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Design of a self-driven probiotic-CRISPR/
Cas9 nanosystem for sono-
immunometabolic cancer therapy

Jifeng Yu1,5, Bangguo Zhou2,3,4,5, Shen Zhang2,3,4,5, Haohao Yin 1,2,3,4 ,
Liping Sun2,3,4, Yinying Pu2,3,4, Boyang Zhou1, Yikang Sun1, Xiaolong Li1,
Yan Fang2,3,4, Lifan Wang1, Chongke Zhao1, Dou Du2,3,4, Yan Zhang2,3,4 &
Huixiong Xu 1

Reprogramming the tumor immunosuppressive microenvironment is a pro-
mising strategy for improving tumor immunotherapy efficacy. The clustered
regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated
protein 9 system can be used to knockdown tumor immunosuppression-
related genes. Therefore, here, a self-driven multifunctional delivery vector is
constructed to efficiently deliver the CRISPR-Cas9 nanosystem for indolea-
mine 2,3-dioxygenase-1 (IDO1) knockdown in order to amplify immunogenic
cell death (ICD) and then reverse tumor immunosuppression. Lactobacillus
rhamnosus GG (LGG) is a self-driven safety probiotic that can penetrate the
hypoxia tumor center, allowing efficient delivery of theCRISPR/Cas9 system to
the tumor region. While LGG efficiently colonizes the tumor area, it also sti-
mulates the organism to activate the immune system. The CRISPR/Cas9
nanosystem can generate abundant reactive oxygen species (ROS) under the
ultrasound irradiation, resulting in ICD, while the produced ROS can induce
endosomal/lysosomal rupture and then releasing Cas9/sgRNA to knock down
the IDO1 gene to lift immunosuppression. The system generates immune
responses that effectively attack tumor cells in mice, contributing to the
inhibition of tumor re-challenge in vivo. In addition, this strategy provides an
immunological memory effect which offers protection against lung
metastasis.

Immunotherapy has been revolutionizing cancer management by
boosting protective immune responses to promote tumor regression.
Immune checkpoint blockade therapies, such as those with anti-
cytotoxic T lymphocyte-associated protein 4, anti-programmeddeath-
1 or anti-programmed death ligand-1, have demonstrated brilliant
clinical achievements in recent years1–4. However, only a small

proportion of patients respond to current tumor immunotherapy,
primarily because tumor, stromal and infiltrating immune cells, like
bonemarrow derived cells (BMDCs), regulatory T cells (Tregs) andM2
macrophage, create a highly complex tumor immunosuppressive
microenvironment (TIME) that inhibits the response of solid tumors to
immunotherapy5–7. Inparticular, immunemetabolismhas a critical role
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in regulating the immune cells responses, which involves multiple
intracellular metabolic pathways, such as glycolysis, tricarboxylic acid
cycle and amino acid metabolism8. Specially, amino acid metabolism
such as tryptophan (Trp) and arginine, influence tumor progression,
proliferation and differentiation of immune cells9. Indoleamine-2,3-
dioxygenase-1 (IDO1) is an endogenous immunosuppressive mediator
that can stimulate the accumulation of FOXP3+ Tregs and suppress
T cells activity by depleting Trp in the microenvironment10,11. The
Cancer Genome Atlas (TCGA) database analysis reveals that the
expression level of IDO1 is significantly upregulated in triple-negative
breast cancer (TNBC) compared to the normal breast tissue12. Thus,
IDO1 is a potential immunotherapeutic target to reprogram the TIME
by improving amino acid metabolism13. Nevertheless, small molecule
inhibitors generally cannot provide durable responses due to the
presence of drug resistance14,15, and a phase III clinical trial of IDO
inhibitor combination therapy was declared a failure16. Whereas the
RNA interference technique commonly used to target gene therapy by
suppressing gene expression, the technique often suffers from
inadequate transfection efficiency and transient gene silencing17,18.
Therefore, alternative approaches are urgently needed to interfere
with amino acid metabolism in order to reshape the TIME for cancer
immunotherapy.

The clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated endonuclease protein 9 (Cas9) technol-
ogy is an attractive gene editing tool in various systems for treating
diseases by precisely reprogramming or activating the specific
genes19–23. The guidance of a single-guide RNA (sgRNA) leads to
double-stranded breaks (DSBs) in Cas9 initiation of site-specific
genomic DNA sequences, and the endogenous repair of the target
site can lead to gene disruption or template restoration24–26. To date,
most CRISPR/Cas9 delivery systems have primarily relied on physical
approaches or viral vectors, which limit the applicability and present
significant immunological challenges27,28. Crucially, effective delivery
of CRISPR/Cas9 systems into target tissues remains elusive because of
many extracellular and intracellular barriers, which severely limit the
adoption of CRISPR/Cas9 in vivo29. Recently, the integration of nano-
technology with microbial carriers has become a promising strategy
which caneffectively overcomevarious physiological constraints, such
as tissue penetration, tumor hypoxia and blood-brain barriers, etc.
through self-, light- and magnetic-driven characteristics to achieve
enhanced anti-tumor effects30–32. Lactobacillus is a probiotics in both
humans and animals, which has the characteristic to maintain micro-
ecological balance by inhibiting colonization, translocation, and
infection of pathogens33. At the same time, Lactobacillusbelongs to the
family of parthenogenic anaerobic bacteria with hypoxia metabolic
properties, which makes it have the ability to target solid tumors as a
carrier34. In addition, it has been demonstrated that oral live Lactoba-
cillus rhamnosus GG (LGG) in combination with immune checkpoint
therapy can significantly increase the number of dendritic cells (DCs)
that activate CD8+ T cells and be recruited into the tumor micro-
environment, resulting in powerful inhibition of tumor growth,
metastasis and recurrence35. Therefore, LGG is a promising application
in tumor therapy not only as a carrier for nanomedicine delivery, but
also for regulating tumor microenvironment to activate the immune
system.

Herein we present a self-driven CRISPR/Cas9 nanosystem for
comprehensive TIMEmodulation to suppress tumor growth and avoid
lung metastasis and antagonize re-challenge (Fig. 1). Zeolitic imidazo-
linium framework (ZIF-8) is a metal-organic framework (MOF) with a
large specific surface area, tailored pore size, pre-designed morphol-
ogy, biocompatibility and controlled degradability that bring such
materials closer to pharmaceutical and medical translation36. Hence,
ZIF-8 (M) is used as anexcellent non-viral CRISPR/Cas9delivery vehicle
for delivery of the sonosensitizer hematoporphyrinmonomethyl ether
(H) and CRISPR/Cas9 system (S), named as MHS. Subsequently, live

LGG is compounded with the CRISPR/Cas9 system, named LGG-MHS,
where LGG-MHS still maintains LGG activity and the therapeutic
properties of MHS. Finally, MHS is electrostatically adsorbed onto the
surface of LGG after beingmagnetically agitated with it in PBS at room
temperature. Utilizing the hypoxia targeting ability of LGG, the ultra-
sound (US)-controlled CRISPR/Cas9 gene editing system (MHS) is
delivered to the hypoxia tumor core, thus promoting effective accu-
mulation of MHS in tumors. Therefore, when LGG-MHS is enriched in
the tumor hypoxic microenvironment, the decrease in pH value
improves the release of MHS from LGG. The as-obtained CRISPR/
Cas9 system generates reactive oxygen species (ROS) upon US trig-
gering, which induces the release of tumor-associated antigens,
immunogenic cell death of tumor cells and DCs maturation. In addi-
tion, ROS effectively disrupt the structure of the endosomal/lysosomal
membrane, allowing Cas9/sgRNA to escape from the endosomal/
lysosomal and transport to the nucleus for efficient IDO1 knockdown,
reducing Treg cells to cluster in the tumor microenvironment. The
system generates powerful immune responses that effectively attack
tumor cells in mice, contributing to the inhibition of tumor metastasis
in vivo. In addition, this strategy provides a powerful immunological
memory effect which offers protection against tumor re-challenge
after elimination. In summary, the designed self-driven CRISPR/Cas9
nanosystem not only reprograms TIME from multiple pathways to
activate the immune system against tumors, but also provides an
example ofmicrobial vector for CRISPR/Cas9 delivery, which is crucial
for the further clinical applications of gene editing technology in vivo.

Results
Investigating the function of IDO1 genes in vivo
At the beginning of this study, to investigate whether IDO1 promotes
4T1 growth in vivo, we constructed stable overexpression of IDO1 and
interferencewith IDO1 in 4T1 cell lines and injected into the left second
breast pad of Balb/Cmice to construct a tumor transplantationmodel.
Tumors of mice with knockdown of IDO1 in 4T1 cells exhibited sig-
nificant growth inhibition compared to vector control group, sug-
gesting that IDO1 knockdown reduced tumor burden compared to the
control group. Tumors from4T1 cells stably overexpressing IDO1 grew
faster and exhibited greater tumor volumecompared to vector control
groups (Supplementary Fig. 1a). In addition, immunofluorescence
staining of tumor sections and corresponding quantitative analysis
showed lower levels of IDO protein expression in 4T1 tumors with
knockdown IDO1, while 4T1 tumors overexpressing IDO1 had higher
levels of IDO protein expression (Supplementary Fig. 1b). In conclu-
sion, the results indicate that overexpression of IDO1 significantly
promotes the development of breast cancer.

Synthesis and characterizations of self-driven CRISPR/Cas9
nanosystem
To construct a self-driven CRISPR/Cas9 nanosystem, HMME was pre-
dropped in a mechanically stirred dimethylimidazole solution prior to
the dropwise of zinc nitrate in order to obtain ZIF-8 encapsulated with
HMME, named as MH. Since Cas9 and sgRNA are composed in a set
ratio (molar ratio = 1:1), Cas9/sgRNA as a system incubated with MH,
called as MHS (Fig. 2a). Specifically, during the synthesis of ZIF-8,
HMMEwas added dropwise to formMH through in situ encapsulation,
and MH was incubated with CRISPR/Cas9 to produce MHS via the
inherent dispersion force of ZIF-8 coupled with surface energy
between substances adsorption of CRISPR/Cas9, and grafting of
CRISPR/Cas9 by imidazole-like ligands provided by ZIF-8. Due to the
pore size limitation, only a relatively small amount of CRISPR/Cas9 has
been internalized in themesopores larger than 10 nm of theMH, while
most of it will be grafted on the surface of the MH. Different mass
ratios of MH to Cas9/sgRNA were used to prepare MHS in order to
achieve optimal Cas9/sgRNA loading efficiency, and the amount of
sgRNA in the nanosystem was determined utilizing agarose gel
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electrophoresis (AGE) (Supplementary Fig. 2a). The outcome shows
that a ratio of 4 for MH: Cas9/sgRNA results in the optimal loading
efficiency of Cas9/sgRNA. Simultaneously, nitrogen adsorption iso-
therms were utilized to confirm the successful loading of Cas9/sgRNA,
showing a significant decrease in Brunauer Emmett Teller surface area
and adsorption isotherms of MHS. Moreover, the total pore volume of
MHSalso showedadecrease relative toMH,demonstrating thatpart of
the Cas9/sgRNA successfully entered the interior of ZIF-8 via per-
meation (Fig. 2b and Supplementary Fig. 2c). Following that, trans-
mission electron microscopy (TEM) and Powder X-ray diffraction
(PXRD) were used to examine the morphologies and structures of ZIF-
8, MH and MHS, which showed no changes in nanoparticles mor-
phology except for the slightly increase in particle size ofMHandMHS
compared to ZIF-8. The elemental profile corresponds to a denser P
element within MHS than ZIF-8 and MH, which further suggests that
Cas9/sgRNA and MH successfully formed a complex (Fig. 2c–e,

Supplementary Table 1). Dynamic light scattering (DLS) was used to
determine the particle size of ZIF-8, MH, andMHS, which revealed that
the average diameter of ZIF-8 is 79.43 nm. When HMME and Cas9/
sgRNA loading succeed, the diameter of MH and MHS increased to
111.60 nmand 125.80 nm, respectively (Fig. 2f).Meanwhile, the average
zeta potential of MH and MHS was 64.80mV and 34.63mV, respec-
tively, which further indicates the successful loading of Cas9/
sgRNA. (Fig. 2g).

