cancers

Article

Exercise and Prebiotic Fiber Provide Gut Microbiota-Driven
Benefit in a Survivor to Germ-Free Mouse Translational Model
of Breast Cancer

Kara Sampsell 1@, Weilan Wang 1 Christina Ohland 2, Lukas F. Mager 3 Nicola Pett 2, Dana E. Lowry 1
Kate M. Sales !, Margaret L. McNeely 450, Kathy D. McCoy 3, S. Nicole Culos-Reed 1-¢

and Raylene A. Reimer

check for
updates

Citation: Sampsell, K.; Wang, W.;
Ohland, C.; Mager, L.F,; Pett, N.;
Lowry, D.E,; Sales, K.M.; McNeely,
M.L.; McCoy, K.D.; Culos-Reed,
S.N.; et al. Exercise and Prebiotic
Fiber Provide Gut Microbiota-Driven
Benefit in a Survivor to Germ-Free
Mouse Translational Model of Breast
Cancer. Cancers 2022, 14,2722.
https://doi.org/10.3390/
cancers14112722

Academic Editor: David N. Danforth

Received: 7 April 2022
Accepted: 24 May 2022
Published: 31 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,7,%

Faculty of Kinesiology, University of Calgary, Calgary, AB T2N 1N4, Canada;

kara.sampsell@ucalgary.ca (K.S.); weilan.wang@ucalgary.ca (W.W.); dana.lowry@ucalgary.ca (D.E.L.);

kmsales@ucalgary.ca (K.M.S.); nculosre@ucalgary.ca (S.N.C.-R.)

International Microbiome Centre, Cumming School of Medicine, University of Calgary,

Calgary, AB T2N 4N1, Canada; christina.ohland@ucalgary.ca (C.O.); nicola.pett@ucalgary.ca (N.P.)

Department of Physiology and Pharmacology, Snyder Institute of Chronic Diseases, Cumming School of

Medicine, University of Calgary, Calgary, AB T2N 4N1, Canada; lukas.mager@med.uni-tuebingen.de (L.EM.);

kathy.mccoy@ucalgary.ca (K.D.M.)

4 Department of Physical Therapy, University of Alberta, Edmonton, AB T6G 2R3, Canada;
mmcneely@ualberta.ca

5 Cancer Care Alberta, Department of Oncology, Edmonton, AB T5] 3E4, Canada

Department of Oncology, Cumming School of Medicine, University of Calgary, Calgary, AB T2N 4N1, Canada

Department of Biochemistry and Molecular Biology, Cumming School of Medicine, University of Calgary,

Calgary, AB T2N 4N1, Canada

Correspondence: reimer@ucalgary.ca

Simple Summary: Breast cancer is the most common cancer in women worldwide. In recent years,
the community of microbes that inhabit the intestinal tract, called the gut microbiota, has been
shown to influence patient response to several cancer therapies. On the other hand, treatments
such as chemotherapy can disrupt the resident gut microbiota and potentially contribute to poor
health outcomes. Strategies to improve the composition of the gut microbiota include dietary and
exercise interventions. While diet and exercise are already established as important for breast cancer
prevention, during treatment, and for reducing recurrence, little is known about the impact of these
factors on the gut microbiota in the context of breast cancer. Therefore, our aim was to examine the
impact of exercise and diet on the gut microbiota in breast cancer. Our findings indicate that exercise
and prebiotic fiber supplementation may provide benefits to individuals with breast cancer through
advantageous gut microbial changes. Our findings of a potential adjuvant of exercise and prebiotics
should inspire further mechanistic and clinical investigations.

Abstract: The gut microbiota plays a role in shaping overall host health and response to several cancer
treatments. Factors, such as diet, exercise, and chemotherapy, can alter the gut microbiota. In the
present study, the Alberta Cancer Exercise (ACE) program was investigated as a strategy to favorably
modify the gut microbiota of breast cancer survivors who had received chemotherapy. Subsequently,
the ability of post-exercise gut microbiota, alone or with prebiotic fiber supplementation, to influence
breast cancer outcomes was interrogated using fecal microbiota transplant (FMT) in germ-free mice.
While cancer survivors experienced little gut microbial change following ACE, in the mice, tumor
volume trended consistently lower over time in mice colonized with post-exercise compared to pre-
exercise microbiota with significant differences on days 16 and 22. Beta diversity analysis revealed that
EO771 breast tumor cell injection and Paclitaxel chemotherapy altered the gut microbial communities
in mice. Enrichment of potentially protective microbes was found in post-exercise microbiota groups.
Tumors of mice colonized with post-exercise microbiota exhibited more favorable cytokine profiles,
including decreased vascular endothelial growth factor (VEGF) levels. Beneficial microbial and
molecular outcomes were augmented with prebiotic supplementation. Exercise and prebiotic fiber
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demonstrated adjuvant action, potentially via an enhanced anti-tumor immune response modulated
by advantageous gut microbial shifts.

Keywords: gut microbiota; breast cancer; exercise; prebiotics; chemotherapy; fecal microbiota transplant

1. Introduction

The community of bacteria, fungi, viruses, and protozoa inhabiting the human gas-
trointestinal tract, collectively known as the gut microbiota [1], can potentially facilitate
or impede carcinogenesis and influence an individual’s response to certain cancer ther-
apies [2,3]. This community of microbes acts alongside environmental exposures and
epigenetic and genetic susceptibilities to shape cancer risk [3]. The mechanisms through
which the gut microbiota exerts its influences on carcinogenesis and cancer treatments
require further investigation. However, some relationships are understood to exist via
microbiota-derived metabolites, modulation of host metabolism, and alterations to cytokine
expression, the intestinal barrier, and immune regulation [4-7]. Harnessing the potential of
the gut microbiota to improve treatment efficacy and health outcomes in cancer populations
is of great clinical interest [4,8,9].

Current strategies for beneficially modifying the gut microbiota include improving di-
etary fiber intake [10], probiotic or prebiotic supplementation [11,12], and performing regu-
lar exercise [13,14]. Increasing the abundance of health-associated microbes and decreasing
inflammation-associated microbes may improve markers of systemic inflammation, sup-
port gut barrier integrity, and decrease gastrointestinal side-effects and pathogenic infection
risk [15]. Additionally, both prebiotic fiber and exercise have independently demonstrated
positive immune and vascular modulatory effects on the tumor microenvironment, thus
supporting the incorporation of these modifiable behaviors in cancer populations [16-18].
Both regular exercise and adequate fiber intake are currently recommended as protective
lifestyle factors for individuals with cancer and for cancer prevention [19]. Additionally,
individuals with breast cancer are at risk for disease recurrence and related mortality, which
is positively associated with overweight and obesity [20,21] and negatively associated with
regular exercise and adherence to nutritional recommendations [22,23]. These activities
may also protect against altered inflammatory serum cytokines [24] and mitochondrial
DNA mutations [25] that are implicated in breast cancer initiation and progression. How-
ever, research on applying strategies, such as exercise or prebiotic supplementation, with
the aim of altering the gut microbiota in individuals with breast cancer is lacking.

In 2020, breast cancer comprised 11.7% of the 19.3 million new total cancer diagnoses
and it accounts for one in four female cancer cases and one in six female cancer deaths [26].
Despite medical advances in detection, diagnostics, and treatment, which have improved
survival, individuals with breast cancer comprise a large population which would benefit
from improved treatment and health outcomes. Breast cancer is associated with an altered
gut microbial profile compared to that of healthy controls [27-29], and treatments such
as chemotherapy can further alter the gut microbiota toward dysbiosis [30-33]. Multiple
studies have implicated the gut microbiota, and in some cases specific microbes, in success-
ful response to various chemotherapies [8,9,34,35], suggesting similar mechanisms may
support successful response to common breast cancer chemotherapeutics. Additionally,
improved gut microbial profiles during or after treatment may help mitigate individuals’
increased risk for developing obesity or anxiety, depression, or fear of recurrence through
favorable metabolic profile alterations [36,37] and the gut-brain axis [38—42] respectively.
Up to 17% of those diagnosed with stage I and II breast cancer, 62% with stage III, and
66% with stage IV will undergo chemotherapy during their treatment [43]. Improving
gut microbiota composition in this population is therefore a promising target to improve
treatment and health outcomes and demands investigation.
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The overall purpose of this study was to examine the effect of exercise and prebiotic
supplementation on gut microbiota in a translational model of breast cancer. In the clinical
portion of the study, the objective was to determine whether a 12-week exercise program
alters gut microbiota composition in women with breast cancer who have undergone
chemotherapy treatment. In the animal study, the objective was to use fecal microbiota
transplant (FMT) to determine if colonization with human post-exercise gut microbiota
would reduce tumor growth in germ free mice compared to pre-exercise gut microbiota, and
whether prebiotic fiber could enhance the effect of post-exercise microbiota. All mice were
injected with breast tumor cells and treated with the common chemotherapeutic Paclitaxel.
Tight-junction protein gene expression and tumor and serum cytokine levels were analyzed
as possible mechanistic links between the gut microbiota and tumor outcomes.

