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Abstract

The intestinal microbiome shapes immune responses and is associated with patient outcomes in
cancer following immunotherapy. We evaluated differences between the intestinal microbiome
profiles of patients with early-stage invasive breast cancer (BC) and ductal carcinoma in situ
(DCIS) by subtype using whole genome metagenomic sequencing. There were no significant
differences in microbiome composition between DCIS and invasive BC as measured by alpha
diversity (p = 0.20, ANOVA) or beta diversity (p = 0.52, PERMANOVA). Within invasive BC,
patients with hormone receptor-positive (HR+)/HER2+ BC differed significantly in beta
diversity relative to other subtypes (p < 0.05), with differences in six species (q < 0.25).
Bacteroides ovatus was significantly more abundant in patients with stage III BC vs. stage [ (p =
0.0003). Functional pathway analysis using HUMAnN3 revealed stage-specific enrichment of
amino acid biosynthesis and nucleotide-related pathways. Altogether, these findings highlight

potential microbial signatures associated with BC subtype and stage.



Introduction

Worldwide, invasive breast cancer is the most common and deadliest form of cancer diagnosed
in women.! Approximately 90% of patients with breast cancer are initially diagnosed with early-
stage disease (stage I-1II) 2 and are treated with surgery, radiation therapy, and often neoadjuvant
and/or adjuvant systemic therapy.®> Despite these treatments, some patients experience cancer
recurrence. The risk of recurrence varies by breast cancer stage, subtype, and other clinical,
pathologic, and biological factors.*” Breast cancer is a heterogeneous disease, and the
identification of additional biomarkers that distinguish patients may help to further stratify the

risk of recurrence.

The intestinal microbiome comprises all the microorganisms that reside in the intestinal tract.®
The composition of the intestinal microbiome is intricately linked to human health, including
regulating the immune response® 2, the development of cancer!® , and the response to systemic
anti-cancer therapies.'#!® Moreover, the intestinal microbiome contains a large community of
bacterial species that metabolize estrogens and thus may influence the risk of developing
hormone receptor-positive (HR+) breast cancer.'>!” Thus ,the intestinal microbiome represents a
potentially modifiable biomarker that could shed light on the mechanisms of breast cancer

pathogenesis and progression.

We previously characterized the intestinal microbiome in patients with metastatic breast cancer
undergoing treatment with chemotherapy alone or in combination with immunotherapy.'!°

However, the intestinal microbiome has remained underexplored in patients with early-stage

breast cancer and those with ductal carcinoma in situ (DCIS). DCIS is a precancerous lesion that



consists of a localized proliferation of neoplastic cells within the ducts and lobules of the breast.
DCIS has the potential to evolve into invasive breast cancer if the neoplastic cells invade through
the ductal basement membrane into surrounding tissues.?®?' Currently, there is a paucity of data
analyzing microbiome differences between DCIS and invasive breast cancer, though small
studies suggest no major differences in alpha and beta diversity.??

To gain a greater understanding in this area, we performed whole genome metagenomic
sequencing on stool samples collected from a large cohort of patients with DCIS or early-stage
invasive breast cancer. Our primary objectives were to compare the baseline intestinal
microbiome between patients with DCIS and invasive early-stage breast cancer and investigate

differences amongst subtypes within invasive breast cancer.

Results

Patient Population

Baseline stool samples collected prior to any systemic treatment or surgical resection from 278
patients were sequenced, including 36 patients with DCIS and 242 with invasive breast cancer
(Table 1). The study population was enriched for patients with triple-negative breast cancer
(TNBC) (36.3%) and for patients with stage I (32.01%) and stage 11 (38.85%) breast cancer.

Most patients were White (83.45 %) and were older than or equal to age 50 (70.5%).