To assess the stability of the CRISPR/Cas9 nanosystem (MHS),
Cas9/sgRNA andMHSwas incubated in the PBS containing serum (10%
v/v) respectively for different durations (0 h, 6 h, 12 h, 24 h), followed
by agarose gel and SDS-PAGE electrophoresis, to examine the stability
of sgRNA and Cas9 protein in MHS. The results of sgRNA stability are
shown in Supplementary Fig. 2d, e. The sgRNA with MH remained
stable after 12 h. On the contrary, the free sgRNA was almost com-
pletely degraded, which further indicates that Cas9/sgRNA can

HN CH2

H
C

H2N
C

O

OH

NH2

O

NH2

OH
O

Fig. 1 | Schematic of the LGG-MHS nanosystem delivery of CRISPR/Cas9 system for reprogrammed the TIME via activation of immune response. The use of a US-
triggered Cas9/sgRNA delivery system improved the efficiency of delivering Cas9/sgRNA to the nucleus of tumor cells for gene editing.
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Fig. 2 | Synthesis and structural characterization of ZIF-8, MH, MHS, LGG, and
LGG-MHS. a Synthesis procedure of LGG-MHS. b N2 adsorption-desorption iso-
therms and of MHS. The inset shows its corresponding total pore volume and
specific surface area. c Transmission electronmicroscopic (TEM) andd elemental
mappings of ZIF-8, MH and MHS. e PXRD of ZIF-8, MH and MHS. f Particle size
and g Zeta- potential of ZIF-8, MH, and MHS (n = 3 independent samples, data

were expressed as means ± SD). h UV-vis absorption spectra of 1,3-diphenyliso-
benzofuran (DPBF) in the presence of MHS upon prolonged US irradiation.
i Transmission electron microscopic (TEM) and corresponding elemental map-
pings of LGG and LGG-MHS. The experiments forb, c, d, e, h, and iwere repeated
three times independently with similar results. Source data are provided as a
Source Data file.
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minimize degradation after being loaded by MH. And the stability of
Cas9 protein was not affected by either naked Cas9/sgRNA or MHS
(Supplementary Fig. 2f, g). In addition, the MHS nanosystem in the
acidic environment (pH= 5.0) led to a greater Cas9/sgRNA release,
which provides the foundation for effective release of Cas9/sgRNA in
the acidic tumormicroenvironment (Supplementary Fig. 2h). Next, 1,3-

diphenylisobenzofuran (DPBF)was employed as a single-linear oxygen
(1O2) trapping agent for testing the capability to generate ROS of the
MHS nanosystem under US irradiation. The results reveal that the
absorbance of DPBF at 410 nm significantly decreases with increasing
ultrasound exposure time, indicating that the MHS nanosystem effi-
ciently produce 1O2 under US irradiation (Fig. 2h and Supplementary
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Fig. 2i). Aiming to use the CRISPR/Cas9 nanosystem to actively target
the tumor region, the MHS system was compounded with partheno-
genic anaerobic LGG (LGG-MHS). Following this process, the average
zeta potential of LGG-MHS dramatically decreased to −35.90mV
(Supplementary Fig. 2j). TEM results show that the LGG surfacewas not
smooth with numerous nanoparticles attached after compounding.
The corresponding elemental mapping reveals the presence of more
Zn elements on the surface of LGG, which further implies that LGGwas
successfully compounded with the MHS nanosystem (Fig. 2i). Later,
the effect of loading process on the activity of CRISPR/Cas9 nanosys-
tem was investigated. Different states of Cas9/sgRNA were incubated
with targeted DNA fragments, and agarose gel electrophoresis was
performed. Quantitative analysis of the cut bands indicates that with
the loading process or the application of US, the activity of Cas9/
sgRNA is maintained at a high level, although a slight decrease occurs
(Supplementary Fig. 2k, l). The coating of MRS agar plates was
employed to detect the effect ofMHS loading on the biological activity
of LGG. As shown in Supplementary Fig. 2m, n, the effect on LGG
activity was not statistically significant compared to the control group
when the concentration of MHS was 2mg/mL with stirring for 24 h,
whereas the CFU decreased substantially when the concentration of
MHS reached 4mg/mL. The results indicate that the concentration of
LGG-loaded MHS (1mg/mL) in our strategy does not negatively affect
the activity of LGG.

Nanoparticle cellular uptake and the treatment effectiveness
In order to thoroughly investigate the cellular absorptionmechanism
and confirm clathrin-mediated endocytosis, caveolae-mediated
endocytosis, and micro-pinocytosis, three endocytosis inhibitors—
sucrose, methyl-cyclodextrin (MβCD), and amiloride—were applied,
respectively. The confocal laser scanning microscopy (CLSM) images
show that endocytosis efficiency was decreased in cells pretreated
with MβCD and amiloride, indicating that caveolae-dependent
endocytosis were the primary routes for the endocytic uptake of
MHS (Supplementary Fig. 3a, b). The ROS levels were compared in
cells using different nanoparticles with or without US irradiation to
confirm that the MHS nanosystem can generate ROS under US irra-
diation. The CLSM images show that the MH+US group and MHS +
US group produce a large amount of ROS compared to other groups,
demonstrating that the presence of HMME is one of the necessary
components for ROS production (Fig. 3a and Supplementary Fig. 3c).
On the other hand, ROS can destroy endosomal/lysosomal and
improve gene editing efficiency. Z-stack CLSM was used to observe
the location of Cas9/sgRNA in the organelle and found that the more
cyanine 5.5 (Cy5.5)-labeled Cas9/sgRNA (red fluorescence) co-
localized with the lysosome (green fluorescence) without US irra-
diation. Notably, under US irradiation, the Cy5.5-labeled red fluor-
escence signal was separated from the green fluorescence signal of
lysosomes, while Cy5.5-labeled red fluorescence was detected in the
nucleus, indicating that US irradiation is required for Cas9/sgRNA
endosomal/lysosomal escape (Supplementary Fig. 3d). The endoso-
mal/lysosomal escape associated with the MHS nanosystem was
interfered with the protonation of the imidazole ring, which was

followed by the release of Cas9/sgRNA to the cytoplasm, and the US
irradiation enhanced the process37,38.

Subsequently, to explore the therapeutic efficacy andmechanism
of the CRISPR/Cas9 nanosystem, murine breast cancer cells 4T1 were
employed. Six groups were designed, which including Control, US
only, MH, MH+US, MHS, and MHS+US, among which the processing
of MHS+US group is shown in Fig. 3b. Initially, the biosafety of the
MHS nanosystem was examined using standard cell counting kit-8
(CCK-8) assay. After 24 h of incubation with 4T1 cells, various con-
centrations of the MHS nanosystem exhibited negligible cytotoxicity
(Fig. 3c). Then, the efficacy of different treatment regimens in 4T1 cells
wasmeasured after 24 h. The average lethal rate of tumor cells reached
91% (Fig. 3d), demonstrating the efficiency of the MHS nanosystem in
killing tumor cells with the assistance of US. Simultaneously, flow
cytometry and CLSMwere used to evaluate the therapeutic efficacy of
the MHS nanosystem with US irradiation. The apoptosis rate of
4T1 cells in the MHS+US group was 78.90%, which was significantly
higher than other groups (Fig. 3e and Supplementary Fig. 3e). The
MHS +US group exhibited a stronger red fluorescence single in pro-
pidium iodide (PI)-stained dead cells than other groups. For compar-
ison, the control, US only, MH and MHS group showed weak red
fluorescence (Supplementary Fig. 3f, g).

To investigate the gene editing efficacy of the MHS nanosystem
under US irradiation, Cas9/sgRNA-mediated IDO1 degradation was
examined in 4T1 cells by employing immunofluorescence staining and
Western blotting. As the results reveal that IDO protein expression
levels were significantly reduced in the MHS and MHS +US group,
indicating that Cas9/sgRNA effectively mediated the IDO1 knockdown
(Fig. 3f, g and Supplementary Fig. 3h, i). Then Sanger sequencing was
used to analyze the gene-editing effect of the MHS nanosystem under
US irradiation in vitro. The IDO1 mutation peaks in the MHS and
MHS +USgroupwere higher than the groupswithout theCRISPR/Cas9
nanosystem treatment (Fig. 3h and Supplementary Fig. 3j). Later,
fragment amplification of the target gene IDO1 was performed by
extracting genomic DNA from 4T1 cells after different treatments.
After digestion of the amplified target gene using T7 endonuclease I,
grayscale analysis for the target bands showed that the MHS +US
group produced more cleavage products relative to the MHS group
(Fig. 3i and Supplementary Fig. 3k). Subsequently, next-generation
sequencing (NGS) was further performed to quantify the efficiency of
the IDO1 indel, revealing a genome disruption efficiency was 15.06%
and 29.19% for the MHS and MHS+US group, respectively, compared
with only 6.35% for the control group (Fig. 3j, k and Supplementary
Fig. 4a). In addition, NGS reveals that the insertion and deletion
mutation rates of the IDO1motif in theMHS+USgroupwere 1.80%and
16.61%, respectively, while the deletionmutation rate of the IDO1motif
in the MHS group was 7.79%, which further indicating that US-
generated ROS disruption of the lysosomal membrane could sig-
nificantly improve genome editing efficiency (Supplementary Fig. 4b).
In conclusion, the above results further prove that the MHS nanosys-
tem under US irradiation efficiently delivers the CRISPR/Cas9 system
and performs target gene loci knockdown for the gene editing
purposes.

