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Abstract
Purpose Breast cancer has become the leading cause of cancer mortality in women. Although immune checkpoint inhibitors 
targeting programmed death-1 (PD-1) are promising, it remains unclear whether PD-L1 expression on circulating tumor 
cells (CTCs) has predictive and prognostic values in predicting and stratifying metastatic breast cancer (MBC) patients who 
can benefit from anti-PD-1 immunotherapy.
Methods Twenty six MBC patients that received anti-PD-1 immunotherapy were enrolled in this study. The peptide-
based Pep@MNPs method was used to isolate and enumerate CTCs from 2.0 ml of peripheral venous blood. The expres-
sion of PD-L1 on CTCs was evaluated by an established immunoscoring system categorizing into four classes (negative, 
low, medium, and high).
Results Our data showed that 92.3% (24/26) of patients had CTCs, 83.3% (20/26) of patients had PD-L1-positive CTCs, 
and 65.4% (17/26) of patients had PD-L1-high CTCs. We revealed that the clinical benefit rate (CBR) of patients with a 
cut-off value of ≥ 35% PD-L1-high CTCs (66.6%) was higher than the others (29.4%). We indicated that PD-L1 expression 
on CTCs from MBC patients treated with anti-PD-1 monotherapy was dynamic. We demonstrated that MBC patients with 
a cut-off value of ≥ 35% PD-L1-high CTCs had longer PFS (P = 0.033) and OS (P = 0.00058) compared with patients with 
a cut-off value of < 35% PD-L1-high CTCs.
Conclusion Our findings suggested that PD-L1 expression on CTCs could predict the therapeutic response and clinical 
outcomes, providing a valuable predictive and prognostic biomarker for patients treated with anti-PD-1 immunotherapy.
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Introduction

Breast cancer (BC) is the most common cancers diagnosed in 
women [1]. In recent years, the mortality of BC has decreased 
with the advancements in the early diagnosis and therapeutics, 
but approximately 20% of the patients will experience relapse 
with distant metastatic disease within 5 years [2]. Although 
endocrine therapy is the standard of care for hormone receptor-
positive BC, the risks of distant recurrence up to 41% depend-
ing on tumor characteristics were reported [3, 4]. Significantly 
poorer clinical outcomes were shown in patients with triple-
negative BC [5, 6]. 10% to 20% of BC patients were defined 
as having TNBC, who had younger mean age at diagnosis 
and increased likelihood of distant recurrence compared with 
individuals with other types of BC [7]. Unfortunately, median 
overall survival (OS) for patients with metastatic triple-nega-
tive BC were only about 1 year compared with 5 years of other 
BC subtypes [8]. Thus, novel therapeutic strategies are needed 
to overcome the limitations of current BC therapies.

Immunotherapy has shown noticeable efficacy in several 
types of cancers, and immune checkpoint inhibitor (ICI) ther-
apy is revolutionizing the BC treatment landscape [9]. In view 
of toxicity, immune-related adverse events, cost and healthcare 
utilization associated with the immune checkpoint inhibitors 
[10, 11], it is urgent to develop a means of predicting and 
stratifying patients who can benefit from immunotherapy [12]. 
Currently, assessment of programmed death-ligand 1 (PD-L1) 
on tissue sections using immunohistochemistry (IHC) assays is 
the most widely used [12, 13]. However, tumor heterogeneity, 
tissue sampling bias, and dynamic conversion of PD-L1 status 
limit the clinical practice of PD-L1 IHC as a reliable predictive 
biomarker [13, 14], emphasizing the importance of exploring 
more valuable and accessible methods.

Detection of circulating tumor cells (CTCs) is increas-
ingly promising since it is a minimally invasive, repeatable, 
cost-effective and real-time “liquid biopsy”, which has been 
demonstrated to predict the outcome for patients with BC 
[15–25]. PD-L1 expression on CTCs was first reported in 
BC patients in 2015 [26] and subsequent studies have sup-
ported the predictive value of PD-L1-positive CTCs [27–29]. 
Nevertheless, these patients included were treated with con-
ventional therapies rather than immunotherapies. In recent 
years, by taking advantages of the Pep@MNPs method, we 
have revealed that PD-L1 status in CTCs could predict treat-
ment response in patients with various gastrointestinal cancers 
who received immune checkpoint blockade immunotherapies 
[30–32]. Whether PD-L1 status in CTCs has a predictive and 
prognostic value in BC patients treated with immunotherapies 
remains unclear.