2. Materials and Methods
2.1. Clinical Study
2.1.1. Alberta Cancer Exercise (ACE) Program

Study participants were recruited from individuals who had enrolled in the Alberta
Cancer Exercise program (ACE). Participants adhered to the ACE study protocol which
involved attending 12 weeks of bi-weekly 60-min exercise classes. Historically, this program
was delivered in person but was shifted in March 2020 to a virtual delivery via Zoom due to
the restrictions imposed by the COVID-19 pandemic. The exercise classes include aerobic,
strength, and flexibility components as described in detail previously [44]. The intensity of
the classes ranges from mild to moderate. Participants at any stage of cancer can be referred
by a healthcare provider or directly contact ACE personnel to enroll in the program and
may be actively in treatment or in survivorship up to 3 years post-treatment completion [44].
Several psychosocial and fitness measures are included in the ACE study protocol. For
the purposes of this study, we accessed data on demographics, the Functional Assessment
of Cancer Therapy-General (FACT-G) questionnaire, and Godin’s Leisure Time Exercise
Questionnaire (GLTEQ), which are described below.

2.1.2. Recruitment

Participants who met the inclusion criteria (Table 1) were sent an email by ACE person-
nel to inform them of the opportunity to participate. Following confirmation of eligibility,
participants signed the informed consent document. Twenty-four individuals replied to
the initial contact by ACE personnel, seventeen individuals expressed interest and were
provided additional information and the eligibility questionnaire, four individuals were
deemed ineligible, and three were no longer interested, leaving a cohort of ten participants.

Table 1. Inclusion and Exclusion Criteria for Recruitment.

Inclusion Criteria Exclusion Criteria

Biologically female

. Intestinal diseases such as ulcerative colitis/Crohn’s

Clinically diagnosed with breast cancer e  Body mass index (BMI) >35 kg/m?

Probiotic or prebiotic supplementation (this does not

Have undergone chemotherapy as a part of their treatment include consumption of foods which contain probiotic

or prebiotic)

History of major gastrointestinal surgery

Regular consumption of >1 alcoholic beverage/day
Pregnant or lactating

Currently undergoing chemotherapy or immunotherapy

2.1.3. Sample Size and Power

A target sample size of n = 26 was determined for this study. This target sample size
was calculated based on previous studies on the gut microbiota of individuals with cancer
or cancer survivors [45-47]. Additional considerations included a low expected drop-out
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Recruitment
Spring 2020-
Spring 2021

filr A~ %

rate based on historical compliance with the ACE program as well as the estimated size of
the available target population. The given sample size would allow us to detect significant
group differences (estimated with a power of 0.80, x = 0.05). Statistical calculations were
performed utilizing an online statistical calculator provided by the University of British
Columbia. Due to limitations resulting from the COVID-19 pandemic, our recruitment
resulted in n = 10 participants recruited from four ACE sessions between Spring 2020 and
Spring 2021. The outline of the study is provided below (Figure 1).

ACE program No Intervention
Baseline 12 Weeks » 24 Weeks m—)

* Fecal sample + Fecal sample + Fecal sample G‘ft ]

* 3-day food record « 3-day food record + 3-day food record Mlcrobllota.

* Godin’s Leisure Time + Godin’s Leisure Time * Godin’s Leisure Time Analysis using
Exercise questionnaire Exercise questionnaire Exercise questionnaire 165 rRNI.l

* Functional Assessment * Functional Assessment * Functional Assessment S(.aq.uencmg?(
of Cancer Therapy of Cancer Therapy of Cancer Therapy Bioinformatics
(FACT) questionnaire (FACT) questionnaire (FACT) questionnaire

Figure 1. Clinical Study Outline. ACE, Alberta Cancer Exercise.

2.1.4. Demographic Information

Demographic information related to age, ethnicity, education, income, and employ-
ment status as well as information on past treatment history, including whether they had
received surgery, radiation, or hormone therapy in addition to chemotherapy, was collected.

2.1.5. Godin’s Leisure Time Exercise Questionnaire (GLTEQ)

At baseline, 12 weeks (end of exercise program), and 24 weeks (12 weeks post-
program), participants completed a GLTEQ as part of ACE. The questionnaire consists
of four questions which query how frequently in a week the individual performs mild,
moderate, or strenuous physical activity for a period of 15 min or more [48]. Time spent in
mild, moderate, and strenuous exercise are multiplied by 3, 5, and 9, respectively, which
are then totaled to yield a final score in metabolic equivalents (METs). This questionnaire
has been found to correlate closely to measures of physical fitness such as VO, max and is
widely utilized in oncology research [49].

2.1.6. Patient-Reported Psychosocial Outcomes

The Functional Assessment of Cancer Therapy (FACT-G) health-related quality of life
questionnaire has 27 items and provides a cumulative score based on measures of physical,
social, emotional, and functional well-being in cancer patients. The general questionnaire
is designed and validated for use in any clinical cancer population [50]. Each item presents
a statement to which the respondent is asked to choose a numeric rating from 0 to 4 to
represent how the statement applies to them over the past 7 days. Total scores range from
0-108 with a higher numeric score indicating greater quality of life.

2.1.7. Dietary Intake

Study participants documented their food intake in a 3-day dietary record (two week-
days and one weekend day) at 0, 12, and 24 weeks. Dietary records were analyzed using
Food Works 18.0 software and the Canadian Nutrient File (The Nutrition Company, Long
Valley, NJ, USA) [51].
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2.1.8. ACE Participant Fecal Samples and 16S rRNA Analysis

Participants collected stool samples using at-home collection kits and stored them
in their home freezer until pick-up. Samples were picked-up and transported to the
University of Calgary for storage at —80 °C within three days of collection. The gut
microbial content was analyzed according to established protocols [52]. Bacterial DNA was
extracted from ~250 mg of fecal sample using FastDNA Spin Kits (MP Biomedicals, Lachine,
QC, Canada) with bead-beating and quantified using a PicoGreen DNA quantification kit
(Invitrogen, Carlsbad, CA, USA). The V3-V4 regions of the 165 rRNA gene were amplified
and sequenced on 2 x 300 bp MiSeq Illumina platform at the Centre for Health Genomics
and Informatics (Calgary, AB, Canada) as previously described [53]. Demultiplexed 165
rRNA gene sequences were analyzed in QIIME2 platform using DADA? for denoising
and amplicon sequence variants (ASVs) extraction. ASV sequences were aligned to Silva
138 reference database and Genome Taxonomy Database for current taxonomy assignment.
The resultant reads were analyzed using Shannon and Simpson indices, Weighted UniFrac,
in QIIME2. Alpha and beta diversity analyses were calculated after rarefying the number
of reads to 8683 for human samples and 10,011 reads for mouse samples using QIIME2
pipeline (version 2021.4) [54]. Differential abundance analysis was carried out with the
unrarefied ASV counts table using the DESeq2 package in R (version 4.0.0).

2.2. Murine FMT Study

A follow-up animal experiment was designed to investigate the relationship of exercise-
responsive gut microbiota to breast cancer tumor growth and chemotherapy treatment.
FMT allowed us to colonize germ-free mice with the pre- and post- exercise gut microbiota
from a participant that demonstrated a favorable microbial response to exercise and assess
tumor- and microbiota-related outcomes in the recipient mice. In addition to the exercise-
responsive microbiota, supplementation with the prebiotic fiber oligofructose was also
assessed in this murine breast cancer model to investigate a potential synergistic protective
effect of exercise and prebiotic supplementation in breast cancer treatment. Based on
the cost associated with running a study of this magnitude in the germ-free facility, one
participant who showed a positive microbial effect to exercise was selected as the fecal
donor for the FMT. An overview of the study design is provided in Figure 2.

&
& & Ssa
> & &
FE ©
& N
& o
A& & A
AP SN
& o &5 Eard
S < & B
« A & ¥ Endpoint
((‘? Day 0 @,-09 Day 6 § Day 17 } Day 21 Day 27 & 28
Pre — exercise FMT I

Caliper measurements I every 2-3 days

Post— exercise FMT
BCW12
(n=12)

I EEmE Em <
L |

Caliper measurements every 2-3 days

Post— exercise FMT
+ Prebiotic
( 8% Oligofructose)
BCW120FS
(n=12)

Caliperl measurements I every 2-3 days

Fecal Day 5 Fecal Day 13 Fecal Day 22 Fecal Endpoint

Figure 2. Murine Study Schematic.

