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Abstract Autologous cancer vaccine that stimulates tumor-specific immune responses for personalized

immunotherapy holds great potential for tumor therapy. However, its efficacy is still suboptimal due to

the immunosuppressive tumor microenvironment (ITM). Here, we report a new type of bacteria-based

autologous cancer vaccine by employing calcium carbonate (CaCO3) biomineralized Salmonella (Sal)

as an in-situ cancer vaccine producer and systematical ITM regulator. CaCO3 can be facilely coated

on the Sal surface with calcium ionophore A23187 co-loading, and such biomineralization did not affect

the bioactivities of the bacteria. Upon intratumoral accumulation, the CaCO3 shell was decomposed at an

acidic microenvironment to attenuate tumor acidity, accompanied by the release of Sal and Ca2þ/A23187.
Specifically, Sal served as a cancer vaccine producer by inducing cancer cells’ immunogenic cell death

(ICD) and promoting the gap junction formation between tumor cells and dendritic cells (DCs) to pro-

mote antigen presentation. Ca2þ, on the other hand, was internalized into various types of immune cells

with the aid of A23187 and synergized with Sal to systematically regulate the immune system, including

DCs maturation, macrophages polarization, and T cells activation. As a result, such bio-vaccine achieved

remarkable efficacy against both primary and metastatic tumors by eliciting potent anti-tumor immunity

with full biocompatibility. This work demonstrated the potential of bioengineered bacteria as bio-active

vaccines for enhanced tumor immunotherapy.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
.com (Wenhu Zhou).

hinese Pharmaceutical Association an

al Association and Institute of Materi

rticle under the CC BY-NC-ND licen
d Institute of Materia Medica, Chinese Academy of Medical Sciences.

a Medica, Chinese Academy of Medical Sciences. Production and hosting

se (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhouwenhuyaoji@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2023.08.028&domain=pdf
https://doi.org/10.1016/j.apsb.2023.08.028
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2023.08.028
https://doi.org/10.1016/j.apsb.2023.08.028


Bacteria-based autologous tumor vaccine for enhanced immunotherapy 5075
1. Introduction
Immunotherapy that harnesses the host immune system to kill
cancer cells is a promising tumor therapy modality. It has expe-
rienced explosive development over the past decades, and various
types of immunotherapies have been developed currently, mainly
including immune checkpoint inhibitors (ICIs), chimeric antigen
receptor T cell therapy (CAR-T), and cancer vaccine treatment1.
However, while immunotherapy has shown great clinical out-
comes in a proportion of patients with complete tumor regression
and long-term benefits, the overall therapeutic efficacy is still
unsatisfactory, and the response rate remains very low. Moreover,
significant side-effects are noticed2. For example, ICIs usually
cause over-activation of the immune system with dermatologic,
gastrointestinal, or rheumatologic toxicity, while CAR-T even
leads to organ failure and nervous system damage due to the
excessive release of cytokines and neurotoxicity. For comparison,
cancer vaccine exerts therapeutic effects by arousing tumor-
specific immunostimulation with fewer side effects, which has
been proven as a promising approach to not only eradicate the
local tumor and metastatic lesions but also prevent tumor
rechallenge by establishing long-lasting anti-tumor memory3e5.

Cancer vaccines can generally be divided into two subtypes,
the preventive and therapeutic vaccines6. Despite significant ef-
forts and progresses, the cancer vaccine is still in the stage of
cancer prophylaxis, while the development of therapeutic vaccines
remains a huge challenge. Basically, therapeutic cancer vaccine
functions by delivering tumor cell-specific antigens to stimulate
anti-tumor immunity, which mainly requires a few sequential steps
for effective tumor therapy, e.g., tumor antigens exposure, antigen
presentation, and activation of T cells-based cellular immune re-
sponses to eliminate tumor7,8. However, it is rather difficult to
evoke robust immune responses in cancerous patients by cancer
vaccines, and there are several main obstacles to hinder their
clinical translation, including inefficient delivery, weak immuno-
genicity, and low patient relevance of the vaccines, as well as the
immunosuppressive tumor microenvironment (ITM) to inhibit
cellular immune responses9e12. Therefore, it is highly desirable to
develop a therapeutic vaccine that can simultaneously achieve
high delivery efficiency, strong immunogenicity with personalized
patient specificity, and systematic ITM regulation.

To meet the above-mentioned demand, autologous tumor cell-
based vaccines have been developed, which display better efficacy
than traditional cancer vaccines by eliciting robust anti-tumor
immune responses for personalized immunotherapy13. Autologous
cancer vaccines can either be generated by in vitro preparation or
in-situ production in tumor tissue. In vitro preparation of autolo-
gous vaccines usually requires highly trained personnel and
complex preparation procedures, thus with high treatment costs. In
addition, such a strategy also encounters the problems of low
preparation yield, delayed dosing schedule, unpredicted low
effectiveness, and unsatisfactory efficacy11,13. As such, in vivo
vaccine generation is compared to be a better choice given its
simple application process, which has attracted great research
attention recently11,12. The basic rationale of in vivo vaccine
generation is to transform tumors into an in-situ vaccine, which in
turn induces an anti-tumor immunity14. For example, our group
and many other groups employed chemotherapy, radiotherapy, and
phototherapies to damage tumor cells that undergo immunogenic
cell death (ICD), through which dying cancer cells could release
abundant and personalized tumor antigens10,11,15e17. While these
methods are straightforward with the advantages of simplicity, the
use of auxiliary treatments would bring additional side effects to
patients. Moreover, the exposure of tumor antigens alone fails to
elicit an adequate infiltration and activation of cytotoxic T lym-
phocytes (CTLs) in tumor stroma because of ITM18. Therefore,
feasible approaches that can amplify the immune responses are
highly desired to enhance autologous tumor cell-based vaccines
for cancer immunotherapy.

In this work, we employed Salmonella (Sal) as a tool to
simultaneously produce in-situ tumor vaccines and regulate ITM.
Sal has been widely used in bacteria-based cancer therapy owing
to its excellent tumor targetability, intrinsic tumoricidal activity,
and fully sequenced genomes for convenient genetic manipula-
tion, which has entered clinical trials19e24. It could directly induce
tumor cells ICD to expose tumor antigens25,26, and regulate ITM
from multiple dimensions19,27e31. In this regard, Sal can be used
as an in-situ tumor vaccine with self-reproduction capability.
Encouraged by excellent efficacy in preclinical studies, some
strains have advanced to clinical trials in the early of this cen-
tury32. However, the clinical results were somehow frustrated,
with no objective tumor regression being observed33,34. Several
reasons can explain such failure, including rapid clearance of
bacteria by the immune system upon intravenous injection35e38,
as well as strict restriction of bacteria at the central necrotic zone
of the tumor by neutrophils to limit their efficacy39,40.

