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Abstract Metastatic dissemination is the major cause of death from breast-cancer (BC). Fusobacter-

ium nucleatum (F.n) is widely enriched in BC and has recently been identified as one of the high-risk

factors for promoting BC metastasis. Here, with an experimental model, we demonstrated that intratu-

moral F.n induced BC aggressiveness by transcriptionally activating Epithelial-mesenchymal transi-

tion-associated genes. Therefore, the F.n may be a potential target to prevent metastasis. Given the

fact that cancer-associated fibroblasts (CAFs) are abundant in BC and located near blood vessels, we

report an optogenetic system that drives CAF to in situ produce human antibacterial peptide LL37, with

the characteristics of biosafety and freely intercellular trafficking, for depleting intratumoral F.n, leading

to a 72.1% reduction in lung metastatic nodules number without affecting the balance of the systemic

flora. Notably, mild photothermal treatment was found that could normalize CAF, contributing to syner-

gistically inhibiting BC metastasis. In addition, the system can also simultaneously encode a gene of

TNF-related apoptosis-inducing ligand to suppress the primary tumor. Together, our study highlights

the potential of local elimination of tumor pathogenic bacteria to prevent BC metastasis.
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1. Introduction
Metastatic breast-cancer (MBC) is a leading cause of cancer-
related female mortality worldwide1,2, and despite improvements
in BC treatments, the 5-year survival rate of MBC patients
remains low at only 30%3. Therefore, it is crucial to elucidate the
underlying mechanisms of metastasis in MBC patients. Recently,
the intratumoral microbiota has been identified as an integral
tumor component4-6, and microbiotaehost interactions play an
important role in the progression of BC7-10. With the development
of metagenomics sequencing, descriptive analysis of the breast
tumor microbiota gained explosive growth, and a variety of
microbiota involved in BC carcinogenesis have been revealed,
such as Fusobacterium nucleatum (F.n)11, Archangium12 and
Dicipivirus13. The research found that the lectin Fap2 mediated
the recognition of host Gal-GalNAc by F.n and helped F.n to
localize in BC tissues abundantly14. Notably, clinical data showed
that F.n increased abundance in higher-stage BC and is highly
associated with metastasis. However, the mechanism for F.n in BC
metastasis has not yet been fully elucidated.

In an experimental model, we observed that F.n significantly
promoted lung metastasis of BC and revealed that intratumoral F.n
induced BC aggressiveness by activating Epithelial-mesenchymal
transition (EMT) that largely determines the invasion/spread and
subsequent re-localization of cancer cells in distant organs15-16.
Therefore, destroying intratumoral F.n is a potential therapeutic
strategy for anti-BC metastasis. Compared with traditional anti-
biotics, antimicrobial peptides have obvious advantages in directly
killing pathogens without inducing drug resistance17-18. In
particular, the human antimicrobial peptide LL37, an intrinsic part
of the human innate immune system19, can move freely across the
cell membrane and between cells20 with low toxicity to the host
cells21, which has been successfully applied in human clinical
studies22-23. However, systematically administrated LL37 has poor
physicochemical stability24-25 and a high risk of disrupting the
balance of the systemic microflora. Recently, optogenetics has
been adopted for accurately regulating the expression of poly-
peptides or proteins26-27, with the advantage of noninvasiveness,
Scheme 1 Schematic diagram of the optogenetic system locally producin

metastatic BC.
spatial specificity and reversibility28. Thus, in situ expression of
LL37 by the optogenetic system has the potential for local elim-
ination of F.n with high precision and spatial specificity.

Given the fact that CAF preferentially captures most of the
nanoparticles or drugs attempting to enter the tumor core site
because they are always located near blood vessels and are
abundant in BC29-30, an optogenetic system (OBA/pHSP-LL37)
targeting CAF was designed, composed of the eutectic mixture
(ONP), aminoethyl anisamide-grafted albumin and LL37 plasmid,
which drives CAF to in situ produce human antibacterial peptide
LL37 for depleting intratumoral F.n without affecting the balance
of the systemic flora (Scheme 1). Notably, the ONP has excellent
reversible thermochromism, which supports the optogenetic sys-
tem to maintain a preset temperature (42 �C) under laser irradia-
tion to avoid damage to transfected cells caused by hyperthermia.
Unexpectedly, CAF morphology was altered upon exposure to
mild heat, and the transcriptome results revealed that CAF was
quiesced, which will contribute to synergistic inhibition of BC
metastasis. Besides, we added a TNF-related apoptosis-inducing
ligand (TRAIL) to the plasmid in the optogenetic system (referred
to as OBA/pHSP-LL37-TRAIL) to suppress primary tumor and
metastasis. Together, the strategy of depleting intratumoral path-
ogenic microorganisms provides a new perspective for preventing
BC metastasis.
2. Materials and methods

2.1. Materials

2-Anilino-6-(dibutylamino)-3-methylfluoran (ODB-2), poly-
ethylene glycol (PEG), and taipan blue staining cell viability assay
kits were purchased from Shanghai Yuanye (China). b-Naphthol
(Naph) and ethylamine were purchased from Sinopharm (China).
DNase I, bovine serum albumin (BSA), paclitaxel (PTX), DMEM
and RPMI1640 were purchased from Beijing Solaibao (China).
Fetal bovine serum was purchased from Gibco (USA). A rapid
plasmid extraction kit was purchased from Novozymes (China).
g antibacterial peptide to deplete intratumoral pathogen for preventing
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Lysosomal green fluorescent probes were purchased from Thermo
Fisher Scientific (USA). Annexin V-FITC Apoptosis Detection Kit
was purchased from KEYGEN BIOTECH (China).

2.2. Cell lines and bacterial strains

Mouse breast cancer cell line (4T1) was obtained from Targeting
Therapy and Diagnosis for Critical Diseases, Henan Province,
China. Mouse embryonic fibroblasts (NIH3T3) were obtained
from Procell Life Science&Technology (China). The cell lines
were cultured in RPMI1640 or DMEM (Gibco, USA) containing
10% FBS (Gibco, USA) (5% CO2, 37

�C).
F. nucleatum (F.n, ATCC 25586) was purchased from the

Shanghai Strain Conservation Center (China), and cultured at
37 �C in an anaerobic environment (10% CO2, 10% H2, 80% N2).
Fresh medium of F.n was prepared with Brain Heart Infusion broth
(BHI, Guangdong Huankai Microbial Sci. & Tech, China). All
bacteria were purified from colonies isolated on the plates for
subsequent liquid pass-aging cultures. The optical density (OD)
values of the bacterial suspensions were measured using UV ab-
sorption spectrometry (Shimadzu, Japan) at 600 nm (OD600 of 0.1
corresponds to 1 � 108 CFU/mL).

