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Fusobacterium nucleatum-mimicking nanovehicles
to overcome chemoresistance for breast cancer
treatment by eliminating tumor-colonizing bacteria

Linfu Chen,’¢ Jingjing Shen,"® Zheyu Kang,! Zemin Zhang,? Zixuan Zheng,” Lin Zhang,®
Zhisheng Xiao," Qiang Zhang,”® Huapan Fang,’ Jun Zhou,' Yudong Wang,® Yang Yang,”**

Zhuang Liu," and Qian Chen'/-*

SUMMARY

Herein, we discovered that the tumor-colonized F. nucleatum is
closely correlated with the expression of D-galactose-B(1-3)-N-
acetyl-D-galactosamine (Gal-GalNAc) in breast cancer and would
promote chemoresistance. Therefore, we designed F. nucleatum-
mimicking nanovehicles by fusing the F. nucleatum cytoplasmic
membrane (FM) with antibiotic-loaded liposomes and found that
the obtained nanovehicles (Colistin-LipoFM) could selectively erad-
icate tumor-resident F. nucleatum and significantly restore chemo-
therapy efficacy. In addition, our F. nucleatum-mimicking nanove-
hicles, containing a broad-spectrum antibiotic, could interfere with
other intratumoral microbiomes to inhibit the lung metastasis of
breast cancer and further promote the efficacy of standard clinically
used breast cancer chemotherapy, leading to complete regression
of established tumors in some mice. Therefore, the F. nucleatum-
mimicking nanovehicles should be an excellent targeted drug deliv-
ery carrier for tumors colonized with bacteria and provide a prom-
ising possibility to promote existing cancer therapies by selectively
killing tumor-colonizing bacteria.

INTRODUCTION

Despite the progress of modern medicine, breast cancer remains the most common
malignant disease and represents the primary cause of cancer-related deaths among
women."~* With the widespread implementation of mammographic screening, the
incidence of breast cancer is still increasing steadily.”> Although many patients
miss the optimal timing for surgery due to the late stage of diagnosis,” more than
30% of patients with even early-stage disease eventually develop metastasis.”"
Chemotherapy, especially combination chemotherapy, remains the gold-standard
strategy in cancer treatment due to its multifaceted mechanism of shrinking tumor
size, reducing tumor growth, and inhibiting tumor metastasis.”'® However, chemo-
resistance eventually develops and leads to the recurrence of cancer cells, and the
five-year survival rate is unfortunately less than 30% in advanced breast cancer pa-
tients."'~"? Thus, chemotherapy resistance represents the major obstacle in the
treatment of breast cancer, and the ‘battle’ against it should be enduring."

Recently, some studies have demonstrated that the microbiota, including the tumor
microbiome, perform critical roles in cancer progression and therapeutic re-
sponses.15’18 Fusobacterium nucleatum (F. nucleatum), a Gram-negative anaerobic

THE BIGGER PICTURE

A significant presence of

F. nucleatum was observed in
human breast cancer. Its
colonization closely correlates
with the expression of Gal-
GalNAc on tumor cells, thereby
facilitating chemoresistance. To
address this, F. nucleatum-
mimicking nanovehicles (LipoFM)
were developed by combining the
F. nucleatum membrane (FM) with
liposomes, demonstrating
superior tumor targeting. Colistin
loaded into LipoFM could
selectively eradicate intratumoral
F. nucleatum, thereby improving
chemotherapy efficacy.
Additionally, Doxycycline-loaded
LipoFM (Doxy-LipoFM) can
disrupt other intratumoral
microbiomes implicated in breast
cancer metastasis. Notably, Doxy-
LipoFM could inhibit lung
metastasis and improve the
efficacy of chemotherapy, leading
to complete tumor regression.
Therefore, LipoFM emerges as a
promising targeted drug delivery
carrier for bacteria-colonized
tumors, offering potential
enhancements to existing cancer
therapies through the selective
elimination of tumor-colonizing
bacteria.
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bacterium, is abundant in colorectal cancer and has been found to be closely asso-
ciated with the formation of pro-tumor microenvironment to promote resistance to
chemotherapy.’”?" In addition to colorectal cancer, F. nucleatum has also been
found in breast cancer samples, especially in those with high expression of D-galac-
tose-B(1-3)-N-acetyl-D-galactosamine (Gal-GalNAc).?? Therefore, it is important to
investigate whether F. nucleatum can induce chemoresistance to breast cancer
and, if yes, to further explore the possibility of overcoming chemoresistance in

breast tumors by selectively eliminating tumor-colonizing bacteria.”®

Herein, we demonstrated that in comparison with paracancerous tissues and normal
tissues, human breast cancer samples obtained from the same patients showed high
levels of F. nucleatum colonization. Moreover, it was found that the abundance of
F. nucleatum was positively correlated with the level of Gal-GalNAc, owing to the in-
teractions between membrane protein Fap-2 in F. nucleatum and Gal-GalNAc ex-
pressed on the surface of breast tumor cells. We also demonstrated that breast tu-
mors colonized with F. nucleatum exhibited significant resistance to different
chemotherapeutic drugs, possibly due to the activated autophagy pathway
of breast cancer cells to reduce their responses to chemotherapeutics. To
overcome F. nucleatum-induced chemoresistance to breast cancer, we developed
F. nucleatum-mimicking nanovehicles by fusing liposomes with the F. nucleatum
cytoplasmic membrane (FM) (LipoFM). Interestingly, the obtained LipoFM exhibited
superior tumor-specific targeting and retention due to the binding of FM with Gal-
GalNAc overexpressed on tumor cells (Figure 1A). After encapsulation with the anti-
biotic colistin, our nanovehicle successfully restored the therapeutic efficacy of
chemotherapy in an F. nucleatum-infected mouse breast tumor model. As breast
cancer is known to have a diverse microbiome that promotes cancer cell survival
and metastasis,”* we further demonstrated that LipoFM loaded with a broad-spec-
trum antibiotic, Doxycycline (Doxy), could interfere with the intratumoral microflora
and inhibit the lung metastasis of breast cancer infected with a mixture of different
bacteria. Notably, Doxy-LipoFM could remarkably improve the therapeutic efficacy
of the standard chemotherapy CMF (cyclophosphamide, methotrexate, and 5-fluo-
rouracil) for breast cancer,” achieving outstanding therapeutic effects in the breast
tumor model infected with a mixture of different bacteria and complete regression of
established tumors in some mice (Figure 1B). Thus, antibiotic-loaded F. nucleatum-
mimicking nanovehicles exhibit great potential to overcome chemoresistance of
breast cancer and might inspire future chemotherapy strategies for breast tumors
colonized with bacteria.

RESULTS AND DISCUSSION

Intratumor colonization of F. nucleatum in human breast cancer

To investigate the colonization condition of F. nucleatum in patients with breast can-
cer, breast tumor tissues, paired paracancer tissues together with normal breast tis-
sues, were collected to analyze the microbiome composition (Figure 2A; Table S1).
To exclude the effect of laboratory-borne contaminants, we introduced the samples
of environmental background control (EBC) and non-template control (NTC). To
quantify the biomass of tissue microbiota, a real-time quantitative polymerase chain
reaction (qPCR) assay with universal primers specific for the bacteria was carried out.
The levels of bacterial DNA in all breast tumor tissues were significantly higher than
those in both paracancer tissues and normal breast tissues, reaching ~188 equiva-
lent bacteria/100 ng of DNA (Figure 2B). To further characterize the composition
of the intratumoral microbiome, 5R 16S rRNA sequencing was performed to eval-
uate the overall microbiome of breast tumors, paired paracancerous tissues, and
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Figure 1. F. nucleatum-mimicking nanovehicles overcome chemoresistance of breast cancer by eliminating tumor-colonizing bacteria

(A) F. nucleatum was identified as one of the most enriched bacteria in breast tumor tissues, and F. nucleatum-mimicking nanovehicles were prepared
by fusing the F. nucleatum cytoplasmic membrane and antibiotic-loaded liposomes to achieve targeted elimination of breast cancer colonized bacteria
to enhance chemotherapy efficacy.

(B) The obtained antibiotic LipoFM could effectively interfere with the other intratumoral microflora, inhibiting the lung metastasis of breast cancer
infected by different types of bacteria, and significantly improve the therapeutic efficacy of the standard chemotherapy for breast cancer.

normal breast tissues.'® Differential analysis of the dominant community showed
that Cyanobacteria, Verrucomicrobia, F. nucleatum, Proteobacteria, and Bacteroi-
detes were enriched in breast tumor tissues, whereas the Thermi, Chloroflexi,
Actinobacteria, and Firmicutes were relatively less (Figure 2C). Considering
that F. nucleatum has the ability to promote tumor growth and metastasis,
induce immunosuppressive tumor microenvironment, and facilitate chemoresist-
ance, 7721232627 \ye then quantified the relative abundance of F. nucleatum using
the above paired cohort in more detail. It was observed that 5 of 8 snap-frozen clin-
ical primary breast tumor samples were positive for F. nucleatum (P1, P2, P3, P4, and
P7), and 2 of 8 (P1 and P2) had more than 1% F. nucleatum abundance (Figures 2D
and 2E). In addition, ~1.4% of F. nucleatum was detected in F. nucleatum-positive
tumors, which was nearly 8-fold higher and 18-fold higher than that in matched para-
cancerous tissues and normal breast tissues (Figure 2F).

It was reported in previous studies that the specific attachment and colonization of
F. nucleatum in breast tumors is facilitated by high expression of Gal-GalNAc on the
membrane of breast cancer cells.”” We thus analyzed the level of Gal-GalNAc in
formalin-fixed paraffin-embedded (FFPE) tumor tissues and matched paracancerous
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Figure 2. The abundance of F. nucleatum in breast tumors

(A) Schematic diagram showing the workflow for gPCR quantification and 5R 16S RNA sequencing of tissue resident microbiota.

(B) gPCR quantification of microbiota in human breast tumors (n = 8), paracancerous tissues (n = 8), normal breast tissues (n = 8), environment
background control (EBC) (n = 6), and non-template control (NTC) (n = 6). Data are presented as the mean + SEM.

(C) Heatmap showing the relative abundance of the tumor microbiome in different groups. Phylum-level taxonomy is presented.

D) Phylum-level microbial composition of paired breast primary tumors, paracancerous tissue, and normal breast tissue.

E) Heatmap showing the abundance of F. nucleatum in human breast tumor, paracancerous tissue, and normal breast tissue at phylum-level.