Fig. 3 | Evaluation of US-associated IDO1 genome editing in vitro.
a Representative CLSM images of 4T1 cells with different treatments from three
biologically independent samples. Concentration = 100μg/mL. Incubation time =
12 h. b Illustration of transfection process of 4T1 cells by MHS upon US. c Toxicity
evaluation in 4T1 after incubated with different concentrations ofMHS and (d) Cell
viability of 4T1 cells after various treatments for 24h (n = 5 biologically indepen-
dent samples). e Flow cytometry analysis of apoptosis of 4T1 cells with various
treatments (n = 3biologically independent samples). fRepresentativeCLSM images
and g corresponding mean fluorescence intensity of 4T1 cells treated with various
treatments after IFNγ-stimulation, followed by staining with fluorescent anti-IDO
antibody (red). DAPI was used to stain the nucleus of the cell (blue) (n = 3

biologically independent samples) h In vitro DNA sequencing of IDO1 in 4T1 cells
after treatment with MHS and MHS+US. i Representative image of T7EI cleavage
analysis after4T1 cellswith different treatments. jDeepsequencing analysis of gene
editing in 4T1 cells in the presence of MHS and (k) MHS+US. The experiments for
h, i, j, andkwere repeated three times independentlywith similar results. Statistical
differences for c,d, and gwere calculated using two-tailedunpaired Student’s t-test
for comparisonsbetween twogroups, ordinaryone-wayANOVA for comparisonsof
more than two groups not containing Control, andDunnett’smultiple comparisons
post test for comparisons of more than two groups containing Control. Data were
expressed as means ± SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Source
data are provided as a Source Data file.
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In vitro exploration of sono-immunometabolic therapy
The potential ability of the MHS nanosystem to trigger ICD was then
explored. The damage-associated molecular patterns (DAMPs) were
detected, which included high-mobility group box 1 protein (HMGB1),
calmodulin (CRT) and heat shock protein 70 (HSP70), the release of
which is commonly considered to be the signature of ICD occurrence

in tumor cells39–41. For this purpose, 4T1 cells were previously incu-
bated with the MH or MHS nanosystem and then upon to US irradia-
tion. From the Western blot assay, co-incubation of 4T1 cells with
MH+US or MHS +US caused a decrease of HMGB1 band intensity and
an increase of CRT and HSP70 band intensity (Fig. 4a and Supple-
mentary Fig. 5a–c). This indicates that ICD was generated by the MH
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andMHS under the US trigger. These outcomes were further validated
by immunofluorescence results, which have showed the similar trends
with DAMPs generations. CLSM results show that the MH+US and
MHS +US group markedly promoted the outflow of the HMGB1 pro-
tein from tumor cells (Fig. 4b and Supplementary Fig. 5d). In addition,
the CLSM results for CRT protein changes demonstrate that the MH
and MHS with US irradiation can produce significantly more CRT
protein efflux on the cell membrane than other groups (Fig. 4c and
Supplementary Fig. 5e).Moreover, the fluorescence intensity of HSP70
protein was significantly higher in the MH+US and MHS+US group
than other groups (Fig. 4d and Supplementary Fig. 5f). These findings
demonstrate that 4T1 cells co-incubated with the MH or MHS nano-
system under US irradiation could provoke the occurrence of ICD.

DCs are important antigen-presenting cells that act as a connec-
tion between the innate and adaptive immune systems. To promote
maturation, immatureDCs can phagocytize and remove antigens from
injured tumor cells. These mature DCs migrate to lymph nodes (LNs)
and present antigens to naive T cells there42. Based on themechanism,
we further evaluated the immunogenicity of 4T1 cells after co-
incubation with the MHS nanosystem, and the transwell system was
utilized to examine the ICD-induced DCsmaturation in order tomimic
these evolutionary processes (Fig. 4e). Juvenile mouse bone marrow
dendritic cells (BMDCs) were obtained from mouse bone marrow for
the study. The enzyme-linked immunosorbent assay (ELISA) revealed
that the US-irradiatedMHS nanosystem increased the expression of IL-
12p70 and IL-2 by BMDCs (Fig. 4f). The presence of double staining
with CD80 and CD86, which are the characteristic surface markers of
matured DCs, confirming the maturation of BMDCs. Following incu-
bation for 24 h, the MHS nanosystem significantly promoted DCs
maturation under US irradiation, whereas US irradiation alone did not
have a such significant effect (Fig. 4g, h and Supplementary Fig. 5g). IL-
12p70 and IL-2 production coupled with an increase in the number of
CD80+CD86+ T cells confirmed that the conditioned medium of
MH+US or MHS +US treated 4T1 cells promoted the activation of
immature DCs. These results reveal that the strategy of the MHS
nanosystemunder US irradiation holds great promise for inducing ICD
and thus promoting immune cell infiltration in tumor tissues.

Hypoxia targeting characterization and sequencing of LGG
It is essential to deliver the MHS nanosystem to the tumor site when
performing CRISPR/Cas9-based oncogene therapy in vivo. Several
anaerobic bacteria possess the ability to actively target and colonize
the hypoxicmicroenvironment of tumors, among which LGG is one of
the most distinctive and prevalent parthenogenic anaerobic
probiotics43,44. To explore the tumor-targeting ability of LGG, the
tumor tissues and major organs of 4T1 tumor-bearing mice were
homogenized and smeared at different time points (0, 2, 6, 24, and
72 h) after injection of the LGG (1 × 108 CFU per mouse). By counting
the colony forming units (CFU) in each plate, 72 h after LGG injection,
the bacteria were almost completely eliminated from the heart, spleen,
kidneys, and lungs, although residual LGG remained in the liver. The
amount of LGG was increased dramatically over time in tumors within
24 h after injection. Interestingly, LGG enrichment in the tumor was

higher than in the liver at 72 h with ~ 2-fold difference in CFU, which
was attributed to the more favourable hypoxic microenvironment in
the tumor for LGG proliferation, which further supports that LGG has
relatively better hypoxic targeting and proliferative capacity (Supple-
mentary Fig. 6a, b).

Subsequently, six 4T1 tumor-bearing mouse models were estab-
lished, which were randomly divided into LGG groups and control
groups. When the tumor volume reached 200 mm3, RNA sequencing
was performed on the tumors in order to investigate the potential bio-
logicalmechanisms of LGG to promote therapeutic efficacy. Correlation
analysis shows that the two groups had similar gene expression levels
(Supplementary Fig. 6c). Transcriptome sequencing results identify 160
genes were regulated, of which 106 were upregulated and 54 were
downregulated in the LGG group (P<0.05, log2FoldChange | > 1)
(Fig. 5a, b). Analysis of these differential genes using geneontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) reveals that
they are associated with multiple signaling pathways, which including
immune infiltration of the tumor microenvironment (red) and promo-
tion of tumor cell apoptosis (Fig. 5c and Supplementary Fig. 6d). The
more representative evidence is the Toll-like receptor signaling path-
way, where Toll-like receptors can be bound by exogenous and possibly
endogenous ligands to trigger pro-inflammatory signaling cascades in
various immune cells linking natural immunity and inflammation. Upon
ligands bindings, TLR homo- or heterodimers are formed that activate
MyD88-dependent and/or independent signaling pathways via different
junctional proteins such asmyeloid differentiation primary response 88
(MyD88), TIR domain-containing adaptor protein (TIRAP), translocation
associated membrane protein (TRAM) and/or toll-like receptor adaptor
molecule 1 (TICAM1). In the MyD88-dependent signaling pathway,
MyD88 can recruit interleukin-1 receptor-associated kinases (IRAKs) and
cause them to be phosphorylated, which then recruits tumor necrosis
factor receptor-associated factors (TRAF) ubiquitin ligases. Typically,
TRAF6 forms a complexwithTGF—activated kinase (TAK) andTGF-beta-
activated kinase1/MAP3K7 binding protein(TAB), and TAK activates the
downstream IκB kinase-nuclear factor-κB (IKK-NF-κB) and mitogen-
activated protein kinases (MAPK) cascades through phosphorylation
modifications, which in turn leads to activation of the transcription
factors nuclear factor-κB (NF-κB) and activating protein-1 (AP-1) and
controls the expression of pro-inflammatory cytokines and other
immune-related genes45,46. In addition, the TNF signaling pathway that
causes apoptosis in tumor cells, is an exogenous pathway triggered by
the cell surface death receptor tumor necrosis factor receptor family.
Theparticipating ligands and correspondingdeath receptors areTNF-α/
TNFR1. The junctional protein (FADD/TRADD) recruits pro-caspase-8,
leading to the formation of the death-inducing signaling complex,
caspase-8 oligomerization, and activation by autocatalysis. The acti-
vated caspase-8 then induces apoptosis47,48. In summary, LGG may
possess the ability to enhance the effect of immune therapy for tumor.

Accordingly, the combination of LGG with the MHS nanosystem
to form LGG-MHS complexes has promised to amplify the oncological
therapeutic efficacy by utilizing the self-driven effect of LGG for car-
rying the MHS nanosystem to the tumor sites. Notably, it has been
shown that the acidic nature of the tumor microenvironment reduces

Fig. 4 | ICD facilitates antitumor immunity against 4T1 cells in vitro. aWestern
blot analysis of specific proteins expression after DAMPs (HMGB1, CRT andHSP70).
4T1 cells were left untreated, treated with US only, co-incubated with MH, MHS,
MH+US and MHS+US. Concentration = 100μg/mL. Incubation time = 12 h (Four
times each experiment was repeated independently with similar results).
b–d Immunofluorescence analysis of specific proteins expression after DAMPs,
including HMGB1 (red), CRT (red) and HSP70 (green). 4T1 cells were left untreated,
treated with US only, co-incubated with MH, MHS, MH+US and MHS+US. DAPI
was used to stain the nucleus of the cell (blue). e Schematic diagram of the
experiment to explore DC cellsmaturation in vitro. In the upper chamber, 4T1 cells
were cultured without any treatment, treated with US only, co-incubated with MH,

MH+US, MHS and MHS+US. And in the lower chamber, BMDCs were cultured.
After co-cultured for 24 h, BMDCs are collected for analysis. f Secretion of IL-12p70
and IL-2 from the supernatant of BMDCs (n = 3 biologically independent samples).
g Representative flow cytometry plots and h corresponding statistical data of
matured BMDCs (CD80+CD86+CD11c+) after various treatments, including control,
US only, MH, MH+US, MHS and MHS+US (n = 3 biologically independent sam-
ples). A representative image or plot of three biologically independent samples
from each group is shown in b, c, d, and g. Statistical differences for f and h were
calculated using two-tailed unpaired Student’s t-test, data were expressed as
means ± SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Source data are pro-
vided as a Source Data file.
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the forces between the drugmolecule and the carrier material, such as
electrostatic interaction, which facilitate the release of the drug. To
examine the tumor tropism of the LGG-MHS, pre-prepared Cy5.5-
labeled MHS (MHS-Cy5.5), Cy5.5-labeled LGG (LGG-Cy5.5) and both
complexes (LGG-MHS-Cy5.5) were intravenously administered into
tumor-bearing female Balb/c mice (1 × 107 CFU per mouse), followed

by in vivo fluorescence imaging at different time points. In vivo
fluorescence images and semi-quantitative analysis indicate that the
fluorescent intensity of Cy5.5 at the tumor site increased over time
after intravenous injection of LGG-Cy5.5 and LGG-MHS-Cy5.5, reveal-
ing that the LGG-MHS complex has relatively better tumor targeting
properties (Fig. 5d, e). In addition, when tumor tissues and major
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organs (heart, liver, spleen, lung, and kidney) were harvested for
fluorescence imaging 72 h after injectionofMHS-Cy5.5, LGG-Cy5.5, and
LGG-MHS-Cy5.5, LGG-treated group and the LGG-MHS-treated group
accumulated significantly stronger signals in tumors than the other
organs (Fig. 5f, g). The collected tissues were homogenized and the
obtained homogenates were t 100-fold dilution and split on MRS agar
plates. The results suggest that no nascent LGG was found in the MHS
group, while the bacteriamainly accumulated in the tumors in the LGG
and LGG-MHS groups, demonstrating relatively good tumor-targeting
properties of LGG-MHS (Fig. 5h and Supplementary Fig. 6e).

