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Abstract: The microbiota residing in the gut environment is essential for host homeostasis. Increasing evidence sug-
gests that microbial perturbation (dysbiosis) regulates cancer initiation and progression at local and distant sites. 
Here, we have identified microbial dysbiosis with the depletion of commensal bacteria as a host-intrinsic factor 
associated with metastatic dissemination to the bone. Using a mouse model of triple-negative mammary cancer, 
we demonstrate that a pre-established disruption of microbial homeostasis using an antibiotic cocktail increases 
tumor growth, enhanced circulating tumor cells, and subsequent dissemination to the bone. We found that the pres-
ence of pathogenic bacteria and loss of commensal bacteria in an antibiotic-induced gut environment is associated 
with sustained inflammation. Increased secretion of G-CSF and MMP-9 in intestinal tissues, followed by increased 
neutrophil infiltration and severe systemic inflammation in tumor-bearing mice, indicates the direct consequence of 
a dysbiotic microbiome. Increased neutrophil infiltration to the bone metastatic niche facilitates extravasation and 
transendothelial migration of tumor cells. It provides a novel, pre-established, and favorable environment to form 
an immunosuppressive pre-metastatic niche. The presence of tumor cells in immunosuppressive metastatic tumor 
niche disrupts the balance between osteoblasts and osteoclasts, promotes osteoclast differentiation, and remod-
els the bone structure. Excessive bone resorption by osteoclasts causes bone degradation and ultimately causes 
extreme pain in a bone metastatic mouse model. In clinical settings, bone metastasis is associated with intractable 
severe pain that severely compromises the quality of life in these patients.
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Introduction

Breast Cancer (BC) has been considered the 
second-highest cancer-related death in women 
after lung cancer, where one in 38 women 
(about 2.6%) will die from BC [1]. A recent 
American Cancer Society (ACS) report estimat-
ed 2.3 million new cases, leading to 685,000 
deaths globally in 2020 [2]. Metastasis to the 
bone is the most common metastatic site in 
about 70% of all metastatic patients and the 
main reason for the high mortality rate among 
BC patients [3]. Bone metastasis is a debilitat-
ing condition commonly encountered in daily 
clinical practice, and patients with bone metas-
tasis subsequently develop complications that 

need medical and surgical intervention. There 
is mounting evidence that chronic pain is a co-
morbidity associated with bone cancer metas-
tasis that severely compromises the quality of 
life in these patients. 

The gut microbiome has emerged as a key 
mediator of health and disease states. In a 
healthy state, gut microbiota and their metabo-
lites regulate the innate and adaptive immune 
systems both locally and systemically [4]. On 
the other hand, disruption of the gut environ-
ment with the use of broad-spectrum antibiot-
ics or chemotherapy alters the microbial com-
munity and leads to the development of chronic 
diseases like Cancer and inflammatory Bowel 
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disease (IBD) [5, 6]. Growing evidence indicates 
the correlation between gut dysbiosis and 
breast cancer progression. A recent study by 
McKee et al. also shows that altering the gut 
microbiota aggravated breast tumor growth [7]. 
In the breast cancer model, tumor infiltration 
with Fusobacterium nucleatum promoted local 
tumor progression and metastases by sup-
pressing T-cell accumulation in the tumor 
microenvironment [8]. Alternation of gut envi-
ronment or dysbiosis of the gut microbiota and 
their metabolites is associated with sustained 
inflammation [9]. Of note, inflammatory cyto-
kines and markers have been shown to be ele-
vated in patients with metastatic breast cancer 
and are associated with a lower survival rate 
[10]. Gut dysbiosis can compromise gut barrier 
integrity and lead to bacterial translocation, 
ultimately developing a chronic inflammatory 
environment in the gut. It has been well estab-
lished that chronic inflammation is associated 
with cancer growth and metastasis to distant 
organs. A recent study demonstrated that anti-
biotic-induced gut dysbiosis affects intestinal 
immune cells and thus alters their immune 
response, leading to accelerated bone metas-
tasis [11].

Interestingly, microbial components from gut 
dysbiosis modulate neutrophil functions and 
regulate the inflammatory response. Moreover, 
Neutrophils are the prime component and  
regulator of the pre-metastatic niche in mouse 
breast cancer models. Neutrophil infiltration 
prepares the pre-metastatic sites before tumor 
cell migration and promotes metastasis with-
out affecting the growth of primary tumors. 

Once neutrophils infiltrate the bone metastatic 
niche, they facilitate the extravasation of tu- 
mor cells and provide a favorable environment 
to form metastasis [12]. Elevated neutrophil 
counts (Neutrophilia) and higher neutrophil-to-
lymphocyte ratio are associated with tumor 
metastasis [13]. At the bone metastatic niche, 
neutrophils dampen the recruitment of other 
immune cells to the bone and suppress the 
resident anti-tumor immunity, causing an im- 
munosuppressive microenvironment that pro-
motes colonization and outgrowth of the dis-
seminated tumor cells [14, 15]. Casbon et al. 
(2014) first reported that G-CSF could recon-
struct the hematopoietic function of bone mar-
row and promote myeloid differentiation, thus 

increasing the number of neutrophils with 
immunosuppressive effect in breast cancer 
[16]. With this immunosuppressive environ-
ment, an influx of breast cancer cells hijack the 
normal bone remodeling process and induce 
bone resorption [17]. In bone metastatic nich-
es, breast cancer cells release different factors 
that induce osteoclast differentiation, matura-
tion, and activity [18]. The presence of cancer 
cells in the bone microenvironment disrupts 
the balance between osteoblasts and osteo-
clasts, leading to excess bone loss [19]. Also, 
studies have found that gut microbiota is 
involved in causing other bone diseases, like 
osteoarthritis and osteoporosis, through the 
brain-gut-bone axis. Increased osteoclast dif-
ferentiation and osteolytic activity likely con-
tribute to bone metastasis, creating space for 
tumor cells to infiltrate the bone microenviron-
ment. However, very few studies have investi-
gated the role of microbial dysbiosis in meta-
static breast cancer. 

The tumor microenvironment is complex, with 
metabolic interdependency between stromal, 
endothelial, and immune cells. Recent studies 
have revealed that neurons actively innervate 
the tumor microenvironment and promote 
tumor development and progression [20]. 
Tumor cells growing around existing nerves  
and the crosstalk between nerve cells and  
cancer cells, both systemically and locally, have 
emerged as a crucial hallmark of cancer pro-
gression. Studies have shown that cancer cells 
secrete several neurotrophic factors that 
induce nerve cells to invade and promote neu-
rogenesis. On the other hand, neuronal cells 
secrete chemokines and neurotransmitters 
that essentially stimulate cancer cell prolifera-
tion, angiogenesis, and invasion. Thus, there is 
a reciprocal relationship between neurons and 
tumor cells.

Moreover, inflammatory cells such as proin-
flammatory macrophages and dendritic cells 
are recruited into the tumor microenvironment. 
Inflammation releases several pain-associated 
mediators and promotes neuronal plasticity 
and peripheral innervation. Inflammatory medi-
ators such as NGF, endothelin’s, VEGF, prosta-
glandins, bradykinin, and cytokines released  
by macrophages and other non-neuronal cells 
in tumor microenvironment can activate the 
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peripheral sensory fibers to induce inflamma-
tory pain sensation [21]. 

Several recent studies have shown that antibi-
otic-induced gut microbiota disturbances drive 
metastatic dissemination in breast cancer 
patients and mammary cancer models [22, 
23]. There is growing evidence that chronic 
pain is a co-morbidity associated with bone 
cancer metastasis. Very few studies have 
investigated the mechanism/s underlying anti-
biotic-induced gut dysbiosis that causes chron-
ic pain in a bone metastatic pain model. In this 
study, we investigated how microbial dysbiosis 
associated with metastatic bone cancer con-
tributes to chronic pain using clinically relevant 
orthotopic mouse BC models. We identified sig-
nificantly increased primary tumor growth in 
animals treated with broad-spectrum antibiot-
ics to disrupt gut microbiome. In antibiotic-
treated mice, the presence of elevated patho-
genic bacteria and loss of commensal bacterial 
species in the gut disrupt the gut homeostasis 
and induce inflammation. Increased neutrophil 
infiltration through the gut barrier allows tumor 
cells to infiltrate bone circulation. The presence 
of tumor cells creates a super-immunosuppres-
sive metastatic tumor niche where tumor cells 
promote osteoclast differentiation and remodel 
the bone structure [24-26]. Excessive bone 
resorption by osteoclasts causes bone degra-
dation and ultimately causes bone pain in a 
bone metastatic pain model.

