accuracy of the model was
assessed. The GSE21653 cohort in GEO was selected as the
external validation cohort, MTDM scores for each sample were
calculated according to the model formula and patients were
divided into high-risk and low-risk groups based on the median.
Survival analysis was then performed to determine whether the
prognosis differed between the high- and low-risk groups in the
validation cohort, with ROC curves used to assess the accuracy of the
model. Principal component analysis (PCA) was used to explore
whether the model could better group high and low MTDM, and a
Nomogram was constructed through the rms package to assess the
risk of death in patients with BC by combining clinical data with
MTDM values. Finally, the accuracy of the nomogram for estimating
patient outcomes was assessed using prognostic ROC curves.

2.7 Immune infiltration and the use of
relevant scores

Immune infiltration analysis using the R package IOBR (30) was
performed on BC samples using the CIBERSORT, EPIC, MCP-
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counter, Quanti-seq, TIMER, xCell, and ESTIMATE methods, with
the differences in immune cell infiltration between different MTDM
subgroups explored in the form of heat maps that showed the
immune cells at different infiltration levels. Additionally, differences
in tumor mutation burden (TMB) and microsatellite instability
(MSI) between the different MTDM subgroups were explored to
investigate the sensitivity of patients in different subgroups to
immunotherapy. TMB was analyzed using the maftools package
(31), whereas MSI was analyzed using the PreMSIm package
analysis (32), with the data normalized from 0 to 1.

2.8 Calculate the proliferation score

Proliferation scores were calculated using proliferation-related
genes (BIRC5, CCNBI1, CDC2, NUF2, CEP55, NDC80, MKI67,
PTTGI, RRM2, TYMS, and UBE2C) (33) and grouped using
scRNA-seq and bulk-seq.

2.9 Analysis of intercellular interactions

Cell-cell interaction analysis was performed using the R package
CellChat (34), which models the probability of intercellular
communication by combining gene expression with a priori
knowledge of the interactions between signaling ligands,
receptors, and their cofactors utilizing secretory signaling and
cell-cell contact human databases. Circle and bubble plots were
used to show the strength of cell-cell communication networks
from target cell clusters to other cell clusters.

2.10 Cell culture and transfection

MDA-MB-231 and BCAP-37, were provided by the Medical
Experiment Center of Yan’an University and cultured in RPMI-1640
(Biological Industries, Kibbutz Beit-Haemek, Israel) or DMEM
(Biological Industries, Kibbutz Beit-Haemek, Israel) medium supplied
with 10% fetal bovine serum (FBS) (Biological Industries, BI) at 37 °C,
5% CO,. For small interference RNAs (siRNAs) transfection, jetPRIME
reagent (polyplus-transfection, SA) was used according to the
manufacturer’s protocol. siRNAs of NCAPD3 were produced by
GenePharma (Shanghai, China). The sequences of NCAP3 siRNAs is
si-NCAPD3-1, forward 5- GCAUUCAGACUCUAAAGAATT -3/,
and reverse 5- UUCUUUAGUCUGAAUGCTT -3’; si-NCAPD3-2,
forward 5-GAGAAGGAGAUAAGGUCAUTT-3’, and reverse 5'-
AUGACCUUUAUCUCCUUCUCTT-3'".

2.11 Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (invitrogen,
Carlsbad, CA, USA), followed by a reverse transcription using a
reverse transcription kit (TaKaRa, RR036A) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed using a qRT-PCR reagent (TaKaRa, RR820A)
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according to the manufacturer’s instructions. S-ACTIN, was used
as the interference gene. Relative expression changes of genes were
calculated using the 2" method. Primer sequences used are
NCAPD3, forward 5- TGGAGCAAGAGTCGAATGGCG -3’ and
reverse 5- GGGGCGGTTTATCAGGCAGTG -3’; B-ACTIN,
forward 5'- CATGTACGTTGCTATCCAGGC -3', and reverse 5'-

CTCCTTAATGTCACGCACGAT -3’.

2.12 Western blot analysis

Whole cell proteins were first extracted on ice using the RIPA
lysis buffer with protein inhibitors. And then, the proteins extracted
were quantified using a BCA protein assay kit (Beyotime, P0010S),
8% SDS-PAGE gels separated, and transferred to a PVDF
membrane. For western bloting analysis, the PVDF membranes
were then 5% skim milk blocked, primary antibody blotted, TBST
washed, secondary antibody incubated, TBST washed and
chemiluminescence detected. Primary antibodies of NCAPD3
antibody (Proteintect, Wuhan, China, 16828-1-AP) and S-
Tubulin antibody (Proteintect, Wuhan, China, 10094-1-AP), and
HRP tagged rabbit secondary antibody (Proteintect, Wuhan, China,
SA00001-2) were all purchased from Proteintect (Wuhan, China)

2.13 CCK8

Cells in the logarithmic growth phase were seeded into 96-well
plates. After transfection of siRNAs, the cells were then CCK-8
reagent (Topscience, Shanghai, China) incubated and 450 nm
absorbance tested at the time of 24, 48, and 72 hours after
trusfection according to the manufacturer’s instructions.

2.14 Clone formation

Cells pre-transfected were counted and seeded into 12-well
plates. After two weeks of culture, the cells were fixed with 4%
paraformaldehyde, crystal violet stained, and photographed.

2.15 Scratch wound healing assay

Cells cultured in 6-well plates with a 60% confluency was
NCAPD3 siRNAs or NC RNA transfected, scraped using a 100
UL sterile pipette tip, and gphotographed under a Nikon Ti-S
fluorescence microscope at the time of 0, 12, 24, and 36 h after
scrape (the same scratch area).

2.16 Statistical analysis

Statistical data analyses were performed using the SPSS 22.0
software. The ggplot2 package in the R programming language was
used for the bioinformatic analyzing. The GraphPad Prism 9.0
software was employed to process the experimental data. The two-
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tailed Student’s t-test was performed to evaluate the difference
between the two groups, P < 0.05 was considered to be
statistically significant.

3 Results

3.1 Single-cell sequencing analysis depicts
mitochondrial DNA methylation
compartmentalization and breast cancer
cell mapping

To investigate the modifications in mitochondrial DNA
methylation (MTDM) in breast cancer (BC) cells, BC cell
mapping was performed using single-cell data. After extracting
and analyzing the GSE195861 dataset, 12 single-cell BC samples
that were well integrated (Supplementary Figure 1A) and had no
significant batch effect on subsequent analyses were selected. Using
of “KNN” algorithm we divided the selected cells into 12 clusters
(Figure 1A) and then annotated them according to the cell specific
markers expression level (Supplementary Figure 1B). The
annotation results showed that five cell types existed in the
clusters: B cells, T cells, endothelial cells, epithelial cells,
macrophages, and other cell types (Figures 1B, C), among which
epithelial cells were mostly present, while endothelial cells were
smallest (Figure 1C). To determine the MTDM levels in the
screened cells, the annotated cells were divided into high and low
MTDM groups based on the median MTDM-related gene
expression (Figure 1D). As shown in Figures 1B, D, the high
MTDM group was mainly concentrated in epithelial cells and
macrophages. Thirteen mitochondria-encoded polypeptides are
suppressed by mtDNA hypermethylation. We verified the
accuracy of MTDM group division by detecting the MTDM-
related genes expression. The results showed that all
mitochondria-encoded polypeptides were significantly
upregulated in the low-MTDM group (Figure 1E), consistent with
the previous report. Thus, MTDM group division was reasonable.
To determine the correlation between MTDM and BC malignancy,
we differentiated annotated cells into ductal carcinoma in situ
(DCIS) and invasive ductal carcinoma (IDC) cells (Figure 1F,
Supplementary Figure 1C). The results showed that the epithelial
cells of the more aggressive IDC group had a higher overlap with
those of the high MTDM group than those of the DCIS group.
Therefore, it is possible that high MTDM status contributes to
BC progression.

3.2 BC cells with high mitochondrial DNA
methylation are prone to be malignant

As 3.1 indicated that high MTDM status contributes to the
malignant progression of BC, to further explore the malignant
propensity of BC cells with a high MTDM status, biological
pathway enrichment analysis (Figure 2A) and copynumber
karyotyping analysis (Figure 2B) were conducted. The results
showed that MTDM group gene alterations occurred not only in
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the proliferation-related E2F signaling pathway, MYC signaling
pathway, G2M checkpoint, metastasis-related WNT signaling,
and epithelial mesenchymal transformation-related biological
pathways, but also in apoptosis, angiogenesis, inflammatory
response, and metabolism-related pathways. Additionally,
copynumber karyotyping analysis (Figure 2B) indicated that
malignant BC cells were mainly concentrated in epithelial cells,
and their distribution areas highly overlapped with high MTDM
areas. Considering that patients with a higher rate of tumor
proliferation usually have a poorer prognosis (35), relationship
between MTDM status and proliferation was further examined by
distinguishing single-cells using proliferation-related markers
(Figure 2C). The results showed that the highly proliferative
regions overlapped with the high MTDM regions, indicating a
malignant tendency in high MTDM status. To explore the key genes
affecting MTDM, gene modules associated with MTDM were
analyzed using WGCNA (Supplementary Figures 2A-C), and
seven non-gray modules were obtained. Among these seven non-
grey modules, the turquoise and yellow modules had correlations of
0.68 and -0.53 with MDTM-score, respectively, and the genes
contained in these two modules were closely related to MDTM-
score (Figure 2D). Genes with a P-value <0.001 were selected for
further analysis.

3.3 Status of mitochondrial DNA
methylation is valuable for BC prognosis

Given the effect of changes in MTDM levels on a diverse range of
biological processes, we investigated whether the genes associated
with altered MTDM levels could serve as prognostic indicators in
patients with BC. Thus, a total of 564 genes from the differential
expression analysis of the high and low MTDM groups and WGCNA
analysis of MTDM-associated genes were performed. Using
univariate Cox analysis with a threshold of P < 0.05, 16 genes
associated with patient prognosis were identified in the TCGA
cohort. LASSO regression analysis stabilized gene contraction, and
11 genes were identified (Figures 3A, B and Supplementary Table 1).
The LASSO regression results for these 11 genes are presented in
Supplementary Table 1. Finally, we obtained a set of 11 genes, that are
ARID1B, B3GNT2, MPHOSPH10, NCAPD3, RABGAP1, RBM41,
RBMXLI, SLBP, TMEMI167A, TMEM67, and TUBGCP5. To
classify patients into high- and low-risk groups (i.e., high and low-
MTDM groups), a prognostic model was constructed using the 11
genes and the median. Our findings revealed that the high MTDM
group in the TCGA training cohort had a poorer prognosis than the
low MTDM group (P < 0.0001, Figure 3C). The same trend was
observed in the GSE21653 validation cohort (P = 0.016, Figure 3D).
ROC curve analysis was performed in both the training and
validation cohorts further evaluate the accuracy of MTDM in
predicting the prognosis of patients with BC. The area under the
curve (AUC) values were 0.734, 0.731, and 0.706 at 1, 2, and 5 years,
respectively (Figure 3E) in the TCGA cohort, and 0.732, 0.686, and
0.673 at 1, 2, and 5 years, respectively (Figure 3F), in the validation
cohort. These results indicate that the MTDM status could be used
accurately to predict BC patient prognosis in both cohorts.
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Additionally, we conducted a PCA of the 11 genes in both the
training and validation set models, and the results showed that our
constructed model could discriminate between high and low MTDM
in both cohorts (Figures 3G, H). Hereafter, high and low MTDM
distinguished by risk score was used to refer the high-risk score and
low risk, respectively. To better assess the risk of BC patients, a
nomogram combined clinical data and MTDM values was first
constructed, based on the age, T-stage, total stage and MTDM
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score of patients “TCGA-A2-A0CY”, our nomogram estimated a
0.0158, 0.113, and 0.216 mortality rate of patients at the year of 1, 3,
and 5 years respectively (Figure 3I). ROC analysis was used to
evaluate the accuracy of the nomogram, and the results showed
that the AUC at 1, 2, 3, and 5 years were 0.85, 0.84, 0.8, and 0.8,
respectively (Figure 3J). Thus, the constructed nomogram could
effectively predict the patients with BC, and could be used to direct
clinical decision-making.
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3.4 Screen of mitochondrial DNA
methylation-related prognostic genes
that positively regulate breast cancer
cells proliferation

As altered MTDM levels may affect BC cell proliferation, further
screening of MTDM-related prognostic genes that positively
regulate BC proliferation could potentially be used as therapeutic
targets is required. Thus, we first explored the expression of
MTDM-related prognostic genes in different cell types. The
results showed that all MTDM-related genes were highly
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expressed in epithelial cells, except for ARIDIB which was highly
expressed in B cells (Figure 4A). Additionally, all MTDM-related
prognostic genes were highly expressed in malignant cells and cells
with a high MTDM status (Figures 4B-D). These results are
consistent with our previous results described in Section 3.3,
indicating that MTDM-associated prognostic gene expression
correlates well with MTDM levels in cells.

Furthermore, we investigated the expression of MTDM
prognosis-related genes in the high and low proliferation rate
groups (Figure 5A) and found that all MTDM-related prognostic
genes were highly expressed in the high proliferation rate group,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1219652
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

10.3389/fimmu.2023.1219652

Ma et al.
A B
16 15 12 11 7 161615151212 1111111197 4 4 0
] S 2100 TCGA MTDM
. 2 "
: « > == High
e 8 € == Low
o ff 5 §0.75
R %o g
E) s o~ e
§ 3 8050 = = o e -
g 2 Ll 2
£ o 4 5 1
o o] 2o z’) 1
89 ok o 20.25. |
s £ p <0.0001 i
= >
T o £ 1 1
° ey 30.00 ' i
T h 1 0 60 90 120
o S _ Time (Mouth)
T T T T T . . . . . Number at risk
-8 - -6 -5 -4 I8 7 M 2 24 Highl
gh(472 202 86 31 0
Log Lambda Log(h) Low |473 255 118 43 1
D E
g 100 GEOMTDM| 1.00 1.00
g == High
< == Low
© 0.75
g 0.75 0.75
3 2 2
2050 mm oo mmm 2 e
5 2 o
b ! ' | Goso G 050
2 1 1 <] <]
2025 | | e o
2 p=0016 i | 2 — o _
= 1 years AUC = 0.734 = 1 years AUC =0.731
E T | = =
3000 | | 0.25 2 years AUC = 0.731 0.25 2 years AUC = 0.688
0 30 60 90 120 5 years AUC = 0.706 5 years AUC = 0.694
_ Time (Mouth)
e Number at risk 0.00 0.00
igh[102 68 23 14 0 |
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Low |103 77 50 24 0 False positive rate False positive rate
G H
sLow.
© i
~ <
=
- - 2} ‘2
o Qo
(6]
Qo fo fit1
[=} 25 |
- N N o —1 Year AUC = 0.85
! 49 o o % —2 Year AUC = 0.84
o T 40 =3 Year AUC = 0.8
¢ 3 =] 3 o —5 Year AUC = 0.8
2 - L J
© 1 ,}, 2 % T T T T 1
i 0 i 4 0% 25% 50% 75% 100%
1 | 4 - .
v , p % = , \ , , , 4 1-Specificity
6 -4 2 b b o4 =3 2 -1 0 1 2 3
pPC1 ! PC1
| cox_md1 cph
B (X-m) terms,
-25 -2 -15 -1 -05 0 : 05 1 1.5 2 25
T_stage s
-
23 4
age™ o}
300 500 700 900 1100
hkk A M
Stage’ & {\ : A
1 2 s 4
wrow- A e
3 35 4 45 5 55 6 6.5
Total score
T
-3 -2 -1 0 1 2 3
Pr( time <60 ) o216,
0.015 0.03 0.06 0.15 0.3 05 07 0.9 0.98
Pr( time <36) 0'11? -
0.005 0.015 0.03 0.06 0.15 0.3 05 07 0.9
. .01
Pr(time <12) %:0 5§ "
0.003 0.006 0.015 003 006 012 022
FIGURE 3

Construction and validation of Mitochondrial DNA methylation-related prognostic model. (A, B) sixteen genes were selected to construct the prognostic
model by Lasso regression. (C) Survival analysis of TCGA cohort. The prognosis was significantly worse in the high-MTDM group (P<0.0001). (D) Survival
analysis of GSE21653 Cohort. The prognosis was significantly worse in the high-MTDM group (P<0.016). (E) ROC curve of TCGA cohort. The AUC values
of the model in 1, 2 and 5 years were 0.734, 0.731 and 0.706, respectively. (F) ROC curve of GSE21653 Cohort. The AUC values of the model in 1, 2

and 5 years were 0.731, 0.688 and 0.694, respectively. (G, H) PCA analysis of TCGA and GSE21653 queues. It was found that the model could well
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except for ARID1B which was highly expressed in the low
proliferation rate group. Again, we generated scores for
proliferation-related markers using ssGSEA in the TCGA BC
patient cohort (Figure 5B). The high and low proliferation rate
groups were distinguished by the median proliferation-related
marker scores (Figure 5C). The results showed that MPHOSH]10,
NCAPD3 and SLBP were highly expressed at high proliferation
rates, with the most significant difference observed in NCAPD3.
The correlation heat map results also showed that NCAPD3 had a
significant positive correlation with proliferation-related markers
and correlated with MKI67 at 0.52 (Figure 5D). We further
subdivided malignant cells to focus on the relationship between
MTDM-related prognostic genes and malignant cells. We identified
a total of six malignant cell clusters (Figure 5E) and compared the
signature genes of each cluster and found that cluster 1 was highly
expressed in proliferation-related markers, such as MKI167, CCNB1
and UBE2C (Figure 5F), and GSVA analysis also showed that
cluster 1 was highly enriched in proliferation-related pathways,
such as the MYC signaling pathway, DNA repair pathway, E2F
signaling pathway, and G2M checkpoint signaling (Figure 5G). This
suggests that Cluster 1 is a malignant cell in a proliferative state.
Finally, we investigated the expression of MTDM-related
prognostic genes in a subpopulation of malignant cells and
consistent with the TCGA BC patient cohort, NCAPD3 was
expressed at the highest level in malignant cells in the
proliferative state (Figure 5H). These results also demonstrate that
high MTDM status may promote malignant cell proliferation, and
NCAPD3 in particular, may play a key role in this process.

3.5 The changes of immune
microenvironment suggest that the
mitochondrial DNA methylation status
may respond to the sensitivity of breast
cancer immunotherapy

Because a high MTDM state can affect the expression of
mitochondria-encoded polypeptides, preventing them from
effectively maintaining the integrity of the oxidative respiratory
chain (12-14), this would cause alterations in the metabolic state of
tumor cells. In turn, the metabolic reprogramming of tumor cells is
also aimed at promoting the rapid proliferation of tumor cells by
adjusting energy metabolism (36). Since high MTDM state would
inhibit OXPHOS and promote malignant cell proliferation, we
hypothesized that a high MTDM state could potentially drive
tumor cells to shift from OXPHOS to aerobic glycolysis, and that
the low PH microenvironment created by the metabolites of aerobic
glycolysis is conducive to tumor immune escape and promotes
tumor progression (37, 38). Therefore, we aimed to investigate
changes in the tumor immune microenvironment under different
states of MTDM and whether MTDM-related prognostic genes
could respond to the sensitivity of BC immunotherapy. First, we
explored the differences in immune cell infiltration levels between
the high and low MTDM groups. The results showed increased
immune cell infiltration, including B cells, NK cells, and T cells in
the low-MTDM group (Figure 6A). The expression of immune
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checkpoint-related genes was analyzed, and the results showed that
the immune checkpoint-related genes included in the study were
highly expressed in the low-MTDM group (Figure 6B). This may
have resulted in low immune cell responsiveness in the low-MTDM
group owing to the high expression of immune checkpoint genes
despite the high level of immune infiltration. To explore whether
immunotherapy is more applicable to the low-MTDM group, we
calculated the MST and TMB scores to review their relationship with
MTDM. Tumors with high MSI are usually sensitive to immune
checkpoint blockade (39); therefore, we chose this score. Based on
the results showing that the high MSI group had a lower MTDM
score (Figure 6C), this evidence suggests that patients in the low-
MTDM group may benefit more from immune checkpoint
inhibitors. However, predicting TMB sensitivity to immune
checkpoint inhibitors in BC is controversial (40-43). In our
results, we found a higher TMB in the high MTDM group
(Supplementary Figures 3A-C) and a negative correlation with
the degree of immune infiltration, which is inconsistent with the
positive correlation between TMB and immune infiltration in most
studies. Therefore, we concluded that the TMB score is not suitable
as a biomarker for BC immunotherapy. To further test our
prediction, we used the cohort of immunotherapy-treated
melanoma patients GSE91061 (44) (Figure 6D). As expected, the
low-MTDM group had the largest proportion of patients who
achieved a CR or PR. Meanwhile, unsupervised clustering showed
that MTDM related prognostic genes were best classified into two
groups in the TCGA dataset (Figures 6E, F). There was also a
significant difference in the immune cells between the two groups
(Figure 6G), with cluster B showing lower expression of MTDM
related prognostic genes and higher levels of immune cell
infiltration. Finally, we differentiated T cells among the single-cell
data set, and the best binning was 12 according to the decision tree
(Figure 6H, Supplementary Figure 3D). T cells were classified into
CD8-positive T cells, Exhausted CD8 T cells, T follicular helper
cells, effector memory T cells, naive T cells, and Tregs according to
the available markers (Figure 61, Supplementary Figure 3E). The
ratio of cells between the two groups showed that the high MTDM
group had a higher proportion of Exhausted CD8 T cells, a marker
of immune dysfunction (45), while the low MTDM group had a
higher proportion of CD8-positive T cells (Figures 6], K). These
results suggested that the low-MTDM group may be more
responsive to immunotherapy.

3.6 Cellular communication reveals a
potential pathway for mitochondrial DNA
methylation to mediate
immunosuppression

We explored the cellular communication characteristics
between malignant cells and T cell subpopulations in
different MTDM states, and the intercellular communication
characteristics can effectively identify the receptor-ligand
relationships that exist between cell populations, and we used this
approach to uncover possible ligand-receptor pairs between high
MTDM/proliferation-associated malignant cells and immune cell
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FIGURE 4

single-celled sequencing analysis, to explore the distribution of 11 modeling gene. (A) The expression levels of 11 modeling genes in different cell
types. (B) The expression levels of 11 modeling genes in benign and malignant cells. (C) Expression levels of 11 modeling genes in high and low
MTDM groups. (D) umap shows the expression distribution of model genes in the data set.

subpopulations as a response to the linkage between the two
subpopulations and the potential mechanisms of action.
Figure 7A shows the overall communication conditions between
Exhausted CD8 T cells and high MTDM malignant cells. It was
found that high MTDM malignant cells emit a GDF15 signal. In
contrast, Exhausted CD8 T cells relied on TGFBR2, the receptor of
GDF1I5, to receive this signal (Figures 7B, C). In addition, the
secretion of GDFI5 by high MTDM malignant cells and the
expression of TGFBR2 by Exhausted CD8 T cells were cell-
specific (Figure 7D). GDFI5, a member of the transforming
growth factor B (TGF-B) family, inhibits the expression of co-
stimulatory and major histocompatibility complex (MHC) class II
molecules, it decreases IL-12 levels and increases TGF-B1 secretion
(46). In hepatocellular carcinoma, GDFI5 acts as a critical promoter
of Treg cells to promote Treg cell production thereby mediating
immunosuppressive responses (47). Our results suggest that
malignant cells with high MTDM status may cause exhaustion of
CD8 T cells through the secretion of GDFI5, leading to
immunosuppression. Similarly, we explored the intercellular
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communication between proliferation-associated malignant cells
(clusterl) and T cells. Figure 7E shows the overall
communication between Exhausted CD8 T cells and high MTDM
malignant cells. The same results showed that proliferation-
associated malignant cells specifically secrete GDFI5, and
Exhausted CD8 T cells receive this signal (Figures 7F-H). This
suggests that GDFI5 may be a key factor in the immunosuppressive
response of malignant cells with a high MTDM status and
proliferation rate.

3.7 In vitro experiments confirm that the
MTDM-associated prognostic gene
NCAPD3 does promote the proliferation of
breast cancer cells

As NCAPD3 is expressed at the highest level in proliferation-

related malignant cells and is positively correlated with
proliferation-related genes, we further explored the expression of
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FIGURE 5

The relationship between the model gene and proliferation was analyzed in malignant cells. (A) Expression levels of 11 modeling genes in high and
low proliferation rate groups. (B) The TCGA breast cancer data set was divided into high and low proliferation rate groups based on proliferation-
related genes. (C) Expression levels of modeling genes in the high and low proliferation rate groups of the TCGA breast cancer data set. Results In
the TCGA breast cancer data set, the difference in NCAPD3 was most significant between the high and low proliferation groups. ns, no significance;
*p<0.05; **P<0.01; ***P<0.001. (D) Analysis of the correlation between NCAPD3 and proliferation-related genes showed that there was a strong
correlation between NCAPD3 and proliferation-related genes. (E) Epithelial malignant cells were divided into 6 clusters. (F) Differential genes in 6
clusters showed specific expression of proliferation-related genes in cluster 1, which indicated that cluster 1 subgroup was proliferation-related
epithelial malignant cells. (G) Differential biological pathway enrichment analysis shows the pathways enriched by different clusters. (H) The
expression of 11 modeling genes in 6 epithelial malignant cell clusters showed that NCAPD3 had the highest expression level in cluster 1. *p<0.05;
**P<0.01; ***P<0.001, ****P<0.0001
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Immune infiltration analysis and immunotherapy sensitivity prediction. (A) Heat map of immune cell infiltration in high MTDM group and low MTDM
group. (B) Expression of immune checkpoint related genes in high -MTDM group and low -MTDM group. (C) The results of microsatellite instability
state analysis showed that the high MSI group had lower MTDM scores. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) The relationship
between mitochondrial DNA methylation score and response to immunotherapy was evaluated using immunotherapy cohort GSE91061.

(E) Unsupervised consistency cluster analysis. Patients can be divided into two clusters according to the expression of model genes. (F) The
expression levels of model genes in different clusters. (G) Immune landscape of different clusters. (H) Decision tree analysis is used to determine the
optimal clustering threshold. (I) According to the surface marker genes of different cell types, the cells are annotated as CD8 T cells, Exhausted CD8
T cells, T follicular helper cells, Treg cells, Effector memory T cells and Naive T cells respectively. (J) The percentage of Mitochondrial DNA
methylation genes in T cells. The cells were divided into high- and low-MTDM cells. (K) Proportion of T cell types in high and low MTDM groups.
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NCAPD3 in BC and its effect on the immune microenvironment. In
the TCGA transcriptome, NCAPD3 was also highly expressed in
tumors (Figure 8A). We then evaluated the correlation between
NCAPD3 expression and the immune score and MSI separately and
found that NCAPD3 expression was negatively correlated with the
immune score and MSI (Figures 8B-D). Next, we performed
biological functional validation of NCAPD3 knockdown in vitro
to test whether our model gene knockdown prevents the growth of
breast cancer cell lines, which could indirectly respond to whether
knockdown of NCAPD3 improves the prognosis of breast cancer
patients. First, we verified the mRNA levels of NCAPD3 in the
MDA-MB-231 BC cell line 1 day after transfection using q-PCR
(Figure 8E) and found that all siRNA interference resulted in a
significant reduction in NCAPD3 mRNA expression (P< 0.05). We
also verified the protein levels of NCAPD3 in MDA-MB-231 and
BCAP-37 BC cell lines after 2 days of transfection by western
blotting (Figures 8F, G) and again found that the siRNA sequences
resulted in reduced protein levels of NCAPD3 (P< 0.01). To assess
the effect of NCAPD3 on cell proliferation, we performed CCK8 and
clone formation assays. CCK8 results showed that after NCAPD3
knockdown, cell viability was significantly reduced in MDA-MB-
231 and BCAP-37 BC cell lines compared to that in the siRNA
negative control (NC) group (P<0.05) (Figures 8H, I). The results of
the cloning assay showed that the number of colonies with reduced
NCAPD3 expression was significantly reduced in both the BC cell
lines (Figures 8], K, Supplementary Figure 3F). Finally, we
performed scratch assays to test whether NCAPD3 knockdown
affected the migration ability of BCAP-37 BC cell lines. The
results showed that scratch healing was significantly slower in the
NCAPD3 knockdown group than in the siRNA negative control
(NC) group (Figure 8L, Supplementary Figure 3G), indicating that
NCAPD3 knockdown may be an effective strategy to inhibit the
proliferation and migration of BC cells. These results suggest that
NCAPD3 targeting may be a desirable outcome for BC treatment
and may improve patient prognosis.

4 Discussion

In this study, we found that altered MTDM levels play a key role
in BC progression and influence the prognosis and immunotherapy
outcomes of BC patients. We constructed a BC cell profile by using
GSE195861 single cell data and distinguished between high and low
MTDM groups, while high MTDM cells were mainly present in
cells derived from IDC patients, with high proliferation rates and
higher malignancy, suggesting that high levels of MTDM may be
associated with the malignant trend of BC. Further investigation
revealed that MTDM levels also had an impact on BC progression
and patient prognostic key gene expression and were influenced by
these genes regulating downstream signaling pathways. The high
MTDM group showed a lower level of immune infiltration, a higher
proportion of Exhausted CD8 T cells and a higher proliferation rate
compared to the low MTDM group, which also had a poorer
prognosis. In addition, the findings revealed that cells with low
MTDM levels had a higher percentage of immune cell infiltration
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and a higher percentage of CD8-active T cells adapted for
immunotherapy. Finally, we also analyzed the cell-to-cell
communication characteristics of T cell fractions and high
MTDM malignancy/proliferation-associated malignancy cells. The
results showed that high MTDM malignancy/proliferation-
associated malignancy cells secreted GDF15 and Exhausted CD8
T cells expressed TGFBR2, the receptor for GDF15, leading to
tumor cell immunosuppression. In conclusion, our study highlights
the non-negligible role of MTDM in BC progression and its impact
on a wide range of biological functions. Therefore, this is an area
worth exploring in BC therapy.

In the article, we identified MTDM-related molecules
representative of patient prognosis and immunotherapy
sensitivity to construct a portfolio of markers for predicting BC
patient prognosis and immunotherapy sensitivity. These include
ARID1B, B3GNT2, MPHOSPH10, NCAPD3, RABGAP1, RBM41,
RBMXLI, SLBP, TMEM167A, TMEM67, and TUBGCP5. AT-Rich
Interaction Domain 1B (ARID1B) is a component of the SWI/SNF
chromatin remodeling complex. In a zebrafish model, deletion of
ARID1B results in reduced body length due to dysregulation of the
Wnt/B-catenin signaling pathway (48), which reveals an association
between ARID1B and the Wnt/B-catenin signaling pathway. In a
recent study, loss of ARIDIB in ARIDIA-deficient tumors
destabilized SWI/SNF and impaired cancer cell proliferation (49).
Meanwhile, ARID1B was identified as a potential therapeutic target
in ARID1A mutant neuroblastoma (50). BetaGal Beta-1,3-N-
Acetylglucosaminyltransferase 2 (B3GNT2) encodes a poly-N-
acetyl lactosamine synthase that targets multiple ligands and
receptors to disrupt tumor-T cell interactions and reduces T cell
activation (51). M-Phase Phosphoprotein 10 (MPHOSPHI10)
encodes a protein that is phosphorylated during mitosis and may
be involved in rRNA preprocessing (52). For fast-growing cancer
cells, an active translational machinery is required to meet the needs
of protein production, in which robust ribosome biogenesis plays a
key role (53). Recent studies have shown that UTP11 facilitates pre-
rRNA processing by binding to MPHOSPH10. When this process is
blocked, it triggers nuclear stress and leads to p53 activation and
cancer cell growth arrest (54). RAB GTPase Activating Protein 1
(RABGAP1) is a GTPase activating protein of RAB6A that plays a
key role as a master regulator in cellular compartment localization
and vesicle transport (55). Many Rab proteins are involved in
cancer progression and in recent studies, RABGAP1 was shown
to be regulated by Tuftelin 1 (TUFT1), promoting perinuclear
lysosome accumulation and intracellular vesicle transport, which
in turn is involved in tumor development (56). RNA Binding Motif
Protein 41 (RBM41) is predicted to be a target gene for hsa-miR-
136 (57), which has been shown to possess oncogenic effects (58),
and RBM41 may also be involved in this process. RNA Binding
Motif protein, X-linked Like 1 (RBMXLI) is an RNA-binding
protein that may be involved in pre-mRNA splicing, and it has
been reported that melanomas with RBMXL1 mutations may have
correspondingly extensive Studies of Alternative RNA Splicing
(ARS) (59), which may provide novel antigenic epitopes (60).
stem-loop binding protein (SLBP) is a protein that binds to the
histone mRNA stem-loop sequence and regulates the 3’ processing
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of histone mRNA (61), SLBP is required for histone biosynthesis
and also for rapid cell proliferation (62), as RNAi downregulation of
SLBP expression inhibits DNA synthesis and thus inhibits cycle
progression (63). A recent study showed that SLBP is indeed
involved in breast cancer development and that inhibition of
SLBP expression would be a promising therapeutic target for
breast cancer (64). Transmembrane Protein 167A (TMEM167A)
is a protein associated with vesicle transport and secretion that
regulates the transport of newly synthesized proteins from the ER-
Golgi to the cell membrane or other organelles and is also required
for glioma growth in human cell xenografts and Drosophila models,
and interference with TMEM167A expression impedes a variety of
tumor cell proliferation (65, 66). Transmembrane Protein 67
(TMEMS67) plays a role in the migration of centrioles to the
apical membrane and the formation of primary cilia (67).
TMEM67 was identified as a candidate therapeutic target for
triple negative breast cancer (TNBC) in a recent study, which
revealed TMEM67 amplification in TNBC and proliferation
inhibition of TNBC cell lines by interference with TMEM67
expression (68). Gamma-Tubulin Complex Component 5
(TUBGCP5, also known as GCP5), is involved in microtubule
binding activity and microtubule nucleation (69). Recent studies
have reported that TUBGCP5 can be regulated by the Long non-
coding RNA Hotair, which in turn promotes the proliferation,
migration and invasion of gastric cancer cells, and the regulation of
the Hotair/TUBGCPS5 axis may be a potential therapeutic target for
gastric cancer (70). Non-SMC Condensin IT Complex Subunit D3
(NCAPD3) is a subunit of the cohesin II complex, a complex of
mitotic chromosomal structures involved in the physical rigidity of
the chromosome spindle (71). Recent studies have shown that
NCAPD3 plays a key role in CRC progression by upregulating
various transcription factors, such as E2F1 and c-Myc and
regulating glycolytic function in multiple ways to mediate
tumorigenesis and progression (72). In prostate cancer, NCAPD3
has also been shown to activate E2F1 and STAT3 and drive prostate
cancer progression (73). In addition, NCAPD3 is present in the
outer mitochondrial membrane and regulates oxidative stress in the
mitochondria, which is not dependent on glycolysis and does not
affect the number of mitochondria (74). Ultimately, in vitro
experiments also confirmed that the knockdown of NCAPD3
resulted in a significant decrease in cell viability and colony
number in BC cell lines MDA-MB-231 and BCAP-37 and a
significant slowdown in scratch healing in MDA-MB-231 cells.
Thus, our results suggest that NCAPD3 is a promising therapeutic
target for BC and further studies are needed to explore its potential.

In BC, it is commonly observed that BC possesses lower
mtDNA content compared to standard breast specimens (75, 76),
and it has also been shown that the reduction of mtDNA in BC cell
lines may be associated with the conversion to a mesenchymal
phenotype (77). Furthermore, MTDM largely determines the
mtDNA expression. The role of MTDM in BC is almost
unknown; therefore, it is necessary to analyze the specific role of
MTDM in BC, and further research is needed to understand the role
of MTDM and its potential as a therapeutic target.
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In previous studies, the exploration of MTDM focused on its
presence and alteration in different diseases (17),leading to a lack of
clarity on the one hand as to why this alteration occurs, and on the
other, as to what impact this alteration will have on the
development of the disease. Recently, through methodological
and functional studies, the academic community established
MTDM as an important research direction in mammalian
mitochondrial physiology (78). Previous methodologies have been
dedicated to the more precise identification of MTDM modification
sites (22), and thus to determining the overall level of MTDM. We
quantified the overall level of MTDM by collecting genes that
positively regulate MTDM and quantifying the overall level of
MTDM based on their expression levels, and the expression of
mitochondria-encoded peptides similarly confirmed the validity of
our approach. The accuracy of this method needs to be validated in
combination with other MTDM sequencing methods.

In this study, we present the first systematic demonstration of
the role of MTDM in breast cancer and explore its relationship with
immunity and prognosis. This study provided new insights into the
use of BC immunotherapy. We found that MTDM-related
prognostic molecules, particularly NCAPD3, were strongly
positively correlated with proliferation. In vitro knockdown of
NCAPD3 interfered with cell viability, clonogenic capacity, and
migration ability of BC cell lines, suggesting that NCAPD3 may be a
promising target for BC therapy. This demonstrates that
interference with the MTDM pathway has great potential for
cancer therapy. In particular, the understanding of the
importance of MTDM in mammalian mitochondrial physiology
has strengthened research in this direction. Thus, intervention of
the MTDM pathway is a novel cancer treatment strategy that will
lead to better patient outcomes. Our findings provide a potential
target for BC therapy; however, further studies are needed to
explore this potential.
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Evaluation of the impacts

of photodynamic therapy on
the prognosis of patients with
hrHPV infection based on
BTNL8 expression
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Ying Yang™, Meilan Chen® and Pan Chen™

‘Department of Gynecology, Jinhua Municipal Central Hospital, Jinhua, Zhejiang, China, 2Department
of Gynecology, Jinhua Maternal and Child Health Hospital, Jinhua, Zhejiang, China

Objective: The aim of this study was to evaluate the prognostic value of
Butyrophilin-like protein 8 (BTNL8) expression in high-risk HPV (hrHPV)
infection treated with photodynamic therapy.

Methods: A total of 93 patients with hrHPV infection were enrolled as research
study subjects, along with 69 healthy women who served as controls. Serum
samples were obtained from each participant, and BTNLS8 levels were quantified.
The patients were divided into high- and low-expression groups (n = 45and n =
48, respectively), and both groups underwent photodynamic therapy. We
recorded the following data: BTNL8 expression pre-treatment and at 3/6
months post-treatment, HPV negative conversion ratio, regression rate of low-
grade squamous intraepithelial lesions (LSIL), incidence of adverse reactions,
complication rate, serum inflammatory factors, persistence of HPV positivity,
LSIL residue or recurrence, and incidence of high-grade cervical intraepithelial
lesions (HCIL).

Results: Patients with HPV infection exhibited higher BTNL8 expression than
healthy individuals. Compared to the low-expression group, the high-expression
group showed increased HPV negative conversion ratios, LSIL regression rates,
and levels of IL-17 and IL-23. This group also demonstrated decreased total
complication rate, HPV positivity persistence, LSIL residue or recurrence, and IL-
10 levels. Additionally, there was no significant difference between the two
groups in terms of the number of adverse reactions and cases with LSIL
residue/recurrence.

Conclusion: Serum BTNL8 expression may serve as a valuable tool for early
screening and prognosis monitoring of patients with hrHPV infection.
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1 Introduction

Cervical cancer (CC) is the fourth most commonly diagnosed
cancer in women. In 2020, approximately 604,127 new cases were
reported globally, accounting for 3.1% of all cancer diagnoses,
making it the ninth most common type of cancer (1). China, in
particular, faces a significant challenge due to its high incidence
rate. As per recent statistics, 106,000 confirmed cases of CC and
48,000 related deaths were reported in China in 2018 (2). Notably,
high-risk human papillomavirus (hrHPV) infection is associated
with up to 90% of all CC cases.

HPV, a small double-stranded DNA virus, circumvents the
host’s innate immunity and integrates its genome into the host cell
(3). When hrHPV infection persists, it causes its structural
oncoproteins E6 and E7 to contribute to the inactivation of the
tumor suppressor proteins p53 and pRB, thereby disrupting the
normal functioning of DNA repair and apoptosis and triggering
abnormal proliferation of normal cervical epithelial squamous cells,
known as cervical intraepithelial neoplasia (CIN) (4-6). If left
untreated, unresolved CIN1 will continue to progress into high-
grade squamous intraepithelial lesions (HSIL), with massive
genomic alterations that induce CC occurrence (7).

The treatment options for hrHPV infection include
circumcision, cryotherapy, conization, therapeutic vaccine, and
photodynamic therapy (8). Traditional treatment methods, which
mainly encompass circumcision, cryotherapy, and conization,
present some shortcomings, such as high recurrence rate, serious
tissue damage, and potential structural destruction of cervical if
improperly applied (9). Photodynamic therapy, a novel cancer
treatment modality, involves the activation of photosensitive
molecules by lasers of a specific wavelength. The activated
photosensitive molecules prompt the production of reactive
oxygen species (ROS) leading to irreversible cell apoptosis and
necrosis, and consequently inhibiting the proliferation and invasion
of cancer cells (10, 11). Photodynamic therapy offers advantages in
fostering good tissue healing and the convenient utilization of light
(12). Cang et al. (13) pointed out the potential of photodynamic
therapy to effectively eliminate hrHPV infection, particularly
HPV16 and HPV18. Gu et al. (14) propose that 5-aminolevulinic
acid-mediated photodynamic therapy, an effective treatment for
hrHPV infection co-occurring with cervical squamous
intraepithelial lesions, is less likely to cause cervical injury.
Therefore, photodynamic therapy emerges as a promising,
effective therapy for hrHPV infection.

During the course of hrHPV infection, genes such as p16 and
galectin-3 may demonstrate aberrant expression, which could serve
as biomarkers of HPV infection for early screening for cervical
lesions (15, 16). Thus, incorporating gene expression into the
prognostic evaluation of hrHPV infections can facilitate dynamic
detection post-therapy and expedite the investigation and treatment
of recurrent cases. Butyrophilin-like protein 8 (BTNLS) is
implicated in adaptive immune process and thus serves as a
crucial regulatory factor of tumor immunity (17-19). Yang et al.
(20) observed a significant correlation of BTNL8 expression with
patients’ survival rate according to the relatively low survival rate in
CC patients with high BTNL8 expression (<40%) and the over 60%
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of survival rate in CC patients with low expression. The results
suggest BTNLS as one possible biomarker for the prognosis of CC
and its potential for postoperative evaluation of hrHPV infection.

As of now, the potential evaluative significance of BTNL8 in
HPYV infection has not been reported. Therefore, this study aims to
assess the clinical efficacy and postoperative recurrence of
photodynamic therapy in hrHPV infection through the lens of
BTNLS, hoping to provide a reliable basis for the clinical dynamic
monitoring of hrHPV infection.

2 Methods
2.1 General data

A total of 93 women diagnosed with hrHPV infection at Jinhua
Central Hospital from January 2020 to March 2022 were included
in this study. The inclusion criteria were as follows: patients
confirmed with hrHPV infection according to the PCR method
(21) and cervical cytology (22), patients with detailed clinical data,
patients not in pregnancy and lactation period, and those who were
willing to participate in the research. The exclusion criteria were as
follows: patients who had received HPV infection therapy; patients
who had received immunosuppressive agents or glucocorticoids
recently; patients with comorbid CC or other malignant tumors of
the reproductive system; patients with comorbid dysfunction of the
heart, lung, liver, or kidney; patients with comorbid mental
disorder; and those allergic to photodynamic therapy. A total of
69 healthy women were enrolled as controls. All participants of the
study offered signed informed consent forms after understanding
the whole process of the study, and approval was obtained for the
study from the ethics committee of our hospital.

2.2 Photodynamic therapy

5-Aminolevulinic acid-mediated photodynamic therapy was
adopted for treating patients with hrHPV infection in this study.
Specifically, each patient was given photodynamic therapy at 7 days
after the menstrual period. Before therapy, the patient was required to
empty his/her bladder to avoid interference. Start with a surface shave,
the lesions were cleaned via normal saline and then given ultra-
expensive disinfection, followed by even application of 20% 5-
aminolevulinic acid (Shanghai Fudan-Zhangjiang Bio-Pharmaceutical
Co., Ltd, 118 mg/piece) with cotton swabs (23). After 3 h, the lesions
were irradiated with a Y-HN300 He-Ne laser therapy machine (Wuhan
Yage Laser Equipment Co., Ltd.) (output wavelength: 632.8 nm; rated
power: 300 mW) at 20 min each time, once every 7 days, for four
consecutive treatments, and the observation course was 6 months.

2.3 Outcome measures

(1) Clinical efficacy: Patients are asked to visit the hospital for
regular follow-up at 3 months and 6 months after surgery.

frontiersin.org


https://doi.org/10.3389/fonc.2023.1218808
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lv et al.

The negative convention of HPV and inversion of low-
grade squamous intraepithelial lesions (LSIL) in patients at
3 months and 6 months after surgery were recorded. The
LSIL residue/recurrence of LSIL lesions (the cervicovaginal
part and the cervicovaginal part + cervical canal) at 6
months after surgery was evaluated and recorded.

(2) Serum BTNLS8 expression: Serum was sampled from each
patient with hrHPV infection before admission, and serum
was also acquired from healthy women as controls. Serum was
sampled from every patient before therapy and at 3 and 6
months after therapy. All blood specimens were acquired on
an empty stomach. Total RNA of sampled serum was acquired
via a plasma/serum RNA extraction kit (NORGEN, Canada),
followed by fluorescent quantitation via a qPCR instrument.
The design and synthesis of BTNL8 primers were completed
by Shanghai Sangon Biotech Co., Ltd. The 274" method was
adopted for standardizing the gene expression.

(3) Serum inflammatory factor levels: Serum inflammatory factors
were quantified via ELISA kits of IL-17 (abl00556), IL-23
(ab221837), and IL-10 (ab185986) (Abcam, Shanghai) at 3
months after surgery.

(4) Adverse reactions and complications: The adverse reactions and
complications of patients within 3 months after surgery were
recorded. Adverse reactions included colporrhagia, menstrual
abdominal pain, and colpitis. Postoperative complications
included bleeding, infection, menstrual disorder, prolonged
menstrual period, and cervical duct adhesion.

(5) Prognostic indexes: Prognostic indexes at 6 months after
surgery were recorded, including persistence in positive
HPV, LSIL residue/recurrence, and progression to high-
grade cervical intraepithelial lesions (HCIL).

2.4 Statistical analyses

This study adopted SPSS 20.0 for statistical analyses of data.
Counting data were presented by # (%), and measurement data were

10.3389/fonc.2023.1218808

presented by mean + SD, all of which were analyzed via the normality
test. The independent-samples t-test was utilized for inter-group
comparison and the chi-square test was used for inter-group
comparison of counting data, and the repeated measures analysis
of variance was used for intra-group comparison. 95% CI was
adopted. p < 0.05 implies a notable difference.

3 Results

3.1 Aberrant serum BTNL8 expression in
cases with hrHPV infection

A total of 93 patients with hrHPV infection and 69 healthy
women were enrolled, and compared in serum BTNL8 expression
(Figure 1). The patients showed notably downregulated serum
BTNLS than the healthy women (p < 0.05). In contract to serum
BTNLS expression before therapy, the HPV infection group showed
notably up-regulated BTNL8 expression at 3 and 6 months after
photodynamic therapy (p < 0.05). ROC curves revealed the
potential value of serum BTNLS8 in screening hrHPV infection
(AUC = 0.835, p < 0.05).

3.2 Correlation of serum BTNL8 expression
with clinical efficacy of photodynamic
therapy for HPV infection

Patients were assigned to the high- and low-expression groups
(n = 45 and 48, respectively) based on the median relative
expression level of serum BTNL8 obtained prior to admission
(1.02). The relative expression levels of BTNL8 in the two groups
were 1.11 + 0.06 and 0.93 + 0.08, respectively. The former group
consisted of patients at 35.69 + 6.73 years old, with a course of
disease of 15.76 + 5.20 months and body mass index (BMI) of 20.72
+ 1.76 kg/m?, including 33 cases of cervicovaginal attacks and 12
cases of attacks in the cervicovaginal part + cervical canal. The latter
group consisted of patients at 36.24 + 6.20 years old, with a course
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FIGURE 1

Aberrant serum BTNL8 expression in cases with hrHPV infection. (A) Comparison of serum BTNL8 expression levels between patients and healthy
women. (B) Comparison of serum BTNL8 expression between patients after photodynamic therapy 3 months and before. (C) Comparison of serum
BTNL8 expression levels between patients before and after photodynamic therapy for 6 months. *** vs. p < 0.001
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of disease of 13.84 + 4.54 months and a body mass index (BMI) of
20.99 + 1.70 kg/m?, including 37 cases of cervicovaginal attacks and
11 cases of attacks in the cervicovaginal part + cervical canal. The
two groups were similar in general data (Table 1).

The clinical efficacy at 3 and 6 months after photodynamic
therapy were counted (Tables 2, 3). At 3 and 6 months after therapy,
the high-expression group presented notably higher negative
conversion ratio of HPV and inversion rate of LISL than the
other (both p < 0.05). The quantification results of serum
inflammatory factors in postoperative patients revealed notably
higher IL-17 and IL-23 levels and a notably lower IL-10 level in
the high-expression group than in the other group (all p <
0.04, Figure 2).

3.3 Associations of serum BTNL8
expression with postoperative adverse
reactions and complications

The postoperative adverse reactions (colporrhagia, menstrual
abdominal pain, and colpitis) and complications in patients were
counted. The low-expression group presented a total incidence of
adverse reactions of 10.42%, with two cases of colporrhagia, two
cases of menstrual abdominal pain, and one case of colpitis, while
the other group presented a total incidence of adverse reactions of
9.76%, with two cases of colporrhagia, one case of menstrual
abdominal pain, and one case of colpitis (Figure 3). The two
groups were similar in the incidence of adverse reactions (p
> 0.05).

The associations of serum BTNL8 with postoperative
complications (bleeding, infection, menstrual disorder, prolonged
menstrual period, and cervical duct adhesion) were analyzed
(Table 4). The low-expression group presented a total incidence
of complications of 29.17%, with one case of bleeding, two cases of
infection, four cases of menstrual disorder, five cases of prolonged
menstruation, and two cases of cervical duct adhesion, while the
other group presented a total incidence of complications of 11.11%,
with one case of bleeding, one case of infection, two cases of
menstrual disorder, no case of prolonged menstruation, and one
case of cervical duct adhesion. The latter group presented a notably
lower incidence than the former group.

TABLE 1 General data.

10.3389/fonc.2023.1218808

3.4 Association of serum BTNL8 with
postoperative survival outcome

The associations of BTNL8 expression with persistence in
positive HPV, LSIL residue/recurrence, and HCIL were analyzed,
and the results revealed 4 cases of persistent positive HPV (8.89%), 6
cases of LSIL residue/recurrence (12.50%), and 0 cases of progression
to HCIL in the high-expression group and 12 cases of persistent
positive HPV (25.00%), 15 cases of LSIL residue/recurrence (31.25%),
and 0 cases of progression to HCIL in the other group (Table 5). The
two groups were notably different in persistence in positive HPV and
LSIL residue/recurrence (both p < 0.05).

The associations of BTNL8 expression with residual/recurrent
sites of LSIL were also analyzed, and the results revealed two cases in
the cervicovaginal part (4.44%) and four cases in the cervical part
(8.89%) in the high-expression group, and six cases in the
cervicovaginal part (12.50%) and nine cases in the cervicovaginal
part + cervical canal (18.75%) in the other group (Table 6). The two
groups were similar in the incidence rate in the cervicovaginal part
and cervicovaginal part + cervical canal (p > 0.05).

4 Discussion

Screening for hrHPV infection is a crucial link to prevent CC.
At the current stage, hrHPV infection is mainly detected via
membrane liquid-based ultrathin cytology, HPV-DNA detection,
and colposcopy biopsy. With features of convenient and simple
operation, serum marker-based detection can be adopted as one
auxiliary means of the above methods, which is helpful for
postoperative dynamic monitoring of patients. Troja et al. (24)
believe a strong association of serum vitamin D with hrHPV
infection. BTNL8 has been verified to be bound up with the
survival of CC (20). Thus, we adopted it for evaluating clinical
significance of photodynamic therapy for hrHPV infection. Our
results imply the positive role of serum BTNLS for the evaluation.

Firstly, we found downregulated BTNL8 in serum samples of
patients with hrHPV infection and the induction of photodynamic
therapy to BTNLS8 expression, which may be attributed to the
regulatory influence of BTNL8 on the immune system. In
principle, photodynamic therapy triggers DNA damage,

High-expression group (n = 45)

Age (years) 35.69 £ 6.73
Course of disease (months) 15.76 + 5.20
Body mass index (kg m > 20.72 £ 1.76
Lesion site

Cervicovaginal part 33 (73.33)
Cervicovaginal part + cervical 12 (26.67)

canal

Low-expression group (n = 48)

36.24 + 6.20 0421 0.675
13.84 + 4.54 1.851 0.067
20.99 + 1.70 0.764 0.447
0.176 0.675
37 (77.08)
11 (22.92)
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TABLE 2 Association of BTNL8 expression with negative conversion ratio of HPV.

At 3 months after treatment

10.3389/fonc.2023.1218808

At 6 months after treatment

High-expression group (n = 45) ‘ 35 (77.78) 37 (82.22)
Low-expression group (n = 48) ‘ 28 (58.33) 30 (62.50)
Vs ‘ 4.019 4.485
p-value ‘ 0.045 ‘ 0.034

TABLE 3 Association of BTNL8 expression with inversion of LSIL.

At 3 months after treatment At 6 months after treatment

High-expression group (n = 45) 34 (75.56) 36 (80.00)
Low-expression group (n = 48) 26 (54.17) 27 (56.25)
b 4.641 5.995
p-value 0.031 0.014
A B
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FIGURE 2
Comparison of BTNL8 expression with postoperative serum inflammatory factors. Comparison of BTNL8 expression with postoperative serum (A) IL-
17 levels; (B) IL-23; (C) IL-10 levels. ** vs. p < 0.01; *** vs. p < 0.001; **** vs. p < 0.0001.
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FIGURE 3

Associations of serum BTNL8 expression with postoperative adverse reactions. Distribution of postoperative adverse effects in patients in the (A) high

High BTNL8 n=45

BTNLS8 expression group versus those in the (B) low BTNL8 expression group.
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TABLE 4 Association of BTNL8 expression with postoperative complications.

10.3389/fonc.2023.1218808

Bleeding Infection Menstrual Prolonged Cervical duct = Total incidence of
disorder menstruation adhesion complications
High-expression group (n = 1(2.22) 1(2.22) 2 (4.44) 0 1(2.22) 5(11.11)
45)
Low-expression group (n = 48) 1 (2.08) 2 (4.17) 4 (8.33) 5(10.42) 2(4.17) 14 (29.17)
b 4.658
p-value 0.031

TABLE 5 Association of serum BTNL8 with postoperative survival outcome.

Persistent HPV positive

LSIL residue/recurrence

Progression to HCIL

High-expression group (n = 45) ‘ 4(8.89)
Low-expression group (n = 48) ‘ 12 (25.00)
e ‘ 4232
p-value ‘ 0.040

‘ 6 (12.50) 0
‘ 15 (31.25) 0
‘ 4.265 _
‘ 0.039 -

apoptosis, and necrosis through the production of ROS, during
which it also stimulates a series of immune responses to clear cells
(25, 26). BTNLS happens to be one crucial factor associated with
immune system, which mediates the dependent selection of T-cell
receptors such as Vy4+/V31+ intraepithelial lymphocytes and 6T
cells (27, 28). Thus, under the influence of photodynamic therapy
on immune response in the tumor microenvironment, BTNL8
expression changes and acts as a key factor to regulate the
proliferation of associated immune cells, which is probably the
reason for the increase of BTNL8 under photodynamic forces.
Furthermore, the high efficacy accompanied by high BTNL8
expression and the association of the high expression with serum
inflammatory factors also verify the possible involvement of BTNL8
in the immune mechanism under photodynamic therapy for
hrHPV infection. The specific function of BTNL8 will be
discussed in future research. According to ROC-based analysis,
BTNLS facilitates distinguishing hrHPV infection. The results
imply that serum BTNLS8 is promising in the triage and
management of HPV-positive patients to lower unnecessary
colposcopy referrals and other related injuries (29).

In our investigation, we did not discern a significant correlation
between BTNLS8 expression and the occurrence of postoperative
adverse events. However, the limited sample size of our study
might obscure more nuanced impacts, potentially introducing

TABLE 6 Association of serum BTNL8 with LSIL residue/recurrence.

selection bias and limiting the validity of these findings. In future
investigations, we plan to enlarge our sample size, which will enable a
more comprehensive and reliable analysis of the potential association
between BTNL8 expression and postoperative adverse reactions in
the context of hrHPV infection. Interestingly, our data pointed
towards an inverse relationship between BTNL8 expression and
complication incidence. Recurrence symptoms following
photodynamic therapy in hrHPV-infected patients can manifest as
persistent HPV positivity, residual or recurrent LSIL, or progression
to HCIL (30-33).

Within our study cohort, no patients advanced to HCIL post-
photodynamic therapy. Nonetheless, a higher BTNL8 expression
was associated with significantly reduced instances of LSIL
recurrence and persistent HPV positivity. It should be noted that
we have not accounted for potential confounding factors that could
impact BTNL8 expression within this study. Furthermore, we did
not identify a correlation between serum BTNL8 expression and the
location of LSIL residue or recurrence. This suggests that while
serum BTNL8 levels may serve as an indicator of residual or
recurrent LSIL, it does not appear to facilitate identification of the
specific site of these conditions. This aspect warrants further
exploration in future research.