2.3. Evaluating the effect of different temperatures on cell
viability

NIH3T3 was induced to CAF with 10 ng/mL TGF-b (PeproTech,
China). CAF was inoculated into 96-well plates at 8 � 103/well
density and heated at different temperatures for 30 min (37, 39,
42, and 45 �C) after growth density to 90%. Absorbance at 450 nm
was measured on a microplate absorbance reader (Thermo Sci-
ence, USA) to calculate cell viability.

2.4. Construction of pHSP-LL37 and pHSP-LL37-TRAIL

Plasmid pHSP-LL37 contains a heat promoter (HSP70 promoter)
and F.n targeting LL37 (this part is a fusion protein containing F.n
targeting peptide EC5, antimicrobial peptide LL37). Besides the
HSP70 promoter and LL37, the apoptosis protein TRAIL was
added to pHSP-LL37-TRAIL. The plasmids were synthesized by
the Shenzhen Genomics Institute (China).

2.5. Preparation and characterization of OBA

To synthesize cBSA, BSA (20 mg) was dissolved in 5 mL of
deionized water. Then, the solution above was mixed with 5 mL of
1 mol/L ethylamine and the pH was adjusted to 4.75 with hy-
drochloric acid. After 20 min, the appropriate amount of EDC and
NHS were added (EDC:NHS molar ratio of 4:5), and the mixture
was stirred slowly at room temperature for 2 h. The reaction was
terminated by adding 110 mL of 4 mol/L acetic acid-sodium ac-
etate (pH Z 4.75). The samples were dialyzed with 8000‒
14,000 Da dialysis bags for 48 h and then were freeze-dried for 2
days. After that, cBSAwas obtained and characterized by Infrared
spectroscopy analysis (FT-IR) (Thermo Fisher Scientific, USA)
and Dynamic light scattering (DLS).

Subsequently, the cBSAwas modified with the targeting ligand
aminoethyl anisamide (AEAA) by amide reaction. In brief,
appropriate amounts of EDC and NHS were added to the AEAA-
PEG-COOH solution (1 mg/mL) and the mixture was stirred
slowly at room temperature for 15 min. The pH of the solution
was raised to 7.2e7.5, and the cBSA solution was added and
stirred at room temperature for 2 h. The solution was collected and
dialyzed using deionized water for 48 h (MWCO Z 8000‒
14,000 Da) and freeze-dried to obtain cBSA-A. cBSA-A was
characterized by FT-IR.

Finally, the reversible thermochromic nanoparticles
ONP@cBSA-A (OBA) were prepared by dispersing the molten
ONP into cBSA-A. In brief, a mixture of ODB-
2:Naph:PEG Z 1:5:60 was heated to a molten state by an infrared
heater, and the obtained ONP was dissolved in acetone, and then
added to the cBSA-A solution. The above mixture was stirred
slowly overnight to form OBA. The melting points of ODB-2,
Naph, PEG, and ONP samples were tested by differential scan-
ning calorimetry (DSC) (NETZSCH, Germany).

2.6. Preparation and characterization of OBA/pDNA

The plasmid (pDNA) and OBA solution were diluted with DNase/
RNase-free ddH2O and stabilized in 1.5 mL EP tubes at room
temperature for 5 min. Then, the two tubes were mixed according
to the optimal weight ratio of pDNA and OBA, and stood at room
temperature for 30 min to obtain OBA/pDNA. OBA/pDNA was
characterized by DLS and Transmission electron microscope
(TEM) (Hitachi HT7700, Japan).

2.7. Evaluation of photothermal performance in vitro

OBA was synthesized with different molecular weight PEGs
(PEG1k, PEG2k, and PEG4k) and was exposed to laser irradiation
at 660 nm (1.5 W/cm2) for 30 min. The temperature of the OBA
solution was measured with an infrared camera (FLuke, USA) to
confirm the composition of the final formulation.

The precise temperature control capability of OBA was eval-
uated by varying the power density of the laser irradiation (1, 1.5,
2, and 2.5W/cm2), the concentration of OBA (30, 40, and 80 mg/mL)
and initial temperature of OBA solution (20, 25, and 37 �C)
under 660 nm laser irradiation.

The colour and UV absorption spectrum of the OBA solution
(40 mg/mL) were observed and recorded before and after laser
irradiation by an infrared camera (USA), and the temperature
curves were plotted to estimate the reversible thermochromism of
OBA.

OBA solution (40 mg/mL) was heated and cooled for five cy-
cles to investigate the photothermal stability of OBA (660 nm,
1.5 W/cm2).

2.8. Gel retardation assay

The pHSP-LL37 condensation ability of OBA was determined by
agarose gel retardation assay. In brief, the OBA solution was
mixed with pHSP-LL37 at different mass ratios (pHSP-LL37
amount of 500 ng). The mixture was gently vortexed for 30 s and
allowed to stand at room temperature for 30 min. 1% Agarose gel
electrophoresis was performed in 1 � TAE flow buffer and imaged
using a gel imaging system (Syngene, USA).

To examine the ability of OBA to protect the plasmid, nuclease
(DNase I) was co-incubated with OBA/pHSP-LL37. In brief, 1 mL
of DNase I (2 U/mL) was added to OBA/pHSP-LL37 (containing
500 ng of pHSP-LL37) for 30 min at 37 �C. After that, 1 mL
EDTA (100 mmol/L) was immediately added to terminate the
reaction and agarose gel electrophoresis was performed.
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2.9. Cytotoxicity assay in vitro

CAFs were inoculated into 96-well plates at a density of 8 � 103/
well, and different concentrations of OBA/pHSP-LL37 (10, 20,
30, 40, 50, 60, and 80 mg/mL) were added after cell growth
density reached 80%. The preparations were eluted with PBS after
24 h incubation and cell viability was determined by the CCK-8
method.

2.10. Cellular internalization assay

The CAF uptake of OBA/pDNA was observed by a Confocal
Laser Scanning Microscope (CLSM) (Leica, Germany). CAFs
were inoculated at a density of 8 � 104/well in a 24-well plate and
cultured overnight. The free pDNA (labeled with Cy5), the OB/
pDNA (without targeting ligand), and OBA/pDNA (with target-
ing ligand) were added into CAFs, respectively. After 4 h incu-
bation at 37 �C, cell uptake was observed by CLSM.

2.11. Endosomal escape assay

CAFs were inoculated in 15 mm confocal dishes (1 � 105/dish)
and cultured overnight. After transfection with OBA/pDNA
(pDNA, 2.5 mg/dish, labeled with Cy5) for 1, 3, and 6 h, lyso-
somal escape was observed with CLSM.