To improve the therapeutic outcomes of bacteria-based cancer
vaccines, here we designed a calcium carbonate (CaCO3) bio-
mineralized Sal as an autologous tumor vaccine with capabilities
to systematically regulate ITM for enhanced immunotherapy
(Scheme 1). Through a facile mineralization process, Sal was
coated with a biocompatible and biodegradable CaCO3 shell to
form Sal@CaCO3. Interestingly, such mineralization did not affect
the activity and functions of Sal, and upon accumulation at the
acidic tumor microenvironment, the CaCO3 shell could be exfo-
liated by virtue of its pH-responsive degradation41, allowing the
release of Sal and Ca2þ to exert their respective functions. Spe-
cifically, Sal could not only induce tumor cells ICD to release
tumor antigens but also facilitate crosstalk between tumor cells
and DCs via the formation of gap junction to promote antigen
presentation and DCs maturation, which translates the tumor tis-
sue into antigen depots. The release of Ca2þ, on the other hand,
served as a second messenger to systematically regulate ITM42. To
promote the intracellular delivery of Ca2þ, the calcium ionophore
A23187 was co-loaded on the surface of Sal@CaCO3 to form
Sal@CaCO3/A23187. A23187 could form lipidesoluble com-
plexes with Ca2þ, transport Ca2þ out of intracellular stores into
the cytosol, and induce store-operated Ca2þ entry by opening the
calcium channels across the cell membrane43. With the co-
delivery of A23187, significant Ca2þ influx was observed, lead-
ing to M1 polarization of macrophages, DCs maturation, and T
cells activation, all of which could synergize with Sal for better
immunotherapy. As a result, a potent anti-tumor effect was ach-
ieved against both primary and metastatic tumors with full
biocompatibility.
2. Materials and methods

2.1. Materials

The anhydrous calcium chloride (C832203) was purchased from
Macklin Co., Ltd. (Shanghai, China). The sodium bicarbonate
(10018960) was bought from Sinopharm Chemical Reagent Co.,



Scheme 1 Schematic illustration of the construction of Sal@CaCO3/A23187 for enhanced immunotherapy.
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Ltd. (Shanghai, China). The calcium ionophore A23187
(MZ2153) and SYTO 9/PI Live/Dead Bacterial Double Stain Kit
(MX4234) were purchased from Maokang Biotechnology Co.,
Ltd. (Shanghai, China). The Roswell Park Memorial Institute
(RPMI)-1640 medium (11875-093), Dulbecco’s modified Eagle’s
medium (DMEM, 10569-010), fetal bovine serum (FBS, 10100-
147) and penicillin-streptomycin solution (15070-063) were pur-
chased from Gibco Life Technologies, Inc. (Grand Island, USA).
The calcium ion fluorescent probe Fluo-8 AM assay kit (C0012)
was bought from Applygen Technologies (Beijing, China). Cal-
cium Chromogenic Kit (S1063S) and Calcein-AM (C2012) were
obtained from Beyotime Biotechnology (Shanghai, China). The
DDAO (HY-114879) and D-luciferin potassium salt
(HYe12591B) were bought from MedChemExpress (New Jersey,
USA). The fluorescence-labeled antibody against CD11c (17-
0114-81), F4/80 (12-4801-82), CD80 (11-0801-82), CD86 (12-
0862-82), CD206 (MA5-16870), MHC II (11-5321-82), CD3 (11-
0032-82), CD4 (17-0042-82) and CD8 (12-0081-82) were ob-
tained from eBioscience (California, USA). The FITC-labelled
antibody against CRT (bs-5913R) was bought from Bioss (Bei-
jing, China). The ELISA kits for HMGB1 (MM-44107M1), TNF-
a (MM-0132M1), IFN-g (MM-0182M1, MM-0033H1), IL-2
(MM-0055H1), IL-6 (MM-0163M1) and IL-10 (MM-0176M1)
were purchased from Meimian Industrial Co., Ltd. (Yancheng,
China). The luciferin-based ATP assay kit (S0026) was bought
from Beyotime Biotechnology (Shanghai, China). The LB broth
(L8291), 40,6-diamidino-2-phenylindole (DAPI, C0065), Mouse
Peripheral Blood Neutrophil Isolation Kit (P9201), and Cell
Apoptosis Detection Kit (CA1040) were obtained from Solarbio
Biotech Co., Ltd. (Beijing, China). The LB agar powder
(A507003) and gentamicin (A506614) were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). The primary anti-
body against connexin 43 (Cx43, 26980-1-AP), CD80 (66406-1-
Ig), CD86 (13395-1-AP), and CD206 (18704-1-AP) were bought
from Proteintech Group (Chicago, USA). The primary antibodies
against CD4 (A0362) and CD8A (A11856) were obtained from
ABclonal (Wuhan, China). The assay kits for alanine transaminase
(ALT, C009-2-1), aspartate transaminase (AST, C010-2-1), blood
urea nitrogen (BUN, C013-2-1), and creatinine (Cre, C011-2-1)
were purchased from Jiancheng Bioengineering Institute (Nanj-
ing, China). The aPD-L1 (BE0361) was obtained from BioXcell
(New Hampshire, USA).

2.2. Bacteria and cell culture

The Salmonella typhimurium strain DppGpp (denoted as Sal) was
kindly provided by Jinhai Zheng from Hunan University. The
bacteria were cultured in LB broth and placed in a shaking
incubator at 37 �C and 180 rpm. Then, the cultures were centri-
fuged at 3000 rpm for 5 min (TGL20M, Yingtai, Changsha,
China). The collected bacteria were resuspended in sterile saline
for further use.

The murine melanoma cells (B16F10), murine bone marrow-
derived dendritic cells (DC2.4), murine macrophage cells
(RAW264.7), and human acute leukemia T lymphocytes (Jurkat T
cells) were obtained from Xiangya cell center (Changsha, China).
The luciferase-tagged B16F10 cells (B16F10-luc) were kindly
provided by Prof. Xiang Chen from Xiangya Hospital of Central
South University. The B16F10 cells were cultured in DMEM
medium, while the others were cultured in RPMI-1640 medium,
with 10% FBS and 1% penicillin-streptomycin solution supple-
mented and cultured at 37 �C with 5% CO2. The puromycin
(1.5 mg/mL) was also supplemented for the B16F10-luc cells.

2.3. Preparation and characterizations of Sal@CaCO3/A23187

2.3.1. Preparation and characterizations of Sal@CaCO3

The concentration of bacteria suspensions was adjusted to
2.9 � 107 CFU/mL according to the optical density (OD) values at
600 nm. Then, 0.2 mL of CaCl2 (1 mol/L) and 0.05 mL of
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NaHCO3 (1 mol/L) were successively added to 1.75 mL of bac-
teria suspensions, followed by stirring at room temperature for
5 min. The Sal@CaCO3 was collected by centrifugation at
3000 rpm for 5 min (TGL20M, Yingtai, Changsha, China). The
size of Sal@CaCO3 was measured by the Malvern Zeta Sizer
Nano series (ZS-90, Malvern Instruments, Great Malvern, UK).
The morphology and element mapping were observed by trans-
mission electron microscope (TEM) (Titan G2 60e300, FEI,
Hillsboro, USA). Fourier transform infrared (FT-IR) spectrometer
(AVATAR360, Nicolet, Wisconsin, USA) was used to scan FT-IR
spectra.