Comparison of the stool microbiomes of patients with DCIS and invasive breast cancer

In both invasive breast cancer and DCIS samples, the most abundant species were typical
commensals of the healthy gut, such as Faecalibacterium prausnitzii and various Alistipes,

Bacteroides, and Ruminococcus species (Figure 1). The baseline stool microbiome composition



of patients with DCIS and invasive breast cancer was comparable and not significantly different
as measured by alpha diversity (p = 0.20) nor beta diversity (p = 0.52) (Figure 2), nor were any

individual microbial taxa or pathways associated with DCIS or invasive breast cancer.

Association of age, body mass index (BMI), cancer stage and stool microbiome of invasive

breast cancer patients

Within invasive breast cancer, patient age was not associated with alpha diversity (p = 0.160) but
was associated with beta diversity (p = 0.014) and the abundance of 26 species and 133 MetaCyc
pathways (q < 0.25) (Supplementary Figure 1; Supplementary Data 1). Baseline BMI was
associated with the abundance of 6 species and 3 pathways (Supplementary Figure 2;
Supplementary Data 2), but not alpha (p = 0.820) nor beta diversity (p =0.101). Similarly,
cancer stage was not associated with alpha (p > 0.05) nor beta diversity (p = 0.25). However,
Bacteroides ovatus was significantly more abundant in patients with stage III (n = 32) versus
stage I (n = 89) breast cancer (p = 0.0001, q = 0.08; Figure 3). B. ovatus abundance between
stage I and II differed numerically but findings were not significant after correction for false

discovery (p = 0.0193, q =0.702).

To account for any potential confounders, we conducted multivariable analyses for microbial
species (Supplementary Figure 3; Supplementary Data 3) and MetaCyc pathways
(Supplementary Figure 4; Supplementary Data 3) using age, stage, BMI, and hormone
receptor status as covariates. The multivariable models generally agreed with the univariate

models, albeit with lower power, and thus lower sensitivity.



In total, 211 MetaCyc pathways were significantly associated with stage (q < 0.25)
(Supplementary Data 4). Of these, 111 pathways were significant in both stage II and stage III,
with changes more pronounced in stage III. Sixteen pathways were more abundant in later-stage
cancer, and most were related to the biosynthesis of amino acids, including histidine, methionine,
arginine, lysine, and threonine, as well as nucleotide-related pathways such as inosine

biosynthesis (Supplementary Data 5).

The microbiome of HR+/HER2+ cancer was distinct from that of other subtypes.

There were no differences in alpha diversity between invasive breast cancer subtypes. However,
patients with HR+/HER2+ had a unique intestinal microbiome profile based on pairwise testing,
with significantly different beta diversity relative to all other breast cancer subtypes (Figure 4).
This corresponded to eight species that were differentially abundant between HR+/HER2+ and
any other subtype (Supplementary Figure S). The only other subtype-associated difference in
species abundance was Blautia wexlerae SGB4837, which was more abundant in HR-/HER2+
than HR+/HER2- (p = 0.001, g = 0.201). Hormone receptor status was also associated with
sixteen MetaCyc pathways (Supplementary Data 6); alanine metabolism was the most affected

process.

Discussion

The average human colon contains roughly 38 trillion bacterial cells, most of which belong to the
Bacteroidetes and Firmucutes phyla.>*?* Intestinal bacteria have a tremendous influence on
human health and development. Their metabolic activity supplies the human body with essential

nutrients, and interactions between intestinal bacteria and human immune cells are essential for



proper immune system development.'!!? Intestinal dysbiosis (disruption of the gut
microorganisms) has been linked to a variety of chronic illnesses, including diabetes,
inflammatory bowel disease, and cancer.'""'? In addition, the composition of the intestinal
microbiome has been linked to the response to systemic anti-cancer therapy, particularly immune
checkpoint inhibitors. !+