2.12. Optogenetic activation assay in vitro

The green fluorescent protein (GFP) gene was encoded into the
plasmid to investigate the optimal transfection conditions of OBA/
pHSP-LL37. CAFs were inoculated at 8 � 104/well in 24-well
plates and incubated for 24 h. After 6 h of OBA/pHSP-LL37
transfection, the supernatant was discarded and the wells were
continuously exposed to laser (660 nm, 1.5 W/cm2) for 15, 30, and
45 min, respectively. The expression of GFP in CAF was detected
by CLSM and flow cytometry at 24 h to assess the optimal time
point for laser irradiation.

The expression of GFP was detected by flow cytometry and
CLSM to explore the optimal time for protein expression. After
transfection with OBA/pHSP-LL37 (2 mg/well) for 6 h, the well
plates were continuously exposed to laser (660 nm, 1.5 W/cm2)
for 30 min. The above cells were detected by CLSM and flow
cytometry at 12, 24, and 48 h, respectively.

Based on the above analysis, expression of LL37 and TRAIL
were investigated in mRNA and protein levels. CAFs were inoc-
ulated at 2 � 105/well in 6-well plates containing fresh medium
with 10% FBS and incubated to 80% density. CAFs were treated
with different preparations, respectively. Cells were collected to
detect the mRNA expression of LL37 and TRAIL at 12 h post-
laser irradiation. Under the same conditions, the supernatant of
the above cell was collected at 24 h post-laser irradiation, and the
levels of secreted proteins were quantified by enzyme-linked
immunosorbent assay (ELISA).

2.13. Antibacterial experiments in vitro

The CAF was treated with control, OBA(�), OBA(þ), OBA/
pHSP-LL37(�), and OBA/pHSP-LL37(þ), respectively. After
that, the supernatant of CAF was collected and incubated with the
F.n solution for 8 h at 37 �C. F.n was collected and resuspended
with the configured PI staining working solution for 15 min. The
killing of F.n was examined by flow cytometry and CLSM. In
addition, F.n (1 � 105 CFU/mL) was co-incubated with super-
natants from each group in 96-well plates for 24 h. UVabsorbance
was measured at 600 nm to monitor F.n growth during incubation.

To further estimate the antibacterial activity of OBA/pHSP-
LL37, F.n (1 � 105 CFU/mL) was co-incubated with supernatants
from each group at 37 �C for 8 h and the integrity of F.n was
observed by Scanning electron microscopy (SEM) (Hitachi,
Japan).

2.14. Tumor cell apoptosis assay

4T1 cells were inoculated into 6-well plates at a density of
2 � 105/well and cultured overnight. The supernatants of CAFs
receiving different treatments were co-cultured with 4T1 for 24 h.
After that, 4T1 cells were stained with Annexin V-FITC and PI,
and detected by flow cytometry.

2.15. Animal care and use

BALB/c and BALB/c-nude mice (female, 6e8 weeks old) were
purchased from SPF (Beijing) Biotechnology Co., Ltd. (China) and
housed at Zhengzhou University Laboratory Animal Center at
25 �C and 55% humidity. The experimental animal license
numbers are SCXK (Beijing) 2019-0010 and SCXK (Beijing)
2024-0001, respectively. Animals were bred following the
Zhengzhou University Guide for the Care and Use of Laboratory
Animals. All animal handling procedures were performed in
accordance with the guidelines of the Regional Ethics Committee
for Animal Experiments and the Care Regulations approved by the
Institutional Animal Care and Use Committee of Zhengzhou
University.

2.16. Animal model establishment

A F.n-infected fibrosis-metastatic breast cancer model was
established to evaluate the anti-metastatic activity of OBA/pHSP-
LL37(þ). In brief, 4T1 cells (1 � 106 cells) and CAFs
(5 � 105 cells) were co-inoculated into the right 3rd mammary fat
pad of BALB/c mice. When the tumor size reached 400e500 mm3,
F.n (100 mL, 1 � 108 CFU) was given by intratumoral multi-point
injections to establish F.n-infected breast cancer model.

2.17. Biodistribution analysis of OBA/pHSP-LL37

OB/pHSP-LL37 and OBA/pHSP-LL37 were labeled with Near-
infrared fluorescent dye (IR783). The tumor-bearing mice were
injected intravenously (i.v.) with IR783, OB/pHSP-LL37/IR783
and OBA/pHSP-LL37/IR783 (2 mg/kg of IR783), respectively.
Live imaging was performed at predetermined time intervals (6,
12, 24, 48, and 72 h) after injection. Mice were executed at 72 h,
and then the heart, liver, spleen, lung, kidney, and tumor were
taken for in vitro fluorescence imaging.

2.18. Evaluation of photothermal performance in vivo

The tumor-bearing mice were injected i.v. with 120 mL PBS and
OBA/pHSP-LL37 (24 mg plasmid per mouse), respectively. After
12 h of injection, the tumors’ positions were exposed to a 660 nm
laser for 30 min. The temperatures of the tumor sites were
recorded with an infrared camera (USA). Morphological charac-
teristics of the tumor sites were recorded with a camera before and
after laser irradiation.

https://dictionary.cambridge.org/zhs/%E8%AF%8D%E5%85%B8/%E8%8B%B1%E8%AF%AD-%E6%B1%89%E8%AF%AD-%E7%AE%80%E4%BD%93/establish
https://dictionary.cambridge.org/zhs/%E8%AF%8D%E5%85%B8/%E8%8B%B1%E8%AF%AD-%E6%B1%89%E8%AF%AD-%E7%AE%80%E4%BD%93/establish
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2.19. The anti-metastatic activity of the optogenetic system

The 4T1 tumor-bearing mice were randomly divided into 5
groups: control, OBA(�), OBA(þ), OBA/pHSP-LL37(�), and
OBA/pHSP-LL37(þ) (120 mL, 24 mg plasmid per mouse, n Z 5).
“(þ)” represents laser irradiation of mouse tumor tissue for 30 min
(660 nm, 1.5 W/cm2) at 12 h post-injection. The drug was
administered i.v. at two-day intervals for a total of five doses. At
the end of treatment, lungs and tumor tissues were gained.
Metastasis nudes and sections of the lungs were observed to
evaluate the anti-metastasis effect. Tumor tissues were stained to
analyze intratumoral F.n, a-SMA, Masson staining, fibronectin,
E-cadherin, and b-catenin, respectively.