(

(B)

(F) The abundance of F. nucleatum in F. nucleatum-positive tumors and their paired paracancerous tissue and normal breast tissue.

(G) Schematic diagram showing the workflow for detecting the expression of Gal-GalNAc in human breast tumors and paired paracancerous tissue.
(

H) Images of immunofluorescence staining of Gal-GalNAc in breast tumors (n = 48) and paracarcinoma tissue sections (n = 48) collected from patients
with breast tumors (left). Scale bars, 1,500 pm. Red fluorescence represents Gal-GalNAc. Statistical analysis of the mean intensity of Gal-GalNAc (high,
mean intensity > 8.994; medium, mean intensity > 1.974; low, mean intensity <1.974) (right).

(1) Schematic illustrating the design of animal experiments in 4T1 tumor-bearing mice.

(J) F. nucleatum gene copy number in breast tumors, paracancerous tissues, normal breast tissues, hearts, livers, spleens, lungs, and kidneys of mice
afteri.v. injection with 5 x 107 F. nucleatum determined by gPCR. Data are presented as the mean + SEM (n = 5). Statistical significance was calculated
via the Mann-Whitney test (B and F) or one-way ANOVA (J) in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

tissue from patients with breast cancer (n = 48) using fluorescein isothiocyanate
(FITC)-labeled peanut agglutinin (PNA), a Gal-GalNAc-specific lectin (Figure 2G).
As shown in Figure 2H, most breast tumor samples (30 out of 48) exhibited high
expression of Gal-GalNAc, whereas high expression of Gal-GalNAc was observed
only in two paracancerous tissues. Therefore, the high expression of Gal-GalNAc
in breast tumors may lead to the colonization of F. nucleatum in breast cancer
tissues.

Inspired by the tendency of F. nucleatum to colonize breast tumors in patients, we
then investigated the migration of F. nucleatum in a preclinical mouse breast tumor
model. Mice bearing 4T1 breast tumors were intravenously (i.v.) injected with
F. nucleatum with the dose of 5 x 107 colony-forming units (CFUs). 72 h later, the
breast tumors, paracancerous tissue, normal breast tissue, and other major organs
were harvested for gPCR analysis. In line with the human data, the abundance of
F. nucleatum was significantly higher in 4T1 tumors than in paracancerous tissues
and normal breast tissues. Interestingly, nearly no F. nucleatum was detected in
the other major organs, including the heart, liver, spleen, kidney, and lung
(Figures 21 and 2J). The behavior of F. nucleatum within the tumor was further as-
sessed through plate counting. The abundance of F. nucleatum within the tumors
gradually increased over time, indicating the successful colonization of
F. nucleatum within the 4T1 tumors (Figure S1).

F. nucleatum colonized in breast cancer would promote chemoresistance

According to previous literature, the abundance of F. nucleatum in colorectal cancer
was closely associated with patients’ clinicopathological characteristics, especially
chemoresistance.'”?® Thus, we investigated whether F. nucleatum could promote
breast cancer cell resistance to chemotherapy. First, 4T1 mouse breast cancer cells,
MCF-7 human breast epithelial luminal cancer cells, and MDA-MB-231 human highly
aggressive triple-negative breast cancer cells were incubated with F. nucleatum at
varying multiplicities of F. nucleatum infection ranging from 0-2,000 (MOI of
F. nucleatum:cells). After co-culturing for 24 h, the viability of cells was determined
via methyl thiazolyl tetrazolium assay. As shown in Figure S2, with the concentration
of F. nucleatum increased, the proliferation of 4T1 cells, MCF-7 cells, and MDA-MB-
231 cells was also increased. To eliminate the impact of F. nucleatum to cancer cell
proliferation, F. nucleatum with the MOI at 200 was chosen to assess its role in
inducing chemoresistance. Next, F. nucleatum-infected 4T1 cells, MCF-7 cells,
and MDA-MB-231 cells (MOl = 200) were incubated with varying concentrations
of chemotherapeutic drugs, such as 5-fluorouracil (5Fu) and Oxaliplatin (OXA). As
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shown in Figure S3, the therapeutic effect of different chemotherapeutic drugs was
significantly reduced in F. nucleatum-infected breast cancer cells, indicating that
F. nucleatum could induce chemoresistance in breast cancer cells. Then, the
apoptosis process of 4T1 cells after different treatments was investigated by flow cy-
tometry. As expected, 5Fu and OXA indeed could induce the apoptosis of 4T1 cells.
However, the F. nucleatum infection reduced the apoptosis of 4T1 cells induced by
5Fu and OXA (Figures 3A, S4, and S5). Moreover, the Western blotting results re-
vealed that 5Fu and OXA induced the cleavage of caspase 3 (c-caspase 3) in 4T1
cells, which serves as a biomarker for apoptosis,?? but these effects were found to
be inhibited by F. nucleatum (Figures 3B and Sé). Thus, F. nucleatum could impair
the apoptosis process of breast cancer cells induced by chemotherapeutic drugs.

Subsequently, we proceeded to investigate the chemoresistance induced by
F. nucleatum in mice. First, BALB/c mice bearing 4T1 tumors were intratumarally
(i.t.) injected with F. nucleatum with the dose of 1 x 10° CFU, 1 x 107 CFU, 1 x
108 CFU, and 1 x 107 CFU on day 0. It was found that F. nucleatum with the injection
dose at 1 x 108 CFU could promote the growth of tumors (Figure S7). Notably, with
the injection dose of F. nucleatum increase to 1 x 10° CFU, obvious tumor necrosis
was observed (Figure S8). Moreover, F. nucleatum with the injection dose at 1 X 10°
CFU and 1 x 107 CFU could obviously induce chemoresistance (Figures 3C and 3D).
Therefore, 1 x 10" CFU of F. nucleatum was chosen in our subsequent experiments.
Similar therapeutic results were also observed in human MDA-MB-231 breast tumors
(Figures 3E and S9). In addition to 5Fu, F. nucleatum infection also significantly
affected the therapeutic effect of OXA (Figure S10). 14 days later, 4T1 breast tumors
of mice with different treatments were harvested for immunohistochemical analysis.
The hematoxylin and eosin (H&E) staining images indicated that tumors collected
from mice treated with 5Fu + F. nucleatum showed obviously reduced cell damage
(Figure S11). For a more detailed study, the collected tumors were processed for ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and c-caspase
three staining. As shown in Figure S11, the apoptosis of tumors in the 5Fu +
F. nucleatum group was also obviously reduced, further indicating that
F. nucleatum seriously affected the effectiveness of chemotherapy.

According to previous work, F. nucleatum could activate the autophagy pathway by
targeting specific microRNAs and innate immune signaling to induce chemoresist-
ance to colorectal cancer.'” Based on this, we hypothesized that F. nucleatum
may promote chemoresistance in breast tumors by modulating autophagy. To inves-
tigate the autophagy of breast cancer cells, immunohistochemical analysis of LC3,
which is a typical autophagosome marker,’® was performed to evaluate the auto-
phagy of 4T1 tumors after incubation with F. nucleatum. As shown in Figure S12,
the expression of LC3 protein in the tumors collected from mice in the 5Fu +
F. nucleatum-treated group was obviously higher than that in the untreated and
5Fu groups. Then, different assays related to autophagy function in 4T1 cells co-
cultured with F. nucleatum were carried out. As shown in Figure 3F, the expression
of LC3 in F. nucleatum-infected 4T1 cells was obviously increased, and the level of
LC3 was related to the concentration of F. nucleatum. The autophagy of 4T1 cells
infected with F. nucleatum was further assessed by transmission electron microscopy
(TEM) imaging. As shown in Figure 3G, obvious autophagic vesicles were clearly
observed in 4T1 cells after F. nucleatum infection, indicating that F. nucleatum infec-
tion could induce autophagy in breast cancer cells. To further validate that
F. nucleatum promoted 4T1 cells chemoresistance by modulating autophagy, 4T1
cells infected with F. nucleatum were incubated with 5Fu or OXA in the presence
of chloroquine (CQ), a known autophagy lysosomal inhibitor. As shown in
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Figure 3. Breast tumor-resident F. nucleatum promotes chemoresistance

(A) Representative flow cytometric analysis images of cell apoptosis after different treatments as indicated.

(B) Western blotting images showing the expression of c-caspase3 in 4T1 cells after different treatments as indicated. The raw data are shown in
Figure S31.

(C and D) Schematicillustrating the design of animal experiments in 4T1 tumor-bearing mice (C) and average tumor growth curves of 4T1 tumors in mice
with various treatments as indicated (D). Data are presented as the mean + SEM (n = 6).

(E) Average tumor growth curves of MDA-MB-231 tumors in mice with various treatments as indicated. Data are presented as the mean + SEM (n = 6).
(F) Western blotting images showing the expression of LC3 | and LC3 I1in 4T1 cells after culture with different concentrations of F. nucleatum for 24 h.
The raw data are shown in Figure S32.

(G) Autophagosomes were observed by TEM in 4T1 cells with or without F. nucleatum infection. Scale bars, 5 pm.
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Figure 3. Continued

(H) Relative viabilities of 4T1 cells infected with F. nucleatum after different treatments with different concentrations of 5Fu with or without CQ.

(1) Volcano plot for the transcriptome sequencing of 4T1 cells with or without F. nucleatum infection.

(J) GO enrichment analysis of the differential pathways treated to F. nucleatum infection. Statistical significance was calculated via two-tailed Student’s t
test (D and E) in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Figures 3H and S13, F. nucleatum-induced chemoresistance in 4T1 cells was abol-
ished after the addition of the autophagy lysosomal inhibitor CQ, whereas CQ itself
induced negligible effect on 4T1 cells. These findings collectively indicated that
F. nucleatum activated the autophagy pathway in breast cancer cells and contrib-
uted to the development of chemoresistance.

In addition to autophagy, epithelial-mesenchymal transition (EMT) of cancer cells
may be closely related to chemoresistance.®’ As shown in Figure S14, with the in-
crease of F. nucleatum levels, the content of E-cadherin decreased while the content
of N-cadherin increased, indicating that F. nucleatum indeed could induce the
chemotherapy resistance via EMT. Besides, we further investigated the uptake of
chemotherapeutic drugs of cancer cells with or without F. nucleatum infection. As
shown in Figure S15, F. nucleatum induced nearly no effect on the uptake of chemo-
therapeutic drugs by breast cancer cells. In delving deeper into the underlying
mechanisms associated with the chemoresistance induced by F. nucleatum, the
RNA-sequencing of 4T1 cells with or without F. nucleatum infection was carried
out. A comprehensive analysis unveiled 110 differentially expressed genes,
comprising 60 upregulated genes and 50 downregulated genes (Figure 31). Through
Gene Ontology (GO) analysis of biological processes, our exploration revealed that
following F. nucleatum infection, a majority of differentially expressed genes were
found to be enriched in the interleukin-1-related pathway—a pathway recognized
for its role in promoting tumor growth and metastasis (Figure 3J).*? Consistent
with the results of RNA-sequencing, 4T1 cells incubated with F. nucleatum exhibited
increased secretion of interleukin-1 (IL-1B) (Figure S16).