Methods and materials

Animal

All animal experiments were performed in com-
pliance with protocols approved by the Ins- 
titutional Animal Care and Use Committee at 
the University of Miami, Miami, FL. 8-10 weeks 
female BALB/C mice were purchased from the 
Jackson Laboratory (Bar Harbor, ME) and used 
for the entire study. These mice were main-
tained at the University of Miami facility, with 
two to five mice housed in each cage kept in a 
12-hour light-dark cycle with ad libitum access 
to food and water. Animals were randomly 
assigned for behavioral and biochemical 
analyses. 

Cell culture

All cells were cultured at 37°C in a humidified 
atmosphere with 5% CO2 in the air, and every 

two days, a fresh medium was added to the 
cells. Triple-negative breast cancer cell line 
(4T1-Luc) [American Type Culture Collection 
(ATCC)] were grown in high glucose DMEM 
(Thermofisher, Carlsbad, California, US) supple-
mented with 10% fetal bovine serum (FBS) 
(Hyclone, Thermofisher) and 100 units/mL pen-
icillin/streptomycin (Pen/Strep) (Thermofisher). 
Cells were maintained at 37°C and 5% CO2.

Mouse neuro-2a (N2a) neuroblastoma cells 
(ATCC® CCL-131™) were purchased from the 
American Type Culture Collection (Rockville, 
MD, USA). N2a cells were cultured in Dulbec- 
co’s modified Eagle medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum  
(FBS, Hyclone, Thermofisher) and containing 
1% (v/v) antibiotics (100 U/mL penicillin, 100 
mg/mL streptomycin) (Thermofisher). N2a  
cells were incubated at 37°C in a 5% CO2 
humidified atmosphere and passaged twice a 
week. N2a cells are broadly used to study the 
neuronal differentiation mechanism and neu-
rite outgrowth.

Breast cancer model

For orthotopic xenograft assays, 50 μL of 5 × 
105 4T1-Luc cells were suspended in 50 μL 
Matrigel and subcutaneously injected into the 
4th mammary fat-pad of 10-12 weeks-old 
female BALB/C mice, using seven animals/
group. Tumor growth was monitored by twice-
weekly caliper measurement, and volumes 
were calculated as (long-side × short-side2)/2. 
Primary tumors were removed when they 
reached 800 mm3. Primary tumors were 
excised and stored for future experiences.

Behavioral tests

All behavioral experiments were carried out, 
with the investigators being blinded to treat-
ment conditions. For von Frey testing, animals 
were habituated in boxes on an elevated metal 
mesh floor under stable room temperature and 
humidity for at least two days (30 minutes per 
day) before baseline testing. For Von Frey test-
ing, mice were confined to individual 5 × 5 cm 
boxes placed on an elevated wire grid. A series 
of von Frey fibers with logarithmically increas-
ing stiffness were applied to the plantar sur-
face of the hind paw, and the paw withdrawal 
threshold (PWT) was calculated using the up-
down method. A threshold force of response (in 
grams) was defined as the first filament that 
evoked at least two withdrawals out of five 
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applications. Seven or fewer filaments were 
applied to animals. Facial grooming is evaluat-
ed by counting the number of forepaws rubbing 
and hind paw scratching for 10 minutes.  
Heat sensitivity was tested using Hargreaves 
radiant heat apparatus (IITC Life Science). The 
hind paw withdrawal latency was recorded, with 
a cut-off of 20 seconds, to prevent tissue 
damage.

Cytokine and chemokines assays

After euthanasia, terminal blood was collected 
immediately through the cardiac puncture into 
endotoxin-free silicone-coated tubes without 
additives from control and tumor-bearing mice 
with/without antibiotics. The collected blood 
was allowed to clot at 25°C for 30 min, follow- 
ed by centrifuging (1800 × g, 4°C, 15 min) to 
obtain serum. The serum specimens were pre-
served at -80°C. Cytokine and chemokine lev-
els from mouse serum (1:1 dilution) were ana-
lyzed semi-quantitatively using the Luminex 
platform and done as a multiplex according  
to the manufacturer’s instructions (R&D 
Systems) to assess circulating tumor-associat-
ed inflammatory mediator levels. Fluorescent-
labeled beads coated with a specific capture 
antibody were added to each sample. After 
incubation and washing, a biotinylated detec-
tion antibody was added, followed by phycoery-
thrin-conjugated streptavidin. The beads were 
read on a Luminex instrument (Luminex 200 
analyzer). Each cytokine level on the well was 
normalized to the intensity of the positive con-
trol sample. Signal intensity is graphed in arbi-
trary units versus control expressed as one.

RNA isolation from 4T1-Luc and neuro-2a cells 
and first-strand cDNA synthesis

ACCORDING TO THE MANUFACTURER’S INS- 
TRUCTIONS, total RNA from 4T1-Luc and Neuro-
2a cells were isolated using an RNeasy Mini Kit 
(Qiagen, Gaithersburg, MD, USA, Cat# 74104). 
First, DNase I, RNase-free (Westlake, LA, USA, 
Cat# M0303S) treatment, was used to digest 
contaminated genomic DNA. Then, to check 
the integrity and overall quality of isolated 
RNAs, two µg RNAs were applied to Agilent 
2100 Bioanalyzer to measure RNA quality by 
determination of absorbance at 260 and 280. 
Next, the cDNA was synthesized using the RT2 
First Strand Kit (Qiagen, Valencia, CA, USA) fol-
lowing the manufacturer’s instructions.

Real-time RT2 profiler PCR array

Eighty-four genes or biological pathways in- 
volved in mediating communication between 
tumor cells and the cellular mediators of inflam-
mation and immunity were analyzed using the 
RT2 Profiler Cancer Inflammation and Immunity 
Crosstalk PCR Array (Qiagen, Gaithersburg, MD, 
USA). According to the manufacturer’s protocol, 
the high-quality cDNAs were used on the real-
time RT2 Profiler PCR Array in combination with 
Applied Biosystems SYBR™ Green PCR Master 
Mix (Cat. no. 4312704). A 102-µL cDNA synthe-
sis reaction volume was mixed with 2 × RT2 
SYBR Green Master mix and RNase-free water 
to obtain a total volume of 2,700 µL. Sub- 
sequently, 25 µL of the PCR component mix 
was placed into each well of the PCR array (a 
96-well array). The three steps of the cycling 
program were 95°C for 10 min for one cycle, 
followed by 40 cycles of 95°C for 15 s and 
60°C for 60 s. This process was repeated for 
40 cycles using the ABI-7500 (Applied Bio- 
systems, Waltham, MA, USA). The expression 
levels were quantified relative to the values 
obtained for housekeeping genes (ACTB, B2M, 
GAPDH, HPRT1, and RPLP0). The PCR array 
was performed in triplicate.

Analysis of real-time RT2 profiler PCR array

Online Analysis Software (https://geneglobe.
qiagen.com/us/analyze) was used to analyze 
PCR Array data. All plates had three positive 
PCR controls and three reverse-transcription 
controls. Calculations of contamination with 
mouse genomic DNA, according to the manu-
facturer’s instructions, showed the presence  
of genomic DNA in an acceptable range that 
would not influence experiment performance. 
The cycle threshold (Ct) values obtained in 
quantification were used to calculate fold 
changes in mRNA abundance. The average was 
chosen from the group of six housekeeping 
genes as the varying reference genes. Changes 
in mRNA level for evaluated genes were 
assessed in all groups in relation to the control 
group of animals, with mRNA abundance set up 
arbitrarily as 1.

In vivo bioluminescence imaging

Before in vivo imaging, mice were shaved in the 
region of interest depicted in the figure. Then, 
bioluminescence images of 4T1-Luc2 cells 
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bearing mice were captured using the IVIS 
Spectrum CT Pre-Clinical In Vivo Imaging 
System (PerkinElmer, MA, USA) 15 min after 
intraperitoneal injection with 10 μL/g of body 
weight with a solution of Luciferin (PerkinElmer) 
prepared in PBS at 15 mg/mL. Imaging was 
performed on days 7, 10, 17, and 22 for the 
orthotopic injection model. Total photon flux 
(photons per second) was analyzed from a  
fixed region of interest (ROI) in the tumor area 
using Living Image 4.50 software from 
PerkinElmer. A control (noninjected) mouse 
was used for analysis, and the average radi-
ance of each tissue was subtracted from the 
average radiance of the injected mice.