2.20. The anti-metastatic activity of the LL37

The tumor-bearing nude mice were randomly divided into 2
groups: control, LL37 (100 mL, 3 mg per mouse, n Z 3). The
LL37 was administered intratumorally at two-day intervals for a
total of five doses. At the end of treatment, lungs and tumor tissues
were gained. Metastasis nudes of the lungs were observed to
evaluate the anti-metastasis effect. Tumor tissues were stained to
analyze intratumoral F.n.

2.21. Toxicity studies

Peripheral blood of 4T1 tumor-bearing mice was collected after
single or multiple dosing to assess the biosafety of OBA/pHSP-
LL37 (routine blood indicators: hemoglobin (HGB), mean red
blood cell volume (MCV), platelets (PLT), and red blood cells
(RBC); Indicators of liver function tests: total bilirubin (TBIL),
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and gamma-glutamyl transpeptidase (GGT); Indicators of
renal function tests: creatinine (CREA), uric acid (UA), urea
(UREA). Major organs were collected from 4T1 tumor-bearing
mice and H&E staining was performed to further assess the
biosafety of OBA/pHSP-LL37. Fecal specimens were collected
for 16S rDNA sequencing to assess the effect of OBA/pHSP-LL37
on the gut microbiota.

2.22. The anticancer activity of the photoactivatable OBA/
pHSP-LL37-TRAIL system

The tumor-bearing mice were randomly divided into 6 groups: (1)
Control, (2) PTX, (3) OBA(þ) þ PTX, (4) OBA/pHSP-
LL37(�) þ PTX, (5) OBA/pHSP-LL37(þ) þ PTX, and (6) OBA/
pHSP-LL37-TRAIL(þ) (n Z 5). The drugs were administered at
two-day intervals for a total of five doses. After formulation in-
jection, PTX (2 mg/kg) was administered by i.v. injection. The
body weight and tumor size of mice were measured for a total of
18 days. Lungs were dissected to observe lung metastasis. Tumors
were harvested for Fluorescence in situ hybridization (FISH) (F.n),
immunohistochemistry (TRAIL, Ki67), and TUNEL staining.

2.23. Statistical analysis

Quantitative data were expressed as “mean � standard deviation”.
One-way analysis of variance (ANOVA) and post hoc multiple
comparison tests were used for comparisons between multiple
groups, and independent samples t-tests were used for compari-
sons between two groups, plotted using SPSS. Differences were
considered significant when *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.

3. Results and discussion

3.1. F.n promotes BC metastasis by activating EMT signaling
pathways

To investigate the effect of F.n on metastasis of BC, we con-
structed a 4T1 tumor-bearing mice model. On the 18th day after
intratumoral multipoint injection of F.n, the lungs (one of the main
metastatic organs of BC) were dissected and examined (without
the F.n group, labeled as control; F.n-treated group, labeled as
F.n). As shown in Supporting Information, Fig. S1A and S1B the
lung metastatic nodule number in F.n group was significantly
higher than that of the control group, suggesting that F.n promotes
BC metastasis. We next seek to understand how F.n contributes to
cancer cell invasiveness by transcriptional analyses of F.n-treated
4T1 tumor tissues. A total of 365 differentially expressed gene
profiles were detected. Among these genes, 252 genes were up-
regulated and 113 genes were down-regulated (Fig. S1C). Based
on these differential genes, KEGG pathway enrichment analysis
showed that F.n impacted multiple aspects of BC cells and nearly
all these genes were involved in EMT, including Wnt signaling
pathway, NF-Kappa B signaling pathway, IL-17 signaling
pathway, focal adhesion, adhesion junction, tight junction and cell
adhesion molecules, etc (Fig. S1D). In substantiating these
changes, increased b-catenin (key EMT-related transcriptional
factor cluster)31 and reduced E-cadherin (loss of E-cadherin
expression is a hallmark of EMT)32 were verified at the protein
level in the F.n-treated orthotopic tumors (Fig. S1E). Furthermore,
the same trend was observed at the cellular level (Fig. S1F). The
results demonstrated that F.n drives the transcriptional activation
of the genes responsible for EMT induction. Given that EMT is the
important driving force for cancer metastasis33 and is highly
associated with F.n in BC, depleting intratumoral F.n is a potential
therapeutic strategy for anti-BC metastasis.

3.2. Preparation and characterization of CAF-targeted
optogenetic system OBA/pHSP-LL37

The human antimicrobial peptide LL37 has been successfully
applied in human clinical studies due to its direct killing of
pathogens without inducing drug resistance. However, systemati-
cally administrated LL37 has poor physicochemical stability and a
high risk of disrupting the balance of the systemic microflora.
With the development of optogenetic engineering, locally
expressing LL37 in the tumor is an emerging and safe method for
depleting intratumoral pathogens. Given that CAF has high pro-
portion and preferentially located near blood vessels in BC
(Fig. 1A), CAF was listed as the potential candidate for LL37
production. Subsequently, we designed an optogenetic system Au/
pHSP-GFP, by loading a green fluorescent protein (GFP) plasmid
on a cationic polymer-coated gold nanorod (Au with a good
photothermal conversion), to further evaluate the potential of CAF
as a cell “factory”. After 24 h of intravenous injection of Au/
pHSP-GFP (laser for 10 min, 808 W/cm2), the overall GFP-
positive rate of tumor tissue remarkably increased (Fig. 1B and
Supporting Information Fig. S2). Among the GFP-positive cells,
the average percentage of intratumoral representative cell types
was 14.5% (tumor cells), 45.4% (CAFs) and 13.5% (Myeloid



Figure 1 Preparation and characterization of OBA/pHSP-LL37. (A) IF images of a-SMA (red for fibroblasts) and CD31 (green for blood

vessels) in 4T1 tumor tissue (BALB/c mice). Scale bar Z 50 mm. (B) Representative flow cytometric analysis of GFP-positive cells in 4T1 tumor

tissue (BALB/c mice) after treatment with Au/pHSP-GFP via intravenous injection. (C) Representative flow cytometric analysis of GFP-positive

cells in each population. (D) Quantification of GFP-positive cells after transfection with Au/pHSP-GFP at different temperatures, nZ 3. One-way

ANOVA with Bonferroni’s post-test was performed, ***P < 0.001 and ****P < 0.0001. Data are represented as mean � SD. (E) Preparation

process of OBA. (F) Heating curves of OBA prepared by PEG with different molecular weights. (G) Thermal infrared images and heating curves

of OBA. (H) Heating curves of OBA at different power densities. (I) Heating curves of OBA at different initial temperatures of OBA solution. (J)

Schematic illustration of the thermochromic mechanism. (K) UV absorption spectra of OBA before and after laser irradiation. (L) The pHSP-

LL37 condensation ability of OBAwas determined by agarose gel retardation assay. (M) TEM images of OBA/pHSP-LL37. Scale bar Z 200 nm.
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cells) (Fig. 1C, Supporting Information Figs. S3 and S4),
respectively. These results suggested that CAF is an excellent
“factory” for LL37 production in BC.

