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Abstract

Obesity and poor diet often go hand-in-hand, altering metabolic signaling and thereby impacting
breast cancer risk and outcomes. We have recently demonstrated that dietary patterns modulate
mammary microbiota populations. An important and largely open question is whether the
microbiome of the gut and mammary gland mediates the dietary effects on breast cancer. To
address this, we performed fecal transplants between mice on control or high-fat diets (HFD)
and recorded mammary tumor outcomes in a chemical carcinogenesis model. HFD induced
pro-tumorigenic effects, which could be mimicked in animals fed a control diet by transplanting
HFD-derived microbiota. Fecal transplants altered both the gut and mammary tumor microbiota
populations, suggesting a link between the gut and breast microbiomes. HFD increased serum
levels of bacterial lipopolysaccharide (LPS), and control diet-derived fecal transplant reduced
LPS bioavailability in HFD-fed animals. /7 vitro models of the normal breast epithelium showed
that LPS disrupts tight junctions (TJ) and compromises epithelial permeability. In mice, HFD

or fecal transplant from animals on HFD reduced expression of TJ-associated genes in the gut
and mammary gland. Furthermore, infecting breast cancer cells with an HFD-derived microbiome
increased proliferation, implicating tumor-associated bacteria in cancer signaling. In a double-
blind placebo-controlled clinical trial of breast cancer patients administered fish oil supplements
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before primary tumor resection, dietary intervention modulated the microbiota in tumors and
normal breast tissue. This study demonstrates a link between the gut and breast that mediates the
effect of diet on cancer.

Introduction

Breast cancer is the most prevalent cancer in women, with over 281,000 new cases
diagnosed annually and over 42,000 women dying each year in the United States (1). Several
studies have demonstrated a strong link between obesity and a greater risk of developing
breast cancer by as much as 50% in postmenopausal women (2). Moreover, some studies
have reported a three-fold higher breast cancer mortality rate in obese women. It is estimated
that up to 3 out of 10 breast cancers might be prevented if women were not overweight,
indicating an essential role of body weight in the etiology of breast cancer (3).

Several studies have highlighted the critical role of the gut microbiome in obesity. Mice
predisposed to obesity have a shift in the ratio of two major phyla, Bacteroidetes:
Firmicutes, which translates into an increased ability to harvest energy from indigestible
dietary products, higher lipopolysaccharide (LPS) bioavailability, and promotion of chronic
low-grade inflammation (4-7). Furthermore, the types of fat consumed by mice in obesity-
inducing diets (OID) impact their gut microbiome population (4). In human obesity,
decreased bacterial diversity was correlated with adiposity (5-7). The gut microbiome is a
critical variable affecting disease development. Gut microbiome dysbiosis is associated with
many other adverse health outcomes, including cancer, diabetes (types 1 and 2), asthma,
allergies, and inflammatory bowel disease (5,8-12).

Increasing evidence suggests that the gut microbiome is implicated in cancer development
and recurrence in various cancers, including colon, liver, lung, stomach, and skin (13).
While most studies to date have explored the role of the microbiome in intestinal

disease, preliminary research implicating the gut microbiome in breast cancer is emerging.
In preclinical studies, pathogenic Helicobacter hepaticus infection promoted mammary
adenocarcinoma in female C57BL/6 APC™M"* mice reliant upon intact immunity pro-
inflammatory tumor necrosis factor (TNF)-a (14-16). In clinical studies, postmenopausal
breast cancer patients had decreased fecal microbial diversity compared with controls,
supporting the role of the microbiome in breast cancer (17). Additional evidence of gut
microbiome affecting breast health was seen in a clinical trial of orally administered
Lactobacillus salivarius. Treatment with Lactobacillus reduced the incidence and severity of
lactational mastitis (18). Moreover, recent clinical studies have noted fecal microbiota shifts
in breast cancer patients that exhibit quality of life side effects; severe breast cancer-related
fatigue correlated with increased fecal Bacteroidesand Ruminococcus abundance when
compared with breast cancer patients without fatigue (19).

There is also evidence of a breast mammary gland and tumor-specific microbiome (20-27).
Human breast tissue samples displayed a low Bacteroidetes: Firmicutes ratio, similar to
the gut ratio from obese individuals (24). We demonstrated in a non-human primate model
that dietary patterns influence the normal mammary gland microbiome; Consumption of a
Mediterranean diet led to a 10-fold increase in breast Lactobacillus abundance compared
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with Western diet-fed monkeys (23). Bile salt (originating from the intestine) exists in

the aspirate of breast cyst fluid, which is further evidence for a gut-breast signaling

axis that may affect breast health (28). In human breast cancer clinical studies, nipple
aspirates from women with a history of breast cancer had elevated amounts of genus
Alistipes microbes (20). Moreover, mammary gland tissue obtained from women with
either benign or malignant breast tumors indicated reduced Lactobacillus abundance in
mammary gland tissue from patients with malignant breast disease (22). More recently,
elevated enterotoxigenic Bacteroides fragilis was observed in cancerous breast tissue, with
B. fragilis toxin inducing breast epithelial hyperplasia. Both gut and breast enterotoxigenic
B. fragilis (but not non-toxigenic B. fragilis) enhanced breast tumor growth and metastatic
potential in a murine triple negative breast cancer, giving further evidence in support

of a entero-mammary signaling axis (29). These data suggest an impact of mammary
gland microbiota on breast cancer. We recently demonstrated that systemic neoadjuvant
chemotherapy was associated with increased breast tumor Pseudomonas abundance (21).
Administration of P aeruginosa conditioned media to breast cancer cells potentiated
chemotherapy responsiveness. These data suggest that bioactive compounds secreted by
tumor-associated bacteria can directly influence breast cancer initiation and therapy efficacy.
Overall, there is evidence that the microbiome plays an important role in mediating breast
cancer risk and breast cancer outcomes. However, the mechanisms linking the microbiome
to dietary-influences on breast cancer risk are largely unknown.

In the present study, we found that supplementing control diet-fed mice with high-fat

diet (HFD)-derived microbiota in a fecal transplant model increased breast cancer risk.
Moreover, fecal transplant shifted both the gut and breast tumor microbiota populations,
suggesting a pivotal role of the mammary gland and tumor microbiota in promoting
tumorigenesis. Administration of antibiotics reduced mammary carcinogenesis. Co-culturing
4T1 breast cancer cells with HFD-derived microbiota before injection into the mammary
tissue or treating tumor-bearing mice with LPS enhanced tumor growth, which was not
observed in untreated or 4T1 co-cultured with control diet-derived microbiota tumors.
Furthermore, in a double-blind placebo-controlled clinical trial investigating oral fish oil
supplements in breast cancer patients, fish oil consumption for approximately four weeks
before tumor resection surgery significantly modified tumor-adjacent mammary gland and
breast tumor microbiota populations, demonstrating that oral interventions can alter breast
tumor microbiota.

Materials and Methods

Materials.

