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Introduction: Breast cancer is the second leading cause of cancer-associated death in women. Herein, we explored the associations of
cytokines, pain, and bone metastasis between patients before and after radiotherapy in breast cancer with bone metastasis. The pain
caused by metastasis was effectively relieved by external radiation therapy. However, the underlying mechanisms remain unknown.
Methods and Results: In this case-controlled study, we enrolled healthy individuals (n = 10) and bone metastatic cancer patients (n = 30).
Peripheral venous blood samples were collected from healthy controls, and one week before and after radiotherapy, the peripheral venous
blood and clinical characteristics of cancer patients were collected. We analyzed the blood cytokine profile, quality of life (QOL), and pain
score of patients pre- and post-radiotherapy to explore the possible causes of pain relief. Both the pain score and QOL significantly improved
after radiotherapy. The serum cytokine profiles of patients were significantly different before radiotherapy than after. Meanwhile, only three
cytokines differed between post-radiotherapy and healthy controls. We believe radiotherapy stimulated local immune storms in bone tissue
and promoted significant changes in cytokines pre- and post-radiotherapy. Therefore, the bone microenvironment of early breast cancer
patients with bone metastasis pain can be restored after radiotherapy. Restoring a healthy bone environment can not only relieve the pain but
also improve the patient’s QOL.

Conclusion: Tumor cells can effectively activate immune cells in the bone microenvironment through direct interaction, releasing many
factors and promoting bone metastasis. Early local radiotherapy of bone metastases can restore the microenvironment and improve the QOL
and prognosis of patients, thereby comprehending a novel target for prevention, treatment, and therapy of bone metastases.
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Introduction

Breast cancer is the second leading cause of cancer-associated death in women, with 2.3 million new cases reported in
2020 worldwide.! In the United States, 279,100 new cases and 42,690 deaths were reported in 2020. Based on the
statistics provided by the Cancer Statistics Bureau, breast cancer is the most common cancer in women (accounting for
30% of female cases) and the second cause of cancer-associated death (accounting for 15% of female cancer deaths).”
Bone metastasis is frequently observed in breast cancer patients, with the spine, ribs, pelvis, and long bones being the
most common sites.” Bone metastases often lead to bone-related problems, including spinal cord compression, bone
marrow regeneration disorders, hypercalcemia, pain, and pathological fractures. The median time from the diagnosis to
the first occurrence of bone-related events in breast cancer patients with bone metastases is only 1.8 months, and the
1-year incidence of SREs is as high as 40%.* Therefore, bone adverse events negatively impact the survival, activity, and
quality of life (QOL) of patients, posing a significant threat to women’s health.
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Due to the constant and dynamic reshaping of bone tissue throughout life, the occurrence and progression of bone
metastases is a complex process. Under physiological conditions, the crosstalks between osteoblasts and osteoclasts at the
molecular level are significantly required for bone remodeling. For example, the differentiation of osteoclasts is
significantly controlled by the signals provided by osteocytes and osteoblasts through the soluble or membrane-bound
RANKL. By directly binding to the RANK receptor, RANKL can promote maturation and regulate the function of
osteoclasts. Osteoclast differentiation can also be negatively mediated via another soluble decoy RANKL receptor
secreted by osteoblasts, osteoprotegerin (OPG). In contrast, osteoclasts affect the differentiation and activity of osteo-
blasts by secreting semaphorin 4D (Sema 4D) and other factors.” Furthermore, osteoclast and osteoblast functions can be
significantly regulated by bone matrix-secreted cytokines, including insulin-like growth factor-1 (IGF-1) and TGF-B.°

Bone remodeling imbalance is dramatically associated with bone mass and significantly connected to pathological
conditions. The bone metastasis of breast cancer has an organ-specific spreading pattern. Osteoblast factors expressed by
breast cancer cells deregulate the function, recruitment, and differentiation of osteoblasts and osteoclasts, promoting the
proliferation, survival, colonization, invasion, and homing of breast cancer cells in bones.” Cytokine and chemokine signaling
intervene and regulate different steps of metastatic processes, such as tumor cells detachment from the primary tumor mass,
bone colonization, cell proliferation, dissemination, migration, and epithelial-to-mesenchymal transition (EMT).® Therefore,
bone formation and resorption balance disruption are closely associated with mixed, osteoblastic, or osteolytic bone lesions.