In this study, we aimed to detect the expression of PD-L1 
on CTCs using the Pep@MNPs method from MBC patients 
treated with anti-PD-1 immunotherapy. Moreover, the 

correlation of PD-L1 expression between CTCs and tumor 
tissues was evaluated. Furthermore, the predictive and prog-
nostic values of PD-L1 expression on CTCs were explored. 
The study brings new insights into immunotherapy for patients 
with MBC.

Materials and methods

Patients

Eligible patients were required to have measurable or evalu-
able disease, with an Eastern Cooperative Oncology Group 
(ECOG) performance status score of 0 to 3. A total of 26 
MBC patients involved in anti-PD-1 immunotherapy were 
enrolled in this study from the Fifth Medical Center of Chi-
nese PLA General Hospital. 67 female controls were also 
included. The baseline samples were collected from October 
2019 to October 2020. Blood samples from healthy controls 
were harvested for the establishment of CTC baseline. This 
study was reviewed and approved by the Ethics Commit-
tees of the Fifth Medical Center of Chinese PLA General 
Hospital. All patients and healthy individuals had given 
written informed consent. In this study, 24 patients had 
TNBC, whereas 2 patients with hormone receptor-positive 
and HER2-negative BC received immunotherapy since they 
were TMB-high [33, 34]. Among 6 patients with primary 
hormone receptor-positive BC, there were 4 patients with 
metastatic TNBC. The other 2 patients were treated with 
immunotherapy due to high tumor mutation burden.

Study design

For CTC detection, 2.0  ml of peripheral venous blood 
was drawn for further enumeration and analysis of PD-L1 
expression. The assessment of PD-L1 in tissue biopsies was 
determined by IHC in the Department of Pathology. Evalua-
tion of disease status was carried out according to Response 
Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria. 
After follow-up, the correlation between PD-L1 expression 
on CTCs and clinical outcomes was assessed by statistical 
analysis as described previously [32].

Isolation and characterization of CTCs

CTCs were isolated and enumerated from 2.0 ml of periph-
eral venous blood using our previously established Pep@
MNPs method [23–25, 35]. Briefly, the streptavidin-con-
jugated iron oxide magnetic nanoparticles (MNPs) are 
equipped with specialized peptides that target epithelial 
cell adhesion molecule (EpCAM). For each blood sample, 
10 μl Pep@MNPs was added, and incubated at 37 °C for 
1 h. Under a magnetic field, isolated CTCs were captured. 
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For selection of CTCs, DAPI and multiple antibodies such 
as cytokeratin mix (Abcam, ab264485, 1:200) and CD45-
phycoerythrin (Abcam, ab223183, 1:200) were employed. 
CTCs were identified as CKmix+/DAPI+/CD45-cells under 
OLYMPUS IX73 fluorescence microscope.

Semiquantitative assessment of PD‑L1 on CTCs

For detection of PD-L1 expression on CTCs, we have con-
structed an efficient PD-L1 evaluation system based on mean 
fluorescence intensity [30–32]. Accordingly, different PD-L1 
expression on CTCs was categorized into four groups: nega-
tive (−), low (+), medium (++), and high (+++).

Statistical analysis

All statistical computations were performed based on R ver-
sion 3.6.3. Receiver operating characteristic (ROC) analy-
ses were implemented in python3.7.6. Correlation between 
PD-L1 expression on CTCs and disease status was analyzed 
using Spearman’s rank correlation coefficient test. PFS and 
OS curves were estimated using the Kaplan–Meier test. P 
values < 0.05 were considered statistically significant.

Results

MBC patient information

Patient and tumor characteristics are summarized in Table 1. 
Totally 26 patients with MBC were included and the samples 
were harvested from November 2016 to January 2021. The 
median age of the enrolled patients was 47 years (range: 33 
to 60 years). Among them, 15 patients were treated with 
anti-PD-1 monotherapy, while 11 patients received anti-
PD-1 immunotherapy in combination with chemotherapy.

