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Tumor-resident intracellular microbiota promotes
metastatic colonization in breast cancer
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Highlights
e Conserved intracellular bacterial profile is detected in murine
and human breast cancer

e Perturbation of intracellular bacteria reduces metastasis but
not primary tumor growth

e Intracellular bacteria reorganize actin cytoskeleton in
circulating tumor cells (CTCs)

e Intracellular bacteria promote CTC survival by enhancing
resistance to mechanical stress
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In brief

Tumor-resident intracellular bacteria
enhance survival of circulating tumor
cells by cytoskeleton reorganization.
They promote metastasis but are not
required for primary tumor growth in a
murine breast cancer model.
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Tumor-resident intracellular microbiota
promotes metastatic colonization in breast cancer
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SUMMARY

Tumor-resident intracellular microbiota is an emerging tumor component that has been documented for a va-
riety of cancer types with unclear biological functions. Here, we explored the functional significance of these
intratumor bacteria, primarily using a murine spontaneous breast-tumor model MMTV-PyMT. We found that
depletion of intratumor bacteria significantly reduced lung metastasis without affecting primary tumor growth.
During metastatic colonization, intratumor bacteria carried by circulating tumor cells promoted host-cell sur-
vival by enhancing resistance to fluid shear stress by reorganizing actin cytoskeleton. We further showed that
intratumor administration of selected bacteria strains isolated from tumor-resident microbiota promoted
metastasis in two murine tumor models with significantly different levels of metastasis potential. Our findings
suggest that tumor-resident microbiota, albeit at low biomass, play an important role in promoting cancer

metastasis, intervention of which might therefore be worth exploring for advancing oncology care.

INTRODUCTION

The host microbiota, as a nonnegligible body component, is a
crucial mediator in modulating cancer susceptibility and tumor
progression in addition to the well-known genetic, epigenetic,
and stromal microenvironment elements. These microbial organ-
isms exert their functions notably through indirect pathways
(including metabolites and the immune system) on distant or prox-
imal tumor tissues, particularly in colorectal cancers where they
are in intimate contact with the gut microbiota (Garrett, 2015; Xav-
ieretal., 2020). However, in recent years, there are emerging lines
of evidence that microbes are also integral components of the tu-
mor tissue itself in much broader cancer types beyond colorectal
cancer, such as pancreatic cancer, lung cancer, breast cancer,
and others, which were originally thought to be sterile (Flemer
et al., 2017; Jin et al., 2019; Nejman et al., 2020; Pushalkar
etal., 2018; Riquelme et al., 2019; Urbaniak et al., 2016). Clinically,
cohort studies have suggested that features of the tissue-resident
microbiota correlate with cancer risks (Xuan et al., 2014), patho-
logical types (Banerjee et al., 2018; Banerjee et al., 2015; Buchta
Rosean et al., 2019; Hieken et al., 2016; Nejman et al., 2020), can-
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cer prognosis (Riquelme et al., 2019), and treatment responses
(Gelleretal., 2017; Nejman et al., 2020; Yu et al., 2017). Nonethe-
less, tissue-resident microbiota samples are often of very low
biomass with serious host contamination and potential environ-
mental noise, which frequently obscure the findings (Davis et al.,
2018; de Goffau et al., 2018; Jervis-Bardy et al., 2015; Kim
et al., 2017; Laurence et al., 2014; Salter et al., 2014). Studies
using patient-derived xenograft (PDX) models suggest that the
intratumor microbiota can persist as the tumor progression in
immunodeficient mice (Bullman et al., 2017). Administration of
exogenous bacteria through tail vein impairs tumor chemosensi-
tivity (Geller and Straussman, 2017; Yu et al., 2017) and promotes
tumor progression (Parhi et al., 2020).

Whereas a growing body of evidence indicates the importance
of intratumor microbiota, whether the low-biomass tumor-resi-
dent microbiota in its physiological homeostatic state plays
any significant biological roles in spontaneous tumor progres-
sion is still an open question. An animal spontaneous tumor
model that can recapitulate the human tumor microbiota will
largely impel the functional investigation of tumor-resident mi-
crobiota and clarify its significance in tumor progression.
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In the present work, we report an extensive characterization of
such a spontaneous murine breast tumor (BT) model mouse
mammary tumor virus-polyoma middle tumor-antigen (MMTV-
PyMT) with significant amounts of intracellular bacteria, resem-
bling that in human breast cancer. Under the physiological
condition, these intracellular bacteria can travel through the cir-
culation system along with the cancer cells and play critical roles
in metastatic colonization. Mechanistically, the intracellular bac-
teria modulated the host-cell actin network and promoted cell
survival against fluid shear stress in the circulation. Our study re-
vealed that the intracellular bacteria can directly regulate the
host-cell viability during tumor progression, which potentially
could have strong implications for future cancer treatment.

RESULTS

Spontaneous murine BT contains a significant amount
of live bacteria

As the presence of intratumor microbiota was reported in human
cancers, we seek for an animal tumor system suitable for interro-
gation of tumor-resident microbiota functions. An MMTV-PyMT
spontaneous murine BT model was selected for the intratumor
microbiota characterization. Due to the low biomass challenge
of intratumor microbiota (de Goffau et al., 2018), we optimized
the gPCR protocol at multiple key steps (described in STAR
Methods) (Figures 1A and S1A-S1C) and achieved a detection
sensitivity of 5 x 10° equivalent bacteria per gram of tissue (Fig-
ure 1B). With this method, we detected a median 1.7 x 10*
equivalent bacteria per gram (N = 18) of tissue in the normal
mouse breast, and a nearly ten-fold higher bacteria load in the
tumor tissue (1.835 x 10° equivalent bacteria per gram, N =
102, p < 0.0001), both significantly higher than non-template
control (NTC) and environment background control (EBC)
(p < 0.0001). The bacteria density in tumor tissue remained rela-
tively constant as the tumor size increased (Figure 1C). These in-
tratumor bacteria were culturable with various methods (Fig-
ure S1D), showing a median of 100 colony-forming units (CFU)/
gram for normal breast tissue and 297 CFU/gram (Figures 1D
and 1E) for tumor tissue, proportional to the gPCR result (Fig-
ure S1E). The isolated bacteria were enriched in Staphylo-
coccus, Lactobacillus, Enterococcus, and Streptococcus,
consistent with human breast tissues (Nejman et al., 2020;
Thompson et al., 2017; Urbaniak et al., 2014; Urbaniak et al.,
2016), and they largely overlapped at the genus level between
normal and PyMT tumor, indicating a similar origin.

We further attempted to comprehensively profile the composi-
tion of the tissue-resident microbiota by 16S sequencing. Due to
the challenges of the low biomass (Davis et al., 2018; de Goffau
et al., 2018; Jervis-Bardy et al., 2015; Kim et al., 2017; Laurence
etal., 2014; Salter et al., 2014), we optimized the 16S library con-
struction procedure by adding a biotin enrichment step to
reduce the nonspecific genome sequences, and we achieved a
faithful detection of 10* equivalent bacteria/gram of tissue, a
significantly higher sensitivity than conventional methods for
gut microbiota (Figures S1F-S1H; also see STAR Methods).
With that, we analyzed the microbiota in the normal and tumor
tissue (Figures 1G-1H). The unsupervised clustering of micro-
biome analysis showed that the controls (NTC and EBC), normal
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breast tissue, and BT tissue had distinct microbial communities
(Figure 11). The majority of microbes in the negative control sam-
ples were Proteobacteria (Figures 1G and S1l), while the tissue
samples were enriched for Firmicutes (Figure 1G). Upon contam-
ination exclusion, we found that BT tissue has a reduced alpha
diversity compared with normal breast tissue (Figure 1J,
p < 0.01), indicating a selection and expansion of certain mi-
crobes. The major genera detected in BTs are highly consistent
with our culture isolates; namely, Staphylococcus, Entero-
coccus, Streptococcus, and Lactobacillus form the major com-
ponents (Figures 1H, S1J, and S1K), with distinct features in
normal and tumor tissue (Figure 1K; Table S1). Interestingly,
BT tissue showed a drastic decrease of anaerobes and a
remarkable increase of facultative anaerobes (Figure 1L), indi-
cating a dynamic oxygen microenvironment in the tumor. These
data collectively demonstrate that PyMT spontaneous tumor
contains significant amounts of live bacteria.

Significant amounts of tumor-resident microbes reside
in the cytosol
Arecent study showed that intratumor bacteria in human cancers
are predominantly present in the cytoplasm of both immune cells
and tumor cells (Nejman et al., 2020). We further characterized
the location of the microbes in the spontaneous PyMT BT. The
16S fluorescence in situ hybridization (FISH) analysis, lipopoly-
saccharides (LPS) staining (for gram-negative bacteria) and lipo-
teichoic acid (LTA) staining (for gram-positive bacteria) all
showed the presence of bacteria at the perinuclear region as
punctate dots (Figures 2A-2C). The density of bacteria in the tu-
mor identified by RNA probe or antibody staining is much higher
than gPCR quantification, which may result from inefficient bac-
teria DNA extraction in gPCR experiments. The identified bacte-
ria preferentially inhabited the BT epithelia and less so stromal
cells (Figures 2D, S2A, and S2B). High-resolution electron micro-
scopy (EM) analysis showed that the majority of bacteria-like
structures were identified in the cytosol rather than the extracel-
lular space (estimated as 97.25% in cytosol, N = 218), and the
bacteria-cell ratio was estimated to be 3% (218 bacteria out of
7201 scanned cells) (Figures 2E and S2C). These intracellular mi-
crobes were alive, and they survived upon cell impermeable an-
tibiotics treatment (Ampicillin and Gentamicin) (Kumar et al.,
2017) but not upon cell-penetrating doxycycline treatment (Fig-
ure 2F). This suggests that the bacteria we observed in tumor
cell cytoplasm by staining and in EM were viable organisms.
We next tried to quantify the relative amount of extracellular
and intracellular bacteria in the tumor by culturing on Columbia
Blood Agar Base (CBA) plate the homogenized tumor tissue
and the dissociated tumor cells. As enzyme-dissociated tumor
cells underwent extensive washes, we assumed that the majority
of the extracellular bacteria would be eliminated in the tumor cell
sample. We found that the quantity of bacteria in tumor cells was
not statistically different from the total bacteria in the same
amount of tumor tissues (Figure 2G). This suggests that the num-
ber of extracellular bacteria in the PyMT tumor is minimal. Inter-
estingly, we noticed that in the immunodeficient NPSG mice,
there tend to be more extracellular bacteria components
compared to immunocompetent Fvb mice (Figures 2H and 2I),
indicating an immune involvement. To characterize the relative
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Figure 1. Microbiota is an integral component of MMTV-PyMT spontaneous breast tumor

(A) Schematic diagram showing the workflow for gPCR quantification of tissue resident microbiota.

(B) gPCR quantification of the microbiota in normal breasts and PyMT spontaneous breast tumors. Data are presented as Median+95% Cl. Nytc=17, Nggc=9,
Nnormai=18, Ntwumor=102. Red dashed line shows detection limit.

(C) Plot of bacteria density versus tumor weight by gPCR. N = 87.

(D) Representative pictures showing bacteria culture analysis of control (EBC), normal and PyMT tumor on CBA plate.

(E) Quantification of culturable bacteria of normal breast and PyMT tumor. Data are presented as Median + 95% CI.

(F) Table showing the culture isolated bacteria genera in normal breast and PyMT spontaneous tumor.

(G and H) Stacked bar plot of the phylum and genus level relative abundance of bacteria communities in indicated samples.

(I) Unsupervised PCA plot via unifrac distance in indicated samples. Multiple Response Permutation Procedure (MRPP) test p value is 0.001.
(J) Shannon index of PyMT tumor and normal breast tissue. The Wilcoxon test p < 0.01.

(K) Volcano plot showing the signature bacteria in normal breast and PyMT tumor. FDR cutoff is 0.25, p value cutoff is 0.05.

(L) Characteristics analysis of microbiota in normal breast and PyMT tumor. Mann Whitney test P value. ** p < 0.01, *** p < 0.001.

See also Figure S1 and Table S1.
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Figure 2. The intratumor bacteria predominantly reside in the cytosol of PyMT tumor cells

(A-C) 16S FISH analysis (A), LPS IHC (B), and LTA staining (C) of MMTV-PyMT primary tumor section. Scrambled probe as the negative control. Red, 16S FISH
probe or LTA staining. Blue, DAPI. Scale bar, 10um.

(D) Co-staining of Keratin 8 + 18 (green)/LPS+LTA (red) (upper) and F4/80 (green)/LPS+LTA (red) (lower) to show the localization of Gram positive and negative
bacteria in tumor. Scale bar, 10um. Blue, DAPI.

(E) EM image of spontaneous MMTV-PyMT tumor showing bacteria structures within cytosol. Red arrows pointing to bacterial structures. Scale bar, 0.2um.
(F) Bacteria culture of dissociated PyMT tumor cells treated with Ampicillin + Gentamicin or Doxycycline.

(G) Workflow and gPCR quantification of bacteria in tumor tissue and in tumor cells from PyMT spontaneous breast tumors. Data are presented as median +
95% Cl.

(H and I) the correlation between the bacteria in tumor tissue and in tumor cells in PyMT tumor on Fvb mice and NPSG mice.

(J) Stacked bar plot of relative abundance of the bacteria community in tumor tissues and in tumor cells.

(K) unsupervised PCA clustering analysis of the intratumor or intracellular bacteria using unifrac distance. MRPP test p value is 0.001.

(L) Volcano plot showing the differential bacteria strains in breast tumor tissues and in tumor cells. FDR cutoff is 0.25, p value cutoff is 0.05.

(M) Quantification of the relative abundance of extracellular bacteria and intracellular bacteria.

See also Figure S2 and Table S2.
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proportion of extracellular bacteria, we performed 16S
sequencing of tumor tissue and dissociated tumor cells. The mi-
crobiota profiles of tumor tissue and dissociated tumor cells at
the genus level were largely the same (Figures 2J, 2K, S2D, and
S2E). Most of the differential genera of bacteria are enriched in tu-
mor tissue, such as Klebsiella, Lachnospiraceae, Pelomonas, and
Odoribacter (Figure 2L; Table S2). We speculate that the bacteria
genera enriched in tumor tissue are washed off during dissocia-
tion and most likely extracellular, which constituted ~20% of
the relative abundance (Figure 2M).