To sum up, this study suggests the associations of serum BTNLS
expression with the clinical efficacy, complications, persistent

Cervicovaginal part

Cervicovaginal part + cervical canal

High-expression group (n = 45) 2(4.44) 4 (8.89)
Low-expression group (n = 48) 6 (12.50) 9 (18.75)
7 1.917 1.878
P 0.166 0.171
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positive HPV, and LSIL residue/recurrence in the therapy of HPV
infection by photodynamic therapy, which is helpful to dynamically
monitor the prognosis of patients, timely screen patients with
recurrence risk, and potentially facilitate biomarker-based triage
and management of HPV-positive patients.
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Primary osteosarcoma of the uterus is an extremely rare pure heterologous sarcoma
of the uterus. The relevant available information is limited to case reports. To date,
only 31 cases of this type of cancer have been reported. Here, we report the first
clinical experience with the administration of an immunotherapy-based
combination regimen for multiple metastatic primary osteosarcomas of the
uterus. The patient had undergone multiple treatments prior to this regimen, but
her condition continued to progress. However, after 3 cycles of immunotherapy
combined with targeted therapy and chemotherapy, a review showed that the
disease was stable and even in partial remission. The patient has a good quality of life,
and long-term survival is expected.

KEYWORDS

sarcomas, osteosarcoma, immunotherapy, targeted therapy, chemotherapy

Introduction

Uterine sarcomas are unusual, accounting for less than 1% of all gynecologic tumors and 3-
7% of all uterine tumors. Uterine sarcomas can be classified as homologous (composed of
intrinsic uterine components) or heterologous (composed of foreign components such as
cartilage and bone). Most uterine sarcomas are homologous, and heterologous uterine
osteosarcomas are extremely rare (1). The majority of heterologous uterine tumors are
classified as malignant mixed mullerian tumors (MMMTs). Heterologous MMMTs include
carcinomas, heterologous sarcomas, and usually homologous mesenchymal components, such
as those in leiomyosarcomas or stromal sarcomas. Most uterine sarcomas have been identified
as rhabdomyosarcomas or chondrosarcomas, and heterogenous sarcomas have rarely been
reported to produce bone and osteophytes (2). In general, the clinical course of osteosarcoma of
the uterus is short, probably because it is difficult to detect a pelvic mass until symptoms appear.
In addition, osteosarcoma of the uterus has an unusually malignant nature compared to
osteosarcomas of other sites (3). The average age of the previously reported patients was 64
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years. The majority of patients were perimenopausal or
postmenopausal at the time of diagnosis (4). Due to the rarity of
primary uterine osteosarcoma, there are currently no effective
treatment options for this disease. In recent years, with the rise of
immunotherapy and targeted therapy, we have tried to use
immunotherapy combined with targeted therapy and chemotherapy
to treat this disease. Herein, we report a case of primary uterine
osteosarcoma and review the available literature.

Case report

A 60-year-old female patient presented to a local hospital in
February 2021 with irregular vaginal bleeding. At the first visit, vaginal
ultrasound showed a heterogeneous hypoechoic mass in the pelvic cavity,
with a size of 9.0x7.4 cm. The results of other tests were unknown. An
extensive total hysterectomy was subsequently performed.

The postoperative pathological diagnosis was a malignant
mesenchymal tumor of the uterus, and the morphology was consistent
with a malignant giant cell tumor, accompanied by a large amount of
bleeding and necrosis. There was no tumor cell involvement in the
bilateral adnexa. No metastasis was found in the lymph nodes examined.

Initial staining showed that the tumor was positive for EMA,
CylinD1, Vim, SMA, and CD10, while it was negative for PAXS, ER,
PR and S100. Keratin staining did not support the diagnosis of
carcinosarcoma, which exhibits neither cartilage formation nor
cancerous components. Ultimately, the pathological diagnosis was
consistent with high-grade uterine sarcoma with heterologous
differentiation (osteosarcoma).

According to the National Comprehensive Cancer Network
(NCCN) guidelines for uterine sarcoma, the patient was treated with

10.3389/fonc.2023.1198765

epirubicin combined with ifosfamide. After 2 cycles of chemotherapy,
abdominal magnetic resonance imaging (MRI) showed that the pelvic
lesions were smaller than before. Subsequently, chemotherapy was
continued for 4 cycles according to the original regimen. A total dosage
of 6000 rads of volumetric intensity-modulated radiation therapy was
delivered to the pelvic region. Two months later, the patient found a
palpable mass of approximately 6.0x6.0 cm in the surgical scar in the
lower abdominal wall. Positron emission tomography/computed
tomography (PET/CT) showed multiple metastases in the anterior
abdominal wall incision, omentum, pelvic mesentery and lungs. After
tumor progression, the patient was treated with gemcitabine and
docetaxel combined with bevacizumab. After 2 cycles of treatment,
abdominal MRI showed that the original mass was significantly larger
than before, at approximately 9.7x9.0 cm in size. At that time, the
patient was advised to undergo palliative tumor reduction surgery. One
month later, preoperative examination was performed, and abdominal
CT showed liver metastasis. Considering the risk of surgery and
complications, the patient refused to undergo surgical treatment.

For further treatment, the patient visited our hospital. Abdominal
CT showed large metastases in the anterior abdominal wall and
multiple metastases in the liver (Figures 1A, I). Chest CT showed
multiple metastatic tumors in both lungs (Figure 1E). Treatment with
tislelizumab and anlotinib was then considered. After 3 cycles of
treatment, chest CT showed that the metastatic tumors in both lungs
had increased in size, and disease progression was considered.
Therefore, paclitaxel injection was added to the original treatment
regimen. After 2 cycles of treatment, chest CT and abdominal
MRI showed that the metastatic tumors in both lungs, anterior
abdominal wall mass and liver metastases were larger than before
(Figures 1B, F, ]). As the disease progressed, the patient gradually
developed abdominal pain and bloating.

April 9,2022 July 25,2022

FIGURE 1

October 31,2022

March 11,2023

CT and MRI images of the anterior abdominal wall mass (A, B) and liver metastases (I, J) before immunotherapy. MRl images of the anterior
abdominal wall mass (C, D) and liver metastases (K, L) after immunotherapy. Comparison of CT images of metastatic tumors in both lungs before

(E, F) and after immunotherapy (G, H).
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Given the advantages of current immunotherapy, we tested the
patient for programmed cell death-1 (PD-1) and programmed cell
death-ligand 1 (PD-L1), but the results were negative (tumor cell (TC)
<1%). Eventually, however, we changed the treatment to tislelizumab,
liposomal doxorubicin and lenvatinib. After three cycles of treatment,
reexamination by abdominal MRI showed no significant changes in the
anterior abdominal wall mass and liver metastases (Figures 1C, K), but
chest CT showed that multiple metastases in both lungs were smaller
than before (Figure 1G). In addition, the patient’s abdominal pain and
bloating symptoms were significantly less than before. Reexamination
after 3 cycles of treatment indicated that some of the lung lesions were
smaller and some were larger than before (Figure 1H), and the anterior
abdominal wall masses were the same as before (Figure 1D), but the
liver metastases were significantly larger (Figure 1L). On March 20,
2023, transhepatic arterial chemoembolization and puncture biopsy of
the liver mass were performed. The pathological findings after
puncture biopsy showed necrotic tissue in some areas, a few
heterotrophic cells in some tissues, and pathological mitosis, which
were considered to indicate a malignant tumor. Immunohistochemical
and genetic analyses were not available because of the small amount of

TABLE 1 Primary uterine osteosarcoma literature review.

10.3389/fonc.2023.1198765

tissue collected. Although the patient’s condition progressed with the
previous treatment regimen, her disease was moderately controlled
through immunotherapy combined with chemotherapy and targeted
therapy, and her survival was expected to be prolonged.

Discussion

Primary osteosarcoma of the uterus is distinctly rare, and the
detailed mechanism of its carcinogenic process remains unclear (5).
The available literature contains little information on its relative
incidence, clinical behavior, and treatment outcomes (4). A review of
the available literature (Table 1) showed that the previously reported
patients ranged in age from 41 to 82 years, and all but 3 patients were
perimenopausal or menopausal at the time of diagnosis. The clinical
manifestations of most patients were vaginal bleeding and abdominal
pain (1-19). In our case, the patient presented with vaginal bleeding in
the early stage and mainly abdominal distension in the later stage.

Microscopically, uterine malignancy was associated with
extensive necrosis, neoplastic osteogenesis in most areas, diffuse

Author Age Symptoms Extension of tumor, Treatment Prognosis
size
Stier and Lyman 53 Lower abdominal Uterus and omentum,6cm Subtotal hysterectomy, BSO Died at 2 months (recurrence and
(1936) (4) pain,12 months pulmonary metastasis)
Bickel et al. (1956) (4) 73 Vaginal bleeding,3 Uterus Intracavitary radium,TAH Died at 20 months (osseous
months metastasis)
Scheffey et al. (1956) (4) 67 Abdominal Uterus with intraoperative TAH,BSO Died at 6 months with spread to
discomfort,vaginal rupture, 4 cm abdominal wall
bleeding,3 months
Radman and Korman 60 Vaginal bleeding, Uterus TAH,BSO Died soon after discharge
(1960) (4) 3-4 weeks
Carleton and 82 Vaginal bleeding Uterus, extending to base of | Intracavitary radium Died at 8 months (lung metastases
Williamson (1961) (4) and discharge, 8 the bladder, metastasizing at autopsy)
months to lungs (autopsy)
Amromin and Gildenhorn | 72 Vaginal bleeding, Uterus, peritoneum, small Intracavitary radium Died at 2 months (intraabdominal
(1962) (4) weight loss bowel,40cm metastases)
Karpas and Merendino 62 Vaginal bleeding Uterus, small bowel, TAH,BSO Lost to follow-up
(1964 ) (4) bladder,8cm
Crum et al. (1980) (2) 41 Vaginal bleeding, Uterine cervix, 9cm TAH, BSO, RT, CHT Alive at 4 months
1 month
Vakiani et al. (1982) (4) 53 Vaginal bleeding Uterus, 13 cm TAH, BSO, CHT Alive at 1 year
Piscioli et al. (1985) (6) 56 Vaginal bleeding Uterus, 12 cm TAH, BSO, RT Died at 37 months (lung
metastases)
Jotkowitz and Valentine 51 Backache, Uterus, pelvis, omentum, None Died at 20 days
(1985) (7) abdominal peritoneum
pain, weight loss
Basolo et al. (1988) (4) 60 Abdominal pain, Uterus Radical Wertheim Lost to follow-up
vaginal bleeding hysterectomy
Caputo et al. (1990) (8) 58 Vaginal bleeding Uterus, urinary bladder, None Died at 2 weeks (regional lymph
rectum, uterine cervix, nodes, liver and lung
vagina (autopsy), 18 cm metastases at autopsy)
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TABLE 1 Continued

Author

Age

Symptoms

Extension of tumor,

size

Treatment

10.3389/fonc.2023.1198765

Prognosis

De Young et al. (1992) (9) = 63 Uterine bleeding Uterus, 7 cm TAH, BSO Died at 20 days after surgery due
to myocardial infarction
Emoto et al. (1994) (10) 67 Abdominal pain Uterus; lung metastases, 16 TAH, BSO Died at 4 months (local
cm recurrence and distant
metastases)
Akiba et al. (1994) (11) 73 NA Uterus,10cm TAH, BSO Alive at 20 months; lung
metastases
Hardisson et al. (2001) (4) 41 Vaginal bleeding Uterus, 8 cm TAH, BSO, CHT, RT Alive at 8 months; tumor
recurrence
Su et al. (2002) (3) 62 Abdominal pain Uterus, 20 cm Biopsy of mass Died at 4 months (Lung, thyroid,
and
Peritoneum metastases)
Lin et al. (2002) (12) 67 Lower abdominal Uterus, peritoneum OMT, CHT Alive at 6 months
pain for a month
Kostopoulou et al. (2002) 56 abdominal Uterus, the right adnexum TAH, BSO Died at 6 months
(13) distention and and the cecum
lower abdominal
pain
Ribeiro-Silva et al. (2004) 60 abdominal pain, 2 Uterus hysterectomy NA
(14) years
Wang et al. (2011) (15) 53 Vaginal bleeding Uterus, 8 cm RH,OMT,CHT Died at 5 months
Kefeli et al. (2012) (15) 53 Vaginal bleeding Uterus, 19 cm TAH, BSO NA
Powell et al. (2014) (16) 60 Vaginal bleeding Uterus, 12 cm TAH, BSO Died at 7 months (local
recurrence and lung
metastases)
Abraham et al. (2015) (1) 47 Abdominal pain, Uterus, 14 cm TAH, BSO, CHT Died at 6 months (cardiac and
vaginal bleeding, lung metastases)
early satiety,
chronic cough
Tsukasaki et al. (2016) 57 Abdominal pain Uterus, 12 cm TAH, BSO, appendectomy,CHT Alive at 13 months (local
(15) recurrence and lung
metastases)
Zheng et al. (2019) (5) 74 postmenopausal Uterus TAH, BSO,CHT, palliative Died at 7 months with multiple
bleeding, radiation therapy distant
bloating, and metastases
weight loss
Yang et al. (2020) (17) 50 None Uterus, 12cm TAH, BSO, CHT Died at 8 months
(lung and brain metastases)
Effah et al. (2021) (18) 60 postmenopausal Uterus TAH, BSO Died at 14 months after surgery
bleeding, weight
loss
Effah et al. (2021) (18) 42 lower Uterus,sigmoid colon, the TAH, BSO,resection of the sigmoid Died at 4 months after surgery
abdominal pain upper rectum colon and upper rectum with
the construction of colostomy,
radiotherapy
Ruhotina et al. (2022) 57 Abdominal pain Uterus, 15cm TAH, BSO, CHT Alive at 12 months (Peritoneal
(19) metastasis)
This case 60 Vaginal bleeding Uterus, 9 cm Extensive total hysterectomy, CHT, Alive at 25 months (multiple

TAH, total abdominal hysterectomy; BSO, bilateral salpingo-oophorectomy; CHT, chemotherapy; RT, external radiotherapy; RH, radical hysterectomy; OMT, omentectomy; NA, not available/reported.
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distribution of giant cells, local spindle-shaped tumor cells, rich red
cytoplasm, severe nuclear atypia, and clear mitosis (Figure 2).
According to the description published by Piscioli et al., primary
uterine osteosarcoma must meet the following three criteria:
exclusion of a primary source of bone, presence of neoplastic
osteoids, and absence of epithelial components and other specific
homologous or heterologous components after confirmation of the
presence of sufficient tissue samples (1, 6). Accordingly, the
histological findings of this patient fully met the above criteria.
This tumor is highly aggressive with a poor prognosis, and the
mean survival time is 8.1 months (15). As shown in the Table 1,
hysterectomy was performed in 24 patients, and bilateral salpingo-
oophorectomy was also performed in 21 of these patients. Seven
patients were treated with radiation therapy, including luminal
radium therapy and external radiation therapy. Eleven patients
received chemotherapy. The table shows that even after a
combination of surgery, radiotherapy and chemotherapy, the
treatment outcome is still unsatisfactory. Survival ranged from 2
weeks to 20 months, except for one patient who had survived for 37
months. In comparison, our patient has now survived for 25 months,
and the survival time is expected to be extended. The results of
tracking indicate that this cancer has a high probability of recurrence
and distant metastasis, as well as a mortality rate. Regardless of
treatment, most patients develop local or pulmonary metastases early
after surgery and die within one year of starting treatment (15). Due
to the rarity of uterine osteosarcoma, there is currently no standard
for treatment. In this patient, previous first- and second-line
treatments for uterine sarcoma failed. Her third-line therapy was
challenging, and we referred to the NCCN guidelines for soft tissue
sarcoma to recommend the application of pembrolizumab in third-
line therapy (20). Due to the patient’s financial situation, we chose

w:.; “5“?
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domestic tislelizumab as an alternative. Moreover, because our
hospital only has SP263 antibody to detect the expression of PD-
L1, although the result showed TC < 1%, this result may not
necessarily reflect the real immune microenvironment of
the patient. Sarcomas are cold tumors, and the effect of
immunotherapy alone is poor. Existing studies have shown that the
immune microenvironment can be changed by using targeted drugs
to turn cold tumors into hot tumors (21, 22), and anlotinib is
recommended in the domestic guidelines for soft tissue
sarcoma (23); thus, we chose tislelizumab in combination with
anlotinib. However, after treatment with this regimen, the patient’s
disease progressed. We reviewed the NCCN guidelines for
endometrial cancer and found that lenvatinib in combination with
pembrolizumab has been approved for advanced endometrial cancer
with pMMR (24). Therefore, we replaced anlotinib with lenvatinib.
Considering the poor effect of tislelizumab in combination with
anlotinib in the treatment of this patient, we referred to the NCCN
guidelines for uterine sarcoma and added liposomal doxorubicin
(25). As a combined result of the above analysis, we chose a regimen
of lenvatinib in combination with tislelizumab and liposomal
doxorubicin to treat this patient. As a result, the patient’s condition
remained stable, with no obvious adverse reactions, and the
symptoms of abdominal pain and abdominal distension were
relieved. The patient has survived for nearly 25 months since
treatment began and is in good condition (Figure 3). This is the
first clinical experience with using a combination regimen based on
immunotherapy to treat this disease. This treatment regimen may
serve as a new option for controlling this tumor.

Since this study is a case report, there are not sufficient data to
support the efficacy of this treatment regimen. As the incidence of
primary uterine osteosarcoma is extremely low, there are few

Hematoxylin and eosin staining of primary uterine osteosarcoma tissue sample (under 200X magnification).
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FIGURE 3

A nearly 25-month treatment history of the patient with primary uterine osteosarcoma. (PD, progressive disease; SD, stable disease; PR, partial remission).

relevant studies, all of which are case reports. There are not enough
patients to conduct a large randomized controlled clinical trial,
which is a limitation for the future treatment of this tumor. For this
rare disease, a global multicenter collaboration is needed to conduct
analyses of larger cohorts.
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Background: To explore the underlying mechanism of programmed cell death
(PCD)-related genes in patients with endometrial cancer (EC) and establish a
prognostic model.

Methods: The RNA sequencing data (RNAseq), single nucleotide variation (SNV)
data, and corresponding clinical data were downloaded from TCGA. The
prognostic PCD-related genes were screened and subjected to consensus
clustering analysis. The two clusters were compared by weighted correlation
network analysis (WGCNA), immune infiltration analysis, and other analyses. The
least absolute shrinkage and selection operator (LASSO) algorithm was used to
construct the PCD-related prognostic model. The biological significance of the
PCD-related gene signature was evaluated through various bioinformatics
methods.

Results: We identified 43 PCD-related genes that were significantly related to
prognoses of EC patients, and classified them into two clusters via consistent
clustering analysis. Patients in cluster B had higher tumor purity, higher T stage,
and worse prognoses compared to those in cluster A. The latter generally
showed higher immune infiltration. A prognostic model was constructed using
11 genes (GZMA, ASNS, GLS, PRKAA2, VLDLR, PRDX6, PSAT1, CDKN2A, SIRT3,
TNFRSF1A, LRPPRC), and exhibited good diagnostic performance. Patients with
high-risk scores were older, and had higher stage and grade tumors, along with
worse prognoses. The frequency of mutations in PCD-related genes was
correlated with the risk score. LRPPRC, an adverse prognostic gene in EC, was
strongly correlated with proliferation-related genes and multiple PCD-related
genes. LRPPRC expression was higher in patients with higher clinical staging and
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in the deceased patients. In addition, a positive correlation was observed
between LRPPRC and infiltration of multiple immune cell types.

Conclusion: We identified a PCD-related gene signature that can predict the
prognosis of EC patients and offer potential targets for therapeutic interventions.

KEYWORDS

LASSO, cell death, endometrial cancer, signature, cell assay, immune infiltration

1 Introduction

Endometrial cancer (EC) was the sixth most common cancer
diagnosed in women in 2020, with a total of 417,000 new cases
documented worldwide. The median age of diagnosis of EC patients
is 61 years, and the lifetime risk of EC is around 3% (1). EC is
associated with a high mortality rate, and over 76,000 women die
annually as a result of EC (2). The mortality rate due to EC further
increases with advanced tumor stage, invasive histology, and
metastasis (3). There is currently a paucity of biomarkers or
models that can effectively predict the prognosis and survival of
EC patients (4). Therefore, it is crucial to elucidate the molecular
mechanisms underlying EC occurrence and progression in order to
identify novel prognostic markers and therapeutic targets.

Cell death plays a crucial role in several biological processes,
and can be classified as programmed cell death (PCD) and
accidental cell death (ACD) (5). PCD is the culmination of
ordered, gene-controlled pathways following the spontaneous loss
of cellular function, whereas ACD is an uncontrolled process that is
triggered in response to certain harmful stimuli. PCD is primarily
responsible for maintaining intracellular homeostasis (6). Various
types of PCD have been documented so far, including autophagy-
dependent cell death, necroptosis, apoptosis, ferroptosis, pyroptosis,
entosis, parthanatos, NETosis, alkaliptosis, lysosome-dependent cell
death (LCD), and oxeiptosis (7).

Lysosomal degradation during autophagy-mediated cell death
facilitates metabolic adaptation and nutrient recycling (8). Necrosis
has long been considered an involuntary form of cell death,
although recent evidence indicates that necrosis can be initiated
and sustained, resulting in necroptosis that centers around the
formation of necrosomes (9, 10). Apoptosis is an intrinsic
mechanism for eliminating damaged cells and involves a series of
events including condensation, nucleolysis, and nuclear
fragmentation, which culminate in the engulfment of apoptotic
vesicles by macrophages (11). Ferroptosis is characterized by the
accumulation of lipid hydroperoxides in an iron-dependent manner
that ultimately reaches a lethal threshold (12, 13). Cuproptosis is a
recently identified mode of PCD that is triggered by copper
imbalance and is closely associated with disease progression (14).
Pyroptosis is an inflammatory form of PCD that is typified by the
creation of membrane pores that compromise cellular integrity,
eventually leading to cell rupture (15). Entosis is a form of cell
“cannibalism” wherein one live cell is engulfed and lysed by another
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cell without the activation of the apoptotic pathway (16).
Parthanatos is induced by excessive activation of the nuclease
PARP-1 (17), an RNA polymerase (RP) that interacts with and
activates DNA or RNA, leading to replication or repair of damaged
DNA and proteins. NETosis is initiated by the release of neutrophil
extracellular traps (NETs), i.e., interconnected structures that cells
release in response to infection or injury (18). Alkaliptosis, a newly
recognized type of PCD, heavily relies on the intracellular
alkalization process (19). LCD is dependent on hydrolase, which
facilitates lysosomal transport to the cytoplasm by means of
membrane penetration. This process is regulated by intracellular
signaling systems and membrane proteins (20). KEAPI, a detector
of reactive oxygen species (ROS), has recently been shown to be
involved in a unique type of cell death known as oxygen
apoptosis (21).

Mutations in the PCD pathways have been detected in the early
stages of cancer, which endow the tumor cells with resistance to
anti-cancer treatments (7). Therefore, targeted interventions that
activate PCD pathways using single or combined therapies are an
effective anti-cancer strategy. For instance, the FDA-approved BCL-
2 inhibitor triggers apoptosis in lymphoma cells (22). In addition,
activation of GSDME-mediated pyroptosis has proved to be highly
effective against many cancers (23). Cancer cells can resist PD-1/
PD-LI checkpoint inhibition by blocking ferroptosis through the
regulation of ferritin and other proteins (24), indicating that
activation of the ferroptosis pathway in these cells can sensitize
them to PD-1/PD-LI blockers.

In this study, we used bioinformatic approaches to establish a
PCD-related prognostic gene signature for EC and found that
higher risk scores were associated with a worse prognosis. Our
findings provide new insights into the molecular basis of EC
progression. Furthermore, the genes associated with PCD have
significant potential as prognostic biomarkers and therapeutic
targets for EC.

2 Materials and methods
2.1 Data acquisition and preprocessing
The RNA sequencing (RNAseq), single nucleotide variation

(SNV), and relevant clinical data of 544 tumor samples and 35
normal samples from TCGA-UCEC (Uterine Corpus Endometrial
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Carcinoma) were downloaded through the UCSC XENA website
(https://xenabrowser.net/datapages/) and Sangerbox website
(http://www.sangerbox.com/). TCGA-CESC (168 tumor samples)
and TCGA-BRCA (1057 tumor samples) were downloaded from
the UCSC XENA website (https://xenabrowser.net/datapages/) for
external validation. The RNAseq data was transformed into
fragments per kilobase of exon model per million mapped
fragments (FPKM) format. In addition, the curated transcriptome
data, SNV data, and corresponding clinical data of 12,591 patients
across 32 cancer types were also retrieved from the UCSC XENA
website (http://xena.ucsc.edu/). All transcriptomic data were
transformed to the FPKM format for downstream analysis.

2.2 Screening of prognostic
PCD-related genes, consensus
clustering, and immune infiltration

A list of PCD-related genes (Supplementary Table S1) was
obtained through literature review and manual searching (7), and
these genes were extracted from the TCGA-UCEC cohort. The
prognostically relevant genes were screened through univariate Cox
regression analysis using the “survival” package, and subjected to
consensus clustering using the “ConsensusClusterPlus” package. The
patients were accordingly divided into two clusters. The “limma” and
“estimate” packages were used for scoring immune filtration, and the
results were visualized using the “ComplexHeatmap”, “gplots”,
“ggplot2”, “RColorBrewer” and “oompaBase” packages. The
immune cell populations were characterized on the basis of
classical markers, including immunoglobulin G (IgG),
hematopoietic cell kinase (HCK), major histocompatibility complex
class II (MHC-II), lymphocyte-specific kinase (LCK), activation
transcription 1 (STAT1), interferons, TNF and B7-CD28 (CD28)
(25). The scores of the immune cell subsets in both clusters were
evaluated by ssGSEA. Weighted correlation network analysis
(WGCNA) was performed using the “WGCNA” and “limma”
packages, with cluster, age, stage, grade, and tumor mutation
burden (TMB) as the factors. The gene modules with the strongest
correlations with each factor were screened using abline=60 and soft
threshold=4 as the criteria. Finally, the PCD-related genes were
functionally annotated by GO analysis.

2.3 Construction and validation of PCD-
related genes signature

The “glmnet” package was used for LASSO analysis to select the
PCD-related genes for the prognostic model. Although overfit
potential generally exists in machine learning-based models,
feature selection can effectively solve the overfitting problem
because it can select the most relevant features from the original
feature set, thus reducing the complexity and noise interference of
the model. Common feature selection methods include Filter
method, Wrapper method, and Embedded method. Among them,
the Filter method sorts and filters according to the correlation
between features and target variables. The wrapper method, by
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constantly trying different feature subsets, uses the model itself to
evaluate and select the optimal subset. Embedded methods use
feature selection as part of the model training process, such as
LASSO and ridge regression. As our model is exactly based on the
LASSO algorithm, the overfit potential could be avoided to some
extent. The risk score was calculated by multiplying the expression
of each gene with its respective coefficient:

Riskscore = ", [exp ression value of gene;+ ;] (1)

« »

The variable “n” represents the number of genes included in the
signature, and the variable “B” denotes the coefficient assigned to
each gene obtained from LASSO regression.

Risk score= [expression value of GZMA x (-0.116286998)] +
[expression value of ASNS x (0.127252486)] + [expression value of
GLS x (0.042654301)] + [expression value of PRKAA2 x
(0.1310519)] + [expression value of VLDLR x (-0.114179696)] +
[expression value of PRDX6 x (0.016522634)] + [expression value
of PSAT1 x (0.016313951)] + [expression value of CDKN2A x
(0.116960742)] + [expression value of SIRT3 x (-0.180170396)] +
[expression value of TNFRSF1A x (-0.026584716)] +[expression
value of LRPPRC x (0.055918364)]

According to the median risk score, patients were divided into
high-risk and low-risk groups. The “survival” package was used to
perform proportional hazards assumption testing and survival
regression, and the “survminer” and “ggplot2” packages were
used to plot the graphs. The diagnostic capability of PCD-related
gene signature in the TCGA-UCEC cohort was evaluated by
receiver operational characteristic (ROC) analysis using the
“timeROC” package, and the results were visualized with the
“ggplot2” package. All the samples with survival information were
included in the ROC analysis. The number of samples was 544. The
area under the curve (AUC) was calculated, and 0.7 was the cut-off
for satisfactory diagnostic performance. The “ggplot2” package was
used to visualize the risk factor plot. The prognostic model was
tested on 32 types of cancer (Supplementary Table S2) using the
“ggplot2”, “data.table”, “survival”, “cowplot” and “ggpub” packages.
The prognostic endpoints of the patients included disease-specific
survival (DSS), overall survival (OS), and progression-free
interval (PFI).

2.4 Analysis of single-nucleotide variations
of PCD-related genes

Pan-cancer analysis on the top 10 mutated genes in the
signature using the “ggplot2”, “data.table”, “cowplot”, “ggpubr”,
“GSVA”, “SimDesign” and “tidyr” packages. The mutation
frequencies of the PCD-related genes in the different organs were

also calculated.

2.5 Comparison of risk groups
The “ComplexHeatmap” package was used to create a heatmap

showing the relationship between the risk score and the clinical
factors like age, grade, and stage. Gene set enrichment analysis

frontiersin.org


https://xenabrowser.net/datapages/
http://www.sangerbox.com/
https://xenabrowser.net/datapages/
http://xena.ucsc.edu/
https://doi.org/10.3389/fonc.2023.1224071
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Xiong et al.

(GSEA) was performed on the high-risk and low-risk groups, and
the top 5 pathways in each group were identified. The
“RColorBrewer” package was used to visualize the results. The
“oncoPredict” package was used for drug sensitivity analysis.

2.6 Construction and validation of a
prognostic nomogram

The “survival” package was used to perform proportional
hazards assumption testing and Cox regression analysis, and a
nomogram consisting of age, stage, grade, and the PCD risk score
was constructed using the “rms” package. The 1-, 3- and 5-year
survival were predicted using the nomogram. Calibration curves for
1-, 3- and 5-year survival were plotted using the “rms” package. All
the samples with survival information were included in the ROC
analysis. The number of samples was 544.

2.7 Correlation between PCD-related
genes, proliferation genes, and immune
cell phenotypes

The correlation between the PCD-related genes and
proliferation-related genes (WNT5A, PCNA, MKI67, CTNNBI,
and CDHI) was analyzed using the “ggplot2” package. LRPPRC
was identified as the gene of interest. The “survival” and
“survminer” packages were used to evaluate the prognostic
relevance of LRPPRC, and analyze its expression across different
clinical stages and OS events. The “igraph” and “ggraph” packages

Univariate Cox regression

43 prognostic genes

GO analysis

Consensus clustering
analysis

=

10.3389/fonc.2023.1224071

were used to analyze the pairwise correlation of genes within the
PCD-related gene signature. Finally, the “ggplot2” package was used
to visualize the association between LRPPRC and the infiltration of
24 immune cell types infiltration through Spearman
correlation analysis.

2.8 Statistical analysis

R software (4.1.3) was used for statistical analyses. T-test was
used to compare the data between the two groups. P value< 0.05 was
considered statistically significant.

3 Results

3.1 Identification and clustering of
prognostic PCD-related genes

The workflow of our study is illustrated in Figure 1. We identified
43 PCD-related genes that were significantly correlated to the
prognosis of EC patients (Supplementary Table S3), and the Forest
plot of the genes with p<0.01 is shown in Figure 2A. Consensus
clustering analysis of these 43 genes with 2-9 clusters showed that
dividing the samples into two clusters resulted in better distinction
(Figures 2B, C). Patients in Cluster B had higher tumor purity, more
advanced T stage, and worse prognosis compared to those in Cluster
A. The latter generally had higher ESTIMATEScore, ImmuneScore,
and StromalScore (Supplementary Table S4). Furthermore, Cluster A
was associated with high expression levels of IgG, HCK, MHC-II,

LASSO analysis

FIGURE 1
The workflow chart of the study.
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FIGURE 2

Selection of prognostic-related PCD-related genes, consensus clustering analysis, and immune-related analysis. (A) Forest plot of PCD-related
genes with prognostic significance at p<0.01. (B) Consensus matrix, k=2. (C) Consensus CDF. (D) Heat map of immune scores. (E) ImmuneScore
boxplot of two clusters. (F) Violin plot of immune infiltration analysis for two clusters. "*" represents p < 0.05; "**" represents p < 0.01; "***"

represents p < 0.001; "™***" represents p < 0.0001.

LCK, B7-CD28, and TNF, whereas STATI and IFN were
overexpressed in Cluster B (Figures 2D, E). Subsequently, ssGSEA
showed distinct immune cell infiltration patterns of Cluster A and
Cluster B (p<0.05). For instance, CD8" T cells, cytolytic activity,
inflammation-promoting, T-cell co-stimulation, etc. were
significantly higher in Cluster A compared with Cluster B, whereas
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the latter had higher levels of aDCs, para inflammation, and Type I
IFN response (Figure 2F). The results of WGCNA indicated that the
brown module had a high degree of positive correlation with both
Cluster and Grade, with correlation coefficients of 0.49 (p<0.05). You
could see that the brown module had a high degree of positive
correlation (0.49) with both Cluster and Grade. In the meanwhile,
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other modules were almost poorly or negatively correlated with
Cluster and Grade. That is to say, the brown module shows high
specificity for Cluster and Grade. Although the royal blue module had
the strongest correlation with Cluster (with a related coefficient of
0.56, p<0.05), the low number of genes in the module was not
representative. Therefore, we selected the brown module for further
analysis (Figure 3A). The correlation scatter plot of Module
Membership in the brown module (MM) and Gene significance for
Cluster (GS) showed a highly positive correlation (with a correlation
coefficient of 0.45, p=7.8*10%), which suggested that the brown
module genes were upregulated in Cluster B (Figure 3B). GO analysis
indicated that the 43 prognosis-related PCD-related genes were
significantly downregulated in the “lipid and atherosclerosis”
pathway (Figure 3C; Table 1).

3.2 Construction and validation of PCD-
related genes signature

A total of 200 PCD-related genes were incorporated in the
LASSO algorithm and 11 genes (GZMA, ASNS, GLS, PRKAA2,
VLDLR, PRDX6, PSATI, CDKN2A, SIRT3, TNFRSF1A, LRPPRC)
were finally selected to construct the prognostic gene signature
(Figures 4A, B). The detailed information and coefficients of these
genes are shown in Supplementary Table S5. The risk scores of the
individual patients in the TCGA-UCEC cohort were calculated (see
methods), and the patients were divided into high-risk and low-risk
groups based on the median PCD risk score. As shown in Figure 4C,
higher risk scores correlated with shorter OS and higher mortality
rates (p<0.001). In addition, the PCD signature showed strong
predictive performance for 1-, 3- and 5-year OS, with respective
AUC values of 0.678, 0.776, and 0.77 (Figure 4D). LRPPRC,
CDKN2A, PSATI, PRDX6, PRKAA2, GLS, and ASNS were
overexpressed in the high-risk group, whereas TNFRSFIA, SIRT3,
VLDLR, and GZMA were highly expressed in the low-risk group
(Figure 4E). We also tested the risk score across 32 types of cancer
and found that uterine carcinosarcoma, brain lower-grade glioma,
and ovarian serous cystadenocarcinoma had higher risk scores,
while uveal melanoma, mesothelioma, and skin cutaneous
melanoma typically had lower risk scores. The PCD risk score
distribution for other cancers is shown in Figure 4F.

A

Module-trait relationships

Module membership vs. gene

cor=0.45, p=7.8e-28

10.3389/fonc.2023.1224071

The PCD-related genes signature was further validated in
TCGA-CESC and TCGA-BRCA cohorts. The risk scores of the
individual patients in the TCGA-BRCA cohort were calculated, and
the patients were divided into high-risk and low-risk groups based
on the median PCD risk score. As shown in Figure S1A, higher risk
scores correlated with shorter OS and higher mortality rates
(p<0.001). In addition, the PCD signature showed strong
predictive performance for 1-, 3- and 5-year OS, with respective
AUC values of 0.661, 0.647, and 0.632 (Figure S1B). The calibration
curves for 1-, 3- and 5-year OS showed good consistency between
observed survival and predicted survival (Figure S1C). The risk
scores of the individual patients in the TCGA-CESC cohort were
also calculated, and the patients were divided into high-risk and
low-risk groups based on the median PCD risk score. As shown in
Figure S1D, higher risk scores correlated with shorter OS and higher
mortality rates (p<0.01). In addition, the PCD signature showed
strong predictive performance for 1-, 3- and 5-year OS, with
respective AUC values of 0.765, 0.816, and 0.849 (Figure S1E).
The calibration curves for 1-, 3- and 5-year OS showed good
consistency between observed survival and predicted survival
(Figure S1F).

3.3 Pan-cancer variations in PCD-related
genes

The pan-cancer SNV profiles of the top 10 mutated genes of the
PCD risk model were also analyzed. CDKN2A displayed higher
mutation rates across multiple cancer types (31%), and other
frequently mutated genes included LRPPRC (13%), PRKAA2
(11%), VLDLR (9%), ASNS (8%), GZMA (7%), GLS (7%),
TNFRSFIA (6%), PSAT1 (5%), and PRDX6 (4%). A missense
mutation was the most frequently observed mutation type.
However, the mutation types in CDKN2A were predominantly
nonsense mutation, splice site, frameshift deletion, and multi-hit
(Figure 5A). Furthermore, CDKN2A displayed higher mutation
frequency in head and neck squamous cell carcinoma (104%),
lung squamous cell carcinoma (73%), skin cutaneous melanoma
(61%), pancreatic adenocarcinoma (36%), bladder urothelial
carcinoma (27%), and lung adenocarcinoma (24%). The SNV
frequency of PRKAA2 in skin cutaneous melanoma was 42%.

significance
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FIGURE 3
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Module Membership in brown module

WGCNA and GO analysis. (A) Heat map of module-trait relationships. (B) Scatter plot of module membership versus gene significance. (C) GO

analysis for 43 prognostic PCD-related genes.
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TABLE 1 Description of ID in GO analysis.

10.3389/fonc.2023.1224071

Also, several PCD-related genes exhibited high mutation frequency
in uterine corpus endometrial carcinoma and skin cutaneous

ID Description melanoma (Figure 5B).
hsa05417 Lipid and atherosclerosis
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3.4 Comprehensive analysis
hsa0421 A i ;
$204210 poptosis of two risk groups
hsa05163 Human cytomegalovirus infection
hsa05161 Hepatitis B As shown in Figure 6A, patients in the high-risk group were older
(p<0.001) and had more advanced tumor grade and stage (p<0.001),
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FIGURE 4

Construction and validation of PCD-related genes signature. (A) The variable coefficient values, logarithmic lambda values, and L1 regularization
values obtained through LASSO analysis were visualized. (B) Lambda values, maximum likelihood numbers, and C-Index obtained from LASSO
analysis were visualized. (C) K-M curves for OS in high-risk and low-risk patient groups. (D) ROC analysis to evaluate the performance of signature in
1-year, 3-year, and 5-year prognoses. (E) Visualization of risk factors. (F) The PCD risk score in other types of cancer, with patients’ prognostic

endpoints including DSS, OS, and PFI.
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PCD-related genes SNV patterns. (A) Waterfall plot of PCD-related genes SNV pattern in various types of cancer. (B) Mutation frequency of PCD-

related genes in various types of cancer

which was indicative of poor prognosis. GSEA on the two risk groups
revealed significant enrichment of “KEGG_CELL_CYCLE” and
“KEGG_DNA_REPLICATION” in the high-risk group, and that of
“KEGG_CHEMOKINE_SIGNALING_PATHWAY” and “KEGG_
CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION” in the
low-risk group (Figure 6B; Supplementary Table S6). Four subgroups
were identified through immune typing analysis. The proportion of
high-risk patients was higher in the c2 subgroup, while the opposite
trend was observed in the other subgroups. The sample distribution of
the high-risk and low-risk groups differed significantly (p<0.001) across
the four subgroups (Figure 6C). Drug sensitivity analysis also showed
significant differences between the high-risk and low-risk groups
(Supplementary Table S7). As shown in Figure 6D, patients in the
high-risk group showed greater sensitivity to AT3148, Elephantin, I-
BET-762, and Niraparib (p<0.001).

3.5 Construction and validation of a
prognostic nomogram

A nomogram was constructed using age, staging, grading, and the
PCD risk score to predict patient survival at 1, 3, and 5 years
(Supplementary Table S8). The scores for each risk factor were
calculated, and the total score was plotted (Figure 7A). On this basis,
this study intends to establish a correction curve to verify the
applicability of the model at the PCD gene level. Our prognostic
indicators predicted favorable 1,3 and 5-year survival rates (Figure 7B).
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3.6 Correlation between PCD-related
genes, proliferation genes, and immune
cell phenotypes

The correlation between the expression of the PCD-related
genes and five proliferation-related genes, including WNT5A,
PCNA, MKI67, CTNNB1, and CDH]1, was also evaluated. LRPPRC
showed a significant positive correlation with PCNA, MKI67,
CTNNBI, and CDHI (p< 0.001), which indicated that LRPPRC
may promote the proliferation of EC cells. CDKN2A was correlated
to all five proliferation-related genes, with a positive correlation
with MKI67 and PCNA (p<0.05), and a negative correlation with
WNT5A, CTNNBI, and CDHI (p<0.01). PSATI1 was positively
correlated with PCNA, MKI67, CTNNBI and CDHI (p<0.05;
Figure 8A). High expression levels of LRPPRC, CDKN2A, and
PSATI were associated with poor patient prognosis (Figure 8B).
Furthermore, LRPPRC was expressed at higher levels in the
deceased patients compared to the surviving patients (p< 0.01;
Figure 8C).
upregulated in stage IV tumors compared to stage I/II tumors (p<
0.05; Figure 8D). LRPPRC also showed a significant positive
correlation with some genes of the prognostic signature, including
GLS, PRKAA2, and PSATI, and this correlation was stronger
compared to that among the other genes (Figure 8E). Finally, the

Furthermore, LRPPRC was also significantly

relationship between LRPPRC and the infiltration of 24 immune
cells was analyzed. LRPPRC showed a highly positive correlation
with Th2 cells (R=0.433), Tcm cells (R=0.391), and T helper cells
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(R=0.316) (p<0.001), and a negative correlation with NK CD56°eht
cells (R=-0.540), pDCs (R=-0.487), and NK cells (R=-0.43)
(Figures 8F, G).

4 Discussion

Since irregular vaginal bleeding is an early symptom of EC,
most patients are diagnosed at an early stage. Although early
diagnosis confers some survival advantage, the annual mortality

rate due to EC is still high (4, 26), which warrants the identification
of novel prognostic biomarkers. The aim of this study was to
identify the prognostic PCD-associated genes in EC in order to
construct a predictive model to guide clinical decision-making. A
total of 43 PCD-related genes were associated with the prognosis of
EC patients, and two distinct clusters were identified.

The patients in Cluster B generally had higher tumor purity,
higher T stage, and worse prognosis, while Cluster A was associated
with higher ESTIMATE scores, ImmuneScore, and StromalScore.
The ImmuneScore is a measure of the percentage of cytotoxic and
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memory T cells at the tumor core and tumor margin (27), and the
StromalScore is indicative of the ratio of stromal cells in the tumor
microenvironment (TME) (28). A higher ImmuneScore or
StromalScore suggests the presence of more immune substances
or matrix components in the TME. Thus, Cluster B was associated
with a general decrease in stromal and immune cells and an overall
increase in tumor purity compared to Cluster A, indicating that
immune infiltration and tumor purity are determinants of EC
development and that enhancing the degree of immune
infiltration may slow tumor growth. Furthermore, patients in
Cluster A generally expressed genes characteristic of immune cell
subsets, while patients in Cluster B showed high expression levels of
STAT1 and interferon genes, which suggests an immune active state
corresponding to favorable prognosis in Cluster A. Consistent with
this, Cluster A showed a significant increase in the infiltration of T
cells (such as CD8" T cells, cytolytic activity, inflammation-
promoting, and T cell co-stimulation) compared to Cluster B. On
the other hand, Cluster B showed a significant increase in aDCs,
para-inflammation, and type I IFN response compared to Cluster A.
Furthermore, WGCNA indicated that the brown module has the
strongest correlation with the clusters, and the genes in the brown
module are upregulated in Cluster B. The WGCNA algorithm is a
powerful tool for identifying co-expressed gene modules and their
relationships with phenotypic traits. One of the main advantages of
WGCNA is that it can handle large-scale gene expression data sets
and identify biologically meaningful gene modules that are
associated with specific traits or conditions. Additionally,
WGCNA can be used to identify key hub genes that play
important roles in regulating gene expression networks. Overall,
WGCNA is a valuable tool for understanding the complex
relationships between genes and phenotypes. Thus, the brown
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module was thought to be reliable. In addition, GO analysis
showed that the 43 prognostic PCD-related genes were negatively
regulated in the pathway of “lipids and atherosclerosis”. Based on
these findings, we hypothesize overexpression of PCD-related genes
may allow cancer cells to proliferate rapidly by accelerating
lipid metabolism.

A LASSO-based PCD-related gene signature comprising 11
genes, including GZMA, ASNS, GLS, PRKAA2, VLDLR, PRDX6,
PSATI1, CDKN2A, SIRT3, TNFRSFIA, and LRPPRC, was developed
to predict the OS of EC patients. The LASSO algorithm is a type of
linear regression that is used for feature selection and regularization.
One of the main advantages of the LASSO algorithm is that it can
help prevent overfitting by shrinking the coefficients of less
important variables to zero. This can lead to a more
parsimonious model that is easier to interpret and less prone to
errors. Additionally, the LASSO algorithm can handle high-
dimensional data sets with many variables, which can be useful in
fields like genetics and finance. The PCD-related gene signature
showed good performance in the TCGA-UCEC cohort and two
external validation cohorts, TCGA-CESC and TCGA-BRCA. This
finding strongly supported the accuracy, sensitivity, and specificity
of the PCD-related gene signature in predicting prognosis. GZMA
is predominantly expressed in the cytosolic granules of NK cells and
cytotoxic T-cells. It cleaves gasdermin-B (GSDMB), which releases
the pore-forming moiety of GSDMB and triggers pyroptosis (29-
31). Asparagine synthetase (ASNS) catalyzes the de novo synthesis
of asparagine by transferring amino groups from glutamine to
aspartic acid. Inhibiting ASNS expression in cancer cells impairs
nutrient uptake and promotes apoptosis (32). GLS hydrolyzes
glutamine to produce glutamate (33), and its inhibition can
induce apoptosis in tumor cells (34). PRKAA2 encodes the
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catalytic subunit of AMPK, a key enzyme that senses cellular energy
status (35). VLDLR is a cell surface receptor with multiple
functions, such as binding to very low-density lipoprotein and
facilitating its endocytosis, which contributes to energy
metabolism (36). PRDX6 is a mercaptan-specific peroxidase that
reduces hydrogen peroxide and organic hydroperoxide to water and
alcohol respectively (37, 38), and can attenuate apoptosis induced
by oxygen-glucose deprivation/reoxygenation (39). PSATI is a
member of the V-class pyridoxal phosphate ester-dependent
transaminase family that fuels tumor cells by generating serine.
Inhibition of PSAT1 expression can suppress serine synthesis in
tumors, thereby inhibiting their growth (40). CDKN2A prevents
MDM2-induced degradation of p53, and promotes p53-dependent
apoptosis (41). SIRT3 is an exclusive mitochondrial member of the
Sirtuin family of class III histone deacetylases, similar to the yeast
Sir2 protein. It can eliminate reactive oxygen species, prevent
malignant transformation, and inhibit apoptosis (42). TNFRSF1A
belongs to the TNF receptor superfamily of proteins that plays a
role in TNFo-mediated cell apoptosis and necrosis (7). LRPPRC is a
mitochondrial protein that regulates RNA metabolism and
transcription. Loss of LRPPRC affects the electron transport chain
in the mitochondria, which increases mitochondrial permeability
and generation of reactive oxygen species (43). LRPPRC, CDKN2A,
PSAT1, PRDX6, PRKAA2, GLS, and ASNS were highly expressed
in the high-risk group, while TNFRSF1A, SIRT3, VLDLR, and
GZMA showed high expression in the low-risk group. Consistent
with our findings, Tian et al. reported high expression of LRPPRC
in EC tissues (44). Upregulation of CDKN2A in the extracellular
matrix can promote EC progression by releasing cytokines and
proteases in the TME (45, 46). Roh et al. demonstrated that
silencing EZH2 in EC cells inhibited PRDX6, leading to the
activation of the exogenous homocysteine pathway and eventually
cell death (47). Zhou et al. found that estrogen activates Grn
metabolism in estrogen-sensitive EC, depending on the up-
regulation of GLS (48). However, the functions of LRPPRC,
PSAT1, PRKAA2, ASNS, TNFRSFIA, SIRT3, VLDLR, and
GZMA in EC progression, and the underlying mechanisms,
remain to be elucidated.

The PCD risk score was also calculated across 32 types of cancer
and showed marked organ specificity. For instance, uterine
carcinosarcoma, brain lower-grade glioma, and ovarian serous
cystadenocarcinoma had higher PCD risk scores, while uveal
melanoma, mesothelioma, and skin cutaneous melanoma usually
had lower PCD risk scores. The PCD risk scores of other cancers
were similarly distributed. The PCD-related genes are likely
overexpressed in the cancers with higher risk scores, and
relatively lowly expressed in cancers with lower scores. We found
that cancers with higher mutation frequencies in PCD-related genes
tended to have lower PCD risk scores. The mutations may affect the
normal expression of PCD-related genes, thereby affecting the level
of the risk score. Furthermore, mutations in PCD-related genes may
reduce their expression in some cancers, leading to dysregulation of
cell death pathways and malignant development. CDKN2A was the
most frequently mutated PCD gene across all cancer types, and
exhibited the most diverse mutation profile, indicating that SN'Vs in
CDKN2A are ubiquitous in multiple cancers.
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The EC patients in the high-risk group were older and have
more advanced-stage tumors, which corresponded to a worse
prognosis. The PCD gene signature exhibited good predictive
performance for 1-, 3- and 5-year survival. Furthermore, the
prognosis of high-risk patients worsened with age and tumor
grade. GSEA results showed that signaling pathways related to
DNA replication were abundant in the high-risk group, while the
low-risk group was enriched in pathways related to chemotaxis.
This indicated that the tumor cells in the high-risk population
proliferate actively, while an active immune response characterizes
the tumors in the low-risk population. There were remarkable
discrepancies in the distribution of specimens between high-risk
and low-risk groups for the four different types of immunization.
The patients in the high-risk group were sensitive to AT3148,
elephantirin, I-BET-762, and Niraparib, suggesting their potential
clinical applicability in EC patients. We also established a
nomogram consisting of age, stage, grade, and risk score, which
predicted the 1-, 3- and 5-year survival rates with high accuracy.

The PCD genes also showed a significant correlation with
several proliferation-related genes. WNT5A is known to regulate
the proliferation, invasion, and metastasis of tumor cells. In a
previous study, we found that low expression of WNT5A in
gastric cancer tissues was significantly associated with the
invasion and metastasis of tumor cells, and poor prognosis (49,
50). MKI67 is a typical marker of cell proliferation that remains on
the single mitotic chromosome after the breakdown of the nuclear
membrane. It is expressed at low levels in EC tissues (51). Mutations
in the CTNNBI1 gene promote the development of esophageal
cancer by upregulating the Wnt/beta-catenin pathway and the
downstream target genes (52). CDHI1 encodes E-cadherin, an
epithelial marker that regulates cell adhesion, migration, and
proliferation. It is downregulated during epithelial-mesenchymal
transformation (EMT), which is the driver of tumor cell metastasis
(53). Low expression of E-cadherin is linked to worse prognosis and
survival (54). No study so far has reported any interaction between
LRPPRC and these proliferation-related genes in EC. Based on the
expression patterns and clinical association of LRPPRC, this gene is
likely a risk factor in EC patients and therefore a potential
therapeutic target. LRPPRC showed a strong positive correlation
with GLS, PRKAA2, and PSATI. There is a possibility of a
synergistic interaction between these genes in EC development,
which warrants further research. Wang et al. have identified
biomarkers in different tumors by combining computational
biology methods such as WGCNA, opening up more possibilities
for researching tumorigenesis mechanisms (55, 56). LRPPRC
expression showed a positive correlation with Th2 cells and a
negative correlation with NK CD56" 8"

accelerate tumor progression. High expression of LRPPRC may

cells, which may

inhibit NK cell activity, thereby suppressing the immune response
and promoting cancer progression. Further studies are needed to
assess the role of LRPPRC in tumorigenesis and development, and
the underlying molecular mechanisms involved in programmed cell
death. Single-cell sequencing (scRNA-seq) has been widely used to
explore the mechanisms and biomarkers of gynecological tumors
(57, 58). In our subsequent study, we will focus on the mechanism
of LRPPRC in EC development through the scRNA-seq approach.
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5 Conclusion

PCD-related genes are involved in the development of EC and
can predict patient prognosis. We developed a PCD-related cluster
system for discriminating EC patients with different prognoses. We
also constructed an 11-gene PCD-related signature with high
predictive performance in prognosis, mutation, and drug
response. LRPPRC, an adverse prognostic gene in EC and a
member of the model genes, could predict the clinical status and
immune infiltration level of EC patients. Our findings provide new
insights into the mechanisms underlying EC development and
highlight potential therapeutic targets.
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Background: Data supporting high tumor mutational burden (TMB-H) as a lone
biomarker for an immune-responsive tumor microenvironment (TME) in
metastatic breast cancer (MBC) are weak, yet tumor agnostic approval in TMB-
H advanced tumors provides immune checkpoint inhibition (ICl) as a clinical
option. We evaluated concurrent predictors of immune-responsive and non-
responsive TME within MBC.

Methods: Tumor samples from patients with MBC (N=5621) were analyzed by
next-generation sequencing of DNA (592-gene panel or whole exome) and RNA
(whole transcriptome) at Caris Life Sciences (Phoenix, AZ). TMB-H threshold was
set to > 10 muts/Mb. PDL-1 was evaluated using SP142 antibody. Gene
expression profiling and RNA deconvolution were used to estimate immune
and stromal cell population abundance in the TME, and transcriptomic signature
of immunotherapy response (T cell-inflamed score).

Results: 461 (8.2%) TMB-H MBC samples were identified. Consistent with prior
studies, TMB-H tumors exhibited significant dMMR/MSI-H enrichment (7 vs. 0%,
p<0.0001) and PD-L1+ expression (36 vs. 28%, p<0.05) compared to TMB-L.
Across all samples, T cell-inflamed scores were weakly correlated with TMB.
TMB-H was not associated with significantly increased immune responsive cell
types (CD8+ T-cells, NK cells, or B cells) or immmune response gene signatures
(e.g. antigen presentation), yet positive trends were observed, while
immunosuppressive fibroblasts were significantly decreased in TMB-H tumors
(0.84-fold change compared to TMB-L, P<0.05). HR+/HER2- breast cancer was
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the only subtype in which TMB-H tumors exhibited increased T cell-inflamed
scores vs. TMB-L. Concurrent PD-L1+ or dMMR/MSI-H with TMB-H was
associated with high T cell-inflamed scores in both HR+/HER2- and TNBC.
Among several associated biomarkers, B2M mutations and CD274 amplifications
were positively associated with T-cell inflamed scores in TMB-H tumors; CDH1
and ERBB2 mutations were negatively associated.

Conclusion: High TMB alone does not strongly correlate with immune infiltrate
or immune-related gene signatures in MBC. TMB-H predicts T-cell inflamed
signature compared to TMB-L in HR+/HER2- tumors only. Along with MSI-H and
PD-L1+, several biomarkers, including B2M mutation and CD274 amplification,
may help predict ICI benefit amongst TMB-H tumors. Co-occurring biomarkers
within TMB-H breast cancer warrant evaluation in larger cohorts for response or
resistance to ICI to develop composite predictive biomarkers in MBC.

KEYWORDS

breast cancer, tumor mutational burden, genetic profiling, microenvironment, immune
checkpoint inhibitors

Introduction

Data supporting high tumor mutational burden (TMB-H)
as a lone biomarker for an immune-responsive tumor
microenvironment (TME) in metastatic breast cancer (MBC) is
weak, yet the tumor agnostic approval of immune checkpoint
inhibitors (ICI) in TMB-H advanced tumors makes this an
option in the clinic. The U.S. Food and Drug Administration
(FDA) approved pembrolizumab on June 16, 2020, for the
advanced TMB-H (=10 mutations/megabase (mut/Mb), as
determined by an FDA-approved test) solid tumors that have
progressed following prior treatment with no satisfactory
alternative treatment options. This approval was based on an
overall response rate of 29% (95% CI, 21-39) in the subset of
patients with TMB-H solid tumors (n = 102) spanning nine
different tumor types enrolled in a multicenter single-arm trial
KEYNOTE-158 (1). There were no MBC patients in this trial,
making extrapolation to this population impossible. In pooled
meta-analyses, TMB does not predict survival in MBC (2).

The TAPUR clinical trial included a TMB-H MBC cohort that
enrolled 28 patients with TMB ranging from 9-37 mut/Mb by
Foundation Medicine CDX, who were enrolled to receive
pembrolizumab monotherapy every 3 weeks (3). The overall response
rate (ORR) was 21% (95% confidence interval (CI), 8 to 41), and the
median progression-free survival (PFS) was 10.6 weeks (95% CIL, 7.7 to
21.1). Though this is a respectable ORR in heavily pretreated MBC for
therapy with tolerable safety, most TMB-H patients will not derive
benefit from ICI monotherapy, and further biomarkers within TMB-H
MBC to predict an immune hot TME are needed.