CTC enumeration between MBC patients 
and controls

In our previous studies, we have developed the Pep@MNPs 
method to isolate and analyze CTCs from BC patients, pro-
viding valuable prognostic insights into conventional thera-
pies [23–25]. To examine the efficacy of CTC detection, we 
firstly enumerated the number of CTCs. Among 26 patients 
with MBC, CTCs were detected in 24 (92.3%) patients, 
with the median number of CTCs being 5 (range 0 to 53) 
(Fig. 1A). In contrast, the median number of CTCs in volun-
teers was 0 (range 0 to 3). The difference of CTC enumera-
tion within 2 ml of blood between MBC patients and female 
controls was significant (P = 0.0000000239) (Fig. 1A), with 
area under the curve (AUC) being 0.9022 as indicated by 
the receiver operating characteristic (ROC) curve (Fig. 1B).

PD‑L1 expression on CTCs and the IHC results

Recently, we have established a quantitative system 
utilizing the peptide-based assay for the evaluation of 
PD-L1 and verified it in several types of gastrointestinal 

Table 1  Patient and tumor characteristics

Feature Number

Age
 Median (Range) 47 (33–60)

Hormone receptor
 Only primary hormone receptor-positive 19% (5/26)
 Both primary and metastatic hormone receptor-

positive
7% (2/26)

 Primary negative/metastasis negative 46% (12/26)
 Primary negative/metastasis unknown 31% (8/26)
 Primary positive/metastasis negative 15% (4/26)
 Primary positive/metastasis positive 8% (2/26)

PD-L1 IHC expression
 Negative (TPS < 1%) 79% (11/14)
 Low expression (1% ≤ TPS < 50%) 14% (2/14)
 High expression (TPS ≥ 50%) 7% (1/14)

Tissue for PD-L1 IHC testing
 Primary breast tumor 21% (3/14)
 Metastatic site 79% (11/14)

Number of metastatic sites
 1 23% (6/26)
 2 19% (5/26)
 ≥ 3 58% (15/26)

Metastatic sites
 Visceral metastasis
 Liver 42% (11/26)
 Lung 58% (15/26)
 Brain 8% (2/26)
 Non-visceral metastasis
 Bone and soft tissue 27% (7/26)

Therapeutic drug
 Single anti-PD-1 58% (15/26)
 Anti-PD-1 + Taxane 15% (4/26)
 Anti-PD-1 + Enzalutamide 12% (3/26)
 Anti-PD-1 + Apatinib 12% (3/26)
 Anti-PD-1 + Gemcitabine 4% (1/26)

Treatment line number
 Median (range) 3 (1–13)
 1 4% (1/26)
 2 27% (7/26)
 ≥ 3 69% (18/26)
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cancers [30–32]. According to the scoring system, PD-L1 
expression was defined by four categories: negative (−), 
low (+), medium (++), and high (+++) [30]. To assess 
the correlation of PD-L1 expression between CTCs and 
the IHC results, CTC samples and tumor tissues were 

analyzed in MBC patients treated with anti-PD-1 immu-
notherapy. 83.3% (20/26) of patients had PD-L1-positive 
CTCs, including PD-L1-low CTCs (CTC PD-L1+), PD-
L1-medium CTCs (CTC PD-L1++), and PD-L1-high CTCs 
(CTC PD-L1+++). 17 of 26 (65.4%) patients had at least one 

Fig. 1  Comparisons of CTC numbers between MBC patients and 
female controls. A The difference of CTC enumeration detected 
within 2 ml of blood in MBC patients and healthy controls was sig-

nificant (P = 0.0000000239). B The receiver operating characteris-
tic curve indicated that the area under the curve was 0.9022. ROC, 
receiver operating characteristic; AUC, area under the curve

Fig. 2  Representative IHC staining of PD-L1 expression in tumor 
tissues from 3 MBC patients whose IHC results were positive for 
PD-L1. A Only one patient (No. 51970837) had high PD-L1 expres-

sion in the IHC results. B, C The other two patients (No. 52147425 
and No. 52003347) showed low expression of PD-L1 in the IHC 
results. IHC immunohistochemistry