Bone marrow collection

After euthanization, tibia and femur bones were 
carefully removed and kept in a Petri dish 
placed on ice. The muscles surrounding the 
femur were gently removed, followed by gentle 
separation of the distal epiphysis from the fem-
oral shaft using a tweezer. Then, the ends of 
the tibia and femur bones were cut by a scalpel 
blade to expose the marrow, followed by insert-
ing a 25-gauge needle into the distal end of  
the femur and injection of 1 ml cold complete 
media (Gibco, Thermo Fisher Scientific) and col-
lected in a 15-ml tube. We then inverted the 
bone to flush twice from the proximal end, and 
cells were centrifuged at 800 × g for 5 min at 
4°C. Cells pellet were washed with cold PBS/
EDTA buffer followed by filtering through a 
70-μm mesh cell strainer for subsequent 
detections.

Flow cytometry

To analyze the immune subsets, present within 
the bone marrow tumor microenvironment, 
cells from bone were harvested (described pre-
viously) and treated with 1 × RBC lysis buffer 
(Sigma) to reduce red blood cell contamina- 
tion. They were counted with 2 × 106 cells per 
sample and fixed by 4% paraformaldehyde 
(PFA). The cells were blocked and permeabi-
lized by Fc receptor staining buffer containing  
1 μg/ml of anti-mouse-CD16/CD32 (101302, 
Biolegend), 2.4 G2, 2% FBS, 5% NRS, 2% NMS, 
0.1% Triton X-100 in HBSS (BD bioscience) for 
30 min at room temperature. Cells were wash- 
ed with PBS and pelleted, followed by each 
sample being transferred to a well of a 
U-bottomed 96 well plate before proceeding 
with antibody staining. An antibody master mix 

containing all antibodies used for staining was 
prepared in PBS to a total volume of 100 μl per 
sample. Cells were washed after staining with 
staining buffer and fixed with fixation buffer 
(BioLegend). Samples were washed once with 
PBS with EDTA, and finally, flow cytometry 
events were acquired using a Cytek Aurora  
flow cytometer. Data were analyzed using 
SpectroFlo software (version 10.8.0; Tree Star, 
Ashland, OR).

Fecal sample collection and DNA extraction

Fecal samples from the distal colon region 
were collected in 1.5 ml RNase/DNase-free 
tubes (ThermoFisher Scientific) at various time 
points. The fecal samples were immediately 
frozen on dry ice and then stored at -80°C. 
Samples were lysed using glass beads in 
MagnaLyser tissue disruptor (Roche, Indian- 
apolis, IA), and total DNA was isolated using 
Power-soil/Fecal DNA Isolation Kit (Mo-Bio, 
Carlsbad, CA) as per the manufacturer’s speci-
fications. All extracted DNA samples were 
stored at -80°C until amplification.

16S rRNA gene sequencing

The University of Minnesota Genomics Center 
performed sequencing. The hypervariable  
V4 region of the 16S rRNA gene was PCR  
amplified using the forward primer 515F 
(GTGCCAFCMGCCGCGGTAA), reverse primer 
806R (GGACTACHVGGGTWTCTAAT), Illumina 
adaptors, and molecular barcodes to produce 
427-bp amplicons. Amplicons were sequenced 
with the Illumina MiSeq version 3 platform, 
generating 300-bp paired-end reads. Unfor- 
tunately, the extraction controls could not  
be PCR amplified due to the very low copy num-
ber (less than 10 in extraction control versus 
10e-8 copies in experimental samples) and 
were therefore excluded from the sequencing 
process.

Bioinformatics analysis

Demultiplexed sequence reads were clustered 
into amplicon sequence variants (ASVs) with 
the DADA2 package (version 1.21.0) [27] imple-
mented in R (version 4.0.3) and RStudio (ver-
sion 1.1.463). The steps of the DADA2 pipeline 
include error filtering, trimming, learning of 
error rates, denoising, merging of paired reads, 
and removal of chimeras. On average, 26,800 
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sequence reads per large intestine sample 
(Table S1) were kept after error filtering and 
other steps. The ASV table generated by DADA2 
was imported into the QIIME2 pipeline [28] for 
diversity analyses and taxonomic assignment. 
Diversity analyses were performed by using  
the qiime diversity core-metrics-phylogenetic 
script with a sampling depth of 15,000 for  
large intestine samples. Taxonomic assign- 
ment of ASVs was performed to the genus level 
using a naive Bayesian classifier [29] imple-
mented in QIIME2 with the Greengenes refer-
ence database (13_8 99%) [30]. Microbiome- 
Analyst [31] was used for generating scatter 
bar plots and LefSe (Linear discriminant analy-
sis Effect Size) [32] plots. The threshold on the 
logarithmic LDA score for discriminative fea-
tures was set to 2. The cut-off for false discov-
ery rate-adjusted p-value (q-value) was set to 
0.1 for LEfSe analysis. PICRUSt [33] was im- 
plemented within the galaxy app (https://hut-
tenhower.sph.harvard.edu/galaxy/) to predict 
the functional composition of a metagenome 
using 16S data with reference genomes from 
Greengenes [30] and IMG [34] databases. 
KEGG orthologs [35] were used to predict 
metagenome. KEGG pathway was categorized 
to pathway hierarchy level 2. STAMP [36] was 
used to identify differentially abundant path-
ways and generate extended error bar plots. 
BugBase [37] phenotype predictions were 
implemented using the online web app  
(https://bugbase.cs.umn.edu/) to predict high-
level phenotypes present in microbiome sam-
ples using 16S amplicon data. 

Statistical analysis

GraphPad Prism 8 (GraphPad Software, Inc.) 
was used for experimental data analysis  
and plotting. Parametric data were compared 
using Student’s t-test. Quantitative data are 
expressed as means ± SEM of three experi-
ments. The Kruskal-Walli’s test was used to 
detect if α diversity differed across treat- 
ments. Permutational multivariate analysis of 
variance (PERMANOVA) was used to detect if  
β diversity differed across treatments. Ben- 
jamini-Hochberg method was used to control 
the false discovery rate (q-value). The student’s 
t-test was used to analyze the data differences 
between the two groups. One-way ANOVA fol-
lowed by Tukey’s or Dunnett’s multiple compari-
son tests was used to analyze the data with 
more than two groups. To ensure reproducibili-

ty, all experiments were repeated at least three 
times. All results were considered statistically 
significant if P < 0.05.

Results

Development of breast cancer bone metastatic 
model and assessment of mechanical and 
thermal hyperalgesia in mice

A triple negative mouse mammary cancer cell 
line, 4T1, transfected with Luciferase, was used 
to establish a metastatic breast cancer model. 
4T1-Luc cells were injected orthotopically in the 
fourth mammary gland of 12-week-old female 
BALB/c mice as described [38] (Figure 1A). 
Orthotopic injection leads to spontaneous 
metastasis of the lungs, lymph nodes, liver, 
brain, and bone [39]. As expected, significantly 
increased expression of 4T1-Luc breast cancer 
cells was detected in the bone marrow, indicat-
ing bone metastasis (Figure S1A). Bone metas-
tasis was also investigated by staining the  
cytokeratin-positive cells in the bone marrow, 
and the result demonstrated that cytokeratin-
positive cells in the marrow are indeed tumor 
cells, further validating our model (Figure S1B). 
Since about 50-70% of metastatic breast can-
cer patients develop liver metastases, and 5% 
to 12% of these patients develop liver metasta-
ses during cancer recurrence [40, 41]. We 
investigated the liver and lungs for metastases. 
Tumor-bearing mice showed increased liver 
weight to control, and metastatic nodules were 
visible in the gross morphology of the liver and 
lungs (Figure S1C and S1D). 

In parallel, we evaluated pain sensitivity in mice 
with metastatic breast cancer to bone com-
pared with control mice (Figure 1B). Our results 
indicated increased mechanical and thermal 
pain sensitivity in mice by von Fray, tail flick, 
and hot plate methods during tumor growth. 
Compared to controls, mice with metastatic 
breast cancer were found to have decreased 
latency to Von Frey, Hot Plate, and Tail Flick 
response (Figure 1C-E), which collectively indi-
cate heightened pain sensitivity. Remarkably, 
these results persisted 38 days post-tumor 
injection, indicating long-term hypersensitivity 
to thermal and mechanical pain sensitivity in 
the murine model of metastatic breast cancer 
to bone. 

http://www.ajcr.us/files/ajcr0154147suppltab1.xlsx
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Figure 1. A mouse model for breast cancer metasta-
sis to the bone and behavior test for pain sensitivity. 
(A) Schematic representation of the tumor model of 
orthotopic 4T1-LUC cells in syngeneic female BALB/c 
mice. (B) Experimental diagram for behavioral tests. 
(C) Von-Frey test of withdrawal threshold in control 
and cancer mic. Bone metastatic cancer mice ex-
hibit increased basal mechanical sensitivity after tu-
mor inoculation (n=10 mice). (D and E) Nociceptive 
thresholds were tested by measuring latencies in the 
hot-plate test (D) and the tail-flick test (E). Data are 
represented as mean ± SEM. Control versus Cancer. 
Representative of one independent experiment with 
8 mice/group. Two-way ANOVA determined statistical 
significance with Bonferroni post hoc test (*P < 0.05; 
**P < 0.01; ***P < 0.001).