We sought to further evaluate concurrent predictors of an
immune-responsive or non-responsive TME within TMB-H MBC.

Frontiers in Oncology

Materials and methods
Patient samples/study cohort

Formalin-fixed paraffin-embedded (FFPE) samples from
patients with breast cancer (n=5621) were submitted by various
academic and community cancer institutes, predominately in the
United States, to a commercial CLIA-certified laboratory for
molecular profiling (Caris Life Sciences, Phoenix, AZ). The
present study was conducted in accordance with the guidelines of
the Declaration of Helsinki, Belmont Report, and U.S. Common
Rule. In compliance with policy 45 CFR 46.101(b), this study was
conducted using retrospective, de-identified clinical data, patient
consent was not required, and the study was considered
IRB exempt.

Next-generation sequencing (NGS)

NGS of 592 cancer-relevant genes was performed on genomic
DNA isolated from formalin-fixed paraffin-embedded (FFPE) tumor
samples using the NextSeq platform (Illumina, Inc., San Diego, CA,
USA). Matched normal tissue or germline DNA was not sequenced. A
custom-designed SureSelect XT assay was used to enrich exonic regions
of 592 whole-gene targets (Agilent Technologies, Santa Clara, CA,
USA). All variants were detected with >99% confidence based on allele
frequency and amplicon coverage, with an average sequencing depth of
coverage of >500 and an analytic sensitivity threshold established of 5%
for variant calling. Prior to molecular testing, tumor enrichment was
achieved by harvesting targeted tissue using manual microdissection
techniques. Genomic variants were classified by board-certified
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molecular geneticists according to criteria established by the American
College of Medical Genetics and Genomics (ACMG). When assessing
mutation frequencies of individual genes, ‘pathogenic’ and ‘likely
pathogenic” were counted as mutations, while ‘benign’, ‘likely benign’
variants, and ‘variants of unknown significance’ were excluded.

RNA Whole Transcriptome Sequencing (WTS) uses a hybrid-
capture method to pull down the full transcriptome from FFPE
tumor samples (using the Agilent SureSelect Human All Exon V7 bait
panel (Agilent Technologies, Santa Clara, CA, USA) and the Illumina
NovaSeq platform (Illumina, Inc., San Diego, CA, USA). FFPE
specimens underwent pathology review to discern the percent
tumor content and tumor size; a minimum of 20% tumor content
in the area for microdissection was required to enable enrichment
and extraction of tumor-specific RNA. A Qiagen RNA FFPE tissue
extraction kit was used for extraction, and the RNA quality and
quantity were determined using the Agilent TapeStation. Biotinylated
RNA baits were hybridized to the synthesized and purified cDNA
targets, and the bait-target complexes were amplified in a post-
capture PCR reaction. The resultant libraries were quantified and
normalized, and the pooled libraries were denatured, diluted, and
sequenced. Raw data were demultiplexed using the Illumina
DRAGEN FFPE accelerator. FASTQ files were aligned with STAR
aligner (Alex Dobin, release 2.7.4a GitHub). A full 22,948-gene
dataset of expression data was produced by the Salmon, which
provided fast and bias-aware quantification of transcript expression
BAM files from STAR aligner (4), and were further processed for
RNA variants using a proprietary custom detection pipeline. The
reference genome used was GRCh37/hgl9, and analytical validation
of this test demonstrated 297% Positive Percent Agreement (PPA),
>99% Negative Percent Agreement (NPA), and >99% Overall
Percent Agreement (OPA) with a validated comparator method.

RNA signatures

T cell-inflamed scores were defined by an 18-gene signature,
with scores calculated as the weighted sum of log2-transformed
gene expression values using previously reported coefficients (5).
The Microenvironment Cell Populations (MCP)-counter tool was
used to assess the relative abundance of immune and stromal cells
in the tumor microenvironment (6, 7).

Immunohistochemistry (IHC)

IHC was performed on FFPE sections of glass slides. Slides
were stained using the Agilent DAKO Link 48 (Santa Clara,
CA, USA) automated platform and staining techniques, per the
manufacturer’s instructions, and were optimized and validated per
CLIA/CAP and ISO requirements. Staining was scored for intensity
(0 = no staining; 1+ = weak staining; 2+ = moderate staining; 3+ =
strong staining) and staining percentage (0-100%). Positive
expression of immune cell (IC) PD-L1 (SP142), tumor cell
ESTROGEN RECEPTOR (ER), and tumor cell PROGESTERONE
RECEPTOR (PR) was defined as 21+ stain intensity and >1% of
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cells stained. Positive HER2 expression was determined according
to the 2018 ASCO-CAP guidelines (8).

Tumor mutational burden (TMB)

TMB was measured by counting all non-synonymous missense,
nonsense, in-frame insertion/deletion, and frameshift mutations
found per tumor that had not been previously described
as germline alterations in dbSNP151, Genome Aggregation
Database (gnomAD) databases, or benign variants identified by
Caris’s geneticists. TMB-H was defined by a threshold of >10
mutations per megabase (mut/MB) based on the KEYNOTE-158
pembrolizumab trial (1).

Mismatch repair/microsatellite instability

Deficient mismatch repair/microsatellite instability-high
(dMMR/MSI-H) was determined by a combination of THC
(MLH1, M1 antibody; MSH2, G2191129 antibody; MSH6, 44
anti-body; and PMS2, EPR3947 antibody (Ventana Medical
Systems, Inc., Tucson, AZ) and NGS (>2800 target microsatellite
loci were examined and compared to the reference genome hgl9
from the University of California, Santa Cruz (UCSC) Genome
Browser database). The platforms generated highly concordant
results as previously reported (9) and in the rare cases of
discordant results, the status was determined by IHC.

Statistical analyses

All statistical analyses were performed with JMP V13.2.1 (SAS
Institute, Cary, NC, USA). Continuous data were assessed using a
Mann-Whitney U test, and categorical data were evaluated using
Chi-square or Fisher’s exact test, where appropriate. P-values were
adjusted for multiple hypothesis testing using the Benjamini-
Hochberg procedure, unless noted as exploratory (not adjusted).

Results

Clinical and molecular characteristics
associated with TMB-H breast cancer

Comprehensive molecular profiles of breast cancer patient
samples (N=5621) were analyzed from various cancer institutes,
predominantly within the United States. Samples were stratified
into TMB-H (N=461, 8.2%) and TMB-Low cohorts based on a
threshold of 210 mut/MB (Table 1). Utilizing different cut-offs, 4%
of patients had a TMB > 14 and 1.81% had TMB > 20. Compared to
TMB-Low tumors, the TMB-H cohort had an increased median age
(64 vs. 60 years, p<0.0001) and a greater proportion of distant
metastatic tumor biopsy sites compared to breast biopsy specimens
(78.3% vs. 60.3%, p<0.0001). As previously described, TMB-H
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TABLE 1 Overall cohort characteristics and of TMB-H and TMB-L cohorts.

10.3389/fonc.2023.1235902

Characteristic Overall TMB-H TMB-L P-value
Samples, N (%) 5621 (100%) 461 (8.2%) 5160 (91.8%)
Median Age, 4
edian Age, years 60 6 60 < 0.0001
- Range 19-90+ 26-90+ 19-90+
Gender, N (%)
- Female 5572 (99.1%) 458 (99.3%) 5114 (99.1%) 0.59
- Male 49 (0.9%) 3 (0.7%) 46 (0.9%)
Biopsy site
- Primary 2115 (37.6%) 100 (21.7%) 2015 (39.1%) < 0.0001
- Metastatic 3506 (62.4%) 361 (78.3%) 3145 (60.9%)
Histology, N (%)
- Ductal 2273 (40.4%) 116 (65.9%) 2157 (83.3%)
- Lobular 349 (6.2%) 56 (31.8%) 293 (11.3%) - 00001
- Metaplastic 85 (1.5%) 2 (1.1%) 83 (3.2%) ’
- Mixed 58 (1.0%) 2 (1.1%) 56 (2.2%)
- [NOS] [2856] [285] [2571]
Receptor Subtypes, N (%)
- HR+/HER2+ 266 (5.3%) 22 (5.4%) 244 (5.3%)
- HR+/HER2- 3087 (61.6%) 242 (59.7%) 2845 (61.8%) 0.5
- HR-/HER2+ 179 (3.6%) 14 (3.5%) 165 (3.6%) ’

- Triple Negative
- [Unclear]

1476 (29.5%)
[613]

127 (31.4%)

1349 (29.3%)

[56] [557]

TMB-H, high tumor mutational burden; TMB-L, low tumor mutational burden; NOS, not otherwise specified; HR, hormone receptor; HER2, human epidermal growth factor receptor 2.

tumors were more likely to be invasive lobular than invasive ductal
carcinoma (31.8% vs. 11.3%, p<0.0001) (10). The distribution of
receptor subtypes (HR+/HER2-, HR-/HER2-, HR+/HER2+, HR-/
HER2+) was similar between TMB-H and TMB-low cohorts.

TMB-H is a poor predictor of inflamed
tumor microenvironments (TMEs) in
breast cancer

Despite the FDA approval of pembrolizumab for the treatment
of adult and pediatric patients with unresectable or metastatic
TMB-H solid tumors, not all TMB-H tumors will respond to
therapy, suggesting additional predictive biomarkers are needed.
We estimated immune and stromal cell population abundance in
breast cancer TMEs using the MCP-Counter tool and observed
similar distributions in TMB-H and TMB-L tumors for most cell
populations (Figure 1A). While TMB-H tumors have slightly
increased median abundance of pro-immune cell types (e.g. T
cells, not significant), presumably immunosuppressive fibroblasts
were significantly decreased in TMB-H tumors (0.84-fold change
compared to TMB-L, P<0.05).

A transcriptional ‘T cell-inflamed’ score, which was previously
demonstrated to predict response to ICI therapy in all tumor types
(5), was significantly increased in TMB-H tumors compared to
TMB-Low (4.15 vs. 4.02, P<0.01), though the score distributions
largely overlapped (Figure 1B), and correlated with immune and
stromal cell population abundance in both TMB-H and TMB-L
tumors (Figure 1C). Similar to individual TME cell populations, the
T cell-inflamed score was weakly correlated with the number of
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muts/Mb. Tumors with very high TMB > 20 were very limited in
our population making true assessments of the immune TME in
these patients challenging.

PD-L1 positivity and Microsatellite
instability are enriched in TMB-H
tumors and further predict an
inflamed tumor microenvironment

PD-L1 expression on tumor immune cells is a consistent
biomarker of ICI response in advanced/metastatic first-line triple-
negative breast cancer (TNBC) (11-13). PD-L1 expression on
immune cells (PD-L1+ IC [SP142]) was more common in TMB-
H versus TMB-Low tumors (35.7% vs. 27.9%, p<0.001) (Figure 2A).
PD-L1 evaluation by Dako 22C3 combined positive score was not
available in this dataset. AIMMR/MSI-High, a known mechanism of
tumor hypermutation, is another tumor agnostic FDA-approved
biomarker for ICI. In the entire cohort, IMMR/MSI-High status
was rare with an overall frequency of 0.8% (46/5570) of all breast
tumors. dMMR/MSI-High status (7.2% vs. 0.3%, p<0.001) was
almost exclusively found in TMB-H tumors. The median TMB of
TMB-H/MSI-High was 24 mut/Mb versus 13 mut/Mb TMB-H/MSI
stable. Greater differences in median T cell-inflamed scores were
observed when samples were further stratified by PD-L1+ IC and
dMMR/MSI-High status (Figures 2B, C). Tumors that were TMB-H
and PD-L1+ had significantly higher T-cell inflamed scores than
TMB-H PD-L1- tumors. Interestingly, this was true in both TMB-H
and TMB-L cohorts suggesting that immune responsive TME’s
exist in TMB-L tumors with PD-L1+.
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FIGURE 1

High tumor mutational burden (TMB-H) is a poor predictor of inflamed tumor microenvironments (TMEs) in breast cancer. (A) TME immune and
stromal cell population abundance in TMB-H and low tumor mutational burden (TMB-L) tumors. (B) Distribution of T cell-inflamed scores in TMB-H
and TMB-L tumors. (C) Correlation matrix for TMB, T cell-inflamed scores, and immune/stromal cell population abundance in TMB-H and TMB-L

tumors. *P<0.05, **P<0.01.

TMEs vary across breast cancer receptor
subtypes and histologies

Among breast cancer receptor subtypes, median T cell-inflamed
scores were highest among TNBC samples, which were significantly
increased compared to HR+/HER2- samples that exhibited the
lowest median score (4.17 vs. 3.96, P<0.001) (Figure 3A). While
TMB-H HR+/HER2- samples had significantly increased T cell-
inflamed scores compared to TMB-L, scores in other receptor
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subtypes were not significantly different when stratified by TMB
status (Figure 3B). Similar to the overall trend, T cell-inflamed
scores were increased HR+/HER2- and TNBC samples further
stratified by PD-L1+ IC status in both TMB-H and TMB-L
subgroups, while scores associated with dMMR/MSI-High status
varied by receptor subtype (Figures 3C, D).

Comparison of histological subtypes found significantly
increased T cell-inflamed scores in ductal vs. lobular tumors (4.14
vs. 3.90, P<0.001) (Figure 4A). TMB-H ductal tumors had
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significantly increased T cell-inflamed scores compared to TMB-L,
yet this was not observed in other histological subtypes (Figure 4B).
PDL1+ immune cells within ductal and lobular tumors were
consistently associated with significantly increased T cell-inflamed
scores regardless of TMB status (Figures 4C, D). A similar trend was
observed for dIMMR/MSI-High ductal tumors, while lobular tumors
were rarely dAMMR/MSI-High.

Biomarker association with inflamed
tumor microenvironments

To identify new predictive biomarkers of inflamed tumor
microenvironments, we compared T cell-inflamed scores in TMB-
H and TMB-L cohorts stratified by biomarker status (mutation,
amplification, fusion, etc). Consistent with our initial analysis, PD-
L1+ IC was associated with higher T cell-inflamed scores in TMB-H
tumors, while scores associated with many of the most commonly
altered biomarkers were much more variable (Figure 5A). However,
several other biomarkers were associated with significantly higher
or lower scores, including mutations in CDHI and ERBB2 that
associated with lower T cell-inflamed scores in TMB-H tumors
(Figure 5B). This is of interest as CDHI mutations are strongly
present in lobular breast cancer and is consistent with lower scores
in lobular compared to ductal tumors. ZNF703 and ADGRA2 copy
number amplifications were associated with lower T cell-inflamed
scores, regardless of TMB status (Figures 5B, C). Several alterations
were associated with differences in T cell-inflamed scores only in
TMB-H or TMB-Low cohorts. Interestingly, in TMB-H tumors,
increased T cell-inflamed scores were associated with mutations in
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B2M (Beta-2 microglobulin), a scaffolding protein essential for
MHC-I complex formation and peptide presentation. CD274
(PDL-1) amplification was also associated with T cell-inflamed
score in TMB-H tumors.

We further evaluated TMB-H vs TMB-L T cell-inflamed scores
in HR+/HER2- (Figures 5D, E) and TNBC subgroups (Figures 5F,
G). Many biomarkers were significantly associated with higher or
lower T cell-inflamed scores in a receptor subtype-dependent
manner. For example, while dMMR/MSI-High and SETD2
mutations were associated with higher scores and CDH]I
mutations were associated with lower scores in TMB-H HR
+/HER2- samples, EP300 mutations and CD247 amplifications
were associated with higher scores and LZTRI mutations were
associated with lower scores in TMB-H TNBC samples.

Discussion

Tumor mutational burden is an overall poor predictor of ICI
response in metastatic breast cancer. The TAPUR clinical trial is the
largest series to evaluate single agent immunotherapy in TMB-H
MBC defined as > 9 mut/Mb by Foundation Medicine CDX. The
ORR to single agent pembrolizumab was 21% (95% CI, 8 to 41) and
the median PFS was 10.6 weeks (95% CI, 7.7 to 21.1) (3). However,
TMB as a continuous variable did not predict response. More
recently, the NIMBUS clinical trial evaluated the efficacy of
immunotherapy combination, ipilimumab and nivolumab, in
TMB-H (defined as = 9 mut/Mb) HER2-negative MBC (14).
After a median follow-up of 10 months, the ORR was 16.7%,
though the median duration of response has not been reached
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and 3 patients were progression-free for at least 15 months. The
median PFS and overall survival (OS) was respectively 1.4 (95% CI
1.3 - 9.5) months and 8.8 (95% CI 4.2 - not reached). Response rate
in patients with TMB > 14 muts/Mb was 60%, suggesting the ultra-
high TMB patients may have an immune responsive TME. Given
the known toxicities of ICI, identification of biomarkers within
TMB-H tumors to predict ICI response and immune responsive
TME would be of particular importance.

In a large cohort of 5621 breast cancer tumors, we identified 461
(8.2%) TMB-H tumors and examined concurrent predictive
biomarkers of an immune-inflamed TME to assess predictors of
immune checkpoint blockade (ICB) response. RNA signatures hold
promise as biomarkers of immunotherapy response across solid
tumor malignancies. We used a well validated T cell-inflamed
scores defined by an 18-gene signature to select tumors with an
immune responsive TME within this cohort (5). This immune
signature has correlated strongly with response to ICI in solid
tumors. The T-cell inflamed score was significantly increased in
TMB-H tumors compared to TMB-Low (4.15 vs. 4.02, P<0.01),
though the score distributions largely overlapped (Figure 1B)
indicating weak association. TMB-H was a biomarker of T-cell
inflamed score within the HR+, HER2- negative subtype but not in
HER2+ or triple negative tumors. This is of particular interest as
nearly % of all breast cancers are HR+, HER2-. In unselected HR
+/HER?2- breast cancer, immune checkpoint inhibition has not been
effective (15, 16). Our data support the use of TMB as a biomarker
of ICI response in future prospective clinical trials of HR+,
HER2- MBC.

We then assessed the impact of known biomarkers of immune
response in breast cancer and solid tumors within TMB-H breast
cancer and found that PD-L1 positivity and microsatellite instability
were enriched in TMB-H tumors and predicted inflamed TMEs.
This finding was true regardless of tumor subtype (HR+ and TNBC)
and histology (ductal and lobular). These findings are particularly
clinically relevant as commercially available next generation
sequencing tests routinely report PD-L1 and dMMR/MSI-H
status along with TMB. A logical next step to this analysis would
be to assess ICI responses in patients with TMB-H and PDL-1+
tumors in prospective or retrospective cohorts. One limitation of
this study is the use of PD-L1 testing using the Ventana SP142 assay
on tumor immune cells, which is no longer used in United States
clinical practice. These findings should be repeated using diverse
PD-L1 assays.

Lobular breast cancer encompasses about 10% of all breast
tumors with increasing incidence in recent decades (17). Several
studies have shown that TMB-H lobular tumors have higher TMB
than ductal tumors, making immunotherapy an appealing strategy
(18). Inactivating CDHI mutations are found in 53% of lobular
breast cancers in the literature (19) and have higher median TMB
than ductal tumors (18). In this analysis, lobular tumors had
significantly lower T-cell inflamed scores than ductal tumors.
Furthermore, CDHI mutations were associated with lower T-cell
inflamed score within TMB-H tumors. T-cell inflamed scores in
lobular tumors were similar between TMB-H and TMB-L. These
data suggest that neither lobular histology nor the composite of
lobular and TMB-H will be strong enough predictors of an immune
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responsive tumor microenvironment. PD-L1 positivity did still
enrich for a higher immune TME within lobular tumors,
suggesting PD-L1+ lobular BC could be a better predictor of ICI
response. The multicenter GELATO-trial (NCT03147040)
evaluated patients with metastatic lobular breast cancer treated
with induction carboplatin followed by atezolizumab (PD-L1
inhibitor). Four (4/21) patients with triple negative disease had a
partial response to treatment (20) without any responses reported
in the HR+ patients, suggesting ICI is not a promising strategy in
unselected lobular tumors.

Lastly, our analysis showed that B2M mutations and CD274
amplifications were associated with a strong T-cell inflamed score
within TMB-H tumors and not TMB-Low tumors, which was also
observed in TNBC but not HR+/HER2- subgroups. Recent data
suggest that somatic B2M mutations are associated with a higher
load of neoantigens for MHC-I presentation (21), which could lead
to T cell recognition in the setting of ICI. Programmed death
ligand-1 (PD-L1) is encoded by the CD274 gene is a target for both
PDL-1 and PD-1 inhibitors. Although PDL-1/CD274 amplification
in solid tumors is rare, it has been linked to ICI response in small
series (22). Furthermore, in the randomized phase II SAFIR02-
BREAST IMMUNO trial, durvalumab was studied as maintenance
therapy after chemotherapy induction in MBC patients, and in an
exploratory analyses of TNBC patients, durvalumab efficacy was
limited to those with CD274 gain/amplification (23).

There are several limitations of this analysis. The lack of
matched treatment and response data limits our ability to
determine potential therapy-induced effects on the TME
signatures evaluated, as well as limiting the evaluation of
immune-related signatures and co-alterations as predictive
biomarkers of response to therapy. Additionally, as bulk tumor
sequencing approaches do not allow for robust characterization of
cell type-specific molecular features or signals, future studies
utilizing single-cell sequencing may provide novel insights of
breast cancer TMEs.

In conclusion, high TMB alone does not strongly correlate with
immune infiltrate or immune-related gene signatures in further
unselected MBC. In our dataset, TMB-H predicted a more immune
responsive microenvironment compared to TMB-L in HR+, HER2-
tumors which could further be enhanced when selecting PD-L1+
tumors. This subset of patients would be relatively rare, though a
small prospective trial assessing immunotherapy strategies in this
population would be warranted. B2M mutation and CD274
amplification may help predict benefit to ICI within TMB-H
MBC. Co-occurring biomarkers within TMB-H breast cancer
warrant further evaluation in larger cohorts for response or
resistance to ICI to help develop composite predictive biomarkers
in MBC.
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Background: The prognostic value of programmed cell death ligand 1 (PD-L1)
expression and tumor-infiltrating lymphocytes (TILs) in high-grade serous
ovarian cancer (HGSOC) remains a controversial topic in the research field. To
comprehensively assess the importance of PD-L1 and TILs in this particular
subtype of ovarian cancer, we performed a meta-analysis.

Methods: We conducted a comprehensive search of PubMed, Embase, Scopus, Web
of Science, and Cochrane Library databases up to December 25, 2022. The
association between PD-L1, TILs, and survival outcomes was evaluated using the
combined hazard ratios (HRs) and their corresponding 95% confidence intervals (Cls).

Results: This meta-analysis comprised 11 trials involving a total of 1746 cases.
The results revealed no significant association between PD-L1 expression in
tumor cells (TCs) and overall survival (OS, HR = 0.76, 95% Cl: 0.52-1.09, p =
0.136) or progression-free survival (PFS, HR = 0.71, 95% Cl: 0.4 -1.24, p = 0.230).
Nevertheless, a correlation was observed between PD-L1 expression in immune
cells (ICs) and OS (HR = 0.73, 95% Cl: 0.55-0.97, p = 0.031). Furthermore, the
presence of CD8"* and PD-1" TILs was found to significantly enhance OS (HR =
0.70,95% Cl = 0.55-0.87, p = 0.002; HR = 0.57, 95% CI| = 0.40-0.80, p = 0.001,
respectively) and PFS (HR = 0.62, 95% Cl = 0.41-0.92, p = 0.019; HR = 0.52, 95%
Cl = 0.35-0.78, p = 0.002, respectively), whereas the presence of CD3"* and
CD4™ TILs was positively associated with OS (HR = 0.50, 95% Cl = 0.29-0.87, p =
0.014; HR = 0.55, 95% Cl = 0.34-0.91, p = 0.020, respectively).

Conclusion: This study indicates a positive correlation between ICs-derived PD-
L1 and survival, while no significant correlation was observed between TCs-
derived PD-L1 and prognosis. These results highlight the importance of studying
PD-L1 expression in ICs as a prognostic predictor. In addition, the presence of
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TILs was found to significantly improve patient survival, suggesting that TILs may
be a valuable prognostic biomarker.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier

CRD42022366411.

KEYWORDS

high-grade serous ovarian cancer, PD-L1, tumor-infiltrating lymphocytes, prognosis,

meta-analysis

1 Introduction

High-grade serous ovarian cancer (HGSOC) accounts for up to
85% of ovarian cancer and represents the most aggressive histologic
type (1). Due to the lack of specific signs and reliable screening
tools, this tumor is often diagnosed at an advanced stage (FIGO
stage III-IV) with an unacceptable five-year survival rate. Despite
surgery and platinum-based chemotherapy regimens, more than
70% of patients develop recurrence, metastasis, and drug resistance
(2). The establishment of prognostic factors is crucial in
determining the clinical management and treatment strategies for
HGSOC. It has been proposed that chemotherapy sensitivity, tumor
stage, and cytoreductive surgery are associated with the prognosis of
HGSOC (3), but these factors still lack considerable accuracy and
specificity in predicting the survival of individual patients.
Therefore, there is an urgent need to unveil more novel and
reliable biomarkers to guide the tailored treatment and predict
survival outcomes of HGSOC patients.

Cancer research has been long hampered by the variation of
intrinsic tumor factors. With the development of genomic and
molecular techniques, accumulating evidence provides more insights
into the central role of the tumor microenvironment (TME). Tumor-
infiltrating lymphocytes (TILs), an important component of the TME,
exert bidirectional effects on the antitumor immune response. TILs
represent a heterogeneous population of T cells, generally localized in
the tumor stroma or epithelium, and are capable of recognizing tumor
antigens and killing malignant cells (4, 5). Unfortunately, cancer cells
can skillfully utilize multiple pathways to create an immunosuppressive
microenvironment and evade anti-tumor immune responses. The
programmed death ligand 1 (PD-L1)/programmed cell death-1 (PD-
1) axis is considered a crucial pathway for this. PD-1, belonging to the
CD28 receptor family, is prominently found in activated TILs and
possesses the capability to impede T cell proliferation and cytokine
secretion, thereby culminating in T cell exhaustion (6). PD-L1, the
main ligand of PD-1, belongs to the B7 family and is mainly expressed
in tumor cells (TCs) and immune cells (ICs), but the regulatory
mechanisms of the two are different (Figure 1) (7). In TCs, PD-LI
expression is primarily governed by tumor intrinsic mechanisms (8-
10), while in ICs, it depends on an adaptive immune mechanism (11).
The upregulation of PD-L1 leads to its specific binding to PD-1 on the
surface of T cells, thereby inhibiting the function of local effector T cells
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and enabling TCs to successfully evade immune surveillance (12, 13).
In recent years, PD-L1 blockade therapies have shown unprecedented
efficacy against a variety of tumors. There is growing evidence that TILs
and PD-L1 are strongly associated with the prognosis of cancer
patients, including breast cancer, non-small cell lung cancer,
colorectal cancer, and melanoma (14-17). However, studies on the
prognostic impact of TILs and PD-L1 on HGSOC are scarce and often
contradictory (18-20).

Our objective was to evaluate the potential prognostic
significance of PD-L1 and TILs in HGSOC by conducting a
thorough analysis of all scientific studies that met our eligibility
criteria. It is worth highlighting that recent research indicates that
the expression of PD-L1 in ICs is directly associated with the
response of patients with solid tumors to PD-LI targeting
antibody MPDL3280A, whereas such a correlation is not
observed in TCs (21). Consequently, we examined the prognostic
value of PD-LI in two distinct expression patterns, specifically TCs
and ICs. In contrast to previous meta-analyses (22, 23), our focus
was solely on HGSOC, as it exhibits a more prevalent immune
infiltration phenomenon and distinctive immunological features
when compared to other histological subtypes (24). In addition, the
interactions between PD-L1, TILs, and survival appears to be found
only in HGSOC (25), suggesting the possibility that patients with
this subtype may benefit more from immunotherapy. To our
knowledge, this is the first meta-analysis to comprehensively
explore the relationship between TILs, PD-LI, and prognosis in
patients with HGSOC.

2 Materials and methods
2.1 Protocol and eligibility criteria

This systematic review and meta-analysis has been registered in
PROSPERO (CRD42022366411) and its reporting adheres to the
guidelines outlined in the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 statement (26)
(Supplementary Table 1).

The selection of studies was based on the following criteria: (1)
patients were diagnosed with primary HGSOC by histopathology;
(2) the immunohistochemistry technique was employed to
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. Immune cell
i

Cancer cell

T cell

General mechanisms of PD-L1 expression on tumor cells (TCs) and immune cells (ICs). (A) In certain types of cancer, continuous activation of the
oncogenic signaling cascades may lead to overexpression of PD-L1 on the surface of TCs, thereby inhibiting the recognition and elimination of TCs
by cytotoxic T lymphocytes, regardless of the inflammatory signaling status in the tumor microenvironment. (B) In certain types of cancer, the
expression of PD-L1 was observed on both TCs and ICs, which is induced by inflammatory signaling generated in response to a robust antitumor
immune response, representing an adaptive immune response mechanism. IFN-y, interferon-y; MHC, major histocompatibility complex; TCR, T-cell

receptor.

determine the levels of PD-L1 expression and the density of TILs in
HGSOG; (3) studies assessed the correlation among PD-LI1, TILs,
and survival outcomes, including overall survival (OS), progression-
free survival (PFS), disease-free survival (DFS), and disease-specific
survival (DSS); (4) articles were published in English. Conversely,
we excluded studies that met the following requirements: (1)
duplicate publications; (2) studies that had inadequate data to
calculate Hazard Ratios (HRs) and 95% confidence intervals
(CIs); (3) reviews, annals, conference abstracts, or letters.

2.2 Information sources and search criteria

We searched five databases: PubMed, Web of Science, Embase,
the Cochrane Library and Scopus. There were no constraints on
time, gender, or age. This review’s coverage dates began with the
creation of each database and ended on December 25, 2022. The
keywords were searched as follows: (“PD-L1” OR “B7-H1” OR
“CD274” OR “programmed death ligand 1” OR “programmed cell
death ligand 17 OR “PD L1 Protein” OR “B7-HI antigen” OR
“CD274 antigen”) AND (“Ovarian Neoplasms” OR “Ovarian
Cancer” OR “Ovary Neoplasm” OR “Ovary Cancers” OR “Cancer
of Ovary”) AND (“Tumor-Infiltrating Lymphocytes” OR “Tumor
Infiltrating Lymphocyte” OR “Tumor-Derived Activated Cells” OR
“Tumor Derived Activated Cells” OR “TILs”) (Supplementary
Table 2). Moreover, we reviewed the reference lists of the studies
ultimately included to identify potential studies.
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2.3 Study selection

We imported the retrieved studies into EndNote (version X9)
and removed duplicates. Two researchers (LZ and WC)
independently reviewed the title and abstract of each study, after
excluding unrelated studies, two more researchers (QMX and JYZ)
independently reviewed the full text of the remaining studies
according to the same criteria, and a third researcher (YMW)
ruled on any differing points of view.

2.4 Data collection process and data items

We pre-prepared and tested a standardized form for data
extraction. Two investigators (QMX and JYZ) independently
extracted the first author’s name, year of publication, country,
sample size, age, method of assessing PD-L1 and TILs, cut-off
values, location of PD-L1 and TILs, TILs subtypes, median follow-
up, and survival outcomes from each study. Any disagreements that
arose were discussed and a consensus was reached.

2.5 Quality assessment

YMW and WC conducted a rigorous quality evaluation of each
included study through the implementation of the Newcastle-
Ottawa Scale (NOS) assessment tool (27). Specifically, the
assessment focused on three critical dimensions, namely selection
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(0-4 points), comparability (0-2 points), and outcome (0-3 points),
resulting in the assignment of a predetermined number of stars (=6
stars were deemed high quality). If any disputes arise, a third
reviewer, SYX, will be consulted to settle the matter.

2.6 Statistical analysis

We assessed the prognostic impacts of PD-L1 expression and
TILs on HGSOC by pooling the HRs and 95% ClIs of all included
studies. The Cochrane Q test ()? test) and the I? statistic were used
to determine whether there was heterogeneity among studies. I* >
50% and p < 0.05 were considered to be heterogeneous and the
combined effect was calculated using a random-effects model
(REM); otherwise, a fixed-effects model was used (FEM).

The publication bias was assessed using Egger’s linear
regression test (28) and Begg’s funnel plot (29). The method of
leave-one-out was employed to assess the sensitivity analysis of the
results. We used STATA version 12.0 (Stata Corp LP, Texas, USA)
for all the statistical analyses described above. The statistical
significance level was set at a two-sided p value of 0.05.

10.3389/fimmu.2023.1234894

3 Results
3.1 Literature search

Our team retrieved a total of 828 records from five different
databases. Upon further examination, 297 duplicate records were
excluded from our analysis. The remaining 531 studies were
screened based on their titles and abstracts, and 490 were deemed
irrelevant and removed from our investigation. After conducting a
full analysis of the remaining 41 studies, 11 were deemed suitable
for inclusion in our quantitative and qualitative analyses. A detailed
overview of the search process, including the specific reasons for
study exclusion, can be found in Figure 2.

3.2 Study characteristics

Table 1 contains a comprehensive overview of the 11 studies
that were included. Collectively, these studies encapsulate a patient

Scopus=218

Records identified through database searching:
PubMed =54

Web of Science =155
Embase=384
Cochrane Library=17
Total, (n =828)

v
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FIGURE 2
Flowchart of the study selection process.
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TABLE 1 Basic characteristics of included studies.

Age . . . Median
Author/ Countr Number of Mgedian Detection  Cut-Off value of Cut-Off value of  Location Location  TILs follow-u Outcome
Year Y patients method PD-L1 Positive TILs Positive of PD-L1 of TILs subtype P
(range) (m)
density for each
Chen 2020 USA 100 53 (37-72) IHC TPS>1%; CPS=1 arker TC IT CD8 NR 0S, PFS 7
Darb-Esfahani - 0 any 215 60 IHC IRS>0 density for each TC IT PD-1, CD3 NR 08, PFS 6
2016 marker
;ezrg‘ks en Denmark | 283 63 HC >1% 280 cells/mm? TC IT CDs8 156 0s 8
T >50%; D8, PD-1,
Kim 2018 Korea 131 58 (32-79) THC TC>25%; IC>5% S % TC, IC IT, ST cDs 30 08, PFS 8
IT 210% FOXP3
Martin de I
At e i g eden 130 67 (43-86) IHC >1% >1% IC IT CD3, PD-1 39 os 8
Fuente 2020
) 59.7 (69.7-
Mills 2019 Us 112 ©7) IHC >1% >12.95 cells/HPF TC, IC IT CD8, FOXP3  NR 0s 8
CD3, CD4,
Pinto 2018 Chile 128 57 (29-83) IHC score>2 >10 cells/HPF TC IT, ST DS NR 0S, PFS 7
ikl TC>5%; D3, CD8,
Strickland Us 245 NR HC C=5% 13 cells/HPF TC, IC IT D3, CD8 NR 08, DFS 6
2016 IC>1 cell/HPF PD-1
D3, CD4,
Wang 2017 China 107 57 (29-82) IHC >5% score > 2 or 3 TC, IC IT, ST ng ¢ NR OS 7
CD3, CDS,
> >
Webb 2016 Canada 195 NR IHC >1 cell/HPF >5 cells/HPF IC 1T PD-1, FOXP3 NR DSS 6
Bansal 2021 India 100 50.8 (31.5-82) IHC > 10% score > 1 TC, IC IT, ST CD4, CD8 NR OS, DFS 6

US, United States; NR, not reported; IHC, immunohistochemistry; HPF, high power field; CPS, combined positive score; TPS, tumor proportion score; IRS, immuno-reactivity score; TC, tumor cell; IC, immune cell; IT, intraepithelial; ST, stromal; OS, overall survival; PES,

progression-free survival; DFS, disease-free survival; DSS, disease-specific survival; NOS, Newcastle-Ottawa scale.
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cohort of 1746 individuals. The sample sizes from which these
studies were conducted ranged from 100 to 283. The median age of
the patients ranged from 50.8 to 67 years, and the median follow-up
time extended from 30 to 156 months. There were four European
studies, three Asian studies, three North American studies, and one
South American study. Various studies employed
immunohistochemical methodologies to evaluate PD-L1 and
TILs, applying distinct cut-off values and scoring systems. Seven
studies examined the correlation between TCs PD-L1 expression
and associated prognoses, while five studies investigated the
prognostic relevance of PD-L1 expression in ICs. Moreover, five
studies concentrated solely on the relationship between
intraepithelial TILs and survival. Finally, three studies probed the
prognostic ramifications of intraepithelial and stromal TILs.
According to NOS scores, all included studies scored =6,
indicating the high methodological quality of these studies.
Specific scoring details are shown in Table 2.

3.3 PD-L1 and prognosis

3.3.1 TCs PD-L1 expression and prognosis

The association between TCs PD-L1 expression and OS has
been investigated in seven studies. The

combined data analysis revealed that there was no significant
correlation (HR = 0.76, 95% CI: 0.52-1.09, p = 0.136), which was
further confirmed using REM due to the presence of heterogeneity

TABLE 2 The NOS quality assessment of the enrolled studies.

10.3389/fimmu.2023.1234894

(I = 64.8%, p = 0.009) (Figure 3A). Additionally, data from four
studies were analyzed to determine the relationship between TCs
PD-L1 expression and PFS. Pooled results showed that TCs PD-L1
expression was not significantly correlated with prognosis (HR =
0.71, 95% CI: 0.41-1.24, p = 0.230). Given the slight heterogeneity
among the four studies (1> = 67.0%, p = 0.028), REM was
employed (Figure 3B).

3.3.2 ICs PD-L1 expression and prognosis

Due to the limited availability of PFS data, our study specifically
focused on the relationship between PD-Llexpression in ICs and
OS. A total of five studies were included in our analysis, and the
combined results showed that PD-L1 expression in ICs was
positively correlated with OS (HR = 0.73, 95% CI: 0.57-0.94, p =
0.013). FEM was used in view of the absence of significant
heterogeneity (I* = 4.5%, p = 0.381) (Figure 4).

3.4 TILs subtypes and prognosis

3.4.1 CD8" T lymphocyte subset

Intraepithelial TILs were subjected to analysis in this study. The
pooled HRs and 95% Cls indicated that CD8" TILs had a positive
impact on OS in patients (HR = 0.70, 95% CI = 0.55-0.87, p =
0.002). Given the absence of heterogeneity, FEM was deemed
appropriate for analysis (1> = 0.0%, p = 0.687) (Figure 5A).

Selection Comparability Outcome Total
Score
Representativeness Selection of Exposure Outcome not Control for Assessment | Follow-up Adequacy of 0-9
of exposed cohort non-exposed  ascertainment = present prior to factor of outcome long follow-up of
cohort exposure enough cohorts
Chen 2020 * * * * *x * bAg Y 7
Darb-
Esfahani * * Y * *x * pAe Y 6
2016
Henriksen
*
2020 * * * * * * * Y 8
Martin de
la Fuente * * * * *k * * * 8
2020
Mills 2019 * * * * * Kk * * Y 8
Pinto 2018 * * Y * *x * * * 7
Strickland
*
2016 * * Y * * Y * * 6
Wang
* * * * ** *
2017 * * 7
Webb
*
2016 * * Y * * * * Y 6
Bansal
* * * *k *
2021 * * * 6
Kim 2018 * * * * ** * * * 8

NOS, Newcastle-Ottawa scale.
¥, zero score; %, one score.
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FIGURE 3

1 6.4

Forest plot of the relationship between TCs PD-L1 expression and survival outcomes in HGSOC. (A) Forest plots of overall survival (OS); (B) Forest

plots of progression-free survival (PFS).

Although only two studies provided data on CD8" TILs and PFS,
the combined results demonstrated a significant enhancement in
patients’ PFS (HR = 0.62; 95% CI= 0.41-0.92, p = 0.019).
Importantly, no heterogeneity was observed, thus warranting the
use of FEM for analysis (I* = 0.0%, p = 0.563) (Figure 5B).

3.4.2 PD-1" T lymphocyte subset

Only two studies have investigated the potential correlation
between PD-1" TILs and OS. The aggregated findings imply that
PD-1" TILs have the potential to serve as a beneficial prognostic
factor for OS (HR = 0.57; 95% CI = 0.40-0.80, p = 0.001)
(Figure 6A). As for PFS, our analysis was limited to two eligible
studies. Our results suggest that PD-1" TILs are associated with
improved PFS in patients (HR = 0.52; 95% CI = 0.35-0.78, p =
0.002) (Figure 6B). Heterogeneity was not observed in either the OS

Frontiers in Immunology

(I = 0.0%, p = 0.882) or PES (I* = 0.0%, p = 0.415) analyses,
therefore, the FEM was utilized.

3.4.3 CD3* T lymphocyte subset

Four studies investigated the prognostic significance of CD3™
TILs. The pooled analysis revealed the following results: HR = 0.54,
95% CI = 0.41-0.72, p = 0.000, suggesting a positive correlation
between CD3" TILs and OS. No notable heterogeneity is observed
among the studies, thus justifying the use of the FEM (I* = 36.3%, p
= 0.194) (Figure 7A).

3.4.4 CD4* T lymphocyte subset

Two studies provided data on the relationship between CD4™
TILs and OS. The pooled HRs and 95% Cls showed that CD4" TILs
were associated with better OS (HR = 0.55, 95% CI = 0.34-0.91, p =
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Forest plot of the relationship between ICs PD-L1 expression and overall survival (OS) in HGSOC.
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Forest plots of the relationship between CD8" TILs and survival outcomes in HGSOC. (A) Forest plots of overall survival (OS); (B) Forest plots of
progression-free survival (PFS).
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Forest plots of the relationship between PD-1* TILs and survival outcomes in HGSOC. (A) Forest plots of overall survival (OS); (B) Forest plots of

progression-free survival (PFS).

0.020). No heterogeneity was observed between studies the two
studies, so FEM was used (I> = 0.0%, p = 0.348) (Figure 7B).

3.5 Publication bias and sensitivity analysis

To assess publication bias for included studies, we used Begg’s
funnel plot and Egger’s linear regression test. For TCs, Begg’s funnel
plot presents nearly symmetric features. Begg’s test (OS: p = 1.000;
PES: p = 0.734) and Egger’s test (OS: p = 0.926; PFS: p = 0.909)
showed no significant publication bias (Figures 8A-D). For ICs,
publication bias was also not observed (Begg’s test: p = 0.308;
Egger’s test: p = 0.276) (Figures 8E, F). In addition, we performed a
sensitivity analysis to assess the impact of each study on the overall
outcome. Excluding each study individually did not significantly
affect the pooled HR (Figure 9). This finding highlights the
robustness of our pooled results.

4 Discussion

Our study demonstrates that PD-L1 expression in TCs is not
significantly associated with the prognosis of patients with HGSOC.
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However, PD-L1 expression derived from ICs is linked to better
survival outcomes. These findings indicate that PD-L1 exhibits
distinct prognostic values through two different patterns.
Importantly, our observation that PD-L1 expression in TCs does
not contribute to the development of HGSOC is consistent with
previous investigations (30, 31). Accumulating evidence suggests
that PD-L1 in TCs does not promote primary tumor formation and
progression. However, it may facilitate the metastasis of malignant
tumors through the interacting with myeloid cell-derived PD-L1,
hindering the infiltration of cytotoxic T cells into the affected area
(32). These findings may further support our results, as metastatic
lesions were excluded from this study. Numerous studies utilizing
mouse models have indicated that PD-L1 expression in ICs is a
crucial risk factor for the impairment of T cell-mediated antitumor
response (33). However, our results proposed that PD-L1 in ICs
correlates with an improved OS of HGSOC patients. These
observations are in good agreement with previous research on
esophageal cancer (7), which demonstrated that PD-L1 expression
in ICs serves as an independent prognostic factor that significantly
prolongs patient survival. Furthermore, Kowanetz et al. (34) also
reported a positive association between PD-L1 expression in ICs
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FIGURE 7

Forest plots of the relationship between CD3", CD4" TILs and overall survival (OS) in HGSOC. (A) Forest plot of CD3" TILs; (B) Forest plot of CD4" TlLs.

and improved outcomes in patients with non-small cell lung cancer.
These data reveal an interesting idea that PD-L1 expression not only
plays a positive role in immunosuppression, but also plays a crucial
role in endogenous anti-tumor immune responses, leading to
inconsistencies in PD-L1 as a prognostic indicator. This
inconsistency may not only be related to individual patient
differences and tumor heterogeneity, but also be affected by the
complex TME.

In fact, PD-L1 expression in the TME is influenced by a variety
of interrelated regulatory factors, which makes it dynamic and
complex. A variety of ICs exist in the TME, including tumor-
associated macrophages, dendritic cells, NK cells, T cells, etc. (35).
These ICs and their secreted cytokines play an important role in
regulating PD-L1 expression. In general, interferon y (IFN-y)
produced by activated T cells and NK cells is the main stimulator,
which can up-regulate PD-L1 expression by activating the JAK/
STAT and PI3K-AKT signaling pathways (36). Recent studies have
shown that, in addition to the direct effects on TCs, tumor necrosis
factor-ou (TNF-a) also induces the expression of PD-L1, thus
participating in the escape of TCs from host immune surveillance
(37). Other cytokines such as interleukin 6 (IL-6), interleukin 17
(IL-17), and epidermal growth factor (EGF) also directly or
indirectly influence PD-L1 behaviors (38, 39). In the setting of
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pathological conditions, including hypoxia, low nutrients, and
stress, an abundant PD-L1 was found in TME (40-42). Barsoum
et al. (40) showed that hypoxia-inducing factors can increase the
expression of PD-L1 in cancer cells, which, in turn, impedes the
effects of cytotoxic T lymphocytes on TCs. At the same time, the
expression level of PD-L1 was also interfered by various signaling
pathways. Kim et al. (43) found that the activation of PI3K-AKT
signaling could lead to an increased expression of PD-L1 in gastric
cancer. The administration of PI3K inhibitor (LY294002)
significantly decrease the secretion of PD-L1. In addition, Stutvoet
et al. (44) confirmed that the activation of EGF-MAPK pathway
leads to the upregulation of PD-L1 mRNA and protein in lung
adenocarcinoma cells. In conclusion, the expression of PD-L1 in
TME represent the result regulated by the combination of multiple
exogenous and endogenous factors. This complex regulatory
mechanism makes it necessary to take the spatial and temporal
dynamic differences into consideration when PD-L1 is served as a
prognostic indicator.

It is important to note that different groups arrived at different
conclusions about the prognostic value of PD-L1. The regulatory
effects of chemotherapy on tumor immune parameters should also
be considered. Peng et al. (45) showed that chemotherapy can
upregulate PD-L1 expression through the activation of NF-xB
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signaling pathway in a mouse model of ovarian cancer, leading to
local immunosuppression. Meanwhile, Researchers also found that
the combination of paclitaxel and anti-PD-L1 drugs significantly
increased the survival of murine models with aggressive tumors.
Message et al. (46) observed immune cell infiltration and up-
regulated PD-L1 expression in the majority of ovarian cancer
patients received neoadjuvant chemotherapy (NACT).
Consistently, Lee et al. (47) found a NACT-induced increase in
PD-L1 expression and TILs density from HGSOC samples.
However, these parameters did not result in a survival advantage,
which may be partly explained by an increase in the proportion of
Foxp3*-regulatory T cells. These studies suggest that chemotherapy
plays an important and complex role in immune regulation and has
anon-negligible impact on PD-L1 expression and prognosis. Due to
the limited data provided by the included literature, our study was
unable to conduct a comprehensive analysis of the treatment of all
patients. In order to better understand the function of PD-L1 and
provide tailored treatments, these factors should be taken into
account when predicting PD-L1 expression patterns and its
impact on prognosis.

Frontiers in Immunology

TIL refers to a population of lymphocytes that leave the vascular
system and infiltrate tumor tissue. Based on molecular markers on
the cell surface, such as CD3, CD4, CDS8, and PD-1, TILs can be
further subdivided into multiple subgroups. The differentiation
antigen CD3 is prevalent in mature T cells (48). CD3" TILs
represent the level of total T lymphocytes and reflect the status of
the host immune function. In keeping with the majority of previous
reports (49-51), our findings indicated that the high infiltration of
CD3" TILs is significantly associated with better OS of cancer
patients and can be served as a reliable biomarker for predicting
survival outcomes in HGSOC.

Unlike CD3" TILs, the prognostic value of CD4" TILs has been
controversial. Several studies demonstrated that there was no
significant correlation between CD4" TILs and prognosis in patients
with hepatocellular carcinoma, esophagus cancer, and colorectal cancer
(52-54). Conversely, in pancreatic, nasopharyngeal, lung, and bile duct
cancers, elevated levels of CD4" TILs have been shown to improve
patient survival (50, 55-57). Our findings support the hypothesis that
the presence of CD4" TILs in patients with HGSOC can serve as a
predictor for an improved survival. The intricate differentiation
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characteristics of CD4" TILs may contribute to the apparent paradox of
behaviors. They can differentiate into multiple T helper (Th)
subgroups, thereby eftectively enhancing immune responses. Another
daughter cell of CD4" TILs is regulatory T cells (Tregs), which are
capable of establishing an immunosuppressive microenvironment (58).
Because of the acknowledged technical limitations, it is currently
unclear if the prognostic significance of CD4" TILs is influenced by
the type of cancer, CD4" TILs subgroups, or both. Therefore, further
comprehensive investigations and validation of functional subtypes are
warranted to explore and confirm the association between CD4" TILs
and the prognosis of HGSOC patients.

Another key effector cell involved in the anti-tumor immune
response is CD8" TILs, which are able to bind to major
histocompatibility complex type I (MHC-I) molecules and
directly kill cancer cells through the secretion of granzymes,
interferons and other cytokines (59). The favorable prognostic
value of CD8" TILs has been extensively studied in various
cancers, including head and neck squamous cell carcinoma (49),
non-small cell lung cancer (60) and nasopharyngeal carcinoma
(50). Consequently, CD8" TILs have emerged as a promising target
for novel immunotherapeutic approaches. Our systematic review
and meta-analysis provide further support for the notion that
increased levels of CD8" TILs significantly improve clinical
outcomes in patients with HGSOC. Notably, recent clinical trials
utilizing adoptive TILs therapy against melanoma have shown
promising results. In these trials, infused CD8" TILs were able to
migrate, infiltrate, and eliminate cancer cells, leading to sustained
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tumor regression in patients (61). Our findings contribute
additional evidence supporting the role of CD8" TILs as a reliable
prognostic indicator for tumors and their significant potential for
augmenting the efficacy of immunotherapy against HGSOC.

The inhibitory molecule PD-1 has attracted much attention as a
target for cancer immunomodulation. However, there are still many
unveiled areas regarding the relationship between PD-1 expression
and patient prognosis. PD-1" TILs numbers increase in direct
proportion to disease severity of breast cancer, kidney cancer,
nasopharyngeal cancer, and Hodgkin’s lymphoma (62-65). Our
results support that PD-1" TILs are more heterogeneous than
traditionally thought and may inhibit the progression of HGSOC.
Recent studies generally encourage this view that PD-1-expressing
TILs convey important anti-tumor eftects in follicular lymphoma,
head and neck cancer, and colorectal cancer (66-68). These findings
have triggered a rethinking of the significance of PD-1" TILs in the
battle against cancer. In some cases, PD-1 may serve as an indicator
of T cell activation rather than a marker of impaired T cell function
(69). Furthermore, given the small amount of literature integrated
in this study, a definitive explanation for this discrepancy requires
further research in the future to obtain more accurate conclusions.

Our meta-analysis may have some limitations. First, the limited
number of included studies may raise concerns about the
conclusions. This situation may partly be explained by two
reasons. First, the research areas we focused on may be relatively
new, resulting in limited available literature resources. Second, to
ensure the high quality of the studies, we have developed a strict set
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of inclusion and exclusion criteria. All literature without reliable
methods, high quality, and consistent objects and questions were
excluded to improve the scientific rigor and accuracy of our
research. Due to the small number of studies included, this study
only analyzed the predictive value of intraepithelial TILs and did
not investigate stromal TILs in depth. Therefore, it is necessary to
further study the infiltration of TILs at different sites to identify
possible candidates for immunotherapy. In addition,
inconsistencies in the antibodies, assessment methods, and
positive thresholds used in the studies may also lead to potential
heterogeneity. Future studies should further improve the scoring
system and harmonize the cut-off points to obtain more reliable
results. Finally, it is important to note that the data extracted from
the studies that met the criteria were abstract data rather than
individual patient data, which may affect the accuracy of the
combined results.

5 Conclusions

We found that PD-L1 expression in TCs did not significantly
affect long-term survival, but ICs PD-L1 expression was correlated
with better OS. Meanwhile, the infiltration of CD8", CD4", CD3",
and PD-1" TILs is associated with improved survival. Our results
suggest that PD-L1 and TILs may serve as potential biomarkers for
personalizing treatment and predicting prognosis in HGSOC
patients. However, further well-designed prospective studies are
necessary to verify our findings.
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Endometrial cancer (EC) is one of the three most prevalent gynecological tumors
affecting women and is the most prevalent gynecological malignancy in the
developed world. Its incidence is rapidly increasing worldwide, mostly affecting
postmenopausal women, whereas recently its prevalence has increased in
younger people. EC is an immune gene disease and many studies have shown
that the tumor-immunosuppressive microenvironment plays an important role in
cancer progression. In recent years, findings regarding the immunosuppressive
tumor microenvironment (ITME) of EC have included immune evasion
mechanisms and immunotherapy, which are mostly immune checkpoint
inhibitors (ICI) for EC. Recently studies on the ITME of different molecular types
of EC have found that different molecular types may have different ITME. With the
research on the immune microenvironment of EC, a new immunophenotype
classification based on the immune microenvironment has been carried out in
recent years. However, the impact of the ITME on EC remains unclear, and the
immunophenotype of EC remains limited to the research stage. Our review
describes recent findings regarding the ITME features of different EC molecular
types. The advent of immunotherapy has brought hope for improved efficacy and
prognosis in patients with advanced or recurrent EC. The efficacy and safety of ICls
combination therapy remains the focus of future research.

KEYWORDS

endometrial cancer, immunosuppressive tumor microenvironment, immunophenotype,
molecular subtypes, immunotherapy

1 Introduction

Endometrial cancer (EC) is an immune gene disease, and many studies have suggested
that the immunosuppressive tumor microenvironment (ITME) plays an important role in
cancer progression (1-3). EC is commonly diagnosed at an early stage because abnormal
bleeding is a common clinical symptom with a favorable prognosis (five-year overall
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survival: 71-80%) (4). For patients with advanced disease before
symptoms appear, the prognosis is worse and they respond poorly
to conventional therapies (5). Therefore, in recent years,
immunotherapy has attracted attention, and researchers have
conducted studies on the ITME of EC. Since 2014, the Food and
Drug Administration (FDA) has approved several immune
checkpoint inhibitors (ICI) in clinical practice, mainly for patients
with late-stage or recurrent cancers for whom routine treatment has
failed. However, the relatively low response rate limits its
application in clinical practice, and the efficacy of
immunotherapy is unsatisfactory (6). Therefore, screening
populations for therapeutic advantages when using ICIs is crucial.
Classification methods for EC are constantly improving, gradually
shifting from traditional clinical and pathological classifications to
molecular classifications. Therefore, studying the ITME of different
molecular subtypes is important. Recently studies on the ITME of
different molecular types of EC have revealed that different
molecular types may have different ITME (7, 8). However impact
of the ITME on EC remains unclear. Our review describes recent
findings regarding the ITME features of different EC
molecular types.

2 Main body
2.1 Molecular types of EC

EC has been broadly divided into two groups based on
histomorphology since 1983. Type I is endometrioid tumors,
which are the most common subtype, and most of the tumors
express the estrogen receptor (ER) and have a favorable prognosis.
In contrast, type II is estrogen-independent and mainly represents a
serous carcinoma with a poor outcome (9, 10). However, the
classification based on tumor histopathology is subjective, has
reproducibility challenges, and high-level EC cannot be reliably
based on histological criteria. Misdiagnosis is possible due to the
presence of mixed high-grade histological components. Biological
information to enhance diagnosis is urgently required in
this situation.

To overcome these limitations, the Cancer Genome Atlas
(TCGA) Research Network, based on mutational burden and
somatic copy-number variations, revealed four molecular
subtypes of EC with distinct prognoses: DNA polymerase epsilon
(POLE) ultramutated (POLEmut) with an excellent prognosis,
microsatellite instability hypermutated (MSI-H) with an
intermediate prognosis, copy number high (CNH) with the worst
prognosis, and copy number low (CNL) with an intermediate
prognosis (11). However, the TCGA studies only include
endometrioid and serous EC, and the additional cost of entire
genome sequencing greatly limits its practical application.
Subsequent studies have found cheaper and easier surrogates. To
broaden the utility of TCGA classification, Talhouk proposed a
practical molecular POLE mutation-based classification model, the
Proactive Molecular Risk Classififier for Endometrial Cance
(ProMisE) (12). In this study, immunohistochemistry (IHC) for
mismatch repair (MMR) proteins and immunohistochemical
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staining for p53 were used instead of molecular assessments of
mutational burden and copy number variations. Therefore, the
ProMisE model classified four subgroups: mismatch repair deficient
(MMRd), POLE-ultramutated (POLEmut), p53-wild type (p53wt),
and p53-abnormal (p53abn) (13, 14). In 2016, Stelloo et al.
validated a more pragmatic, cost-effective, and clinically
applicable molecular classification system called the Translational
Research in Post-Operative Radiation Therapy in EC
(TransPORTEC) system. Therefore, EC can be subdivided into
four subgroups: the POLE-mutated, MMRd, p53abn, and no
specific molecular profile (NSMP) (15, 16). POLE-mutant ECs
have a highly favorable prognosis and do not require adjuvant
treatment. MMRd ECs have an intermediate prognosis. Numerous
recent studies have focused on the immunotherapy for EC (17, 18).
And reports have demonstrated these two groups may benefit from
immunotherapy (19, 20). P53-mutant ECs are typically associated
with more advanced stages, higher rates of lymphatic vascular space
infiltration (LVSI), and diverse pathological types. Most P53-
mutant ECs are serous adenocarcinomas and have a poor
prognosis. The NSMP group was the most frequent, and its
prognosis was uncertain (16), as shown in Figure 1.