2.2.1. Animals

Forty-eight female 18-20-week-old C57BL/6 germ-free mice were bred and housed
in the International Microbiome Centre (IMC) at the University of Calgary, Canada. All
animals were kept on a 12-h light-dark cycle and fed standard chow. Animals were housed
with litter mates in HEPA filtered iso-cages during the study. Animals were randomly
allocated to four body weight and age-matched groups comprised of BCGF (germ-free
control), BCWO (received FMT of the participant’s baseline, pre-exercise fecal sample),
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BCW12 (received FMT of the participant’s 12-week, post-exercise fecal sample), and BCW12-
OFS (received the same FMT as BCW12 and consumed oligofructose-supplemented water).
Each group consisted of n = 12 mice at the start of the study. Two animals were euthanized
in the BCWO0 group following FMT, resulting in 7 = 10 mice in the BCWO0 group.

2.2.2. Cell Culture

The EO771 murine breast carcinoma cell line, originally isolated from a spontaneous
tumor in a C57BL/6 mouse [55], was generously provided by the S. Liao lab at the Uni-
versity of Calgary. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Gibco, ThermoFisher, Waltham, MA, USA) supplemented with 10% heat-inactivated fetal
bovine serum (Gibco, ThermoFisher, Waltham, MA, USA). Cultures were maintained in
an incubator at 37 °C and 5% CO,;. Prior to injection, the cells were screened to ensure
the absence of mycoplasma (PCR Mycoplasma detection kit, Thermo Scientific, Waltham,
MA, USA).

2.2.3. EO771 Cell Injections

To prepare injection aliquots, cells were detached from the flasks with trypsin. Once
the cells were visibly detached, DMEM was added to inactivate the Trypsin. Cells were
then pooled in a 50 mL Falcon tube, and an aliquot was removed to perform a cell count.
The Falcon tube of cells was centrifuged for 5 min at 4 °C. Following centrifugation,
the supernatant was removed, and the cells were resuspended in Dulbecco’s Phosphate
Buffered Saline (DPBS; Sigma, Oakville, ON, Canada) to the proper concentration. The cell
solution was aliquoted into designated microcentrifuge tubes for each group and diluted
1:1 with Corning® Matrigel Matrix (Millipore Sigma, Oakville, ON, Canada) on ice to reach
the final injection concentration. On day 6, each mouse received a 50 uL subcutaneous
injection into the right flank which delivered 1 x 10° EO771 cells.

2.2.4. Paclitaxel Injections

On days 14 and 20, all mice were administered paclitaxel (Invitrogen, ThemoFisher,
Waltham, MA, USA) dissolved in dimethyl sulfoxide (DMSO) and PBS via 100uL intraperi-
toneal injection. Paclitaxel is a common first-line chemotherapeutic for breast cancer which
acts as a microtubule stabilizer, preventing mitotic cell division and inducing cell-death [56].
The mice received a cumulative 16 mg/kg dose over the two days in accordance with
previously published work indicating dose tolerability [57]. The total dose was calculated
based on the common low-dose used in breast cancer [58] with conversion from human to
rodent dosing as per Reagan-Shaw et al. [59]. The solution was filtered with 0.2-micron
filters to ensure sterility prior to injection.

2.2.5. Oligofructose Supplementation

On day 0, the water bottles of the prebiotic group BCW12-OFS (n = 12) were replaced
with oligofructose (Orafti P95, Beneo, Germany) solution which they consumed ad libitum
to accrue an 8% dose of oligofructose for the remainder of the study. The oligofructose
powder was weighed and mixed into water. The resultant solution was sterilized by
filtration with a 0.2-micron filter to ensure sterility prior to consumption [60]. The dose
calculation was based on an average 6 mL/mouse daily water intake and water bottles
were weighed every third day to ensure adequate intake [61].

2.2.6. Mouse Fecal Samples and 165 rRNA Analysis

Fecal samples were collected by handling the mice until they provided a sample
directly into an autoclaved Eppendorf tube. A fecal sample was collected on day 5 to assess
if the FMT had colonized the mice, on day 13 which was one week after the tumor cell
injections, day 22 which was two days after the second paclitaxel injection, and on day 27
or 28 (endpoint). Fecal contents were stored at —80 °C. DNA extraction and sequencing
was performed as described in Section 2.1.8. Analysis of the resultant reads was performed
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for Shannon and Simpson indices, Weighted UniFrac, and DESeq?2 analysis as described
above. Alpha and beta diversity analyses for the experimental groups were performed
after rarefying the number of reads to 10,011 using QIIME?2 pipeline (version 2021.4) [54].
Differential analysis was carried out with the unrarefied ASV counts table using the DESeq2
package in R (version 4.0.0) and controlled for cage effect in the model design.

2.2.7. Tumor Measurements

Tumor measurements were taken every third day beginning on day 13 which is
when tumors were consistently palpable (measurement days were 13, 16, 19, 22, 24, and
27 or 28 as endpoint). Tumor length and width were measured with metal calipers and
the modified ellipsoid formula (V = 1/2(AB2)) was used to calculate subcutaneous tumor
volume [62].

2.2.8. Tissue Collection

Mice were euthanized on days 27 and 28. Half of the mice from each group were
euthanized on each day due to the substantially increased time it takes to perform tasks in
the germ-free facility. Mice were anesthetized with isoflurane and blood was collected via
retro-orbital bleed. Blood was allowed to clot for 30 min, and serum was collected following
a 10-min centrifugation at 4 °C and 2500 rpm. Cervical dislocation was performed followed
by tumor resection and sampling of the distal ileum, proximal colon, and cecum. All tissues,
fecal samples, and cecal contents were immediately snap-frozen in liquid nitrogen and
stored at —80 °C until analysis.

2.2.9. Tissue Real-Time PCR Analysis

Ileum and colon samples were processed using real-time PCR as previously de-
scribed [63]. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and reverse transcription to cDNA performed using 2 nug of total RNA and cDNA
synthesis kit (Invitrogen). Primers for ileal and colonic genes (zonula occludens (ZO-1),
occludin, claudin-3) are listed in Table 2. The mRNA levels were calculated using the 2—ACT
method [64].

Table 2. Primer Sequences.

Gene Forward Sequence Reverse Sequence
Z0O-1 (zonula occludens) AGGGGCAGTGGTGGTTTTCTGGTTCTTTC  GCAGAGGTCAAAGTTCAAGGCTAAGAGG
Occludin TCAGGGAATATCCACCTATCACTTCAG CATCAGCAGCAGCCATGTACTCTTCAC
Claudin-3 CACCGCACCATCACCACTAC CTTCCAGCCTAGCAAGCAGAC

2.2.10. Serum and Tumor Cytokine Analysis

A panel of 31 cytokines, including Eotaxin, G-CSF, GM-CSEF, IFNv, IL-1«, IL-1f3, IL-2,
IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10,
KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1«, MIP-13, MIP-2, RANTES, TNF«, and VEGF-
A, were measured in serum and tumor homogenates by Eve Technologies (Calgary, AB,
Canada) using BioPlex 200 Mouse Cytokine Array/Chemokine Array 31-Plex Milliplex
Immunoassay (Millipore Sigma, Oakville, ON, Canada). The array of cytokines and
chemokines in the panel is designed to analyze markers of immune activity, inflammation,
and cancer.

2.2.11. Statistical Analysis

Clinical Study: All data are presented as mean & SEM. Data normality was tested using
the Shapiro-Wilk normality test. GLTEQ, FACT-G, and dietary intake were analyzed using
a paired samples t-test to compare time points. Significance is denoted as p < 0.05. Data anal-
yses for non-microbial metrics were performed using SPSS statistics 27 (IBM). Further, 165
rRINA statistical analyses and Spearman’s correlations were completed in R (version 4.0.0).
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Alpha diversity was analyzed using a Kruskal-Wallis pairwise test in QIIME2 (version
2021.4). Beta diversity underwent analysis of similarity (ANOSIM) with 999 permutations.
Adonis analysis using Weighted UniFrac values with 999 permutations was performed to
investigate the %variance in beta diversity explained by exploratory factors.