Preparation and characterization of LipoFM with tumor-targeting ability
Considering the role of tumor-colonizing F. nucleatum in inducing chemoresistance
in breast cancer, we further investigated whether eliminating those tumor-colonizing
bacteria would be beneficial to overcome chemoresistance. Utilizing antibiotics to
eradicate pathogenic bacteria remains the most commonly used strategy.** How-
ever, a high dosage and frequent dosing regimen are usually needed to eliminate
tumor-resident bacteria, which may inadvertently cause damage to the gut and
other tumor microbiota and even contribute to the emergence of multidrug-resis-
tant strains.”*** Therefore, it is imperative to develop a targeted delivery system
capable of effectively delivering antibiotics to bacteria-colonizing tumors and
enabling the selective eradication of microbes within tumors. Given the high affinity
between the membrane protein Fap-2 of F. nucleatum and Gal-GalNAc expressed in
breast tumors, leveraging the membrane of F. nucleatum may be a type of targeted
delivery carrier for breast tumors colonized with F. nucleatum.

First, the cytoplasmic membrane of F. nucleatum containing Fap-2 was isolated from
the lysate of F. nucleatum after density gradient centrifugation, and the presence of
various cytoplasmic proteins in FM was confirmed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). As depicted in Figure 4A, although a
reduced quantity of proteins was found in FM, the content of Fap-2 protein re-
mained nearly unchanged. Meanwhile, liquid chromatography with tandem mass
spectrometry (LC-MS/MS) was used for quantitative analysis of different proteins
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Figure 4. The targeting ability of LipoFM to Gal-GalNAc-overexpressing breast tumors
A) SDS-PAGE pattern of proteins from whole F. nucleatum lysate and FM.

B)

Q)

Subcellular location annotation of the total proteins identified in both FM and F. nucleatum.
The distribution of differential proteins of FM versus F. nucleatum.
D) GO enrichment analysis of the upregulated cellular component in FM versus F. nucleatum.

F and G) The hydrodynamic sizes (F) and zeta potentials (G) of liposome, FM, and LipoFM. Data are presented as the mean £+ SEM (n = 3).

H) TEM image of LipoFM (scale bars, 100 nm).

I) Time-lapse hydrodynamic size and PDI of LipoFM. Data are presented as the mean £+ SEM (n = 3).

Jand L) Confocal microscopy images of 4T1 cells incubated with LipoFM, LipoEM, and liposome (J) or LipoFM and LipoFM + Gal-GalNAc (L) for 24 h, in
which LipoFM, LipoEM, and liposome were labeled with DiD (red) and cell nuclei were labeled with DAPI (blue). Scale bars, 20 um.

(K'and M) Statistical analysis of flow cytometry of DiD intensity in 4T1 cells after incubation with DiD-LipoFM, DiD-LipoEM, and DiD-liposome (K) or DiD-
LipoFM and DiD-LipoFM + Gal-GalNAc (M) for 24 h. Data are presented as the mean + SEM (n = 3).

(N) Ex vivo DiR fluorescence images of the main organs and tumors collected from mice with different treatments as indicated at 72 h post injection.

(
(
(
(
(E) Schematic illustrating the preparation of LipoFM.
(
(
(
(

(O) Statistical analysis of average DiR fluorescence signals in main organs and tumors based on the images in (N). Data are presented as the mean +
SEM (n = 4).

(P and Q) Representative flow cytometric analysis plots (P) and statistical analysis (Q) of the intensity of Cy5.5 in tumors collected from mice after
different treatments at 72 h post injection. Data are presented as the mean + SEM (n = 3 for untreated group and n = 5 for liposome and LipoFM treated
group). Statistical significance was calculated via one-way ANOVA (K and Q) or two-tailed Student’s t test (M and O) in GraphPad Prism. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.

in FM and F. nucleatum. As shown in Figures 4B and 4C, among the 1,137 identified
proteins, numerous plasma membrane proteins were upregulated in FM, whereas a
variety of cytoplasmic proteins were downregulated in comparison with
F. nucleatum. GO analysis also revealed that the upregulated proteins in FM were
enriched in the plasma membrane, outer membrane, membrane, and integral
component of the membrane, indicating successful extraction of the F. nucleatum
membrane (Figure 4D). Next, the FM was extruded through the 200 nm polycarbon-
ate hydrophilic membrane filter to obtain FM nanovehicles. Although FM vesicles
were successfully obtained, the hydrodynamic size and polydispersity index (PDI)
of FM vesicles increased obviously over time (Figure S17), which may be contributed

to the aggregation of natural membrane.*®

To stabilize the obtained FM, we fused it with a liposome that was synthesized by
reverse-phase evaporation using the typical formulation.”~” Specifically, the FM
and liposome were repeatedly extruded through the extruder to generate lipo-
somes containing FM (LipoFM) (Figure 4E). To verify the successful fusion of FM
and liposome, FM labeled with tetramethylrhodamine B (TRITC) was fused with lipo-
some labeled with FITC by repeated physical extrusions. After extrusion, the fluores-
cence from FITC decreased, whereas the fluorescence from TRITC increased due to
Forster resonance energy transfer, indicating the successful fusion of FM and lipo-
some (Figure S18). The hydrodynamic diameter and surface zeta potential of
LipoFM were measured to be approximately 170 nm and —7 mV, respectively
(Figures 4F and 4G). Both the hydrodynamic diameter and surface zeta potential
of LipoFM were intermediate between those of liposome and FM, further confirming
the successful fusion of FM and liposome. As depicted in Figure 4H, LipoFM ex-
hibited a uniform distribution and spherical morphology in the TEM image. More-
over, the hydrodynamic sizes and PDI of LipoFM remained nearly unchanged over
4 days, indicating the significantly enhanced stability of FM after fusion with lipo-
some (Figure 4l).

Motivated by the specific binding of F. nucleatum to Gal-GalNAc, we conducted the
investigation to determine whether LipoFM had the capacity to target and attach to
Gal-GalNAc overexpressed breast cancer cells (Figure S19). In this study, 4T1 cells
were incubated with 1,1’-Dioctadecyl-3,3,3’,3'-Tetramethylindodicarbocyanine,4-
Chlorobenzenesulfonate Salt (DiD) labeled LipoFM (DiD-LipoFM), DiD-LipoEM
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(formed from liposomes and the E. coli cytoplasmic membrane), and DiD-liposome.
24 h later, 4T1 cells were collected for confocal imaging and flow cytometry analysis.
As exhibited in Figures 4J and 4K, the mean fluorescence intensity of 4T1 cells incu-
bated with LipoFM was significantly higher than that of cells incubated with LipoEM
or liposome. To confirm the Fap-2-Gal-GalNAc-mediated targeting and binding of
LipoFM to 4T1 cells, cells were incubated with Gal-GalNAc-pretreated LipoFM. As
indicated in Figures 4L and 4M, LipoFM after pre-incubation with Gal-GalNAc ex-
hibited significantly reduced adhesion capacity to 4T1 cells. By contrast, the addi-
tion of Gal-GalNAc induced negligible effects on the binding of LipoFM to mela-
noma B16F10 cells with low Gal-GalNAc expression (Figure S20).

Encouraged by the successful targeting and binding of LipoFM to breast cancer cells, we
proceeded to investigate its targeting ability in vivo. Mice bearing subcutaneous 4T1 tu-
mors were i.v. injected with 1,1-dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine
iodide (DiR)-labeled LipoFM (DiR-LipoFM) and DiR-liposome. Compared with the
DiR-liposome group, mice injected with DiR-LipoFM exhibited a significantly enhanced
fluorescence signal in tumors (Figure S21). 72 h later, the mice were sacrificed, and their
tumors and other major organs were collected for fluorescence imaging. It was found
that the fluorescence intensity from DiR in tumors collected from mice injected with
DiR-LipoFM was approximately 1.5 times higher than that in tumors collected from
mice injected with DiR-liposome (Figures 4N and 40), and slightly increased liver accu-
mulation of LipoFM was also observed, which might be attributed to the high expression
of Gal-GalNAc in the liver (Figure S22). We also analyzed the targeting and binding abil-
ity of LipoFM in tumors after injection with Cyanine 5.5 (Cy5.5)-labeled LipoFM (Cy5.5-
LipoFM) and Cy5.5-liposome using flow cytometry. Consistent with the improved tumor
retention capacity, LipoFM exhibited obviously increased cellular uptake within tumors
(Figures 4P and 4Q). Moreover, LipoFM showed nearly no toxicity to major organs of
mice (Figure S23).

Tumor-targeted delivery of antibiotics using LipoFM

Encouraged by the targeted delivery ability of LipoFM, we further investigated the
potential of LipoFM as a delivery carrier for antibiotics to F. nucleatum-infected tu-
mors. Colistin, an effective antibiotic that has been widely used for drug-resistant
Gram-negative bacteria, was chosen in our work.>® First, colistin was encapsulated
in liposome using the emulsion solvent evaporation method and then fused with
FM as described above.’” The loading efficiencies of colistin in liposome and
LipoFM were measured to be ~17% and 14%, respectively. Then, the release pro-
files of colistin from Colistin-LipoFM were evaluated via high-performance liquid
chromatography (HPLC). Notably, Colistin-LipoFM displayed a sustained release
profile of colistin in both phosphate-buffered saline (PBS) and cell culture media,
as demonstrated in Figure S24.