Furthermore, pain is significantly associated with bone metastases, but there are no strict dependencies between pain
intensity and bone metastatic size and extent. The pain caused by bone metastasis is considered neuropathic pain,
regulated and transmitted by the primary efferent nociceptor located around the nerve. Different types of receptors
contribute to detecting harmful stimuli, such as inflammatory molecules, heat, lipid metabolites, and acids. The persistent
inflammatory and acidic environment at metastatic lesions lead to persistent irritation, hyperalgesia (hypersensitivity to
pain), and ectopic pain (central pain sensitization).” Radiotherapy is the gold standard for treating bone metastases pain'®
and can effectively relieve bone metastases pain and improve the QOL of metastatic patients.'' Nevertheless, the
mechanisms underlying pain relief after radiotherapy are unclear. Candidate cytokines can predict the efficacy of
radiotherapy for cancer-induced bone pain, and their expression levels pro- and post- radiotherapy are related to
analgesia.'”> However, there is no substantial evidence of an interaction between radiotherapy and cytokines."?
Therefore, in the present study, we analyzed the expression levels of cytokines in peripheral blood of breast cancer
patients with bone metastasis pain pre- and post-radiotherapy. We also evaluated the pain relief degree and provided
strong evidence for the association between cytokines and bone metastasis relief after radiotherapy.

Methods

Patients

Enrolled patients were divided into three groups: A: pre-radiotherapy, B: post-radiotherapy, and C: healthy individuals
(controls). Except for the healthy controls, all patients who met the following criteria were included: 1) female; 2) breast
cancer with bone metastasis; 3) no other internal organ metastases; 4) no radiotherapy or chemotherapy within four weeks; 5)
bone metastases were diagnosed using positron emission or radiological computed tomography (CT). Magnetic resonance
imaging (MRI) and CT were conducted to evaluate bone destruction. Additionally, patients with long-term nonsteroidal and
glucocorticoid anti-inflammatory drugs, psychiatric disorders, immune system diseases, and infectious diseases were
excluded. Ten healthy individuals between 18 and 50 years with no chronic disease or long-term medication were recruited
from the physical examination center. All enrolled patients were followed up until the end of this study.

Measurement of Cytokines
After collecting peripheral venous blood, samples were centrifuged for 5 min at 3000 rpm and 4 °C to separate and
collect blood serum. The BCA assay (KangChen KC-430) was conducted to determine protein concentrations. Serum
samples were stored at —80 °C until further analysis.

The Human Cytokine Array G5 membrane (Raybiotech #AAH-CYH-G5) was designed and used to detect serum
cytokines (n = 80). Briefly, after 30-min blocking with blocking buffer, samples were incubated overnight at 4 °C or for
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1-2 h at room temperature. Then, membranes were washed and incubated for 1-2 h with diluted biotin-conjugated
antibodies at room temperature. After washing, samples were incubated with streptavidin-coupled fluorescence at room
temperature and rewashed. An Axon scanner was used to scan and record the signals. Densitometry was used to quantify
the intensities of signals collected to evaluate the expression of cytokines. After eliminating background signals, cytokine
expression values were normalized to median values, and protein expression fold changes (FCs) were calculated.

Statistical Analysis

SPSS 23.0 was used for data analysis. All data were normally distributed, and the Student’s z-test was carried out for
pairwise comparisons. One-way ANOVA was performed to analyze the variance homogeneity and compare the results
from multiple groups. Pearson’s correlation test was conducted to evaluate the correlation between indicated parameters.
A p < 0.05 was considered statistically significant.