Gut microbiota mediate increased pain sen-
sitivity in murine models of metastatic breast 
cancer to bone

Previous studies have revealed the profound 
role of gut microbiota in modulating pain sensi-
tivity [42, 43]. To evaluate whether pain in our 

murine model of breast cancer metastasis to 
bone is associated with microbial dysbiosis, 
16S rRNA sequencing was performed on intes-
tinal contents collected from control or bone 
metastatic breast cancer (BMBC) mice on the 
day of sacrifice, which is 38 days post cancer 
implantation. On average, we obtained 26,800 
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sequence reads per stool sample and identified 
542 unique ASVs (Table S2). The two “non-phy-
logeny-based” metrics, the Shannon index  
and Chao1, were used to measure α-diversity. 
In the intestine, the Shannon index, which 
accounts for both abundance and evenness, 
showed significant differences between the 
control and cancer groups (P < 0.005), as the 
cancer group mice exhibited a significant 
increase in alpha diversity compared with the 
control group (Figure 2A). The Chao1 diversity 
analysis also indicated a significant increase in 
operational taxonomic unit (OTU) richness in 
the cancer group (P < 0.01) (Figure 2A). 
Moreover, β diversity was assessed by Bray-
Curtis revealed that the cancer group has sig-
nificantly distinct clustering of bacterial com-
munities compared to control mice (P < 0.01) 
(Figure 2B). Further analysis by LefSe (Linear 
Discriminant Analysis (LDA) Effect Size) analy-
sis was performed to determine the bacterial 
taxa that were differentially enriched and re- 
vealed that a net expansion of the relative 
abundance of Bacteroidota, Actinobacteriota, 
Proteobacteria and a reduction of Firmicutes in 
the intestine of the cancer group compared to 
control mice (Figure 2C). A group-wise compari-
son revealed that the decreased abundance of 
the Lactobacillaceae family and increased 
abundance of Micrococcaceae, Mitochondria 
family observed on BMBC mice after cancer 
cells implantation (Figure 2D). 

Stack bar graphs show the relative abundance 
of several bacterial taxa at the phylum level per 
two treatment groups (Figure S2A). A group-
wise comparison revealed that the decreased 
abundance of the phylum Firmicutes and in- 
creased abundance of the Proteobacteria, 
Bacteroidota, and Actinobacteriota were ob- 
served after cancer cell implantation (Figure 
S2B). 

Further analysis of taxonomic groups between 
BMBC and control mice revealed the enrich-
ment of pathogenic bacteria at the genus level 
in the cancer group, as represented by Sta- 
phylococcus, Rothia, and Lachnospiraceae 
(Figure S2C). Additionally, Lactobacillus, known 
to prevent inflammation and maintain barrier 
function, was significantly reduced in the BMBC 
mice. 

Overall, our results show that cancer growth 
significantly altered the large intestine microbi-

ome. These results suggest a strong correla-
tion between gut dysbiosis and subsequent 
increased sensitivity to pain in cancer-bearing 
mice.

A sustained proinflammatory state is associ-
ated with microbial dysbiosis

Inflammatory cytokines have been shown to be 
elevated in patients with metastatic breast 
cancer and are associated with a lower survival 
rate [44, 45]. Microbial dysbiosis is associated 
with sustained inflammation and contributes to 
pain due to persistent proinflammatory immune 
cell activation [46, 47]. Immune cell activation 
is associated with hyperactivity of the tran-
scription factor NF-κB and overexpression of 
inflammatory cytokines [48]. Also, in intestinal 
tissue, chemokine and cytokine secretion by 
immune as well as intestinal epithelial cells 
(IECs) can cause inflammation of the tissues 
and regulate immune cell homeostasis. In order 
to investigate the effect of gut microbial dysbio-
sis on intestinal immune homeostasis, inflam-
matory markers were profiled from serum sam-
ples of bone metastatic breast cancer models. 
We found that the Granulocyte-colony-stim- 
ulating factor (G-CSF) and Matrix metallopro-
teinase-9 (MMP-9) levels are significantly high-
er in the systemic circulation of metastatic 
breast cancer mice than in the control mice 
(Figure 3A and 3B). Under physiological condi-
tions, the G-CSF concentration in plasma is 
almost undetectable. However, in breast can-
cer patients’ plasma, granulocyte colony-stimu-
lating factor (G-CSF) is significantly higher than 
healthy controls [49]. The mucosal environ-
ment’s innate and adaptive immune system 
interacts with gut commensal bacteria; intesti-
nal homeostasis is maintained by exhibiting tol-
erance toward commensals and proinflamma-
tory responses toward pathogens [50].

Moreover, intestinal microbial dysbiosis has 
been shown to activate the immune system 
and promote a proinflammatory environment  
at the intestinal mucosal surface [42]. 16S 
rRNA sequencing results revealed a significant 
decrease in Firmicutes/Bacteroidetes ratio in 
bone metastatic breast cancer mice compared 
to the control group. An overgrowth of the 
pathogenic phylum Bacteroidetes and a sub-
stantial depletion of the commensal genus 
Lactobacillus in the intestinal lumen of mor-

http://www.ajcr.us/files/ajcr0154147suppltab2.xlsx
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Figure 2. Cancer implantation induces gut microbial dysbiosis in cancer mice. A. The Shannon and Chao1 index 
show α-diversity. A t-test was conducted on the Shannon and Chao1 index. Alpha diversity analysis using Shan-
non and Chao1 index shows increased alpha diversity in the cancer mice group compared to the control group. 
B. β-diversity significantly differed between the Cancer and control groups using Bray-Curtis. C. Lefsa plots show 
changes in the abundance of bacteria at phylum, family, and genus levels. D. Tukey’s box plots show the relative 
abundance of the bacterial family significantly changing among cancer and control mice-data represented as bar 
plots with SEM. Data were analyzed by one-way ANOVA with post-hoc Tukey’s test.

phine-treated mice highlighted intestinal in- 
flammation is associated with increased mono-
cyte infiltration in the intestinal lumen [51]. 

Increased infiltration of monocyte-secreted 
G-CSF causes systemic and local intestinal  
tissue inflammation. In addition, increased 
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Figure 3. Inflammatory markers expression. The serum was collected from 
control and Bone metastatic breast cancer mice. G-CSF and MMP9 levels 
were measured and analyzed using Luminex multiplex assay. A. Serum lev-
els of G-CSF. B. Serum levels of CXCL1. n=10/group from one experiment 
was performed, and data was represented as bar plots with SEM. *P < 0.05, 
**P < 0.01, and ***P < 0.001 versus naive controls (Data were analyzed 
by student’s t-test).

expression of G-CSF is associated with neutro-
phil recruitment. G-CSF is known to be pro-
duced locally in inflamed tissues and released 
into the circulation, leading to neutrophil mobi-
lization from the bone marrow or even affecting 
their numbers in the bone marrow. On the other 
hand, MMP9 is undetectable in healthy tissue, 
although highly upregulated during inflamma-
tion and cancer [52]. Increased expression of 
MMP-9 by circulatory neutrophils plays a role in 
basement membrane degradation, promoting 
migration, invasion, and metastases to the 
bone [53]. 