To explore the targeted uptake of Colistin-LipoFM in 4T1 cells, cells after incubation
with free colistin, Colistin-Liposome, and Colistin-LipoFM with the same colistin
dosage of 100 pg/mL for 24 h were collected for HPLC analysis. As shown in Fig-
ure 5A, significantly higher amounts of colistin could be detected in cells incubated
with Colistin-LipoFM, whereas the PEGylated liposome decreased the overall endo-
cytosis efficiency of colistin.*® Furthermore, mice bearing 4T1 tumors were i.v. in-
jected with free colistin, Colistin-Liposome, or Colistin-LipoFM to quantitatively
measure the targeted drug delivery of Colistin-LipoFM in vivo. 24 h after injection,
the tumors and major organs were homogenized and extracted for HPLC analysis.
As shown in Figure 5B, despite delayed Colistin-Liposome internalization in vitro,
the tumors collected from mice injected with Colistin-Liposome showed higher

¢? CellPress

Chem 10, 1783-1803, June 13, 2024 1793




- ¢ CellPress Chem

A B
25 Colistin
@ . Colistin-Liposome
T 20 . l : Colistin-LipoFM
’\O 2 15 l *kok
X g ol =
- ® 10 I ==
) . I
3 5 Y i I 1 & .
0 nrd T "; ‘::’ - ‘.r 2 T o)
B S N '_ F. nucleatum
W < -
D 773 F_g
£5
1x107 § E
/ A F. nucleatum (i.t.) CFU counting 36
S 25
Day-7 0 1 6 2
Y 3 5 W E
Y |
s 411 Colistin (i.v.) 15 mg/kg Untreated Colistin Colistin- Colistin-
\ inoculation Colistin-Liposome (i.v.) 15 mg/kg Liposome LipoFM
Colistin-LipoFM (i.v.) 15 mg/kg
& H 1200
X “”g Untreated
) 1% 107 g*;u ('-?k-) £ 900 5Fu
,/)‘ \a\\ F. nucleatum (i.t.) 09 % 5Fu + F. nucleatum
¥ | =]
Day -7 (|) 1357 91113 g &0 5Fu + F. nucleatum + Colistin
@ —— — — — — — = ’cE‘> 300 5Fu + F. nucleatum + Colistin-Liposome
AT | i l——I—J '3 5Fu + F. nucleatum + Colistin-LipoFM
’ >\ 4T1 Colistin (i.v.) 15 mg/kg of
/ inoculation  Colistin-Liposome (i.v.) 15 mg/kg 0 3 6 9 12 15 18 21 24
/ Colistin-LipoFM (i.v.) 15 mg/kg Days

L
Figure 5. Colistin-LipoFM for depletion of tumor-colonizing F. nucleatum
(A) The concentration of colistin in 4T1 cells after co-cultured with different formulations. Data are presented as the mean + SEM (n = 3).
(B) Biodistribution of free colistin, Colistin-Liposome, and Colistin-LipoFM in mice bearing 4T1 tumors at 24 h post injection by recording the
concentration of colistin using HPLC. Data are presented as the mean + SEM (n = 3).
(C) Schematic showing Colistin-LipoFM to selectively eliminate tumor-colonized bacteria.
(D) Scheme showing the experimental schedule in mice bearing 4T1 tumors.
(E and F) Colony plate images (E) and statistical analysis of the CFUs (F) showing the abundance of F. nucleatum in homogenized tumors of mice with
different treatments as indicated. The black number in each picture indicates the number of CFUs in each plate. The dilution of homogenized tumor
solutions was 20,000. Data are presented as the mean + SEM (n = 3).
(G) Scheme showing the experimental schedule in mice bearing 4T1 tumors.
(H) Average tumor growth curves of 4T1 tumors in mice with various treatments as indicated. Growth curves were stopped when the tumor volumes were
larger than 1,000 mm? in the corresponding group. Data are presented as the mean + SEM (n = 8). Statistical significance was calculated via one-way
ANOVA (A,B, and F) or two-tailed Student’s t test (H) in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

concentrations of colistin than free colistin. However, the tumors collected from mice
injected with Colistin-LipoFM showed the highest concentration of colistin. Thus, the
specific binding between LipoFM and cancer cells could remarkably promote the
uptake of colistin in tumors.

Encouraged by the specific binding between LipoFM and cancer cells in vitro and
in vivo, we proceeded to investigate the intracellular and intratumoral F. nucleatum
killing efficiency using colistin in different formulations (Figure 5C). First,
F. nucleatum-infected 4T1 cells were co-cultured with free colistin, Colistin-LipoFM,
and Colistin-Liposome with the same colistin concentration of 5 uM (6.76 pg/mL).

1794 Chem 10, 1783-1803, June 13, 2024



Chem

24 h later, the cells were washed and lysed for colony counting. As shown in
Figures S25A and S25B, cells incubated with Colistin-LipoFM exhibited the lowest
level of F. nucleatum. Although the cells incubated with free colistin exhibited a
reduced level of F. nucleatum, it was still non-negligible. By contrast, compared
with the untreated group, Colistin-Liposome exhibited nearly no killing effect on intra-
cellular infected F. nucleatum, and the reduction in cytotoxicity of Colistin-Liposome
may be attributed to the delayed cellular uptake in vitro.

Inspired by the excellent intracellular F. nucleatum killing effect, we further investi-
gated the killing effect of Colistin-LipoFM on tumor-resident F. nucleatum in 4T1 tu-
mor models. As shown in Figure 5D, 7 days after inoculating the 4T1 tumors, 1 x 107
CFU of F. nucleatum was i.t. injected, and then free colistin, Colistin-Liposome, and
Colistin-LipoFM were i.v. administered with the same colistin dosage of 15 mg/kg on
days 1, 3, and 5. On day 6, the mice were sacrificed, and their tumors were collected
for CFU determination. Excitingly, the CFU of F. nucleatum collected from mice
treated with Colistin-LipoFM was significantly reduced (Figures 5E and 5F).
Colistin-Liposome exhibited an enhanced killing effect compared with that treated
with free colistin, but its F. nucleatum killing efficacy was still much lower than that
achieved by Colistin-LipoFM, demonstrating that Colistin-LipoFM exhibited the
most effective ability to inhibit F. nucleatum proliferation in tumors due to the spe-
cific binding between LipoFM and cancer cells.

After successfully eliminating tumor-colonizing F. nucleatum with Colistin-LipoFM,
we sought to investigate whether this treatment could alleviate F. nucleatum-
induced chemoresistance in breast tumors. Thus, mice bearing 4T1 breast tumors
were randomly allocated into six groups: (1) Untreated, (2) 5Fu intraperitoneal injec-
tion (i.p.), (3) 5Fu (i.p.) + F. nucleatum (i.t.), (4) 5Fu (i.p.) + F. nucleatum (i.t.) + free
colistin (i.v.), (5) 5Fu (i.p.) + F. nucleatum (i.t.) + Colistin-Liposome (i.v.), and (6)
5Fu (i.p.) + F. nucleatum (i.t.) + Colistin-LipoFM (i.v.). F. nucleatum was i.t. adminis-
tered at the dose of 1 x 107 CFU pertumor on day 0, 5Fuwas i.p. injected at the dose
of 25mg/kgondays1,3,5,7,9, 11, and 13, and free colistin, Colistin-Liposome, and
Colistin-LipoFM was i.v. injected with the colistin dose of 15 mg/kg on days 1, 3, and
5 (Figure 5G). The tumor size was measured every 2 days. As shown in Figures 5H
and S26, the tumors in the 5Fu (i.p.) + F. nucleatum (i.t.) + Colistin-LipoFM (i.v.)
group displayed similar growth curves to those in the 5Fu (i.p.) group without
F. nucleatum infection, indicating that Colistin-LipoFM could successfully eliminate
F. nucleatum and alleviate F. nucleatum-induced chemoresistance. By contrast,
Colistin-Liposome could slightly delay the growth of tumors with F. nucleatum infec-
tion due to their limited accumulation in tumors. In addition, free colistin exhibited
nearly no effect to chemotherapeutic effect in tumors with F. nucleatum infection
due to its limited elimination of F. nucleatum. Therefore, Colistin-LipoFM was able
to successfully reverse F. nucleatum-induced chemoresistance, improving the ther-
apeutic efficiency of chemotherapy in F. nucleatum-infected breast cancer tumors.

LipoFM as a targeted drug delivery platform to inhibit lung metastases

In addition to F. nucleatum, it has been reported that some tumor-colonizing bacte-
ria, including Streptococcus, Staphylococcus, and Lactobacillus, could promote the
survival of cancer cells against fluid shear stress during circulation to accelerate can-
cer metastasis.”* Consistent with published work, the abovementioned bacteria
have also been detected in human breast tumors in our clinical cohort (Figure S27).
Encouraged by the successful elimination of tumor-colonizing F. nucleatum by
Colistin-LipoFM, we then explored whether LipoFM could act as a targeted delivery
carrier of antibiotics to eliminate other bacteria in breast tumors to prevent cancer

¢? CellPress

Chem 10, 1783-1803, June 13, 2024 1795




¢? CellPress

metastasis. First, various antibiotics, including colistin, vancomycin hydrochloride,
and Doxy, were co-cultured with F. nucleatum, Streptococcus sanguis (S. sanguis),
Staphylococcus xylosus (S. xylosus), or Enterococcus faecalis (E. faecalis), which
are common tumor-resident bacteria, to screen the antibiotic. As shown in
Figures 6A and S28, among all the detected antibiotics, Doxy exhibited the most
effective inhibitory effect on all these bacteria. Thus, Doxy was chosen for encapsu-
lation into LipoFM with the loading efficiency and loading capacity of ~ 17% and
~ 6%, respectively. Moreover, Doxy-LipoFM exhibited a sustained release profile
of Doxy in PBS and cell culture media (Figure 6B).

Next, the intracellular delivery efficiency of Doxy-LipoFM was investigated. 4T1 cells
were incubated with free Doxy, Doxy-Liposome, and Doxy-LipoFM with similar Doxy
concentrations of 100 ng/mL for 24 h, and the intracellular Doxy concentration was
quantified by HPLC. As expected, the level of Doxy in cells incubated with Doxy-
LipoFM was significantly higher than that in cells incubated with free Doxy and
Doxy-Liposome (Figure S29). Then, the tumor accumulation of Doxy was investi-
gated in mice bearing 4T1 tumors. Mice bearing 4T1 tumors were i.v. administered
with free Doxy, Doxy-Liposome, and Doxy-LipoFM with similar Doxy dose at
15 mg/kg, and the mice were sacrificed, and their tumors were collected to analyze
the concentration of Doxy 24 h later. It was found that the tumors collected from
mice administered with Doxy-LipoFM also exhibited markedly enhanced intratu-
moral concentrations of Doxy (Figure 6C).