Results

Patient Clinical Characteristics

To meet the minimum standard for statistical analysis,'* we enrolled 30 bone metastasis-associated pain cancer patients
from June 2017 to May 2021. Cytological, radiological, and clinical examinations were carried out to diagnose patients,
and a visual analog scale (VAS) was used to evaluate pain levels. The mean age of patients was 48.06 + 11.94 years
(minimum 25 and maximum 70). Ten healthy women without chronic disease or long-term medication history were
enrolled as controls (average age of 40.5 + 11.1 years). Since the normal expression levels of cytokines were not obtained
after the inclusion of tumor patients, we used the expression of cytokines in healthy controls as the baseline to measure
increases or decreases in tumor patients before and after radiotherapy. The mean VAS pre- and post-radiotherapy were
5.56 £ 1.34 and 3.90 + 2.31, respectively. The mean QOL scores were 27.00 + 5.70 and 47.87 £ 9.17. Both the pain score
[odds ration (OR): 0.004, 95% confidence interval (CI): 0.000-0.081, p < 0.001] and QOL score (OR: 0.278, 95% CI:
0.094-0.823, p < 0.001) significantly improved after radiotherapy. The baseline characteristics of patients are presented
in Table 1.

Identification of Pain-Associated Cytokines

We used the Human Cytokine Array G5 antibody chip to measure the production of 80 pain-related cytokines in serum.
Volcano plots (FC > 1.5 or < —1.5, p < 0.05) were used to determine differentially expressed cytokines between group
pairs (Figure 1). Twenty-one cytokines were differentially expressed between groups A and C. Three cytokines were
differentially expressed between groups B and C. Additionally, 24 cytokines were differentially expressed between
groups B and A. Differentially expressed cytokines in the three groups are shown in Figure 2. Compared to healthy
controls, LEPTIN, MIP-18, MIF, and IL-3 were downregulated in group A, while MDC, LIGHT, THPO, IGPBPI1,
CKp8-1, BDNF, OPG, IGFBP3, PDGF-BB, TGF-B3, CCL26, VEGF-A, CCL24, TGF-B2, FGF4, MCP-2, and Flt-3LG
were upregulated. Compared to group B, IL-3, MIP-3a, MCP-4, FGF7, SCF, and BLC were downregulated in group A,
and HGF, IGFBP4, MIG, MDC, Flt-3LG, IL-5, THPO, CX3CL1, OPG, IL-6, IFN-y, VEGF-A, 1-309, GRO, OSM, LIF,
IGFBP3, and NAP-2 were upregulated. Only MIP, GRO, and LEPTIN were upregulated in group B compared to healthy
controls.

Clustering Analysis of Differentially Expressed Cytokines

Further, we performed cluster analysis and built heatmaps for the 24 differentially expressed cytokines pre- and post-
radiotherapy and the 21 differentially expressed cytokines pre- and post-radiotherapy compared to healthy controls
(Figure 3).

The corresponding MIP-3a, IL-3, FGF7, SCF, MCP4, and BLC regions are mainly red in Figure 3A, indicating that
the samples represented by these cytokines were highly expressed in this region. HGF, IGFBP4, MIG, MDC, Flit-3LG,
IL-5, THPO, CX3CL1, OPG, IL-6, IFN-y, VEGF-A, 1-309, GRO, OSM, LIF, IGFBP3, and NAP-2 were higher post-
radiotherapy than pre-radiotherapy, and the post-radiotherapy area is dominated by red in the heatmap. The expression
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Table | Baseline Characteristics

NO. | Constituent Ratio (%)
Age
<60 25 83.33
260 5 16.67
ER
Positive 27 90.00
Negative 3 10.00
PR
Positive 22 73.33
Negative 8 26.67
HER-2
Positive 23 76.67
Negative 7 23.33
T
TI 14 46.67
T2 10 3333
T3 and T4 6 20.00
Site of bone metastasis
Skull 0 0.00
Chest bones 22 32.84
Spinal cone 25 37.31
Pelvis 14 20.90
Limb bones 6 8.96