Animal Study: All data are presented as mean £ SEM. Data normality was tested using
the Shapiro-Wilk normality test. Tumor volume was analyzed using a repeated measures
ANOVA (RMANOVA) with timepoint as the within-subject factor and group as the between-
subject factor. Post-hoc Tukey tests were used to detect between group significance for
all ANOVA analyses. One-way ANOVA was used to analyze single-timepoint data (e.g.,
tight junction proteins, tumor tissue cytokines, serum cytokines). Statistical analyses of
non-microbial measures were performed with SPSS statistics 27 (IBM). Statistical analysis
of 16S gut microbiota metrics was performed in R (version 4.0.0) as described above.

3. Results
3.1. Clinical Study Results: ACE’s Impact on Gut Microbiota in Breast Cancer Survivors
3.1.1. Demographics

The demographics of the participants in the human ACE gut microbiota and breast
cancer sub-study are presented in Table 3. Participants were primarily middle-aged
(57.9 & 2.8 years old), of European descent, and of high socioeconomic status. Occasional
drinking was reported most frequently (50%) for alcohol consumption and 60% reported
never smoking.

Table 3. Demographic information on participants recruited from the Alberta Cancer Exercise (ACE)
program (n = 10).

Demographic Mean Frequency Percent
Age Average Age (years) 579 £2.79

Under 65 8 80
Over 65 2 20
Education Some University 3 20
Completed University 6 60
Some Graduate School 1 10
Annual Income Between $20,000-39,999 2 20
Between $40,000-59,999 1 10
Between $60,000-79,999 1 10
Between $80,000-99,999 2 20
Over $99,999 4 40
Ethnic Background Britain 4 40
(May Report >1) Western Europe 2 20
Eastern Europe 4 40
Northern Europe 3 30
Southern Europe 2 20
Asia 2 20
Smoking Status Never 6 60
Previously 4 40
Alcohol Consumption Never 2 20
Previously 1 10
Occasionally 5 50
Socially 1 10
Regularly 1 10

3.1.2. Participant Clinical Characteristics

Table 4 provides the clinical characteristics of the participants. All participants in the
study completed chemotherapy prior to the study start and had also undergone surgery
for their breast cancer with 80% also having received radiation therapy. Treatments that
coincided with the study period included hormone therapy for 50% of participants and
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zoledronic acid infusions for one participant. A total of 70% of participants were overweight
(40%) or obese (30%), and one participant was underweight.

Table 4. Clinical characteristics of the participants recruited from ACE.

Clinical Characteristic Mean Frequency Percent
Completed Treatments Chemotherapy 10 100
Surgery 10 100
Radjiation Therapy 8 80
Hormone Therapy 1 10
Current Treatments Hormone Therapy 5 50
Zoledronic Acid Infusions 1 10
Body mass index Underweight BMI (<18.5) 1 10
Healthy BMI (18.5-24.9) 2 20
Overweight BMI (25-29.9) 4 40
Obese BMI (>30) 3 30

Body Mass Index, BML

3.1.3. Godin’s Leisure Time Exercise Questionnaire

The results of the GLTEQ are reported in Table 5. A significant difference in mean re-
ported MET hours spent per week exercising was found between weeks 0 and 12 (p = 0.002)
and weeks 0 and 24 (p = 0.030), but not between weeks 12 and 24 (p = 0.535). The increase
from week 0 to week 12 coincides with the duration of the ACE program. Reported strenu-
ous, moderate, and mild exercise increased from 0 to 12 weeks. However, only the increase
in strenuous exercise was statistically significant (p = 0.016).

Table 5. Godin's Leisure Time Exercise Questionnaire.

Exercise Category MET p Value p Value p Value

& Week Hours/Week 0 to 12 Weeks 12 to 24 Weeks 0 to 24 Weeks
Total 0 184 +42 0.002
Total 12 33.6 5.2 0.535
Total 24 381+7.7 0.030

Strenuous 0 47 +£2.6 0.016

Strenuous 12 142 £3.8 0.280

Strenuous 24 205 +7.0 0.075

Moderate 0 8.8+t22 0.301

Moderate 12 122 +3.2 0.452

Moderate 24 102+1.9 0.626
Mild 0 4.8 +0.8 0.072
Mild 12 71+15 0.891
Mild 24 73+15 0.150

Minutes/week

Resistance 0 344+ 204 0.113

Resistance 12 69.4 +22.0 0.767

Resistance 24 633+ 17.1 0.224

Flexibility 0 455 +11.5 0.276

Flexibility 12 71.1 £21.3 0.816

Flexibility 24 744 + 16.1 0.078

Metabolic equivalent of task, MET.

3.1.4. Three-Day Food Record Dietary Analysis

Results of the three-day food record analysis for key nutrient intakes are provided in Ta-
ble 6. There were no differences in macronutrient intake between 0 and 12 weeks. However,
total caloric intake decreased from 12 to 24 weeks, dropping from 2260.2 + 115.0 kcal/day
to 1785.3 £196.9 kcal/day (p = 0.017). During the post-ACE exercise (washout) period, total
fat intake decreased from 107.4 £ 9.0 g/day to 74.2 & 12.9 g/day (p = 0.012) between weeks
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12 and 24 and included significant decreases in polyunsaturated and monounsaturated
fat. Vitamin E intake and selenium intake also decreased significantly between weeks 12
and 24. No differences were found for cholesterol, calcium, copper, phosphorus, zinc,
iron, magnesium, potassium, sodium, vitamin A, beta-carotene, B vitamins, vitamin C,
vitamin D, Vitamin K, isoleucine, leucine, valine, butyric, alcohol, caffeine, and phytosterols
(data not shown).

Table 6. Dietary intake at baseline, 12 and 24 weeks.

Consecutive Time

Nutritional Measure Time Point Daily Average Point p Value
Calories (kcal) Baseline 2069.3 4+ 188.8
12 weeks 2260.2 +114.9 0.404
24 weeks 1785.2 +196.9 0.017
Protein (g) Baseline 795+79
12 weeks 87.3 £5.0 0.352
24 weeks 73.7 £ 6.9 0.125
Carbohydrate (g) Baseline 232.3 £20.9
12 weeks 234.3 +£10.8 0.936
24 weeks 2104 +21.2 0.359
Total Fat (g) Baseline 92.6 +11.2
12 weeks 107.4 +9.0 0.338
24 weeks 741 + 129 0.012
Polyunsaturated Fat (g) Baseline 177+ 19
12 weeks 241 +3.2 0.244
24 weeks 13.1£2.0 0.004
Monounsaturated Fat (g) Baseline 30.5+ 3.5
12 weeks 38.1+3.2 0.153
24 weeks 24.6 + 3.9 <0.001
Saturated Fat Baseline 299 +3.9
12 weeks 36.0+5.3 0.387
24 weeks 22.6 =39 0.057
Fiber (g) Baseline 239+ 44
12 weeks 29.7 £ 49 0.352
24 weeks 278 +£6.2 0.478
Vitamin E (mg) Baseline 87+15
12 weeks 109 +£1.3 0.365
24 weeks 6.6 1.2 0.029
Selenium (mcg) Baseline 109.9 + 8.9
12 weeks 121.5 + 8.9 0.466
24 weeks 100.9 + 8.0 0.021

3.1.5. Health-Related Quality of Life Results: FACT-G

The results of the Functional Assessment of Cancer Therapy—General questionnaire
for each time point are summarized in Table 7. There were no significant changes in the
total score or the four categories of well-being between baseline, week 12, and week 24.

3.1.6. Gut Microbial Composition Suggests Some Response to Exercise

Alpha diversity, a measure of microbial diversity within a sample, is shown in Figure 3.
Alpha diversity indices weight two components, richness (count of the number of different
taxa in the sample) and evenness (equitability of taxa frequencies in a sample). Gut
microbial evenness, shown as pooled participant data (Figure 3(Al); p = 0.87) or assessed as
individual data (Figure 3(A2)), did not differ between baseline (pre-exercise) and 12 weeks
(post-exercise), nor between 12 weeks and the end of the washout period at 24 weeks
(p = 0.15). Similarly, observed species, which measures richness, did not differ between
pre- and post-samples (Figure 3(B1,B2)), nor between 12 and 24 weeks. The Shannon index,
which equally weights evenness and richness, did not change over time (Figure 3(C1,C2)).
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Table 7. FACT-G questionnaire results.