In view of the important prognostic and therapeutic
implications of the European Society of Gynecological Oncology
(ESGO), European Society of Pathology (ESP), and European
Society for Radiotherapy and Oncology (ESTRO) guidelines, new
prognostic risk groups were defined of adopting the molecular
classification for EC treatment in 2020 (21). ECs with POLE-mutant
confined to the uterus are regarded as low-risk, whereas p53-
abnormal ECs are regarded as “high-risk” in the presence of
invasion (22).

2.2 Tumor immunosuppressive
microenvironment in EC

The tumor microenvironment plays a crucial role in the
occurrence and development of malignant tumors, and has a
significant impact on the clinical outcomes of EC (23). Immune
cells in a normal endometrium are vital for protection against
external pathogens. The immune cells, mesenchymal cells,
endothelial cells, inflammatory mediators, and extracellular
matrix (ECM) molecules are components of the ITME.
Infiltrating stromal and immune cells are the major components
of the ITME and play a significant role in the biological behavior of
cancer (24). Related studies have shown that many immune cells
and cytokines are found in EC tissues and can stimulate an
endogenous anti-tumor immune response. Therefore, these
patients may benefit from immunotherapy (25-27).

Tumor-infiltrating immune cells can exert an anti-tumor killing
effect through a specific cellular immune-mediated immune
response. Some subsets can control the growth and progression of
tumors, whereas others can promote immune suppression and help
tumor cells escape the immune system. Finally, the body reaches a
balance between the tumor immune response and tumor immune
escape (28, 29). Tumor-infiltrating immune cells include T cells,
tumor-associated macrophages (TAMs), natural killer (NK) cells,
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dendritic cells (DCs), and B cells. (Table 1) T cells can be divided
into two subgroups: CD4" and CD8". In terms of immune function,
CD4" T cells are mainly regulatory T cells (Tregs), which assist
humoral and cellular immunity by secreting various lymphokines.
CD8" T cells mainly include inhibitory and cytotoxic T cells. CD8"
inhibitory T cells can inhibit humoral immunity. CD8" cytotoxic T
lymphocytes (CTLs) can lead to the apoptosis of target cells by
releasing perforin, granzyme Kkiller cells, or through the Fas/FasL
pathway (30, 31). Cytokines are immune checkpoint molecules and
inflammatory factors. The immune checkpoint molecules include
members of the B7 family, human leukocyte antigen 1(HLA 1) and
lymphocyte activation gene-3 (LAG-3) are shown in. Table 2 (61-
64). Inflammatory factors includes interleukin-6 (IL-6), IL-11,
tumor necrosis factor a (TNF-o), Cox-2 and interferon.

2.3 Tumor-infiltrating immune cells

2.3.1CD8" CTLs

CD8" CTLs can induce the apoptosis of target cells (30, 31).
CD8" CTLs have been isolated from the peripheral blood or tumor
tissues of patients with a variety of cancers, such as melanoma and
lung cancer. This may have potential value in the early diagnosis of
tumors (65). In terms of EC, reports have demonstrated that the
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number of CD8" CTLs is lower in the endometrium of EC patients
than in the normal endometrium (32). Studies have found that
tumors with fewer somatic mutations produced lower levels of
6). Therefore, CD8" CTLs generally
indicate a good prognosis and a lower T-cell density has been

immunogenic antigens (6

found in advanced-stage ECs (26). Furthermore, Suemori (33)
analyzed 123 cases of EC tissues using immunohistochemistry
(IHC) and found that CD8" CTLs can be used as an independent
predictors of the overall survival rate (OS) of EC. Dai et al. (7)
conducted a retrospective study of 26 patients with EC and
observed relatively high percentages of CD8" CTLs in TMB-high
EC samples, which were considered to have a good survival
outcome. Kondratiev et al. (67) studied 90 patients with EC and
found that an increased number of CD8" CTLs in the epithelial cells
at the tumor-invasive border was a favorable prognostic factor for
EC patients. Compared to patients with a lower number of CD8"
CTLs in the epithelium at the infiltrating boundary of tumors,
patients with a higher number of CD8" CTLs showed an
improvement in overall survival (OS) time. The study showed
that tumor stage, tumor grade, vascular invasion, and the number
of CD8" CTLs in ITME were independent predictors of OS (67). All
the above studies illustrate the value of CD8" CTLs in the
prognostic evaluation of EC. Dynamic monitoring of changes in
CD8" CTLs in patients EC has great clinical reference value for

frontiersin.org


https://doi.org/10.3389/fonc.2023.1278863
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al. 10.3389/fonc.2023.1278863

TABLE 1 Tumor-infiltrating immune cells in immunosuppressive tumor microenvironment.

Regulatory  Immune Clinical studies and findings

function cell

Down- CD8+CTL Induce the apoptosis of target cells (30, The number of CD8" CTLs is lower in the endometrium of EC patients than in the
regulation 31). normal endometrium (32).

CD8" CTLs generally indicate a good prognosis and a lower T-cell density has been
found in advanced-stage ECs (26).
CD8+ CTLs can be used as an independent predictor of OS (33).

DC Identify tumor antigen presentation The reduction of DC activity was associated with EC progression (35).
signals, induce the generation of CD8" There are morphological differences in the DCs of the endometrium between patients
CTLs, and secrete cytokines (34). with EC and healthy humans, and the endometrium in patients had lower levels of

CD80, CD86, and CD40, which are expressed on DCs (36).

NK Be activated by various cytokines and Mean values of NK cell activity were significantly lower in patients with stages I and II
have cell-killing functions (37). of EC when compared with healthy controls (38).
NK cell activity in stage I EC patients was negatively associated with nuclear grading,
myometrial invasion, and immunoreactivity of proliferating cell nuclear antigen (39).

Up-regulation TAM Express many anti-inflammatory factors, Most studies reported a positive correlation between the expression of TAMs and
such as IL-10 and TGF-B (40). advanced stage, RFS and OS in patients with EC (41-43).
Treg Mediate the immune escape of tumor Tregs expression was significantly increased in the tumor groups of all grades compared
cells and promote tumor metastasis and to the normal endometrial group (44).
progression (44). The upregulation of CD4 expression in T cells in the ITME was positively associated

with high cancer grade, cancer stage, and myometrium invasion (45).

CD8*CTL, CD8" T lymphocytes; DC, dendritic cells; NK, Natural killer cells; TAM, tumor associated macrophages; Treg, regulatory T cells; OS, overall survival; RES, recurrence-free survival.

TABLE 2 Immune checkpoint molecules in immunosuppressive tumor microenvironment.

Regulatory Immune Mechanism Clinical studies and findings
function checkpoint
molecules
Up-regulation PD-1/PD-L1 PD-1 combined with PD-L1 can inhibit the The expression levels of PD-1 and PD-L1 are related to a poor prognosis
proliferation and differentiation of T cells (46). (47).

The expression levels of PD-1 and PD-L1 are related to the degree of T
lymphocyte infiltration in POLEmut and MSI-H EC (48, 49).

Both POLEmut and MSI-H type EC patients are more sensitive to
immunotherapy based on PD-1/PD-L1 inhibitors (48, 49).

CTLA-4 Inhibit CTL activation by preventing the binding The combined blockade of CTLA-4 and PD-1 amplifies anti-tumor T cell
of B7 ligand to CD28 (50). responses and provides synergistic activity (51).

B7-H3 A negative regulatory factor for T-cell activation B7-H3 is expressed in most EC, and its high expression is closely
and may protect tumor cells from immune associated with high-risk tumors (52).
system surveillance (52). The expression of B7-H3 in EC cells positively correlated with the

frequency of CD8" TILs and the overexpression of B7-H3 in EC cells
was associated with short OS time (52).

B7-H4 Inhibit T lymphocyte proliferation and cytokine B7-H4 was upregulated in malignant EC and was more common in
secretion (53). advanced subgroups (54).

The expression of B7-H4 was an independent factor of EC grade,

histological type, and infiltrating—immune cell type (55).

HLA Present immunogenic peptides to CTL (56). HLA class I molecules were downregulated on the surface of the EC (56).
HLA was associated with high grade of EC (57).
The HLA level in patients with early stages of EC was high (58).

LAG-3 Tinhibit immune cell proliferation and cytokine LAG-3 expression in immune cells was more common in high-grade,
release (59). high-intermediate risk, high-risk, and advanced/metastatic subgroups and

was relevant to lymphovascular space invasion (60).

LAG-3 expression was more prevalent in POLEmut and MMRd EC than

in p53abn and p53wt EC in tumor cells Positive LAG-3 expression may

be a predictor of improved RES (60).

PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; B7-H3, B7 homolog 3; TILs, tumor-infiltrating lymphocytes;
B7-H4, B7 homolog 4; HLA, human leukocyte antigen; LAG-3, lymphocyte activation gene-3; EC, endometrial cancer; POLEmut, DNA polymerase epsilon ultramutated; MMRd, mismatch
repair deficient; MSI-H, microsatellite instability hypermutated; RFS, recurrence-free survival.
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judging prognosis, guiding treatment, and follow-up management
(26, 33, 68).

2.3.2 TAMs

TAMs are important factors that affect the tumor
microenvironment and can lead to drug resistance by promoting
tumor invasion, metastasis, and blood vessel formation (69). TAMs
are a diverse subset of tumor-infiltrating immune cells derived from
monocytes that exhibit traditional cytotoxicity and phagocytic
properties (70). Macrophages can be induced to form two major
phenotypes: classically activated macrophages (M1) and selectively
activated macrophages (M2). M1 type macrophages express a range
of pro-inflammatory cytokines, chemokines and effector molecules,
such as IL-12, IL-23, TNF-o. and MHC I/I1. In contrast, the M2 type
macrophages express many anti-inflammatory factors, such as IL-10
and TGF-B. TAMs are classified as M2 type macrophages (40). Wang
et al. (68) found that TAMs are the most abundant TME-infiltrating
cells, followed by CD8" CTLs. Currently, whether measuring TAM
density in EC has clinical or prognostic significance is controversial.
Hannah (26) reported no correlation between TAM density and
cancer progression. Kiibler et al. (41) reported a positive correlation
between the expression of TAMs and advanced stage, recurrence-free
survival (RFS), and OS in patients with EC. Dun et al. (42) reported
that compared with normal endometrial cells, CD68" macrophages
were more abundant in the epithelial and stromal cells of type I and
type II EC. Furthermore, Soeda et al. (43) compared patients with low
CD68" TAM density with EC patients who had higher CD68"
macrophage counts in ITME and found that they had worse
progression—free survival (PFS) and OS time.

2.3.3 Tregs

Tregs are immunosuppressive regulatory cells that are incapable
of preventing excessive immune responses in a various tumor
tissues. Studies have shown that Tregs mediate the immune
escape of tumor cells and promote tumor metastasis and
progression. A balance exists between the numbers of Tregs and
CDS8" CTLs, which is crucial for the establishment of an effective
immune monitoring system. The increase in the Tregs/CD8" CTLs
ratio indicated a poor anti-tumor effect. In addition, Julie et al. (44)
reported that Tregs expression was significantly increased in the
tumor groups of all grades compared to the normal endometrial
group. In a study involving 57 patients with stage I-IV EC, Chang
et al. (45) found that the number of CD4" T cells was higher in the
infiltrating lymphocytes of tumors than in the peripheral blood
lymphocytes. Furthermore, they showed that the upregulation of
CD4 expression in T cells in the ITME was positively associated
with high cancer grade, cancer stage, and myometrium invasion
(45). Another study reported that the infiltration of CD4" Tregs
into the ITME is relevant to the prognosis of patients with EC (71).
All evidence suggests that Tregs are indicators of poor prognosis in
patients with EC (72).

2.3.4 DCs

DCs are the most powerful antigen presenting cells in the
human body. They can identify tumor antigen presentation
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signals, induce the generation of CD8* CTLs, and secrete
cytokines during anti-tumor immune processes. Tumor cells
cannot be recognized or presented by DCs owing to their low
antigenicity. Therefore, CD8" CTLs cannot be activated, leading to
tumor cell escape and continued tumor growth. Effective
identification of tumor cells is the first step in immunotherapy
(34). Li et al. reported that DCs are significantly associated with
survival patients with EC (73). Chen et al. (35) suggested that a
reduction in DC activity is associated with EC progression. Studies
have also shown that there are morphological differences in the DCs
of the endometrium between patients with EC and healthy humans,
and the endometrium in patients had lower levels of CD80, CD86,
and CD40, which are expressed on DCs (36). This evidence
reflected that the function of tumor—infiltrating DCs in tumor
microenvironment was downregulated which affected antigen
presentation, and promoted immune escape of tumor. In 2010,
the FDA approved the peptide DC vaccine Sipuleucel-T for the
treatment of refractory prostate cancer (74). Currently many DC
vaccines are in different stages of clinical trials. Studies on DC
vaccine applications in EC treatment have found that activated DC
have an obvious killing effect on EC cells (75).

2.3.5 NK cells

NK cells are a class of innate immune cells with cytotoxicity
similar to that of CD8" CTLs and both of are anti-tumor effector
cells. The activation and cytotoxicity of NK cells depend on the
balance between the inhibitory and activation signals. NK cells are
activated by various cytokines and have cell-killing functions (37).
Although NK cells kill tumor cells, if this balance is disrupted, they
can promote tumor growth and tissue infiltration during the
immune escape of EC tumors. Human leukocytes antigens
(HLA), co-inhibitory molecules, and inhibitory cytokines can also
activate NK cells, but the inhibitory signals provided by them
impairs the cytotoxic function of NK cells. The abundance of
immunosuppressive molecules present in the EC tumor
microenvironment is involved in EC progression by affecting NK
cell function (76). Garzetti et al. (38) reported that the mean values
of NK cell activity were significantly lower in patients with stages I
and II of EC when compared with healthy controls. The authors
suggested that a decrease in NK cell activity was associated with the
depth of myometrial invasion (38). In the following research,
Garzetti et al. (39) made further studies about the activity of NK
cells and found that NK cell activity in stage I EC patients was
negatively associated with nuclear grading, myometrial invasion,
and immunoreactivity of proliferating cell nuclear antigen.

2.4 Immune checkpoint molecules

2.4.1 B7 family

The B7 family of immune checkpoint molecules is divided into
three subgroups. Group I comprises B7-1, B7-2, CD28, Cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), and B7H. Group II
comprises programmed cell death 1 (PD-1)/programmed cell death
1 ligand 1(PD-L1). Group III comprises B7 homolog 3 (B7-H3), B7

frontiersin.org


https://doi.org/10.3389/fonc.2023.1278863
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

homolog 4(B7-H4), HERV-H LTR-associating 2, and
transmembrane and immunoglobulin domain-containing protein
2. Members of the B7 family play a critical role in the immune
response and immune escape (77).

2.4.11 PD-1/PD-L1

PD-1 is an important inhibitory co-stimulatory molecule and is
expressed on the surface of activated T cells. Combined with its
ligand, PD-L1 can inhibit the proliferation and differentiation of T
cells, cause T cells to be in an inhibitory state, reduce their lethality
to tumor cells, and lead to the immune escape of tumor cells. PD-1/
PD-L1 inhibitors can relieve the negative immune regulatory effect
of PD 1/PD LI on T cells, promote effector T cell-specific
recognition, and kill tumor cells (46). To escape the immune
system, EC cells can stimulate immune checkpoints to activate
negative feedback mechanisms and establish a local ITME. PD-1/
PD -L1 inhibitors cause an excessive immune response and tissue
damage. Liu et al. (78) found that the positive expression rates of
PD-LI in primary, recurrent, and metastatic endometrial cancers
were 83%, 68%, and 100%, respectively by immunohistochemistry.
Previous studies showed that PD-1 and PD-L1 are expressed in
most EC tissues. The higher the level of PD-L1 expression, the
worse is the differentiation of the tissue. Vanderstraeten et al. (79)
found that the expression rate of PD-L1 in primary and metastatic
EC tumor cells were 83% and 100%, respectively. In type II EC, the
expression rates of PD-1 in the tumor tissue and the tumor
microenvironment were 42% and 53%, respectively. And the
expression rate of PD-L1 in the tumor tissue and tumor
microenvironment were 15% and 28%, respectively. All the
evidence indicates that the expression levels of PD-1 and PD-L1
are associated with a poor prognosis (47). Eggink (48) and Howitt
(49) confirmed that the expression levels of PD-1 and PD-L1 are
related to the degree of T lymphocyte infiltration in POLEmut and
MSI-H EC. The higher the number of T lymphocytes, the stronger
the local immune response and the better the prognosis. Therefore,
patients with both POLEmut and MSI-H-type EC are more
sensitive to immunotherapies based on PD-1/PD-LI inhibitors.

2.4.1.2 CTLA-4

CTLA-4, also called CD152, is regarded as a negative immune
regulator and is a leukocyte differentiation antigen and a
transmembrane receptor on T cells. CTLA-4 shares CD28 with
the B7 molecular ligand, which inhibits CTL activation by
preventing the binding of the B7 ligand to CD28 (50). CTLA-4 is
usually expressed in activated T cells to downregulate or terminate
T cell activation and participates in negative immune regulation
(80). CTLA-4 inhibitors have significant killing effects on solid
tumors and are currently approved for of breast cancer treatment.
However, their application in patients with EC remains in clinical
trials (81). According to previous reports, the combined blockade of
CTLA-4 and PD-1 amplifies anti-tumor T cell responses and
provides synergistic activity (51). This combination therapy has
been investigated in Phase III clinical trials (82). In 2018, the FDA
approved the combination of ipilimumab and nivolumab for the
treatment of MSI-H or MMRd metastatic colorectal cancer based
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on the CHECKMATE 142 study. This combination therapy has also
been studied for gynecological cancer and has shown good clinical
efficacy in patients with EC (83). Taylor et al. (84) reported that the
efficacy rate of this combination therapy could reach 50%.

2.4.1.3 B7-H3

B7-H3 is often overexpressed in tumors. This is related to tumor
immune escape. As is shown in Brunner’s study, B7-H3 is expressed
in most EC, and its high expression is closely associated with high-
risk tumors. Therefore, EC B7-H3 is regarded as a negative
regulatory factor for T-cell activation and may protect tumor cells
from immune system surveillance (52). In addition, the expression
of B7-H3 in EC cells positively correlated with the frequency of
CD8" tumor-infiltrating lymphocytes (TILs) and the
overexpression of B7-H3 in EC cells was associated with short
OS time (52).

2.4.1.4 B7-H4

B7-H4, discovered in 2003, is a co-inhibitory molecule that
negatively modulates T cell immune responses and promotes
immune evasion by inhibiting T lymphocyte proliferation and
cytokine secretion (53). However, increasing evidence suggests
that B7-H4 in tumor cells is related to the inhibitory
microenvironment of T lymphocytes and can limit tumor growth
in animal models (85). Similar to the results of this study, Rahbar
et al. (86) found that high expression of B7-H4 protein in breast
cancer tissues was associated with a favorable prognosis for patients.
Miyatake et al. (54) reported that B7-H4 was upregulated in
malignant EC and was more common in advanced subgroups.
Additionally, Bregar et al. suggested that the expression of B7-H4
was an independent factor of EC grade, histological type, and
infiltrating—immune cell type (55).

2.4.2 HLA

Because various tumor cells lack the expression of HLA class I
molecules, they are unable to present immunogenic peptides to CTL
that cannot be activated, leading to the immune escape of tumors.
Researchers studied 486 patients with sporadic EC and found that
HLA class I molecules were downregulated on the surface of the EC
(56). Compared with patients with normal HLA expression, these
patients had a significantly decreased number of CD8+ CTL in the
tumor microenvironment. These patients have decreased disease-
free survival rates. This suggests that EC escape the immune system
by downregulating the expression of HLA class I molecules in the
cell membrane (57, 87, 88). A previous study which involving 486
EC patients showed that the loss of HLA was 41.3% and that HLA
was associated with high grade of EC (57). Furthermore Ben et al.
(58) reported that the HLA level in patients with early stages of EC
was high, which is consistent with a previous study.

2.4.3 LAG-3

LAG-3, also known to as CD223, is primarily expressed in
activated T and NK cells. LAG-3 can inhibit immune cell
proliferation and cytokine release when activated by the major
histocompatibility complex II (MHC II) (59). Studies have reported
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that binding to its ligand LAG-3 can induce the suppression of T-
cell and thus causing tumor evasion (89). Preclinical studies have
shown that various solid tumors, including colorectal, ovarian, and
renal cancers, are associated with LAG-3, suggesting that LAG-3 is a
promising immune checkpoint for the development of
immunotherapies. Therefore, several clinical trials of ICIs
targeting LAG-3 are currently associated with advanced solid
tumors [NCTO03743766, NCT02519322, NCT03662659,
NCT03610711, NCT03459222, NCT03499899] (90). Recently,
Zhang et al. (60) conducted a retrospective study of 421 patients
with EC and found that LAG-3 expression in immune cells was
more common in high-grade, high-intermediate risk, high-risk, and
advanced/metastatic subgroups and was relevant to lymphovascular
space invasion. Furthermore, LAG-3 expression was more prevalent
in POLEmut and MMRd EC than in p53abn and p53wt EC in
tumor cells (34.4% and 66.3% in POLEmut and MMRd versus
28.6% and 19.5% in p53abn and p53wt, P < 0.001). The positive
expression of LAG-3 in tumor cells is associated with high levels of
CD8+ T cell immune infiltration. In addition, positive LAG-3
expression may be a predictor of improved RFS (60).

Other novel immune checkpoint molecules that are not yet in
clinical use include moiety 2,3-dioxygenase inhibitors (IDO), and
T-cell immunoglobulin and mucin domain-containing protein 3
(TIM-3), and T-cell immunoglobulin and ITIM domain
protein (TIGIT).

2.5 Inflammatory factors

Inflammatory cells can release IL-6 and TNF-o, cytokines to
affect cell proliferation signals. Cytokines can promote rapid cell
proliferation and differentiation and increase the probability of
abnormal mutations. For example, TNF-o at high concentrations
can kill EC tumor cells. Meanwhile, EC tumor cells can release
TNF-o causing DNA damage and abnormal cell repair (91). TNF-o.
can enhance tumor invasion by affecting angiogenic factors.
Inflammatory cells can also promote the production of
cyclooxygenase 2 (COX-2), which participates in tumor
generation and invasion by affecting IL-6 and IL-11. Furthermore,
inflammatory cells can produce local active nitrogen clusters and
reactive oxygen clusters, which can cause cell DNA damage, and
easily form abnormal mutations that can promote growth and
tumor invasion (92). Che et al. (93) suggested that IL-6 promotes
autosynthesis and EC growth via autocrine feedback mediated by
the ERK-NF-«B signaling pathway. High expression rates of colony
stimulation factor-1 (CSF-1), TNF-o and IL-6 were associated with
poor prognosis in EC patients. Lay et al. (92) suggested that IL-11
promotes EC progression by activating STAT. These cytokines may
be involved in the immune escape in EC.

2.6 ITME in EC revealed by single-cell
RNA sequencing

ScRNA-seq is a method to measure the expression levels of all
genes from individual cells, and reveals heterogeneity at cell level
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(94, 95). Liu et al. (96-99) applied SCRNA-seq to tumor tissues from
patients of cervical cancer to explore the ITME. With the aid of
scRNA-seq, the understanding of the ITME in gynecological
tumors is improved. Several studies have been studied on EC
using scRNA seq. Huang et al. (100) revealed that the small
GTPase 3 (RAC3) was specifically distributed in EC tumor cells
compared to normal tissues. High levels of RAC3 in EC tissues were
reversely associated with CD8" T cell infiltration. Furthermore,
RAC3 accelerated tumor cell proliferation and inhibited its
apoptosis, without impacting cell cycle stages. Importantly,
silencing RAC3 improved the sensitivity of EC cells to
chemotherapeutic drugs (100). Yu et al. (101) suggested EC cells
can confer malignant phenotype to endothelial cells by Midkine
(MDK)-nucleolin (NCL) signal and NCL is associated with
suppressed immune activity. EC cells may shape ITME by
inhibiting immune cells via MDK-NCL signal. Guo et al. (102)
suggested the percentage composition of monocytes, DC and mast
cells were higher in paratumor than in tumor. On the other hand,
the percentage composition of macrophages was higher in tumor
than in paratumor. They found that tumor infiltrating macrophages
were associated with increased OS. Wu et al. (103) identified three
macrophage subsets, and two of them showed tissue-specific
distribution. The tumor-enriched macrophage subset was found
to predict immunotherapy responses in EC. Furthermore, six genes
were selected from macrophage subset markers that could predict
the survival of EC patients, SCL8A1, TXN, ANXA5, CST3, CD74
and NANS, and a prognostic signature was constructed. Further
research is needed to study ITME through scRNA-seq.

2.7 ITME in different subtypes of EC

To date, studies on ITME in EC have mostly focused on POLE
mutations and the MMRd subtype. According to the TCGA data,
patients with POLE mutations showed the highest tumor mutation
burden (TMB), followed by those with the MSI-H subtype. Reports
have illuminated that TMB is highly associated with tumor-
infiltrating immune cells, PD-L1 expression and patients’
prognosis in EC (104-106). Meanwhile, studies have also reported
that POLEmut and MMRd EC have a high number of CD8+ CTLs
expressing PD-1 (29). This is the key mechanism of immune
tolerance in POLEmut and MMRd EC, as PD-1 binds to PD-L1
to restricts CD8+ CTLs function. Furthermore, previous studies
have shown that CD8" CTLs generally indicate good prognosis (26).
These results are consistent with each other, as in clinical practice,
POLEmut and MMRd have relatively favorable prognoses and can
benefit from immunotherapy. Fusco et al. (107) revealed that a
possible hypothesis supporting these results is that tumors with
more somatic mutations produce higher levels of immunogenic
antigens. Consequently, these tumors can be detected by CD8+
CTLs and are less likely to progress to a late stage. Guo et al. (20)
explored 123 MSI EC and found that MSI tumors were enriched
with CD8+ CTLs, Treg cells, fewer M2 macrophages, activated DCs,
and a higher trend of CD20" B cells infiltration. Patients with MSI
EC were identified more often in the early stages, had a lower age,
and better survival. Julie et al. (44) found CTLA4, PD-1, PD-L1,
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TIM-3 and IL-6 expression significantly increased in all EC grades.
The number of CD4" T cells was similarly increased in all EC
grades, whereas the number of CD8" CTL was only increased in the
grade 1 ECs and decreased or remained unchanged in others grades.
Daniel (108) studied the POLEmut type and found similar results to
those of the prominent CD8" CTL present in POLE-mutant.
Mohammad (109) performed a retrospective study and found
that a combination of PD-L1 positivity and MMR deficiency may
be associated with aggressive features such as LVSIL Dai et al. (7)
conducted a retrospective study to comprehensively analyze the
ITME of four molecular subtypes in EC comprehensively for the
first time. They combined the POLE mutant and MSI-H subtypes
into the TMB high (TMB-H) subtype owing to their small sample
size. They analyzed the ITME features of 30 EC cases, including
TMB, infiltration of anti-tumor-related immune cells and
negatively regulatory immune cells, and expression of immune
checkpoint molecules. Similar results were found in previous
studies, which showed that POLE mutations showed the highest
level of TMB, followed by the MSI-H subtype, NSMP, and TP53
mutant subtypes. The TMB-H subtype showed a high degree of
infiltration of CD8" T cells and relatively high levels of PD-LI1
expression in tumor cells. Although TMB levels were low in the
TP53 mutant subtype, the proportions of Treg, M2 macrophages,
PD-L1" CD68" macrophages, and CD8" PD-1" T cells were
relatively high, indicating a strong immunosuppressive
microenvironment in this subtype. In the NSMP subtype, the
TMB, proportions of multiple tumor-infiltrating immune cells,
and expression levels of immune checkpoint molecules were low,
indicating a lack of effective anti-tumor immune responses. Based
on the immune microenvironmental features, they summarized the
immune phenotype of the three molecular subtypes as normal
immune response, absence of immune infiltration, and
suppressed immune response. Due to the relatively small sample
size, further studies with larger sample sizes are required to confirm
these findings. The ITME in different subtypes of EC is shown
in Table 3.

10.3389/fonc.2023.1278863

2.8 Immunotherapy in EC

Immunotherapeutic strategies for EC are widely used and can
be divided into three categories: anticancer vaccines, ICI, and
immunomodulators. In recent years, with the development of
tumor cells and the tumor immune microenvironment,
immunotherapy, especially ICI, has been applied for the
treatment of a variety of malignancies. Immune checkpoints
regulate co-stimulation signaling to maintain immune self-
tolerance in the body and prevent immune damage caused by the
excessive activation of T cells. This is the mechanism by which
tumor cells escape immune surveillance and death. By suppressing
immune checkpoint activity, ICI activate the tumors recognition
and killing functions of immune cells. At present PD-1/PD-L1 and
CTLA-4 antibodies were widely used (110). These
immunotherapies are most effective for POLEmut and MMRd
tumors because of their high TMB and increased immunogenic
antigens (111). The higher TMB and PD-L1 expression in MSI-H
and MMRd endometrial tumors support the clinical efficacy of PD-
1 inhibitors in treating solid tumors with MMRd (112). Moreover,
as mentioned earlier, PD-L1 expression increased with TIL
abundance in the EC ITME, indicating that PD-1 inhibitors can
induce an effective anti-tumor immune response in EC with high
PD-L1 expression (104-106). In 2017, the FDA approved
pabolizumab for the treatment of solid tumors with unresectable
or metastatic MSI-H or MMRd. In 2021, the FDA approved
dostarlimab-gxly for adult patients with MMRd solid tumors
(113). Furthermore the National Comprehensive Cancer Network
(UCCN) and ESGO/ESTRO/ESP guidelines in 2020 recommended
anti-PD-1 targeted therapy for patients with advanced MMRd EC
(21). Multiple clinical trials are currently underway regarding the
treatment of EC with PD-1 antibody. KEYNOTE-016 study, a phase
II clinical study in the United States evaluated the efficacy and safety
of pabolizumab in 41 cases of metastatic colorectal cancer. The
objective response rate (ORR) of tumors with MMRd and proficient
MMR (pMMR) were 40% and 0%, respectively (19). KEYNOTE-

TABLE 3 Main Findings in The immunosuppressive tumor microenvironment of different EC subtypes.

Molecular Main findings

subtype

POLEmut

Have a high rate of CD8"CTLs with PD-1 (7, 26, 29). (104-106, 108)

Have relatively favorable prognosis and can benefit from immunotherapy (26, 107).

MMRd/ MSI-H Have a high rate of CD8"CTLs with PD-1 (7, 26, 29). (104-106)

Have relatively favorable prognosis and can benefit from immunotherapy (26, 107).

Enriched with CD8" CTLs, Treg cells, fewer M2 macrophages, activated DCs, and a higher trend of CD20" B cells infiltration (20).

CTLA4, PD-1, PD-Lland IL-6 expression significantly increased in all EC grades. The number of CD4" T cells was similarly increased in all EC
grades, whereas the number of CD8" CTL was only increased in the grade 1 ECs (44).

a combination of PD-L1 positivity and MMR deficiency may be associated with aggressive features such as LVSI (109).

TP53abn the proportions of Treg, M2 macrophages, PD-L1" CD68" macrophages, and CD8" PD-1" T cells were relatively high, indicating a strong

immunosuppressive microenvironment in this subtype (7).

NSMP proportions of multiple tumor-infiltrating immune cells, and expression levels of immune checkpoint molecules were low, indicating a lack of

effective anti-tumor immune responses (7).

POLEmut, DNA polymerase epsilon ultramutated; MMRd, mismatch repair deficient; MSI-H, microsatellite instability hypermutated; p53abn, p53-abnormal; NSMP, no specific molecular
profile; EC, endometrial cancer; PD-1, programmed cell death 1; PD-LI, programmed cell death 1 ligand 1; LVSI, lymphatic vascular space infiltration; CTLA-4, cytotoxic T-lymphocyte-
associated protein 4.
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158 multicenter phase II clinical study further evaluated the efficacy
and safety of pabolizumab in patients with MSI-H/MMRd
endometrial cancer (114). GARNET Study, a phase I/IIb clinical
study conducted in 117 centers in 9 countries, had the largest
sample size of monotherapy with PD-1 antibody for advanced or
recurrent EC. A total of 271 patients were enrolled in this subgroup,
and dostarlimab (TSR-042) was administered to patients with
MMRd and pMMR. The ORR for MMRd and pMMR patients
were 44.7% and 13.4%, respectively (115). Based on the GARNET
study, dostarlimab was approved by the FDA for monotherapy in
adult patients with recurrent or advanced EC with MMRd after
chemotherapy with previous platinum-containing drugs. ICI
therapy can relieve the symptoms of some patients and improve
their prognosis; however, many patients show primary or acquired
resistance. Therefore, immunocombination therapy is necessary to
improve the efficacy and mainly includes combined chemotherapy,
immunotherapy, and targeted therapy. Several clinical studies have
investigated the efficacy and safety of the combination of PD-1/PD-
L1 and CTLA-4 antibodies in patients with advanced/recurrent EC
(NCT03015129, NCT03508570, and NCT02982486). With the
expansion of clinical research on PD-1/PD-LI antibodies, the
management of their adverse reactions is particularly important.
The anti-tumor mechanisms of PD-1/PD-L1 antibody and classical
chemotherapy are different, so the adverse reaction profile is also
quite different. The molecular mechanism is not yet clear and is
mostly considered to affect immune homeostasis.

2.9 New subtypes of EC based
on ITME—Immunophenotype

In 2020, Liu et al. (116) selected a series of immune-related
genes between EC and normal endometria, and used Cox regression
model analysis to select the genes related to prognosis, and obtained
15 immune-related genes to calculate the risk score. Patients were
then divided into high and low-risk groups according to their risk
scores. Li and Wen (73) also used immune-related genes in TCGA
database to define four immune types: Immunosuppressive (type
C1), Interferon y-dominant (type C2), Inflammatory (type C3), and
Immune balance (type C4) respectively. Bagaey et al. (117)
performed tumor microenvironment typing based on the
expression of immune-related genes in the ITME and identified
four immune types: immune-enhanced fibrosis (type IE/F),
immune-enhanced non-fibrosis (type IE), fibrosis (type F), and
immune depletion (type D). Type E is the most effective
immunotherapy and has the best prognosis. Thorsson et al. (118)
used immune-related genes to obtain six immune-related types:
tissue-based type (type 1), interferon y-dominant (type 2),
inflammatory (type 3), lymphocyte depletion (type 4), immune
silent type (type 5), and transforming growth factor (type 6). Types
4 and 6 are mainly giant cells in the tumor microenvironment with
less lymphocyte infiltration and the worst prognosis, whereas types
2 and 3 have the best prognosis.
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Some investigators have performed immunotyping based on the
infiltration of immune cells into the tumor tissue. Cai et al. (119)
clustered samples according to immune cell infiltration in tumor
tissues and obtained three subsets, CI, CII, and CIII, whose immune
cell infiltration was high, medium, and low, respectively. Most
specific gene mutations were detected in CI and CII, whereas a
higher frequency of TP53 gene mutation and copy number
variations were found in CIII. Wang et al. (120) combined the
degree of immune cell infiltration with gene expression levels to
calculate the tumor microenvironment score and divided EC into
high- and low-risk groups. Immune activation and immune
checkpoint related genes were frequently expressed in low-risk
groups. The high-risk group had a higher frequency of PTEN,
CSE 1 L, ITGB3 mutations. These studies indicate that immune
features in the EC tumor microenvironment are related to
prognosis and can be used as a new basis for EC classification.

3 Conclusion

EC is an immune gene disease. Patients with early stage of EC
have a favorable prognosis, whereas those with advanced EC have a
worse prognosis and respond poorly to treatment. Therefore,
immunotherapy has attracted attention, and researchers have
focused on the ITME of EC in recent years. Since 2014, the FDA
has approved several ICIs in clinical practice, mainly for patients
with advanced or recurrent cancer who have failed conventional
treatment. However, the relatively low response rate limits their
application in clinical practice, and the efficacy of immunotherapy
is not satisfactory (121). Therefore, screening the dominant
therapeutic population when using ICIs is crucial. The
classification method for EC has been continuously improved,
gradually changing from traditional clinical and pathological
classification to molecular classification. Research on the
microenvironment of EC based on molecular typing remains
unclear. Most studies have focused on POLEmut and MMRd
types, and their results were consistent in that the two types have
a high rate of CD8" CTLs with PD-1, a relatively favorable
prognosis, and can benefit from immunotherapy. Dai et al. (7)
comprehensively studied the ITME of four different EC molecular
subtypes for the first time and found that the TP53 mutant subtype
had a relatively high proportions of Treg cells, M2 macrophages,
PD-L1" CD68" macrophages, and CD8" PD-1" T cells, indicating
that the TP53 mutant subtype could benefit from immunotherapy
to some extent. Furthermore, in the NSMP subtype, which
accounted for 31.5% according to the data published by
TransPORTEC-3, the TMB, the proportions of multiple tumor-
infiltrating immune cells and the expression levels of immune
checkpoint molecules were low. It is important to investigate
whether these patients could benefit from immunotherapy, as the
P53abn and NSMP subtypes were enriched with immune cells to
some extent. This suggests that the P53abn and NSMP subtypes
may also be suitable candidates for immune checkpoint-blocking
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therapy. However, few relevant studies on ITME have been
reported, and most are retrospective studies with small sample
sizes. To clarify the microenvironment of various types of EC and
identify biomarkers that can accurately predict the response to
immunotherapy, prospective studies with large samples sizes are
needed in the future.

With research on the immune microenvironment of EC, a new
immunophenotype classification based on the immune
microenvironment has been carried out in recent years. However,
the immunophenotype of EC is still limited to the research stage
and there are many limitations. First, owing to intratumor
heterogeneity, the samples used for testing may hardly represent
the overall immune environment of the tumor, resulting in
inaccurate immunophenotyping. Second, most current studies
have only analyzed the gene level and have not verified the actual
infiltration of immune cells using methods such as
immunohistochemistry. Third, some studies lack validation of
independent cohorts and immunotyping models in clinical trials.
Currently, molecular typing based on tumor cells is gradually being
incorporated into clinical practice, providing a basis for the
selection of adjuvant and immunotherapies for patients. However,
immunotyping methods based on immune characteristics are still
under study, and more clinical practice is needed to evaluate
their benefits.

Therefore, further studies are required to promote the use of
these immunotypes in clinical practice.

In conclusion, the advent of immunotherapy has brought hope
for improved efficacy and prognosis in patients with advanced or
recurrent EC. The efficacy and safety of ICIs combination therapy
remains the focus of future research. In the future, additional
potential molecular markers should be explored through
molecular pathways and immune resistance mechanisms in the
tumor microenvironment. In future research, the results may
change the current limited treatment patterns, believing that
more cancer patients will benefit from them.
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Immune checkpoint inhibitors (ICls) therapy has emerged as a promising
treatment strategy for breast cancer (BC). However, current reliance on
immunohistochemical (IHC) detection of PD-L1 expression alone has limited
predictive capability, resulting in suboptimal efficacy of ICls for some BC patients.
Hence, developing novel predictive biomarkers is indispensable to enhance
patient selection for immunotherapy. In this context, utilizing liquid biopsy (LB)
can provide supplementary or alternative value to PD-L1 IHC testing for
identifying patients most likely to benefit from immunotherapy and exhibit
favorable responses. This review discusses the predictive and prognostic value
of LB in breast cancer immunotherapy, as well as its limitations and future
directions. We aim to promote the individualization and precision of
immunotherapy in BC by elucidating the role of LB in clinical practice.

KEYWORDS

liquid biopsy, breast cancer, immunotherapy, immune checkpoint inhibitors, biomarkers

1 Introduction

Over the past decade, cancer immunotherapy has emerged as an effective anti-tumor
therapeutic approach on par with traditional modalities like chemotherapy, radiotherapy,
and surgery. In particular, immune checkpoint inhibitors (ICIs) that target the
programmed death-ligand 1 (PD-L1), programmed death 1 (PD-1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4) pathways can restore T-cell functionality and
promote anti-tumor immunity (1). As a result, ICIs including the anti-PD-L1 antibody
atezolizumab (2), the anti-PD-1 antibody pembrolizumab (3), and the anti-CTLA-4
antibody ipilimumab (4), have been approved by the Food and Drug Administration
(FDA) and European Medicines Agency (EMA) for various cancer types (5).
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Breast cancer (BC) represents the leading cause of cancer-
related mortality and most frequently diagnosed malignancy
among women worldwide (6). Historically characterized as a
‘cold’ tumor type, BC exhibits a less inflammatory tumor
microenvironment compared to ‘hot’ tumors with heightened
immunogenicity and abundant tumor-infiltrating lymphocytes
(TILs) (7). However, remarkable progress has been made with
PD-1/PD-L1 agents in triple-negative breast cancer (TNBC),
resulting in promising outcomes in both early (8, 9) and
metastatic cases (10, 11). Moreover, ongoing research is actively
investigating their potential in human epidermal growth factor
receptor 2 (HER-2) positive and high-risk hormone receptor
(HR)+ BC (12). Notable clinical trials, including Impassion 130
and Keynote 355, have demonstrated substantial benefits of ICIs for
BC treatment (11, 13). A comprehensive overview of key studies
evaluating ICIs efficacy in BC is summarized in Table 1 (14-25).

Currently, identifying appropriate first-line immunotherapy
candidates within BC and predicting individual patient treatment
responses primarily relies on immunohistochemistry (IHC) testing
to evaluate PD-L1 expression levels. However, the utilization of PD-
L1 as a sole biomarker and predictor encounters certain limitations
and challenges. First, numerous different PD-L1 antibodies are
currently employed for IHC-based tumor PD-L1 expression
assessment, including Dako 28-8 rabbit monoclonal, Dako 22C3
mouse monoclonal, Roche Ventana SP142 rabbit monoclonal, and
Roche Ventana SP263 rabbit monoclonal antibodies, introducing
inherent variability into the PD-L1 results obtained from different
studies and clinical settings (26). Second, the heterogeneity in IHC
cutoff values for defining PD-L1 positivity across clinical trials
utilizing different assay platforms leads to discrepancies in PD-L1
designation. Moreover, intratumoral heterogeneity of PD-L1
expression potentially underestimates overall PD-L1 status in the
context of small tumor biopsy samples, which may not fully and
accurately represent the entire heterogeneous PD-L1 expression
profile within the tumor as a whole (27). Lastly, the predictive value
of IHC-based PD-LI expression for immunotherapy response is not
definitive, due in part to practical challenges obtaining adequately
sized and preserved tumor tissue samples and isolating sufficient
quantities of viable tumor cells from limited biopsy specimens (28).
Consequently, a subset of patients with PD-L1 positive tumors still
lack significantly favorable clinical immunotherapy responses,
necessitating the development and validation of additional robust
predictive biomarkers to more precisely select candidates likely to
derive maximal therapeutic benefit from ICIs.

Liquid biopsy (LB) has recently emerged as a promising
minimally invasive surrogate biomarker to guide immunotherapy
decisions in BC. LB allows assessment of various tumor
components in the peripheral blood, including circulating tumor
cells (CTCs), circulating tumor DNA (ctDNA), exosomes, and
proteins (Figure 1). Compared with traditional tissue biopsy, LB
offers advantages such as minimal invasiveness, reproducibility, and
rapid turnaround (Figure 2) (29). This review provides an updated
overview of LB applications for ICIs therapy in BC, highlighting
current research and future directions. We discuss the strengths and
limitations of LB as a biomarker for BC immunotherapy, including

Frontiers in Immunology

10.3389/fimmu.2023.1303491

its potential to identify responders, detect resistance mechanisms,
and predict clinical outcomes. Ongoing studies will help validate the
clinical utility of LB-based biomarkers to optimize patient selection
and management for ICIs treatment in BC.

2 CTCs

CTCs present in the peripheral blood can be identified through
analytical methods based on biological (e.g. epithelial markers and
absent hematopoietic markers) and physical (e.g. size, density,
invasiveness) characteristics (30-33). The CellSearch™ system
remains the only FDA-approved platform for CTCs detection in
metastatic breast cancer to date (34). This system isolates EpCAM+
CTCs using antibody-coated magnetic beads, followed by
immunofluorescent staining for cytokeratins and cluster of
differentiation 45 (CD45) to distinguish CTCs from leukocytes (34).

Multiple studies have explored associations between CTCs and
the tumor immune microenvironment (TIM) in breast cancer. For
instance, patients with detectable CTCs were found to exhibit
increased regulatory T cell infiltration in tumor tissues compared
to those without CTCs, indicating an immunosuppressive phenotype
(35). Mego et al. revealed an inverse correlation between CD8+
cytotoxic T cell levels and CTC counts in breast cancer tissues
through immunohistochemical analysis. They also observed
reduced dendritic cell infiltration into bone marrow metastatic
niches accompanied by high CTC numbers in inflammatory breast
cancer patients (36). Most recently, the same group demonstrated a
positive correlation between mesenchymal-like CTCs undergoing
epithelial-to-mesenchymal transition (EMT) and PD-L1 positive
stromal cells in the tumor microenvironment (37). Together, these
findings position CTCs as promising indicators of anti-tumor
immune activity and immunosuppression within tumor tissues.

Recent technological advances have enabled comprehensive
functional profiling of CTCs, providing powerful tools to identify
predictive biomarkers for ICIs therapy in breast cancer. Specifically,
single-cell proteomic, transcriptomic and metabolomic analyses of
CTCs can elucidate multidimensional molecular characteristics
associated with therapeutic response. For instance, proteomic
profiling may reveal specific CTC subpopulations correlated with
immunotherapeutic sensitivity or resistance. Transcriptomic
sequencing could uncover distinct CTC gene signatures related to
immune evasion mechanisms. Metabolomic analyses of CTCs may
also provide insights into immunometabolic phenotypes
influencing immunotherapy efficacy. Furthermore, the C-X-C
chemokine receptor type 4 (CXCR-4) was found to be
upregulated on breast cancer CTCs, suggesting a potential role in
regulating immune cell recruitment and function in the tumor
microenvironment during treatment (38). Assessing dynamic
changes in CXCR4 expression on CTCs by single-cell assays may
thus help monitor immune modulation effects. In summary,
technological progress has enabled in-depth interrogation of
CTCs as a valuable biomarker source to predict and monitor

immunotherapy outcomes in breast cancer patients.
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TABLE 1 Summary of immunotherapy trails in breast cancer.

10.3389/fimmu.2023.1303491

Trail Subtype @ Experimental vs. Control Antibody/Cut-off ORR PFS OS
Metastasis BC with ICl + Chemo
IMpassion-130 | TNBC Atezolizumab + Nab-pac vs. PBO+ Nab-pac VENTANA PD-L1 589vs. | 75vs  254vs.
(11) IHC SP142 IC:1% 42.6 5.0 17.9
KEYNOTE- TNBC Pembrolizumab + Nab-pac (Pac or Gem-Carbo) vs. | Agilent PD-L1 53.2vs. | 9.7 23.0 vs.
355 (13) PBO + Nab-pac (Pac or Gem-Carbo) THC 22C3 CPS:1 39.8 vs. 16.1
5.6
IMpassion-131 | TNBC Atezolizumab + Pac vs. PBO + Pac VENTANA PD-L1 63.4vs. | 6.0 22.1 vs.
(14) THC SP142 IC:1% 554 vS. 28.3
5.7
ENHANCE 1 HR+HER2 Pembrolizumab + Eribulin vs. Eribulin Agilent PD-L1 270vs. | 4.1 134 vs.
(15) + THC 22C3 CPS:1 34.0 vS. 125
4.2
KELLY (16) HR+HER2 Pembrolizumab + Eribulin Agilent PD-L1 40.9 6.0 59.1% for
+ THC 22C3 CPS:1 1-year OS
Metastasis BC with ICI
KEYNOTE- TNBC Pembrolizumab Agilent PD-L1 5.3 2 9
086 THC 22C3 CPS:1
Cohort A (17)
KEYNOTE- TNBC Pembrolizumab Agilent PD-L1 214 2.1 18
086 THC 22C3 CPS:1
Cohort B (17)
KEYNOTE- TNBC Pembrolizumab Agilent PD-L1 9.6 vs. 2.1 9.9 vs. 10.8
119 (18) vs. TPC THC 22C3 CPS:1 10.6 vs.
33
KEYNOTE- HR+HER2 Pembrolizumab Agilent PD-L1 12 1.8 8.6
028 (19) + THC 22C3 CPS:1
JAVELIN (20) TNBC Avelumab Dako PD-LI IHC 73-10 pharmDx; tumor 5.2 1.5 9.2
cell: 1,5,25%; tumor associated cell:10%
JAVELIN (20) HR+HER2 Avelumab Dako PD-LI IHC 73-10 pharmDx; tumor 2.8 NA NA
+ cell: 1,5,25%; tumor associated cell:10%
NCT01375842 TNBC Atezolizumab VENTANA PD-L1 IHC SP142 IC:1% 10 1.4 8.9
(21
Early Stage BC
KEYNOTE- TNBC Pembrolizumab + Cab + Pac vs. PBO+ Cab + Pac Agilent PD-L1 THC 22C3 CPS:1 64.8 NA NA
522 (22) VS.51.2
I-SPY 2 (23) TNBC Pembrolizumab + Cab vs. Pac NA 60 vs NA NA
20
1-SPY 2 (23) HR+ HER2 Pembrolizumab + Cab vs. Pac NA 30 vs. NA NA
+ 13
IMpassion-031 TNBC Atezolizumab + Nab-pac (AC) vs. VENTANA PD-L1 IHC SP142 IC:1% 57.6 vs NA NA
(24) PBO + Nab-pac (AC) 41.1
GeparNuevo TNBC Durvalumab+ Nab-pac vs. VENTANA PD-L1 IHC SP263 IC:1% 534vs.  NA NA
9) PBO+ Nab-pac 44.2
NeoTRIP (25) TNBC Atezolizumab + Carbo + Nab-pac vs. Carbo + VENTANA PD-L1 IHC SP142 IC:1% 435vs. | NA NA
Nab-pac 40.8

3 ctDNA

ctDNA is released into the bloodstream by tumor cells,
distinguishing it from cell-free DNA (cfDNA) derived from normal
apoptotic or necrotic cells. Compared to CTCs, ctDNA is present at
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higher concentrations in plasma, making it an attractive noninvasive

liquid biopsy target (39). Somatic genomic alterations specific to

cancer cells enable the differentiation of tumor-derived ctDNA from
normal ¢fDNA in blood (40). ctDNA holds promise as a biomarker
for early detection of metastasis and disease recurrence post-
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FIGURE 1

Clinical applications of liquid biopsy. The immunology information extracted from liquid biopsy can be used for continuous monitoring, from early
stage disease screening, assistance diagnosis, personalized therapy selection, to recurrence monitoring. CTCs, circulating tumor cells; ctDNA,
circulating tumor DNA.

treatment (41, 42). However, clinical data on the utility of tDNA to  pembrolizumab with neoadjuvant chemotherapy in the I-SPY2
predict immunotherapy outcomes remains limited thus far. trial (43). ctDNA levels declined over time in both the

A study by Magbanua et al. analyzed 511 plasma samples from  pembrolizumab and control arms. All patients achieving
138 high-risk HR+/HER2- breast cancer patients who received  pathological complete response (pCR) cleared ctDNA prior to

Liquid Biopsy | Circulating Tumor Circulating Tamor DNA Exosomes Proteins and
Component Cells (CTCs) (ctDNA) Cytokines

Main Function Diagnosis and prognosis Diagnosis and treatment evaluation  Diagnosis, Prognosis, Prediction of response
Prediction of response and treatment evaluation
Advantages ¢ Accessible for * Higher concentrations * Genomic contents *  Easily isolation
RNA/DNA/proteins  * Higher stability protected from *  Sensitive
* Early detection of » Capture tumor heterogeneity degradation *  Standardized
recurrence or * Mature method *  Accessible and variable methods
progression *  Well-established procedure source of tumor
¢ Provide tumor- * Detection of bTMB component
specific information
Limitation « Lowcountsin early <+ Low concentration in early + Lack of standardized *  Lack of stability
stage stage isolation methods for ¢ Not specific for BC
« Difficulty » Difficulty differentiating clinical application
differentiating CTCs cfDNA from ctDNA

from other cells

FIGURE 2

Comparison of four liquid biopsy components and the main advantages, disadvantages, and future directions of their clinical application in breast
cancer management. RNA, ribonucleic acid; DNA, deoxyribonucleic acid; CTCs, circulating tumor cells; ctDNA, circulating tumor DNA; bTMB,
blood-based tumor mutational burden; cfDNA, cell-free DNA; BC, breast cancer.
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surgery. Among non-pCR patients, those ctDNA-negative after
neoadjuvant treatment exhibited markedly higher distant
recurrence-free survival compared to ctDNA-positive patients,
with a hazard ratio (HR) of 0.13. This supports the potential of
longitudinal ctDNA monitoring to guide clinical decision-making
in breast cancer immunotherapy. Additionally, the INSPIRE trial by
Bratman et al. prospectively assessed ctDNA dynamics as a
biomarker of tumor burden in diverse cancer patients on
pembrolizumab (44). Cohorts included head and neck squamous
cell carcinoma (HNSCC), TNBC, ovarian cancer, melanoma, and
mixed solid tumors (MST). Patients with decreased ctDNA after 3
treatment cycles had improved clinical benefit rate (CBR), overall
survival (OS), and progression-free survival(PFS); whereas
increased ctDNA indicated disease progression and poorer
survival (median OS 13.7 months). Undetectable ctDNA levels
strongly correlated with therapeutic response. Importantly,
ctDNA changes provided complementary data to the Response
Evaluation Criteria in Solid Tumors (RECIST) criteria for
predicting immunotherapy survival benefit. Overall, detecting
ctDNA dynamics noninvasively predicts immunotherapy
outcomes and has implications for guiding breast cancer treatment.

In addition to tumor burden monitoring, ctDNA analysis can
provide insight into immunotherapy response mechanisms.
Somatic mutation profiling of ctDNA may reveal neoantigen loss
associated with acquired resistance. Integrated genomic and
transcriptomic ¢tDNA data may elucidate immune evasion
pathways in breast cancer immunotherapy. Emerging techniques
like low-pass whole genome sequencing help overcome technical
hurdles in detecting scarce ctDNA.

4 Exosomes

Extracellular vesicles (EVs) are an integral intercellular
communication strategy utilized by both pathogenic and non-
pathogenic cells (45). Considerable evidence indicates EVs play
a key role in the interaction between tumor cells and immune
cells (46). Tumor-derived EVs predominantly demonstrate
immunosuppressive capabilities, thereby promoting immune
evasion of tumors (47). Such immunosuppression involves EVs
downregulating major histocompatibility complex II (MHC II)
expression in dendritic cells (48), activating cGAS-STING
signaling in dendritic cells (49), inducing STAT3-mediated M2
polarization in monocytes (50), reducing interferon-gamma
(IFN-y) production in natural killer cells (51), and triggering
apoptosis in T cells (52). Presentation of PD-L1 on EVs surfaces,
as described above, induces T cell exhaustion and dampens anti-
tumor immune responses.

Conversely, tumor-derived EVs have been shown to elicit
immune activation by stimulating natural killer cells,
macrophages, and B and T lymphocytes. Robust tumor clearance
associated with EV's affecting the Hippo pathway has been linked to
immune activation. EVs from antigen-presenting cells frequently
exhibit immunostimulatory properties by carrying MHC complexes
that activate T cells, although T cell stimulation by EVs is less
potent (53).
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Regarding the potential of EVs as biomarkers in immuno-
oncology, increased vesicular PD-L1 in melanoma patients
undergoing ICIs signifies adaptive immune responses and
distinguishes clinical responders from non-responders (53).
Elevated vesicular PD-L1 and CD28 correlate with improved PES
and OS in patients receiving anti-CTLA-4 therapy (54). Moreover,
specific vesicular RNA profiles have been found to correlate with
responses to anti-CTLA-4 treatment. In summary, EVs are integral
immune modulators and profiling circulating EVs exhibits
tremendous promise as a marker of immunogenicity. While
profiling EVs in the blood of breast cancer patients is
commonplace, major hurdles remain regarding validated,
standardized isolation techniques. Resolving these issues is an
imperative first step toward clinically implementing EV analysis.