To maximize the efficiency of the polypeptide expression, we
first examined the effects of different temperatures on GFP
expression (the cells were treated with a thermostatically heated
plate in this study). The results showed that the GFP expression
was temperature-dependent and the fluorescence intensity gradu-
ally increased when the temperature rose from 37 �C to 42 �C,
reaching the highest at 42 �C (Fig. 1D and Supporting Information
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Fig. S5). However, GFP fluorescence diminished when the tem-
perature increased to 45 �C (>43 �C, threshold temperature of
apoptosis34), which may be related to the reduction of CAF activity
by hyperthermia (Supporting Information Fig. S6). In conclusion,
the results indicated that 42 �C is the optimal temperature for
activation of the HSP70 promoter, which is consistent with data
mining based on the current literature. However, Au solution
increased over 60 �C in about 6 min under laser irradiation (Sup-
porting Information Fig. S7), which severely affected the activity
of the transfected cells. Therefore, we urgently need a gene
expression vector that can be precisely temperature-controlled.

ONP, consisting of ODB-2 (as a dye), Naph (as a colour
developer) and PEG (as a solvent), allow precise control of the
melting point temperature by adjusting the molecular weight of
the PEG. We tried to construct a thermostatic optogenetic system
OBA with ONP as the core and BSA modifying AEAA (a potent
ligand for targeting sigma receptor) as the shell (Fig. 1E). We
evaluated the successful synthesis of ONP by DSC (Supporting
Information Fig. S8). And DLS and FT-IR spectra indicated the
successful synthesis of cBSA-A (Supporting Information Figs. S9
and S10). Subsequently, the formed OBA with PEG of different
molecular weights (PEG1k, PEG2k, and PEG4k) was character-
ized. As shown in Fig. 1F, the phase transition temperature of
OBA increased with the molecular weight of PEG. The phase
transition temperature of OBA is about 42 �C when the molecular
weight of PEG is 2k. Therefore, PEG2k was selected as the
composition of the final formulation. The precise temperature-
control potential of OBA was investigated using an infrared
camera. As shown in Fig. 1G, the temperature of the OBA solution
increased rapidly from room temperature to 42 �C within 2 min
and could be maintained at 42 �C during laser irradiation. We
further evaluated the thermostatic properties of OBA by varying
the power density of the laser irradiation (Fig. 1H), the concen-
tration of OBA (Supporting Information Fig. S11) and the initial
temperature of OBA solution (Fig. 1I). The results all showed that
the changes of experimental parameters did not affect the phase
transition temperature of OBA. In addition, OBA exhibited
excellent photothermal stability after five cycles of laser on and
off heating process (Supporting Information Fig. S12).

The principle of precise temperature control: below the melting
point of the nanosystem, the phenolic hydroxyl group of the
developer interacts with the carboxylate of leuco dye, causing the
opening of leuco dye lactone ring, at which point the nanomaterial
has colour and can convert the absorbed light into heat under laser
irradiation. When the temperature rises to the melting point of the
OBA, the solid-state switches to the liquid-state, the lactone ring of
leuco dye closes, and the colour changes to colourless, which al-
lows the OBA to stop absorbing light and maintain at a pre-
determined temperature (Fig. 1J). We observed and recorded the
colour changes. Meanwhile, we examined the absorbance of OBA
before and after laser irradiation by a UV spectrophotometer. The
results displayed that OBA gradually turned from black to col-
ourless during laser irradiation, accompanied with the disappear-
ance of absorption at 620 nm. And the original colour of OBAwas
recovered after being cooled down to room temperature, together
with the restoration of UVeVis absorption (Fig. 1K). These results
indicated the excellent reversible thermochromism of the OBA.

Finally, OBA is loaded with functional plasmids by electro-
static interactions to form an optogenetic system (OBA/pHSP-
LL37). Agarose gel retardation assay showed a strong ability of
OBA to inhibit the migration of pHSP-LL37 at a low weight ratio
(OBA:pHSP-LL37) of 5:1 (Fig. 1L), and OBA could protect
pHSP-LL37 from degradation by DNase I when w/w
(OBA:pHSP-LL37) � 5:1 (Supporting Information Fig. S13).
DLS results showed that OBA surface potential reduced from
þ24.5 to þ12.2 mVafter loading pHSP-LL37 (Fig. S9), indicating
that the plasmid was successfully loaded on OBA. CLSM co-
localization assay further confirmed the successful preparation
of OBA/pDNA (Supporting Information Fig. S14). The particle
size of OBA/pHSP-LL37 was approximately 230 nm (Fig. 1M).
And the potential, particle size and shape of OBA/pHSP-LL37 in
PBS did not change significantly within one week (Supporting
Information Fig. S15A‒S15C). Furthermore, alterations in the
morphology of OBA/pHSP-LL37 were observed at varying laser
irradiation times, with minimal change noted for 10 and 30 min
(Supporting Information Fig. S16). This indicated that the OBA/
pHSP-LL37 has excellent stability.

3.3. Photothermal-induced the expression of LL37 by OBA/
pHSP-LL37

Cell viability is an important condition for gene transfection, so we
first examined the biocompatibility of the OBA/pHSP-LL37 at
cellular level. As shown in Supporting Information Figs. S17‒S19,
CCK8, Hemolysis assay, Taipan blue staining and intracellular ATP
measurement assay confirmed that OBA/pHSP-LL37 has great
potential for safely engineering cells. Subsequently, cellular uptake
of OBA/pDNA was examined in CAF by CLSM. As shown in
Supporting Information Fig. S20, OBA/pDNA displayed higher
cellular internalization compared to free pDNA and OB/pDNA,
indicating that AEAA improved the cellular uptake efficiency of
OBA/pDNA. Correspondingly, we observed the lysosomal escape
ability of OBA/pDNA by CLSM (Supporting Information Fig. S21).
Most of the internalized red-labeled OBA/pDNA was highly co-
localized with green-labeled lysosomal after 1 and 3 h incubation,
which appeared as yellow dots. At 6 h post-transfection, the yellow
dots disappeared and the red fluorescence became more scattered,
confirming the endosomal escape ability of OBA/pDNA. In addi-
tion, GFP gene was encoded into the plasmid to investigate the
optimal experimental condition of OBA/pHSP-LL37 (Supporting
Information Fig. S22). Based on the results of flow cytometry
(Fig. 2A and B, Supporting Information Fig. S23A and S24A) and
CLSM (Fig. S23B and S24B), we selected 30 min as the optimized
irradiation time and analyzed the protein expression at 24 h after
transfection in the subsequent experiments.