Consecutive
FACT-G Total Score Timepoint Timepoint Median Score Sample Size Completion%
(108 Max)
p Value
84.6 =52 Baseline 87.5 N=10 100
84.9 4.8 12 Weeks 0.869 92 N=9 90
81.4+53 24 Weeks 0.302 82 N=9 90
. . . . Consecutive timepoint Median
Well-being Category Timepoint Categorical Score p value Score
Physical Baseline 239+ 1.3 25.0
12 weeks 24.7 + 0.9 0.560 24.0
24 weeks 249 4+ 0.7 0.816 25.0
Social Baseline 237 +1.2 235
12 weeks 232+ 14 0.688 22.0
24 weeks 224+14 0.065 21.0
Emotional Baseline 164+ 0.9 17.0
12 weeks 162+ 1.1 0.327 21.0
24 weeks 149+ 1.6 0.291 14.0
Functional Baseline 212+ 2.0 20.0
12 weeks 183+ 1.5 0.091 18.0
24 weeks 204 +1.7 0.082 21.0
A10 85 AZO 85 .
: g L ] . - F're. Pre
Pre
% 0.80 080 H I B Pel  Pox
£ E W I
2075 20.75
w w
0.70 .o 0.70
Pro Post P1 P2 P3 P4 P5 P6 P7 P8 P3 P10
B1 B2
Pre Pre
2 300 2 300 | = . [pre]
‘O 8 Pre Pre
8 250 o 2507 [l
w w
3 200 T 200 l Post Pre
& 150 =150 Fos
2 3 Post
© 100 g 100 [pro] = Pre
Pre Post P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
c1 - c2 B = . . ol
=6 g 6 l . .
Q re
. = " B
= =
ns5 w5
. . A A AR
Pre Post P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
Timepoint Paticipant

Figure 3. Gut microbiota alpha diversity indices in Alberta Cancer Exercise (ACE) participants.
Measures of alpha diversity pre (baseline) and post (12 weeks) ACE program. (A1-C1) show pooled
samples while (A2-C2) visualize pre and post samples for each participant individually. Metrics
include Pielou’s Evenness (A1,A2), Observed Species (B1,B2), and Shannon (C1,C2). No statistical
significance was found using Kruskal-Wallis pairwise tests.

Analysis of beta diversity using weighted UniFrac distances indicated that gut micro-
bial communities did not differ between baseline and 12 weeks (Figure 4A). An R value far
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below 1 (R = 0.122) indicated low dissimilarity between the communities. Had exercise
significantly altered the microbial community structure, we would have expected to see
distinct clustering of samples according to pre- and post-exercise time points. This was
not the case and samples largely clustered together. Additional analysis was conducted
to take age (over or under 65 years old) and BMI (underweight, healthy, overweight) into
account as potential influencers of beta diversity. There was no difference in community
structure based on age category (Figure 4A; p = 0.205), but there was a difference found
when participant BMI was taken into account (Figure 4B). There was a significant (p = 0.008)
dissimilarity in gut microbial structure (R = 0.27) according to BMI (Figure 4B), which was
likely driven by the underweight participant. Overweight and obese BMI category groups
were combined in this analysis due to the similar effects of these characteristics on gut
microbial communities.
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Figure 4. Gut microbiota beta diversity analyses for Alberta Cancer Exercise (ACE) participants. Beta
diversity was measured by Weighted UniFrac Distance Matrix-based PCoA for pre- (baseline) and
post- (12 weeks) exercise in the ACE program and analyzed with ANOSIM. Age (over or under 65)
and time point did not significantly influence community diversity (A). Body mass index (BMI)
category significantly influenced community diversity (p = 0.008) (B).

The relative abundance of three health-associated genera (Bifidobacterium, Faecalibac-
terium, Roseburia) [65-68] and three inflammation-associated genera (Enterobacteriaceae,
Klebsiella, Escherichia-Shigella) [69-71] at pre-exercise and post-exercise time points are pre-
sented in Figure 5A. No significant differences were found in the relative abundance of
these bacteria between time points (Figure 5A). Figure 5B presents the results of DESeq2
analysis to investigate whether any microbiota differed significantly between pre- and
post-exercise time points with participants accounted for as a covariate in the analysis.
The relative abundance of Dialister, Oscillospiraceae, and Paraprevotella was significantly
higher in post-exercise samples compared to pre-exercise samples (p < 0.01) (Figure 5B).
Pre-exercise samples exhibited enhanced relative abundance of Pseudomonas, Gastranaerophi-
lales, Barnesiella, Phascolarctobacterium, and Butyribrivio (p < 0.01) (Figure 5B). Absolute
log2FoldChange value represents the magnitude of the difference in relative abundance.

3.1.7. Microbial Correlations with Emotional Well-Being and Nutrient Intake

Spearman’s correlational analysis was used to investigate whether emotional well-
being or key nutrients (kcals, protein, fiber, total, omega-3, omega-6, and saturated fats)
were correlated with alpha diversity. Nutrients were chosen based on their foundational
role in dietary intake, known ability to shape the microbiota, or because they demonstrated
significant differences in average intake between time points. Emotional well-being was
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not correlated with alpha diversity metrics at any time point. Similarly, no significant
correlations were found for the nutrients.
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Figure 5. Gut microbiota differential abundance analyses from 165 rRNA sequencing. Relative abun-
dance of three health-associated and three inflammation-associated microbiota were analyzed using
DESeq2, showing no significant differences (A). Eight microbiota were significantly differentially
abundant between pre- (baseline) and post- ACE (12 weeks) samples when analyzed with DESeq?2
(p <0.01) (B).

To investigate the potential influence of nutrient intake on beta diversity, Adonis
analysis was completed. The analysis was based on Weighted UniFrac distance matrix
data across all three time points for all participants. When samples were categorized by
allocating participants into three equal groups (low, medium, high intake) according to nu-
merically ordered total fat values, the fat intake grouping demonstrated a significant 13.7%
contribution to variance seen in beta diversity between samples (p = 0.034). The low total
fat intake group averaged 55.6 & 6.0 g/day, the medium group averaged 94.6 £ 2.2 g/day,
and the high intake group averaged 138.3 & 9.0 g/day. No other nutrients contributed
significantly to variance in gut microbial communities.

3.1.8. EMT Donor Choice for the Germ-Free Murine Study

Samples from a single participant at baseline and 12 weeks (post-exercise intervention)
were selected as FMT donor material to use in the germ-free mouse study. Although there
were no profound group shifts in microbiota due to exercise, likely in part due to our low
sample size, we examined individual responses to exercise to select a donor participant
who showed a positive microbial response to exercise. A beneficial response was defined
by us as an increase in alpha diversity accompanied by an increase in health-associated
gut microbiota and/or decrease in inflammation-associated gut microbiota. Participant 4
met the defined criteria and was selected as the FMT donor. Figure 6A shows that relative
abundance of Faecalibacterium and Roseburia increased from baseline to week 12 in samples
of participant 4. Although not statistically significant, Figure 6B,C show the increase in
alpha diversity between baseline and week 12 in samples of participant 4 as measured by
Shannon index and Pielou’s evenness index. Taken together, participant 4’s pre- and post-
exercise samples indicate a promising gut microbial response to exercise and were chosen
for investigation of the potential physiological effects of this response in a germ-free mouse
model. Characteristics of the donor participant were 59 years of age, BMI = 25.1 kg/m?,
calorie intake of 2393 kcal/d at baseline and 2484 kcal/d at week 12, similar FACT-G total
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score at baseline and 12 weeks, and an increase in MET hours per week from 9 to 13.5
with resistance exercise of 60 min/week at week 12 compared to 0 min/week at baseline.
The donor attended 75% of the exercise classes, had received surgery, chemotherapy, and
radiation, and reported regular drinking and previous smoker status.
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Figure 6. Fecal microbiota transplant (FMT) donor selection informed by relative abundance and
alpha diversity. Relative abundance of three health-associated and three inflammation-associated
genera were analyzed. Participant four exhibited an increase in Faecalibacterium from baseline to
12 weeks (ns) (A). Alpha diversity as measured by Shannon (B) and Evenness (C) indices increased
from baseline to 12 weeks in participant four (ns).

3.2. Results of the Germ-Free Mouse Study Investigating the Impact of Exercise-Responsive Gut
Microbiota in a Murine Model of Breast Cancer Treatment

3.2.1. Fluid Intake

Fluid intake was recorded over the course of the study for the OFS and non-OFS groups
since the oligofructose supplement was delivered dissolved in water. Fluid intake did not
differ between mice receiving the oligofructose solution (6.53 £ 0.42 mL/mouse/day) and
those who had water (5.84 + 0.38 mL/mouse/day) (p = 0.192).