Effectiveness of LGG-MHS in the treatment of tumors and anti-
rechallenge in vivo
Initially, the biosafety of the LGG-MHS nanosystem was evaluated by
analyzing the blood biochemistry and major organs of mice after tail
vein injection of the LGG-MHS nanosystem for 30 days. The major
organs were homogenized and spread after 100-fold dilution on MRS
agar plates for incubation, whichdisplayed that the heart, spleen, lung,
and kidney were free of LGG growth except for minor LGG residues in
the liver after 30 days of LGG-MHS nanosystem injection (Supple-
mentary Fig. 7a, b). Subsequently, the major mouse organs (heart,
liver, lung, and kidney) were extracted and stained for hematoxylin-
eosin staining at different time points (1, 3, 7, and 30 days) following
LGG-MHS injection, showing physiological morphology with no
obvious necrosis or inflammation comparable to those of the pre-
injection mice (Supplementary Fig. 7c). In addition, the biochemical
indexes of blood (white blood cells, red blood cells, andplatelets), liver
(albumin, globulin, total protein, and total bilirubin) and kidney
(creatinine and blood urea nitrogen) functions in the experimental
mice were also not significantly different from those in the control
group (Supplementary Fig. 7d, e). Furthermore, another US-imposed
experiment was carried out to assess the biosafety of LGG-MHS under
US stimulation. As shown in Supplementary Fig. 8, even mice injected
with 2-fold of the treatment dose showed no abnormalities in hema-
tological parameters and organ HE sections compared to untreated
mice. The above results indicate that the LGG-MHS nanosystem has a
high biosafety and biocompatibility.

Based on the results of the above in vitro studies, the therapeutic
efficacy of LGG-MHS nanosystems in solid tumors and beneficial ICD
induction were explored. A mouse 4T1 subcutaneous breast cancer
tumor model was first constructed (Fig. 6a). To compare the merits
between traditional small molecule inhibitors and emerging gene
editing technologies, the IDO inhibitor NLG919 was included in the
experimental group as a control group (LGG-MHI +US). Mice were
randomly divided into 8 groups once the tumor volume reached an
approximate size of 60~80mm3, which including Control, LGG, MHS,
LGG-MHS,MHS+US, LGG-MH+US, LGG-MHI +US andLGG-MHS+US,
andwere treated on days 7-14. The tumor growthwasmonitored every
other day until day 21. As a result, the LGG-MHI +US group showed
excellent ability to inhibit tumor growth and completely eliminated
primary tumors in some mice (2/5) compared to the control group,
while the LGG-MHS+US group had a more powerful treatment effect
with tumor elimination reaching 4/5 (Fig. 6b, c). The findings suggest
that reducing the expression level of IDO1 can help inhibit the pro-
liferation of tumor. More importantly, it was also demonstrated that
the CRISPR/Cas9 nanosystem can precisely achieve IDO1 knockdown

under US irradiation, avoiding the drug resistance defection of tradi-
tional inhibitors. The treated mice showed no significant change in
body weight except for greatly prolonged survival, which further
demonstrating the excellent biosafety and efficient therapeutic effi-
cacy of the LGG-MHS+US nanosystem (Supplementary Fig. 9a, b).

To elucidate the mechanism of effective tumor growth inhibition
by the LGG-MHS+US nanotherapy system, parts of the mice were
euthanized and tumor tissues were collected at the time point of 24 h
after the first US irradiation, followed by detection of Trp and Kyn
levels in tumors. The Trp levels in the LGG-MHI +US and LGG-MHS+
US group were increased relative to other groups, while the Kyn levels
were reduced (Fig. 6d, e). In addition, HE and TUNEL staining were
utilized to detect pathological changes in tumor tissue, while Ki-67
stainingwas employed to examineproliferation status of cells in tumor
sections. The results of HE and TUNEL staining exhibit substantial cell
necrosis in the MHS+US and LGG-MHS +US groups, which is parti-
cularly evident in the LGG-MHS+US group. Conversely, necrosis was
either absent or minimal in control, LGG, MHS, and LGG-MHS groups
(Supplementary Fig. 9c–e). In addition, Ki-67 staining shows a sig-
nificant proliferation inhibition in the LGG-MHS +US group compared
to other groups, which further demonstrates the high efficacy of the
self-driven LGG-MHS nanosystem for tumor therapy (Fig. 6f ). Subse-
quently, tumor sections immunostaining for DAMP-related proteins
(HMGB1, CRT, and HSP70) was performed to explore the capability of
the above treatments to induce ICD production. As the results indicate
the related DAMPs proteins were highly expressed in the LGG-MHS +
USgroup compared to the other groups, suggesting that the LGG-MHS
nanosystem could effectively induce the production of ICD in vivo
upon US irradiation (Fig. 6g, Supplementary Fig. 9f ). Meanwhile, the
obtained primary tumor sections were subjected to IDO immuno-
fluorescence staining, which found that the IDO protein level was
significantly decreased in the LGG-MHS+US group (Supplementary
Fig. 9g, h). The above results demonstrate that the composite system
consisting of LGG and MHS nanosystems (LGG-MHS) can accurately
target and enrich the tumor site, with more powerful therapeutic
effects under US radiation.

The mice were re-challenged on the time of 60 days with a 3-fold
higher inoculum implanted subcutaneously into the left axillary to see
if the survivors (n LGG-MHI + US = 2, n LGG-MHS + US = 4) had established
long-term immunity against 4T1 cancer cells (Supplementary Fig. 9i).
For the survivors that had been treated with LGG-MHS+US, the sec-
ond tumor challenge was rejected at a 100% rate. Though animals
treated with the LGG-MHI +US initially demonstrated 2/5 survival rate,
all with tumor progression observed after the tumor re-challenge,
indicating inefficient development of an adaptive immune response
against 4T1 cells. These results show that, while IDO inhibitor combi-
nation LGG exhibits antitumor activity under the US exposure, it is not
as efficient as the CRISPR/Cas9 at eliciting long-lasting immunity.

Anti-tumor immune mechanism
To identify the mechanism underlying the superb antitumor effec-
tiveness of LGG-MHS nanosystems under US radiation, the immune
cells response in tumors and spleens, as well as the major immune
cytokines in tumors were evaluated in treated mice. Given the
importance of DCs in initiating innate and adaptive immunity, we first
investigated whether the self-driven nanosystem therapeutic strategy

Fig. 5 | Bacterial hypoxia targeting characterization and bacterial sequencing.
a Volcano map and b Heatmap of genes alteration with or without LGG treatment
(P <0.05, |fold change | ≥ 2). c RNAseq-based KEGG analysis of differential gene
expression profiles after LGG treatment (n = 3 mice per group). Statistical differ-
encewas calculatedusing Fisher’s exact test.d In vivo imaging and e corresponding
fluorescence intensity of Cy5.5-labeled MHS, Cy5.5-labeled LGG and Cy5.5-labeled
LGG-MHS in mice, respectively (1 × 107 CFU LGG per mouse, n = 3 mice per group,
data were expressed as means ± SD). f Accumulation and g corresponding mean

fluorescence intensity of Cy5.5-labeled MHS, Cy5.5-labeled LGG and Cy5.5-labeled
LGG-MHS inmajor organs (1. Heart, 2. Liver, 3. Spleen, 4. Lung, 5. Kidney, 6. Tumor.
n = 3 mice per group, data were expressed as means ± SD). Statistical differences
were calculated using two-tailed unpaired Student’s t-test. h Photographs of bac-
terial colonization in various organs harvested from 4T1-bearing mice at various
time points after injection of MHS, LGG, and LGG-MHS on solid MRS agar plates
(The representative imaging from three independent samples). Source data are
provided as a Source Data file.
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described above couldpromoteDCsmaturation in tumors. The results
reveal that the proportions ofmature DCs (CD11c+CD80+CD86+) in the
Control, LGG, MHS, LGG-MHS, MHS+US, LGG-MH+US, LGG-MHI +
US, and LGG-MHS+US groups were average ~10.1%, ~13.9%, ~13.3%,
~16.6%, ~19.7%, ~21.0%, ~25.5%, and ~29.7%, respectively, with LGG-
MHS +US group levels being remarkably higher than other groups

(Fig. 7a and Supplementary Fig. 10a). Simultaneously, a population of
individual CD8+ cytotoxic T lymphocytes (CTLs) and CD4+ helper T
lymphocytes (HTLs) was detected in the spleen tissue. The results
show that the populations of CD8+ T and CD4+ T cells in the mice
spleen in the LGG-MHS +US groupwere significantly higher than other
groups, indicating that self-driven probiotics play an essential role in
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remodeling the immunosuppressive microenvironment following the
delivery of the MHS nanosystem (Fig. 7b and Supplementary Fig. 10b).
To further demonstrate that the LGG-MHS+US therapeutic strategy
could reduce immunosuppression through improved CRISPR/Cas9
IDO1 knockdown efficiency, the infiltration of regulatory
CD3+CD4+Foxp3+ in tumors and overexpression of IDO resulting in
accumulation of Tregs and thus blocking the anti-tumor immune CTLs
response were investigated. The results show that the proportion of
Tregs in the LGG-MHI +US and LGG-MHS+US group was significantly
less than that in other groups (Fig. 7c and Supplementary Fig. 10c). In
the spleen, the percentage of M1- and M2-like macrophages was
determined simultaneously, showing that the ratio of M1/M2 was sig-
nificantly higher in the LGG-MHS+US groups compared to the other
groups, with the LGG-MHS+US group reaching an average 18.17
(Fig. 7d and Supplementary Fig. 10d). Immunofluorescence staining
was used to assess the proliferation of CD4+ HTLs and CD8+ CTLs in
order to further illustrate the anti-tumor immune response of the self-
driven probiotic CRISPR/Cas9 delivery nanosystem strategy. As a
result, the LGG-MHI +US and LGG-MHS+US therapy significantly
facilitated the proliferation and activation of tumor-infiltrating HTLs
(CD3+CD4+) andCTLs (CD3+CD8+), suggesting that LGG combinedwith
IDO reduction strategy in the presence of US therapeutic arrangement
modality can effectively activate the immune system to kill the tumor
cells (Fig. 7e and Supplementary Fig. 11). Furthermore, intra-tumor
levels of several vital biomarkers, including Interleukin-2 (IL-2),
interleukin-12p70 (IL-12p70), tumor necrosis factor-α (TNF-α), and
interferon-γ (IFN-γ), which are cytokines secreted by immune cells in
TIME to promote T-cell responses, were considerably elevated in the
LGG-MHS +USgroup (Fig. 7f–i). Collectively, these results confirm that
a self-driven probiotic CRISRP/Cas9 delivery nanosystem therapeutic
strategy enables a potential transformation of immune “cold” into
immune “hot” tumors.