Inspired by the effective intratumoral delivery of antibiotics achieved by LipoFM, we
next examined the potential of Doxy-LipoFM in eliminating intratumoral bacteria. To
simulate clinical conditions that tumors with variety of bacteria, BALB/c mice bearing
4T1 cells were i.t. injected with a mixture of F. nucleatum (2 x 10° CFU), S. sanguis
(2 x 10° CFU), S. xylosus (2 x 10° CFU), and E. faecalis (2 x 10° CFU) on day 0, and
then the tumors were collected for CFU counting on days 1, 3, 6, 10, and 14. Abun-
dant bacteria were observed even on day 14, indicating the successful colonization
of bacteria in 4T1 tumors (Figure S30). Then free Doxy, Doxy-Liposome, and Doxy-
LipoFM were i.v. administered with a similar Doxy dosage of 15 mg/kg. On day 6, the
tumors were collected for CFU determination (Figure 6D). Similar to the above re-
sults, compared with the untreated group, free Doxy exhibited a slight impact on
the growth of bacteria in the tumor. Although the growth of intratumoral bacteria
was inhibited in mice treated with Doxy-Liposome, the level of intratumoral bacteria
was still non-negligible. By contrast, the CFU of bacteria in mice treated with Doxy-
LipoFM was significantly reduced, demonstrating that antibiotic-loaded LipoFM
could indeed effectively eliminate tumor-colonizing bacteria (Figures 6E and 6F).

Having confirmed the effective antibacterial ability of Doxy-LipoFM, we further
investigated whether Doxy-LipoFM could eliminate microbiota in breast tumors to
prevent cancer metastasis. Specifically, highly tumorigenic and invasive luciferase-
transfected 4T1 cells (4T1-luc) were injected into the breast pads of BALB/c mice
to establish an orthotopic breast tumor model on day —7, and F. nucleatum (2 X
10° CFU), S. sanguis (2 X 10° CFU), S. xylosus (2 x 10° CFU), and E. faecalis (2 x
10® CFU) were i.t. injected into the breast tumor on day 0. Then, Doxy-LipoFM
was i.v. injected with the Doxy dose of 15 mg/kg on days 1, 3, and 5 (Figure 6G),
and the mice were imaged by an in vivo imaging system (IVIS) to track the metastasis
of cancer cells. Consistent with previous literature, mice with bacterial infection ex-
hibited remarkably improved bioluminescence signals from cancer cells in the lung,
indicating that bacterial infection could indeed promote cancer metastasis.”*?’
Interestingly, mice with bacterial infection after Doxy-LipoFM treatment exhibited
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Figure 6. Doxy-LipoFM for depletion of tumor-colonizing bacteria
(A) Heatmap showing the IC 50 of Doxy, vancomycin hydrochloride, and colistin to different bacteria.
(B) The release profiles of Doxy from Doxy-LipoFM incubated in PBS or cell culture media. Data are presented as the mean + SEM (n = 3).
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Figure 6. Continued

(C) Biodistribution of free Doxy, Doxy-Liposome, and Doxy-LipoFM in mice bearing 4T1 tumors at 24 h post injection by recording the concentration of
Doxy using HPLC. Data are presented as the mean + SEM (n = 3).

(D) Scheme showing the experimental schedule in mice bearing 4T1 tumors.

(E and F) Colony plate images (E) and the statistical analysis of CFUs (F) showing the bacterial abundance in homogenized tumors of mice with different
treatments as indicated. The black number in each picture indicates the number of CFUs in each plate. The dilution of these homogenized solutions was
20,000. Data are presented as the mean + SEM (n = 6).

(G) Scheme and timeline showing the experimental design to evaluate the therapeutic efficacies of Doxy-LipoFM to inhibit bacteria-induced lung
metastases.

(H) In vivo bioluminescence images to track the metastases of luciferase-transferred 4T1 cancer cells.

(I and J) Ex vivo bioluminescence images () and corresponding statistical data (J) of lungs collected from mice with different treatments. Data are
presented as the mean + SEM (n = 8).

(K) H&E staining images of lungs showing metastasis in the lungs of mice after different treatments.

(L and M) Colony plate images (left) and statistical data of CFUs (right) showing the bacterial abundance in homogenized tumors (L) and lungs (M) of
mice with different treatments. The black number in each picture indicates the number of CFUs in each plate. Data are presented as the mean + SEM
(n = 8). Statistical significance was calculated via one-way ANOVA (C, J, L, and M) or via two-tailed Student’s t test (F) in GraphPad Prism. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.

areduced bioluminescence signal, which was similar to that in mice without bacterial
infection (Figure 6H). To further investigate the impact of Doxy-LipoFM on cancer
metastasis, the mice were sacrificed, and their lungs were collected for different an-
alyses. Ex vivo bioluminescence imaging further demonstrated that Doxy-LipoFM
could inhibit the cancer metastasis induced by infected bacteria (Figures 6l and
6J). As shown in the H&E staining images of lungs collected from mice with different
treatments, significantly increased tumor metastasis was observed in the lungs in the
bacteria-infected groups, whereas Doxy-LipoFM treatment resulted in a strong
reduction in lung metastasis. Meanwhile, orthotopic and lung metastatic tumors
were collected for CFU determination. As expected, both the orthotopic tumors
and lung metastatic tumors exhibited significantly reduced bacterial burden after
Doxy-LipoFM treatment (Figures 6L and 6M). All these results demonstrated that
our proposed Doxy-LipoFM could successfully reduce the pulmonary metastases
of breast cancer with bacterial infection.

Doxy-LipoFM promotes combined chemotherapy for orthotopic breast cancer

Combination chemotherapy using cyclophosphamide (CTX), methotrexate (MTX),
and 5Fu (CMF) regimen is the first line of clinical treatment for patients with breast
cancer.”'*?As tumor-resident bacteria play an important role in promoting tumor
metastasis and reducing responses to chemotherapy, it is important to investigate
whether Doxy-LipoFM could promote combination chemotherapy for breast cancer
with bacterial infection. Thus, the mice bearing orthotopic breast tumors were
randomly divided into five groups: (1) untreated, (2) bacteria (i.t.), (3) CMF (i.p.), (4)
CMF (i.p.) + bacteria, and (5) CMF (i.p.) + bacteria (i.t.) + Doxy-LipoFM (i.v.). Models
with various bacterial infection were established as mentioned above, CTX and, MTX
were i.p. injected with doses of 100 mg/kg and 20 mg/kg on days 1 and 7, and 5Fu
was i.p. injected at the dose of 25 mg/kg on days 1, 3, 5, 7, 9, 11, and 13. Then,
Doxy-LipoFM was i.v. injected with the Doxy dose of 15 mg/kg on days 1, 3, and 5.
The size of primary tumors was measured every 2 days (Figure 7A). As shown in
Figures 7B and 7C, bacterial infection exhibited a negligible effect on the growth
of primary tumors but obviously reduced the therapeutic effect of CMF. The tumors
inthe CMF + Bacteria + Doxy-LipoFM group displayed similar growth curves to those
in the CMF group without bacterial infection, even leading to complete regression of
established tumors in two mice. In addition to the tumor growth curves, 18 days after
different treatments, mice were euthanized, and their tumors were collected for
different analyses. The tumor weights in different groups further indicated that
the therapeutic results of CMF could be successfully recovered with the help of
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Figure 7. Doxy-LipoFM promotes the therapeutic effect of combination chemotherapy in an orthotopic breast tumor model

(A) Scheme and timeline showing the experimental design to evaluate the therapeutic efficacies of Doxy-LipoFM to promote the therapeutic effect of
combination chemotherapy in a bacteria-infected orthotopic breast tumor model.

(B and C) Average (B) and individual (C) tumor growth curves of the primary 4T1 tumors in mice with various treatments as indicated. Data are presented
as the mean + SEM (n = 6).

(D and E) Images (D) and weights (E) of primary 4T1 tumors harvested from mice after different treatments. Data are presented as the mean + SEM
(n = 6).

(F) H&E, TUNEL, and Kié7 staining of tumor slices collected from mice 18 days after different treatments as indicated.

(G) In vivo bioluminescence images to track the metastases of luciferase-transferred 4T1 cancer cells after different treatments as indicated.

(H) Ex vivo bioluminescence images of lungs collected from mice with different treatments.

(1) H&E and Ki67 staining images of lungs showing lung metastasis in mice after different treatments. Statistical significance was calculated via two-way
ANOVA (B) or via one-way ANOVA (E) in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Doxy-LipoFM in bacteria-infected tumors. To completely assess the influence of tu-
mor-resident bacteria on the CMF regimen and the therapeutic effect of Doxy-
LipoFM, the tumors were collected for histological analysis. The H&E and TUNEL
staining images visually revealed that tumors collected from the CMF without bacte-
rial infection and CMF + Bacteria + Doxy-LipoFM groups exhibited the most severe
damage/cell apoptosis, whereas tumors collected from the CMF + Bacteria group
showed moderate cell damage/apoptosis, which was comparable to those in un-
treated group (Figure 7F). Meanwhile, the tumor slides in both CMF and CMF +
Bacteria + Doxy-LipoFM exhibited an obviously dimmed Ki67 signal, an important
marker of cell proliferation, further indicating the synergistic chemotherapy achieved
by combining CMF with Doxy-LipoFM in bacteria-infected tumors.

Additionally, the progression of cancer metastases was monitored by IVIS according
to the bioluminescence signal from 4T1-luc. As shown in Figure 7G, mice with bac-
terial infections exhibited a remarkable increase in the bioluminescence signal from
cancer cells in the lung. Although CMF treatment slightly reduced cancer metastasis
in bacteria-infected mice, cancer lung metastasis was still obvious. Excitingly, the
combination of CMF and Doxy-LipoFM successfully inhibited cancer metastasis.
To further investigate the therapeutic effect of Doxy-LipoFM and CMF, the mice
were also sacrificed, and their lungs were collected for different analyses. Ex vivo
bioluminescence imaging further demonstrated that Doxy-LipoFM indeed
improved the therapeutic responses of CMF to bacteria-induced lung metastasis
(Figure 7H), which was further demonstrated in the H&E and Ki67 staining images
(Figure 71). All these results demonstrate that our proposed Doxy-LipoFM should
be a promising adjunct for combination chemotherapy in treating breast cancer.

DISCUSSION

In this study, we analyzed the microbes in clinical samples and found the widespread
existence of F. nucleatum colonization in human breast tumors, as mediated by the in-
teractions between membrane protein Fap-2 in F. nucleatum and Gal-GalNAc overex-
pressed on breast cancer cells. In vivo animal results strongly support that
F. nucleatum colonization in tumors would significantly promote the development
of tumor chemoresistance to different chemotherapeutic drugs, possibly due to the
activated autophagy pathway of breast cancer cells to reduce their responses to che-
motherapeutics. With a deep understanding of the relationship between F. nucleatum
and breast cancer, eliminating tumor-colonizing F. nucleatum may be a strategy to
improve current chemotherapy for F. nucleatum-colonized breast cancer.