5 Proteins

5.1PD-L1

The immune checkpoint protein PD-L1, also termed CD247 or
B7-H1I, is expressed on antigen presenting and tumor cells. Ligation
of PD-L1 with its cognate receptor PD-1 found on T lymphocytes
leads to inhibition of T-cell activation, resulting in impaired anti-
cancer immunity. Monoclonal antibodies blocking the PD-1/PD-L1
axis have exhibited clinical activity in patients with elevated PD-L1
levels quantified through IHC staining of tumor biopsies. However,
some individuals with low tumoral PD-L1 expression have also
shown benefits from immune checkpoint blockade (55). This
discrepancy is attributed to the dynamic features of immune
regulation that cannot be fully captured in static IHC-based
assessments. Moreover, PD-L1 expression on both malignant cells
and infiltrating leukocytes creates challenges in interpreting PD-L1
levels in tumor tissues. Variations in PD-L1 detection antibodies
remain an unresolved issue precluding standardization of PD-L1
IHC methodology. Finally, heterogeneous PD-L1 expression among
primary and metastatic lesions restricts the utility of tissue-based
approaches. Blood-based profiling of PD-L1 status through analyses
of circulating markers like CTCs, EVs, peripheral blood
mononuclear cells (PBMCs) could help overcome certain
limitations inherent to tissue biopsies (Table 2).

5.2 PD-L1 on CTCs

Expression of PD-L1 on tumor cells can be readily influenced by
inflammatory, microenvironmental, and treatment-associated
factor (56). Since CTCs arise from multiple tumor sites, they may
better capture the heterogeneity of PD-L1 expression compared to
localized tissue samples. Initial studies have established CTCs
analysis as a platform to evaluate PD-L1 status in cancer patients.
Mazel et al. performed the first study enumerating PD-L1-positive
CTCs in metastatic breast carcinoma, revealing substantial
variability with positivity ranging from 0.2-100% among 11/16
PD-LI-positive cases (57). This seminal study provided the
foundation for subsequent research on PD-LI expression in
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TABLE 2 Studies on PD-L1 in breast cancer patients receiving immunotherapy.

Research Location Sample Results
size
Mazel et al. (56) HR+,HER2- metastatic CTC 16 A strong heterogeneity in PD-L1 CTC expression, ranging from 0.2 to 100
BC
Schott et al. (57) Metastatic and early CTC 72 More PD-L1+CTC in metastatic patients than patients without
stage BC metastatic (75% vs. 61.1%)

Jacot et al. (58) Metastatic BC CTC 72 PD-L1+ CTCs was associated with PDS while tissue PD-L1 was not

Agelaki et al. (59) Metastatic BC CTC 98 PD-L1+ CTC was associated with shorter PFS(5.8 vs. 13.3m)and reduced
0S(23.8 vs 35.7m)

Yang et al. (60) TNBC cell line EV NA Exosomes enhance anti-tumor immunity in PD-L1 downregulated tumor
microenvironment; exosomes transfer PD-L1 from the positive cells to negative
cells.

Liet al. (61) TNBC Soluble 66 sPD-1 was elevated in TNBGC; a decrease in sPD-L1 levels were detected in patients
with CR and PR

CTCs. Additional investigations have confirmed detection of PD-
L1-positive CTCs in breast cancer and elucidated clinical
implications. Schott et al. examined 72 breast cancer patients,
identifying PD-L1-positive CTCs in 94.5% (57). Metastatic
patients exhibited significantly higher CTC counts versus non-
metastatic cases. (75% vs. 61.1%; p<0.05). Moreover, declining
PD-L1-positive CTCs associated with treatment responses,
indicating CTCs may serve as pharmacodynamic markers of
immunotherapy efficacy. Interestingly, PD-L1-positive CTCs
increased even after discontinuing ICIs, implying the ability of
these inhibitors to reduce the quantity of PD-L1-positive CTCs in
BC patients. Hence, PD-L1-positive CTCs presence associated with
poorer prognosis and could be utilized to monitor immunotherapy
efficacy while also reflecting potential resistance mechanisms.

In a prospective study, Jacot et al. detected CTCs and PD-L1-
positive CTCs and PD-L1-positive CTCs pre-treatment in 79.2%
and 36.1% of metastatic BC patients, respectively (59). Compared to
tissue PD-L1 expression, PD-L1-positive CTCs were associated with
shorter progression-free survival, although this was not confirmed
on multivariate analysis. Compared to tissue PD-L1 expression,
PD-L1-positive CTCs were associated with shorter progression-free
survival, although this was not confirmed on multivariate analysis.
Moreover, Compared to tissue PD-L1 expression, PD-L1-positive
CTCs were associated with shorter progression-free survival,
although this was not confirmed on multivariate analysis (62).
High PD-L1 expression occurred in approximately 11.6% of
patients and was associated with poorer median survival (23.8 vs
35.7 months, p=0.043). The study also demonstrated a significant
correlation between PD-L1-positive CTCs and increased recurrence
risk (HR = 4.8; p=0.011). These findings suggest that subgroups of
BC patients with PD-L1-positive CTCs may derive greater benefit
from anti-PD-L1 immunotherapy.

PD-L1-positive CTCs have also been confirmed in other
malignancies, including non-small cell lung cancer (NSCLC) (63),
head and neck cancer (64), colon cancer (65), prostate cancer (66),
and pancreatic cancer (67). Recent comprehensive analysis of CTCs
in breast cancer confirms similar patterns of PD-L1 and CD47
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expression as seen in lung cancer. Papadaki et al. examined PBMCs
from early stage and metastatic BC patients using triple
immunofluorescence staining (68). PD-L1 enables immune
evasion while CD47 signals “do not eat me” to macrophages. A
lower concordance in PD-L1 and CD47 labeling between CTCs and
tumor tissue as well as between PBMCs and TILs. Approximately
11-30% of CTCs were PD-L1/CD47 positive, increasing with
disease progression. Critically, metastatic patients with high
CD47/PD-L1 CTCs showed associations with poorer outcomes
including shorter progression-free survival and greater risk of
relapse and death. These data strengthen the biological rationale
for dual PD-L1/CD47 inhibition in BC.

Liquid biopsy represents an advanced method for dynamically
and continuously monitoring PD-L1 expression in breast cancer
patients receiving immune checkpoint inhibitors. Further research
is warranted on utilizing PD-LI-positive circulating tumor cells
during immunotherapy and correlating their expression with tumor
tissue. Before employing liquid biopsy for treatment decision-
making, several issues must be addressed. These include the
substantial evidence linking epithelial-mesenchymal transition
and PD-LI expression (69, 70), and the need to mitigate false-
positive results since PD-L1 is also expressed on suppressor cells
from the bone marrow (71, 72).

5.3 PD-L1 on exosomes

The clinical prognostic value of PD-L1 expression on exosomes
has been validated in several solid tumor types (60, 73, 74)
However, further studies are still needed to evaluate the clinical
utility of exosomal PD-L1 specifically in breast cancer.
Experimental findings have proposed that PD-L1 bound to the
surface of exosomes can effectively interact with PD-1 receptors,
resulting in inhibition of T cell activation, suppression of apoptosis
in breast cancer cells, and facilitation of tumor immune evasion
(61). Additionally, exosomes were able to transfer PD-L1 from PD-
L1-positive cancer cells to PD-L1-negative cancer cells, elucidating

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1303491
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yang et al.

the underlying mechanisms of immune evasion employed by breast
cancer cells.

5.4 PD-L1 in plasma

Plasma represents another important specimen for liquid
biopsy to detect PD-1, PD-L1, and PD-L2 (75). A notable study
in 66 patients with TNBC revealed significantly higher plasma PD-
L1 levels compared to healthy controls (76). Furthermore, serum
PD-LI levels correlated with tumor stage (p=0.030). Patients who
achieved complete or partial response after neoadjuvant
chemotherapy (NAC) exhibited decreased plasma PD-L1 levels,
whereas patients with stable disease or disease progression
displayed increased plasma PD-L1 levels. These findings
demonstrate the potential clinical utility of measuring PD-LI in
plasma as a liquid biopsy approach for prognostication, predicting
response to chemotherapy, and monitoring disease status in TNBC.

5.5 PD-L1 in PBMCs

Analysis of PBMCs from BC patients showed PD-L1 promoter
hypomethylation may explain increased PD-L1 expression in
PBMCs versus matched tumor tissue. Additionally, the PD-1
promoter was hypermethylated in PBMCs compared to tumor
(77). Methylation profiling in cell-free DNA could thus serve as a
molecular correlate for PD-L1 expression. Another study found
significantly more PD-1 high CD8+ exhausted T cells in tumor
versus matched blood of triple negative BC patients (78). These data
demonstrate differential tumor immune interactions in circulation
versus tissue.

6 Genomic biomarkers
6.1 Tumor mutational burden

Although the FDA and EMA no longer endorse tumor
mutational burden (TMB) as a standard treatment selection
biomarker, TMB remains a potential indicator of T-cell activation
that may help predict response to ICIs therapy (79). While tumor
tissue biopsies were previously the primary TMB sample source
(80), alternative liquid biopsy samples like ctDNA and CTCs
represent promising substitutes for TMB quantification in
patients with limited tumor tissue.

Assessment of TMB from ctDNA represents a promising
advancement that expands its application to patients with limited
biopsy samples or difficulties obtaining high-quality tissue samples
for TMB assays (81). Previous studies have demonstrated a
correlation between blood-based TMB and tissue-based TMB
(82, 83).

In one study of 30 patients, detectable mutations ranging from 1
to 53 were identified in ctDNA. Furthermore, decreased variant
allele frequencies of ctDNA mutations were observed in 3 patients
who had objective responses to treatment, suggesting ctDNA may
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enable early prediction of treatment efficacy. Gandara et al. analyzed
two large retrospective randomized trials and showed a blood-based
TMB threshold >16 was predictive of efficacy for ICIs therapy (84).
These results indicated blood-based TMB (bTMB) could
independently predict clinical benefit in terms of progression-free
survival associated with atezolizumab. Use of plasma, rather than
tissue, as a DNA source for assessing bTMB provides an attractive
alternative for patients with metastatic non-small cell lung cancer
who may not be suitable candidates for biopsy or lack sufficient
tumor tissue.

In metastatic TNBC, the median value of biopsy-based TMB
has been associated with breast tumor subtype and sample type.
Higher TMB detected in tumor tissue was correlated with longer
PFES, compared to bTMB (85, 86). Therefore, there are still certain
challenges that need to be addressed and clarified regarding
discordance between tissue and blood TMB. The establishment of
standardized processes and meaningful thresholds would facilitate
accurate assessment, taking into account the specific panel of genes
that contribute significantly to the precise evaluation of bTMB (87).
While a close correlation between tissue-based TMB and bTMB
exists, bTMB is a relatively independent predictive factor (88-90).
While a close correlation between tissue-based TMB and bTMB
exists, bTMB is a relatively independent predictive factor.

6.2 dMMR/MSI

DNA mismatch repair (MMR) plays a vital role in maintaining
DNA integrity by correcting errors during replication,
recombination, and repair (91). MMR deficiencies can result in
microsatellite instability (MSI), observed across cancer types. In
colorectal cancer, increased mutational burden from deficient
MMR (dMMR) and MSI associates with improved response to
PD-1/PD-L1 blockade (92), leading to FDA approval of
pembrolizumab for any dMMR/MSI tumor (93).

Despite the relatively low 1-2% incidence, current evidence
remains insufficient regarding MSI/dMMR predictive value in
breast cancer (94, 95). However, data indicate MSI presence
across breast cancer subtypes, particularly in high grade, low
progesterone receptor tumors (96). Cases showed metastatic
breast cancer patients exhibited favorable immune checkpoint
inhibitor responses, including nivolumab in dMMR/MSI triple
negative breast cancer and pembrolizumab in dMMR/MSI
luminal (97) or HER2+ disease with high tumor mutational
burden and dMMR (98). Thus, utilizing dMMR as a predictive
biomarker may improve outcomes and guide appropriate immune
therapy selection.

Similarly, MSI evaluation can be performed via circulating
tumor DNA analysis (99). Notably, MSI is effectively detected
even at low coverage (100). Previous studies show high MSI levels
in ctDNA correlate with improved immune checkpoint inhibitor
responses (101). Detecting ctDNA somatic mutations may identify
non-responders, since such mutations regulate tumor immunity. In
anti-PD-1 treated pan-cancer cohorts, high pretreatment plasma
MSI and tumor mutational burden strongly predicted progression-
free survival (p=0.001 and 0.003, respectively) (102).
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6.3 TCR repertoire

The clinical efficacy of ICIs relies on the recognition of
neoantigens by T cells. These neoantigens are presented to T cells
through interaction with MHC molecules (103). Appropriate T cell
receptors (TCRs) recognize these neoantigens, triggering an
immune response as they are perceived as foreign rather than
self-antigens (104). Analysis of the TCR repertoire by sequencing
the TCR CD3 region provides valuable insight, as the CD3 region is
unique to each TCR, and its diversity can serve as a predictive
biomarker for ICIs response (105).

One study reported the circulating CD8+ T cell TCR repertoire in
the blood of breast cancer patients changed following chemotherapy
(106). There was an association between increased TCR repertoire
diversity and improved treatment outcomes. Gao et al. performed
TCR sequencing on PBMCs from metastatic inflammatory and
triple-negative breast cancer patients (107). Therefore, TCR
sequencing from blood not only reflects the diversity of the TCR
repertoire, but also serves as a surrogate indicator for evaluating the
effectiveness of breast cancer immunotherapy.

7 Novel liquid biopsy approaches

CTCs and cfDNA in blood represent emerging liquid
biomarkers with potential clinical utility for cancer management.
In addition to detecting mutations in ctDNA, other novel cfDNA
analysis approaches that go beyond mutation profiling are being
developed and show promise.

One such approach is evaluation of genome-wide
fragmentation patterns of cfDNA, termed “fragmentomics” (108).
By combining fragmentation pattern analysis with mutation
profiling, this approach can accurately discriminate between
cancer patients and healthy individuals based on differences in
cfDNA fragmentation profiles. Another emerging technique is
methylation sequencing of cfDNA (109). For example, detailed
evaluation of methylation patterns across more than 900 CpG sites
in cfDNA has been shown to enable detection of cancer presence
as well as identification of cancer type in patients with
advanced cancers.

Early Diagnosis

Prediction response to treatment

Monitoring response to treatment

FIGURE 3
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Chromatin state analysis and nucleosome footprinting
of cfDNA are other approaches under development (110).
Nucleosome positions on DNA determine chromatin structure,
which in turn affects gene expression. These techniques involve
generating genome-wide maps showing nucleosome occupancy and
transcription factor binding patterns in cfDNA fragments. Analysis
of such nucleosome footprints has revealed patient- and tumor-
specific patterns that allow accurate prediction of cancer
subtypes (111).

A key challenge is that tumor-derived DNA represents only a
small fraction of total cfDNA. Tumors with low mutational burden
like breast cancer are especially difficult to detect. However, these
emerging cfDNA analysis platforms allow interrogation of
significantly more genomic loci compared to targeted mutation
panels. For example, low-coverage genome sequencing of cfDNA to
measure copy number changes can monitor immunotherapy
response (112). Such whole-genome analysis approaches
complement mutation profiling and may provide clinically
actionable information beyond what can be achieved with ctDNA
analysis alone. Further validation of the ability of these novel
platforms to guide immunotherapy decisions in cancers including
breast cancer is warranted.

8 Challenge and future

Liquid biopsy shows promise for improving management of
breast cancer and enhancing patient survival, with increasing
evidence supporting its potential. Over the past decade,
advancements in molecular analysis techniques have enabled
widespread application of liquid biopsy for diagnosis, prognosis
and predicting treatment response in breast cancer. However,
realizing the full potential of liquid biopsy faces several challenges
that need to be addressed. Figure 3 provides a detailed summary of
the clinical applications of liquid biopsy components, along with
their advantages and disadvantages.

A major challenge with CTCs is their rarity, requiring highly
sensitive equipment for detection. The enumeration of CTCs relies
on specialized reagents like immunomagnetic beads and automated
fluorescence microscopes. However, these techniques have limited
sensitivity and accuracy. CTCs analysis is more effective in

Determining prognosis

Detecting recurrence

Overview of the five major clinical applications of liquid biopsy in breast cancer.
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metastatic patients with higher CTC counts, yet only around half of
these patients exhibit positive CTCs (113, 114). Even in metastatic
disease, CTCs can comprise less than one cell per billion blood cells.
More robust methods are urgently needed to reliably capture,
amplify and detect scarce CTCs. Emerging microfluidic and
imaging technologies hold promise if challenges with throughput,
purity and clinical validation can be overcome. Machine learning
methods like deep learning could help improve detection and
classification accuracy.

The current challenge with using ctDNA as a biomarker is its
low quantity compared to normal cell-free DNA, especially with
smaller tumors. CtDNA levels can be as low as 0.01% of total
cfDNA. CtDNA is predominantly released from necrotic tumor
cells, resulting in longer fragments versus healthy individuals. In
contrast, ctDNA from apoptotic cells is shorter at around 133-
144bp (115). Size-based isolation can enrich for ctDNA by
leveraging its short length. However, this approach may miss
longer ctDNA fragments carrying crucial genomic information.
Optimized isolation and amplification techniques are needed to
comprehensively capture ctDNA diversity. Ultra-deep sequencing
could enable detection of rare mutations missed by shallow
sequencing. However, this is expensive and bioinformatically
challenging currently. Tailored gene panels may provide a
balanced approach.

ctDNA analysis could be enhanced by profiling additional
hallmark features of ¢fDNA using integrative approaches.
Assessing ¢fDNA fragmentation patterns, tumor-derived
epigenetic signatures, and nucleosome footprints associated with
active genes may provide supplementary information to optimize
liquid biopsies. This could improve utility for patient selection, risk
stratification, and immunotherapy response monitoring.
Multiparameter liquid biopsy testing combining circulating
biomarkers with cfDNA analysis has shown promise for early
cancer detection (116). Similarly, incorporating diverse
noninvasive measures, including baseline ctDNA, longitudinal
ctDNA changes, and immune cell dynamics, may leverage tumor
and immune components to better define molecular response
to immunotherapy.

Assessing structural and fragmentation patterns of cfDNA (117,
118), along with tumor-derived epigenetic marks and nucleosome
footprints associated with active genes (119), could provide
additional features to optimize liquid biopsies. This may improve
their utility for patient selection, risk stratification, and monitoring
immunotherapy response. Circulating microbiome DNA fragments
have also been detected in the blood of melanoma, prostate and
lung cancer patients (120). This reveals potential for liquid biopsies
to characterize changes in the bacterial microbiome associated with
immunotherapy outcomes.

A key limitation is that liquid biopsy may not fully recapitulate
tumor heterogeneity, since it samples only some subgroups (121).
Multidimensional analysis integrating liquid biopsy data with
clinical and radiomic features can help mitigate this. Combining
liquid and tissue biopsy may also improve heterogeneity
assessment. However, tissue biopsy also has limitations in
capturing spatial and temporal heterogeneity. New techniques
that can assess tumor evolution are required. Repeated liquid
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biopsies could help track changes in biomarkers over time.
However, standardizing the timing and frequency of longitudinal
sampling remains an open question. Mathematical modeling
approaches could help optimize longitudinal sampling strategies.

Currently, standardization procedures and calibration methods
for liquid biopsy lack consistency. Variations exist in operational
workflows and quality control standards employed across different
laboratories and studies, resulting in inconsistent results and
reduced reproducibility. To address this issue, it is crucial to
improve standardization of liquid biopsy practices. One approach
is developing consensus guidelines that establish clear protocols and
quality control measures for various aspects of liquid biopsy,
including sample collection, processing, analysis, and reporting.
Such guidelines would provide a standardized framework ensuring
consistency and reliability across different laboratories and research
settings. Furthermore, implementing external quality assessment
(EQA) programs can significantly enhance standardization. EQA
programs involve external evaluation and proficiency testing of
laboratories, enabling identification of potential errors or variations
in testing procedures. By participating in these programs,
laboratories can identify areas for improvement and align their
practices with established standards.

Collaboration among laboratories is essential to promote
standardization in the field of liquid biopsy. Fostering
partnerships and sharing best practices allow laboratories to learn
from each other’s experiences and work toward harmonizing their
approaches. Potential collaborations can include joint research
projects, data sharing, and establishing common quality control
measures. Through such collaborative efforts, laboratories can
shape consensus guidelines and EQA programs that facilitate the
standardization of liquid biopsy practices.

Standardization is critical for enhancing the reliability and
reproducibility of liquid biopsy results. By improving
standardization through laboratory collaborations, consensus
guidelines, and EQA programs, liquid biopsy can be implemented
consistently in clinical practice. The widespread and uniform
utilization of liquid biopsy will only be achieved through
improving result consistency. Standardization relies on open
collaboration and communication between laboratories to share
knowledge and align approaches. By working together, laboratories
can promote the standardization needed to move liquid biopsy into

routine clinical use.

Conclusions

Immunotherapy is an highly effective treatment strategy for
breast cancer, while there are substantial variations in treatment
response among patients. Therefore, it is imperative to identify
patient subgroups and enable precision treatment through the use
of biomarkers. Liquid biopsies provide a valuable source for
assessing various immune-related biomarkers in breast cancer. In
this review, we have comprehensively listed and detailed the
applications of these immune-related biomarkers. The analysis of
PD-L1 on CTCs and exosomes is currently under investigation,
while the detection of cfDNA and ctDNA is being utilized with
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advanced technologies. The value of TMB as an immunotherapy
biomarker still requires validation in prospective clinical trials.
Currently, there is compelling evidence demonstrating the
correlation between genomic markers such as MSI and TCR
analysis in the blood of breast cancer patients receiving ICIs
therapy, which is associated with treatment efficacy and prognosis.

LB offers several advantages in the context of guiding
immunotherapy for breast cancer. One of its key benefits is the
ability to obtain multiple and repetitive samples throughout the
treatment process, which facilitates effective follow-up and evaluation
of treatment response. LB is characterized by its simplicity, rapidity,
and minimally invasive nature, making it a convenient tool for
monitoring disease progression and therapeutic efficacy.

Immunotherapy, particularly ICIs therapy, can induce distinct
alterations in breast cancer. This highlights the importance of
determining the optimal timing for extracting biomarkers from
LB. By capturing biomarkers at the right time points, clinicians can
gain valuable insights into treatment response and tailor therapeutic
strategies accordingly. Additionally, different ICIs targeted
therapies may require the assessment of specific individual
biomarkers or a combination of multiple biomarkers to effectively
guide treatment decisions.

While liquid biopsy biomarkers for guiding immunotherapy in
breast cancer have not yet been formally recommended in
treatment guidelines, current evidence suggests that the non-
invasive and feasible nature of LB allows for continuous sampling
and longitudinal monitoring. This opens up possibilities
for utilizing LB as a valuable tool in guiding the selection
of appropriate immunotherapeutic approaches for breast
cancer patients.
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Background: Circulating tumor cells (CTCs) could serve as a predictive
biomarker in breast cancer (BC). Due to its high heterogeneity, the diagnostic
and prognostic values of CTC are challenging.

Methods: We searched published studies from the databases of PubMed,
Cochrane Library, Embase, and MEDLINE. The detection capability and hazard
ratios (HRs) of CTCs were extracted as the clinical diagnosis and prognosis
evaluation. Subgroup analyses were divided according to the detection methods,
continents, treatment periods, therapeutic plans, and cancer stages.

Results: In this study, 35 publications had been retrieved with 8,935 patients
enrolled. The diagnostic efficacy of CTC detection has 74% sensitivity and 98%
specificity. The positive CTC detection (CTC*) would predict worse OS and PFS/
DFS in both mid-therapy and post-therapy (HRgs, 3.09; 95% CI, 2.17-4.39;
HRprs/prs, 2.06; 95% Cl, 1.72-2.47). Moreover, CTC* indicated poor survival
irrespective of the treatment phases and sampling times (HRos, 2.43; 95% ClI,
1.85-3.19; HRprs/ors, 1.82; 95% Cl, 1.66-1.99). The CTC* was associated with
poor survival regardless of the continents of patients (HRos = 2.43; 95% Cl, 1.85-
3.19).

Conclusion: Our study suggested that CTC* was associated with a worse OS and
PFS/DFS in the Asian population. The detection method, the threshold level of
CTC*, therapeutic approaches, and sampling times would not affect its
diagnostic and prognostic values.
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Background

Breast cancer (BC) is the most common cancer and will be the
primary leading cause of cancer-related mortality for women in
the future (1, 2). Imaging and clinicopathological information are
the traditional methods for diagnosis and prognosis assessment (3).
However, those evaluations could not reflect the BC condition in
real time. Thus, it is difficult to assign optimal treatments (4, 5).
Therefore, there is considerable interest in developing more
accurate and convenient methods for diagnosis and
prognosis assessment.

Liquid biopsy has been considered as a non-invasive approach
and utilized comprehensively in cancer research (6). The common
analytes of liquid biopsy include circulating tumor cells (CTCs),
circulating tumor DNA (ctDNA), and extracellular vesicles (7).
CTCs are tumor cells which are shed from the primary cancers or
secondary tumors. It could enter into the circulation system and
cause secondary cancer formations consequently (8). Previous
evidence showed that CTCs could represent tumor progression
(9-11). Furthermore, the positive detection of CTCs (CTC") in the
circulation system could evaluate the survival of the patients (12).
There has been an increasing number of literature emphasizing the
potential of CTCs having an important role in diagnosis, prognosis,
and therapeutic effect assessment in clinical settings (13-16).

Several meta-analyses have explored the relationships between
CTC" and cancer outcomes. In their study involving 2,957 patients
from 27 cohorts, Jin and his colleagues revealed that CTCs indicated
poor prognoses universally in lung cancers (14). Current studies
also showed similar outcomes in hepatocellular carcinoma and
pancreatic cancer (15, 16). Although the prognostic and
predictive values of CTCs have been verified in many studies,
some results were controversial (17). Further investigations are
required to identify the factors that influence the diagnostic and
prognostic value of CTC". Additionally, there is a lack of sufficient
research on the diagnostic and prognostic values of CTCs in BC,
particularly in relation to the detection methods, therapeutic
approaches, and cancer stages (18). Thus, the aims of our study
are to investigate the factors that influence CTC" and to analyze
their associations with overall survival (OS), progression-free
survival (PFS), and disease-free survival (DFS) of BC patients.

Methods

This study was prospectively registered in PROSPERO on 08
December 2022 (CRD42022379387) (19) and was performed based
on the PRISMA reporting guidelines (Supplementary Tables 1, 2).

Retrieval strategy and eligibility criteria
The systematic review of the English language articles was

conducted based on the PubMed, Cochrane Library, Embase, and
MEDLINE databases from 1 January 1970 to 27 April 2023. The
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detailed search strategies are exhibited in Supplementary Table 3.
The inclusion criteria were as follows: 1) the clinical sample sources
were the peripheral blood samples; 2) the studies provide data of
true-positive and false-positive rates for diagnosis detection (3); OS
or PFS/DFS was reported as HR of univariate Cox analysis and the
95% confidence interval (CI) was considered valid data; and 4) the
patients had BC, whether it had metastasized or not. Both
prospective and retrospective observational cohort studies were
eligible for inclusion.

Data extraction

A standard table was constructed for information extraction.
Two authors (HF and LX) conducted an independent literature
review and recorded their findings. In order to control for selection
bias, the authors compared their extracted data at the end of the
revision process and resolved any disparities. Duplicate items were
removed. If they could not solve the differences, a senior researcher
(L]) performed the data extraction again.

Main outcomes and study
quality assessment

The purpose of this study was to evaluate the diagnostic
efficiency of CTC detection and the prognostic value of CTCs.
Firstly, we evaluated the quality of all the diagnostic test studies
according to the Quality Assessment of Diagnosis Accuracy
Studies-2. Secondly, the Newcastle-Ottawa Scale was used to
assess the quality of the studies included in the prognosis analysis
(20). This scale awarded points based on patient selection
(maximum of 4 points), outcome assessment (maximum of 3
points), and comparability of the cohort (maximum of 2 points),
with a maximum total of 9 points. The risk of bias was conducted
using the Risk of Bias in Non-Randomized Studies of Intervention
(Cochrane Bias Methods Group) (21). Publication bias was verified
by funnel plot.

Statistical analysis

The statistical analysis was performed using Stata (Version
12.0). Sensitivity, specificity, and area under the curve were
regarded as the gauge of diagnostic analysis. Meanwhile, outcome
data were reported as HRs in the prognosis analysis. An HR that
exceeds 1 indicated a worse outcome. A higher HR value indicated a
poorer prognosis. We estimated study heterogeneity using I*
statistics, where greater than 50% was considered significant
heterogeneity (I* > 50%). It was preferred to use a fixed-effects
model in the absence of significant heterogeneity and a random-
effects model in the presence of significant heterogeneity. The P-
values reported were two-sided, and statistical significance was set
at P <0.05.
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Results

Study characteristics for diagnostic and
prognostic value analyses

In this study, the articles were selected according to the
diagnostic and prognostic roles of CTCs. There were 1,102
articles obtained from four databases for diagnostic analysis. In
order to obtain a comprehensive selection, the full texts of the
initially included articles were read entirely. Eight hundred twenty-
six studies were unsuitable for inclusion because of duplicate
publication. Furthermore, 19 articles were excluded due to
missing information, special CTC types, and multivariate Cox
which might influence the entire result. Thirty-five articles (8,935
patients) were included after the selection procedure (Figure 1). The
main features of the eligible studies are summarized in Tables 1, 2
(12, 22-55). The QUADAS-2 revised tool and the Newcastle-
Ottawa scale were utilized to assess the biases and qualities in the
meta-analysis procedure (Supplementary Tables 3-6).

10.3389/fonc.2023.1272788

The diagnostic performance of CTC
detection

Among the 12 included studies, 7 studies investigated the
diagnostic efficacy of CTC detection for all cancer stages, 4
studies mainly focused on the metastatic stage, and 1 study did
not provide information on the cancer stage. The results showed a
high diagnostic efficacy of CTC detection with 0.74 sensitivity (95%
CI, 0.65-0.81) and 0.98 specificity (95% CI, 0.88-1.00). The
diagnostic score and odds ratio were 4.85 and 127.17, respectively
(Figure 2A). Positive and negative diagnostic likelihood ratios
(DLRs) were 33.96 and 0.27 (Figure 2B). Remarkably, the Fogan
diagram indicated that an individual who tested positive with a
CTC test had a 97% chance of developing BC (Figure 2C). This
indicated that the detection methods had good effectiveness for
CTCs. The summary receiver operating characteristic curves
(SROCs) showed an area under the curve of 0.89 (95% CI, 0.86-
0.91). Combined with the diagnostic odds ratio, the result also
provided evidence of the values of those CTC detection methods

Records identitied from:
Cochrane Library,
PubMed,

Embase (Science Direct),
and MEDLINE (n=1102)

.

Records screened
(n=880)

A

Records sought for
retrieval (n=54)

8

Records assessed for
eligibility (n=35)

Records removed:
Duplicates removed
n=222

Records excluded:
Irrelevant topic (n=187)
Meta-analysis paper (n=4)
basic studies (n=635)

Records excluded:
Full-text missed
information needed (n=4)
Special CTC type (n=14)
Multivariate COX (n=1)

v

The included studies
of Diagnostic Value

(n=12)

FIGURE 1
Flow diagram of the study selection for the present meta-analysis.

Frontiers in Oncology

v

The included studies
of Prognosis Value
(n=23)

frontiersin.org


https://doi.org/10.3389/fonc.2023.1272788
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhao et al.

TABLE 1 Articles included in the diagnostic meta-analysis.

Cancer

First author of the study

10.3389/fonc.2023.1272788

No. of

Country . Detection
(ref.), year stage patients
1 Riethdorf et al., 2007 (22) Germany MBC 237 CellSearch System 53 8 29 137
2 Sawada et al., 2016 (23) Japan MBC 42 Fluidic cell microarray chip system 17 9 5 11
1 taining-fl in-sit
3 Sheng et al,, 2017 (24) China N/A 55 mmunosiaiing-tuorescence Sty o 4 10
hybridization
4 Li et al.,, 2017 (25) China MBC 190 CellCollector 95 0 32 63
5 Jin et al., 2020 (26) China ALL 157 CytoSorter system 109 1 19 28
6 Li et al,, 2018 (27) China ALL 119 NE-FISH platform 85 7 14 13
7 Li et al,, 2013 (28) China ALL 103 IMPs + ICC 42 0 36 25
ination of cvtokerati
8 Weissenstein et al,, 2012 (29) Switzerland ALL 69 Combination of cytokeratin and 39 0 | 2 10
EpCAM antibodies
9 Zhang et al., 2021 (30) China ALL 179 A label-free microfluidic chip 95 9 34 41
. Telomerase-specific replication-
10 Kim et al., 2011 (31) Japan ALL 77 X ; 21 0 29 80
selective adenovirus
A three- k K19, hAMAM, and
11 Chen et al., 2010 (32) China ALL 100 ree-marker (CK19 an o 1 33 19
CEA) RT-PCR assay
A three-marker (CK19, hMAM, and
12 Zh t al., 2013 (33 Chi MBC 158 86 0 12 60
aoeta 3 na CEA) RT-PCR assay

ICC, immunocytochemistry; IMPs, immunomagnetic nanoparticles; NE-FISH, negative enrichment-fluorescence in-situ hybridization; RT-PCR, reverse transcription-polymerase chain
reaction; EpCAM, epithelial cell adhesion molecule; CK 19, cytokeratin 19; hMAM, human mammaglobin; CEA, carcinoembryonic antigen-positive.

(Supplementary Figures S1A, B). Heterogeneity was significant in
these analyses (I > 50%). However, the funnel plot asymmetry test
with linear regression indicated a non-significant publication bias in
the meta-analysis (P = 0.37) (Supplementary Figure S1C). Thus, we
performed a metaregression analysis and showed that continent was
the potential source of heterogeneity. Our subgroup analysis
indicated that specificity would be higher in Chinese patients
(Supplementary Table 7).

Factors that influence the association
between CTC and poor prognosis

In order to identify the factors that influence the CTC"
prognosis value, the variables were examined in the
metaregression, including publication year, sample size, age,
continent, detection method, CTC" definition, tumor stage,
therapeutic regimen, sampling time, and follow-up time
(Supplementary Table 8). Our results showed that the detection
method and continent were the major elements of the heterogeneity
in the pooled HRpg and HRpgg/prs (P = 0.01). Then, we divided the
subgroups and analyzed them according to the differences in the
detection method and continent.

Previous studies demonstrated that the CellSearch System was
the most used detection system for CTC detection (56). More
recently, researchers have combined two systems/methods for
detection, namely, immunomagnetic nanospheres (IMNs) and
reverse transcription-polymerase chain reaction (RT-PCR), to
improve the significance of the CTC prognostic value. Those
studies were classified and analyzed as another subset in the
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subgroup analysis, which was named the Not CellSearch System
subset (Figure 3). The calculated analysis revealed that CTC" was
associated with poor survival and could be regarded as a high-risk
biomarker (HRggs, 2.43; 95% CI, 1.85-3.19; HRpgs/pEs, 1.82;95% CI,
1.66-1.99) (Figures 3A, B; Table 3). The overall heterogeneity was
significant in the OS analysis (I* = 75.5%). We suspected that
heterogeneity might come from the Not CellSearch System subset
(I2 = 89.2%); however, publication bias did not exist in this subset
(PBegg > 0.05; Pggger = 0.652) (Supplementary Figures S2A, Bj
Table 4). The one-way sensitivity analysis considered that the
exclusion of any article did not affect the entire outcome
(Supplementary Figure S2C). The trim-and-fill analysis suggested
that one study might be missed and that if it were published, the
relationship would not be reversed (the adjusted HR, 0.99; 95% ClI,
0.351-2.724, Supplementary Figure S2D; Table 3). Furthermore, the
association between CTC" and poor OS would be obvious if
the CellSearch System was utilized as the detection system in the
clinical trial (HR = 2.74; 95% CI, 2.30-3.28).

The different detection methods implied that variations existed
in the threshold levels. Thus, we performed a subgroup analysis for
the CTC" definition according to the different threshold levels. The
pooled results suggested that CTC" was a stable prognosticator in
poor survival assessment (HRpg, 2.43; 95% CI, 1.85-3.19; HRpgg,
prs» 1.825 95% CI, 1.66-1.99) (Figures 4A, B; Table 3). The overall
heterogeneity was significant in the PFS/DFS subgroup (I* = 75.5%).
The publication bias, one-way sensitivity, and the trim-and-fill
analysis demonstrated that the results were reliable and not
reversed (the adjusted HR, 1.68) (Supplementary Figure S2E-H;
Table 4). When the CTC" was defined as 1 CTC per 7.5 mL, the
poor PFS/DFS was significantly associated with CTC" (HR, 2.04;
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TABLE 2 Characteristics of the studies included in the meta-analysis.

Study ID First author of the Country  Continent No. of Sampling Detection system? CTC™ definition®
study, year patients time
1 Radovich M, 2020 (34) Indianapolis America 123 49.6 Early Mid-therapy CellSearch System 1 per 7.5 ml
2 Massimo Cristofanilli, 2004 (35) America America 177 58 Advanced Post-therapy CellSearch System 5 per 7.5 ml
F is-Cle t Bidard, 2021
3 rangois-C err(l;;l) waar France Europe 377 64 Advanced Mid-therapy CellSearch System 5 per 7.5 ml
CellSearch Syst d HD-SCA
4 Halle C.F. Moore, 2021 (37) America America 37 N/A Advanced Baseline eloeara yzse;:yan 5 per 7.5 ml
5 Jeffrey B Smerage, 2014 (38) America America 288 N/A Advanced Post-therapy CellSearch System 5 per 7.5 ml
6 Elisabeth Trapp, 2018 (39) Germany Europe 1087 53 Early Post-therapy CellSearch System 1 per 7.5 ml
I ti h
7 Shunyun Pang, 2021 (40) China Asian 110 52.7 ALL Baseline mmunomazglnh;;:s)n anospheres 19 per 7.5 ml
8 Markus Wallwiener, 2012 (41) Germany Europe 486 55 Advanced Baseline CellSearch System 5 per 7.5 ml
9 Carolyn S Hall, 2016 (42) America America 509 53 Early Baseline CellSearch System 1 per 7.5 ml
10 Jean-Marie Ramirez, 2014 (43) Germany Europe 254 60 Advanced Baseline EPISPOT and CellSearch system 1 per 7.5 ml
11 William Jacot, 2019 (44) France Europe 150 N/A Advanced Mid-therapy CellSearch System 5 per 7.5 ml
12 Jean-Yves Pierga, 2015 (45) France Europe 52 50.6 Early Baseline CellSearch System 1 per 7.5 ml
Manuall e d
13 Julia Jueckstock, 2016 (46) Germany Europe 1221 53 Early Baseline . anuatly per om.le 1 per 23 ml
immunocytochemistry
14 Daniel F Hayes, 2006 (47) America America 177 N/A Advanced Baseline CellSearch System 5 per 7.5 ml
15 Zhaomei Mu, 2015 (48) America America 115 54.5 Advanced Baseline CellSearch System 5 per 7.5 ml
16 Brigitte Rack, 2014 (12) Germany Europe 2026 N/A Early Post-therapy CellSearch System 1 per 30 ml
17 Anna-Maria Larsson, 2018 (49) Sweden Europe 152 65 Advanced Baseline CellSearch System 5 per 7.5 ml
18 Yugin Yang, 2022 (50) China Asia 216 46 Early Mid-therapy Liquid Biopsy System 1 per 4 ml
Yukako Shiomi-Mouri, 2013
19 os 1o(r;111) ouri, 20 Japan Asia 97 59 Advanced Baseline CellSearch System 1 per 7.5 ml
20 Shaheenah Dawood, 2008 (52) America America 185 49 Advanced Baseline CellSearch System 5 per 7.5 ml
21 Mandar Karhade, 2014 (53) America America 105 54 Early Baseline CellSearch System 1 per 7.5 ml
11 h T-P!
22 Morales S, 2018 (54) Spain Europe 67 59.6 Advanced Mid-therapy CellSearch System and RT-PCR 5 per 7.5 ml
methods
23 Naoki Hayashi, 2011 (55) Japan Asia 49 54.1 Advanced Mid-therapy CellSearch System 5 per 7.5 ml
(Continued)
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TABLE 2 Continued

: . . Anatomic . . Lymph node
CTC status HR (95% CI) Materials stage Histologic grade involvement
OnEE =" Therapy Follow-up
PFS/DFS (O A -1V =111 Y/N
J methods® time' !
1.68 (0.85-
DFS/0S 73 50 332) 2.3 (0.95-5.57) Accepted surgery <20 months 33/67/23/0 1/18/101 52/71
2.52 (1.4532- 6.49 (2.1303-
PES/OS 60 20 ( ( Systemic therapy <20 months N/A N/A N/A
4.3704) 19.7735)
1.22 (0.97-
PES 239 138 1 ;4) N/A Chemotherapy >20 months N/A N/A N/A
PFS 27 7 1.4 (0.59-3.32) N/A Accepted surgery >20 months N/A N/A N/A
2.13 (1.63-
PFS/OS 165 123 279) 1.94 (1.52-2.47) Chemotherapy <20 months v N/A N/A
1.37 (0.86-
DFS/OS 889 198 2.17) 2.07 (1.01-4.24) Chemotherapy >20 months N/A 58/528/501 365/718
3.56 (1.86- 4.98 (2.06—
PF A 2 h. 1 18/2 N/A N/A
S/0S 55 55 652) 12.02) ccepted surgery >20 months 9/38/18/20 / /
1.82 (1.41- .
PES/OS 281 205 234) 4.79 (2.95-7.79) Systemic therapy <20 months v N/A N/A
2.72 (1.57-
RFS/OS 385 124 472) 2.29 (1.12-4.67) Accepted surgery >20 months I-11I 56/232/202 234/273
0.386 (0.223-
[N} 132 122 N/A 0 6(68) Chemotherapy N/A N/A N/A N/A
PFS/OS 64 86 2 (1.4-2.8) 3.6 (2.3-5.8) Chemotherapy <20 months v N/A N/A
3.69 (1.34-
DFS 34 18 10(21) N/A Accepted surgery >20 months v N/A N/A
1.25 (0.88-
DFS/OS 970 251 177) 1.47 (0.96-2.23) Accepted surgery >20 months ALL 59/604/557 1122/422
1.89 (1.37- .
PFS/OS 90 87 261) 2.45 (1.64-3.65) Systemic therapy >20 months I\% N/A N/A
2.38 (1.44-
PES 79 36 3 ;5) N/A Systemic therapy <20 months 0/0/12/103 N/A N/A
2.257 (1.595- 2.447 (1.491-
PFS/OS 1,174 330 ( ¢ Chemotherapy >20 months N/A N/A N/A
3.195) 4.015)
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TABLE 2 Continued

: . Anatomic . . Lymph node
CTC status HR (95% CI) Materials stage Histologic grade involvement
Outcome®
Therapy Follow-up
PFS/DFS (O ; -1V =111 Y/N
J methods® time' !
1.68 (1.17- .
PFS/OS 73 79 242) 2.52 (1.58-4.01) Systemic therapy >20 months N/A 13/65/46 44/92
1.934 (0.607-
0os 172 44 N/A 6 1(68) Chemotherapy <20 months 52/124/40/0 N/A N/A
3.816 (1.839-
0os 53 45 N/A 7 9(17) Chemotherapy N/A N/A 10/42/28 N/A
[N 114 71 N/A 3.1(1.8-5.2) Chemotherapy N/A 22/59/43/56 N/A 71177
3.93 (1.55-
PFS/OS 71 34 9.94) 2.36 (0.84-6.65) Accepted surgery >20 months N/A 4/15/92 62/51
PFS 39 38 2.18 (1.22-3.9) N/A Systemic therapy N/A N/A N/A N/A
2.627 (1.161- 3.096 (1.313-
PFS/OS 28 21 ¢ ¢ Systemic therapy >20 months N/A N/A N/A
5.946) 7.302)

ref., reference; CTC, circulating tumor cell; CTC*, positive CTC detection; HR, hazard ratio; CI, confidence interval; OS, overall survival; PES, progression-free survival; DFS, disease-free survival; RFS, relapse-free survival; N/A, not applicable; nMBC, non-metastatic breast
cancer; MBC, metastasis breast cancer.

In order for the analysis to be successful:

“Except for the CellSearch System, other methods and combinations are deemed as “Not CellSearch System” in the meta-analysis.

“In addition to “1 per 7.5 ml” and “5 per 7.5 ml,” other CTC" definitions are considered as “other CTC*” in the meta-analysis.

“Based on the previous studies, the DFS/PFS/RES could be regarded as the same data to calculate HR, and single data are not declared in the analysis.

9The number of samples detected by the detection methods was not the same as the population involved in the corresponding clinical trials; the “~” label meant that the CTC could not be detected by the detection methods, and vice versa.

“The detailed therapy information classified by the subgroups includes chemotherapy, accepted surgery, and systemic therapy (surgery + other treatment).

The follow-up time is divided into “<20 months” and “>20 months.” If the data could not be classified, it would be considered as “not applicable.”
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FIGURE 2

Analysis of the diagnostic values of CTC. (A) The sensitivity, specificity, diagnostic score, and odds ratio of CTCs for the diagnosis of BC; (B) the
analysis of DLR positive and DLR negative; (C) the Fagan nomogram of the diagnostic values of CTCs.

95% CI, 1.53-2.72). Meanwhile, the CTC" was defined as 5 CTCs
per 7.5 mL, and the poor OS was more significantly associated with
CTC" (HRos, 2.96; 95% CI, 2.27-3.87).

Association of CTC* prognostic value in
different continents

To identify another source of heterogeneity, we conducted a
subgroup analysis, based on the difference of continents (Figure 5;
Table 3). Our results showed that the relationship of CTC" with
poor survival was not influenced by the different regions (HRpg =

2.43; 95% CI, 1.85-3.19; HRppg/pps = 1.82; 95% CI, 1.66-1.99)
(Figures 5A, B; Table 3). The heterogeneity was moderate in the
PFS/DEFS subgroup (P = 49.1%). Furthermore, the heterogeneity
might mainly come from the Europe subset (I? = 54.8%). However,
publication bias did not exist (Supplementary Figures S2I, J;
Table 4). The outcome was not changed in the one-way
sensitivity analysis (Supplementary Figure S2K). The adjusted HR
would be 1.512 after the trim-and-fill analysis (95% CI, 1.358-
1.682) (Supplementary Figure S2L; Table 4). Compared with the
subsets in the subgroup analyses, CTC" may be closely related to
worse survival in Asian patients (HRps, 3.51; 95% CI, 2.27-5.42;
HRpps/prs, 3.16; 95% CI, 1.90-5.26).
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FIGURE 3

The subgroup analysis of detection methods in prognosis value. (A) The pooled HRps of the detection method; (B) the pooled HRpes/prs Of the

detection method.
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TABLE 3 Summary of subgroup meta-analysis for CTC prognosis value
evaluation.

Subgroup HRos HRpes/DFs
(95% Cl) (95% ClI)
11 h 2.74 (2.30,
C‘; Searc 73 2(8 30 1.84 (1.67, 2.03)
Detection method ystem 28)
and research Not CellSearch 1.46 (0.52,
1.67 (1.29, 2.16)
System 4.07)
1.79 (0.81,
1 per 7.5ml 2.04 (1.53, 2.72)
3.93)
2.96 (2.27,
CTC and research 5 per 7.5ml 5 ;7) 1.78 (1.60, 1.98)
Other CTC 2.26 (1.38,
ert ( 1.85 (1.47, 2.33)
definition 3.71)
Ei 200 (112, 1.62 (1.44, 1.82)
urope . 44, 1.
P 3.58)
Continent and i 2.31 (1.90,
America 2.15 (1.83, 2.52)
research 2.81)
3.51 (2.27,
Asian ( 3.16 (1.90, 5.26)
542)
2.04 (1.27,
Chemotherapy 3.3(0) 1.69 (1.47, 1.93)
A ted 2.23 (1.47,
Therapy and research coepte ( 1.91 (1.52, 2.39)
surgery 3.40)
Systemi 3.23 (2.30,
ystemic ( 1.95 (1.67, 2.26)
therapy 4.54)
2.31 (1.46,
Baseline ( 1.88 (1.64, 2.16)
3.67)
Sample time and . 3.09 (2.17,
Mid-th 1.53 (1.29, 1.82
research 1d-therapy 4.39) ( )
2.29 (1.65,
Post-therapy ( 2.06 (1.72, 2.47)
3.18)
T t: d 2.57 (1.70,
{mor stage an Advanced stage ( 1.78 (1.60, 1.98)
research 3.88)
1.97 (1.54,
Early stage 2‘5(2) 1.83 (1.52, 2.20)
2.43 (1.85,
All research studies - 5 1(9) 1.82 (1.66, 1.99)

Relationship between CTC+ prognostic
value and clinical therapeutic
characteristics

Previous studies considered that some drugs, such as sorafenib
and digitoxin, could limit or kill tumor cells detaching from the
primary distant sites (57). Thus, we conducted a subgroup analysis
to investigate the influence of different treatment methods and
sampling times on the prognostic value of CTC". The calculated HR
suggested that the relationship was not affected by different
treatment methods (HRps, 2.43; 95% CI, 1.85-3.19; HRpgs/prs»
1.82; 95% CI, 1.66-1.99) (Figures 6A, B; Table 3). The heterogeneity
was significant in the OS subgroup analysis (I* = 75.5%).
Comparing the heterogeneity of the subsets, the results indicated
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that the source came from the chemotherapy subset (I* = 85.1%).
However, publication bias was not discovered in this subset
(Supplementary Figures S2M, N). The outcome was stable in the
one-way sensitivity analysis (Supplementary Figure S20). The
adjusted HR would be 1.57 analyzed by the trim-and-fill analysis
(Supplementary Figure S2P; Table 4). Furthermore, the subset
results showed that the patients who received systemic therapy
would have worse survival than other patients when the CTC was
detected (HRos, 3.23; 95% CI, 2.30-4.45; HRppg/prs, 1.95; 95% CI,
1.67-2.26).

The subgroup analysis of sampling times indicated that the
relationship between CTC" and poor survival would be stable
regardless of the treatment phases (HRps, 2.43; 95% CI, 1.85-
3.19; HRpps/prs, 1.82; 95% CI, 1.66-1.99) (Figures 7A, B; Table 3).
The heterogeneity of OS analysis was significant (I* = 75.5%), and
the heterogeneity of the subgroup might result from the baseline
subset (I = 84.9%). The result was reliable after the publication bias,
the one-way sensitivity, and the trim-and-fill analysis
(Supplementary Figures S3A-D; Table 4). Consistent with a
previous study, our result showed that CTC detection at mid-
therapy or post-therapy could be used for monitoring therapeutic
effects and had prognostic relevance (58). For instance, the subset
outcomes exhibited that patients with CTC" would have worse OS
and PFS/DFS in both mid-therapy and post-therapy (HRps, 3.09;
95% CI, 2.17-4.39; HRpgs/prs, 2.06, 95% CI, 1.72-2.47).

The analysis of CTC prognosis value for all
patients and cancer stages

In order to investigate the prognostic value of CTC" in different
stages of BC, we conducted a subgroup analysis. We divided the
data into subgroups according to cancer stages. The calculated
analysis showed that the prognostic value of CTCs would not be
affected by the cancer stages (HRps, 2.35; 95% CI, 1.78-3.10; HRpgg,
prs 1.79; 95% CI, 1.63-1.97) (Figures 8A, B; Table 3). The OS
subgroup analysis showed a significant heterogeneity (I = 75.9%),
and it might come from the advanced stage subset (I* = 85.5%).
However, the result was stable after the publication bias, the one-
way sensitivity, and the trim-and-fill analysis (Supplementary
Figures S4E-H; Table 4). Furthermore, the relationship between
CTC and poor OS was more obvious in the advanced BC stage
(HRos, 2.57; 95% CI, 1.70-3.88). However, as for the poor PFS/DES
forecast, early BC stage patients may benefit more from the
relationship (HRpgs/prs, 1.83; 95% CI, 1.52-2.20).

Herein, 18 available trials and 6,794 individuals could be
unitized in the HRgg extraction. HRpgspps was available in 19
studies, which consisted of 6,696 patients. The analyzed HR
indicated that CTC" could represent poor survival in all BC
patients (HRos, 2.43; 95% CI, 1.85-3.19; HRpgs/prs, 1.82; 95% CI,
1.66-1.99) (Figures 9A, B; Table 3). The heterogeneity was
significant in all BC analyses; however, the metaregression and
subgroup analyses showed that the result was stable and reliable.
Despite the overall heterogeneity being moderate in some
subgroups (I < 50%) (Figures 3B, 4B, 5B, 6B, 7B, 8B), the
heterogeneity analyses of the subsets in the subgroup analysis
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FIGURE 4

The subgroup analysis of CTC* definition in prognosis value. (A) The calculated HRos of CTC* definition; (B) the

definition.
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FIGURE 7
The sample time and therapy subgroup analysis of survival evaluation. (A) The pooled HRos of sample time; (B) the pooled HRprs/prs of sample time.
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FIGURE 9
Analysis of prognosis values for all patients. (A) The pooled HRos of all research studies; (B) the pooled HRpgs,prs Of all research studies.
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could support the stability and reliability of the analyses (I* > 50%)
(Supplementary Figures S3E-P, S4A-D, I-P, S5; Table 4).

Discussion

In a rapidly evolving cancer prediction field, CTC detection
technologies have attracted the attention of researchers. In this
study, we investigated the diagnostic effectiveness of the widely used
CTC detection approaches including the CellSearch System, ICC,
and RT-PCR. Our results suggested that CTC detection was
effective and had high diagnostic value for BC patients. The
CellSearch System might have a higher diagnostic value compared
with other detection methods. Moreover, the different threshold
levels do not affect the relationship between CTC" and poor
prognosis. In the prognosis subanalysis, patients detected by the
CellSearch System with CTC" showed a worse prognosis (HRos,
2.74; 95% CI, 2.30-3.28; HRpps/prs, 1.84, 95% CI, 1.67-2.03). The
subgroup analysis for patients from continents indicated that CTC*
was associated with a worse OS and PFS/DFS in the Asian
population which was consistent with a previous study and could
be regarded as a more obvious biomarker for patients from Asia (16,
59, 60). It may be caused by the differences between ethnic, but the
specific reason is not yet clear and needs further research.

Most studies revealed that the presence of CTCs implied a
worse prognosis at baseline. However, the relationships between
CTCs and the therapeutic regimen were unclear. Our results
demonstrated that CTC* at mid-/post-therapy could not only
reflect the therapeutic effect but also evaluate the prognostic
relevance. The prognostic ability was not influenced by the time
points of sampling. Moreover, our research also showed that the
relationship between CTC" and poor survival was changing
constantly. Thus, we suggest that patients should repeat the CTC
detection after the therapy to obtain a more accurate survival
assessment. Comparing the three time points, the pooled HRs
indicated that patients should conduct CTC detection again after
treatment to obtain a more accurate evaluation of survival.
Altogether, the association between CTCs and poor survival
should be considered stable, regardless of the treatment methods
the patient is receiving. However, the relationship between CTC*
and different therapeutic regimens was not investigated in the
subgroup analysis due to insufficient information which deserves
further study in the future. Previous studies have demonstrated that
the prognosis of early and advanced BC was obviously different (61,
62). In line with previous studies, our findings showed that CTC"
could serve as an independent predictor for cancer progression (35,
63-65). To sum up, our study showed that CTCs could be utilized as
a high-value marker for all BC patients. The value was stable after
the heterogeneity analysis. Moreover, CTC detection should be
conducted in different stages which could predict the prognosis and
treatment response for BC patients.

With the development of detection techniques, novel methods
such as microgels and antifouling nanofilm could facilitate in the
separation and purification of CTCs, which could promote the
CTCs to enter the clinic (66-68). Although the utility of CTC
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detection was not included in the clinical practice guidelines of BC,
many studies have shown its great potential in the management of
BC patients (69, 70). For instance, the results obtained from
Chakraborty’s group encouraged the incorporation of CTC
quantification as a prognostic marker and for minimally invasive
tumor burden assessment in multiple myeloma (71). In the future,
the level of CTCs might be an important component of stage
definition for BC patients. Moreover, investigation of the
genomic/transcriptional/proteomic profiles of CTCs could
provide comprehensive information in choosing therapeutic
strategies. For example, some CTC measurement technologies
achieved the genotyping of CTCs, including crucial gene
mutations and clone heterogeneity, such as TP53, PIK3CA,
ERBB2, KLK10, NUMBL, GFB1, and BSG (72, 73). Those
achievements would help clinicians select personalized treatment
and more effective therapeutic regimens during tumor progression.
The present studies suggested the clinical value of CTCs in the
diagnosis, prognosis, and treatment of BC. However, the utilization
of CTCs urgently needs standard detection methods and clinical
guidelines, especially for the differences in populations, therapeutic
schemes, BC stages, thresholds, and the appropriate time points for
blood sampling (74).

CTCs could not be the unique prognostic factor due to the
complex mechanism of BC development, invasion, and metastasis.
The progression of BC could be regulated by the tumor
microenvironment (TME) and deeply influenced by cancer-
associated fibroblasts, macrophages, neutrophils, T regulatory
cells, tumor-infiltrating lymphocytes, and the related secreted
molecules (75). For example, the number of CD68" macrophages,
the count of tumor-infiltrating lymphocytes, and the expression of
TGF-B in different genetic levels could serve as prognostic and
predictive markers (76-78). Those specific cells and related secreted
molecules were equally important for the evaluation of BC
prognosis. The design and construct of drugs aimed at those
molecules would be a promising way for BC patients. For
instance, Yi and his team produced bispecific antibodies targeting
TGF-B and human PD-L1 (termed YM101 and BiTP) showing
antitumor activity in the TNBC. This means that CTCs, as a kind of
TME-related molecule, would also have the potential possibility to
be utilized by the drug design of BC (79, 80).