To date, studies into the role of the intestinal microbiome in the development of breast cancer
and response to therapy have produced conflicting results. One small pilot case-control study
used 16S rRNA gene sequencing to investigate the intestinal microbiome in baseline fecal
samples from 48 postmenopausal women with breast cancer and 48 postmenopausal women
without breast cancer. This analysis revealed that the alpha diversity of the intestinal microbiome
was significantly lower in patients with breast cancer compared to healthy controls (p < 0.004).
Beta diversity also varied significantly between patients with breast cancer and healthy controls
(p =0.01). Compared to healthy controls, patients with breast cancer had higher levels of
Clostridiaceae, Faecalibacterium, and Ruminococcaceae, and lower levels of Dorea and

Lachnospiraceae *>°

A different study used metagenomic shotgun sequencing to evaluate the intestinal microbiome in
baseline fecal samples from 18 premenopausal patients with breast cancer, 25 premenopausal
healthy controls, 44 postmenopausal breast cancer patients, and 46 postmenopausal healthy
controls. Among premenopausal women, there was no significant difference in alpha diversity (p
=0.777) or beta diversity (p = 0.056) between breast cancer patients and healthy controls. In
contrast, the alpha diversity (p = 0.003) and beta diversity (p < 0.001) were both significantly

higher in postmenopausal breast cancer patients compared to postmenopausal healthy controls.?’



In the present study, we explored the baseline intestinal microbiome in patients with DCIS (n =
36) and stage I-III invasive breast cancer (n = 242). When we compared the intestinal
microbiomes between patients with DCIS and invasive breast cancer, we observed no significant
differences in alpha or beta diversity. When we focused on invasive breast cancer, we found that
patients with HR+/HER2+ breast cancer were distinguished from patients with all other subtypes
in terms of beta diversity (p = 0.005). The reason for this difference remains unclear and should

be validated in larger datasets.

We also observed differences by stage, with an enrichment of Bacteroides ovatus in patients with
stage III vs. stage I breast cancer. Bacteroides ovatus has been implicated as a predictor of

28.29 or resistance®®*! to therapies in other tumor types. In a study by Li et al., stool

response
samples were collected before the initiation of treatment and after the end of treatment from 31
patients with locally advanced or metastatic esophageal squamous cell carcinoma who received
paclitaxel with cisplatin. The baseline abundance of Bacteroides ovatus was identified as a
predictor of patients who achieved a partial response to therapy.?® In another study, Heshiki et al.
performed shotgun metagenomic sequencing on baseline and on-treatment stool samples from 26
patients with eight different cancer types (including seven patients with breast cancer) who were
treated with a variety of systemic therapies. Bacteroides ovatus was one of 22 bacterial species
that was enriched in responders. In a mouse lung cancer model, greater tumor control with
erlotinib was achieved in mice that had been colonized with Bacteroides ovatus compared to

mice that had not received the bacteria (p = 0.032).% In contrast, Peters et al. found that the

baseline abundance of Bacteroides ovatus was associated with shorter progression-free survival



(PFS) among 27 patients with metastatic melanoma receiving immunotherapy. Metagenomic
pathway analysis suggested that shorter PFS was associated with breakdown of L-rhamnose and
biosynthesis of pyridoxal 5-phosphate, 6-hydroxymethyl-dihydropterin diphosphate,
pantothenate, and coenzyme A by Bacteroides ovatus.’® Teng et al. also identified Bacteroides
ovatus as one of the species associated with nonresponse to neoadjuvant chemoradiotherapy
among patients with locally advanced rectal cancer.>' Future studies should investigate how the
composition of the baseline intestinal microbiome impacts treatment response in early-stage

breast cancer.