Lipopolysaccharide (LPS) was purchased from Sigma Aldrich (cat# L2630). Antibodies
were obtained for lipoteichoic acid (LTA) (Gram-positive bacteria; Santa Cruz; cat#
sc-57752), ZO-1 (Invitrogen; cat# 339100), claudin-1 (AbCam; cat# ab15098), Ki67 (Cell
Signaling; cat#12202), F4/80 (Cell Signaling; cat# 70076), anti-human CD45 Antibody
(Pacific Blue™-conjugated; BioLegend; cat# 368539), Cytokeratin (AlexaFluor®-488-
conjugated; BioLegend; cat# 628608), and PE-conjugated mouse IgG1 (BiolLegend;

cat# 400111). AlexaFluor-488 and AlexaFluor-568 secondary antibodies were from Life
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Technologies (cat# A-11034 and A-11031). RT-PCR primers were purchased from IDT (see
methods below for primer sequences). LPS ELISA and IHC antibody was purchased from
LSBio (cat# LS-F17912-1 and LS-C375096). A secondary LPS antibody was purchased
from MyBioSource (cat¥ MBS2012794) to confirm results. FITC-dextran (4-kDa) was
purchased from Sigma Aldrich (cat# 46944-500MG-F). EPA was purchased from Cayman
Chemicals.

Study approval and tissue procurement.

Animals.

This study was approved by the institutional review board of the Wake Forest School

of Medicine (IRB00023419) in accordance with HHS regulations for the protection

of human research subjects. Subjects (n=22) were identified as participants in a
prospective randomized, placebo-controlled phase Il clinical trial of omega-3 PUFA dietary
supplementation in patients with stage I-111 breast carcinoma. Informed written consent
was obtained from all the participants. Patients received either 2 grams of omega-3 PUFA
(650 mg eicosapentaenoic acid (EPA) /450 mg docosahexaenoic acid (DHA)) or placebo
(soybean oil) post orally daily from enrollment to surgery (range of 4-52 days; mean 14.5
days intervention). Breast tumor specimens were snap-frozen within 45-60 minutes from
surgery. The pathologist’s visual inspection made a tumor or normal designation before
submitting tumor and tumor-adjacent mammary gland samples to the Tumor Bank (21).

Female 3-week-old BALB/c and female 4-week-old C57BL/6 mice were purchased from
Jackson. All Teklad custom diets were purchased from Envigo. Mice were placed on a 10%
fat/10% sucrose control diet (Control; TD.08806) or a 60% kcal from fat/ 10% sucrose lard-
based diet (HFD; TD.06414). Mice were placed on a 45% kcal from the fat Western diet
(TD.180300; omega-6:0mega-3 PUFA ratio of 34.4) or a Western diet where 8% kcal from
palm oil were replaced with fish oil (Western + fish oil diet; TD.180301; omega-6:0mega-3
PUFA ratio of 6.2). The protocol was approved by the Animal Care and Use Committee of
the Wake Forest School of Medicine, and all procedures were carried out in accordance with
relevant guidelines and regulations.

Fecal transplant DMBA-mammary carcinogenesis model.

Female 3-week-old BALB/c mice were placed on control (n=40) or lard (n=45) diets.
Subsets of mice from each diet were given antibiotics (streptomycin 5 mg/mL, colistin

1 mg/mL, and ampicillin Img/mL) in their drinking water (n=15 per diet) or a control
diet-derived or lard diet-derived fecal gavage once weekly for the entire duration of the
study (n=10 per fecal transplant condition). Fecal-derived slurries were formulated 25%

per volume from fresh feces obtained from mice fed either the control diet or lard diet in
saline. At 6 weeks of age, mice were treated with a 15 mg subcutaneous single injection

of medroxyprogesterone acetate followed by weekly doses of 1 mg DMBA in peanut oil

for 3 weeks to induce mammary tumorigenesis (30). Mice were palpated weekly for tumor
formation for 16 weeks post-DMBA administration. See Figure 1A for the model schematic.
Tumor-free survival, tumor multiplicity, tumor latency, and tumor weight were recorded.
Plasma, tumors, and tissues from mammary glands, intestine, and liver were collected at the
end of the study.
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Cells were grown at 37°C in a humidified, 5% CO,:95% air atmosphere. 4T1 (CRL-2539)
mouse mammary epithelial cells (mimicking stage IV breast cancer) and RAW 264.7 mouse
macrophage cell lines were cultured in phenol red-containing RPMI medium supplemented
with 10% fetal bovine serum (FBS) and defined as basal growth conditions. These cell lines
were authenticated by IDEXX BioAnalytics using short tandem repeat (STR) analysis in
February 2020 (Columbia, MO). HMT-3522 S1 (S1) non-neoplastic mammary epithelial
cells were obtained from Dr. Mina Bissell (Lawrence Berkeley Laboratory) and propagated
between passages 54 and 60 in H14 medium (31). For 3D cell culture experiments, acinar
differentiation was achieved by culturing S1 cells on top of Matrigel (Corning, Corning NY,
USA) in 8-well chambered slides (MilliporeSigma, Burlington MA, USA) for 10 days, as
described (32).

Epithelial polarity and permeability assays.

To assess the effect of diet on epithelial polarity, differentiated S1 acini were treated

with 1 pg/mL LPS or with 1% (v/v) H14 fecal-conditioned sterile media (FCM) derived
from control or lard diet-fed mice. FCM was formulated by mixing 1 gram of feces

from mice fed a control or lard diet in 10 mL of H14 medium. Feces-media mixtures

were vortexed to obtain uniform suspensions and incubated for 1 hour in a 37°C water
bath. Media were sterile filtered to remove bacteria contaminants but leave fecal-derived
bacterial compounds and metabolites. Acini were treated twice, 11 and 13 days after cell
seeding, and immunostained on day 14 to quantify the distribution of apical polarity markers
Z0-1 and claudin-1, as described previously (33). Briefly, acini were permeabilized, fixed,
and incubated overnight at 4°C with the primary antibodies in the presence of 10% goat
serum. Secondary antibodies were added for 40 min at room temperature. Nuclei were
counterstained with 4’, 6-diamidino-2-phenylindole (DAPI). Samples were mounted using
ProLong antifade solution (ThermoFisher). Confocal imaging was performed with a Zeiss
CLSMT710 confocal microscope, using a 63x oil immersion objective (NA = 1.4), and 100
acini per replicate were assessed for polarity.

To assess the effect of LPS on trans-epithelial permeability, S1 cells were seeded at a density
of 90,000 cells/cm? on laminin-coated (Corning; 2.8 ug/cm?) inserts with 0.4 um pore sizes
to induce polarization of the cell monolayers. Cells were treated with LPS as above, and
Evans blue-labeled albumin (EBA) was added on day-14 to the abluminal chamber for 1
hour. EBA concentration in the abluminal chamber was assessed by spectrophotometry at
OD 650 nm. Measurements were done in triplicates.

Breast cancer cell microbiota co-culture model.

