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Abstract 

Background Bone is one of the most frequent sites for breast cancer metastasis. Breast cancer bone metastasis 
(BCBM) leads to skeletal morbidities including pain, fractures, and spinal compression, all of which severely impact 
quality of life. Immunotherapy is a promising therapy for patients with advanced cancer, but whether it may provide 
benefit to metastatic bone cancer is currently unknown. Thus, a better understanding of the immune landscape of 
bone-disseminated breast cancers may reveal new therapeutic strategies. In this study, we use histopathological 
analysis to investigate changes within the immune microenvironment of primary breast cancer and paired BCBM.

Methods Sixty-three patients with BCBM, including 31 with paired primary and bone metastatic lesions, were 
included in our study. The percentage of stroma and stromal tumor-infiltrating lymphocytes (TILs) was evaluated by 
histopathological analysis. The quantification of stromal TILs (CD4 + and CD8 +), macrophages (CD68 + and HLA-
DR +), programmed cell death protein 1 (PD-1), and programmed cell death protein ligand 1 (PD-L1) was evaluated 
through immunohistochemical (IHC) staining. Statistical analysis was performed with paired t test, Wilcoxon test, 
spearman correlation test, and univariate and multivariate cox regression.

Results Median survival after BCBM pathological diagnosis was 20.5 months (range: 3–95 months). Of the immune 
parameters measured, none correlated with survival after bone metastasis was diagnosed. Compared to the pri-
mary site, bone metastases exhibited more tumor stroma (mean: 58.5% vs 28.87%, p < 0.001) and less TILs (mean: 
8.45% vs 14.03%, p = 0.042), as determined by H&E analysis. The quantification of primary vs metastatic tissue area 
with CD4 + (23.95/mm2 vs 51.69/mm2, p = 0.027 and with CD8 + (18.15/mm2 vs 58.95/mm2, p = 0.004) TILs similarly 
followed this trend and was reduced in number for bone metastases. The number of CD68 + and HLA-DR + mac-
rophages showed no significant difference between primary sites and bone metastases. PD-1 expression was present 
in 68.25% of the bone metastasis, while PD-L1 expression was only present in 7.94% of the bone metastasis.

Conclusions Our findings suggest that compared to the primary breast cancer site, bone metastases harbor a less 
active immune microenvironment. Despite this relatively dampened immune landscape, expression of PD-1 and 
PD-L1 in the bone metastasis indicates a potential benefit from immune checkpoint inhibitors for some BCBM cases.

Background
Bone metastasis occurs in 70% of patients with 
advanced breast cancer [1]. The skeletal-related events 
(SREs) associated with breast cancer bone metasta-
sis (BCBM), such as pathological fracture, spinal cord 
compression, and severe pain, impair the patient’s 
mobility, reduce their quality of life, and increase 
overall morbidity [2]. Metastasis to the bone means 
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that tumor cells leave their primary site and migrate 
to a new and specialized microenvironment made up 
of osteoblasts, osteocytes, osteoclasts, adipocytes, 
hematopoietic stem cells, and immune cells [3].

Current primary treatment options for BCBM 
include radiotherapy, osteoclasts inhibitors, endocrine 
therapy, chemotherapy, and supportive treatment-like 
analgesia. Occasionally, surgery can be applied when a 
single metastasis is found or when acute spinal injury 
happens. However, even with these options and mul-
tidisciplinary approaches, the metastases eventually 
develop resistance and progress. Increasing evidence 
suggests that immunotherapy may be a promising 
treatment method for primary breast cancers. Tumor-
infiltrating lymphocytes (TILs) are reported to cor-
relate with survival and therapeutic efficacy in breast 
cancer, especially in triple-negative and HER2 positive 
breast cancer subtypes [4–7]. Moreover, another study 
demonstrated that TILs at metastatic sites of breast 
cancer also correlate with improved survival [8, 9].

The programmed cell death protein 1 (PD-1)/pro-
grammed cell death ligand 1 (PD-L1) pathway is an 
immune checkpoint pathway that suppresses immune 
system activation, where binding of the T cell recep-
tor PD-1 to its ligand PD-L1 leads to downregulation 
of T cell proliferation, activation, and host anti-tumor 
function [10]. Tumor cells can exploit this checkpoint 
by expressing PD-L1 and, therefore, evade anti-tumor 
immune responses. PD-L1 expression on primary 
breast tumor cells, however, can be targeted with 
immune checkpoint inhibitors (ICIs) and subsequently 
correlates with immunotherapeutic benefit in the 
clinic and improved patient survival [11]. Moreover, 
ICIs have proven effective in all molecular subtypes of 
breast cancer [12–14].