Although antibiotics continue to be the foremost choice for eliminating bacteria, it is

worth noting that effectively eliminating tumor-resident bacteria often necessitates
the use of high doses and frequent administration. One concern is their negative
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effect on the healthy intestinal microbiota and their ability to contribute to the emer-
gence of multidrug-resistant strains. One would ideally want to develop a targeted
delivery system to selectively eradicate bacteria within tumors. Inspired by the accu-
mulation of F. nucleatum in breast cancer mediated by the interactions between the
membrane protein Fap-2 in F. nucleatum and Gal-GalNAc overexpressed in breast
cancer cells, we developed F. nucleatum-mimetic nanovehicles by fusing FM with li-
posomes for targeted delivery of antibiotics to F. nucleatum-infected tumors. Inter-
estingly, the obtained LipoFM encapsulated with the antibiotic colistin could suc-
cessfully eliminate intratumoral F. nucleatum and restore the therapeutic efficacy
of chemotherapy in an F. nucleatum-infected mouse breast tumor model due to
its superior tumor-specific targeting and retention ability.

Metastasis is the major cause of death in patients with breast cancer. It has been re-
ported that some tumor-colonizing bacteria, such as Streptococcus and Staphylo-
coccus, could accelerate cancer metastasis.”* We further loaded LipoFM with
Doxy, a broad-spectrum antibiotic, and demonstrated that i.v. injection of Doxy-
LipoFM could effectively kill intratumoral microflora and inhibit the lung metastasis
of breast cancer tumors containing different types of bacteria. As the result, Doxy-
LipoFM could remarkably improve the therapeutic efficacy of the standard CMF
chemotherapy for breast cancer, achieving outstanding therapeutic effects in the
breast tumor model infected with a mixture of different types of bacteria.

Our study provided critical insights of the relationship between tumor-colonizing
bacteria, tumor progression, and its resistance to chemotherapeutics. In particular,
the design of F. nucleatum-mimicking nanovehicles utilizing bacterial membrane to
target its binding site on tumor cells opens new horizons for specific targeting of
bacteria-colonized tumors and selective eliminating of intratumoral microbiota. By
doing so, the chemoresistance of bacteria-colonizing breast tumors could be largely
relieved, resulting in remarkably enhanced therapeutic efficacies and inhibiting tu-
mor metastasis. Therefore, our work has the potential to revolutionize the current
breast cancer treatment. For future clinical applications, it may be essential to
analyze the microbes in breast cancer tumors post-surgery and before chemo-
therapy. For those tumors with overexpression of Gal-GalNAc and high levels of bac-
terial colonization, they should be treated with antibiotic-loaded F. nucleatum-
mimetic nanovehicles before chemotherapy is given, so as to achieve the optimal
therapeutic outcome. In addition to loading antibiotics, LipoFM also has the poten-
tial to be utilized for targeted delivery of chemotherapeutic drugs. Moreover, a
deeper comprehension of intratumoral microbes holds the potential to open new
avenues for groundbreaking treatment alternatives for individuals battling cancer.

EXPERIMENTAL PROCEDURES
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Materials availability
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Figure S1. The abundance of F. nucleatum in 4T1 tumors. A) Colony plate images and B) the statistical analysis
of CFU showing the intratumoral F. nucleatum of mice with different treatments as indicated. The black number

528

in each picture indicates the number of CFU in each plate. The dilution of homogenized tumor solution was
20,000. Data are presented as the mean + s.e.m. (n = 3).

A B C
4T1 MCF-7 MDA-MB-231
160, 160,
_ 160 ~ *
= 1201 £ 120 g
> Px1 ~ . ~
S 40 3 40 3
0- 04

° L S

OIS
PRI SSSSS
NN P W Q70 N

%

MOI MOl

Figure S2. The relative viabilities of cells after incubated with different concentration of F. nucleatum for 24
hours. A) Relative viabilities of 4T1 cells, B) MCF-7 cells and (C) MDA-MB-231 cells. Data are presented as
mean £ s.e.m. (n = 5).
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Figure S3. The relative viabilities of cells with different treatments. A-F) Relative viabilities of 4T1 cells (A, D),
MCEF-7 cells (B, E) and MDA-MB-231 cells (C, F) with or without F. nucleatum infection after incubated with
different concentrations of 5Fu (A-C) or OXA (D-F) for 24 h.
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Figure S4. Percentages of cell apoptosis after different treatments as indicated. Data are presented as the
mean + s.e.m. (n = 3). Statistical significance was calculated via two-tailed Student’s t test in GraphPad Prism.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S5. Cell apoptosis after treated with OXA and F. nucleatum. A) Representative flow cytometric analysis
images and (B) percentages of cell apoptosis after different treatments as indicated. Data are presented as the

mean + s.e.m. (n = 3). Statistical significance was calculated via two-tailed Student’s t test (B) in GraphPad
Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S6. The expression of c-caspase 3 after different treatments. A) Western blotting images showing the

expression of c-caspase3 in 4T1 cells after different treatments as indicated. B) The raw data of Western blotting
gel in (A).
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Figure S7. The effect of F. nucleatum on tumor growth. A) Timeline of treatments of mice bearing subcutaneous
4T1 tumors. B) Average tumor growth curves of 4T1 tumors in mice with various treatments as indicated. Growth
curves were stopped when the tumor volumes were larger than 1000 mm? in the corresponding group. Data are
presented as the mean + s.e.m. (n = 6). Statistical significance was calculated via two-tailed Student’s t test (B)
in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Figure S8. Digital photograph of mouse treated with 1 x 10° CFU F. nucleatum.
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Figure S9. F nucleatum promotes chemoresistance in MDA-MB-231 tumors. A) Schematic illustrating the
design of animal experiments in MDA-MB-231 tumor-bearing mice. B, C) Images (B) and weights (C) of MDA-
MB-231 tumors harvested from mice after different treatments as indicated. Data are presented as the mean *
s.e.m. (n = 6). Statistical significance was calculated via two-tailed Student’s-t test (C) in GraphPad Prism.
*p<0.05; *p<0.01; **p<0.001; ****p < 0.0001.
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Figure $10. F£. nucleatum promotes chemoresistance in 4T1 tumors. A) Schematic illustrating the design of
animal experiments in 4T1 tumor-bearing mice, B-D) average tumor growth curves (B), images (C) and weights
(D) of 4T1 tumors harvested from mice after different treatments as indicated. Data are presented as the mean
+ s.e.m. (n = 6). Statistical significance was calculated via two-tailed Student’s-t test (D) and two-way ANOVA
(B) in GraphPad Prism. *p <0.05; **p <0.01; ***p <0.001; ****p < 0.0001.
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Figure S11. H&E, TUNEL and c-caspase 3 staining images of tumors collected from mice with different
treatments on day 14. Scale bar, 200 ym for H&E staining images and 100 um for TUNEL and c-caspase 3

staining images.
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Figure S12. The immunofluorescence staining images of LC 3 in tumors collected on day 14 after different

treatment as indicated. Scale bar, 100 ym.
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Figure S13. Relative viabilities of 4T1 cells infected with F. nucleatum with different treatments as indicated.
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Figure S14. The effect of F. nucleatum on tumor epithelial-mesenchymal transition. The contents of E-cadherin
(A) and N-cadherin (B) in 4T1 cells after cultured with different concentrations of F. nucleatum for 24 hours. Data
are presented as the mean + s.e.m. (n = 3). Statistical significance was calculated via calculated via one-way
ANOVA in GraphPad Prism. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure S15. The effect of F. nucleatum on uptake of 5Fu and OXA by cancer cells. The intracellular contents of
5Fu (A) and OXA (B) in 4T1 cells 24 hours after infected with different concentrations of F. nucleatum. Data are
presented as the mean + s.e.m. (n = 3).
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Figure S16. The levels of IL-1B secreted from 4T1 cells with F. nucleaum infection. Data are presented as the
mean + s.e.m. (n = 3). Statistical significance was calculated via two-tailed Student’s t test in GraphPad Prism.
*p <0.05; **p<0.01; **p <0.001; ****p<0.0001.
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Figure S17. Time lapsed hydrodynamic size and PDI of FM. Data are presented as mean + s.e.m. (n = 3).
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Figure S18. Fluorescence spectra of fused liposomes labeled with FITC and FM labeled with TRITC.

4T1 MDA-MB-231 MCF-7 B16F10

Figure S$19. Representative immunofluorescent staining images showing the levels of Gal-GalNAc (Green) in
4T1, MDA-MB-231, MCF-7 and B16F10 cells. Scare bar, 20 um.
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Figure S20. Flow cytometry analysis of B16F 10 cells incubated with DiD-LipoFM or DiD-LipoFM + Gal-GalNAc
for 24 hours. Statistical analysis of DiD intensity in B16F10 cells. Data are presented as mean £ s.e.m. (n = 3).
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Figure S21. The tumor targeting ability of LipoFM. A) In vivo fluorescence imaging of mice bearing 4T1 tumors
after intravenous injection with DiR-labeled Liposome or DiR-labeled LipoFM. B) Statistical analysis of the
average DiR fluorescence signals in 4T1 tumors based on the images in (A). Data are presented as mean *
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Figure S22. Representative immunofluorescence staining images of the level of Gal-GalNAc (Green) in heart,
liver, spleen, lung, kidney and 4T1 tumor. Scale bar, 200 um.

Figure S23. The H&E staining images of hearts, livers, spleens, lungs, and kidneys of the mice treated with
LipoFM. Scale bar, 500 um.
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Figure S24. The release profiles of colistin from the Colistin-LipoFM incubated in PBS or cell culture media.
Data are presented as mean £ s.e.m. (n = 3).
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Figure S25. The abundance of intracellular F. nulceatum after different treatments. A) Colony plate images and
(B) statistical analysis of the colony-forming units showing the abundance of F. nucleatum in 4T1 cells after
different treatments for 24 hours. Data are presented as mean + s.e.m. (n = 3).
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Figure S26. The individual tumor growth curves of 4T1 tumors in mice with various treatments as indicated in
Figure 5H (n = 8).
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Figure S27. Genus-level microbial composition of paired breast primary tumors, paracancerous tissues and

normal breast tissues.
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Figure S28. The anti-bacteria ability of antibiotics. The relative viabilities of S.sanguis (A), S.xylosus (B), F.
nucleatum (C) and E. faecalis (D) treated with different concentrations of colistin, vancomycin hydrochloride,
doxy for 24 h. Data are presented as mean + s.e.m. (n = 3).
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Figure S29. The concentration of Doxy in 4T1 cells after co-cultured with different formations. Data are
presented as mean £ s.e.m. (n = 3).
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Figure S30. Bacterial colonization in tumors. A, B) Colony plate images (A) and the statistical analysis of CFU
(B) showing the abundance of bacteria in tumors harvested on days 1, 3, 6, 10 and 14 post i.t. injection of
bacteria. The dilution of homogenized solution was 3000. Data are presented as mean = s.e.m. (n = 3).
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Figure S31. The raw data of the western blotting of Tubulin and c-caspase 3 in Figure 3b.
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Figure S32. The raw data of the western blotting of LC 3 in Figure 3F.