Effectiveness in combating distal tumors and lung metastases
It is crucial to ensure that LGG can colonize distal tumors before the
LGG-MHS self-driven nanosystem elicits systemic immune effects.
Therefore, 4T1 cellswere injected into the left sideof the secondbreast
pad of mice, and the same operation was performed on the right side
7 days later to establish an in situ dual tumor model as primary and
distal tumors, respectively. When the primary tumor size reached
approximately 200–250mm3 and the distal tumor volume was
approximately 60–80mm3, LGG was injected via tail vein. After 24 h,
the primary and distal tumors were harvested and homogenized for
dish coating. As shown in Supplementary Fig. 12a, b, both primary and
distal tumors showed LGG colonization. The difference in CFUmay be
due to the different levels of hypoxia in the primary and distal TIME.

Additionally, the dual tumor in situ model has been employed to
investigate the against distal tumors of LGG-MHS+US therapeutic
strategy. The necessary US irradiation was only performed on the pri-
mary tumor, but not on the distant tumor, detecting the size of the
bilateral tumors during the treatment and analyzing the recorded data
after 21 days (Fig. 8a). The tumor growth curves indicate that the pri-
mary tumors in the LGG-MHI +US and LGG-MHS+US group were dis-
tinctly suppressed compared to those in the control groups (Fig. 8b and

Supplementary Fig. 12b), while distal tumors were significantly sup-
pressed in LGG-MHS+US compared with LGG-MHI +US (Fig. 8c, d). At
the end of therapy, the mice were euthanized, while bilateral tumor
tissues were harvested and weighed, with results consistent with those
described previously, demonstrating a favorable anti-neoplastic effi-
cacy of LGG-MHS+US (Supplementary Fig. 12c, d). This against distal
tumormechanism can be attributed to the comprehensive activation of
the immune system by the LGG-MHS+US therapeutic strategy, which
was demonstratedby immunofluorescence to substantially increase the
populations of infiltratingCD8+ andCD4+ T cells in distant tumor tissues
(Fig. 8e and Supplementary Fig. 12e, f). This suggests that IDO1 knock-
down and US-induced ICD activation coupled with LGG-activated
immune response pathways together mediated systemic anti-tumor
immunity.

Lung metastasis from breast cancer is a major cause of death in
patients49, In order to investigate the anti-pulmonary metastatic
effect produced by LGG-MHS +US treatment strategy, the model of
lung metastasis were established. For prolong the survival of the
tumor-bearing mice, the primary tumor was removed at the end of
treatment, and 4T1 cells labeled with luciferase were injected into the
tail vein of the mice 2 weeks later. The anti-lung metastasis effect of
the different treatments was assessed at day 43 (Fig. 8f). The levels of
central memory T cells (CD3+CD8+CD44+CD62L+, Tcm) and effector
memory T cells (CD3+CD8+CD44+CD62L-, Tem) were measured by
flow cytometry in the tumors of mice, which showed varying degrees
of increase compared to the control group. A particularly pro-
nounced increase was observed in the LGG-MHS +US group, with
Tem numbers reaching an average of 18.7% and Tem numbers
reaching an average of 38.7%. (Fig. 8g and Supplementary Fig. 12g, h).
In addition, the pulmonary tissues were collected on day 42 and
subjected to photography, bioluminescence imaging and HE stain-
ing, showing that the number of metastatic nodules in the lungs with
LGG-MHS +US treatedmice were significantly lower than those in the
other groups (Fig. 8h–j and Supplementary Fig. 12i). Notably,
MHS +US and LGG-MH+US, despite their powerful therapeutic
effects in primary tumors, did not produce satisfactory systemic
immune activation against distant tumors and lung metastases.
These results confirm that the LGG-MHS +US therapeutic modality
can facilitate the formation of T memory cells, leading to long-term
anti-tumor effects to prevent lung metastasis.

Discussion
Immunotherapy has become an effective therapeutic modality for
tumors instead of surgery, radiotherapy, chemotherapy and targeted
therapy through activation or modulation of the organism immune
system. However, due to the existence of tumor immunosuppressive
microenvironment (hypoxia, low pH, immunosuppressive cell infiltra-
tion, etc.) limits the effectiveness of immunotherapy. In particularly, IDO
is a potential small molecule immune checkpoint which is over-
expressed in a variety of tumor tissues and serves as an immunosup-
pressive factor to induce immune tolerance and immune escape in the
organism’s immune system. The Cancer Genome Atlas (TCGA) database
analysis reveals that the expression level of IDO1 is significantly upre-
gulated in triple-negative breast cancer (TNBC) compared to normal

Fig. 6 | LGG-MHS +US against 4T1 tumor in vivo. a Schematic diagram of primary
tumor treatment process in vivo. b Tumor growth curves of 4T1 after being treated
by PBS, LGG, MHS, LGG-MHS, MHS+US, LGG-MH+US, LGG-MHI +US, and LGG-
MHS+US (n = 5 mice per group). c Average tumor growth curves in different
groups (n = 5mice per group). Statistical differenceswere calculated using two-way
ANOVA with the Geisser-Greehouse correction, match values are stacked into a
subcolumn. d HPLC assay of the Trp content in primary tumors and TDLNs of
tumor-bearing mice after different treatments (n = 3 biologically independent
samples). e Elisa assay Kyn content in primary tumors and TDLNs of tumor-bearing
mice after different treatments (n = 3 biologically independent samples). f Antigen

Ki-67 staining in tumor sections from each experiment group.
g Immunofluorescence images of specific proteins expression after DAMPs
(HMGB1, CRT, andHSP70) from tumor tissue. DAPI was used to stain the nucleus of
the cell (blue). A representative image of three biologically independent samples
from each group is shown in f and g. Statistical differences for d and e were cal-
culated using two-tailed unpaired Student’s t-test between two groups, Dunnett’s
multiple comparisons post-test for comparisons more than two groups containing
group Control. Data were expressed as means ± SD in c, d, and e. *P <0.05,
**P <0.01, ***P <0.001, ****P <0.0001. Source data are provided as a Source
Data file.
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breast tissue. Then, to explore the correlation between the expression
level of IDO1 and the development of TNBC, we constructed stable
overexpression of IDO1 and stable interferencewith IDO1 in 4T1 cell lines
and constructed xenograft tumor models. The results indicate that

overexpression of IDO1 significantly promotes the development of
breast cancer. Therefore, reducing the expression level of IDO1 con-
tributed to inhibiting the proliferation of breast cancer. Accordingly, the
CRISPR/Cas9 nanosystem developed in this research can efficiently
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Fig. 7 | Reprograming of the tumor immunosuppressive microenvironment by
the self-driven LGG-MHS +US nanosystem. a Typical flow cytometric of mature
DCs in tumor tissue after 24h after the first different treatments. b Typical flow
cytometric of T cells of CD4+ and CD8+ T cells in the spleen after 24 h after the first
different treatments. c Typical flow cytometric of Tregs in primary tumor tissue
after 24h after the first different treatments. d Representative flow cytometric of
M2 macrophages in spleen after 24h after the first different treatments.
e Immunofluorescence images of helper T lymphocytes (CD3+CD4+) and

proliferated cytotoxic T lymphocytes (CD3+CD8+) in primary 4T1 tumor tissue sli-
ces. f–i Levels of the IL-2, IL-12p70, IFN-α, and TNF-γ in primary tumor tissues after
24h after the first different treatments (n = 3 biologically independent samples).
Representative plots or images of three biologically independent samples from
each group is shown in a, b, c, d, and e. Statistical differences for f, g, h, and iwere
calculated using two-tailed unpaired Student’s t-test, data were expressed as
means ± SD. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Source data are pro-
vided as a Source Data file.
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enrich the tumor region under probiotic drive and can precisely and
controllably knock down IDO1 under US irradiation, avoiding the lack of
targeting and drug resistance of traditional inhibitors.

In addition, hypoxia plays a crucial role in the tumor immuno-
suppressive microenvironment and largely influences the outcome of
treatment. Given the critical role of hypoxia in tumor progression and

its resistance to treatment, many efforts have beenmade to overcome
the limitations associated with hypoxia regarding tumors. In contrast
to traditional strategies of overcoming hypoxia, the present research
exploited the hypoxic microenvironment of tumors and utilized the
hypoxia-driven and colonization properties of LGG as a vector for
delivery of the CRISPR/Cas9 nanosystem. After our study, we found
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that LGG have an ability to target the hypoxic microenvironment of
tumors. In vivo fluorescence images and semi-quantitative analysis
indicate that the fluorescent intensity of Cy5.5 at the tumor site
increased over time after intravenous injection of LGG-Cy.5.5 and LGG-
MHS-Cy5.5, revealing relatively better tumor-targeting properties of
the LGG-MHS complex.Meanwhile, it has been revealed that LGG is not
only a vehicle but also a synergistic therapeutic adjuvant. LGG can
inhibit tumor cell growth and metastasis by activating the immune
response through certain specific pathways and increasing the infil-
tration of immune cells in the tumor microenvironment.

The system generates powerful immune responses that effec-
tively attack tumor cells in mice, contributing to the inhibition of
tumormetastasis in vivo. In addition, this strategy provides a powerful
immunological memory effect which offers protection against tumor
re-challenge after elimination. In summary, a self-driven probiotic
delivery system for CRISPR/Cas9 was constructed in order to repro-
gram the TIME and then inhibit metastasis and recurrence of breast
cancer. This system employs Lactobacillus rhamnosus as a carrier for
the efficient delivery of the CRISPR/Cas9 nanosystem to knock down
IDO1, reduce immunosuppressive cells infiltration, and activate
intrinsic immunity by regulating signaling pathways associated with
immune response and apoptosis. Meanwhile, the system is triggered
by the US to improve gene editing efficiency and induce ICD, while the
molecular damage-related proteins released during ICD are taken up
by immature DCs as antigens to promote their maturation and thus
upregulation of killer T cells. Immune cells are efficiently activated
through this cocktail therapy to eliminate the primary tumor and
inhibit itsmetastasis and recurrence. This research not only reprogram
the TIME with multiple pathways to activate the immune system
against tumors but also developed a synergistic gene editing ther-
apeutic modality based on a unique CRISPR/Cas9 gene delivery tech-
nology,which is undoubtedly crucial for further clinical applications of
gene editing technology in vivo.