4T1 or RAW 264.7 cells were treated with 1:10 dilution of 10% fecal-derived conditioned
media for 24 hours. Fecal-derived conditioned media was formulated by mixing 1 gram
of feces from mice on different diets in 10 mL of basal growth RPMI media without
antibiotics. Feces-media mixture was vortexed until uniformly suspended in media and
incubated for 1 hour in a 37°C water bath. Unlike the above-described fecal-derived
conditioned media utilized in the breast epithelial polarity and permeability assays, media
was not sterile filtered to remove bacteria that enabled bacterial infection of breast cancer
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cells before in vivoimplantation. Cells were rinsed three times with sterile PBS, cells were
harvested, and 1 x 106 4T1 cells or 1 x 108 4T1 + 1 x 10° RAW 264.7 cells were injected
into the right inguinal mammary fat pad of 8-week BALB/c mice. Mice bearing tumors
generated from inoculation with untreated 4T1 cells were treated weekly with 5 mg/kg LPS
by IP injection. Tumors were measured with calipers every 3 days for 4 weeks. At the end
of the study, tumors were excised, weighed, and snap-frozen or embedded in paraffin for
further analysis.

Intestinal permeability assay.

We fed 4-week old female C57BL/6 mice a Western or Western + Fish oil diet for 12-weeks.
At 16 weeks of age, mice were overnight fasted and FITC-dextran intestinal permeability
assay was performed (34). In brief, mice were administered 600 mg/kg 4-kDa FITC dextran.
After 1 hour, mice were sacrificed and plasma collected. Plasma was diluted 1:5 in PBS,
and plasma FITC-dextran concentrations will be calculated from a standard curve on a
fluorescent plate reader (Cytationl; Agilent).

Colon thickness ultrasound measurements.

RT-PCR.

At the end of the study, the colon was excised from Western or Western + Fish oil

diet-fed mice, rinsed clean, and filled with ultrasound gel. The colon was covered

with additional gel immediately before scanning with the Vevo 2100 ultrasound system
(Fujifilm’s VisualSonics) using a 40 MHz probe on transverse position. Using Vevo Lab
software, images were obtained sequentially, starting from the distal region moving toward
the proximal region. The images were analyzed using three images from each of the three
regions (distal, middle, and proximal) for each animal were selected. The thickness of the
colon was determined at 6 different points around the circumference of each image and
averaged, and the average of these three images is reported as a single data point for each
region of the colon.

RNA was extracted from the intestine and mammary glands tissues using Trizol following
the manufacturer’s protocol. cDNA was synthesized from 5 g of total RNA using
Superscript first-strand RT-PCR reagents described by the manufacturer. gRT-PCR was
then performed using the Sybr green kit. Primers were used for the following genes
sequences: ZO-1 (CCTGTGAAGCGTCACTGTGT; CGCGGAGAGAGACAAGATGT),
HPRT (CATAACCTGGTTCATCATCGC; TCCTCCTCAGACCGCTTTT), or Tubala
(AGATGCCAAGCGACAAAACCA; AAAAAGCTGCCGGTAGGTTCC).

LPS endotoxin ELISA.

Snap-frozen plasma samples from mice were used at a 1:3 dilution to determine microbiota
effects on circulating LPS bioavailability following the manufacture’s instructions. Snap-
frozen mammary gland samples from Western or Western + Fish oil diet-fed C57BL/6 mice
were homogenized in PBS, and 35 g of protein was used to determine localized MG LPS
bioavailability.
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Immunohistochemistry.

Sections of paraffin-embedded 4T1 or DMBA-induced breast tumors were stained using
antibodies recognizing LTA or LPS to identify the presence of a tumor-specific microbial
population. Sections from 4T1 or DMBA-induced breast tumors were also stained using
antibodies against Ki67 (proliferation) or F4/80 (macrophage marker). Staining was
visualized by the Mantra Quantitative Pathology Image System with a 20x objective. Human
breast tumor microarray was purchased from US Biomax, Inc. (BR1008a) that contained
primary breast tumor tissue (n=50), breast tumor lymph node metastases (h=40), and
mammary gland tissue (n=10). The TMA was stained against LTA or LPS using the Dako
DAB chromagen IHC kit, and percent positive breast cancer cases were quantified. The
TMA was also co-stained with an antibody against LTA (PE-red), infiltrating immune cells
(CD45; PacificBlue-blue), and cell structural marker cytokeratin (Alexa Fluor 488-green)

to visualize potential bacterial co-localization within immune cells. Human placebo or fish
oil-treated patient tumor tissue from CCCWFU 98113 clinical trial were stained for LTA or
LPS using the Dako DAB chromagen IHC kit, and percent positive breast cancer cases were
quantified.

16S sequencing and statistics.

Statistics.

Mouse and human bacterial microbiome 16S sequencing were performed by Microbiome
Insights Inc. (Vancouver, British Columbia), as previously described in (21). In brief, DNA
was isolated from the feces using the MoBio Powersoil extraction kit. 16S rRNA genes
were PCR- amplified with dual-barcoded primers targeting the V4 region, as previously
described (35,36). Amplicons were sequenced with an Illumina MiSeq using the 250-bp
paired-end kit (v.2). Bacterial sequences were denoised, taxonomically classified using
Greengenes (v. 13_8), and clustered into similar operational taxonomic units (OTUS)

with the mothur software package (v. 1.38) following the recommended protocol (https://
www.mothur.org/wiki/MiSeq_SOP). MiSeqg-generated Fastq files were quality-filtered and
clustered into operational taxonomic units (OTUs) using the mothur software package
[http://www.mothur.org]. High-quality reads were classified using Greengenes v. 13_8 as
the reference database. The significance of diversity differences was tested using analysis
of variance (ANOVA). We corrected for the paired nature of the experimental design in the
fecal transplant study by restricting the permutations to mouse ID. Finally, we used DESeq2
to examine OTUs across treatment groups.

Data are presented as the mean + standard deviation (SD). Statistical differences were
evaluated by one-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests
to compared all groups to each other, or tumor-free survival data by log-rank Mantel-Cox
test. Apical polarity measurements between control and lard FCM or control and LPS
treated structures was evaluated by a two-tailed paired t-test. Correlations between tumor
microbe content and tumor infiltrating leukocytes were summarized by Pearson correlation
and expressed as r. Statistical significance was set at p < 0.05.
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Results

Modulating the enteric microbiota shifts dietary-mediated risk of mammary tumors in a
murine model of breast cancer.

Female mice were placed on a control diet or lard diet at weaning. A subset of mice

from each group (n=10-20) was given antibiotics in their drinking water, and tumors were
induced using a MPA/DMBA mammary carcinogenesis protocol (Figure 1A). One mouse
consuming a lard diet on the MPA/DMBA protocol was removed before tumor formation
(week 6) due to rapid weight loss and is indicated by a censored point in Figure 1B. As
expected (30), the lard diet significantly reduced tumor-free survival and increased tumor
weight and tumor multiplicity (Figure 1B-D). Broad-spectrum antibiotics did not result in
significant changes in tumor characteristics. However, trends towards improved outcomes
were apparent for animals treated with antibiotics: 80% of the mice on a control diet
supplemented with antibiotics were tumor-free compared to 60% of mice fed the same diet
without antibiotics. Similarly, antibiotics increased tumor-free survival from 11.5% to 44%
for mice on a lard diet.