Table S1: Information of human breast tumor samples.

Cancer type Sample type
Invasive carcinoma of Cancer
Sample 1 right breast Paracancer
Norm Tissue
_ _ Cancer
Invasive carcinoma of
Sample 2 Paracancer
left breast .
Norm Tissue
_ _ Cancer
Invasive carcinoma of
Sample 3 Paracancer
right breast )
9 Norm Tissue
_ Cancer
Intraductal carcinoma
Sample 4 _ Paracancer
of right breast )
Norm Tissue
_ Cancer
Intraductal carcinoma
Sample 5 _ Paracancer
of right breast i
Norm Tissue
_ _ Cancer
Invasive carcinoma of
Sample 6 Paracancer
left breast )
Norm Tissue
_ _ Cancer
Invasive carcinoma of
Sample 7 Paracancer
left breast .
Norm Tissue
_ _ Cancer
Invasive carcinoma of
Sample 8 _ Paracancer
right breast )
Norm Tissue




Supplemental experimental procedures

Materials, cell lines, bacterial strains, and animals

Lipids including 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and polyethylene glycol-2000
conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG2000) were purchased from Avanti
Polar Lipids. Cholesterol and Fluorescein Isothiocyanate (FITC)-conjugated peanut agglutinin (PNA) were
purchased from Sigma Aldrich. 5-Fluorouracil (5Fu), Oxaliplatin (OXA), Cyclophosphamide (CTX), and
Methotrexate (MTX)  were purchased from  TargetMol, USA. 1,1'-Dioctadecyl-3,3,3',3'"-
Tetramethylindodicarbocyanine,4-Chlorobenzenesulfonate Salt (DiD), 1,1'-dioctadecyl-3,3,3",3"-
tetramethylindotricarbocyanine iodide (DiR), FITC, Colistin, Vancomycin hydrochloride, Doxy, Erythrocin,
Crystal violet and Tetramethylrhodamine (TRITC) were purchased from Sangon Biotech Co., Ltd. DSPE-
PEG2000-Cy5.5 was purchased from Ponsure. Brain heart infusion (BHI) broth, thiolglycollate medium, Luria—
Bertani (LB) medium, and Columbia blood agar base were purchased from Qingdao Hope Biotechnology.
Mouse IL-1B ELISA kit (SEKM-0002), mouse E-cadherin ELISA kit (SEKM-0068) and mouse N-cadherin ELISA
kit (SEKM-0283) was purchased from Beijing Solarbio Science & Technology Co., Ltd. Tissue microarrays were
constructed by Shanghai Zhuoli Biotechnology Co., Ltd (Zhuoli Biotechnology Co,Shanghai, China).

Fusobacterium nucleatum (F. nucleatum) (ATCC 25586) was purchased from the China General
Microbiological Culture Collection Center, Enterococcus faecalis (E. faecalis) (ATCC 29212), Streptococcus
sanguis (S. sanguis) (ATCC 10556) and Staphylococcus xylosus (S. xylosus) (ATCC 29971) were obtained
from the Guangdong Microbial Culture Collection Center (GDMCC). F. nucleatum and S. sanguis were cultured
in Thiolglycollate medium at 37 °C under anaerobic conditions, E. faecalis was cultured in BHI medium at 37 C,
and S. xylosus was cultured in LB medium.

4T1, MCF-7, and MDA-MB-231 cells were purchased from Pricella. Luciferase-transfected 4T1 cells (4T1-
luc) were a gift from L. Zhang at Shanghai Jiao Tong University. MCF-7 cells and MDA-MB-231 cells were
cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin at 37 ‘C in 5% COz2. 4T1 cells and 4T1-
luc cells were cultured in 1640 medium containing 10% FBS and 1% penicillin/streptomycin at 37 ‘C in 5% COs..
The culture media were purchased from Procell Life Science&Technology Co., Ltd.

6-8 weeks female BALB/c mice and 6-8 weeks female BALB/c-Nude mice were purchased from Nanjing
Pengsheng Biological Technology Co. All animal experiments were performed in compliance with the relevant
laws and approved by the Institutional Animal Care and Use Committee of Soochow University (No. ECSU-
2019000198).

Preparation of cytoplasmic membranes derived from bacteria

F. nucleatum was cultured in Thiolglycollate Medium at 37 ‘C under anaerobic conditions for 48 hours.
Subsequently, the bacteria were harvested by centrifugation at 10,000 x g for 10 minutes at4 C and washed
three times with PBS. The F. nucleatum was then resuspended in 10 mL of buffer A containing 1 M sucrose, 0.2
M Tris-HCI, and 2 mg/mL lysozyme, followed by incubation at 37 ‘C with shaking at 120 rpm for 1 hour to obtain
spheroplasts. The spheroplasts were recovered by centrifugation at 10,000 x g for 10 minutes and resuspended
in 10 mL of Buffer B containing 20 mM Tris-HCI, 50 mM NaCl, 5 mM EDTA, and 20% w/v sucrose. The solution
was then sonicated with an ultrasonic power of 300 W 99 times. After sonication, the lysate was subjected to
centrifugation at 10,000 x g for 30 minutes, and the supernatant was collected. To isolate specific components,
3 mL of lysate was layered on top of sucrose with a discontinuous gradient (bottom to top: 2.5 mL at 50% w/v,
1.25 mL at 46% w/v, 2.5 mL at 42% w/v, 2.5 mL at 36% w/v, 2.5 mL at 32% w/v, and 2.5 mL at 27% w/v). The
gradients were then subjected to centrifugation at 50,000xg for 30 minutes at 4 “C. Following centrifugation, 1



mL of the cytoplasmic membrane fraction was collected for Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and silver staining. The same experimental procedure was used to isolate the
cytoplasmic membranes of Escherichia coli.

Synthesis and characterization of LipoFM

Liposomes were synthesized using the reverse-phase evaporation method according to published
literature,' and FM-fused liposomes (LipoFM) were obtained from FM and liposomes after co-extrusion through
a 200 nm polycarbonate membrane for 30 times with the protein-to-lipid mass ratio of 1:20. The size and zeta
potential of LipoFM, FM, and liposomes were measured using a Zetasizer (Malvern). Transmission electron
microscopy (TEM) images of LipoFM were obtained with an FEI Tecnai F20 transmission electron microscope
operating at an acceleration voltage of 200 kV (FEI company).

Measurements of intracellular delivery and antibacterial ability of LipoFM in tumor cells

To assess the cellular adhesion capability of LipoFM, 1 x 10° 4T1 cells were co-cultured with DiD-labeled
LipoFM, Colistin-LipoFM + Gal-GalNAc (10 mM Gal-GalNAc), DiD-labeled LipoEM (formed by fusion of
liposomes and Escherichia coli cytoplasmic membrane), and DiD-labeled liposomes for 24 hours at 37 'C with
5% COs.. After being washed three times with PBS, the cells were suspended in FACS buffer (1% FBS in PBS)
for flow cytometry analysis. In a parallel experiment, cells were fixed and stained with DAPI, followed by imaging
using a fluorescence microscope.

To investigate the targeted uptake of Colistin-LipoFM in 4T1 cells, the cells were incubated with free colistin,
Colistin-Liposome and Colistin-LipoFM with a consistent colistin dosage of 100 ug/mL for 24 hours. Afterward,
the cells were lysed for HPLC analysis. The same experimental procedure was employed to assess the uptake
of Doxy-LipoFM in 4T1 cells.

To evaluate the anti-F. nucleatum ability of Colistin-LipoFM in tumor cells, 4T1 cells infected with F.
nucleatum were co-cultured with free colistin, Colistin-LipoFM, and Colistin-Liposome with the colistin
concentration of 6.76 pg/mL. 24 hours later, the cells were washed and lysed, plated on Columbia blood plates
and cultured in an anaerobic environment.

In vivo targeting ability of LipoFM

To assess the tumor targeting capability of LipoFM and liposomes, mice bearing subcutaneous 4T1 tumors
were intravenously injected with DiR labeled LipoFM or liposome with the equivalent DiR dose. At 2 h, 6 h, 12
h, 24 h, 48 h, and 72 h, mice were imaged using an in vivo imaging instrument (IVIS). 72 hours later, the mice
were sacrificed, and their tumors as well as main organs, including the heart, liver, spleen, lung, and kidney,
were harvested for ex vivo fluorescence imaging.

To evaluate the biodistribution of colistin, mice with subcutaneous 4T1 tumors were intravenously
administered free colistin, colistin-Liposome, and colistin-LipoFM with the same colistin dose of 15 mg/kg. After
24 hours, the mice were sacrificed, and their tumors and main organs were harvested, weighed, and
homogenized in 1 mL solutions composed of water, trichloroacetic acid, Triton X-100, and acetonitrile (in a ratio
of 68:4:8:20), and measured by HPLC. Colistin was detected at a wavelength of 205 nm, and the mobile phase
consisted of an aqueous Na2SO4 solution (30 mM, pH=2.5) and acetonitrile, with a volume ratio of 77:23, and
eluted at a flow rate of 1 mL/min. The same experimental procedure was employed to measure the
biodistribution of Doxy. The mobile phase consisted of a mixture of water and acetonitrile, with a volume ratio
of 60:40, and eluted at a flow rate of 1 mL/min. Doxy was detected at a wavelength of 365 nm.



In vitro antibacterial experiments

F. nucleatum, S. xylosus, S. sanguis, and E. faecalis were added to the liquid culture media at a
concentration of 1x108 colony-forming units (CFU)/mL. Subsequently, antibiotics including Colistin, Vancomycin
hydrochloride, Doxy with various concentration gradients were added and incubated at 37 “C for 48 hours,
followed by the addition of ten microliters of BacTiter-Glo (G8233) per 30 uL of culture media. The relative
viability of bacteria in the presence of different antibiotics was determined in comparison to the control according
to the luminescence intensity.