3.2.2. Tumor Volumes Indicate Post-Exercise Microbiota-Related Benefit

The results from analysis of caliper measurements to assess tumor volume over the
course of the study are presented in Figure 7. Measurements were taken on days 13, 16,
19, 22, 24, and at endpoint which fell on either day 27 or 28. Overall, average tumor
volume was consistently greater in the BCWO0 mice compared to BCW12 and BCW120FS
mice. There was a significant difference in tumor volume between BCW0 and BCW12
(p = 0.034) as well as between BCW0 and BCW12OFS (p = 0.006) on day 16 of the study. On
day 22, tumor volume was significantly smaller in the BW12OFS group compared to BCW0
(p = 0.043). At the endpoint, there was a trend (p = 0.055) for tumor volume to be lower in
BCW120FS compared to BCWO0. Results indicate that post-exercise microbiota colonization
resulted in smaller tumor volumes, and oligofructose supplementation enhanced this effect.
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Figure 7. Tumor volume over time. Average tumor volume at each measurement time point is
plotted for each group. BCWO (n = 10), BCW12 (n = 12), BCW120FS (n = 12). Average volume
differed significantly between groups on day 16 and day 22. Values without a common superscript
are significantly different (p < 0.05; i.e., “a’ is different from ‘b’ but ‘ab’ is not different from ‘a” or ‘b’").
Data are presented as mean + SEM.

3.2.3. Mouse Gut Microbial Composition Differs Significantly across Groups

Values of Alpha diversity, as measured by observes species, Shannon index, and
Pielou’s evenness index, are presented in Figure 8. No significant difference in observed
species was found between groups at any of the four time points (Figure 8A). On day 5,
Pielou’s evenness was significantly lower in BCW120OFS compared to BCW12 (p = 0.02)
(Figure 8B) and lower in BCW0 compared to BCW12 (p = 0.014) (Figure 8B). On day 13,
which fell after tumor cell injection, BCW120FS maintained significantly lower evenness
than BCW12 (p < 0.001) and BCWO (p = 0.006), while the difference between BCW0 and
BCW12 was no longer significant (Figure 8B). Post-chemotherapy treatment on day 22, even-
ness was once again significantly lower in BCW120FS compared to both BCW12 (p < 0.001)
and BCWO (p = 0.021) (Figure 8B), and BCW0 was lower than BCW12 (p = 0.011) (Figure 8B).
At endpoint, evenness became more similar across groups. However, BCW12OFS mice
remained lower than BCW12 mice (p = 0.015) (Figure 8B). Shannon diversity differed post
tumor cell injection with the BCW120FS group exhibiting lower Shannon diversity com-
pared to both BCW12 (p = 0.005) and BCWO (p = 0.002) (Figure 8C), which was no longer
seen on day 22 and at endpoint.

Mouse beta diversity is presented in Figure 9. Figure 9A depicts beta diversity between
groups at each time point while Figure 9B shows the within-group comparisons across all
time points. Figure 9A shows that the gut microbial community in BCW120FS mice differed
significantly compared to BCW0 and BCW12 at each of the four time points (p < 0.05). The
gut microbial community in BCW12 mice differed from BCWO at all time points (p < 0.05)
except day 13 (T2) (Figure 9A). A significant difference in beta diversity across all four
times is evident within each group as displayed in Figure 9B (p < 0.05), indicating that the
microbial community was altered from baseline to when tumor cells were injected to when
chemotherapy was administered to the end of the study.
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Figure 8. Mouse gut microbial alpha diversity across time points. Alpha diversity metrics measured
at T1 (day 5—post-FMT), T2 (day 13—post tumor cell injection), T3 (day 22—post paclitaxel), and T4
(day 27/28—euthanasia) and compared between groups using Kruskal-Wallis pairwise tests (A-C).
Observed Species did not differ significantly between groups (A). Evenness differed significantly
between groups at each timepoint (B). Shannon diversity differed significantly between groups at T2
(day 13) (C). * Indicates a significant difference (p < 0.05). Data are presented as &+ SEM and each dot
represents an individual mouse’s results. BCWO (n = 10), BCW12 (n = 12), BCW120FS (1 = 12).

Differential abundance analysis with DESeq2 was performed to determine differences
in taxonomic composition at day 13, which was after tumor cell injection (Figure 10A),
and at day 22, which was after chemotherapy conclusion (Figure 10B). Differentially
abundant genera with p < 0.001 are displayed. On day 13, BCW12OFS had significantly
greater abundance of Tyzerella, Ruminococcus gauvreauii, and Eubacterium hallii compared to
BCWO (Figure 10A). At the same time point, BCW12 also showed enrichment in Tyzzerella
and Ruminococcus gauvreauii compared to BCWO (Figure 10A). BCW12 had significantly
greater abundance of Enterococcus and decreased abundance of Bifidobacterium compared
to BCW120FS at day 13 (Figure 10A). On day 22, following chemotherapy, the greatest
number of bacteria was found to be differentially abundant between groups (Figure 10B).
BCW12OFS mice exhibited greater Enterococcus, Blautia, Parasutterella, Eubacterium iraeum,
Colidextribacter, Tyzzerella, Ruminococcus gauvreauii, and Lachnospiraceae alongside lesser
abundance of Hungatella, GCA-900066575, Anaerostipes, Coprococcus, Phocea, and Ruminococ-
cus gnauvus compared to BCWO (Figure 10B). On day 22, BCW12 similarly presented with
higher abundance of Eubacterium iraeum, Colidextribacter, Tyzzerella, Ruminococcus gauvreaui,
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and Lachnospiraceae compared to BCWO (Figure 10B). Compared to BCW120FS, the BCW12
group exhibited greater abundance of Incertae_Sedis, Ruminococcus torques, Hungatella, GCA-
900066575, and Anaerostipes, coinciding with significantly lower abundance of Enterococcus,
Blautia, and Parasutterella (Figure 10B).

A Group E3 BCW0O E3 BCW12 E3 BCW120FS

0.2

0.1

BCW12 BCW120FS
Group

Weighted UniFrac Distance

Figure 9. Mouse gut microbial beta diversity across time points. Beta diversity as measured by
Weighted UniFrac Distance at T1 (day 5—post-FMT), T2 (day 13—post tumor cell injection), T3
(day 22—post paclitaxel), and T4 (day 27/28—euthanasia) and analyzed using ANOSIM to detect
significant between-group community differences at each time are presented (A). Weighted UniFrac
Distance analyzed with ANOSIM to detect community differences over time within each group are
also presented (B). * indicates a significant difference (p < 0.05). Data are presented as = SEM.

3.2.4. Ileal and Colonic Tight Junction Proteins

RT-PCR analysis was conducted to assess mRNA levels of tight junction proteins
involved in maintaining intestinal barrier function. There were no differences in ileal or
colonic expression of zonula occludens (ZO-1), occludin, and claudin-3 (data not shown).

3.2.5. Tumor and Serum Cytokine Levels

Given that inflammation is a critical component of tumor progression [72] and the
microbiota can affect inflammation in the host [73], we examined tumor and serum cytokine
levels. Monocyte chemoattractant protein-1 (MCP-1) levels were higher in BCW0 tumors
compared to BCW12 (p = 0.007) and BCW12OFS (p = 0.002), which did not differ from
each other (Figure 11A). Similarly, tumor interleukin-9 (IL-9) levels were higher in BCW0
mice compared to both BCW12 and BCW12OFS mice (p < 0.001) (Figure 11B). Tumor
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necrosis factor alpha (TNF«) levels were higher in BCW12OFS mice compared to BCW0
mice (p = 0.009) and approached significance compared to BCW12 (p = 0.071) (Figure 11C).
Tumor levels of vascular endothelial growth factor (VEGF) were significantly higher in
BCWO0 mice compared to both BCW12 (p = 0.001) and BCW12OFS (p < 0.001) (Figure 11D).
Interferon gamma-induced protein-10 (IP-10) levels were higher in BCW0 compared to
BCW12 tumors (p = 0.036) and approached significance in comparison to BCW12OFS tumor
levels (p = 0.068, Figure 11E). Levels of tumor RANTES (Regulated upon Activation, Normal
T Cell Expressed and Presumably Secreted) were higher in BCW12OFS mice compared to
both BCW0 mice (p = 0.005) and BCW12 mice (p = 0.037; Figure 11F). No differences were
detected for tumor levels of Eotaxin, G-CSF (granulocyte colony stimulating factor), GM-
CSF (granulocyte macrophage colony stimulating factor), interferon gamma (IFNy), KC
(keratinocytes-derived chemokine), MIP-1o (macrophage inflammatory protein), MIP-2, IL-
1w, IL-13, IL-6, IL-5, IL-4, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, LIF (leukemia inhibitory
factor), M-CSEF, or MIG (monokine induced by gamma interferon) (data not shown).
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Figure 10. Mouse gut microbiota differential abundance analyses. Taxa found to be differentially
abundant between groups are represented by log2FoldChange from DESeq2 analysis. The group
serving as the base for comparison comes after “vs.” (i.e., BCW120FS vs. BCWO0 is showing values for
the bacteria in BCW120FS compared to BCWO0). Positive log2FoldChange indicates greater relative
abundance, while a negative value indicates lesser relative abundance. Significantly differential
abundance for each comparison at day 13 are presented (A). Significantly differential abundance
for each comparison at day 22 are also presented (B). Only differences with p < 0.001 from DESeq?2
analysis are represented. BCWO (n = 10), BCW12 (n = 12), BCW120FS (n = 12).