The present study adds to the growing body of knowledge regarding the composition of the
intestinal microbiome in early-stage breast cancer. In a recent study, the intestinal microbiome
was evaluated using 16S rRNA sequencing in 25 patients with early-stage TNBC who received
neoadjuvant anthracycline and taxane-containing chemotherapy. Fecal samples were collected
before initiation of therapy (t0), at one-week post-neoadjuvant chemotherapy (t1), and at eight
weeks post-neoadjuvant chemotherapy (t2). At t0, patients who achieved a pathologic complete
response rate (pCR) had significantly higher alpha diversity compared to patients with residual
invasive disease (p = 0.049), though there was no significant difference in beta diversity between
the two groups (p = 0.965). Beta diversity differed significantly based on BMI (p = 0.039) and

menopausal status (p = 0.035).%

Furthermore, our HUMAnNN3-based pathway analysis revealed that the intestinal microbiome
undergoes stage-specific functional shifts, with more pronounced changes observed in stage 111

versus stage II breast cancer. The enrichment of amino acid biosynthesis pathways, including



histidine, methionine, arginine, lysine, and threonine, suggests that microbial communities in
later-stage cancer may contribute to an increased supply of metabolites critical for tumor growth,
protein synthesis, and cellular proliferation. The concurrent upregulation of nucleotide-related
pathways, such as inosine biosynthesis, further indicates that the microbiome may influence
nucleotide availability, potentially supporting rapid DNA replication and repair in tumor cells.
We hypothesize that higher tumor burden/stage may later tumor-associated nutrient/metabolite
utilization that could alter substrate availability and thereby shift the microbiome. We also
acknowledge that stage may correlate with other exposures (clinical status, host factors, or peri-
diagnostic factors) that could contribute to observed differences, and we clarify that mechanistic
conclusions cannot be drawn from this observational dataset. This highlights the potential for
microbiome-derived functional signatures to serve as biomarkers of disease stage and raises the
possibility that targeting specific microbial metabolic pathways could complement conventional

therapies or modulate tumor growth.

This study was limited by a relatively small sample size of patients with DCIS (n = 36), which
limits the power of any comparison with the larger sample of patients with stage I-III breast
cancer (n = 242). We also only sequenced baseline samples, which did not allow for
investigations into changes in the composition of the intestinal microbiome during treatment, nor
any influence of the baseline (or on-treatment) microbiome on treatment outcome. Moreover, the
univariate analyses performed in this study were vulnerable to confounding. We attempted to
address this by performing multivariate analyses, which generally agreed with the univariate
analyses, but were less powered and thus less sensitive. Finally, the use of certain medications

(such as antibiotics and proton pump inhibitors), prebiotics, and probiotics, as well as diet, can



impact the composition of the intestinal microbiome.***> Data about the use of these agents were
not included in this analysis. This limitation will also have to be considered in future analyses, in
which we will assess changes in the intestinal microbiome before and during treatment, as well
as response to cancer-directed therapies in this cohort. Given the observational design and
potential for residual confounding, these findings should be considered hypothesis-generating

and warrant confirmation in independent cohorts and future studies.

In summary, our study contributes to the growing body of evidence that the intestinal
microbiome exhibits individualized and stage-specific features in breast cancer. While overall
differences in microbiome composition are modest, functional shifts, particularly in amino acid
and nucleotide metabolism, may play a role in tumor progression and represent potential targets
for biomarker development or therapeutic modulation. Future studies leveraging longitudinal
sampling, larger cohorts, and integration of functional and taxonomic data will be essential to
fully understand the interplay between the intestinal microbiome, breast cancer biology, and

treatment response.

Methods

Patient Population and Stool Collection

Baseline (pre-treatment) stool samples were collected from stage 0-III breast cancer patients
enrolled in two prospective clinical trials (NCT04425018, DFCI protocol number 20-068, April
15, 2020 initial release date; and NCT02999477, DFCI protocol number 16-466, December 20,
2016 initial release date) and two biospecimen collection registries (DFCI protocol numbers 93-