2.3.2. Preparation and characterizations of Sal@CaCO3/
A23187
Briefly, 65 mL of A23187 stock solution dissolved in DMSO
(1.9 mmol/L) was added to 935 mL water and then sonicated for
5 min to obtain A23187 NPs. The Sal@CaCO3 was resuspended
and incubated with A23187 NPs (100 mM) at 37 �C for 2 h. The
Sal@CaCO3/A23187 was also collected by centrifugation at
3000 rpm for 5 min (TGL20M, Yingtai, Changsha, China). The
Sal, Sal@CaCO3, and Sal@CaCO3/A23187 were imaged under
ultraviolet light and a fluorescent microscope to demonstrate the
successful loading. The fluorescence intensity of A23187 (Ex:
378 nm, Em: 439 nm) in the precipitate was measured by a
fluorescence spectrophotometer (F-2700, Hitachi, Tokyo, Japan)
after dissolving with DMSO to obtain the adsorbing capacity.

2.4. Bacterial viability

The bacterial viability of Sal, Sal@CaCO3, and Sal@CaCO3/
A23187 was investigated by plate coating and SYTO 9/PI double
staining. For the plate coating, Sal, Sal@CaCO3, and Sal@-
CaCO3/A23187 were plated on solid LB agar plates post 1000-
fold dilution and cultured at 37 �C. The bacterial colonies on
the plates were observed and counted after 24 h incubation. For
SYTO 9/PI double staining, Sal, Sal@CaCO3, and Sal@CaCO3/
A23187 were collected by centrifugation and resuspended in sa-
line. Then, 1.5 mL of both SYTO 9 and PI were added into 1 mL
of bacterial suspensions and incubated in the dark for 15 min,
followed by washing with saline three times. The samples were
imaged using a fluorescent microscope (ECLIPSE TieS, Nikon,
Tokyo, Japan).

2.5. Bacterial growth curve

The Sal, Sal@CaCO3, and Sal@CaCO3/A23187 were collected,
seeded in a 96-well plate with LB broth, and then cultured in a
microplate reader (Infinite M200 PRO, TECAN, Grödig,
Austria) at 37 �C and constant shaking. The bacterial growth
curves were drawn according to the OD values at 600 nm
recorded every hour.

2.6. Acidity neutralization effect

Sal or Sal@CaCO3 was immersed in PBS (10 mmol/L, pH 6.5)
with constant stirring. The pH values were recorded within 30 min
by a pH meter (PHSJ-4F, INESA, Shanghai, China).

2.7. Ca2þ/A23187 release

The Sal@CaCO3/A23187 was dispersed in the buffer of different
pH (7.4/6.5) and shaken at 100 rpm and 37 �C in a shaking
incubator. The samples were withdrawn at predetermined time
points (0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h) and centrifuged at
3000 rpm for 5 min (TGL20M, Yingtai, Changsha, China). The
amount of Ca2þ and A23187 in the supernatant was determined by
Calcium Chromogenic Kit and fluorescence intensity quantifica-
tion (Ex: 378 nm, Em: 439 nm), respectively.

2.8. Cell viability study

The RAW264.7 or DC2.4 cells were seeded in 96-well plates at a
density of 5 � 103 cells per well and incubated overnight.
Then, different concentrations of A23187 (1, 2, 5, 10, 20, and
50 mmol/L) were added. After incubating for 24 h, the medium
was replaced by MTT (0.5 mg/mL) and further incubated for 4 h.
Then, the medium was discarded, and 100 mL of DMSO was
added to dissolve the generated formazan. The absorbance at
490 nm was measured by a microplate reader (TECAN).

2.9. Intracellular Ca2þ detection

The RAW264.7 cells were seeded in confocal dishes at a density
of 5 � 104 cells per dish and incubated overnight. After pre-
treating with A23187 (5 mmol/L) for 11 h, the cells were treated
with Ca2þ (5 mmol/L) for 1 h. Afterward, Fluo-8 AM (5 mmol/L)
was added for 1 h incubation to stain the cells, followed by
washing with PBS three times. The cells were collected and
analyzed by flow cytometry (CytoFLEX, Beckman Coulter, Suz-
hou, China). For fluorescence imaging, the cells were fixed with
4% paraformaldehyde for 10 min, the cell nuclei were stained with
DAPI (1 mg/mL) for 10 min, and then they were imaged with
confocal laser scanning microscopy (CLSM) (LSM 900, Zeiss,
Oberkochen, Germany).

2.10. Ca2þ-Mediated immune activation

For DCs maturation, DC2.4 cells were seeded in 24-well
plates and incubated overnight. After pretreating with A23187
(5 mmol/L) for 11 h, the cells were treated with Ca2þ (5 mmol/L)
for 1 h, followed by replacement with the fresh cell culturing
medium. The B16F10 cell lysates obtained from repeated freezing
and thawing were added and further incubated for 16 h. The cells
were collected and incubated with anti-MHC II-FITC and anti-
CD86-PE at 4 �C for 1 h. The samples were analyzed by flow
cytometry (Beckman Coulter), and MHC II and CD86 double-
positive cells were quantified.

For macrophage polarization, RAW264.7 cells were seeded in
24-well plates and incubated overnight. IL-4 (100 ng/mL) was
added for 24 h incubation to induce M2 polarization. Afterward,
the cells were treated with A23187 (5 mmol/L) for 11 h and then
treated with Ca2þ (5 mmol/L) for 1 h, followed by replacement
with the fresh cell culturing medium. After further incubation for
16 h, the cells were collected and incubated with anti-CD80-FITC
and anti-CD206-FITC at 4 �C for 1 h. The fluorescence intensity
of these samples was measured by flow cytometry (Beckman
Coulter).

For T cell activation, Jurkat T cells were seeded in 24-well
plates and successively treated with A23187 (5 mmol/L) for 11 h
and Ca2þ (5 mmol/L) for 1 h. Then, the medium was replaced by
the fresh cell culturing medium and further incubated for 36 h.
After the incubation, the cells were collected by centrifugation,
and RIPA lysis buffer was added to extract the total protein, which
was quantified by BCA Protein Quantification Kit. The content of
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IL-2 and IFN-g in the supernatant was measured by corresponding
ELISA kits. The secretion levels were finally expressed as pg/mg
protein.

2.11. Cell apoptosis detection

The B16F10 cells were seeded in a 6-well plate and incubated
overnight. Sal or Sal@CaCO3 pretreated in buffer (pH 7.4/6.5) for
0.5 h was added. After incubating for 24 h, the cells were
collected and washed with PBS, followed by resuspending in
binding buffer (1 � ). The Annexin-FITC and PI were added to
stain the cells, and the samples were measured by flow cytometry
(Beckman Coulter).