Serum cytokines were far more refractory to change compared to tumor cytokine
levels. There were no significant differences in serum levels of any of the cytokines apart
from serum levels of LIX (lipopolysaccharide-inducible CXC chemokine (CXCL5)) which
were significantly higher in BCW12 mice compared to BCWO (p < 0.05).

Five cytokines (IL-10, KC, LIE, MIP-2, and VEGF) involved in tumorigenesis, angio-
genesis, and chemoattraction of immune cells were found to have significant positive
correlations with tumor volume (Table 8).
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Figure 11. Levels of key tumor cytokines. Tumor cytokine levels as measured by multiplex assay
which differed significantly between groups are presented (A—F). These include levels of MCP-1
(A), IL-9 (B), TNF« (C), VEGF (D), IP-10 (E), and RANTES (F). * Indicates a significant difference
of p < 0.05 and ** indicates a significant difference of p < 0.01. Data are presented as = SEM and
each point represents an individual mouse’s results. BCWO0 (n = 10), BCW12 (n = 12), BCW120FS
(n =12) for tumor cytokines and BCWO (n = 9), BCW12 (n = 11), BCW120FS (n = 12) for serum. ns:
not significant.

Table 8. Significant correlations between tumor volume and cytokine levels.

Cytokine Spearman’s Correlation Coefficient Significance
IL-10 0.434 0.030
KC 0.530 0.001
LIF 0.500 0.004
MIP-2 0.529 0.002
VEGF 0.392 0.022

4. Discussion

The gut microbiota exerts a robust influence on metabolism, energy harvest, the im-
mune system, and inflammation [5,36,74,75]. The present study was designed to investigate
the effects of an exercise intervention on the gut microbiota of women who had undergone
chemotherapy for breast cancer and to use FMT in germ free mice to explore mechanisms
by which an exercise-responsive gut microbiota might influence tumor growth and re-
sponse to chemotherapy treatment. Overall, we demonstrate that the 12-week exercise
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intervention did not significantly alter the gut microbiota community structure in our small
clinical cohort. However, in the FMT experiment, the post-exercise gut microbiota from an
individual who demonstrated a positive microbial response to exercise did significantly
alter the tumor microenvironment and gut microbial response to chemotherapy, especially
when combined with oligofructose supplementation.

In healthy adults, greater cardiorespiratory fitness and higher reported physical ac-
tivity levels have been associated with greater microbial alpha diversity [76]. Although
a previous study demonstrated promising positive correlations between cardiorespira-
tory fitness and alpha diversity metrics in breast cancer survivors [45], alpha diversity
as measured by Pielou’s evenness index, Shannon index, and observed species did not
differ significantly between pre- and post- exercise time points in our participants. How-
ever, some participants demonstrated a trend toward increased alpha diversity between
0 and 12 weeks. This variability is not surprising given the “individualized and varying
response” to exercise previously reported between lean individuals and those with obe-
sity [77,78]. In our study, BMIs ranged from underweight to obese which likely influenced
the alpha diversity results [79]. Although our sample size is too small to draw concrete
conclusions, it is likely that some individuals could have a more exercise-responsive gut
microbiota than others based on environmental, genetic, or epigenetic factors known to
shape the gut microbiota [80]. It is also possible that our exercise intervention was not of
sufficient intensity and/or duration to generate the magnitude of increase in cardiores-
piratory fitness necessary to produce the shifts that have been seen in other studies [40].
Despite the lack of change in overall community structure metrics, such as alpha and beta
diversity, shifts in select bacterial taxa have been observed with exercise [45,81-83].

In our study, we examined the relative abundance of three health-associated and three
inflammation-associated bacteria. Bifidobacterium, Faecalibacterium, and Roseburia are SCFA-
producing bacteria known for competitive exclusion of pathogens, participation in nutrient
metabolism, and support of colonocyte function [65,66,68]. In contrast, Enterobacteriaceae,
Klebsiella, and Escherichia-Shigella are known as opportunistic pathogens that have been
associated with inflammatory conditions [69,84,85]. Carter et al. observed that breast
cancer survivors with higher cardiorespiratory fitness had a greater relative abundance of
Faecalibacterium [45], which aligns with gut microbial findings in participants 2, 4, and 9
who appeared to be more exercise-responsive in the present study. This trend is also in
alignment with the increased relative abundance of Faecalibacterium prausnitzii and Roseburia
hominis observed in women exercising 150-min or more per week compared to sedentary
women [83]. Faecalibacterium rodentium attenuated the accelerated breast tumor growth
caused by antibiotic treatment in a mouse model, highlighting the potential benefit of this
genera [86].

Eight genera outside of our chosen markers were found to be differentially abundant
in the survivors between baseline and 12 weeks. This suggests that despite the lack of
statistically significant shifts in overall community structure, exercise influenced specific
bacteria within the gut microbiota of participants. Pre-exercise samples exhibited higher
relative abundance of Pseudomonas, Gastranaerophilales, Barnesiella, Phascolarctobacterium, and
Butyrivibrio compared to post-exercise samples. Members of Pseudomonas are opportunistic
pathogens that are not abundant in healthy individuals and are known to cause infection
in individuals with cancer [87], so a decrease may be beneficial. The relative abundance
of Dialister, Oscillospiraceae, and Paraprevotella increased between baseline and 12 weeks
with the ACE program. The observed increased abundance of Paraprevotella with exercise
is in alignment with findings from Bressa et al. which indicated that active women had
greater abundance of Paraprevotella compared to sedentary women [83]. These bacteria may
be particularly exercise responsive. Although significant taxonomic changes associated
with the exercise intervention are limited, they may influence the metabolic potential of the
community and the intestinal environment in ways that could benefit host health.

Outcomes from our mouse FMT study indicate that groups colonized with post-
exercise gut microbiota (BCW12 and BCW120EFS) exhibited a pattern of smaller tumor
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volume compared to BCWO0. Previous studies in mice have linked exercise that is per-
formed pre-tumor cell injection and post-tumor injection with suppressed breast tumor
growth [88,89]. These studies posit that the tumor-suppressive effects of exercise were
mediated by alterations in relevant circulating immune cells that are widely known to
occur in response to acute exercise [90]. Here, it is demonstrated that exercise may also
beneficially alter gut microbiota in a way that promotes tumor suppression independent
from the direct, acute effect of the exercise (since our donor performed the exercise and
not the mice). Furthermore, the group that received prebiotic oligofructose exhibited the
smallest tumor volume and the greatest number of statistically significant time points
compared to the pre-exercise group. The anti-tumor effect of oligofructose was previously
shown in rats and mice, whereby tumor incidence was decreased and oligofructose acted
synergistically in combination with various chemotherapeutics [91,92].

High alpha diversity is often associated with gut microbial health. However, here,
the BCW120FS mice exhibited a trend towards or significantly decreased alpha diversity
compared to the other groups at most time points. This is likely due to oligofructose’s
ability to support the proliferation of select beneficial bacteria [53,93] which may in turn
dominate the community structure and competitively exclude other bacteria, thus reducing
alpha diversity. A decrease in alpha diversity with prebiotic consumption has been noted
in a human intervention trial as well and was associated with improved obesity-related
health outcomes [94].

Beta diversity results indicate that communities differed significantly between all
groups at each time point. In the recipient mice, it is evident that communities differed
between the baseline gut microbiota (FMT for BCWO0 mice) and the post-exercise gut
microbiota (FMT for BCW12 and BCW120FS mice) from participant 4. Although gut
microbial beta diversity continued to differ significantly throughout the study, groups
tended to cluster more closely over time. It is plausible that the injection of the breast tumor
cells altered the gut microbiota, which would support findings in humans demonstrating
that disease-specific community differences strongly associated with either individuals with
breast cancer or healthy individuals [28]. Additionally, significant gut microbial community
differences between mice receiving no treatment and those treated with Paclitaxel in
murine models of breast cancer have previously been reported [95], so the communities
may become more similar at day 22 and at the endpoint due to the effects of the cytotoxic
exposure alongside tumor progression. In women with breast cancer, researchers found that
beta diversity differed significantly between groups based on tumor size (T1 vs. T2&T3),
indicating that progression could influence the gut microbial community over time [96].
These findings provide further evidence that breast tumor initiation, progression, and
chemotherapeutic treatment with Paclitaxel are influential environment-modifying events
associated with alterations in the gut microbial community.