Despite this clinical advance in treating primary 
breast cancers with ICIs, limited data are available on 
the role of the immune microenvironment of BCBM 
and its impact on treatment responsiveness. A bet-
ter understanding of tumor cell bone residence and 
interaction with the immune microenvironment may, 
therefore, unveil new targetable vulnerabilities and 
guide clinically relevant therapeutic approaches. This 
study aims to investigate the immune microenviron-
ment shift between primary tumor sites and bone 
metastases of breast cancer by evaluating TILs, mac-
rophages, and immune checkpoint markers.

Materials and methods
Study population and data collection
This study was conducted using data from patients 
treated at the Sun Yat-sen University Cancer Center 
who underwent a breast cancer bone metastasis 

(BCBM) biopsy or excision between January 2017 and 
August 2020. Patients with a previous history of malig-
nant tumor and immune deficiencies were excluded. 
The clinical parameters used in this investigation were 
obtained from original medical records which included 
age, pathological diagnosis, symptoms, present and past 
medical history, image examination including ultra-
sound and mammography results, operative records, 
and adjuvant therapy data. The follow-up information 
was collected from medical records and by telephone 
interviews. The primary endpoint of the study was 
disease progression-free survival. This study was con-
ducted in accordance with the ethical standards of the 
research committee of SYSUCC (IRB number: B2021-
076-01). The SYSUCC ethical committee exempted the 
informed consent of this study.

Pathological assessment
All tumor sections from metastatic sites were reviewed 
independently by two pathologists, as well as the 
matched primary tissue when available. The estrogen and 
progesterone hormone receptors and HER2 receptor sta-
tus were gathered from the original pathological reports.

Stroma evaluation
Stroma percentage was evaluated following the Mesker’s 
study protocol [15] using one representative H&E slide 
digital scan per patient case. Scoring percentage was 
given in a 10% fold. Two pathologists evaluated the data 
independently while blinded to the clinical outcome. 
Consensus was reached between the two pathologists if 
there was a discrepancy among the collected scored data.

TILs evaluation
TILs percentage was counted both manually and auto-
matically according to the system developed by the 
International Immuno-oncology Biomarker Working 
Group [16, 17]. This method was described before [18]. 
In addition to the automatic software quantification, 
two pathologists independently evaluated the data and 
were blinded to the clinical outcome. Consensus was 
reached between the two pathologists if there was a 
discrepancy among the collected scoring.

Immunohistochemical evaluations
Formalin-fixed paraffin-embedded (FFPE) tissue sec-
tions were IHC stained for PD-1 (Clone UMAB199, 
ZSGB-Bio), PD-L1 (Clone SP142, Roche Diagnostics), 
CD4 (Clone EP204, ZSGB-Bio), CD8 (Clone SP16, 
ZSGB-Bio), CD68 (Clone PG-M1, ZSGB-Bio), and 
HLA-DR (EPR3692, Abcam). Due to the small size of 
lymphocytes, an immune cell was considered ‘PD-
L1/PD-1-positive’ if it featured any PD-L1 staining. 
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Membranous or cytoplasmic expression of PD-1 or 
PD-L1 in immune cells that was ≥ 1% was consid-
ered positive expression. Quantification of CD4 + and 
CD8 + TILs and CD68 + and HLA-DR + macrophages 
by area was performed manually by two patholo-
gists through digital scan of the slides. Consensus was 
reached between the two pathologists if there was a 
discrepancy among the collected data.

Statistics
Categorical variables were grouped based on the clinical 
findings, and decisions on the groups were made before 
modeling. The results were compared using the χ2 test or 
Fisher’s exact test. Continuous variables were compared 
using the t test. Spearman’s rank correlation tests were 
used to assess the association. A p value of < 0.05 was 
considered statistically significant. All statistical analyses 
were carried out using the SPSS software, version 25.0 
(IBM Corp, 1987, Chicago, USA) and GraphPad Prism 8 
(GraphPad software, Inc).