Giving broad-spectrum antibiotics results in a systemic ablation of the host microbiota, both
commensal and pathogenic. As a more nuanced approach to understanding the impact of

the microbiota on dietary-mediated breast cancer risk, we used weekly fecal transplants to
effectively swap the enteric microbiome between dietary groups. To an equal degree, mice
fed a lard diet and mice on a control diet receiving fecal transplants from lard-fed animals
had significantly reduced tumor-free survival (10-12%) compared to mice fed control diet
(60% tumor-free survival rate) (Figure 1B). Reciprocally, tumor-free survival of lard diet-fed
mice receiving fecal transplants from animals on the control diet increased from 12% to 50%
compared to the mice fed the same diet without a fecal transplant. Tumor weight was greater
in the lard diet group versus both controls and the lard diet group given fecal transplants
from the control diet group (Figure 1C). Similarly, tumor multiplicity (or the numbers of
breast tumors per mouse) was significantly elevated in lard diet-fed mice and in control
diet-fed mice that received fecal transplants from mice on the lard diet (Figure 1D). Tumor
latency (or the weeks to initial tumor detection) was significantly shorter in the lard diet-fed
animals (Figure 1E).

To determine whether fecal transplants had any effects on tumor bacterial content, mammary
tumors were stained for bacterial outer membrane or cell wall components, such as
lipoteichoic acid (LTA) as a marker of gram-positive bacteria (Figure 1F) or LPS as a marker
or gram-negative bacteria (Figure 1G). Bacteria from the Firmicutes phyla are predominately
gram-positive and detected by LTA positivity. Since consumption of a high-fat diet increases
Firmicutes’ proportional abundance (37), elevated intratumoral gram-positive bacteria may
indicate a dietary effect. Interestingly, differences in gram-positive and gram-negative
bacteria localization were noted depending upon the treatment. Mammary tumors from mice
fed a control diet or mice on a lard diet given a fecal transplant from the control group
showed only a few cytoplasmic gram-positive bacteria staining in infiltrating immune-like
cells (Figure 1F) and reduced LPS positivity (Figure 1G).
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In contrast, mammary tumors from lard diet-fed mice and mice on a control diet given

fecal transplants from the lard diet group displayed increased nuclear and cytoplasmic gram-
positive bacteria staining in tumor epithelial cells and increased intracellular LPS immuno-
reactivity. Antibiotic treatment in either diet ablated LPS and LTA staining. Tumor sections
were also stained for Ki67 and F4/80 to determine microbiota effects on proliferation

and infiltrating tumor-associated macrophages (Supplemental Figure SIA-B). Mammary
tumors from mice consuming a lard diet or mice on a control diet given fecal transplants
from the lard diet group displayed elevated Ki67 immuno-reactivity and elevated tumor-
associated macrophages, suggesting diet-regulated microbiota mediate tumor inflammation
and proliferation.

Fecal transplantation shifts the proportions of bacteria in the fecal and breast tumor
microbiomes.

Both consumption of the lard diet and fecal swap of microbiota from lard-fed mice to
control diet-fed mice reduced the proportional abundance of Bacteroidetes and increased
Firmicutes abundance (Figure 2A). However, transplant of control diet-derived microbiota
to lard diet-fed mice did not affect phylum level proportions of enteric bacteria, suggesting
weekly control diet fecal transplant is insufficient to overcome high fat dietary influences at
the phylum level. However, there were significant changes in beta diversity. Volcano plots
generated from the 16S sequencing of feces indicated significant regulation of Akkermansia
by fecal transplants in both diet groups (Figure 2B—C). In addition, bacteria from the
butyrate-producing genus (Butyricimonas) and the Lachnospiraceae family were in higher
abundance in the lard diet and lard diet fecal transplant groups (Figure 2C).

16S sequencing of mammary tumors from this DMBA fecal transplant study indicates

that all intervention groups displayed elevated total operational taxonomic units (OTU)
counts in tumors compared to tumors from control diet-fed animals (Figure 2D),

meaning that interventions modulated tumor total bacteria abundance. Lard diet-consuming
mice and control diet-fed mice given a lard fecal transplant had increased tumoral
Massilia_unclassified (Figure 2E) and Entrobacteriaceae_unclassified bacteria (Figure 2F),
while control diet-fed mice given a lard fecal transplant showed elevated Pseudomonas
veronii (Figure 2G). All three of these Proteobacteria taxa express LPS and maybe the
populations identified by tumoral LPS IHC staining (Figure 1G).

Diet-regulated microbiota modulates epithelial cell polarity in the intestine and mammary

gland.

In the intestine, tight junctions (TJ) establish a seal within the epithelial cell layer, enabling
selective transport of nutrients into the interstitial space. Microbiota can regulate tight
junction proteins to influence tissue permeability (38,39). Accordingly, we measured the
reduced expression of the TJ marker ZO-1 in intestinal tissue samples from the lard diet
group and animals on a control diet that received fecal transplants from the lard diet group
(Figure 3A). As an independent measure of intestinal permeability, we measured microbial
lipopolysaccharide (LPS) bioavailability in snap-frozen plasma samples from the different
treatment groups. Consumption of the lard diet significantly elevated circulating LPS
concentrations compared to the plasma concentrations in control diet-fed mice. Reciprocally,
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administration of fecal transplants from the control diet group to animals consuming the
lard diet reduced plasma LPS concentrations (Figure 3B). These results reinforce the well-
established concept that high-fat diets have a negative impact on intestinal barrier function
(40).

Interestingly, in addition to changes in the intestine, mice on the lard diet had significantly
reduced ZO-1 gene expression in mammary gland tissues compared with animals in the
control diet group. Fecal transplantation reversed this effect (Figure 3C). Control fecal
transplant from the lard group did not alter ZO-1 expression in the control diet group,
suggesting that commensal microbiota is sufficient to maintain ZO-1 expression in the
mammary gland in this context. These results go along with our previous observation that
a high-fat diet disrupts epithelial cell polarity in the mammary gland (33) and uncover the
microbiome as a regulator of this effect.

Elevated levels of pro-inflammatory LPS in the serum from the lard diet group may directly
affect mammary epithelial cells.

To address whether microbial metabolites regulate breast epithelial polarity, we used

3D cultures of human breast epithelial cells recapitulating mammary gland units (acini).

As shown in Figure 3D, this culture system recapitulates epithelial polarization, which

can be quantified by immunostaining for TJ markers. We treated acini with fecal
conditioned media or LPS to simulate breast epithelial cell exposure to bacterial compounds
with pro-inflammatory activity. Acini treated with LPS or with lard diet-derived fecal
conditioned medium displayed a reduction in apical staining of the TJ proteins ZO-1

and claudin-1 (Figure 3E-F), suggesting that loss of apical polarity may be driven by
bioactive compounds produced from dysbiotic gut microbiota. Functionally, treatment of
differentiated breast epithelial monolayers with LPS increased trans-epithelial permeability
(Figure 3G), indicating that microbiota bioactive compounds may disrupt tissue architecture
in the mammary gland. This observation is significant because the loss of epithelial polarity
in normal tissues is considered necessary for tumor initiation (41). Increased mammary
gland permeability caused by TJ dysfunction may also affect bacterial localization in the
breast epithelium.

Human breast tumors contain bacteria outside of the immune milieu.