Results were presented for differential taxonomic abundances at key time points
which included day 13, following tumor cell injection, and day 22, following completion of
Paclitaxel treatment. These time points were chosen for in-depth analysis due to previous
studies indicating that tumor presence and Paclitaxel treatment both alter the gut micro-
biota [28,95,97], and the greatest number of bacteria appeared to be differentially abundant
between groups at these time points. On day 13, Tyzzerella, Ruminococcus gauvreauii, and
Eubacterium hallii were significantly more abundant in BCW12OFS mice compared to BCWO.
Increased relative abundance of Eubacterium hallii in BCW120FS could be considered pos-
itive considering its ability to metabolize glucose, fermentative products, and metabolic
products into butyrate or propionate which could support intestinal barrier health and host
immunity [98]. Eubacterium hallii are also capable of supporting host health by producing
essential vitamin B12 [98].

Compared to BCWO, gut microbiota of BCW12 mice were also enriched in Tyzzerella
and Ruminococcus gauvreauii after tumor cell injection, but not Eubacterium halli. This
suggests that oligofructose supplementation was responsible for the uniquely increased
Eubacterium halli in BCW120FS mice while the other bacteria resulted from the exercise-
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responsive gut microbiota colonization. On day 13, BCW12OFS was enriched in Bifidobac-
terium with a lesser abundance of Enterococcus compared to BCW12. Oligofructose is known
to support proliferation of beneficial Bifidobacterium [93], and inulin, a longer chain prebiotic,
has been reported to diminish enterococci in conjunction with the bifidogenic effect [99].
Bifidobacterium are beneficial in their immunomodulatory and anti-inflammatory activ-
ity [65,100]. BCW12 and BCW120FS gut microbiota were enriched for health-supporting
bacteria compared to BCWO after tumor cell injection, with additional benefits seen with
oligofructose supplementation.

On day 22, following chemotherapy treatment, more genera were differentially abun-
dant between groups compared to day 13, suggesting that the cytotoxic chemotherapy
Paclitaxel influenced the gut microbiota more significantly than breast tumor presence
alone. Following Paclitaxel administration, 14 bacterial groups differed in BCW120OFS
mice compared to BCWO0 mice. For example, OFS enriched Parasutterella which has previ-
ously been reported to increase in abundance with inulin supplementation, resulting in
greater presence of tumor infiltrating lymphocytes at the tumor site in a murine model of
melanoma [16]. Lachnospiraceae was also increased, which may play an important role in
anti-breast tumor immunity specifically, as its abundance was reported to be decreased in
non-responders to Trastuzumab treatment for HER-2 positive breast cancer [101] and in
pre-menopausal individuals with breast cancer in general [29].

Tumor and serum cytokines were analyzed to investigate a potential mechanism
for the tumor volume differences between groups and to provide insight on the tumor
microenvironment. Circulating cytokine levels also serve as useful biomarkers for tumor
prognosis in human breast cancer [102]. Interestingly, most serum cytokines were not
altered significantly between groups. BCWO0 mice exhibited significantly higher intra-
tumoral levels of MCP-1(CCL2), IL-9, and VEGF compared to BCW12 and BCW12OFS mice
whose levels did not differ significantly from each other. This indicates that the pre-exercise
gut microbiota was a potential driver of the increased levels in BCWO.

MCP-1(CCL2) is a chemoattractant cytokine that recruits monocytes from the blood
to the tumor site where they then differentiate into macrophages [103]. Depending on
environmental factors, monocytes will become more immune-activating (M1) or immune-
suppressing (M2) tumor associated macrophages [103,104]. MCP-1(CCL2) could there-
fore play a role in immune-suppression, allowing for greater tumor proliferation in the
BCWO0 mice compared to the other groups. Lam et al. (2021) demonstrated that favorable
gut microbiota mediate polarization of monocytes in the tumor microenvironment via
microbiota-derived molecules such as the cyclic dinucleotide c-di-AMP. The molecules can
activate stimulator of interferon genes (STING) to produce IFN Is (IFN« and IFNf3), benefi-
cially modulating the tumor immune environment by regulating monocyte to macrophage
polarization and influencing natural killer and dendritic cell activity which contributes to
anti-tumor immunity [9]. Increased secretion of RANTES (CCL5) by natural killer cells in
the tumor microenvironment is noted in this pathway [9], and RANTES was found to be
elevated in BCW120OFS tumors. The pathway is enhanced by the microbiota of mice fed a
high fiber diet [9], which presents a possible microbiota-mediated mechanism to explain
the decreased tumor volume with oligofructose supplementation reported here. This is
a promising potential mechanism. However, other reported mechanisms for microbial
enhancement of chemotherapy response, such as immune-enhancing bacterial transloca-
tion to lymphoid organs, cannot be ruled out as this was not investigated in the present
study [8,34].

VEGEF is secreted by breast cancer cells in response to hypoxia to stimulate the angio-
genesis necessary for continued cell proliferation and tumor growth [105] and contributes to
breast cancer’s metastatic potential and apoptosis resistance [106,107]. The elevated levels
in the BCWO0 tumor microenvironment reflect increased growth and metastatic potential
which are negative for overall prognosis. The significantly decreased intra-tumoral VEGF
levels observed in post-exercise microbiota mice may be indicative of improved Paclitaxel



Cancers 2022, 14, 2722

23 of 28

treatment response or lower vascularity potential due to a possible gut microbial influence
on the tumor microenvironment.

IP-10 (CXCL10) was higher in BCWO0 tumor tissue compared to BCW12 and demon-
strated that trend compared to BCW12OFS. Tumoral IP-10 (CXCL10) has been correlated
with tumor stage and lymphoid metastasis in women with breast cancer, with higher
levels indicating poorer prognosis [108]. IP-10 (CXCL10) has also been demonstrated to
induce cell proliferation, migration, and epithelial to mesenchymal transition in MCF-7 and
MDA-MB-231 breast cancer cell lines [109], which would contribute to a more aggressive
profile supportive of greater tumor volume in BCWO mice.

Several of the cytokine changes observed in the present study contribute evidence
toward a more angiogenic, immuno-suppressed tumor microenvironment being observed
in the BCW0 mice and a more active anti-tumor immune environment in the BCW12, and
especially BCW12OFS, mice. Evidence of immune activity stimulation within the tumor mi-
croenvironment provides a potential mechanism for the gut microbiota-potentiated benefit
of exercise and prebiotic supplementation during breast cancer treatment in this model.

5. Limitations

There are several limitations of this study which must be considered. The clinical
portion of the study would have benefitted from a larger sample size, a control group, and
additional metrics, such as a body-composition analysis. Although BMI is used throughout
medical and nutrition research, it does not take body composition into account and is not
always an accurate measure of health. The murine study only included tumor cytokine
analysis to interrogate the conditions of the tumor microenvironment between groups. Ad-
ditional histological and flow cytometry analysis on the tumor tissue would have provided
insight into other microenvironment indices, such as tumor cell viability / proliferation and
immune cell infiltration.

6. Conclusions

The human portion of the study indicated a limited effect of the exercise intervention
on participant gut microbiota which was primarily distinguished by the differential relative
abundance of several genera between baseline and the conclusion of the ACE program.
Future clinical work would benefit from a larger cohort and a randomized controlled trial
design. Despite the small sample size, select participants exhibited an increase in alpha
diversity with exercise, which we hypothesize is indicative that some individuals will
experience a greater gut microbial response to exercise compared to others. Exercise may
serve as a possible intervention to attenuate treatment and breast cancer-associated gut
microbial dysbiosis, but additional research is needed to clarify effective exercise modalities,
frequencies, and durations. Although the shifts in gut microbiota in response to exercise
in the survivors seemed minimal, FMT of a participant’s baseline and exercise responsive
microbiota in a germ-free model of breast cancer resulted in significant differences in tumor
volume, gut microbiota, and immunologically active tumor cytokines over time. Some
of the effects, such as decreased tumor volume, decreased angiogenesis markers, and
increased markers of Paclitaxel response in the tumor microenvironment, were enhanced
by prebiotic oligofructose supplementation. Exercise and prebiotic supplementation appear
to beneficially modulate anti-tumor immunity in part through favorable modification
of the gut microbiota. Further research will be necessary to characterize the interaction
between gut microbiota and the tumor microenvironment more completely. However,
taken together, these results point to the benefit of exercise and prebiotic supplementation
as adjuvant interventions.
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