Elimination of tumor-resident microbes impedes
metastasis but not primary tumor growth

Although studies have shown that gut microbiota contributes to
the tumor progression in various tumor systems (Dapito et al.,
2012; Li et al., 2016; Li et al., 2019; Sethi et al., 2018; Sivan
etal., 2015; Zackular et al., 2013), the biological significance of in-
tratumor microbiota remains largely unknown. There is a lack of
proper tools to distinguish the function of gut and tumor-resident
microbiota. We developed such a tool by testing different combi-
nations of antibiotics and administration routes to selectively
eliminate tumor-resident or gut microbiota (Figure 3A). We found
that the administration of antibiotic cocktail (ATBx) (lida et al.,
2013; Pushalkar et al., 2018) through drinking water (DW) can effi-
ciently eliminate both gut and tumor microbiota by 10*-fold and
102-fold, respectively (Figures 3B and 3C). When ATBx is admin-
istered by intravenous (IV) injection through the tail vein, the tumor
microbiota is eliminated while the gut microbiota is left intact
(Figures 3B and 3C). Administration of the cell membrane pene-
trating antibiotic doxycycline through DW has a similar effect as
ATBx-IV (Figures 3B and 3C). Most importantly, the ATBx-IV
and Dox-DW treatment remained comparable to control group
regarding the live bacteria quantity in the gut, the gut microbiota
profile and the tumor immune profile (Figures S3A-S3D and S3F-
S3I). With these different antibiotic treatment strategies, we ad-
dressed the distinct functions of gut microbiota and tumor micro-
biota in tumor progression. We found that ATBx-DW efficiently
slowed down the tumor growth of spontaneous MMTV-PyMT
BTs (total tumor weight 15 + 0.5g in control versus 11 + 0.8g in
ATBx-DW, p < 0.001), while eliminating tumor microbiota alone
by ATBx-IV or Dox-DW did not affect total tumor weight at all (Fig-
ure 3D). This suggests that gut microbiota plays an important role
in tumor growth, while the tumor microbiota does not.

At the advanced stage of MMTV-PyMT tumor development,
most of the tumor bearing mice develop lung metastases (Guy
et al., 1992). Interestingly, we noticed that the presence of micro-
biota in the primary tumor correlated weakly with the presence of
lung metastases (* = 0.3, p < 0.05), while the intracellular bacteria
amount had a much strong linear correlation (** = 0.6, p < 0.01)
(Figure 3E). This suggests that the intracellular microbiota could
be involved in tumor metastasis. We then analyzed the lung
metastasis under different antibiotic treatment strategies and
confirmed that eliminating tumor microbiota alone by ATBx-IV or
Dox-DW reduced lung metastasis more than 3-fold (p < 0.05) (Fig-
ure 3F). Since ATBx-DW eliminated both gut and tumor micro-
biota, it also showed an inhibition effect in tumor metastasis along
with the total tumor weight reduction (Figure 3F). Notably, other
macrolides antibiotics that selectively eliminate tumor microbiota
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such as cell-membrane penetrating clarithromycin and azithro-
mycin also led to a strong reduction in lung metastasis (Figure 3G)
with no observable effect on primary tumor growth (Figure S3E).
To completely exclude the influence of gut microbiota, we per-
formed antibiotic treatment assay on germ free mice grafted
with bacteria-containing PyMT tumors and observed consistent
phenotypes (Figures 3H-3J, S3J, and S3L-S3N). Of note, the con-
trol tumor bearing germ-free mice showed drastic increase of
metastatic foci compared with specific-pathogen-free (SPF) re-
cipients, possibly due to their slow tumor growth and therefore
extended experimental endpoint (Figure S3K), reinforcing a role
of gut microbiota in tumor growth. These data collectively suggest
that the intratumor bacteria are functionally essential for PyMT BT
metastasis.

Cancer cells carried over bacteria from primary tumor to
metastatic site

As most of the bacteria we identified were intracellular, we spec-
ulated that during the metastatic process, the intracellular bacte-
ria may be able to travel through the circulation system and
migrate together with hosting tumor cells to the distal organ.
This notion was supported by the 16S sequencing of the primary
BT, metastasis adjacent lung containing early micro-metastasis
(MAL) and lung macro-metastasis (LM), along with normal lung
(NL) and normal breast (NB) tissue (Figures 4A-4C, S4A, and
S4B), showing that the BT microbiota co-clustered with MAL
sample very well, but was distinct from the NB and NL
(Figures 4C, 4D, and S4C). The LM microbiota lies in between
BT and normal tissues (Figures 4C and 4D). Further microbiota
analysis showed that the aerobic bacteria components were
increasing in the lung metastasis, while the facultative anaerobes
were decreasing (Figure 4E), indicating an environment alteration
in the lung such as the oxygen level.

We next tested the localization of bacteria in the lung metasta-
ses by 16S FISH analysis. Intriguingly, the tumor-adjacent normal
lung tissue does not contain many bacteria, most of the identified
bacteria were enriched in the metastatic foci (Figures 4F and
S4D). This suggests that the metastatic tumor cells established
amicroenvironment that better supported the microbiota to thrive
in. Further circulating tumor cell analysis in PyMT blood revealed
that a small number of single circulating tumor cells were positive
for bacteria (3 out 206, n = 8), but in contrast, a big portion of the
circulating tumor cell clusters contained detectable bacteria
(17 out of 34, n = 4) (Figure 4G). There was an enrichment of bac-
teria in the circulating tumor clusters and in the lung mets
compared with the tumor at primary site (Figure S4E), suggesting
a beneficial role of bacteria specific for metastatic tumor cells.
Recentyears, emerging evidence has revealed that circulating tu-
mor clusters have a better ability to survive and initiate distal or-
gan metastasis (Aceto et al., 2014; Cheung et al., 2016). Given
the common presence of bacteria in circulating tumor clusters,
we propose that the intracellular bacteria can travel to the distal
organ together with the host tumor cells offering the possibility
to establish the metastatic microbiota themselves.

To visualize the dynamics of microbiota during the metastasis
process, we plotted the abundance of various bacteria genera
in different samples with the order NB, BT, MAL, LM as an indica-
tion of tumor progression process. Interestingly, unsupervised
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Figure 3. Tumor-resident microbiota are essential for PyMT spontaneous tumor metastasis

(A) Schematic diagram showing various administration strategies of antibiotics and the influences on the gut and tumor microbiota. ATBx-DW, ATBx combined
antibiotics via drinking water; ATBX-IV, ATBx combined antibiotics via iv injection; DOX-DW, Doxycycline via drinking water.

(B and C) gPCR Quantification of the bacteria abundance in the gut (B) and PyMT tumor (C) after various antibiotics treatment. Data are presented as median.
Mann Whitney test *** p < 0.001, * p < 0.05.

(D) Total tumor weight of spontaneous PyMT tumors after indicated antibiotics treatment. t test *** p < 0.001.

(E) Correlations between the number of lung metastasis and the intratumor or intracellular bacteria abundance quantified by culture.

(F) Quantification of lung metastasis number after indicated antibiotics treatment on MMTV-PyMT mTmG mice. Mann Whitney test * p < 0.05. *** p < 0.001.
(G) Quantification of the lung metastasis number after clarithromycin and azithromycin treatment on MMTV-PyMT mice. Mann Whitney test * p < 0.05.

(H) Schematic diagram showing antibiotic treatment of germ-free mice bearing PyMT-mTmG tumors.

(I) Fluorescence images of lung showing PyMT tumor cell metastases on germ-free mice in the presence or absence of antibiotic treatment.

(J) Tumor weight and lung metastases of primary PyMT tumors on germ-free mice with or without antibiotic treatment. * p < 0.05. Data in this figure are all
presented as mean + SEM unless otherwise indicated.

See also Figure S3.
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clustering divided the bacteria into four categories with distinct
dynamic patterns (Figures 4H and 4l; Table S3). The “dominant
cluster” increased the abundance in the breast tissue, which per-
sisted in micro-metastasis but decreased in macro-metastasis
(Figures 4H and 4l; Table S3). We reason that this cluster of bac-
teria is likely to travel with metastasizing tumor cells and estab-
lishes the microbial environment early on, but as the metastatic
growth processes itis influenced by the distal organ environment.
The “sporadic cluster” contained some bacteria strains that only
presented sporadically with no observable pattern. The “dimin-
ishing cluster” contains bacteria that have high abundance in
the normal breast tissue but were gradually diminishing in the
BT, micro-metastasis, and macro-metastasis. The “constituent
cluster” includes low-abundance bacteria that were constantly
detected in various samples (Figures 4H and 4l; Table S3). We
suspect that the dominant cluster may be functionally involved
in the tumor metastasis process and is therefore worthy of further
research. Coincidently, the bacteria strains within this cluster,
Streptococcus, Lactobacillus, Staphylococcus, and Entero-
coccus, were all successfully isolated using our culture method.

To further test the hypothesis that bacteria can travel with the
tumor cells in the circulation system, we engineered an erythro-
mycin resistence element-GFP (erm-GFP) cassette into the
S. xylosus genome to trace the bacteria spatially and temporally
(Figure 4J). We found that when we introduced the recombinant
S. xylosus directly into the tumor, we could successfully identify
the recombinant clone in 80% of the lungs with metastases. In
contrast, for those lungs without metastasis, no recombinant
clones could be identified (Figures 4K, 4L, S4F, and S4G). In addi-
tion, if we introduced the recombinant S. xylosus through tail vein
injection, we could only detect the recombinant clone in the lung
when bacteria invaded tumor cells were injected, while bacteria
injection alone, even at higher dose, fail to colonize in the lung
(Figures 4K and 4L). These data suggest that bacteria can, but
only together with tumor cells, travel through circulation system
and colonize in distal organs.

Certain intracellular bacteria promote metastatic
colonization

Bacteria can invade the cytoplasm of eukaryotic cells and trigger
cellular immunity along with other cellular behaviors. The effect

¢ CellP’ress

of bacteria on the target cells is highly dependent on the cell
type and the bacteria strains (Strobel et al., 2016). To investigate
how the tumor-resident bacteria influence the tumor cell activity,
we established a Matrigel organoid (Cai et al., 2017) co-culture
system in which individual bacteria strains labeled by green-fluo-
rescent 5-(and 6)-carboxyfluorescein diacetate succinimidyl
ester (CFSE) seeded with dissociated tumor cells (expressing
tdTomato). Of note, we did not observe any influence of the iso-
lated bacteria on the tumor cell colony growth (Figure S5A).
However, fluorescence microscopy analysis showed that
Staphylococcus, Lactobacillus, and Streptococcus, but not
Enterococcus, can be efficiently incorporated into the organoid
(Figure 5A) and exist as individual or clustered form in the cytosol
(Figures 5B and S5B). Further EM analysis reinforced that those
bacteria penetrated through the cell membrane and localize in
the cytosol, but the vast majority of them were not in the endo-
some. Some bacteria even showed clear cleavage furrow,
suggesting its active state in the cytoplasm (Figure 5C). Fluores-
cence-activated cell sorting (FACS) analysis of the invasion effi-
ciency showed that Enterococcus barely invaded the tumor cells
on the individual cell level in our in vitro culture system, while the
other strains invaded the tumor cells more frequently (Figure 5D).

To ask whether the invasion of individual strain of bacteria
could exert any function in the tumor cell colonization during
metastasis, we injected tumor organoid invaded by the four bac-
teria strains back to the mouse through tail vein and analyzed the
metastasis colonization using tissue clearing imaging. Indeed,
Staphylococcus and Lactobacillus significantly increased the
number of colonized metastatic tumor foci, while Enterococcus
and Streptococcus had minimal effect (Figures 5E-5G), possibly
due to the low bacteria-invasion efficiency at individual cell or or-
ganoid level.

To study whether these bacteria strains can trigger metastasis
atthe primary tumor site, we reintroduced various bacteria strains
back into the antibiotics-conditioned primary tumor (Shi et al.,
2020). The occupation of the injected bacteria in the tumor
were validated by culturing tumor homogenates (Figure S5C).
The intratumor re-administration of various strains of bacteria
(including S. xylosus, L. animalis, and S. cuniculi) left the primary
tumor growth unchanged but triggered an increase of the lung
metastasis compared to Dox-treated bacteria-free PyMT tumors

Figure 4. PyMT tumor cells carry over microbiota during metastasis
A) Schematic diagram showing the sample information and the abbreviations.

¢

(B) Stacked bar plot showing the bacteria relative abundance at the phylum and genus level in various samples.
(C) Supervised unifrac beta diversity analysis of various samples. normal breast (NB).
(
(

D) Microbiota correlation analysis by unifrac distance.
E) Bacteria property analysis by bugbase.

(F) 16S FISH analysis of lung section with PyMT tumor metastasis. Yellow arrow pointing to 16S positive bacteria, dotted lines indicating metastasis foci. Data are

presented as mean + SD. Red, 16S probe; Blue, DAPI. Scale bar, 100um.

(G) Staining and quantification of bacteria in circulating tumor cells with Keratin 8 + 18 antibody and 16S probe in blood. Green, Keratin 8 + 18, Red, 16S probe.

Scale bars, 50pm, 20pm.

(H) Heatmap showing the dynamic distribution of various bacteria strains during tumor progression.
(I) The dynamics of relative abundance of four distinct bacteria clusters within various samples.
(J) Schematic diagram showing an erm-GFP cassette was inserted at LIdh genome locus of S. xylosus. Right: different strategies to introduce bacteria into mice

via intratumor or tail vein injection.

(K) Example of positive and negative recombinant S. xylosus clones judged by PCR.
(L) Analysis of positive clones for recombinant S. xylosus in the lung under various bacteria administration strategies. Niwmor inj ™*"=16, Niumor in ™" =3,

NBac tail vein=9, NBac-tumor tail vein=5-

See also Figure S4 and Table S3.
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(Figures 5H-5J). E. faecalis is an exception in promoting lung
metastasis, possibility due to its low invasion efficiency. This ar-
gues that invasion into the tumor cells might be required to exert
metastasis-stimulating function. Intriguingly, when we performed
this experiment on an MMTV-Wnt tumor mouse model, which is
known to rarely metastasize (Li et al., 2000) and contained low
abundance microbiota (Figures S5D-S5F), the tumor started to
metastasize after one shot of the on-site administration of bacte-
ria, reinforcing the role of certain bacteria in promoting metastasis
initiation (Figures 5K-5M). Of note, this metastasis promoting ef-
fect was not dependent on the innate immune activation triggered
by bacteria injection (Figures S5G and S5H), because enforced
bacteria invasion via cell impermeable antibiotics (Kalaora
et al., 2021) also enhanced lung metastasis with unchanged pri-
mary tumors and unperturbed immunity (Figures 5N-5R). These
coherent in vitro and in vivo functional assays demonstrate that
the invasion of bacteria can functionally promote the BT metas-
tasis in different tumor genetic mouse models.