On the basis of above, LL37 expression was estimated in mRNA
and protein levels at 24 h after different treatments (laser (þ,
30 min) or without (�)). As shown in Fig. 2C, the qPCR results
showed that the LL37 mRNA signal exhibited a negligible change
in control, OBA(�), and OBA(þ) groups without pHSP-LL37. And
OBA/pHSP-LL37 (�) group displayed a similar degree of mRNA
signal to the control group. In contrast, OBA/pHSP-LL37 (þ)
induced a much higher degree of LL37 mRNA signal. The
expression of corresponding protein was characterized by ELISA,
which displayed similar trends in terms of the generation of LL37
protein (Fig. 2D). The above results indicated the excellent ability
of OBA driving LL37 expression under laser irradiation (Fig. 2E).

3.4. OBA/pHSP-LL37 possesses superior antibacterial activity

Next, we evaluated the antibacterial activity of OBA/pHSP-LL37
in vitro. F.n was co-incubated with CAF supernatants from
different treatments. The growth curves of F.n confirmed that
OBA/pHSP-LL37(þ) completely inhibited F.n proliferation



Figure 2 OBA/pHSP-LL37 possesses superior antibacterial activity in vitro. (A) Expression of GFP in CAF after transfected with OBA/pHSP-

LL37-GFP under different laser irradiation time. (B) Expression of GFP in CAF after transfected with OBA/pHSP-LL37-GFP at different time.

(C) LL37 mRNA expression was quantified by qRTePCR at 12 h after transfection (laser (þ) or without laser (�)), n Z 3. (D) Concentration of

LL37 in culture supernatant was analyzed by ELISA, nZ 3. (E) Schematic illustration of an optogenetic system driving CAF to produce LL37 for

depleting F.n. (F) Growth curves of F.n after different treatments, nZ 6. (G) SEM images of F.n after different treatments. Scale barZ 2 mm. (H)

Flow cytometric analysis of F.n death after different treatments. One-way ANOVAwith Bonferroni’s post-test was performed in (B, C, D and E),

*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ns, not significant. All data are represented as mean � SD.
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(Fig. 2F). For a more detailed and intuitive evaluation, F.n was
observed by SEM after different treatments for 8 h. SEM images
showed that F.n in control, OBA(�), OBA(þ), and OBA/pHSP-
LL37(�) groups displayed a smooth surface and was fusiform at
both ends. In contrast, F.n was clumped and adherent, and the
integrity of F.n was disrupted following treatment with OBA/
pHSP-LL37(þ) (Fig. 2G). Further, a large number of F.n deaths
were also detected by CLSM and flow cytometry in OBA/pHSP-
LL37(þ) group (Fig. 2H, Supporting Information Figs. S25 and
S26). Moreover, LL37 was employed as a positive control group
to further verify that OBA/pHSP-LL37(þ), similar to LL37, could
effectively disrupt the structure of F.n (Supporting Information
Fig. S27). Together, the above results clearly demonstrated that
OBA/pHSP-LL37 could effectively kill F.n under laser irradiation.

3.5. OBA/pHSP-LL37-mediated mild heat normalizes CAFs

In the preliminary experiments, we found that the morphology of
OBA and OBA/pHSP-LL37-treated CAF changed from the pre-
vious stellate shape to a long shuttle shape under laser irradiation
(Fig. 3A). Given the important role of CAF in metastasis35-36 and
the correlation between CAF morphology and phenotype37, we



Figure 3 OBA/pHSP-LL37-mediated mild heat reverses CAF phenotype. (A) Morphological changes of CAF after treatment with different

preparations (laser (þ) or without laser (�)). Scale bar Z 100 mm. (B) Morphological changes of NIH3T3, CAF, and CAF treated with ther-

mostatic heating plate. Scale bar Z 100 mm. (C) Volcano plot of differentially expressed genes between CAF and CAF (42 �C) groups. Set P adj

<0.05, nZ 3. (D) Heat map of differentially expressed genes associated with CAF phenotype (nZ 3). Red and blue colors represent upregulated

or downregulated genes, respectively. (E) IF staining of a-SMA, p-Smad2, collagen I, and fibronectin in CAFs after heating with a thermostatic

heating plate. Scale bar Z 50 mm. (F) IF staining of a-SMA, p-Smad2, collagen I, and fibronectin in CAFs after different treatments. Scale

barZ 50 mm. (G) Western blot analyses of a-SMA, p-Smad2, and collagen I (nZ 3). Data are represented as mean � SD. One-way ANOVAwith

Bonferroni’s post-test was performed. (H) Schematic diagram of the mild photothermal-mediated reversal of the CAF phenotype.
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examined the effect of heat on CAF. To exclude the effect of the
preparation, the cells were treated with a thermostatically heated
plate in this study. Untreated NIH3T3 was used as a control. As
shown in Fig. 3B, CAF has more cytoplasmic protrusions, spindle-
shaped, and has indented nuclei and branching cytoplasm. Un-
expectedly, CAF became narrow and elongated, cytosolic pro-
trusions disappeared, and CAF evolved toward an NIH3T3-like
cell morphology after treatment with thermostatic plate heating.
We speculate that this may be related to the phenotypic alteration.

Next, we further explored the potential molecular mechanisms of
heat in CAF regulation by transcriptional analyses. A total of 246
differentially expressed gene profiles were detected. Among these
genes, 128 genes were up-regulated and 118 genes were down-
regulated (Fig. 3C). The heat map identified 12 representative
differentially expressed genes. In particular, genes encoding
fibrosis-associated genes (signs of CAF activation) in CAF
(including Tgfb1, Col1a1, Vim, Fn1, Acta2, etc.) were significantly
down-regulated after mild heat treatment (Fig. 3D). Subsequently,
we again verified the effect of mild heat on CAF state at the protein
level by IF. The results showed significant reductions in a-smooth
muscle actin (a-SMA, a classic marker for activation of CAF36),
collagen I and fibronectin (major components of activated CAF
secretion38) (Fig. 3E). TGF-b is the primary factor that drives
fibrosis in most39, the results also showed that TGF-b1 gene
(Fig. 3D) and the downstream p-Smad2 accumulation of TGF-b
signaling pathway (Fig. 3E) were significantly down-regulated.
Therefore, we speculate that mild heat-normalised CAF should be
associated with down-regulation of the autocrine TGF-b signaling
pathway. This was further corroborated through an examination of
the levels of TGF-b mRNA (Supporting Information Fig. S28).
Further, we examined the effect of OBA with laser irradiation on
CAF. The IF images showed that the fluorescence intensity of a-
SMA, p-Smad2, collagen I, and fibronectin was decreased after
OBA(þ) or OBA/pHSP-LL37(þ) treatment (Fig. 3F), which was
consistent with theWestern blot results (Fig. 3G). Together, the mild
heat generated by OBA under laser irradiation could efficiently
reverse CAF to a quiescent state (Fig. 3H), thereby potentially
synergistically inhibiting BC metastasis.