To determine whether bacteria are present in human breast tissues, we stained a human
tissue microarray comprised of primary breast tumor samples, breast cancer lymph node
metastatic lesions, and normal mammary gland tissue (adjacent to the tumors) using
antibodies directed against LTA (Figure 4A) or LPS (Figure 4B). The majority of

human breast tissue stained positive for LTA but not LPS-positive bacteria (Figure 4C).
Interestingly, primary breast tumors and normal-adjacent mammary gland tissue had high
(70-78% positive) LTA tissue staining, while only 35% of breast tumor lymph node
metastases stained positive (Figure 4C). On the other hand, primary breast tumors and
breast lymph node metastases displayed high (72-93% positive) LPS reactivity, while only
10% of normal-adjacent mammary gland tissue had high LPS positivity. To investigate
whether intratumoral bacterial content influences immune cell infiltration, we co-stained
human breast tumor tissue for CD45 (common leukocyte antigen; pan hematopoietic cell

Cancer Res. Author manuscript; available in PMC 2022 April 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Soto-Pantoja et al.

Page 11

marker), LTA (gram-positive bacteria), and cytokeratin (breast tumor cytoskeleton marker).
We show using immunofluorescence (Figure 4D) that the bacterial abundance in primary
breast tumors varies widely. While gram-positive bacteria-laden cells and CD45+ tumor-
infiltrating leukocytes positively correlated within tumor sections (Figure 4E; r=0.8945;
n=20, p<0.001), gram-positive bacteria were not identified within CD45+ cells, suggesting
that tumor immune cell recruitment was stimulated by bacteria presence within epithelial
cells. The presence of bacteria within breast tumor tissue may influence breast tumorigenesis
through immune recruitment activities or directly affecting cancer cell signaling.

Diet-influenced microbiota modulates 4T1 mammary tumor growth in vivo.

Having detected bacteria in cancer cells in most of the breast tumors analyzed, we next
assessed whether diet-regulated microbe presences within tumor epithelial cells affected
cancer outcomes. Using non-sterile fecal-derived conditioned media, we purposefully
infected 4T1 cancer cells before injection into mammary glands of female BALB/c mice to
determine the effects of intracellular bacteria on tumor growth /n vivo. 4T1 cells inoculated
with lard diet fecal-derived microbiota potentiated primary tumor growth compared with
tumor growth from mice bearing 4T1 cells inoculated with control diet fecal-derived
microbiota or uninfected 4T1 cells (Figure 5A-C). A subset of mice bearing uninfected 4T1
tumors were treated weekly with LPS injections. We also measured increased primary tumor
growth in these animals compared with tumors from mice bearing 4T1 cells inoculated

with control diet fecal-derived microbiota or uninfected/untreated 4T1 cells (Figure 5D).
While lard diet-derived oral fecal transplant in tumor-bearing mice had a modest effect on
primary 4T1 tumor growth compared to control mice, tumors from lard diet-derived fecal
transplant mice were smaller than tumors from mice bearing 4T1 cells inoculated with

lard diet-derived microbiota; perhaps due to differential amounts of bacteria within primary
tumor cells (Supplemental Figure S2A-B, G—H). Since microbiota mechanism of actions
are often linked with immune cell programing and modulation of inflammation, we also
included tumor groups bearing a mixture of 4T1 breast cancer cell and mouse macrophage
cells (RAW 264.7 cell line) pre-inoculated with control or lard diet fecal-derived microbiota
with 4T1 breast cancer cells prior to implantation (Supplemental Figure S2C-D, I). It is
important to note that concurrent antibiotic treatment of mice bearing 4T1 cells inoculated
with lard diet fecal-derived microbiota did not prevent tumor growth induced by lard

diet fecal-derived microbiota most likely due to the inability of antibiotics to permeate

the tumor, as shown by high levels of LTA and LPS immunoreactivity in these tumors
(Supplemental Figure S2E, G-H). Pre-treatment of macrophage cells with lard-derived fecal
conditioned media, but not control diet-derived microbiota, increased primary tumor growth
with an associated change in tumor Ki67 immunoreactivity (Supplemental Figure S2F).
Both pre-treatment with lard diet fecal-derived conditioned media to the cancer epithelial
cells (4T1) or systemic treatment with LPS increased tumor proliferation as determined

by Ki67 immunohistochemistry (Figure 5E). 4T1 cancer cells pre-inoculated with control
diet-derived microbiota media did not affect tumor growth or proliferation, suggesting that
commensal bacterial populations do not stimulate these processes. Tumor sections were
also stained for LTA, LPS, and F4/80 to visualize bacterial localization and macrophage
infiltration within the tissue. 4T1 tumors from mice injected with pre-inoculated control or
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lard diet fecal-derived microbiota cells displayed elevated gram-positive bacteria burden,
LPS-positive bacteria, and macrophage infiltration compared to controls (Figure 5F-H).

Fish oil supplementation in a Western diet reduces intestinal permeability and MG LPS
bioavailability.

The Western diet (45% kcal from fat; fat source corn oil, palm oil, milk-fat; 25% sucrose) is
a more translationally relevant dietary pattern than the high-fat lard diet (60% kcal from fat,
lard as fat source). Many deleterious health aspects linked with Western diet are thought to
be mediated by the high pro-inflammatory omega-6:0mega-3 PUFA ratio; therefore, fish oil
supplements to lower the omega-6:0mega-3 PUFA ratio is a commonly utilized intervention
(42,43). Using C57BL/6 mice fed a Western diet with or without fish oil supplementation for
12 weeks, we show that the fish oil intervention lowers intestinal permeability as determined
by a 24% reduction of plasma FITC-dextran (Figure 6A). Moreover, at the end of the study,
excised colon thickness was measured by ultrasound. We found that fish oil supplementation
to the Western diet was associated with a 14% increase in colon thickness compared

with Western diet consuming animals (Figure 6B). In addition to this change in epithelial
morphology, we measured elevated expression of the tight junction gene ZO-1 in intestinal
tissue from the Western diet with fish oil supplementation compared to Western diet without
supplement (Figure 6C). Taken together, these data suggest increased intestinal health by
fish oil administration, which may decrease pro-inflammatory LPS bioavailability. To test
this hypothesis, we performed an LPS ELISA on the plasma of animals on the Western diet
with or without fish oil. We show that fish oil supplementation decreased systemic (plasma)
LPS concentrations (Figure 6D).

Fish oil supplementation in a Western diet reduces mammary gland LPS levels and
improves epithelial polarity.

In addition to lowering systemic LPS, we found that the fish oil intervention also
significantly decreased localized LPS levels in the MG (Figure 6E). This decrease in MG
LPS was associated with elevated ZO-1 gene expression in the MG tissue (Figure 6F).
While the addition of fish oil to the Western diet in our model clearly has a positive

effect at the gut level, reducing systemic levels of pro-inflammatory LPS, omega-3 PUFA
supplementation may also directly affect breast epithelial cells. To test this possibility,

we exposed breast acini in 3D cell culture to combinations of the omega-3 PUFA EPA
and LPS. The EPA levels used for these experiments correspond to levels achieved in the
breast compartment in women taking fish oil supplements (42,44). Acini treated with EPA
displayed a slightly increased proportion of structures with apical localization of ZO-1
compared to vehicle-treated cultures (Figure 6G-H), suggesting that fish oil administration
may promote a healthy breast architecture.