Intracellular bacteria enhance the viability of tumor
cells under mechanical stress

We next seek to understand what microbes do within the cyto-
plasm and how they contribute to the cancer cell invasiveness.
We performed single-cell RNAseq analysis of bacteria invaded
cancer cells isolated from organoid culture (Figure 6A). Overall,
we extracted 5,023 genes within 483 cells in total. It appears
that bacteria infected Krt14, Krt8, and Krt18 tumor cells equally
(Figure SB6A). t-distributed stochastic neighbor embedding
(tSNE) plot showed that the cancer cell invasion of various bac-
teria did not change the cancer cell heterogeneity (Figure 6B),
but enhanced stem cell activity (Spike et al., 2012) (Figure S6D).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that tumor cells invaded by bacteria turned
on many immunity-related signals, including the Toll-like recep-
tor signaling pathway, the NOD-like receptor signaling pathway,
the TNF signaling pathway, the NF-«kB signaling pathway, the
Th17 signaling pathway, and the cytokine chemokine related
pathways etc. (Figure 6C; Table S4). Interestingly, we noticed
that the invasion of S. xylosus, L. animalis, S. cuniculi, and
S. sanguinis into tumor cells specifically triggered the fluid shear
stress pathway, but the low invasion strain E. faecalis did not
(Figures 6C and S6B-S6C; Table S4).

¢ CellP’ress

For the metastasizing cancer cells, they experience fluid shear
stress particularly after intravasation into the circulation system,
which frequently triggers cellular apoptosis (Mitchell and King,
2013). The involvement of bacteria into the fluid shear stress
pathway indicates that bacteria may modulate the stress response
and influence the cancer cell viability. To test this idea, we setup a
circulation system with peristaltic pump (Regmi et al., 2017) to
mimic the fluid shear stress in the blood vessel (Figure 6D), in which
tumor cells showed gradually decreased cell viability as the in-
crease of stress (Figure 6E) within the physiological range (Follain
et al., 2020). Indeed, after the median in vitro fluid stress, cells
with bacteria showed a higher survival rate than cells without bac-
teria (Figures 6F and 6G). Myeloid-derived suppressor cells
(MDSCs) induced by intratumor bacteria injection were not
involved in regulating this mechanical resistance (Figures S7E
and S7F). Importantly, the live cells with bacteria adhered and
spread better on the plate and showed much larger size than con-
trol, indicating an alteration of cytoskeleton and the attachment
ability (Figures 6H and 6l). This phenotype indicated a possible
role for bacteria in the organization of the actin cytoskeleton.
Consistent with this notion, phalloidin staining of the cells showed
a significantly reduced stress fiber intensity after the invasion of
bacteria in vitro in the culture dish (Figures 6H and 6l) and in vivo
for the primary cells (Figures S7A-S7C), suggesting that the me-
chanical stress induced contractile forces can be relieved by the
cytoplasmic bacteria (Figure 6L).

For actin cytoskeleton organization in cells, Rho GTPase fam-
ily, especially the well-characterized members RhoA, Rac, and
Cdc42, are responsible for regulating stress fiber, lamellipodia,
and filopodia, respectively (Nobes and Hall, 1995). In addition,
in the stem cell isolation and culture assay, ROCK kinase (down-
stream of RhoA) inhibitor is frequently utilized to prevent mechan-
ical force triggered apoptosis (Ohgushi et al., 2010). ROCK inhib-
itor does this by the inhibition of phosphorylation of MLC and the
disassembly of stress fiber, relieving contractile forces (Shi et al.,
2013). We speculated that the intracellular bacteria may play a
similar role. This idea was supported by the fluorescence reso-
nance energy transfer (FRET) sensor analysis of activated RhoA
and Western blot of RhoA-GTP, showing the invasion of bacteria
indeed suppressed RhoA and ROCK activation (Figures 6J, 6K,
S7G, and S7H), and inhibition of ROCK abolished viability differ-
ence caused by bacteria invasion (Figure S7D).

Figure 5. Tumor-resident microbiota promote metastasis

(A) 3D co-culture experiment showing CFSE labeled bacteria invaded PyMT mTmG tumor organoids. Red, tdTomato, Green, bacteria. Scale bar, 10um.
(B) An optical section (left) and 3D reconstructed view (middle and right) of mTmG tumor organoid containing S. xylosus. Red, tdTomato; Green, S. xylosus; Blue,

DAPI. Scale bar, 10um.

(C) EM image showing intracellular bacteria in the tumor organoid. Yellow arrow heads pointing to the cleavage furrow of a dividing Staphylococcus.

(D) Bacteria invasion efficiency quantified by FACS of dissociated individual tumor cells. Data are presented as mean + SD.

(E) Top: schematic diagram showing the workflow of metastatic colonization assay with organoids. Bottom: image of the cleared lung from the mice IV injected
with control (left) or S. xylosus invaded (right) tumor organoids. Yellow arrow heads pointing to the organoid foci in the lung.

(F) The ratio of bacteria positive organoids. Data are presented as mean + SD.

(G) Organoid foci in the lung after tail vein injection of bacteria-containing organoids. Data are presented as mean + SD.
(H and K) Schematic diagram showing the workflow of intratumor injection of bacteria to MMTV-PyMT mTmG tumor (H) or MMTV-Wnt tumor (K).
(I, J, L, and M) Total PyMT spontaneous tumor and Wnt tumor weight (I and L) and metastasis burden (J and M) after intratumor injection of bacteria. Data are

presented as mean+SEM. Mann Whitney test P value. * p < 0.05, ** p < 0.01.

(N) Schematic diagram showing IV administration of ampicillin + gentamicin on PyMT-mTmG tumor-bearing NPSG mice.
(O-R) Characterization of the intracellular bacteria abundance, primary tumor weight and metastasis after ampicillin + gentamicin treatment.

See also Figure S5.
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To test whether the bacteria-induced relief of contractile
forces benefits circulating tumor cells’ survival under blood
stream shear forces in vivo, we injected bacteria associated can-
cer cells intravenously back to the immunodeficient NPSG
mice via tail vein to avoid the indirect influence from immune sys-
tem (Figure 6M). We found that S. xylosus, L. animalis, and
S. cuniculi can significantly increase the survival of cancer cells
in the lung by 6.4-fold, 5.0-fold, and 3.4-fold, respectively
(Figures 6N and 60). The influence of E. faecalis could not be
tested in this assay due to its low invasion efficiency. When we
directly inhibited the downstream RhoA signaling by enforced
expression of p190/ Arhgap35 that hydrolyze GTP (Holinstat
et al., 2006) (Figure 6P), the stress fiber formation in vitro was
drastically suppressed (Figures S71 and S7J), and the tumor
cell’s colonization in the lung was strikingly enhanced
(Figures 6P and 6Q). In addition, when we grafted control and
p190 expressing cells onto immunocompromised NPSG mice,
we observed a similar primary tumor weight but a prominent
increase of lung metastasis for p190 expressing tumors
(Figures 6R and 6S), indicating the intrinsic signaling modulation
was sufficient to drive metastatic colonization. These data sug-
gest that the invasion of S. xylosus, L. animalis, and S. cuniculi
enhances cancer cells colonization in the lung in vivo after
stressed by the fluid shear stress in the circulation system.
This explains why the antibiotic elimination of tumor-resident mi-
crobiota impeded metastasis development.

Conserved microbiota profile in human BT

The microbiota within human BTs has been characterized by 16S
sequencing and pan-pathogen microarray (Pathochip) (Banerjee
et al., 2018; Banerjee et al., 2015; Costantini et al., 2018; Hieken
et al., 2016; Urbaniak et al., 2016; Xuan et al., 2014). But the mi-
crobiota link between the primary tumor and the metastatic sites
is not clear in human breast cancer. We collected human BT tis-
sue with paired tumor adjacent normal breast tissue and the
lymph node metastasis, and analyzed the composition of micro-
biota by 16S sequencing. The bacteria loads within BT tissue, tu-
mor adjacent breast tissue, and lymph node metastasis are
significantly higher than the environment control, reaching an

¢ CellP’ress

average of 10° equivalent bacteria/gram of tissue, similar to
what we detected in mouse BT tissue (Figure 7A). In addition,
consistent with mouse BT, the normal human breast and the hu-
man BT have significantly increased Firmicutes compared with
EBC (Figures 7B, 7C, S7K, and S7L). Moreover, in line with the
mouse data, human tumor microbiota and lymph node metas-
tasis microbiota had distinct microbial community, significantly
reduced alpha diversity, and increased facultative anaerobes
compared with human normal breast samples (Figures 7D-7F)
(p < 0.05). Interestingly, the lymph node metastasis is closely
clustered with human BT microbiota, supporting the notion
that the microbes in the metastasis are inherited from the primary
BT. The BT tissue contains significant higher abundance of
Enterococcus and Streptococcus (Figure 7H; Table S5), reminis-
cent of that in mouse tumor data. These data collectively show
that murine BT and human BT have a similar microbial commu-
nity profile and dynamics, suggesting that the microbiota in hu-
man BT may play a conserved role in the human cancer patho-
genesis and progression.

DISCUSSION

Recently, there has been increasing awareness that human tu-
mors contain significant amount of viable commensal microbiota
(Banerjee et al., 2018; Banerjee et al., 2015; Costantini et al.,
2018; Hieken et al., 2016; Nejman et al., 2020; Riquelme et al.,
2019; Urbaniak et al., 2016; Xuan et al., 2014). Whether these mi-
crobes are passengers or drivers of tumor progression is an
intriguing question that emerges. In the present study, using a
spontaneous mouse BT model, we characterized the BT micro-
biota profile and developed methods to dissect the different roles
of BT-resident microbiota and gut-resident microbiota. We
showed that the intracellular microbiota plays crucial roles in tu-
mor metastasis by modulating cellular cytoskeleton and cell
viability upon mechanical stress. For the vast majority of the mu-
rine PyMT tumor samples and human breast cancer patients, we
have successfully detected the presence of microbiota; this indi-
cates that the intratumor microbiota is more likely to be an
intrinsic and integral component of the tumor tissue instead of

Figure 6. Intracellular microbiota reorganizes cytoskeleton and promotes resistance against mechanical stress
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A) Schematic diagram showing the workflow of single cell RNAseq for bacteria-containing PyMT tumor cells.

B and C) t-SNE plot and bubble plot analysis showing the population and enriched pathways for bacteria-containing PyMT tumor cells.

D) Schematic diagram showing the in vitro setup of fluid shear stress model by peristaltic pump mimicking blood flow.

E) Tumor cell viability under various levels of fluid shear stress at 0,14,20 Dyn cm™. Unpaired t test, **** p < 0.0001.

F and G) Images and viability analysis of tumor cells w or w/o bacteria under fluid shear stress at 14 Dyn cm™.

H and I) Phalloidin staining and quantification of re-plated PyMT tumor cells w or w/o invaded bacteria, showing the actin stress fiber. Green, Phalloidin, Red,

Vancomycin probe detecting gram positive bacteria. Scale bar, 10um. n = 3. Welch’s t test P value.
J) RhoA-GTP activity quantification by FRET sensor. Quantification of FRET ratios were plotted for each individual bacteria strain.

L) Schematic diagram showing the consequence of fluid shear stress in the presence or absence of bacteria, or ROCK inhibitor Y27632.

(
(K) Western blot showing the levels of RnoAGTP, ROCK2-p after bacteria invasion.
(
(

M) Schematic diagram showing the workflow of the in vivo survival assay for tail vein injection of tumor cells with or without bacteria.
(N and O) Images and quantification of cleared lung tissue for the survival metastatic tumor cells with various intracellular bacteria. Unpaired t test, * p < 0.05,

**p<0.01.

(P) Schematic diagram showing the regulation of RhoA'’s inactivation by p190/Arhgap35.

(Q) Metastatic colonization capacity of control and p190 expressing PyMT tumor cells after IV injection. Unpaired t test *** p < 0.001

(R and S) Lung Metastasis analysis of orthotopic grafting of control or p190 expressing tumor cells. Unpaired t test (for tumor weight) and Welch’s test (for
metastasis) (data are presented as mean + SEM) was used to calculate the two tailed P value. * p < 0.05. Data in this figure are all presented as mean + SD unless

indicated.
See also Figures S6 and S7 and Table S4.
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Figure 7. Human breast tumor microbiota showed correlation between primary site and lymph node metastasis
(A) Quantification of bacteria load in paired normal human breast tissue, human breast tumor and the lymph node metastasis. Data are presented as median +

95% CI. Mann Whitney test P value. ** p < 0.01, ** p < 0.001, **** p < 0.0001.

(B and C) Stacked bar plot of relative abundance of bacteria at the phylum and genus level in EBC control, human normal breast tissue, breast tumor, and lymph

node metastasis.

(D) Shannon index of human normal breast tissue, breast tumor, and lymph node metastasis. * p < 0.05.
(E) Bar plot showing the composition of aerobics, anaerobics, and facultative anaerobics in human normal breast tissue and human breast tumor.

(F) Supervised clustering of tissue samples using unifrac distance.