Methods
Ethical issues
All animal experiments were performed according to protocols in
accordance with policies of the National Ministry of Health and
approved by the LaboratoryAnimal Center of Shanghai Tenth People’s
Hospital (SHDSYY-2021-6393). The maximum tumor volume allowed
by the Experimental Animal Center of Shanghai Tenth People’s Hos-
pital is 1500mm3, the maximum tumor diameter allowed by the NIH is
no to exceed 2 cm (Guidelines for endpoints in animal study propo-
sals). The tumor volume or diameter of the mice in the tumor-related
animal experiments in this study did not exceed the allowed range
described above.

Materials
2-methylimidazole (C4H6N2, 98%), and zinc nitrate hexahydrate
(N2O6Zn·H2O, AR, 99%) were purchased from Aladdin (Shanghai,
China). Methanol was acquired from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Monomethorphyrin (HMME) was purchased fromXi’
an Ruixi biological technology Co., Ltd. 1,3-diphenylisobenzofuran

(DPBF) was gained from Sigma-Aldrich Co. Ltd., USA. SDS-PAGE Gel
Rapid Preparation Kit, 2,7-dichlorodihydrofluorescein diacetate
(DCFH-DA), QuickBlock™ blocking agent and transferred to poly-
vinylidene difluoride (PVDF) membrane were acquired from Beyotime
Co. Ltd., China. 2× Rapid Taq Master Mix, ChamQ SYBR qPCR Master
Mix, T7 Endonuclease I, Ultra GelRed nucleic acid stain (10,000×), BCA
protein quantification kit, 100 bp DNA Ladder, RNA-easy isolation
reagent, 2× Phanta Max Master Mix (Dye Plus), FastPure cell/tissue
total RNA isolation kit V2 and HiScript II 1st strand cDNA synthesis kit
were acquired from Vazyme Co., Ltd. Dimethyl sulfoxide (DMSO) was
acquired from Macklin (Shanghai, China). Pierce™ ECL Western Blot-
ting Substrate was purchase from Thermo Fisher Co., Ltd. Mouse IL-2,
IL-12p70 ELISA kits were acquired from Multiscience, China.

Characterization
The specific surface area and total pore volume of the composite
nanoparticles were measured by nitrogen adsorption technique in a
Micrometitics ASAP 2460 system at −195.850 °C. TEM and corre-
sponding element mapping were adopted for the observation of the
microstructure and component of nanosystem (FEI Tecnai G2 F20
operated at 200 kV and JEOL). Particle size and zeta potential were
determined by Zetasizer Nanoseries (ZTS1240, Malvern Panalytical
Ltd.). UV–vis spectra was acquired by UV-vis-NIR spectrophotometer
(PE Lambda 950). Nikon bio-microscope (CI-L)was used to observe the
fluorescent sections.

Construction of sgRNA
The target of IDO1 gene sequence (CGCCATGGTGATGTACCCCAGGG)
was designed with the assistance of the online tool platform (http://
chopchop.cbu.uib.no/). SgRNA (104618019) and CRISPR-Cas9 (Cat#:
1081059) system were obtained from Integrated DNA
Technologies (IDT).

Constructionof IDO1geneoverexpression recombinant plasmid
and IDO1 Interfering lentiviral plasmid construction
Overexpression recombinant plasmid ID: CMV-MCS-3XFlag-PGK-Puro.
Oligomeric single-stranded DNA sequences 5’ to 3’:

Oligo P1 (XhoI): CTACCGGACTCAGATCTCGAGGCCACCATGGC
ACTCAGTAAAATATCTCC.

Oligo P2 (EcoRI): GTCATCCTTGTAATCGAATTCAGGCCAACTCAG
AAGAGCTTTC

Interfering lentiviral plasmid ID: hU6-MCS-CMV-ZsGreen 1-PGK-
Puro. Oligomeric single-stranded DNA sequences 5’ to 3’:

Top Strand A: GATCCGCCTCCTATTCTGTCTTATTTCAAGAGAA-
TAAGACAGAATAGGAGGCTTTTTTG.

Bottom Strand A: AATTCAAAAAAGCCTCCTATTCTGTCTTATTCT
CTTGAAATAAGACAGAATAGGAGGCG.

Bacteria culture
Lactobacillus rhamnosus GG (LGG) was dipped and inoculated in
culture tubes containing DeMan Rogosa Sharpe (MRS) broth with an
inoculation loop. The culture tubes were placed in oscillation incu-
bator at 37 °C. LGG was collected by centrifugation when it grew to

Fig. 8 | Anti distal tumoreffect and immunologicalmemoryofLGG-MHS+US in
the 4T1 bearing mice model. a Schematic diagram of the establishment of distal
tumors model and the experimental procedure of treatment. b Average tumor
growth curves of primary tumor in different groups (n = 5 mice per group). cMean
growth curves and d corresponding growth curves of distant tumors in different
groups (n = 5 mice per group). e Immunofluorescence images of helper T lym-
phocytes (CD3+CD4+) and proliferated cytotoxic T lymphocytes (CD3+CD8+) in 4T1
tumor tissue slices of distal tumor. f Schematic diagram of the establishment and
treatmentprocess ofmousemodels of lungmetastasis.gTypicalflowcytometric of
the effector memory T cells (CD3+CD8+CD44+CD62L−) (Tem) and
(CD3+CD8+CD44+CD62L+) (Tcm) in the spleen after 24h after the first different

treatments. h Bioluminescence images and i corresponding fluorescence intensity
quantification of lung metastatic nodules of the 4T1 tumors (n = 3 biologically
independent samples). j HE staining of lung tissue from different groups of 4T1
tumor-bearingmice. Thenoduleswith yellow circles in the sectiondiagram indicate
metastases in the lungs. Representative images or plots of three biologically
independent samples from each group is shown in e, g, h, and j. Statistical differ-
ences for b and d were calculated using two-way ANOVA with the Geisser-
Greehouse correction, match values are stacked into a subcolumn, and statistical
differences in i were calculated using a two-tailed unpaired Student’s t test. Data
were expressed as means ± SD in b, d, and i. *P <0.05, **P <0.01, ***P <0.001,
****P <0.0001. Source data are provided as a Source Data file.
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logarithmic phase (4 °C, 2500 × g, 5 min). LGG was washed three
times with PBS and resuspended to 1 × 107 CFU/mL for later use.

Agarose gel electrophoresis test
The MHS composite nanosystem were prepared at MH/sgRNA mass
ratio of 0:1, 2:1, 4:1, 8:1, 10:1 and 12:1 (MH: Cas9/sgRNA). Then, theMHS
was adjusted to amass ratio equal to the concentration, loaded into 2%
(w/v) agarose gel in triacetate-EDTA (TAE) buffer and run 25min at
80V. The gels were visualized by UV illuminator with a Gel Doc system
(Bio-Rad).

Evaluation of Cas9/sgRNA release from MHS in vitro
TwodialysisbagswerefilledwithMHSandMHnanoparticles (100 µg/mL),
respectively, and the bagswere placed in PBS (pH=5.0 and 7.4). Then the
MHSsolutionwas incubatedat37 °CwithUS irradiation.After exposure to
US irradiation (1.0MHz, 1.0W/cm2, 50% duty cycle, 5min), nucleic acid in
the above solution was detected at different time points (0, 0.5, 1, 2, 4, 8,
12, and 24h) via micro-Spectrophotometer (Nano-300, Hangzhou All-
sheng Instrument Co., Ltd.).

Synthesis of self-driven CRISPR/Cas9 nanosystem
2-Methylimidazole (1.910 g) and zinc nitrate solution (1.314 g) were
dissolved in methanol (20mL), respectively. Hematoporphyrin
monomethyl ether (HMME, 200μL, 2mg/mL) was slowly added to
2-methylimidazole solution under mechanical stirring at room tem-
perature, and after 10min, zinc nitrate solution was added dropwise.
The MH was obtained after stirring for 24 h at room temperature.
Then, theMH andCRISPR/Cas9 system (mass ratio 4:1) were incubated
at 37 °C according to the methodology instructions, finally, the inte-
gration of MHS nanosystem was constructed. The obtained product
wasgatheredby centrifugation andwashedwithddH2O for three times
to remove the residuum. MHS was further stirred with LGG (PBS = 1
mL, LGG= 1 × 107 CFU, MHS= 1mg) in PBS for 24h to arrangement
LGG-MHS.

Evaluation of biological activity of self-driven CRISPR/Cas9
nanosystem
Cas9/sgRNA (CRISPR/Cas9: sgRNA= 1:1, Molar ratio) and MHS (MH:
Cas9/sgRNA= 4:1, mass ratio) was incubated respectively in PBS con-
taining serum (10% v/v) for different durations (0h, 6 h, 12 h, 24 h) to
assess the stability of the CRISPR/Cas9 nanosystem, followed by
agarose gel and SDS-PAGE electrophoresis, to examine the stability of
sgRNA and Cas9 protein in MHS.

To investigate the effect of the loading process, Cas9/sgRNAwere
set into 5 groups dispersed in acidic PBS (pH= 5.0) and incubated for
24 h at 37 °C (Cas9/sgRNA, MHS, MHS+US, LGG-MHS, LGG-MHS+
US). The same concentration of Cas9/sgRNA was taken for each group
and incubated with IDO1 DNA fragments, and finally agarose gel elec-
trophoresis was performed.

MRSagarplates coatingwas employed todetect the effect ofMHS
loading on the biological activity of LGG. 1 × 107 CFU LGG in PBS
without stirring was set as the control group, 1 × 107 LGG in PBS with
different concentrations of MHS (0mg/mL, 0.5mg/mL, 1mg/mL,
2mg/mL, 4mg/mL) and given mechanical stirring was set as the
experimental group. After various times (0, 6, 12, 24 h) the groupswere
coated on MRS agar plates (100μL taken after 100-fold dilution).

Cell culture
The mouse-derived breast cancer cells 4T1 cell line was originally
obtained from American Type Culture Collection (ATCC). Luc+

4T1 cells were obtained from OBiO Technology (Shanghai) Corp.,Ltd.
4T1 and Luc+ 4T1 cellswere cultured inRoswell ParkMemorial Institute
1640 medium (RPMI 1640, Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (UnitedBioresearch, Inc) and 1%penicillin-
streptomycin at 37 °C in a humidity atmosphere containing 5% CO2.

Cellular uptake and intracellular ROS detection
4T1 cells were seeded into CLSM-specific culture dishes at a density of
1 × 105 and incubated for 24 h at 37 °C, followed by pre-treatments of
MβCD, sucrose, and amiloride for 30min, following the medium was
replaced by Cy3-labeled MHS (MHS = 100μg/mL), which was then co-
incubated for 3 h. Then, the medium was washed with PBS for 3 times,
followed by the cell nucleus was stained with DAPI for 20min. To
further observe the intracellular fluorescence intensity, and the fluor-
escence signals were measured.