Some limitations exist and should be considered deliberately.
First, compared with other cancers, BC was relatively general.
Meanwhile, some confounding factors were not clear and
discussed which are equally important including detection
markers, anatomic stages, histologic grades, and the metastatic
conditions of the lymph nodes/organs. These factors could not be
regarded as subgroups. Second, only a fraction of the literature
directly offered univariate HR, LCI, and UCI values. In order to
ensure the accuracy of data, studies were not included in this
analysis that do not provide original data. Some articles only
exhibited survival curves. These articles were not included
because extracting data from survival curves also led to
measurement bias. Third, according to the funnel plot, the meta-
analysis adopted a systematic retrieval strategy and did not identify
significant publication bias. However, some gray publications were
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not taken into analysis factually including meetings and abstracts
written in other languages and inaccessible articles. Fourth, a series
of data were still not detailed enough in the analysis. For example,
the first follow-up time and the definition of BC stages in some
articles were not clear. This could also influence the analysis
outcomes. Finally, in our analysis, only one male patient was
involved. This meant that the final outcome may be not valuable
for men.

Conclusions

Our results provided the latest evidence to support that CTCs
have a high and stable value of the diagnosis and prognosis for BC,
especially for patients from Asia. We suggest that patients should
have CTC detection sequentially during treatment, especially when
BC progression has been identified. In the future, novel techniques
should be developed to improve the efficacy of CTC detection.
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SUPPLEMENTARY FIGURE 1

The analyses of SROC with prediction & confidence contours, diagnostic
odds ratio and Deeks’ funnel plot asymmetry Test in the diagnosis effect
of CTC.

SUPPLEMENTARY FIGURE 2

The further identification and analysis of the heterogeneity. (A) the Begg's
funnel plot of the ‘Not CellSearch system’ group analysis in HRos; (B) the
Egger’s publication bias plot of the ‘Not CellSearch system’ group analysis in
HRos; (C) the one-way sensitivity analysis of the ‘Not CellSearch system’
group analysis in HRos; (D) the trim-and-fill analysis of the ‘Not CellSearch
system’ group analysis in HRos; (E) the Begg's funnel plot of ‘other definition
of the CTC+' group analysis in HRpes/prs: (F) the Egger’s publication bias plot
of the ‘other definition of CTC+' group analysis in HRprs/prs; (G)the one-way
sensitivity analysis of ‘other definition of the CTC+' group analysis in HRpgs/
ors; (H) the trim-and-fill analysis of the ‘other definition of CTC+" group
analysis in HRpes/prs; (1) the Begg's funnel plot of the ‘Europe’ group analysis in
HRpes/ors; (G) the Egger’s publication bias plot of the ‘Europe’ group analysis
in HRprs/prs; (K) the one-way sensitivity analysis of the ‘Europe’ group analysis
in HRpes/prs; (L) the trim-and-fill analysis of the '‘Europe’ group analysis in
HRprs/prs; (M) the Begg's funnel plot of the ‘chemotherapy’ group analysis in
HRos; (N) the Egger's publication bias plot of the ‘chemotherapy’ group
analysis in HRgs; (O) the one-way sensitivity analysis of the ‘chemotherapy’
group analysis in HRgs; (P) the trim-and-fill analysis of the ‘chemotherapy’
group analysis in HRos.

SUPPLEMENTARY FIGURE 3

The further identification and analysis of the heterogeneity. (A) the Begg's
funnel plot of the ‘baseline’ group analysis in HRos; (B) the Egger’s publication
bias plot of the ‘baseline’ group analysis in HRos; (C) the one-way sensitivity
analysis of the ‘baseline’ group analysis in HRos; (D) the trim-and-fill analysis
of the 'baseline’ group analysis in HRos; (E) the Begg's funnel plot of the
‘Europe’ group analysis in HRos; (F) the Egger’s publication bias plot of
the 'Europe’ group analysis in HRos; (G) the one-way sensitivity analysis of
the ‘Europe’ group analysis in HRos; (H) the trim-and-fill analysis of the
‘Europe’ group analysis in HRos; (1) the Begg's funnel plot of the ‘1 per 7.5 ml’
group analysis in HRos; (G) the Egger’s publication bias plot of the ‘1 per 7.5
ml’ group analysis in HRos; (K) the one-way sensitivity analysis of the ‘1 per 7.5
ml’ group analysis in HRos; (L) the trim-and-fill analysis of the ‘1 per 7.5 ml’
group analysis in HRgs; (M) the Begg's funnel plot of the '5 per 7.5 ml’ group
analysis in HRos; (N) the Egger's publication bias plot of the '5 per 7.5 ml'
group analysis in HRos; (O) the one-way sensitivity analysis of the ‘5 per 7.5 ml’
group analysis in HRos; (P) the trim-and-fill analysis of the ‘5 per 7.5 ml’ group
analysis in HRos.

SUPPLEMENTARY FIGURE 4

The further identification and analysis of the heterogeneity. (A) the Begg's
funnel plot of the ‘other definition of CTC+' group analysis in HRos; (B) the
Egger’s publication bias plot of the ‘other definition of CTC+' group analysis in
HRos; (C) the one-way sensitivity analysis of the ‘other definition of CTC+’
group analysis in HRos; (D) the trim-and-fill analysis of the ‘other definition of
CTC+' group analysis in HRos; (E) the Begg's funnel plot of the ‘advanced
stage’ group analysis in HRos; (F) the Egger's publication bias plot of the
‘advanced stage’ group analysis in HRgs; (G) the one-way sensitivity analysis
of the "advanced stage’ group analysis in HRos; (H) the trim-and-fill analysis of
the "advanced stage’ group analysis in HRos; (I) the Begg's funnel plot of the
‘Not CellSearch system’ group analysis in HRprs;prs; (G) the Egger's
publication bias plot of the ‘Not CellSearch system’ group analysis in HRpgs/
ors: (K) the one-way sensitivity analysis of the ‘Not CellSearch system’ group
analysis in HRprs/prs; (L) the trim-and-fill analysis of the ‘Not CellSearch
system’ group analysis in HRpes/prs; (M) the Begg's funnel plot of the ‘mid-
therapy’ group analysis in HRprs/prs; (N) the Egger’s publication bias plot of
the 'mid-therapy’ group analysis in HRepes/prs; (O) the one-way sensitivity
analysis of the ‘mid-therapy’ group analysis in HRprs/prs; (P) the trim-and-fill
analysis of the ‘'mid-therapy’ group analysis in HRpgs/prs.
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SUPPLEMENTARY FIGURE 5

The further identification and analysis of the heterogeneity. (A) the Begg's
funnel plot of the ‘chemotherapy’ group analysis in HRpes/pes; (B) the Egger’s
publication bias plot of the ‘chemotherapy’ group analysis in HRpgs/pFs;
(C) the one-way sensitivity analysis of the ‘chemotherapy’ group analysis in
HRprs/ors; (D) the trim-and-fill analysis of the ‘chemotherapy’ group analysis
in HRprs/ors; (E) the Begg's funnel plot of the ‘accepted surgery’ group
analysis in HRprs/prs; (F) the Egger’s publication bias plot of the ‘accepted
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Central War Zone General Hospital of the Chinese People's Liberation Army, Wuhan, Hubei, China

Objective: This study amied to investigate the prognostic characteristics of triple
negative breast cancer (TNBC) patients by analyzing B cell marker genes based
on single-cell and bulk RNA sequencing.

Methods: Utilizing single-cell sequencing data from TNBC patients, we
examined tumor-associated B cell marker genes. Transcriptomic data from
The Cancer Genome Atlas (TCGA) database were used as the foundation for
predictive modeling. Independent validation set was conducted using the
GSE58812 dataset. Immune cell infiltration into the tumor was assessed
through various, including XCELL, TIMER, QUANTISEQ, CIBERSORT,
CIBERSORT-ABS, and ssGSEA. The TIDE score was utilized to predict
immunotherapy outcomes. Additional investigations were conducted on the
immune checkpoint blockade gene, tumor mutational load, and the GSEA
enrichment analysis.

Results: Our analysis encompassed 22,106 cells and 20,556 genes in cancerous
tissue samples from four TNBC patients, resulting in the identification of 116 B
cell marker genes. A B cell marker gene score (BCMG score) involving nine B cell
marker genes (ZBP1, SEL1L3, CCND2, TNFRSF13C, HSPA6, PLPP5, CXCR4, GZMB,
and CCDC50) was developed using TCGA transcriptomic data, revealing
statistically significant differences in survival analysis (P<0.05). Functional
analysis demonstrated that marker genes were predominantly associated with
immune-related pathways. Notably, substantial differences between the higher
and lower- BCMG score groups were observed in terms of immune cell
infiltration, immune cell activity, tumor mutational burden, TIDE score, and the
expression of immune checkpoint blockade genes.

Conclusion: This study has established a robust model based on B-cell marker
genes in TNBC, which holds significant potential for predicting prognosis and
response to immunotherapy in TNBC patients.

KEYWORDS

B cell marker genes, TNBC, single-cell sequencing, cancer immunotherapy,
predictive score
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Introduction

Triple-negative breast cancer (TNBC) is a distinct subtype of
breast cancer characterized by the absence of estrogen receptor
(ER), progesterone receptor (PR) and human epidermal growth
factor receptor 2 (HER2) expression in immunohistochemistry (1).
Accounting for approximately 15-20% of all breast cancers, TNBC
exhibits aggressive clinical symptoms (2). Although chemotherapy
remains a major therapeutic method for metastatic TNBC; its
efficacy is limited, yielding a median overall survival time of 12-
18 months (2). Consequently, there is an urgent need for innovative
therapeutic strategies.

In recent years, immunotherapy has emerged as a promising
intervention, demonstrating prolonged survival in various solid
tumors (3-5). Notably, immune checkpoint inhibitor (ICI)
monotherapy in TNBC patients has shown response rates ranging
from 5% to 23% (6), while combined with chemotherapy, for early-
stage TNBC patients exhibit pathologically complete response rates
between 22% and 60% (7). Despite these advances, only a subset of
patients benefits from immunotherapy, highlighting the need for the
development of predictive models and the identification of novel
biomarkers to better anticipate treatment outcomes and prognosis.

Single-cell RNA sequencing (scRNA-seq) technology and
related data analysis methods has facilitated the exploration of
molecular characteristics of immune cells within the tumor
microenvironment (TME) (8). This unparalleled opportunity has
provided insights into cancer immunity, enabling the establishment
of genetic markers based on immune cell molecular characteristics
to predict immunotherapy outcomes in cancer patients (9, 10).

Recent research has demonstrated that tumor-infiltrating B
lymphocytes (TIL-Bs) in breast cancer, responding to B cell receptor
(BCR) activation and generating immunoglobulin (Ig) in vivo (11-13).
Thus, B cells may significantly influence the prognosis of breast cancer,
particularly in patients with immunogenic TNBC. Here, our study
aimed to conduct an integrated analysis of scRNA-seq data from
TNBC samples, identify B cell marker genes, and subsequently develop
a predictive model for accessing the prognosis of TNBC patients.

Methods
Data collection

Transcriptional RNA sequencing data from single-cell profiling
datasets of four TNBC tumor tissue (GSM4909281, GSM4909282,
GSM4909283 and GSM4909284; accessible at https://
www.ncbi.nlm.nih.gov/geo/) were acquired for the purpose of
investigating B cell marker genes. Concurrently, clinical profiles
and transcriptomic data were obtained from the Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO) databases.

Processing single-cell sequencing data

The single-cell sequencing data obtained from patients were
subjected to comprehensive analysis through the R software and
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related packages. Seurat objects were constructed following the
parsing of single-cell sequencing data sourced from TNBC
samples represented by GSM4909281, GSM4909282,
GSM4909283, and GSM4909284. The DoubletFinder package
was applied to eliminate the cell doublets within the sample.
Exclusion criteria for cells of suboptimal quality are as follows:
1) the number of features exceeding 500 and falling below 6000, 2)
the mitochondrial genes expression below 10%, 3) the expression
of erythroid genes less than 5%. In order to integrate data from
multiple samples, the software known as “harmony”
was employed.

The Uniform Manifold Approximation and Projection
(UMAP) method was adopted to reduce the number of
dimensions, displaying clustered cells with only two dimensions
on a map. The subpopulations of tumor-associated B cells were
determined by using the “SingleR” software as previous publications
indicated (14, 15). Marker genes for different cell types were
ascertained through Wilcoxon-Mann-Whitney test and the
“FindAllMarkers” function analysis. The criteria for filtering
marker genes of various cell types included a | log2 (fold change)
| > 1 and the adjusted P value less than 0.05.

Functional enrichment

The functional annotation of marker genes associated with
tumor-associated B cells was augmented through enrichment
analysis using the Gene Ontology (GO) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG). The
€2.cp.v2023.2. Hs.symbols.gmt dataset from the MSigDB database
(https://www.gsea-msigdb.org/gsea/msigdb) was used for Gene Set
Enrichment Analysis (GSEA) to elucidate the biological processes
involved in the B-cell marker gene.

A predictive model of B cell marker gene

A predictive model for B cell marker gene expression in TNBC
was developed to predict TNBC prognosis. In the univariate COX
regression analysis, genes identified as B-cell markers were
incorporated. The least absolute shrinkage and selection operator
(LASSO) regression was performed to construct a penalty function,
effectively compressing the coefficients of variables and reducing
overfitting of the model caused by prognosis-related genes.
Subsequently, the outcomes from the multivariate COX
regression analysis were used to formulate a predictive B cell
marker gene score (BCMG score) model.

The formula is as follows:

BCMG score = B, » Expr) + B, Expr, + ... + B,xExpr,

Here, Expr denotes the mRNA expression of the crucial gene, n
denotes the number of genes included in the model, and 8
represents the associated regression coefficient determined in the
multivariate gene COX regression analysis. The data was then
classified into higher and lower- BCMG score groups based on
the median value of the BCMG score.
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To validate the model’s robustness, an independent third-party
validation set, GSE58812, was employed to assess and confirm the
predictive performance of the model.

Immune infiltration analysis

Based on the gene expression dataset of patients, the
CIBERSORT algorithm was conducted to determine the
magnitude of immune cell proliferation in each sample.
Spearman correlation analysis was performed to examine the
variations in immune cell infiltration between the two groups. A
single-sample GSEA was carried out to further assess the differences
in immune cell activity between the higher and lower- BCMG score
groups. Estimation techniques were implemented to determine the
differences of immune scores, stromal scores, overall scores, and
tumor purity between the two groups. Multiple tools, including
XCELL, TIMER, MCP counter, CIBERSORT, and CIBERSORT-
abs, were applied to establish a correlation between B cell marker

genes and immune cells.

Forecasting the patient’s response
to immunotherapy

Spearman test was used to analyze the correlation of expression
between model and immune genes. The TIDE score was
incorporated to evaluate the effectiveness of immunotherapy in
individual patients. Patients with lower TIDE scores indicated a
decreased risk of immunological escape, which suggested a higher
likelihood of effective immunotherapy. An online tool TIDE (http://
tide.dfci.harvard.edu/) was used to examine the immunotherapy
scores of each patient, and investigate the differences in
immunotherapy results between the higher and lower- BCMG
score groups.

Analysis of the tumor’s mutational burden

The raw data of the patient’s tumor mutations were obtained
and downloaded from the TCGA database. The “maftools”
package in R was used to generate waterfall graphs in
accordance with predefined specifications. This study also
further assessed the differences in tumor mutation burden as
well as predicted discrepancies between higher and lower-
BCMG score groups.

Statistics analyses

Kaplan-Meier method and the log-rank test were utilized for
survival analysis. Alternately, the Wilcoxon rank-sum test was
employed to compare the differences existing between the two
groups. R (4.1.2, available at https://www.r-project.org/) was
conducted throughout the entire data analysis process. P values of
less than 0.05 on both sides were defined as statistically significant.
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Results
Examination of single cells

The integration of single-cell sequencing data from four TNBC
patients was achieved using the “Harmony” package. After excluding
cells of suboptimal quality, the subsequent study consisted of the
examination of 22,106 cells and 20,556 genes (Figure 1). The
identification of potential marker genes for TNBC-associated B cells
was conducted through the application of the Wilcoxon-Mann-
Whitney test, revealing 116 distinct genes with significant differences
(Table S1). The clinical characteristics of the training group TCGA and
the testing group GSE58812 was detailed in Table S2.

Tumor-associated B-cell marker gene
enrichment analysis

The investigation of genes enriched in tumors associated B cells
yielded notable results. The GO and KEGG analysis revealed that
marker genes of B cells predominantly influenced functional
pathways specific to B cells. Significant differences were observed in
cell pathway activity scoring across different cell types. Particularly,
the unfolded protein response signaling pathway demonstrated
notable activity in B cells. The B cell marker genes mainly
participate in biological processes such as pid CD8 tcr dowstream
pathway, pid IL12 pathway, WP cancer imunotherapy by PD 1
blockade, and WP T cell recpto signaling pathway. (Figure 2).

Development of a predictive model for B-
Cell marker gene expression

The evaluation of the 116 genes involved a univariate COX
regression to identify the 10 genes associated with prognosis. In
order to prevent overfitting, a lasso regression analysis was
subsequently performed. The results of the lasso regression were
further subjected to a multifactor COX regression analysis to
construct predictive models. The final model incorporated the
following variables: ZBP1, SELIL3, CCND2, TNFRSF13C, HSPAG,
PLPP5, CXCR4, GZMB, and CCDC50 (Figures 3A, B).

The predictive score was computed based on the expression
levels of the selected genes using the following formula:

BCMG score = ( —0.0390 x ZBP1) + ( — 0.3450 x SEL1L3) + ( — 0.0474 x CCND2) + (—
0.0716 x TNFRSF13C) + (0.2560 x HSPA6) + (0.5725 x PLPP5) + (- 0.1924x
CXCR4) + (- 0.1424 x GZMB) + (- 0.1246 x CCDC50)

Patients from TCGA and GEO were divided into higher and
lower- BCMG score groups according to the median value of the
scores obtained from TCGA.

Model validation

The survival curves revealed that patients classified in the higher
BCMG score group had a worse prognosis than those in the lower
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BCMG score group (Figures 3C, D). The time-dependent receiver
operating characteristic (ROC) curves indicated that the predictive
model had an outstanding discriminatory capability (Figures 3E, F).
Importantly, these results were not only internally validated within
the study group but also externally validated in an independent
validation group (Figures 3E, F). According to the findings of the
independent predictive study (Figures 4A, B), the predictive model
was identified as a significant independent predictive factor in
patients with TNBC. The correlation analysis with clinical
characteristics further highlighted the close association between
the predictive model and lymph node metastases (Figure 4). In-
depth exploration of the correlation between the model genes and
patient prognosis (Figure 5) revealed that the expression levels of
ZBP1, SEL1L3, CCND2, TNFRSF13C, CXCR4, GZMB, and CCDC50
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were higher in the lower BCMG score group compared to the higher
group. Conversely, the higher BCMG score group exhibited
significantly higher levels of expression for HSPA6 and
PLPP5 (Figure 6).

Analysis of tumor mutation burden

The analysis of the tumor mutation burden revealed an inverse
relationship with the prognostic model. The waterfall plot visually
illustrated that the mutation types were not identical between the
higher and lower- BCMG score groups. The survival analysis results
indicated that patients with lower tumor mutation load exhibited a
more favorable prognosis (Figure 7).
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Exploring the differences in activity in different cell types by employing d
GSEA (C) enrichment analysis.

Analysis of TME

The CIBERSORT analysis demonstrated the differential
presence and activity of various immune cell types in the TMB
between the higher and lower- BCMG score groups. Specifically,
CD8" T cells, activated memory CD4" T cells, M1 macrophages, M2
macrophages and eosinophils were found to serve different
functions between the two groups (Figures 8A, B). The overall
activity of the majority of immune cells exhibited notable changes in
both groups, further emphasizing the dynamic nature of the TME
(Figure 8C). The ESTIMATE algorithm indicated that the lower
BCMG score group had significantly higher tumor scores,
interstitial scores, total scores, and tumor purity scores than the
higher BCMG score group (Figure 8D). Furthermore, correlation
analysis between the predictive scores and the TME analyzed by the
four methods CIBERSORT-ABS, CIBERSORT, QUANTISEQ, and
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ifferent enrichment analysis methods. Histogram of GO (A), KEGG (B) and

XCELL, demonstrated the potential influence of B-cell marker gene
model on the TME (Figure 9).

Predictions regarding immunotherapy

Correlation analysis revealed that ZBPI, GZMB, CCND2, and
TNFRSF13C exhibited strong correlations with the majority of the
genes that inhibit immune response (Figure 10A). Simultaneously, a
significant difference was observed between the higher and lower-
BCMG score groups concerning the expression of several immune
blockade checkpoint genes (Figure 10C). The TIDE ratings were
used to make predictions about the outcomes of immunotherapy
treatment for patients classified as either high or low BCMG
expression. The TIDE scores of patients in the high expressed
group were significantly higher than those of patients in the low
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expressed group, which indicated a higher likelihood of immune
evasion in the high expressed group and immunotherapy may be
less effective for patients at high expression. In addition, there were
observed differences between the two groups in terms of CD8
scores, CD274 ratings, MDSC scores, T cell dysfunction scores,
and T cell exclusion scores (Figure 10B).

Discussion

In this study, we investigated the role of B-cell marker genes in
TNBC using scRNA-seq technology. We successfully established a
novel prediction score for TNBC patients, derived from the
identified B-cell marker genes within the TCGA database. This
prediction score was rigorously validated for its predictive
capabilities in an independent cohort of the GEO dataset. Our
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analysis highlighted specific genes, including ZBPI, SELIL3,
CCND2, TNFRSF13C, CXCR4, GZMB, and CCDC50, which
exhibited protective characteristics. In contrast, HSPA6 and
PLPP5 were identified as having negative implications.
Subsequently, the nine gene signatures collectively contribute to a
robust predictive model that emerges as a promising predictor for
clinical prognosis in TNBC patients.

Patients with TNBC exhibit a significantly higher level of
immune infiltration compared to other breast cancer subtypes,
despite their overall poor prognosis. The higher immune
infiltration is characterized by elevated tumor-infiltrating
lymphocytes (TILs) (16), increased levels of PD-L1 expression in
tumor cells and immune cells (17, 18), and a greater number of non-
synonymous mutations, which produce tumor-specific neoantigens,
activate neoantigen-specific T cells, and trigger anti-tumor immune
responses (19, 20). This unique immune landscape suggests a
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greater potential for benefit from immunotherapy in TNBC
comparison to other subtypes. ICIs can block immunosuppressive
receptors and increase the cellular toxicity and proliferation of TILs
(3, 21, 22). According to the findings of a few studies, the
effectiveness of ICI monotherapy ranges from 5% to 23% (6),
whereas the effectiveness of combination therapy ranges from
22% to 60% (7). Nonetheless, some patients experienced
resistance during or after treatment, leading to immune escape
and tumor recurrence. Dual checkpoint blockade, which have
synergistic anti-tumor effects in advanced malignancies, such as
anti-CTLA-4 and anti-PD-1, could potentially serve as a more
effective therapeutic strategy (23). Furthermore, recent studies
have explored innovative strategies, such as bispecific antibodies
targeting TGF-B and PD-L1 (BiTP), which have demonstrated
potent antitumor activity in TNBC. BiTP in murine TNBC
models showed higher anti-tumor activity compared with solo
anti-PD-L1 or anti-TGF-B (24). The rejection and exhaustion of
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CD8" T cells are two key factors that contribute to the reduced
tolerance of ICI therapy. When enhanced CD8" T-cell infiltration
occurs, there is a shift towards heat immunity (25). BiTP has a high
binding affinity to the dual targets, which reduces collagen
deposition, enhances CD8" T-cell penetration and increases
TILs (26).

Our study provides valuable insights into the molecular
landscape of TNBC-associated B cells and their functional
implications in tumor biology. These findings underscore the
intricate interplay between the identified prognostic model and
the immune landscape within the TME, and we also illustrate
potential immunomodulatory roles of the B-cell marker genes in
the context of TNBC. Moreover, the differential mutation burden
observed in distinct BCMG score groups highlights the importance
of considering mutational characteristics in conjunction with the
prognostic model for a comprehensive understanding of the disease
prognosis in TNBC patients.
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FIGURE 5

Survival analysis in TNBC patients based on BCMG score. Kaplan-Meier survival analysis of TCGA TNBC patients stratified by high and low CCDC50,
CCND2, CXCR4, GZMB, HSPA6, PLPP5, SEL1L3, TNFRSF 13C, and ZBP1 (A-1), which were based on the best cutoff values.

Extensive investigations in the breast cancer TME have
primarily focused on CD8" T lymphocytes and natural killer
(NK) cells (27). In contrast, TIL-B lymphocytes (TIL-Bs) cells
may exhibit antigen-induced phenotype (28), and it is
hypothesized that autoantibodies play a role in initiating tumor
cell clearance (29). TIL-Bs have also been identified as antigen-
presenting cells, contributing to the stimulation of an immune
response against tumors (30). Moreover, there is a potential for TIL-
Bs to form stromal clusters with T cells, engaging in functional
cross-talk in both directions. The formation of BCR-immune
complexes may also be facilitated by TIL-Bs through the
upregulation of BCR pathway components (1). Besides, CD8" T
cells represent pivotal defense cells in TME and establish a
functional cycle with dendritic cells (DCs) and NKs (31). Positive
crosstalk is observed between CD8" T cells and DCs, with CD8" T
cells inducing NK cell activity (32). Therefore, it is possible that B
cells exert a significant influence on the prognosis of breast cancer,
particularly in patients of immunogenic TNBC.
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The scRNA-seq technology has allowed for a more in-depth
exploration of the molecular properties of immune cells within the
TME, offering potential insights into novel biomarkers (33). In this
study, the investigation of B-cell marker genes provides valuable
insights into the potential role of nine specific genes in influencing
the prognosis of individuals diagnosed with TNBC. ZBPI,
overexpressed in necrotic breast tumors, has been linked to the
induction of interferon. In the absence of ZBP1I, both the process of
tumor necrosis and the suppression of metastasis are prevented
(34). SELIL3, with decreased expression in cancer cells during
sustained endoplasmic reticulum stress (35), may serve as a
predictive tool for survival outcomes and immunotherapy
response in various cancers (36-39). The promoter of CCND2 is
hypermethylated (40-42) in solid tumors, which leads to CCND2
hypo-expression (40, 43, 44) and promotes cell proliferation (45).
TNFRSF13C could encode B-cell activating factor receptor, which
regulates B-cell proliferation, development and maturation (46, 47).
High levels of CXCR4 levels were expressed in more than 40% of
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breast tumor tissues (48) and in 75% of TNBC patients (49), and
overexpression of CXCR4 in cancer cells contributes to tumor
growth, invasion, metastasis, and recurrence (50). GZMB, known
for stimulating anti-tumor immune responses and inhibit tumor
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growth (51), is correlated with favorable prognosis in breast cancer
tissues (52, 53). CCDC50 is known to mediate apoptosis via the NF-
KB pathway (54) and had prognostic predictive value in lung
adenocarcinoma (55). The two-way role of HSPA6 in tumor,
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acting as both a potential target for tumor inhibition and risk factor
of tumor development and tumor progression, underscores the
complexity of its functions in cancer biology (56). Our study
suggested a negative correlation between high HSPA6 expression
and prognosis, which contradicts the findings reported by Shen
et al., where high HSPAG6 expression was positively correlated with
longer overall survival (57). This discrepancy may arise from the
multifaceted functions of HSPA6, affecting different aspects of
cancer biology. PLPP5 participates in the regulation of many
cancer-associated transduction pathways such as the JAK/STAT
(58), and its overexpression in pancreatic and small cell lung cancer
cells may promote proliferation and survival (59). However, in
breast cancer cell lines, down-regulation of PLPP5 inhibits tumor
growth and increases apoptosis (60), which is consistent with
our study.

Despite these intriguing findings, there are certain limitations in
the current study. Additional research is needed to get a deeper
understanding of molecular interactions and mechanisms
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underlying these gene functions. Furthermore, it is essential to
verify these findings in cell lines, animal models, and tissue samples
to ensure their relevance and applicability to clinical settings.

Conclusion

In conclusion, this study established a robust model utilizing B
cell marker genes to predict prognosis and immunotherapy
response in TNBC patients, contributing novel insights into the
understanding of TNBC molecular landscape and its implications
for therapeutic interventions. The discovery of these gene
signatures adds to our understanding of TNBC and offers a
promising avenue for improving patient outcomes and guiding
therapeutic strategies in this challenging subtype of breast cancer.
Further research and clinical validation may continue to refine the
application of these gene signatures in the clinical management of
TNBC patients.
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Due to the therapeutic resistance of endocrine therapy and the limited efficacy of
immune checkpoint inhibitors in estrogen receptor (ER)-positive breast cancer
(BRCA), there is an urgent need to develop novel prognostic markers and
understand the regulation of the tumor immune microenvironment (TIME). As
a matricellular protein, CYR61 has been shown to either promote or suppress
cancer progression depending on cancer types. However, how CYR61 functions
in ER-positive BRCA remains elusive. In this study, we comprehensively analyzed
the expression of CYR61 in BRCA based on the TCGA and METABRIC databases.
Our findings showed that the expression of CYR61 is downregulated in different
subtypes of BRCA, which is associated with elevated promoter methylation levels
and predicts bad clinical outcomes. By comparing the high or low CYR61
expression groups of ER-positive BRCA patients, we found that CYR61 is
intimately linked to the expression of genes involved in tumor-suppressive
pathways, such as the TGF-3 and TNF signaling pathways, and genes related to
cytokine-receptor interaction that may regulate cancer immunity. Moreover,
reduced CYR61 expression is associated with an altered TIME that favors cancer
progression. Finally, experimental analyses ascertained that CYR61 is
downregulated in clinical BRCA tissues compared to matched normal breast
tissues. Furthermore, CYR61 is able to impede the proliferation and colony
formation of ER-positive BRCA cells. In summary, our study reveals that CYR61
could serve as a novel prognostic marker for ER-positive BRCA, and function as
an inhibitor of cancer progression by both acting on cancer cells and remodeling
the TIME.

KEYWORDS

Cyr61, ER-positive breast cancer, tumor immune microenvironment (TIME), immune
cell infiltration, cancer cell proliferation
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1 Introduction

Breast cancer (BRCA) accounts for one-third of all female
patient tumor occurrences, posing a serious threat to women’s
lives and health worldwide (1). Based on disparities in
immunohistochemical markers, BRCA can be further classified
into estrogen receptor (ER)-positive, progesterone receptor (PR)-
positive, HER2-positive and triple-negative (ER-/PR-/HER2-)
subtypes (2, 3). The development of both normal mammary
tissue and ER-positive BRCA depend heavily on estrogen and its
receptors (4). Although endocrine therapy has been shown effective
in hormone-positive BRCA, drug resistance and cancer relapse
remain significant challenges (5, 6). With our increasing
understanding of the tumor immune microenvironment (TIME),
various immunotherapies, such as immune checkpoint inhibitors
(ICIs), have been developed and considered promising for triple-
negative breast cancer (TNBC) (7). However, the efficacy of
immunotherapy in ER-positive BRCA seems to be less satisfied
(3, 5). Therefore, there is an urgent need to develop new prognostic
molecular makers and to understand the regulation of the immune
microenvironment of ER-positive BRCA.

The cysteine-rich angiogenesis inducer 61 (CYR61, also known
as CCN1) is an extracellular secretory matrix protein. CYR61 has
been appreciated for playing an important role in various biological
processes, such as angiogenesis, tissue repair, inflammation
response, cell migration and invasion (8, 9). The dysregulation of
CYR61 has been found in different human diseases including cancer
(9, 10). Previous studies have found that CYR61 expression is
upregulated in gliomas and pancreatic carcinoma, whereas
downregulated in prostate carcinoma and non-small cell lung
carcinoma (10-12). Interestingly, CYR61 has been reported to
promote or suppress cancer progression, depending on the type
and stage of cancer (9, 10). As a typical transcriptional target of the
YAP/TEAD signaling pathway, CYR61 was reported to be
negatively correlated with the expression level of ESR1 that
encodes estrogen receptor alpha, in BRCA (13, 14). However, it
remains to be further elucidated whether the expression of CYR61
may serve as a prognostic marker for BRCA and whether CYR61
may regulate the TIME.

In this study, through comprehensive analyses of different
cancer databases, we found that CYR61 expression was
significantly downregulated in different subtypes of BRCA,
including ER-positive BRCA. Reduced CYR61 expression was
associated with increasing levels of its promoter methylation, and
predicted reduced survival rates in cancer patients. Intriguingly,
analyses of ER-positive BRCA patients in The Cancer Genome
Atlas Program (TCGA) database also indicated that CYR61 was
associated with some tumor-suppressor pathways and remodeling
of the TIME. In addition, experimental studies verified that CYR61
was downregulated in clinical breast cancer tissues compared to
matched normal tissues, and demonstrated that CYR61 can inhibit
the proliferation and growth of ER-positive BRCA cells. These
results reveal that CYR61 exerts an inhibitory role in ER-positive
BRCA by regulating cancer cell proliferation and the TIME
remodeling, and may serve as an independent prognostic marker.
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2 Materials and methods
2.1 Acquisition and processing of data

The mRNA matrix, methylation matrix, and survival data of
BRCA patients were obtained from TCGA. These datasets were
coupled with transcriptional data from the TCGA-pancancer
cohorts and the Genotype-Tissue Expression (GTEx) database.
Access to these datasets was facilitated through UCSC Xena
(http://xena.ucsc.edu/). The relevant clinical data of these BRCA
patients were acquired utilizing the R package “TCGAbiolinks”.
The mRNA matrix, methylation matrix, and relevant survival data
of the Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) cohorts were obtained from cBioPortal
(https://www.cbioportal.org/), a platform dedicated to multi-omics
tumor genetics analysis. Then, all attained transcriptional data were
transformed into the log,(TPM+1) format, an essential step
preparing them for subsequent statistical analyses. The
transformation of probe identifiers was executed utilizing the R
package “tinyarray”.

2.2 Inclusion criteria of patients and
samples from TCGA and
METABRIC databases

Breast cancer patients meeting specific eligibility criteria were
selected for the subsequent data analyses. First, breast tissue samples
with available mRNA expression data were considered. Second, one
sample per patient was retained, with preference shown for frozen
samples. Lastly, TCGA patients with both overall survival (OS) and
disease-specific survival (DSS) data, and METABRIC patients with both
OS and relapse-free survival (RFS) data were selected for the analyses.

2.3 Gene expression analysis by
cancer databases

To clarify the correlation between CYR61 expression level and
BRCA, boxplots based on CYR61 expression were plotted using the
TCGA-pancancer cohorts and GTEx datasets. Additionally, CYR61
mRNA expression boxplots were plotted for normal breast tissue,
ER-positive and/or PR-positive BRCA samples from the TCGA and
METABRIC cohorts. Paired boxplots were also generated based on
matched tumor samples and normal tissue from TCGA. BRCA
samples were grouped based on various clinical features (PAMS50,
Stage, T stage, M stage, N stage), and boxplots were sequentially
drawn according to CYR61 expression within each group.

2.4 DNA methylation analysis
All probe numbers corresponding to the CYR61 promoter were

obtained from Mexpress (https://mexpress.be/). The final B value of
CYR61 for each sample was calculated as the average of 3 values from
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the relevant probes. Boxplots were plotted based on the (3 values of
CYR61 for each sample. Dotted plots were generated based on both
mRNA and B values for each sample. Similar to expression analysis,
BRCA samples were divided into different groups based on clinical
features (PAM50, Stage, T stage, M stage, N stage), and boxplots were
drawn based on the degree of CYR61 methylation in each group.

2.5 Prognostic analysis

Kaplan-Meier curve analyses were performed using BRCA and
ER-positive BRCA groups in TCGA BRCA cohorts and METABRIC
cohorts. The optimal cutoft point was determined using the
“surv_cutpoint” function from the R package “survminer”,
considering CYR61 expression. The log-rank P value was computed.

2.6 Pathway enrichment analysis

Enrichment analysis was carried out based on CYR61 expression
levels in pre- and post-10% ER-positive BRCA samples. Genes
expressed in at least 50% samples with a count of more than 30 were
subjected to differential expression analysis with a threshold of |logEC]|
>1 and p <0.05 for the two groups. The resulting differential genes
(DEGs) were enriched using the “clusterProfiler” package for gene
ontology (GO) and KEGG analyses. Gene Set Enrichment Analysis
(GSEA) was utilized to further analyze the relationships between
CYRG61 expression and key pathways.

2.7 Immune cell infiltration analysis

Immune cell infiltration was predicted using the R package
“CIBERSORT” based on the sample’s expression matrix.
CIBERSORT deconvolution algorithm was used to analyze the
relative fractions of 22 infiltrating immune cell types in CYR61
samples from TCGA datasets. Samples were divided into high-
expression and low-expression groups according to medium CYR61
expression. Violin plots were generated to illustrate immune cell
infiltration differences. For immune cells showing significant
differences in infiltration, dot plots were created to visualize the
correlation of CYR61 mRNA expression with cell infiltration. To
further explore the association between CYR61 and immune
infiltration, the “ESTIMATE” package was utilized to estimate the
scores (ESTIMSTE score, stromal score, immune score) for each
sample. The correlation between these scores and CYR61
expression was displayed through heatmaps.

2.8 Cell culture

Human ER-positive breast cancer cell line MCF-7 was obtained
from Cell Bank/Stem Cell Bank, Chinese Academy of Sciences.
MCF-7 was cultured in RPMI 1640 medium (Solarbio, Beijing),
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supplemented with 10% fetal bovine serum (FBS, Gibco, USA) in a
humidified incubator at 37°C in 5% CO2 atmosphere.

2.9 Gene silencing and reagents

The non-specific control siRNA (NC) and those targeting human
CYR61 were purchased from RiboBio (China). siRNAs were transfected
with the siTranTM siRNA transfection reagent (OriGene). The
sequences of siRNAs used in this study were as follow: CYR61 siRNA
#1, 5-CCACACGAGTTACCAATGA-3; CYR61 siRNA #2, 5-
GAACCAGTCAGGTTTACTT-3". Recombinant human CYR61
(CB98) peptides was purchased from Novoprotein (Shanghai).

2.10 Collection of clinic breast
cancer samples

A total of seven ER-positive BRCA samples and the adjacent
matched normal tissues were excised from inpatients at the department
of breast surgery of Third Hospital of Nanchang. The tumor tissues
were stored in liquid nitrogen after excising from cancer patients.
Informed consent was obtained from all individuals participating in
this study. The usage of clinical sections was consented by the Medical
Ethics Committee of Third Hospital of Nanchang. The processes of
clinical sample collection and usage were in strict accordance with the
guideline. All procedures performed in this study were in accordance
with the ethical standards of the Medical Ethics Committee of Third
Hospital of Nanchang.

2.11 Lentivirus production and stable cell
line establishment

To produce defective lentivirus, HEK293FT cells were transfected
with the empty lentivirus vector pL6.3-CMV-GFP-IRES-MCS or the
CYRG61-expressing derivative, along with the package plasmids
pCMVA8.9 and VSVG. The culture supernatants were collected at
48 h post-transfection, and the viral particles were concentrated by
centrifugation. To establish CYR61- or vector-expressing stable cell
lines, MCF-7 cells were infected with lentivirus particles at a
multiplicity of infection (MOI) of 50 pfu per cell. At 48 h post-
infection, the cells were washed with PBS, complemented with fresh
growth medium containing 1 pg/mL of blasticidin. The drug-resistant
cells were pooled as stable cells, which were further maintained with
blasticidin-containing growth medium.

2.12 RNA purification and real-time
quantitative PCR

RNA purification and reverse transcription were performed as

previously described (15). Briefly, total RNA was extracted from
ER-positive BRCA tissues and matched paracancer tissues, from 7
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patients undergoing surgery in Third Hospital of Nanchang, then
reverse-transcribed into cDNA. Next, the relative mRNA
expression of genes was normalized to that of GAPDH, and the
fold change was evaluated using the 2-AACT method. The primer
sequences used for q-PCR were obtained from Sangon Biotech
(Shanghai, China): CYR61, forward 5-GGTCAAAGTT
ACCGGGCAGT-3’ and reverse 5-GGAGGCATCGAATC
CCAGC-3’; GAPDH forward 5-ACAACTTTGGTATCG
TGGAAGG-3’ and reverse 5-GCCATCACGCCACAGTTTC-3’.

2.13 Western blotting

For breast tissues, after homogenization, the samples were lysed with
RIPA lysis buffer (R0020, Solarbio, Beijing), and the protein lysates were
obtained after high-speed centrifugation. Likewise, cells were lysed with
RIPA lysis buffer as above. Lysates were then separated by 10% SDS-
PAGE and transferred to PVDF membranes to incubate with primary
antibodies, including CYR61 (39382, CST, USA) and Tubulin (3873,
CST, USA), followed by further incubation with the corresponding
secondary antibodies. The bands on the membranes were finally
visualized using the enhanced chemiluminescence (ECL) substrate
(ECL-P-500, Yanxi Biotech, Shanghai) using the Tanon (Tanon 5200,
Shanghai) Automatic Chemiluminescence Imaging System.

2.14 MTT and CCK8 assays

1x10° viable cells were cultivated per well on 96-well plates in a
final volume of 100 Wl DMEM containing 10% FBS. For MTT assays,
after 1-4 days of incubation, each sample was added with 20 puL per well
of MTT solution (M8180, Solarbio, Beijing) and incubated at 37°C for 4
h. After aspiration of the supernatants, cells were incubated with 150
uL of DMSO (Solarbio, Beijing) at 37°C for 30 min. The absorbance
was measured at 490 nm in a SpectraMaxR ParadigmR microplate
reader (Molecular Decices, USA). For CCK8 assays, after 1-4 days of
incubation, each sample was added with 10 uL per well of CCK8
solution (CA1210, Solarbio, Beijing) and incubated at 37°C for 2 h. The
absorbance was detected at 450 nm in a SpectraMaxR ParadigmR
microplate reader (Molecular Decices, USA).

2.15 Colony formation assay

Clonogenic growth of MCF-7 cells was determined by plating
1x10? cells in 3 mL of growth medium in 6-well plates, and each
sample was performed in triplicate. After incubation for 10-15 days,
cells were fixed with methanol and stained with crystal violet
solution, then the colony cells were imaged, and colony numbers
were calculated by the Image] software.

2.16 Statistical analysis

Statistical analyses were performed using R (version 4.2.2) and
GraphPad Prismversion 8.0). The significance between the means
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was calculated using wilcoxon rank-sum test, whereas paired t-test
was conducted to compare paired tissue samples. Each experiment
was performed at least in triplicate, and the values were presented as
mean + SD. The Kaplan-Meiermethod and log-rank test were used
for survival analysis of cancer patients.

3 Results

3.1 Analysis of CYR61 gene expression in
pan-cancer and breast cancer

To investigate the roles of CYR61 in BRCA, we first explored its
expression levels in pan-cancer based on public TCGA and GTEx
databases. As a result, CYR61 was downregulated in most of the cancer
types, such as BRCA, adrenocortical carcinoma (ACC), bladder
urothelial carcinoma (BLCA), kidney chromophobe (KICH) and
liver hepatocellular carcinoma (LIHC), amongst others (Figure 1A).

Then we specifically studied the expression of CYR61 in BRCA
tissues based on the TCGA database. CYR61 expression level was
downregulated in BRCA tissues compared to normal breast tissues, as
assessed in all available cancer and normal tissue samples, as well as in
paired tissues (Figures 1B, C). The expression of CYR61 was also
reduced in ER-positive or PR-positive BRCA tissues when compared to
normal breast tissues (Figures 1D-G). Similar results were obtained
when the HER2-positive, luminal subtypes or triple-negative breast
cancer were analyzed (Figure 1H). Furthermore, we found that the
expression level of CYR61 was downregulated in different stages of
BRCA tissues compared with normal tissues (Figures 11-L).

3.2 Enhanced promoter methylation levels
correlate with downregulated expression
levels of CYR61 in breast cancer

DNA methylation plays an important role in regulating gene
expression, especially those occur in the gene promoter regions (6,
16). Therefore, we sought to explore whether the altered expression of
CYR61 in BRCA is related to its promoter methylation level. Indeed,
analyses of the TCGA datasets showed that CYR61 promoter
methylation levels were significantly upregulated in BRCA tissues
compared to normal breast tissues (Figure 2A), which closely
correlated with the decreased expression level of CYR61 in BRCA
(Figure 2B). Similar results were obtained in ER-positive BRCA
(Figures 2C, D). In addition, the methylation level of the CYR61
promoter was also greatly upregulated in different subtypes or
developmental stages of BRCA than those in normal breast tissue
(Figures 2E-I). These observations were also consistent with the
reduced CYR61 expression levels in BRCA (Figures 1F-M).

3.3 The prognostic value of CYR61
expression in breast cancer

Given the aberrant expression of CYR61 in BRCA, we analyzed
the relationships between CYR61 expression levels and patient
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FIGURE 1

CYR61 expression is downregulated in BRCA than in the normal counterparts. (A) Comparation of the CYR61 mRNA expression levels between
tumor samples and normal samples in different subtypes of BRCA based on TCGA and GTNXx databases. (B, C) Comparation of the CYR61 mRNA
expression levels between all available BRCA samples and normal breast samples (B), or between matched BRCA samples and normal breast samples
(C) in the TCGA database. (D, E) Comparation of the CYR61 mRNA expression levels between all ER+ BRCA samples and normal breast samples (D),
or between paired ER+ BRCA samples and normal samples (E) in the TCGA database. (F, G) Comparation of the CYR61 mRNA expression levels
between all PR+ BRCA samples and normal breast samples (F), or between matched PR+ BRCA samples and normal samples (G) in the TCGA
database. (H-L) Comparation of the CYR61 mRNA expression levels in normal breast samples and in BRCA samples of different PAM50 status (H),
cancer stages (stage |, II, lll and IV) (1), primary tumor site stages (T1, T2, T3 and T4) (J), lymph node stages (NO, N1, N2 and N3) (K) or metastatic
spread stages (MO and M1) (L) in the TCGA database. *p<0.05, **p<0.01, ***p<0.001. ns, no significance.

prognosis. Survival curve analyses based on the TCGA datasets
indicated that lower CYR61 expression levels were associated with
shorter overall survival (OS) and disease-specific survival (DSS)
rates, in all BRCA patients (Figures 3A, B) or ER-positive BRCA
patients (Figures 3C, D). Moreover, these results were confirmed by
survival curve analyses based on the METABRIC data, assessed
either in all BRCA patients (Figures 3E, F) or ER-positive BRCA
patients (Figures 3G, H).
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3.4 CYR61 is linked to remodeling of TIME
in breast cancer

To further explore the role of CYR61 in BRCA, we next assessed
whether CYR61 expression is associated with remodeling of the TIME
using the TCGA data. As shown in Figures 4A, B, CYR61 expression
positively correlates with stromal scores, immune scores and estimate
scores, either in BRCA or in ER-positive BRCA. Among the 22 types of
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immune cells investigated, the results of violin plots showed that lower
CYRG61 expression correlated with reduced infiltrations of antitumor
immune cells in both BRCA and ER-positive BRCA patients, including
resting memory CD4 T cells and naive B cells (Figures 4C, D). On the
other hand, CYR61 expression was negatively correlated with the
infiltration of some protumor immune cell types, such as Treg cells
and M2 type macrophages (Figures 4C, D). In addition, scatter plot
analyses also confirmed the relationships between CYR61 expression
and the infiltrations of these immune cells in both BRCA and ER-
positive BRCA tissues (Figures 4E-L). These results suggested that
downregulation of CYR61 is associated with an impaired antitumor
immune microenvironment in BRCA, potentially contributing to tumor

progression and immune evasion.

3.4 CYR61 expression relates to tumor-
suppressive genes and pathways in ER-
positive breast cancer

Next, we investigated the possible mechanisms of CYR61 in BRCA.
To this end, ER-positive BRCA patients with 10 percent highest and 10
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percent lowest CYR61 expression were compared (Figure 5A). Using |
log,(fold change)| >1.0, p <0.05, and count value >30 as the cutoff, 2408
differentially expressed genes (DEGs) were identified between the two
groups, including 1629 upregulated genes and 779 downregulated
genes) (Figure 5B). The top 50 genes that were positively or
negatively correlated with CYR61 expression level were shown in
heatmaps (Figures 5C, D). GO term and KEGG pathway enrichment
analyses indicated that these DEGs were closely associated with
extracellular matrix (ECM) composition and organization, and
regulation of cell adhesion or integrin signaling (Figures 5E, F),
which is consistent with the typical role of CYR61 as a matricellular
protein. In addition, as shown in Figures 5E, F, the CYR61 DEGs were
also related to the TGF-f3 and TNF signaling pathways, which have
been reported to suppress the growth of ER-positive BRCA (17, 18), as
well as genes related to cytokine-receptor interactions, which are crucial
for remodeling the TIME (19). GSEA analyses showed that CYR61
DEGs were positively correlated with TGF-B and TNF signaling
pathway genes (Figures 5G-I). Finally, scatter plot results showed
that CYR61 expression displayed a positive correlation with the TGF-f3
pathway genes, such as TGFB2, TGFB3, TGFBR2, INHBA and FST in
ER-positive BRCA (Figures 5]-N). However, the expression of CYR61
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was negatively associated with ESR1 which encodes estrogen receptor
alpha (Figure 50).

3.6 CYRG61 inhibits the proliferation and
colony formation of ER-positive breast
cancer cells

The above results suggest that downregulation of CYR61 is an
important factor contributing to the pathogenesis of BRCA, especially
ER-positive BRCA. Subsequently, we verified the expression and
functions of CYR61 experimentally. To support our bioinformatic
data, the expression of CYR61 was dramatically downregulated in 5 out
of 7 clinically obtained ER-positive BRCA tissues compared to matched
paracancer normal breast tissues, at either the mRNA or protein level
(Figures 6A, B). Then we established MCF-7-derived stable cell lines
overexpressing CYR61 or the control vector (Figure 6C). Indeed, MTT,
CCK8 and colony formation assays showed that ectopic CYR61 was
able to attenuate the proliferation and growth of MCF-7 cells
(Figures 6D-F). Similar results were obtained when MCEF-7 cells
were administered with recombinant human CYR61 protein
(rhCYR61) (Figures 6G-I). Another piece of evidence was that
depletion of CYR61 expression in MCF-7 cells via siRNAs enhanced
the proliferation and colony formation of cancer cells (Figures 6]-M).

4 Discussion

In the present study, we firstly integrated the data from the
TCGA and GTNx cancer databases and performed a pan-cancer
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analysis of CYR61 expression. CYR61 was found to be
downregulated in the majority of the 22 cancer types, such as
breast cancer (BRCA), adrenocortical cancer (ACC), bladder
cancer (BLCA), and cervical cancer (CESC), whereas
upregulated in glioblastoma (GBM), pancreatic carcinoma
(PAAD), large B-cell lymphoma (DLBC), and thymoma
(THYM) (Figure 1A). This is in accordance with previous
studies showing that CYR61 is aberrantly expressed in several
cancers (9, 10, 20). In addition, CYR61 has been reported to
either promote or suppress cancer progression, depending on
cancer types (9, 10). However, the expressional alteration and
functional role of CYR61 in BRCA are less understood and
controversial. While some studies implicated that CYR61 is
upregulated in BRCA, one notable study reported that the
expression of CYR61 is conversely associated with that of ESR1,
which encodes the major estrogen receptor (13, 21-23).
Furthermore, both CYR61 and ESRI1 genes are regulated by
Hippo/YAP signaling in BRCA. YAP signaling suppresses the
development of ER-positive BRCA by inhibiting ESR1 gene
expression, while simultaneously induces CYR61 expression
(13, 14). Our study using updated datasets in the TCGA
revealed that CYR61 expression is downregulated in different
subtypes or developing stages of BRCA tissues when compared
with normal breast tissues (Figure 1). Moreover, we also analyzed
the methylation status of CYR61 gene promoter based on the
TCGA-BRCA database. Intriguingly, reduced expression of
CYR61 is well correlated with elevated methylation level of its
promoter (Figure 1). These results strongly suggest that CYR61
expression in BRCA is not only controlled by upstream signaling
pathways, but also influenced by epigenetic mechanisms.
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FIGURE 4

Downregulation of CYR61 is associated with a reduced antitumor immunity in the TME of BRCA patients. (A, B) Correlations of CYR61 expression
level with the ESTIMATE scores assessed with BRCA samples (A) or ER+ BRCA samples (B) in the TCGA database. (C, D) Violin graphs showing the
different immune cell infiltrations between low and high CYR61-expressing BRCA groups (C) or ER+ BRCA groups (D) in the TCGA database.
Different groups were divided by the medium expression level of CYR61. The white dots indicate the medium levels of immune cell infiltrations.
(E—H) Scatter plots showing the correlations of CYR61 expression with infiltrated resting memory CD4 T cells (E), naive B cells (F), M2 type
macrophages (G) and Treg cells (H) in BRCA samples in the TCGA database. (I-L) Scatter plots showing the correlations of CYR61 expression with
infiltrated resting memory CD4 T cells (1), naive B cells (J), M2 type macrophages (K) and Treg cells (L) in ER+ BRCA samples in the TCGA database.

The current classification of BRCA distinguishes three main  that, based on the TCGA and METABRIC databases, lower CYR61
subgroups, including hormone receptor (ER and/or PR)-positive/  expression levels were associated with OS and DSS rates in all BRCA
HER2-negative (HR+/HER2-), HER2-positive (HER2+, amplified/  or ER-positive BRCA patients (Figure 3), implicating that CYR61
overexpressed) and triple-negative (ER-/PR-/HER2-) subtypes (3,  may serve as a new prognostic marker in BRCA.

24). With the highest incidence in women, BRCA is a major health BRCA progression depends not only on intrinsic cues in cancer
challenge globally (3). As such, different therapeutic strategies have  cells, but also on the tumor microenvironment (TME) especially the
been developed to cope with BRCA, such as hormone/endocrine  tumor immune microenvironment (TIME), which provides a
therapy for HR-positive/HER2-negative BRCA, chemotherapy and ~ proper soil for cancer cell survival, proliferation and
targeted therapy for HER2-positive and triple-negative BRCA, in  dissemination (7). We have compared the immune cell
addition to surgery resection and radiotherapy (24-26). However, infiltrations between CYR61-low and -high BRCA patients using
drug resistance usually occurs and causes cancer recurrence and ~ TCGA data (Figure 4). As a result, in both BRCA and ER-positive
relapse (3, 24). Thereafter, there is an urgent need to identify novel =~ BRCA, the CYR61 expression level positively correlated with the
prognostic markers and therapeutic targets. Our results indicated  infiltrations of some antitumor immune cell types including resting
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Analyses of CYR61-associated genes and pathways in ER-positive BRCA. (A) Comparison of 10% highest and 10% lowest CYR61 expression patients
of ER+ BRCA from TCGA database. (B) Volcano plot showing the DEGs associated with CYR61 expression in ER+BRCA patients. (C, D) Heatmaps
showing the DEGs that were positively (C) or negatively (D) associated with CYR61 expression. (E, F) GO term (E) and KEGG pathway (F) enrichment
analyses of CYR61 DEGs. (G, H) GSEA analyses of the relationships of CYR61 DEGs to gene sets of TGF-p signaling (G) or TNF signaling (H).

() Heatmap for CYR61 DEGs linked to the TGF-f signaling pathway. (J—0) Scatter plots displaying the correlations of CYR61 expression to the
expression levels of some typical TGF-B pathway genes (J—N) or to that of ESR1 (O).

memory CD4 T cells and naive B cells, whereas negatively
correlated with the infiltrations of Treg cells and M2 type
macrophages that play a crucial role in immunosuppression.
These results suggest that downregulation of CYR61 in BRCA is
associated with a TIME of attenuated antitumor immunity, thereby
favoring cancer progression. Our results are also in accordance with
previous studies showing that CYR61 could either positively or
negatively regulates the inflammatory responses in the liver and
cancer immunity in pancreatic adenocarcinoma, in a context-
dependent manner (27-29). In addition, in consideration that the
single-cell and spatial RNA sequencing approaches have displayed a
powerful capability and been widely used in elaborating the
composition and function of TME/TIME (30-32), it is important
to further explore the role of CYR61 in the regulation of BRCA
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immunity by utilizing single-cell and spatial omics approaches in
the future.

Given that ER-positive BRCA is the most prevalent subtype, we
further explored the underlying mechanisms and functional actions
of CYR61 in ER-positive BRCA. By comparing high and low CYR61
expression patients, 2408 DEGs were found to be relevantly
expressed with the CYR61 expression level (Figure 5). GO term
and KEGG pathway analyses showed that these DEGs were
associated with the known roles of CYR61 in regulating cell
matrix formation and organization, ECM-receptor interaction,
cell adhesion and integrin signaling. In addition, the CYR61
DEGs are also linked to some tumor-suppressive pathways,
including TGF-B and TNF signaling, and also to gene sets of
cytokine-cytokine receptor interaction, which may play a role in
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FIGURE 6

CYRé61 inhibits the proliferation and colony formation of ER-positive BRCA cells. (A, B) g-PCR (A) and western blotting (B) analyses of CYR61
expression in 7 ER+ BRCA tissues and their matched paracancer normal breast tissues from patients. (C) Verification of CYR61- or the control
vector-overexpressing MCF-7 stable cells by western blotting. (D—F) MCF-7 cells overexpressing CYR61 or the control vector were subjected to cell
proliferation (D, E) and colony formation (F) examinations. (G—1) MCF-7 cells were treated with or without 10 ng/ml recombinant human CYR61
protein (rhCYR61) for the indicated time periods, followed by cell proliferation (D, E) and colony formation (F) examinations. (J—M) MCF-7 cells were
transfected with a non-specific (NS) or CYR61-targeting siRNAs for 36 h, followed by western blotting (J), cell proliferation (K, L) and colony

formation (M) assays. *p<0.05; **p<0.01.

remodeling the TIME (17-19). Finally, experimental assays
confirmed that CYR61 is downregulated in most of the clinic ER-
positive BRCA tissues and acts as an inhibitor of cancer cell
proliferation and colony formation (Figure 6).