2.12. Immunogenic cell death detection

The B16F10 cells were seeded in 12-well plates and incubated
overnight. Sal or Sal@CaCO3 pretreated in buffer (pH 7.4/6.5) for
0.5 h was added for 24 h incubation. Afterward, the cells were
collected and analyzed by flow cytometry (Beckman Coulter) after
incubating with anti-calreticulin (CRT)-FITC at 4 �C for 0.5 h. In
addition, the supernatant was collected, and the release of high-
mobility group box 1 protein (HMGB1) and ATP was deter-
mined by kits.

2.13. Gap junction formation

2.13.1. Cx43 expression
The Cx43 expression was investigated by Western Blot (WB).
Briefly, the B16F10 and DC2.4 cells were seeded in 6-well plates
and incubated overnight. Sal or Sal@CaCO3 pretreated in buffer
(pH 7.4/6.5) for 0.5 h was added for 4 h incubation, followed by
washing with PBS three times. Afterward, the complete medium
supplemented with gentamicin (50 mg/mL) was added for 20 h
incubation. Then, RIPA lysis buffer was used to extract the total
protein, whose concentration was adjusted to the same according
to the BCA quantification results. After denaturation at 95 �C for
10 min, the samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and then trans-
ferred to the PVDF membrane. The membranes were blocked with
5% non-fat milk for 1 h, incubated with the primary antibodies
against Cx43 at 4 �C overnight, and then incubated with secondary
antibody at room temperature for 1 h. Finally, the membranes
were visualized by ECL.

2.13.2. Fluorescent dye transfer
The B16F10 and DC2.4 cells were seeded in 6-well plates and
incubated overnight. Sal or Sal@CaCO3 pretreated in buffer (pH
7.4/6.5) for 0.5 h was added for 4 h incubation, followed by
washing with PBS three times. Afterward, the complete medium
supplemented with gentamicin (50 mg/mL) was added for 20 h
incubation. Then, the B16F10 and DC2.4 cells were collected
separately and stained with Calcein-AM and DDAO at 37 �C for
30 min, respectively. The stained cells were then co-incubated
(B16F10:DC2.4 Z 1:2) for 1 h and subjected to flow cytometry
(Beckman Coulter) analysis.

2.14. Synergistic immune activation by Sal and Ca2þ influx

For DCs maturation, DC2.4 cells were seeded in 24-well plates and
incubated overnight. Sal, Sal@CaCO3, or Sal@CaCO3/A23187
was added for 24 h incubation, with gentamycin (100 mg/mL)
supplemented in the cell culturing medium. The cells were
collected by centrifugation and incubated with anti-MHC II-FITC
and anti-CD86-PE at 4 �C for 1 h. The samples were analyzed by
flow cytometry (Beckman Coulter), and MHC II and CD86 double-
positive cells were quantified.

For macrophage polarization, RAW264.7 cells were seeded in
24-well plates and incubated overnight. IL-4 (100 ng/mL) was
added for 24 h incubation to induce M2 polarization. Afterward,
the cells were treated with Sal, Sal@CaCO3, or Sal@CaCO3/
A23187 for 24 h, with gentamycin (100 mg/mL) supplemented in
the cell culturing medium. Then, the cells were collected and
incubated with anti-CD86-PE and anti-CD206-PE at 4 �C for 1 h.
The fluorescence intensity of these samples was measured by flow
cytometry (Beckman Coulter).

For T cells activation, Jurkat T cells were seeded in 24-well
plates and treated with Sal, Sal@CaCO3, or Sal@CaCO3/A23187
for 48 h, with gentamycin (100 mg/mL) supplemented in the cell
culturing medium. After the incubation, the cells were collected
by centrifugation, and RIPA lysis buffer was added to extract the
total protein, which was quantified by BCA Protein Quantification
Kit. The content of IFN-g in the supernatant was measured by
ELISA kits and finally expressed as pg/mg protein.

2.15. Animal models

The male C57BL/6 mice (6e8 weeks old) were provided by
Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China). All
the experimental procedures were executed according to the
protocols approved by Central South University Animal Care and
Use Committee. For the establishment of melanoma tumor
models, the mice were subcutaneously inoculated with suspen-
sions containing 1 � 106 B16F10 cells. The tumor volume was
calculated from Eq. (1):

Tumor volume Z (Length � Width2)/2 (1)

2.16. In vivo biodistribution

When the tumor volume reached w100 mm3, the mice were
intratumorally injected with 25 mL of Sal@CaCO3/A23187 at a
Sal dose of 5 � 106 CFU per mouse. The tumors and major
organs, including the heart, liver, spleen, lung, and kidneys,
were collected on Days 1, 3, 5, and 7 post the injection,
respectively. Then, they were weighed and homogenized in
sterile PBS (100 mg:0.9 mL). These samples were plated on
solid LB agar plates post 1000-fold dilution and cultured at
37 �C. After 24 h of incubation, the bacterial colonies on the
plates were observed.

2.17. In vivo anti-tumor efficacy

2.17.1. Subcutaneous tumor inhibition
When the tumor volume reached w80 mm3, the mice were
randomly divided into four groups and intratumorally injected
with 25 mL of PBS, Sal, Sal@CaCO3, or Sal@CaCO3/A23187 at a
Sal dose of 5 � 106 CFU per mouse on Days 0, 2 and 6. The tumor
volumes were recorded every day. The mice were euthanized on
Day 7, with blood collected and major organs (heart, liver, spleen,
lung, and kidneys) and tumors dissected for further analysis. The
collected tumors were photographed, weighed, and then subjected
to hematoxylin and eosin (H&E) and Terminal deoxynucleotidyl
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transferase (TdT)-mediated dUTP Nick End Labeling (TUNEL)
staining for histological analysis.

2.17.2. Tumor metastasis inhibition
When the tumor volume reached w50 mm3, 3.5 � 105 B16F10-
luc cells were intravenously injected into each mouse to estab-
lish a pulmonary metastasis model of melanoma (Day �1). The
mice were randomly divided into five groups and administrated
with PBS, Sal, Sal@CaCO3, Sal@CaCO3/A23187, or Sal@-
CaCO3/A23187þaPD-L1 on Days 0, 2, and 6. The aPD-L1 was
injected intraperitoneally at a dose of 7.5 mg/kg, while the others
were injected intratumorally at a Sal dose of 5 � 106 CFU per
mouse. The D-Luciferin potassium salt (150 mg/kg) was intra-
peritoneally injected into the mice on Day 13, followed by
euthanizing. The lungs were collected for bioluminescence im-
aging using the IVIS imaging system (S12-FMT400010, Perki-
nElmer, Massachusetts, USA) and then photographed. The
number of pulmonary metastasis nodules was counted, and H&E
staining was performed for histological analysis.