(G) Correlation analysis of the bacteria communities using unifrac distance.
(H) Volcano plot analysis of the microbiota in normal and breast tumor.
See also Figure S7 and Table S5.

an incidental presence due to pathogenic infections. This notion
is also supported by the recent comprehensive intratumor micro-
biota analysis in various human cancer types (Nejman et al.,
2020). Therefore, the tumor cells hijacked by microbes could be
more common than so far known in cancer patients, which under-
scores the broad clinical value of understanding the exact role of
the tumor-resident microbial community in cancer progression.
Metastatic colonization has been reported to be a highly ineffi-
cient process with drastic tumor cell death when reaching the
distal organs (Massagué and Obenauf, 2016). The colonization
efficiency is therefore the bottleneck for successful metastasis.
Any promotion of the cell viability via genetic alterations (e.g., mu-
tations) (Bos et al., 2009; Ishaque et al., 2018; Minn et al., 2005),
epigenetic states (e.g., epithelial mesenchymal transition [EMT])
(Ocanaetal.,2012; Tsaietal., 2012), or microenvironment factors
(e.g., cancer-activated fibroblasts and immune cells) (Massagué
and Obenauf, 2016), can lead to the survival of the deadly tumor
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cells that seed and initiate metastatic foci and finally become
catastrophic to the patient. However, most current chemo drugs
often target tumor cell growth rather than tumor cell seeding. Our
findings provide a strategy that cancer cells utilize intracellular mi-
crobiota to survive the fluid shear stress in the circulation system
during metastatic colonization without affecting tumor growth. As
the fluid shear stress was estimated to be low in the tissue inter-
stitial space(0.1-1 Dyn cm™2) and highest in the artery (4-30 Dyn
cm~?) (Follain et al., 2020), the survival benefits of tumor bacteria
on tumor cells are most prominent during metastasis rather than
primary tumor growth. This mechanism is not restricted to breast
cancer, because there is also evidence in colorectal cancer that
intratumor microbiota can persist during metastasis and pas-
sages (Bullman et al., 2017). Therefore, the intracellular micro-
biota could be a potential target for preventing metastasis in
broad cancer types at an early stage, which is much better than
to have to treat it later on.
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On the clinical side, the intracellular microbiota may lead to
distinct biological consequences from extracellular microbiota
upon the invasion of tumor cells. These intracellular microbes
would also respond differently than extracellular counterparts
to various kinds of antibiotics. In addition, the gut microbiome
has been implicated in modulating cancer immune response
(Gopalakrishnan et al., 2018; Sivan et al., 2015; Vétizou et al.,
2015), adding another layer of complexity. This may partially
explain why the clinical use of antibiotics in cancer patients
ended up with disparate results in cancer progression when
combined with different therapeutics (Derosa et al., 2018; Kim
et al., 2019; Lindahl et al., 2019; Pinato et al., 2019; Routy
et al., 2018; Scatena et al., 2018). Various types of antibiotics
via different administration routes can cause various conse-
quences against gut microbiota, extracellular tumor microbiota,
and intracellular tumor microbiota, leading to intricate outcomes.
In the future, further in-depth analysis of how the bacteria invade
into tumor cells, how the intracellular bacteria are integrated into
the host-cell system, and how the bacteria-containing tumor
cells interact with the immune system will provide us insights
on how to properly implement antibiotics for cancer therapeutics
in the clinic.

Limitations of the study

Although our study revealed a clear role of intratumor bacteria in
promoting cancer cell metastatic colonization, it remains
possible that the gut microbiome and immune system may act
together with intratumor bacteria in determining cancer progres-
sion. It would also be interesting to explore whether intratumor
bacteria exert certain roles during tumor cell dissemination, in-
travasation, and extravasation as well as cancer dormancy.
More specifically, the innate immunity triggered by intratumor
bacteria injection could possibly be involved in certain steps in
bacteria driven metastasis other than regulating mechanical
property, which remains an open question.
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NPSG (NOD-Prkdcs l12rgn!/Shjh) Shanghai Jihui Laboratory Animal N/A

Care Co.,Ltd
mTmG mice (B6.129(Cg)-Gt(ROSA) The Jackson Laboratory Cat#007676
2680rtm4(ACTB—thomato,-EGFP)LUO/J)
MMTV-Wnt transgenic mice The Jackson Laboratory Cat#002934
(FVB.Cg-Tg(Wnt1)1Hev/J)
Germ-free FVB/N mice GemParmatech N/A
Oligonucleotides
List of oligonucleotides This paper, Table S6 N/A

Software and algorithms

GraphPad Prism, version 8

FlowdJo, version 10
SnapGene v2.3.2
ImageJ
TrimGalore

FastQC

Seurat v4
clusterProfiler

UMlI-tools
Imaris 9.3.1
vsearch v2.14.2
usearch v10

SCR_002798

SCR_008520
SCR_015052
SCR_003070
Babraham Institute

Babraham Institute

Satija Lab
Yu et al., 2012

Smith et al., 2017
Bitplane

Rognes et al., 2016
Edgar, 2010

https://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/
https://www.snapgene.com/
https://imagej.nih.gov/ij/
https://github.com/FelixKrueger/
TrimGalore

https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

https://github.com/satijalab/seurat

https://bioconductor.org/packages/
release/bioc/html/clusterProfiler.html

https://github.com/CGATOxford/UMI-tools
https://imaris.oxinst.com/versions/9-3

N/A

N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Shang Cai

(caishang@westlake.edu.cn).

Materials availability

All requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact (caishang@westlake.edu.cn).
All reagents including antibodies, bacteria and plasmid may be available on request after completion of a Materials Transfer
Agreement.

Data and code availability
16S amplicon sequencing and Single-cell RNA-seq data have been deposited at SRA and are publicly available as of the date of
publication. Project number and accession links are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Female MMTV-PyMT transgenic mice (FVB/N-Tg(MMTV-PyVT)634Mul/J, 002374), which develop spontaneous breast tumor, were
purchased from The Jackson Laboratory (The Jackson Laboratory, Bar Harbor, Maine, USA) and bred in the laboratory animal re-
sources center of Westlake University. Female Fvb mice, 6-8 weeks old were purchased from Shanghai SLAC Laboratory Animal
Company (Shanghai, China). NPSG (NOD-Prkdc®®™® 112rg™!!/Shjh) mice were purchased from Shanghai Jihui Laboratory Animal
Care Co.,Ltd. mTmG mice (B6.129(Cg)-Gt(ROSA)26Sor'm4ACTB-tdTemato,-EGFPILUo/ § 007676) were purchased from The Jackson Lab-
oratory (The Jackson Laboratory, Bar Harbor, Maine, USA). Female germ-free FVB/N mice (6-8 weeks) were bred and maintained in
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special plastic isolators (GemParmatech, Nanjing, China). MMTV-Wnt tumor cell were digested from MMTV-Wnt transgenic mice
(FVB.Cg-Tg(Wnt1)1Hev/J, 002934), which were purchased from the Jackson Laboratory (The Jackson Laboratory, Bar Harbor,
Maine, USA).

Animals were housed in a specific pathogen-free conditions and fed standard mouse chow. All animal experiments were carried
out in compliance with China laws and regulations. The local institutional animal ethics board approved all mouse experiments
(permission numbers: 19-001-CS). Experiments were performed in accordance with government and institutional guidelines and
regulations.

Human samples collection

Human tissues were collected in the sterile surgery room from two medical centers from The First Affiliated Hospital of Zhejiang Uni-
versity and Zhejiang Cancer Hospital respectively. Fresh tissues of normal breast, breast tumor and lymphoid metastasis were imme-
diately transferred to germ free 15ml conical tubes with sterile DMEM culture medium. Samples were processed in the clean and
sterile cell culture hood with autoclaved dissection tools. All samples were collected and analyzed after informed consent was ob-
tained from the patients and according to IRB-approved protocols: IRB-2019-99 and IRB-2020-634. The age and gender information
of all human samples was provided in Table S7. All of these human samples were extracted DNA for bacterial quantification and 16S
library preparation. The samples of bacteria biomass lower than EBC were excluded. Therefore, 6 of normal breast tissues, 11 of
breast tumors and 4 of lymphoid metastases were analyzed.

METHOD DETAILS

Mouse mammary tumor dissection and dissociation

Mouse breast tumors were dissected and digested according to our previous protocol with minor revisions (Cai et al., 2017). Mouse
breast tumors were dissected into 9.5mL DMEM/F12 media (C11330500CP, Gibco), the tumor tissues were chopped with razor
blade into 1mm small pieces, followed by digestion with collagenase type 3 (300U/mL) (Worthington Biochemical #LS004182)
and hyaluronidase (100U/mL) (Worthington Biochemical #LS002592) at 37°C for 2 h. The digested tissues were pooled into a
50mL conical and spun down at 1500rpm for 5min. Red blood cells were lysed with 5 mL ACK (Beyotime biotechnology #C3702-
120mL) on ice for 5 min, washed once with HBSS+2%FBS (Jackson #017-000-121) and then digested with 5 mL pre-warmed
0.25% trypsin-EDTA (Thermo #25200072) at 37°C for 5 min by mechanical pipetting for dissociation. Digested cells were washed
once with HBSS+2%FBS (Jackson #017-000-121), then digested with 0.1 mg/mL DNasel (Worthington Biochemical LS002139) in
DMEM/F12 media at 37°C for 5 min, washed once and filtered through a 40um mesh. Dissociated cells were counted and resus-
pended in designated medium for subsequent staining and FACS analysis.

Bacteria culture and identification

For isolation of anaerobic or aerobic bacteria, tissue pieces (around 0.25g) were homogenized with glass homogenizerin 1 mLice-cold
PBS under sterile conditions. PBS was used as tissue surrogate and went through the same workflow to evaluate the environmental
contaminants. For aerobic culture, 100uL sample homogenate was plated on Columbia blood agar (OXOID-#CMO0331B) +5% sheep
blood (Solarbio-#TX0030), Man Rogosa Sharpe Medium (M0303) and BHI (brain heart infusion) (Solarbio-#LA0360) at 37°C aerobically
with 5% CO2. For anaerobic culture, 100uL sample homogenate was plated on Schaedler anaerobe agar (OXOID-#CM0437) in an
anaerobic chamber Hypoxystation (SIA-CC002). The plates were incubated at 37°C for either 3 days in aerobic conditions or for
5 days in anaerobic conditions.

For identification of bacteria strain, colonies were picked and streaked in designated plate and condition for 1-3 days to get single
colonies. The single colony was picked to grown in liquid medium and run colony PCR subsequently. Briefly, the 15 uL reaction mix
contained 2X Es Taq MasterMix (Dye) (CW bio-#CW0690), 200 nM primers (27F: 5’-AGRGTTTGATCMTGGCTCAG -3’; 1492R:
5-TACGGYTACCTTGTTAYGACTT-3’) (Shaw et al., 2008) (Table S6).The reaction was programmed as follows: 95°C for 10 minutes,
10 cycles of 95°C for 15 s, reduced annealing temperature for 15 s (63.4 °C, 1°C /every second cycle) and 72°C for 60s. Then 30
cycles of 95°C for 15 s, 55°C for 15s, 72°C for 60s. Final extension reactions were carried out for 10 min at 72°C. The PCR product
was sent out for sequencing and sequencing results were aligned to the 16S rRNA sequences (Bacteria and Archaea) database in the
NCBI blastn site.

Quantification and profiling of tissue-resident microbiome

Different from the gut microbiome, which contains about 10'° bacteria/gram, tissue-resident microbiota has a much lower bacteria
load by several orders of magnitude and a seriously higher host genome contamination, therefore is more challenging to quantify the
absolute abundance and to profile the microbial community. In addition, when bacteria load drops down to a certain level, the envi-
ronmental contamination becomes a major issue that can mask the real microbiota signal (Eisenhofer et al., 2019). To overcome
these problems, and to accurately and sensitively detect and profile tissue resident microbiota, we carefully optimized the whole
experimental procedures from beginning to the end as listed below. With this optimized method, we were able to faithfully quantify
and construct the 16S library for as low as 10* equivalent bacteria/gram tissue, which is roughly 1 bacteria out of 10,000 cells.
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Mouse sample collection and human sample collection

Tumor bearing mice were housed in the SPF level Westlake Animal Facility. Tumor dissection and processing were strictly carried out
in the clean and sterile cell culture hood with autoclaved dissection tools. We always use fresh tissue for microbiota analysis to avoid
fixation caused quality drop and artifacts.

Human samples were collected in the sterile surgery room. Fresh tissues were immediately transferred to germ free 15ml conical
tubes with sterile DMEM culture medium. Samples were processed in the clean and sterile cell culture hood with autoclaved dissec-
tion tools. We always use fresh tissue for microbiota analysis to avoid fixation caused quality drop and artifacts.

Bacteria DNA extraction

There are three major issues affecting the bacteria DNA extraction: enormous host genome, bacteria DNA release and contamina-
tions in the reagents. We tested different DNA extraction kit, proper tissue amount, beads shearing to get high quality bacteria DNA.
The contamination in the reagent is hard to eliminate, therefore, we set up stringent environmental controls that underwent exact the
same procedure with the samples to generate a contamination landscape.

Whether to eliminate host cell genome: QlAamp DNA Microbiome kit (QIAGEN # 51704), which can deplete host DNA, and QlAamp
PowerFecal (pro) DNA kit (QIAGEN #51804) were tested for DNA extraction. All the tested kits contained bead-beating step and the
bead-beating steps were performed in a TissueLyser Il (QIAGEN, 85300) for 10 min at 30 Hz. The bacterial DNA quantity decreased
without the bead-beating step. For the QlAamp DNA Microbiome kit, it contained steps to lysis host cells with buffer AHL and Ben-
zonase to digest host DNA, the extra steps to lyse the host genome always significantly decrease the sample yield for tissues, which
eventually lower the sensitivity of the gPCR quantification, and frequently generate ambiguous results. Therefore, we determine to
use QlAamp PowerFecal (pro) DNA kit with no host genome elimination step to extract bacteria DNA for subsequent analysis.

Tissue processing: 200mg tumor tissue was determined to be used to extract DNA, more tissue would decrease the efficiency of
extraction due to limited binding capacity of spin column. Tumor tissue samples were grinded in 1ml sterile PBS. Centrifuge at full
speed for 10 minutes and discard the supernatant. The pellet could be extracted or frozen at -80°C.

To investigate the tumor cell associated microbiota, tumor tissues were digested according to the tumor digestion session in Ma-
terials and Methods and around 5*10/7 cells were used to extract total DNA. Total genomic DNA was extracted from tumor tissue,
tumor cells and fecal samples with the QlIAamp PowerFecal (pro) DNA kit (QIAGEN-#51804) according to the manufacturer’s instruc-
tions. Samples were disrupted using PowerBead Pro Tubes included in the kit in a TissueLyser Il for 10 min at 30 Hz. The PowerBead
Pro Tubes contain large beads. Then the DNA was purified following manufacturer’s instruction.