Results
Patients’ characteristics
Sixty-three patients with BCBM, of which 31 included 
paired primary lesion with bone metastasis, were 
included in our study. Of these primary breast tumors, 
63.4% (n = 40) of patients had luminal type tumors, 23.8% 
(n = 15) had HER2 amplification, 6.34% (n = 4) were 
triple-negative subtype, and 6.34% (n = 4) were classi-
fied as uncertain. The majority of tumors were ductal 
rather than lobular, where 51 (80.9%) patients had inva-
sive ductal carcinoma of non-special type. Five (7.93%) 
patients were initially diagnosed with bone metastasis of 
breast cancer, and they did not receive radical surgery. 
Forty (63.49%) patients developed bone metastasis as the 
first progression site. The median age at bone metastasis 
was 43  years (range: 25–71  years) and the median time 
to bone metastasis from first diagnosis was 38  months 
(range: 0–204 months). The most common site of BCBM 
was spinal vertebra (n = 43, 68.25%). The median sur-
vival after BCBM was pathologically diagnosed was 
20.5  months (range: 3–95  months). Details are listed in 
Table 1.

BCBM microenvironment characteristics
The median stromal TILs percentage in BCBM was 5% 
(interquartile range [IQR]: 5–10%). The BCBM microen-
vironment contained similar numbers of CD4 + (median: 
12.5/mm2; IQR: 1–27.5/mm2) and CD8 + (median: 5/
mm2; IQR: 1–35/mm2) TIL subpopulations. Both the 
CD4 + and the CD8 + TIL infiltrates correlated with 
overall BCBM TILs percentage (r = 0.32, p = 0.01 and 
r = 0.33, p < 0.01). HLA-DR + macrophages (median: 85/

Table 1 Patient characteristics

Variable N %

Bone metastasis lesions 63

Primary tumor and matched bone metastasis 31 49.21

Primary tumor histology

 Ductal, non-special type 51 80.95

 Ductal, micropapillary 1 1.59

 Ductal, mucinous 2 3.17

 Ductal and lobular 2 3.17

 Uncertain 7 11.11

Primary tumor grade

 1 1 1.59

 2 15 23.81

 3 40 63.49

 Uncertain 7 11.11

Primary tumor phenotypes

 Luminal A 11 17.46

 Luminal B 29 46.03

 HER2 amplification 15 23.81

 Triple-negative 4 6.35

 Uncertain 4 6.35

Primary tumor size

  < 2 cm 11 17.46

 2–5 cm 24 38.10

  > 5 cm 2 3.17

 Uncertain 26 41.27

Nodes status

 Negative 10 15.87

 1–3 nodes 20 31.75

 4–9 nodes 4 6.35

  > 10 13 20.63

 Uncertain 16 25.40

Surgery

 Mastectomy 44 69.84

 Breast conserving surgery 5 7.94

 None 5 7.94

 Uncertain 9 14.29

Chemotherapy

 Adjuvant 54 85.71

 Neoadjuvant 1 1.59

 None 8 12.70

Radiotherapy

 Adjuvant 26 41.27

 None 37 58.73

 Trastuzumab/pertuzumab application in HER2-
positive patients

7/15

Endocrine therapy

 Yes 40 63.49

 No 23 36.51

 Bone metastasis at first diagnosis 5 7.94

Bone metastasis sites

 Ilium 5 7.94
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mm2; IQR: 60–120/mm2) dominated in the macrophage 
subtypes present; stromal CD68 + were far less prevalent 
(median: 37.5/mm2; IQR: 12.5–57.5/mm2). PD-1 expres-
sion was found in 68.25% of patient BCBMs, while PD-L1 
expression was found in only 7.94% (Table 2). No signifi-
cant difference in BCBM tumor immune parameters was 
found between the different primary molecular subtypes 
(Additional file 1: Fig S1).

At the time that all 63 samples were collected, 9 
(14.29%) patients were undergoing chemotherapy, 1 
(1.58%) was under local breast radiotherapy, 25 (39.68%) 
were receiving endocrine therapy, and the remaining 
28 patients (44.44%) were without any current therapy. 
We analyzed the immune microenvironment param-
eters based on these treatment groups (Additional file 2: 
Fig S2). In general, there was no significant difference 
between the treatment groups; however, we observed a 
trend of decreasing CD8 + TILs in patients treated with 
chemotherapy but this trend was not statistically signifi-
cant (p = 0.19).

Comparison between primary site and BCBM
Stroma percentage
Accounting for all molecular subtypes, the bone metas-
tasis site contained more stroma compared to its primary 
site (mean: 58.5% vs 28.87%, p < 0.001; Fig. 1). The luminal 
type breast cancer which made up the majority of patient 
samples specifically followed this trend (mean: 63.42% vs 
28.42%, p < 0.001; Additional file 3: Fig S3).