2.18. Immunological effects

The immunological effects of Sal@CaCO3/A23187 were investi-
gated by flow cytometry, WB, immunofluorescence, and ELISA.
For flow cytometry, the tumor tissues were ground through 40 mm
cell strainers to obtain single cell suspensions and then lysed the
red blood cells. The cells were then blocked with CD16/32
blocking reagent, followed by incubating with fluorescence-
labeled antibodies for 20 min at 4 �C. For DCs maturation, the
cells were stained with anti-CD11c-APC and anti-CD86-PE. For
macrophage polarization, the cells were stained with anti-F4/80-
PE, anti-CD80-FITC, and anti-CD206-FITC. For T cells activa-
tion, the cells were stained with anti-CD3-FITC, anti-CD4-APC,
and anti-CD8-PE. The samples were then analyzed by flow
cytometry (Beckman Coulter). For WB, the tumor tissues were
lysed at 4 �C for 1 h after homogenizing in RIPA lysis buffer
(100 mg:1 mL), and the protein samples were collected by
centrifugation at 13000 rpm for 15 min (TGL20M, Yingtai,
Changsha, China). The WB was performed as described previ-
ously with primary antibodies against Cx43, CD80, CD86,
CD206, CD4, and CD8. For immunofluorescence, the tumor
sections were incubated with the above-mentioned primary anti-
bodies at 4 �C overnight and then stained with secondary anti-
bodies labeled by fluorescence for 1 h, followed by staining cell
nuclei with DAPI. These sections were imaged by a fluorescent
microscope (Nikon). For ELISA, the tumor tissues were homog-
enized in ice-cold PBS, and the supernatant was collected after
centrifugation at 13000 rpm for 15 min (TGL20M, Yingtai,
Changsha, China) to measure the levels of TNF-a and IL-10 by
the corresponding ELISA kits.

2.19. Safety evaluation

The body weight of mice was recorded every day during the
treatments. The major organs were fixed in 4% paraformaldehyde
and then performed H&E staining. The blood samples were
centrifuged at 3000 rpm for 15 min (TGL20M, Yingtai, Changsha,
China) to obtain serum. The serum levels of biochemical indexes,
including ALT, AST, BUN, and Cre, were determined by corre-
sponding assay kits. The levels of cytokines, including TNF-a,
IFN-g, IL-6, and IL-10, in the serum were determined by corre-
sponding ELISA kits.
2.20. Statistical analysis

All the quantitative data were presented as mean � standard de-
viation (SD). The differences between two groups and among
multiple groups were accessed by Student’s t-test and one-way
analysis of variance (ANOVA), respectively, and considered to
be statistically significant when P < 0.05 (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001).

3. Results and discussions

3.1. Surface mineralization of Salmonella by calcium carbonate
with A23187 loading

The surface of Sal was coated with the CaCO3 layer via in-situ
mineralization by successively adding CaCl2 and NaHCO3 into
bacteria suspensions, and the resulting Sal@CaCO3 was collected
after 5 min reaction. Upon CaCO3 coating, the morphology of the
bacteria was unchanged (Fig. 1A), while the size considerably
increased from 1068 nm to 1434 nm (Fig. 1B). The successful
CaCO3 coating could be evidenced by the obvious Ca elemental
signal on the Sal@CaCO3 surface (Fig. 1A), and its amount was
calculated to be w13% based on EDS analysis (Supporting In-
formation Fig. S1). The structure was further confirmed by FT-IR
spectra, in which the obtained Sal@CaCO3 showed characteristic
peaks of both Sal and CaCO3 (Fig. 1C).

We then adsorbed the calcium ionophore A23187 on the
Sal@CaCO3 surface to form Sal@CaCO3/A23187, and the drug
loading could be quantified by the intrinsic fluorescence of
A23187 with ultraviolet light irradiation (Supporting Information
Fig. S2). Because of the highly hydrophobic nature with low
solubility, A23187 pure drug nanoparticles were first prepared
(Supporting Information Fig. S3) and then added into Sal@CaCO3

for surface adsorption. At optimal feeding concentration of
100 mM A23187 nanoparticles, loading efficiency achieved
w24% after 2 h incubation (Supporting Information Fig. S4).
Because of the fluorescent nature of A23187, the successful drug
loading was further evidenced by both fluorescent photographs
and microscopies (Fig. 1D and E).

To figure out whether the surface functionalization had any
effects on bacterial viability, we collected bacteria and plated
them on LB agar for 24 h incubation. The bacterial colonies
were almost the same (Fig. 1F), and the viability was compa-
rable for Sal, Sal@CaCO3, and Sal@CaCO3/A23187 (Fig. 1G).
In addition, we stained the bacteria via SYTO9/PI double
staining, through which the live bacteria were stained in green
while the dead ones were in red (Fig. 1H). From the fluores-
cence images, no red fluorescence was found for all treatment
groups, demonstrating that Sal remained alive post the surface
decoration. We further monitored the bacterial growth curves,
and the same result was observed (Fig. 1I). Collectively, all
these experiments demonstrated that the surface mineralization
and A23187 loading did not affect the bioactivity of the
bacteria.

3.2. pH-responsive exfoliation of CaCO3 shell with co-release
of Ca2þ and A23187 to promote Ca2þ influx

As biomineralized material, the most notable property of the
CaCO3 surface is its rapid degradation at the slightly acidic con-
dition that mimics the tumor microenvironment. To study the



Figure 1 The characterizations of Sal@CaCO3/A23187. (A) The TEM images and element mapping of Sal and Sal@CaCO3. Scale

bar Z 1 mm. (B) The size distribution of Sal and Sal@CaCO3. (C) FT-IR spectra of Sal, CaCO3 and Sal@CaCO3. (D) The photograph and (E)

fluorescent images of various samples taken under ultraviolet light and fluorescent microscope, respectively. Scale bar Z 20 mm. (F) The

photographs of bacterial colonies of Sal, Sal@CaCO3 and Sal@CaCO3/A23187 after culturing on LB agar for 24 h. (G) The bacterial viability

calculated from the number of bacterial colonies in (F). Data are presented as mean � SD (n Z 4). ns, not significant. (H) The live/dead bacterial

staining by SYTO9/PI double staining. Scale bar Z 20 mm. (I) The growth curves of Sal, Sal@CaCO3 and Sal@CaCO3/A23187 by monitoring