Table 2  Expression profiles for 
PD-L1 of IHC results and CTCs 
in 3 patients whose IHC results 
were positive for PD-L1

Patient ID PD-L1 expression in 
the IHC results (%)

Numbers of PD-
L1-positive CTCs

Percentages of PD-
L1-positive CTCs (%)

Percentages of 
PD-L1-high CTCs 
(%)

51970837 TPS = 70 15 100 86.7
52147425 TPS = 5 1 50 50
52003347 TPS = 1 8 57.1 7.1
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CTC PD-L1+++. The expression of PD-L1 was also tested 
in 14 patients with available tissue biopsies. Surpris-
ingly, the IHC results were positive for PD-L1 in 3 of 
14 (21.4%) patients, and only one patient showed high 
expression of PD-L1 in the IHC results (Fig. 2, Table 2). 
Notably, all of the 3 patients were found to have PD-
L1-positive CTCs. These observations indicated that the 
expression of PD-L1 was more frequent and higher on 
CTCs compared with the IHC results.

Correlation between levels of PD‑L1 on CTCs prior 
to immunotherapy and drug response

Among the 26 patients, 15 (57.7%) were with progressive 
disease (PD), 8 (30.8%) had a stable disease (SD), and the 
other 3 (11.5%) achieved a partial response (PR) (Fig. 3A). 
To ascertain whether PD-L1 expression on CTCs was cor-
related with the response of patients to anti-PD-1 immuno-
therapy, we carried out a thorough assessment of the ratio 
distribution of PD-L1-high CTCs among total CTCs and 
defined a cut-off value as previously described [30–32]. 
Interestingly, when a cut-off value of 35% for the ratio of 
PD-L1-high CTCs at baseline was defined, the clinical 
benefit rate (CBR) below and above the cut-off value was 
29.4% (5/17) and 66.6% (6/9), respectively (Fig. 3B). These 
data suggested that the CBR of patients with a cut-off value 
of ≥ 35% PD-L1-high CTCs might be higher than that of 
patients with a cut-off value of < 35% PD-L1-high CTCs. Dynamic changes of PD‑L1 expression on CTCs 

before and after anti‑PD‑1 monotherapy

To determine whether the expression of PD-L1 on CTCs 

Fig. 3  Correlation between PD-L1 expression on CTCs at baseline 
and disease status. A 26 MBC patients were categorized into 3 groups 
based on the drug response, and proportional distribution of PD-L1 
on CTCs prior to anti-PD-1 immunotherapy was listed. The dashed 

line referred to the cut-off value of 35% for the ratio of PD-L1-high 
CTCs at baseline. B Response rate of patients below and above the 
cut-off value was analyzed. PR partial response, SD stable disease, 
DC disease control, PD progressive disease

Fig. 4  Dynamic changes of PD-L1-high CTCs before and after 
anti-PD-1 immunotherapy. The ratio of PD-L1-high CTCs from 14 
patients treated with anti-PD-1 monotherapy at T0 (baseline) and T1 
(after treatment) were analyzed. The ratio of PD-L1-high CTCs were 
decreased in DC group compared with that in PD group (P = 0.015). 
DC disease control, PD progressive disease
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alters due to immunotherapy, we detected PD-L1 expres-
sion on CTCs from the 14 patients treated with anti-PD-1 
monotherapy who were available for the second blood draw. 
Among the 14 patients, 11 were with PD and 3 had a dis-
ease control (DC). PD-L1 distribution on CTCs and clinical 
response were further compared. Interestingly, the ratio of 

PD-L1-high CTCs were found to be significantly decreased 
in DC group compared with that in PD group (P = 0.015) 
(Fig. 4). The findings showed that PD-L1 expression on 
CTCs during anti-PD-1 treatment was dynamic and the real-
time assay might have a monitoring value.