Comparison of primary and bone metastatic immune 
microenvironment
Thirty-one paired primary breast tumor and bone metas-
tasis cases were analyzed via IHC (Fig. 2). Compared to 
the primary site, bone metastases displayed less overall 
TILs (mean: 8.45% vs 14.03%, p = 0.042; Fig. 3A). We also 
compared specific TILs subpopulations, macrophages, 
and immune checkpoint molecules between primary and 
metastatic sites. CD4 + TILs and CD8 + TILs at BCBM 
sites were likewise decreased in number compared to 
primary tumors (Fig.  3B). No significant difference was 
observed in the CD4 + /CD8 + ratio. Furthermore, both 
CD68 + and HLA-DR + macrophage types showed no 
significant difference in expression between primary 
site and bone metastasis site, or in relation to each other 
(Fig.  3C). The PD-1 and PD-L1 positive rate in bone 
metastasis also decreased compared with primary site 
(Fig.  3D). Analysis based on molecular subtype is dis-
played in Additional file 4: Fig S4. All immune parame-
ters of primary and the metastatic sites were combined to 
input a correlation matrix (Fig. 4).

Discussion
We did a comprehensive histopathological analysis of the 
BCBM microenvironment. This is also the largest study 
to date to investigate immune microenvironment differ-
ences between primary breast cancer and its bone metas-
tases. We observed that bone metastasis has a different 
distribution of stromal compartment and has a less active 
immune compartment compared with the primary dis-
ease site.

Stroma percentage in primary breast tumors is a 
proven prognostic factor; higher stroma percentage 
often correlates with increasing relapse rate and poorer 
long-term survival [19–21]. Given this reported cor-
relation and considering metastatic diseases are inher-
ently advanced in nature with a likely worse prognosis, 
the increased percentage of stromal tissue found in the 
bone metastasis compared to the primary tumor site may 
not be surprising. However, we did not observe a signifi-
cant correlation between stroma percentage of primary 
tumors or of the bone metastasis sites with survival. This 
may be due to the limited sample size of this study, or 

Table 1 (continued)

Variable N %

 Sternum 7 11.11

 Rib 1 1.59

 Vertebra 43 68.25

 Femur 3 4.76

 Humerus 1 1.59

 Skull 1 1.59

Treatment after bone metastasis

 Radiotherapy 8 12.70

 Chemotherapy 27 42.86

 Endocrine therapy 42 66.67

 Trastuzumab/pertuzumab 4 6.35

 Alive at last follow-up 43 68.25

Table 2 Assessment of tumor microenvironment of breast 
cancer bone metastasis

Variable Median IQR

Stroma (%) 70 40–80

Stromal TILs (%) 5 5–10

Stromal CD4 + TILs (/mm2) 12.5 1–27.5

Stromal CD8 + TILs (/mm2) 5 1–35

CD4/CD8 ratio 1 0.53–5.18

Stromal HLA-DR + macrophages (/mm2) 85 60–120

Stromal CD68 + macrophages (/mm2) 37.5 12.5–57.5

HLA-DR/CD68 ratio 2.27 1.44–5

PD-1 expression 43/63 68.25 (%)

PD-L1 expression 5/63 7.94 (%)

Osteoclasts (/mm2) 0.33 0–3
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may point to other unique aspects of BCBM that influ-
ence and modulate disease progression.

Osteoclasts are the main participant in bone remod-
eling by secreting acid and lytic enzymes and modulat-
ing osteolytic processes [22]. Most BCBMs are osteolytic 
lesions. Osteoclasts display an outstanding morpho-
logical characteristic—a large multinucleate bone cell—
which makes it easy to identify by microscopy [23]. In 
our study, we observed that all 63 BCBM lesions pre-
sented a prominent osteolytic change through the slides. 
Thirty-eight (60.32%) of the lesions presented osteoclasts 
around the cancer cells. These findings suggest that treat-
ment targeted at osteoclasts could be effective in these 
patients.