OD600 values.
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CaCO3 degradation, Sal@CaCO3/A23187 was added into
different buffers, and the release of Ca2þ was measured. Almost
no Ca2þ release was observed at a neutral buffer of pH 7.4, while a
rapid and complete Ca2þ release was seen when lowering the pH
to 6.5 (Fig. 2A). This result was consistent with the pH-responsive
profile of CaCO3 reported previously44. In line with this, the
Figure 2 A23187-mediated Ca2þ influx and the immunological effects. T

from Sal@CaCO3/A23187 at pH 7.4/6.5. (C) The intracellular Ca2þ quant

treatments after staining with Fluo-8 AM. Scale bar Z 20 mm. (E) Quan

expression of (F) M1 macrophage marker CD80 and (G) M2 macrophage m

positive cells in DC2.4 cells post different treatments by flow cytometry

treatments. Data are presented as mean � SD (n Z 3). ns, not significant
release of A23187 was also accelerated (Fig. 2B). Therefore, the
pH-responsive degradation of CaCO3 at acidic pH is beneficial for
on-demand drug release at the tumor site. Such pH-responsive
CaCO3 exfoliation was also verified by the FT-IR spectra (Sup-
porting Information Fig. S5) with the disappearance of the char-
acteristic CaCO3 peaks.
he cumulative release of (A) Ca2þ from Sal@CaCO3 and (B) A23187

ification and (D) the CLSM images of RAW264.7 cells post different

tification results from (D). The flow cytometry results indicating the

arker CD206. (H) The quantification of the MHC II and CD86 double

. (I) IL-2 and (J) IFN-g secretion from Jurkat T cells post different

. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Accompanied by CaCO3 degradation, a large amount of Ca2þ

was released at the tumor issue, which can be employed as an
ionic messenger to regulate immune responses for better immu-
notherapy45. However, Ca2þ cannot freely penetrate the hydro-
phobic lipid layers, which depends on the active transportation
mediated by specific membrane proteins such as transporters,
pumps, and ion channels45. For example, the intracellular Ca2þ

concentration was almost unchanged post the treatment with
CaCl2 (Fig. 2C), suggesting limited penetration. To this end,
A23187, a commonly used calcium ionophore, was co-delivered
in this work, which was expected to facilitate intracellular de-
livery of Ca2þ. A23187 is a biocompatible ionophore that showed
non-toxicity towards immune cells of both RAW264.7 and
DC2.4 cells at a concentration below 5 mmol/L (Supporting In-
formation Fig. S6). Notably, A23187 alone could increase the
cytosol Ca2þ concentration (Fig. 2C), which is due to its activity
to promote the transportation of intracellular Ca2þ stores into
cytosol43. Upon addition of free Ca2þ, the cytosol Ca2þ was
further increased after 12 h incubation, attributable to the A23187-
mediated Ca2þ influx across the cell membrane. The Ca2þ influx
was also visualized by a fluorescent Ca2þ probe of Fluo-8 AM
(Fig. 2D), and the intensity was quantified in Fig. 2E. Note that
although the maximum excitation wavelength and emission
wavelength of A23187 and DAPI were close to each other, the
signal of A23187 at the concentration we used showed no inter-
ference on DAPI visualization (Supporting Information Fig. S7).
Compared to the control and Ca2þ treatment alone, a much
stronger fluorescence was observed for the A23187 group, and the
A23187 plus Ca2þ displayed the highest intensity. Therefore, the
co-release of A23187 and Ca2þ could promote the influx of Ca2þ

into immune cells to exert its subsequent biological functions.
Having demonstrated the effective Ca2þ influx, we next

explored its effect on immune regulation. It has been shown that
the influx of Ca2þ could regulate various immune cells, such as
reprograming tumor-associated macrophages, enhancing the an-
tigen presentation of DCs, and activating the function of cytotoxic
T lymphocytes46e48. To examine this, we investigated the
immunological effects of Ca2þ influx in vitro. The
RAW264.7 cells were pretreated with IL-4 (100 ng/mL) for M2
polarization, and the expression of CD80 (M1 macrophage
marker) and CD206 (M2 macrophage marker) were detected after
various treatments (Fig. 2F and G). As expected, the cells treated
with A23187 and A23187 plus Ca2þ showed increased expression
of CD80 and decreased expression of CD206, suggesting M2-to-
M1 repolarization. Then, the MHC II and CD86 double-positive
cells were quantified to assess DCs maturation (Fig. 2H), and
the number of matured DCs significantly increased for the A23187
and A23187 plus Ca2þ. In addition, the secretory levels of IL-2
and IFN-g from Jurkat T cells were significantly increased post
the treatment with A23187 and A23187 plus Ca2þ (Fig. 2I and J),
confirming T cells activation. Therefore, A23187-mediated influx
of Ca2þ could systematically regulate immune cells from different
aspects, including macrophage repolarization, DCs maturation, as
well as T cell activation, all of which are highly important to
remodel tumor microenvironment for immunotherapy.

3.3. Combinatorial immune activation by Sal and Ca2þ influx

With such immune activation capability of Ca2þ influx, we then
studied its combination effect with Sal. Sal could combat tumors
via various mechanisms, such as directly damaging tumor cells
and inducing anti-tumor immunity19. By using B16F10 as a tumor
cell model, free Sal could induce w99% cell apoptosis at the dose
of 1 � 108 CFU after 24 h incubation (Fig. 3A). Interestingly, the
Sal@CaCO3 showed a comparable anti-tumor effect, consistent
with the above results that CaCO3 coating had no influence on the
bioactivities of Sal. Upon acidic pre-treatment to degrade the
CaCO3 shell, the anti-tumor effect was also observed. In addition,
the cell death pattern was measured by detecting three classic
danger-associated molecular patterns (DAMPs), including calre-
ticulin (CRT), high-mobility group box 1 protein (HMGB1), and
adenosine triphosphate (ATP). Upon treatment, significantly
enhanced CRT exposure was observed on the cell surface,
accompanied by the increase in extracellular release of HMGB1
and ATP (Fig. 3B‒E). These results demonstrated the capability
of Sal to induce tumor cells’ immunogenic cell death (ICD),
which is important for tumor immunotherapy. Similar results were
also observed for Sal@CaCO3.

Besides directly damaging tumor cells, Sal could also promote
the crosstalk between tumor cells and DCs via the formation of the
gap junction for antigen presentation. To demonstrate this, the
expression of connexin 43 (Cx43) protein, the main constituent of
the gap junction, was measured (Fig. 3F and G). The Cx43 protein
was upregulated in both B16F10 and DC2.4 cells post the treatment
of Sal, and Sal@CaCO3 at pH 7.4 or 6.5 (to degrade CaCO3 shell)
exhibited a similar effect. Such up-regulation of the Cx43 protein
lays the basis for crosstalk between these two cells. To further
probe such an effect, a fluorescent dye was pre-loaded into
B16F10 cells, and flow cytometry was employed to monitor the dye
transfer (Fig. 3H). As expected, strong fluorescence was observed
in receptor DCs after Sal or Sal@CaCO3 treatment. Therefore, the
bacteria could promote Cx43 expression to form the gap junction
between tumor cells and DCs for better antigen presentation.