Set up controls: As contaminations in the reagents are not easy to eliminate, it is essential to set up proper negative controls. We
use PBS as a tissue surrogate to undergo the same processing steps as tissue samples. The final DNA product was used as the
environmental bacteria control (EBC). At the same time, we use pure DEPC treated water as the NTC when running the gPCR quan-
tification assay.
qPCR quantification
As gPCR reagents also contain certain levels of bacteria DNA contaminations, we set out to screen the best commercialized qPCR kit
with best sensitivity (the lowest amount of bacteria DNA it can faithfully detect), best specificity (Tagman probe method has higher
specificity than SYBRgreen), and best stability (smallest variation between various experiments). (Figure S1 A-C)

Several gPCR reaction mixtures, both SYBRgreen and Tagman probe mixture, were tested for bacterial quantification. Takara2,
TOYOBO2, Toroivd2 were Tagman probe mixture and 2X ChamQ Vazyme, YEASEN Hieff, YEASEN UNICON were SYBR green
mixture. V9 region of the 16S ribosomal RNA were amplified with following primers: Forward 5’-CGGTGAATACGTTCYCGG-3’,
Reverse 5-GGWTACCTTGTTACGACTT-3’, and Probe 5’-CTTGTACACACCGCCCGTC-3’ (Suzuki et al., 2000) (Table S6). Escher-
ichia coli DNA was used to plot a standard curve to calculate bacterial DNA concentration in the sample and NTCs were included
for the reactions (Ibekwe et al., 2002). The comparison between various commercialized gPCR kit showed that Takara2 Premix
Ex Taq (Takara-#RR390A) kit has the lowest bacteria DNA contamination, highest sensitivity, specificity and stability. (Figure S1 A-C)

For gPCR quantification, briefly, 10 uL reaction mix containing Premix Ex Taq (probe qPCR), 750 nM of forward primer, 500 nM
reverse primer and 250nM probe, and 1 ul sample DNA was loaded on the gTOWEP384/G-Analytik Jena real-time system. The re-
action was programmed as follows: denaturation at 94°C for 10 minutes, 40 cycles of 94°C for 15 s, 60°C for 60 s. Raw threshold
cycle (Ct) values were normalized according to a bacterial standard curve produced with E.coli DNA.

168 library construction

When the bacteria biomass drops down to certain level, the 16S library mainly contains bacteria signals coming from the reagent
contamination. To faithfully and accurately construct the 168S library, representing the sample microbiota profile, we optimized the
library construction methods as exemplified in Figure S1 F-H. The V4 hypervariable region of the 16S gene was amplified from the
genomic DNAs of mice fecal samples and tumor samples according to the lllumina 16S metagenomics protocol (Part #15042322).

For gut microbiome library construction, V4 region was initially amplified using the primer set 515F (0.4uM, 5¢- TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA -3¢) and 805R (0.4uM, 5¢- GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGGGACTACNVGGGTWTCTAAT-3¢) (Table S6), each with overhang adapter sequences (IDT) using 2x Kapa
HiFi Hotstart ReadyMix DNA polymerase (KapaBiosystems). Amplification was performed with an initial heating step of 95°C for 3 mi-
nutes, 25 cycles of 30 seconds at 95°C, 30 seconds at 55°C, 30 seconds at 72°C, and final extension of 72°C for 5 minutes. After
amplification, for fecal sample, AMPure XP beads (Beckman Coul ter, #A63881) were used to purify the PCR products following
manufacturer’s instructions. Purified PCR products were subjected to second round index PCR. Specifically, dual indices from
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TruePrep® Index Kit V3 for lllumina® (5ul for each index, Vazyme #TD203) were added to target amplicons in a second PCR using 2 x
Kapa HiFi Hotstart ReadyMix DNA polymerase (25ul). PCR condition was 3 minutes at 95°C, with 8 cycles of 30 seconds at 95°C, 30
seconds at 55°C, 30 seconds at 72°C, and final extension of 5 minutes at 72°C. Libraries were purified by the AMPure XP (0.8X) bead
before quantification by using the Qubit DNA assay (Thermo Fisher Scientific) and qPCR, or quality check by Fragment Analyzer-12/
96 (GENE-QCO006).

For tumor-resident microbiota library construction, the V4 hypervariable region of the 16S gene was amplified from tissue samples
according to the previous method with some optimizations (Riquelme et al., 2019). We used PBS that underwent all the sample prep-
aration procedures as environmental negative control and DEPC-treated water as no template control, as well as E. coli as the pos-
itive control. The V4 hypervariable region of 16S was amplified with biotinylated primer set 515F (0.4uM, 5¢- TCGTCGGCAGCGTC
AGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA -3¢) and 805R (0.4uM, 5¢- GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGGACTACNVGGGTWTCTAAT-3¢) (Table S6), each with overhang adapter sequences (IDT), using 2 x Kapa HiFi Hotstart
ReadyMix DNA polymerase (KapaBiosystems). Amplification was performed with an initial heating step of 95°C for 3 minutes, 25 cy-
cles of 30 seconds at 95°C, 30 seconds at 55°C, 30 seconds at 72°C, and final extension of 72°C for 5 minutes. The PCR cycles were
optimized to 30 cycles. PCR products were then purified and enriched by Dynabeads™ MyOne™ Streptavidin C1 Beads (Thermo
Fisher Scientific, #5002) following manufacturer’s instructions. Biotin beads containing first round PCR products were directly sub-
jected to the second round index PCR. Dual indices from TruePrep® Index Kit V3 for lllumina® (5ul for each index, Vazyme #TD203)
were added to target amplicons in a second PCR using 2x Kapa HiFi Hotstart ReadyMix DNA polymerase (25ul). PCR conditions
were 3 minutes at 95°C, with 8 cycles of 30 seconds at 95°C, 30 seconds at 55°C, 30 seconds at 72°C, and final extension of 5 minutes
at 72°C. Libraries were purified by the AMPure XP (0.8X) bead before quantification by using the Qubit DNA assay (Thermo Fisher
Scientific) and qPCR, or quality check by Fragment Analyzer-12/96 (GENE-QCO006). Negative controls including no template controls
and environmental controls were included in all sequencing runs. Samples were sequenced on the Novaseq with 2X250 bp paired-
end reads (Novogene, Tianjin).

Microbiome data analysis

Processing metagenomic sequencing data

The sequencing data were split using de-multiplexing tools bcl2fastg2 (double check with sequencing service company for de-multiplex-
ing method they used) to generate fastq format files for every sample using barcode sequences. All reads were analyzed using a
standardized metagenome bioinformatics pipeline using vsearch v2.14.2 (Rognes et al., 2016) and usearch v10 (Edgar, 2010). First,
paired-end reads were merged using "vsearch —fastq_mergepairs" with default parameters. Then, adaptor trimming and low quality
read removal were carried out by "vsearch —fastx_filter" with maximum expected error rate 0.01. After quality control filtering, a total
of 67170279 reads were processed. Onaverage, fecal samples had 1405670 reads per sample, mouse tissue samples had 230468 reads
per sample and human samples had 174804 reads per sample. Metagenome template were constructed using the quality control passed
reads. Reads were dereplicated using "vsearch —derep_fulllength" with singleton reads discarded. All remaining unique sequences were
denoised by unoise3 method to get candidate sequence features, which balances between resolution and specificity (Quast et al., 2013).
Lastly, chimeric features were removed using "vsearch —uchime_ref" against the SILVA reference release123 (Quast et al., 2013).

The abundance table were generated by mapping all quality control passing reads onto the template sequence features using
"vsearch —-usearch_global” with identity threshold 0.97. Sequence features were classified by “vsearch —sintax” (Edgar, 2016)
with cutoff set to 0.6. Non-specific sequence features from eukaryote, chloroplast and mitochondria were filtered out. Only samples
with enough prokaryote specific reads were kept using the cutoff of 3000 and 1000 for mouse and human samples respectively. All
kept samples were normalized into the same number of reads for a fair comparison (3000 reads for mouse and 1000 reads for human)
using the “rrarefy” function of R package “vegan” (Oksanen et al., 2019).

Contamination correction

The contamination effect in each mouse sample was numerically corrected using the data from qPCR quantification experiment.
First, the relative abundance of each bacterial species was obtained from the metagenomic sequencing data. Then, absolute bac-
terial amount per species per sample was calculated according to the gPCR quantification value and relative abundance within the
sample. The contamination bacteria from background environment was measured as the median absolute amount of a species
among all negative control samples, formulated as below:

Cij = cij = Qi

Cj = Median(Cij)

where cij is the relative abundance of species j from sample i, i.e. the percentage of species j data among the data of all species in
sample i; Qi is the gPCR quantification result of sample i in unit of CFU/g. Cj is the overall contamination effect of species j, as the
median relative abundance of species j among all samples.

The correction simply took off the overall contamination effect of species j from the measured species j in each sample:

Aij = aij * Qi — Cj
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where aij is the relative abundance of species j from sample i; Qi is quantification of total bacteria of sample i; Ajj is the corrected
amount for species j of sample i.

For human samples, contamination correction was based on binomial tests of every taxon’s abundance between samples and
negative controls. The probability p of binomial distribution was estimated as the taxon’s occurrence frequency in negative control
samples. The number of occurrence samples and the total number of samples were assigned as x and n in the binomial test respec-
tively. Taxon with p-value<0.05 were kept in the following analysis.

Bioinformatic analysis for metagenomics data

Contamination corrected abundance data were input into edgeR (Robinson et al., 2010) for differential analysis between two or more
sample of origins. Taxonomies with FDR<0.25 were considered as enriched or depleted. Volcano plots were taken from edgeR
output. Heatmaps were generated by R package “pheatmap” (Kolde, 2019) on the contamination corrected abundance using man-
hattan distance. The mean and standard error of abundance of each cluster were presented as bar plot

Alpha diversity matrixes and correspondent rarefaction analysis were calculated by “-alpha_div” and “-alpha_div_rare” in
usearch, using contaminaztion correctly abundance. Wilcoxon test was used to evaluate the significance of alpha diversity difference
between two groups.

Beta diversity matrixes were calculated by “-beta_div” in usearch. Principal Coordinate Analysis (PCoA) and Constrained Principal
Coordinate Analysis (CPCoA) were performed by function “beta_pcoa” and “beta_cpcoa_dis” in R package “amplicon” (Liu et al.,
2021) using default parameter. To compare the differences in the community composition between groups, Multiple Response Per-
mutation Procedure (MRPP) test was performed by R package “vegan”.

The stack plot of taxonomy was generated by “tax_stackplot” function of R package “amplicon” based on relative abundance with
the top taxonomies selected by the mean abundance of all samples in the analysis.

For microbiome phenotypes prediction, abundance table were regenerated using "vsearch —usearch_global” (identity cutoff 0.97)
and reference database Greengene release 13_8 (DeSantis et al., 2006). The abovementioned contamination correction method was
applied to the abundance table. Bugbase (Ward et al.2017) was used for phenotype prediction. The Wilcoxon test was applied to
evaluate the significance of differences between groups on given phenotypes.

To evaluate the taxonomy difference among sample groups, a straightforward group mean method on abundance tables was used
to generate one abundance table for each sample group. Beta diversity analysis was applied to the group abundance table for the
distance matrix between groups. Then, the distance matrix was transformed into the similarity matrix using the following reciprocal
transformation:

Sij = 1/(1 + Dij)

where Sij was the similarity between the two groups and Dij was the beta diversity distance. The similarity matrix was used as input to
R package “pheatmap” for heatmap and clustering analysis.

Antibiotics treatments on MMTV-PyMT tumor cells

Dissociated spontaneous PyMT tumor cells were cultured in the presence of Ampicillin+Gentamicin (200pg/ml+200ug/ml) or Doxy-
cycline (10pg/ml) overnight at 37 °C and were subsequently lysed and spread onto the CBA agar plate. Ampicillin+Gentamicin were
used to eliminate extracellular bacteria and Doxycycline was used to eliminate both extracellular and intracellular bacteria.

Antibiotics treatments on MMTV-PyMT mouse model

To ablate both the gut microbiome and the tumor microbiome, 8-week-old mice were administered an antibiotic cocktail (ATBx) as
described (lida et al., 2013) with some modifications. Mice started to be administered with high dose ATBX (500 pL/mouse), containing
vancomycin (50 mg/mL; Sangon Biotech), imipenem/cilastatin (25 mg/mL; Merck Sharp&Dohme Corp.U.S.A.), neomycin (10 mg/mL;
Sangon Biotech), and amphotericin (1 mg/mL; Sangon Biotech), by oral gavage daily for five consecutive days. Then the mice were
treated with an low dose antibiotic solution (ATBx) containing vancomycin (0.5 mg/mL; Sangon Biotech), imipenem/cilastatin
(0.5 mg/mL; Merck Sharp&Dohme Corp.U.S.A.), neomycin (1 mg/mL; Sangon Biotech), and amphotericin (0.5 pg/mL; Sangon
Biotech), by the sterile drinking water until end points. Solutions and bottles were changed every other day due to the short half-life
of imipenem.

Antibiotic activity was confirmed weekly by cultivating fecal pellets resuspended in PBS on CBA (Columbia Blood Agar Base
(OXOID #CMO0331B) with 5% sterile defibrinated sheep blood (Solarbio-#TX0030)) plates or SAA (OXOID-#CMO0437) for 48h at
37°C in aerobic and anaerobic conditions.

To specifically eliminate intratumor microbiota, we selected tetracycline (Doxycycline 0.2 mg/mL; Sangon Biotech) and two other
macrolide antibiotics (Clarithromycin 0.2 mg/mL; Sangon Biotech and Azithromycin 0.2 mg/mL; Sangon Biotech) and administered
into mice through drinking water. These antibiotics are all spectral antibiotics and are known to be active against obligate intracellular
and facultative intracellular organisms. In an alternative method, mice were injected intravenously with 300 uL. ATBx antibiotics sus-
pension (vancomycin (10 mg/mL; Sangon Biotech), imipenem/cilastatin (4 mg/mL; Merck Sharp&Dohme Corp.U.S.A), neomycin
(1.5 mg/mL; Sangon Biotech)) every 48h until 48h before the final analysis end point.
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To enforce the entry of bacteria into tumor cells by AG-IV administration, we treated MMTV-PyMT mTmG mice bearing PyMT-
mTmG tumors with 200ul PBS (as control) or Ampicillin (6mg/ml) +Gentamicin (0.5mg/ml) via tail vein injection when tumors are
palpable. Antibiotics were administered once every 3days for approximately 40 days. At the experiment end point, mice were sacri-
ficed for bacteria quantification, tumor weight quantification and metastasis quantification.

Antibiotics Treatment on Germ Free Mouse

Germ-free FVB/N mice (6-8 weeks) were bred and maintained in special plastic isolators (GemParmatech, Nanjing, China) and
housed under a strict 12:12 hour light-dark cycle (lights on at 08:00). Animals were supplied with a 50-kGy irradiated sterile pelleted
normal chow diet (Xietong Shengwu, Nanjing, China) and autoclaved tap water ad libitum. Bedding was replaced in all experiments
every 7 days. All germ-free mice were tested weekly for fecal bacteria, viral, and fungus contamination by facility staff to ensure that
GF unit was indeed sterile.