In summary, by combining bioinformatic and experimental
studies, we found that reduced expression level of CYR61 may serve
as a new prognostic marker for ER-positive BRCA, and revealed
that CYR61 acts as a tumor inhibitor by impeding cancer cell
malignant transformation and remodeling the TIME.
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A new 4-gene-based prognostic
model accurately predicts breast
cancer prognosis and

Immunotherapy response by
integrating WGCNA and
bioinformatics analysis
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Jiale Cheng™, Shengbin Pei** and You Meng™

‘Department of Thyroid and Breast Surgery, The Affiliated Suzhou Hospital of Nanjing Medical
University, Suzhou Municipal Hospital, Gusu School, Nanjing Medical University, Suzhou, China,
2Department of Breast Surgery, The First Affiliated Hospital of Nanjing Medical University,

Nanjing, China, *Department of Breast Surgical Oncology, National Cancer Center/National Clinical
Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking
Union Medical College, Beijing, China

Background: Breast cancer (BRCA) is a common malignancy in women, and its
resistance to immunotherapy is a major challenge. Abnormal expression of genes
is important in the occurrence and development of BRCA and may also affect the
prognosis of patients. Although many BRCA prognosis model scores have been
developed, they are only applicable to a limited number of disease subtypes. Our
goalis to develop a new prognostic score that is more accurate and applicable to
a wider range of BRCA patients.

Methods: BRCA patient data from The Cancer Genome Atlas database was used
to identify breast cancer-related genes (BRGs). Differential expression analysis of
BRGs was performed using the ‘limma’ package in R. Prognostic BRGs were
identified using co-expression and univariate Cox analysis. A predictive model of
four BRGs was established using Cox regression and the LASSO algorithm. Model
performance was evaluated using K-M survival and receiver operating
characteristic curve analysis. The predictive ability of the signature in immune
microenvironment and immunotherapy was investigated. /n vitro experiments
validated POLQ function.

Results: Our study identified a four-BRG prognostic signature that outperformed
conventional clinicopathological characteristics in predicting survival outcomes
in BRCA patients. The signature effectively stratified BRCA patients into high- and
low-risk groups and showed potential in predicting the response to
immunotherapy. Notably, significant differences were observed in immune cell
abundance between the two groups. In vitro experiments demonstrated that
POLQ knockdown significantly reduced the viability, proliferation, and invasion
capacity of MDA-MB-231 or HCC1806 cells.
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Conclusion: Our 4-BRG signature has the potential as an independent biomarker
for predicting prognosis and treatment response in BRCA patients,
complementing existing clinicopathological characteristics.

KEYWORDS

breast cancer, POLQ, prognostic signature, immune landscape, drug screening

1 Introduction

Breast cancer (BRCA) has overtaken lung cancer to become the
world’s leading cancer and the most deadly malignancy among
women (1). With the continuous progress of BRCA diagnosis and
treatment technology, the 5-year survival rate of early BRCA
patients can reach 95%, so early screening, diagnosis, and
treatment of BRCA are the keys to a good prognosis (2). BRCA is
a highly heterogeneous disease, and patients differ in their response
to treatment and prognosis even if the clinical stage and
pathological grade are the same. Although these molecular
subtypes are widely used, the prognosis of BRCA cases of each
subtype is still very different. Therefore, it is of great clinical
significance to explore new prognostic features.

In cancer research, prognostic models are widely used to predict
the prognosis of patients. Van De Vijver et al. first performed 70
genetic signatures that were strongly associated with survival in
BRCA patients (3). Peng et al. constructed a molecular prognostic
score based on 23 genes that accurately predicted the overall
survival of BRCA patients (4). In addition, various prognostic
models were constructed between cancer types, and these features
were shown to be more accurate in predicting clinical prognosis
than assessed by traditional pathological and imaging methods (5-
7). In the field of BRCA research, new prognostic models are not yet
fully developed. Therefore, we included breast cancer-related genes
in the construction of prognostic models to estimate novel strategies
for predicting outcomes in BRCA patients.

Over time, immunotherapy has made more significant progress
in other cancer types, including melanoma, kidney cancer, and lung
cancer (8). In the early stage, due to the weak immunogenicity of
BRCA, it is regarded as a “cold tumor”, and scholars believe that
immunotherapy is difficult to make a big breakthrough in it. Still, in
recent years, immunotherapy has made good progress in triple-
negative BRCA, especially in metastatic BRCA (9-12). Therefore,
finding an effective way to predict long-term survival and response
to immune checkpoint inhibitor treatment in BRCA patients is
critical (13).

In this study, weighted gene co-expression network analysis was
used to screen out the genes associated with BRCA prognosis. The
prognostic features were derived from univariate Cox regression
and LASSO regression analyses performed on the TCGA BRCA
training cohort. After rigorous validation in multiple cohorts, we
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demonstrated that the POLQ-related signature can effectively
predict BRCA prognosis. By using the median risk score, we
stratified the BRCA samples into high-risk and low-risk groups,
which displayed distinct overall survival, progression-free survival,
and disease-free interval, as well as differences in clinical
characteristics, immune infiltration, response to ICI treatment,
and chemotherapy drug sensitivity. To facilitate clinical
application, we developed a nomogram that can guide BRCA
treatment. These findings shed light on the immunological and
prognostic significance of POLQ in BRCA and highlight the
potential of its related biomarkers as promising targets for the
diagnosis and treatment of BRCA.

2 Materials and methods
2.1 Data collection

Utilizing multiple datasets, including GSE16228, GSE20685,
GSE20711, GSE42658, and GSE88770 from the Gene Expression
Omnibus (GEO) database, you collected a total of 745 BRCA tumor
tissue samples and 43 normal tissue samples as training sets.
Additionally, 1089 BRCA tumor samples from TCGA were used as
the testing cohort. To ensure accurate analysis, patients lacking
important clinical information such as OS and relapse status were
excluded, and data normalization was performed to mitigate
batch effects.

2.2 WGCNA

By constructing a weighted gene coexpression network using
the WGCNA R software package, you aimed to identify
coexpression gene modules, investigate the relationship between
the gene network and phenotype, and identify core genes within the
network. Here’s an overview of the process we followed: Calculation
of Median Absolute Deviation (MAD): You calculated the MAD for
each gene in the BRCA gene expression profile. Selection of genes:
The top 50% of genes with the smallest MAD values were excluded.
This step helped filter out less informative genes. Removal of
outliers: The “goodSamplesGenes” method from the WGCNA
package was used to remove outlier genes and samples from the
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dataset. Construction of a scale-free co-expression network: Using
WGCNA, you built a scale-free co-expression network. The
Pearson correlation matrix and average linkage method were
employed for pairs of genes. Weighted adjacency matrix
construction: A power function (A_mn=|C_mn|Af) was applied
to construct the weighted adjacency matrix. The soft threshold
parameter, [3 was used to accentuate strong gene correlations and
compensate for weaker ones. Topological overlap matrix (TOM):
The weighted adjacency matrix was transformed into a TOM to
estimate network connectivity. The hierarchical clustering method
helped create a cluster tree structure for the TOM matrix. Module
analysis: Dissimilarity of characteristic genes within the modules
was computed. Tangent lines of the module tree were selected, and
some modules were combined for further analysis.

2.3 ldentification of DEGs and functional
enrichment analysis

We identified 129 differentially expressed genes between the
BRCA group and the normal control group using the “Limma”
package. The selection criteria included a |logFC| = 1 and p < 0.01.
Next, you employed the “clusterProfiler” package for conducting
the Gene Ontology (GO) function and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis based
on these DEGs. GO function analysis categorizes genes into
different functional groups, while KEGG pathway analysis
explores molecular interactions and networks within cells. These
analyses provide valuable insights into the biological mechanisms
underlying BRCA and can reveal potential therapeutic targets

and interventions.

2.4 Random survival forest
variable screening

Random Survival Forest (RSF) is an ensemble method that
consists of a collection of randomly growing survival trees. The tree-
building rules in RSF are similar to those of random forest, which is
an extended methodology used for analyzing survival data. To
identify prognostic genes in the training set, univariate Cox
proportional regression models were initially employed. Then,
1000 classification trees were constructed using bootstrap
samples. During the tree-building process, candidate variables
were randomly selected at each node, and nodes were classified
based on survival criteria such as survival time and truncation
information. To determine the variables entering the model, gene
screening was performed using exponential sequencing or gene
occurrence frequency. Each decision tree within the random
survival forest is a binary survival tree, generated following the
top-down recursive splitting principle. This approach involves
sequentially dividing the training set from the root node, which
helps prevent model overfitting. Using RSF, researchers can obtain
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valuable insights into the prognosis of specific diseases, including
potential prognostic genes and their impact on survival outcomes.

2.5 GeneMANIA analysis

GeneMANIA (http://www.genemania.org) is an excellent
resource for constructing protein-protein interaction (PPI)
networks and analyzing gene function and interactions. This user-
friendly database enables researchers to visualize functional
networks between genes and gain insights into gene behavior.
The GeneMANIA website provides the flexibility to customize the
data sources of gene nodes, including physical interaction, gene
coexpression, gene colocalization, gene enrichment analysis, and
predictions from other sources. By incorporating these diverse data
sources, researchers can obtain a comprehensive understanding of
gene relationships and their functional implications. In this study,
we utilized GeneMANIA to construct a core gene network specific
to ovarian cancer patients. This network serves as a valuable tool to
investigate the potential mechanisms underlying the action of
identified genes within the context of ovarian cancer. By
visualizing and analyzing these gene interactions, we can gain
insights into the functional associations and pathways involved in
the disease. Make sure to carefully interpret the findings from the
gene network analysis and consider additional validation strategies
to strengthen the conclusions.

2.6 Analysis of immune cell infiltration

To assess various aspects of the tumor microenvironment
(TME) in BRCA patients, we employed several algorithms. The
ESTIMATE algorithm allowed us to evaluate the Stromalscore,
Immunescore, and TMEscore. These scores provide insights into
the levels of stromal and immune cell infiltration within the tumor.
For a detailed analysis of immune cell types in the TME, we utilized
the CIBERSORT algorithm. CIBERSORT is a widely used method
that employs support vector regression to deconvolute the
expression matrix of immune cell subtypes. This enabled us to
quantify the levels of immune cell infiltration in each patient. To
further assess the TME, we employed the MCPcounter algorithm.
This algorithm generates abundance scores for eight immune cell
types and two stromal cell types (including T cells, CD8+ T cells,
cytotoxic lymphocytes, NK cells, B lymphocytes, monocytes, bone
marrow dendritic cells, neutrophils, endothelial cells, and
fibroblasts) based on the gene expression matrix. Notably,
MCPcounter has been verified to exhibit a high correlation
between estimated scores and actual cell scores when conducting
quantitative validation. By evaluating the association between the
risk scores (derived from the previously constructed prognostic
model), gene expression levels, and immune cell infiltration, we aim
to understand the interplay between the genetic signature and the
immune microenvironment in BRCA. Additionally, we examine
subgroup differences in immune checkpoint expression and
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immune function, providing valuable insights into potential
immunotherapeutic targets and treatment strategies.

2.7 Development of the prognostic model

From a pool of 100 intersection genes, we conducted univariate
Cox regression (uniCox) analysis to identify 18 genes that showed
associations with prognosis. Subsequently, we employed the
“glmnet” package for regression analysis, specifically utilizing
LASSO-cox analysis, to construct a prognostic model. The risk
scores for individual patients were calculated by summing the gene
expression values multiplied by their respective gene coefficients in
the model. This risk score served as an indicator of the likelihood of
an adverse prognosis. To further analyze and visualize the patient
data, we divided the patients into high and low-risk groups based on
the median risk score. Utilizing the “stats” package (version 3.6.0),
we performed Principal Component Analysis (PCA). This analysis
aids in dimensionality reduction by transforming and clustering the
patients’ gene expression profiles. Specifically, we initially applied a
z-score transformation to standardize the gene expression data and
then utilized the prompt function to obtain a reduced matrix
representing the principal components. It’s worth mentioning
that the selection of genes and the use of LASSO-cox analysis
contribute to the construction of a robust prognostic model.
Moreover, conducting PCA analysis allows for a comprehensive
visualization of the patient data, which may reveal patterns or
clusters related to prognosis.

2.8 Clinical significance analysis of the
risk model

After excluding patients with missing data, we integrated their
clinical information and risk score to conduct uniCox and
multivariate Cox regression (multiCox) analyses. These analytical
approaches allow us to assess the relationship between the risk score
model and patient prognosis. To evaluate the accuracy of the risk
score model as a prognostic predictor, we performed ROC analysis
using the pROC package (version 1.17.0.1). The Area Under Curve
(AUC) values were calculated to provide a quantitative measure of
the predictive power. We also used the CI function of the package to
determine the Confidence Intervals (CI) around the AUC values,
providing a measure of the uncertainty associated with the
predictions. By analyzing the AUC values and their corresponding
CI, we can determine the final results and assess whether the risk
score model can serve as an independent and reliable prognostic
predictor. It’s important to note that further studies may explore
alternative methods or consider additional variables to enhance the
predictive capabilities of the risk score model. The pROC package is a
valuable resource in this process, facilitating the calculation of AUC
values and their associated confidence intervals.
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2.9 Establishment of a
predictive nomogram

In addition to the patient’s risk score and clinicopathological
features, we employed the “rms” package to construct a nomogram.
This nomogram combined multiple variables to visualize their
relative contributions in predicting patient outcomes. To assess the
prognostic predictive power of these clinical features, particularly for
1-year, 3-year, and 5-year OS, we performed ROC analysis. The ROC
analysis allows us to evaluate the accuracy of the predictive models by
examining the true positive rate against the false positive rate. To
validate the predictive accuracy of the nomogram, we utilized
calibration curves. These curves provide graphical representations
of the agreement between predicted outcomes and observed
outcomes. The incorporation of calibration curves allows for an
assessment of the accuracy and reliability of the predictive model.
Is important to note that future studies may further explore
alternative methods or consider additional factors to enhance the
predictive capabilities of the nomogram. The “rms” package serves as
a valuable tool in this process, facilitating the creation of
comprehensive and informative prediction models.

2.10 Drug sensitivity analysis

The Genomics of Drug Sensitivity in Cancer (GDSC) database,
accessible at https://www.cancerrxgene.org/, serves as a valuable
resource for cancer drug sensitivity genomics. In our study, we
utilized the R software package called “pRRophetic” to predict the
sensitivity of tumor samples to chemotherapy. By applying a filter
condition of p < 0.001, we determined the chemotherapy sensitivity
for each tumor sample. The prediction process involved regression
analysis to estimate the IC50 values for specific chemotherapeutic
agents. To evaluate the accuracy of regression and prediction, we
conducted 10-fold cross-validation tests using the GDSC training
set. For all parameters, including the removal of batch effects using
“combat” and averaging repeated gene expression, we opted for the
default values. These steps enable us to mitigate potential biases and
enhance the reliability of the predictions. It is worth noting that
future research may explore alternative parameter settings or
incorporate additional validation techniques to further refine the
predictions. The GDSC database and the pRRophetic package offer
a powerful combination for investigating and understanding
chemotherapy sensitivity in cancer samples.

2.11 Cell transfection

Two distinct small interfering RNAs (siRNAs) targeting POLQ
were synthesized by Ribobio (Guangzhou, China). The transfection
protocols were executed following the manufacturer’s guidelines,
using Lipofectamine 3000 (Invitrogen, USA). Supplementary
Table 1 contains the siRNA sequences for POLQ.
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2.12 RT-qPCR

Total RNA was extracted from tissues or cell lines using TRIzol
reagent (15596018, Thermo) and standard protocols were followed.
Subsequently, cDNAs were synthesized using the PrimeScriptTMRT
kit (R232-01, Vazyme). The Roche LightCycler 480 platform (Roche,
GER) was employed to quantify gene expression levels, utilizing
SYBR qPCR Master Mix (Q111-02, Vazyme). Supplementary Table 1
contains the primer sequences, which were sourced from Tsingke
Biotech (Beijing, China).

2.13 Cell counting kit-8 assay

Each well of a 96-well plate was seeded with 2000 treated cells.
Following this, the cells were subjected to treatment with the CCK-8
labeling reagent (A311-01, Vazyme) and evaluated at various time
points, including days 1, 2, 3, 4, and 5.

2.14 Wound healing

After achieving 95% confluency, the transfected cells were
subsequently plated into 6-well plates. To produce a straight line, a
sterile pipette tip with a volume of 200 pL was utilized, followed by
gentle rinsing with PBS to remove any unattached cells and debris.
Subsequently, the serum-free cell medium was replaced to maintain cell
culture. Images were captured at 0 and 48 hours in the same location.

2.15 Transwell

A density of 2x10” cells per well in 200 UL of serum-free medium
was used to seed the cells in the upper chamber of a transwell plate.
The upper chamber was either coated or uncoated with matrix glue
(BD Biosciences, USA). The lower compartment was loaded with 700
UL of complete medium supplemented with 10% serum. After 36
hours of incubation, the cells were fixed, stained, and counted by
microscopy. Images were captured for analysis.

2.16 Statistical analysis
All statistical analyses were performed using R language

(Version 3.6). All statistical tests were bilateral, and P <0.05 was
considered statistically significant.

3 Results

3.1 Identification of DEG sets associated
with BRCA patients compared to
normal women

To establish our study cohort, we obtained gene expression
profiles from five GEO datasets, comprising 745 tumor tissue
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samples and 43 normal control tissue samples, which served as
the training cohort. Additionally, we utilized the TCGA-BRCA
cohort, consisting of 1089 BRCA tumor tissue samples, as the
validation cohort. In the training set, we identified genes that
demonstrated significant differential expression (|logFC|>1 &
p<0.01) (Figures 1A, B). We employed WGCNA analysis to
construct a gene coexpression network for BRCA using the
training set. Subsequently, we employed dynamic hybrid cutting
to generate a hierarchical clustering tree, which facilitated the
identification of gene modules. The tree branches represented
groups of genes with similar expression patterns, with each gene
represented as a leaf in the tree (Figures 1C-E). Furthermore, we
successfully constructed twelve modules within the training cohort,
and we identified the magenta modules as potential hub
modules (Figure 1F).

3.2 Acquisition of intersection genes and
molecular characteristics analysis in BRCA

To verify the reliability of the genes obtained above, we
performed a Venn analysis based on the DEG set and hub gene
set data (Figure 2A). A total of 100 intersection genes were screened
for GO and KEGG enrichment. GO analysis showed that these
intersection genes are enriched in a variety of biological processes,
including cell cycle, mitotic cell cycle process, cell division, nuclear
division, and chromosome segregation. KEGG analysis revealed
that cell cycle, oocyte meiosis, progesterone-mediated oocyte
maturation, and p53 signaling pathway were enriched by these
intersection genes (Figure 2B). In addition, we constructed PPI
networks using an online tool (https://cn.string-db.org) to explore
the association between the intersection genes. The results showed
that CDK1, BUBI1B. KIF11, KIF20A, and CCNB1 were hub genes
(confidence score = 0.900) (Figures 2C, D). These hub genes are
highly expressed in tumor tissues compared to normal control
tissues and in the ROC curve, these hub genes displayed a pretty
AUC value (Figures 2E, F), implying their potentially critical roles
in BRCA. Furthermore, the Genemania network also indicated that
the five genes have a close interaction in multiple biological
functions, including mitotic nuclear division, negative regulation
of cell cycle phase transition, and cell cycle checkpoint (Figure 2G).
In immune cell infiltration analysis, we found that a variety of
immune cells, including CD8"T cells, plasma cells, activated NK
cells, and macrophages M2 were more abundant in normal tissues,
while macrophages M1, T cells CD4" memory resting, and yd T cells
were more infiltrated in tumor tissues (Figures 2H, I).

3.3 Development and validation of the
prognostic model

Based on 100 intersection genes, the researchers conducted a
uniCox analysis and identified 18 prognostic-related genes, which
were found to be highly expressed in tumor tissues (Figure 3A). They
then developed a risk model to assess the prognostic predictive ability
of these intersection genes specifically in BRCA patients. To establish
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the optimal predictive model, LASSO and multiCox analysis were
performed on 18 prognosis-related differentially expressed genes.
Ultimately, four genes (RAD51AP1, HELLS, PLSCR4, and POLQ)
were identified, and the formula for the risk score was derived as
follows: risk score = (0.171787939 * expression of RAD51AP1) +
(0.180159626 * expression of HELLS) + (-0.35136865 * expression of
PLSCR4) + (0.35452173 * expression of POLQ). Following the risk
score calculation, the patients were divided into high-risk and low-
risk groups based on the median risk score. Kaplan-Meier analysis
demonstrated that low-risk patients had a better OS compared to the
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high-risk patients (Figure 3B). Additionally, PCA analysis showed a
distinct separation of patients into high-risk and low-risk groups
(Figure 3C). The prognostic model exhibited promising predictive
ability with AUC values of 0.76 (95% CI = 0.91-0.62), 0.68 (95% CI =
0.71-0.56), and 0.64 (95% CI = 0.68-0.56) for predicting patients’ OS
at 1, 3, and 5 years, respectively (Figure 3D). Moreover, there was an
inverse correlation between the risk score and patient survival, as
evidenced by the decreasing OS and increasing mortality rate with
higher risk scores (Figures 3E, F). The expression heatmap in
Figure 3G illustrates the gene expression patterns involved in
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constructing the prognostic model. Importantly, the prognostic
model was validated in an independent cohort and showed good
predictive power (Figures 4A-F).

3.4 Clinical correlation analysis of the
prognostic model and construction of
a nomogram

UniCox and multiCox analyses were conducted to assess the
independent prognostic value of the risk score (Figures 5A, B). The
forest plot indicated that the risk score is comparable to tumor
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grade and tumor stage as an independent risk factor for predicting
the prognosis of BRCA patients. Patients who experienced distant
metastasis or tumor relapse exhibited higher risk scores (Figures 5C,
D), suggesting a correlation between the risk score and increased
risk of metastasis and poorer prognosis. To enhance predictability, a
nomogram was developed based on clinical characteristics to
estimate the 1l-year, 3-year, and 5-year OS of BRCA patients
(Figure 5E). The calibration curves in Figure 5F demonstrated the
high accuracy of the nomogram in predicting the 3-year and 5-year
OS of BRCA patients. Additionally, the receiver operating
characteristic (ROC) curve in Figure 5G revealed the AUC values
of the nomogram for predicting the 1-year, 3-year, and 5-year OS:
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0.89 (95% CI = 0.97-0.92), 0.87 (95% CI = 0.95-0.79), and 0.86 (95%
CI = 0.94-0.79), respectively.

3.5 Assessment of TME, checkpoints, and
immune function in distinct groups

In our study, we explored the correlation between immune cell
abundance and the risk score. Our findings, as depicted in Figure 6A,
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revealed interesting associations between the risk score and different
immune cell types. Specifically, the risk score positively correlated
with memory B cells, naive CD4" T cells, macrophages M0, and
activated NK cells. Conversely, it exhibited a negative correlation with
naive B cells, resting CD4" memory T cells, resting dendritic cells, and
YO T cells. Furthermore, our analysis demonstrated that the risk score
was linked to higher StromalScore, ImmuneScore, and
ESTIMATEScore, as illustrated in Figure 6B. This suggests that the
risk score may indicate increased stromal and immune activity within
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Validation of the prognostic model in the test cohort. (A) Kaplan—Meier analysis of the Overall Survival (OS) between high- and low-risk groups.

(B) Principal Component Analysis based on the prognostic model. (C) Receiver operating characteristic curve to predict the sensitivity and specificity
of 1-,3-, and 5-year survival according to the risk score. (D—E) Ranked dot and scatter plots showing the risk score distribution and patient survival
status. (F) Expression patterns of 4 selected prognostic genes in high- and low-risk groups. (P<0.05%; P<0.01**; P<0.001***, P<0.0001****).

the TME. To delve deeper, we assessed the association between the
genes utilized in constructing the risk score model and the infiltration
levels of various immune cells. Notably, we observed significant
correlations between the expression levels of certain genes, such as
POLQ, and the abundance of specific immune cell types. For
instance, the expression level of POLQ displayed a significant
positive correlation with naive B cell infiltration and a negative
correlation with activated NK cell infiltration, as shown in
Figure 6C. Figure 6D revealed significant differences in various
immune functions between the high-risk and low-risk groups, such
as T cell co-inhibition, immune checkpoint expression, cytolytic
activity, and type I IFN response. The MCPcounter analysis in
Figure 6E demonstrated that the high-risk group had decreased
infiltration levels of endothelial cells, fibroblasts, and immune cells
compared to the low-risk group. Moreover, by analyzing 35 common
immune checkpoints including PD-1, PD-L1, CTLA-4, and LAG3
between the high and low-risk groups (Figure 6F), it was observed
that the low-risk group exhibited lower levels of immune
checkpoint expression.

3.6 Drug sensitivity analysis

For evaluating the predictive power of the risk score in assessing
clinical drug therapy sensitivity among BRCA patients, we employed
the “pRRophetic” package to calculate the IC50 values associated with
138 drugs for each patient. Our analysis yielded intriguing findings
regarding potential drug responses based on the risk score. Patients
with low-risk scores exhibited promising indications of positive
responses to several drugs, including All-trans-retinoic acid
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(ATRA), bleomycin, cytarabine, doxorubicin, gemcitabine,
paclitaxel, and sorafenib. On the other hand, patients with high-
risk scores displayed a greater likelihood of positive responses to
bicalutamide, docetaxel, as well as various targeted therapy drugs
such as dasatinib, lapatinib, axitinib, and other similar medications
(Figure 7). Taken together, these outcomes suggest a noteworthy
correlation between the risk score and drug sensitivity. Nonetheless, it
remains essential to exercise caution and further validate these
observations through rigorous validation studies. May these
findings contribute to the advancement of personalized medicine
approaches for better management of BRCA patients!

3.7 Core genes related to genetic
alterations, TMB, and targeted therapy/
chemotherapy in BRCA

To determine whether four genes exist in the somatic mutation
frequencies in BRCA, we extracted the oncoprint profiles based on
the cBioPortal database (http://www.cbioportal.org/). The somatic
mutation frequencies of RAD51AP1, HELLS, PLSCR4, and POLQ
were 1.9%, 0.4%, 1.4%, and 1.7%, respectively (Figure 8A). In
addition, tumor mutation burden (TMB) is a very important and
identifiable clinical biomarker for immunotherapy. We calculated
the TMB of each sample, and after analysis, we found that there was
a significant correlation between the expression levels of
RAD51AP1, HELLS, PLSCR4, POLQ, and the TMB data.
Specifically, high expression of PLSCR4 was associated with lower
TMB. In contrast, high expression of RAD51AP1, HELLS, and
POLQ was associated with higher TMB in BRCA (Figure 8B).
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In addition, previous studies have shown that abnormal
epigenetic modifications can drive tumorigenesis and resistance to
treatment. We extracted DNA methylation profiles of these core
genes in BRCA based on the TCGA database and the results showed
increased methylation levels in BRCA compared to normal breast
tissue (Figure 8C).

Taking into account the chemotherapy used in daily work, we
evaluated the response of gene expression subtypes (low or high
expression levels) to five chemotherapy agents and one ErbB-2
inhibitor: Docetaxel, Doxorubicin, gemcitabine paclitaxel, and
Apatinib. Interestingly, low RAD51AP1, HELLS, PLSCR4, and
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POLQ may be more sensitive to docetaxel, apatinib, while high
RAD51API1, HELLS, PLSCR4, and POLQ may be more sensitive to
doxorubicin, gecitabine, and paclitaxel (Figure 8D).

3.8 Biological function and POLQ
expression in BRCA are confirmed

By doing in vitro tests, we furthered our understanding of
POLQ ‘s role. Firstly, the results of bioinformatics analysis
showed that the expression of POLQ in BRCA tissues was higher
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than that in normal tissues (Figure 9A). We verified the results in 20
pairs of clinical tissue samples and obtained consistent results
(Figure 9B). To select suitable BRCA cell lines for POLQ
knockdown assay, we verified the expression level of POLQ in 5
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cell lines, and the results showed that the expression level of
HCC1806 and MDA-MB-231 cell lines was relatively high
(Figure 9C). Therefore, we selected these two cell lines for POLQ
knockdown experiments and verified their transfection efficiency
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(Figure 9D). In CCK-8 studies, we saw that cells with POLQ
knockdown displayed significantly decreased proliferative activity
(Figures 9E, F). Colony-forming experiments also showed that the
proliferation ability of melanoma cells was significantly reduced
after POLQ knockdown (Figures 9G, J). Wound healing
experiments showed that the migration ability of BRCA cells was
significantly reduced after POLQ gene knockdown (Figures 9H, I).
After the knockdown of POLQ, two cell lines significantly reduced
their ability to heal, migration, and invasion (Figures 9K-M).

4 Discussion

Heterogeneity is one of the important characteristics of BRCA
(14). Although most studies believe that BRCA is monoclonal in
origin, due to multiple divisions, proliferation, and continuous
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evolution in the process of occurrence and development,
epigenetic, genomic, and microenvironment changes lead to
different phenotypes and biological characteristics of cells,
resulting in heterogeneity (15). It showed different histological
types, differentiation degree, cell proliferation rate, invasion and
metastasis ability, and therapeutic responsiveness. Therefore, the
accurate implementation of personalized medicine for BRCA
requires further research and exploration (16, 17).

In our study, we used the WGCNA method to screen out
BRCA-related genes that are specifically expressed in BRCA tissues.
Subsequently, four genes were identified by difference analysis,
univariate Cox regression, lasso regression, and multifactor Cox
regression, and were further used to create a new risk profile.
Patients were divided into high-risk and low-risk groups based on
a median risk score. The difference in survival rate between the
high-risk group and low-risk group was statistically significant, and
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the prognosis of the low-risk group was significantly better than that
of the high-risk group (P<0.01). Validation analysis of TCGA and
GEO databases showed that our prognostic model based on related
genes could well distinguish BRCA patients. The forest map showed
that risk score was an independent risk factor for predicting

Frontiers in Immunology 171

prognosis in patients with BRCA compared to tumor grade and
tumor stage. We also found that BRCA patients who developed
distant metastases or tumor recurrence had higher risk scores.
Overall, based on our findings, a higher risk score implies a
higher risk of metastasis and a worse prognosis. Compared to
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or HCC1806 cell lines were significantly decreased. (P<0.05*; P<0.01**; P<0.001***, P<0.0001****)

other existing BRCA prognostic models, such as apoptosis-related
gene prognostic models (AUC at 1, 3, 5 years = 0.637, 0.701, 0.695),
platelet-related prognostic models (AUC at 1, 3, 5 years = 0.639,
0.563, 0.596), and anoikis and immune-related gene prognostic
0.521, 0.643, 0.695), our model

models (AUC at 1, 3, 5 years
shows more accurate predictive performance (18-20).
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Immunotherapy is a new type of anti-tumor therapy that is
completely different from the previous anti-tumor therapy (21).
Under normal circumstances, immune cells are the protectors of
our body kingdom, and the body’s immune system has an immune
surveillance function, which can recognize, kill, and timely
eliminate abnormal cells in the body (22). As abnormal cells,
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tumor cells can be recognized and eliminated by the body’s immune
system under normal circumstances. Immunotherapy has also been
carried out in a series of studies in BRCA, although its effect is not as
significant as in lung cancer, melanoma, and other tumors, it has
achieved a certain effect in triple-negative BRCA (23, 24), while the
results in HR-positive/HER2-negative and HER2-positive BRCA
are still immature or the efficacy needs further exploration (25). At
present, the immune checkpoint inhibitor used in BRCA clinics is
programmed death protein-1 (PD-1) programmed death protein
ligand-1 (PD-L1), and other immune checkpoint inhibitors are still
being studied and explored (26). The effective rate of immune
checkpoint inhibitors is low, and most of them are combined with
chemotherapy drugs. The research on the combination with other
drugs is still underway (27). What we know is that one of the
important reasons for the low efficiency of immune checkpoint
inhibitors and their use in combination with chemotherapeutic
agents in clinical treatment is that the immunotherapy-sensitive
population cannot be accurately screened by the available means,
whereas the TMB may drive effective anti-tumor immune responses
and ultimately lead to a sustained clinical response to
immunotherapy. Our results showed that the expression of genes
involved in the model, such as POLQ, was significantly correlated
with the TMB data in the BRCA patients, and that this group of
patients with high POLQ expression levels was more likely to show
better therapeutic effects to immunotherapy, which may provide a
certain reference value for the individualized precision treatment of
BRCA patients in the clinical practice. However, this needs to be
confirmed by more real-world studies. Chimeric antigen receptor T
(CAR-T) cell therapy is a personalized immunotherapy approach
that has made some progress in BRCA treatment (28). Car-T cell
therapy works by introducing a CAR that targets a BRCA-specific
antigen into a redesigned T cell in the patient’s body, thereby
activating and boosting the patient’s immune system to attack
tumor cells. Vaccine therapy is a method of using specific
antigens to stimulate the patient’s immune system to produce an
anti-tumor immune response. In BRCA immunotherapy,
researchers are developing various vaccines, including cancer
vaccines, tumor polypeptide vaccines, and genetic vaccines, to
activate the patient’s immune system to fight BRCA (29). In
addition to the strategies mentioned above, there are several other
BRCA immunotherapies under investigation. Examples being
explored include the combination of immune checkpoint
inhibitors, tumor-associated antigen (TAA) specific T cell
therapy, and the use of immune promoters (30). While there have
been some encouraging advances in BRCA immunotherapy, the
effectiveness and safety of these strategies are still being evaluated in
research and clinical trials. Therefore, for specific patients, it is still
necessary to discuss and make decisions in detail according to
individual circumstances.

In our study, we further calculated the correlation between
immune cell abundance and risk score. We found that risk scores
were positively correlated with memory B cells, primary CD4" T
cells, macrophage MO, and activated NK cells, and negatively
correlated with primary B cells, resting CD4" memory T cells,
resting dendritic cells, and gamma-delta T cells. Given the
important role of initial CD4" T cells, macrophage MO0, and other
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immune cells in immunotherapy, our prognostic model has a
certain guiding significance for the immunotherapy response of
BRCA patients. Our results also found that the genes involved in the
model construction were significantly correlated with the
infiltration levels of most immune cells. For example, POLQ gene
expression levels were significantly positively correlated with naive
B cell infiltration and negatively correlated with activated NK cell
infiltration. At present, the immune checkpoint inhibitor used in
BRCA clinics is programmed death protein-1 (PD-1) programmed
death protein ligand-1 (PD-L1), and other immune checkpoint
inhibitors are still being studied and explored. We analyzed 35
common immune checkpoints such as PD-1, PD-L1, CTLA-4, and
LAG3 between the high and low-risk groups, and found that the
expression level of immune checkpoints in the low-risk group was
lower. This may indicate a better response to immunotherapy in the
high-risk group. However, the efficacy of immune checkpoint
inhibitors is low in single-drug treatment, and most of them are
combined with chemotherapy drugs, and the study of combination
with other drugs is still ongoing. Therefore, clinicians must identify
individualized treatment at an early stage, as sensitive drugs vary
from person to person. To find chemotherapy drugs that are more
sensitive to high-risk populations, we perform drug sensitivity
analysis to develop specific drugs for high-risk populations.

DNA repair is indeed crucial for maintaining genomic stability
and preventing the development of cancer. The evolving
understanding of the DNA damage response pathway has
expanded the possibilities for therapeutic approaches in oncology.
It is becoming increasingly clear that genomic instability in cells
caused by defective DNA damage responses contributes to the
development of cancer (31, 32). On the other hand, these defects
can also serve as a therapeutic opportunity (33, 34). Targeting
various components of the DNA Damage Repair (DDR) pathway,
such as PARP, ATM, ATR, CHK1, WEEI, and DNA-PK, has led to
the development of DDR-targeted drugs, some of which are
currently under clinical study (35, 36). Currently, inhibitors of
these DDR components, some of which are under clinical study (37,
38). It’s also interesting to note the potential synergy between DDR
inhibitors and conventional cancer therapies, as well as their
correlation with immune checkpoint inhibitor response, which
promotes the exploration of combination therapies. These
advancements in DNA repair-targeting drugs are increasingly
playing a significant role in the field of tumor therapy (39, 40).
Drugs that target DNA repair pathways are showing an increasing
role in the field of tumor therapy (33, 39, 41).

POLQ is a large protein composed of helicase (HD) and
polymerase domains (PD), and deletion of either leads to synthetic
lethality of HR deficiency (42). POLQ is a promising target in cancer
therapy, and POLQ inhibitors are being actively developed by the
scientific and industrial communities (43). On August 5, 2021, Artios
Pharma published the clinical registration of the First-in-class drug
ART4215 on the clinical trials website. ART4215 is the world’s first
highly selective oral small-molecule targeted POLQ inhibitor in the
Pol® polymerase domain to enter clinical studies. On August 10,
2022, Artios Pharma announced that it has initiated a Phase II study
of ART4215 in combination with the PARP inhibitor talazoparib in
BRCA-deficient BRCA. POLQ helicases and POLQ polymerase
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inhibitors have been developed, and these POLQ inhibitors (POLQI)
have specific effects on killing BRCA-deficient cells (44), but the
specific mechanism of action of POLQ is unknown. More clinical
trials are needed to confirm the promise of POLQ inhibitors in BRCA
patients, especially those at high risk.

The study looked for monitoring and predictors of
immunotherapy in BRCA patients, such as immune-related
markers or gene expression characteristics. This will help
determine which patients are suitable for immunotherapy and
provide individualized treatment decisions. By delving deeper into
immunotherapy for BRCA, we can reveal the interaction between
the immune system and the tumor, develop more accurate and
effective treatments, and improve patient outcomes and survival.
However, the prognostic model we constructed through
bioinformatics requires further external validation on
independent datasets to verify its predictive performance and
generalization ability. In addition, the application of the
prognostic model in clinical practice should fully consider the
actual clinical environment, feasibility, and interpretability. At the
same time, BRCA is a dynamically changing disease, and
biomarkers and clinical characteristics of patients may change
over time. Prognostic models need to be able to account for this
variation and provide real-time, valid recommendations in
treatment decisions.

5 Conclusions

In this study, transcriptomics and proteomics were combined to
conduct a comprehensive analysis. These data are integrated to
conduct in-depth research, break through the limitations of a single
omics study, conduct a joint analysis of different omics data, dig for
more meaningful information in the limited data, build the body
regulatory network, and deeply understand the regulation and
causality between various molecules. The immunological and
prognostic significance of POLQ in breast cancer was explored
systematically. Notably, we advocate effective prognostic signatures
based on POLQ-related genes. Our findings provide a novel and
accurate classification and treatment strategy for breast
cancer patients.
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Objective: Many patients treated with immune checkpoint inhibitors (ICls)
developed primary or secondary drug resistance for unknown reasons. This
study investigates whether mismatch repair (MMR) genes are responsible for this
therapeutic restriction.

Methods: We obtained the transcriptional, clinical and single nucleotide
polymorphism data for endometrial cancer (EC) from The Cancer Genome
Atlas and the immunophenoscore data of EC from The Cancer Immunome
Atlas, then analyzed in R to evaluate the relationship between MMR genes and
clinicopathological features, prognosis, immune infiltration, immune checkpoint
expression and responsiveness to ICls in EC. We used differentially expressed
genes in the MSH6 high and low expression groups to conduct GO and KEGG
analyses to explore the impact of MSH6 on the biological functions of EC. Finally,
we verified the bioinformatics results with in vitro experiments.

Results: Our analyses showed that compared with the high MSH6 expression
group, the low MSH6 expression group had better survival outcomes and less
aggressive clinicopathological features. In the multivariate Cox analysis, MSH6
was the only independent risk factor that could predict the prognosis of EC.
Besides, the low MSH6 expression group also had a higher immune score, more
active immune infiltration and higher immune checkpoint expression, resulting in
better responsiveness to ICls treatment, consistent with the enrichment of GO
terms and KEGG pathways related to immune response in this group. Meanwhile,
the GO and KEGG enrichment results of the MSH6 high expression group were
associated with cell cycle, DNA damage repair and tumorigenesis. To exclude the
influence of MSH6 mutations, we performed the previous analyses on the MSH6
wild-type tumor samples and obtained consistent results. In vitro experiments
also confirmed that after knocking down MSH6 in endometrial cancer cells, their
proliferation, migration and invasion abilities were weakened, while the
expression levels of PD-L1 and PD-L2 were elevated. In comparison,
overexpression of MSH6 showed an opposite trend.
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Conclusion: Reduced MSH6 expression could serve as a potential biomarker for
predicting better prognosis, active immune status, higher immune checkpoint
expression level and better responsiveness to ICls treatment in EC. MSH6 may
become a potential target for treating solid tumors.
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1 Introduction

In recent years, due to the extension of life expectancy and the
increase in the obesity rate, the morbidity and mortality of
endometrial cancer (EC) have continued to rise and show a
younger trend (1, 2). EC is typically categorized into type I and
type II according to clinical, endocrine and epidemiological
features, or into endometrioid, serous and clear cell carcinoma
based on histopathological characteristics (3). Many cases have
demonstrated that both categorization schemes can accurately
identify the nature and prognosis of most tumors. However, in
some cases, the tumor morphology is vague, and the characteristics
overlap, making it challenging to categorize accurately, resulting in
overtreatment or insufficient treatment. In 2013, the American
Cancer Genome Atlas (TCGA) divided ECs into four molecular
subtypes based on multi-omics features and gradually optimized
them: POLE ultra-mutated, microsatellite instability-high (MSI-H)/
mismatch repair deficient (AMMR), p53 abnormal and no specific
molecular profile (4, 5). This classification is significant in
predicting patients’ prognosis and recurrence risk and can
provide individualized diagnosis and treatment strategies.

Among the four molecular subtypes, the MSI-H/dMMR
subtype accounts for approximately 30% of all primary ECs and
13% to 30% of all recurrent ECs (6), which is caused by mutations
(germline pathogenic variants or double somatic pathogenic
variants) or epigenetic changes in four MMR genes (MLHI,
MSH2, MSH6, PMS2) (7, 8). This subtype is characterized by
high tumor mutational burden (TMB), increased tumor-
infiltrating lymphocytes and upregulated expression of immune
checkpoints, making it an ideal target for immune checkpoint
inhibitors (ICIs) (6, 9, 10). In May 2017, based on the findings of
many clinical trials (11-13), the US Food and Drug Administration
(FDA) accelerated the approval of pembrolizumab for the treatment
of refractory adult and pediatric MSI-H/dMMR solid tumors,
including EC (14). In 2021, this classification system was formally
incorporated into the NCCN guidelines for uterine neoplasms, with
precise detection and treatment protocols developed (15). By
blocking programmed cell death 1 ligand (PD-L1) on tumor cells
and programmed cell death receptor 1 (PD-1) or cytotoxic T
lymphocyte antigen-4 (CTLA-4) on T cells, ICIs can inhibit their
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immunosuppressive interactions, reactivate the exhausted immune
cells in the tumor microenvironment (TME), and restore the
antitumor effect of effector T cells (16, 17).

ICIs have revolutionized cancer treatment, but the response of
patients with MSI-H/dMMR tumors (different origins or the same
origin) varies greatly. Some patients may be susceptible to ICIs and
have responsiveness durably, while nearly half of the patients fail to
benefit from them for unknown reasons (18). We want to explore
whether different MMR gene defects are to blame for this treatment
restriction from the perspective of the MMR gene itself and whether
we could develop drugs that specifically target these different MMR
genes to improve patients’ responsiveness to ICIs in the future.
Besides, effective biomarkers are required to guide patient selection.
In addition to MSI-H/dMMR, other commonly used markers for
predicting reactivity include PD-L1, tumor-infiltrating lymphocytes
and TMB, but these markers are not entirely reliable (19, 20). To
address these issues, we investigated the connections between MMR
genes and clinicopathological characteristics, prognosis, immune
infiltration, immune checkpoint expression and response to ICIs in
EC at the gene level by bioinformatics analysis, and the results were
then confirmed by in vitro experiments.

2 Materials and methods
2.1 Bioinformatics analysis

2.1.1 Data acquisition and processing

We obtained EC’s transcriptional and clinical data from TCGA
(https://portal.gdc.cancer.gov/) and the survival information on pan-
cancer from the UCSC XENA database (https://xenabrowser.net/
datapages/) (21). Perl scripts (https://www.perl.com/) were used to
merge and preprocess the raw data to extract the gene expression
matrix and clinical information. A total of 35 normal samples and
552 tumor samples were collected.

2.1.2 Survival analysis

The survival information of TCGA-UCEC was screened,
including survival status, overall survival (OS), progression-free
survival (PFS), disease-specific survival (DSS) and disease-free
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survival (DFS). Then, they were merged with the MMR gene
expression data in tumor samples and divided into high and low
expression groups according to the medium FPKM value of
MMR gene. “survival” (https://cran.r-project.org/web/packages/
survival/index.html) and “survminer” packages (https://cran.r-
project.org/web/packages/survminer/index.html) were invoked in
R Version 4.1.3 (https://www.r-project.org/) to analyze the survival
difference between the high and low expression groups, “timeROC”
package (https://cran.r-project.org/web/packages/timeROC/
index.html) was used to assess the predictive accuracy of MMR
genes (22).

2.1.3 The correlation of MMR gene with
clinicopathological features and prognosis

We used the “limma” package (https://bioconductor.org/packages/
release/bioc/html/limmahtml) in R to analyze whether there were
differences in clinicopathological characters between the high and low
expression groups of MMR genes. The “ggpubr” package (https://
cran.r-project.org/web/packages/ggpubr/index.html) was used to
analyze whether there were differences in MMR gene expression
among different clinicopathological features. The “survival” package
was used for univariate and multivariate Cox regression analyses to
determine the independent predictors related to prognosis.

2.1.4 The correlation of MMR gene with tumor
immune microenvironment and immune
checkpoint inhibitor response

The “ESTIMATE” algorithm was performed to calculate the
immune, stromal and ESTIMATE scores for each tumor sample
(23). The Wilcoxon test was used to analyze whether there were
significant differences in the three scores between the MMR gene
high and low expression groups (23). The “CIBERSORT” package
(https://cibersortx.stanford.edu/) was called in R to analyze whether
there were differences in immune cell infiltration levels between the
two groups (23). Spearman’s correlation test was used to analyze the
correlation of the MMR gene with immune cell infiltration and
immune checkpoint related gene expression (23).

The immunophenoscore (IPS) data of EC patients was
downloaded from the Cancer Immunome Atlas (TCIA) (https://
tcia.at/home). Then, it was merged with the MMR gene expression
data in tumor samples to compare whether there were differences in
multiple IPS scores between high and low MMR gene expression
groups (24).

2.1.5 Repeat analysis in MSH6 wild-type tumor
samples after excluding those with
MSH6 mutations

We downloaded the single nucleotide polymorphism data of
UCEC from TCGA and obtained 432 MSH6 wild-type tumor
samples and 75 MSH6 mutant tumor samples. R was used to
screen the expression data of MSH6 and immune checkpoint
related genes, survival information, immune, stromal and
ESTIMATE scores, 22 types of immune cell infiltration data and
IPS data of all MSH6 wild-type tumor samples. We also divided the
MSH6 wild-type tumor samples into high and low MSH6
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expression groups according to the median FPKM value of MSH6
and analyzed whether there were differences in survival, immune
score, immune infiltration, immune checkpoint expression and ICIs
treatment responsiveness between the two groups using the same
methods as before.

2.1.6 Functional enrichment analyses

We used the “limma” package in R to obtain the differentially
expressed genes (DEGs) between the high and low expression
groups of MSH6, with | log, fold change (FC) |>1 and adjusted
p<0.05 as filtering conditions. The “clusterProfiler” package
(https://bioconductor.org/packages/release/bioc/html/
clusterProfiler.html) was used in R to conduct Gene Ontology (GO)
and Kyoto Encyclopaedia Genes and Genomes (KEGG) analyses on
the DEGs that were upregulated in MSH6 high and low expression
groups. Results with a false positive rate (FDR) q value<0.05 were
deemed significant and were subsequently visualized using the
“ggplot2” (https://cran.r-project.org/web/packages/ggplot2/
index.html) and “enrichplot” (https://bioconductor.org/packages/
release/bioc/html/enrichplot.html) packages.

2.2 In vitro assay

2.2.1 Cell culture and transfection

Endometrial cancer cells Ishikawa and HEC-1B and 293T cells
were purchased from Shanghai Fuheng Biotechnology Co., Ltd. All
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 °C with 5% CO2. We named the
lentiviral vector that can downregulate the expression of MSH6 and
its control vector as shMSH6 and shNC, respectively, and the vector
that can upregulate the expression of MSH6 and the empty vector as
OE-MSH6 and Vector, respectively, all of which were purchased
from Wuhan Weizhen Biological Company (China). The vector
plasmid (10 pg), the helper plasmid psPAX2 (5 pg) and the helper
plasmid pMD2G (5 pg) were transfected into 293T cells with
Neofect® DNA transfection reagent (Beijing Neofect Biotech Co.,
Ltd.) at a ratio of 2:1:1. We collected the supernatant containing
virus particles 48 hours after transfection and used it to infect
Ishikawa and HEC-1B cells after centrifugation and filtration.
Target cells were screened with a complete medium containing 2
pg/mL puromycin for 7-14 days after infection with viral particles
for 48 hours to obtain stably transfected cell lines. The transfection
results were verified by western blotting (WB) and reverse
transcription-quantitative polymerase chain reaction (RT-qPCR)
analysis. The sequence of shMSH6 was CCG GTT CTG ACA AAG
GTG GTA AAT TCT CGA GAA TTT ACC ACC TTT GTC AGA
ATT TTT G; The sequence of shNC was TTC TCC GAA CGT GTC
ACG TTT CAA GAG AAC GTG ACA CGT TCG GAG AATTTT
TT; The sequence of OE-MSH6 was referred to NM_000179.

2.2.2 Western blotting
Cells were lysed with RIPA buffer containing protease
inhibitors, and protein concentration was then detected using the
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BCA Protein Assay Kit (Beyotime, China). According to the
manufacturer’s recommendations, 50 pg protein samples per well
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE, Beyotime, China) and transferred the
protein on the gel to the PVDF membrane, blocked the membrane
with 2.5% skimmed milk for 1 hour at room temperature, and then
incubated with the primary antibody against GAPDH, MSH6, PD-
L1 and PD-L2 at 4°C overnight, finally incubated with the
corresponding second antibody. After washing with PBST 3
times, the bands were visualized with an ECL detection reagent
(meilunbio®, China). Quantitative analysis of protein expression
was performed using Image].

2.2.3 RT-gPCR

According to the manufacturer’s recommendation, total RNA
was extracted from cells using the TRIzol regent. Using a
PrimeScriptTM RT reagent Kit with gDNA Eraser (Perfect Real
Time) (TAKARA, RR047Q, Japan) to reverse transcribed 1 g
RNA into ¢cDNA, followed by quantitative real-time PCR using a
TB Green® Premix Ex Taq " II (Tli RNaseH Plus) (TAKARA,
RR820A, Japan). The primers used in the experiment were
synthesized by Beijing Ruibo Xingke Biotechnology Co., Ltd. in
China, including GAPDH forward 5-GGTGTGAACCATGAG
AAGTATGA-3’and reverse 5-GAGTCCTTCCACG
ATACCAAAG-3’; MSH6 forward 5-GGCTCGAAAGAC
TGGACTTATT-3"and reverse 5-CCAGGAGGCTCTGTTCATTT-
3’; CD274 forward 5-GCTGAATTGGTCATCCCAGAA-3’and
reverse 5-CAGTGCTACACCAAGGCATAA-3’; PDCDILG2
forward 5-CATGTGAACCTTGGAGCAATAAC-3and reverse 5-
CCTCACTTGGACTTGAGGTATG-3.

2.2.4 Cell proliferation and clone formation assay

After constructing endometrial cancer cell lines with stable
knockdown and overexpression of MSH6, changes in cell
proliferation activity were detected by cell proliferation and clone
formation assay.

In the cell proliferation assay, the cells were seeded into 96-well
plates at a ratio of 2,000 cells per well. Subsequently, 10 ul of CCK-8
reagent (Beyotime, China) was added to each well at 24 hours, 48
hours, 72 hours, 96 hours and 120 hours, respectively, according to
the recommendations of the reagent manufacturer. The absorbance
at 450 nm was measured with a microplate reader after incubation
at 37°C for 2 hours.

In the clone formation assay, 2,000, 1,000 and 500 cells were
seeded into 6-well plates for culture, and fresh complete medium
was regularly replaced for 7-14 days until visible colonies were
observed. The cell colonies were fixed with methanol for 30
minutes, stained with 2.5% crystal violet (Solebol, China) for 30
minutes, washed, dried, photographed and counted the colonies
formed. Cloning efficiency (%) = (number of colonies formed/
number of cells inoculated) x 100%.

2.2.5 Wound healing assay and transwell

The cells were spread into the 6-well plate one day in advance to
ensure the density was above 90% the next day. The wound was
made with a 200 pl yellow pipette tip perpendicular to the bottom of
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the plate. After the medium was discarded, the wound was cleaned
twice with PBS to fully wash the cells in the scratch gap, and 2ml
serum-free medium was added to each well. The inverted
microscope was used to take photos at 0 hours and 48 hours after
wound formation; the scratch area was measured at different time
points with Image J (AO, A48), and the cell migration rate was
calculated as follows: (A0-A48)/A0 x 100%.

The chamber (24-well, 8um pore size) and Matrigel used for the
Transwell assay were purchased from Corning (United States).
According to the manufacturer’s recommendation, 600 pL
DMEM containing 20% FBS was added to the lower chamber,
and 200 pL cell suspension with a density of 4X10/5 cells/mL was
added to the upper chamber. After incubation for 36 hours, the
upper chamber was taken out, the cells that migrated to the lower
chamber were fixed with methanol for 30 minutes, stained with
2.5% crystal violet for 30 minutes, cleaned with deionized water and
dried. Five fields were randomly photographed under an inverted
microscope with a magnification of 100X for counting, and the
average value was taken as the number of cells that passed through.
In the invasion assay, the Matrigel was thawed at 4°C overnight in
advance. When using, diluted the Matrigel 8 times with DMEM and
added 50 pl to the upper chamber; the entire process was performed
on ice. The chamber coated with Matrigel can be used as before
mentioned after incubation at 37°C and 5% CO2 for 3 hours.

2.3 Statistical analysis

Statistics for all bioinformatic analyses were performed in R Version
4.1.3. The Wilcoxon test was used when comparing two groups, and the
Kruskal-Wallis test was used when comparing three or more groups.
Correlation analyses between two variables were performed using the
Spearman test. In the in vitro assay, all experiments were repeated three
times, and Student’s ¢-test was performed using GraphPad Prism 9.0.0
to evaluate whether there were statistical differences between two
independent groups. Unless otherwise mentioned, P<0.05 was
considered statistically significant in all analyses.

3 Results
3.1 Prognostic value of MMR genes in EC

MMR genes maintain genomic stability and inhibit tumor
formation by preventing mutation accumulation and mediating
apoptotic responses of DNA damage, while mutations in MMR
genes cause hereditary non-polyposis colorectal cancer, and MMR
defects are associated with the formation of multiple sporadic
tumors (25, 26). Multiple studies have confirmed that the
overexpression of MMR proteins is associated with adverse
survival outcomes in a variety of tumors, including prostate
cancer (27), oral squamous cell carcinoma (28), melanoma (29),
etc. To determine whether MMR genes can predict the prognosis of
EC patients or not, we divided EC samples into high and low
expression groups based on the median FPKM value of MMR genes
and found that the survival outcomes of the MSH2 and MSH6 low
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expression groups were significantly better than their high
expression groups (MSH2: OS, p=0.018, Figure 1A; PFS, p=0.032,
Figure 1A; DSS, p=0.033, Supplementary Figure S1A; DFS, p=0.103,
Supplementary Figure S1A; MSH6: OS, p=0.009, Figure 1B; PES,
p=0.001, Figure 1B; DSS, p<0.001, Supplementary Figure S1B; DES,
p=0.015, Supplementary Figure S1B);, while there was no significant
difference between the high and low expression groups of MLH]I
and PMS2 (MLHI: OS, p=0.864, Figure 1C; PFS, p=0.450,
Figure 1C; DSS, p=0.869, Supplementary Figure S1C; DES,
p=0.409, Supplementary Figure S1C; PMS2: OS, p=0.531,
Figure 1D; PFS, p=0.625, Figure 1D; DSS, p=0.647,
Supplementary Figure S1D; DFES, p=0.303, Supplementary Figure
S1D);. In addition, the area under the curve (AUC) of MSH2

10.3389/fimmu.2024.1302797

(Figure 1E) and MSH6 (Figure 1F) for 1-,3-, and 5-years OS were
higher than those of MLHI (Figure 1G) and PMS2 (Figure 1H). All
of these indicate that MSH2 and MSHS6, but not MLHI and PMS2,
may be related to the prognosis of EC patients.