Fig. 5  Correlation between PD-L1 expression on CTCs at base-
line and clinical outcomes. Kaplan–Meier estimates of PFS and 
OS of patients in different subgroups were analyzed. A The PFS of 
patients with PD-L1-positive CTCs was obviously but insignificantly 
improved compared with that of patients with PD-L1-negative CTCs 
(P = 0.075). B The PFS of patients with a cut-off value of ≥ 35% 
PD-L1-high CTCs was significantly longer compared with that of 

patients with a cut-off value of < 35% PD-L1-high CTCs (P = 0.033). 
C The OS of patients with PD-L1-positive CTCs was significantly 
longer compared with that of patients without PD-L1-positive 
CTCs (P = 0.000505). D The OS of patients with a cut-off value 
of ≥ 35% PD-L1-high CTCs was significantly longer compared with 
that of patients with a cut-off value of < 35% PD-L1-high CTCs 
(P = 0.00058). PFS progression-free survival, OS overall survival
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Evaluation of PD‑L1 expression on CTCs to predict 
PFS and OS

Accumulative data have confirmed important correlations 
between PD-L1 overexpression on tumor cells and clinical 
outcomes, but the prognostic value remains controversial 
due to different types of cancers [36–38]. To investigate the 
potential prognostic roles of PD-L1 expression on CTCs 
in predicting the clinical outcomes of BC patients treated 
with anti-PD-1 immunotherapy, we evaluated the PFS and 
OS of 26 patients based on the expression of PD-L1 on 
CTCs at baseline. An obvious but not significant improved 
PFS was observed in patients with PD-L1-positive CTCs 
compared with that in patients with PD-L1-negative CTCs 
(P = 0.075) (Fig. 5A). However, patients with a cut-off value 
of ≥ 35% PD-L1-high CTCs had significantly longer PFS 
compared with patients with a cut-off value of < 35% PD-
L1-high CTCs (P = 0.033) (Fig. 5B). The OS of patients 
with PD-L1-positive CTCs was significantly longer com-
pared with that of patients without PD-L1-positive CTCs 
(P = 0.000505) (Fig. 5C). Significantly longer OS was also 
observed in patients with a cut-off value of ≥ 35% PD-
L1-high CTCs compared with that in patients with a cut-off 
value of < 35% PD-L1-high CTCs (P = 0.00058) (Fig. 5D). 
Collectively, these results showed that PD-L1 expression on 
CTCs might predict the clinical prognosis of patients treated 
with anti-PD-1-directed therapy.

Discussion

The clinical applications of immune checkpoint inhibitors 
(ICIs) targeting PD-1 and PD-L1 have revolutionized the 
therapeutics of several cancer types, including lung cancer 
and melanoma. ICI therapy is a milestone in the treatment 
of malignancies, as the patient’s prognosis and quality of 
life are significantly improved. ICI-based immunotherapy 
of BC has mainly focused on TNBC, which is the most diffi-
cult type of BC to treat. Meanwhile, compared with patients 
with other BC subtypes, patients with TNBC might be more 
likely to benefit from ICI therapies, due to the expression of 
PD-L1, tumor mutational burden (TMB), and the high level 
of tumor infiltrating lymphocytes [9, 39]. Currently anti-
PD-1 monoclonal antibody has been shown to exert antitu-
mor activity for the first-line treatment of PD-L1-positive 
metastatic TNBC and neoadjuvant treatment in patients with 
high-risk early TNBC [40, 41]. The therapeutic value of 
immunotherapy has also been investigated in second-line 
and later-line treatments. There is no satisfactory indicator 
for the treatment efficacy prediction. Testing the expression 
of PD-L1 on the tumor cell surface by immunohistochem-
istry holds great promise. But current data are not ideal as 

the factors including technology and biological issues might 
both influence the results. For instance, the cut-off value of 
PD-L1 staining positivity is indeterminate, testing antibod-
ies lack standardization, and more importantly, the tumor 
heterogeneity exists and the expression of PD-1/PD-L1 is 
dynamic [42].