To investigate the role of increased circulation 
of neutrophils in creating bone metastatic nich-
es, we utilized flow cytometry to profile the pri-
mary immune cell populations within the bone 
marrow (BM) of normal mice compared to BM 
at end-stage from mice injected with 4T1-Luc 
cells. Mounting evidence had shown that at this 
time point, most of the 4T1-Luc injected ortho-
topic mice have bone metastases. Compared 
to controls, analysis of immune cell populations 
revealed a significant decrease in leukocytes 
(Figure 4A) in 4T1-Luc injected mice. The popu-
lation of neutrophils identified by the Ly6G sur-
face marker was found to be significantly high 
in cancer-bearing mice (Figure 4B). Along with 
the neutrophil population, the macrophage cell 
population defined by F4/80 was also found to 
be significantly higher in 4T1-Luc injected can-
cer mice (Figure 4D). However, we did find a 

decreased number of mono-
cytic cells in the bone marrow 
cell population, which could 
be due to rapid differentia- 
tion into macrophages, which  
was observed to be elevated 
(Figure 4C). Moreover, we 
found a decrease in NK cells 
and B-cells characterized by 
CD49+ and CD19+ respectively 
(Figure 4E and 4I). Analysis of 
lymphocytic cells revealed a 
decrease in the populations  
of T lymphocytes (Figure 4F). 
Specifically, CD4+ and CD8+ T 
cells were decreased in the 
BM of 4T1-Luc injected mice 
(Figure 4G and 4H). These 
findings suggest that the for-
mation of bone metastases 
may be associated with im- 
mune suppression in the BM.

The spleen is a major site of extramedullary 
hematopoiesis and was shown to be the origin 
of MDSCs in cancer. Interestingly, we observed 
significant splenomegaly in mice injected in the 
4T1-Luc implanted BMBC group, suggesting 
that immune modulation during the formation 
of bone metastases is systemic. Moreover, the 
increase in BM granulocytes and decrease in T 
cells correlated with the increase in spleen 
weight, supporting the hypothesis that the 
enhanced granulocyte population may be 
immunosuppressive. Taken together, these 
results imply that the formation of bone metas-
tasis is associated not only with the accumula-
tion of granulocytes and decreased T cells but 
also with the acquisition of an immunosuppres-
sive phenotype. Along with immunosuppres- 
sive function, myeloid-derived suppressor cells, 
including neutrophils and macrophages, have 
the potential to differentiate into osteoclasts, 
which might subsequently promote bone loss 
in bone metastasis and cause severe pain in 
bone metastatic breast cancer mouse model 
[54, 55].

Antibiotic treatment accelerates tumor growth 
in metastatic breast cancer and induces se-
vere pain

Breast cancer patients who use antibiotics 
within three years of diagnosis have an 
increased risk of death. A recent large study 
conducted by Australian researchers on more 
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Figure 4. Immunosuppressive environment of bone marrow in bone metastatic breast cancer (BMBC) mouse model. (A-I) Bar plots showing mean (SEM) percent-
ages of total leukocytes (A), myeloid cells including Neutrophils (B), Monocytes (C), Macrophages (D), lymphoid cells including B-cells (E), T-cells (F), TH-cells (G), 
TC-cells (H), and NK-cells (I) tumor-infiltrating populations as determined by flow cytometry. Data represented as bar plots with SEM. Data were analyzed by one-way 
ANOVA with post-hoc Tukey’s test. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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than 7000 patients with breast cancer patients 
found an association between antibiotic use  
in the six months prior to the patient’s diagno-
sis and poorer survival [56]. A recent study 
demonstrated that exposure to antibiotics may 
cause gut microbiome dysbiosis that causes a 
decrease in the number of immune cells in cir-
culation and correlates with poor outcomes 
[22]. Using mouse models of breast cancer, 
another study has also suggested an associa-
tion between antibiotic-induced gut microbi-
ome dysbiosis and increased tumor growth [7]. 
To further investigate if gut microbial dysbiosis 
contributed to antibiotic-induced breast can- 
cer progression and hypersensitivity, we used 
orthotopic mammary fat pad injection mouse 
model with 4T1-Luc cell line (Figure 1A). Prior to 
the orthotopic injection, BALB/c female mice 
were administered a cocktail of antibiotics con-
sisting of vancomycin, neomycin, metronida-
zole, amphotericin, and ampicillin for 10 days. 
Antibiotic treatment was continued throughout 
the experimental period, following the regimen 
illustrated in Figure 5A to maintain a continu-
ous removal of the microbiota from the gut 
environment. Microbiome data showed that 
treating mice with antibiotics markedly reduced 
gut bacterial content but not completely deplet-
ed, which persisted throughout the experimen-
tal time course. Strikingly, mice treated with 
antibiotic cocktails have been found to have 
accelerated tumor growth compared to control 
mice (Figure 5B).

Behavior tests of cancer pain for assessing 
mechanical sensitivity by von Frey test were 
performed on days 10, 0, 7, 12, 18, 23, and 42 
after 4T1-Luc cells inoculation (Figure 5C). On 
day 10 before antibiotic cocktail treatment,  
the baseline pain sensitivity of female BALB/c 
mice was measured, and mice were assigned 
in groups in a way that each group had equal 
baseline pain sensitivity. On day 0 before tumor 
cells, inoculation, Antibiotic (Abx) treatment 
groups Abx and Cancer+Antibiotics (Can+Abx) 
showed an increase in paw-withdrawal frequen-
cy in von Frey tests compared to the other two 
groups (control and cancer, although cancer 
cells were not implanted yet). This data shows 
antibiotics cause increased pain sensitivity in 
mice. On day 7, after tumor inoculation, the 
Abx-treated, tumor-bearing mice group only 
developed mechanical allodynia in the hind 
paws. This sign of cancer pain was significantly 

maintained on days 12, 18, and 23 in both can-
cer and Can+Abx mice. Tumors were surgically 
removed from mice on day 23 due to their 
increased growth rate. On day 38, after 4T1- 
Luc cells inoculation (15 days after tumor 
removal), cancer and antibiotic-treated cancer 
groups exhibited persistent pain sensitivity. 
Although the pain sensitivity between the can-
cer group and the antibiotic-treated cancer 
group is not significantly different, the results 
clearly showed that antibiotic-treated tumor-
bearing mice exhibited more pain than only 
cancer group mice without antibiotics. 
Increased tumor volume and excessive pain 
sensitivity in antibiotic-treated tumor-bearing 
mice indicate that dissemination of cancer 
cells to the bone is likely to increase following 
disruption of gut homeostasis; the progression 
of metastatic burden is accelerated in antibiot-
ic-treated animals, similarly to primary tumor 
growth. Thus, we focused on exploring what 
drives the enhanced primary tumor growth and 
increased pain accompanying a perturbed 
microbiota.

The use of broad-spectrum antibiotic pre-
dominantly disrupts the gut ecosystem and 
increase the number of pathogenic bacteria

Next, we focused on exploring the role of gut 
microbiome dysbiosis in driving enhanced pri-
mary tumor growth in antibiotic-treated cancer 
mice. Fecal samples were collected on the  
day of mice sacrifice from the Control, Can- 
cer, Antibiotics (Abx), and Cancer+Antibiotics 
(Can+Abx) groups and were subjected to 16S 
rRNA sequencing. On average, we obtained 
26,800 sequence reads per stool sample and 
identified 542 unique ASVs (Tables S1, S2). 
Overall, our results showed that cancer growth 
had changed the large intestine microbiome 
while the Abx treatment continued to have a 
long-lasting effect on the large intestinal micro-
biome. β diversity was assessed by Bray-Curtis 
distances and visualized with PCoA plots. 
Analysis of β diversity showed that the Cancer 
group was significantly different from the  
control (P < 0.05) (Figure 6A). Moreover, the 
Can+Abx group was substantially different from 
cancer or control (P < 0.05) (Figure 6A). 

Shannon’s diversity index measured the 
α-diversity. At a sequencing depth of 15,000, 
Shannon’s diversity index was significantly 
lower in the Can+Abx group than in either the 
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Figure 5. Antibiotic-induced gut microbial dysbiosis accelerates bone metastasis breast cancer in a mouse model. 
A. Schematic of the experimental timeline: antibiotics were administered orally every day for the first 10 days until 
orthotopic injection; after that, mice were gavaged every alternative day for the duration of the experiment until ces-
sation 38 days after orthotopic injection. B. Changes in tumor weight and volume were evaluated on day 23 after 
orthotopic cell injection in each group. The data are presented as the mean ± SEM. n=7-10 mice in each group. 
*P < 0.05, difference relative to the cancer group. C. Von Frey testing to determine antibiotic-induced mechanical 
allodynia, as assessed by withdrawal threshold in mice treated with vehicle or cancer mice. n=7-10 mice. Data dis-
played represent the mean ± SEM, two-tailed Student’s t-test, *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
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Figure 6. Diversity and composition analy-
sis of the large intestine content on the day 
of sacrifice. A. Principal coordinates analysis 
(PCoA) plot of Bray-Curtis distances (metrics of 
β-diversity). The p-value is significant (P < 0.05) 
between every group. B. Shannon’s diversity 
index (metrics of α-diversity) at sequencing 
depth 15000. Control and Cancer samples are 
not significant (P > 0.05). P value is significant 
(P < 0.05) between the rest of the groups (P 
< 0.05). C. Bar plot of bacteria genera in all 
groups. D. LefSe (Linear Discriminant Analysis 
Effect Size) analyzes top discriminative bac-
teria genera between cancer and cancer+abx 
groups. All genera have an adjusted p-value 
lower than 0.1. Samples are grouped by cancer 
(n=7), cancer+abx (n=7), abx (n=7), and con-
trol (n=7).

cancer or control group (P < 0.01) (Figure 6B), 
which was consistent with the expected effect 
of Abx. There was no difference between the 
control and cancer group (P > 0.05) (Figure 6B). 