The 4T1 cells were randomly divided into 8 groups: control, US
only, MH (100μg/mL), MH+US (100μg/mL), ZIF-8 (100μg/mL), ZIF-
8+US (100 μg/mL), MHS (100μg/mL) and MHS +US (100μg/mL).
Briefly, 4T1 cells were incubated with various samples at 37 °C for 6 h.
Then, the medium was replaced with 2’, 7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), andUS irradiation (1.0MHz, 1.0W/cm2, 50%duty
cycle, 5min) was performed on US only and MHS+US groups. After
continuing incubation for 30min, the intracellular ROS generation in
various treatment groups was assessed by CLSM.

Evaluation of 1O2 generation in vitro
For evaluating the ability of MHS to generate 1O2 under US irradiation, 1,
3-diphenylisobenzofuran (DPBF), a 1O2 indicator, was also applied to
assess the 1O2 generation of MHS in vitro. Briefly, 5μL of DPBF in DMSO
solution (5mL) was added to the MHS solution (100μg/mL). After irra-
diating the mixture with US (1.0MHz, 1.0W/cm2, 50% duty cycle) for
various durations (0, 1, 2, 3, 4, 5min), the characteristic UV-Vis absorp-
tion spectra of DPBF were measured to assess the 1O2 generation.

Analysis of cellular uptake and lysosomal escape of MHS
nanoparticles
Lysosomal escape analysis of Cy5.5-labeled MHS by CLSM (ZEISS
LSM900) was used to record the intracellular distribution of Cas9/
sgRNA. 4T1 cells were pre-seeded into CLSM-specific culture dishes
at density of 1 × 105 and incubated for 24 h to adhere to culture
plates. Then, 4T1 cells were incubated with MHS nanosystem
(100 μg/mL) with US irradiation (1.0 MHz, 1.0W/cm2, 50% duty
cycle, 5 min) or without US irradiation for 1 or 3 h. DAPI (10 μg/mL)
and LysoTracker (0.5 μg/mL) stained the nuclei blue and lysosome
green, respectively.

Evaluation of cell viability and cellular apoptosis
To detect the cytotoxicity MHS composite nanoparticles in vitro,
4T1 cells were inoculated in 96-well plates (1 × 104) and allowed to
attach for 24 h. Subsequently, various concentrations (0, 3.125, 6.25,
12.5, 25, 50, 75, and 100μg/mL) ofMHSnanosystemwere co-incubated
for 12 h. Cell activity was measured by standard CCK-8 assay.

4T1 cells were seeded in 96-well plates (1 × 104) and attached to
plates for 24 h to demonstrate the synergistic therapeutic effect
in vitro. These cells were given various treatments, including control,
US only, MH, MHS, MH+US and MHS+US (100μg/mL, 1.0MHz,
1.0W/cm2, 50% duty cycle, 5min). The standard CCK-8 assay was used
to determine cell viability.

Quantitative assessment of apoptosis was performed by flow
cytometry. 4T1 cells were cultured in 6-well plates (1 × 105) for 24 h and
allowed for attachment to culture dishes with different treatments as
described previously. Cells were collected after trypsin dissociation,
centrifugation andwashingwith PBS three times. Finally, the cells were
incubated for 20min with a mixture of 5μL of Propidium Iodide (PI)
and 10μL of fluorescein isothiocyanate (FITC). Flow cytometry was
used to determine the level of apoptosis.

Meanwhile, 4T1 cells were seeded into CLSM-specific culture
dishes at density of 1 × 105 and incubated for 24 h to attach culture
plates. CLSM was used to examine 4T1 cells live and dead conditions
after various treatments, where live and dead cells were stained with
calcein-AM and PI, respectively.
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Detection of gene editing efficiency of in vitro
4T1 cells were cultured in 6-well plates for 24 h (1 × 105 cells per
well). The culture medium was replaced with new medium without
serum. After 1 h, MH/MHS (100 g/mL) was added to the wells of the
MH, MHS, MH + US, and MHS + US groups. Following 12 h incuba-
tion period, the US only group, MH + US group, and MHS + US
group received US irradiation (1.0 MHz, 1.0W/cm2, 50% duty cycle,
5 min). The medium was replaced with 2mL of fresh medium
containing 10% FBS. After that, the IDO1 mutation genome was
analyzed after different treatments. Treated 4T1 cells were
extracted genomic DNA for PCR analysis. Deep sequencing was
performed after purification and collection of PCR products.
(Primer sequences: IDO1-F- TTCTGTGTGGTTTCTCCACATC, IDO1-
R- GTCTCCAAACCTTTCGAACATC).

In vitro IDO1 expression assay
4T1 cancer cells were seeded into CLSM-specific culture dishes at a
density of 1 × 105 cells/dish and cultured overnight for cell attachment.
The cells were stimulated with IFN-γ (1 ng/mL) for 12 h and these cells
were subjected to different treatments including control, US only,MH,
MHS, MH+US and MHS+US (100μg/mL, 1.0MHz, 1.0W/cm2, 50%
duty cycle, 5min). After washed three times with PBS, the cells were
incubated with IDO Rabbit mAb (Cell Signaling Technology, Cat#
86630) for 1 h as well as staining with Alexa Fluor 555-goat anti-rabbit
IgG (Abcam, Cat# ab150078) for 1 h (The antibody concentration was
1:1000 diluted with PBS). The cells were stained with DAPI for 20min
and the fluorescence images of cells were captured using a CLSM.

For the Western Blot detection of IDO, the above-treated cells in
eachwell werewashed twicewith PBS, followed lysed on ice for 30min
and mixed gently upside down. After centrifugation (13,680 × g), the
total protein concentration of the supernatant cell lysate was mea-
sured with the BCA Protein Assay Kit. An equal amount of total protein
(30 µg) was analyzed by 10% SDS-PAGE and transferred to PVDF
membranes. The samples were incubated with blocking buffer for 1 h
at room temperature. The membranes were immersed in a
glyceraldehyde-3-phosphate solution (1:1000) containing β-actin Anti-
Rabbit Antibody (Abcam, Cat# ab8227) and IDO Rabbit mAb, incu-
bated for 12 h, and soaked with the conjugated secondary antibody
(Beyotime) for 1 h at room temperature. Finally, PVDF membranes
were washed three times (10min each) with 0.02% Tris-buffered saline
and Tween 20buffer and Pierce™ ECLWesternBlotting Substrate were
used for visualization of the target protein.

Surveyor assay for the detection of genomic modifications
After 3 days of different treatments, the genomic DNA of 4T1 cells was
harvested using the FastPure Cell/Tissue DNA Isolation Mini Kit. DNA
was amplified using 2 × Fast Taq Master Mix to amplify the gene loci
using forward primer TTCTGTGTGGTTTCTCCACATC and reverse
primer GTCTCCAAACCTTTCGAACATC. To reduce nonspecific ampli-
fication, a touchdown PCR procedure ((95 °C for 15 s, 60 °C for 15 s,
72 °C for 15 s/kb) for 35 cycles, 72 °C for 5min) was used. After pur-
ification by gel extraction, indole formation efficiency was assayed
according to theT7 Endonuclease I kit. The digestedDNAwas analyzed
by 2% agarose gel electrophoresis. Indole formation efficiency was
calculated by ImageJ.

Next-generation sequencing analysis of gene editing
The portion of gene editing was determined in 4T1 cells, as described
below. Genomic DNA was extracted with QuickExtract DNA Extraction
Solution and amplified using site-specific primers for Illumina
sequencing.

In vitro ICD expression assay
After 1 days of various treatment (control, US only, MH, MHS,
MH + US and MHS + US), 4T1 cells were washed twice with PBS in

6-well plates (5 × 105) before being lysed on ice for 30min and gently
mixed upside down. After centrifugation at 13,680 × g, the total
protein concentration of the supernatant cell lysate was measured
with the BCA Protein Assay Kit. An equal amount of total protein
(30 µg) was analyzed by 10% SDS-PAGE and transferred to PVDF
membranes. The samples were incubated with blocking buffer for
1 h at room temperature. The membranes were immersed in a
glyceraldehyde-3-phosphate solution (1:1000) containing β-actin
Anti- Rabbit Antibody (Abcam, Cat# ab8227), HMGB1 (Affinity
Biosciences, Cat# AF7020), CRT (Affinity Biosciences, Cat#
DF10202) and HSP70 (Affinity Biosciences, Cat# AF5466) rabbit
polyclonal antibody, incubated for 12 h, and soaked with the con-
jugated secondary antibody (Beyotime) for 1 h at room tempera-
ture. Finally, PVDF membranes were washed three times (10min
each) with 0.02% Tris-buffered saline and Tween 20 buffer, and
Pierce™ ECL Western Blotting Substrate were used for visualization
of the target protein.

Detection of immunogenic cell death (ICD) in vitro. To deter-
mine CRISPR/Cas9 nanosystem-induced ICD of the tumor cells,
surface expression of CRT, extracellular release of HMGB1, and
HSP70 were examined by immunofluorescence in vitro. Typically,
4T1 cells (1 × 105 cells per well) were seeded in CLSM-specific culture
dishes. Then, the cells were incubated with PBS, US only, MH, MHS,
MH + US, and MHS + US for 6 h, and then irradiated with or without
the US irradiation (1.0MHz, 1.0W/cm2, 50% duty cycle, 5 min). Fol-
lowing further incubation of 12 h, the cells were washed three times
with PBS, incubated with HMGB1, HSP70, and CRT-rabbit mono-
clonal antibodies for 1 h as well as staining with Goat Anti-Rabbit IgG
H&L (Alexa Fluor® 488) (Abcam, Cat# ab150077) or Goat Anti-
Rabbit IgG H&L (Alexa Fluor® 555) (Abcam, Cat# ab150078) for 1 h.
The cells were stained with DAPI for 20min and observed
using CLSM.

DC maturation in vitro
BMDCs were extracted from the bone marrow of 5-week-old female
Balb/c mice to study DCmaturation in vitro. 4T1 cells were pretreated
for 12 h with PBS, US only, MH, MHS, MH+US and MHS+US (MH/
MHS = 100μg/mL, US = 1.0MHz, 1.0W/cm2, 50% duty cycle, 5min).
Afterwards, 1 × 106 immature DC cells were co-cultured with 1 × 105

pretreated 4T1 cells in a transwell system for 24 h. FCM was used to
examine thematuration of DC cells after staining with APC anti-mouse
CD80 Antibody (Biolegend, Cat# 104714, Clone No.16-10A1), PE anti-
mouse CD86 Antibody (Biolegend, Cat# 105007, Clone No.GL-1), and
FITC anti-mouse CD11c Antibody (Biolegend, Cat# 117306, Clone No.
N418) antibodies (The antibody concentration was 1:100 diluted with
PBS). Cell culture supernatants were also collected. And ELISA kits
were used to measure the pro-inflammatory cytokines IL-2 and IL-
12p70 secreted by DCs.

Laboratory animals
Female Balb/c mice (5–6 weeks) were purchased from Shanghai
Sakas Biotechnology Co., Ltd. All mice were housed in SPF-grade
pathogen-free facilities, 12 light/dark cycle, 40–70% relative
humidity, temperature ~25°, with free access to standard food
and water.