In contrast, acini exposure to omega-6 PUFA arachidonic acid levels typical of a Western
diet significantly reduced the proportion of acini with apical ZO-1 compared to vehicle
(Supplementary Figure S3A-B). In accordance with Figure 3, LPS administration reduced
apical staining of ZO-1 (Figure 6G—H). Co-administration of EPA and LPS prevented
LPS-mediated disruption of apical polarity (Figure 6G—H), suggesting that fish oil
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supplementation may counteract negative signaling mediated by pro-inflammatory bioactive
compounds produced from dysbiotic gut microbiota.

Oral fish oil supplements shift microbiota populations in human breast tumors and normal
breast tissue.

Next, we leveraged an intervention trial with fish oil supplementation in breast cancer
patients to assess if omega-3 PUFA can modulate tumor and breast microbial populations
in humans. Analysis of 16S microbiome sequencing results obtained from matched tumors
and tumor-adjacent normal breast tissue indicates that, while the types of microbes present
at each site are similar, abundances differ between tumors and normal-adjacent tissue
(Figure 7A). Breast tumor tissue contained elevated Lachnospiraceae (Figure 7B), and
Ruminococcus (Figure 7C) compared to tumor-adjacent normal mammary tissue regardless
of intervention, potentially implicating these microbes in breast tumorigenesis. Fish oil
administration had no significant effect on Lachnospiraceae in tumor tissue. However, fish
oil supplementation strongly reduced the proportional abundance of Ruminococcus (Figure
7D) in the tumors and normal-adjacent tissue samples. In patients who received placebo,
Clostridiales_unclassified was elevated in normal tissue compared to the tumors, whereas
the opposite was measured in patients who received the fish oil supplement (Figure 7E).
Fish oil supplementation also reduced Bacteroidales unclassified (Figure 7F) in the tumors
and normal-adjacent tissue samples. We next stained breast tumor tissue from women treated
with placebo or fish oil intervention during the window-of-opportunity trial with antibodies
against LTA or LPS (Figure 7G-I). Breast tumors from women consuming fish oil display
a modest reduction in LTA-positive bacteria and a marked ablation of intratumoral LPS-
positive bacteria compared with tumor tissue from the placebo arm.

The duration of dietary interventions modifies the proportional abundance of select
microbes in the tumor and normal-adjacent mammary gland tissue.

The window-of-opportunity clinical trial utilizes the time between diagnosis and surgical
resection of the primary tumor; therefore, women assigned to the fish oil interventional
arm of the study were on supplements for different lengths of time. Within the fish

oil intervention, we grouped women in two categories: short-term supplementation (<14
days; mean = 10 days) or long-term fish oil administration (=17 days; mean of 28 days)
(Supplemental Figure S4A). Patient BMI did not differ between groups or treatment times.
However, it is important to note that the average BMI for patients on this clinical trial
indicates a predominately overweight and obese study population (Supplemental Figure
S4B). Administration of fish oil for approximately 4 weeks potentiated shifts within the
tumor and tumor-adjacent mammary tissue. Within tumor-adjacent mammary tissue, long-
term administration of the fish oil supplement elevated the proportional abundance of
Lactobacillus and decreased Pseudomonas microbes (Supplemental Figure S4C-D). It is
important to note that the elevated Pseudomonas content observed in some samples may
simply be a contaminant artifact. Alternatively, the Pseudomonas detected in several of the
short-term interventional [but not in the long-term interventional] samples may actually
represent introduction of a foreign microbe by biopsy. The longer period between biopsy
and surgery may allow the body to combat the introduction of the microbe, which may

be why elevated Pseudomonas is not observed in the long-term administration samples.
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Further research is needed to explore the potential of microbes being introduced by

biopsy. Long-term supplementation with fish oil within the tumor tissue significantly
reduced Ruminococcus abundance (Supplemental Figure S4C-D). These data suggest that
simple dietary supplementation with omega-3 PUFA can rapidly change tissue microbiome
populations.

Discussion

Breast tumor tissue and mammary gland tissue were identified to have a microbial
component (21-27,45,46); however, the influence of diet and diet-mediated microbial
populations within the mammary compartment on breast tumorigenesis is under-explored.
As a proof-of-concept, we induced breast tumorigenesis in control or lard diet-fed

mice given antibiotics in their drinking water or fecal transplants. Long-term antibiotic
administration led to a decreased tumor incidence trend in both control diet and lard diet-fed
animals, implicating microbiota and inflammation in breast tumor initiation. Antibiotic
administration did not affect tumor weight or tumor multiplicity, suggesting broad-spectrum
microbiota inhibition did not modulate tumor progression or inter-animal homogeneity of
carcinogen-induced tumor response. Original epidemiological studies reported increased
breast cancer risk in patients with increasing cumulative days of antibiotic use (47);
however, a more recent study extending the timeline to a 9 year follow-up window with
approximately 2.1 million women reported weak associations between antibiotic usage

and breast cancer. These associations could be explained by uncontrolled confounding
factors such as the underlying inflammatory diseases being treated by antibiotics (48). Our
pre-clinical data, lacking possible confounding effects from baseline infections, indicate
that antibiotics do not increase breast cancer risk but may reduce breast tumorigenesis,
albeit long-term antibiotic usage is not advised nor translatable to the clinic. Therefore,

our fecal transplantation model represents a more clinically relevant translational model
that better mechanistically defines the impact of dietary-modulated gut microbiota on breast
carcinogenesis. Furthermore, we show that administering lard diet-derived fecal transplants
to control diet-fed mice is sufficient to increase breast cancer risk in a carcinogen-induced
mammary tumorigenesis model, implicating diet-modulated microbiota in breast cancer risk.

Studies associating alterations in the gut microbiome with breast cancer are now emerging.
Bobin-Dubigeon and colleagues performed 16S sequencing on stool samples collected
prior to treatment or surgery in early stage breast cancer patients (49). Patients with

stage Il and 111 breast cancer showed elevated proportional abundance of Clostridium and
Lachnospiraceae family members in feces compared with samples from patients with stage
0 and I breast cancer, suggesting an interplay between the gut microbiome and breast
cancer progression. We observed the upregulation of Lachnospiraceaein lard diet-fed mice.
Lachnospiraceae populations were also regulated in our fecal transplant model, suggesting
that diet modulates gut microbiome populations that could promote breast cancer. We also
show elevated Lachnospiraceae proportional abundance within human breast tumor tissue
compared to normal tumor-adjacent breast tissue, further implicating these microbes in
breast cancer’s etiology.
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We also observed changes in the breast tumor microbiome induced by diet and fecal
transplants. The concept of an entero-mammary transmission route as a potential active
mechanism to transfer live bacteria and bacterial metabolites from the gastrointestinal tract
to the mammary gland through the mesenteric lymph nodes has been proposed (50-52).
Pathological conditions that disrupt the gut barrier increase bacterial translocation from
the gut to other tissue types, supporting a “leaky gut” model (53-55). Our data indicate
disruption of both the gut and mammary gland tight junction protein expression by in vivo
fecal transplant, /n vitro lard-diet fecal derived conditioned media, and bacterial-derived
products (such as LPS). TJ protein localization disruption was confirmed by diet-derived
fecal conditioned media and bacterial-derived products in a 3-D breast acini model. We
found increased circulating LPS in plasma from animals fed lard or Western diets and in
mice from a control diet that were administered a lard diet-derived fecal transplant. These
results suggest changes in gut permeability caused by the microbiota, elevating bacterial
metabolite bioavailability. Coupled with the observed elevated bacterial OTU counts in
tumors from lard diet-fed and mice administered a fecal transplant, the data indicate