Intratumor CFU counting assay

To assess the antibacterial efficacy of Colistin-LipoFM, the tumors were collected six days after different
treatments and homogenized under sterile conditions. The samples were then diluted and plated onto BHI agar
plates supplemented with 5 g/L yeast extract, 0.5 g/L L-cysteine hydrochloride, 5 mg/L chlorhematin, 1 pL/L
vitamin K1,2 4 mg/L vancomycin hydrochloride (Eradication of Gram-positive bacteria), 4 mg/L erythromycin,
and 1 mg/L crystal violet (used for the isolation and presumptive identification of F. nucleatum).>* The plates
were incubated at 37 °C in an anaerobic environment for 7 days, and the number of colonies was subsequently
recorded using a colony counter. The antibacterial efficacy of Doxy-LipoFM was measured using the similar
method, except the bacteria were plated onto Columbia blood agar plates.

DNA extraction, quantification and sequencing of tumor bacteria

DNA was extracted from tissues using the FastPure Blood/Cell/Tissue/Bacteria DNA Isolation Mini Kit
(Vazyme) supplemented with 1 mg/mL lysozyme. PBS was used as a surrogate for tissue to undergo the same
processing steps as tissue samples, and the final DNA product served as the environmental bacteria control
(EBC). The bacterial abundance in tissues was quantified using quantitative polymerase chain reaction (QPCR).
Each gPCR reaction included 100 ng of DNA, 0.2 uM primers, and a final concentration of 1x SYBR Green
PCR Master Mix. DNA amplification and detection were carried out under the following reaction conditions: initial
denaturation at 95 °‘C for 10 min, followed by 40 cycles of denaturation at 95 ‘C for 15 s and
annealing/extension at 60 ‘C for 1 min. The primer sequences used were GGTGAATACGTTCCCGG and
TACGGCTACCTTGTTACGACTT.? Bacterial copy numbers were determined using standard curves constructed
with DNA from E. coli DH5a as reference bacteria.® Concurrently, we utilized pure DEPC-treated water as a
non-template control (NTC) during gPCR quantification assays.

The same experimental procedure was used to quantitatively analyze the abundance of F. nucleatum. The
primer sequences for each assay were as follows: F nucleatum gene forward primer,
CAACCATTACTTTAACTCTACCATGTTCA; F. nucleatum genus reverse primer,
ATTGACTTTACTGAGGGAGATTATGTAAAAATC.” F. nucleatum copies were determined using standard
curves constructed with DNA of F. nucleatum.

The information of samples was provided in Table S1. Samples were collected, processed and sequenced
according to standard procedure®. Briefly, frozen tissue samples (40-70 mg) were extracted with CTAB method.
All negative controls were processed according to the same protocols. Different controls including sampling
control, DNA extraction control and no-template PCR amplification control were included to account for the
various sources of contamination from the hospital and laboratory environments as well as the different stages
of handling and processing of the samples. 16S rRNA gene amplification and sequencing was carried out by
amplifying 5 regions on the 16S rRNA gene in multiplex. The libraries were sequenced using the Illumina
NovaSeq 6000 system. The resulting reads were demultiplexed, filtered and aligned to the five amplified regions
based on the primers’ sequences. To combine the read counts from these regions accurately, the Short Multiple



Regions Framework (SMURF) method was employed.® For reference, the GreenGenes database (May 2013
version, with some improvements) was used. To ensure the reliability of the data, a series of filters were applied
to detect and eliminate any contamination, as described in reference.?

In vivo experiment

To evaluate the in vivo behaviors of F. nucleatum in mice, 2 x 108 4T1 cells were injected into the breast
pad of female BALB/c mice on day -7. On day 0, when the volume of 4T1 tumors reached 50-100 mm?3, F.
nucleatum was intravenously (i.v.) injected with a dose of 5 x 107 CFU, and the breast tumors, paracancerous
tissue, normal breast tissue and other major organs were harvested for gqPCR analysis 72 hours later.

To evaluate the in vivo antibacterial ability of Colistin-LipoFM, 2 x 108 4T1 cells were subcutaneously
injected into female BALB/c mice on day -7. 1 x 107 CFU of F. nucleatum was intratumorally (i.t.) injected into
tumors on day 0, the above mice were randomly divided into four groups: 1) Untreated; 2) Colistin (i.v.); 3)
Colistin-Liposome (i.v.); 4) Colistin-LipoFM (i.v.). Free colistin, Colistin-Liposome, Colistin-LipoFM were i.v.
injected with the colistin dose at 15 mg/kg on days 1, 3 and 5. On day 6, the tumors were collected for CFU
counting.

To evaluate the in vivo antibacterial ability of Doxy-LipoFM, 2 x 10° 4T1 cells were subcutaneously injected
into female BALB/c mice on day -7. The bacteria, including F. nucleatum (2 x 108 CFU), S. sanguis (2 x 10°
CFU), S. xylosus (2 x 108 CFU) and E. faecalis (2 x 10 CFU), were i.t. injected into the breast tumors on day
0. The bacteria-infected mice were randomly divided into four groups: 1) Untreated; 2) Doxy (i.v.); 3) Doxy-
Liposome (i.v.); 4) Doxy-LipoFM (i.v.). Free Doxy, Doxy-Liposome, Doxy-LipoFM were i.v. injected with the Doxy
dose at 15 mg/kg on days 1, 3 and 5. On day 6, the tumors were collected for CFU counting.

To evaluate the effect of F. nucleatum on chemotherapy, 2 x 108 4T1 cells were subcutaneously injected
into female BALB/c mice on day -7. When the volume of 4T1 tumors reached 50-100 mm? on day 0, the mice
were randomly divided into three groups: 1) Untreated; 2) 5Fu (i.p.); 3) 5Fu (i.p.) + F nucleatum (i.t.). F.
nucleatum was i.t. injected into tumors at a dose of 1 x 107 CFU on day 0, and 5Fu was intraperitoneally (i.p.)
injected with the dose of 25 mg/kg on days 1, 3, 5, 7, 9, 11 and 13. Then, the volume of 4T1 tumors was
monitored every other day, and mice were euthanized on day 14. Their tumors were imaged, weighed and
collected for hematoxylin and eosin (H&E), terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL), Cleaved Caspases 3 and LC3 staining. A similar experiment was conducted for the MDA-MB-231
tumor model, except that 2 x 10° MDA-MB-231 cells mixed with Matrigel (Corning 354248) were subcutaneously
injected into female BALB/c-Nude mice on day -14. To evaluate the effect of OXA on the F. nucleatum-infected
mouse breast tumor model, 2 x 10° 4T1 cells were subcutaneously injected into female BALB/c mice on day -
7. F. nucleatum was i.t. injected into tumors at a dose of 1 x 107 CFU on day 0, and OXA was i.p. injected with
a dose of 4 mg/kgondays 1,4 and 7.

To evaluate the therapeutic effect of Colistin-LipoFM to overcome F. nucleatum-induced chemoresistance,
2 x 104T1 cells were subcutaneously injected into female BALB/c mice on day -7. When the volume of 4T1
tumors reached 50-100 mm? on day 0, the mice were randomly divided into six groups: 1) Untreated; 2) 5Fu
(i.p.); 3) 5Fu (i.p.) + F nucleatum (i.t.); 4) 5Fu (i.p.) + F. nucleatum (i.t.) + free colistin (i.v.); 5) 5Fu (i.p.) + F.
nucleatum (i.t.) + Colistin-Liposome (i.v.); 6) 5Fu (i.p.) + F. nucleatum (i.t.) + Colistin-LipoFM (i.v.). F. nucleatum
was i.t. injected into each tumor with the dose of 1 x 107 CFU on day 0, 5Fu was i.p. injected with a dose of 25
mg/kg on days 1, 3, 5, 7, 9, 11 and 13, and free colistin, Colistin-Liposome, Colistin-LipoFM were i.v. injected
with the colistin dose at 15 mg/kg on days 1, 3 and 5. The sizes of the tumors were measured every other day,
and the mice were euthanized when their tumor volume reached 1,000 mm?.

To evaluate the therapeutic effect of Doxy-LipoFM to overcome bacteria-induced lung metastasis. 2 x 108



4T1-luc cells were injected into the breast pads of BALB/c mice to establish an orthotopic breast tumor model
on day -7. On day 0, the mice were randomly divided into three groups: 1) Untreated; 2) Bacteria (i.t.); 3) Bacteria
(i.t.) + Doxy-LipoFM (i.v.). The bacteria including F. nucleatum (2 x 108 CFU), S. sanguis (2 x 108 CFU), S.
xylosus (2 x 10 CFU) and E. faecalis (2 x 108 CFU) were i.t. injected into the breast tumors on day 0, Doxy-
LipoFM was i.v. injected with the Doxy dose of 15 mg/kg on days 1, 3 and 5. The progression of lung metastases
was monitored using an in vivo bioluminescence imaging system (Perkin Elmer). On day 18, the tumors and
lungs of mice with different treatments were collected for H&E staining and homogenized for CFU counting.

To evaluate the therapeutic effect of Doxy-LipoFM in promoting combination chemotherapy in bacteria-
infected orthotopic breast cancer. 4T1-luc cells (2 x 10°) were injected into the breast pads of BALB/c mice to
establish an orthotopic breast tumor model on day -7. On day 0, the mice were randomly divided into five groups:
1) Untreated; 2) Bacteria (i.t.); 3) CMF (i.p.); 4) CMF (i.p.) + Bacteria (i.t.); 5) CMF (i.p.) + Bacteria (i.t.) + Doxy-
LipoFM (i.v.). The bacteria, including F. nucleatum (2 x 10 CFU), S. sanguis (2 x 108 CFU), S. xylosus (2 x 10°
CFU) and E. faecalis (2 x 108 CFU), were i.t. injected into the breast tumors on day 0, Doxy-LipoFM was i.v.
injected with the Doxy dose of 15 mg/kg on days 1, 3 and 5. For the CMF-treated groups, cyclophosphamide
(CTX) and methotrexate (MTX) were i.p. injected with a dose of 100 mg/kg CTX and 20 mg/kg MTX on days 1
and 7, 5Fu was i.p. injected with a dose of 25 mg/kg on days 1, 3, 5, 7, 9, 11 and 13. The sizes of the primary
tumors were measured every other day, and the progression of lung metastases was monitored using an in vivo
bioluminescence imaging system every six days. On day 18, the mice were euthanized, and their tumors and
lungs were collected for H&E, TUNEL and Ki67 staining.
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