Immune cells may play a crucial role in supporting 
bone metastasis and also have a relevant relationship 
with osteoclasts. Osteoclasts are derived from progenitor 

cells, which can also differentiate into macrophages and 
lymphocytes. Second, the receptor activator of nuclear 
factor-ƙB ligand (RANKL), which works as major regu-
lator of osteoclasts, can be produced by immune cells 
[24]. In addition, bone marrow is a place, where tumor 
cells can direct contact with the immune system [25]. 
We observed that, compared to the primary site, bone 
metastasis sites had a less active immune environment, 
especially when considering TILs (Fig. 3). Studies which 
compared different metastatic sites also revealed that 
metastatic breast cancers are immunologically more 
inert than their corresponding primary tumors [26, 27]. 
Previous studies also showed that TILs correlate with 
survival in metastatic breast cancer sites [8, 9]. We did 
not observe this trend in BCBM. The luminal type breast 
cancer accounts for approximately 60% of the BCBMs 
[28, 29]. A reason for this could be that 40/63 (63.49%) of 

Fig. 1 Example of paired primary site A and bone metastasis site B with the staining of Hematoxylin&Eosin (Original magnification × 200) 
showed increasing stroma percentage in the bone metastasis compared with the primary site. The segmented area in green indicates the tumor 
compartment. The rest were stroma compartment. Change of stroma percentage trend C and value D between primary site and bone metastasis
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our patients had luminal type breast cancers, a molecular 
subtype with a prognosis that is less associated with TILs 
expression [4], and these luminal subtypes in our cohort 
showed less TILs in metastatic sites compared to the 
other molecular subtypes [30]. The sample size of HER2-
positive and triple-negative patients were too limited to 
draw a conclusion that may otherwise have supported 
this trend. Studies on breast cancer metastasis to the 
lung, liver, and brain reported that high TILs correlated 
with better survival in triple-negative patients [27, 30]. 
CD4 + regulatory T cells are a known source of RANKL-
induced metastases [26]. CD8 + T cells, also called 
cytotoxic T cells, however, are the main actor in the anti-
cancer immune system that inhibits metastasis [27]. We 
observed a decrease in both CD4 + T cells and CD8 + T 
cells in bone metastasis compared with primary sites and 
without a significant change in the CD4 + /CD8 + ratio. 
This decrease aligns with a pro-metastasis tumor envi-
ronment that can support BCBM, but their presence may 
nonetheless offer opportunities to apply certain immuno-
therapies and warrants further investigation.

Based on the correlation analysis we did of primary 
and metastasis site. We did not observer any significant 
correlation between primary and metastatic sites. Time-
points for the sampling collection, sampling site, and 

therapy regimes may possibly confound these results. We 
found that PD-L1 expression correlateswith TILs, CD4, 
CD8 especially in primary site, which is as expected. Pre-
vious clinical trials also showed that PD-L1 expression 
correlates with TILs and the response [31-33]. A combi-
nation of TILs and PD-L1 expression evaluation to select 
optimal patients for immunotherapy could be a better 
approach [34].

In the past few years, immunotherapy has become a 
promising therapy for late-stage breast cancer patients. 
Recent studies suggest that combination immunothera-
pies effectively improved the prognosis and survival of 
PD-L1 + patients [13, 28, 29]. In our study, 5/63 (7.94%) 
of patients were PD-L1 + . Three of the PD-L1 + patients 
had luminal type tumors who may not benefit from the 
PD-1 inhibitors [30]. Nevertheless, combination immu-
notherapy in bone metastasis patients is associated with 
better survival [35]. Thus, certain types of BCBM patients 
may benefit from the combination immunotherapy.

These results offer initial insights into primary and 
BCBM immune microenvironment differences and open 
the discussion for targeting these immune features to 
improve standard and alternative BCBM treatment meth-
ods. However, there are limitations to our study. First, it 
is a retrospective study with a limited sample size from 

Bone
metastasis

100µm

Primary 
site

H&E

CD4 CD8 CD68

CD4 CD8 CD68

HLA-DR PD-1

HLA-DR PD-1 PD-L1

PD-L1

Fig. 2 Example of paired primary site and bone metastasis site with the staining of Hematoxylin&Eosin, CD4, CD8, CD68, HLA-DR, PD-1 and PD-L1. 
(Original magnification × 200)
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Fig. 3 Stromal TILs counts in primary site and bone metastasis. A Change in TILs percentage overall. B CD4 + and CD8 + TILs counts in primary site 
and bone metastasis. C CD68 + and HLA-DR + Macrophages counts in primary site and bone metastasis. D PD-1 and PD-L1 positivity percentage in 
primary site and bone metastasis. The asterisk in the figure refers to p < 0.05
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one medical center. Staining on bone tissue also brings 
challenges due to technical issues which need optimiza-
tion for better clarity and accuracy in quantification.

Conclusions
Our study shows that BCBM sites exhibit an abundance 
of stromal cells and an inactive immune mircroenviron-
ment compared with paired primary breast tumor sites. 
Application of combination immunotherapy in select 
groups of BCBM patients deserves further exploration.
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