that gut dysbiosis induced by Western and HFD-induced microbiota facilitates bacterial
translocation to the mammary compartment. In further support, the literature suggests
elevated plasma LPS in obese subjects compared with non-obese patient plasma samples
(56), suggesting that the obesity-modulated leaky gut model is also observed in humans.
We previously demonstrated that a habitual diet could modulate microbiota populations in
normal non-cancerous breast tissue from a non-human primate model (23). The mammary
gland microbiome sequencing results were compared with the gut microbiota populations
in a subset of monkeys on each diet (57,58). Interestingly, the effect of diet on the fecal
microbiome compared with the mammary gland microbiome displayed some similarities
and several divergences. Increased Lactobacillus and decreased Ruminococcus populations
were observed in both mammary gland and feces of Mediterranean diet-fed monkeys
(23,57), which provided further evidence supporting some connection between the gut and
breast microbiota populations.

We previously demonstrated that patient obesity shifts breast tumor microbiota populations;
obese patients displayed increased tumoral Enterobacteriaceae compared with non-obese
patient tumor microbial abundance (21). Enterobacteriaceae is a family of bacteria
predominately LPS expressing and found in the human intestinal tract. Increased
Enterobacteriaceae OTUs were observed in the guts of overweight women (59). We also
observe increased Enterobacteriaceae OTUs in mouse DMBA mammary tumors from lard-
fed mice and control diet-fed mice administered a lard fecal transplant. Taken together, these
data suggest that obesity and HFD consumption shifts breast tumor microbiota similarly in
mice and humans.

There has been increasing evidence demonstrating the differences in microbiota between
breast tumor tissues and non-malignant breast tissues (22,60). Our human breast cancer
patient data from women administered a placebo or a daily supplement of fish oil
clinical trial indicates that while the normal tumor adjacent mammary gland and the
tumor tissue display some similarities in the types of bacteria present, they differ

in the proportional abundance of these microbes. Breast tumors displayed elevated
Lachnospiraceae and Ruminococcus populations than in the normal tumor-adjacent
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mammary gland tissue, suggesting potential selection advantage of some microbes within
the tumor microenvironment that may play a role in breast cancer cell signaling.
Furthermore, we demonstrated that oral supplementation of fish oil led to microbial changes
within the normal breast and tumor compartments.

More mechanistic studies need to be performed in order to discover the interconnectivity
between microbiota between the gut and breast tissue. Our work here, and work performed
by others (29), support the gut/breast signaling axis hypothesis by indicating differential
gram-positive bacteria localization, LPS-expressing bacterial localization, and bacterial 16S
OTUs mammary gland and breast tumors by diet. Our study has limitations. In particular,
our mammary carcinogenesis model did not include heat-inactivated fecal transplant groups,
nor animals that underwent fecal transplantations with concurrent antibiotic administration.
Inclusion of these groups in follow-up experiments will clarify the relative role of live
microbes versus other compounds present in fecal transplant that may influence cancer risk.
Further experimentation into the gut/breast signaling axis is required to fully understand
this dynamic process and the impact on breast carcinogenesis. However, our data supports
the hypothesis that diet changes or supplementing patients with probiotics could lead to
improved breast cancer outcomes, including more prolonged disease-free survival and a
decrease in breast cancer incidence. Importantly, this is a modifiable clinical variable that is
highly actionable.

In conclusion, we demonstrated that the gut-mammary signaling axis modulates dietary
influences on breast cancer risk. We found that fecal transplants impact both the gut and
breast tumor microbiomes and cancer outcomes in our mammary carcinogenesis model.
Using fecal conditioned cell culture media, we showed that dietary-influenced microbiota
modulates primary breast tumor growth. We also demonstrated in human breast tumor
samples that bacteria exist outside of immune cells and are modulated by oral dietary
intervention. This work provides essential evidence on the critical roles that gut and
mammary microbiomes, regulated by diet, play in breast cancer risk and progression,
highlighting the potential of interventions to correct dysbiosis in prevention and treatment.
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Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

This study demonstrates that diet shifts the microbiome in the gut and the breast tumor
microenvironment to affect tumorigenesis, and oral dietary interventions can modulate
the tumor microbiota in breast cancer patients.
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Figure 1.
Modulating microbiota regulates dietary-influenced breast cancer risk. A. MPA-DMBA

mammary carcinogenesis model schematic in mice. B. Tumor-free survival in mice fed a
control or lard diet. A subset of mice on each diet was given broad-spectrum antibiotics
administered in their drinking water. Another subset of mice on each diet was given weekly
fecal transplant for the study duration. Groups are as follows: Control diet-fed mice, lard
diet-fed mice, control diet-fed mice given a lard diet-derived fecal transplant, lard diet-fed
mice given a control diet-derived fecal transplant, control diet-fed mice given antibiotics,
and lard diet-fed mice given antibiotics. Breast tumors were induced by MPA-DMBA
administration, and mice were palpated weekly for breast tumor formation. Comparison of
survival curves was performed by Log-rank (Mantel-Cox) test. C. Tumor weight at the end
of the study. n=3-20. *p<0.05. D. Tumor multiplicity at the end of the study n=10-19.
*p<0.05. E. Tumor latency. n=10-19. *p<0.05. F. Breast tumor sections were stained with
an antibody against LTA to identify gram-positive bacteria. G. Breast tumor sections were
stained with an antibody against LPS to identify gram-negative bacteria.
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Figure 2.

Fecal transplant shifts both gut and mammary microbiome. 16S sequencing of DNA isolated
from fecal and breast tumor samples. A. Proportional abundance of Bacteroidetes and
Firmicutes phyla in fecal samples collected from the different treatment groups. B. Volcano
plots comparing microbiota population shifts in fecal samples collected from lard diet-fed
and lard diet-fed mice administered weekly fecal transplants with feces from control diet-fed
mice. C. Volcano plots comparing microbiota population shifts in fecal samples collected
from control diet-fed and control diet-fed mice administered fecal transplants from the

lard diet group. D. Total operational taxonomic units (OTU) counts in mammary tumors.
Tumoral OTU counts of Massilia_unclassified (E), Enterobacteriaceae_unclassified (F), and
Pseudomonas veronii (G) were identified in tumors from the different treatment groups. n=5;
*p<0.05 relative to control diet.
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Figure 3.