Transcriptome sequencing of injection of LGG
The study was conducted on 6-week-old female Balb/cmice (n = 6). To
establish 4T1 tumor-bearing mouse models, Balb/c mice were sub-
cutaneously implanted with 4T1 cells. After the tumor volume reached
~200mm3, and then theywere randomly divided into twogroups (n = 3
per group), including the control and LGG groups (intravenous injec-
tion of 1 × 107 CFU LGG). At 24 h after the injection, tumor tissues were
extracted, followed by nucleic acid extraction and full transcriptome
sequencing.
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In vivo fluorescence imaging
Cy5.5-labeled MHS (200μL, Cy5.5-MHS = 10mg/kg, Cy5.5 = 10μg/mL),
Cy5.5-labeled LGG (200μL, Cy5.5-LGG= 1 × 107 CFU, Cy5.5 = 10μg/mL)
and Cy5.5-labeled LGG-MHS (200μL, LGG= 1 × 107 CFU, Cy5.5-MHS =
10mg/kg, Cy5.5 = 10μg/mL) were intravenously injected into mice
when the tumors volume reached about 200 mm3. At various time
points (0, 2, 4, 6, 8, 12, 48, and 72 h), mice were anesthetized and
imaged by VISQUE imaging system.

Bacterial colonization in vivo
After bacteria injection, the major organs (heart, liver, spleen, lung,
kidney, and tumor) of mice were collected at the desired time points
(0, 2, 6, 24, and 72 h). The major organs were extracted, weighed, and
homogenized. The samples were plated on MRS plates after 100-fold
dilution.

In vivo safety evaluation
Fifteen 6-week-old female Balb/cmice were divided into five groups at
random. Then blood was collected on control (without any treatment)
and 1, 3, 7, and 30 days after tail vein injection of LGG-MHS (200μL,
LGG= 1 × 107 CFU, MHS= 10mg/kg) for the determination of blood
biochemical parameters and liver and kidney functionparameters. The
major organs (heart, liver, spleen, lung, and kidney) were collected for
HE staining and MRS dish coating.

15 tumor-bearing 6-week-old female Balb/c mice were randomly
divided into 5 groups, and different doses of LGG-MHS (control,
10mL/kg, 20mL/kg, 30mL/kg, 40mL/kg. A total of 1mL LGG-MHS
consisted of 1 × 107 LGG and 200μg MHS) were injected when the
tumor volume reached 60–80mm3. US (1.0W/cm2, 50% duty cycle,
5min) was performedon tumor the next day. Bloodwas then collected
to determine blood biochemical parameters and liver and kidney
function parameters. The major organs (heart, liver, spleen, lung, and
kidney) were collected for HE staining.

Effect and mechanism of In vivo synergistic multi-therapies
4T1 tumor cells (1 × 106) were injected into the axillary of 6-week-old
female Balb/c mice (∼20 g) to establish a xenograft tumor model.
These mice were divided at random into 8 groups (per group, n = 5):
control (200μL, PBS), LGG (200μL, LGG= 1 × 107 CFU), MHS (200μL,
MHS = 10mg/kg), LGG-MHS (200μL, LGG= 1 × 107 CFU, MHS= 10
mg/kg), MHS +US (200μL, MHS= 10mg/kg, US = 1.0MHz, 1.0W/cm2,
50% duty cycle, 5min), LGG-MH+US (200μL, LGG= 1 × 107 CFU,
MH= 10mg/kg, US = 1.0MHz, 1.0W/cm2, 50% duty cycle, 5min), LGG-
MHI +US (200μL, LGG= 1 × 107 CFU, MHI = 10mg/kg, US = 1.0MHz,
1.0W/cm2, 50% duty cycle, 5min), LGG-MHS +US (200μL, LGG= 1 ×
107 CFU, MHS= 10mg/kg, US = 1.0MHz, 1.0W/cm2, 50% duty cycle,
5min). The above drugs were injected on days 7, 9, 11, and 13,
respectively, and the treatment groups with US application were irra-
diated with US on days 8, 10, 12, and 14, respectively. Tumor volume
andbodyweight ofmiceweremeasured every 2 days during days 7–21.
Calculate the tumor volume according to the formula (tumor length) ×
(tumor width)2/2. For ethical standards, mice were euthanized when
they were moribund or when the tumor diameter (tumor volume not
exceeding 1500mm3 is a prerequisite) exceeded 2 cm in any dimen-
sion. Survival was assessed from the first day of 4T1 cells injection to
day 60. After 24 h of the first treatment, themicewere euthanized (per
group, n = 3) and the tumors were dissected and fixed in 10% formalin.
For histological analysis, the tumor tissues were sectioned and stained
with HE, TUNEL, and Ki-67.

To evaluationof IDO expression, Trp andKyn content were tested
in vivo. Themice in eachgroupwere euthanized (per group,n = 3) after
14 days of different treatments. The tumor tissues were collected for
immunofluorescence staining (IDO). After that, a homogenizer was
used to homogenize the tumor andTDLNs tissues, respectively. Half of
the homogenate was incubated in 30% trichloroacetic acid at 50 °C for

30min and the supernatant was collected for HPLC analysis to deter-
mine the level of Trp. The other half of the homogenate was cen-
trifuged and the supernatant was collected for Elisa analysis to
measure the content of Kyn.

The immune response against primary tumor
CD3+CD4+ T cells, CD3+CD8+ T cells and CD3+CD4+FOXP3+ T cells,
CD11c +CD86+CD80+ dendritic cells as well as CD45+CD11b+F4/
80+CD206+M2 likemacrophage andCD45+CD11b+F4/80+CD86+M1 like
macrophage in the tumor tissues or spleen were isolated and analyzed
using flow cytometry. The antibodies involved in the experiment
include FITC anti-mouse CD11c Antibody (Biolegend, Cat# 117306,
Clone No. N418), PE anti-mouse CD86 Antibody (Biolegend, Cat#
105007, Clone No.GL-1), APC anti-mouse CD80 Antibody (Biolegend,
Cat# 104714, Clone No.16-10A1), FITC anti-mouse CD3 (Biolegend,
Cat# 100203, Clone No.17A2), PE anti-mouse CD4 (Biolegend, Cat#
100407, Clone No.GK1.5), APCanti-mouseCD8a (Biolegend, Cat#
100712, Clone No.53-6.7), AlexaFluor488 anti-mouse FOXP3 (Biole-
gend, Cat# 320012, Clone No.150D), FITC anti-mouse/human CD11b
Antibody (Biolegend, Cat# 101205, Clone No. M1/70), APC anti-mouse
CD45 (Biolegend, Cat# 103112, Clone No.30-F11), PerCP anti-mouse F4/
80Antibody (Biolegend, Cat# 123126, CloneNo.BM8) and PE/Cyanine7
anti-mouse CD206 (Bioegend, Cat# 141720, Clone No.C068C2). The
antibody concentration was 1:100 diluted with PBS.

IL-2, IL-12p70, TNF-α, and IFN-γ in primary tumors were also
examined with ELISA kits. And tumors were stained for immuno-
fluorescence of CD3+CD4+ and CD3+CD8+ proliferated CTLs in 4T1
tumor tissue slices of the primary tumor.

The immune response against distant tumor
4T1 tumor cells (1 × 106)were injected into the second left breast padof
the mice for 7 days as the primary tumor, and the second right breast
pad of eachmousewas injected as a distant tumor (1 × 106 of 4T1 cells).
Themice were randomly divided into 8 groups and the primary tumor
was treated as described above, while the distant tumors did not
accept any treatment (per group,n = 5). Thebilateral tumor volumesof
themicewere recorded every 2 days from 7 to 21 days. At 21 days after
tumor cells injection, the bilaterally tumors of the rest mice were
removed and photographed to document tumor size. In addition, to
explore the immune activation effect of this system in distal tumors,
different groups of mice were immunofluorescence stained (per
group, n = 3) for CD3+CD4+ and CD3+CD8+ proliferating CTLs in distal
tumor tissues after the first treatment for 24 h.

Long-term immune effect to anti-lung metastasis
To establish anti-lung metastasis tumor models, 1 × 106 4T1 cells was
injected into right axillary of the mice. The mice were randomly divi-
ded into 8 groups (per group, n = 3) after 7 days, including control
(200μL, PBS), LGG (200 μL, LGG= 1 × 107 CFU), MHS (200μL, MHS=
10mg/kg), LGG-MHS (200μL, LGG= 1 × 107 CFU, MHS= 10mg/kg),
MHS +US (200μL, MHS = 10mg/kg, US = 1.0MHz, 1.0W/cm2, 50%
duty cycle, 5min), LGG-MH+US (200μL, LGG= 1 × 107 CFU, MH=
10mg/kg, US = 1.0MHz, 1.0W/cm2, 50% duty cycle, 5min), LGG-
MHI +US (200μL, LGG= 1 × 107 CFU, MHI = 10mg/kg, US = 1.0MHz,
1.0W/cm2, 50% duty cycle, 5min), LGG-MHS +US (200μL, LGG= 1 ×
107 CFU, MHS = 10mg/kg, US = 1.0MHz, 1.0W/cm2, 50% duty cycle,
5min). The tumors were surgically removed from the mice after
21 days. themicewere intravenously infusedwith 1 × 105 Luc-4T1 tumor
cells. The lung metastasis tumor was detected by in vivo luciferase-
based noninvasive bioluminescence imaging system and record the
number of nodules.

To study memory T cells, spleen tissues from different groups of
micewereharvested and stainedwithAPCanti-mouseCD8a (Biolegend,
Cat# 100712, Clone No.53-6.7), FITC anti-mouse CD3 (Biolegend, Cat#
100203, Clone No.17A2), PE anti-mouse/human CD44 Antibody
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(Bioegend, Cat# 103007, Clone No.IM7) and APC/Cyanine7 anti-mouse
CD62LAntibody (Bioegend, Cat# 104428,CloneNo.MEL-14) antibodies.
Flow cytometrywas used to isolate and analyze effectormemory T cells
(CD3+CD8+CD44+CD62L−, Tem and CD3+CD8+CD44+CD62L+, Tcm). The
antibody concentration was 1:100 diluted with PBS. Finally, lung tissue
tumor metastasis was visualized using HE staining.

Statistics and reproducibility
GraphPad Prism (version 9.0.0, GraphPad Software, San Diego, Cali-
fornia, USA) was employed to calculate all statistical analyses. All flow
cytometry data were analyzed on FlowJoTM software package (version
10.5.2, BD Life Sciences, Ashland, Oregon, USA). Living imaging soft-
ware CleVue (version 3.1.3.2054, Vieworks Co., Ltd, Anyang-si,
Gyeonggi-do, Republic of KOREA) was used to analyse bioluminescent
and fluorescent images. The p-value less than 0.05 was considered
significant (*P < 0.05, **P < 0.01, ***P <0.001, ****P < 0.0001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-sequencing data generated in this study have been deposited
in the Genome Sequence Archive (GSA) database under accession
code CRA007764. The remaining data are available within the Article,
Supplementary Information or Source Data file. Source data are pro-
vided with this paper.
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