3.6. In vivo anti-metastasis activity of optogenetic system OBA/
pHSP-LL37

Before examining the anti-metastasis efficacy, the distribution of
optogenetic system was evaluated in the orthotopic 4T1 tumor-
bearing model. The in vivo imaging system showed that OBA/
pHSP-LL37-IR783 was effectively enriched at the tumor site
and its accumulation at the tumor site was highest after 12 h of
intravenous administration (Supporting Information Fig. S29).
Next, we confirmed that the temperature of the tumor position in
the OBA/pHSP-LL37 group could be maintained at 42 �C under
laser irradiation (Supporting Information Fig. S30), indicating the
excellent temperature control ability of OBA/pHSP-LL37 and
providing support for activating gene expression in vivo.

Subsequently, the anti-metastatic activity of OBA/pHSP-
LL37(þ) was evaluated in spontaneous mouse metastasis
models. The timeline of the animal experiments was shown in
Fig. 4A. At the end of the treatment, the lungs, one of the main
metastatic organs of BC, were dissected and collected to assess the
ability of the optogenetic system to prevent metastasis. Obvious
metastatic tumor nodules on the surface of the lungs were
observed in groups of control, OBA(�), and OBA/pHSP-
LL37(�). In contrast, OBA(þ), and OBA/pHSP-LL37(þ)-treated
groups displayed fewer lung metastatic tumor lesions compared to
other treatment groups (Fig. 4B and C), and tumor-associated
fibroblast activation marker a-SMA was reduced in OBA(þ)
and OBA/pHSP-LL37(þ) groups (Fig. 4D), suggesting that
OBA(þ)-mediated mild heat can normalize CAFs to prevent BC
metastasis. It is worth noting that the number of lung metastasis
nodules in the OBA/pHSP-LL37(þ) group was significantly lower
than that in OBA(þ) group, while mice had fewer changes in
tumor volume (Supporting Information Fig. S31). FISH results
confirmed that OBA/pHSP-LL37(þ) effectively eliminated the
intratumoral F.n (Fig. 4D). In addition, to provide further evidence
that LL37 can inhibit tumor metastasis by directly killing F.n, an
experiment was conducted using immunodeficient mice (BALB/c
nude mice) (Supporting Information Fig. S32A). The results
showed that the administration of LL37 led to a significant
reduction in the number of lung metastatic nodules in the mice
(Fig. S32B). And the FISH results corroborated that LL37 was
efficacious in eliminating the intratumoral F.n (Fig. S32C). The
results showed that depletion of F.n could prevent BC metastasis.

At the protein level, we further investigated the effect of OBA/
pHSP-LL37(þ) on metastasis under laser irradiation. We exam-
ined tumor sections for representative metastasis-related proteins
fibronectin, E-cadherin, and b-catenin. As expected, reduced
fibronectin and b-catenin, and enhanced E-cadherin were verified
at the protein level in the OBA/pHSP-LL37(þ)-treated group
(Fig. 4E). The results indicated that OBA/pHSP-LL37(þ) could
inhibit EMT, thereby suppressing BC metastasis. In addition,
masson staining showed a significant reduction in collagen fibre
(an important indicator to predict tumor metastasis) in OBA(þ)
and OBA/pHSP-LL37(þ)-treated groups, suggesting that OBA(þ)
and OBA/pHSP-LL37(þ)-mediated mild heat could remodel the
tumor ECM to inhibit BC metastasis.

Subsequently, we investigated the effects of OBA/pHSP-LL37
on the intestinal microbiota by 16S rDNA sequencing after more
doses. The Alpha Diversity analysis results of gut microbiota
showed that no significant difference was found between OBA/
pHSP-LL37 and control groups in terms of the Chao1 index
(enrichment index) and Shannon index (diversity indices) (Fig. 4F
and G). Also, we analyzed the community composition. At the
phylum level, the gut flora remained predominantly Bacteroidetes,
Firmicutes, and Proteobacteria in each group, suggesting that
OBA/pHSP-LL37 has the potential to maintain the balance of the
gut microbiota (Fig. 4H). In addition, the Venn diagram showed
that the number of OUT shared between the two groups exceeded
70% of the two-sample total OUT, indicating a high similarity
between the two groups (Fig. 4I). These results indicated that
OBA/pHSP-LL37 did not affect the diversity and abundance of
the gut microbiota. In addition, the in vivo biosafety of OBA/
pHSP-LL37 was investigated by H&E staining of major organ
tissues (heart, liver, spleen, and kidney), blood biochemistry and
routine examinations after one or more doses. As shown in Sup-
porting Information Fig. S33, compared with untreated mice, no
significant histological changes were observed after one or more
doses. Similarly, renal function test indexes, liver function test
indexes, and blood routine test indexes also suggested that OBA/
pHSP-LL37 has high safety (Supporting Information Fig. S34).

3.7. Optogenetic system OBA/pHSP-LL37-TRAIL suppresses
the primary tumor growth

TRAIL can induce apoptosis in a variety of tumor cells without
affecting the activity of normal cells40, making it an ideal



Figure 4 In vivo the anti-metastatic tumor activity of optogenetic system OBA/pHSP-LL37. (A) In vivo treatment timeline of 4T1 tumor-

bearing mice (BALB/c mice). The 4T1 tumor-bearing mice were randomly divided into 5 groups (laser (þ) or without laser (�)): control,

OBA(�), OBA(þ), OBA/pHSP-LL37(�), and OBA/pHSP-LL37(þ). The formulation was administered intravenously (i.v.) at two-day intervals

for a total of five doses. (B) Photographs and H&E staining of lung metastatic nodules. Scale bar Z 40 mm. (C) Quantification of lung nodules

after different treatment, n Z 5. One-way ANOVA with Bonferroni’s post-test was performed, *P < 0.05, **P < 0.01, ***P < 0.001 and

****P < 0.0001. (D) IF staining of a-SMA and FISH staining of F.n in tumor tissues after various treatments. Scale bar Z 50 mm. (E) Masson,