Diet-derived microbiota affects epithelial permeability and apical polarity markers. A.
Relative ZO-1 gene expression normalized to HPRT in intestinal tissues from control
diet-fed mice, lard diet-fed mice; lard diet-fed mice administered a control diet-derived
fecal transplant, and control diet-fed mice administered a lard diet-derived fecal transplant
n=5; *p<0.05. B. Circulating plasma LPS from control diet-fed mice, lard diet-fed mice,
lard diet-fed mice administered a control diet-derived fecal transplant, and control diet-fed
mice administered a lard diet-derived fecal transplant n=6;*p<0.05. C. Relative ZO-1 gene
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expression normalized to HPRT in mammary gland tissues from control diet-fed mice,
lard diet-fed mice; lard diet-fed mice administered a control diet-derived fecal transplant,
and control diet-fed mice administered a lard diet-derived fecal transplant n=6;*p<0.05. D.
Examples of polarized and non-polarized mammary acini structures stained for the tight
junction markers ZO-1 (red) and claudin-1 (green). Cell nuclei were counter-stained with
DAPI (blue). Scale bars, 10 um. E. Mammary acini structures were treated with control
diet-derived or lard diet-derived sterile conditioned media, and the effects on apical polarity
were measured by ZO1 and Claudin-1 localization n=3; *p<0.05. Scale bars, 100 ym. F.
Mammary acini structures were treated with PBS (control) or 1 pM LPS, and the effects
on apical polarity were measured by ZO1 and Claudin-1 localization n=6;*p<0.05. Scale
bars, 100 um. G. The effect of LPS on breast epithelial permeability was measured using
a transwell assay. Monolayers of breast epithelial cells were treated with PBS or LPS,

and diffusion of Evans blue albumin (EBA) to the lower compartment was quantified as

a measure of permeability. n=3;*p<0.05. Microscopy images of DAPI-stained nuclei show
that LPS treatment did not affect cell layer confluence. Scale bars, 200 pm.
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Bacteria localization in human tissue. A. Primary breast tumors, breast cancer lymph node
metastases, and tumor-adjacent normal mammary gland tissue were stained with an antibody
against gram-positive bacteria to indicate the presence of bacteria in human patient samples.
B. Primary breast tumors, breast cancer lymph node metastases, and tumor-adjacent normal
mammary gland tissue were stained with an antibody against LPS. C. LTA and LPS stained
tissue were quantified. n=10-50. D. Breast tumor tissue microarray was stained against
CD45 (blue), LTA (red), and pan-cytokeratin (green). E. Bacteria laden cells correlates with

tumor-infiltrating leukocyte content (n=20; r=0.8945; p<0.001).
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Figureb.
Intratumoral microbiota drives primary mammary tumor growth through modulation of

proliferation and immune infiltrate. A. Uninfected 4T1 tumor volume B. Control diet-
derived fecal conditioned media infected 4T1 breast tumor volume over time. C. Lard
diet-derived fecal conditioned media infected 4T1 breast volume over time. D. Tumor
volume over time of uninfected 4T1 tumor-bearing mice treated with 5 mg/kg LPS weekly.
E. Tumor proliferation as determined by Ki67 immunoreactivity. F. Gram-positive bacteria
content in 4T1 breast tumors. G. LPS positive bacteria content in 4T1 tumors. H. Infiltrating
tumor-associated macrophage content in 4T1 tumors was determined by F4/80 immuno-
reactivity. n=6-9.*p<0.05
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Figure 6.
Fish oil supplementation modifies intestinal permeability, LPS bioavailability, and breast

acini polarity. A. Plasma FITC-dextran concentrations in 16-week old female C57BL/6 mice
fed a Western or Western + fish oil diet. n=5; *p<0.05. B. Colon thickness (proximal,

mid, and distal colon measurements) determined by Vevo ultrasound in concentrations in
16-week old female C57BL/6 mice fed a Western or Western + fish oil diet. n=4; *p<0.05.
C. Relative ZO-1 gene expression normalized to HPRT in intestinal tissues from Western or
Western + fish oil supplemented n=9; *p<0.05. D. Plasma LPS concentration n=6, *p<0.05.

LPS + EPA
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E. Mammary gland LPS concentration. n=5, *p<0.05. F. Relative ZO-1 gene expression
normalized to Tubula in mammary gland tissues from Western or Western + fish oil
supplemented n=9; *p<0.05. G. Representative images of mammary acini structures treated
with LPS, EPA, or a combination of LPS+EPA. Scale bars, 100 um. H. Effects of n-3 PUFA
on LPS apical polarity disruption measured by ZO1 localization. n=6; *p<0.05.
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Figure7.

Oral administration of fish oil supplements shifts breast tumor and tumor-adjacent mammary
gland tissue microbiota abundance. A. Relative abundance of bacterial genera in different
breast tumor and tumor-adjacent mammary gland tissue samples obtained from breast cancer
patients taking a placebo or fish oil is visualized by bar plots. Each bar represents a

subject and each colored box a bacterial taxon. The height of a color box represents the
relative abundance of that organism within the sample. “Other” represents lower abundance
taxa. B. Proportional abundance of Lachnospiraceae (family) indicating breast tumors
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display elevated Lachnospiraceae compared with normal tumor-adjacent mammary tissue
regardless of intervention. n=22;*p=0.04. C. Proportional abundance of Ruminococcus
(genus) indicating breast tumors display elevated Ruminococcus compared with normal
tumor-adjacent mammary tissue regardless of intervention. n=22;*p=0.02. D. Proportional
abundance of Ruminococcus (genus) by tissue type and intervention. placebo-treated n=9;
fish oil treated n=13; *p<0.05. Proportional abundance of Clostridiales unclassified (E) and
Bacteroidales unclassified (F) by tissue type and intervention. placebo-treated n=9; fish oil
treated n=13; *p<0.05. G. Percent of breast tumors that displayed high positivity (IHC score
of 2 or 3) or low/negative (IHC score of 0 or 1) immune-reactivity against LTA or LPS. H.
Representative IHC images of breast tumor sections stained against LTA to identify gram-
positive bacteria content from placebo or fish oil supplemented women. I. Representative
IHC images of breast tumor sections stained against LPS to identify gram-negative bacteria
content from placebo or fish oil supplemented women.

Cancer Res. Author manuscript; available in PMC 2022 April 05.



	Abstract
	Introduction
	Materials and Methods
	Materials.
	Study approval and tissue procurement.
	Animals.
	Fecal transplant DMBA-mammary carcinogenesis model.
	Cell culture.
	Epithelial polarity and permeability assays.
	Breast cancer cell microbiota co-culture model.
	Intestinal permeability assay.
	Colon thickness ultrasound measurements.
	RT-PCR.
	LPS endotoxin ELISA.
	Immunohistochemistry.
	16S sequencing and statistics.
	Statistics.

	Results
	Modulating the enteric microbiota shifts dietary-mediated risk of mammary tumors in a murine model of breast cancer.
	Fecal transplantation shifts the proportions of bacteria in the fecal and breast tumor microbiomes.
	Diet-regulated microbiota modulates epithelial cell polarity in the intestine and mammary gland.
	Elevated levels of pro-inflammatory LPS in the serum from the lard diet group may directly affect mammary epithelial cells.
	Human breast tumors contain bacteria outside of the immune milieu.
	Diet-influenced microbiota modulates 4T1 mammary tumor growth in vivo.
	Fish oil supplementation in a Western diet reduces intestinal permeability and MG LPS bioavailability.
	Fish oil supplementation in a Western diet reduces mammary gland LPS levels and improves epithelial polarity.
	Oral fish oil supplements shift microbiota populations in human breast tumors and normal breast tissue.
	The duration of dietary interventions modifies the proportional abundance of select microbes in the tumor and normal-adjacent mammary gland tissue.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