The diversity result indicated the Abx was hav-
ing a long-term effect on the intestinal microbi-
ome, and the effect was independent of the 
cancer effect. 
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The bar plot of bacteria was plotted at the 
genus level (Figure 6C). Visually, the Abx  
groups (Abx and Can+Abx) were very different 
from non-Abx groups (control and cancer). Lef- 
Se (Linear Discriminant Analysis (LDA) Effect 
Size) analysis was performed between Cancer 
and Can+Abx groups to determine the bacterial 
taxa that were differentially enriched (Figure 
6D). The analysis was performed at the  
genus level. At the genus level, bacteria from 
the genus Anaeroplasma, Ruminococcus, and 
Butyricicoccus were more enriched in the  
cancer group. Bacteria from genera Blautia, 
Akkermansia, Enterococcus, and Coprococcus 
were more differentially abundant in the Can+ 
Abx group. Bacteria from the genera Lactoba-
cillus, Oscillospira, Ruminococcus, Bifidobacte- 
rium, and Anaeroplasma were more enriched in 
the control group (Figure S3). 

Results further highlighted that commensal 
bacteria were decreased, and pathogenic bac-
teria were increased with antibiotic treatment. 
Put together, these results indicate that the gut 
microbiome may mediate increased pain sensi-
tivity in mice with metastatic breast cancer to 
bone.

Antibiotic treatment changed the predicted 
microbiome function in cancer-bearing mice

BugBase algorithm was used to predict high-
level phenotypes present in large intestinal 
microbiome samples using 16S amplicon data. 
The BugBase phenotype predicted the abun-
dance of gram-positive, gram-negative, biofilm-
forming, and potentially pathogenic bacteria. 
Large intestinal samples from the Can+Abx 
group had a higher abundance of biofilm-form-
ing (P < 0.05) than the cancer group (Figure 
7A). However, the Cancer group had a higher 
percentage of pathogenic bacteria (P < 0.05) 
(Figure 7B). Additionally, the Can+Abx group 
had higher percentages of gram-negative bac-
teria (P < 0.05) and lower percentages of gram-
positive bacteria (P < 0.05) (Figure 7C, 7D). The 
microbial metagenome was predicted with the 
PICRUSt algorithm, and functions were catego-
rized with KEGG pathways to elucidate the  
specific changes in microbial pathways further. 
In total, 41 KEGG level-2 pathways were pre-
dicted among all large intestinal samples (Table 
S2). Pathways related to cell motility, nucleo-
tide metabolism, translation and replication, 

and repair were positively correlated with sam-
ples from the cancer group (Figure 7E). On the 
other hand, pathways related to energy metab-
olism, carbohydrate metabolism, signal trans-
duction, metabolism of cofactors and vitamins, 
and signaling were positively correlated with 
samples from the Can+Abx group (Figure 7E).

Proinflammatory environment following anti-
biotic-induced microbial dysbiosis promotes 
cancer cell metastasis to bone and induces 
increased pain sensitivity

Preexisting Commensal Dysbiosis has been 
reported as a Host-Intrinsic Regulator of Tissue 
Inflammation and Tumor Cell Dissemination in 
Hormone Receptor-Positive Breast Cancer [57]. 
Chronic inflammation has long been known to 
be associated with cancer development [58]. 
An inflammatory condition in the gut microenvi-
ronment allows aerobic conditions, causes epi-
thelial cell debris to feed on, and generates 
excessive mucus thickness that ultimately may 
be beneficial for the proliferation of certain 
pathogenic bacterial species. Excessive growth 
of pathogenic bacteria is proportional to chron-
ic inflammation in the gut environment that 
drives tumorigenesis. To identify the inflamma-
tory markers in the gut microenvironment due 
to the antibiotic-induced gut microbial disrup-
tion, we collected the serum from the control, 
BMBC, and antibiotic-treated BMBC groups. 
Sera from these groups were analyzed for cyto-
kine and chemokine profiling by Luminex assay. 
As expected, expression of pro-inflammatory 
cytokines and chemokines were markedly 
upregulated after antibiotics treatment in the 
BMBC mouse model. A list of inflammatory che-
mokines, e.g., CXCL-13, CCL-5, and CCL-7, are 
found to be upregulated significantly in BMBC 
groups, which further indicates the presence of 
abundant pathogenic bacteria leads to inflam-
matory conditions when compared to BMBC 
group alone (Figure 8A). Interestingly, overex-
pression of both MMP-9 and G-CSF in antibiot-
ic-treated BMBC group and BMBC alone con- 
sistent with our previous observation in BMBC 
group and indicates the severity of systemic 
inflammatory conditions in antibiotic-treated 
BMBC group (Figure 8B). Interleukin-4 has 
been known as anti-inflammatory cytokines 
that act on mainly suppressing the pro-inflam-
matory milieu [59]. Strikingly, we noticed that 
IL-4 expression with anti-inflammatory proper-
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Figure 7. Predictive functional analysis of the gut samples. A. BugBase predicted a relative abundance of biofilm-
forming bacteria. P < 0.05 for Cancer vs Cancer+ABX. B. BugBase predicted the relative abundance of potentially 
pathogenic bacteria. P < 0.05 for Cancer vs Cancer+ABX. C. BugBase predicted the relative abundance of Gram-
positive bacteria. P < 0.05 for Cancer vs Cancer+ABX. D. BugBase predicted the relative abundance of Gram-
negative bacteria. P < 0.05 for Cancer vs Cancer+ABX. E. The KEGG pathway of gut microbiota was predicted using 
PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States). Data are presented 
in a barplot with 95% confidence intervals and p-values-samples grouped by Cancer (n=7) and Cancer+Abx (n=7). 

ties is downregulated in antibiotic-treated can-
cer mice compared to sham-treated tumor-

bearing mice, which further supports the notion 
that gut microbial dysbiosis caused by antibiot-
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Figure 8. Inflammatory markers (chemokines and cytokines) expression. The 
serum was collected from control, Bone metastatic breast cancer (BMBC), 
and Antibiotic treated BMBC mice. CXCL-13, CCL-5, CCL-7, MMP-9, G-CSF, 
and IL-4 levels were measured and analyzed using Luminex multiplex assay. 
A. Serum levels of CXCL-13, CCL-5, CCL-7. B. Serum levels of MMP-9 and 
G-CSF. C. Serum levels of IL-4. n=5-7 group from one experiment was per-
formed, and data was represented as bar plots with SEM. *P < 0.05, **P < 
0.005, and ***P < 0.0001 versus naive controls (One-way ANOVA followed 
by Kruskal-Wallis Test analyzed data).

ic treatment causes exces- 
sive but not significant inflam- 
matory milieu in this model 
(Figure 8C).

After that, bone marrow was 
collected to examine the eff- 
ect of increased systemic cir-
culation of inflammatory mark-
ers on bone metastasis. The 
composition of immune cells 
was analyzed using flow cyto- 
metry. Flow cytometry results 
clearly recapitulate our previ-
ous observation on immune 
cell distribution in the BMBC 
model after cancer cell im- 
plantation. Interestingly, the 
neutrophil population has 
been increased enough to 
attract tumor cells to estab-
lish an immunosuppressive 
metastatic niche in the bone 
microenvironment of the anti-
biotic-induced BMBC model 
(Figure 9A). As a part of im- 
munosuppressive milieu deve- 
lopment, the presence of cru-
cial members of the adap- 
tive immune system (macro-
phages and B cells) also de- 
creased in both BMBC and 
antibiotic-treated BMBC ani-
mals (Figure 9B). In addition, 
the number of cytotoxic and 
helper T-cells was reduced in 
the BM of BMBC mice and 
antibiotic-treated BMBC mice 
(Figure 9C). These findings 
suggest that the formation  
of bone metastases may be 
associated with immune sup-
pression in the BM. Intere- 
stingly, the immune microenvi-
ronment in mice inoculated 
with 4T1-Luc cells was more 
similar to that of mice inocu-
lated with 4T1-Luc cells and 
antibiotic treatment. This sug-
gests that a modified immune 
microenvironment is required 
for successful metastatic bo- 
ne colonization.