3.2 Relationship between MMR genes and
clinicopathological features of EC and cox
regression analysis

By evaluating the relationship between the expression of four MMR
genes and the clinicopathological features of EC, we found that MSH2
(Figure 2A) and MSH6 (Figure 2B) were associated with various
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MSHZ2 and MSH6, but not MLH1 and PMS2, related to the OS and PFS of EC patients. The OS and PFS curves of the low expression groups of MSH2
(A) and MSH6 (B) were significantly higher than those of their high expression groups, while there was no significant difference between the high
and low expression groups of MLH1 (C) and PMS2 (D). The area under the ROC curve of MSHZ2 (E) and MSH6 (F) was higher than that of MLH1 (G)
and PMSH2 (H). OS, Overall Survival; PFS, Progress Free Survival; EC, endometrial cancer.
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MSHZ2 and MSH6, but not MLH1 and PMS2, were related to multiple crucial clinicopathological features of EC. The expression of MSH2 (A) and MSH6
(B) was associated with various clinicopathological features, like the age, BMI, FIGO stage and grade, histological and lymph node metastasis of EC
patients, while the expression of MLH1 (C) and PMS2 (D) was not relevant to multiple clinicopathological features of EC. *p < 0.05, ***p < 0.001.

clinicopathological features. For example, the expression level of MSH2
(Supplementary Figure S2A) was higher in patients with BMI<27,
Federation International of Gynecology and Obstetrics (FIGO) grade
IIT (G3), serous carcinoma and lymph node metastasis; The expression
level of MSH6 (Supplementary Figure S2B) was higher in patients with
age over 60, BMI<27, FIGO stage III, G3, serous carcinoma and lymph
node metastasis. These results suggested that patients with high MSH2
and MSH6 expression had more aggressive disease features, which were
consistent with the worse survival outcomes of patients in the MSH2
and MSH6 high expression groups mentioned above. In comparison,
the expression of MLHI (Figure 2C; Supplementary Figure S2C) and
PMS2 (Figure 2D; Supplementary Figure S2D) were not relevant to
multiple clinicopathological features of EC.

We conducted Cox regression analysis to verify whether MSH2
and MSH6 can be viewed as independent prognostic factors. In
univariate Cox analysis, the p values of the stage (p<0.001), grade
(p=0.022), histological (p=0.006), lymph node metastasis (p<0.001)
and MSH6 (p=0.008) were significant, but only MSH6 (p=0.005)
remained an independent risk factor for predicting adverse outcomes
in multivariate Cox regression analysis (Supplementary Table S1).

3.3 MSH6 correlated with immune score,
immune infiltration, immune checkpoint
expression and ICls Reactivity in EC

Given the high immunogenicity of dMMR EC, we tried to
analyze the relationship between MSH6 and the immune score and
immune infiltration in EC. The results demonstrated that the
immune, stromal and ESTIMATE scores of the low expression
group of MSHG6 were significantly higher than those of the high
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expression group (Figure 3A). These suggest that MSH6 is
associated with immune infiltration. We next employed
CIBERSORT to analyze the relationship between MSH6 and 22
types of immune cell infiltration. We found that the expression of
MSH6 (Figure 3B) was significantly associated with the infiltration
of various immune cells. For example, it was positively correlated
with the infiltration of M1 macrophages, M2 macrophages, gamma
delta T cells (YOT), follicular helper T cells (Tth), naive B cells and
activated dendritic cells but negatively correlated with the
infiltration of monocytes, activated NK cells, CD8'T cells and
regulatory T cells (Tregs). We believe that patients in the MSH6
low expression group have a more active immune status, suggesting
that they have a stronger antitumor immune response, which is also
consistent with their better prognosis.

Along with immune infiltration, the expression of immune
checkpoints such as PD-1 and its ligand (PD-L1) are also
associated with the reactivity of dMMR ECs to ICIs. We evaluated
the relationship between MSH6 and immune checkpoint related
genes in EC and found that the expression of MSH6 was negatively
correlated with the expression of multiple immune checkpoint related
genes, including CTLA-4 and PDCDI (Figure 3C).

In conclusion, the negative correlation between MSH6 and
active immune cell infiltration and immune checkpoint
expression suggests that the expression of MSH6 is related to the
response to ICIs treatment, the lower its expression, the higher the
responsiveness of patients. To verify this hypothesis, we analyzed
the relationship between MSH6 and multiple IPS scores of EC. It
was found that IPS-CTLA-4 negative-PD-1 positive (p=0.0063),
IPS-CTLA-4 positive-PD-1 negative (p=0.0063) and IPS-CTLA-4
positive-PD-1 positive (p=0.0005) scores were higher in the low
expression group of MSH6 (Figure 3D), suggesting that patients in
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MSH6 correlated with the immune score, immune infiltration, immune checkpoint expression and ICls reactivity in EC. The lower the expression
level of MSH6, the higher the immune, stromal and ESTIMATE scores (A), the higher the infiltration level of multiple immune cells (B) and the
immune checkpoint expression (C), and the higher the scores of multiple IPS (D). *p < 0.05, **p <0.01, ***p < 0.001.

the low expression group had higher reactivity against anti-CTLA-4
antibody and/or anti-PD-1 antibody.

3.4 Repeat analysis in MSH6 wild-type
tumor samples

Loss of MMR function is associated with cancer risk,

progression and treatment responsiveness. Knijnenburg et al.
analyzed the genomic and molecular landscape of DNA damage
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repair deficiency in pan-cancer using the TCGA database (30). They
found that among 33 cancer types, UCEC had the most changes in
the DNA damage repair gene somatic alterations, among which the
incidence of MMR pathway-related gene mutations, especially
MSHS6, ranks second at 41%. The expression of MSH6 with loss-
of-function mutation differs from that of wild-type MSH6.

To exclude the impact of MSH6 mutations on our results, we
downloaded the single nucleotide polymorphism data of UCEC
from TCGA and obtained 432 MSH6 wild-type tumor samples and
75 MSH6 mutant tumor samples. We performed all the previously
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mentioned analyses on the remaining MSH6 wild-type tumor
samples after removing tumor samples with MSH6 mutations and
obtained results consistent with those from before. Compared with
the high MSH6 expression group, the low MSH6 expression group
had higher OS (p=0.010, Figure 4A) and PFS (p=0.020, Figure 4B),
as well as higher immune, stromal and ESTIMATE scores
(Figure 4C). Correlation analysis indicated that MSH6 was
negatively correlated with the infiltration of CD8'T cells,
activated NK cells, monocytes and Tregs, while positively
correlated with the infiltration of M1 macrophages, M2
macrophages, etc (Figures 4D, E). MSH6 was also negatively
correlated with the expression of multiple immune checkpoint
related genes (Figure 4F). In addition, the IPS-CTLA-4 positive-
PD-1 positive (p=0.013) score in the group with low MSH6
expression was higher than that in the group with high MSH6
expression, suggesting a better response to anti-CTLA-4 and anti-
PD-1 treatment in patients with low MSH6 expression (Figure 4G).

3.5 Differences in biological functions
between MSH6 high and low
expression groups

To explore the biological functions and pathways that may be
affected by changes in MSH6 expression in endometrial cancer, we
used R to conduct GO and KEGG analyses on the DEGs
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upregulated in the MSH6 high and low expression groups,
respectively. GO enrichment analysis consisted of three parts:
biological process (BP), cellular component (CC), and molecular
function (MF). In the MSHG6 low expression group, the enriched BP
terms were mainly related to immune cell migration, immune
response and chemokine response, the enriched CC terms were
primarily associated with the microtubule, motile cilia and dynein
complex, and the enriched MF terms were mainly related to various
enzyme regulator activity, cytokine activity and motor activity, etc
(Figure 5A). In addition, the KEGG pathways enriched in the MSH6
low expression group were involved in multiple immune-related
diseases, such as inflammatory bowel disease and asthma, and were
also related to T cell differentiation and natural killer cell-mediated
cytotoxicity (Figure 5C). These results all suggested that genes
enriched in the MSH6 low expression group were mainly
involved in regulating immune responses, consistent with the
higher immune score (Figures 3A, 4C) and more active immune
infiltration (Figures 3B, 4D, E) in the MSH6 low expression group.
In the MSH®6 high expression group, the enriched GO terms were
mainly related to the regulation of mitosis, DNA replication and
organism development (Figure 5B); the enriched KEGG pathways
were not only associated with the cell cycle and DNA replication
and DNA damage repairs related pathways such as homologous
recombination, mismatch repair and base excision repair, it also
involved multiple cancer-related pathways such as pancreatic
cancer, renal cell carcinoma and chronic myeloid leukemia
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After excluding samples with MSH6 mutations, MSH6 was still associated with survival, immune infiltration, immune checkpoint expression and ICls
treatment responsiveness in EC. In MSH6 wild-type endometrial cancer samples, compared with the high expression group of MSH6, the low
expression group had higher OS (A) and PFS (B), as well as higher immune, stromal and ESTIMATE scores (C); Correlation analysis showed that
MSH6 was negatively correlated with the infiltration of multiple active immune cells (D, E) and the expression of immune checkpoints (F); Patients
with low MSH6 expression had better response to anti-CTLA-4 and anti-PD-1 treatment (G). OS, Overall Survival; PFS, Progress Free Survival; EC,

endometrial cancer. *p < 0.05, **p <0.01, ***p < 0.001.
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The GO and KEGG enrichment results in the MSH6 high and low expression groups of endometrial cancer. Representative GO terms (A) and KEGG
pathways (C) enriched in the MSH6 low expression group mainly regulated immune response. Representative GO terms (B) and KEGG pathways (D)
enriched in the MSH6 high expression group were related to cell cycle regulation, DNA damage repair and tumorigenesis. GO: gene otology; KEGG:

Kyoto Encyclopaedia of Genes and

Genomes.

(Figure 5D). These results suggested that genes enriched in the

MSHG6 high expression group were mainly related to cell

proliferation, and the dysregulation of cell proliferation can lead

to the occurrence of cancer, which was consistent with the

previously obtained worse survival outcomes of endometrial

cancer patients in the high expression group of MSH6

(Figures 1B, 4A, B).

3.6 MSH6 correlated with the proliferation,
migration and invasion ability of
endometrial cancer cells

To verify the results of the aforementioned bioinformatics

analysis, we conducted in vitro experiments. We infected
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endometrial cancer cells (Ishikawa and HEC-1B) with lentivirus
that can knock down or overexpress MSH6 and confirmed its
infection effect by RT-qPCR and WB (Figure 6; Supplementary
Figure S3). The cell proliferation and clonal formation assay
indicated that the proliferation ability of endometrial cancer cells
after MSH6 knockdown was significantly weaker than that of the
control group (Figures 7A, C; Supplementary Figures S4A, C), while
it was significantly stronger than that of the control group after
overexpression of MSH6 (Figures 7B, D; Supplementary Figures S4B,
D). The wound healing and Transwell assay revealed that the
migration and invasion ability of the MSH6 knockdown group was
significantly inferior to its control group (Figures 8A, C;
Supplementary Figures S5A, C), while in the MSH6 overexpression
group, it was significantly stronger than its control group (Figures 8B,
D; Supplementary Figures S5B, D).
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MSH6 correlated with the expression of PD-L1 and PD-L2 in Ishikawa cells. RT-qgPCR and WB confirmed that after knocking down MSH6 in Ishikawa
cells, the expression levels of PD-L1 and PD-L2 were higher than those in the control group (A, C), while the opposite trend was observed after

overexpressing MSH6 (B, D).*p < 0.05, **p <0.01, ***p < 0.001.

3.7 MSH6 correlated with the expression of
PD-L1 and PD-L2

RT-qPCR and WB also confirmed that the expression levels of
PD-L1 and PD-L2 in cells after MSH6 knockdown were
significantly higher than those in the control group, while in cells
after MSH6 overexpression, they were significantly lower than those
in the control group (Figure 6; Supplementary Figure S3).

4 Discussion

This study found through bioinformatics analysis that MSH6 was
associated with clinicopathological features, prognosis, immune
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infiltration, immune checkpoint expression and ICIs reactivity in EC.
The lower expression level of MSH6 was associated with less aggressive
disease features, higher levels of immune cell infiltration (especially
CDS8'T cells) and immune checkpoint expression in EC patients, which
may be related to higher response to ICIs and better prognosis in EC
patients. GO and KEGG analyses confirmed that the genes enriched in
the MSH6 low expression group were mainly involved in regulating
immune response, while the genes enriched in the MSH6 high expression
group were related to tumorigenesis. In vitro experiments also confirmed
that the proliferation, migration and invasion ability of cells in the MSH6
knockdown group were weaker than those in the control group, but the
expression levels of PD-L1 and PD-L2 were higher than those in the
control group. There was an opposite trend in the overexpression group of
MSH6 and its control group.
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MSHE6 correlated with the proliferation ability of Ishikawa cells. Cell proliferation and clone formation assay confirmed that the proliferation ability of
MSH6 knockdown Ishikawa cells was weaker than that of the control cells (A, C), while in the MSH6 overexpression Ishikawa cells, it was stronger
than that of the control cells (B, D). *p < 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.

It is worth noting that when using CIBERSORT to analyze the
relationship between MSH6 and immune cell infiltration, we found
that the trend of Tregs infiltration was consistent with CD8™T cells
but opposite to M2 macrophages. Previous studies on the immune
microenvironment of various tumor types, such as nasopharyngeal
cancer (31), colorectal cancer (32), and prostate cancer (33), have
suggested that Tregs are positively correlated with M2
macrophages, and when they highly infiltrate tumor tissue, they

Frontiers in Immunology

usually indicate a poor prognosis. Research by Sun (34) and
Tiemessen (35) also found that Tregs can promote the
differentiation of monocytes into M2 macrophages. These studies
typically analyzed all tumor samples uniformly without
distinguishing their mismatch repair status. On the other hand,
Michel et al. (36) found that the infiltrating levels of CD8"T cells
and Foxp3'Tregs in MSI-H colorectal cancer were significantly
higher than those in microsatellite stable (MSS) colorectal cancer
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MSH6 correlated with the migration and invasion ability of Ishikawa cells. Wound healing and Transwell assay confirmed that the migration and
invasion ability of MSH6 knockdown Ishikawa cells was weaker than that of the control cells (A, C), while the opposite trend was observed after

overexpressing MSH6 (B, D). ***p < 0.001, ****p <0.0001.

and the two cell types were positively correlated. They believed that
microsatellite status also affects the density of infiltrating Tregs.
Asaka et al. (37) also found that IMMR EC and PD-LI positive EC
had higher levels of CD8T cells, Fxop3*Tregs, PD-1" immune cells
and PD-L1* immune cells than mismatch repair proficient
(pPMMR) EC or PD-LI negative EC, and they suggested that in
addition to MMR status, PD-L1 was also associated with T cell-

Frontiers in Immunology

10.3389/fimmu.2024.1302797

B
Vector
MSHé
Ishikawa
807 *kok
g
s
2
°
5
0
o
o
°
c
3
H
Vector MSHé6
D
MSH6
Migration [°
Vector MSH6
Invasion . y
Ishikawa Ishikawa
_ _ %k %k k
800 * % % % 600
T o
T 600-] 3 500
w 'S
2 P
8 400 3 400
2 2
g z
S 200 S 300-|
= £
0- 200-
Vector MSHé6 Vector MSHé6

inflamed phenotype. Spranger (38) found that CD8™T cells induce
the expression of PD-L1 in tumor tissues by secreting IFN-r. On the
other hand, CD8™T cells can induce in situ proliferation of Tregs,
which can also recruit Tregs into the tumor by secreting CCL22 and
binding with CCR4 on the surface of Tregs. The two mechanisms
work together to increase the infiltration level of Tregs in tumors. In
conclusion, we speculated that there are three possible reasons for
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the same trend of Treg infiltration as CD8"T cells but opposite to
M2 macrophages in our study. One is that MSH6, as a mismatch
repair protein, affects the infiltration of Tregs. Second, given the
inverse correlation between MSH6 and CD8'T cell infiltration,
MSH6 low-expression tumors have a high degree of CD8'T cell
infiltration, and these highly infiltrated CD8"T cells recruit Tregs to
tumors by inducing in situ proliferation of Tregs or by secreting
cytokines. Third, PD-L1 expression was increased in tumors with
low MSH6 expression, and these highly expressed PD-L1 may also
affect Tregs infiltration.

As a responder to DNA damage, the mismatch repair system
plays an important role in maintaining genome stability and
preventing tumorigenesis. Many studies have found that the
overexpression of core genes of the mismatch repair system is
related to the occurrence of various tumors. Chen et al. (39)
demonstrated that MSH6 was an overexpressed oncogene in
human glioblastoma multiforme tissues that can promote
gliomagenesis. In studies about prostate cancer, oral squamous
cell carcinoma and melanoma, the overexpression of MMR
proteins was associated with poor prognosis (27-29). Lemetre
(40) and Berg (41), respectively, used the TCGA database and
their own endometrial cancer samples to analyze and found that
MSH6 was an independent prognostic marker, and patients with
low expression of MSH6 had better survival outcomes. Our results
were consistent with their findings. Given the high mutation rate of
MSHG6 in endometrial cancer, we not only conducted analysis in
unclassified tumor samples but also innovatively verified the results
in the remaining MSH6 wild-type tumor samples after removing
those with MSH6 mutants and obtained consistent results with
them. Furthermore, to our knowledge, we are the only study
that analyzed the relationship between MSH6, immune
infiltration and ICIs treatment responsiveness in endometrial
cancer. Previous studies primarily compared pMMR tumors with
dMMR tumors or between dMMR tumors caused by MLHI
promoter hypermethylation(MLHI-PHM) or MMR-related gene
mutation. For example, Kaneko (42) suggested that dMMR ECs
with MLHI- PHM had a worse prognosis than pMMR ECs and
Lynch syndrome (LS) associated dMMR ECs (AMMR ECs without
MLHI-PHM); Sloan (43) found that the expression of PD-L1 was
the highest in LS-associated dMMR ECs, followed by dMMR ECs
with MLHI-PHM and finally pMMR ECs. Moreover, the MMR
immunohistochemical staining pattern most consistent with PD-L1
expression was MSHG6 expression loss. They hypothesized which
MMR protein defect was the most important variable regulating
PD-L1 expression in tumors, regardless of whether it undergoes
germline or somatic deficiency. We lack information on the
correlation between different involved MMR genes (MLHI,
MSH2, MSH6, or PMS2) and the prognosis and ICIs reactivity in
EC. We supplemented this for the first time and confirmed that
MSHE is closely associated with prognosis, immune infiltration,
immune checkpoint expression and ICIs reactivity in EC. In 2021,
by constructing dMLH1 tumor cells and mouse dMLH1 tumor
models, Lu et al. (44). demonstrated that deletion of MLH]I
expression improves tumor infiltration of CD8" T cells and
enhances ICIs reactivity by promoting cytoplasmic DNA
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aggregation and activating cGAS- STRING pathway. These also
suggested that MMR genes themselves were related to immune
infiltration and ICIs reactivity.

The limitation of this study is the lack of our own clinical samples
of endometrial cancer to validate the results, especially the need to
verify the relationship between MSH6 and immune infiltration,
immune checkpoint expression and ICIs treatment responsiveness.
Immune checkpoint inhibitors are not routinely used in patients with
endometrial cancer. Only some advanced or relapsed patients with
multiple drug resistance choose to receive ICIs treatment. More time
is needed to collect sufficient sample size. Understanding the
communication between tumor cells and immune cells and their
response to ICIs is important to guide drug administration and
elucidate the mechanism of drug resistance. Single-cell NRA
sequencing (sc-RNA-seq), as a powerful technique, can be used to
explore the heterogeneous cellular, molecular characteristics, and
intercellular communication within tumors (45). It can also be
used to identify key cell types, genes, regulons and pathways with
pro-tumor and antitumor potential, guiding us to explore the
mechanisms related to response and resistance to ICIs treatment
and biomarkers with predictive significance (46). In the future, it is
necessary to collect clinical samples of endometrial cancer or
construct mouse models to explore the relationship between
different MMR genes, especially MSH6, and immune infiltration
and ICIs response by using sc-RNA-seq or distinguish the cellular
and molecular characteristics of different MMR deficiency patterns to
find the cause for primary or secondary resistance of dAMMR EC to
ICIs treatment.

5 Conclusions

In conclusion, we confirmed that the expression of MSH6 was
inversely correlated with the prognosis, immune score, immune
infiltration, immune checkpoint expression and ICIs response of
EC. MSH6 is anticipated to be a viable biomarker for predicting
prognosis, immune status, immune checkpoint expression and
perhaps the response to immunotherapy in EC patients. This
study also points out new directions for potential drug
development. Pharmacists can develop inhibitors that target the
MMR genes, especially MSH6. These drugs may be used to treat
refractory or metastatic advanced MSS/pMMR solid tumors, or
they can be combined with ICIs to improve their reactivity in MSI-
H/dMMR solid tumors. In addition, given that the infiltration trend
of Tregs was similar to that of CD8 ¥ T cells, we speculated that
combining Tregs-targeted therapy and ICIs may improve patient
reactivity and prognosis in the presence of a preexisting T cell-
inflamed tumor microenvironment.
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Introduction: We aim to predict the pathological complete response (pCR) of
neoadjuvant chemotherapy (NAC) in breast cancer patients by constructing a
Nomogram based on radiomics models, clinicopathological features, and
ultrasound features.

Methods: Ultrasound images of 464 breast cancer patients undergoing NAC were
retrospectively analyzed. The patients were further divided into the training cohort
and the validation cohort. The radiomics signatures (RS) before NAC treatment
(RSY), after 2 cycles of NAC (RS2), and the different signatures between RS2 and RS1
(Delta-RS/RS1) were obtained. LASSO regression and random forest analysis were
used for feature screening and model development, respectively. The independent
predictors of pCR were screened from clinicopathological features, ultrasound
features, and radiomics models by using univariate and multivariate analysis. The
Nomogram model was constructed based on the optimal radiomics model and
clinicopathological and ultrasound features. The predictive performance was
evaluated with the receiver operating characteristic (ROC) curve.

Results: We found that RS2 had better predictive performance for pCR. In the
validation cohort, the area under the ROC curve was 0.817 (95%Cl: 0.734-0.900),
which was higher than RS1 and Delta-RS/RS1. The Nomogram based on
clinicopathological features, ultrasound features, and RS2 could accurately
predict the pCR value, and had the area under the ROC curve of 0.897 (95%ClI:
0.866-0.929) in the validation cohort. The decision curve analysis showed that
the Nomogram model had certain clinical practical value.

Discussion: The Nomogram based on radiomics signatures after two cycles of
NAC, and clinicopathological and ultrasound features have good performance in
predicting the NAC efficacy of breast cancer.

KEYWORDS

nomogram, radiomics, breast cancer, ultrasound, neoadjuvant chemotherapy
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1 Introduction

Breast cancer is the leading cause of cancer worldwide in 2020,
which has become the “world’s number one cancer”. Highly
aggressive breast cancer is difficult to treat and has a high
recurrence rate and poor prognosis (1, 2). At present,
neoadjuvant chemotherapy (NAC) is the standard treatment
regimen for breast cancer, which can effectively reduce tumor
volume and clinical stage (3). The efficacy evaluation of NAC
determines the individualized treatment plan. However, the
efficacy evaluation of NAC is still difficult at present.

The current efficacy evaluation methods for NAC mainly
include pathological evaluation and clinical evaluation.
Pathological evaluation is the gold standard for evaluating the
efficacy of NAC in breast cancer (4), but it has a lag, and cannot
provide timely guidance for clinical treatment. Ultrasound, as one
of the main clinical evaluation methods, is more frequently used in
NAC assessment than MRI and mammography (5). However,
ultrasound lacks quantitative parameters compared with other
imaging examinations.

In recent years, radiomics has shown potential advantages in
improving the precise diagnosis of breast cancers, assessment of
lymph node metastasis, and prognosis prediction (6). Ultrasound
imaging combined with radiomics can achieve a timely and
accurate quantitative assessment of the efficacy of NAC in breast
cancer (7). For the time point to evaluate the efficacy, one study has
shown that the use of pre-NAC ultrasound images of breast cancer
patients can more accurately predict the efficacy of NAC (8).
However, according to the Breast Cancer Diagnosis and
Treatment Guidelines by the Chinese Anti-Cancer Association,
the efficacy evaluation by ultrasound after two cycles of NAC has
significantly improved accuracy (9, 10). Another study reported
that if the efficacy was assessed as non-pathological complete
response (pCR) after two cycles of NAC, and then NAC was
replaced with other treatment regimens, the long-term prognosis
of patients was improved (11). However, there are few reports on
the use of ultrasound images after two cycles of NAC to predict its
efficacy. Breast cancer before NAC often presents all malignant
signs on ultrasound, while the malignant signs of breast cancer after
NAC often disappear completely on ultrasound, resulting in the fact
that breast cancers with different prognoses and curative effects
before and after NAC treatment often have the same ultrasound
signs (12, 13), and making it difficult to distinguish different
prognoses using ultrasound signs. Ultrasound radiomics can
extract more ultrasound signs that are invisible to the naked eye
and can provide more information than conventional
ultrasound (14).

Herein, we predicted the pCR of NAC in breast cancer patients.
The ultrasound radiomics of breast cancer before and after NAC
were extracted and their value in predicting pCR was analyzed.
Furthermore, a Nomogram was constructed based on
clinicopathological features, ultrasound features, and radiomics
models. Our findings may help clinicians to optimize the
individualized treatment for NAC patients promptly.
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2 Materials and methods

2.1 Patients

This study included patients who were diagnosed with breast
cancer and who were admitted to the Tumor Hospital of Xinjiang
Medical University between January 2018, and April 2022. The breast
cancer diagnosis was confirmed by surgery and pathology. Inclusion
criteria: (I) patients who had pathologically confirmed pCR or non-
pCR after NAC; (II) patients who only received complete NAC
therapy; (III) patients who underwent breast ultrasonography before
surgery and after two cycles of NAC. Exclusion criteria: (I) patients
with unavailable pathology results; (II) patients who did not complete
NAG; (III) patients with insufficient ultrasound image quality; (IV)
patients who had unilateral multifocal carcinoma. The flowchart of
patient enrollment is shown in Figure 1. The study was conducted
following the Declaration of Helsinki and approved by the ethics
committee of Tumor Hospital of Xinjiang Medical University
(approval number G-2023027). The written informed consent was
obtained from each patient.

We randomly assigned the finally enrolled 464 patients with
breast cancer into the training cohort (n=324) and the validation
cohort (n=140). In the training cohort, 84 patients had pCR and 240
patients had non-pCR. In the validation cohort, 40 patients were
with pCR and 100 patients were with non-pCR.

2.2 NAC and pathological evaluation of
NAC efficacy

Treatment regimens and schedules followed the National
Comprehensive Cancer Network (NCCN) guidelines. The NAC
regimen was based on anthracyclines and taxanes (15).

All patients underwent standard histopathological examination
to assess their response to NAC. The criteria for pCR were no residual

2018 to April 2022.

n=537 /
Excluded:

1. NAC has not been completed (n=15);

2. Patients received surgery in another
hospital after completing NAC (n=6);

3. Loss of ultrasound image data before or
after two cycles of NAC (n=13).

Patients with breast cancer
received NAC from January

post-NAC ultrasound images
n=503

[ Patients with qualified pre- and ] \

Excluded:

1. Poor ultrasound image quality (n=7);
2. Patients with unilateral multifocal
carcinoma (n=15);

3. Loss of ultrasound image data before
or after two cycles of NAC (n=17).

Patients enrolled in this study
(n=464)
pCR=124
non-pCR=340

FIGURE 1
Flowchart of patient enrollment.
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invasive carcinoma in the specimen (residual ductal carcinoma in situ
may be present) and no lymph node involvement in the ipsilateral
sentinel lymph node or axillary lymph node.

2.3 Data collection

Clinical data collection included patient age, tumor types (e.g.,
invasive ductal carcinoma, invasive lobular carcinoma), presence of
vascular invasion (positive or negative), TNM staging (stages I, II, and
III), T staging [stages 1-4), N staging (stages 0-3), histological grade
(low grade (I, II) and high grade (III)], estrogen receptor (ER)
(positive or negative), progesterone receptor (PR) (positive or
negative), human epidermal growth factor receptor 2 (Her2)
(positive or negative), and Ki-67 expression (< 20% or > 20%).
TNM staging adhered to the 2017 AJCC Eighth Edition TNM Staging
Standard for breast cancer. Ultrasound data collection encompassed
post-NAC tumor characteristics, such as shape (regular or irregular),
position (parallel or not parallel to the skin), margins (regular or
irregular), internal echo (homogeneous or non-homogeneous),
posterior echo (iso-echoic or weakened-echoic), calcifications
(coarse, fine, or none), distortion of surrounding structures
(distorted or not distorted), blood flow (internal type, peripheral
type, or none), breast background (fatty echo or fibrous echo), as well
as changes in the long and anterior-posterior diameters of tumor
before and after treatment (< 30% or > 30%).

2.4 Ultrasound examination

Ultrasound examination was performed with GE Logic E9 with
the high-frequency linear array probe L-16-5. The ultrasound
images with the longest diameter were selected for analysis. Two
radiologists (with at least 10 years of experience in breast
ultrasound), who were blinded to the pathological findings,
delineated the region of interest (ROI) in the ultrasound images
by using Itk-Snap (version 3.8.0). The interclass correlation
coefficient (ICC) was used to assess the agreement of the feature
extraction between observers and within observers. Ratings of ICC
were assigned as follows: an ICC of less than 0.40 was considered
‘Poor’, 0.40-0.59 was labeled Fair’, 0.60-0.74 was categorized as
‘Good’, and 0.74-1.00 was deemed ‘Excellent’.

2.5 Extraction of radiomics features

The flowchart of radiomics feature extraction and model
establishment is shown in Figure 2. In detail, the ultrasound
features were extracted from ultrasound images using the
PyRadiomics open-source tool (https://pyradiomics.readthedocs.io/
en/latest/index.html). The ultrasound images were processed using
the Wavelet filter. A total of 7 categories of features were extracted,
including 1) First Order Features; 2) Shape Features; 3) GLCM
Features; 4) GLSZM Features; 5) GLRLM Features; 6) NGTDM
Features; and, 7) GLDM Features. The radiomics signatures (RS) of
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ultrasound images before NAC (defined as RS1), and those after 2
cycles of NAC (defined as RS2) were obtained. The different
signatures between RS1 and RS2 were defined as Delta-RS/RS1.

2.6 Establishment and performance
evaluation of radiomics models

We used the PyRadiomics open-source tool (https://
pyradiomics.readthedocs.io/en/latest/index.html) to establish
radiomics models. Before the feature selection, the ICC was
calculated to ensure the repeatability and stability of features with
a threshold of 0.75. All signatures were normalized by the Z-score
method. Student’s test and Pearson correlation analysis were
performed. The Least Absolute Shrinkage and Selection Operator
(LASSO) was used to further screen the signatures, and according to
the Minimum Squared-Error criterion, the signatures with the
greatest correlation were selected. The Random Forest classifier
was used to analyze the key signatures for predicting pCR, and the
10-fold cross-validation was used to optimize hyperparameters,
thus improving model performance.

According to the calculation formula in the official
documentation of Radiomics, the Rad-score of each patient was
calculated as follows:

Rad - score = B0 + B1X1 + B2X2 + B3X3 +... + fnXn.

Xn represents the RSs after screening, 0 is the constant of the
Rad-score, and PBn is the regression coefficient of the corresponding
RS in the regression model (16).

In detail, the formula for the Rad-score of RS1 was 0.301724 +
0.018033xoriginal_glrlm_GrayLevelNonUniformityNormalized-
0.004469xoriginal_ngtdm_Strength+0.004457xoriginal_gldm_
SmallDependenceHighGrayLevelEmphasis+0.027550xwavelet-
LLH_firstorder_Mean+0.090245xwavelet-LHH_ngtdm_
Coarseness+0.043016xwavelet-HLL_firstorder_MeanAbsolute
Deviation+0.045260xwavelet-HLH_glcm_DifferenceVariance-
0.004468xwavelet-HLH_glszm_LargeAreaLowGrayLevelEmphasis
+0.015469xwavelet-HLL_glszm_ZoneEntropy+0.002321xwavelet-
HHL_ngtdm_Strength-0.005785xwavelet-LLH_glcm_
ClusterShade-0.010428xwavelet-LLH_glcm_MaximumProbability.

The formula for the Rad-score of RS2 was 0.267241-
0.010622xoriginal_glcm_ClusterShade-0.022649xoriginal_glszm_
SmallAreaHighGrayLevelEmphasis+0.048624xoriginal
_ngtdm_Strength+0.010071xwavelet-LLH_firstorder_Mean
+0.022298xwavelet-LLH_glcm_MaximumProbability
+0.100730xwavelet-LHH_ngtdm_Coarseness-0.005865xwavelet-
LHH_gldm_DependenceNonUniformityNormalized
+0.005142xwavelet-HLL_firstorder_Mean+0.027327xwavelet-
HHL_ngtdm_Strength+0.017414xwavelet-HHL_glszm
_ZonePercentage+0.040358xwavelet-HHL_gldm _
SmallDependenceEmphasis+0.020727xwavelet-LHL
_firstorder_10Percentile-0.051783xwavelet-LHL_glcm_Idn-
0.009552xwavelet-LLH_glrlm_LongRunLowGrayLevelEmphasis-
0.001952xwavelet-LLH_glrlm_RunEntropy+0.057903xwavelet-
LLL_ngtdm_Coarseness+0.001388xwavelet-LLL_ngtdm_Contrast.
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FIGURE 2

Flowchart of radiomics feature extraction and model establishment.

The formula for the Rad-score of Delta-RS/RS1 was 0.301724 +
0.012994*original_firstorder_Minimum+0.015151%original
_glszm_ZoneEntropy+0.008663*original_ngtdm_Complexity-
0.003557*wavelet-LHL_glcm_Imc2-0.047644*wavelet-
LHL_glcm_MaximumProbability+0.060348*wavelet-
LHH_glszm_SmallAreaEmphasis+0.017589*wavelet-LHH
_glszm_ZoneEntropy-0.000699*wavelet-LHH_ngtdm_Coarseness
+0.005423*wavelet-LLH_gldm_DependenceNonUniformity
Normalized+0.021508*wavelet-LHL_glszm_ZoneEntropy-
0.056111*wavelet-HLL_glszm_ZonePercentage+0.012303*wavelet-
HLL_glrlm_RunLengthNonUniformity+0.006602*wavelet-HHL
_firstorder_Kurtosis-0.011061*wavelet-HHL_glcm_Cluster
Prominence-0.061069*wavelet-HHH_glszm_ZonePercentage
+0.021748*wavelet-LLH_glem_Idmn-0.039115*wavelet-
LLL_ngtdm_Coarseness.

2.7 Construction and performance
evaluation of radiomics nomogram

The Nomogram was constructed based on the optimal radiomics
model, and the significant clinicopathological features and ultrasound
features affecting pCR. The Nomogram and the radiomics model
were compared with the DeLong test. Decision curve analysis (DCA)
was used to calculate and compare the net benefit at different
threshold probabilities for the training and validation cohorts to
assess the clinical value of the radiomics model and Nomogram.

2.8 Statistical analysis

Statistical analysis was performed using Python (version 3.7)
and R language (version 4.2.0). The data of normal distribution and
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non-normal distribution were analyzed by t-test and Mann-
Whitney U test, respectively. Enumeration data were analyzed by
chi-square test. The significant clinicopathological features and
ultrasound features affecting pCR were screened with univariate
and multivariate analysis. The performance of each model was
assessed using receiver operating characteristic (ROC) curves. The
area under the ROC curve (AUC) was calculated. A two-tailed p-
value <0.05 indicated statistical significance.

3 Results

3.1 Clinicopathological and ultrasound
features of patients

A total of 464 patients were enrolled in this study. The
clinicopathological features and ultrasound imaging features of
the patients are shown in Table 1; Supplementary Table SI. In
both training and validation cohorts, the ER status, Her2 status,
vascular invasion, PR status, post-NAC posterior echo, percentage
of ultrasound length, delta height, and percentage of ultrasound
height were significantly associated with pCR (p<0.05). There was
no significant association between pCR and other features.

The significant clinicopathological and ultrasound features were
subjected to multivariate logistic regression analysis
(Supplementary Tables S2, S3). The results showed that ER status,
PR status, Her2 status, post-NAC posterior echo, and percentage of
ultrasound height were all significantly associated with higher pCR
(p < 0.05). Patients with negative ER and Her2 or with Post-NAC
posterior echo of Weaken-Echoic and percentage of ultrasound
height > 30% were easier to achieve pCR.
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TABLE 1 Baseline characteristics of the patients.

Training cohort Validation cohort
Characteristics non-pCR non-pCR
(N=240) (N=100)
Age, Mean (SD), years 48.8 (9.96) 46.9 (8.63) 0.306 47.2 (9.96) 48.8 (7.82) 0.662 0.768
NAC duration, Mean (SD), day 154 (78.9) 153 (55.5) 0.992 157 (88.8) 147 (24.1) 0.797 1
Tumor type 0.426 0.828 0.999
Invasive ductal carcinomas 214 (89.2%) 70.0 (83.3%) 87.0 (87.0%) 37.0 (92.5%)
Invasive lobular carcinoma 6.00 (2.5%) 1.00 (1.2%) 3.00 (3.0%) 0 (0%)
Others 20.0 (8.3%) 13.0 (15.5%) 10.0 (10.0%) 3.00 (7.5%)
Vascular invasion 0.0034 0.0347 0.680
Positive 62.0 (25.8%) 7.00 (8.3%) 31.0 (31.0%) 4.00 (10.0%)
Negative 178 (74.2%) 77.0 (91.7%) 69.0 (69.0%) 36.0 (90.0%)
Nerve invasion 0.329 0.739 0.865
Positive 28.0 (11.7%) 5 (6.0%) 12.0 (12.0%) 0 (0%)
Negative 212 (88.3%) 79.0 (94%) 88.0 (88.0%) 40.0 (100%)
TNM stage 0.966 0.388 0.095
I 22.0 (9.2%) 10.0 (11.9%) 10.0 (10.0%) 1.00 (2.5%)
11 88.0 (36.7%) 31.0 (36.9%) 46.0 (46.0%) 25.0 (62.5%)
11T 130 (54.2%) 43.0 (51.2%) 44.0 (44.0%) 14.0 (35.0%)
T stage 0.552 0.478 0.912
1 53.0 (22.1%) 12.0 (14.3%) 27.0 (27.0%) 4.00 (10.0%)
2 106 (44.2%) 48.0 (57.1%) 47.0 (47.0%) 26.0 (65.0%)
3 45.0 (18.8%) 15.0 (17.9%) 15.0 (15.0%) 6.00 (15.0%)
4 36.0 (15.0%) 9.00 (10.7%) 11.0 (11.0%) 4.00 (10.0%)
N stage 0.0981 0.458 0.423
0 30.0 (12.5%) 23.0 (27.4%) 9.00 (9.0%) 7.00 (17.5%)
1 117 (48.8%) 31.0 (36.9%) 57.0 (57.0%) 24.0 (60.0%)
2 48.0 (20.0%) 14.0 (16.7%) 19.0 (19.0%) 2.00 (5.0%)
3 45.0 (18.8%) 16.0 (19.0%) 15.0 (15.0%) 7.00 (17.5%)
Histological grading 0.0023 0.719 0.298
Low grade invasive breast cancer
(Grade 1, 1I) 129 (53.8%) 51.0 (60.7%) 40.0 (40.0%) 19.0 (47.5%)
( G:ifgl‘cl";’de invasive breast cancer 111 (46.3%) 33.0 (39.3%) 60.0 (60.0%) 21.0 (52.5%)
ER status <0.001 <0.001 0.554
Positive 179 (74.6%) 37.0 (44.0%) 72.0 (72.0%) 14.0 (35.0%)
Negative 61.0 (25.4%) 47.0 (56.0%) 28.0 (28.0%) 26.0 (65.0%)
PR status <0.001 0.0416 0.993
Positive 149 (62.1%) 25.0 (29.8%) 61.0 (61.0%) 15.0 37.5%)
Negative 91.0 (37.9%) 59.0 (70.2%) 39.0 (39.0%) 25.0 (62.5%)

(Continued)
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TABLE 1 Continued

Training cohort

10.3389/fonc.2024.1285511

Validation cohort

Characteristics non-pCR non-pCR
(N=240) (N=100)
Her2 status <0.001 <0.001 0.662
Positive 49.0 (20.4%) 55.0 (65.5%) 20.0 (20.0%) 31.0 (77.5%)
Negative 191 (79.6%) 2.0 (34.5%) 80.0 (80.0%) 9.00 (22.5%)
Ki-67 status 0.067 0.824 0.584
<20% 30.0 (12.5%) 3.00 (3.6%) 8.00 (8.0%) 2.00 (5.0%)
>20% 210 (87.5%) 81.0 (96.4%) 92.0 (92.0%) 38.0 (95.0%)
Rad-score for RS1, Mean (SD) 0.229 (0.113) 0.365 (0.168) | <0.001 0.228 (0.113) 0.394 (0216) | <0.001 0.941
Rad-score for RS2, Mean (SD) 0.188 (0.170) 0490 (0.235)  <0.001 0.192 (0.183) 0470 (0.247) | <0.001 0.967
Rad-score for Delta-RS/RS1, 0.205 (0.137) 0465 (0224)  <0.001 0.196 (0.138) 0.397 (0206) | <0.001 0.36

Mean (SD)

SD, standard deviation; ER, estrogen receptor; PR, progesterone receptor; Her2, human epidermal growth factor receptor 2; NAC, neoadjuvant chemotherapy; pCR, pathological complete

response; RS, radiomics signature.

The chi-square test or Fisher’s exact test was used for the nominal variable, and the Mann-Whitney test was used for the continuous variable with the abnormal distribution. A two-tailed p-value

<0.05 indicated statistical significance.

3.2 Screening and modeling of
radiomics features

Through radiomics feature extraction, 851 radiomics features
were screened from RSI, RS2, and Delta-RS/RS1, including 216
GLCM Features, 126 GLDM Features, 144 GLRLM Features, 144
GLSZM Features, 45 NGTDM Features, 162 First Order Features,
and 14 Shape Features. Before selection, the ICC for the 369 features
was >0.75, ensuring the repeatability of features. After screening by
LASSO regression analysis, the results showed that when A
was 0.008685 (Supplementary Figures SIA, B), 0.003393
(Supplementary Figures S1C, D), and 0.017575 (Supplementary
Figures S1E, F), the optimal models of RS1, RS2, and Delta-RS/RS1
could be obtained (Supplementary Figure S1).

A total of 12, 17, and 17 radiomics features with non-zero
coefficients from RS1, RS2, and Delta-RS/RS1 were obtained,
respectively (Supplementary Figure S2). Among the features with
positive correlation coefficients, the optimal features of Coarseness
(0.090245) and Difference Variance (0.045261) in RS1, Coarseness
(0.057903) in RS2, and Small Area Emphasis (0.060348) and Idmn
(0.021748) in Delta-RS/RS1 had the highest weight. Among the
features with negative correlation coefficients, the optimal features
of RS1 had a lower weight. IDN (inverse difference normalized)
(-0.051783) in RS2 had the highest weight. Additionally, among the
optimal features of Delta-RS/RS1, the features with the highest
weight were Zone Percentage [-0.060348 (wavelet-HH), -0.056111
(wavelet-HL)], and Maximum Probability (-0.047644).

For the comparison of Rad-Score, it was shown that there was
no significant difference in the Rad-score between the training
cohort and the validation cohort (p>0.05, Table 1). Further
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univariate analysis showed that the pCR in breast cancer patients
was closely related to the Rad-score (p<0.001, Table 1).

3.3 Prediction of NAC efficacy by
radiomics, clinicopathological, and
ultrasound models

ROC was used to assess the role of the radiomics models in
predicting the pCR status of breast cancer patients after two cycles of
NAC. The Delong test showed that the performance of the RS2
(AUCkgs; = 0.863) was higher than the RS1 (AUCgs; = 0.739, p rs2 vs
rs1 = 0.002) but was no higher than Delta-RS/RS1 (AUCpeja rs/rS1 =
0.850, P rs2 vs DeltaRs/Rs1 = 0.682) in the training cohort (Figure 3A;
Table 2). In the validation cohort, the performance of the RS2
(AUCRs; = 0.817) was higher than the RS1 (AUCgs; = 0.799, p rs2
vs rs1 = 0.213) but was no higher than Delta-RS/RS1 (AUCpea rs/
rs1 = 0.748, P rs2 vs Delta-Rs/Rs1 = 0.689) (Figure 3B; Table 2).

The ROC curve evaluated the performance of clinicopathological
and ultrasound features in predicting pCR (Figures 3C, D). In the
training cohort, the AUC for clinicopathological and ultrasound
features was 0.832 (95%CI: 0.779-0.884). In the validation cohort,
the AUC for clinicopathological and ultrasound features was 0.862
(95%CI: 0.797-0.928).

We further evaluated the combined performance of
clinicopathological features, ultrasound features, and RS2 (C-U-R
model) and compared it with that of RS2 alone (Table 2). The results
showed that in the training cohort, the C-U-R model (AUCc . y.r
model = 0.902) had a better performance than the RS2 (AUCgs, =
0.863, P C.UR model vs rs2 = 0.005) for predicting pCR (Figure 3E). In
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FIGURE 3
ROC analysis of each radiomics model, clinical and ultrasound model, and C-U-R model. ROC analysis of RS1, RS2, and Delta-RS/RS1 radiomics
models in the training (A) and validation (B) cohorts. ROC analysis of clinicopathological features (clinical model), ultrasound features (ultrasound
model), and the combination of the two (C-U model) in the training (C) and validation (D) cohorts. ROC analysis of the C-U-R model and RS2 model
in the training (E) and validation (F) cohorts. C-U-R model, combined model of clinicopathological features, ultrasound features, and RS2; RS,
radiomic signature; AUC, area under the ROC curve.

the validation cohort, the C-U-R model (AUCC.y.R model = 0.885)
also had a better performance than the RS2 (AUCgs, = 0.817, p c.ur
model vs Rs2 = 0.009) for predicting pCR (Figure 3F).

3.4 Construction and validation of
the nomogram

We constructed a Nomogram based on the C-U-R model. As
shown in Figure 4A, the item “Points” represented the corresponding
score of each variable. The calculated C-statistics of the Nomogram
was 0.897, indicating the model had high predictive power. In
addition, we used the Hosmer-Lemesow test to verify the
calibration curves of the training cohort (Figure 4B) and the

validation cohort (Figure 4C), and the results showed that the
difference between the training cohort (p=0.50) and the validation
cohort (p=0.97) was not statistically significant. We further used the
DeLong test to compare the predictive power of the Nomogram and
the RS2 radiomics model, which showed that the difference between
the training cohort (p=0.005) and the validation cohort (p=0.009)
was statistically significant. Additionally, based on the Youden index,
the optimal critical score for the Nomogram was calculated as 71.742.

3.5 Clinical application of the
nomogram model

We further used the DCA to compare the Nomogram model
with the RS2 radiomics model (Supplementary Figure S3). With a

TABLE 2 Performance comparison of RS1, RS2, Delta-RS/RS1, C-U-R model radiomics models.

Training cohort

Validation cohort

RS1 RS2 Delta-RS/RS1 C-U-R model RS1 RS2 Delta-RS/RS1 C-U-R model
AUC 0.739 0.863 0.850 0.902 0.748 0.817 0.799 0.885
Accuracy 0.787 0.830 0.806 0.861 0.793 0.829 0.779 0.857
Precision 0.721 0.762 0.712 0.795 0.667 0.731 0.620 0.767
Sensitivity 0.500 0.750 0.795 0.818 0.528 0.722 0.861 0.722
Specificity 0.873 0.835 0.780 0.873 0.856 0.817 0.606 0.904
Recall 0.352 0.546 0477 0.659 0389 0528 0361 0.639
Fl-score 0473 0.636 0571 0.721 0.491 0.613 0.456 0.697
Youden Index 0373 0.585 0.575 0.691 0.384 0.540 0.467 0.626

AUG, the area under the ROC curve; RS, radiomics signature; C-U-R, clinicopathological features, ultrasound features, and RS2.
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Development and performance of the nomogram. (A) Radiomics Nomogram was developed with vascular invasion, axillary lymph node metastasis,
posterior echo delta-height/pre-height, and RS2 for the prediction of the probability of pCR. The predictors are ER, Her2, PNPE, TPH, and RS2. A
vertical line was drawn from each predictor to 'Points’ to get the score of the predictor. Then, the scores of each predictor were summed up. The
‘Total Points’ corresponded to the probability of pCR. Calibration curves of the model in the training (B) and validation (C) cohorts. The X-axis
represents the predictive probability; the Y-axis denotes the observed probability. The 45° “Ideal” line represents the perfect prediction of the
probability of pCR, and the "Bias-corrected” line indicates the prediction model of the nomogram. The closer the “Bias-corrected” line fits to the

“Ideal” line, the better the discrimination of the nomogram is. ER, ER status; Her2, Human epidermal growth factor receptor 2; PNPE, Post-NAC
posterior echo; TPH, Percentage of ultrasound length; RS, radiomic signature.

threshold probability greater than 0.3%, the Nomogram model or
RS2 benefited more than the “all-treated” or the “no-treatment”
regimen. When the threshold probability was greater than 26.2%,
the predictive ability of the Nomogram model was better than that
of the RS2 radiomics model.

4 Discussion

In this study, the performance of clinicopathological features,
ultrasound features, radiomics models, and Nomogram models in
predicting pCR was analyzed and compared. The results showed
that the Nomogram model was superior in predicting both the
energy efficiency and clinical net benefit of pCR in patients.

4.1 Predictive performance of
clinicopathological and ultrasound features

We found that the clinicopathological features had better
predictive value of pCR than ultrasound features. This study
showed that breast cancer with posterior echo attenuation had a
lower pCR rate. It is known that the pathological basis of
posterior echo attenuation is that the internal tumor stroma is
rich and densely arranged (17). Therefore, non-triple negative
breast cancer, which has rich tumor stroma, may have lower pCR
rates (18). NAC can induce necrosis and fibrosis of breast cancer
cells, leading to structure collapses (19). The change of the
anteroposterior diameter of the lesion is much greater than the
long diameter. Therefore, the larger change rate of the tumor
anteroposterior diameter after treatment also indicates that the
tumor necrosis rate is high, and it is easier to achieve pCR.
However, the value of conventional ultrasound in predicting pCR
by macroscopic signs is limited. Then, we tried to predict pCR by
combining RSs.
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4.2 Predictive performance of ultrasound
radiomics models

Ultrasound imaging presents several notable advantages
compared to other imaging modalities, including its wide
availability, cost-effectiveness, real-time nature, non-invasiveness,
and superior soft tissue resolution, which facilitates the accurate
capture of fine structural details (20). Li et al. (21) utilized radiomics
extracted from FDG PET/CT imaging to predict pCR in 100 cases of
breast cancer patients who underwent NAC. Their retrospective
analysis revealed that the combined model of clinical features and
PET/CT imaging radiomics achieved an AUC of 0.958 in the
training set and 0.730 in the validation set, surpassing the
predictive accuracy of the clinical model. In addition, Liu et al.
(22) found through a multicenter study involving 586 cases of breast
cancer that the combined model of clinical features and
multiparametric MRI radiomics predicted the pCR of breast
cancer patients after NAC with significantly higher AUC
compared to the clinical model. These studies confirm that the
combined model based on imaging radiomics has high accuracy in
predicting the efficacy of NAC in breast cancer, indicating the
significant value of imaging radiomics in predicting the efficacy of
breast cancer NAC. This study, analyzing retrospectively 464 breast
cancer patients undergoing NAC, confirmed that the combined
model based on ultrasound imaging radiomics also had high
predictive efficacy for predicting the efficacy of breast cancer
NAC, markedly outperforming the clinical model and yielding
greater net benefits. Furthermore, we screened the RS1 and RS2,
respectively, and found that the feature with the highest weight was
Coarseness (0.090245/0.100730). Coarseness reflects the grayscale
difference between a central pixel or voxel and its neighbors, thereby
capturing the spatial rate of grayscale intensity changes (23). The
results of this study showed that for both RS1 and RS2, the
ultrasound images of patients with pCR had a lower rate of
spatial change and more uniform local texture, and this change
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was more obvious for RS2. In addition, the weight of IDN in RS2
was -0.051783, whereas it was not present in RS1. IDN is another
measure of the local homogeneity of an image. Unlike homogeneity,
IDN normalizes the difference between the neighboring intensity
values by dividing over the total number of discrete intensity values
(24). These results suggest that patients with pCR and non-pCR
have a larger difference in the local homogeneity of post-RS2
ultrasound images, which are not present in RS1. Meanwhile, the
weight coefficient of the signature Difference Variance in RS1 was
0.045261, while it did not have any weight in RS2, suggesting that
the effect of Difference Variance was diminished by NAC. The main
reason for the above differences is the high tumor heterogeneity and
disordered tumor cell arrangement before NAC treatment in breast
cancer (25, 26), which is reflected in the RSs of pixel grayscale and
texture inhomogeneity (27). After NAC treatment, patients with
pCR will have a higher necrosis rate of tumor cells, lower tumor
heterogeneity, and a uniform internal tissue structure, while
patients with non-pCR will have less tumor cell necrosis and high
tumor heterogeneity, which is not different than before treatment
(28, 29). Consistently, we also found that the homogenization of
texture feature was higher on ultrasound radiomics in patients with
PCR response than in patients with non-pCR.

In this study, we used RS1 and RS2 radiomics to construct a
radiomics model, and the best features selected included GLCM,
NGTDM, GLSZM, GLRM, GLDM, and First Order features.
Among them, GLCM and NGTDM features had the highest
proportion. Studies have shown that GLCM reflects the changes
in images and tumor heterogeneity by calculating the relative
distance between the image and a specific pixel and by calculating
the correlation coefficient of gray values in different directions (30-
33). However, there are few studies on NGTDM. In this study, six
types of texture features including GLCM, NGTDM, GLSZM,
GLRM, GLDM, and First Order features were enrolled, and it was
found that NGTDM and GLCM had similar weights. NGTDM
quantifies the difference between a gray value and the average gray
value of its neighbors within distance & (30-34). Here, when we
used NGTDM to evaluate the tumor ROI region, we also verified
that NGTDM could accurately reflect tumor heterogeneity, thereby
accurately predicting the NAC efficacy in patients.

In addition, we introduced a new radiomics model, Delta-RS/
RS1, representing the magnitude of changes in ultrasound
radiomics characteristics in breast cancer patients before and after
NAC treatment. We found that among the positive correlation
coefficients, the RSs with the highest weights were Small Area
Emphasis (0.060348), Idmn (0.021748), and Zone Entropy
(0.021508). Among the negative correlation coefficients, the RS
with the highest weights was Zone Percentage (-0.060348 (wavelet-
HH), -0.056111 (wavelet-HL)), followed by Maximum Probability
(-0.047644). There were significant differences in these RSs between
patients with pCR and non-pCR. In the positive correlation
coefficient, the magnitude of change in patients with pCR was
higher than that in patients without pCR. However, in the negative
correlation coefficient, the magnitude of change in patients with
pCR was lower than that in patients without pCR. The RS1, RS2,
and Delta-RS/RS1 models all showed high predictive value for NAC
response. However, the predictive value of RS2 and Delta-RS/RS1
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was better than that of RS1. These results indicate that the radiomics
model of breast cancer after two cycles of NAC can better predict
the efficacy of NAC than that of before NAC. Clinicians should pay
more attention to the radiomics characteristics of breast cancer after
two cycles of NAC to facilitate the prediction of NAC efficacy.

4.3 Predictive performance of the C-U-R
model and nomogram model

We further assessed the combined performance of the C-U-R
model. We found that the C-U-R model had higher predictive
performance for pCR than any single model. Then, we constructed
a Nomogram model based on clinicopathological features,
ultrasound features, and RS2. The Nomogram model showed
accurate predictive power (C-statistics=0.897) in predicting NAC
response. According to the Nomogram, after excluding RS2, the
features with the highest individual scores were the percentage of
ultrasound height > 30% and negative ER status. We found that the
optimal critical score for the Nomogram was 71.742. The breast
cancer patients with a total score of > 71.742 were more likely to
achieve pCR after NAC. In recent years, the Nomogram prediction
model has been widely used in the clinic (33, 34). However, the
indicators included in the Nomogram model for predicting the
efficacy of NAC in breast cancer are confusing, and there is no
conclusion on the evaluation time point of NAC. The indicators
used for modeling in this study were more comprehensive, and the
evaluation time point of NAC was determined to be after 2 cycles of
NAC. Our results suggest that clinicians can comprehensively
evaluate the efficacy of NAC according to the patients’
Nomogram score, ER status, Her2 status, etc., thus making the
treatment strategy with the highest benefit to the patients.

4.4 Limitations

First, due to the individual differences of patients and to obtain
high-quality images, the parameters of each ultrasound instrument
during the examination were not unified. Therefore, different
parameters of ultrasound may affect the final performance of the
model. Secondly, the Delta-RS/RS1 was relatively new, and
validation on Delta-RS/RS1 is needed. Finally, this study is a
single-center retrospective study. Further multicenter studies are
needed to assess the reliability of the Nomogram model.

4.5 Conclusions

In summary, the Nomogram model was developed based on
clinicopathological features, ultrasound features, and RS2. The
Nomogram model had good prediction performance of pCR after
two cycles of NAC in breast cancer patients. Therefore,
conventional clinicopathological features, and breast ultrasound
features before NAC treatment and in the early stage of
treatment (after two cycles of NAC) combined with radiomics
can provide valuable prognostic information for predicting the
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efficacy of NAC in breast cancer and provide reference for making
treatment strategies.
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