Inspired by the native immune stimulation activities of Sal and
the immune activation effects of Ca2þ influx, we suspected that
Sal and Ca2þ might have combinatorial effects in triggering anti-
tumor immunity. To confirm this, we systematically investigated
the status of various immune cells post treatments. First,
DC2.4 cells were subject to various treatments, and CD86 and
MHC II double-positive cells were detected (Fig. 3I and J). The
results showed that the expression of CD86 and MHC II were
nearly unchanged post the treatment of Sal or Sal@CaCO3 while
significantly increased after treatment with Sal@CaCO3/A23187,
attributable to A23187-mediated Ca2þ influx. Therefore, Sal fa-
cilitates tumor antigen delivery while Ca2þ influx promotes DCs
maturation, which works complementarily for antigen pre-
sentations. Then, the M2 polarized macrophages were tested
(Fig. 3K‒N). Interestingly, Sal or Sal@CaCO3 treatment could
increase the level of CD86 and decrease the level of CD206 to a
similar extent, which was consistent with our previous work that
Sal could re-polarize M2 macrophages into M1 phenotype30.
Among them, Sal@CaCO3/A23187 showed the best efficacy,
indicating a synergistic effect of Sal and Ca2þ for macrophage
polarization. Finally, Jurkat T cells were also studied (Fig. 3O).
While Sal alone cannot directly activate T cells, Sal@CaCO3/
A23187 stimulated IFN-g secretion by virtue of Ca2þ influx.
Overall, both Sal and Ca2þ could regulate immune cells in
different aspects, which achieved a combinatorial effect for anti-
tumor immunity.

3.4. Therapeutic effect on subcutaneous tumor

To explore the anti-tumor activity of Sal@CaCO3/A23187 in vivo,
a subcutaneous tumor model was developed, and the therapeutic



Figure 3 Combinatorial immunological effects of Sal and Ca2þ influx. (A) The apoptosis of B16F10 cells post different treatments detected by

Annexin V-FITC/PI double staining. (B) The flow cytometry results showing the CRT exposure for B16F10 cells post different treatments. (C) The

mean fluorescence intensity quantified from (B). The release of (D) HMGB1 and (E) ATP from B16F10 cells post different treatments measured

by corresponding kits. The Cx43 expression of (F) B16F10 cells and (G) DC2.4 cells post different treatments. (H) The flow cytometry results

indicating the fluorescence intensity of Calcein-AM transferred from B16F10 cells to DC2.4 cells. (I) The analysis of MHC II and CD86 double

positive cells in DC2.4 cells post different treatments by flow cytometry. (J) The quantified results from (I). The flow cytometry results indicating

the expression of (K) M1 macrophage marker CD86 and (L) M2 macrophage marker CD206. (M,N) The quantified results from (K,L). Data are

presented as mean � SD (n Z 4). (O) IFN-g secretion from Jurkat T cells post different treatments. Data are presented as mean � SD (n Z 3).

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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regime was shown in Fig. 4A. The mice-derived melanoma
developed very fast, reaching over 1000 cm3 within 6 days
(Fig. 4B and C). Compared to the PBS control, a moderate tumor
growth inhibition was observed for Sal owing to its intrinsic anti-
tumor activity. After treatment with Sal@CaCO3, the tumor
growth was further delayed, which might be ascribed to the ca-
pacity of CaCO3 to neutralize the acidic tumor microenvironment
and thus attenuate the immunosuppression. By virtue of its
capability to modulate the acidity of the tumor microenvironment,
CaCO3 has been reported to polarize tumor-associated macro-
phages towards M1 phenotype, increase the infiltration and ac-
tivity of lymphocytes in the tumor while reducing the inhibitory
regulatory T cells and myeloid-derived suppressor cells49,50. To
confirm this, Sal@CaCO3 was suspended in an acidic buffer, and
we indeed observed a gradual increase of pH value in 30 min
(Supporting Information Fig. S8). Obviously, Sal@CaCO3/
A23187 achieved the best efficacy, giving significant tumor
growth inhibition. To allow direct observation, the tumors were
collected for photographing (Fig. 4D) and weighing (Fig. 4E) after
treatments, and the tumor slices were further subjected to histo-
logical analysis. As expected, the tumor tissue showed a large
amount of karyopyknosis and cavitation for the Sal@CaCO3/
A23187 treatment group based on H&E staining (Fig. 4F), and the
highest apoptosis was detected from TUNEL staining (Fig. 4G).



Figure 4 The anti-tumor effects of Sal@CaCO3/A23187. (A) Schematic illustration of the therapeutic schedule for subcutaneous tumor in-

hibition experiment. (B) The tumor growth curves of mice post different treatments. (C) The individual tumor growth curves in different groups.

(D) The photographs and (E) weight of tumors harvested from mice post different treatments. Data are presented as mean � SD (n Z 6).

***P < 0.001, ****P < 0.0001. (F) The H&E staining images of tumor sections from mice post different treatments. Scale bar Z 100 mm. (G)

The TUNEL staining images of tumor sections from mice post different treatments. Scale bar Z 50 mm.
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Figure 5 The anti-tumor mechanisms of Sal@CaCO3/A23187. The representative flow cytometry results indicating the ratio of (A) activated

DCs (CD11cþCD86þ), (B) M1 macrophages (F4/80þCD80þ), (C) M2 macrophages (F4/80þCD206þ), (D) CD4þ T cells (CD3þCD4þ) and (E)

CD8þ T cells (CD3þCD8þ). (FeJ) The quantified results of (AeE). (K) The protein expression of CD86, CD80, CD206, CD4 and CD8 in tumor

tissues of mice post different treatments. (L) The immunofluorescence images of CD86, CD80, CD206, CD4 and CD8 in tumor sections from

mice post different treatments. Scale bar Z 50 mm. (M) The content of TNF-a and IL-10 in tumor tissues of mice post different treatments. Data

are presented as mean � SD (n Z 3). ns, not significant. *P < 0.05, **P < 0.01.
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Figure 6 The anti-metastasis effects of Sal@CaCO3/A23187. (A) Schematic illustration of the therapeutic schedule for tumor metastasis

inhibition experiment. (B) The bioluminescence images and (C) photographs of lungs harvested from mice post different treatments. (D) The heat

map showing the number of pulmonary metastatic nodules with various diameters in each group. (E) The H&E staining images of lung sections

from mice post different treatments.
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Figure 7 In vivo biosafety of Sal@CaCO3/A23187. The serum level of biochemical indexes including (A) ALT, AST and (B) BUN, Cre. (C)

The photographs of bacterial colonies after plating the homogenate of various organs and tumors on LB agar and cultured overnight. (D) The

H&E staining images of organs from mice post different treatments. Scale bar Z 100 mm. The level of (E) TNF-a, (F) IFN-g, (G) IL-6 and (H)

IL-10 in the serum of mice post different treatments. Data are presented as mean � SD (n Z 6).
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All these results demonstrated the therapeutic efficacy of Sal@-
CaCO3/A23187.