Notes: The whole skeleton of the human body is divided into 5 regions
and 15 parts. (1) skull; (2) Chest bones: scapula, clavicle, sternum, ribs;
(3) Spinal vertebra: lumbar vertebra, thoracic vertebra and cervical
vertebra; (4) Pelvis: sacrum and sacroiliac, ilium, ischium, pubis; (5)

Limbs: upper and lower limb bones.

levels of LEPTIN, MIP-15, MIF, and IL-3 were higher in healthy controls than in pre-radiotherapy. The corresponding
area of healthy controls in the heatmap is redder than in pre-radiotherapy. The expression levels of MDC, LIGHT, THPO,
IGPBP1, CKp8-1, OPG, IGFBP3, TGF-B3, CCL26, VEGF-A, CCL24, TGF-B2, FGF4, MCP-2, and Flt-3LG were higher
in healthy controls than in tumor patients pre-radiotherapy. In the heatmap, the pre-radiotherapy corresponding area is
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Figure | Volcano plots of differentially expressed cytokines. Differentially expressed cytokines between groups A and C (A), groups B and C (B), and groups B and A (C).
Significant changes (FC 2 I.5 or < —I.5, p < 0.05) are represented as red dots. Non-significant changes are represented as black dots.
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Figure 2 Expression levels of 24 significantly changed cytokines between pre-and post-radiotherapy are presented in (A-D). The expression levels of six significantly
downregulated cytokines are shown in (A). Expression levels of |8 significantly upregulated cytokines are shown in (B—D). The expression levels of 21 significantly changed
cytokines between pre-radiotherapy and healthy controls are presented in (E-H). The expression levels of four significantly downregulated cytokines are shown in (H). The
expression levels of |7 significantly upregulated cytokines are shown in (E-G). However, only three cytokines significantly changed between post-radiotherapy and healthy
controls (1.

dominated by green, and in healthy controls is dominated by red. However, PDGF-BB and BDNF are not evident in the
heatmap.

Discussion

Although significant progress has been made in the early diagnosis and treatment of breast cancer, 20 to 30% of early
breast cancer patients might develop tumor recurrence or distant metastasis, with the most common site being the
bone.'” Bone adverse events significantly negatively impact patients’ survival, activity, and QOL, thereby posing
a significant threat to women’s health. We believe that local radiotherapy for breast cancer patients with bone metastases
can help restore the bone microenvironment, reduce the occurrence of bone adverse events, and improve patient
prognosis.
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Figure 3 Cluster analysis heatmap. The hierarchical clustering methods applied were the Between-groups linkage and Squared Euclidean distance. (A) Cluster analysis of 24
significantly changed cytokines between pre- and post-radiotherapy; The distribution of cytokines from top to bottom on the right side of the heatmap is MIP-3a, IL-3, FGF7,
SCF, MCP4, BLC, GRO, OPG, IGFBP4, HGF, Fit-3LG, MIG, NAP-2, IL-6, IFN-y, I-309, CX3CLI, OSM, MDC, IL-5, VEGF-A, IGFBP3, LIF, THPO; (B) Cluster analysis of 2|
significantly changed cytokines between pre-radiotherapy and healthy controls. The distribution of cytokines from top to bottom on the right side of the heatmap is PDGF-
BB, BDNF, TGF-B3, IGFBP3, LIGHT, IGFBPI, TGF-$2, CKB8-1, CCL24, CCL26, MDC, THPO, VEGF-A, FGF4, MCP-2, Fit-3LG, MIP-15, MIF, IL-3, and LEPTIN. In the
heatmap, the higher the expression level of cytokines, the redder the color of corresponding regions, the higher the correlation of cytokines, and the more concentrated the
arrangement.