Inflammation increases in CS- 
F1, which plays a vital role in 
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Figure 9. Immunosuppressive environment of bone marrow in bone meta-
static breast cancer (BMBC) mouse model followed by antibiotic treatment. 
(A-C) Bar plots showing mean (SEM) percentages of total Neutrophils (A), 
Macrophages and B-cells (B), TH-cells and TC-cells (C) as determined by flow 
cytometry. Data represented as bar plots with SEM. Data were analyzed us-
ing one-way ANOVA followed by the Kruskal-Wallis Test. *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001.

the regulation of osteoclast proliferation and 
differentiation, and the regulation of bone 

resorption led us to investi-
gate how inflammation may 
interact with bone reabsorp-
tion. Previous studies have 
shown that cancer cells can 
influence osteoclast precursor 
cells to differentiate and con-
tribute to heightened pain 
sensitivity [60]. Luminex assay 
shows an increased expres-
sion of inflammatory cytokine 
G-CSF in antibiotics-treated 
BMBC mice compared to  
the control and cancer mice 
(Figure 8C). Increased circula-
tory G-CSF is associated with 
neutrophil recruitment to the 
inflamed tissue and to the 
bone marrow. Consistent with 
the Luminex assay, flow cyto-
metric data of bone marrow 
cells from antibiotics-treat- 
ed BMBC mice show signifi-
cant recruitment of neutro- 
phil (Ly6G+) cells compared  
to control vs cancer mice 
(Figure 9A). Collectively, our 
results show that inflamma-
tion mediated by the gut 
microbiome may heighten 
pain sensitivity by recruiting 
neutrophils that facilitate ost- 
eoclasts-mediated breakdown 
of bone.

Role of gut dysbiosis in 
nerve/cancer interactions 
and subsequent pain re-
sponse

Next, we investigated the role 
of gut dysbiosis in chemokine 
and cytokine expression in an 
in-vitro model (breast cancer 
cell line (4T1-Luc cells). Earlier, 
we showed that the antibiotic 
cocktail induced gut dysbiosis 
and increased the number of 
gram-negative bacteria. To in- 
terrogate the chemokine and 
cytokine secretion from breast 
cancer cell lines in the pres-
ence of gram-negative bacte-

ria, we used lipopolysaccharide (LPS) as a sur-
rogate for gram-negative bacteria present in 
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Table 1. LPS increases inflammatory cytokines and 
chemokines and promotes pain-associated neuronal 
markers in Neuro-2a cells
Inflammatory Cytokines and chemokines Fold Changes
Ccl2 10.12
Ccl20 14.57
Ccl3 3.27
Ccl5 2.22
Ccl7 8.27
Csf1 2.25
Csf3 9.16
Cxcl1 42.48
Cxcl3 15.69
Cxcl5 76.75
Il1a 9.72
Il1b 2.31
Il6 5.46
Tnf 3.69
ptgs 2.2
Ptger4 1.66
Ptges 1.35
Molecular Pathway/
Modulators

Inflammatory Cytokines 
and chemokines Fold Change

Neurogenesis Cxcl1 1.63
Bmp8b 1.42

Neuroinflammation Oprk1 1.39
Trpa1 1.6

Ion Channels Hcn1 1.65
Kcna5 2.15
Kcnj13 1.53
Kcnj16 2.01
Kcnj2 1.62
Trpv3 1.36
Trpv4 1.56

Neurotransmitters Chrne 1.75
Gabrg3 1.61
Htr1a 1.42
Htr1f 4.29
Htr2b 1.62
Sstr4 1.62
Tacr1 1.54

Gene expression was evaluated using the RT2 Profiler PCR Array 
(Biosciences, Qiagen), which represented gene expression in 4T1-Luc 
and Neuro-2a cells. The list of expression levels of genes is presented 
as fold-regulation values (those greater than 1.3) compared to those 
for controls (no treatments). Data is represented from 3 independent 
experiments and P < 0.05.

the gut. We treated 4T1-Luc cells with LPS for 
24 hours and determined the expression of 

chemokines’ and cytokines’ mRNA us- 
ing the RT2 profiler PCR kit. These  
studies showed about 14 chemokines 
and cytokines were significantly up- 
regulated by LPS in 4T1-Luc cells (Table 
1). Next, we investigated whether in- 
creased cytokine and chemokine se- 
cretions affect neuronal cell lines. 
Therefore, we treated the Neuro-2a cell 
line with cell culture supernatants of 
4T1-Luc cells (after removing LPS by 
affinity absorption by Polymyxin B) for 
24 hours. Using neuronal RT2 profiler 
PCR kits, we identified several neuronal 
makers associated with neuroinflam-
mation and a few neuronal ion chan-
nels. Among them, TRPV4, TRPA1, 
OPRK1, HCN, and KCN have been iden-
tified and reported to be involved in 
metastatic breast cancer-associated 
pain (Table 1) [61-65]. 

Discussion

Surgery has been offered and consid-
ered an advanced option to treat breast 
cancer patients for centuries [66]. 
However, surgical procedures have a 
potential risk of microbial infection. 
Infection rates for surgical treatment of 
breast cancer people are higher (3% 
and 15%) than average for a clean sur-
gical procedure [67]. Most often, pro-
phylactic (pre- or perioperative) antibiot-
ics are prescribed for patients undergo-
ing surgery for breast cancer.

Moreover, recent studies have reported 
that antibiotic use may not bring the 
best outcomes for patients who under-
go surgery and mastectomy [68]. 
Recent studies in mice and humans 
have discovered gut microbial dysbiosis 
with prophylactic antibiotics may result 
in more aggressive breast cancer [22, 
69]. The most prominent clinical symp-
tom of aggressive tumor growth is asso-
ciated with bone pain, which is general-
ly localized and metastasizes slowly 
[70]. Breast cancer then spreads to the 
bones, leading to bone destruction and 
severe pain [71]. Bone metastasis is 

widespread in patients with metastatic breast 
cancer, and clinical management of bone meta-
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static pain is important and challenging. To 
establish a clinically relevant model, spontane-
ous breast cancer metastasis to bone was 
found with a triple-negative cell line (designat-
ed 4T1-Luc cells), and bone-seeking cancer 
cells were characterized in the bone immune 
microenvironment. Then, we set out to eluci-
date the mechanism of tumor progression to 
the bone in the context of using antibiotics and 
subsequent gut dysbiosis and cancer-induced 
pain.

The gut microbiota encompasses a repertoire 
of trillions of microbes residing in the human 
intestine, which ultimately produces a plethora 
of metabolites that regulate an array of physio-
logical functions as well as the maintenance of 
gut health. Recent studies hinted toward a co-
evolved communication between gut microbi-
omes and the human immune system [72]. We 
have previously shown from our lab that mor-
phine treatment leads to gut microbial dysbio-
sis, which causes systemic and local intestinal 
tissue inflammation [73]. A growing body of evi-
dence demonstrated that antibiotic-induced 
gut dysbiosis causes tumor burden on the 
metastasis model of breast cancer [23, 74]. 
Inflammatory signaling pathways were ampli-
fied with the resultant alterations in the gut 
microbiota that have been associated with 
tumor progression [75]. We evaluated the 
impact of gut microbiome dysbiosis on tumor 
growth and associated pain in the BMBC 
mouse model. 

Our study demonstrated that commensal dys-
biosis after cancer cell implantation leads to 
increased tumor cell dissemination and meta-
static seeding to the bone and causes severe 
pain in the BMBC mouse model. 16S rRNA 
analysis on intestinal samples showed an 
increased richness in bacterial alpha diversity 
after cancer cells implant as well as antibiotic 
treatment group compared to control groups. 
Additionally, our data also showed a distinct 
clustering of microbial communities after anti-
biotic treatment compared to control animals, 
which agrees with previous findings. At the phy-
lum level, a significant decrease in Firmicutes/
Bacteroidetes ratio was observed in the cancer 
and antibiotic-treated cancer groups compared 
to the control group. No significant change was 
observed between the control and antibiotics 
alone group. Firmicutes/Bacteroidetes ratio 

has been found as a risk factor for breast can-
cer progression [76].