We first screened a breast tumor from spontaneous tumor model MMTV-PyMT-mTmG mice that contains regular level of tumor-
resident microbiota. The presence of bacteria in the tumor was confirmed by culturing. Then we grafted the tumor cells carrying bac-
teria orthotopically onto germ free mice at 2 x10° cells/mouse. Antibiotic (ATBx in drinking water containing vancomycin (0.5 mg/mL;
Sangon Biotech), imipenem/cilastatin (0.5 mg/mL; Merck Sharp&Dohme Corp.U.S.A.), neomycin (1 mg/mL; Sangon Biotech), and
amphotericin (0.5 ng/mL; Sangon Biotech)) or normal drinking water were subsequently supplied to the mice. Tumor growth was
monitored twice a week and fecal bacteria were monitored every week until the end of the experiment. Germ-free mice were shipped
back to the lab overnight at the end point of experiment and were euthanized for primary tumor and lung metastasis quantification.

Injection of intratumor bacteria to MMTV-PyMT and MMTV-Wnt mTmG tumor

For MMTV-PyMT spontaneous mouse model, intratumor microbiota were first eliminated by Doxycycline 1 mg/ml treatment for 5 days
when tumors reach 5mm in diameter. Recipient mice were recovered for one day for turnover of Doxycycline. Then 2X10° certain
strains of bacteria were directly injected into the PyMT spontaneous tumors once every 10 days for three times. 30 days later, mice
bearing PyMT tumors were sacrificed to analyze lung metastasis. Bacteria used were E. faecalis, S. cuniculi, S. xylosus and
L. animalis. For MMTV-Wnt tumor, intratumor microbiota were first eliminated by Clarithromycin 0.2 mg/ml treatment for 5 days
when tumors reached 5mm in diameter. Recipient mice were recovered for another 3 days for turnover of Clarithromycin. Then
2X108 certain strains of bacteria were directly injected into the Wnt primary tumors for only one shot. 3 weeks later, mice bearing
Whnt tumors were sacrificed to analyze lung metastasis. Bacteria used were E. faecalis, S. cuniculi, S. sanguinis, S. danieliae, S. xylosus
and L. animalis.

16S RNA FISH Assay

The EUB338 16S rRNA gene probe (GCTGCCTCCCGTAGGAGT) (Table S6) labeled with the fluorophore Cy5 were used to detect the
bacterial colonization within human and mouse tissues by FISH. Nonspecific complement probe (CGACGGAGGGCATCCTCA)
(Table S6) was used as a control for hybridization protocol. The protocol was adapted from Leore T. Geller et al (Geller et al.,
2017) and optimized with two additional steps to fully lyse Staphylococcus. FFPE blocks were sectioned into 5-um slices and depar-
affinized by immersing slides in 100% xylene for 10 min, fresh 100% xylene for 5 min, and 100% ethanol, fresh 100% ethanol and
95% ethanol, each for 10min, finally in 70% ethanol and kept at 4°C for at least 2 hours. They were subsequently incubated in 2X SSC
buffer (Ambion #AM9765) for 10min at RT, then samples were incubated in 1mg/mL lysozyme (62970, Sigma) at RT for 10 min, fol-
lowed by treatment of 0.05 mg/mL lysostaphin (L7386, Sigma) at RT for 10min. Then treated with 10 pg/mL proteinase K (Ambion
#AM2546) for 10 min at RT. Samples were incubated twice with 2X SSC buffer for 5 min at RT, rinsed with a wash buffer containing
25% formamide (Ambion #AM9342) in 2X SSC buffer, then incubated with fresh wash buffer for 5 min at RT. Probes were diluted to
1ng/uL in hybridization buffer containing 25% formamide, 10% dextran sulfate (Sigma #D8906), 1mg/mL E.coli tRNA (Sigma
#R4251), 0.02% BSA (Ambio #AM2616) and 2X SSC buffer. The probes were hybridized to the tissue overnight at 37°C. Unbound
probes were washed off by wash buffer for 30 min at 37°C. Samples were then stained with 1 ng/mL DAPI (Sigma #D9564) for
5min at RT. Samples were mounted with Antifade Mounting Medium (Beyotime #P0126). Images were acquired on an inverted epi-
fluorescence microscope (Nikon Eclipse Ti2).

Immunofluorescence assays

For frozen section, tissue was fixed in 4% paraformaldehyde (BBI Life Sciences #E672002-0500) for 2hrs at 4°C, then immersed in
30% sucrose for infiltration overnight. Embed the fixed tissue in O.C.T. (Tissue-Tek) compound and freeze at -80 degree. For FFPE,
tissue was fixed in 4% paraformaldehyde overnight at 4°C. Antigens were retrieved in slight boiling citrate buffer (10mM Sodium Cit-
rate, 0.05% Tween 20, pH6.0) for 15min in microwave with low-to-medium power. Samples were blocked with TBS+2% BSA+5%
Donkey serum+0.1%Triton X-100 for 1hr at room temperature in humid chamber. Subsequently, the samples were stained with pri-
mary antibodies: Mouse Anti-E. coli LPS (1:200, Abcam, ab35654), Mouse Anti-Gram Positive Bacteria antibody (1:100, Abcam,
ab20344), Rat Anti-mouse F4/80 Clone BM8 (1:100, Biolegend #123102), Pig Anti-Cytokeratin 8+18 (1:400, Abcam, ab194130), Pu-
rified anti-mouse CD31 Antibody (1:100, Biolegend #102501); Anti-Collagen | antibody (1:100; Abcam #254113), Purified anti-mouse
CD31 Antibody (1:100, Biolegend #102501) overnight at 4 °C, followed by staining with fluorophore-conjugated secondary anti-
bodies: Donkey Anti-Mouse IgG H&L conjugated Cy5 (715-175-150, Jackson Immunoreaserch); Donkey Anti-Pig IgG H&L 488
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(706-545-148, Jackson Immunoreaserch) ; Donkey Anti-Rabbit 488 (711-545-152, Jackson Immunoreaserch) in blocking buffer for
1h at room temperature. Slides were then stained with DAPI (1ug/mL (1x), sigma) for 5min, and mounted with Antifade Mounting Me-
dium (Beyotime #P0126).

Immunohistochemistry assays

Immunohistochemistry staining was performed according to standard method, including a deparaffinization and rehydration step.
Antigens were retrieved in slight boiling citrate buffer (10mM Sodium Citrate, 0.05% Tween 20, pH6.0) for 15min in microwave at
low-to-medium power. Endogenous catalase was quenched by 3% hydrogen peroxide (Propyl alcohol: 30% hydrogen
peroxide=9:1) for 10 minutes. After one hour blocking with blocking buffer (NEOBIOSCIENCE, Catalogue ENS004.120), samples
were stained with primary Mouse Anti-E. coli LPS antibody (1:100, Abcam #ab20344) overnight at 4 °C in humid chamber followed
by half an hour incubation of secondary antibody (HRP conjugated anti-mouse) at RT in humid chamber. Samples were developed
using DAB (50mg DAB was dissolved in 0.01m PH7.6 100mL Tris-HCI. BOSTER, Catalogue AR1000) with 1/1000 of 30% hydrogen
peroxide. Reactions were terminated by washing with water. Stain with hematoxylin for 10 minutes, wash under running water for
3 minutes, 1% hydrochloric acid (70% ethanol with 1% hydrochloric acid) solution for 3 seconds, wash under running water for 3 mi-
nutes then do dehydration, sealed with neutral resin. Blocking buffer and HRP peroxidase conjugated secondary antibody were from
Mouse Primary Histostain-Plus IHC Kit (NEOBIOSCIENCE, Catalogue ENS004.120).

Sample Preparation for Transmission Electron Microscopy

Samples were fixed in 2% paraformaldehyde (16% paraformaldehyde, Ted Pella Co. USA) with 2.5% glutaraldehyde (25% glutar-
aldehyde ampules, Ted Pella Co. USA) in 0.1M phosphate buffer (pH = 7.3) for 0.5 hour at room temperature, and kept overnight
at 4°C. Samples were washed for three times with 0.1M PB (pH 7.3) on ice, and then fixed in 1% osmic tetroxide (4%0s04 ampules,
Ted Pella Co.USA) in 0.1M PB on ice for 1 hour. Fixed samples were then wash three times with 0.1M PB and three times with ddH,O
onice. Tertiary fix with 1% uranyl acetate (UA, Ted Pella Co. USA) in ddH,O for 1 hour on ice. After 3X wash by water, samples were
dehydrated with 30%, 50%, 70%, 90% ethanol on ice and 100% ethanol at RT. Samples were then infiltrated in acetone (UA, Ted
Pella Co. USA): Epon812 (Ted Pella Co.USA)=2:1, acetone: resin=1:2 at RT, each for 30 minutes, followed by 100% Epon812 over-
night. Change fresh Epon812 every 3 hours for three times. Samples were then embedded in resin at 60°C for 48 hours. For heavy
metal staining, the grids were rinsed briefly in distilled water and post stained for 25 min in 2% (w/v) aqueous uranyl acetate followed
by 5 minin 1% (w/v) lead solution. Evaporate enough carbon (5nm) with the dry grids. Images were acquired on 80kV/120kV in a FEI
Talos 120kv transmission electron microscopy.

Flow Cytometric Enumeration of Faecal Bacterial Loads

The experiments were performed as outlined in a published paper (Vandeputte et al., 2017) with minor modifications. Briefly, imme-
diately after opening the cecum, approximately 0.2g of contents were collected in sterile specimen containers and weighed. The con-
tents were resuspended in 1 mL PBS supplemented with 0.05% Tween-20 (to disrupt aggregates of bacteria) (Lehar et al., 2015) and
then shaken for 2 min. Centrifuge at 130 g for 5 min to remove fecal particles and then the supernatant was filtered by 40 um cell
strainer ( BD FALCON) to remove particles. Centrifuge at 1000g for 3min to pellet the cells, 1mL PBS to resuspend the bacteria,
and 1mL 70% ethanol as negative control. All the supernatants (1 mL) with 10,000-time dilution were stained with SYTO 9 and pro-
pidium iodide (LIVE/DEAD ®BacLight™ Bacterial Viability and Counting Kit, Invitrogen L34856), and then incubated for 15min at room
temperature protected from light. In order to count the absolute number of bacteria in samples, the stained supernatants were added
with beads supplied in the kit. The flow cytometry (FCM) analyses were carried out on the CytoFLEX. Where necessary, samples were
diluted after staining so that the concentration measured in the flow cytometer was always less than 3x10° counts/mL. A threshold
value of FSC SSC was applied at 500 and all samples were collected as logarithmic signals.

Flow Cytometry Profiling of Tumor Immune Cells

Single-cell suspensions from tumors were stained with antibodies with the following antibodies: V450-anti-mouse CD45 (1:200, BD
Cat#560501), PerCP/Cy 5.5 antimouse CD3eClone 145-2c11 (1:200, Biolegend Cat#100328), APC anti-mopuse CD49b (1:200, Bio-
legend Cat#103511), PE/Cy7 anti-mouse NK-1.1 Antibody (1:200, Biolegend Cat#108714), APC anti-mouse CD19 Antibody (1:200,
Biolegend Cat#115512), APC/Cyanine7 anti-mouse CD11c Antibody (1:200, Biolegend Cat#100722), APC anti-mouse MHCII (1:200,
Biolegend Cat#107614), FITC anti-Ly6C (1:200, Biolegend Cat#128006), PE anti-mouse Ly-6G (1:200, Biolegend Cat#127608),
PerCP/Cy 5.5 antimouse F4/80 clone BM8 (1:200, Biolegend Cat#123128), APC/Cy7 anti-mouse/human CD11b (1:200, Biolegend
Cat#101226). Dates were acquired with CytoFLEX and analyzed using FlowJo. The analysis gate was set on the basis of isotype
control.

Circulating Tumor Cell Analysis

Blood was harvested from the right atrium of the mouse using 1-mL EDTA treated syringe (XH0139) and transferred to 2 mL K2EDTA
tubes to prevent clotting. Red blood cells were lysed twice by two volumes of ACK lysis buffer (C3702-120mL, Beyotime biotech-
nology) on ice for 5 min. Cells were then pelleted at 500 x g for 5 min. The cell pellets were resuspended in PBS (C20012500CP, In-
vitrogen) and 1086 cells were spread onto glass slides by cytospin (A78300003, ThermoFisher) at 350 rpm for 5 min. The slides were
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then fixed by 4% PFA at RT for 30 minutes, followed by 3 X 3min TBS wahes (20X TBS were diluted in DEPC treated water). Samples
were then blocked by blocking buffer (TBS in DEPC water+2% BSA+5% Donkey serum+0.1%Triton X-100) at 37 °C for 30 min. Sam-
ples were stained with Anti-Cytokeratin 8+18 (1:200, Abcam ab194130) at 37°C for 1 h. After 3 X 5min TBS washes at RT, samples
were incubated with fluorophore-conjugated secondary antibody Donkey Anti-Pig IgG H&L (488) (706-545-148, Jackson Immunor-
easerch) at RT for 30 min. To detect the bacteria, samples were then washed by TBS for 3 X 3min, fixed with 4% PFA for 30 minutes at
RT, and washed with 2X SSC buffer for 10 min. To completely release bacteria DNA, samples were treated with 1 mg/mL lysozyme
(Sigma #62970) and 0.05 mg/mL lysostaphin (Sigma #L7386) for 10 min at RT, respectively. Enzymes were washed off twice by 2X
SSC buffer at RT for 5 min and twice by wash buffer for 5 min at RT. After washing, 1ng/ul probes were hybridized to the cells over-
night at 37°C in hybridization buffer. Unbound probes were wash off by wash buffer at 37°C for 30min and stained with 1ng/ul DAPI for
5 min. Slides were then mounted with Antifade Mounting Medium (Beyotime #P0126). Samples were imaged at 400X magnification
using an inverted epifluorescence microscope (Nikon Eclipse Ti2). Exposure time was 500ms for the Cy5 fluorescence channel, 50ms
for the DAPI fluorescence channel.