085 and 18-617). MARGOT (20-068, NCT04425018) an open-label, randomized phase II trial,



enrolled patients with stage II-III human epidermal growth factor receptor 2 (HER2)-positive
breast cancer with a CD16A low-affinity genotype (FF or FV). Patients provided written consent
and all trials were conducted in line with the Declaration of Helsinki. Participants were
randomized 2:1 to receive neoadjuvant paclitaxel, pertuzumab, and margetuximab (Arm A) or
paclitaxel, pertuzumab, and trastuzumab (Arm B).*® Stool samples were collected at baseline,
during cycle 2 of neoadjuvant therapy, and after completion of neoadjuvant therapy, prior to
surgery. For the purposes of this study, only baseline stool samples were sequenced and
analyzed. Western Institutional Review Board (Baylor)-FWA00000286, Albert Einstein College
of Medicine IRB(Montefiore)-FWA00002558, Fred Hutchinson Cancer Research Center
Institutional Review Office(UWash)-FWA00000334, U.T. M. D. Anderson Cancer Center
Institutional Review Board- FWA00000363, MHRI-Georgetown University Oncology IRB-
FWA00000504 DFCI protocol number 16-466 (NCT02999477) was a pilot study that enrolled
patients with early-stage hormone receptor-positive (HR+)/HER2- breast cancer. Participants
were randomized 1:1 to receive a two-week window of neoadjuvant nab-paclitaxel or
pembrolizumab. Subsequently, all participants received neoadjuvant nab-paclitaxel in
combination with pembrolizumab to complete neoadjuvant therapy. Stool samples were collected
at baseline (prior to initiation of window neoadjuvant therapy), after one week of window
monotherapy (nab-paclitazel or pembrolizumab), and after exposure to the combination of
neoadjuvant nab-paclitaxel and pembrolizumab (week 4). For the purposes of this study, baseline
stool samples were sequenced and analyzed. Project SHARE (93-085) is a multi-institutional
biobanking repository protocol that enrolls patients with all stages and subtypes of invasive
breast cancer, as well as DCIS. For the purposes of this study, baseline stool samples from

patients with stage I-III invasive breast cancer and DCIS were sequenced and analyzed. DFCI



protocol number 18-617 is a longitudinal, multi-institutional registry of patients with newly
diagnosed treatment-naive TNBC. Participants receive neoadjuvant systemic therapy at the
discretion of their treating physician. Stool samples are collected at baseline, during neoadjuvant
therapy, and after surgery using the DNA Genotek Omnigene-Gut Microbiome Collection Kit
according to the manufacturer’s instructions. Samples are processed according to manufacturer’s
instruction, aliquoted and stored at -80 °C until sequencing. For the purposes of this study,
baseline stool samples were sequenced and analyzed from patients enrolled in Cohort B,

including patients with stage I-IIl TNBC who were eligible for preoperative systemic therapy.

Whole Genome Sequencing

Stool samples were sequenced at the Alkek Center for Metagenomics and Microbiome Research
at Baylor College of Medicine in Houston, TX, USA. Total genomic DNA was extracted using
the Qiagen DNeasy PowerSoil Pro kit according to the manufacturer’s instructions, automated
on the QIAcube HT instrument. Libraries were constructed using the Illumina DNA Prep library
kit. Samples were barcoded using kit-appropriate unique dual index adapter sets (UD indexes).
Completed libraries were quality controlled using PicoGreen (Thermo), Qubit (Invitrogen),
Fragment Analyzer (Agilent), and Tapestation (Agilent) to assess concentration and fragment
size distribution. Whole Genome shotgun sequencing of pooled libraries was carried out via the

[llumina NovaSeq platform, using the 2x150 bp paired-end protocol.

Bioinformatic Processing

Whole genome stool sequence data were processed using the bioBakery software pipeline, with

default parameters. KneadData v0.12.0 was used for quality control of raw reads, including



trimming, adapter removal, and removal of human reads from the default hg37 and human
contamination database. The average final read count was 66 million reads per sample, with a
minimum of 19M. Taxonomic profiling was performed using MetaPhlAn v4.0.6%” with the
mpa_vOct22 CHOCOPhIAnSGB 202212 database, generating relative abundance data.
MetaPhlAn 4 provides the per-sample abundance of species-level genome bins (SGBs), which
are comparable to species but allow identification of taxa not currently annotated at the species
level, as well as differentiation of taxonomic groups previously believed to be single species.’’
Pathway analysis was performed using HUMAnNN3 to profile the functional potential of the

intestinal microbiome and identify metabolic pathways associated with cancer stage.