Further analysis of the Firmicutes phylum 
revealed an overgrowth of the pathogenic 
genus Staphylococcus and a significant deple-
tion of the commensal genus Lactobacillus in 
the intestinal lumen of antibiotic-treated mice, 
which further supports our previous finding in 
the cancer group. Gram-negative bacteria, e.g., 
Bacteroides, a well-studied pathogenic bacte-
rial genus that is a known contributor toward 
intestinal inflammation, compromising the epi-
thelial barrier by damaging tight junction func-
tion. In contrast, bacterial species belonging to 
the Lactobacillus genus strengthen the intesti-
nal barrier and tighten junction integrity. 

Primary tumors are identified to establish favor-
able locations for metastasis to distant organs, 
called the pre-metastatic niche (PMN) [77]. 
Increasing evidence has been reported that 
neutrophils play a crucial role in establishing 
PMNs and an immunosuppressive microenvi-
ronment that aids the survival and metastasis 
of tumor cells [78]. The presence of these neu-
trophils creates a route for recruiting tumor 
cells from the bloodstream and tissues into the 
PMN [79]. The increased populations of neutro-
phils and macrophages in bone marrow sup-
press the cytotoxic activity of innate and adap-
tive killer cells and interact with tumor cells to 
promote their growth and metastasis [80]. 
Previous studies from our lab have demonstrat-
ed that the expansion of pathogenic bacterial 
communities leads to neutrophil infiltration in 
the intestinal tissue. We speculate that infiltrat-
ed neutrophils reach the bone microenviron-
ment through systemic circulation and create a 
metastatic niche by attracting cancer cells to 
the bone. It has become evident that the inter-
actions of tumor cells with the bone microenvi-
ronment play a crucial role in enabling bone 
metastasis. Cancer cells re-program the sur-
rounding neutrophils in this cancer microenvi-
ronment by secreting various cytokines, che-
mokines, and other factors that facilitate can-
cer growth and metastatic progression. One 
earlier study reported that with the presence of 
granulocyte-colony stimulating factor (G-CSF), 
postmitotic neutrophils transform into macro-
phages [81]. Another study conducted by Veglia 
et al. demonstrated that GM-CSF regulates 
FATP2 overexpression in neutrophils by activat-
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ing the STAT5 transcription factor, allowing 
immunosuppressive activity and accelerating 
cancer progression [82]. In our data, we ob- 
served a specific response of tissue-infiltrated 
neutrophils contributing to the depletion of the 
commensal genus Lactobacillus and, simulta-
neously, leading to the expansion of pathogenic 
gram-negative bacteria. Therefore, the role of 
tissue-infiltrated neutrophils in causing gut 
microbial shift might change immune condi-
tions in the gut microenvironment and further 
facilitate the migration of tumor cells to a dis-
tant location. 

We sought to characterize the changes in the 
immune landscape during bone metastasis for-
mation. We found that bone metastases are 
associated with an increase in myeloid cells 
and granulocytes and a decrease in T cells, B 
cells, and NK cells, suggesting that bone 
metastasis is characterized by immune sup-
pression. Interestingly, we found that these 
changes preceded the formation of bone 
metastases and were evident at early/pre-met-
astatic stages determined by behavioral ex- 
periments and systemically in the blood. Our 
observation is in agreement with previous find-
ings where transcriptome profiling of patient-
matched pairs of primary breast cancer and 
bone metastases indicated that bone meta-
static tumors had reduced numbers of CD8+ T 
cells, regulatory T cells, and dendritic cells, and 
elevated levels of M2-like macrophages [83]. 
Our findings demonstrated that systemic 
changes due to intestinal microbial dysbiosis 
and subsequent immune modulation in the 
bone pre-metastatic niche and acquisition of 
bone-metastatic capacity are associated with 
significant immunosuppressive conditions in 
the bone.

Inflammation is an essential component of the 
tumor microenvironment, and persistent pro-
duction of cytokines and chemokines stimulate 
immune cells to secrete more cytokines that 
work in both autocrine and paracrine manners, 
leading to a chronic inflammation state that 
promotes metastasis in breast cancer patients 
[10, 84-88]. Recent studies have shown that 
peripheral nerves (sympathetic, parasympa-
thetic, and sensory) interact with tumor and 
stromal cells to initiate and progress various 
solid and hematological malignancies. Fur- 
thermore, cancers may reactivate nerve-de- 

pendent developmental and regenerative pro-
cesses to promote their growth and survival 
(neurogenesis). Cancer cells secrete neuro-
trophic factors that promote nerve innervation 
in the tumor microenvironment. Conversely, 
cancer cells’ secretion of neurotrophic growth 
factors drives the outgrowth of nerves into 
solid tumors. This reciprocal interaction bet- 
ween neuronal and cancer cells provides new 
insights into the cellular and molecular bases 
of cancer-associated severe pain.

Recent studies have shown that the gut micro-
biota plays a crucial and dynamic role in 
immune response and neuronal function. In 
addition, gut microbiota-derived mediators can 
directly or indirectly affect the tumor microenvi-
ronment by regulating the neuronal and tumor 
cells that modulate the excitability of primary 
nociceptive neurons and sensitize pain in 
breast cancer patients. This study found that 
LPS induced excessive secretion of inflamma-
tory cytokines and chemokines in 4T1-Luc 
cells. In turn, these inflammatory molecules 
modulate the secretion of neuro-inflammatory 
markers, neurotransmitters, and neuronal 
markers expressed in Neuro-2a cells, which all 
are part of neurogenesis and well-established 
regulators involved in neuropathic pain and 
inflammation in breast cancer patients. 

In conclusion, our work has shown that disrup-
tion of the gut microbiota during cancer growth 
and antibiotics treatment has a detrimental 
impact on breast cancer progression. We iden-
tified that antibiotic treatment leads to the loss 
of a commensal microbiota species and con-
current increased pathogenic bacteria that out-
compete beneficial bacteria (commensals) and 
a reduction in alpha diversity in the intestinal 
environment. The altered intestinal microbial 
dysbiosis has the potential to release the 
“brakes” on tumor growth by re-programming 
the immune microenvironment in the bone, 
thus providing a metastatic niche. Favorable 
niche, combined with immunosuppression, 
drives bone metastasis and cancer-associated 
pain. Clinically, when tumor cells disseminate 
to the bone, quality of life dramatically dimin-
ishes and is associated with a lower survival 
rate. Unfortunately, treatments for bone metas-
tasis at this point are generally palliative. 
Therefore, there is an urgent need for further 
research to explore the mechanisms through 
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which bone metastasis and cancer-associated 
pain in order to improve the quality of life for 
breast cancer patients. Recent studies have 
demonstrated that the gut microbiota have 
emerged as a likely contributor to bone metas-
tasis. In future studies, we will test the hypoth-
esis that probiotic treatment in a murine model 
of metastatic breast cancer will attenuate pain 
associated with metastatic cancer.
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Figure S1. Bone metastatic breast cancer murine model. A. Bone marrow was collected from an orthotopic mouse 
model 21 days post-injection with the 4T1-Luc cell line. Luciferase activity was measured from the bone marrow 
cells incubated with luciferin. 4T1 cell lines with or without luciferase were used for comparative analysis. n=4 inde-
pendent replicates with 4T1 cells and 4T1-Luc cells. n= bone marrow from 4 cancer mice. B. Bone marrow cells were 
stained with Pan-cytokeratin antibody to detect the epithelial cells in the bone marrow and confirm bone metastasis. 
n=5 control mice and n=10 cancer mice. C. Liver from the treatment groups were collected at the time of sacking to 
detect metastasis by weighing the mass. n=10 mice per treatment group. D. Lung metastasis was identified with the 
presence of the nodules on the surface collected from the metastatic cancer mice. P values were calculated using 
the student’s two-tailed t-test. Data are represented as mean ± SEM.
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Figure S2. A reduced Firmicutes to Bacteroidetes ratio was observed after cancer cell implantation in cancer mice. 
A. Taxonomic distribution at the phylum level, showing individual samples. B. Cancer cell implantation of increased 
pathogenic bacteria at the phylum level signifies an increased level of inflammation. C. Accelerated growth of Staph-
ylococcus, Rothia, and Lachnospiraceae supports the gut microbial dysbiosis after cancer cell implantation and 
increased pain sensation in the cancer mice group.
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Figure S3. Alteration of gut microbiome at the genus level following antibiotic treatment. Box plots of bacteria genera were differentially enriched between Cancer 
(n=7) and Can+Abx (n=7). All genera have higher than 2 log LDA scores and lower than 0.1 FDR-adjusted p-value.