Multivariate analysis of risk factors for early bone metastasis of breast cancer found that age, primary tumor size, and
the number of axillary metastatic lymph nodes may be the influencing factors for early bone metastasis of breast cancer.
For example, age > 59 years old, tumor stage T2 and above, and the number of axillary lymph node metastasis > 10 were
independent risk factors for early bone metastasis of breast cancer. At the same time, the above two factors are also
related to the OS of breast cancer patients. The larger the primary tumor, the more the number of axillary lymph node
metastases, which often indicates a worse prognosis.'®'® The local pain score and quality of life of the patients with
early bone metastasis of breast cancer who were included in this study were significantly improved after radiotherapy. We
were surprised to find that the expression level of cytokines after radiotherapy was not significantly different from that of
healthy people, except for three cytokines. We speculate that the improvement of OS in patients with early bone
metastasis of breast cancer by radiotherapy may be related to the expression level of cytokines. However, the human
immune system, tumor microenvironment, and local microenvironment of bone tissue are closely related to cytokines.

The underlying mechanisms of the crosstalk between breast cancer cells, immune system, and bone have been
intensively investigated, and many studies have determined the specific roles of different cells in bone metastasis. The
bone microenvironment significantly participates in bone metastasis and the growth of some tumors. Moreover, various
immunomodulatory cytokines influence the fate of osteocytes. Many studies have shown the relationship between
cytokine expression and prognosis during radiotherapy. Recent reports have also shown the effects of TGF-f in the
adaptation of cancer cells to radiotherapy. For example, TGF-B family members can regulate the proliferation, differ-
entiation, apoptosis, EMT, and metastasis of cancer cells. TGF-B is a well-known and multitasking cytokine that
regulates various reactions and interactions within the tumor and normal tissues, protecting normal tissue and inhibiting
tumor sensitization.'*?® Platelet-derived growth factor (PDGF) is also associated with a poor prognosis of various
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malignancies. Er et al?' found that the decrease of PDGF-BB expression in peripheral blood after radiotherapy can
improve the prognosis of patients. It is speculated that radiotherapy would regulate the expression of cytokines through
TGF-B/PDGF pathways. Besides, breast cancer risk is significantly connected to IGF-I and its binding proteins (BPs).
Radiotherapy can dramatically decrease IGF-I production in patients, suggesting its independent prognostic value and
influence on breast cancer recurrence.>’ Additionally, low baseline PDGF-AA, MCP-2, TGF-B1, TNF-0, and high IFN-y
are significantly associated with prolonged progression-free survival of patients.*®

Herein, we found that 21 cytokines were differentially expressed between pre-radiotherapy samples and healthy
controls, 24 between pre- and post-radiotherapy, and three between post-radiotherapy and healthy controls. No significant
difference was detected in cytokine expression between breast cancer patients with bone metastases and healthy controls
after radiotherapy. Moreover, breast cancer patients experienced significantly improved pain and QOL after radiotherapy,
correlated with cytokine expression levels in peripheral blood. Thus, we believe that the pain of breast cancer patients
with bone metastases treated with radiotherapy is closely related to cytokines. The abscopal effect induced by radio-
therapy might depend on the immune system’s activation. The molecular and cellular effects of radiotherapy on the tumor
microenvironment can also help prime and propagate antitumor immunity.>* Bone metastases represent the local tumor
microenvironment of breast cancer in bone tissue, and radiotherapy for bone metastases activates the production of
proinflammatory cytokines. Therefore, our current results provided evidence for a close link between radiotherapy and
immunotherapy.

Pain is common in breast cancer patients with bone metastases. If the bone is the only metastatic site of breast cancer
patients, early local radiotherapy can restore the microenvironment, reduce the occurrence of bone adverse events, and
improve the QOL and prognosis. However, our current study also has limitations. For example, due to the economic
constraints and strict inclusion criteria, this study had a small sample size. Therefore, a larger cohort is needed to validate
our conclusions in the future.

Conclusion

Tumor cells can effectively activate immune cells in the bone microenvironment through direct interaction, releasing
many factors and promoting bone metastasis. Early local radiotherapy of bone metastases can restore the microenviron-
ment and improve the QOL and prognosis of patients, comprehending a novel target for prevention, treatment, and
therapy.
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