Though the presence of PD-L1 on CTCs in BC patients 
treated with conventional therapies has been found [26–29], 
whether PD-L1 expression on CTCs is correlated with the 
therapeutic response and prognosis in MBC patients treated 
with immunotherapy remains largely unknown. Herein, 
using the Pep@MNPs method and an established quanti-
tative system, we showed that PD-L1 was expressed more 
frequently and higher on CTCs compared with that in tumor 
tissues. Moreover, we indicated that PD-L1 expression on 
CTCs might help stratify and monitor patients that can ben-
efit from the therapeutics. Furthermore, we suggested that 
PD-L1 expression on CTCs might serve as a potential prog-
nostic indicator of PFS and OS. To the best of our knowl-
edge, we demonstrated for the first time that PD-L1 expres-
sion on CTCs has predictive and prognostic values in MBC 
patients treated with anti-PD-1 immunotherapy.

Tumor cells can evade immune surveillance by overex-
pressing PD-L1 [12, 43]. Given that the response rate to anti-
PD-1 antibodies is still low, a better understanding of PD-L1 
would be beneficial for the prediction of tumor response and 
enhancement in treatment efficacy [43]. For MBC patients, 
tumor cells of primary lesion may be different from those 
of metastatic lesion, which may take years to develop and is 
difficult to biopsy [26]. Considerable discordance of PD-L1 
expression has been observed between primary tumors and 
metastasis in BC [14]. Notably, CTCs are able to provide 
valuable real-time information. Our results showed that 
PD-L1 was expressed frequently on CTCs from patients 
with BC, which are consistent with recent reports [26–29]. 
Although the correlation of PD-L1 expression between tis-
sue biopsies and CTCs was not considered significant [27], 
we found that 3 patients with PD-L1-positive IHC results 
also had PD-L1-positive CTCs. However, further research 
is needed to investigate the positive concordance.

It is noteworthy that the percentage of PD-L1-positive 
CTCs in patients with BC varies among different research 
groups, which might be explained by patient populations 
included and the differences in CTC enrichment methods 
applied such as CellSearch® system and Ficoll-Hypaque 
density gradient centrifugation [26–29]. The FDA-cleared 
CellSearch® system has been tested for the enumeration of 
CTCs in MBC patients [44]. However, these CTC enrich-
ment methods need 7.5 ml to 10 ml of whole blood samples 
[26–29]. Compared with these methods, the Pep@MNPs 
method employed in this work only used 2.0 ml of blood, 
which reduced the amount of samples and might be benefi-
cial for the real-time monitoring of disease status. Moreover, 
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the capture efficiency of the Pep@MNPs method was high 
in this work, which is consistent with our previous studies 
[30, 35, 45]. Making use of the highly sensitive Pep@MNPs 
method, our data suggested a higher proportion of PD-
L1-positive CTCs, which are in line with previously pub-
lished results [30–32]. Interestingly, when PD-L1 expression 
on CTCs was first confirmed, the investigators developed 
immunoscores for various levels of PD-L1 defined as no, 
low, and high PD-L1 expression [26]. To better assess the 
value of PD-L1 distribution, our group established a scoring 
system categorizing PD-L1 expression on CTCs into four 
classes: negative, low, medium, and high [30], which are 
consistent with subsequent reports [27, 31, 32].

Since considerable variation in the intensity of PD-L1 
staining among patients and within single CTC had been 
found [26], the ratio distribution of PD-L1-high CTCs was 
identified as a plausible biomarker [30]. Furthermore, the 
usage of optimal cut-off values of PD-L1-high CTCs has 
been demonstrated to efficiently predict the response to 
immunotherapies [30–32]. Our study defined a cut-off value 
of 35% for the ratio of PD-L1-high CTCs, and suggested 
that the cut-off value might help select MBC patients that 
most likely benefit from immunotherapies. The dynamic 
changes of PD-L1 expression on CTCs were observed dur-
ing anti-PD-1 treatment. It might be important to assess the 
PD-L1 dynamic changes in CTCs, which could harvest the 
first-hand knowledge and help monitor the oncologic shifts 
induced by immunotherapies. Importantly, the dynamic 
changes of PD-L1 status on CTCs might be a real-time mon-
itor for treatments, which could help mirroring the therapeu-
tic response. The availability of resampling might be further 
improved using the Pep@MNPs method with the reduced 
demand for the amount of blood samples.