Genetic Labeling of Staphylococcus xylosus

To genetically label Staphylococcus xylosus and trace the in vivo migration, we inserted an erm (erythromycin resistance)-GFP
cassette at the L-lactate dehydrogenase genome locus via recombination-based gene replacement (Briickner, 1997). We cloned
the upstream and downstream genomic sequence (around 800 bp) of L-lactate dehydrogenase as the left and right recombination
arm. Left arm-erm-GFP-right arm was then constructed into pBT2. Plasmid was max prepped in E. coli, and electroporated into
S. xylosus with up to 5ug of plasmid DNA pulsed at 2 kV, 25 uf, 100 Ohm. The cells were outgrown and spread onto BHI agar plate
containing 10 pg/ml chloramphenicol, and cultured until colonies appeared. Colonies were inoculated into B-medium containing
10pg/ml erythromycin at 30°C for recombination. The plasmid was subsequently eliminated by culturing at 40°C with 2.5 pg/ml eryth-
romycin resistance for several rounds (Brickner, 1997). Bacteria clones devoid of plasmid but with successful genome integration
are sensitive to chloramphenicol resistance, but resistant to erythromycin. Therefore, colonies that can grow on erythromycin plate
but not chloramphenicol plate were candidates for successful recombination. Positive recombinant clones were genotyped (Forward
primer: AGGTATTGTGGTGATTGCA. Reverse Primer: TCACTCGTTAAAAAGTTTTGAGA) (Table S6) and sequenced to confirm suc-
cessful genetic integration.

Bacteria Tracing Experiment

MMTV-PyMT mTmG mice were used for tracing experiment. When the tumors were palpable, clear all the bacteria with doxycycline
in drinking water (0.2 mg/ml) for 5 days. 10” CFU of recombinant S. xylosus were injected into tumor three days after doxycycline
withdrawal, once every 10 days for 3 times. Seven days after the third injection, mice were sacrificed to characterize lung metastasis
and lung microbiota by culture. All the homogenate of each sample was spread on CBA plates, split into 10 plates for each mouse.
The apparent S. xylosus colonies were picked out to perform PCR and genotyped for the recombinant strain. For IV injection assay,
10’/mouse recombinant S. xylosus were injected via tail vein into mice, once every 10days for three times, and seven days after the
last injection, the lungs were dissected and analyzed for bacteria clones on the culture plate. Meanwhile, 10%/mouse PyMT tumor
cells, which were cocultured with recombinant S. xylosus (invasion rate about 1-5%, the actually bacteria associated tumor cells
was estimated to be 10%/mouse), were injected through tail vein for one shot, and the lungs were analyzed for recombinant
S. xylosus clones seven days after the injection.

Cell viability test and F-actin staining

To test the cell viability after bacteria invasion of tumor cells, we cocultured tumor cells with CFSE-labeled designated bacteria strains
and sorted 1.2X10%well bacteria-invaded tumor cells into 24 well-plate with the colony forming medium in the absence of Y27632
(Sigma). Eight hours after attachment, we harvested tumors cells both in the supernatant and adhering on the plate, and stained with
Annexin V (Biolegend, #640912) following manufacturer’s instructions. Cells were then analyzed by FACS using BC CytoFLEX LX
(Beckman) and quantified by FlowJo software (Tree Star, Inc., Ashland, OR).

To visualize actin cytoskeleton, the attached tumor cells were fixed by 4% paraformaldehyde 15 min at room temperature, and
stained by Alexa Fluor 488-phalloidin (1:500, Invitrogen #A12379) for 1h at room temperature. Bacteria were stained by vancomy-
cin-Cy5 (4uM) (Wang et al., 2019) at room temperature for 30 min. Images were acquired on a Nike Eclipse Ti2 microscope (Nikon).
The average actin filament fluorescence intensity was quantified by Imaged, using the total fluorescence subtracted of the back-
ground and divided by the pixel number.

Microfluidic Circulatory System

Our microfluidic circulatory system with a peristaltic pump (SHENCHEN #LabS3) was assembled according to the published litera-
ture (Regmi et al., 2017). Our microfluidic system aims to mimic the fluid shear stress of human bloodstream by controlling the flow
rate. The Poiseuille’s equation is used to calculate the shear stress that cells experienced.

T = 7407’
T 7Re
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where Q is the flow rate in ml/sec, n is the dynamic viscosity of the fluid, which equals to 0.012 dynes.sec/cm2, and R is the inner
radius of the circulatory tube which is 0.15mm. Here we tested different flow rates and calculated corresponding shear stress
and chose two condition to do cell viability test. Specifically, when Q equals to 0.85ml/60s, the shear stress is approximately 14
dynes/cm?; when Q equals to 1.2ml/60s, the shear stress is approximately 20 dynes/cm?.

Before experiment, whole circulation system was sterilized by washing with 75% ethanol, followed by ddH,O, finally DMEM/F12
(#11320-033, Gibco). We have tested the cell density and circulating time and found 2.5*10* cells/ml is appropriate for collecting cells
after 0.5h circulation in this system. Then the fluid stressed cells were plated onto culture dish for 8h, cell viability test was subse-
quently performed as mentioned above.

Rho activity measurement by FRET

The single-chain biosensor with intramolecular fluorescence resonance energy transfer (FRET) that responds to RhoA activation was
used to determine RhoA activity according to published protocol (Pertz et al., 2006). The PCDH lentivector backbone was used for the
cloning of the biosensor and the complete biosensor can be amplified from pTriEx-RhoA FLARE.sc Biosensor WT (Addgene plasmid
#12150) with forward primer: GGACTAGTcgttacataacttacggtaaat, reverse primer: ACGCGTCGACatatgtccttccgagtgaga (Table S6),
and ligated into PCDH-EF1 lentivector (linearized by Spel and Sall). Then lentivirus was packaged using 293T cells. MMTV-PyMT
cells were transduced with lentivirus. 48 hours after transduction, cells were cocultured with bacteria (stained with CellTrace™
Far Red Cell Proliferation staining, #C34564) for 12 hours and bacteria invaded cells were sorted for plating. 8 hours after plating,
wash cells once with PBS and fix cells for 30 minutes at room temperature with 4% PFA. Wash cells with PBS for three times. Images
were obtained using Nikon A1R HD25. For emission ratio imaging, the following filter sets were used: CFP: 482/35, YFP: 540/30,
FRET: 540/30. FRET images were taken before bleach. CFP and YFP images were taken before and after bleach. The YFP intensity
of the bleach region was used to confirm the bleach efficiency which should be more than 90%. CFP intensity was used to calculate
FRET ratio. FRET ratio=[lcorratter-lgeforel/(Icorratter)- The background correction was done by subtracting the mean intensity of an ROl in
the image where there were no cells. The nonspecific bleaching correction was done by measuring the intensity loss of an ROl in the
other paf't of the cell. ICorrAﬂer:IAfter*IotherBefore/IotherAfter-

Rho activity measurement by pull down assay

For RhoA-GTP pull down assay, we co cultured PyMT mTmG tumor cells with bacteria, and sorted 1*10° cells, then performed pull
down assay following instructions of Active Rho Detection Kit protocol (CST #8820S). Cells were lysed by ice-cold 1X Lysis/Binding/
Wash Buffer plus Aprotinin (Sigma #A1153-25MG), Pepstatin A (Sigma # P8-25MG) and incubated on ice for 5min. The lysates were
centrifuged at 16,0009 for 15 min at 4°C. 100ul of the supernatants were supplemented with 8ul GST-RBD and incubated for 30min
onice. Then 20ul GSH beads were added and rotated for 1hour at 4°C. Samples were washed three times in 1X Lysis/Binding/Wash
Buffer and heated with SDS-PAGE Sample Loading Buffer (Beyotime #P0015L) at 100°C for 10min. Finally, the supernatant was im-
munoblotted with RhoA antibody. At the same time, whole cell lysates were also immunoblotted for total RhoA as input control.

Western Blot

Proteins were loading to 4%-20% SurePAGE (GenScript) and immobilized onto PVDF membrane. Western analysis was conducted
by blocking the membrane in TBS containing 0.1% Tween-20 and 5% Bovine Serum Albumin (Sigma #V900933-100G) for 1 hour at
room temperature. Subsequently, the samples were stained overnight at 4 °C with primary antibodies: Total RhoA (CST #8789,
1:1000), Anti-ROCK2 (phospho S1366) antibody (Abcam # ab228008, 1:1000), beta actin mouse McAb (proteintech # 66009-1-Ig,
1:5000). Then membranes were washed 3X in TBST and followed by addition of secondary antibodies: Anti-Rabbit IgG HRP-Linked
antibody (Cell Signaling Technology # 7074P2), Anti-mouse IgG HRP-linked antibody (Cell Signaling Technology # 7076P2). After
washing three times, Supersignal Femto Western Blotting substrates (ThermoFisher Scientific) were used and bands were visualized
using GEL Imaging System (GE # AI680RGB).

3D co-culture system and organoid imaging

Dissociated PyMT tumor cells were then cultured on 2D plate for 2-3 passages until the tumor cells adapted to the in vitro environ-
ment. For bacteria and tumor cell coculture, 40uL of growth factor reduced Matrigel (BD Bioscience) was plated on the U-bottom 96
well plate (Costar) and then was solidified at 37 °C for 5 min. 5000 tumor cells were resuspended in 200uL culture media with DMEM/
F12 (#11320-033, Gibco) +2%FBS (#SE100-B, VISTECH)+B27 (1X, #12587010, Invitrogen)+PS antibiotics (Gibco) supplemented
with EGF (10ng/uL, BD Bioscience), Rspo1(250ng/mL, R&D), ROCK inhibitor Y27632 (10uM, Sigma), and were subsequently overlaid
on top of Matrigel. Plate was maintained in 37 °C incubator at 5% CO2 for 5-6 hours. Bacteria isolated from tumor tissue were
cultured in BHI (brain heart infusion) (Solarbio-#LA0360) under in 37°C 200rpm shaker to mid-log phase, then were labelled with
CFSE (Invitrogen™ eBioscience™ CFSE, #65-0850-84) following manufacturer’s instructions. CFSE labeled bacteria were then
added to tumor cells at a ratio of 50:1 in antibiotics free medium. After two days’ culture, Matrigel was dissociated with dispase
(Sigma) 1mg/mL for one hour to release colonies. The isolated organoids were fixed by formaldehyde and imaged on 3i Marianas
Lightsheet Microscope and data were analyzed by Amira (Thermo Fisher).
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Tissue clearing, imaging and analysis

For metastasis colonization assay of clustered tumor cells, FVB female mice at 6-8w were injected with 200 organoids/mouse with
and without invaded bacteria through tail vein. The organoid number was counted under the microscope. For metastasis colonization
assay of individual cells, dissociated individual tumor cells with/without invaded bacteria were FACS sorted, and 1X1 0* cells/mouse
were injected into NPSG mice through the tail vein. Lungs were harvested and perfused 2months after injection and were subse-
quently fixed in 4% Paraformaldehyde overnight at 4°C on a shaker. After 3-5X PBS washes, samples were cleared in CUBIC1
(@ mixture of 25%urea (Sigma), 25%Tetrakis (Sigma), 15%Triton X-100 (Sigma) and dH,O) followed by CUBIC2 reagents (a mixture
of 25%urea (Sigma), 50%sucrose (Sigma), 10% triethanolamine (Sigma) and dH,0) according to published protocol (Susaki et al.,
2015). First, samples are treated with 1/2 CUBIC1-H,0 on a shaker at 37°C overnight. Then PBS wash 3-5 times, each for one hour at
RT on a shaker. Subsequently, treated with CUBIC1 3-5 times on a shaker at 37°C per day. Then treated with 1/2 CUBIC2-PBS on a
shaker at 37°C overnight. Treated with CUBIC-2 3-5 times on a shaker at 37°C per day. Tissue can be kept in the CUBIC2 until im-
aging. Cleared samples were imaged on lightsheet Z1 (MC-LM1) (Zeiss). Data were processed and analyzed by Imaris software
version 9.6. For analysis of tumor organoids tail vein injection assay, we manually counted colonized tumor foci in each image slices
of all the five lobes of mouse lung. For analysis of single cells tail vein injection assay, we quantify the metastatic tumor cells auto-
matically by the “spot” function of Imaris. The screening size threshold is >17 um and the noise signals outside the lung were
excluded.

Single cell sequencing

For single cell sorting, mTmG PyMT tumor organoids with/without CSFE-labeled bacteria were dissociated into single cells by Dis-
pase (Sigma) (1mg/ml) for one hour followed by TypLE (Gibco) for 5 minitues. Single cells with bacteria were sorted by FACS (Moflo,
Beckman) into individual well of 96-well PCR plates containing preloaded lysis buffer ERCC spike-in and barcode. Libraries were
constructed for 96 control tumor cells with no associated bacteria, 48 tumor cells with associated E. faecalis, 96 tumor cells with
associated L. animalis, 96 tumor cells with associated S. cunicuLi, 72 tumor cells with associated S. sanguinis and 96 tumor cells
with associated S. xylosus, according to the established protocol (Dong et al., 2018). To lyse the cells, the 96-well plate was first incu-
bated in 72°C for 3min and then transfer to ice immediately. 2.85 pL of RT mixture containing 40 U SuperScript |l reverse transcriptase
(Invitrogen, #18,064,071), 5 U RNase Inhibitor (Takara, #2313B), 5x Superscript Il first-strand buffer, 25 mM dithiothreitol, 5 M
betaine (Sigma-Aldrich, #B0300), 30 mM MgCI2 (Sigma-Aldrich, #63,020), and 1.75 uM template switch oligo (TSO) primer were
added into the lysate. The reverse transcription was conducted at 25 °C for 5 min, 42 °C for 60 min, 50 °C for 30 min, and then
70 °C for 10 min. Next, 7.5ul of PCR mixture containing 6.25 pL 2x KAPA HiFi HotStart ReadyMix (KK2602), 300 nM ISPCR oligo
(AAGCAGTGGTATCAACGCAGAGT) (Table S6), and 1 pM 3¢ Anchored oligo (GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC)
(Table S6) were added to each reaction. The sample was amplified with fist initial denaturation at 95 °C for 3min, then 4 cycles of
98 °C for 20 s, 65 °C for 30 s, and 72 °C for 5 min, followed by 10-16 cycles of 98 °C for 20 s, 67 °C for 15 s, and 72 °C for 5 min;
and finally 72 °C for 5 min. Then the PCR products with different barcodes were pooled together and purified with DNA Clean &
Concentrator-5 once (Zymo Research, #D4014), eluted in 50ul of H20 following 0.8 x XP beads (Beckman, A63881 AMPure XP) pu-
rification twice, finally eluted in 21ul H20. Next, the cDNAs were amplified with biotinylated index primer (/Biotin/CAAGCAGAA
GACGGCATACGAGATINdexGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC) (Table S6) and ISPCR oligo for an additional four
to five cycles following purification with 0.8 x Ampure XP beads again. The biotinylated cDNAs were sonicated (COVARIS #SIA-
UHO006) into approximately 300~bp fragments. To enrich the amplified products, Dynabeads MyOne Streptavidin C1 Beads (Thermo
Fisher Scientific, #5002) were used following manufacturer’s instructions. Libraries were prepared using KAPA Hyper Prep Kits
(KK8505) and did end repair, A-tailing and adapter ligation by using NEB U-shaped adapter. After post-ligation cleanup, libraries
were amplified 7-8 cycles following purified with 0.8X Ampure XP beads twice and eluted in 30ul of H20. Quality was checked by
Fragment Analyzer-12/96 (GENE-QCO006). Finally, the libraries were sequenced on a Novaseq platform to generate 150-bp
paired-end reads (sequenced by Novogene).