IHC and IF staining of tumors after different treatments. Scale bar Z 50 mm. Alpha diversity coefficient analysis of gut flora, including (F) Chao1

index and (G) Shannon index, n Z 4. Two-tailed unpaired t-tests were performed in F and G. ns, not significant. (H) Stacked histograms of

relative abundance of bacterial communities at phyla levels, n Z 4. (I) Venn diagram of generic richness in control and OBA/pHSP-LL37. All

data are represented as mean � SD.
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candidate for tumor therapy. Therefore, we constructed a plasmid
(pHSP-LL37-TRAIL) encoding the genes of LL37 and TRAIL to
safely suppress the primary tumor growth while preventing
metastasis (Supporting Information Fig. S35A). TRAIL expres-
sion was estimated in mRNA (Fig. S35B) and protein levels
(Fig. S35C). Results showed OBA/pHSP-LL37-TRAIL(þ)
induced the highest level of TRAIL mRNA and protein signal
compared to other groups. We also verified the expression of
LL37. The qPCR and ELISA results showed no significant dif-
ference between OBA/pHSP-LL37(þ) and OBA/pHSP-LL37-
TRAIL(þ) (Fig. S35D and S35E), indicating that the fusion
plasmid did not affect the expression of antimicrobial peptides.
Next, we examined the ability of secreted TRAIL-induced
apoptotic of 4T1 cells by western blotting analysis (Fig. S35F)
and flow cytometry (Fig. S35G and S35H). All the results showed
that OBA/pHSP-LL37-TRAIL(þ) could effectively induce the
apoptosis of tumor cells, which provided large support for inhib-
iting the growth of the primary tumors.

Based on, we investigated the therapeutic efficacy of OBA/
pHSP-LL37-TRAIL(þ) on large primary tumors (PTX, one of the
most widely used chemotherapeutic agents for BC41, as a control).
A tumor-bearing mouse model of F.n infection was first estab-
lished and the timeline of the animal experiments was shown in
Fig. 5A. The tumor volumes of the tumor-bearing mice in
different treatment groups were measured during drug adminis-
tration (Fig. 5B). And tumors from different groups were collected



Figure 5 Optogenetic system OBA/pHSP-LL37-TRAIL suppresses the primary tumor growth. (A) In vivo treatment timeline of 4T1 tumor-

bearing mice (BALB/c mice). The 4T1 tumor-bearing mice were randomly divided into 6 groups (laser (þ) or without laser (�)): Control,

PTX, OBA(þ) þ PTX, OBA/pHSP-LL37(�) þ PTX, OBA/pHSP-LL37(þ) þ PTX, and OBA/pHSP-LL37-TRAIL(þ). The formulation was

administered i.v. at two-day intervals for a total of five doses. After formulation injection, PTX was administered by i.v. injection. (B) Tumor

growth curves of 4T1 tumor-bearing mice after different treatments. (C) Photographs and (D) weight of the excised tumors after various treat-

ments. (E) IF, FISH, IHC, and TUNEL staining of the tumors were performed after various treatments. Scale bar Z 100 mm. One-way ANOVA

with Tukey’s post-test was performed in B and D, ****P < 0.0001. Data are represented as mean � SD.
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to evaluate the therapeutic efficacy on Day 18 (Fig. 5C and D). As
expected, OBA/pHSP-LL37-TRAIL(þ) could effectively inhibit
the growth of primary tumors, and the tumor volume was
approximately 5.1-fold lower than that of control group. Impor-
tantly, OBA/pHSP-LL37-TRAIL(þ) was more potent in delaying
tumor growth (80% inhibition rate) than that treated with OBA/
pHSP-LL37(þ) þ PTX (49% inhibition rate), and body weight
changes and blood analysis of mice demonstrated that OBA/
pHSP-LL37-TRAIL held the higher safety than OBA/pHSP-
LL37(þ) þ PTX and PTX (Supporting Information Figs. S36 and
S37), which should be related to the in situ production of TRAIL.
Furthermore, the median survival of mice in the OBA/pHSP-
LL37(þ) þ PTX group was approximately 28 days longer than
that of the control group (Supporting Information Fig. S38). To
further evaluate the therapeutic efficacy of OBA/pHSP-LL37-
TRAIL(þ), the harvested tumors were sectioned for IHC,
TUNEL, and FISH staining. As shown in Fig. 5E, the expression
of TRAIL was significantly increased in the OBA/pHSP-LL37-
TRAIL(þ) group. Obviously, OBA/pHSP-LL37-TRAIL(þ)
group showed a relatively good anti-proliferative effect on the
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tumor according to the Ki-67 analysis. Also, remarkable apoptosis
was observed in OBA/pHSP-LL37-TRAIL(þ) group. These re-
sults indicated the superior antitumor activity of OBA/pHSP-
LL37-TRAIL(þ). In addition, H&E staining images showed
OBA/pHSP-LL37-TRAIL(þ) group depleting intratumoral F.n
also displayed excellent anti-metastasis ability (Supporting In-
formation Fig. S39). Taken together, these results indicated that
OBA/pHSP-LL37-TRAIL(þ) has the potential to inhibit both
primary tumor and metastasis.

4. Conclusions

MBC is a major cause of death in women worldwide, yet the exact
mechanisms underlying BC metastasis are poorly understood.
With the development of metagenomics sequencing, the intimate
relationship between bacteria and BC has been gradually recog-
nized in depth. Especially, the represented pathogenic bacteria-F.n
increased in abundance in higher stage BC, and has been
confirmed to be one of the high-risk factors for promoting BC
metastasis. Herein, we constructed a F.n-breast tumor symbiont
model and revealed that intratumoral F.n induced BC aggres-
siveness by activating the EMT-associated signaling pathway by
transcriptome analysis. Thus, depletion of intratumoral F.n may
provide a new way to prevent BC metastasis.

Considering the important role of balance of the systemic
microflora, we reported an optogenetic system to drive CAF in situ
to produce human antibacterial peptide LL37, with the charac-
teristics of biosafety and freely intercellular trafficking, to deplete
intratumoral F.n while without affecting the gut microbiota. In
addition, the ONP of optogenetic system has excellent reversible
thermochromism to allow optogenetic system being maintained at
42 �C under laser irradiation, which can both efficiently initiate
gene expression and avoid damaging transfected cells by hyper-
thermia. Interestingly, we found that mild heat can normalize CAF
during experiment, which will contribute to synergistic inhibition
of BC metastasis. Overall, our study provides a new horizon for
suppressing BC metastasis and suggests that depleting intra-
tumoral F.n may have clinical potential to improve the prognosis
of breast cancer patients.
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