3.5. The exploration of anti-tumor mechanisms

Encouraged by the anti-tumor efficacy of Sal@CaCO3/A23187,
we then investigated its anti-tumor mechanisms by examining the
alteration of tumor immune microenvironment after treatments
(Fig. 5). Sal treatment promoted DCs activation as evidenced by
the increase of CD86 signal (Fig. 5A and F), which can be
ascribed to the upregulation of Cx43 to form gap junction between
DCs and tumor cells. For the Sal@CaCO3/A23187, the CD86
signal was even stronger, suggesting a synergistic effect between
Sal and its CaCO3 shell. Notably, Sal@CaCO3/A23187 displayed
significantly better efficacy than Sal@CaCO3, highlighting the
necessity of A23187 co-delivery to promote Ca2þ influx. For
macrophages, we also observed a synergistic effect (Fig. 5B and
C, 5G and H), in which Sal@CaCO3/A23187 produced the highest
level of F4/80þCD80þ signal (M1 macrophages), while the M2
macrophages (F4/80þCD206þ) did not show significant change.
As the final effector cells, CD4þ T cells (CD3þCD4þ) and CD8þ

T cells (CD3þCD8þ) were also studied (Fig. 5D and E, 5I and J),
and as expected, significant activation was observed, especially for
Sal@CaCO3/A23187. In addition, the expression of related pro-
teins, including CD86, CD80, CD206, CD4, and CD8, were
measured by Western blot (Fig. 5K) and immunofluorescence
(Fig. 5L), and consistent results were observed for all these bio-
markers. In line with these, typical cytokines, including tumor
necrosis factor-a (TNF-a) and interleukin-10 (IL-10), were also
measured by ELISA (Fig. 5M). TNF-a is the key element of
cellular immunity, while IL-10 is a negative regulator of immune
responses51,52. After treatments, the secretion of TNF-a increased
while IL-10 was reduced, further confirming the activation of anti-
tumor immunity.

3.6. Inhibition of tumor metastasis

Tumor metastasis is the main cause of the death of melanoma
patients, which remains a formidable challenge for tumor man-
agement. Fortunately, immunotherapy has shown the potential to
inhibit tumor metastasis due to the activation of immune responses
to damage both primary and distant tumors. Given the systematic
immune regulation of Sal@CaCO3/A23187, we next explored its
capability to inhibit tumor metastasis. The lung is the most
common metastatic target for melanoma, and we established a
pulmonary metastasis model by injecting luciferase-tagged
B16F10 cells (B16F10-luc) into mice intravenously. Meanwhile,
the subcutaneous tumor was also inoculated to allow intratumoral
administration. After the treatments as described in Fig. 6A, the
lung of each mouse was collected for various analyses to assess
the extent of pulmonary metastasis. Specifically, obvious meta-
static nodules in the lung with strong fluorescent signals were
observed for the PBS control from both bioluminescence imaging
(Fig. 6B) and photographs (Fig. 6C), demonstrating the successful
development of the metastatic model. In this case, Sal or Sal@-
CaCO3 treatment failed to show strong therapeutic benefits. For
Sal@CaCO3/A23187 group, by contrast, the diameter of metas-
tasis was much smaller than the control, attributable to its strong
immune activation effect. We further combined Sal@CaCO3/
A23187 with PD-L1 antibody (aPD-L1), a widely used immuno-
therapy of melanoma, and almost complete suppression of tumor
metastasis was achieved. For efficacy quantification, the number
of pulmonary metastatic nodules with different diameters was
counted (Fig. 6D), which clearly showed the best efficacy of
Sal@CaCO3/A23187 to inhibit metastasis, especially when com-
bined with aPD-L1. To confirm this, the lung tissues were also
analyzed by H&E staining (Fig. 6E), where the metastasis areas
were highlighted by red dashed lines. Consistently, no lung
metastasis site was seen after Sal@CaCO3/A23187 plus aPD-L1
treatment, further demonstrating the robust efficacy of Sal@-
CaCO3/A23187 to control tumor development, migration and
invasion.

3.7. Safety evaluation

Besides efficacy, another important concern for bacteria-mediated
tumor therapy is biosafety, which has attracted great attention.
Thus, we systematically evaluated the biocompatibility of Sal@-
CaCO3/A23187. The body weight of mice was unchanged during
the whole treatment (Supporting Information Fig. S9), and the
typical biochemical indexes, including ALT, AST, BUN, and Cre,
were within normal ranges (Fig. 7A and B), indicating the lack of
acute toxicity. We next studied the biodistribution of the bacteria.
To do this, major organs were collected at various time points post
the injection, and the bacteria colonization was analyzed by
plating on LB agar after homogenization and dilution (Fig. 7C).
On Day 1, the bacteria mainly colonized at the tumor site since
Sal@CaCO3/A23187 was administrated via intratumoral injec-
tion. Interestingly, bacteria were widely distributed on Day 3,
indicating the non-specific migration of the live bacteria. As time
went on, the number of bacteria in normal organs gradually
decreased owing to the immune clearance of the host body.
However, a large number of bacteria colonies was still observed at
the tumor site over time, which is attributable to the friendly
microenvironment of the tumor with rich nutrients and immuno-
suppression for bacteria growth32. Such abundant bacteria colo-
nization in tumors also lays the basis for bacteria-mediated tumor
therapy. To confirm the biosafety, the normal organs were
collected for H&E staining (Fig. 7D), and no pathological change
was observed. In addition, infection-related cytokines, including
TNF-a, interferon-g (IFN-g), IL-6, and IL-10, were also deter-
mined in view of the potential risk of bacteria-associated cytokine
storm syndrome53, while all these tested cytokines showed
negligible changes post various treatments (Fig. 7E‒H). Collec-
tively, Sal@CaCO3/A23187 served as a highly biocompatible
platform for biological applications.

4. Conclusions

In summary, we developed a simple yet effective bacteria-based
therapeutic vaccine to realize in-situ tumor vaccine generation
without the need for auxiliary therapies or stimulations. The
Sal@CaCO3/A23187 was facilely prepared under ambient con-
ditions and carefully characterized, which showed that the bio-
mineralized Sal maintained viability, self-reproduction activity,
as well as tumoricidal capability. By virtue of its capabilities to
induce tumor cells ICD and promote gap junction formation,
such biomineralized bacteria could transform primary tumors
into a depot of in-situ autologous cancer vaccines producer.
Compared to traditional vaccines that face problems of compli-
cated vaccine manufacture, strict storage conditions, insufficient
delivery, and low patient specificity, such in-situ vaccines
generator could achieve effective vaccination via a simple
preparation and administration process. Moreover, Ca2þ minerals
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performed robust immune regulation effects to synergize bacteria
by reversing ITM, e.g., DCs maturation, M1 macrophages po-
larization, and enrichment of cytotoxic T cells. As a result,
Sal@CaCO3/A23187 could effectively suppress both primary
and metastatic tumor growth by evoking intratumoral and sys-
temic immune responses, and the efficacy can be further
enhanced in combination with ICIs therapy. Finally, the safety of
such biomineralized bacteria has been studied, and Sal can be
cleared in normal organs without any infection-related side ef-
fects while selectively colonized in tumor tissue for consecutive
anti-tumor activities. Given the high biocompatibility of CaCO3

and clinic applications of the Sal with satisfactory biosafety, such
a bioactive vaccine showed great potential for real clinic trans-
lation. Collectively, this work provides a simple and promising
strategy for the development of personalized cancer vaccines and
paves the way for new applications of bacteria-mediated cancer
therapy.
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