Single cell RNA-seq data analysis

Raw sequencing reads in FASTQ files were trimmed using TrimGalore (https://github.com/FelixKrueger/TrimGalore), where quality
trimming was carried out (g<20). Then use UMI-tools to get the count matrix. Briefly, we get the top 100 barcode list from trimmed
reads using whitelist tool in UMI-tools (Smith et al., 2017). Then add barcode and UMI information extracted from read2 to read1 us-
ing extract tool in UMI-tools. After that, read1 were aligned to the mm10 genome using STAR (Dobin et al., 2013) with default param-
eter except that the outFilterMultimapNmax was set to 1. Finally, we got the count matrix using featurecounts and count tools in
UMI-tools for all downstream analysis. We only kept cells with barcodes that we used when building library. Then filter out cells
with ERCC percentage larger than 5%. We only kept cells with genes number larger than 1000 and less than 8000. For gene filtering,
we kept genes expressed in more than 10 cells.

The final dataset contained 483 cells with a median of 55232 UMIs and 5023 genes, including 91 control cells, 45 cells with
E. faecalis, 94 cells with L. animalis, 93 cells with S. cuniculi, 70 cells with S. sanguinis and 90 cells with S. xylosus. We used the Seurat
(Butler et al., 2018) R package to carry out data normalization and scaling, as well as downstream dimensionality reduction, clus-
tering, tSNE plot overlaying and differential expression. Briefly, we normalized UMI counts by CPM to account for differences in
coverage across cells, except that the scaling factor we used was 10000, and then taking the log. For scaling, we regressed out
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the cell cycle effect, ERCC percentage effect and gene number effect by using vars.to.regress parameter. For dimension reduction,
we first Ran RunPCA function then used the first 10 principle component to run RunTSNE. Then we got the cluster information using
FindNeighbors and FindClusters functions with original Louvain algorithm and the resolution was set to 1.

For differential gene analysis and pathway enrichment analysis, we compared every treated group with control group using
FindMarkers function in Seurat (Butler et al., 2018). We identified genes that are expressed in at least 10% cells and the least average
expressing log(foldchange) is 0.25 and FDR is less than 0.05 as significantly differentially expressed genes. The testing method we
used was Wilcox rank sum test. Then we separated genes into two parts. One was higher in the group with bacteria, the other was
higher in control group. Then we did pathway analysis using clusterProfiler R package. We identified pathway with FDR<0.05 as sig-
nificant pathways. The expression of some marker genes we showed was plotted using FeaturePlot and VInPlot function in Seurat
(Butler et al., 2018) R package. The pathways we showed in dot plot was plotted using ggplot2 (Wickham, 2016) R package.

QUANTIFICATION AND STATISTICAL ANALYSIS
Asterisks in the figures indicate the level of statistical significance (*p < 0.05, **p < 0.01, ™*p < 0.001, and ****p < 0.0001) as determined
using either two-tailed unpaired Student t test or Mann-Whitney test as defined in figure captions. Tests were performed using

GraphPad Prism software (Version 8, Graphpad Software, La Jolla, CA, United States). Data are expressed as mean + SEM unless
otherwise stated.
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Figure S1. Optimization of analysis of tissue-resident microbiota and relative abundance of microbiota in EBC control, normal breast, and
breast tumor at phylum and genus level, related to Figure 1 and STAR Methods

A) Representative real time PCR plot showing the sensitivity of a certain DNA polymerase. B) Various commercialized polymerases were tested for their
sensitivity, specificity and stability for gPCR quantification of E. coli. The sensitivity was determined by the lowest E. coli quantity within the lineage range, the
specificity was determined by the gPCR method used. Generally, Tagman gPCR is more specific than Sybergreen PCR. the stability was determined by the
variation between different experiments. C) Polymerase feature table showing the scoring of the sensitivity, specificity and stability of various enzymes. D)
Homogenized tissue blurry was spread onto CBA plate and MRS plate for aerobic culture, and SAA plate for anaerobic culture. Lower panel, quantification of the
bacteria load in the tumor tissue under different culture conditions. Data are presented as mean+.S.E.M. E) Correlation of bacteria load quantification by culture
and gPCR. F) Schematic diagram showing the workflow of 16S library construction of tissue resident microbiota. To increase the recovery efficiency of PCR
products in first step during library preparation, the overhang of amplification primer was modified by 5’ biotin. After the first-round biotin PCR, Dynabeads™
MyOne™ Streptavidin C1 Beads (Thermo Fisher Scientific, #5002) were used to pull down the biotin PCR products following manufacturer’s instructions. The
Streptavidin beads containing first round PCR product was then directly subjected to second round index PCR. Specifically, dual indices from TruePrep® Index
Kit V3 for lllumina® (5ul for each index, Vazyme #TD203) were added to target amplicons in a second round PCR using 2x Kapa HiFi Hotstart ReadyMix DNA
polymerase. Then the Ampure XP beads (Beckman, A63881 AMPure XP) were added to clean up the final libraries and the quality of these purified libraries was
checked by Fragment Analyzer-12/96 (GENE-QCO006). Finally, samples were sequenced on the Novaseq with 2X250 bp paired-end reads (Novogene) G) Agarose
gel showing the library preparation from various amount of E. coli using two different methods. H) 16S rDNA sequencing showing the relative abundance of mi-
crobes in various E. coli samples. Note: E. coli 10° sample showed more than 50% of the sample are contaminating microbes, therefore is not reliable. I) Bar graph
showing the constitution of contaminating microbes in the environment control sample. J) Stacked plot of relative abundance of bacteria at the phylum level in
environment control, normal breast and PyMT breast tumor. K) Stacked plot of relative abundance of bacteria at the genus level in environment control, normal
breast and PyMT breast tumor.
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Figure S2. Bacteria distribution analysis and relative abundance of microbiota in breast tumor tissue, related to Figure 2
A) MMTV-PyMT tumors were sectioned and stained for Collagenl for stromal fibroblasts, CD31 for endothelial cells and CD45 for immune cells. An inverse color
images were shown to visualize bacteria vividly. B) Quantification of the distribution of bacteria within the PyMT tumor. Note: the majority of bacteria cohabited

(legend continued on next page)
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with PyMT tumor cells rather than immune cells, endothelial cells or stromal fibroblasts. C) Representative EM images showing bacteria structures within the
cytosol of the tumor cells. D) Stacked plot of relative abundance of bacteria at the phylum level in PyMT breast tumor tissue and breast tumor cell. E) Stacked plot
of relative abundance of bacteria at the genus level in PyMT breast tumor tissue and breast tumor cell.
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Figure S3. Antibiotics treatment effects on PyMT tumors and gut microbiome, related to Figure 3

A) Richness analysis of gut microbiome taxonomy over the percentage of sampling. B) Shannon index analysis showing the alpha diversity of gut microbiome
after antibiotics treatment. Wilcoxon test was applied to evaluate the p value. * p<0.5, ** p<0.01. C) Stacked plot of relative abundance of bacteria at the phylum
level for gut microbiome treated by different antibiotics D) Stacked plot of relative abundance of bacteria at the genus level for gut microbiome treated by different
antibiotics. E) PyMT spontaneous tumor weight quantification after Doxycycline (0.2 mg/ml), Clarithromycin (0.2 mg/ml), Azithromycin (0.2 mg/ml) treatment for
40 days. Data are presented as mean+.S.E.M. F) FACS plot showing the quantification of live bacteria in the gut under control and antibiotic treatment condition
with SYTO9 and Pl staining. G) Quantification of the live bacteria in the gut under control and antibiotic treatment condition. Data are presented as mean+.S.E.M.
H) Pie charts showing the composition of various immune cells after control, ATBx-IV treatment and Dox-DW treatment. I) Bar graphs showing the percentage of
individual cell types in CD45+ immune population. There were no significant changes observed after antibiotic treatments (p>0.05). Data are presented as mean
+.S.E.M. J) Tumor volume of bacteria-containing PyMT-mTmG on germ-free mice in the presence or absence of ATBx drinking water treatment. Data are pre-
sented as mean+.S.E.M. K) Tumor volume of bacteria-containing PyMT-mTmG on germ-free mice in the presence or absence of ATBx drinking water treatment,
combined with tumor volume of fvb mice injected with PyMT tumor cells under SPF condition. Data are presented as mean+.S.E.M. L) Bacteria culture of cecum
content from germ free mice under control or ATBx treatment. M) Bacteria culture and quantification of tumor tissue from germ free mice under control or ATBx
treatment. Note: control tumors contained significant amount of culturable bacteria, while ATBx treated tumors were devoid of bacteria. Data are presented as
mean+.S.E.M. N) metastasis burden analysis by quantification of metastatic area using Image J. Images were converted to grey scale, then segmented the mets
by setting threshold, followed with ‘particle analysis’ function to calculate the total number and area. Data are presented as mean+.S.E.M.
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Figure S4. Analysis of microbiota in breast tumor and lung with metastasis, related to Figure 4

A) bright field image and fluorescent image showing a lung with metastasis in MMTV-PyMT mTmG mouse. Dashed circle showing a resectable metastasis,

dashed rectangle showing a met adjacent lung tissue containing many micro-metastases. B) Stacked plot of relative abundance of bacteria at the phylum level

and genus level in PyMT breast tumor, met adjacent lung tissue, macro-metastasis, and normal lung. C) pie chart showing the culture isolated bacteria in primary
(legend continued on next page)
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tumor and lung metastasis. D) 16S FISH image showing the microbiome in a lung tissue with PyMT tumor metastasis. L stands for lung tissue and M stands for
metastasis. Red arrowhead pointing to the detected bacteria signal in the designated region. E) Quantification of bacteria/cell ratio at primary tumor site, lung
metastases, metastasis adjacent lung, and on circulating tumor clusters. Data are presented as mean=+.S.E.M. F) Schematic diagram showing the bacteria
tracing strategy. G) Staining of GFP showing the location of recombinant S. Xylosus in the tumor after intratumor administration.
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Figure S5. Bacteria invasion of the PyMT tumor cells, related to Figure 5

A) Coculture experiment showing the effect of various bacteria strains on PyMT tumor cell growth. B) optical sections of a representative PyMT organoid invaded
by Staphylococcus xylosus showing the localization of bacteria at different focal planes. C) Culture of intratumor bacteria from PyMT tumors injected with
E. faecalis, S. cuniculi, S. xylosus. L. animalis Colonies were sequenced and confirmed for the dominance of the injected bacteria strains. D)Bacteria quantifi-
cation by gPCR in Wnt tumors and PyMT tumors. Note the abundance of bacteria in Wnt tumors are markedly lower than that in PyMT tumors. Data are presented
as meanz.S.E.M. E) Bacteria abundance at Phylum level. F) Beta diversity of PyMT tumor and Wnt tumor npymt=24, nwn=9. G) Pie charts showing the
composition of various immune cells 7 days after intratumor injection of PBS, E. faecalis, S. xylosus, L. animalis and S. cuniculi. H) Bar graphs showing the
percentage of individual cell types in CD45+ immune population 7 days after intratumor injection of PBS, E. faecalis, S. xylosus, L. animalis and S. cuniculi. Data
are presented as mean+.S.E.M.
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Figure S6. Target genes and signaling pathway regulated by bacteria invasion, related to Figure 6
A) Keratin genes expression after bacteria invasion. B) Representative genes involved in fluid shear stress after bacteria invasion. C) KEGG pathway plot showing
genes regulated by bacteria invasion in the fluid shear stress pathway. D) GSEA enrichment analysis showing mammary stem cell program is enriched in bacteria-

containing tumor cells.
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Figure S7. Bacteria’s role in primary tumor cells and microbiome in human tissues, related to Figures 6 and 7

A) Tumor cells dissociated from PyMT breast tumor were sorted by Lin-CD49f+EpCAM+ and plated onto 96 well plate. After adhesion, cells were fixed and
stained with phalloidin (for stress fiber, green) and cy5-vancomycin probe (for bacteria, red). B) Quantification of stress fiber intensity for tumor cells with/without
bacteria. C) Pie chart showing the quantification of the percentage of cells with/without bacteria. D) Quantification of the viability of PyMT cells with/without bac-
teria invasion after fluid stress in the presence of ROCK inhibitor Y27632 (10uM) treatment. E) FACS plot showing the sorting of MDSC cells from bacteria injected
tumors. F) The survival assay of tumor cells with invaded S. Xylosus and MDSC addition. G) Schematic diagram showing the FRET analysis of bacteria invaded
PyMT cells. PyMT cells were transduced by RhoA FRET sensor and cocultured with designated bacteria species. Bacteria invaded cells were sorted and plated in
the imaging plate, subjected for FRET analysis. H) Representative demonstration of FRET analysis by photobleaching. Note: Control CFP signal significantly
elevated after photobleaching of YFP, indicating a block of energy transfer; in S. Xylosus invaded PyMT cells, the elevation of CFP signaling was not observed.
1) Stress fiber staining by Phalloidin (Cy5) with/without p190/Arhgap35 expression. J) Stress fiber quantification by Phalloidin staining with/without p190/Arh-
gap35 expression. Data were presented as mean+S.D. K) Relative abundance of microbiota in EBC control, human normal breast, human breast tumor and
lymph node metastasis at phylum level. L) Relative abundance of microbiota in EBC control, human normal breast, human breast tumor and lymph node metas-
tasis at genus level.
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