Statistical Analyses

Data were analyzed using R 4.3.0. The vegan package was used for calculation of ecological
diversity measurements and statistical tests. Species were filtered at a threshold of minimum
0.1% relative abundance in more than 10% of samples. Of the 2343 SGBs detected in the data,
223 met prevalence and abundance thresholds. Alpha and beta diversity were quantified as
Shannon diversity and Bray-Curtis dissimilarity, respectively. Shannon diversity describes the
complexity of a sample and is influenced by both richness (number of features) and evenness of
distribution. Bray-Curtis dissimilarity measures compositional overlap between a pair of samples
(0 = identical, 1 = nothing in common) and is influenced by the features and their abundances.
Alpha diversity associations were tested by ANOVA and beta diversity by PERMANOVA
(Supplementary Data7). Associations between clinical characteristics at the individual species
level were tested by linear modeling using the MaAsLin2 framework*®. Total sum scaling was

used, and species were log transformed with a pseudocount of half the minimum non-zero value



for variance stabilization. The p-values from linear modeling were adjusted for false discovery

using the Benjamini and Hochberg method via the p.adjust function in R.
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Figure Legend

Figure 1. Landscape of baseline intestinal microbiota species relative abundance in patients with
early-stage breast cancer (n = 242) and DCIS (n = 36). The per-relative abundance of the 20
most-abundant species in the data is shown.

Abbreviations: DCIS, ductal carcinoma in situ

Figure 2. The baseline stool microbiota of patients with DCIS (n = 36) and invasive breast
cancer (n = 242) are similar and are not differentiated by beta diversity (p = 0.52,

PERMANOVA).

Abbreviations: DCIS, ductal carcinoma in situ

Figure 3. Bacteroides ovatus abundance by breast cancer stage. Abundance was significantly
higher with advanced stage in early-stage breast cancer when comparing stages I (n = 89) and III
(n=132) (p=0.0001; g =0.08). For all box plots, the boxes range from quartile 1 to quartile 3
(Q1 to Q3), with the median value indicated by the line within the box. The whiskers extend to
the most extreme points within 1.5 X interquartile range (IQR) from the box edges. Individual

values outside the whiskers are considered outliers.

Figure 4. The baseline stool microbiome of HR+/HER2+ invasive breast cancer is distinct from
other HR subtypes (p <0.05, g <0.1, PERMANOVA).
Abbreviations: HR, hormone receptor; HER, human epidermal growth factor receptor 2; TNBC,

triple-negative breast cancer



Table 1. Baseline characteristics of invasive breast cancer and DCIS patients with
baseline stool microbiome analysis prior to neoadjuvant systemic therapy or surgery

Clinical Characteristics (n=278)
Age at Initial Diagnosis N %
>18-<50 82 29.50
>50 196 70.50
Race
White 232 83.45
Black 18 6.47
Asian or Pacific Islander 9 3.24
Other 8 2.88
Unknown 11 3.96
Ethnicity N %
Hispanic or Latino 16 5.76
Non-Hispanic 252 90.65
Unknown 10 3.60
Gender N %
Female 278 100.00
Histology N %
DCIS 36 12.95
Invasive 242 87.05
Clinical Stage at Initial Diagnosis N %
Stage 0 48 17.27
Stage | 89 32.01
Stage Il 108 38.85
Stage 111 32 1151
Unknown 1 0.36
Tumor Subtype at Initial Diagnosis N %
HR+/HER2 Negative 54 19.42
HR+/HER2 Positive 38 13.67
HR-/HER2 Positive 23 8.27
TNBC 101 36.33
Unknown 62 22.30

Abbreviations: DCIS, ductal carcinoma in situ; HR, hormone receptor; HER2, human epidermal growth factor

receptor 2; TNBC, triple-negative breast cancer
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