The prognostic value of PD-L1 expression remains con-
troversial depending on different types of cancers [38]. 
PD-L1 distribution on CTC, however, has been shown to 
have prognostic significance in several types of cancers [30, 
32]. In MBC patients treated with conventional therapies, 
PD-L1-positive CTCs were associated with shorter PFS [27, 
28]. By contrast, our results indicated that in MBC patients 
who received anti-PD-1 immunotherapy, individuals with 
a cut-off value of ≥ 35% PD-L1-high CTCs had longer PFS 
and OS. Considering that PD-L1 expression helps tumor 
cells evade immune surveillance and inhibition of PD-L1 
promotes antitumor immunity [12, 43], PD-L1 expression 
on CTCs might serve as a potential prognostic indicator.

Among the patients, the objective response rate (ORR) 
was 11.5%, the median PFS was 2.1 months, and the median 
OS was 8.75 months. The results were associated with the 
facts that 96% of the patients received second-line and later-
line treatments, 58% of the patients received anti-PD-1 
antibody monotherapy, and only one patient had high his-
tological PD-L1 expression, which were similar to previous 

research data [46–49]. Although our data revealed potential 
predictive and prognostic importance of PD-L1 expression 
on CTCs from MBC patients, there were some limitations. 
The number of the enrolled patients who received anti-PD-1 
immunotherapy was limited, influencing further statistical 
analysis. The tissue biopsies available for the assessment 
of PD-L1 expression were also limited in this study. The 
relatively small number of patients may limit the interpret-
ability of these results. Since this exploratory study mainly 
focused on the patients with second-line and later-line treat-
ments, and 58% of the patients (15/26) had at least three 
metastatic sites, the application of anti-PD-1 immunotherapy 
was limited for second-line and later-line treatments, result-
ing in a relatively small size of the study population. In this 
work, wide heterogeneity was observed in the expression 
of PD-L1 between CTCs and IHC results. Interestingly, 
when the patients were included accordingly, only one 
patient showed high expression of PD-L1 in the IHC results 
(TPS = 70%). Given that several reports have recently dem-
onstrated responses to immunotherapies in PD-L1-negative 
BC patients [50–52], in an attempt to receive the immu-
notherapies for second-line and later-line treatments, the 
patients provided written informed consent. However, the 
number of these patients was also limited. Among them, 
15 patients received anti-PD-1 monotherapy, whereas 11 
patients were treated with anti-PD-1 monotherapy together 
with chemotherapies such as Taxane and Apatinib, which 
may prevent firm conclusions from being drawn regarding 
our evaluation of the immunotherapies. Nevertheless, our 
findings indicated that patients with PD-L1-high CTCs were 
associated with a significant improvement, providing a valu-
able biomarker worthy to be noted. To obtain more robust 
evidence, further investigations were required in a larger 
cohort. Moreover, heterogeneity in the study population may 
not allow an accurate evaluation to be made. Therefore, due 
to the inherent weaknesses of this work, cautious interpre-
tation of our data are warranted. It will be interesting to 
evaluate the therapeutic effects and safety in MBC patients 
who were treated with anti-PD-1 monotherapy avoiding the 
heterogeneity in the study population. We plan to further 
explore the number of CTCs as well as the expression status 
of PD-L1 in a real-time manner among MBC patients who 
received anti-PD-1 monotherapy in the near future. Further 
assessment of the relationship between PD-L1 expression in 
blood/tissue and TMB was also significant. With better and 
more accurate evaluation data, optimal therapeutics could 
be provided for MBC patients.
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Conclusions

In summary, by utilizing the Pep@MNPs method and an 
established immunoscoring system, we demonstrated that 
PD-L1-high CTCs was frequent and dynamic in MBC 
patients treated with anti-PD-1 immunotherapy. The ratio 
distribution of PD-L1-high CTCs in combination with the 
defined cut-off value might help predict the drug response, 
as well as PFS and OS. All these observations suggested that 
PD-L1 expression on CTCs might present a valuable predic-
tive and prognostic tool in stratifying MBC patients who are 
most likely to benefit from anti-PD-1 immunotherapy.
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